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Abstract. Midlatitude sea surface temperature (SST) fronts exert a strong influence on storm tracks and westerly jets by

modulating lower-tropospheric baroclinicity, moisture availability, and diabatic heating. Yet the sensitivity of the large-scale

atmospheric circulation to the detailed structure of these fronts remains difficult to isolate in realistic model configurations. We

introduce an idealised SST framework for aquaplanet experiments that allows to prescribe the strength, width, and latitude of

a midlatitude SST front. The SST profile is constructed from analytically derived meridional gradients, ensuring that changes5

to the front generate physically consistent moisture distributions through the Clausius–Clapeyron relation.

Using this framework, we conduct a suite of sensitivity experiments to quantify the influence from various aspects in the

structure of the SST front on the climatological-mean energy and water cycles as well as the associated atmospheric circu-

lation. Preliminary results demonstrate that increasing the frontal SST gradient or narrowing the frontal width systematically

intensifies storm-track activity and strengthens the midlatitude jet, whereas shifting the front meridionally alters the latitudinal10

position of the storm track in a non-linear way. Warm- and cold-climate experiments further show that imposing a fixed freez-

ing threshold in atmosphere-only setups artificially reduces high-latitude baroclinicity, whereas allowing SSTs to go below

freezing produces a more realistic polar thermal structure.

Overall, our results demonstrate that the experimental framework developed in this study provides a useful basis for targeted

process studies of how midlatitude SST-front characteristics shape the atmospheric circulation, energy budget, and hydrologi-15

cal cycle.

1 Introduction

The observed link between midlatitude storm tracks, jet streams, and sea surface temperature (SST) fronts underscores the sub-

stantial impact of midlatitude SST fronts on the structure and behaviour of the large-scale atmospheric circulation (Nakamura

et al., 2004, 2008; Parfitt et al., 2016; Ogawa and Spengler, 2019; Seo et al., 2023). While the SST profile in the tropics and20

subtropics is essential for the Hadley circulation and subtropical jets (Neale and Hoskins, 2000; Schemm and Röthlisberger,

2024), the frontal SST gradient in the midlatitudes anchors storm tracks through the enhancement of near-surface baroclin-

icity via turbulent air-sea heat exchanges (Nakamura and Shimpo, 2004; Sampe et al., 2010; Hotta and Nakamura, 2011).

Moist diabatic processes further enhance storm-track activity, as the SST front directly modulates moisture availability via the
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Clausius-Clapeyron relationship (Ogawa and Spengler, 2024). The resulting transient eddy heat and vorticity fluxes maintain25

the climatological-mean midlatitude jet (Nakamura et al., 2008; Ogawa et al., 2012). Thus, the SST front facilitates the down-

ward transfer of westerly momentum, setting the strength and position of the surface westerlies. However, the extent to which

atmospheric circulation depends on the precise spatial structure and intensity of SST fronts remains poorly constrained. Hence,

we propose a novel framework to configure various aspects of the SST front.

Latent heat fluxes, tied to absolute SST, exert a dominant, indirect and positive impact on moist baroclinic development,30

whereas sensible heat fluxes play a comparatively minor, direct, and detrimental role (Haualand and Spengler, 2020; Bui and

Spengler, 2021). Moreover, SST fronts shape the distribution of cyclone pathways and precipitation, with enhanced low-level

baroclinicity and moisture availability on the warm flank, promoting stronger cyclone intensification and hydrological activity

(Tsopouridis et al., 2021b, c). Sharp SST fronts strengthen regional moisture cycling and amplify precipitation–evaporation

contrasts within cyclonic and anticyclonic regimes (Okajima et al., 2024). Air–sea heat exchange also contributes to the ther-35

modynamic modulation of individual weather systems, especially within the cold sector, acting predominantly as a local sink of

available potential energy (Marcheggiani and Ambaum, 2020). Recent results further emphasise that moist diabatic processes

play an active role in restoring baroclinicity and initiating baroclinic development aloft (Marcheggiani and Spengler, 2023),

especially within synoptic weather features like cyclones and associated atmospheric fronts (Nonaka et al., 2009; Taguchi

et al., 2009; Marcheggiani et al., 2025; Weijenborg and Spengler, 2020), while cold-air outbreaks provide a key pathway for40

near-surface baroclinicity restoration through intense surface heat fluxes over western boundary current regions like the Gulf

Stream and Kuroshio-Oyashio extensions (Marcheggiani and Spengler, 2025).

The large-scale circulation is also highly sensitive to the underlying SST distribution (Brayshaw et al., 2009; Small et al.,

2014) with storm tracks and jets being influenced by different aspects of midlatitude SST fronts, notably their strength (Yao

et al., 2016), width (Small et al., 2014), and latitude (Ogawa et al., 2012). Maintaining fine-scale SST frontal structures in the45

Gulf Stream and Kuroshio extension strengthen lower-tropospheric baroclinicity (Taguchi et al., 2009; Brachet et al., 2012;

Piazza et al., 2016), enhance cyclogenesis (Booth et al., 2012; Kuwano-Yoshida and Minobe, 2017; Ma et al., 2017; Bui and

Spengler, 2021), and shape storm track and jet behaviour (Small et al., 2014; O’Reilly et al., 2016; Hirata et al., 2016; O’Reilly

et al., 2017; Kuwano-Yoshida and Minobe, 2017; Tsopouridis et al., 2021a). Despite this progress, the atmospheric sensitivity

to other SST front characteristics, such as frontal width, shape, and latitude, remains comparatively unexplored.50

An aquaplanet framework offers a clear advantage over fully coupled simulations to explore the role of SST fronts (e.g.,

Neale and Hoskins, 2000; Blackburn and Hoskins, 2013). Due to simplified lower-boundary conditions, the setup facilitates

a highly controllable experimental setup, making results more comparable across atmospheric general circulation models

(AGCMs; Blackburn et al., 2013; Williamson et al., 2013). However, many previous studies either lack midlatitude SST gra-

dients with pronounced frontal strength or rely on fixed SST configurations that are not designed to isolate the effects of the55

different frontal properties (e.g., Brayshaw et al., 2008; Lu et al., 2010; Brayshaw et al., 2011; Schemm and Röthlisberger,

2024). While the atmospheric response to midlatitude SST fronts has been investigated before (e.g., Sampe et al., 2010; Graff

and LaCasce, 2012; Ogawa et al., 2012; Michel and Rivière, 2014; Ogawa et al., 2015, 2016; Bui and Spengler, 2021; Ogawa
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and Spengler, 2024), the SST setup used in these studies lacks the flexibility to systematically vary multiple frontal character-

istics.60

Given the need for a more versatile experimental framework to assess how different aspects of SST fronts influence storm

track behaviour, we introduce an idealised SST setup based on the meridional SST gradient that permits independent control

of the strength, width, and latitude of a midlatitude SST front. Preliminary results from sensitivity experiments highlight the

flexibility of this approach as well as its reliability in generating physically consistent atmospheric responses, allowing us to

compare the relative impacts of different properties of the midlatitude SST front as well as the role of absolute SST. While the65

strength and width of the frontal SST gradient are expected to directly influence the intensity of the midlatitude jet and storm

track activity (Nakamura et al., 2008), the latitude of the SST front is expected to affect their position (Ogawa et al., 2012;

Michel and Rivière, 2014). In addition, increasing SST can strengthen storm track activity and jet intensity through enhanced

diabatic heating (Ogawa and Spengler, 2024). Our experimental setup enables an isolated and systematic assessment of their

impact, providing a basis for more targeted studies of how different aspects of the SST front influence the atmospheric general70

circulation, as well as the atmospheric energy and water cycle.

2 Experimental design and methods

2.1 Atmospheric general circulation model

We use the AGCM for the Earth Simulator (AFES) version 4.3 (Ohfuchi et al., 2004; Enomoto et al., 2008; Kuwano-Yoshida

et al., 2010). Cumulus convection is represented by the Emanuel mass-flux convection scheme (Emanuel, 1991), radiative75

transfer follows Nakajima and Tanaka (1986), vertical turbulent diffusion is computed using the Mellor–Yamada scheme (Mel-

lor and Yamada, 1982), and surface turbulent momentum and heat fluxes are calculated using bulk formulae (Louis, 1979; Uno

et al., 1995). Our experiments are run with a horizontal resolution of T79 (corresponding to about 1.5° at the Equator), with

56 vertical levels extending to 0.09 hPa. Performing the simulations at higher horizontal resolution up to T239 (0.5° at the

Equator) does not qualitatively change our results (see Appendix B).80

2.2 Equinox condition

Our AGCM simulations are run for 66 months, where the first 6 months are counted as a spin-up period and subsequently

disregarded. Hence, the effective duration of each simulation is 5 years (60 months). In all simulations, we prescribe equinox

conditions with the orbital parameters and solar declination fixed to those of 20 March. Annual mean zonally symmetric

ozone concentrations are prescribed to match the climatology from the JRA-3Q Reanalysis (Kosaka et al., 2024) on 20 March,85

with the average taken over the Northern and Southern Hemispheres to ensure symmetry across the two hemispheres. This

symmetry ensures that the climatological mean circulation in the Northern and Southern Hemisphere are effectively identical

(not shown), allowing us to average the two hemispheres, thereby doubling the effective data length to 10 years. All our results

are thus based on the average of both hemispheres.
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2.3 Diagnostics90

For efficient comparison of the different simulations, we employ a specific set of diagnostics. Storm track activity is measured

separately in the upper-troposphere by eddy kinetic energy [v′v′] at 300 hPa and in the lower-troposphere by poleward eddy heat

flux [v′T ′] at 850 hPa, where square brackets denote zonal averaging. Throughout this study, primes denote time anomalies

of an 8-day high-pass-filtered component using a Butterworth filter as in Nakamura et al. (2004) to extract transient eddy

activity. Differences in the zonal momentum budget are assessed using zonally-averaged climatologies of zonal wind u and95

the divergence of eddy momentum flux [u′v′] at 200 hPa, as in Nakamura et al. (2008). The response of the water cycle is

quantified through total precipitation P (convective + large-scale) and evaporation E. The diabatic eddy energy generation

(GE) is also examined, as in Ogawa and Spengler (2024, their Eq. 19).

3 Idealised SST profile

In contrast to Nakamura et al. (2008) and Ogawa et al. (2012), we do not base our SST profile on observations from a specific100

ocean basin to avoid undesired basin-specific fine structures in the SST and its meridional gradient that could obscure the

impacts of SST fronts, as noted in Ogawa and Spengler (2024). We therefore analytically prescribe the meridional profile of

SST gradients and maximum SST at the Equator, and derive the SST profile by integrating the SST gradient poleward from

the Equator (as illustrated in Fig. 1). Our aim is not to exactly replicate observations, but rather to ensure that the imposed SST

profile yields a realistic tropospheric circulation.105

In prescribing the tropical SSTs, we follow previous aquaplanet experiments (Nakamura et al., 2008; Ogawa et al., 2012)

and use the climatological mean SST gradient in the tropical South Indian Ocean, zonally averaged between 60◦E-80◦E, for

March to May and September to November (MAMSON) from 1979 to 2022 from ERA5 as reference (Hersbach et al., 2020).

Mimicking the observed tropical profile, we approximate the SST gradient as linearly increasing from the Equator at a rate

α= 0.024◦C (100km)−2 to reach the subtropical edge at latitude ϕT = 25◦ (Fig. 1. This differs from Ogawa et al. (2012), who110

prescribed the tropical SST profile as the observed climatology in the South Indian Ocean, leading to spurious effects from the

observed subtropical peak in the SST gradient (Ogawa and Spengler, 2024).

Outside the tropics (i.e., polewards of ϕT ), the SST gradient is held constant at β = αϕT , corresponding to the value reached

at the subtropical edge. We then superimpose a midlatitude SST front, represented as a symmetric triangular peak in the SST

gradient profile, where the front is defined by three parameters: its central latitude, ϕF ; its half-width, ∆ϕ; and the maximum115

gradient reached at its centre, |∇SST|max. Poleward of the front, the gradient reverts to its non-frontal value, β, and remains

constant until the freezing latitude, ϕ0, where the absolute SST reaches the seawater freezing point, set to SSTmin =−1.79◦C,

as in previous studies (Ogawa et al., 2012, 2016). Figure 1 provides a graphical example of the idealised gradient profile

described so far.
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Analytically, the SST gradient profiles is prescribed by120

∇SST(φ) = sgn φ×





α|φ| |φ| ≤ ϕT

β ϕT < |φ| ≤ ϕE = ϕF −∆ϕ

β+ γ(|φ| −ϕE) ϕE < |φ| ≤ ϕF

β− γ(|φ| −ϕP ) ϕF < |φ| ≤ ϕP = ϕF +∆ϕ

β ϕP < |φ| ≤ ϕ0

0 ϕ0 < |φ| ≤ 90◦

, (1)

where γ = (|∇SST|max −β)/∆ϕ represents the slope of the triangular peak associated with the SST front. The corresponding

SST profile is then given by integrating Eq. 1 poleward from the Equator, where we set a maximum temperature SSTmax,

SST(φ) = SSTmax +

ϕ∫

0◦

∇SST dφ. (2)

The full derivation and analytical expression for the SST profile are given in Appendix A.125

The idealised SST profile in Eq. 1 allows us to systematically explore the sensitivity of the AGCM response to various

aspects of midlatitude SST fronts. Specifically, we modulate the maximum gradient of the SST front (G experiments), its

latitudinal width (D experiments), and its latitudinal position (F experiments) and consider stronger (G3.5) and weaker (G1.5)

fronts, wider (D6) and narrower (D2) fronts, and poleward (F55) and equatorward (F35) fronts, respectively.

Additionally, we consider two approaches to changing absolute SST by varying the maximum SST at the Equator. In the130

first, the freezing temperature is held fixed (M experiments), while in the second, a uniform change in SST is applied across

all latitudes (F45±5 experiments), allowing SSTs to fall below freezing in the cold-climate experiment (F45–5). This implies

that, in F45±5, SST gradients do not necessarily follow Eq. 1 at polar latitudes. Despite below-freezing SSTs at polar latitudes

in F45–5, the results remain physically meaningful, as observed polar surface temperatures commonly go well below freezing.

Summer and winter conditions can be obtained by introducing a meridional shift in the SST gradient profile in Eq. 1, though135

we do not consider this configuration in this study.

For both the G and D experiments, the no-front configuration (NF) without a midlatitude frontal SST gradient allows us to

examine the impact of introducing (or strengthening) an SST front. In the F experiments, comparing shifted fronts with the NF

configuration further highlights the impact of the presence of the SST front.

We define a control experiment in which the SST front is centred at ϕF = 45◦ (F45) with a maximum gradient of 2.5◦C/100km140

(G2.5) and a half-width of ∆ϕF = 4◦ (D4) in latitude (so 8◦ in total width), and the maximum temperature at the Equator is set

to 29.5◦C. For simplicity, we refer to the control experiment as F45. The SST front in F45 is characterised by a cross-frontal

temperature difference, ∆SSTx-front, of 10.9◦C, while the global mean SST corresponding to this SST profile is 17.2◦C. We

then conduct a series of experiments where we vary only one parameter at a time. The configurations for all our experiments,

as well as corresponding ∆SSTx-front and global mean SST, are summarised in Table 1. For comparison, the front prescribed in145

Nakamura et al. (2008) is also centred at 45◦, has a maximum gradient of 1.8◦C/100km, and a total latitudinal width of 13◦.
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Figure 1. Idealised profiles of meridional SST gradient (red) and corresponding SST (black) for the control experiment (F45), superimposed

over ERA5 climatology over the Southern Indian Ocean (MAMSON 1979-2022, 60◦-80◦E). SST gradient increases linearly at rate α until

ϕT and then stays constant (αϕT ). An SST front is prescribed as a triangular peak in the gradient. The front is centred at ϕF (F), has a half-

width of ∆ϕ (D), and a set maximum gradient (G). Latitudes ϕE = ϕF −∆ϕ and ϕP = ϕF +∆ϕ represent, respectively, the equatorward

and poleward extent of the SST front. The SST profile is obtained by integrating the SST gradient from the equator, where the maximum

temperature (M) is set to 29.5◦C. The SST reaches the minimum temperature SSTmin =−1.79◦C at ϕ0, and is set to constant polewards.

Also shown are the profiles for the NF experiment (dashed), where no SST front is prescribed. Capitalised letters indicate the parameters that

are modulated in the different experiments in Figs. 3-7.
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|∇SST|max ∆ϕF ϕF SSTmax SSTmean ∆SSTx-front

unit ◦C/100km ◦lat ◦lat ◦C ◦C ◦C

exp. id G D F M

F45 2.5 4 45 29.5 17.2 10.9

NF - - - * 18.9 -

G1.5 1.5 * * * 18.0 7.3

G3.5 3.5 * * * 16.7 14.5

D2 * 2 * * 18.0 5.5

D6 * 6 * * 16.7 16.4

F35 * * 35 * 16.3 10.9

F55 * * 55 * 18.0 10.9

M24.5 * * * 24.5 13.0 10.9

M34.5 * * * 34.5 21.9 10.9

F45 − 5 * * * 24.5 12.2 10.9

F45 + 5 * * * 34.5 22.2 10.9
Table 1. Experiments using zonally symmetric SST profiles. Control run (F45) is in the top row. The four left columns show the parameters

in Eq. 1 that were specified for the individual experiments. For F45, all the parameters are explicitly indicated. For the other individual

experiments, parameters that remain unchanged from the F45 case are indicated by an asterisk (*), while those that were modified are

highlighted in bold. For the no-front experiment (NF), front-related parameters are omitted. For the F45±5 experiments, the SST profile

corresponds to that for F45 with a uniform addition/subtraction of 5◦C.

4 Results

4.1 Control

The climatological zonal wind field reveals two clearly separated jets (Fig. 2a). The subtropical jet is centred near 30◦ with its

core located at around 200 hPa, where westerly wind speed reaches approximately 45 m s−1. Below the core, the wind speed150

drops to almost zero at the surface, corresponding to the axis of the subtropical high-pressure belt (Nakamura et al., 2004). In

contrast, the midlatitude jet has a deeper vertical structure that extends down to the surface, characteristic of an eddy-driven

jet (Nakamura et al., 2004), with maximum surface westerlies occurring between 40◦ and 50◦, collocated with the SST front

(bottom of Fig. 2a).

The Hadley cell spans from the Equator to about 25◦–30◦, aligning with the latitude of the subtropical jet (Fig. 2b). Poleward155

of the Hadley cell, the Ferrel cell extends towards 50◦–55◦. The dynamical tropopause, identified by the 2-PVU contour

(Bluestein 1993; 1 PVU = 10−6 m2 s−1 K kg), drops sharply across the subtropical jet, consistent with the transition from

the tropical warm convection zone into the midlatitude baroclinic zone. These large-scale circulation features indicate that the

control simulation produces a reasonable basic-state climatology of the zonally averaged tropospheric circulation.
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The moisture distribution is tightly linked to the SST profile, with specific humidity being highest in the warm subtropics160

and decreasing abruptly across the SST front (blue contours in Fig. 2a). Simulated climatological-mean total precipitation is

also characterised by a reasonable meridional structure, reaching its absolute maximum of about 25 mm d−1 between 5◦ and

10◦ (bottom of Fig. 2a) in correspondence with the strongest vertical motion (Fig. 2a) associated with the ascending branch of

the Hadley cell (red contours in Fig. 2b).

A secondary precipitation maximum occurs around 40◦, on the equatorward flank of the midlatitude SST front (bottom of165

Fig. 2a). This peak is associated with enhanced midlatitude cyclone activity, evident in the maximum of poleward eddy heat

transport [v′T ′] at 850 hPa (bottom of Fig. 2b) and the prominent baroclinic structure of the lower-tropospheric isentropic

surfaces (black contours in Fig. 2a-b).

Both precipitation maxima correspond to regions of strong diabatic heating (Fig. 2b), confirming that latent heating domi-

nates the total diabatic budget (Hotta and Nakamura, 2011; Papritz and Spengler, 2015). Whereas total heating peaks slightly170

equatorward at around 40◦–42◦, diabatic generation of eddy available potential energy (GE) is strongest on the poleward side

of the SST front. The aforementioned overall characteristics are consistent with previous aquaplanet simulations using similar

idealised SST profiles (e.g., Ogawa and Spengler, 2024; Schemm and Röthlisberger, 2024), indicating that the simplified SST

profile given in Eq. 1 provides a suitable basic state in terms of both the general circulation and hydrological cycle.

4.2 Sensitivity to maximum gradient (G)175

The largest differences in zonally-averaged, climatological-mean zonal wind [u] are found in the lower troposphere, where

the separation between the subtropical and the midlatitude jet is more pronounced in both the control and G3.5 experiments

compared to G1.5 and NF (Fig. 3a). The sensitivity is largest at and poleward of the SST front, while no marked differences

are found equatorward of the front. The latitudes of the zonal wind reversal at the surface (i.e., the subtropical high-pressure

belt) are also insensitive (markers in Fig. 3a).180

In the upper troposphere, the differences in [u] among the experiments are also marginal, although the maximum wind speed

of in the subtropical jet core is slightly stronger in G1.5 and NF (50 m s−1) compared to the control and G3.5. This is most

likely is due to the midlatitude jet being more often merged with the subtropical jet in G1.5 and NF.

In terms of storm track activity, the maximum amplitude of both [v′v′] (Fig. 3c) and [v′T ′] (Fig. 3e) scale with G, suggesting

that the maximum gradient of the SST front exerts a direct influence on the intensity of storm track activity both near the185

surface and in the upper troposphere. The storm track’s latitude, however, seems rather insensitive to the frontal intensity.

The latitude of maximum momentum convergence (markers in Fig. 3c) is also overall unaffected, though there is a clear

equatorward shift for the NF experiment. It is important to note, however, that for larger values of G, the prescribed SST

profiles reach the freezing temperature at much lower latitudes than in the weaker-G and NF experiments. This results in

extensive regions poleward of the freezing latitude (ϕ0) with no meridional SST gradients, suppressing temperature advection190

and consequently a weakening of [v′T ′]. As a consequence, eddy heat transport diminishes noticeably poleward of ϕ0 in the

strong-G experiments (Fig. 3e).
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Figure 2. Climatological zonal profiles based on the control experiment F45. (a) Zonal wind u (shading), potential temperature (black

contours, every 5K below 300K, every 10K above; thick contour marks 300K), vertical pressure velocity (red contours, ±0.2, ±0.6, and

±1.0 hPa h−1, negative dashed), specific humidity (blue contours, 3, 7, and 11 g kg−1), dynamic tropopause level (dash-dotted line, 2PVU);

below, SST profile (black) and total precipitation (blue). (b) Total diabatic heating (shading), Eulerian mean streamfunction (red contours,

every 4×1010kg s−1 between ±30×1010kg s−1), potential temperature (as in a), dynamic tropopause level (as in a); below, GE term (black)

and [v′T ′] at 850hPa (blue).

The diabatic generation term (GE) responds to changes in the maximum SST gradient mainly poleward of the SST front,

where GE reaches its largest values in the G3.5 experiment (Fig. 3b). In the weaker-G experiments, a secondary GE peak

develops farther poleward around 50◦. This secondary peak becomes the dominant peak for NF, maximising between 50◦ and195

60◦ and suggesting the presence of a preferred latitude for diabatic generation even in the absence of a midlatitude SST front.

4.3 Sensitivity to frontal width (D)

The zonal jet response is qualitatively similar to the G-experiments (Fig. 4a). While changes remain rather subtle across the

different D-experiments, the midlatitude jet extends slightly farther poleward at the surface in the D6 experiment and the

subtropical jet is weakest at 45 m s−1. The latitude of maximum momentum convergence (Fig. 4c) is virtually unchanged200
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[u] (contours at -10, 10, 40 m s−1, negative dashed), with maximum value within subtropical jet noted accordingly; markers indicate the

latitude of reversal of surface [u] (specific orientation bears no meaning). (b) GE term. (c) [v′v′] at 200 hPa; markers indicate the latitude of

maximum momentum flux divergence at 200 hPa. (d) Zonally-averaged evaporation (E, solid) and precipitation (P, dashed, multiplied by -1).

(e) [v′T ′] at 850 hPa. (f) SST profile as represented in the model at T79 resolution (dots) and its analytical form (solid lines).

from the control (D4) at around 48◦. The latitude of maximum storm track activity, both in terms of upper-tropospheric kinetic

energy ([v′v′], Fig. 4c) and lower tropospheric meridional heat transport ([v′T ′], Fig. 4e), is also rather insensitive to changes in

D, although there is a slight poleward shift for experiments with wider fronts, similar to what is observed in the G-experiments.

Again, this might be due to the larger extent of polar SSTs at the freezing temperature in D6 compared to control and D2,

which negatively affects [v′T ′].205

Total precipitation is not visibly affected by changes in the width of the SST front, while the poleward drop in total evapora-

tion in correspondence with the front extends over a wider latitudinal band according to the front’s width, with the differences

in total evaporation between the D6 and G3.5 experiments being particularly marked (Figs. 3d, 4d). The corresponding subtle

changes in the water cycle, however, result in a weaker enhancement of the primary peak of GE as well as a weaker de-
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crease equatorward of the SST front in D6 than in G3.5 (Figs. 3b, 4b). The GE term almost vanishes around 42◦ in the G3.5210

experiment (Fig. 3b), in contrast with a less marked minimum in D6 (Fig. 4b).

The overall similarity between the D and G experiments might be ascribed to the close resemblance of the corresponding

SST profiles (compare Fig. 3f and Fig. 4f). Introducing additional experiments with wider and stronger SST fronts (e.g., D8

or G4.5) would provide further insight into the specific role of these two frontal parameters. However, such an investigation is

beyond the scope of this study, as the main aim is to showcase the feasibility of using such an idealised SST profile that can be215

easily modified to test a wider range of scenarios.
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Figure 4. As in Fig. 3, but for D6 (red), D4 (corresponding to F45; black), D2 (blue), and NF (grey).

4.4 Sensitivity to front latitude (F)

The separation between the subtropical and midlatitude jet is clearest when the SST front is located at higher latitudes (Fig. 5a).

The subtropical jet in F45 and F55, and also in NF, is located around 25◦-30◦, with maximum speeds of 46-50 m s−1. The

subtropical jet in F35, on the other hand, is weaker and shifted poleward, with a maximum speed of 43 m s−1 around 35◦,220

suggesting that the subtropical and midlatitude jets in F35 are often merged.
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While the midlatitude jet extends to higher latitudes in F45, F55, and NF, it is visibly weaker at the surface than in F35.

In fact, surface westerlies are strongest in excess of 10 m s−1 in F35 associated with the most enhanced [v′T ′] in the lower

troposphere (Fig. 5e). The latitude of the reversal of surface zonal winds (i.e., subtropical high-pressure belt) shifts equatorward

as the SST front is moved polewards, though the shift is rather small (up to 3◦).225

The anchoring effect of the storm track latitude by the SST front is clearly evident in the lower troposphere. The meridional

eddy heat fluxes at 850 hPa show an alignment of the latitude with the SST front (Fig. 5e), confirming the findings by Ogawa

et al. (2012). The peak intensity is strongest for F35 and decreases for F45 and F55. A secondary peak hinted at around 45◦ in

F55 is close to the main peak in the NF experiment.

A similarity in storm track activity between F55 and NF is also evident in the upper troposphere when looking at [v′v′]230

(Fig. 5c). The relationship between the latitude of the SST front and [v′v′] is somewhat more complex, as its peak does not

clearly shift poleward with the front, but actually retracts equatorward in F55, close to that in NF. A similar sensitivity is also

found for the maximum eddy momentum divergence (marks in Fig. 5c).

Consistent with Ogawa et al. (2012), both storm track activity metrics and the midlatitude jet feature a common enhancement

around 40◦-45◦, where they peak even in the absence of an SST front in NF (Fig. 5c,e). The insensitivity of the mean jet latitude235

to shifts in the SST front likely reflects the fact that the climatological mean jet in the presence of an SST front represents the

average of two distinct regimes associated with annular-mode variability (Ogawa et al., 2016). In one regime, the SST front

strongly anchors the jet position, whereas in the other, the jet position is governed primarily by internal atmospheric processes,

similar to the environment without an SST front (NF). The fact that the mean jet latitude in the F experiments is nearly identical

to that in the NF experiment suggests that the latter regime is strongly reflected in the climatological mean state.240

There is a correspondence between the latitude of the SST front and enhanced diabatic generation (GE), consistent with the

results by Ogawa and Spengler (2024). However, when the front is closest to the Equator (F35), the peak of GE is located

around 50◦ and not along the SST front. The location of the maximum in F35 is actually close to the location of the highest

GE found in the NF experiment, which might also be related to the regime-like behaviour between the two states governed by

the SST front and atmospheric internal variability as discussed above (Ogawa et al., 2016).245

Total precipitation (Fig. 5d) is not particularly affected by the latitude of the SST front, though we notice a minor latitudinal

shift in the tropical peak and a weakening in the midlatitudes in F35 compared to the other experiments. Evaporation, on the

other hand, is clearly aligned with the position of the SST front, featuring the typical poleward drop across the SST front.

4.5 Sensitivity to maximum temperature (M)

The subtropical jet is stronger in the warm climate experiments (M34.5 and F45+5) compared to the control and cold climate250

experiments (M24.5 and F45-5), with maximum mean wind speeds of up to 59 m s−1 in the former compared to 37 m s−1

in the latter (Figs. 6a, 7a). The altitude of the subtropical jet is nearly proportional to the global mean temperature, which

is associated with stronger and thus deeper tropical convection, as evident in the increased total precipitation in the tropics

(Figs. 6d, 7d) and the corresponding intensification of the Hadley cell (not shown). The midlatitude jet strengthens and extends
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Figure 5. As in Fig. 3, but here for F35 (red), F45 (black), F55 (blue), and NF (grey).

poleward across the SST front in the warm climate experiments (M34.5, F45+5), while it is strongest on the equatorward flank255

of the SST front in the cold climate experiments (M24.5, F45-5)

In the warm climate experiments (M34.5, F45+5), precipitation and GE exhibit a distinct transition toward a single-ITCZ

regime, reflected in a pronounced precipitation maximum at the Equator (Figs. 6d, 7d) accompanied by a strong peak in GE

collocated with the most vigorous equatorial ascent (not shown). The latitude of the surface westerly-wind reversal shifts

slightly poleward in the warmer climate, indicating a modest expansion of the tropical circulation, consistent with climate260

model simulations (Grise and Davis, 2020), although the subtropical jet itself does not shift appreciably (Figs. 6a, 7a).

Total evaporation and precipitation largely scale with the mean SST on the equatorward flank of the SST front, consistent

with the thermodynamic arguments of Ogawa and Spengler (2024). With higher SST, precipitation also increases around and

poleward of the midlatitude SST front, while evaporation remains almost unchanged poleward of the front (Figs. 6d, 7d).

This tendency indicates enhanced poleward eddy moisture transport, consistent with stronger and poleward-shifted storm track265

activity (Figs. 6e, 7e) and GE increase in the extra-tropics (Figs. 6b, 7b). Thus, changes in global-mean SST not only modulate
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the tropical hydrological cycle but also influence the extra-tropical precipitation and diabatic energy generation via modulated

eddy activity, with a smaller impact on evaporation.

In the warm climate experiments (M34.5, F45+5), eddy meridional wind variance [v′v′] is substantially larger and extends

farther poleward than in the cold climate experiments (M24.5, F45-5); the latitude of maximum eddy momentum convergence270

also shifts poleward with increasing equatorial SST (Figs. 6c, 7c). However, the meridional eddy heat transport response reveals

a clear distinction between the two types of experiments.

When the freezing temperature for SST is held fixed (M24.5, M34.5), the warm climate experiment (M34.5) shows enhanced

poleward heat transport at subpolar latitudes (Fig. 6e). In contrast, when SSTs are allowed to fall below freezing (F45±5), this

increase in heat transport nearly disappears (Fig. 7e) and the corresponding changes in the eddy meridional wind variance are275

also much smaller (Fig. 7c). Consistently, the midlatitude eddy-driven jet does not extend as far poleward in F45+5 as it does

in M34.5 (Figs. 6a, 7a). Together, these results indicate that the strong dynamical responses in the M experiments primarily

reflect changes in the total Equator-to-pole temperature contrast rather than changes in global mean SST.

Imposing a fixed freezing threshold in an aquaplanet atmosphere-only model artificially forces warmer surface temperatures

in regions where sea ice would otherwise have temperatures far below freezing. The latitudinal shift of the freezing edge in280

the M24.5-34.5 experiments evidently affects GE (Fig. 6b). While GE in both M24.5-34.5 and F45±5 experiments essentially

scales linearly with global mean SST, GE in M24.5-34.5 shows a more complex meridional structure than in F45±5 (Fig. 7b).

This suggests that imposing a fixed freezing temperature in aquaplanet experiments with prescribed SST in an atmosphere-only

configuration may introduce undesirable constraints on the simulated climate.

Such constraints are not necessarily physical, as maintaining SSTs near the freezing point in the polar regions is no more285

realistic than allowing them to fall to -30◦C/-40◦C, which better reflects typical surface temperatures of polar regions covered

with sea ice. A more physically consistent treatment would arguably involve prescribing sea ice and associated parameterised

surface heat exchanges when specifying very low SSTs far below the freezing point of seawater.

5 Conclusions

We introduced an idealised SST framework for zonally symmetric SST profiles derived directly from their meridional gradients,290

which are prescribed piecewise using a small set of physically interpretable parameters before integrating polewards from

the Equator. Midlatitude SST fronts are introduced as triangular peaks in the imposed SST gradient profile, allowing their

strength, width, and latitude to be varied independently. Through the Clausius–Clapeyron relation, changes in the imposed

SST profile naturally translate into a different moisture distribution. This experimental setup therefore allows to quantify how

the atmospheric circulation, energy cycle, and water cycle respond to variations in key frontal parameters like the maximum295

gradient (G), frontal width (D), and latitude (F). Tropical SSTs are also technically flexible in this SST design, but are generally

left unchanged not to perturb the tropical circulation. We, however, modified the maximum SSTs at the Equator (M) to reveal

the response of the atmospheric circulation to uniform warming or cooling.
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Figure 6. As in Fig. 3, but here for M34.5 (red), M29.5 (corresponding to F45; black), and M24.5 (blue).

Variations in the maximum SST gradient and the meridional width of the front exert a direct and systematic influence on

storm track intensity and meridional extent (Figs. 3, 4). These sensitivities emerge robustly across our explored parameter300

space (G1.5-3.5, D2-6). Preliminary tests suggest that extending the range of parameter perturbations (e.g., G4.5, D8) could

further clarify the relative roles of gradient strength and frontal width in setting the structure of baroclinic eddy activity.

The relationship between the latitude of the SST front and storm-track behaviour is found to be more complex. While storm

track activity generally migrates with the SST front, its intensity varies non-linearly. The intensification of baroclinic eddies is

most pronounced when the SST front lies close to a dynamically preferred latitude of maximum storm-track activity (Fig. 5c),305

indicating that the atmospheric response is shaped both by the imposed surface forcing and by the latitude at which baroclinic

eddies naturally tend to develop most vigorously.

The warm climate experiments (M24.5-34.5, F45±5) underscore the importance of prescribing adequate SST at polar lati-

tudes. When SSTs are artificially constrained to remain near freezing poleward of a prescribed latitude, baroclinic eddy activity

becomes unrealistically suppressed. This highlights that atmosphere-only aquaplanet simulations with fixed freezing thresh-310
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Figure 7. As in Fig. 3, but here for F45+5 (red), F45 (black), and F45-5 (blue).

olds can inadvertently dampen extratropical dynamics, whereas allowing SSTs to fall below freezing yields a more physically

consistent thermal structure and a more realistic storm-track response.

By isolating key geometric properties of midlatitude SST fronts, our framework provides a foundation for future investi-

gations of how different surface-forcing and thermodynamic processes interact with storm-track variability. Building on this,

the flexibility of this framework opens avenues for future work. Asymmetries can be readily introduced to explore seasonal315

dependence (e.g., contrasting summer and winter hemispheres) or zonal variations in the SST front. Such extensions would

allow for a systematic assessment of how zonally asymmetric SST structures influence storm-track dynamics, the hydrological

cycle, and the global energy budget.

Code and data availability. The source code of the AFES v4.3 is available and distributed under the BSD 2-Clause Simplified License at

https://gitlab.com/aosg_public/afes. The specific version of AFES used to produce the results in this paper is archived on Zenodo (Ogawa320

and Marcheggiani, 2026), including input data and scripts to run the model.
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Appendix A: Analytical details of SST profile

The analytical expression for the SST profile is obtained by integrating Eq. 1 piecewise,

SST(φ) = SSTmax +





− 1
2αφ

2 |φ| ≤ ϕT

+ 1
2βϕT −β|φ| ϕT < |φ| ≤ ϕE

+ 1
2βϕT − 1

2γϕ
2
E +(γϕE −β)|φ| − 1

2γφ
2 ϕE < |φ| ≤ ϕF

+ 1
2βϕT − 1

2γ(∆ϕ2
F − 2ϕFϕP )− (β+ γϕP )|φ|+ 1

2γφ
2 ϕF < |φ| ≤ ϕP

+ 1
2βϕT − γ∆ϕ2

F −β|φ| ϕP < |φ| ≤ ϕ0

+ 1
2βϕT − γ∆ϕ2

F −βϕ0 ϕ0 < |φ| ≤ 90◦

. (A1)

From Eq. A1, we find the analytical expression for the latitude of the freezing edge,325

ϕ0 =
1
2ϕT + 1

β∆SST− 1
β∆ϕF |∇SST|max, (A2)

where ∆SST = SSTmax −SSTmin. The freezing latitude ϕ0 thus only depends on the intensity and width of the front but not on

its position (no ϕF in Eq. A2).

Appendix B: Sensitivity to resolution

We assess the sensitivity of our results to horizontal resolution by running the control (F45) and no-front (NF) experiments330

at higher horizontal resolutions, specifically at T159 (0.75◦ at the Equator) and T239 (0.5◦ at the Equator). The impact of

increasing horizontal resolution on the subtropical and midlatitude jets is marginal, with virtually no changes in both their

spatial structure and intensity (Figs. B1a,b). The largest effects are found in the meridional wind variance (Figs. B1c,d),

which is slightly stronger poleward of the SST front in T159 and T239 compared to T79 for both F45 and NF, though the

overall structure does not change as the maximum [v′v′] does not shift in latitude. Changes in meridional heat transport [v′T ′]335

(Figs. B1e,f) are also marginal and the response of the water cycle is nearly identical across the three resolutions (Figs. B1g,h).

Overall, results indicate that horizontal resolution does not play a key role, at least for resolutions of T239 and below.
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Figure B1. Climatological zonal means based on F45 (a,c,e,g) and NF (b,d,f,h) with horizontal resolution at T79 (black), T159 (blue),

and T239 (red). (a,b) Zonal wind u (contours at -10, 10, 40 m s−1, negative dashed), with maximum value within subtropical jet noted

accordingly; markers indicate the latitude of reversal of the zonal wind at the surface (specific orientation bears no meaning). (c,d) [v′v′] at

300 hPa; markers indicate the latitude of maximum momentum flux divergence at 200h Pa. (e,f) [v′T ′] at 850 hPa. (g,h) Zonally-averaged

evaporation (E, solid) and precipitation (P, dashed, multiplied by -1).
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