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ABSTRACT: Earlier studies have proposed many semiempirical relations between climate and tropical cyclone (TC)

activity. To explore these relations, this study conducts idealized aquaplanet experiments using both symmetric and

asymmetric sea surface temperature (SST) forcings. With zonally symmetric SST forcings that have a maximum at 108N,

reducing meridional SST gradients around an Earth-like reference state leads to a weakening and southward displacement

of the intertropical convergence zone. With nearly flat meridional gradients, warm-hemisphere TC numbers increase by

nearly 100 times due particularly to elevated high-latitude TC activity. Reduced meridional SST gradients contribute to a

poleward expansion of the tropics, which is associated with a poleward migration of the latitudes where TCs form or reach

their lifetimemaximum intensity. However, these changes cannot be simply attributed to the poleward expansion ofHadley

circulation. Introducing zonally asymmetric SST forcings tends to decrease the global TC number. Regional SST

warming—prescribed with or without SST cooling at other longitudes—affects local TC activity but does not necessarily

increase TC genesis. While regional warming generally suppresses TC activity in remote regions with relatively cold SSTs,

one experiment shows a surprisingly large increase of TC genesis. This increase of TC genesis over relatively cold SSTs is

related to local tropospheric cooling that reduces static stability near 158N and vertical wind shear around 258N. Modeling

results are discussed with scaling analyses and have implications for the application of the ‘‘convective quasi-equilibrium

and weak temperature gradient’’ framework.

KEYWORDS: Cyclogenesis/cyclolysis; Hadley circulation; Tropical cyclones; Vortices; General circulation models;

Climate variability

1. Introduction

Idealized simulations can provide attractive opportunities to

evaluate global climate models and understand complex

atmospheric dynamics (Held and Suarez 1994; Neale and

Hoskins 2000; Blackburn and Hoskins 2013). Using hori-

zontal grid spacing around 50 km, recent aquaplanet models

can explicitly simulate tropical cyclones (TCs) or TC-like

vortices, leading to interesting insights into climate controls

of TC activity (Merlis and Held 2019). These existing TC-

permitting aquaplanet simulations mostly used prescribed

ocean forcings, which are often spatially homogeneous (e.g.,

Shi and Bretherton 2014; Merlis et al. 2016; Chavas and Reed

2019) or zonally symmetric (e.g., Merlis et al. 2013; Ballinger

et al. 2015; Fedorov et al. 2019). Despite the popularity of these

idealized forcings, it is noteworthy that Earth’s ocean surface

has meridional and zonal heterogeneity that varies from year

to year and throughout the geological history. To move toward

connecting TC activity in aquaplanet simulations and TC ac-

tivity in the real-world Earth, it is important to explore both

zonally symmetric and asymmetric forcings.

The existing aquaplanet TC studies often prescribe oceanic

forcings in the form of idealized SSTs or oceanic heat flux in

slab-ocean models. These settings can be tuned to simulate

climates that have some ‘‘Earth-like’’ features, such as an in-

tertropical convergence zone (ITCZ), or the tropical ascent

branch of the Hadley circulation. Merlis et al. (2013) and

Ballinger et al. (2015) showed that a northward displace-

ment (and intensification) of the ITCZ increases the TC

genesis number in their aquaplanet simulations. Although

this ITCZ–TC relationship is mostly consistent with the

observational findings in the NorthAtlantic and the Northeastern

Pacific basins (Zhang andWang 2013, 2015), Fedorov et al. (2019)

showed that the relationship does not hold when different sea

surface temperature (SST) profiles were prescribed to a dif-

ferent aquaplanet model. In particular, Fedorov et al. (2019)

found that a decrease of meridional SST gradients weakens the

ITCZ and shifts it equatorward from the summer hemisphere,

but the ITCZ changes are accompanied by an overall increase

of TC genesis related to a poleward migration of TC genesis.

The increase of TC genesis at high latitudes appears related to

changes in SST, midtroposphere humidity, and vertical wind

shear. It is, however, unclear whether the findings documented

by Fedorov et al. (2019) depend on their unique model settings

(i.e., hypohydrostatic rescaling and no convective parameter-

ization) or depend on their SST profiles, which differ from

preceding studies.

A careful comparison of the climate–TC relationship in

aquaplanet simulations and the real world may help to im-

prove our physical understanding. Besides the aforementioned
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ITCZ–TC relationship, a meaningful comparison could ex-

amine the relationship between the meridional extent of the

Hadley circulation and the latitude where TCs attain their

lifetime maximum intensity (LMI). Based on observational

data, Kossin et al. (2014) reported a poleward migration of the

LMI latitudes and suggested the change might be associated

with a poleward expansion of the tropics. Nonetheless, the

interpretation of the observational findings is complicated by

the unforced natural variability and the basin-to-basin vari-

ability (Moon et al. 2015; Studholme and Gulev 2018).

Interestingly, the poleward migration of the LMI location also

appears related to a poleward migration of TC genesis (Daloz

and Camargo 2018; Studholme and Gulev 2018). These

changes were tied to the expansion of the Hadley circulation

(Studholme and Gulev 2018; Sharmila and Walsh 2018), which

was robustly projected by climate models under global warm-

ing (e.g., Lu et al. 2007; Hu et al. 2013). A thorough evaluation

of these climate–TC relations with full-fledged climate models

is much needed, but this approach remains difficult because of

high computing costs and significant model biases that involve

complex dynamics. As an exploratory intermediate step, it

would be useful to investigate if these previously identified

climate–TC relations are present in aquaplanet simulations

with simple zonally symmetric forcings.

With or without zonally symmetric forcings, the tropical

upper troposphere of Earth tends to maintain a nearly zonally

symmetric state. As the low-latitude values of the Coriolis

parameter are small, the horizontal heterogeneity of the

tropical atmosphere is limited under the geostrophic balance

(Charney 1963; Held and Hoskins 1985; Sobel and Bretherton

2000). Generally speaking, deviations from the weak temper-

ature gradient (WTG) state (e.g., convective perturbations)

tend to be rapidly homogenized by internal gravity waves

(Schubert et al. 1980; Bretherton and Smolarkiewicz 1989;

Mapes 1993). Even though there are some exceptions related

to rotating disturbances (Raymond et al. 2015), theWTG state

reasonably approximates the tropical upper atmosphere and

affords an elegant simplification of the large-scale tropical

dynamics (e.g., Bretherton and Sobel 2002; S. Wang et al. 2013;

Herman and Raymond 2014). When combined with the con-

vective quasi-equilibrium (CQE) concept (Arakawa and

Schubert 1974; Emanuel et al. 1994)—which ties the tropo-

spheric temperature to theboundary layermoist static energy—the

WTG constraint of the upper troposphere dictates that trop-

ical precipitating regions share similar values of subcloud

moist static energy (Byrne and O’Gorman 2013; Emanuel

2019; Zhang and Fueglistaler 2020).

Since TCs are an extreme form of tropical convection and

develop from weaker convective systems, it is conceivable that

the CQE-WTG framework can help to explain changes in TC

activity. More specifically, tropical SST variations (e.g., El

Niño–Southern Oscillation) affect convective activity and the

temperature profile of the overlying atmosphere via the CQE.

The associated upper-tropospheric temperature anomalies are

thought to spread across the tropics nearly homogeneously

under the WTG constraint. These resulting tropics-wide re-

sponses of upper-troposphere temperature can modulate the

static stability in remote tropical regions—and ultimately af-

fect convective activity (e.g., Johnson and Xie 2010; Wang and

Sobel 2011; Fueglistaler et al. 2015) and TC activity (e.g., Tang

and Neelin 2004). As this tropical teleconnection mechanism

involves the relative difference between local and remote

SSTs, it is also referred to as the relative SST mechanism

(Vecchi et al. 2008). Notably, this mechanism can modulate

convective systems that precede TCs. This reasoning differs

from treating the relative SST as a proxy of the maximum

potential intensity (MPI) (Emanuel 1988; Vecchi and Soden

2007), which is sensitive to changes of relative SST under the

WTG assumption (Ramsay and Sobel 2011).

Although the WTG state is sometimes reduced to a zero-

gradient state for simplicity, regional temperature variations

certainly exist with zonally asymmetric boundary conditions,

especially at off-equator latitudes. Figure 1a shows the clima-

tological tropospheric temperature during July–October from

the ERA-Interim (Dee et al. 2011). While the WTG approxi-

mation holds well for most tropical regions, the temperature

field poleward 108N has a distinctive zonally varying structure

that involves relatively warm and cold regions. These regions

FIG. 1. July–October climatology of (a) 500-hPa air temperature (K; shading) and (b) the

magnitude of its horizontal gradients (1024 K km21; shading). The 500-hPa temperature data

are from the ERA-Interim (Dee et al. 2011) and used to approximate the mean temperature of

the free troposphere. Hatching highlights the 58 3 58 gridded regions where TCs form at least

once per 20 years. All the calculations use July–October data from 1979 to 2013.
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correspond to stationary monsoon ridge and midocean trough

structures that are part of the planetary-scale Rossby waves

(e.g., Rodwell and Hoskins 2001). These zonally asymmetric

features are subject to the influences of both tropical SSTs

(e.g., B. Wang et al. 2013) and the extratropical atmosphere

(e.g., Schneider and Bordoni 2008). At the periphery of these

ridges and troughs, relatively large temperature gradients exist in

regions including the tropical central Pacific (1808) and the South

Asian monsoon region (908E) (Fig. 1b). Interestingly, the regions
with relatively large temperature gradients are characterized by

suppressed TC activity. The temperature gradients at the TC-

prone latitudes (108–258N) are mostly related to meridional

temperature differences (Fig. 1a), which did not receive much

attention in the past WTG literature. Meanwhile, changes in the

off-equator temperature gradients in model projections of future

climate can be large but highly uncertain (Ma and Xie 2013). It is

conceivable to use idealized model settings to explore how well

the tropical free-tropospheric temperature conforms with the

CQE-WTG picture and whether any deviations in off-equator

regions might have interesting implications for TC activity.

Zonally varying climates can be approximated using aqua-

planet simulations forced by zonally asymmetric SST forcings

(Neale and Hoskins 2000). This simplification has proven

useful for studying the weather/climate variations associated

with the Northern Hemisphere summertime monsoon circu-

lation and its responses to external forcings (e.g., Shaw and

Voigt 2015; Wu and Shaw 2016; Chen et al. 2017). Here we will

investigate whether the model setting can help to elucidate the

sensitivity of TC activity to zonally asymmetric forcings. Such

an investigation may pave the way for using the aquaplanet

setting to study how oceanic equatorial modes (e.g., El Niño–
Southern Oscillation) and meridional modes (e.g., Pacific and

Atlantic meridional modes; Chiang and Vimont 2004) can af-

fect local and remote TC activity (e.g., Gray 1984; Vimont and

Kossin 2007). Furthermore, this investigation might shed light

on some puzzling behaviors of TC activity in or near monsoon

regions, such as the negative correlation between TC activity

and local SST in the Northwestern Pacific (Sharmila and

Walsh 2017).

As a step toward connecting aquaplanet simulations and the

aforementioned real-world questions, this study carries out

aquaplanet general circulation model (GCM) experiments with

both zonally symmetric and zonally asymmetric SST forcings.

These experiments are conducted with a high-resolution (50-km

grid spacing) version of an atmospheric model that was recently

developed at Geophysical Fluid Dynamics Laboratory (GFDL;

Zhao et al. 2018b; Zhao 2020). These experiments serve as an

assessment of our climate model and physical understanding. Our

investigation is broadly guided by the following two questions.

1) Do zonally symmetric SST forcings produce the relation-

ship between TC activity and the Hadley circulation (or the

ITCZ) outlined by the previous aquaplanet and observa-

tional studies?

2) Do zonally asymmetric SST forcings replicate the relative

SST mechanism that has been used for interpreting rela-

tionships between changes in SST and TC activity?

Our model simulations are complemented with simple scaling

analyses that highlight the nature of the summer atmospheric

circulation and the significance of tropical temperature gradients.

The discussion will emphasize climate dynamics and some fea-

tures that contradict the conventional understanding of the TC–

climate relationship. The rest of the paper is organized as follows.

Section 2 describes the model settings, SST forcing, and the TC

tracking algorithm. Sections 3 and 4 present the experiment re-

sults with our zonally symmetric and zonally asymmetric forcings,

respectively. Section 5 offers a summary and discussion.

2. Data and methodology

a. Model settings

This study leverages AM4, a recently developed global at-

mospheric model from GFDL. The model has a cubed-sphere

atmospheric dynamical core with 33 vertical levels. When

forced by observed SSTs and other boundary conditions,

the standard 100-km-grid version of AM4 can simulate the

climatology, seasonal cycle, and interannual variability of

TC activity fairly realistically (Zhao et al. 2018a). A 50-km-

resolution version of AM4 was used for GFDL’s participation

in CMIP6 HighResMIP and has been documented in Zhao

(2020). The model settings used in our aquaplanet simulations

(AM4.0-Aqua) are nearly identical to Zhao (2020) except for

the following modifications: (i) we exclude the aerosol forcing

and hold the carbon dioxide at the level of 348 ppm, which ap-

proximately corresponds to the 1990 level; and (ii) our simula-

tions use a realistic diurnal cycle that repeats the radiative

forcing of 1August 1990, which is near the peak of TC activity in

the present-day Northern Hemisphere. At the cost of not sim-

ulating the seasonal cycle, these simple settings help the model

reach equilibria quickly. As will be illustrated in sections 3 and 4,

our simulations reach climate equilibria within 2–3 months. This

allows sampling a variety of SST forcings and a large population

of TCs at relatively low computing expenses.

b. Prescribed SST

For both zonally symmetric and zonally asymmetric forc-

ings, we prescribe SSTs to the AM4.0-Aqua directly using

analytical functions. Table 1 presents a list of these idealized

SST forcings and their possible connections with the real-world

and simulated climates (or climate phenomena). More details

of these idealized SST forcings are as follows.

In our experiments with zonally symmetric SSTs, we use a

function in the following form:

T(f)5

8><
>:

a

�
12 sin2

�
pb(f2f

0
)

180

��
1 273:16, f

0
2
90

b
#f#f

0
1
90

b

273:16, else

, (1)
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where T (K) is the SST as a function of latitude f (2908
to 1908), i.e. 908S to 908N, a (K) determines the magnitude of

SST deviations from the baseline (273.16K), b sets the me-

ridional gradient of SST, and f0 (8) is the latitude where the

SST maximum resides. The meridional profile (by design)

differs from those profiles used by Neale and Hoskins (2000),

Ballinger et al. (2015), and Fedorov et al. (2019), as we intend

to explore a broader parameter space. We have experimented

with various parameter combinations, but this study will use

fixed values of a (28K) and f0 (108)—which approximate

Earth’s climate—and focus on varying SST gradients (b 5 0.3,

0.5,. . . , 3.0, 4.0). The experimented profiles range from nearly

globally homogeneous (b 5 0.3) to sharp gradients in the sub-

tropics (b 5 4.0), effectively bridging and extending two classes

of profiles that were widely used in idealized simulations (i.e.,

globally homogeneous profiles and present-climate profiles).

Furthermore, these profiles are approximately consistent with

paleoclimate records, which suggest the differences between the

past and the present SSTs are relatively small in the tropics but

can reach610K in the extratropics (e.g., Annan andHargreaves

2013; Naafs et al. 2018). An example of the prescribed SSTswith

b 5 0.85 is available in Fig. 2a. Section 3 will discuss the ex-

periments with different SST profiles in detail.

In our zonally asymmetric experiments, we combine the SST

function from Eq. (1) with zonally varying perturbations in the

following form:

DT(f,l)5

8<
:X cos

�
pNl

180

�
cos2

hp(f2f
1
)

2W

i
, f

1
2W#f#f

1
1W

0, else

, (2)

where DT (K) is a function of latitude f (2908 to 1908) and
longitude l (08 to 3608), X (K) is the maximum magnitude of

zonally asymmetric perturbations, N is a parameter that sets

the wavenumber of SST perturbations, W modifies the me-

ridional extent of the zonally asymmetric perturbations, andf1

(8) is the latitude where the maximum of these SST perturba-

tions appears. The function is similar to those used by Neale

and Hoskins (2000; ‘‘3KW1 experiment’’) and some recent

monsoon-like simulations (Wu and Shaw 2016). This study

primarily discusses experiments with zonal wavenumber-1

perturbations that maximize at 2K and extend 608 of latitude
(X 5 2K, N 5 1, and W 5 308). Furthermore, we compare

model responses to combinations of warm-cold perturba-

tions (‘‘W1C1’’) and warm perturbations only (‘‘W1C0’’) to

illustrate the impacts of local and remote SSTs. Different from

some earlier studies that explore TC activity with zonally

asymmetric SST forcings (Ballinger 2015; Defforge 2016), we

investigate the effects of positioning SST perturbations at dif-

ferent latitudes (08–308N). This approach is a stepping stone for

idealized studies of how equatorial and meridional ocean

modes affect TC activity. Figure 2b provides an example of the

SST function with the W1C1 pattern centered at 108N. The

experiments with these zonally asymmetric SST patterns will

be further discussed in section 4.

c. TC tracking

To identify and track simulated TCs, this study uses the

GFDL vortex tracker that has been documented in detail by

FIG. 2. (left) Examples of (a) zonally symmetric (b 5 0.85) and

(b) zonally asymmetric (W1C1–10N) SST forcings used in aqua-

planet experiments. Color shading in (a) and (b) shows the values

of prescribed SSTs (K). Contours in (b) show the wavenumber-1

perturbations centered at 108N. (right) The meridional SST profile

at (a) 08 and (b) 08 and 1808.

TABLE 1. List of SST forcings used in aquaplanet experiments.

Zonally symmetric Zonally asymmetric

b 5 0.3a b 5 1.2d b 5 0.85, X 5 2K

b 5 0.5 b 5 1.5 W1C1–0Nf W1C0–0Nh

b 5 0.7 b 5 2.0 W1C1–10N W1C0–10Nh

b 5 0.85b b 5 3.0 W1C1–20Ng W1C0–20Nh

b 5 1.0c b 5 4.0e W1C1–30Ng W1C0–30Nh

a Nearly homogeneous SST. RCE-like ‘‘TC’’ world.
b Earth-like, but with a warmer extratropics. Possibly similar to

future climate with amplified polar warming.
c Earth-like, but with milder midlatitude gradients relative to the

present climate.
d Earth-like, but with a colder extratropics. Possibly similar to the

Last Glacial Maximum.
e Sharp subtropical SST gradients. Moist baroclinic wave world.
f Similar to El Niño–Southern Oscillation.
g Similar to the Asia–Pacific monsoon.
h Similar to regional warming of tropical oceans.
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Zhao et al. (2009). In short, the tracker identifies candidate

warm-core vortices using 6-hourly instantaneous 850-hPa rel-

ative vorticity, sea level pressure, and upper-tropospheric

temperature anomalies. The threshold values used in this

vortex search are identical to those used by Zhao et al. (2009).

Once a coherent warm-core vortex is identified, the maximum

near-surface wind speed near the vortex centers is recorded

on a 6-hourly basis. The tracker then links these warm-core

vortices to the vortices that are within 400 km at the previous

time step. To qualify as a TC, for at least 3 days during the life

of a tracked vortex, its intensity should reach tropical storm

wind strength, though not necessarily on consecutive days. For

simplicity, we denote the first and the last warm-core vortex

records identified by the TC tracker as genesis and lysis points,

respectively. Composite analyses of the identified storms show

TC-like structures along with some intensity biases. The results

from a storm-rich experiment (b 5 0.3) are available in the

appendix (Figs. A1 and A2).

3. Simulations with zonally symmetric settings

a. Simulated weather and climate equilibria

To help with the interpretation of simulations, we first ex-

amine two simulations with extremely strong (b 5 4.0) and

extremely weak (b5 0.3) meridional SST gradients. Figures 3a

and 3c show the precipitation during the first six hours of Day

182, respectively. The atmospheres in the two simulations are

in different dynamic regimes. With strong SST gradients (b 5
4.0), the ITCZ is well defined and located near 108N (i.e., the

latitude of maximum SST). Furthermore, some precipitation

bands extend from the ITCZ and reach the midlatitude, re-

sembling the atmospheric rivers in Earth’s present-day climate.

These precipitation bands are directly related to baroclinic

waves, which contribute to notable synoptic variability at the

tropical–extratropical interface and readily absorb convective

disturbances that develop from the ITCZ.

The simulation with weak SST gradients (b 5 0.3) lacks a

well-defined ITCZ. Instead, the equatorial precipitation ap-

pears in a wavenumber-1 envelope that propagates eastward

with a period of 50–60 days. To some extent, the global-scale

envelope resembles the Madden–Julian oscillation (MJO)

(Zhang 2005). At higher latitudes, the model domain is filled

with vortices that have intense precipitation. A composite

analysis of these vortices shows TC-like warm-core structure

(Fig. A1) despite their unusual genesis latitudes. The vortex-

rich regime resembles the global-scale simulations of rotating

radiation-convection equilibrium (RCE) forced with homo-

geneous SST (e.g., Shi and Bretherton 2014; Merlis et al. 2016;

Chavas and Reed 2019). Perhaps surprisingly, an RCE-like

state can exist even when SST gradients are present—provided

that the subcloud layer moist entropy is relatively homoge-

neous and helps to avoid a strong large-scale overturning cir-

culation (Emanuel 1995; Singh et al. 2017; also see Fig. 7j).

While these weather perturbations and the MJO-like feature

are interesting, the rest of this section will mostly address TC-

related climate features and statistics of the equilibrated

climate.

To show that the above snapshots are representative of the

equilibrated climates, we examine the 2-yr evolution of pre-

cipitation and precipitable water between ;108S and ;308N
(Figs. 3b,d). This region centers on the latitude with the SST

maximum, and small changes of the latitude range do not

qualitatively alter the results to be presented. In both simula-

tions, the tropical climate reaches equilibrium after the first

90 days. This equilibration time scale is similar to that in

aquaplanet experiments forced with globally homogeneous

SST (Chavas and Reed 2019). Given this fast equilibration, we

analyze the simulated climates using data between day 182 and

day 731. The tropical precipitation has strong intraseasonal

variability when the meridional gradient of SSTs is weak

(Fig. 3d). However, the simulation’s precipitation within the

examined tropical domain is weaker by ;1.5mmday21 than

that in the simulation with strong SST gradients, even though

the latter has substantially lower precipitable water (,25mm;

Fig. 3b). The climates in Fig. 3 represent the two extreme ends

simulated with our zonally symmetric forcings.

b. Characteristics of large-scale environment
and TC activity

The variations of the meridional gradient of SSTs strongly

affect global TC number and distribution (Fig. 4). When the

SST gradient reduces (from b 5 4.0 to b 5 0.3; see Fig. 5a for

details), the TC genesis number between the equator and 708N
increase by two orders of magnitude. From b 5 4.0 to b 5 1.0,

the increase of TC genesis is mostly concentrated between 108
and 308N. From b 5 0.85 to b 5 0.3, the genesis increase is

;150% and mostly occurs poleward of 308N. Meanwhile, the

increase of TC track density occurs in a similar way (not

shown). It is also noticeable that some TCs (i.e., warm-core

storms) form at relatively low SSTs (,295K) in the interme-

diate regimes (e.g., Figs. 4f,g), consistent with the fact that

some TCs form at low SSTs in Earth’s present climate (e.g.,

McTaggart-Cowan et al. 2015) and some climate simulations

(Sugi et al. 2015). These high-latitude genesis events may not

be well constrained by empirical indices of genesis potential,

which are usually devised based on low-latitude events of the

present climate (e.g., Camargo et al. 2007). Figure 4 also sug-

gests that unforced variability contributes to some zonal vari-

ations of TC genesis. As an example of unforced noise, the TC

genesis number in the sectors of 2708208–908E and 90821808–
2708Ediffer by 24 in the b5 1.5 experiments. But excluding the

experiments with few TC genesis (Figs. 4a,b), these zonal

variations are at least one order of magnitude smaller than the

local climatological values.

Figure 5 shows the zonal averages of the large-scale envi-

ronment and TC genesis numbers. The SST profile with b5 1.0

is close to the Northern Hemisphere summer of Earth’s pres-

ent climate, while the profile with b 5 0.3 is nearly globally

homogeneous. When b varies between 4.0 and 2.0, the maxima

of precipitable water, precipitation, and maximum potential

intensity (MPI; Emanuel 1988) are located near 108N, ap-

proximately corresponding to the maximum of the prescribed

SSTs. In these individual experiments, the transition from low-

latitude maxima to high-latitude low values is mostly smooth.

An exception is the MPI in the subtropics, which shows some
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sharp transitions because the official MPI calculation code1

imposes numeric constraints on systems with relatively high

pressure and weak wind. As the SST gradient further reduces

from b 5 2.0, the maxima of precipitation gradually weaken

and shift equatorward—before eventually flattening out (b 5
0.3). We consider the precipitation maxima as the ITCZ lati-

tude and note that it tends to appear near or slightly equatorward

of the SSTmaxima (Privé and Plumb 2007). When a well-defined

ITCZ is present (b 5 4.0 / 1.0), its northern flank is char-

acterized by a local minimum of the vertical wind shear,

which we define as the magnitude of the wind vector difference

FIG. 3. Precipitation snapshots and tropical equilibration in two zonally symmetric experi-

ments. The two experiments are (a),(b) b 5 4.0 and (c),(d) b 5 0.3. (a) Precipitation rate

(mmday21) averaged between 0000 and 0600UTC of the 182nd day of simulation. (b) The 2-yr

evolution of precipitation rate (blue; mmday21) and precipitable water (red; mm) averaged

between about 108S and 308N. Small changes in the latitude range do not change the results

qualitatively. The plotting settings of (c) and (d) are as in (a) and (b).

1 ftp://texmex.mit.edu/pub/emanuel/TCMAX/.
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between 200 and 850 hPa. The north flank region also has

relatively strong low-level vorticity, which is related to the

low-level convergence and stretching effect of frequent

convective heating (Ferreira and Schubert 1997; Wang and

Magnusdottir 2005). Consistent with these favorable envi-

ronmental factors, TC genesis between 58 and 208N remain

relatively active within these simulations (b 5 4.0 / 0.70).

This genesis maximum does not shift with the precipitation

and appears anchored by relatively weak vertical wind

shear and strong low-level vorticity. Furthermore, this

genesis maximum in most experiments can be qualitatively

captured by the genesis potential index2 (GPI; Camargo

et al. 2007). However, a comparison among experiments

suggests some limitations related to GPI’s quantitative as-

pect. For example, the highest GPI value between 58 and

158N appears in the experiment with b 5 4.0, but the sim-

ulated genesis in this experiment is the lowest among all the

experiments.

Figure 5 also reveals an interesting increase of high-latitude

genesis when the meridional gradients of SST are relatively

weak (b 5 1.0 / 0.3). A composite analysis of these storms

shows TC-like warm-core structure (Fig. A1) despite their

unusual genesis latitudes and some structural differences rel-

ative to the low-latitude storms. The increase of these genesis

events is consistent with the increase of SST and precipitable

water, as well as relatively low values of the vertical wind shear

in the midlatitudes. While the MPI forbids TC activity when

the extratropical SST is extremely low, it is clear that the MPI

values are high enough to support at least low-intensity TCs at

508N—even for the experiment with the lowest extratropical

SST under consideration (b 5 1.0). Therefore, the MPI itself

does not appear to be the leading constraint of the high-

latitude genesis for b 5 1.0 / 0.3. The GPI changes appear

qualitatively consistent with genesis changes, even though

this metric overestimates high-latitude genesis while under-

estimating low-latitude genesis in the experiment with b5 0.3.

We also note that an increase of genesis in the extratropics also

FIG. 4. Simulated TC genesis and the associated zonally symmetric SST forcings (K; shading). (a)–(j) The ex-

periments with b5 4.0, 3.0, . . . , 0.5, and 0.3, respectively, as noted in the upper-left corner of each panel. Black dots

denote the genesis location during a 1.5-yr period. The white contours show the dimensionless genesis potential

index (GPI; Camargo et al. 2007), and the only plotted level is GPI5 2. The total number of TCs that form between

the equator and 708N is denoted in the upper-right corner of each panel. The TC genesis number in the sectors of

2708–08–908E and 908–1808–2708E is denoted at the bottom of each panel.

2 The GPI formulation in this study follows Camargo et al.

(2007): GPI 5 j105hj3/2(RH600/50)
3(MPI/70)3(1 1 VWS/10)22,

where h is the 850-hPa absolute vorticity, RH600 is the 600-hPa

relative humidity, MPI is the maximum potential intensity, and

VWS is the 200–850-hPa vertical wind shear.
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appears when the SST warms uniformly in aquaplanet simu-

lations (Merlis et al. 2016) and when CO2-related warming is

included in atmospheric GCM simulations with more realistic

settings (Yoshida et al. 2017).

The circulation and genesis responses to the reduction of

meridional SST gradients are qualitatively consistent with

Fedorov et al. (2019), who used a different model and

somewhat similar SST profiles. With off-equator SST max-

ima, Fedorov et al. (2019) found that a reduction of the

tropics-to-pole SST differences weakens the ITCZ precipi-

tation and shifts it equatorward in their hypo-hydrostatic

simulations. The consistency suggests the relationship be-

tween the ITCZ and the meridional gradient of SST is

qualitatively robust. Interestingly, a poleward migration of

TC activity with the reduction of meridional SST gradient

also appears in the hypo-hydrostatic simulations by Fedorov

et al. (2019). However, their simulations produce a clear

subtropical ‘‘desert’’ that separates the tropical and mid-

latitude maxima of TC genesis, while AM4.0-Aqua simula-

tions (b5 0.7, 0.85) produce smoother latitudinal variations

of TC genesis. The reasons for this inconsistency between

their hypo-hydrostatic simulations and our AM4.0-Aqua

simulations is not clear.

We can further examine the simulated TC activity using a

two-dimensional probability distribution function (PDF) of the

lifetime maximum intensity (LMI) and the latitudes where the

LMI is attained3 (Fig. 6). With a reduction of the meridional

SST gradient, the PDFs show a poleward migration of the LMI

latitudes from the tropics to higher latitudes. Interestingly, the

poleward migration is rather evident when the SST profiles

vary near b 5 1.0, which roughly corresponds to the zonal

average of SST in Earth’s present climate (Fig. 5a). Besides the

poleward migration, the mean LMI values also increase by

;2m s21 between the experiments with b 5 4.0 and b 5 0.3.

The LMI increase with the reduction of SST gradients occurs

partly because the lifetime of TCs increases significantly

(Table 2), which indicates that TCs spend a longer time de-

veloping over warm SSTs in the experiments with small

b values. Nonetheless, the intensity of simulated TCs is gen-

erally below the MPI, suggesting that TC intensification is also

constrained by other processes. The results are qualitatively

FIG. 5. Zonal averages of environmental variables and TC genesis number in the experiments with zonally

symmetric SSTs (maxima at 108N). (a) SST (K), (b) precipitable water (mm), (c) precipitation (mmday21),

(d) maximum potential intensity (m s21), (e) vertical wind shear (m s21), (f) 850-hPa relative vorticity (s21),

(g) genesis potential index (unitless), and (h) genesis number in 58 bins of latitude. The line legends that denote the
experiments are at the bottom. Black line in (a) shows the zonal average of July–August SST (1979–2013) from

HadISST (Rayner et al. 2003).

3 If the LMI value of a TC is reached more than once, then the

calculation considers only the first time when the TC attains

its LMI.
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FIG. 6. Two-dimensional probability distribution function (%; shading) of the lifetime maximum

intensity (LMI; m s21) and the latitudes where the LMI (8N) is achieved. The LMI is determined by

searching the maximum of near-surface wind speed in the life cycle of individual storms. (a)–(j) The

experiments with b 5 4.0, 3.0, . . . , 0.5, and 0.3, respectively, as noted in the upper-left corner of each

panel. The blue and red curves show the probability distribution functions of LMI (x axis) and LMI

latitudes (y axis), respectively. The percentage values correspond to the values on the perpendicular

axes. The black dashed lines show the maximum potential intensity (m s21) as a function of latitudes.
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similar if one considers only TCs that form between the

equator and 408Nor uses theminimum sea level pressure in the

LMI analysis (not shown). Last, the model physics and spatial

resolution used in this study produce a biased wind–pressure

relationship (Fig. A2) and cannot simulate strong wind asso-

ciated with intense TCs (Fig. 6; Zhao et al. 2018a,b; Davis

2018). These issues might contribute an underestimate of in-

tense TCs’ sensitivity to the meridional SST gradients.

c. Links between the Hadley circulation and TC activity

We now examine the large-scale circulation simulated

with the zonally symmetric forcings (Fig. 7). The meridional

streamfunction shows that the winter Hadley cell is notably

stronger than its summer counterpart. Both cells of the

Hadley circulation weaken with a reduction of the meridi-

onal SST gradient, qualitatively consistent with the sensitiv-

ity indicated by a scaling analysis and global climate models

(Seo et al. 2014; Shi and Bretherton 2014; Singh et al. 2017).

Meanwhile, the meridional gradients of streamfunction also

indicate that the ITCZ-related ascent shifts southward and

weakens (b 5 4.0 / 0.70), consistent with the findings in

section 3b. Although the weakening and contracting features

of the winter cell are striking, hereafter we focus on the sum-

mer cell and ITCZ as their changes have interesting and more

direct implications for TC activity. For example, the summer-

hemisphere Hadley cell becomes weak and ill-defined as the

SST gradient reduces relative to an Earth-like profile (b5 1.0).

In these circumstances, the summer Hadley cell—especially

the proportion poleward of the ITCZ—may be too weak to

effectively constrain TC activity.

Table 2 presents the metrics involving the relationships of

the Hadley circulation and TC activity that were proposed by

earlier studies (section 1). We first examine the ascent branch

of the Hadley circulation, namely the ITCZ. As suggested in

the discussion of Fig. 5, the global TC number in our simula-

tions (b 5 4.0 / 0.70) is associated with the latitude and the

intensity of the ITCZ, but the associations manifest as statis-

tically significant negative correlations (r 5 20.95 and 20.96,

respectively). The results are similar if streamfunction extrema

are used to characterize the strength of the Hadley circulation

(not shown). The relationship appears opposite to the positive

correlations identified by earlier model studies (Merlis et al.

2013; Ballinger et al. 2015) and observational analysis (Zhang

andWang 2013, 2015). Nonetheless, the differences are mainly

related to the TCs that form at relatively high latitudes, which

only occur occasionally in Earth’s present climate but account

for a majority of global TCs as the meridional gradient of SST

decreases (b5 1.0/ 0.3). If one focuses on TCs that form near

the ITCZ latitude (6108; Table 2) and compares the experi-

ments with SST profiles near Earth’s present climate (b 5 1.5

/ 0.7), the correlations between the ITCZ latitude/intensity

and the TC genesis number become positive and thus consis-

tent with the earlier studies (Merlis et al. 2013; Ballinger et al.

2015; Zhang and Wang 2013, 2015). The near-ITCZ genesis is

similar to the ITCZ breakdown process in the real world (e.g.,

Wang and Magnusdottir 2005, 2006); the physical processes

that contribute to these genesis events will be reported in a

separate study. Last, it is worth noting that our AM4.0-Aqua

simulations use prescribed SST, but Merlis et al. (2013) and

Ballinger et al. (2015) used an earlier GFDL model with the

slab-ocean setting. We caution that neither our nor the earlier

findings should be extended beyond the original experimental

contexts.

We now consider the relationships between the poleward

edge of the Hadley circulation and TC activity (Table 2). The

reduction of the SST gradient leads to amoderate expansion of

the summer Hadley cell—the distance between its poleward

edge and the ITCZ—as expected with a scaling analysis based

on the eddy momentum budget and the baroclinic instability

(Kang and Lu 2012). Across our experiments, the expansion of

summer Hadley cell is mostly contributed by the equatorward

shift of the ITCZ; the poleward edge shifts slightly poleward

TABLE 2. Indices of tropical circulation and TC activity. The ITCZ latitude is the latitude where the maximum of tropical precipitation

(.5mmday21, between 308S and 308N) is located. The ITCZ precipitation is the value of the identified precipitation maximum. The

Hadley circulation edge is the latitude where the zero contour of the vertically averaged (300–700 hPa) meridional streamfunction is

located. TC number is the counts of storms identified using the tracking algorithm. Genesis near ITCZ is the number of genesis that occur

6108 of the ITCZ latitude. The values of the three remaining TC indices are the averages of the storms that form between the equator and

708N, followed by ‘‘6’’ and standard deviations among storms. The ‘‘N/A’’ note in the circulation columns indicates that the identification

is not robust due to the very weak tropical overturning circulation. The arrows in the last row summarize the changes of metrics with the

decrease of meridional SST gradients, which include monotonic decrease (Y), mostly increase (b), and monotonic increase ([).

b value

ITCZ

lat (8N)

ITCZ precip

(mmday21)

HC

edge (8N)

TC

number

Genesis

near ITCZ

Genesis

lat (8N)

LMI

lat (8N)

TC

lifetime (h)

4 10 39 27 12 12 11 6 1 13 6 1 87 6 23

3 10 34 28 28 28 12 6 2 14 6 2 89 6 31

2 9 26 30 169 169 13 6 2 15 6 2 107 6 33

1.5 8 19 32 254 243 13 6 2 17 6 4 132 6 57

1.2 5 16 32 297 199 14 6 4 19 6 6 147 6 72

1 2 14 32 331 127 16 6 9 23 6 10 165 6 84

0.85 0 11 31 400 31 22 6 12 31 6 12 180 6 94

0.7 24 8 33 577 0 26 6 13 36 6 12 205 6 106

0.5 N/A N/A N/A 775 N/A 31 6 15 39 6 13 230 6 127

0.3 N/A N/A N/A 1026 N/A 38 6 17 44 6 14 256 6 162

Summary Y Y b [ N/A [ [ [
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FIG. 7. Zonal averages of the large-scale circulation in the simulations forced by zonally sym-

metric SSTs. (a)–(j) The experiments with b5 4.0, 3.0, . . . , 0.5, and 0.3, respectively, as noted in the

upper-left corner of each panel. Color shading with red contours shows the meridional stream-

function (kg s21; Oort and Yienger 1996). The negative values indicating counterclockwise

overturning circulation, and the zero contours used to define the Hadley circulation edge are

thickened. Black contours show the zonal wind (m s21). Hatching denotes the regions subject to

weaker eddy influences (Ro . 0.5).
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when themeridional SST gradient is strong (b5 4.0/ 1.5) but

remains nearly constant thereafter (Table 2). The overall ex-

pansion of summer Hadley cell is accompanied by a poleward

migration of the genesis latitude and the LMI latitude of TCs

(Table 2), qualitatively consistent with the relationship identi-

fied using observational data (Kossin et al. 2014; Daloz and

Camargo 2018; Studholme and Gulev 2018; Sharmila and

Walsh 2018). But for experiments of b 5 4.0 / 0.70 (N 5 8),

the correlations between the Hadley circulation edge and the

latitudes of genesis/LMI are only 0.62 and 0.67, respectively.

Both correlations fail to reach the 95% confidence level, and the

positive correlations do not hold well in the range of b5 1.5/

0.7. The results indicate that the summer cell of the Hadley

circulation does not effectively constrain the latitudes of

TC genesis or LMI, especially when the SST profiles vary

near b 5 1.0.

d. Constraint of baroclinic processes on TC activity

The weak constraint on the latitudes of TC genesis and LMI

by the summer Hadley cell indicates an influence by other

processes. In contrast to the winter Hadley cell, the summer

Hadley cell is strongly mediated by extratropical eddies

(Walker and Schneider 2006; Caballero 2007; Kang and Lu

2012). The importance of the extratropical effects in the mo-

mentum balance of the upper troposphere can be illustrated

using a local Rossby number (Ro):

Ro52
z

f
, (3)

where z is the zonal mean of relative vorticity, and f is planetary

vorticity. This nondimensional metric characterizes the zonal

momentum balance of the mean circulation, as well as the

relative importance of the thermally driven and the eddy-

driven components of the mean circulation (Walker and

Schneider 2006). Ro / 0 suggests that the mean circulation is

directly coupled with the eddy momentum flux, which is gen-

erally the case for the simulated summer Hadley cell (Fig. 7).

The scaling does not indicate causality, but it does suggest that

changes in the summer Hadley cell are intrinsically connected

to changes in eddy activity. Based on our observation of syn-

optic processes in AM4.0-Aqua simulations and empirical

knowledge of simulated and real-world TC activity (Zhang

et al. 2016, 2017, 2019), we hypothesize that the latitude

changes of TC genesis and LMI are influenced by extratropical

eddy activity.

In the simulations with a well-defined midlatitude jet in the

summer hemisphere (Fig. 7), extratropical eddy activity pri-

marily manifests as baroclinic waves. An example of these

baroclinic waves has been presented in Fig. 3a, where devel-

oping baroclinic waves disrupt tropical disturbances, drive

moisture plumes outside the tropics, and contribute to band-

like precipitation in warm conveyor belts and midlatitude

fronts. Since these baroclinic waves are accompanied by tem-

perature advection, the wave activity can be approximated by

daily variations of 500-hPa geopotential height (Fig. 8a). As the

meridional gradient of SST reduces (b 5 4.0 / 0.3), the geo-

potential height variations weaken in themidlatitudes and shift

poleward. The weakening is also evident for the 200-hPa zonal

wind (Fig. 8b), even though the poleward shift of the midlati-

tude jet is ambiguous as the jet becomes ill-defined with small

b values. In particular, the absence of a sharp and narrow jet with

b 5 1.0 differs from the real world and is likely related to the

locally enhanced meridional SST gradient near 458N (Fig. 5a).

The poleward shift of baroclinic wave activity can be char-

acterized by a critical condition for baroclinic instability

(Vallis 2017):

VWS
c
5

bH2

4

N2

f 2
, (4)

where VWSc is the critical vertical wind shear for baroclinic

instability, b is the meridional gradient of the Coriolis pa-

rameter, H is the troposphere depth, N is the Brunt–Väisälä
frequency, and f is the Coriolis parameter. The critical condi-

tion is derived from two-layer quasigeostrophic model (Vallis

2017); the development of baroclinic waves is only possible

when vertical wind shear is greater than VWSc. Equation (4)

FIG. 8. Zonal-mean metrics of extratropical eddy activity and

baroclinic environment. (a) Standard deviations of 500-hPa geo-

potential height (m), calculated using daily data during a 1.5-yr

period, (b) 200-hPa zonal wind (m s21), (c) vertical wind shear

(m s21), and (d) vertical wind shear minus the critical wind shear of

environmental baroclinic instability. The black lines in (c) show the

envelope of the critical wind shear values from all the experiments.

The black line in (d) highlights the zero value.
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slightly differs from the original Eq. (9.122) by Vallis (2017) as

we kept the unit of wind shear on the LHS. Here we use this

critical condition in a semiquantitative way and evaluate the

values on the RHS based on the 200–850-hPa layer in the

model output.

Figure 8c shows VWSc with the 200–850-hPa vertical wind

shear in simulations. The VWSc values slightly differ among

simulations but are overall similar. Overall, VWSc shows high

values equatorward of 208N at lower latitudes, suggesting that

the tropics do not support baroclinic instability. At higher

latitudes, VWSc gradually decreases to ,5m s21 and becomes

comparable to the simulated vertical wind shear. Figure 8d

shows their differences and the latitudes where these differ-

ences become zero (hereafter ‘‘critical latitude’’). The critical

latitudes remain near relatively constant for the experiments

with b 5 4.0 / 1.0 (288, 288, 278, 268, 278, 288N) but rapidly

shifts poleward as the meridional SST gradient further reduces

(328, 438, 508, 608N). Even though some upper-level Rossby

waves can propagate equatorward, this poleward shift of the

critical latitude drives baroclinic wave activity to higher lati-

tudes (Fig. 8a) and helps to free the midlatitudes from extra-

tropical wave activity that is overall detrimental for TC

development (e.g., Zhang et al. 2016, 2017). This conceptual

picture appears consistent with the large increase of high-

latitude TCs when the meridional SST gradient is relatively

small (b 5 1.0 / 0.3). Furthermore, the critical latitude of

VWSc shows strong correlations with the latitudes of TC gen-

esis (r5 0.97,N5 10) and LMI (r5 0.92,N5 10) and account

for the simulations that have ill-defined summer Hadley cells

(b 5 0.5 / 0.3).

To better understand the environmental constraints on the

latitudes of TC genesis and LMI, we present their relationships

with the Hadley circulation edge and VWSc in Fig. 9.

Consistent with earlier studies (Daloz and Camargo 2018;

Studholme and Gulev 2018), the LMI latitudes strongly de-

pend on the genesis latitudes (r 5 0.98, N 5 10) in all the

simulations. When the meridional SST gradients and the

summer Hadley cell are relatively strong (b 5 4.0, . . . , 1.5),

the latitudes of TC genesis and LMI shift poleward with the

Hadley circulation edge (Fig. 9a). However, this dependence

breaks down when the meridional SST gradients and the

summerHadley cell are relatively weak (b5 1.5/ 0.3). In this

range, the latitudes of TC genesis and LMI shift poleward with

the critical latitude of VWSc (Fig. 9b). These results thus sug-

gest the relative importance of Hadley circulation and baro-

clinic processes depends on climate states. Interestingly,

baroclinic processes appear to be more important in the cli-

mate states simulated with Earth-like SST profiles (b5 1.2/

0.85). This finding suggests that future investigations of TC

genesis/LMI latitudes should consider both tropical and ex-

tratropical processes.

Overall, the results in section 3c and section 3d suggest both

tropical and extratropical processes modulate TC activity in

the experiments with zonally symmetric forcings. We caution

that our results should not be extended to the real world

without further scrutiny, as zonally asymmetric SST and

inhomogeneous lower boundary conditions (e.g., land and

ocean) may introduce nontrivial complications, especially on

the regional scale (e.g., Zhang and Wang 2019; Wang et al.

2020). Furthermore, greenhouse gas forcings may introduce

additional complications (e.g., Merlis et al. 2013).

4. Simulations with zonally asymmetric settings

a. Simulated weather and climate equilibria

We proceed to the zonally asymmetric experiments with a

reference simulation that has a relatively weak meridional SST

gradient (b 5 0.85). This choice is primarily motivated by the

fact that the ITCZ in this simulation is located near the

equator4 and sensitive to SST perturbations (Fig. 5 and

Table 2). The sensitivity makes it easier to perturb tropical

precipitation and evaluate the CQE-WTG framework and the

relative SST mechanism. This particular SST profile agrees

well with the observations between the equator and 358N
(Fig. 5a). While the high-latitude part of this SST profile de-

viates from Earth’s present climate, it corresponds to a climate

with amplified polar warming and may resemble Earth’s future

FIG. 9. Tropical and extratropical controls of the latitudes of TC

genesis (blue) and LMI (orange). The plotted relationships are

with (a) the polar edge of summer Hadley cell and (b) the critical

latitude of VWSc. In (a) only the results from the b 5 4.0 / 0.7

experiments are included as the Hadley circulation edge is not well

defined in the other two experiments (Table 2). The lines connect

data points following a specific order (b5 4.0/ 0.3), and some key

data points were labeled for clarity.

4 Ballinger (2015) has documented TC activity in a series of

aquaplanet experiments with an off-equator ITCZ and zonally

asymmetric SST forcings.
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climate. Furthermore, the relative abundance of TCs with b 5
0.85 helps to highlight TC responses across a wide range of

latitudes (Fig. 5h). The weather variations and climate equi-

librium of this reference simulation (b 5 0.85) are shown in

Figs. 10a and 10b. Besides TCs, tropical cloud clusters, and

moist baroclinic waves, the simulation also generates a

planetary-scale and eastward-propagating envelope of tropical

convective activity. This MJO-like mode contributes to

spatiotemporal variations of tropical precipitation but is less

striking than in the experiment with b 5 0.3 (cf. Figs. 3c

and 10a).

As an example of the zonally asymmetric experiments,

Figs. 10c and 10d show the simulationswith a zonal wavenumber-

1 SST patch added to 108N, namely ‘‘W1C1-10N’’ from

Eq. (2). As expected, warm SST perturbations in 2708208–908E
(hereafter ‘‘warm sector’’) strengthen the local tropical

FIG. 10. Precipitation snapshots and tropical equilibration in two experiments with (a),(b)

zonally symmetric forcings and (c),(d) zonally asymmetric forcings. The SST forcings in the two

experiments are b5 0.85 (symmetric) andW1C1–10N (asymmetric). The asymmetric forcing is

shown with white contours in (c). The solid and dashed contours show positive and negative

values, respectively; the contour intervals are 0.5K. The other plotting settings are as in Fig. 3.
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precipitation. The precipitation mainly appears in the form of

an ITCZ that breaks down and generates TCs. These cases of

ITCZ breakdown and TC genesis are somewhat similar to

those in the eastern Pacific (e.g., Hack et al. 1989; Ferreira and

Schubert 1997; Wang and Magnusdottir 2005, 2006). In con-

trast, the sector with cold SST perturbations in 90821808–
2708E (hereafter ‘‘cold sector’’) lacks a well-defined ITCZ,

even though there are still some westward-moving features,

which can be TCs or easterly waves that sometimes contribute

to TC genesis. Figure 10d suggests that the addition of the

zonal asymmetry does not strongly affect the time of equili-

bration or the tropical-mean moisture nor precipitation.

However, this asymmetry seems to strengthen the temporal

variability of area-mean (108S–308N) precipitation on the

synoptic to monthly time scale (cf. Figs. 10b and 10d). As in

section 3, the ensuing discussion will mainly address TC ac-

tivity and the equilibrated climates.

b. Characteristics of large-scale environment
and TC activity

Figure 11 shows the regional responses of TC activity to

diverse asymmetric forcings (‘‘W1C1’’ and ‘‘W1C0,’’ see

section 2b). We first consider TC activity in the sector with

warm SST perturbations (2708208–908E). Across all the

experiments, a majority of TCs in the warm sector form around

158N but not necessarily over the SST maximum (e.g., Fig. 11c

with ‘‘W1C1-10N’’). These warm-sector TCs generally have

higher wind speed and larger spatial size compared to those in

the cold sector, which can be inferred from visual inspections of

individual time steps (e.g., 258N, 308W vs 258N, 1308E in

Fig. 11c). The size differences suggest that SST patterns can

add complexities to the TC size in aquaplanet simulations

(Chavas and Reed 2019) and warrant future study. Depending

on the SST perturbations, TC genesis number in the warm

sector varies by as much as ;20% relative to the zonally

symmetric reference simulation (b 5 0.85), which generates

2006 5 TCs in the sectors of 2708–08–908E and 908–1808–2708E
(Fig. 11i). When the warm SST perturbations are centered at

108N (Figs. 10c,d), the genesis number in the warm sector is

nearly 20% lower relative to the reference, suggesting warm

SST and vigorous convection by themselves do not necessarily

increase TC genesis. The GPI captures some spatial charac-

teristics of low-latitude TC genesis but does not always offer an

accurate indication. For example, the ‘‘W1C1-20N’’ experi-

ment shows relatively infrequent genesis in a high-GPI region

(1208E–1808–1208W) and relatively frequent genesis in a low-

GPI region (608–1208W). The strength and shortcomings of the

GPI (and a different genesis index) for interpreting idealized

FIG. 11. Simulated TC genesis and the associated zonally asymmetric SST forcings (K; shading). (a)–(i) The

experiments with W1C1–0N, W1C0–0N, . . . , W1C1–30N, W1C0–30N, and the zonally symmetric reference, re-

spectively, as noted in the upper-left corner of each panel. The other plotting settings are as in Fig. 4.
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zonally asymmetric experiments have been examined exten-

sively by earlier studies (Ballinger 2015; Frisius and Abdullah

2017). For brevity, here we refrain from elaborating on

this topic.

The prescribed zonal asymmetry affects the zonal means of

the large-scale environment and the distribution of TC genesis

(Fig. 12). In our experiments, the maximum SST difference

between the warm and cold sectors is limited to 4K, which is

comparable to that in the equatorial Pacific of Earth’s present

climate. The 4-K SST differences also span across similar

spatial scales (;1808 longitudinal), leading to comparable

zonal gradients of SST in the simulations and Earth’s present

climate. The impact of the zonally asymmetric SST forcings is

relatively minor for the zonal mean precipitable water. But

when prescribed between the equator and 208N, the SST per-

turbations tend to shift the maxima of precipitation and MPI

northward from the equator (Figs. 12c,d). Meanwhile, the

vertical wind shear increases equatorward of 158N across these

experiments, even though the shear responses between 158 and
508N show diverse signs. In comparison, the responses of rel-

ative vorticity are more consistent across experiments with

positive anomalies near 208N and negative anomalies near 108
and 408N. As for TC genesis, zonal asymmetric SST pertur-

bations—except for ‘‘W1C1-10N’’—tend to decrease the

global TC genesis relative to the zonally symmetric reference

(b 5 0.85) (also see Fig. 11). The majority of this decrease

occurs between 58 and 158N, sometimes amounting to about

50% of the local genesis number in the reference simulation.

This decrease is compensated by an increase of genesis near

208N, shifting the overall genesis latitude poleward. These

characteristics of genesis changes are broadly captured by the

changes of the GPI, despite some issues in individual experi-

ments (e.g., latitude and sign mismatch in ‘‘W1C1-20N’’).

As expected, the zonal asymmetry of SST forcings also leads

to zonally varying circulation responses. Figure 13 shows

the regional zonal mean circulation in four experiments

(‘‘W1C1-0N,’’ ‘‘W1C0-0N,’’ ‘‘W1C1-20N,’’ ‘‘W1C0-20N’’). In

the longitudinal sectors with relatively warm SST, the meridi-

onal overturning circulation is much more rigorous, and the

tropical ascent shifts poleward when the SST perturbations

shift from the equator to 208N. Meanwhile, the zonal wind also

shows notable regional variations, especially in the longitudinal

FIG. 12. Zonally averaged responses of environmental variables and TC genesis number to zonally asymmetric

SST perturbations. The responses are defined as the differences from the reference experiment with zonally

symmetric SSTs (b 5 0.85, Fig. 5). (a) SST (K), (b) precipitable water (mm), (c) precipitation (mmday21),

(d) maximum potential intensity (m s21), (e) vertical wind shear (m s21), (f) 850-hPa relative vorticity (s21),

(g) genesis potential index (GPI), and (h) genesis number in 58 bins of latitude. The line legends that denote the

experiments are at the bottom. The SST profiles in (a) show the values at the longitudes where maximum and

minimumperturbations ofW1C1 experiments are located; the SST profiles of theW1C0 experiments are omitted as

their warm SST perturbations are identical to those of W1C1 experiments.
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FIG. 13. Zonal averages of the large-scale circulation in the simulations forced by zonally asymmetric SSTs. (a)–(c) W1C1–0N, (d)–(f)

W1C0–0N, (g)–(i) W1C1–20N, and (j)–(l) W1C0–20N. (a),(d),(g),(j) The global averages; (b),(e),(h),(k) the averages of the warm sector

(2708–08–908E); and (c),(f),(i),(l) the averages of the cold sector (908–1808–2708E). The regional meridional streamfunction has been

scaled so that the global and regional results are comparable (Zhang and Wang 2015). The number of TC genesis in individual regions is

denoted in the upper-right corners. All the other plotting settings are as in Fig. 7, but the hatching of Ro values is removed.
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sectors with relatively cold SST. Regarding the global aver-

ages, the ‘‘W1C1-0N’’ and ‘‘W1C1-20N’’ experiments show

some notable differences of tropical zonal wind, even though

they share the same profile of zonal mean SSTs. This result

suggests that regional SST perturbations can strongly affect the

zonal mean climate (Figs. 13a,g), including the latitudinal

distribution of TCs (Fig. 12g). Interestingly, the four experi-

ments show the equatorial westerly winds (i.e., superrotation),

which differ from the reference experiment (b 5 0.85) and

Earth’s present-day climate. Detailed discussions of similar

circulation changes are available in previous studies (e.g., Mori

et al. 2013;Wu and Shaw 2016), and our ensuing discussion will

emphasize the relative SST mechanism and TC activity.

c. Revisiting the relative SST mechanism and TC activity

We now examine the regionals variations of SST and TC

activity (Fig. 11) more closely to evaluate the relative SST

mechanism (section 1). Consistent with the relative-SST ex-

pectations, warm SST perturbations in the AM4.0-Aqua sim-

ulations generally suppress TC genesis in the distant and

relatively cold sectors (908–1808–2708E). For example, when

the warm SST perturbations are located at 208N (Figs. 11e,f),

TC genesis number in the cold sector decreases by about

50%–65% relative to the reference simulation (Fig. 11i).

However, this relative-SST teleconnection can be complicated

by cold-sector SST perturbations in some experiments. One

striking case is the ‘‘W1C1-0N’’ experiment, which shows a

surprising increase in TC genesis in the cold sector. This in-

crease makes the cold-sector genesis about 20% more active

than the warm-sector genesis while doubling the cold-sector

genesis number relative to the ‘‘W1C0-0N’’ experiment. This

large increase of TC genesis in the ‘‘W1C1-0N’’ cold sector con-

trasts with a decrease that would be anticipated with the relative

SST mechanism. Notably, a similar SST–TC relationship is pres-

ent in theNorthwestern Pacific (Sharmila andWalsh 2017), which

is located eastward of vigorous off-equator convective activity

(i.e., the Asian monsoon system). This similarity suggests that the

SST–TC relationship in the ‘‘W1C1-0N’’ experiment is not nec-

essarily an artifact and warrants further investigation.

To investigate why more TCs form over relatively cold SSTs

in ‘‘W1C1-0N’’ experiment, we follow the relative SST rea-

soning and analyze the large-scale environments simulated by

the ‘‘W1C1-0N’’ and ‘‘W1C0-0N’’ experiments (Figs. 14a–d).

In both experiments, the warm-sector precipitation intensifies

near 108Nand helps to warm the overlying free troposphere via

the CQE adjustment. Although this warming signal extends

FIG. 14. Environmental responses to zonally asymmetric SST forcings. The responses are the differences between

these experiments and the reference experiment with zonally symmetric SST (b5 0.85). Green and brown contours

show precipitation responses (mmday21), with contour levels at25, 5, and 15mmday21. (a) Responses of 500-hPa

temperature (shading; K) and vertical wind shear (black contours; m s21) in the W1C1–0N experiment.

(b) Responses of 200-hPa temperature (shading; K) and static stability (black contours; K) in the W1C1–0N ex-

periment. The contour interval of the wind shear responses is 5m s21. The static stability is defined as the difference

between 200-hPa potential temperature and the SST; its contour interval is 2 K. The zero contours of all the

variables have been omitted for clarity. The contour levels of (c),(d) W1C0–0N; (e),(f) W1C1–20N; and (g),(h)

W1C0–20N are as in (a) and (b).
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globally, its spatial pattern shows intriguing regional variations

that deviate from the homogeneous warming anticipated with

the classic WTG picture. In the warm sector, the tropospheric

warming is displaced farther poleward relative to the precipi-

tation anomalies, suggesting influences of advective processes

and the Rossby wave dynamics (Wu and Shaw 2016). In the

cold sector, the tropical troposphere cools instead of warming

up with the warm sector. In the ‘‘W1C1-0N’’ experiment, the

cooling is centered near 158N and can reach .2K. A com-

parison between ‘‘W1C1-0N’’ and ‘‘W1C0-10N’’ experiments

suggests that cold SST anomalies in ‘‘W1C1-0N’’ reduce the

near-equator precipitation (Figs. 14a,b), strengthen the

cold-sector midtropospheric cooling, and shift the upper-

tropospheric cooling equatorward by ;158. This cooling in

‘‘W1C1-0N’’ is associated with a surprising decrease of the

static stability between 108 and 208N (Fig. 14b), which favors

TC activity in a way that would not have been easily antic-

ipated with the relative SST mechanism.

Meanwhile, the meridional temperature gradients in the cold

sector of ‘‘W1C1-0N’’ decrease between 158 and 308N. These

subtle gradient changes can be linked to changes of vertical wind

shear (;10ms21; Fig. 14a) via the thermal wind relationship:

VWS}

 
=T

f

!
, (5)

where VWS indicates the vertical wind shear, and =T repre-

sents the horizontal gradient of the free-troposphere layer-

mean temperature, which can be approximated by the 500-hPa

temperature. This simple relationship helps to highlight the

significance of ‘‘weak’’ temperature gradients—because of the

small values of f at low latitudes, even a relatively weak tem-

perature gradient of 23 1023 K km21 (Fig. 1) can be associated

with substantial vertical wind shear (.10m s21), which can

profoundly influence convective activity (e.g., LeMone et al.

1998). In the cold sector of ‘‘W1C1-0N’’ experiment, the tro-

pospheric cooling decreases the meridional temperature gra-

dients between 208 and 308N, consistent with a decrease of

vertical wind shear (Fig. 14a). This shear decrease is also

consistent with the unexpected increase of TC genesis

(Fig. 11a)–but would have been easily anticipated if the WTG

approximation of the tropics is conceptually or mathematically

reduced to a zero-gradient state. Overall, the above results

suggest that ‘‘weak’’ temperature gradients can have signifi-

cant influences on convective and TC activity.

For the sake of completeness, the impacts of other large-

scale environmental factors are also evaluated. For example,

an analysis of 850-hPa relative vorticity in ‘‘W1C1-0N’’ ex-

periment indicates strong positive anomalies in the warm sec-

tor and weakly negative anomalies in the cold sector (figure not

shown). The warm-sector vorticity increase dominates the

zonal-mean vorticity responses (Fig. 12f) but does not directly

contribute to the notable increase of TC genesis in the cold

sector.Meanwhile, the weak decrease of cold-sector vorticity is

inconsistent with the cold-sector TC responses.

A comparison of ‘‘W1C1-0N’’ and ‘‘W1C0-0N’’ experiments

with other zonally asymmetric experiments helps to highlight

the sensitivity of atmospheric responses to SST forcings. While

the patterns of these responses do not seem very sensitive to

small changes of the forcing strength [X5 1, 3K in Eq. (2)], the

regional details are highly sensitive to the latitude (f1) or the

zonal wavenumber (N) of SST perturbations (figures not

shown). As an example, here we consider a poleward shift of

the wavenumber-1 SST perturbations from the equator to

208N, namely the ‘‘W1C1-20N’’ and ‘‘W1C0-20N’’ experi-

ments (Figs. 14e–h). These two ‘‘20N’’ experiments show

monsoon-like responses that are similar to the aquaplanet

experiments by Wu and Shaw (2016). For example, there is

strong precipitation between 58 and 258N in the warm sector,

which contributes to pronounced tropospheric warming

(maximum . 8 K) that is similar to an upper-tropospheric

monsoon ridge. In the tropics, the anomalies of free-

troposphere temperature in ‘‘20N’’ and ‘‘0N’’ experiments

show only subtle differences, but changes in temperature

gradients and vertical wind shear can be substantial in spe-

cific regions. For example, consistent with a latitudinal shift

of the cold-sector tropospheric cooling, the vertical wind

shear near 208N in the cold sector decreases in ‘‘W1C1-0N’’

(Fig. 14a) but increases in ‘‘W1C1-20N’’ (Fig. 14e); mean-

while, the temperature gradient changes in ‘‘W1C0’’ ex-

periments are weak in the same region, accompanied by

weak shear changes (Figs. 14c,g). The sensitivity of wind

shear to SST forcings has implications for TC activity in the

cold sector (cf. Figs. 11 and 14).

Finally, we note that the discussion here does not fully cover

the diverse atmospheric responses in our zonally asymmetric

experiments. For example, the cold-sector temperature

anomalies are associated with strong off-equator anomalies of

the (sub)tropical circulation, which differ from the monsoon-

like solution from the Matsuno–Gill linear system. Modeling

and observational evidence suggest that these circulation re-

sponses—in addition to the CQE-WTG processes—are subject

to influences of potential vorticity dynamics (e.g., Wu and

Shaw 2016; Ortega et al. 2018) and involve rich tropical–

extratropical interactions (e.g., Zhang and Wang 2019;

Hoskins et al. 2020; Wang et al. 2020). We emphasize that at-

mospheric responses to SST perturbations can be model-

dependent in aquaplanet simulations (e.g., Nakajima et al.

2013a,b) and leave in-depth discussions to future studies.

5. Summary and discussion

This study conducts aquaplanet experiments using idealized

SST forcings to further the physical understanding of the TC–

climate relationship. These experiments use a version of the

newly developed GFDLAM4 at a relatively high (;50-km grid)

resolution (Zhao 2020) and idealized boundary forcings

(AM4.0-Aqua). In particular, we use a wide range of SST forc-

ings that sample zonally symmetric and asymmetric variations.

The SST forcings differ fromprevious aquaplanet studies and help

us to explore possible responses of TC activity in diverse climate

scenarios. The main findings are summarized as follows.

With zonally symmetric specified SSTs that have amaximum

at 108N, reducing the meridional SST gradients around an

Earth-like reference state leads to a substantial weakening and

southward displacement of the ITCZ, as well as an increase of
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the global TC number. Within the experimented parameter

space, the increase of TC number is a nearly 100-fold change

with many TCs forming at higher latitudes. This large increase

of TC genesis is qualitatively consistent with the GPI changes.

Meanwhile, these high-latitude TCs contribute to negative

correlations between the global TC number and the ITCZ

latitude/intensity, qualitatively consistent with Fedorov et al.

(2019). As high-latitude TCs emerge mostly when the extra-

tropics becomes warmer than Earth’s present climate, our

findings differ from—but do not necessarily conflict with—-

earlier observation studies (e.g., Zhang and Wang 2013, 2015)

and other aquaplanet simulations that focus on Earth’s (per-

turbed) present climate (Merlis et al. 2013; Ballinger et al.

2015). Reducing the meridional SST gradients also leads to an

expansion of theHadley circulation in the warmer hemisphere.

However, the edge of the summer Hadley cell is not well cor-

related with the latitudes of TC genesis and LMI, mostly due to

the experiments with a relatively weak summer Hadley cell.

This weak correlation is inconsistent with the conceptual pic-

ture proposed by some earlier studies (e.g., Studholme and

Gulev 2018; Sharmila and Walsh 2018). Instead, we found

that a metric representing the equatorward boundary of baro-

clinic instability zone is strongly correlated with the latitudes of

TC genesis and LMI, especially when the summer Hadley cell

is weak or ill defined.

The experiments with zonally asymmetric specified SSTs

use a zonally symmetric reference SST profile that resembles

Earth’s current climate but has amplified high-latitude warm-

ing. We found that 2-K SST perturbations with a zonal

wavenumber-1 structure alter the tropical circulation structure

and tend to reduce the global TC number. Regional SST

warming—either with or without prescribed SST cooling at

other longitudes within the same zonal band—does not nec-

essarily increase the local TC genesis frequency, even though

the warming generally suppresses TC activity in remote re-

gions with relatively cold SSTs. However, this finding has a

notable exception for the case of equatorially focused SST

anomalies (‘‘W1C1-0N’’ experiment): a surprising increase of

TC genesis can occur over relatively cold SSTs near 208N,

making TC activity in the cold sector overall even more active

than that in the warm sector. The regional increase of TC

genesis appears to be caused by decreases of vertical wind

shear and static stability, which are associated with small but

impactful changes of the troposphere temperature. Moreover,

the temperature changes in some off-equator tropical regions

can be opposite to the expectation based on the CQE-WTG

framework and the relative SST mechanism. For example, the

mid and upper-troposphere temperature near 158N can warm at

longitudes with positive precipitation anomalies but cool at

other longitudes. The findings thus outline a potential limitation

of the CQE-WTG framework and may contribute to the ongo-

ing theoretical development for understanding the connections

between zonal asymmetric forcings, the tropical circulation, and

transient convective activity (e.g., Geen et al. 2020).

A few caveats of our results are worth additional remarks.

First, this study focuses on the large-scale dynamics and does

not include an in-depth analysis of tropical convective dis-

turbances. These weather- and intraseasonal-scale tropical

disturbances move across longitudes and between sectors,

and it is possible that their variations modulate regional TC

activity. This possibility, as well as other aspects of these

tropical disturbances, will be examined in upcoming studies.

Furthermore, our atmospheric model experiments omit the ra-

diative seasonal cycle, and our atmosphericmodel is not coupled

to a dynamic ocean. These processes are important for the local

and global energy balance, as well as tropical teleconnections

(e.g., Chiang and Sobel 2002; Lintner and Chiang 2007). In

particular, the absence of ocean coupling complicates the com-

parison of our results with some earlier studies that include

simplified ocean formulations (Merlis et al. 2013; Ballinger et al.

2015). Therefore, inferences fromour experiments should not be

assumed to apply to the fully coupled climate system without

further scrutiny. Finally, we note that responses of atmospheric

circulation and convective activity to SST forcings can be highly

model-dependent (Nakajima et al. 2013a,b; Stevens and Bony

2013). An intercomparison of models with similar aquaplanet

settings may further elucidate interactions between moist pro-

cesses and the large-scale circulation, as well as help address the

underlying uncertainties of our findings.

Overall, the simplified aquaplanet settings allow us to in-

vestigate semiempirical relations that are difficult to fully

evaluate using observations or complex climate model setups.

Although our discussion mostly focuses on the TC–circulation

relationship and the relative SST mechanism, this study has

other interesting implications. For example, our zonally sym-

metric experiments cover a wide parameter space and could

help to improve or refine empirical genesis indices that were

developed based on Earth’s present climate. These experi-

ments may also help to interpret paleoclimate records or other

idealized simulations, such as the global RCE experiments

with coarser resolutions (e.g., Shi and Bretherton 2014; Coppin

andBony 2015) or smaller simulation domains (e.g., Zhou et al.

2014; Wing et al. 2016). Meanwhile, our zonally asymmetric

experiments show that even subtle changes in SST forcings can

strongly affect environmental variables and TC activity (e.g.,

average genesis latitude). The sensitivity underscores the

challenges in predicting TC activity, as similarly small changes

could arise from natural variability and anthropogenic forc-

ings. Finally, our idealized simulations extend the findings by

Merlis et al. (2016) and suggest that TC activity beyond the low

latitudes can increase substantially with amplified extratropical

warming. Its connection with the projected increase of TC-

related risks in the subtropics (e.g., Yoshida et al. 2017; Zhang

et al. 2020) warrants further investigation.
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FIG. A1. Storm-centered composites of TCs in the experiment with b 5 0.3. (a) Sea level pressure (hPa) of storms that reach their

lifetime maximum intensity (LMI) between 108 and 408N. (d) Meridional cross section of tangential wind (m s21; zonal wind, color

shading) of the same storms. (g) Meridional cross section of radial wind (m s21; meridional wind, color shading) of the same storms. The

black contours in (d) and (g) show air temperature (K) with contour intervals of 10K. (b),(e),(h) As in (a), (d), and (g), but for the storms

that reach their LMI between 408 and 708N. (c),(f),(i) Differences of TCs [high-latitude group (N5 534) minus low-latitude group (N 5
471)]. In (f) and (i), the temperature differences are represented with red solid (positive) and blue dashed (negative) contours with 1-K

contour intervals.
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APPENDIX

Model-Simulated Tropical Cyclones

We briefly discuss the structure of TCs simulated by

AM4.0-Aqua. FigureA1 shows the composites of storms at their

lifetime maximum intensity (LMI) in the experiment with

b 5 0.3. The storms are grouped based on their LMI lati-

tudes (108–408 and 408–708N), and the results are presented

in storm-centered relative coordinates (‘‘latitude–longitude’’

and ‘‘latitude–pressure’’). The two groups of storms show

typical TC features: 1) the maximumwind appears at the lower

level with a warm-core structure; 2) the primary (tangential-

direction) circulation is quasi-circular; 3) the secondary (radial-

direction) circulation contributes to low-level convergence and

upper-level divergence near the vortex center. The high-

latitude group shows a higher intensity and somewhat larger

spatial scale, consistent with a similar analysis of an idealized

regional simulation with an 18-km resolution (Zhang et al.

2019). The composites also show differences in the upper-level

and low-level radial wind, suggesting that the dynamics of

FIG. A2. Relationship of storms’ minimum sea level pressure (SLP; hPa) and maximum surface wind (m s21) in AM4.0-Aqua exper-

iments and theNorthAtlantic observation (Knapp et al. 2010). (a)–(j) Experiments with zonally symmetric SST forcings (Table 1). (k) The

North Atlantic (1979–2013), highlighted with red box. (l)–(s) Experiments with zonally asymmetric SST forcings (Table 1). The SST

forcings are denoted in the titles of each panel. The color shading shows the two-dimensional probability distribution function ofminimum

SLP and Vmax. These analyses consider all the data points during the life cycle of individual TCs.
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these high-latitude storms and the extensively studied low-

latitude TCs may have some differences.

Figure A2 shows the relationship of storms’ minimum sea

level pressure (SLP) andmaximum surface wind speed (Vmax)

as two-dimensional probability distribution functions. We

present the results from all the AM4.0-Aqua experiments and

the observational data of the North Atlantic. All the subplots

show a quasi-linear SLP-Vmax relationship despite large dif-

ferences of storm intensity among the experiments. Compared

to the North Atlantic observations, the AM4.0-Aqua plots do

not have a pronounced tail of storms with relatively high SLP

(.1004 hPa), likely because the tracking algorithm excludes

these systems. Meanwhile, the slope of the SLP–Vmax rela-

tionship is overly flat as the maximum achievable Vmax in

AM4.0-Aqua is clearly too weak compared to observations. A

similar bias has been noted by earlier studies (e.g., Zhao et al.

2018a). This SLP–Vmax bias indicates that the structure of

simulated storms has some inconsistency with the observation

(Davis 2018; Chavas et al. 2017) and warrants future study.
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