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Abstract Tropical cyclones (TCs) form within a closed circulation region of large‐scale disturbances
under certain dynamical and thermodynamical conditions. This study investigates differences in the
large‐scale environmental conditions of a TC 48 hr before the declaration of tropical depression, comparing
those that developed into tropical storms (TSs) with those depressions that did not develop. Here, we
apply the Okubo‐Weiss Zeta Parameter detection and tracking scheme to ERA‐interim reanalysis from
1989–2018, across different ocean basins. The method detects storm‐system‐scale environmental conditions
that favor TC formation. We construct spatial composites of thermodynamical and dynamical quantities for
both developing and nondeveloping depressions, as well as storm‐relative streamlines. A statistical index
(the Box Difference Index) is used to quantitatively estimate the dominant limiting factors of TS formation
from the area‐averaged quantities of large‐scale variables. The relative contribution of large‐scale
environmental variables impeding the development of an initial tropical depression to TS differs between
ocean basins perhaps due to regional variations in the characteristics of large‐scale disturbances and the
surrounding environmental conditions. A streamline analysis shows that the developing storms have a more
pronounced cyclonic core and are protected from external influences by a stronger shear sheath layer
surrounding the core extending from the lower to middle troposphere. This study, therefore, identifies the
potential limiting variables and structural differences in an initial circulation that impede TS formation
across different ocean basins.

Plain Language Summary Tropical cyclones form under certain atmospheric conditions within
different large‐scale disturbances across various ocean basins. Every year a large number of tropical
disturbances form across global ocean basins, but only a few of them develop into tropical cyclones, with a
geographical variation in the number of formations. Previous studies on the differences in the
environmental conditions of developing versus nondeveloping tropical disturbances focus on the Atlantic
and Pacific Ocean basins due to less observations in other ocean basins. The recent development of the
“marsupial pouch” theory of tropical cyclone formation has led to the development of a detection scheme to
identify the locations within large‐scale disturbances that have the potential for tropical cyclone
formation. The detection scheme is tuned to detect the initial tropical depressions in addition to the
developed tropical storms. This scheme helps us to investigate the environmental differences between
developing and nondeveloping tropical depressions in all the ocean basins. The environmental variables
inhibiting tropical storm formation differ among ocean basins, with structural differences from the lower to
upper troposphere disrupting sustained convection in nondeveloping cases. This study, therefore, identifies
the potential limiting factors for tropical storm formation across different ocean basins.

1. Introduction

Tropical cyclones (TCs) are highly destructive extreme events that lead to substantial socioeconomic losses,
primarily in coastal regions. TCs form under certain favorable thermodynamical and dynamical conditions
within closed recirculating regions (Dunkerton et al., 2009; Gray, 1968, 1975). Favorable thermodynamical
conditions include sea surface temperatures higher than 26.5°C, a deep layer of a conditionally unstable
environment, and moist midtroposphere (Gray, 1968). Dynamical conditions include weak to moderate ver-
tical wind shear (vector wind difference magnitude between the 850 and 200 hPa), deep organized convec-
tion, and locally enhanced values of low‐level cyclonic relative vorticity (Gray, 1968, 1975; McBride &
Zehr, 1981). Additionally, Gray (1968) suggested that TCs generally do not form within 5° of the equator.©2020. American Geophysical Union.
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Although these conditions are necessary for TC formation, it is still not clear what are the sufficient condi-
tions, due to multiscale interactions in the TC formation activity.

TC formation undergoes different stages of development. The first stage involves preconditioning of the
large‐scale environment along with the formation of minimum atmospheric pressure in the lower levels.
The second stage involves the formation of a self‐sustaining mesoscale vortex and its aggregation, with
modest stretching and shearing deformations enabling a near‐solid body rotation (Briegel & Frank, 1997;
Dunkerton et al., 2009; Lee et al., 1989; Montgomery et al., 2006; Ritchie & Holland, 1999). Some
large‐scale disturbances provide suitable conditions such as increasing low‐level relative vorticity, convective
activity associated with increased updraft strength, and altering the vertical wind shear distribution to
conditions favorable for TC formation. These disturbances include (1) tropical depression (TD)‐type waves,
also called African easterly waves (AEWs) in the North Atlantic (NA) region (Landsea, 1993; Thorncroft &
Hodges, 2001); (2) Rossby wave trains induced by a preexisting TC, Pacific easterly waves and synoptic wave
trains, or TD‐type waves in the western North Pacific (WNP) region (Fu et al., 2007; Li et al., 2006; Li &
Fu, 2006; Xu et al., 2013); and (3) equatorial Rossby waves and mixed Rossby‐gravity waves in the South
Indian Ocean (SI), South Pacific (SP), and Australian (AUS) regions (Bessafi & Wheeler, 2006; Frank &
Roundy, 2006; Hall et al., 2001). Other forms of large‐scale disturbances favorable for TC formation are the
monsoon trough, regions with upper‐level troughs and low‐level wind surges (Briegel & Frank, 1997;
Ferreira & Schubert, 1997; Ritchie & Holland, 1999; Wang & Magnusdottir, 2005, 2006; Zong & Wu, 2015).

Every year a large number of TDs form in global ocean basins from various types of tropical disturbances.
However, despite apparently suitable conditions provided by these disturbances, not all the depressions
develop into tropical storms (TSs). For instance, in the NA, a large number of AEWs form every year, but only
around 30% of them develop into TSs (Avila, 1991). Understanding of the TC formation pathway has recently
been advanced by the “marsupial paradigm” defined within tropical easterly waves over the Atlantic and
Pacific regions (Dunkerton et al., 2009). This innovative work recognizes that TCs form in a relatively rare
recirculating region called a pouch within a critical layer of the tropical wave under favorable surrounding
conditions. A deep pouch from the low to middle troposphere within an easterly wave maintains an area
of closed circulation, where the entry of outside air is restricted, shelters the storm fromdisruptive influences,
and enables it to intensify under a favorable environment (Montgomery et al., 2010; Wang
et al., 2010a, 2010b, 2012).

Asaadi et al. (2016, 2017) found that developing easterly waves appear to propagate as a packet of four to five
waves, tilted somewhat northwest‐southeast from zonal. Also, of these waves, only one wave is located at the
critical latitude (where the mean flow speed equals phase speed of the wave) and in a region of weak poten-
tial vorticity gradient, where TC formation can occur. These studies highlighted the role of a deep pouch and
the critical latitudes of the easterly waves favorable for TC formation.

Peng et al. (2012) and Fu et al. (2012) examined the environmental differences between developing and non-
developing tropical disturbances detected by time filtering technique to extract synoptic‐scale disturbances
(tropical waves). They noted that thermodynamical conditions are more important across the NA basin,
and dynamical conditions aremore critical across theWNP basin. These studies showed that the relative con-
tribution of large‐scale variables to TC formation varies between these two basins due to distinctive
large‐scale disturbances and varying regional environmental conditions. It is, therefore, essential to study dif-
ferences between developing and nondeveloping cases across global ocean basins that have diverse environ-
mental conditions and distinct large‐scale disturbances to identify the important predictors for TC formation.

There are many other studies on the environmental differences between the developing and nondeveloping
AEWs across the NA basin (Brammer & Thorncroft, 2015; Davis & Ahijevych, 2012; Fowler &
Galarneau, 2017; Hopsch et al., 2010; Komaromi, 2013; Montgomery & Smith, 2010). These studies highlight
the importance of relative flow within AEWs, increased low‐level vorticity, vertical shear, and sufficient tro-
pospheric moisture for the development of an initial disturbance. A moist midtroposphere increases the
strength of convective updrafts by decreasing the effect of dry air, which disrupts the deep convection
(Nolan, 2007; Smith & Montgomery, 2012; Z. Wang, 2012). Persistent broad‐scale, deep convection can then
spin up the primary vortex via a system‐scale convergence by the in‐up‐out secondary circulation (Hendricks
et al., 2004; Montgomery et al., 2006; Raymond & Sessions, 2007; Tory et al., 2007; Tory, Montgomery &
Davidson, 2006; Tory, Montgomery, Davidson & Kepert, 2006).
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Some studies found that moderate shear or easterly shear is favorable for developing cases (Tuleya &
Kurihara, 1981, 1982; Zehr, 1992; Zeng et al., 2010). In contrast, enhanced vertical wind shear misaligns
the storm, which sometimes leads to ventilation, thereby disrupting the intensification process (Alland
et al., 2017; Davis & Ahijevych, 2012; Riemer et al., 2010; Tang & Emanuel, 2010; Wang et al., 2012).
Other studies showed that abundant low‐level convergence and enhanced mass flux through organized out-
flow is associated with sustained deep convection in developing cases, with an anticyclonic circulation in the
upper levels (Lee, 1989a, 1989b; McBride & Zehr, 1981; Sears & Velden, 2014; Tuleya, 1991; Zehr, 1992;
Zhang & Zhu, 2012).

In addition to the above studies on environmental differences, from particle trajectory analysis around the
developing storms in the NA basin, Rutherford et al. (2015) identify a protective layer termed the “shear
sheath” surrounding the core of the storm that can inhibit shear‐induced storm weakening. This shear
sheath is a layer of high deformation (i.e., a strain‐dominated region) that serves to isolate the core from
its surroundings. These strain‐dominated regions are termed as the rapid filamentation zones, where con-
vection is suppressed, and subsidence is more pronounced (Rozoff et al., 2006). The shear sheath acts as a
barrier layer that protects the initial vortex from external influences by obstructing the horizontal inflow
of dry air or opposite signed vorticity fields into the core region of developing storms. Rutherford
et al. (2015, 2018) found that the development of a TD to a TS involves a notable shear sheath region around
the vortex core region.

From the studies above, we note that there are no global studies on the environmental and structural differ-
ences between the developing and nondeveloping circulations. In the current study, we use a
phenomenon‐based TC detection and tracking scheme to detect the initial circulations and identify the
environmental and structural differences across different ocean basins. This TC detection scheme is devel-
oped based on the marsupial paradigm of TC formation. It detects the low deformation vorticity regions
within the pouch that have the potential for TS formation by using a diagnostic (OWZ) along with other
environmental variables. This diagnostic is a product of the normalized Okubo‐Weiss (OW) parameter
and absolute vorticity (Zeta) parameter (Tory, Chand, Dare, & McBride, 2013, Tory, Chand, McBride,
et al., 2013; see section 2 for a more detailed description). The Okubo‐Weiss Zeta Parameter (OWZP) track-
ing scheme detects both a TS, that is any TC with low‐level winds higher than 17 m/s, and a TD, that is any
TC weaker than a TS. We consider those TDs that become TSs as developing TCs and the remaining TDs
nondevelopers (Tory et al., 2018). This tracking scheme is particularly helpful in the basins where there
are no observational aircraft missions for identifying and tracking the initial depressions. Therefore, we per-
form a basinwide composite analysis on ERA‐Interim reanalysis data using these detected circulations to
identify the limiting factors for the development of an initial TD.

From the above literature, TC formation from an initial circulation requires a favorable “external environ-
ment,” such as enhanced vorticity, low‐level cyclonic circulation, a moist atmospheric column, and weak
to moderate vertical wind shear. As the circulation intensifies, the “internal environment” (the core of the
circulation) becomes more favorable: it becomes moister, vorticity amplifies, and the shear sheath layer
around the core strengthens. It is, therefore, difficult to separate the internal and external environment,
so a more developed TC looks like it is in a more favorable environment than a weaker TC. By focusing
on the differences between developing and nondeveloping TCs 48 hr before the TD declaration, we have
some confidence that most of the differences we identify are likely to be external rather than internal.
This composite analysis helps us to find out the external environmental conditions and structural variations
that assist or hinder TS formation, and whether these conditions are similar or differ between ocean basins.

Section 2 of the paper describes the data and methods. Sections 3 and 4 provide the results and discussion,
respectively, while section 5 summarizes the conclusions.

2. Data and Methodology
2.1. TS Observations and ERA‐Interim Data

The observed TS information from 1989 to 2018 is from the International Best Track Archive for Climate
Stewardship (IBTrACS) database (Knapp et al., 2010). The TS genesis location of IBTrACS is the first posi-
tion at which the system satisfies a maximum sustained low‐level 10‐min wind speed higher than 33
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knots (17 m/s) during its lifetime. The reanalysis fields are taken from the ERA‐Interim data, compiled by
the European Centre for Medium‐RangeWeather Forecasts (Compo et al., 2011; Dee et al., 2011). These data
have a horizontal resolution of 0.75 ° × 0.75°. We extract the data for a period of 30 years, from 1989 to 2018,
at 12‐hourly intervals (00 and 12 UTC) to create variables used by (i) the TC detector and (ii) the composite
analysis of the environmental conditions.

The variables used by the detector at 12‐hourly intervals (00 and 12 UTC) include the zonal (u) and meridio-
nal (v) wind fields, to compute (1) the OWZ at both 850‐ and 500‐hPa pressure levels (Tory, Chand, McBride,
et al., 2013); (2) vertical wind shear (vector wind difference magnitude) between 850‐ and 200‐hPa pressure
levels; and (3) the TC steering velocity (the average wind at 700 hPa within a 4 ° × 4° box region around the
grid point center) (Tory, Dare, Davidson, et al., 2013). Additional parameters include relative humidity (RH)
at 700 and 500 hPa and 950‐hPa specific humidity (SH950).

The OW parameter is a relative measure of vorticity to deformation forces that identifies the rotation domi-
nant regions, along with strain dominated areas such as the shear sheath:

OW¼ ζ 2 − E2 þ F2
� �

(1)

where ζ ¼ ∂v
∂x

� �
−

∂u
∂y

� �
; E ¼ ∂u

∂x

� �
−

∂v
∂y

� �
; F ¼ ∂v

∂x

� �
þ ∂u

∂y

� �

Here, ζ is the relative vorticity, and E and F represent the stretching and shearing deformation respectively.

Tory, Dare, Davidson, et al. (2013) and Tory, Chand, Dare, and McBride (2013) show that the enhanced
values of OWZ identify the system‐scale low‐deformation vorticity regions of solid body rotation.
Therefore, the phenomenon‐based TC detection and tracking scheme (OWZP) uses the diagnostic variable
OWZ, which replaces the absolute vorticity variable of other traditional TC tracking schemes. The OWZ cal-
culation involves normalization of the OW parameter by the square of the relative vorticity. The OWZ uses
only positive values which include a range of flows, from deformation‐dominated flows (OWnorm = 0) to
rotation dominant regions (OWnorm = 1). The phenomenon‐based TC tracking scheme uses the thresholds
of the OWZ variable instead of the OW variable.

The equation representing the OWZ is

OWZ ¼ max OWnorm; 0ð Þ × ζ þ fð Þ × sign fð Þ (2)

OWnorm ¼ OW

ζ 2
(3)

Here OW norm is the normalized OW parameter, and f is the Coriolis parameter.

The variables used to examine the composite storm environment are those already found to be important for
TC formation (Camargo et al., 2007; Ditchek et al., 2017; Emanuel & Nolan, 2004; Gray, 1968; McBride &
Zehr, 1981; Tippett et al., 2011; Tory, Chand, McBride, et al., 2013). These variables include the total column
water (TCW; in units of kg/m2), 700‐hPa RH (%), maximum potential intensity (MPI; m/s), 850‐hPa Relative
vorticity (RVor; s−1 × 10−6), 500‐hPa Omega (Omega; Pa/s), 200‐hPa divergence (DIV; s−1 × 10−6), vertical
shear of zonal wind (U200 − U850) (Ushear; m/s), and OW parameter (s−2 × 10−10). We consider the positive
values of Ushear as westerly shear and negative values as easterly shear. Here, the signs of Omega globally
and RVor in the Southern Hemisphere (SH) are reversed, meaning that positive Omega is now upward
motion, and positive RVor in the SH is now cyclonic flow. We calculate the MPI using the equation formu-
lated by Bister and Emanuel (1998):

MPI ¼ Ts

To

Ck

CD
CAPEe − CAPEb½ � (4)

where Ts is the sea surface temperature, To is the outflow temperature, Ck denotes the enthalpy exchange
coefficient, CD denotes the drag coefficient, and CAPE is the convectively available potential energy with
the subscripts e and b denoting the environmental and boundary layer atmospheric sounding respectively.
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In addition to the above large‐scale environmental variables, we use a meridional gradient of absolute
vorticity (Beta*) variable:

Beta* ¼ ∂η
∂x

¼ ∂f
∂y

þ ∂ζ
∂y

(5)

where η denotes the absolute vorticity. Tory et al. (2018) found that TC formation is favored in regions
with lower values of the Beta* and is extremely rare in regions of enhanced values.

2.2. TC Detection and Tracking

Tory, Dare, Davidson, et al. (2013) found that 95% of observed TSs (IBTrACS) have enhanced values of OWZ
at both 850‐ and 500‐hPa levels relative to their surroundings, prompting them to base their OWZP TC track-
ing scheme on these two quantities along with other variables. The other atmospheric variables are RH at
700 and 950 hPa, SH at 950 hPa, and vertical wind shear. This scheme is designed to be applied to data on
a 1 ° × 1° grid. Therefore, we interpolate the ERA‐interim data in the current study to 1 ° × 1° grid resolu-
tion. Tory, Chand, McBride, et al. (2013) and Tory, Chand, Dare, & McBride (2013) give a detailed explana-
tion of the detection scheme, which is a multistep process:

1. Detect storms: Identify circulations that have the potential for TC formation by testing every grid point
with an initial set of threshold conditions (Table S1 in the supporting information of the supporting infor-
mation gives the “initial” thresholds). Neighboring grid points satisfying the initial thresholds are clus-
tered into individual clumps that represent the storm at specific times.

2. Create storm tracks: Individual storm tracks are constructed by linking the above instantaneous clumps
forward in time based on the circulation's expected position from the 700‐hPa steering flow, calculated as
described in section 2.1. The tracks cease when there is no future circulation in the vicinity of the
expected storm position.

3. Detect TCs: Figure 1 gives a schematic diagram of this process. At each point along the storm track, clump
averages of different large‐scale variables are assigned to each clump (storm) position. The core thresh-
olds of Table S1 are checked with each clump position and labeled as “True” if the clump satisfies these
core thresholds or “False” if not. Each storm track is assessed to see if it satisfies TD status, and then TS
status. A particular track is declared a TS (TD) if it satisfies the core thresholds for at least 48 (24) hr con-
secutively, which amounts to five (three) consecutive true values for 12‐hourly data.

Figure 1. Diagram showing the tracks of developing and nondeveloping tropical depressions with F (False) indicating
that the core thresholds are not satisfied and T (True) where the thresholds are satisfied. The third consecutive true is
the TD declaration time for both developing and nondeveloping TDs. Path A shows that all TSs were once TDs, and Path
B is a TD that did not develop into TS.
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Application of the TD and TS detection routine to 30 years of ERA‐Interim data yielded 2,300 TSs and 3,432
TDs. The TD numbers include the 2,300 TSs, as all TSs were once TDs. This shows that the TD to TS ratio is
about 3:2, implying globally there are 50% more lows that satisfy the TD than the TS thresholds, which is
consistent with the 1979–2013 period considered by Tory et al. (2018). To obtain the nondeveloping depres-
sions, we subtract the developed depressions (TSs) from the total TD data set. A total of 1,132 nondeveloping
storms is detected, located across all the ocean basins. The fifth True position along the track of the TS
(Figure 1) is considered as the TS genesis, which matches with the IBTrACS genesis position in most of
the ocean basins (Bell et al., 2018) whereas third true position is considered as the TD genesis. Tory
et al. (2018) tuned the OWZP scheme to detect the TDs in the tropical disturbance data set across the
Australian region. Also, Bell et al. (2018) assessed the pregenesis tracks of the OWZP and IBTrACS TSs
and noted that OWZP detected TSs have earlier tracks with longer duration because the scheme detects
the locations that have potential for TS formation rather than the matured TSs.

2.3. Storm‐Centered Spatial Composites of Developing and Nondeveloping Cases

To understand the environmental differences between developing and nondeveloping TDs, storm‐centered
composites of the environmental variables are created within a 24° × 24° region around the depression cen-
ter. Also, we calculated the streamlines of the composite storm overlaid with the OWparameter and RH con-
tours to understand the structural differences and the influence of the surrounding environment on the
initial circulation. We include only the storms with a detected storm track that existed 48 hr before TD
declaration. This group contains developing (PDV48) and nondeveloping storms (PND48) across each ocean
basin (Table S2 shows basin boundaries). The analysis considers three periods: 48 and 24 hr before the time
of TD formation, and the day of TD declaration, labeled Day 2, Day 1, and Day 0, respectively, as shown in
Figure 1.

2.4. Statistical Index

To quantify the differences in the environmental conditions between the developing and nondeveloping
TDs, we calculate the Box Difference Index (BDI) (Peng et al., 2012) for PDV48 and PND48 cases across
all the ocean basins within a 12° × 12° box region around the depression center (blue boxes in Figure S1
in the supporting information). This domain size appears to show the maximum differences between devel-
oping (DV) and nondeveloping (ND) compared to the 24° × 24° region, which covers a larger spatial extent
and may disrupt the box averages. The OW variable, which includes the vorticity dominated and shear
sheath regions, is divided into two variables. For this we use a 9° × 9° box region (green boxes in
Figure S1), the “OW center” variable uses the centered box showing the low‐deformation vorticity strength
and the “OW surrounding” variable determines the strength of the shear sheath uses the remaining boxes.
The BDI index is defined as

BDI ¼ mean DVð Þ −mean NDð Þ
std DVð Þ þ std NDð Þ (6)

where mean (DV) and mean (ND) are the mean of the environmental variables for DV and ND cases and
std (DV) and std (ND) are the standard deviation of the DV and ND environmental variables, respectively.
The higher the magnitude of the BDI (which ranges from 0 to 1), the better the variable can differentiate
the two cases. The sign of the BDI index tells us the environmental behavior of the variable. In general,
positive values indicate that the quantity favors development. However, the opposite is true for quantities
in which small values favor TC formation, such as Ushear, Beta* and OW surrounding variables. The
negative values of Ushear, Beta* and OW surrounding variables indicates favorable shear, barotropic sta-
bility regions and stronger shear sheath regions respectively that support the TC formation. We use a
two‐sample t test to determine the statistical significance of the differences between DV and ND cases.

3. Results

This section describes the storm‐centered composite analysis of initial circulations that exists two days
before TD declaration to identify structural differences and key limiting variables across each ocean basin
that lead to the nondevelopment of an initial circulation.
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3.1. Geographical Distribution of TS and TD Genesis Locations

Figure S2 shows the geographical distribution of genesis locations of IBTrACS and OWZP detected DV and
ND depressions using the ERA‐interim reanalysis. The genesis dots of the IBTrACS and the OWZP detected
TSs have similar geographical locations in most of the ocean basins. Tory, Chand, Dare, and McBride (2013)
statistically tested the performance of this TC detection scheme when compared with the IBTrACS for
20 years from 1989–2008. They showed globally 78% of IBTrACS storms are correctly detected using this
scheme with a 25% false alarm rate. Also, of all the ocean basins the NI basin has poor performance, perhaps
due to the NI being a unique land‐enclosed basin and misidentification of the monsoon lows as TCs. We per-
form a basin‐wide analysis of themean annual frequency bias of the OWZP detected storms and IBTrACS for
the 30 years 1989–2018. Table S3 shows that the NA, ENP, and SP basins have underpredicted genesis com-
pared to observations. These negative biases across the ENP, NA, and SP basins may be due to more
short‐lived and land influenced storms compared to theWNP and SI basins that have more long‐lived storms
over the open ocean waters, which are usually detected well by the OWZP scheme (Tory, Chand, Dare, &
McBride, 2013).

3.2. Structural Differences Between Developing and Nondeveloping TDs

Typically, a TS has a developed vortex core region from low level to midlevel with cyclonic circulation along
with anticyclonic outflow at upper levels associated with a secondary circulation (Dunkerton et al., 2009;
McBride & Zehr, 1981; Z. Wang et al., 2012). Additionally, developing cases have a stronger shear sheath
layer from the low to midtroposphere around the core of the storm. This shear sheath protects the vortex
core region from external influences like the horizontal intrusions of drier air or lower values of opposite
sign vorticity (Rutherford et al., 2015, 2018). Therefore, structural variations, along with spatial distribution
of environmental variables, are explored in detail 48 hr before TD declaration using spatial composites
within a 24° × 24° box region around the depression center across all the ocean basins. This box region cov-
ers a larger spatial extent including the centered cyclonic circulation and the surrounding region which
helps us to understand the influence of external environment on the circulation.
3.2.1. Northern Hemisphere (NH) Basins
We examine the spatial composites of the atmospheric variables evolving from Day 2 to Day 0 to differ-
entiate the DV and ND cases across the NA basin. The differences in the spatial composites of RH
between the DV and ND cases in Figure 2a illustrate that developing cases have higher moisture at the
center and surrounding regions compared to the nondeveloping cases from lower (850 hPa) to midtropo-
sphere (500 hPa). Also, the DV cases have fully enclosed streamlines around the center at 500 hPa shown
in Figure 4, whereas in ND cases streamlines gradually diverge to the northwest of the center on Day 0
with dry air surrounding the core region in the northwest side. Figure 2b indicates that ND cases have
unfavorable shear at the center and surrounding areas compared to the DV cases as it propagates from
Day 2 to Day 0 (Figure 5a shows averaged values of Ushear). The negative values of Uhsear indicate that
ND cases have either stronger westerly shear (positive values) or weaker easterly shear (lower negative
values). Also, Figure 2c shows that DV cases have increasing values of DIV from Day 2 to Day 0 at the
center and surrounding regions compared to the ND cases indicating the development of stronger outflow
jet associated with sustained convection in the DV cases. Similarly, Figure 2d shows that DV cases have
higher values of MPI at the center and surrounding regions compared to the ND cases, indicating greater
thermodynamic instability in DV cases.

We further examine the spatial composites of the OW parameter overlaid with streamlines in the comoving
frame of the composite storm for both PDV48 and PND48 cases over the NA basin at 850‐, 700‐, 500‐, and
200‐hPa levels. Figures 3 and 4 show that closed or nearly closed streamlines surround the cyclonic cores
from low levels to midlevels of the atmosphere. Each cyclonic circulation has a core of positive OW
(strain‐free rotation) surrounded by a band of negative OW (higher lateral strain, indicating the shear
sheath), which extends from the lower (850 hPa) to the middle troposphere (500 hPa). A general decrease
in the size and strength of the cyclonic circulation with height is evident, culminating in stronger anticyclo-
nic outflow streamlines to the east of the center at 200 hPa for developing cases (Figure 4). In order to under-
stand quantitatively the strength of centered circulation and the surrounding shear sheath in the DV and ND
cases we use box averages of the OW center and OW surrounding parameters (Tables S4 and S5) as described
in section 2.4. The OW center values of nondeveloping cases show that the cyclonic circulation is
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significantly weaker than in the developing cases (Table S4). The OW surrounding values shows a
development of a more pronounced shear sheath (higher negative OW values) in DV cases on Day 0 at
both lower levels and midlevels (Table S5). The stronger the circulation, the stronger the OW core, and
the stronger the shear sheath develops in DV cases.

Figure 2. Differences in spatial composites of developing and nondeveloping cases (DV minus ND) within the 24 ° × 24° box region region around the circulation
center over the North Atlantic basin, (a) 850 and 500 hPa RH, (b) Ushear, (c) DIV, and (d) MPI. The stippling indicates the 95% significance level differences.
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Figure 3. OW overlaid by streamlines computed in a comoving frame for DV and ND cases at 850 and 700 hPa over the North Atlantic basin. The x and y axes
indicate the distance from the center in degrees, the red and magenta contours indicate 80% and 70% RH, respectively, and stippling indicates the 95% significance
level differences between DV and ND cases.
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Figure 4. The same as Figure 3 at 500 and 200 hPa; the black contour indicates the 50% RH.
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Figure 5. (a–h) Boxplots of averaged Ushear for DV and ND cases within a 12° × 12° box region. The horizontal line of
the box indicates median of the distribution, the left and right box edges show 75th and 25th percentiles, the
whiskers indicate maximum and minimum values, and the red crosses indicate outliers. The statistical significance of
Ushear is given in Figure 6.
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As the depression develops, a stronger shear sheath layer forms in the north, east, and west sides of the storm
center enclosing the core region in the developing cases. This layer offers higher resistance for the surround-
ing dry air or opposite signed vorticity to penetrate toward the center. In contrast, nondeveloping cases have
a weaker shear sheath layer enclosing a smaller area around the vortex center at 700‐ and 500‐hPa levels
(Figures 3 and 4), with a weaker layer on the west side of the storm. The nondeveloping cases in Figure 4
show an intrusion of dry air at the 500‐hPa level (as indicated by the 50% RH values in black contour) into
the vortex core region on Day 0 from the northwest side of the depressionmay be due to weaker shear sheath
layer. Also, Figure 5a shows that there is an increased mean westerly shear in the ND cases as the circulation
approaches Day 0. Shu et al. (2014) noted that westerly shear is detrimental to the development of a TC as it
draws in cold, dry air from the poleward side of the storm. Brammer and Thorncroft (2015) noted that moist-
ure in the north and northwest side is an important factor for developing storms from AEWs. Therefore, a
less protective vortex having a weaker shear sheath layer particularly in the northwest side of the center,
westerly shear, and lower atmospheric moisture content leads to the nondevelopment of initial TDs in the
NA basin.

A similar spatial composite analysis is performed in other NH basins (ENP, WNP, andWNP_P), as shown in
Figures S3–S5. We separate the WNP basin into equatorward WNP (0–15°N) and poleward WNP_P
(15–30°N) regions due to different TD failure rates (Tory et al., 2018). These basins also show that ND cases
have weaker shear sheath layers leading to dry air intrusion due to weak mean easterly shear (except in
WNP) shown in Figures 5b–5d, thereby disrupts the deep convection suppressing the development of initial
depression. Also, the box‐averaged values of OW center and OW surrounding variables show that DV cases
have higher positive‐centered core region with a stronger negative surrounding shear sheath (Tables S4 and
S5). In the NI basin (Figure S6), the nondeveloping cases have disorganized circular structure of the centered
positive OW core region at middle levels of the troposphere with significantly lower magnitude on Day 0
(Table S4). Also, the ND cases across the NI basin have a weaker shear sheath layer at midlevels
(500 hPa) on Day 0 but do not indicate the midlevel dry air intrusion into the center due to favorable mean
easterly shear (Figure 5e). Therefore, a lack of organized structure of centered circulation in the ND cases
leads to the nondevelopment of the circulation across the NI basin.
3.2.2. SH Basins
The spatial composites of the atmospheric variables in the SH indicate a larger spatial extent with a higher
magnitude of these variables in DV cases compared to the ND cases (not shown). Figures S7–S9 show the
OW composites overlaid with the streamlines over the SI, SP, and AUS basins, respectively. These basins also
depict similar structural features as observed in the NH basins with a stronger cyclonic circulation at low
levels and anticyclonic at upper levels. The DV cases have significantly higher OW center values and a stron-
ger shear sheath with stronger negative OW surrounding values from the low (850 hPa) to midtroposphere
(500 hPa) (Tables S4 and S5). The ND cases have weaker mean easterly shear or increased westerly shear
(Figures 5g and 5h) in SP and AUS basins compared to the DV cases. In contrast, the SI basin has similar
mean shear for both DV and ND cases (Figure 5f). Across these ocean basins, the nondeveloping cases have
a weaker shear sheath layer on the west side of the depression indicating midlevel dry air intrusion (with
55–60% RH values) to the center of the depression impeding the development of TD. Therefore, a less pro-
tected vortex having a weaker shear sheath layer with unfavorable shear disrupts the intensification of the
initial circulation to a TS.

3.3. Quantification of Differences From Statistical Distributions Using the BDI

We computed the statistical distributions of the environmental variables averaged within a 12° × 12° box
region on Day 2, Day 1, and Day 0 to reveal the variables that show significant differences between the
DV and ND cases (Figures S10–S13). Although statistical distributions identify the variables showing signif-
icant differences between DV and ND cases, they do not give the order of the important variables. The BDI
index, which uses the mean and standard deviation of the samples, describes the relative importance of vari-
ables in distinguishing DV from ND and is calculated for each large‐scale variable on Day 2, Day 1, and Day
0. In particular, this index identifies which quantities/processes are most detrimental to TS formation. Here,
we use both Day 2 and Day 0 BDI values to rank the order of prominent variables (Table 1), including their
statistically significance, that hinder/favor the intensification of an initial circulation. The BDI values of
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700‐hPa RH correlate with TCW, and BDI values of Omega correlate
with DIV across all the ocean basins; therefore, we include only TCW
and Omega in the BDI discussion.
3.3.1. NH Basins
Across the NA basin, Figure 6a shows that as the DV circulation
approaches Day 0, we observe increased updrafts (Omega) and
low‐level vorticity (RVor) suggesting a developing circulation due to
availability of sufficient tropospheric moisture (TCW) from Day 2.
This higher moisture favors sustained convection by increasing the
efficiency of upward mass flux and thereby increases the strength of
the circulation. Also, as the circulation approaches Day 0, we observe
that DV cases have favorable mean shear compared to the ND cases
that have mean westerly shear (Figure 5a). The lower values of moist-
ure and unfavorable shear lead to disruption of deep convection that
suppresses the development in ND cases. Also, the BDI values show
that DV cases have higher thermodynamical instability measured in

terms ofMPI. This analysis shows that tropospheric moisture is an important limiting factor across this basin
for an initial circulation to develop into a TS. A few studies noted that the Saharan Air Layer acts as a mod-
ulating influence for the TC activity across this basin, as it suppresses the convection, entrains dry air to the
center of the circulation, and increases vertical wind shear leading to nondevelopment of the circulation
(Dunion & Velden, 2004). Other studies noted that preexistence of a dry troposphere or the advection of
the dry air by the AEWs, large‐scale subsidence, TC‐TC interactions or TC interaction with environment cre-
ates a dry atmosphere and higher vertical wind shear that disrupts storm formation (Brammer &
Thorncroft, 2015; Braun, 2010; Fowler & Galarneau, 2017; Hopsch et al., 2010). Therefore, the availability
of sufficient tropospheric moisture around the disturbance with favorable shear supports the development
of the incipient circulation.

From the BDI values across the ENP basin (Figure 6b), as the circulation progresses from Day 2 to Day 0, DV
cases have increased TCW at the center and surrounding areas of the circulation along with favorable mean
easterly shear (Ushear) compared to the ND cases (Figure 5b). The lower BDI values of RVor indicate that
bothDV andND cases have similar low‐level vorticity. Therefore, the lack of sufficient troposphericmoisture
and unfavorable shear suppresses the development of an ND case across the ENP basin. The limiting vari-
ables for TS formation identified from this analysis also agree with other studies at different timescales.
For instance, at interannual timescales across the ENP basin, Zhao and Raga (2015) noted that midlevel
RH acts as a significant contributor to TS formation in inactive years (i.e., years observed with low TC activ-
ity) and vertical wind shear is the most important parameter in the active years (high TC activity).

The WNP basin is the most active basin for TC formation across the global ocean basins due to favorable
regional environmental conditions. There is a strong monsoon circulation that provides sufficient
low‐level convergence and higher sea surface temperatures due to the warm pool region favor TC formation.
Nevertheless, there exist environmental differences between DV and ND cases due to the prevalence of dif-
ferent synoptic‐scale disturbances across the basin (Fu et al., 2012; Li, 2006; Li & Fu, 2006). The higher BDI
values from Figures 6c and 6d show that DV cases have stronger vorticity (RVor) and increased updrafts
(Omega) compared to the ND cases. These higher values of vorticity in DV cases from Day 2 indicate that
the initial circulation originated in a strongly convective region, which favors further intensification by deep
convection. Also, the thermodynamic favorability measured in terms of MPI and TCW is higher for DV cases
compared to the ND cases across the entire basin. In addition, across theWNP_P basin, DV cases have favor-
ablemean easterly shear (Ushear) compared to theND cases (Figure 5d). The initial circulation originating in
a weakly convective region with a less thermodynamically unstable environment leads to the nondevelop-
ment across the basin. Therefore, the dynamical condition ismore important for the development of an initial
circulation across the WNP basin (Fu et al., 2012; Lee, 1989a, 1989b; McBride & Zehr, 1981).

Across the NI Ocean, from the BDI values of Figure 6e, we observe that DV cases have stronger updrafts
(Omega) on Day 0 compared to the ND cases. A study by Tsuboi and Takemi (2014) noted that Omega acts
as a major contributor the changes in the TC frequency during the active phase of the Madden‐Julian

Table 1
The Order of Importance of Variables in Each Ocean Basin Based on the
Statistically Significant Values at the 95% Significance Level of the BDI Index
at Day 2 and Day 0 (the Day of TD Declaration)

BASIN Order of variables (Day 2) Order of variables (Day 0)

NA‐
MDR

TCW, MPI, Omega, RVor RVor, TCW, Ushear, Omega

ENP TCW, Ushear, RVor, Omega TCW, Ushear, Omega, Beta*
WNP RVor, Omega, MPI, TCW RVor, Omega, MPI,TCW
WNP‐P RVor, TCW, Ushear, MPI RVor, TCW, Omega, MPI
NI — Omega
SI TCW, Omega TCW, Omega, RVor, MPI
SP Ushear, MPI, TCW, RVor,

Beta*
Ushear, MPI, TCW, RVor,

Omega
AUS RVor, TCW, Ushear RVor, TCW, Ushear, Omega,

MPI
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Figure 6. (a–h) Basinwide BDI index of environmental variables for PDV48 and PND48 cases on Day 2, Day 1, and Day
0. Positive values of the BDI index for TCW, MPI, RVor, and Omega indicate more favorable conditions for development,
while negative values of Ushear, Beta* are more favorable (* indicates the 95% significance level). For parameterwise
comparison of the BDI values refer to Figure S14.
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Oscillation across this basin. The NI Ocean is a unique basin compared to other basins as it does not observe
significant differences for most of the large‐scale variables perhaps due to poor performance of TC frequency
characteristics using the OWZP scheme (Tory, Chand, Dare, & McBride, 2013).
3.3.2. SH Basins
The BDI analysis over the SH basins shows some similarities with the NH basins in the significant limiting
variables with a difference in the order of the variables (Table 1). Figure 6f shows that the DV cases in the SI
Ocean have higher TCW, Omega, and RVor compared to the ND cases. Over the SP basin, the BDI values in
Figure 6g show that DV cases have favorable thermodynamic conditions and mean easterly shear compared
to the ND cases (Figure 5g). Therefore both thermodynamical (MPI and TCW) and dynamical (Ushear) con-
ditions act as the significant influencing variables for the development of a TD across the SP basin. From the
BDI values across the AUS basin (Figure 6h), we observe that DV cases have higher RVor and TCW com-
pared to the ND cases. Also, the DV cases have favorable mean easterly shear compared to ND cases
(Figure 5h). Earlier studies at different time scales show that sea surface temperatures, vertical wind shear,
RH, and RVor are significant influencing variables across SH basins (Camargo et al., 2007; Chand &
Walsh, 2011; Dowdy et al., 2012; Kuleshov et al., 2009; Liu & Chan, 2012; Ramsay et al., 2008).

In addition to the above large‐scale variables, we estimate the BDI index of the Beta*, OW center, and OW
surrounding variables across these ocean basins. The Beta* variable, which shows the barotropic instability
regions, is found to differentiate the DV and ND cases across the ENP and SP basins. Also, from the BDI
index values of the OW center variable (Figure 7), we observe that developing cases have higher magnitudes
of OW center across all the ocean basins, indicating strong low‐deformation vorticity regions. Also, the BDI
values of the OW surrounding variable (Figure 7) show that DV cases have stronger negative values com-
pared to the ND cases in most of the ocean basins, indicating a stronger shear sheath that protects the vortex
from external negative influences. Therefore, in addition to the above large‐scale variables, the Beta*,

Figure 7. (a–d) Basinwide BDI index of OW center and OW surrounding for DV and ND cases at 850‐ and 500‐hPa levels
on Day 2, Day 1, and Day 0. Positive values of OW center variable and negative values of OW surrounding variable are
more favorable for TS formation (* indicates a 95% significance level).
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OW center, and OW surrounding parameters can be used as predictors across the ocean basins to discrimi-
nate the DV and ND cases.

4. Discussion

The circulation‐centered spatial composites of the RH, DIV, and MPI variables evolving from Day 2 to Day 0
show that developing cases have more considerable spatial extent surrounding the vortex core of a region of
the higher magnitude of these variables (Figure 2). In contrast, the nondeveloping cases have less spatial
extent and lower values of the environmental conditions from Day 2. The Ushear spatial composites show
that nondeveloping cases have either strong mean westerly shear or weak easterly shear unfavorable for
TS formation. The composites of the streamlines overlaid with shaded OW parameter and RH contours help
us to identify the structural variations between DV and ND cases (Figures 3 and 4). These composites show
that nondeveloping cases have lower values of centered OW along with a weaker band of negative OW
values (the shear sheath) surrounding the core region from lower levels to midlevels compared to the DV
cases across most of the basins (Tables S4 and S5). In contrast, developing cases have stronger OW core
regions and a stronger surrounding shear sheath layer from lower levels to midlevels. Also, DV cases have
mean easterly wind shear, which draws the warm moist air from the equatorward side of the storm (Shu
et al., 2014). In ND cases, the increased westerly shear or weak easterly shear, as well as a weaker shear
sheath in the west or northwest side of the vortex center on Day 0, may lead to horizontal entrainment of
surrounding drier air at midtroposphere (500 hPa) in some of the basins. Drawing the cold, dry air from
the side with a weaker shear sheath layer may disrupt the storm formation in ND cases by reducing the over-
all moisture content and affecting the sustained convection. In contrast to the above results, across the NI
basin, both DV and ND cases have easterly shear and weaker shear sheath region. However, an unorganized
structure of the OW‐centered values leads to the nondevelopment of the initial circulation in this basin.
Therefore, a more compact vertical structure from lower levels to midlevels with a stronger centered vortex
along with a stronger shear sheath layer protects the incipient circulation.

The BDI index illustrates the relative importance of the thermodynamical and dynamical conditions on the
development of TS from an initial circulation. The BDI magnitude (Figures 6 and S14) from Day 2 to Day 0
shows that environmental differences between DV and ND gradually increase from Day 2 to Day 0. These
differences indicate that either DV cases are in favorable environmental conditions or there is the increased
influence of destructive forces in ND cases. Table 1, which shows the order of important variables, notes
slight differences in the order of these influencing variables on Day 2 and Day 0, with similar environmental
variables appearing to be prominent on both days but with a larger magnitude on Day 0. Figure 6 gives an
overview of the role of environmental variables on the development of an initial circulation from the BDI
values. It shows some agreement between the global ocean basins. For instance, TCW, RVor, and Omega
variables show significant differences between DV and ND cases with a higher magnitude of BDI index in
almost all the ocean basins. In contrast, MPI, Ushear, and Beta* show differences and seem to play a role
in fewer ocean basins.

Although the current analysis does not illustrate the precise convective processes leading to the development
of a TS, Figure 6 shows that the DV cases have higher moisture over different ocean basins indicated by posi-
tive BDI values of TCW. The higher tropospheric moisture favors sustained deep convection that leads to a
strong low‐level to midlevel vorticity concentration due to increased convective heating (Z. Wang, 2014; Z.
Wang et al., 2012). In contrast, the ND cases that have a drier troposphere lead to weaker deep convection
due to weaker updrafts and downdrafts (James &Markowski, 2009; Kilroy & Smith, 2013). Some earlier stu-
dies noted that the thermodynamical variable MPI is a vital predictor to determine the TS formation using
statistically derived genesis potential indices (Bruyère et al., 2012; Emanuel & Nolan, 2004). This MPI acts
as one of the significant influencing factors across the WNP, WNP_P, NA, SP, and AUS basins indicating
favorable thermodynamic instability in developing cases.

In the examination of the dynamical variables, Figure 6 shows that the ND cases have lower values of RVor
and Omega across all the ocean basins except over the ENP and the NI (Figure 6). The higher magnitudes of
RVor and Omega indicate sustained convection and abundant low‐level convergence, favorable for TS for-
mation (Montgomery & Smith, 2010; Tory & Frank, 2010). Also, ND cases have weaker mean easterly shear
or increased westerly shear across the ocean basins except in the WNP (0–15°N), NI, and the SI basins
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(Figure 5), indicating that weak mean easterly shear or increased westerly shear may be detrimental to TS
formation. Ritchie and Frank (2007) showed that easterly shear could offset the northwesterly shear induced
by the vortex due to the beta effect as the possible reason for westerly shear being detrimental to develop-
ment. In contrast to the above differences, there are no significant environmental differences between DV
and ND cases across the NI basin except for Omega. The BDI analysis shows some similarities between
the ocean basins with similar prominent variables. However, the order of these variables varies from basin
to basin, perhaps due to distinct large‐scale disturbances, different modulating influences, and differences in
the background environmental conditions. Also, DV cases have higher positive BDI values of OW center
variable and higher negative BDI values of OW surrounding variable favorable for TS formation in most
of the basins (Figure 7). Therefore, observing the OW values at the center and surrounding the circulation
center from low troposphere to midtroposphere in numerical weather prediction models or including the
OW center and OW surrounding variables in statistical models may improve the forecast accuracy of the
TS formation from a depression stage vortex.

5. Conclusion

The differences in the large‐scale disturbances and the mean flow conditions across the global ocean basins
may lead to differences in the relative contribution of large‐scale variables to TS formation. Therefore, in this
study, we perform a basinwide statistical analysis on the environmental differences between developing and
nondeveloping depressions by following the depression two days before its declaration in a Lagrangian man-
ner. We use a previously developed TC detection technique to detect both developing and nondeveloping
tropical circulations in the ERA‐Interim reanalysis. The spatial composites of atmospheric variables and
streamlines from Day 2 to Day 0 help us to monitor the evolving flow features around the depression in each
ocean basin. We employ a statistical BDI index to quantitatively identify the order of important atmospheric
variables that distinguish the developing and nondeveloping depressions across each ocean basin. We find
the following main conclusions:

1. The spatial composites of the environmental variables show that DV cases have more favorable condi-
tions at the center and surrounding compared to the nondeveloping cases from 2 days before TD declara-
tion (Figure 2).

2. The DV cases have a protective vortex with a strong positive OW core region and the development of a
surrounding region of stronger negative OW, the “shear sheath,” from the low troposphere to midtropo-
sphere as it approaches TD declaration stage (Day 0). In contrast, nondeveloping cases have less protec-
tive vortex with a weaker shear sheath in the northwest/west side of the depression, leading to the
intrusion of cold, dry air to the center of the circulation at midlevels (500 hPa) on Day 0 (Figures 3 and 4).

3. The ND cases have either mean westerly shear or weaker mean easterly shear in some ocean basins
(Figure 5), which leads to dry air intrusion disrupting the intensification of the vortex.

4. Based on the BDI values on Day 2 and Day 0 (Table 1), TCW and RVor act as significant limiting factors
for TS formation over the NA; RVOR over the WNP basins; TCW, and Ushear over the ENP basin; and
Omega over the NI basin. In SH, TCW, and Omega act as main limiting factors for TS formation over the
SI; Ushear, and MPI over the SP; and RVor and TCW over the AUS basin. This BDI analysis shows that
TCW and RVor are important in most of the ocean basins and Ushear, which shows that the large‐scale
influence is prominent in a few ocean basins (Figure 6).

5. The BDI values of the OW center and OW surrounding variables show that DV cases have stronger core
and stronger shear sheath from Day 2 compared to the ND cases in most of the ocean basins (Figure 7).

This study provides a set of large‐scale environmental conditions that act as limiting factors for the
development of an initial TD to TS across each ocean basin. We observe similar structural differences
between developing and nondeveloping TDs across most of the ocean basins. In contrast, there are varying
contributions of environmental variables that may be due to the distinct large‐scale disturbances and their
interactions with the basin's mean flow conditions. This study identifies additional predictors for the TS for-
mation forecast in addition to earlier large‐scale variables. Therefore, the inclusion of both OW center and
OW surrounding variables in building statistical forecast models of TS formation from the initial depres-
sions along with other atmospheric variables such as TCW, MPI, RVor, Omega, Ushear may improve TS
forecasts at the synoptic scale. Future work focuses on the application of this methodology to forecast
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analysis fields to observe whether similar large‐scale variables act as impediments for the TS formation
from an initial circulation and establish a statistical TS formation forecast model. Also, more detailed ana-
lysis will be necessary to understand the variations in the order of important variables across the global
ocean basins, which improves our understanding of the relationship between large‐scale environmental
variables and TS formation.
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