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ABSTRACT

In a sharp contrast to tropical cyclone (TC) genesis over the main development region of the western North Pacific
(WNP), near-equatorial (0°-5°N) TCs exhibit a distinctive annual cycle, peaking in boreal winter and being inactive
in boreal summer. The relative roles of dynamic and thermodynamic background states on near-equatorial TCs form-
ation were investigated based on the observational diagnosis of the genesis potential index (GPI) and high-resolution
model simulations. It is found that the background vorticity makes a major contribution to the distinctive annual
cycle, while mean temperature and specific humidity fields are not critical. Numerical simulations further indicate
that seasonal mean cyclonic vorticity in boreal winter has three effects on TC genesis near the equator. First, the en-
vironmental cyclonic vorticity interacts with TC vortex to promote a mid-level outflow, which strengthens boundary
layer friction induced ascending motion and thus condensational heating. Second, it produces an equivalent Coriolis
effect (via enhanced absolute vorticity), which strengthens positive feedback between primary and secondary circula-
tion. Third, it helps to merge small-scale vortical hot towers (VHTSs) into a mesoscale core through vorticity segrega-
tion process. However, background vorticity in boreal summer has an opposite effect on TC development near the
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equator.
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1. Introduction

Gray (1968) indicated that tropical cyclone (TC) gen-
esis requires six necessary thermal and dynamic condi-
tions, one of which is the Coriolis force. Many sub-
sequent studies confirmed the importance of the planet-
ary vorticity in TC formation as it is essential in connect-
ing rotational and convergent flow (Anthes, 1982; Li et
al., 2012). Therefore, it seemed logical to assume that TC
genesis must occur a few latitude degrees away from the
equator so that a region within 500 km north and south of
the earth’s equator should be TC-free. However, the cur-

rent International Best Track for Climate Stewardship
(IBTrACS) dataset (Knapp et al., 2010) reveals that dur-
ing 1979-2018, 9 tropical storms (TSs) formed between
3°N and 3°S. In the western North Pacific (WNP) region,
76 TCs formed within 5°N during the same period.
Previous studies investigated some noteworthy near-
equatorial typhoons (Fortner, 1958; Holliday and
Thompson, 1986; McBride, 1995; Chang and Wong,
2008; Liu et al., 2010; Koseki et al., 2014). For instance,
Fortner (1958) was the first to summarize the character-
istics of near-equatorial Typhoon Sarah (1956) using the
data from aerial weather reconnaissance. Holliday and
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Thompson (1986) noticed that the noteworthy near-
equatorial Typhoon Kate (1970) was small enough to be
in the micro-typhoon category. Its wind field was com-
pact but intense, with maximum sustained winds of at
least 54 m s™'. Typhoon Vamei (2001) formed at 1.5°N
on 26 December 2001 over the South China Sea and
maintained its typhoon strength for 12 h (Chang et al.,
2003; Chambers and Li, 2007; Juneng et al., 2007).

The WNP is the most active TC basin, because of the
warmest sea surface temperature (SST) and favorable
large-scale moisture and circulation conditions (Li, 2012;
Li and Hsu, 2018). The analysis of annual cycle of nearly
40 yr near-equatorial typhoons and tropical storms (TSs)
over the WNP showed that the most active (inactive) sea-
son is in boreal winter and early spring (boreal summer;
Yi and Zhang, 2010; Li et al., 2019), which is in a great
contrast to the seasonal variation of typhoons in the main
development region of the WNP (i.e., monsoon trough)
off the equator.

Given a weak Coriolis parameter near the equator,
how could rotational flow interact with divergent flow?
Previous studies suggested that the background relative
vorticity may provide a favorable environment condition
for near-equatorial TCs. For instance, Chang et al. (2003)
pointed out that a strong and persistent cold surge in
December 2001 provided a source for background cyc-
lonic vorticity and was crucial for the genesis of
Typhoon Vamei. Chambers and Li (2007) demonstrated
that based on their numerical model experiments, the
merging of small-scale vortices associated with vorticity
segregation under a background cyclonic flow was critical
for Vamei’s development. Thus, the background mean
vorticity may play a critical role in the formation of near-
equatorial TCs.

So far, few studies focus on the seasonal variations of
near-equatorial TC genesis and its dependence on large-
scale background state. The goal of the current study is to
understand the cause of the distinctive annual cycle of
near-equatorial TCs and how the seasonal background
mean states, in particular dynamic and thermodynamic
mean fields, modulate the near-equatorial TC genesis.
We will take a combined observational analysis and
idealized numerical modeling approach. Dynamically, it
is interesting to examine how near-equatorial TCs form
under a weak planetary vorticity environment, as in this
scenario, atmospheric rotational flow is weakly coupled
with the divergent component of the wind.

The remaining of the paper is organized as follows.
Section 2 presents a description of model configuration
and experimental design. In Section 3, the relative roles
of dynamic and thermodynamic seasonal mean fields in
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affecting near-equatorial TC development are investig-
ated through both the observational analysis and sensitiv-
ity model experiments. Section 4 further reveals the crit-
ical processes that lead to the genesis and intensification
of near-equatorial TCs. The conclusions and discussion
are given in the last section.

2. Data and methods

2.1 Data

The WNP best-track data from the Joint Typhoon
Warning Center (JTWC) were used to determine near-
equatorial TC genesis cases and location. It is noted that
all TCs studied here have a maximum intensity exceed-
ing the TS strength (17.2 m s '). Thus, what we ex-
amined here is these tropical depressions that occurred
initially in the near equatorial zone (< 5°N) but eventu-
ally developed into a TC.

The climatological mean states for each season are de-
rived based on the NCEP Reanalysis 2 data (Kalnay et
al., 1996) from 1979 to 2018, which has a horizontal res-
olution of 2.5° x 2.5° with 17 vertical pressure levels.
The meteorological fields from the NCEP2 dataset in-
cluding wind, temperature, geopotential height, relative
humidity, surface pressure, and sea level pressure fields
are used as initial and lateral boundary conditions in nu-
merical model experiments.

2.2 Model configuration

A high-resolution mesoscale model, the Advanced Re-
search Weather Research and Forecasting (WRF-ARW)
version 3.7 (Hsiao et al., 2012), is used. The model is on
the beta plane. The model is configured with two do-
mains, a coarse mesh size of 610 x 510 and a finer mesh
size of 300 x 300 with horizontal grid sizes of 9 and 3
km, respectively. The model consists of 27 vertical lay-
ers. The Kain—Fritch convective scheme is applied to the
outer meshes (Kain and Fritsch, 1993), and an explicit
microphysics scheme (Lin et al., 1983) is used in all
meshes. The planetary boundary layer (PBL) turbulent
closure scheme is adopted from the Yonsei University
scheme (Hong et al., 2006) with an explicit entrainment
layer and a parabolic K profile in unstable mixed layer. A
fixed lateral boundary condition is used for the outer do-
main and the inner nested domains move automatically
following the model vortex (Davis et al., 2008).

A weak axisymmetric vortex with a gradient wind bal-
ance is specified initially. The maximum tangential wind
of the initial vortex is 15 m s ™' at the radius of 120 km at
the surface. The initial vortex is placed in the center of
the main analysis region.
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2.3 Experimental design

Two control experiments were designed, one for the
active season and the other for the inactive season, iden-
tified as W_CTL and S_CTL, respectively (Table 1). The
experiment prefix of “W” or “S” denotes that the experi-
ments are in the active season or the inactive season, re-
spectively. The 40-yr averaged mean states of the two
seasons including surface pressure, wind, geopotential
height, temperature, SST, and specific humidity fields
are used as initial and lateral boundary conditions. TC
genesis could be triggered by various types of tropical
perturbations including the Pacific easterly waves (Fu et
al., 2007). It was pointed out that the energy accumula-
tion of the easterly waves near the easterly and westerly
confluence zone is a possible mechanism of TC forma-
tion (Kuo et al., 2001; Tam and Li, 2006). The energy
source of the Pacific easterly waves is originated from
midlatitude Pacific jet (Tam and Li, 2006). Another pos-
sible mechanism is the development of a precursory dis-
turbance from an equatorial mixed Rossby-gravity wave
(Dickinson and Molinari, 2002). In this study, however,
we did not examine the precursory disturbances, but fo-
cus on the background mean state difference. The initial
vortex in all experiments has the same structure and in-
tensity.

Sensitivity experiments are designed to understand the
relative roles of dynamic and thermodynamic environ-
mental parameters on the near-equatorial TC genesis.
Two sets of experiments are designed to examine the
contributions of area-averaged vertical profiles of tem-
perature (representing atmospheric static stability) and
moisture. In the first set of experiments, we switch the
temperature profiles between the active and inactive sea-
sons. For example, the temperature profile in W_CTL
was used in S_CTL, while other variables remain the
same. This set of experiments is identified as
W/S change T. Actually, in the sensitivity experiments
when we change the area-averaged temperature vertical
profile, the SST is also changed, as the air temperature

Table 1. List of the control and sensitivity experiments
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near the surface is directly related to the underlying SST.
The second set of experiments is to switch the specific
humidity profile between the two seasons while keeping
the other variables unchanged. This set of experiments is
denoted as W/S_change SH. It is worth mentioning that
in all the sensitivity experiments, we only change the do-
main averaged vertical profiles of temperature or mois-
ture so that the horizontally varying components are still
in balance with the wind field. To examine the relative
roles of atmospheric static stability and circulation fields,
the temperature filed is separated into a domain aver-
aged component and a perturbation component relative to
the domain mean. The former is independent of the wind
and is in the hydrostatic balance, whereas the latter is as-
sociated with the atmospheric wind field according to a
thermal-wind relationship. Because the domain averaged
temperature vertical profile is not related to the wind
field, one may switch the vertical profiles of temperature
from the active season to the inactive season. Similarly,
we also separate the specific humidity field into the two
components. Whereas the domain averaged moisture ver-
tical profile may appear in a resting environment, the ho-
rizontal distribution of the moisture perturbation is often
associated with the atmospheric motion through diabatic
heating.

In summary, W_change T (SH) and S change T
(SH) have the same climate mean states as W_CTL and
S _CTL except that the area-averaged temperature (spe-
cific humidity) profile in the opposite season is used.
Two parallel runs were further conducted, one with an
initial vortex and the other without an initial TC-like vor-
tex. The difference between the two parallel runs would
represent the “pure” vortex evolution as the specified ini-
tial background mean state evolves also with time as the
model integrates forward. The control and sensitivity ex-
periments are listed in Table 1.

24 TCGPI
Emanuel and Nolan (2004) developed a genesis poten-

Group Wind Specific humidity Temperature

W_CTL Climatological mean wind in Climatological mean specific humidity in Climatological mean temperature in DIFMAM
DJFMAM DJFMAM

S_CTL Climatological mean wind in AS Climatological mean specific humidity in AS Climatological mean temperature in AS

W change T  Climatological mean wind in Climatological mean specific humidity in Area-averaged vertical temperature profile in
DJFMAM DIJFMAM AS

S change T Climatological mean wind in AS Climatological mean specific humidity in AS Area-averaged vertical temperature profile in

DJFMAM

W _change SH Climatological mean wind in Area-averaged vertical specific humidity in ~ Climatological mean temperature in DJFMAM
DJFMAM AS

S_change SH Climatological mean wind in AS Area-averaged vertical specific humidity in ~ Climatological mean temperature in AS

DIFMAM

Note: DJFMAM represents December—May (active season); AS represents August—September (inactive season).
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tial index (GPI), which consists of four parameters, i.e.,
absolute vorticity, relative humidity, potential intensity,
and vertical shear. In this study, we will use the GPI to
measure how the environmental factors influence near-
equatorial TC genesis. Following Li et al. (2013), the
GPI may be written as

GPI=T1XxT2xT3xT4, (1)

3/2

where T1=|10%9|"", T2 = (1+0.1Vihear) %, T3 = (H/50)’,
and T4 = (Vp/70)%; n represents absolute vorticity at 850
hPa, Vipear represents the magnitude of vertical wind
shear between 200 and 850 hPa, H is relative humidity at
600 hPa, and Vp represents the maximum potential in-
tensity (MPI) defined by Emanuel (2000).

The derivative of the GPI formula was applied to
quantitatively assess the relative contributions of the four
environmental parameters to the GPI change. The change
of GPI formula is written as follows:

OGPl = 6T1XT2XT3XTA4+0T2XT1xT3xT4

T T 2
+OT3XTIXT2XT4+6T4XT1XT2xT3, @

where character “ 6 represents a difference between the
two analysis periods (active minus inactive season), and
a bar denotes the climatological mean within the period.
Through Eq. (2), one may investigate the relative contri-
bution of individual terms to total GPI change.

3. Relative contributions of dynamic and
thermodynamic fields

Figure 1 shows a sharp contrast between near-equat-
orial and off-equatorial TCs in the WNP. The TC genesis
number is counted based on the initial position (first
warning) of a TC in the best track data. Over the main
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TC development region in the WNP, maximum fre-
quency occurs in boreal summer while minimum fre-
quency occurs in boreal winter. TC genesis in the near-
equatorial region is just opposite, with an active season
in December—-May (DJFMAM) and an inactive season
from August to September (AS).

The climatological mean states for DIFMAM and AS
are constructed by using the NCEP2 reanalysis data for
the period of 1979-2018. Figure 2 shows the back-
ground vorticity, relative humidity, and wind fields at
850 hPa in the two seasons. The black dots denote the
TC initial location. Cyclonic vorticity appears in the
near-equatorial region in the active season, while anticyc-
lonic vorticity appears in the inactive season.

Figure 3 illustrates the vertical profiles of area-aver-
aged (black box in Fig. 2) relative vorticity and the dif-
ferences of total wind speed, specific humidity, and tem-
perature between the active and inactive seasons. Note
that cyclonic vorticity appears throughout the tropo-
sphere during the active season, whereas anticyclonic
vorticity dominates in the inactive season, with a maximum
near 850 hPa (Fig. 3a). Figure 3b shows that the total
wind speed is greater (smaller) near the surface (at 200
hPa) in the active season than in the inactive season. As a
result, the vertical wind shear is smaller during the act-
ive season, which is more favorable for near-equatorial
TC genesis. A warmer temperature in lower and middle
troposphere and a cooler temperature in upper tropo-
sphere near the tropopause imply a more unstable strati-
fication during the active season (Fig. 3d). The differ-
ence of specific humidity between the two seasons shows
that a favorable moisture condition happens in the active
season. A positive difference appears in lower tropo-
sphere, with a maximum magnitude (0.42 g kg!) at 925

oS —
T T

TC genesis number

S = N W kA N0 0 O
T

Month

Fig. 1. Monthly evolutions of the total number mean (left y-axis; denoted by grey bars) and the 3-month running mean (left y-axis; denoted by
the black solid line) of near-equatorial (< 5°N) TCs over the WNP, and the climatological monthly mean genesis number (right y-axis; denoted
by the black dashed line) of TC over the main development region (5°-25°N, 120°-170°E) of the WNP during 1979-2018.
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Fig. 2. The climatological background relative vorticity (shading;

107° s71), relative humidity (contours; %), and wind fields (vectors; m
s71) at 850 hPa for the (a) active (DJFMAM) and (b) inactive (AS) sea-
sons during 1979-2018. The black dots indicate the locations of near-
equatorial (< 5°N) TCs during the same period.

hPa (Fig. 3c).

The vertical profile analysis above indicates that both
the dynamic and thermodynamic states during the active
season favor more TC formation frequency in the near-
equatorial region. To understand their relative roles, we
rely on the GPI analysis. Figure 4 shows the spatial dis-
tributions of GPI during the two periods and their differ-
ence (DJFMAM minus AS) field. In the active season,
the GPI reaches its maximum over the near equatorial re-
gion (Fig. 4a). However, the maximum GPI center shifts
greatly northward, with a maximum center around 18°N
in August and September (Fig. 4b). The GPI difference
map (Fig. 4c) shows a great contrast between the near-
and off-equatorial region.

Given that the GPI is able to illustrate the TC genesis
contrast between the near-equatorial and off-equatorial
regions and between the active and inactive periods, we
further investigate the relative contribution of each envir-
onmental parameter in the GPI formula, following Li et
al. (2013). Figure 5 shows the diagnosis result for each
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term in Eq. (2). In the near-equatorial region (< 5°N), the
absolute vorticity term is the major dominant term con-
tributing to the seasonal difference of GPI. The vertical
wind shear term also has a positive contribution. The rel-
ative humidity term and the MPI term, on the other hand,
play a minor role in contributing to the seasonal contrast
of the near-equatorial TCs.

The observational diagnosis result above is further
confirmed by sensitivity model experiments. The goal of
the numerical model experiments is to investigate the rel-
ative contributions of background dynamic (such as vor-
ticity) and thermodynamic (such as vertical temperature
and moisture profiles) mean states to near-equatorial TC
genesis. All the sensitivity experiments are listed in
Table 1.

Figure 6 compares the time evolutions of the minimum
sea level pressure and the maximum wind speed for the
following three sets of experiments: W/S CTL,
W/S change T, and W/S_change SH. Note that in the
W/S change experiments, either the mean moisture or
temperature vertical profiles have been changed.
However, regardless of these changes, the initial vortex
develops into a TC in all W-experiments, and fails to de-
velop into a TC in all S-experiments. This implies that as
long as the winter (summer) mean wind field is kept, an
initial near-equatorial vortex will (will not) develop into
a TC, regardless of what mean temperature and moisture
profiles are given. Therefore, results from numerical
model experiments indicate that the contribution of the
background wind is most critical in causing the distinct-
ive annual cycle of near-equatorial TCs. This confirms
the observational diagnosis result.

4. Mechanisms for near-equatorial TC devel-
opment

In this section, we investigate specific processes
through which a TC forms under a low planetary vorti-
city environment. Because the specified mean flow also
involves with time, to examine the “pure” vortex evolu-
tion, we re-run the W_CTL and S CTL experiments
without the initial vortex, and then subtract the original
simulation results with the initial vortex from the new
runs.

A key question addressed here is why the initial vor-
tex could develop into a TC in W_CTL but failed in
S CTL. We first examine the structure differences dur-
ing initial developing stage between the two experiments.
Figure 7 shows the time evolutions of the vertical-radial
cross-section of azimuthal-mean perturbation radial and
tangential winds in the two experiments. While no signi-
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Fig. 3. Vertical profiles (the black box in Fig. 2) of the area-averaged (a) relative vorticity (107 s™") for the active (solid line) and inactive (long-
dashed line) seasons, and the differences of the (b) total wind speed (m s%), (c) specific humidity (1073 kg kg™!), and (d) temperature (K) between
the active and inactive seasons (DJFMAM minus AS) during 1979-2018. The vertical dashed line indicates the zero value of the respective para-

meter.

ficant difference occurs in the tangential wind field dur-
ing hours 4-6 (Figs. 7a—f), the radial wind field does
show a notable difference. A stronger inflow (outflow)
appears in the boundary layer (middle troposphere) in
W_CTL than in S_CTL (Figs. 7g-1). Based on the mass
continuity, such a radial wind difference implies a dis-
tinctive vertical velocity profile between the two experi-
ments.

Figure 8 shows the vertical-radial cross-sections of
perturbation divergence and vertical motion during hours
4-6 in the two experiments. In W_CTL, strong diver-
gence associated with the mid-level outflow appears
throughout the free atmosphere (Figs. 8b—c). Accompan-
ied by the deep-layer divergence is penetrated ascending
motion throughout the troposphere (Figs. 8h—i). The

greater ascending motion transports moisture upward,
leading to a greater condensational heating (figure omit-
ted). It is in a great contrast to S_CTL, in which maximum
divergence associated with the outflow is confined be-
low 2 km (Figs. 8e—f). As a result, a weak ascending cen-
ter appears below 2 km (Fig. 81).

Given that the only difference between the two experi-
ments above is the specified mean state, the difference in
the radial wind profile during the initial development
stage arises from the mean flow interaction with the ini-
tial vortex. Following Cao et al. (2014), we diagnose the
radial wind momentum budget. Decomposing total wind
into the sum of vortex perturbation and background flow
(i.e., u=u'+u, where a prime denotes the perturbation
and an overbar denotes the mean state), one may write a
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Fig. 7. Vertical-radial cross-sections of the azimuthal-mean (a—f) tangential wind (m s™') and (g-1) radial wind (m s™') in the (a—c, g-i) active
and (d—f, j-1) inactive season simulations at (left panels) 4, (middle panels) 5, and (right panels) 6 h.

perturbation radial wind momentum equation as follows. Vv, W are radial, tangential, and vertical wind speeds of
_ _ _ the background flow, respectively; fo denotes the Coriolis
o’ _ou' ,ou ,0u vou Vvom Vv ouw , . . .
=—|o—+v'—+v'—|-|-—+——+—— parameter; u’, v/, w’, and ¢’ are radial, tangential, vertical
ot or or or rodl rod r ol . . .
) winds, and the geopotential of the perturbation, respect-
’ = ’ ’
_ (wal WL, a_“) + ( fov' + V_) ively; and F’ denotes horizontal and vertical diffusion.
op op op r Since we specified the same initially symmetric vortex
/= ’
+ 'y _o0 +F!, (3) With gradient wind balance in the two experiments, the
rooor only tendency difference between the two experiments
where A is a azimuthal angle; » is radius; p is pressure; u, lies in the term (2v'v/r).
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Fig. 8. As in Fig. 7, but for the azimuthal-mean (a—f) divergence (107> s™!) and (g—1) vertical velocity (m s ") fields.

Figure 9 shows the vertical-radial distribution of this
term at hour 4 in W_CTL and S CTL. This term is
mostly positive in middle troposphere in W_CTL as the
mean state is of large-scale cyclonic circulation (Fig. 9a).
It becomes negative in S_CTL because the mean state is
of large-scale anticyclonic circulation (Fig. 9b). An en-
hanced mid-level outflow promotes ascending motion in
the TC core region, which is conducive to the initial vor-
tex development. A mid-level inflow, on the other hand,
induces subsidence in the core region, which prohibits

the development of ascending motion induced by bound-
ary layer friction (Cao et al., 2014).

The right panel of Fig. 9 illustrates the time evolution
of area-averaged (radius from 90 to 360 km and height
from 2 to 4 km) term (2v'v/r) in the two experiments.
The term is always positive in W_CTL during a 60-h in-
tegration period. In the contrast, the term remains negat-
ive during the 60-h period in S CTL.

Therefore, through the numerical model experiments
above we learn that the first role of the background cyc-
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lonic vorticity is the modulation of mid-level radial wind.
The second role is through a strengthened coupling
between divergent and rotational wind components. In
the lack of the mean flow, the relative vorticity equation
in a pressure vertical coordinate under a constant f~plane,
following Deng et al. (2018), may be written as

ol

5 =
where { denotes relative vorticity, D denotes divergence,
and f is the Coriolis parameter. Equation (4) indicates
that a greater Coriolis parameter leads to a greater feed-
back from the divergent flow to the rotational flow (or
from the secondary circulation to the primary
circulation). Given the same low-level convergence, a
greater TC intensification rate can be reached with a lar-
ger Coriolis parameter (Li et al., 2012; Deng et al.,
2018). Near the equator, the Coriolis parameter becomes
small, and as a result the positive feedback between
primary and secondary circulation is weak. However, the
background vorticity may act as an equivalent Coriolis
force to strengthen the positive feedback. In the presence
of the background mean vorticity, the relative vorticity

_fD7 (4)

equation may be written as:

% =—(f+4e)- D,
where (;,, denotes background vorticity. Therefore, the
equivalent Coriolis effect tends to strengthen (weaken)
the positive feedback when background relative vorticity
is positive (negative). For the key TC genesis region
(black box in Fig. 2), average latitude is around 3°N, and
the corresponding planetary vorticity (fo3) is 7.6327x10°¢
s!. The area-mean background relative vorticity in the
region is about 107°s™! in the active season and about
—107 57" in the inactive season (Fig. 2). As a result, the
equivalent Coriolis effect (i.e., sum of relative and plan-
etary vorticity) is more than doubled during DJFMAM.
This is equivalent to an increase of genesis latitude bey-
ond 5°N. As discussed above, the strengthened Coriolis
effect promotes a stronger positive feedback between the
primary and secondary circulation. In a sharp contrast,
the equivalent Coriolis effect becomes inefficient during
the inactive season, prohibiting the positive feedback. As
a result, the vortex fails to develop.

The third role of the background cyclonic vorticity is

)
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that it tends to set up a mesoscale core through the mer-
ging of randomly generated small-scale vortical hot
towers (VHTs; Li, 2012). Such a merging process is
named as vorticity segregation (Schecter and Dubin,
1999). Figure 10 shows the time evolution of 850-hPa
wind and potential vorticity (PV) fields from hours 0 to
36. It is clearly seen from Figs. 10a—d that small-scale
PVs are first generated along the radius of maximum sur-
face wind speed, because of enhanced surface evapora-
tion and convective instability there. The small-scale PVs
gradually merge towards the center of the vortex in
W_CTL. However, such a merging is not clearly seen in
S CTL (Figs. 10e-h), even though initially small-scale
PV development is similar.

The vorticity segregation (or axisymmetrization) is a
key process for upscale cascade from cumulus-scale (-5
km) VHTs to a mesoscale core (with a radius around
50-100 km). Through this process, small-scale cyclonic
(anticyclonic) vorticity anomalies move up (down) the
environmental vorticity gradient (Montgomery et al.,
2006; Tory et al., 2006). To better describe the structure
and evolution characteristics of small-scale vorticity per-
turbations, we apply a spatial filter to the original vorti-
city field to retain only the wavelength smaller than 100
km. Figure 11 illustrates the evolutions of horizontal pat-
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terns of the filtered 850-hPa relative vorticity anomalies.
In W_CTL, after small-scale vorticity anomalies develop
initially along the radius of maximum wind, they move
toward the vortex center. However, in S_CTL, they tend
to move away from the vortex center and dissipate under
a large-scale anticyclone environment. Thus, the pres-
ence of the background cyclonic vorticity during the act-
ive season is critical in organizing small-scale VHTs and
in the establishment of a mesoscale core. Once reaching
this state, TC enters a self-sustained development stage,
which is signified by a rapid drop of minimum sea level
pressure (Li, 2012; Ge et al., 2013).

5. Conclusions and discussion

TCs near the equator (< 5°N) exhibit a distinctive an-
nual cycle with a peak (inactive) season in DJFMAM
(AS). This is opposite to TCs in the main development
region of the WNP. The cause of this distinctive annual
cycle was investigated through both the observational
analysis and idealized numerical model experiments.

The diagnosis of the GPI indicates that this index is
able to capture the distinctive annual cycle of near-equat-
orial TCs. A further separation of individual terms sug-
gests that the major cause of the distinctive seasonal vari-

(a)W_CTL/t=0h (byt=12h (c) t=24h (d)t=36h
300 e E S SIS g e
e s SYBURLAS N2 R E%% F R F i b
ST ohnn PR P R e 2 AR & i e S9354 s ,":,,':f:._":::. P T o S v neas
o e L U ] S T T SIS PP S st 3 NN
o e N LA A LA LT // SAL LTS 2093855 I, A bR 15
SN N N JESL 28 Esly 2 K ol e — .._.—.\._NN-\-H
150 17 g ee— SRR (A AR ] L e ] RN RN S anl OO
1/////// /111.(/,(;/./ e 2 R 111111//// el gapiney //11/1{/.—._._.:\\\\\\
LA e 3 P S iblivapapn 4‘ e ~ 2
/ /,/ /// /./.—«\ \'\'\\\'\'\‘ /‘1'121 | /;'/ SR S “Ill‘t‘l.\‘l,lk{/”"-‘*. ety I ”‘\\‘[ D N
— —_—— A o —
£ 1/111 \'\\ ‘\’\’\ ltlt )‘lI/lIt ,\\,\\\\\\\ AR LTS et SRR e ‘;‘\\\\\\'\.y'/c'/ -\T\\\sxx
2, (U 1111““,_\1 711'( RN .\\\_\\\\\\\\\ ””‘\“’:*"’“"\\\'/\\\\ e f f\"\\.\\.\\\"\:
>~ HHHU I,,H ARRRRRAE S JARAARE AR RS SR AN AON GINITTES O
HH 1 RN S S NSNS =g VRN VSN SASSS S AR
RRRRRA —-/'»'/‘/’ A VNSNS =S A\ P RS o 5 1 1 AN AN S AR NN N Y
VAAVANNNSS—— S 7 7] ,,, VANNNNSNN Ny TR SA s s ANS S m s s LY R IE NN
150 WNANANNNSS——Sa 5 VANSSS SN SRRSTIE e A AN VRN S S 2 e WY
VANNNNNS S S AVSAS S s s g MY B e e A L AT VNSNS Swmme s s
\\\\\\\\\w—or’»’///’ \\\.\.\\.\‘-._.»,-,/yq\\ ~ RO I AR SIS T s, Seteem NNk L N gl
...... Sm—— e s NN S P NI e A A ) O e
300 NANNS NSNS o m o g O S A T ) [N wemema S ! NAANNSN S e s st
(¢)S CTL/¢=0h Ht=12h (g)t=24h (h)t=36h
300 = — e ~—— e
f///rrv«,_,\\.\.\\\\.\\‘ L B A A AT AT PRGN A A A S AT \\\’5‘3.0'( J‘I’Ivrus&\k
IR R R LN A AN AN G PR Vv ‘ € - NIRY P A e e )
RS SR bt DGR NR G Ll ————— R L B A A A A P Sy Y v F R A e Y
WA L L e AN AN llll////v._\\\\\\x SNV VANl NN R \ Pttt o SR N NN
150-/.'////./.—.-\.\\\.\\\\ RN R St T L LSRN Vg Vars L' L vy [ IRAP SR S RN
VL= xS N\ A viiv b .
R N S S S o AR :
_ WYY SRR
[ A A A
E O_IJllJII" 11‘1‘01‘1‘1
= AR
VAAAANNS S /// 7;’;7,’
x\\\.\.\\\ /‘ It
AANAN NSNS
=150 | \\\.\\\.»—»-vz///‘/‘f f/ 7
NNNNSSsoa T A S f t
\\\.\\.\.\.-.Q.»,-////// 7 7 t
NSNS S A PP [ PP AV B A ] t t e R AP AP I B A A A s lNNNN= A2 Y 5
VANNNSS s A VeSS e st Tttty AR A A A AN AP A AN | EEEAE AR AR AL 0 A A R A N S B S B
-300 T T T T T T T U T T f N —
=300 -—150 0 150 300 -300 —150 0 150 300 =300 —150 0 150 300 300 —150 0 150 300
X (km) X (km) X (km) X (km)
[ I I I I I —
0 1 2 3 4 5

Fig. 10. Time evolutions of the potential vorticity (PV; shading; 10 K m? kg™! s!) and wind (vectors; m s') fields at 850 hPa in (a)—(d)

W_CTL and (e)—(h) S_CTL at 0, 12, 24, and 36 h.



AUGUST 2020

Deng, L. Y., and T. Li
500 W CTL/r=6h (byt=12h (c)t=18h (d)t=24h
P P s 777 777 =
== SN N o PN NP Satndl CEATNEN 0. G & o == =
e~ NN N e — & ——F~— _ e i~
N R N Il I = St NN IR = SN [ (R4 e s
////,,_\\\\\ /j/j,ﬁk\\\\ 11/...\\‘\\\\ 1% T~ NN AN
2 /1//,,~\\\\ Jl//"“\\\\ 1//«**‘\\\'\ vy -‘._.\\\\\\
< 09 e s v b 117 Den- i@ 1A Bt~ " AN LN VL A vy
>~ 1\\\“”"’ l\\\\”'/,rt x\\\\,,/flIx T g - 2 /T
\\\\\..»///‘f VAN NSNS ss \\\\\-///rt NN 2P
—100-\\\\\,,»///‘/ VAN N N~ . g &2 AN TN S
VNN NS S VYN NN S s Ly s v =22 27 000 N e A
N NN N —— =~ VYN N SN N~ s R A e ™ I A
-200 Y-
200 (€)t=30h Ht=36h (g)r=42h (hyr=48h
PR P 5 Gl S L A P 1
P R o ////./w—‘—‘%’\\\" AP e ////\\\\\\\..
GGG P AP P AV 2 i Sl t B P27 WIS aus R ////’*\'QQ\\\‘
R R ™ N R ™ x/////\tk\\\\‘ ////ﬂ\\\tii‘
0 IR T A RN R~ RN ¢ 12 PLEG\
7 L R ) Ll _— \ VoA L1 NN A\ Vg AN
= 0 - e rer vVt M} [ 1A\ [/ 7 N v AL AP
= (IR NN v\ N4 L, 8 4;\\‘&. VL //
vy W @R 3o el 4 B NN, S WES A PR NN« [
v ey~ — X N A I oy oy N —— 7 NN/ 2 B T
*100-‘\\\\_,_._./// N A T e I B/ N D A B
vV S N ner o =t @ I A A | N A ) R T I I A O |
N T N v 2 a e = e s T I I I
-200
(i)S_ CTL/t=6h G)t=12h (k) t=18h ()t=24h
200 AR 0 4 4§ 7 Zla0 = o~ b4 L e s - ¢« 7 7 v - -
‘,_,/,,,._\'\\2:: l/////"\\\\ Vg s e e — NN ,,//,_._.\\\\‘.:
e == SN % SN NN N o6 S | P T
R RSN i'\/ljf_\\\\\ N Ui I IO ‘/l'i/“’“\\\\\
NN YEEERRRR v ) Nt - ) N T SN \\‘,_\\\\\\
z RN RER by v Y N N RN NN S SR S
50-“\‘, o 1T x\\\,Art\\ NEWRR Y s 600 0% S % o o Aot
= WL A s s e 28 \\\\\\,,/f! NN PRV NN PR A
NG S Y A A NN S A NN N ' NS .-y
1004 == s N N=WL N e SN N s,y
NN SN ~—— 77 NS N~ =777 NN S N NSRS e R N e e
SN S~ = NN S w7 S S N NN~ N B A E L e
—200
200 (m)t=30h - (n)¢t=36h (o)t:‘421 _ (p)t=48h -
o e e - = 4 o e e === ‘ ¢ v 4 4 v e e =
06 oo SRS allo e e — =~ N NN V44 4 e e =N N NN Ve e e = o=~ NN A
Sl = = SN NN I A N T T T T T 4 4 4o e == N N NN
100',/.,,,,._\\\\\ . . -~ ~ N Ao Vv oy g s = S N VA R EEEEERER
R WP N @, , 7.8~ my TS S S N T PSS A
g D VP 40 G by s e 8 864 NI TR Tl B YRR B
50-\\\,,0‘f1xtt - W o NN A 3% D Qo [ B
>~ NN W 2 A “p b 0w @0 F G NN T A N A
T e A A N Ak b~ -2 P B . A A N
*100-\\\\‘_.,,/// N o A A W .oror R
NN NN A A N I A S A RSN 5 I VO P A
,,,,,,,, -’ 7 N A A e T T T I A B T T
—200 T T T T T T T T T T T T
-200 —100 0 100 200 -200  —100 0 100 200-200  —100 0 100 200-200  —100 0 100 200
X (km) X (km) X (km) X (km)
B
0.0001 0.0003 0.0005 0.0007 0.0009 0.0011

Fig. 11. Horizontal patterns of the filtered (with wavelength < 100 km)
at 850 hPa in (a-h) W_CTL and (i-p) S_CTL at 6, 12, 18, 24, 30, 36, 42,

ability lies in background low-level vorticity. Other en-
vironmental factors such as specific humidity and tem-
perature are not important.

The control model experiments with specific mean
states in the active and inactive seasons further confirm
the mean state effect. The relative roles of dynamic and
thermodynamic fields of the mean state in regulating TC
genesis near the equator were further investigated
through two sets of sensitivity experiments. The numer-
ical results indicate that the background circulation is

relative vorticity anomaly (shading; s ') and wind (vectors; m s ') fields
and 48 h.

critical for the seasonal TC frequency change, while the
annual cycle of the background temperature and mois-
ture is not essential.

The diagnosis of the model simulations points out
three mechanisms through which background vorticity
affects near-equatorial TC genesis. First, it is through an
interaction with TC vortex. The interaction leads to mid-
level outflow in the presence of cyclonic environmental
vorticity during DJFMAM. The outflow helps accelerate
friction induced ascending motion, which strengthens up-
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ward moisture transport and condensational heating.
However, a mid-level inflow is generated in the pres-
ence of anticyclonic environmental vorticity during AS,
which suppresses friction induced ascending motion and
prohibits vortex development.

Second, the background vorticity affects near-equat-
orial TC genesis through an equivalent Coriolis effect. A
positive environmental vorticity during the active season
helps strengthen the positive feedback between the sec-
ondary and primary circulation and thus vortex develop-
ment, which is equivalent to increasing the genesis latit-
ude. On the other hand, a negative environmental vorti-
city prohibits the positive feedback so that the vortex
fails to grow.

Third, the background vorticity greatly modulates the
small-scale VHTs merging. Our numerical model experi-
ments demonstrate that in the presence of a large-scale
background cyclonic vorticity, small-scale convective
cells or VHTs move towards the environmental vorticity
center, through the vorticity segregation process. The
merging eventually leads to the establishment of a meso-
scale core at the characteristic scale of 50-100 km. This
upscale cascade is critical for vortex development. In the
contrast, the convective cells move away from the vor-
tex center in the presence of an anticyclonic vorticity en-
vironment during the inactive season, which leads to a
failure of TC formation.

An interesting question is why a cyclonic (anticyclonic)
vorticity appears in the region of interest in DJFMAM
(AS), which is opposite to the main development region.
We speculate that it is attributed to the seasonal shift of
the inter-tropical convergence zone (ITCZ) and the Cori-
olis force. In boreal winter, maximum cyclonic vorticity
appears around 5°N because of the curvature of south-
ward cross-equatorial flow. The occurrence of the near-
equatorial cyclonic vorticity zone is accompanied by the
southward shift of the subtropical high in the Northern
Hemispheric winter. In contrast, in boreal summer the
curvature of northward cross-equatorial flow due to the
Coriolis force leads to an anticyclonic vorticity zone in
the near-equatorial WNP, as the ITCZ and monsoon
trough appear around 10°-20°N (Fig. 2b). Further stud-
ies are needed to understand the cause of the seasonal
mean state change near the equator.
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