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ABSTRACT

Globally, on the order of 100 tropical cyclones (TCs) occur annually, yet the processes that control this
number remain unknown. Here we test a simple hypothesis that this number is limited by the geography of
thermodynamic environments favorable for TC formation and maintenance. First, climatologies of TC po-
tential intensity and environmental ventilation are created from reanalyses and are used in conjunction with
historical TC data to define the spatiotemporal geography of favorable environments. Based on a range of
predefined separation distances, the geographic domain of environmental favorability is populated with
randomly placed TCs assuming a fixed minimum separation distance to achieve a maximum daily packing
density of storms. Inclusion of a fixed storm duration yields an annual ‘“‘maximum potential genesis” (MPG)
rate, which is found to be an order of magnitude larger than the observed rate on Earth. The mean daily
packing density captures the seasonal cycle reasonably well for both the Northern and Southern Hemispheres,
though it substantially overestimates TC counts outside of each hemisphere’s active seasons. Interannual
variability in MPG is relatively small and is poorly correlated with annual storm count globally and across
basins, though modest positive correlations are found in the North Atlantic and east Pacific basins. Overall,
the spatiotemporal distribution of favorable environmental conditions appears to strongly modulate the
seasonal cycle of TCs, which certainly strongly influences the TC climatology, though it does not explicitly
constrain the global annual TC count. Our methodology provides the first estimate of an upper bound for
annual TC frequency and outlines a framework for assessing how local and large-scale factors may act to limit
global TC count below the maximum potential values found here.
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1. Introduction

Each year, ~O(100) tropical cyclones (TCs) form
globally (e.g., Emanuel and Nolan 2004; Ramsay 2017).
However, it is not well understood what processes gov-
ern this number or why this number is 100, rather than 10
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or 1000. What controls the global annual rate of TC
formation? It has been proposed that this number may
be set by some internal negative climate feedback
(Emanuel and Nolan 2004), which may include negative
radiative feedbacks associated with the drying of the
free troposphere in the presence of higher convective
aggregation (Khairoutdinov and Emanuel 2010; Wing
and Emanuel 2014; Bony et al. 2015), oceanic feedbacks
associated with mixing-induced sea surface cooling be-
neath storms (Vincent et al. 2014) and the subsequent
cooling and drying of the boundary layer it may induce
(Schenkel and Hart 2015), or other unknown internal
dynamical or thermodynamic feedbacks within the

© 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).

020z 3snbny || uo Jesn Aleiqr [e4us) YYON Aq Jpd 298081 PIRIYESSS6T/52. L/S/CE/HPd-8lome/|ol/Bi0-00siewe s|euInolj/:dpy Wwoy papeojumoq


mailto:kimberly.hoogewind@noaa.gov
mailto:kimberly.hoogewind@noaa.gov
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

1726

system. If no such feedback exists, then we might expect
this number to be set by the geography and seasonality
of environmental favorability. The latter is perhaps the
simplest hypothesis, but has yet to be tested and is the
topic of this manuscript.

The global climatology of TCs has been studied ex-
tensively (e.g., Gray 1968, 1979; Ramsay 2017), along
with the environmental parameters conducive for TC
genesis and maintenance. Gray (1979) identified six
parameters to be necessary, though insufficient, con-
ditions for TC genesis: adequate planetary vorticity,
enhanced low-level relative vorticity, conditional insta-
bility, elevated midlevel relative humidity, weak vertical
wind shear, and warm sea surface temperatures ex-
ceeding 26°C. Later empirical studies, largely based
upon these aforementioned parameters outlined by
Gray, have combined dynamic and thermodynamic pa-
rameters statistically into a genesis potential index (GPI),
taking on various forms (e.g., Royer et al. 1998; DeMaria
et al. 2001; Emanuel and Nolan 2004; Yokoi and
Takayabu 2009; Emanuel 2010; Tippett et al. 2011;
McGauley and Nolan 2011). Menkes et al. (2012) pro-
vides an overview and intercomparison of four of these
tropical cyclogenesis indices, and found that differences
between indices can be quite significant, though each
could reasonably capture the seasonality of TC genesis.
Several studies have also linked GPIs to modes of
internal climate variability such as EI Nifio-Southern
Oscillation (ENSO; e.g., Camargo et al. 2007b; Menkes
et al. 2012), the Madden Julian oscillation (MJO; Camargo
et al. 2009; Wang and Moon 2017), and the nonlinear in-
teraction between ENSO and MJO and their impacts on
TC genesis (Li et al. 2012). In addition, these indices have
been used to evaluate potential impacts that climate
change may have upon TCs from global climate model
projections (Camargo et al. 2007a; Caron and Jones 2008;
Vecchi and Soden 2007; Chauvin and Royer 2010; Kim
et al. 2011; Bruyere et al. 2012; Murakami and Wang 2010;
Camargo et al. 2014; Song et al. 2015).

As described by Emanuel and Nolan (2004), the GPI
incorporates midlevel relative humidity, low-level ab-
solute vorticity, vertical wind shear, and the maximum
potential intensity (upy), where upy replaces earlier use
of an SST threshold as a thermodynamic predictor
(Bister and Emanuel 2002). Maximum potential inten-
sity describes the theoretical maximum wind speed that
could be obtained by a TC assuming gradient wind
balance and considering the local background thermo-
dynamic environment in which it is embedded. Emanuel
(2010) made further modifications to this GPI, replacing
the midlevel relative humidity with nondimensional
saturation entropy deficit. While many modifications
have been made upon previous GPIs, these indices
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remain empirical in nature, and the statistical fitting of
parameters are dependent upon the historical TC cli-
matology. Thus, their application to future climate, and
even individual ocean basins, may be problematic, and
an index with a theoretical basis is desirable.

Formulations of GPI began to evolve from primarily
statistical work toward physics-based quantities rooted
in theory, and subsequent modifications have tended
toward a physical quantity known as the ventilation in-
dex (VI; Tang and Emanuel 2012). VI is a nondimen-
sional quantity that incorporates very similar variables
as previous GPIs to quantify environmental conditions
that are favorable for both TC genesis and intensifica-
tion. Based upon a theoretical framework rather than
empirical estimation, VI captures the detrimental ther-
modynamic effect of vertical wind shear on a TC via the
import of midlevel environmental dry air into the TC
core, a process called “‘ventilation.” Specifically, VI is
formulated as the product of environmental vertical
wind shear and nondimensional midlevel entropy defi-
cit, normalized by upr, which Tang and Camargo (2014)
describe as “‘a ratio of ‘antifuel’ to ‘fuel’ terms.” Chavas
(2017) rederived VIin terms of a power budget equation
and extended the application to the case of capped
surface entropy fluxes. Hence, VI may be considered a
measure of environmental “‘resistance” to TC activity
(Korty et al. 2017), and thus more favorable environ-
ments are associated with lower VI values. It is notable
that recent versions of genesis indices (Camargo et al.
2014) show convergence toward those variables used
within VI. Overall, VI has been shown to have strong
influence upon the global TC climatology; anomalously
low values of VI can be a skillful indicator for both TC
genesis potential and intensification (Tang and Emanuel
2012). Indeed, Tang and Camargo (2014) utilized VI to
investigate changes in the frequency of days supportive
of TC genesis and rapid intensification by the end of the
twenty-first century due to climate change. Korty et al.
(2017) also used this index to evaluate how TC envi-
ronments and activity change in experiments with very
high CO, concentrations.

While useful tools for researchers and forecasters, all
genesis indices, VI included, have known biases. Past
work has identified mismatches between genesis indices
and actual TC genesis, though this result will depend on
the choice of variables (McGauley and Nolan 2011;
Menkes et al. 2012). A portion of the discrepancies may
be attributed to the spatial distribution of the genesis
indices. For example, Daloz and Camargo (2018) note
the spatial distribution of many genesis indices tend to
have a greater meridional extent that abuts the equator.
Furthermore, limitations of GPIs also arise as each in-
dex necessarily requires a preexisting disturbance for
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the development of a TC. A priori knowledge of mech-
anisms that may initiate tropical disturbances, such as
easterly waves (Thorncroft and Hodges 2001), the inter-
tropical convergence zone (ITCZ; Ferreira and Schubert
1997; Yokota et al. 2015), and convectively coupled
equatorial waves (e.g., Frank and Roundy 2006; Wu and
Takahashi 2018) are likely pertinent factors toward de-
termining genesis potential. Without accounting for storm
seeding, favorable environments may otherwise be un-
realized by TC formation. Nonetheless, such indices have
been very valuable in relating TC activity to larger-scale
environmental conditions in which a TC could in principle
exist across climate states (e.g., Korty et al. 2017; Daloz
and Camargo 2018), which is of direct interest to the topic
at hand.

Climate models have been used to dynamically gen-
erate TC climatological frequencies with improving
success, especially as model resolution improves (e.g.,
Walsh et al. 2016). Projections of future TC climatology
under climate change generally point to a reduction in
TCs; however, the consensus is not unanimous and
basin specific projections vary considerably (Walsh et al.
2016). Results can be sensitive to model resolution,
climate experiment and scenarios, and detection and
tracking schemes used to identify TCs (Camargo and
Wing 2016; Walsh et al. 2016). A physical mechanism
responsible for the projected decline in global TC fre-
quency by many models has yet to be identified, though
possible explanations are emerging (Knutson et al.
2019). Despite this, the lack of an extant climate theory
for TC genesis frequency introduces uncertainty, and
confidence in projected TC frequency is assessed as “low
to medium” by the majority of authors in Knutson et al.
(2019). The disparity in global TC estimates by dynam-
ical models further motivates this study. The diversity of
estimates by physical models may potentially arise from
the representation of processes internal to genesis itself
or due to variations in the larger-scale thermodynamic
parameters that govern environmental favorability for
genesis. Here we examine the latter.

The present study investigates the question of what
controls the global annual rate of TC formation by
testing perhaps the simplest possible hypothesis: the
global TC count is limited by the geography of envi-
ronmental favorability. A similar spirit underlies the
recent work of Tory et al. (2018), which examined
seasonally averaged quantities of several variables to
evaluate the environmental geographic boundaries for
TC formation, with a focus on upj, vertical wind shear,
midlevel relative humidity, and a composite parameter
of the ratio of 850 hPa absolute vorticity to the meridi-
onally gradient of absolute vorticity at 700 hPa. Here, we
look to move one step further and quantify the extent to
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which the annual TC frequency in the present climate is
limited by the spatiotemporal distribution of favorable
environmental conditions, using established measures of
dynamic and thermodynamic favorability. This work
combines reanalysis-based datasets of potential inten-
sity and environmental ventilation to define favorable
regions capable of supporting TCs to explore our hy-
pothesis that the geography of environmental favorability
may constrain the annual TC count. This approach ef-
fectively assumes zero feedback of the storms themselves
on the climate system and the geographical variation of
favorable environmental conditions generated within the
system, though potential intensity and its inclusion in VI
may implicitly account for such feedbacks (Hart et al.
2007). Furthermore, we do not explicitly account for the
presence of a preexisting disturbance to seed tropical
cyclogenesis. Finally, this work will attempt to quantify
the environmentally constrained upper bound on TC
count in the present climate, including a simple estimate
of how many more TCs could theoretically fit onto Earth
each year.

The organization of the manuscript is as follows.
Section 2 describes the data and methods used, and re-
sults are presented in section 3a. A discussion of our
results are outlined in section 4, followed by concluding
remarks and suggestions for future work.

2. Data and methods
a. Data

Observed tropical cyclone data (1979-2016) are ob-
tained from a subset of the International Best Track
Archive for Climate Stewardship (IBTrACS) version 3,
revision 10 (Knapp et al. 2010). Specifically, we utilize
data provided by a combination of the U.S. National
Hurricane Center and the Joint Typhoon Warning Center
(NHC+JTWC). The impact of choosing NHC+JTWC
versus the IBTrACS subset from the World Meteorological
Organization (WMO) has been previously discussed by
Schreck et al. (2014). In this study, only tropical cyclones
that obtained tropical storm (TS) classification (=34 kt)
(1kt ~ 0.5144ms ') during their life cycle are consid-
ered (e.g., Ramsay 2017), and TC genesis is defined as
the first 6-h data point in the best track data for those
TCs reaching TS intensity. For deriving environmental
parameters, as in Tang and Emanuel (2012), the European
Centre for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (ERA-Interim, hereafter ERA-I)
serves as the source data. ERA-I is a 6-h gridded
(~0.7° X 0.7° latitude by longitude) global atmospheric
reanalysis produced by the ECMWEF (Dee et al. 2011).
Vertical profiles of temperature, humidity, and wind,
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Environmental Favorability
Identify contiguous regions (“objects”) of favorable conditions

]

Densely pack TCs
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2. Define minimum object area

. 4

Daily Maximum TCs

1. Sum Daily Estimates
2. Normalize by an estimate of TC duration

. 4

Annual Maximum Potential Genesis
(MPG)

FIG. 1. Schematic demonstrating the process of arriving at an annual
maximum potential genesis (MPG).

as well as surface pressure and sea surface temperature
from the ERA-I, are obtained from the Research Data
Archive (RDA) at the National Center for Atmospheric
Research (NCAR; ECMWEF 2009) for the period 1979-
2016. These fields are used to compute relevant the TC-
specific environmental parameters discussed in the next
subsection.

b. Methods

Here we present a method to produce a first-order
estimate of the annual maximum potential genesis (MPG);
a schematic for this general process is demonstrated in
Fig. 1. The identification of favorable environmental
conditions capable of supporting TCs on any given day
provides the initial foundation to arrive at an estimate
for MPG. Subsequently, an evaluation of the maximum
number of daily TCs that could theoretically exist is
derived using a packing procedure to randomly populate
the regions of favorability with TCs. This procedure
requires the specification of a storm separation distance,
and perhaps, a minimum area size of favorability for
computation. Upon repeating this process for each day
of the year, an estimate for MPG may be made by
summing the daily maximum TC values and normalizing
by an estimate for a reasonable TC lifetime duration.
Each of these steps are outlined in more detail in the
following subsections.

1) DEFINING ENVIRONMENTAL FAVORABILITY

Environmental favorability for the formation of TCs
is herein defined by the combination of both thermo-
dynamic and dynamic factors on a daily basis. As dis-
cussed earlier, we seek a minimal number of parameters
that possess both strong theoretical grounding as well as
observational utility. First, we utilize the VI (Tang and
Emanuel 2012), defined as

VI= ushliarxm , (1)
PI

where ugne,r represents the magnitude of the vector
wind difference between 850 and 200 hPa, y,,, the non-
dimensional midlevel (600 hPa) entropy deficit, and upy
is the maximum potential intensity (ms~'; Bister and
Emanuel 2002). The nondimensional midlevel entropy
deficit (x,,) is defined as in Eq. (2) of Tang and

Emanuel (2012):
¥ —§
X = (ﬁ) ; )

SST  °b

where Y, represents the ratio of the difference between
the saturation entropy at 600 hPa in the inner core of the
TC (s%,) and the environmental entropy at 600 hPa (s,,,),
and the deviation of the entropy of the boundary layer
(sp) from the sea surface temperature saturation entropy
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FIG. 2. Mean absolute departure from the annual climatological mean of VI, expressed as a percentage, for the period 1979-2016. A
moving average filter was first applied to compute (b) 12, (c) 24, (d) 48, (e) 72, (f) 96, (g) 120, (g) 168, and (j) 240 h means from the ERA-I

reanalysis 6-hourly data prior to differencing.

(s&sr). The maximum potential intensity (upr) is calcu-
lated using the algorithm of Bister and Emanuel (2002)
under pseudoadiabatic assumptions, with the value for
the ratio of the exchange coefficient for enthalpy (Cy) to
the drag coefficient (C,) set to 0.7. The ventilation index
incorporates both thermodynamic and dynamic quan-
tities, and captures the thermodynamic effect of wind
shear, namely, that wind shear induces asymmetries in
the wind field that import low entropy air from the en-
vironmental free troposphere into the storm inner core.
Second, the 850-hPa absolute vorticity (7) is incorpo-
rated, which imposes the requirement of sufficient am-
bient vorticity available for the generation of the storm
circulation; the combination of VI and 7 is similar to
existing GPI formulations (e.g., Emanuel and Nolan
2004; Emanuel 2010; Tippett et al. 2011). Diagnosing
environmental favorability could use any alternative gen-
esis index within this methodology, but we have chosen VI
on physical and empirical grounds as previously noted.
Finally, a sea surface temperature (SST) criterion is
introduced. While previous work has identified a sta-
tistically reasonable minimum SST of ~26°C to support
TCs in the current climate (e.g., Tory and Dare 2015), it
has been shown observationally that this threshold has
increased (Defforge and Merlis 2017) and is not suitable
for application to future climate (Johnson and Xie
2010; McTaggart-Cowan et al. 2015). As a result, we
incorporate a more conservative threshold of 22°C to

ensure focus on disturbances that are tropical in origin.
Low VI values are occasionally found at high latitudes in
the Northern Hemisphere, and these transient condi-
tions arise primarily due to enhanced up; due to the in-
stability that develops when cold air flows over warmer
water (Emanuel and Rotunno 1989; Holland 1997); the
incorporation of an SST criterion thereby excludes high-
latitude areas that may otherwise be favorable for sub-
tropical and polar lows (Emanuel and Rotunno 1989).
To identify daily areas of favorability based on the
aforementioned parameters, appropriate thresholds of
each quantity are defined. These thresholds are derived
from the distribution of daily mean quantities at the
location of TC genesis from the ERA-I reanalysis.
The nearest grid point in ERA-I to the genesis location
is found for all TCs in the 1979-2016 period from
IBTrACS; values within 100km of this location are
averaged. To remove the representation of the storm itself
within the reanalysis data, values of VI and 7 are ex-
tracted for several days prior to genesis, and thresholds
are derived then from the average of the 95th and 5th
percentiles of the VI and 7 distributions 5-10 days prior
to genesis, respectively. The variables are first computed
at each 6-h time step from ERA-I and daily means are
derived. While variability from 6-h time step to time step
is evident, the average departure for VI, for example, is
~10%-25% of its mean annual value in the tropical
latitudes (Fig. 2a). Application of a moving average
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filter for several time windows demonstrates that the
variability declines (Figs. 2b-i), such that VI variability
is generally 5%-15%, 5%-10%, and <5% relative to
climatology on 12-, 24-, and =48-h time scales. Given
these results, daily means are deemed suitable for our
purposes, and follows work by Tang and Camargo
(2014) that computed VI from daily mean data from
global climate models as part of the Coupled Model
Intercomparison Project, phase 5 (CMIPS). Moreover,
one day represents a reasonable time scale for signifi-
cant changes in tropical cyclone intensity both opera-
tionally (e.g., Kaplan et al. 2010) and theoretically
(Emanuel 2012).

The thresholds for favorability used herein are 0.145
and 1.2 X 10 s~ ! for VI and 1, respectively, taken as
the average of the 95th and 5th percentiles 5-10 days
prior to genesis (see Fig. 3a). A summary of thresholds
for all parameters used to define environmental favor-
ability may be found in Table 1. A threshold of 0.145 for
VI is close to the value of 0.1, which Tang and Emanuel
(2012) found was supportive for a large portion of
tropical disturbances to undergo TC genesis. The joint
distribution of the two variables 5-10 days before gen-
esis illustrates that a large majority (~91%) of storms
form within conditions specified by our chosen thresh-
olds (Fig. 3b).
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TABLE 1. Thresholds used for individual parameters (VI,
850hPa m, and SST) to define environmental favorability in
this study.

VI n SST
Threshold 0.145 12 % 10057 22°C

2) ESTIMATING ANNUAL MAXIMUM NUMBER OF
TROPICAL CYCLONES

A simple methodology is developed to produce a first-
order estimate of the maximum number of TCs that
could hypothetically exist within regions of environ-
mental favorability on a daily basis. In turn, this infor-
mation is used to approximate the maximum number of
TCs that could occur annually, provided we make the
assumption that the daily regions of favorability may be
densely packed with TCs within its domain. To arrive at
an annual maximum TC count, the daily estimates are
summed for the year, then normalized by a time scale
representing a typical TC longevity, empirically esti-
mated here by the median time duration (in days) that a
TC exists within favorable conditions.

To define a maximum daily packing density, we first
identify contiguous regions of favorability, or “objects.”
An object is defined where grid points within the ERA-I
reanalysis data that meet our criteria for environmental
favorability are connected to one another. As our
estimate emerges naturally from the areal extent of
environmental favorability, prior to performing this
calculation, we first consider the size (surface area)
distribution of our environmental objects. The distri-
bution of those objects that historically were supportive
of TC existence are highly skewed toward larger areas
(Fig. 4a). The difference between all object areas and
those that contained TC genesis locations or all TC
points are statistically significantly different from one
another at the 99% confidence level using the Mann—
Whitney U test (Mann and Whitney 1947). Indeed, the
probability of TC genesis increases as the region size
increases (Fig. 4b). Historically, 95% of all TC genesis
locations occurred within contiguous regions of envi-
ronmental favorability that were greater than ~5.7 X
10°km? in area, while 95% of all TC track points oc-
curred in areas greater than ~1.7 X 10°km?. One pos-
sible explanation for such a result is that very small
objects may simply be too small to fit a storm for an
appreciable amount of time (or at all). Thus, in addition
to using the all environmental objects of any size, we
apply a minimum object area threshold and examine the
sensitivity of our results to this choice of threshold.

Next, a separation distance between TC center loca-
tions is needed. Early work by Brand (1970) found that
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FIG. 4. (a) Distribution of the area of contiguous regions of en-
vironmental favorability, and those that contain TC genesis points
or all TC points. (b) The probability of a region of environmental
favorability to support TC genesis or maintenance based on area.
(c) The distribution of TC life cycle longevity (in days) as well as
the distribution of time that TCs existed within favorable environ-
ments. All distributions were computed for the period 1979-2016.

binary interaction between two storms in the western
North Pacific (i.e., the Fujiwhara effect; Fujiwhara 1921)
tended to occur when the separation distance between
two storms fell below 750 nautical miles (n mi; 1 n mi =
1.852km) (~1400km). Additionally, Schenkel (2016,
2017) examined the climatology of multiple tropical
cyclone events and found median spacing distances
within the range of approximately 1600-2000km be-
tween new TC genesis locations and a preexisting TC,
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the order of placement.

with results not differing significantly between basins.
Based on these previous studies, we use a range of dis-
tances from 1400 to 2000 km every 200 km for our esti-
mates, with the assumption that they are applicable
globally. The Fujiwhara-based value of 1400 km repre-
sents a true physical lower bound because two storms
cannot persist at smaller distances. In nature, it is likely
that separation distances depend more strongly on the
intrinsic length scales associated with the processes
that generate disturbances, such as African easterly
waves, monsoon troughs (Holland 1995; Thorncroft and
Hodges 2001), and the breakdown of the ITCZ (Ferreira
and Schubert 1997; Yokota et al. 2015), whose statistics
will vary across basins (Schenkel 2016, 2017) and
may further vary across climate states. Additionally,
large-scale equatorial variability, such as the MJO and
convectively coupled equatorial waves (Wheeler and
Kiladis 1999) that suppress/enhance convection on
regional scales and thus modify genesis favorability
(Camargo et al. 2009; Klotzbach and Oliver 2015). Here
we begin from the physical lower bound and then test
the sensitivity of results to increasing separation dis-
tance; investigating the role of the true minimum sepa-
ration distance and its underlying physics in nature is a
fruitful direction for future work. However, we note that
TC genesis may occur at a distance less than 1400 km
from a preexisting TC, but rarely occurs below a dis-
tance of 1000km (Schenkel 2017). Additionally, multi-
ple TCs may occur at distances larger than 2000 km
(Krouse and Sobel 2010; Gao and Li 2011; Schenkel
2016, 2017). Furthermore, we do not take into account
any temporal separation between TC genesis locations

in this framework, nor do we account for feedbacks
between the storms and the climate system that may
alter the environmental favorability and its geographical
configuration.

Finally, given the above constraints, we estimate the
number of daily TCs by randomly arranging storms
within the environmentally favorable domain. First, a
grid point where the environmental conditions have
been identified as favorable is randomly selected. This
grid point serves as the hypothetical TC center location.
Next, all grid points within a radius of the specified
separation distance are then excluded from availability,
and a new grid point is randomly chosen from those
remaining. This process is iterated until no additional
environmental grid points may be excluded. The total
number of randomly arranged storms is then tallied for
each day. This overall procedure is completed 100 times
each day to provide a reasonable sample size for an
estimated distribution of the maximum number of TCs
per day that potentially could exist based on the geom-
etry of environmental conditions.

Figure 5 provides an illustration of the random place-
ment of storms for all contiguous regions of environ-
mental favorability for 21 July 2005. Each object region is
uniquely labeled with a different number and color. The
location of the placed storm center is indicated by the
black filled circles, and each is labeled with a number
indicating the order in which it was placed. The shaded
circles surrounding the storm centers are defined using a
1400km separation distance to exclude environmental
grid points from consideration for the next random
placement of storm center. Circles may overlap; however,
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FIG. 6. Seasonal mean (a) 850-200-hPa bulk wind shear (ugpeqr) (ms ™), (b) 600-hPa nondimensional entropy, (c) maximum potential
intensity (up;), and (d) VI for the period 1979-2016. Black dots represent TC genesis locations during the seasonal time periods

(1979-2016).

a storm center may not occur within another storm’s cir-
cle. In this example (Fig. 5), there are 47 total environ-
mental objects of which produced a random configuration
of 54 TCs within the domain. In comparison, applying the
two area thresholds both reduce the number of environ-
ment objects to 5, resulting in ~46 placed TCs.
The total annual number of TCs, hereafter the annual
MPG, is then computed as follows:
365
2N,
MPG = floor "zlt : 3)
d

where N, (TCs per day) is the maximum number of TCs
that could reside within the favorable environment ob-
jects on a daily basis indicated by our packing procedure,
and 7, represents the median TC life cycle duration (in
days) within favorable environmental conditions. For
the latter, based on the distribution of storm longevity
within favorable conditions over the 1979-2016 period,
the median longevity in terms of time spent within fa-
vorable conditions is found to be 6 days, despite a me-
dian total TC life cycle of 8 days (Fig. 4c). We thus use
ty; = 6 days in Eq. (3) for our estimates. The steps to
arrive at MPG can be summarized as follows:

1) Identify contiguous areas (objects) of favorable en-
vironmental conditions.

2) Constrain environmental objects using a minimum
area criterion (when applicable).

3) Compute the daily maximum number of TCs that
could occupy objects for each day of the year using
specified separation distances.

4) Calculate the annual MPG as in Eq. (3). This procedure
sums the daily number of TCs (computed as in step 3
above) for each day, then normalizes this total value
by a value for TC duration to arrive at an MPG count.

Our procedure is similar in spirit to the ‘“genesis by
random seeding” method of Emanuel et al. (2008),
which randomly distributes genesis locations in space
and time and then simulates the complete life cycle of
each storm using physics-based models for storm in-
tensity and motion. We have taken a simpler approach
that similarly exploits the environmental physical controls
of TC activity without explicit life cycle simulation, a
method that is viable given that our focus is solely on the
existence of a given storm at a given location without
concern for its actual intensity nor its geographic prove-
nance. Moreover, the methodology of Emanuel et al.
(2008) requires the external specification of a global
seeding rate that is tuned to the modern climate, and
hence cannot be used to constrain global annual TC
count. Here, our approach constrains the maximum po-
tential genesis rate via the imposition of a minimum storm
separation distance in combination with the geography of
these environmental controls.

3. Results
a. Environmental favorability

The seasonal mean climatology (1979-2016) of VI and
its components are shown in Figs. 6a—d. Seasons are
defined as July—October for the Northern Hemisphere (NH)
and December-March in the Southern Hemisphere (SH),
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TABLE 2. Seasonal mean values of VI and its components at genesis

locations.
JASO DJFM
Ushear 12.85m 571 12.69m 871
Xm 0.41 0.57
upy 67.26ms"! 69.03ms ™!
VI 0.10 0.15

comprising the most active months of the TC season in
each respective hemisphere. The seasonal mean values
for each hemisphere at genesis locations are listed in
Table 2. Relative to the seasonal TC genesis locations, it
is unsurprising that shear is lower in the tropical regions
where TCs originate. The entropy deficit is also seasonally
low in these areas while upy is high. In combination, VI
values are anomalously low (=0.15) relative to higher
latitudes. As noted in Tang and Emanuel (2012), VI is
seasonally low near the equator despite the lack of TC
genesis events, which motivated the inclusion of absolute
vorticity (and implicitly the Coriolis parameter) into our
favorability formulation.

Using these thresholds, daily regions of environmen-
tal favorability are derived from ERA-I. The annual
climatology (1979-2016) of favorable days is depicted
in Fig. 7a. Many regions in the tropics are shown to
be nearly always favorable, with locations in both
hemispheres of the western Pacific and also in the
southeastern Indian Ocean shown to have favorable
environmental conditions over 90% of the year. This
result agrees with the previous findings of Menkes et al.
(2012) that environmental indices tend to overestimate
cyclogenesis during seasons that are otherwise unfa-
vorable for TC formation. Overall, the dominant regions
of TC activity are well captured by our environmental
favorability diagnostic (Fig. 7a). However, there exists
significant regional variability in the occurrence of ac-
tual storms within these environments. Indeed, the
conditional probability of TC genesis given the presence
of a favorable environment (Fig. 7b; calculated on a
coarsened 5° X 5° latitude/longitude grid to relax the
spatial requirement for matches between gridded envi-
ronmental estimates and TC track point values) indicates
that the eastern North Pacific basin is climatologically
most productive in terms of TC production, despite hav-
ing fewer days of favorability relative to the aforemen-
tioned regions with maximum frequency of favorable
conditions. A similar result is presented in Fig. 7c, which
represents conditional probability of a TC at any point in
its life cycle. Schenkel (2016) notes that the large-scale
environment in the eastern North Pacific (EPAC) may be
preconditioned for multiple TC events. Moreover, many
of the regions with the most frequent environmental
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favorability do not produce TCs as effectively as
elsewhere.

Comparing the total area of favorable conditions
relative to the number of TCs on any given day illus-
trates that the seasonal cycle in TC count is also rea-
sonably well captured by the seasonal cycle in total
favorable area (Fig. 8a). The mean annual cycle between
the global areal extent of favorable conditions and the
number of TCs per day is positively correlated, with a
Pearson correlation coefficient of 0.696, but is more
strongly correlated when considering individual basins
and each hemisphere individually, with a correlation
coefficient of 0.935 and 0.811 for NH and SH, respec-
tively. However, the distribution of environment area is
broader than the distribution of TCs; the NH peak TC
activity is more concentrated, and in the SH, the number
of TCs per day drops to a minimum by June, while the
area lags this pattern and does not level out until the
month of August. Furthermore, considering the total
cumulative area encompassed by favorable conditions
annually and the total annual number of observed TCs
(Fig. 8b), there is found to be little to no correlation
between them globally, for both Northern and Southern
Hemispheres, and each individual ocean basin, with the
exception of the eastern North Pacific (Table 3).

b. Maximum potential genesis

Results for MPG using all sizes of contiguous favor-
ability regions (no minimum object area threshold)
and a separation distance of 1400 km are shown in Figs. 9
and 10. On a daily basis, the areal extent of favorable
conditions could hypothetically fit between 42 and 48
TCs simultaneously across the globe (Fig. 9a), should
the areas of favorability be densely packed. Daily global
estimates peak in the month of September, and closely
follow the cycle of environmental area previously shown
(Fig. 8a). Similarly, both the NH and SH patterns mimic
their annual cycle of areal favorability, with the NH
dominating the global response from May through mid-
December. Factoring in the median longevity (¢t =
6 days), the mean annual global MPG of ~3337 TCs is
the largest among all separation distances and area
thresholds (Table 4). All global MPG estimates, ranging
from 1212 to 3337 TCs, are an order of magnitude more
than the observed mean annual TC count in the current
climate. Partitioning results by hemisphere and individual
ocean basins, the mean TC climatology (1979-2016)
represents ~0.1%-17% of annual MPG estimates, with
magnitudes varying by region, area threshold, and sepa-
ration distance (Table 4). Relative to all basins and
hemispheres, the South Atlantic (SATL) ratio is the
lowest due to the rarity of TC production within that
region (Gray 1968; McTaggart-Cowan et al. 2006). The
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FIG. 7. Mean annual (a) number of days with conditions favorable for TC genesis and maintenance (VI < 0.145,
n > 12 X 107357 % SST = 22°C), (b) mean conditional probability of TC genesis, and (c) mean conditional
probability of a TC (at any point in its life cycle) given a favorable environment for the period 1979-2016 from
ERA-I. The conditional probability was computed on a coarsened 5° X 5° latitude—longitude grid to relax the
spatial requirement for matches between gridded environmental estimates and TC genesis/track point values.
Ocean basins are overlaid on each panel and include the north Indian Ocean (NIND), south Indian Ocean (SIND),
western North Pacific (WPAC), South Pacific (SPAC), eastern North Pacific (EPAC), North Atlantic (NATL), and
South Atlantic (SATL).
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FIG. 8. (a) Total daily area with favorable environmental conditions (solid lines) vs number of TCs per day of year
(dashed lines) and (b) the annual cumulative total area and TCs for the Northern Hemisphere, Southern
Hemisphere, and globally (solid lines) and annual number of TCs (dashed lines) over the period 1979-2016.

Bootstrapped 95% confidence intervals are shaded in (a).

TC climatology in the western North Pacific (WPAC)
accounts for the highest overall proportion of MPG es-
timates relative to its annual observed TC count (~6%—
12%), exceeded only by the northern Indian Ocean
(NIND) for the largest area threshold (~12%-17%).
The three NH basins [WPAC, EPAC, North Atlantic
(NATL)] are roughly equal contributors to the MPG of
the Northern Hemisphere. This may seem counterintu-
itive at first glance, recognizing that of the three, WPAC
experiences favorable environmental conditions more

frequently (Fig. 7a). The most frequent areas within
WPAC, though, are concentrated in smaller, elongated
regions. The storm spacing requirement in our packing
procedure suggests that contributions to MPG will be
penalized if the frequency of days with favorable con-
ditions are concentrated spatially. Additionally, EPAC
and NATL are more elongated zonally, which would
favor more storms within this framework.

Notably, interannual variability in total storm count
and in global MPG (computed without an area threshold)
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TABLE 3. Pearson correlation values between mean daily and
annual cumulative area of environmental favorability and mean
daily and annual number of TCs over the 1979-2016 period. Values
are computed for global, Northern Hemisphere (NH), Southern
Hemisphere (SH), and individual ocean basins, which include the
north Indian Ocean (NIND), south Indian Ocean (SIND), western
North Pacific (WPAC), South Pacific (SPAC), eastern North Pacific
(EPAC), North Atlantic (NATL), and South Atlantic (SATL).

Daily area Annual cumulative area
Global 0.696 0.187
NH 0.935 0.088
SH 0.811 0.025
NIND 0.482 —0.155
SIND 0.795 0.136
WPAC 0.914 -0.175
SPAC 0.835 0.117
EPAC 0.920 0.559
NATL 0.817 0.377
SATL 0.324 —0.110

are both relatively small and the two are poorly corre-
lated with one another (mean Pearson correlation of
~0.2 for each separation distance). This indicates that
interannual variability likely provides relatively little
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information regarding constraints on MPG. Within in-
dividual basins, we find that there is poor correlation for
NIND (0.06), south Indian Ocean (SIND) (—0.2), and
South Pacific (SPAC) (0.06), moderate negative corre-
lation in the WPAC (—0.45), and positive correlations of
0.3 and 0.4 for EPAC and NATL, respectively. While
correlations between MPG and TC count are generally
weak, the NATL and EPAC exhibit modest positive
correlations, qualitatively consistent with past work
finding close statistical relationships between mean en-
vironmental conditions and annual counts in the North
Atlantic (e.g., Zhao et al. 2009; Murakami et al. 2016).
However, recent work (Mei et al. 2019) found in an
ensemble of simulations that interannual variability in
NATL is poorly explained by mean thermodynamic
conditions (10% explained variance) but more strongly
associated with shorter-term fluctuations in weather and
intraseasonal variability. Our correlation results are
similar to this latter conclusion. Either way, it is also
important to emphasize that our work focuses simply
on a minimum threshold for environmental variabil-
ity and does not account for the magnitude of this
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FIG. 9. Estimates for the (a) mean number of randomly placed TCs per day and (b) ratio between observed mean TCs per day to mean
daily TC estimates (expressed as a percentage), (c) annual MPG estimates, and (d) ratio of mean annual TC climatology to mean MPG
estimates (expressed as a percentage). Results are valid over the period 1979-2016 for the globe and the Southern and Northern
Hemispheres, using a separation distance of 1400 km and without employing a lower bound on the favorable environmental area. A
Gaussian filter is applied to (b) with o = 15 days, denoted by the thicker lines.

020z 3snbny || uo Jesn Aleiqr [e4us) YYON Aq Jpd 298081 PIRIYESSS6T/52. L/S/CE/HPd-8lome/|ol/Bi0-00siewe s|euInolj/:dpy Wwoy papeojumoq



Jan 1 Feb 1 Mar 1 Apr1 May 1 Jun1 Jull Aug1 Sep1 Oct1 Nov 1 Dec1

Date

(c)

v /\,/\/\'/\/\/\/\ /\_/\
500

400

MPG

300

200 W—/\«/W

1980 1985 1990 1995 2000 2005 2010 2015
Year

JOURNAL OF CLIMATE

(b)

VOLUME 33

NIND
SIND
WPAC
SPAC
EPAC
NATL
SATL

Jan1 Feb 1 Mar 1 Apr1 May 1 Jun1 Jull Aug1 Sep1 Oct1 Nov 1 Dec1

(d)

Date

NIND
SIND
WPAC
SPAC
EPAC
NATL
SATL

1980 1985 1990 1995 2000 2005 2010 2015
Year

FI1G. 10. As in Fig. 9, but for individual ocean basins.

favorability, whose above-threshold variability may yet
have impacts on the probability of TC occurrence.

Seasonally, the daily estimates are much closer to TC
climatology than the annual MPG would indicate. For
example, in Fig. 10b, the daily TC climatology for the
WPAC approaches 20% of the daily estimates in August
(nearly 40% for a separation distance of 2000 km). In
fact, by examining the distribution of these daily ratios
for the entire 1979-2016 period (Fig. 11), relative to all
other basins, daily estimates for the WPAC approach
observed TC counts much more often. While most days
basins are rarely densely packed, the observed TC count
does, on occasion, meet or exceed that of the daily
estimate by the packing procedure. In general, the annual
cycle of the mean daily ratio of the observed TC cli-
matology to daily TC estimates from the packing pro-
cedure illustrates that estimates are more robust to
observations seasonally, but they far overestimate outside
of the respective active TC seasons (i.e., July-October
and December-March for NH and SH, respectively).

As there is a clear seasonal cycle for TCs within the two
hemispheres, we may arrive at new MPG estimates by ag-
gregating only the active months from the Northern (July—
October) and Southern (December-March) Hemispheres.

By doing so, the annual global MPG estimates for each
area threshold and separation distance are reduced by
more than half (Table 5). The seasonally subset global
MPG still only accounts for 7%-16% of the observed
mean annual TC count, though results do vary by basin,
with some performing much better than others. For
example, the results for the NIND basin utilizing an area
threshold of 5.7 X 10°km? capture 96% of the observed
JASO climatology when estimated using a separation
distance of 2000 km. In general, these results lend fur-
ther credence that the MPG estimates outside of the
main respective TC seasons are significantly inflated.
Such an outcome may result from our lack of inclusion
of disturbances; however, we do not currently have any
information about whether there is significant temporal
variability in the disturbances themselves, and thus this
hypothesis is left as a suggested avenue for future work.

The sensitivity to increasing separation distance sim-
ply reduces the MPG without modifying the interannual
pattern (Fig. 12). In fact, Pearson correlation values
between distances are greater than 0.999 for each of the
three different area thresholds used to compute MPG
estimates. Similarly, the effect of increasing area thresh-
old reduces the annual MPG (Tables 4 and 5), with the
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TABLE 4. Mean annual MPG estimates for the global, Northern Hemisphere, Southern Hemisphere, and individual ocean basins for a range of separation distances (1400-2000 km) and
minimum area thresholds over the period 1979-2016. The values in parentheses represent the ratio of mean annual TC climatology, per region, to mean MPG estimates and expressed as a

percentage. The ocean basins include the north Indian Ocean (NIND), south Indian Ocean (SIND), western North Pacific (WPAC), South Pacific (SPAC), eastern North Pacific (EPAC),

North Atlantic (NATL), and South Atlantic (SATL).

Region

SIND

5453 (3.3%) 524.1 (5.5%)

442.6 (4.1%) 413.7 (7.%)

EPAC NATL SATL

SPAC
651.7 (1.8%) 6209 (2.8%) 5764 (2.1%) 193.7 (0.%)

5314 (22%) 513.3 (3.4%)

447.(2.6%) 435.9 (4.%)

NH SH NIND WPAC
291.9 (2.5%)

Global
3336.8 (2.9%) 1879.6 (3.5%) 14572 (2.%)

2724.3 (3.5%)

Area threshold s, (km)

N/A

1400
1600
1800
2000
1400
1600
1800
2000
1400
1600
1800
2000

162.5 (0.%)

476. (2.6%)
4033 (3.1%) 138.7 (0.1%)

1195.6 (2.5%) 234.6 (3.1%)

1528.7 (3.5%)

3735 (4.8%) 3369 (8.6%)

2288. (42%) 12755 (52%) 1012.5 (2.9%) 190.9 (3.8%)

1966.2 (4.9%) 1094.1 (6.%)

375.5 (47%) 3463 (3.6%) 119.7 (0.1%)

3213 (5.6%) 280.0 (10.3%) 382.9 (3.%)

457.6 (3.9%) 4779 (6.%)

8721 (34%) 165.5 (4.4%)

98.8 (0.1%)
83.4 (0.1%)
71.4 (0.1%)
63.1 (0.1%)
31.8 (0.2%)
26.4 (0.3%)
22.8 (0.3%)
20.0 (0.4%)

5245 (22%) 4933 (3.5%) 4265 (2.9%)
4243 (27%) 407.8 (43%) 3527 (3.5%)

354.5 (32%) 347.0 (5.%)

2502.9 (3.8%) 1422.0 (4.6%) 10810 (2.7%) 184.9 (3.9%)

2032.3 (4.7%)
1705.1 (5.6%)
1465.5 (6.5%)

1.7 X 10°km?

370.4 (4.8%) 379.4 (7.6%)

311.8 (5.8%) 3113 (9.3%)

878.1 (3.4%) 147.9 (4.9%)
1235 (5.9%)
268.4 (6.7%)

737.6 (4.%)

1154.2 (5.7%)

299.4 (4.1%)

967.5 (6.8%)

829.8 (7.9%)

2600 (11.1%) 304.1 (3.8%) 3002 (5.8%) 259.1 (4.8%)

635.7 (4.6%) 107.4 (6.7%)

945.9 (3.1%)
765.2 (3.9%)
642.6 (4.6%)
5517 (53%)

480.9 (2.4%) 417.7 (42%) 323.8(3.8%)

388.5 (3.%)

764 (9.5%) 4351 (4.1%) 4593 (6.3%)

2091.0 (4.6%) 1145.1 (5.8%)

1690.8 (5.6%)
1416.2 (6.7%)
1211.9 (7.9%)

5.7 X 10°km?
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344.4 (51%) 264.9 (4.7%)

60.7 (11.9%) 3518 (5.1%) 3652 (7.9%)
50.2 (14.4%) 296.4 (6.1%) 3003 (9.6%)

429 (16.9%) 255.0 (7.%)

925.6 (7.1%)
7737 (8.5%)
660.2 (10.%)

223.7 (5.5%)

3247 (3.5%) 292.4 (6.%)

251.5 (11.5%) 277.9 (4.1%) 252.6 (6.9%) 1922 (6.4%)

largest changes noted between the use of no area threshold
and the maximum area threshold considered, as would be
anticipated. Overall, environmental favorability generally
captures the seasonal cycle variability, but the annual
MPG estimates are an order of magnitude larger than
observations.

A limitation of using the daily data is that we do not
take into account duration of the favorable conditions,
and as such, the necessity of using higher temporal fre-
quency data may be questioned. We investigate whether
the use of daily temporal frequency data influences the
magnitude of MPG relative to use of a monthly mean
area of favorability. We utilize monthly mean VI, n, and
SST to identify the regions. For simplicity, we apply the
same thresholds for each quantity to define regions of
favorable conditions and apply the same area thresh-
olds. the method to arrive at MPG is modified slightly
to accommodate the lower frequency data. First, the
packing procedure fills the monthly mean area, the same
as is done for an individual day. The resulting number of
TCs that are packed in the monthly delineated envi-
ronment is then multiplied by the number of days within
the month. From there, all months are summed and
normalized by the median TC duration [as in Eq. (3)] to
arrive at a new annual MPG. The use of a monthly mean
implies a longer duration of favorable environmental
conditions than the daily temporal data. Results for this
modified methodology relative to results from daily
frequency data are found in Table 6. The approaches
differ relatively little, ~15%-16%, <6%, and <1.5%
for all areas and the two increasing area thresholds,
respectively. For these choices of thresholds, use of
monthly data appears not to impact results much, and
has the added benefit of being more computationally
efficient.

4. Summary and discussion

To investigate what controls the global rate of TC
formation, we tested a simple hypothesis that the annual
TC count is limited by the geography of thermodynamic
environments favorable for TC formation and mainte-
nance. Environmental favorability was defined using
empirically defined thresholds for the ventilation index
and 850-hPa absolute vorticity. First, we found that the
areal extent of favorable environmental conditions does
well in capturing the seasonal evolution of the observed
climatological TC activity. Specifically, the seasonal
cycle of area of environmental favorability corresponds
well to the seasonal cycle of TCs globally, a relationship
that is more pronounced when separated by hemisphere
(Fig. 8). Observed TC activity within these regions
varies in time and especially in space, an indication that
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FIG. 11. Distributions of the ratio of observed TCs to daily maximum TC estimates (expressed a percentage) for the global, NH, SH, and
ocean basin estimates for each separation distance and environment object area threshold. Distributions incorporate all days in the 1979—

2016 period.

TCs frequently do not exist despite otherwise supportive
environmental conditions (as defined here). This is not
surprising, as the environmental estimates lack the ex-
plicit inclusion of a precursor disturbance that may result
in TC formation, and may further be missing additional
regional dynamical or thermodynamic feedbacks not
currently accounted for.

Based on the spatiotemporal distribution of favorable
environmental conditions, we then developed a simple
method for estimating the maximum annual number
of possible TCs, termed maximum potential genesis
(MPGQG), derived from densely packing randomly placed
TCs within regions of daily favorability, using separation
distances motivated by observed length scales of storm
interaction and separation in nature. The daily estimates
are summed for the year and subsequently normalized
by the median duration of time TCs historically exist
within favorable environments during their life cycle.
The results for MPG, computed using a range of sepa-
ration distances between 1400 and 2000km with and
without the inclusion of a minimum area threshold for
contiguous regions of favorability, suggest that the ge-
ography of favorable environments could hypothetically
support an order of magnitude greater number of TCs
than are currently found in the present-day Earth climate.
Results by calendar day, while still an overestimate of TC
activity, closely mimic the seasonal TC climatology when
partitioned by hemisphere and ocean basin. It is the
overprediction within the respective off-seasons that most

strongly contributes to the annual global MPG overes-
timates. Increasing the separation distance reduces the
estimated MPG rather uniformly, and decreasing the
area threshold reduces the MPG magnitudes, but does
not qualitatively alter the conclusions. Furthermore, we
demonstrated that the sensitivity to the use of monthly
mean environmental conditions relative to daily temporal
frequency was negligible for our set of parameters and
thresholds.

The imposition of an SST constraint, although con-
servative at our choice of 22°C, may be considered un-
desirable, as previously acknowledged. Analysis without
the incorporation of a modest SST (not shown) signifi-
cantly inflated estimates of global MPG relative to our
presented results, even after excluding smaller regions of
favorability. This result is likely due to transient favorable
environments at high latitudes poleward of the traditional
geographic domain of tropical cyclone identification,
which may be associated with favorable for subtropical
and polar lows (Emanuel and Rotunno 1989).

The increasing trend in annual global MPG, as seen in
Figs. 9a and 12ais not evident in the annual accumulated
area (Fig. 8b) nor the results when the minimum object
area thresholds are introduced (Figs. 12b,c), suggestive
that the trend arises from an increase in smaller areas
of favorability. To investigate further, we find evidence
of statistically significant trends in the annual number of
days with favorable conditions (Fig. Al in the appendix)
indicative of a poleward migration in environmental
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TABLE 5. As in Table 4, but for seasonal results computed for Northern Hemisphere (July-October) and Southern Hemisphere (December-March) basins.

Region

SIND

202.6 (8.9%)

SATL

NATL

253.8 (4.9%) 91.2 (0.1%)

SPAC EPAC
205.1 (6.%)

WPAC

2104 (13.7%) 273.6 (42%) 265.6 (6.6%)

NIND
97.5 (7.4%)
783 (9.2%)

SH
599.1 (4.9%)
488.3 (6.%)

NH
787.9 (8.4%)
634.7 (8.5%)

Global
1387. (6.9%)

Area threshold s, (km)

N/A

1400
1600
1800
2000

75.5 (0.1%)

162.6 (11.0%) 164.7 (17.5%) 222.1(5.2%) 216.1 (8.1%)

1123. (8.5%)

171.1 (72%)  63.6 (0.1%)

61.8 (11.7%) 134.9 (13.3%) 133.0 (21.7%) 1853 (62%) 1813 (9.7%)

9332 (10.2%) 524.1 (12.6%) 409.1 (7.2%)

796.6 (12.%)
11132 (8.6%)

539 (134%) 1142 (15.7%) 109.9 (262%) 1573 (7.3%) 154.6 (11.3%) 145.0 (8.5%) 54.1 (0.1%)

392 (18.4%) 184.4 (9.7%)

4483 (14.7%) 3483 (8.5%)

238.7 (52%) 63.5 (0.1%)

198.5 (14.5%) 2293 (5.0%) 249.3 (7.%)

635.0 (10.4%) 4782 (62%)

1400
1600
1800
2000

1.9 X 10°km?

1939 (64%) 53.4 (0.1%)

312 (232%) 147.9 (121%) 1572 (183%) 184.7 (62%) 203.7 (8.6%)

897.9 (10.6%) 5112 (12.9%) 386.7 (7.6%)
747.4 (12.8%) 4258 (15.5%) 321.6 (9.2%)

637.0 (15.%)
1033.5 (9.2%)

259 (27.9%) 122.9 (14.6%) 129.0 (22.3%) 152.6 (7.5%) 171.2 (102%) 162.6 (7.6%) 45.6 (0.2%)

362.8 (182%) 2742 (10.8%) 22.8 (31.7%) 104.1 (172%) 107.4 (26.8%) 129.4 (8.9%) 1465 (11.9%) 138.8(8.9%) 40.1(0.2%)

601.1 (11.%)

233.7 (53%)  26.7 (0.3%)

198.1 (14.5%) 218.6 (5.2%) 245.9 (7.1%)

13.4 (54.%) 1877 (9.6%)

432.3 (6.8%)

1400
1600
1800
2000

5.4 X 10°km?

189.9 (6.5%) 22.2 (0.4%)

175.7 (6.5%) 200.9 (8.7%)

151.0 (11.9%) 157.2 (18.3%)

10.7 (67.8%)

8327 (11.5%) 484.4 (13.6%) 348.3 (8.5%)
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8.8 (82.5%) 126.1 (142%) 1293 (22.3%) 1455 (7.9%) 169.1 (103%) 159.3 (7.8%) 19.2 (0.4%)

75 (96.8%) 107.3 (167%) 1083 (26.6%) 123.1 (9.3%) 144.8 (12.1%)

6942 (13.7%) 403.9 (163%) 2902 (10.2%)
590.8 (162%) 344.1 (19.2%) 246.7 (12.%)

136. (9.1%) 16.8 (0.5%)

favorability. In some of these areas, significant increas-
ing trends are on the order of 30 or more days decade .
This finding is consistent with Daloz and Camargo
(2018) that values of GPI parameters (e.g., wind shear,
upr, entropy deficit) and GPIs themselves are becoming
more favorable in poleward regions, and appears cor-
related with both the poleward migration of TC lifetime
maximum intensity (Kossin et al. 2014) and TC genesis
over most of the Pacific (Daloz and Camargo 2018).

What factors bridge the gap between our MPG esti-
mate and the real annual TC count in the present-day
Earth climate? This gap may represent both deficiencies
in our simple methodology that can be improved in fu-
ture work as well as real physical factors for why the
annual TC count is limited from reaching its potential.
Here we discuss possible factors in the context of our
MPG framework:

1) Separation distance: Actual separation distances are
typically larger than the Fujiwhara length scale and
are likely tied to the physical processes that generate
the disturbances that develop into TCs, such as
African easterly waves (AEWs) and ITCZ break-
down, and the role of large-scale equatorial modes of
variability, such as the MJO. Additionally, we cur-
rently neglect any temporal displacement between
storm formation that is common to multiple tropical
cyclone events (e.g., Schenkel 2016, 2017).

2) Conditional genesis probabilities: Here we have de-
fined regions above a minimum threshold for favor-
ability without consideration of the magnitude of our
favorability parameter within these regions. However,
given the inherent stochasticity associated with gene-
sis, it may be important to consider accounting prob-
abilistically for genesis conditioned on the magnitude
of both the thermodynamic factors (ventilation index)
and dynamic factors (Chavas and Reed 2019).

3) Additional environmental factors may be at play,
such as the role of large-scale ascent (Held and Zhao
2011; Zhou et al. 2019), that are not accounted for in
common existing genesis indices.

4) Minimum area threshold: How small of an area of
favorable conditions is required, and for how long a
duration, to permit the genesis of a storm? This is
an unanswered question, but it is relevant specif-
ically to the question of genesis counts, particularly
in geographically confined basins such as the north
Indian Ocean.

5) Storm duration: Here we have crudely assumed a
simple constant median storm duration within favor-
able regions, but this varies in space and time and
may impact storm counts, particularly on interannual
time scales.
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FIG. 12. Estimates for annual MPG for (a) all environment objects, (b) environment objects exceeding 1.7 X 10°km? in area, and
(c) environment objects exceeding 5.7 X 10°km? for each of the four separation distances used. Results are valid over the period

1979-2016.

6) Precursor disturbances: The geography of preexisting
disturbances is not accounted for at all in our approach
and has generally received more limited attention given
that it lacks the simplicity of analyzing larger-scale
environmental parameters. However, the relative ge-
ographies of precursor disturbances and environmental
favorability may provide further insight into mis-
matches between the spatiotemporal variabilities of
MPG and actual TC count.

Opverall, this work provides a novel quantitative test
for the hypothesis that global TC count is constrained by
the geography of environmental favorability, which may
be considered the simplest physical hypothesis to this
open question. There remain numerous ways in which
this method may be further modified, including adapting
the procedure to account for variability in both the
physical and temporal separation distance between
synthetic genesis locations and the specified TC duration

TABLE 6. Mean annual global MPG estimates using daily and
monthly mean data. The relative difference between the two esti-
mates is displayed as a percentage. Mean values are valid over the
period 1979-2016.

Global MPG
Area threshold s, (km) Daily Monthly % Difference
N/A 1400  3336.83  2838.84 14.92
1600 272433  2276.54 16.44
1800  2288.01  1911.92 16.44
2000 196623  1651.15 16.02
1.7 X 10°km? 1400 247345 2327.62 5.90
1600  2006.9 1889.3 5.86
1800  1685.55  1592.05 5.55
2000 144674  1373.69 5.05
5.7 X 10°km? 1400  2116.51  2086.07 1.44
1600  1711.63  1686.67 1.46
1800  1434.03  1418.18 1.11
2000 122724  1219.54 0.63

within MPG, accounting for the spatiotemporal distri-
bution of precursor disturbances, and the incorporation
of novel physical parameters or processes that account
for potential feedbacks between storms and between a
storm and the large-scale environment, both atmo-
sphere and upper ocean, and on both short and long time
scales. Future work could also explore how MPG, and
measures of thermodynamic favorability in general,
work if applied in a simplified aquaplanet world like in
Chavas and Reed (2019), whose boundary forcing is
thermodynamically ideal. Merlis et al. (2016) used this
aquaplanet approach and found a strong dependence of
genesis count on temperature, which could be due to
changes in favorability or perhaps changes in storm size
and spacing. Clearly, there are some very basic questions
about genesis that we do not currently understand, and
applying the techniques used in this paper to simplified
worlds might be very fruitful. Additionally, a physical
understanding of what controls the marked spatial var-
iability of TC production within favorable environ-
ments, as well as the lower rate of production of storms
outside of peak seasons in each hemisphere, would
likely go a long way toward filling the gap between our
pure thermodynamic estimate of maximum potential
genesis presented here and the observed annual genesis
rate. Finally, we note that this methodology may be
applied to alternative climate states, both past and fu-
ture. We hope that this work will provide a foundation
for such deeper analyses in pursuit of a broader theory
for what sets the annual global TC count on Earth.
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FIG. Al. The trend (days decade ') in annual number of days with environmental favorability. Stippling represents
areas where the trend is statistically significant at the 95% level. Trends were computed for the period 1979-2016.

APPENDIX

Spatial Trends in Environmental Favorability

The spatial trends in the annual number of days (per de-
cade) of environmental favorability (1979-2016) is assessed
using the Theil-Sen estimator (e.g., Sen 1968) to at each grid
point (Fig. A1). Statistical significance at the 95% confidence
level is assessed using Kendall’s tau (Kendall 1938).
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