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Abstract. An intermediate-complexity moist general circulation model is used to investigate the forcing of localized storm
tracks by land—sea contrast, horizontal gradients in ocean heat uptake, planetary albedo, and topography. The additivity of the
response to these building blocks is investigated. Building on previous work focusing on stationary waves, the storm track
patterns and strength are not simply the linear additive sum of the response to each surface inhomogeneity. As observed on
Earth, the SH storm tracks are stronger than those in the NH, and also stronger over ocean basins than over continents. In this
model, the most important building block for this asymmetry is land-sea contrast, however, there is substantial non-additivity
both in the regional structure and also the hemispheric asymmetry. An energy budget perspective offers some insight on the
causes of the non-additivity, and highlights how the net impact of each building block on outgoing longwave radiation is
dependent on the existence of the other two. Relatively small changes in oceanic heat transport from the Southern Ocean to the
North Atlantic have a pronounced impact on the individual terms making up the energy budget, however there is substantial
cancellation between these terms leading to a small impact on the NH vs. SH asymmetry in storm track strength. The detailed
structure of albedo has a weak impact on the NH vs. SH asymmetry due to substantial cancellation between the changes in
individual terms making up the energy budget, even though the albedo profile has a large impact on the overall transient eddy

activity in each hemisphere.

1 Introduction

The solar forcing at the top of the atmosphere is zonally symmetric when averaged over a day or longer, however the
climate of the Earth is decidedly not zonally symmetric. These zonal asymmetries are forced by inhomogeneities in the lower
boundary, such as the land-ocean distribution and orography. The land-ocean distribution directly impacts the distribution of
surface temperature and moisture, while mountains directly impact the atmospheric flow (e.g., Held et al., 2002). These surface

inhomogeneities both force stationary waves and perturb transient waves, organizing variability into localized storm tracks.
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Figure 1. Column-integrated transient kinetic energy (2-8 day bandpass filtered; see equation 1 and Section 2.1 for methodological details),
annual average, in ERAS and in seven MiMA configurations with different resolutions and representations of albedo and ocean heat transport,
but with all three of the surface inhomogeneities included: land-sea contrast, topography, and ocean heat transport. The configuration in panel
(d) is denoted as ALL3 in all subsequent figures, and the hemispheric asymmetry in storm track strength for panels (b), (d), (f), (g), and (h)

are shown in Figure 11.

In the ERAS reanalysis (Hersbach et al., 2020), storm activity is notably stronger in the North Atlantic and North Pacific
sector in the NH, and in the Indian Ocean sector in the Southern Hemisphere (Figure 1a; Inatsu and Hoskins, 2004). In the
hemispheric mean, storm activity is also stronger in the Southern Hemisphere than in the Northern Hemisphere (Shaw et al.,
2022). The goal of this paper is to understand how zonal inhomogeneities in the lower boundary lead both to this localization
of storm tracks and to stronger SH storm activity. Our primary focus is on the annual average.

There are three primary surface zonal inhomogeneities of relevance to storm tracks. First, land-ocean distribution can affect
storm tracks via changes in land-sea heat capacity and subsequent surface temperature gradients, and also via changes in
moisture availability and surface roughness (Brayshaw et al., 2009). Second, orography provides a localized drag on near-
surface winds, but helps seed downstream storm tracks (Manabe and Terpstra, 1974; Pithan et al., 2016; Gerber and Vallis,
2009). Third, ocean-heat transport can set up zonal and meridional gradients in sea surface temperatures which can locally

invigorate storm tracks (Brayshaw et al., 2011; Booth et al., 2012). In addition to these three surface inhomogeneities, albedo
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regulates temperature gradients and baroclinicity. All of these processes also affect planetary scale stationary eddies (Garfinkel
et al., 2020c), which in turn will modify storm track structure.

Previous work have examined the effect of all of these surface inhomogeneities for storm track structure using two different
classes of methodologies. First, several studies have introduced these inhomogeneities in an idealized manner onto a flat-
bottomed aquaplanet general circulation model (Inatsu and Hoskins, 2004; Brayshaw et al., 2009, 2011; Sauliere et al., 2012),
but there has been little attempt to globally reconstruct the observed storm tracks. A second approach is to begin with a
comprehensive atmospheric general circulation model and omit particular features (typically just one or two of the three) from
a complete, “realistic” set of lower boundary conditions, either with observed SSTs or a slab ocean with prescribed ocean heat
uptake from observations (e.g., Manabe and Terpstra, 1974; Shaw et al., 2022), or coupled to a dynamic ocean model (e.g.,
Singh et al., 2016). These comprehensive models, however, tend to be less flexible and tuned such that removing too many
relevant inhomogeneities leads to instability, and further, these models may suffer from biases in their representation of, e.g.,
cloud radiative effects. A study that can fully bridge these two categories - aquaplanet to a realistic configuration - is currently
lacking. While previous work has noted non-additivities when focusing on some of these inhomogeneities for regional storm
tracks (e.g., Brayshaw et al., 2011), though not for SH vs. NH asymmetries (Shaw et al., 2022), a configuration that can allow
for inclusion or removal of any of the three is needed in order to both characterize the nature of nonlinearities and nonadditivies
that underlay storm tracks, and to fully evaluate the role of any of the three.

CMIP class models represent time-mean storm tracks well in the historical climate, including the SH vs. NH asymmetry
(Donohoe et al., 2020) and the localization of storm tracks in specific basins (Priestley et al., 2020). Nonetheless, recent work
has demonstrated that there are emerging discrepancies in storm track trends between CMIP models and observations in some
regions (Kang et al., 2024a; Simpson et al., 2025) though not in others (Chemke and Coumou, 2024; Kang et al., 2024b), and
also revealed lingering biases in both storm track strength and location (Priestley et al., 2023a, b). This motivates us to revisit
the core question of why storm tracks are localized in the first place, and why they are stronger in the SH. Such a return to
fundamentals might help us interpret why a CMIP class model might struggle with storm track trends in response to external
forcings, and also focus on processes whose representation could be improved to help remove remaining biases.

We tackle these challenges using an intermediate complexity moist general circulation model (GCM) with full radiation
coupled to a slab ocean with specified ocean heat flux and thus implicit ocean heat transport (OHT). This GCM can be
run both in aquaplanet mode, or with any combination of the three boundary inhomogeneities: land-sea contrast, OHT, and
topography. The planetary albedo can also be specified to mimic either observations or the albedo from a comprehensive GCM.
Furthermore, any arbitrary profile of ocean heat flux can be inserted in the slab ocean, and hence we can better understand
how uncertainties in ocean heat transport affect atmospheric storm tracks. Any combination of these inhomogeneities can be
imposed. While in a practical sense these inhomogeneities are coupled - it is difficult to imagine topography in a world without
land, and ocean heat transport would be radically different in a world without continents - the intermediate complexity GCM
allows for holding each of these three fixed at Earth-like settings independent of the rest (e.g., water mountains; Figure 3 of
Jucker and Gerber, 2017). This flexibility is the primary motivation for using a simpler model. A key simplication of the model

is to not explicitly represent cloud radiative effects; instead, an albedo profile is imposed. Cloud radiative effects suffer from
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biases in CMIP models (Vignesh et al., 2020; Schuddeboom and McDonald, 2021; Jian et al., 2020; Medeiros et al., 2023), and
given these uncertainties, arguably a better understanding of storm track asymmetries can be achieved by imposing a realisti
albedo pro le than by using a comprehensive GCM with biased shortwave uxes.

We introduce the model setup, the experiments performed, and the diagnostics used in Section 2. After documenting the
realism of the storm tracks in the intermediate complexity GCM in Section 3, we discuss the zonal structure of storm tracks
in Section 4 and the SH vs. NH asymmetry in storm tracks in Section 5. Sensitivity tests to the details of the speci cation for

albedo and ocean heat transport are shown in Section 6. A discussion and summary are presented in Section 7.

2 Methods
2.1 Model of an idealized Moist Atmosphere (MiMA)

To fully isolate and understand the statistical properties of storm tracks, it is necessary to systematically add or subtract
key processes to a nonlinear moist GCM (Hoskins, 1983). In this study, we use the Model of an idealized Moist Atmosphere
(MiMA), developed by Jucker and Gerber (2017), Gar nkel et al. (2020a), and Gar nkel et al. (2020c). MiMA is an atmo-
spheric general circulation model (GCM) of intermediate complexity, bridging the gap between the more idealized dry GCMs
aod fully comprehensive models of the real atmosphere.

Building on the aquaplanet models of Frierson et al. (2006) and Merlis et al. (2013), Jucker and Gerber (2017) introduced a
full radiative transfer scheme - the GCM version of the Rapid Radiative Transfer Model (RRTM) (Mlawer et al., 1997) - and
more realistic surface forcing to better represent a range of physical processes. The most important of these physical processe
for the current paper is that MiMA also incorporates a physically consistent representation of moisture transport and latent
heat release, within a parameterized convection scheme and resolved-scale evaporation, transport, and condensation scher
(Betts, 1986). Additionally, it features an idealized boundary layer scheme based on Monin-Obukhov similarity theory and a
slab ocean. For further details on the model con guration, please see Jucker and Gerber (2017) and Gar nkel et al. (2020c, a).
Two key simpli cations in this implementation of MiMA are: the ocean heat ux is steady (nhot monthly varying), and radiative
effects of clouds are not explicitly present. The implications of these simpli cations are discussed in Section 7.

Stationary waves affect both the climate and weather in the troposphere over broad latitude bands (Simpson et al., 2016),
including the extratropical storm tracks. The rst version of MiMA constructed by Jucker and Gerber (2017) did not have
realistic stationary waves, and so Gar nkel et al. (2020c) and White et al. (2021) implemented a series of differences in the
speci cation of the lower boundary to allow for a stationary wave pattern that closely resembles that in CMIP models, yet
still retaining full exibility to run in aquaplanet mode. These changes included 1) Earth's topography, 2) realistic horizontal
gradients in ocean heat ux (which implicitly represents ocean heat transport that cannot be explicitly resolved by the slab
ocean), and 3) land-sea contrast (Gar nkel et al., 2020a, b; White et al., 2021). We began our work with the con guration of
White et al. (2021), and have since implemented for this paper two main changes to their MiMA con guration. These changes
are motivated by the fact that the storm tracks in the model con guration of Gar nkel et al. (2020a) and White et al. (2021)
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Figure 2. Albedo pro les used in this paper. CERES satellite based albedo is shown in black, and the ECHAM pro le from Shaw et al.
(2022) with all surface inhomogeneities is in green. The albedo pro le from White et al. (2021) is in red, and also is shown in panel (b), and
the storm tracks that arise when using this pro le are too weak as compared to ERA5 as discussed in Section 3. The updated albedo pro le
is shown in magenta, and a map view in panel (c); this albedo con guration is used in all runs with land-sea contrast. The albedo for the
aquaplanet experiment is shown in panel (a), and this pro le is also used in runs without land-sea contrast. Section 6 discusses two sensitivity
ALL3 runs where we alter the albedo: the albedo for the case in which we add land-ocean albedo differences is shown in panel (d), and the
albedo for the case in which the meridional dipole of equation A2 is not included is shown in blue in panel (e). Note that the albedo in MiMA
refers to surface albedo, while in CERES and ECHAM it refers to top of atmosphere albedo.

are weaker than ERAS by 17% (see Section 3). The most important of these is the albedo pro le. The idealized albedo pro le
used in White et al. (2021) (red curve in Figure 2e) does not match that observed in CERES (black curve in Figure 2e).

We therefore use a revised albedo pro le in this paper (magenta curve in Figure 2) that better matches the CERES data,
while still using an analytical t of the form of equation A3 of Gar nkel et al. (2020a), and with a similar global albedo to our
previous MiMA work. See the appendix for details, and Supplemental Figure S1 for a comparison of surface temperature in
NH midlatitudes to ERA5. Note that the albedo in CERES and ECHAM refers to top of atmosphere albedo, while in MiMA it
refers to surface albedo, as there are no shortwave cloud effects in MiMA. The albedo for the aquaplanet experiment is shown
in panel 2a, and this pro le is also used in runs without land-sea contrast.

The nal change made to the con guration of White et al. (2021) is an adjustment to the ocean heat ux to better account
for the net transport of heat from the SH to the NH associated with the meridional overturning circulation in the Atlantic. This
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Figure 3. Ocean heat ux used for the (a) aguaplanet con guration (Merlis et al., 2013); (b) the All3 con guration of White et al. (2021); (c)
the updated All3 con guration used in this paper (see equation B1 and ?7?); (d) as in (c), but with an amplitude factor of 3rB\¥eéad of
2.1Wi/n? in equation B1. Note that differences among panels (b) to (d) are hard to detect by eye, but are present in the Southern Ocean and

North Atlantic. The corresponding stationary wave structure for each con guration is shown in the second row, and the TKE in the third row.

adjustment is necessary because the formulation in White et al. (2021) implies too little transport of heat from the SH to the
NH within the ocean, as compared to the observationally derived ux of Shaw et al. (2022). The details of the perturbation
are shown in the Appendix. The net effect of the perturbation (when A in equation B1 is set equal to 2)i%Vénmore
realistic implied net heat transport to the NH. Namely, the net heat transport from the Sktgale) to the NH (20N-pole)
is 0.54PW, both here and in the observationally derived estimate from Shaw et al. (2022). For reference, the corresponding
heat transport over these latitude bands in the White et al. (2021) con guration is just 0.24PW. Frierson et al. (2013) inferred
an alternative heat transport estimate of 0.4PW from the SH to the NH when integrating over the entire hemisphere, but with
large interannual variability. Note that there are even larger differences in the ocean heat transport in earlier published estimates
(compare Trenberth and Fasullo (2008, 2017), Frierson et al. (2013) and Shaw et al. (2022)).

The updated ocean heat ux is shown in Figure 3c, while the con guration from White et al. (2021) (with A=0¥h
0.24PW in interhemispheric transport) is in Figure 3b. While the difference is dif cult to detect by eye, this small change leads
to a realistic NH vs. SH asymmetry in the surface energy ux term (as discussed in section 5). In addition to A=2.1W/m
(with 0.54PW in interhemispheric transport), we perform sensitivity tests in section 5 in which we set A to 3.&Wimher
increase the export of heat to the NH to 0.74PW (Figure 3d). This higher value of A is intended to explore sensitivity to uncer-

tainty in this dif cult-to-observe quantity. Supplemental Figure S2 demonstrates that the non-additivity noted in Gar nkel et al.



