
1.  Introduction
The frequency of tropical cyclones (TCs) on Earth is consistent at 90 ± 10 per year (Emanuel, 2006), but no 
large-scale dynamical theory exists to explain this observation. Studies projecting changes in TC frequency 
under climate change have produced conflicting results (e.g., Emanuel, 2013; Held & Zhao, 2011). Various 
empirical indices predicting TC activity, such as potential intensity (Emanuel, 1986) and genesis potential 
(Camargo et al., 2007), apply well to the present climate, but when used to project future TC frequency, 
different genesis indices can make opposite predictions (Camargo et al., 2014). A dynamical theory pre-
dicting TC frequency from large-scale planetary parameters would provide fundamental insight into these 
unresolved problems.

Aquaplanet experiments, in which a general circulation model (GCM) is run with no land or seasonality, 
provide simplified systems suitable for testing large-scale predictions (Merlis & Held, 2019). GCMs now 
have sufficiently high resolution, 50  km or higher, to produce TC-like storms. These simulated TCs are 
weaker than observed TCs, but their qualitative behavior is similar (Shaevitz et al., 2014). Several studies 
have used aquaplanet experiments and other global-scale simulations to investigate dynamical controls 
of TC frequency (e.g., Ballinger et al., 2015; Chavas & Reed, 2019; Held & Zhao, 2011; Hsieh et al., 2020; 
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Plain Language Summary  Tropical cyclones (TCs), including hurricanes, can be extremely 
destructive and costly, so it is important to know how often they will occur in the future. Earth presently 
experiences about 90 TCs per year, but whether this number will change due to climate change is 
uncertain. A theory describing what physical quantities determine the global number of TCs would 
improve predictions of future TC frequency. In this study, we search for possible ingredients in such a 
theory by using a simplified global climate model without seasons or land. When we shift the temperature 
distribution of the ocean surface northward, the TC frequency changes. Through statistical analysis 
and physical reasoning, these changes in global TC frequency are explained by two physical quantities. 
One of these quantities depends on the position of the intertropical convergence zone, defined in this 
study as the latitude of maximum rainfall in the tropics. The other quantity depends on the latitude of 
maximum ocean surface temperature. These results suggest that any physical theory describing global TC 
frequency must be consistent with these two quantities. This finding marks a step toward more complete 
understanding, and improved future projections, of TC frequency.
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Merlis et al., 2013; Zhao & Held, 2012; Zhao et al., 2009). Of these studies, Merlis et al. (2013) is the first to 
formulate a quantitative scaling for the global frequency of TCs. They propose that the annual number N 
of TCs in a model experiment is a function of the latitude of the intertropical convergence zone (ITCZ) and 
the mean tropical sea surface temperature (SST), with increasing TC frequency as the ITCZ is shifted north-
ward (Merlis et al., 2013). Ballinger et al. (2015) also simulate TCs in a 50-km-resolution aquaplanet model 
in an effort to understand the dependence of N. They conclude that changes in the SST profile shift the 
ITCZ, which causes changes in TC activity, with TC frequency increasing as the latitude of SST maximum is 
moved northward from 10°N to 13°N to 16°N. Other studies have investigated what sets the ITCZ position in 
an aquaplanet (e.g., Byrne et al., 2018; Möbis & Stevens, 2012), linking ITCZ-based theories of TC frequency 
with more fundamental understanding. Meanwhile, Chavas and Reed (2019) performed uniform-SST aqua-
planet simulations, varying planetary size and rotation rate, and found that TC frequency increases linearly 
with the value of the Coriolis parameter in simulations without a local SST maximum and hence without an 
ITCZ. Combined with the findings of Merlis et al. (2013), these results suggest the hypothesis, which we test 
in this study, that global TC frequency is a linear function of the Coriolis parameter at the ITCZ.

2.  Methods
2.1.  Aquaplanet Model Configuration

In this study, we investigate TC activity in a 50-km-resolution aquaplanet configuration of the Geophysical 
Fluid Dynamics Laboratory (GFDL) Atmosphere Model 4.0 (AM4.0; Zhao et  al.,  2018a,b), with a fixed, 
zonally symmetric SST distribution. AM4.0 was developed at GFDL and used as part of Coupled Model In-
tercomparison Project Phase 6 (CMIP6; Eyring et al., 2016). Because this study is focused on TCs, the ITCZ, 
and the location of the SST maximum, we use an aquaplanet version of AM4.0, which we call AM4.0-Aq-
ua. Using an aquaplanet model also allows us to utilize short spin-up times. AM4.0-Aqua differs from the 
default AM4.0 in several ways, as follows. No land is present, and the lower boundary simply provides a 
source of moisture and heat and a sink of momentum. The prognostic aerosol of AM4.0 is turned off and 
the cloud condensation nuclei concentration number is prescribed as 108 m−3. Earth-like parameters are 
used for the rotation and insolation with a perpetual equinox. Ozone is prescribed as zonally uniform but 
varies meridionally and vertically. The greenhouse gases are uniformly mixed and follow Aqua-Planet Ex-
periment (APE) protocol as specified by Neale and Hoskins (2000) and Williamson et al. (2012). The SST is 
prescribed as a function that varies only with latitude. Our experiments with the SST maximum at the equa-
tor and 5°N use the same SST distributions as the “Control” and “Control-5N” experiments, respectively, 
defined in Equations 1 and 4 of Neale and Hoskins (2000). Our other experiments use the same equation as 
the “Control-5N” experiment but with different latitudinal shifts, as shown in Figure S1. When the latitude 
of the SST maximum is shifted sufficiently far northward, the minimum SST north of the SST maximum 
remains above 0°C.

AM4.0 uses the GFDL Finite-Volume Cubed-Sphere Dynamical Core (FV3) (Harris & Lin, 2013; Putman 
& Lin, 2007). The default aquaplanet based on AM4.0 that was used as part of CMIP6 has a grid spacing 
of approximately 100 km (C96). Here we use a smaller grid spacing of approximately 50 km (C192). This 
configuration is run with the same physics parameterizations for radiation, convection, large-scale cloud, 
microphysics, and turbulence as AM4.0 (see Zhao et al., 2018b and references therein). The model top is at 
1 hPa, with 33 vertical levels. The kilometer closest to the surface is resolved by eight levels. A sponge layer 
is present between 1 and 8 hPa. Model runs were conducted on a Cray XC40 named Gaea at the Oak Ridge 
National Laboratory and compiled with the Intel compiler version 16.0.3.210 for consistency with AM4.0.

A total of 13 model runs were analyzed, each with the SST maximum at a different latitude, varying by 5° 
increments from 0° to 60°N. Each model run was integrated for 5 years, with the first 2 months of data dis-
carded for spin-up. Figure S2 shows plots of globally integrated water vapor mass as a function of time for 
four different simulations. These plots illustrate that a steady-state value is reached within a spin-up time 
of 2 months.

The location of the ITCZ in each model run is identified using the precipitation distribution. The precipita-
tion, output at monthly intervals, is averaged zonally and temporally over the duration of each experiment. 
The center of the ITCZ is identified as the first local precipitation maximum north of the equator that has 
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at least half the value of the global maximum. With the exception of the experiment with SST maximum at 
60°N, this ITCZ identification procedure has the same effect as searching for the global precipitation maxi-
mum, as each of the other experiments has a dominant global precipitation maximum, representing a single 
ITCZ, at a relatively low latitude. Zonal-mean, time-mean precipitation distributions for each simulation 
are shown in Figure S3. We define the ITCZ in each simulation to be the latitude of maximum precipitation, 
though this region bears less dynamical resemblance to Earth's ITCZ in the simulations where the SST max-
imum is shifted far into the midlatitudes.

2.2.  Tropical Cyclone Tracker

TCs were identified and tracked in the model output data using the GFDL TSTORMS tracker (Zhao 
et al., 2009). At each 6-h time step, the tracker identifies a TC candidate by first identifying a local maximum 
in relative vorticity at the 850-hPa level that is greater than 3.5 × 10−5 s−1. If a qualifying vorticity maximum 
is found, the tracker searches for a local minimum in sea-level pressure within 2° of the vorticity maximum. 
If a qualifying pressure minimum is found, it is identified as the storm center. The tracker searches within 
2° of the storm center for a local maximum in the average temperature between the 300-hPa and 500-hPa 
levels that must be at least 1°C greater than the surrounding mean temperature. If all of the above are 
found, then they constitute a TC candidate at this time step.

The tracker links TC candidates at successive time steps to form a TC track. If one or more TC candidates 
are found within 900 km of a TC candidate from the previous time step, then the tracker chooses the closest 
TC candidate. If the two closest TC candidates are equidistant, preference is given to TC candidates located 
westward and poleward, to mirror observed TC tracks. If no TC candidate is found within 900 km of a TC 
candidate from the previous time step, then the track ends. If the track of a TC candidate lasts for at least 
3 days and has a surface maximum wind speed of at least 17 m/s on at least three different days, then it is 
registered as a TC. The tracker outputs the location and maximum 10-m wind speed (vmax) of each TC at 
each time step, allowing analysis of the trajectories, lifetimes, intensities, and frequency of TCs.

3.  Linear Regression Model of Tropical Cyclone Frequency
The results of the simulations are shown in Figure 1. The number N of TCs per year and the median TC 
lifetime τ both exhibit a nonmonotonic dependence on the latitude of the SST maximum. N is close to zero 
when the SST maximum is near the equator, but N increases sharply as the SST maximum is moved north-
ward from the equator, reaching a maximum when the SST maximum is at 25°N. As the SST maximum is 
shifted north of 25°N, N decreases but remains relatively high, even when the SST maximum is at 60°N. The 
median lifetime τ also shows a nonmonotonic dependence, increasing from 3.1 days for the SST maximum 
at the equator to a maximum of 8.6 days with the SST maximum at 45°N, then decreasing again as the SST 
maximum is moved farther north.

The mean maximum wind speed of TCs is similar across most simulations, suggesting that the typical TC 
in each simulation is equally strong. Figure S4 shows additional measures of TC strength: accumulated cy-
clone energy (ACE) in panels (a–c) and mean minimum pressure (pmin) in panel (d). ACE is defined as the 
sum of the squares of the vmax values at each 6-h time step over the lifetime of a TC (Ballinger et al., 2015; 
Bell et al., 2000), as explained in Text S1. The total annual ACE (Figure S1a) exhibits a similar trend as the 
trend in N (Figure 1a), and median ACE (Figure S1b) shows a similar trend as the trend in τ (Figure 1b). 
Like vmax, the average TC intensity as represented by ACE (Figure S1c) is overall highly consistent among 
simulations, again suggesting that the average TC in each simulation is equally strong. This result agrees 
with our findings that total annual ACE closely follows N and median storm ACE closely follows τ. If the 
average TC is of relatively consistent strength throughout its lifetime, then the total ACE should be roughly 
proportional to the number of TCs, and the median ACE should be roughly proportional to the median TC 
lifetime, just as we find.

The TC frequency in each simulation is modeled as a linear function of the Coriolis parameter at the ITCZ 
(fITCZ), weighted by the cosine of the latitude   of the SST maximum, in order to account for the decrease in 
surface area per degree latitude as one moves poleward. As shown in Figure 2, the linear regression model 
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fits the simulation results accurately, with a correlation coefficient of 0.91. The regression model predictions 
and simulation results are listed in Table S1. In this regression model, the constant offset is forced to be 
zero. Allowing a nonzero constant offset improves the correlation coefficient only marginally (R2 = 0.911 

vs. R2 = 0.908) and yields a negative constant offset (−4.22), which does 
not lend itself to physical interpretation.

As shown in Figure 1d, in the experiments with the SST maximum at low 
latitudes, the location of the ITCZ closely follows that of the SST maxi-
mum. However, as the SST maximum is shifted to higher latitudes, the 
ITCZ latitude does not keep pace, lagging southward. When the SST max-
imum is at 30°N, the ITCZ is at approximately 20°N, and it stays within 5° 
of this latitude for all simulations with the SST maximum farther north.

The physical reasoning underlying the regression model hinges on the 
idea that in these simulations, TC precursors form as disturbances at the 
poleward flank of the ITCZ (Ferreira & Schubert,  1997), and more TC 
precursors spin up when the Coriolis parameter at the ITCZ is larger. 
Accordingly, we conclude that TC frequency per unit area is a function of 
fITCZ. The total TC frequency can be decomposed as follows:

    TC frequency TC frequency per unit area Area of genesis region� (1)

As Figure 1d shows, the TC genesis region is around the latitude of maxi-
mum SST, so the area of the genesis region is approximately proportional 
to the cosine of the SST maximum latitude. The area-weighting factor is 
relatively unimportant at low latitudes, where the cosine function varies 
slowly. The SST generally must be at least 26.5°C for TC genesis to occur 
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Figure 1.  Summary of TC activity across model runs: (a) TC frequency, (b) median TC lifetime, (c) mean maximum 
wind speed, and (d) mean latitudes of genesis and lysis compared with latitudes of SST maximum and ITCZ. ITCZ, 
intertropical convergence zone; TC, tropical cyclone.

Figure 2.  Linear regression of predictors for TC frequency N. Blue points 
show N in each simulation, as in Figure 1a. The red points and dashed 
red line show the predictions of the regression model, where fITCZ is the 
Coriolis parameter at the ITCZ and  is the latitude of the SST maximum. 
ITCZ, intertropical convergence zone; SST, sea surface temperature; TC, 
tropical cyclone.
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(e.g., Gray, 1968). As Figure S1 illustrates, the region where the SST satisfies this requirement is centered 
around the SST maximum latitude and is relatively narrow, with a width of about 4° latitude. Accordingly, it 
is unsurprising that TC genesis in these simulations occurs close to the latitude of maximum SST. Figure S5 
shows zonal profiles of the TC genesis frequency in each simulation, following Merlis et al.  (2016) and 
Chavas and Reed (2019). The ITCZ remains at approximately the same latitude for the simulations with the 
SST maximum between 35°N and 60°N, as shown in Figure 1f, and the TC genesis frequency per unit area 
also remains approximately constant, as shown in panels (h–m) of Figure S5. This correspondence visually 
demonstrates that our physical interpretation of the regression model is reasonable.

Figures S6–S9 show tracks of TCs in four different simulations. To illustrate the mean state, Figure S10 
shows zonal-mean zonal wind in each simulation. In most of the simulations, small numbers of TCs form 
far from the SST maximum, both in the midlatitudes of the southern hemisphere and in the far northern 
latitudes of the northern hemisphere. Among the 13 simulations, the frequency of these anomalous TCs 
ranges between 0 and 1.2 per year. These anomalous TCs comprise five of the nine TCs in the experiment 
with the SST maximum at the equator. Of the remaining four TCs in that experiment, two form at the north-
ern flank of the ITCZ, which is centered at the equator, and the other two form at the southern flank. In all 
other experiments, the predominant pattern of TC formation is consistent with the physical interpretation 
of the regression model proposed above.

4.  Observed Earth Comparison
We tested the applicability of the linear regression model by applying it to the observed ITCZ position and 
SST maximum latitude in each basin and month, then comparing the results with the observed TC frequen-
cies. TC frequencies by basin and month were calculated from the International Best Track Archive for 
Climate Stewardship (IBTrACS; Knapp et al., 2010, Knapp et al., 2018) over the 41-year period from 1979 
to 2019, using the “IBTrACS-All” data set of TC tracks recorded by the designated World Meteorological 
Organization reporting agency for each basin. The basins are defined according to the definitions used in 
IBTrACS.

The ITCZ position was calculated using Global Precipitation Climatology Project data (GPCP; Adler 
et al., 2003). The mean global precipitation distribution in each month was calculated from 1979 to 2019. 
For each of these 12 precipitation distributions, in the region between 20°S and 20°N, the precipitation 
centroid (Donohoe et al., 2013; Frierson & Hwang, 2012) was calculated at each longitude point, yielding 
the ITCZ latitude as a function of longitude for each month, which was then used to calculate the mean 
ITCZ latitude in each basin and month. In making this calculation for each basin, points over land were 
excluded, and points where the precipitation centroid fell on the opposite side of the equator contributed a 
value of zero to the average. We use the precipitation centroid to define the ITCZ because it is more robust 
than the latitude of maximum precipitation, fluctuating less as a function of longitude within each basin. 
Figure S11 illustrates the basin boundaries and maps the global precipitation distribution and precipitation 
centroid by month.

The latitude of maximum SST was calculated using Optimum Interpolation Sea Surface Temperature 
data (OISSTv2; Reynolds et al., 2007). For each month, the mean global SST distribution over the period 
1979–2019 was calculated. Using these monthly SST distributions, we calculated the mean latitude of SST 
greater than 26°C in each basin and month, and used this latitude   for the regression model. (Because the 
maximum SST occurs at low latitudes for the observed Earth, the area-weighting factor is relatively unim-
portant, so fITCZ alone models observed TC frequency relatively accurately.) Figure S12 maps the global SST 
distribution and latitude   by month. Figure S13 shows the seasonal cycle of the ITCZ and SST maximum 
latitudes in each basin.

The resulting values of fITCZ and   are substituted into the proportionality relationship derived from linear 
regression, using the same proportionality constant a. This analysis yields a prediction of TC frequency in 
each basin and month. Since the regression model applies to an aquaplanet, these predicted TC frequencies 
are scaled by the ocean fraction within 20° of the equator in each basin, as well as the fraction of longitude 
that the basin takes up, to make them comparable with the observed TC frequencies. Figure 3 shows the 
observed and predicted TC frequencies by month in each basin.
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Figure 3.  TC frequency observed (blue) and predicted from regression model (red) by month. Panel (a) shows the 
global TC frequency, computed as the sum of the frequencies in each basin, which are shown in panels (b–h). TC, 
tropical cyclone.
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The total predicted TC frequency is 84.9 per year, whereas the observed frequency is 96.6. As Figure 3a 
shows, the gap between prediction and observation occurs mainly in July through September; throughout 
the rest of the year, the observed and predicted global TC frequencies are quite close. These observational 
results support the conclusion that global TC frequency is a linear function of the Coriolis parameter at the 
ITCZ. Agreement is best in the South Pacific (SP) basin (Figure 3b), as well as the South Atlantic (SA) basin 
(Figure 3g), where only one TC was observed during the period 1979–2019 and the predicted TC frequency 
also remains near zero throughout the year. In the North Atlantic (NA) and South Indian (SI) basins (Fig-
ures 3e and 3h), the predicted TC frequency agrees closely with observations throughout much of the year 
but underestimates the TC frequency at the seasonal peak. In the West North Pacific (WP) basin (Figure 3c), 
the regression model underpredicts the observed TC frequency throughout the year, whereas in the East 
North Pacific (EP) basin, the regression model generally overpredicts the TC frequency. The North Indian 
(NI) basin has a unique bimodal seasonal TC frequency distribution, which is not captured well by this re-
gression model, though the absolute error is small because both the observed and predicted TC frequencies 
in this basin are low. Proposed dynamical explanations for the varying levels of agreement between the 
regression model and observations are given in Section 5. One caveat of comparing observed TC frequencies 
to the TC frequencies predicted by our regression model is that in simulations, absolute numbers of TCs can 
vary based on GCM resolution and tracking scheme (Shaevitz et al., 2014).

5.  Discussion
To our knowledge, this is the first aquaplanet TC study to shift the SST maximum into the midlatitudes. 
However, the increase in N that occurs as the SST maximum is shifted from the equator to 25°N agrees with 
the results of Ballinger et al. (2015), who found that N increased as the SST maximum was shifted from 10°N 
to 16°N. Merlis et al. (2013) found that for small shifts of the ITCZ position, N increased by 40% per degree 
latitude of northward shift. Rather than specifying the SSTs as a lower boundary condition, that study em-
ployed a slab ocean with prescribed cross-equatorial heat flux. Accordingly, our results do not have a direct 
relationship to their findings, but they are qualitatively similar, lending agreement to the conclusion that 
the ITCZ position influences N.

Like N, the median TC lifetime τ also shows a nonmonotonic dependence on the latitude of maximum SST, 
ranging from 3.1 to 8.6 days. Further analysis is needed, but this trend may be explained by the decrease in 
the  -effect at higher latitudes competing with the decreasing amount of available area for TCs. In most of 
our simulations, the lifetime of a TC is limited by the amount of time it spends over sufficiently warm SSTs. 
When β is smaller, the TC moves northward more slowly and therefore spends more time over warm SSTs, 
so one might expect an increase in TC lifetime as β decreases.

In this study, we define the ITCZ to be the latitude of maximum precipitation. When the SST maximum is at 
low latitudes, this ITCZ dynamically resembles Earth's ITCZ, and we assume that it provides a source of TC 
precursors via ITCZ breakdown. We speculate that baroclinic storms may provide an additional source of 
TC precursors via tropical transition (McTaggart-Cowan et al., 2013), particularly when the SST maximum 
is shifted into the midlatitudes, but further work is needed to understand the dynamics of TC genesis in 
these simulations.

In order for our regression model to represent a full physical description of the factors that set TC frequency, 
the constant coefficient a would need to take on physical meaning of its own. It presumably depends on 
parameters that were not varied in this study, such as the maximum SST value or the width of the SST dis-
tribution. Future idealized modeling studies could perform parameter sweeps of these and other quantities 
to further constrain the mathematical form of N, following the method used by this study and Ballinger 
et al. (2015).

Though the regression model applies well to observations in some basins, it is less accurate in others. In the 
WP basin, precipitation plots show a double ITCZ, with one branch on each side of the equator. Our calcula-
tion of the latitude of this double-branched ITCZ is biased toward the equator, because it involves taking the 
centroid, then taking the mean of the centroid points on each side of the equator. Accordingly, this method 
underestimates the value of f at the northern branch of the ITCZ in the WP basin, and thus underestimates 
the TC frequency, as shown in Figure 3c. The southern branch of the ITCZ at these longitudes lies in the SP 
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basin, but it is close to the equator, so our calculation of fITCZ here remains relatively accurate. Additionally, 
the SP basin has a wide longitudinal extent, so when fITCZ is averaged over this basin, the effect of the double 
ITCZ in the westernmost reaches of this basin is muted. In most of the eastern portion of this basin, plots of 
precipitation show that there is no ITCZ, and the calculated value of fITCZ is zero.

In the NA basin, the observed frequency of TCs during peak TC season, July and August, is about double 
what is predicted based on fITCZ. We speculate that sources of TC precursors other than the ITCZ instability, 
such as African easterly waves (e.g., Russell et al., 2017), account for these additional observed TCs. Our 
regression model slightly overestimates the TC frequency from November through June, when there are 
few or no TCs in the NA basin. During these months, even though fITCZ is nonzero, we assume TC genesis 
is impeded by other factors not considered in our regression model, such as high vertical shear or insuffi-
ciently high SSTs.

In conclusion, we find that the key factor controlling TC frequency per unit area in this study is the Coriolis 
parameter f at the ITCZ. This advance in understanding TC frequency on an aquaplanet represents a new 
step toward a large-scale dynamical theory of TC frequency, and toward the prospect of robust predictions 
of TC frequency under climate change. Previous studies have identified the Coriolis parameter (Chavas 
& Reed, 2019) and climatic controls on formation of TCs from TC precursors (Vecchi et al., 2019) as fun-
damental dynamical determinants of the rate of TC genesis. Future work will employ further idealized 
modeling studies in an effort to determine additional ingredients of a large-scale dynamical theory for TC 
frequency.
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