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a b s t r a c t 

The genesis potential index (GPI) of tropical cyclones (TC) on ocean planets in the habitable zones of M 

dwarfs is analyzed based on 3D GCM simulations. We found that GPI on these planets are smaller than 

those in TC basins on the Earth mainly because of slow rotation of such planets. GPI’s on exoplanets 

with eccentric orbits are strong function of time with values generally greater than those on circular 

orbits. Future high resolution models are needed to better understand whether TCs could form on ocean 

exoplanets, and what their potential intensities and distributions might be. 

© 2017 Elsevier Inc. All rights reserved. 

1. Introduction 

Most studies on the climate of rocky exoplanets focus on large- 

scale atmospheric circulation patterns ( Pierrehumbert, 2010; Yang 

et al., 2013; Hu and Yang, 2014; Wang et al., 2014, 2016; Wolf 

and Toon, 2015; Kopparapu et al., 2016 ). On the Earth the distri- 

bution of life is influenced by meteorological phenomena. Trop- 

ical cyclones (TC), one of the most destructive weather on the 

Earth, induce heavy precipitation, strong winds, and storm surges 

( Rappaport, 20 0 0 ). On the other hand, TC can cause upwelling of 

nutrient-rich water from deep ocean, which supplies the growth of 

phytoplankton ( Shibano et al., 2011 ). Thus it is useful to study the 

frequency and distribution of TC on potentially habitable exoplan- 

ets. 

Gray (1979) developed an index to describe the seasonal and 

spatial variability of observed TC, which includes parameters spe- 

cific to modern climate of the Earth. Inspired by Gray’s work, 

Emanuel and Nolan (2004) developed a more general genesis po- 

tential index (GPI). Based on monthly NCEP Reanalysis data from 

1950 to 2005 ( Kalnay et al., 1996 ), GPI calculated between 60 °S 
and 60 °N ( Camago et al., 2007) are in good agreement with ob- 

served spatial distribution and seasonal variation of tropical cy- 

clones. In addition, the properties of TC on the Earth in the past 

and future climate can be projected using general circulation mod- 

els (GCMs) ( Knuston et al., 2010; Lin et al., 2015; Yan et al., 2016 ). 

Although applying a cyclone genesis index developed for the 

Earth to exoplanets may not reflect realistic cyclone activities on 
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exoplanets, exoplanet climate might be influenced by cyclones 

through modifications of ocean heat transport ( Emanuel, 2001; 

Jansen et al., 2010 ). Thus, a theoretical analysis of cyclone gene- 

sis could be helpful to better understand exoplanet climate. In this 

work we apply the GPI analysis to evaluate the probability of TC 

on ocean exoplanets in the HZ of M dwarfs based on GCM results. 

2. Methods 

2.1. Evaluation of TC genesis 

According to Emanuel and Nolan (2004) , 

GPI = 

∣∣10 
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where η is the absolute vorticity (s −1 ) at 850 hPa (in this work we 

use its vertical component), H is the relative humidity at 600 hPa 

(%), V shear is the vertical wind shear (m/s) between 850 and 

200 hPa, and V pot is the potential intensity (m/s), a measure of the 

maximum surface wind which can be sustained by a TC within a 

certain environment. V pot can be calculated based on sea surface 

temperature (SST), sea level pressure, and the vertical profiles of 

temperature and specific humidity ( Bister and Emanuel, 2002a ). 
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where C k and C D are the exchange coefficients for enthalpy and 

the drag coefficient, respectively. Because the surface conditions on 

exoplanets in this study are similar to those on the Earth, we use 
C k 
C D 

= 0 . 9 , which is the typical value for Earth’s TC. T o is the mean 
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temperature at the outflow level. SST 
T o 

represents the effect of dis- 

sipative heating. CAPE m 

is the convective available potential energy 

(CAPE) of an air parcel in boundary layer evaluated at the radius 

of maximum wind. CAPE ms is the CAPE of the same air parcel if 

it is in equilibrium with sea surface and saturated. The difference 

between CAPE ms and CAPE m 

indicates the thermodynamic disequi- 

librium between the unsaturated air parcel and the sea surface, 

which determines how much energy a TC can uptake from the sea 

surface. Typically a lower T o in combination with the same SST 

means a higher thermodynamic efficiency of classic Carnot heat 

engine of the cyclone system ( Emanuel, 1986 ). In Emanuel (1994) , 

CAP E = 

∫ p b 

p t 

R d ( T v p − T v e ) dlnp (3) 

where p b and p t are the pressures at the lowest level of the envi- 

ronment profile and the level of neutral buoyancy (LNB) of the air 

parcel, respectively. For simplicity the LNB is taken as the outflow 

level. T vp and T ve are the virtual temperature of an air parcel and 

that of the environment, respectively. T v can be calculated based 

on temperature T and water vapor mixing ratio r . 

T v = T 
1 + r/ε

1 + r 
(4) 

where ε = 

R d 
R v 

≈ 0 . 622 , R d and R v are gas constants of dry air and 

water vapor, respectively. When computing CAPE ms and CAPE m 

, the 

virtual temperatures of the air parcels are T vpms and T vpm 

, respec- 

tively. 

2.2. Results of GCM simulations 

The liquid water habitable zone (HZ) is at ∼0.1 AU around M 

dwarfs because of low stellar luminosities ( Kasting et al., 1993 ). At 

this distance, planets are most likely to be synchronously rotating 

(rotation–orbit period ratio p = 1), with a limited open ocean exist- 

ing around the substellar point (an eyeball pattern, Pierrehumbert, 

2010 ). Inputs for the GPI analysis in this work are based on GCM 

simulations using the Community Atmosphere Model version 3 

( Collins et al., 2004 ) with slab ocean (without ocean heat flux), 

thermodynamic sea ice, and 128 × 64 grids. The slab ocean has a 

uniform depth of 50 m, which is the same as the average depth 

of mixing layer on the Earth and is commonly used in previous 

GCM for exoplanet climate studies ( Yang et al., 2013; Yang et al., 

2014; Wang et al., 2016; Kopparaku et al., 2016 ). The planets are 

assumed to be ocean planets, with zero obliquities and orbital 

periods of 28 days, and with atmospheres containing 1 bar N 2 , 

355 ppmv CO 2 and no ozone. Orbit eccentricities 0.4 (case 1) and 

0 (case 2) are used in the GCM simulations. In case 1 the incident 

stellar radiation at the top of the planet’s atmosphere (TOA) is set 

to 1237 W/m 

2 (the value in case 2) when the planet-star distance 

is equal to the orbit’s semi-major axis. In case 1, the planet is as- 

sumed to be at periastron on day 1 with a substellar longitude of 

180 °. After the simulation reaches the steady state, 10 exoplanet 

years of GCM data are used to produce daily mean outputs, which 

are then used in the GPI analysis. 

Fig. 1 a and b shows the annual mean SST distributions in both 

cases. As shown previously ( Pierrehumbert, 2010; Wang et al., 

2014 ), the warm region ( > 290 K) locates near the substellar point, 

while the minimum SST ( ∼200 K) locates in high latitude regions 

and the far sides of the planets. The area with high SST is larger 

in case 1 (e = 0.4) than that in case 2 (e = 0) because the substeller 

point stays at 180 ° in case 2 but migrates around 180 ° longitude 

in case 1. In addition the orbital averaged incident stellar radiation 

in case 1 is greater ( ∼1346 W/m 

2 ) than that in case 2. Thus the 

global mean and maximum surface temperature in case 1 are both 

higher than those in case 2. These climate patterns are typical in 

habitable zone exoplanet GCM simulations ( Pierrehumbert, 2010; 

Wang et al., 2014, 2016) . 

The 3-D wind fields at 850 hPa pressure level ( Fig. 1 c and d) 

show a large-scale convergence pattern for the horizontal winds 

and a ring-shape pattern for vertical winds on the near side of 

the planet. The climatological wind patterns are produced by a 

slowly moving substeller point (e = 0.4, case 1) or a fixed substel- 

lar point (e = 0, case 2), in which cases a region with continuous 

and symmetric heating exist. This scenario is similar to the solu- 

tion for symmetric heating about the Earth’s equator in the Gill 

Model ( Gill, 1980 ), but with a much larger heating area. In the Gill 

model, the localized heating confined within 10 ° of the Equator 

generates Rossby waves that creates westerlies and cyclonic flows 

on the west margins of the heating zone, and Kelvin wave that 

creates easterlies in the region. In both cases 1 and 2, cyclonic 

flows can be found to the west of the subtellar region, but with 

much larger scale and extending to higher latitude in comparison 

to those in the Gill model. 

3. Results and discussions 

The distributions of maximum GPI in both cases are shown in 

Fig. 2 . The white areas have SST < 5 °C ( Fig. 1 ). TC does not oc- 

cur in cold regions on the Earth and thus there is no calculation 

at these locations. The zonal symmetry reflects the zero obliquity 

assumption in the GCM simulations. The regions with high GPI in 

Fig. 2 indicate the locations with highest possibility of TC genesis, 

in analog to TC basins on the Earth. The maximum GPI in case 1 is 

∼6 in regions near 180 ° longitude ( Fig. 2 a). The maximum GPI in 

case 2 is ∼10 times smaller than that in case 1 ( Fig. 2 b). 

According to (1) , small wind shear, high relative humidity, high 

absolute vorticity, and high potential intensity all lead to greater 

GPI. The mean (average over 20 exoplanet years) values of these 

variables in the analyzed region show that the potential intensity 

is the most important variable contributing to the greater GPI on 

day 20 ( Table 1 , part I). 

Fig. 3 a shows that the mean GPI in the region (30 °S-30 °N and 

120 °E-120 °W) in case 1 is a strong function of time, with a peak 

value of ∼0.27 on day 20 when the planet is approaching the peri- 

astron (the substellar point ∼140 °E). The GPI in case 2 is constant 

in time and more than 20 times smaller than the peak value in 

case 1 ( Fig. 3 a). M dwarfs’ habitable zone planets on circular orbits 

have rather small potential of TC genesis, while those on eccentric 

orbits may have higher potential. 

The temporal variations of regional mean GPI also follow the 

trend of regional mean potential intensity Fig. 3 b). Table 1 (part 

II) shows that the mean CAPE m 

is negligible in comparison with 

CAPE ms in the evaluated region. Thus the potential intensity is ap- 

proximately proportional to 

√ 

SST 
T o 

and 

√ 

CAP E ms according to (2) . 

CAPE ms measures how much energy an air parcel can uptake from 

the sea when ascending in the environment if it is saturated at sea 

surface temperature. The temporal variations of SST 
T o 

( Fig. 3 c) and 

CAPE ms ( Fig. 3 d) in the same region correspond well with those of 

the mean GPI and the potential intensity ( Fig. 3 a, b). CAPE ms and 

SST 
T o 

in case 2 (e = 0) are both significantly smaller than those in 

case 1 (e = 0.4), indicating much weaker energy uptake potential 

and dissipative heating on a e = 0 planet. 

Fig. 4 a and b shows the mean profiles of virtual temperature 

used to calculate CAPE ms . In this analysis, the area surrounded by 

the profiles of T vpms and T ve between LNB (the crossing points 

of T vpms and T ve ) and 900 hPa is proportional to the value of 

CAPE ms . The profiles of T vpms depend largely on SST, which varies 

little in both cases as a result of the high heat capacity of ocean 

( Table 1 , part II). Thus the differences in CAPE ms and 

SST 
T o 

in case 

1 are mainly determined by the differences in vertical T ve profiles 
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