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Abstract: Tropical cyclone (TC) genesis prediction remains a major operational challenge. Using
multiple satellite datasets and a state-of-the-art reanalysis dataset, this study identifies developing
and non-developing tropical disturbances over the western North Pacific from June to November of
2000-2019 and conducts composite analyses of their water vapor budget components and relevant
dynamic-thermodynamic parameters in the Lagrangian framework following three-day disturbance
tracks. Both groups of disturbances have a similar initial 850 hPa synoptic-scale relative vorticity,
while the water vapor budget of developing disturbances exhibits distinct stage-wise evolution char-
acteristics from non-developing cases. Three days prior to TC genesis, developing cases are already
associated with significantly higher total precipitable water (TPW), vertically integrated moisture
flux convergence (VIMFC), and precipitation, of which TPW is the most important parameter to
differentiate two groups of disturbances. One day later, all the water vapor budget components (i.e.,
TPW, VIMEC, precipitation, and evaporation) strengthened, linked with the enhancement of the
mid-to lower-tropospheric vortices. A negative radial gradient of evaporation occurs, suggesting
the beginning of the wind —evaporation feedback. On the day prior to TC genesis, the water vapor
budget components, as well as the mid-to lower-tropospheric vortices, continue to intensify, even-
tually leading to TC genesis. By contrast, non-developing disturbances are associated with a drier
environment and weaker VIMFC, precipitation, and evaporation during the three-day evolution. All
these factors are not favorable for the intensification of the mid-to lower-tropospheric vortices; thus,
the disturbances fail to upgrade to TCs. The results may shed light on TC genesis prediction.
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1. Introduction

Tropical cyclone (TC) genesis is a series of complicated multiple-scale physical pro-
cesses affected by both external and internal factors; therefore, understanding and the
predictability of TC’s genesis remains one of the most difficult and critical issues in atmo-
spheric sciences [1,2]. TCs are generated from pre-existing synoptic-scale disturbances over
the tropical oceans, e.g., [3-5]. Tropical disturbances can be categorized into developing and
non-developing disturbances based on whether they develop into TCs or not. The western
North Pacific (WNP), the most active basin for TCs, accounts for nearly one-third of global
TCs [6]. This basin is remarkably affected by the East Asian summer monsoon, subtropi-
cal high, and intertropical convergence zone, which is associated with the largest warm
pool in the world. Various weather systems like synoptic-scale wave train disturbances,
e.g., [7], easterly waves, e.g., [8], monsoon troughs, e.g., [9,10], and tropical equatorial
waves, e.g., [11-14], can all serve as precursors for TCs and modulate TC genesis through
complex dynamic—-thermodynamic processes.
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TC'’s genesis fundamentally requires two primary phases: (1) the formation of a large-
scale environment favorable for genesis and (2) the formation of an inner core in which
mesoscale processes largely contribute to circulation intensification [15]. Numerous studies
have investigated necessary large-scale environmental factors, e.g., [6,16-18], and circu-
lation patterns, e.g., [7,19,20], favorable for TC genesis, while the evolution of mesoscale
vortex development in the inner core is more controversial. In recent decades, two primary
viewpoints have emerged as central to the discussion of TC genesis. One view suggests
that the transition is due to the merging and downward extension of the mid-level vortex
generated from the stratiform rain of the mesoscale convective system in the middle tropo-
sphere, i.e., a “top-down” theory [21,22]. Another variation, the “top-down showerhead”
theory, was developed by Bister & Emanuel [23], who proposed that the establishment
of a cool, moist environment induced by stratiform rain acts as the incubation region for
the generation of a low-level, warm-core cyclonic vortex. On the contrary, “bottom-up”
development highlights the influence of deep convection and the associated vorticity in-
crease in TC’s genesis [24-27]. The “critical layer” theory from a Lagrangian view was also
proposed to interpret the multi-scale interactions of the TC genesis processes [28-30]. All
these viewpoints emphasize moist convection aggregation, increment, and organizations
associated with the development of mesoscale vortices. Recently, Wu and Fang [31] counted
the percentage of three types of initial mesoscale vortices that developed into TCs in the
WNP and found that low-level vortices had the highest TC genesis efficiency.

As a main driving force, moist convection plays a key role in TC genesis [32,33]. It is
widely agreed that the inner-core column should exhibit moistening and approach near-
saturation during genesis [33-36]. Under moist conditions, convection is more active, and
precipitation increases, associated with the intensification of cyclonic circulation. Wang [33]
found that the meso-3 area near the pouch center is characterized by a high saturation
fraction, a slight disparity in equivalent potential temperature between the surface and the
middle troposphere, and a short incubation time; all these conditions promote vigorous
convection. Using dropsonde data, Zawislak and Zipser [37] found that developing distur-
bances exhibited higher mid-level humidity associated with mid-to-upper tropospheric
warm temperature anomalies and stabilization, while non-developing disturbances became
gradually drier and more convectively unstable.

Although previous studies have suggested that moistening of the middle and lower
troposphere is a crucial precondition of TC genesis, e.g., [38], there are different viewpoints
on the method of moistening. The water vapor budget analysis can serve as an effective
way to investigate this process and to reveal the dynamic and thermodynamic mechanisms
of TC genesis. Fritz and Wang [35] explored the water vapor budget of a hurricane through
numerical simulation and found that horizontal moisture flux convergence dominates
the total condensation while evaporation shows negligible contribution during the pre-
genesis stage. However, in the numerical simulation of a typhoon, Zhuo et al. [39] found
that evaporation is essential for TC genesis regardless of its relatively small fractional
contribution to the total water vapor budget during the formation of Super Typhoon Megi
(2010). Moreover, they found that pre-Megi failed to develop into a tropical depression
when the wind —evaporation feedback was turned off. In addition, the water vapor budget
components, such as precipitation and evaporation in the pre-genesis stage, have been
investigated individually in a few observational and numerical studies. Using idealized
simulations, Murthy and Boos [40] suggested that a negative radial gradient of evaporation
was important for TC genesis, which was confirmed by observational studies [41,42]. Peng
et al. and Fu et al. [3,5] showed that precipitation is crucial for TC genesis. Fritz et al.
and Wang et al. [43,44] further found that stratiform and convective precipitation jointly
contributed to TC genesis.

Due to the lack of a high-spatiotemporal resolution satellite and reanalysis datasets,
there have been limited observational studies on water vapor budget in the pre-genesis
stage, and, in particular, the relative and joint effects of various water vapor components on
TC genesis remain controversial. Thus, by comparing the evolution features of water vapor
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budget components and associated dynamic—thermodynamic features of developing and
non-developing tropical disturbances using state-of-the-art satellite and reanalysis datasets,
this study aims to reveal the collaborative impacts of water vapor budget components on
TC genesis over the WNP.

The remainder of the paper is organized as follows. Section 2 describes the data and
methods. Section 3 introduces the basic characteristics of developing and non-developing
disturbances. A comparison of the evolution of the water vapor budget for two groups of
disturbances is presented in Section 4. Section 5 gives the conclusions and discussion.

2. Materials and Methods
2.1. Data

In this study, 3-hourly TC information, including center position and maximum
sustained wind speed, was taken from the Joint Typhoon Warning Center (JTWC) data in
the National Oceanic and Atmospheric Administration (NOAA)’s International Best Track
Archive for Climate Stewardship (IBTrACS) version 4 [45].

The 3 hourly meteorological parameters, such as wind, specific humidity, temperature,
divergence, and relative vorticity, were derived from the fifth generation of the European
Centre for Medium-Range Weather Forecast (ECMWF) reanalysis (ERA5) dataset [46] on
a 0.25° x 0.25° longitude-latitude grid. Previous studies have demonstrated that ERA5
shows better performance in reproducing TC activities than low-resolution products [47].

Sea surface latent heat flux, which is used to calculate evaporation, is adapted from the
Ocean Heat Fluxes Climate Data Record (CDR) of the NOAA Ocean Surface Bundle [48].
This dataset computes turbulent heat flux using a neural network emulator derived from
the Coupled Ocean Atmosphere Response Experiment (COARE) Bulk Air-Sea Flux Algo-
rithm. This emulator comprises two hidden layers, with 83 and 20 neurons, respectively.
Sea surface temperature (SST) CDR [49] and ocean near-surface atmospheric properties
CDR [50] are also used for analyses. The CDR bundle primarily relies on data from the Spe-
cial Sensor Microwave/Imager (SSM/I), the Special Sensor Microwave/Imager Sounder
(SSMIS), and the Advanced Very High-Resolution Radiometer (AVHRR). All three datasets
have 3-hourly and 0.25° x 0.25° resolutions. One limitation of CDRs is that an upper limit
of wind speed is set to 45 m s™! due to the availability of the training observation data [48].
However, we focus on the pre-genesis stage, and sea surface winds are well below the limit,
so our results are not affected.

Precipitation is taken from version 7 of the Tropical Rainfall Measuring Mission
(TRMM) 3B42 V7 product [51], which has 3-hourly and 0.25° x 0.25° resolutions with
coverage from 50° S to 50° N. TRMM is a collaborative satellite mission between the United
States and Japan, specifically designed to monitor tropical and subtropical precipitation
patterns. Launched in late November 1997, it initially entered a circular orbit at an altitude
of approximately 350 km, which was later raised to 420 km in 2001, with an inclination of
35° from the equatorial plane. Completing one orbit around the Earth takes approximately
91 min. TRMM offers a variety of products for diverse user needs, which is achieved
through a combination of various satellite sensors. Our study period spans from 2000 to
2019, during which all of the above datasets are available.

2.2. Identification of Developing and Non-Developing Disturbances

To eliminate the effects of land and exclude extratropical cyclones, our study domain
is confined to 5°-20° N and 130°-180° E (Figure 1). In addition, we only focused on TC
peak seasons from June to November [52]. Detection algorithms similar to Peng et al. [5]
were conducted to identify two groups of disturbances, using TC best-track data and
3-8-day-filtered 850 hPa wind and relative vorticity. The first group includes disturbances
that develop into at least tropical depressions. Day 0 is defined as the time when a TC is
first designated as a tropical depression with maximum sustained wind over 25 kt. Then,
we trace the disturbance 3 days back, designated as days —1, —2, and —3, respectively. In
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some developing cases, disturbances undergo rapid intensification, limiting the traceable
period to just 1 or 2 days before genesis.

(a) DEV
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Figure 1. Track density (number of occurrences per year per 1° x 1° latitude-longitude grid box)
of (a) the developing and (b) non-developing tropical disturbances, as well as climatological mean
850 hPa streamline, during June-November of 2000-2019 over the WNP.

The second group contains non-developing disturbances that fail to develop into
tropical depressions. Similar to Peng et al. [5], we defined three criteria for identify-
ing non-developing disturbances: (1) the radius of a cyclonic circulation over 400 km;
(2) the maximum of a 3-8-day-filtered 850 hPa relative vorticity exceeding 1075 s71; (3) the
satisfaction of the previous two criteria for a minimum of three successive days. Weak and
short-lived disturbances were excluded accordingly. The record with the lifetime maximum
synoptic relative vorticity for each non-developing disturbance was designated as day 0,
consistent with Gao et al. [41].

A total of 171 developing disturbances and 134 non-developing disturbances were
detected objectively. Composites of the water vapor budget components and relevant
dynamic-thermodynamic parameters in 10° x 10° boxes around the disturbance center
were performed on days —3, —2, —1, and 0 to investigate the differences between the two
groups of disturbances.

2.3. Water Vapor Budget Equation

Integrating the total moisture tendency equation from Py (the pressure at the upper
bound of the atmosphere) to Pg (the pressure at the sea surface), we obtained the following;:

aTaﬂ:E—i—VIMFC—P 1)
where the left term is the tendency of column-integrated specific humidity (i.e., total
precipitable water, TPW). The three terms on the right-hand side are evaporation, vertically
integrated moisture flux convergence (VIMFC), and precipitation, respectively. TPW can
be written as follows:

pr—l/PSd @)
= o), 9P

where g is the acceleration of gravity, g is the specific humidity, and p is the pressure. VIMFC
is computed as follows:
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where V is the horizontal wind vector.
Sea surface evaporation, which is equal to sea surface latent heat flux divided by the
latent heat of vaporization, can be calculated using the bulk aerodynamic formula [53]:

E = p,CeU(qs — qa) (4)

where p; is the air density, Cf is the turbulent exchange coefficient for moisture, U is
10 m wind speed, g5 is 98% of the saturation specific humidity at the SST, and g, is the 10 m
specific humidity.

2.4. Box Difference Index

To quantitatively compare water vapor budget components between two groups of
disturbances and identify useful predictors for TC genesis, we used the box difference
index (BDI, [5]):

BDI = MpEv — MNONDEV 5)
UDEV + ONONDEV

where Mppy and opry (Mnonpev and onyonDEV) represent the mean and standard
deviation of the parameters for developing (non-developing) disturbances, respectively.
The BDI magnitude quantifies the efficacy of a parameter in distinguishing between two
groups of disturbances. A higher BDI value indicates that the parameter is more effective
at predicting TC genesis.

3. Basic Characteristics of Disturbances

Figure 1 shows the tracking frequency of developing and non-developing disturbances
as well as the climatological mean 850 hPa streamline during June-November of 2000-2019
over the tropical WNP. Two groups of disturbances are distributed in vast areas of the basin.
The developing disturbances are concentrated in 132°-165° E, 6°~17° N. The distinct flow
features, such as monsoon trough, monsoon confluence zone, and monsoon shear line, in
this region, provide a favorable environment for TC genesis [3,8]. The non-developing
disturbances are mainly distributed in 130°-162° E, 6°-13° N, partly overlapping with
developing disturbances.

Figure 2 shows the evolution of 3-8-day-filtered 850 hPa wind and relative vorticity
for developing and non-developing disturbances from day —3 to 0. On day —3, both
groups of disturbances showed similar 850 hPa relative vorticity in the inner core (within
2° of the center), suggesting that TC genesis does not depend on the initial intensity of the
precursor disturbances. Then, there was a gradual increase in vorticity for both groups, and
developing cases intensified much faster and showed significantly larger vorticity in the
inner core and more compact structures than non-developing cases from day —2 onward.

Figure 3 shows the time series of area-averaged 3-8-day-filtered 850 hPa relative
vorticity within 2° of the centers and environmental (20-day low-pass-filtered) vertical
wind shear between 200 and 850 hPa within 2°-8° of the centers for the developing and
non-developing disturbances. The area for shear calculation is commonly used in previous
studies, e.g., [41,54,55]. Two groups of disturbances show similar initial intensity and shear.
The developing disturbances show a significantly larger inner-core vorticity 42 h before
genesis (Figure 3a). Shear exhibits a slight increase in the developing disturbances and a
slight weakening for the non-developing disturbances, and significant differences appeared
36 h before genesis (Figure 3b). As weaker shear is more favorable for TC genesis [6], this
suggests that shear is not a key factor for the development of tropical disturbances over the
WNP, consistent with previous studies [3,41]. There must be other factors regulating TC
genesis, and we examine the roles of water vapor budget components in the next section.
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Figure 2. Composite 3-8-day-filtered 850 hPa relative vorticity (shading, 107> s~!) and wind (vector,
m s~ 1) for (a-d) the developing, (e-h) non-developing disturbances, and (i-1) their differences from
day —3 to 0. Bold black dots indicate the disturbance centers. The shading in (i-1) denotes significantly
different relative vorticity at the 95% confidence level based on a t test.
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Figure 3. Time series of area-averaged (a) 3-8-day-filtered 850 hPa relative vorticity (1075571
within 2° of the disturbance centers and (b) 20-day low-pass filtered 200-850 hPa vertical wind
shear (m s7!) within 2°~8° of the disturbance center for the developing (red) and non-developing
(blue) disturbances. The bars denote standard deviations. The filled markers represent significant
differences between two groups of disturbances at the 95% confidence level based on a ¢ test.

4. Water Vapor Budget of Developing and Non-Developing Disturbances
4.1. TPW

Figure 4 presents the composites of TPW and the corresponding radius—time Hov-
moller plots for the two groups of disturbances as well as their differences. The developing
cases exhibit a more axisymmetric moist-core structure, with a notable increase in TPW
with time (Figure 4a—d,i). The initial TPW near the center is over 60 mm (Figure 4a), which
is much higher than the moist tropical mean of 51.5 mm [56]. Then, the inner-core TPW
continues to increase. On day —1, TPW in the whole inner-core region exceeds 60 mm
(Figure 4c). The high TPW is favorable for TC genesis because it can promote convec-
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tion and protect the disturbance core from dry air intrusion, e.g., [33]. However, the
non-developing disturbances exhibit a small increasing tendency associated with dry air
transport from the north (Figure 4e-h,j). TPW in both the inner core and outer core of the
developing disturbances is significantly higher than the non-developing cases during the
3-day pre-genesis stage (Figure 4k).

Total Precipitable Water

(b) DEV Day -2

(a) DEV Day -3

(c) DEV Day -1

(d) DEV Day 0

GbhbddLoanmwsoa
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Figure 4. Composite TPW (mm) for (a-d) the developing and (e-h) non-developing disturbances
from day —3 to 0, as well as the corresponding radius—time Hovméller plots for (i) developing and
(j) non-developing disturbances and (k) their differences. In (a-h), bold black dots indicate the
disturbance centers and concentric circles represent different radii at 1° intervals centered at the
disturbance centers. The shading in (k) denotes significant differences at the 95% confidence level
based on a t test.

Figure 5 shows the temporal evolution of the vertical profile of specific humidity
anomalies averaged in a 10° x 10° box and centered at two groups of disturbances and
their differences. The significantly higher TPW for the developing disturbances (Figure 4k)
is mainly attributed to the significantly higher mid-level moisture (Figure 5a,c), which
is consistent with previous studies [37,57]. High mid-level humidity acts to reduce the
strength of convective downdrafts and results in strong low-level convergence and spin-
up [58,59].
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Figure 5. Time-height cross-sections of specific humidity anomalies (g kg_l), which are computed
with respect to the Dunion (2011) moist tropical sounding, in a 10° x 10° box centered at (a) the
developing disturbances, (b) non-developing disturbances, and (c) their differences. The shading in
(c) denotes significant differences at the 95% confidence level based on a t test.

4.2. Evaporation

Figure 6 shows the composite evaporation for the developing and non-developing dis-
turbances as well as the corresponding radius-time Hovmoller plots and their differences.
Initially, the two groups of disturbances show similar levels of evaporation (Figure 6a,e),
and no significant differences exist on day —3 (Figure 6k). From day —2 to 0, evaporation
of the developing disturbances obviously intensifies, and its maximum in the northeast
quadrant begins to shrink inward, associated with an outward negative radial gradient
(Figure 6b—d), and the differences from the non-developing disturbances become signifi-
cant (Figure 6k). In comparison, the evaporation of the non-developing cases shows no
clear tendency, and there is no prominent negative radial gradient during the 3 days. The
negative radial gradient of evaporation necessary for TC genesis is consistent with previous
studies [40—-42]. It should be noted that, despite the statistically significant difference in
evaporation between the two groups, its magnitude is relatively modest, remaining below
1 mm on day !, even on day 0. Despite its modest magnitude, evaporation plays a crucial
role in moistening the column when inner-core convection is inactive [35].

As shown in Equation (4), evaporation is proportional to SST and surface wind
speed [54], which are then analyzed to examine what dominates the evolution of evap-
oration. Figure 7 shows the composites of SST for the developing and non-developing
disturbances. SST shows a “southwest high—northeast low” spatial pattern for both groups
of disturbances, with modest variations (Figure 7a-h) and no significant differences during
the 3 days. SSTs surrounding the centers of two groups of disturbances are above 29 °C,
which is much higher than the threshold of 26 °C for TC genesis [6]. The evolution features
indicate that SST does not dominate the spatiotemporal evolution of evaporation.

Figure 8 shows the composites of surface wind speed for the developing and non-
developing disturbances and their differences. On day —3, although the developing
disturbances show slightly higher surface wind speeds than the non-developing cases
(Figure 8a,e,i j), there are no significant differences between them (Figure 8k). The surface
wind of the non-developing disturbances grows slowly afterward (Figure 8f-h,j), while
the surface wind of the developing cases markedly intensifies from day —2 to 0, with a
prominent inward propagation of the maximum, which results in a negative radial gradient
in the outer core (Figure 8b—d k). This increase in surface wind speed almost synchronizes
with the increase in evaporation, and they have similar spatial variation characteristics,
suggesting that surface wind speed dominates the evolution of evaporation.



Remote Sens. 2024, 16, 2396 90of 19

Evaporation

(a) DEV Day -3 (b) DEV Day -2 (c) DEV Day -1 (d) DEV Day 0

hbhodLoanmwsa

5-432-1012345 54321012345 54321012345 54321012345

(e) Non-DEV Day -3 (f) Non-DEV Day -2 (g9) Non-DEV Day -1

5-43-2-10123475 54321012345 5-4-3-2-10123475 54321012345
Distance from center (degree)

@R TR T T T T T T > mm b’

(h) Non-DEV Day 0

Distance from center (degree)

hbhodLooanmwsa

0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22
(i) DEV (i) Non-DEV (k) DEV—Non-DEV

72 72 1 1 1 1

66 66 o

60 60 o
o 54 54 =
= 48 48 -
©
o 4 42 o
S 36 36 -
S i L
@ % 30
3 24
T

0o 1 2 3 4 5 o 1 2 3 4 5
Radius (degree)

mm h’'

0.15 0.16 0.17 0.18 0.19 0.20 0.01 0.02 0.03

Figure 6. Same as Figure 4, but for evaporation (mm h™1).
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Figure 7. Composite SST (°C) for (a—d) the developing and (e-h) non-developing disturbances from
day —3 to 0. Bold black dots indicate the disturbance centers, and concentric circles represent different
radii at 1° intervals centered at the disturbance centers.
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Figure 8. Same as Figure 4, but for surface wind speed (m s~ 1).

To more distinctly clarify the feedback between evaporation and cyclonic circulation
and its evolution, we further investigated the temporal evolution of the vertical profile
of relative vorticity averaged in a 10° x 10° box for the developing and non-developing
disturbances and their differences (Figure 9). Although two groups of disturbances have
comparable vorticity initially (Figure 9c), the developing disturbances show distinct vortex
evolution pathways compared to the non-developing disturbances. In the early stage
of genesis (day —3), the development of surface vortices is not prominent (Figure 9a);
hence, the variation in evaporation is negligible (Figure 6a). In the second stage (day
—2 to 0), the mid-to-lower level vorticity enhances simultaneously (Figure 9a), and the
associated increase in surface wind speed leads to positive wind —evaporation feedback
(Figures 6b—d and 8b—d). For the non-developing disturbances, only the low-level vor-
tices show a slowly increasing tendency (Figure 9b). In general, the vorticity evolution
of the developing disturbances is likely a combination of “top-down” and “bottom-up”
pathways, with the vortex maximum located at 850 hPa in the early stage, followed by
overall sustained growth from the middle to lower troposphere, and finally, deep vortex
forms. The vorticity evolution is somewhat consistent with previous studies based on field
campaigns [37,60].
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Figure 9. Same as Figure 5, but for relative vorticity (1075 s~ 1).

4.3. Moisture Flux Convergence

Figure 10 shows the composite VIMFC of the developing and non-developing distur-
bances and their differences. The temporal evolutions of the vertical profile of moisture
flux convergence and divergence were averaged in a 10° x 10° box, and their differ-
ences are shown in Figures 11 and 12, respectively. Although the two groups of distur-
bances have similar initial low-level relative vorticity (Figure 2), the developing distur-
bances show stronger VIMFC on day —3, with a noticeable maximum in the inner core
(Figure 10a). Compared to the non-developing disturbances, the developing disturbances
always have a significantly stronger VIMFC from day —3 to 0 (Figure 10k); the associated
water vapor transport to the disturbance center is more conducive to promoting moist con-
vection. The significantly stronger mid- to lower-level moisture flux convergence on day —3
(Figure 11c) is mainly attributed to significantly higher mid-to-lower level specific humidity
(Figure 5c), and stronger mid- to- lower -level specific humidity (Figure 5c) and convergence
(Figure 12c¢) jointly contribute to significantly stronger mid-to-lower level moisture flux
convergence from day —2 to —1 (Figure 11c). Additionally, the developing disturbances
exhibit significantly stronger divergence at 200 hPa (Figure 12c) and a higher and more
abrupt shift from convergence to divergence (Figure 12a-b) than the non-developing distur-
bances, which may be attributed to the potential influences from upper-level systems, such
as the tropical upper-tropospheric trough [61] and tropical easterly jet [62]. In summer,
the warm water in the WNP was located just west of the tropical upper-tropospheric
trough and near the entrance region of the upper-tropospheric tropical easterly jet. These
features can contribute to a large-scale upper-level divergence, which is favorable for TC
genesis [63]. Further investigation is needed to explore the effects of upper-level systems
on the development of tropical disturbances.

The evolution of VIMFC in the inner core of the developing disturbances can be
divided into two stages. From —72 h to —36 h, the change in the inner-core VIMFC is
negligible, while it shows a significant increase starting from —36 h (Figure 10i), which is
attributed to a rapid enhancement of moisture flux convergence in the lower troposphere
(Figure 11a). Note that this is almost simultaneous with the increase in surface wind speed
(Figure 8i), indicating that the strengthening of the cyclonic circulation in the middle to
lower troposphere (i.e., a coherent enhancement of the deep-layer vorticity) results in the
intensification of moisture flux convergence. In contrast, the VIMFC of the non-developing
disturbances does not change much over the 3 days (Figure 10j) due to insufficient moist-
ening (Figure 5b) and weak convergence (Figure 12b) in the middle-to-lower troposphere.
The difference in inner-core VIMFC between the two groups of disturbances reaches over 1
mm h~! on days —1 and 0 (Figure 10k).
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4.4. Precipitation

Figure 13 depicts the composite precipitation of the developing and non-developing
disturbances and their differences. The spatiotemporal variation in precipitation is similar
to VIMFC, with the maximum slightly deviating from the disturbance center, possibly
due to the influence of vertical wind shear, e.g., [64—66]. During the three days prior to
TC genesis, the developing disturbances exhibited a broader coverage of precipitation
with significantly higher intensity compared to the non-developing cases (Figure 13a—c,k).
Stratiform precipitation may be responsible for the broad coverage of precipitation in the
ambient region of the developing disturbances in the pre-genesis stage [30,44]. Precipitation
of the developing disturbances (especially in the inner core) gradually intensifies over the
three days (Figure 13a—c,i), almost simultaneously with VIMFC (Figure 10a-c,i). On day —1,
the inner-core precipitation appears to intensify markedly, possibly because TPW reaches a
certain threshold (Figure 4i), as proposed in previous studies [38,67-69]. In contrast, the
precipitation of the developing disturbances in the outer core region is relatively weak.
This reflects the enhancement of low-level vorticity, the contraction of the wind field, and
the continuous concentration of convection towards the disturbance center approaching
TC genesis. The non-developing disturbances have much weaker initial precipitation,
with no significant intensification during the three days (Figure 13e-h,j). The difference in
inner-core precipitation between the two groups of disturbances approaches 1.5 mm h™! on
day —1 and 0 (Figure 13k).

Figure 14 presents the temperature anomalies in the two groups of disturbances and
their differences. The developing disturbances exhibit significantly stronger upper-level
warm cores on day —3 than non-developing cases (Figure 14a,e,i), which is consistent with
previous studies based on field campaign observations [57], and the warm-core strength
gradually increases from day —3 to 0 (Figure 14a—d), which is related to the latent heat
release associated with precipitation, e.g., [44,65]. The warm-core structure can excite the
primary and secondary circulations and promote the development of disturbances [33],
according to the Sawyer—Eliassen equation [70-72]. However, the non-developing distur-
bances do not exhibit the prominent enhancement of temperature anomalies (Figure 14e-h).
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4.5. Analysis of BDI

To compare the relative roles of the water vapor components at different stages of
disturbances and to provide a forecast reference for TC genesis, we further examined
the evolution of their BDI from day —3 to —1 (Figure 15). On day —3, TPW is the most
important parameter to differentiate between the two groups of disturbances. Precipitation
and VIMEFC are the second and third most important parameters, respectively. Evaporation
ranks fourth and shows no significant difference between two groups of disturbances,
indicating the negligible effect of initial evaporation. On day —2, the order of the BDI
amplitude does not change, but the BDI amplitude of evaporation increases markedly, and
the difference between the two groups of disturbances becomes significant, suggesting that
the role of evaporation in TC genesis stands out. On day —1, the four water vapor compo-
nents show relatively comparable BDI amplitudes, indicating that they jointly contribute to
TC genesis.

VIMFC

Figure 15. BDI of water vapor budget components averaged in 10° x 10° boxes on days —3 (blue),
—2 (green), and —1 (red). E and P represent evaporation and precipitation, respectively. The asterisks
in corresponding colors beside each parameter denote significant differences between the developing
and non-developing disturbances at the 95% confidence level based on a t test.

5. Conclusions and Discussion

This study identifies the developing and non-developing tropical disturbances over the
WNP during the peak TC seasons of 2000-2019 and conducts composite analyses on water
vapor budget components and relevant dynamic—thermodynamic variables, focusing on
their evolution three days prior to TC genesis. We constructed a distinct physical picture of
the roles of the water vapor budget in TC genesis over the WNP.

In the early stage (day —3), a moisture-rich environment can protect the vortex from
dry air intrusion and induce strong moisture flux convergence and precipitation, thus
playing a crucial role in triggering vorticity aggregation and growth. The vortex in the
boundary layer does not intensify clearly at this time; thus, the corresponding surface
evaporation is relatively weak. With the gradual strengthening of the cyclonic circulation in
the middle and lower troposphere from day —2 onwards, surface evaporation significantly
increases, VIMFC is further strengthened, and therefore, the air column in the core region
of disturbances continues to be humidified, which is conducive to a sharp increase in
precipitation on day —1 and continues to fuel the vortices through latent heat release. The
significantly increased surface evaporation on days —2 and —1 also results in a pronounced
negative radial gradient. Consequently, positive feedback forms between surface wind and
evaporation. The rapid enhancement of the mid- and lower-level vortices ensue, ultimately
culminating in TC genesis.
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Specifically, the impacts of water vapor budget components on tropical disturbances
exhibit a sequential order as follows: on day —3, significant differences exist in TPW,
precipitation, and VIMFC between the developing and non-developing disturbances, while
differences in evaporation are relatively small and non-significant. Subsequently, on days
—2 and —1, all the water vapor budget components, i.e., TPW, precipitation, VIMFC,
and evaporation, show significant differences between the two groups of disturbances.
To a certain degree, this water vapor budget evolution is consistent with the two-stage
conceptual model for TC genesis proposed by Wang [73] in a numerical study: the gradual
moisture preconditioning in the first stage and the rapid increase in precipitation associated
with deep convection in the second stage, eventually leads to TC genesis. This study
found that the interaction between water vapor components and vortex development was
crucial to TC genesis. An initially wetter environment favors more vigorous convection
and stronger inflow, promoting vortex growth. The development of a deep vortex layer,
in turn, helps maintain moist conditions by preventing the intrusion of dry air. Our
work enhances the understanding of the moisture evolution characteristics preceding TC
genesis [33,35,37,39,41].

As TPW, precipitation, VIMFC, and evaporation are key factors differentiating the
developing disturbances from non-developing cases prior to TC genesis, these water
vapor variables could be incorporated into statistical or artificial intelligence approaches,
e.g., [74,75], to improve TC genesis prediction, which deserves further investigation. In
addition, how these favorable moisture conditions form is unclear. Some previous studies
pointed out that tropical waves contribute to TC genesis, e.g., [11-14]. Therefore, our future
work will examine pre-genesis conditions from the perspective of multiscale tropical waves
to further enhance our understanding of TC genesis.
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