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Abstract: In this study, we conducted experiments to assess the forecasting capabilities for tropical
cyclone (TC) genesis over the east sea of Vietnam using the ensemble-based data assimilation system
(EPS-DA) by WRF-LETKF. These experiments covered forecast lead times of up to 5 days and spanned
a period from 2012 to 2019, involving a total of 45 TC formation events. The evaluation involved
forecast probability assessments and positional and timing error analysis. Results indicated that
successful forecasting depends on the lead time and initial condition quality. For TC formation from an
embryo vortex to tropical depression intensity, the EPS-DA system demonstrated improved accuracy
as the forecast cycle approached the actual formation time. TC centers converged towards observed
locations, highlighting the potential of assimilation up to 5 days before formation. We examined
statistical variations in dynamic and thermodynamic variables relevant to TC processes, offering
an objective system assessment. Our study emphasized that early warnings of TC development
appear linked to formation-time environmental conditions, particularly strong vorticity and enhanced
moisture processes.

Keywords: tropical cyclogenesis; ensemble prediction system; data assimilation

1. Introduction

Tropical cyclones (TC), characterized by a low-pressure center, organized convection,
intense winds, heavy rainfall, and immense destructive potential, pose significant chal-
lenges for forecasting and early warning systems. Different stages in the TC’s life cycle
typically follow one another sequentially, from tropical disturbance to tropical depression
(TD), tropical storm (TS), and finally, typhoon. The study of tropical cyclogenesis involves
examining complex interactions between atmospheric, oceanic and remote land surface
processes that contribute to storm formation. Observations have shown that tropical dis-
turbances can form and exist extensively outside the oceans, but only a few of them truly
have the potential to develop into TCs [1,2]. In general, tropical cyclogenesis constitutes the
overall process of an embryo vortex/wave evolving into the tropical storm (TS) stage [3–5].
In our study, tropical cyclogenesis is partitioned into two subsequent processes: TC forma-
tion and development. The formation and development of TCs are a significant topic that
attracts in-depth research across various fields in both theory and application.

Understanding the predictability of tropical cyclogenesis, both practically and theo-
retically, is of paramount importance for disaster preparedness, risk mitigation, and the
protection of vulnerable coastal regions. Accordingly, numerous studies have been un-
dertaken to evaluate the dependability of model-predicted genesis [6–12]. Evaluating the
accuracy of genesis forecasting within deterministic models remains a prominent area
of research interest [7,9,13,14]. Currently, the use of ensemble forecasts in predicting TC
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genesis is becoming increasingly common and demonstrating superior predictive skills
compared to using a deterministic model. The ensemble prediction systems (EPSs) account
for uncertainties in the initial conditions and imperfections in model formulation, aiming
to convey a range of potential future atmospheric states [15]. Despite the huge data volume
required to process, ensemble forecasting has proven effective in improving the accuracy
of TC track predictions [16,17]. Conducting an assessment study to predict TC geneses
using two global EPSs, ECMWF-EPS and UKMO-EPS, during 2018–2020 in the Northwest
Pacific, Northeast Pacific, and North Atlantic, Zhang et al. [18] found that the forecasting
skills were relatively good. The probabilistic forecast could be improved by combining all
ensemble members. Additionally, the authors noted that if one ensemble member did not
make an accurate prediction, it was also observed that the presence of favorable conditions
for TC genesis existed.

The process of TC genesis often occurs over the open tropical oceans, where conven-
tional observations such as radar, radiosondes, and surface observations are often limited
and sparsely distributed, leading to limitations in forecasting and warnings of TCs in oper-
ational activities. Hence, the guidance provided by data assimilation plays a crucial role in
enhancing TC genesis forecast quality. With advancements in numerical weather prediction
through ensemble forecasting techniques and data assimilation methods, ensemble-based
data assimilation systems (EPS-DA) integrate observational data from various sources, such
as satellites, radiosondes, and buoys/ships into EPSs to enhance the accuracy of weather
predictions. In this regard, the ensemble Kalman filtering method (EnKF) [19] has been
developed to satisfy both of these conditions in the most effective way. The Local Ensemble
Transform Kalman Filter (LETKF) scheme, developed at the University of Maryland [20],
has been widely applied in various numerical models, notably in the Weather Research
and Forecasting (WRF) weather model [21–25]. Miyoshi and Kunii [21] found that LETKF
is particularly useful for handling highly heterogeneous data, such as satellite observations.
Multi-physics construction of this scheme within the EPS-DA [26] has demonstrated its
effectiveness in forecasting TC Wutip (2013)’s genesis. Motivated from their case study, this
study further examines the efficiency of EPS assimilating augmented observations on the
forecasts of 45 different TCs from 2012 to 2019.

The 45 TCs were limited over the east sea of Vietnam (VES), and directly affected
Vietnam coastal areas by strong winds, large waves, and storm surges. The specific basin
enlarges a major part of the South China Sea, a semi-enclosed subregion of the Western
North Pacific (WNP). The VES has a shallower bottom profile compared to the open waters,
hence intricate air–sea interaction behaviors. While TC genesis depends largely on their
geographical location, TCs forming and developing over the VES usually have a shorter
life than traversing TCs from the nearby open waters of WNP, as they make landfall shortly
after forming near the coast. Surrounded by coastal areas, the process for TC genesis is far
more complicated, with contributions from the physical properties of offshore convective
systems and land–ocean contrasts [27,28].

Building upon existing scientific knowledge, this study conducts a comprehensive
analysis into the predictability of TC geneses over the VES. The assessment involves a
systematic comparison of EPS-DA forecasts with observations, specifically focusing on
fixed-event perspectives and highlights critical information about predicted TC genesis
within the EPS-DA system. These scenarios are designed to detect the formation of TCs at
the TD stage, and they may consider instances where false alarms occur if the TC progresses
to the TS stage despite observations suggesting otherwise. Our primary objective is to
determine whether and to what extent these forecasts replicate tropical cyclogeneses. Addi-
tionally, we analyze the temporal evolution of predictability for these cyclones, identifying
instances of changes in ensemble statistics as the lead time progresses, contrasting with the
anticipated gradual convergence towards the analysis value. The remainder of this paper is
organized as follows. The experiment design is described in Section 2. Section 3 discuss the
major findings of the ensemble probabilistic prediction of TC genesis across forecast cycles
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and examines associated environmental conditions in favoring TC genesis as predicted by
the EPS-DA system. Summary and discussion are presented in Section 4.

2. Experimental Settings
2.1. Model Descriptions

In order to investigate the predictability of tropical cyclogenesis over the VES, the
non-hydrostatic version of the WRF model (WRF-ARW) version 3.9.1 [29] is employed with
the ensemble-based data assimilation (EPS-DA) scheme. The procedure of the EPS-DA
method is described in Figure 1.

Atmosphere 2023, 14, x FOR PEER REVIEW 3 of 18 
 

 

forecast cycles and examines associated environmental conditions in favoring TC genesis 
as predicted by the EPS-DA system. Summary and discussion are presented in Section 4. 

2. Experimental Settings 
2.1. Model Descriptions 

In order to investigate the predictability of tropical cyclogenesis over the VES, the 
non-hydrostatic version of the WRF model (WRF-ARW) version 3.9.1 [29] is employed 
with the ensemble-based data assimilation (EPS-DA) scheme. The procedure of the EPS-
DA method is described in Figure 1. 

 
Figure 1. Diagram of the EPS-DA system implemented in this study. 

To initialize the EPS-DA system with a cold-start forecast field, this study employs 
the traditional 3DVAR variational assimilation scheme integrated from the WRFDA to 
generate an analysis field from the initial data of the global forecast GFS (Global Forecast 
System). The initial forecast field using 3DVAR scheme aims at improving the background 
field for the subsequent assimilation cycles through the stability of the variational assimi-
lation scheme. More details of the assimilation algorithm was described in Tien et al. (here-
after, TIEN20) [26]. 

In our experiments, we adopt an ensemble size of 21 members. For every warm-start 
cycle, 21 perturbations are generated and incorporated into the global deterministic anal-
ysis. The perturbations are derived from the atmospheric state of the previous cycle, uti-
lizing the background matrix covariance along with observations within a predefined 
neighboring sub-space for each grid point. To ensure proper regulation of all the ensemble 
forecast and enhance the influence of ensemble noise on the analysis, all perturbations for 
the assimilated variables are uniformly scaled by an inflation factor of 1.1.  

A multi-physics approach is implemented within the WRF model, the design of these 
ensemble members optimizes the spread while avoiding the necessity of using a larger 
number of members. A combination of parameterization schemes was selected to create 
ensemble members for the EPS-DA experiments. A set of physical schemes used for the 
EPS-DA consists of 2 convective schemes, 3 boundary-layer schemes, 3 microphysics 
schemes and 2 radiation schemes. In a total of 36 combinations from these physical 
schemes, some combinations are excluded due to model instability arising from internal 
conflicts during implementation. Among the 36 potential combinations, only 21 were uti-
lized for operational purposes (see Table 1, TIEN20 [26]).  

Figure 1. Diagram of the EPS-DA system implemented in this study.

To initialize the EPS-DA system with a cold-start forecast field, this study employs the
traditional 3DVAR variational assimilation scheme integrated from the WRFDA to generate
an analysis field from the initial data of the global forecast GFS (Global Forecast System).
The initial forecast field using 3DVAR scheme aims at improving the background field
for the subsequent assimilation cycles through the stability of the variational assimilation
scheme. More details of the assimilation algorithm was described in Tien et al. (hereafter,
TIEN20) [26].

In our experiments, we adopt an ensemble size of 21 members. For every warm-
start cycle, 21 perturbations are generated and incorporated into the global deterministic
analysis. The perturbations are derived from the atmospheric state of the previous cycle,
utilizing the background matrix covariance along with observations within a predefined
neighboring sub-space for each grid point. To ensure proper regulation of all the ensemble
forecast and enhance the influence of ensemble noise on the analysis, all perturbations for
the assimilated variables are uniformly scaled by an inflation factor of 1.1.

A multi-physics approach is implemented within the WRF model, the design of these
ensemble members optimizes the spread while avoiding the necessity of using a larger
number of members. A combination of parameterization schemes was selected to create
ensemble members for the EPS-DA experiments. A set of physical schemes used for
the EPS-DA consists of 2 convective schemes, 3 boundary-layer schemes, 3 microphysics
schemes and 2 radiation schemes. In a total of 36 combinations from these physical schemes,
some combinations are excluded due to model instability arising from internal conflicts
during implementation. Among the 36 potential combinations, only 21 were utilized for
operational purposes (see Table 1, TIEN20 [26]).
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Table 1. Environmental variables to assess the evolution of TCs at forming and developing periods.

Categorization Variable Descriptions

Dynamic

Pmin Minimum sea-level pressure
ζlow Average low-level vertical vorticity ζlow =

∫ 500
850 ζ

(
dp
g

)
ωmid Average vertical velocity in 700–500 hPa

Vsh
Vertical shear between 200 and 850 hPa
Vsh =

√
(u200 − u850)

2 + (v200 − v850)
2

Thermodynamic

MSE
Column-integrated moist static energy normalized by Cp

MSE =

∫ 0
ps

CpT+gz+Lvqv

(
dp
g

)
Cp

SLHF Surface latent heat flux

HMClow
Low-level horizontal moisture convergence

HMClow = −
∫ 700hPa

ps

∆uqv
∆x +

∆vqv
∆y

(
dp
g

)
2.2. Domain Configuration and Datasets

To investigate tropical cyclogenesis within the VES, the WRF model is configured with
a domain encompassing the entire South China Sea, the Indochina Peninsula and adjacent
waters of the Western North Pacific, covering the area defined by geographical coordinates
[95◦ E–145◦ E] × [0◦–30◦ N], as illustrated in Figure 2. With such a domain, the land–sea
interactions, as well as the semi-enclosed area and the open waters, are preserved, allowing
for the assessment of TC genesis through these interactions. The domain has a horizontal
resolution of 27 km and 31 vertical levels. It is evident that TCs, during their incipient and early
developmental stages, are often susceptible to disruption due to environmental conditions, and
their intensities are primarily influenced by large-scale circulations [7,9,11,30–33]. Therefore,
the 27 km resolution is chosen for the ensemble forecasting as it strikes a balance between
computational feasibility and retaining the characteristics of TCs within the meso-α and
meso-β systems. The local sub-space for localized spatial covariance matrix perturbations in
LETKF cycling is defined by a (7 × 7 × 3) grid points in the (x, y, z) dimensions, respectively,
on a total of (200 × 122 × 31).
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and developing to TS in the VES during the period 2012–2019, embedded over the EPS domain.
Best-track data for these TCs were compiled from IBTrACS.

We use the International Best Track Archive for Climate Stewardship (IBTraCS) [34] as
the observed truth for fixed-event settings and statistical verification of the EPS-DA model.
Our examination is exclusively centered on TCs occurring within the VES during their
initial stages. A TC formation is remarked when its maximum 10-m sustained wind speed
(Vmax) exceeds 20 kt (Figure 2a), classifying it as a tropical depression (TD). Subsequently, a
TC development is ascertained when Vmax reaches a threshold exceeding 34 kt (Figure 2b)
for the first time, qualifying it as a tropical storm (TS). In certain instances, the phases of
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TC formation and development may coincide. From the period spanning 2012 to 2019,
a dataset of 45 formed TDs and 35 TSs within the VES region has been culled. While an
8-year duration might not encapsulate the entirety of the model’s skill or performance, it
nevertheless provides a foundational grasp of the EPS-DA system’s capacity to replicate
observed TC geneses.

With the aim of real-time evaluation of tropical cyclogenesis ensemble forecasts, the
boundary and first-guess initial conditions for all ensemble members are derived from the
operational NCEP Global Forecast System (GFS) with a horizontal resolution of 0.5◦ × 0.5◦

updated every 3 h. In conjunction with the 3 hourly boundary condition updates, all integration
methods are performed with sea surface temperature (SST) values also updated every 3 h to
enhance the responsiveness of the TC intensification process to actual SST conditions. The SST
field is directly extracted from the GFS (GDAS/FNL) analysis fields of the NCEP product.

For the augmented observation dataset used in the data assimilation scheme, the
experiments utilize two primary data sources. The first source is the satellite-derived wind
field (Atmospheric Motion Vector–AMV) from the Cooperative Institute for Meteorological
Satellite Studies (CIMSS) at the University of Wisconsin [35–39]. For the TC genesis
study, the CIMSS AMV wind data in the domain are sufficiently sampled to cover the
region. This study employs a simplified approach to establish quality control in the
assimilation, with a default observation error of 3.5 m s−1 and corresponding quality index
>0.7. The quality index is a criterion used in AMV’s quality control procedures through
recursive filter algorithm. Every data point is subjected to an assessment for consistency
with neighboring data, thereby excluding low-quality point (quality index ≤ 0.7), Details
methodologies for quality control and error characterization of AMV wind data can be
found in previous studies [35,37,38,40,41]. In addition, the second data source consists of
local observational data within the study domain. These local observations include SYNOP,
METAR, ship/buoy observations during the forecast period. These local observational data
are irregularly distributed and encompass a variety of data types.

2.3. TC Detection

In this study, the objective TC vortex identification scheme employs several funda-
mental meteorological fields, including the maximum low-level vorticity at 850–500 hPa,
minimum sea-level pressure (SLP), minimum geopotential height at 700 hPa, and surface
wind speed. The three primary steps of the TC detection as follows:

1. Identification of potential TC vortices at each time step

• Identify maxima of positive vorticity at 850–500 hPa, minima of sea-level pressure
(Pmin) and minima of geopotential height at 700 hPa within sub-domains of
12 × 12 grid points. To filter out local extrema, the extremum point must be
encompassed by at least 2 closed contours with an interval of 0.1 × 10−5 s−1

(vorticity); 2 hPa (Pmin) and 4 dam (700 hPa geopotential height). We do not
include warm core in our TC detection as our effective criterion, because recent
studies indicate that early TC formation is often associated with features like a
mid-level cold core [42–45].

• Combine all marked extremum points to form a nearest point in two-dimensional
space, these sets are stored and identified as potential TC centers. Vmax within a
4◦ radii from the corresponding Pmin center is computed.

2. Assessment and selection of TC centers Instantaneous thermodynamic fields often
contain noises and false alarms. Therefore, this study employs the following algorithm
to determine TCs from potential cyclonic centers obtained from stage (1):

• Condition 1: Potential TC centers (Pmin) encompassing all points of maximum
vorticity, and minimum 700 hPa geopotential height within 4◦ radii. TC centers
over land and outside the VES are excluded.

• Condition 2: Selection of TC centers with Pmin < 1004 hPa.
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• Condition 3: A TC center is considered a TC formation if Vmax ≥ 20 kt (TD
intensity) and a TC development if Vmax exceeds 34 kt (reaching TS intensity).
TC at the time of formation (Vmax ≥ 20 kt) is considered a reference TC center.

3. Track matching

Link the reference TC center (at formation) with all TC vortices persisting before and
after the formation time. The predefined distance threshold between 2 consecutive TC
vortices is 5◦ (illustrated in Figure 3).
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2.4. Verification of Probabilistic Forecast
2.4.1. Categorization of Cases

The experiments address the problem of forecasting fixed-event occurrences. In this
approach, a series of ensemble forecasts are conducted with the goal of assessing the
model’s ability to successfully simulate a predetermined TC formation event. Therefore, to
evaluate the forecasting skill of the EPS-DA system based on the criteria of accurate event
and non-event forecasts, we categorize TCs as follows:

• TC formation: a forecast is considered to have correctly forecasted TC formation
(FORM) when there exists at least 1 vortex center satisfying the conditions described
in Section 2.3 at any time within the 120 h forecast period. Tracks of these TC cen-
ters corresponding to each individual forecast are recorded, and their potential to
TS development in subsequent time steps following their formation are examined.
Conversely, forecast members that do not predict the occurrence of TD are categorized
as non-formation (NON-FORM).

• TC development: Within each track obtained from the ensemble analysis, if a vortex
center is identified after the formation with Vmax ≥ 34 kt, then the corresponding
forecast is deemed to have forecasted TC development (DEV). If the track does not
meet aforementioned condition, they are classified as non-developing cases (NON-DEV).
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To score the probabilistic forecast, we use the Brier score (BS; BRIER [46]) and AUC-
ROC (Area Under the Receiver Operating Characteristic Curve). In the context of forecast-
ing the likelihood that an EPS-DA system accurately describes the TC genesis, instead of
quantifying a specific error value, BS and AUC-ROC serve as a statistical measure for the
forecasted probability of a given event.

BS =
1
N

N

∑
i=1

(pi − ai)
2 (1)

N represents the total number of observed (formation/development) events. pi cor-
responds to the forecasted probability of the occurrence, and ai is the actual observation,
indicating whether the event indeed occurred (ai = 1) or not (ai = 0). BS lies between [0; 1],
and as BS approaches 0, the forecast aligns more closely with reality.

The AUC-ROC is a representation used to assess the performance of binary classifi-
cation models, evaluating the ability of a model to distinguish “positive” and “negative”
classes based on the model’s sensitivity and specificity [47,48]. The AUC-ROC ranges from
0 to 1, with values near 1 signifying accuracy, near 0 suggesting inverse predictions, and 0.5
indicating the model’s inability to classify events. Since all the experiments are designed to
target the occurrences of TC formation, we utilize AUC-ROC solely for the classification of
TC development.

2.4.2. Environmental Conditions of TC Genesis

Upon obtaining a collection of TC tracks across all experimental forecasts, we assess the
average environmental conditions in the vicinity surrounding the TC center. The evaluated
environmental variables can be categorized into two types: dynamic–thermodynamic
variables. The choice of these variables is critical for capturing the intensity and potential
for the formation and development of TCs, including Pmin, low-level vorticity, vertical
velocity at the mid-tropospheric levels, and wind shear. As the primary energy sources
driving TC genesis over the ocean involve ocean-atmosphere interactions and the release
of latent heat energy from condensation, the chosen thermodynamic variables are linked
to sources of latent heat energy and moist processes in the proximity of the vortex center.
These variables encompass moist static energy, surface latent heat flux, and low-level
moisture convergence up to 700 hPa. Table 1 provides a summarized compilation of the
assessed environmental variables in this study.

The quantities are averaged within a radius of 5◦ around the vortex. Convective activities
within approximately 5◦ distance from the TC center are often related to the intensification of
vorticity, constituting one of the most crucial processes influencing the TC genesis.

3. Results
3.1. Verification of TC Genesis
3.1.1. Probabilities of Genesis

The synthesized tables of the probability of TC occurrences reaching TD intensity
and the probability of corresponding cyclones continuing to develop into moderate-level
TS are presented in Figure 4 and Table 2. Overall, the forecasting skill of TC forma-
tion/development depends on the lead time. As the forecast cycles approach the actual
formation time, the accuracy of predicting TC formation and development improves. This
is evident in the increasing the occurrence probability of accurately forecasted cases in the
ensemble mean composite and the gradual decrease in the Brier score towards 0 in the near
forecast cycles.
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Table 2. Values of the Brier score and AUC-ROC to evaluate the quality of the EPS-DA system in
forecasting TC genesis at different forecast cycles.

−120 h −108 h −96 h −84 h −72 h −60 h −48 h −36 h −24 h −12 h 0 h

Brier Score
(formation) 0.028 0.047 0.037 0.090 0.038 0.062 0.039 0.039 0.033 0.016 0.011

Brier Score
(development) 0.294 0.283 0.268 0.212 0.246 0.269 0.228 0.187 0.235 0.179 0.166

AUC ROC
(development) 0.471 0.510 0.667 0.767 0.558 0.580 0.741 0.779 0.608 0.673 0.750

For the formation forecasts, the WRF-LETKF ensemble system demonstrates reason-
ably good forecasting skill up to a 5-day lead time, with the lowest Brier score occurring at
3.5 days before the formation time (equivalently to 84 h cycle). With the 48 h forecast cycle,
the ensemble system shows a stable increase in the probability of hit cases.

However, for the development forecast of TCs, the Brier score indicates a significant
decrease compared to the formation forecast, with most values exceeding 0.1 and a clear
decreasing trend in the near forecast cycles. When combined with the AUC-ROC skill score,
it is observed that the EPS-DA model performs well in classifying the development of TCs
in the forecast cycles from 96 h, 84 h, and 48 h onward (AUC-ROC achieving values > 0.6).
In the forecast cycles of 120 h and 108 h (4.5–5 days before the formation time), the model
fails to classify the possibility of TD development into storms.

Nevertheless, the forecasting skill also relies on the performance of individual en-
semble members. The statistics show that for the formation forecast, the listed members
mem_006, mem_007, mem_012, and mem_013 exhibit the worst probability of detection
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for TC formation. The occurrence frequency of TCs in these ensemble members only sig-
nificantly increases at the 48 h forecast cycles. Correspondingly, mem_008, mem_014, and
mem_015 show notably lower forecasting skill for the development of TCs compared to
other groups. Thus, despite all ensemble members being provided with similar initial con-
ditions and data assimilation, different combinations of physical parameterization schemes
(see Table 1 in TIEN20; [26]) yield diverse forecasts for the formation and development of
TCs. The multiple physical parameterization schemes, including convection, microphysics,
planetary boundary layer processes, and longwave–shortwave radiation, all contribute sig-
nificantly to the processes of TC genesis from initial disturbances. Therefore, the selection
of physical schemes is crucial in the forecast of tropical cyclogenesis.

3.1.2. Predictability of TC Positions at Genesis

To evaluate the statistical error of the relative distance between the positions of TC
centers during the formation and development stages and their corresponding actual form-
ing locations, this study constructs ellipsoidal shapes representing the 3-sigma dispersion
of the error distribution (Figure 5).
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Figure 5. Statistics of position errors for TC formation (a) and TC development at first TS declaration
(b) of ensemble members compared to corresponding IBTrACS best-track for each forecast cycle. The
red ellipses estimate the normal distribution of position errors, covering the 3-sigma dispersion. The red
points represent the mean position error. The x-axis and y-axis represent position errors (a) [−10; 10]
degrees of lon/lat and (b) [−20; 20] degrees of lon/lat.
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Regarding the performance of the regional EPS-DA system for predicting the formation
of TDs, the forecasted cyclone centers generally exhibit a tendency to converge towards the
mean value as the forecast cycles approach the actual formation time, as indicated by the
decreasing dispersion and error values approaching zero with the forecast cycles. Overall,
this convergence occurs gradually, with occasional abrupt changes observed at the 12 h
forecast cycle before the actual formation time, resulting in a significant reduction in the
ellipsoid size compared to the previous cycles. This finding aligns with the statements
drawn above while analyzing the number of ensemble members correctly predicting
formations. The sudden changes in the forecasting skill for the formation and location of
the cyclone centers in the 12 h forecast cycle suggest an optimized forecasting approach
for TC formation when considering the interactions between atmospheric circulations at
different scales. Notably, the spatial error distribution tends to change from stretching in the
north–south direction (at 120 h forecast cycle) to nearly uniformly distributed and centered
at approximately the score of 0 in most forecast cases, corresponding to the tendency of
the forecasted cyclone centers to converge towards nearby observational values. Hence,
early forecasts from 3 to 5 days still provide crucial information for the prediction of
TC formation, allowing the estimation of TDs developing into storms 5 days ahead by
assessing the spatial distribution of the forecasted cyclone centers. One explanation is
that a majority of the tropical disturbances in the VES originate from the active areas of
the monsoon (including depressions along the monsoon shearline, monsoon confluence
zone and the southwesterlies,. . .) [49–53] with persistence cycles up to 10 days, according
to the study of Hsieh, et al. [54]. Therefore, the EPS-DA system can capture the general
dynamic conditions leading to TC formation in these areas 5 days in advance before its
actual occurrence. Our previous case study has demonstrated the EPS-DA system excels
in depicting the deepening of the MT [26]. This suggests that the position errors appear
to extend along the east–west dilatation axis, mirroring the east–west extension of the MT
and their relative TCs’ corresponding steering flow of this type.

3.1.3. Predictability of Genesis Timing and Intensity

Throughout the tropical cyclogenesis period, the ensemble prediction system tends to
predict TCs with intensities relatively higher than the observational values, as evidenced
by the errors in Pmin at the formation and development times across all forecast cycles
(Figure 6a,b). The median error values in the formation forecasts show little noticeable
change and have errors of approximately 2–3 hPa compared to the observational values.
The Pmin errors increase for the development forecasts of TCs. These results may be
due to the numerical model’s tendency to predict deeper TCs than observed, especially
in longer forecast lead times. However, the spread is uneven throughout the forecast
cycles, with more than 50% of the absolute error of Pmin falling below 20 hPa for most
forecast cycles. The forecasting skill for the intensity of developing TCs is relatively good
at the 108 h forecast cycle and worst at the 36 h cycle. One possible explanation for the
large discrepancy is the numerical model’s tendency to predict deeper TCs than observed,
especially in longer forecast lead times. Several factors contributing to this, including
inherent model prediction’s systematic errors, the influence of initial conditions, ensemble
members’ configuration, resolution, and the effects of parameterization schemes [55,56].

Regarding the forecast of the timing errors for the formation and development, the
forecasts show significant improvements as the forecast cycles approach the actual times.
The best forecasts are obtained from 96 to 48 h cycles (equivalent to from 4 to 2 days before
formation), with the timing error spread (in terms of interquartile range) encompassing
the analysis value. The remaining cases either show forecasts that are too early or too late
compared to the actual formation and development times.
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Figure 6e illustrates the errors in this time frame (∆t), indicating that in most forecasts,
TCs take longer to develop compared to observed, especially in the closer forecast cycles.
This delay can impact the development location and the intensity of the TCs. Combining
with the analysis of TS position errors (bottom panel of Figure 6e), it suggests that the
ensemble DA system often provides late warnings for TDs to develop into storms. This
impacts significantly the position of the storm’s development (Figure 5b) through verification
with the positive correlation coefficient values. This result can be explained by the fact that
TCs are not stationary weather systems, but rather influenced by the environmental steering
flow induced by large-scale atmospheric circulations. Thus, differences in development
durance can easily lead to errors in the position of the storm’s development. The forecasting
skill of the model decreases as the forecast lead times increase due to the chaotic nature of
the atmosphere, which can blur essential information assimilated from the initial conditions.

In other words, the ensemble prediction for the event of a near-accurate TC formation
in terms of timing, formation location, and vortex intensity does not necessarily offer more
precise information about the cyclone’s subsequent development to attain TS intensity.
No-forming tropical disturbances and mis-forecasted TCs that failed to accurately predict
development may fall under the category of forecast errors. However, these cases can still
provide valuable insights to forecasters when utilizing the WRF-LETKF ensemble DA model
in operational tasks. In the following section, this study proceeds to assess the forecast
quality of the ensemble members by investigating the environmental conditions’ changes
favoring tropical cyclogenesis simulated by the prediction system across forecast cycles.

3.2. Composite Analyses of Environment Conditions Favoring Tropical Cyclogenesis

From the general assessment as described above, the EPS-DA demonstrates good
performance in capturing the formation of TCs with a forecast lead time up to 5 days. With
the characteristics of probabilistic forecasting and correlation with environmental condi-
tions, this study conducts an analysis and comparison of the variations in some dynamic
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and thermodynamic factors between the forming/non-forming (FORM/NON-FORM) and
developing/non-developing (DEV/NON-DEV) groups. The goal of this comprehensive
assessment is to clarify the factors that create favorable or adverse conditions for these dy-
namic interactions in shaping the structure of TCs during the formation and development
stages forecasted by the WRF-LETKF.

Figure 7 illustrates the distribution of average dynamic values within a 5◦ radii sur-
rounding the center of TCs and their temporal variations among different groups. During
the formation period, the dynamic variables exhibit insignificant differences between the
two groups. Both groups experience a steady increase in vertical wind shear. Notably, the
significant difference between the FORM and NON-FORM groups lies in the distribution
spectra of column-integrated moist static energy (MSE) from 1 days, vertical velocity from
2.5 days, and low-level HMC from 3 days before formation. These variables are indicative
of convective processes and enhanced moisture in the atmospheric column. The average
moist static energy (MSE) over the entire column in TC’s core region is an important fea-
ture reflecting the oscillation of moisture related to organized convective activities [57],
and enhanced MSE signifies intensified TC intensity [58]. Thus, it can be observed that
enhanced convective processes during 3 days before TC formation can play a crucial role
in determining the TC genesis, as forecasted by the WRF-LETKF ensemble assimilation
system. In terms of MSE, the biases between FORM and NON-FORM are not notably
significant. The evolution of MSE corresponds with other factors, such as HMClow and
convective activity (ω). The abrupt increase in MSE within 24 h before formation can be
attributed to moisture convergence and heightened convective processes.
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Figure 7. The time evolution of the mean dynamic-thermodynamic variables corresponding to the
TC centers in FORM/DEV groups (red lines) and the NON-FORM/NON-DEV group (blue lines)
in ζlow (a); Vsh (b); ω (c); MSE normalized by Cpd (d); SLHF (e); and HMClow (f). The red/blue
background corresponds to the standard deviation range of the dynamic variables in the 2 groups.
For the FORM/DEV groups, the time reference point 0 is determined at the time of TC formation.
For the NON-FORM/NON-DEV groups, the time reference point 0 corresponds to the time when
minimum Pmin is reached along the track.

Notably, there is a phase shift in the values of vertical vorticity between the FORM/NON-
FORM and DEV/NON-DEV. In FORM group, the region of tropical disturbances’ activity
tends to start at relatively lower vorticity compared to the NON-FORM, then increases signifi-
cantly, while vorticity in the non-forming disturbances remain nearly unchanged throughout
the period. This indicates that the model forecast can potentially resolve additional environ-
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mental conditions for enhancing the vorticity process, especially in FORM group, rather than
focusing solely on vorticity at a fixed time that cannot distinctly differentiate the potential
for TC genesis. This characteristic aligns with recent theoretical studies, which emphasize
the significance of vortex merger in the process of TC genesis. TDs, in particular, rely on
vortex merger to boost their vorticity, thereby facilitating TC genesis (for additional references,
see [59–61]).

On the contrary, the results show distinct temporal variations in the environmental
conditions between the developed and non-developed groups. The DEV demonstrates
significant enhancements in rapid low-level vorticity, average vertical velocity, moist static
energy, latent heat flux, and low-level moisture convergence. The time to reach the peak of
these variables generally falls within the range of 36–72 h after TC formation. All of the
dynamic variables exhibit similar variations, with the average vorticity displaying slower
enhancement but a much larger variation range compared to other variables. Alongside the
pronounced differences in fields related to moisture enhancement and convective activities,
vorticity of the NON-DEV rise rapidly after the formation time. Typically, TC tends to form
and develop in areas with weak vertical wind shear near the storm’s center. Along with the
dispersion of energy due to increased shear and diminished convective processes, these
could be primary factors leading to the weakening and dissipation of TC in the VES. It is
also important to note that the wind shear quantity between 850–200 hPa often characterizes
kinetic energy dispersion in the formation and development of TC processes. However, the
spatial distribution of this variable in the vicinity of the TC center could be closely linked
to favorable conditions for TC development. Therefore, specific investigations into the
distributions of this variable should also be considered to each specific case.

When comparing the probability distribution functions (PDFs) of environmental
variables at the formation time among the developed and non-developed groups, we notice
significantly distinct probability distribution spectra between the two groups across all
forecast cycles (Figures 8 and 9). Except for the average wind shear and vertical velocity at
700–500 hPa, the PDFs of the DEV groups mostly follow distinct and well-separated single-
mode Gaussian distributions with certain skewness compared to the NONDEV (statistically
95% significant as assessed by the Student t-test). This indicates that the development
potential of TC predicted by the ensemble assimilation system is somewhat related to
the environmental conditions at the formation time, closely tied to strong vorticity and
enhanced moisture processes. The peak values at each forecast cycle also show negligible
differences. Specifically, for low-level vorticity (ζLow), the peak in cases of formation tends
to shift forward over time, accompanied by positively skewed distribution. A similar
trend is observed for low-level moisture convergence (HMClow) and MSE. For surface
latent heat flux, the NON-DEV group usually exhibits a narrow distribution, oscillating at
approximately 150 Wm−2, while the DEV group demonstrates a wider distribution that
increases as the forecast cycles approaches, with the highest probability often centered at
approximately 200 Wm−2.

It is evident that the dispersion of environmental variable PDFs (dynamic and ther-
modynamic) increases for forecast cycles from 72 h and narrows as the actual formation
time approaches. This is more prominent for vorticity and moisture variables. This trend is
consistent with the pattern of minimum sea-level pressure Pmin error displayed in Figure 6.
The result can be explained as TCs forecasted at longer lead times tends to have lower
intensities compared to the analyzed field; and starting from the 3-day forecast cycle prior
to the formation time, due to the addition of new information in the initial conditions, the
forecasting system is capable of capturing the intensification process of TCs relatively well
in some ensemble members leading up to the genesis time.
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4. Summary and Discussion

In this study, we have conducted experiments and discussed the capability of forecast-
ing the formation and development of TCs in the VES using the assimilated multi-physics
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ensemble forecasting method by WRF-LETKF, with forecast lead times up to 5 days, for a
total of 45 TC formation events during the period 2012–2019. The forecast results for the
formation and development of TCs were evaluated using forecast probability assessments
and errors in terms of position and timing of formation/development. The obtained results
indicate that the ability to forecast the TC genesis as a whole depends on the forecast lead
time and the quality of the initial conditions.

Additionally, we have investigated the statistical variations in characteristic dynamic
and thermodynamic variables related to the formation and development processes of TCs.
This helps provide an objective assessment of the advantages and limitations of the selected
forecasting system in predicting the formation and development of TCs over the VES. It
should be noted that the selected meteorological variables are not sufficient to assess all
the processes involved in the TC genesis. Furthermore, statistical evolutions of all sample
sets cannot fully capture the variations in the developmental processes of TCs in particular
case and with different forecast components. However, these variables provide a general
framework for evaluating the most characteristic dynamic conditions for the formation and
development of TCs.

Regarding the forecast of TC in the formation period from an embryo vortex towards
TD intensity, the EPS-DA system demonstrated a relatively good depiction of TC formation
across the forecast cycles. The skill of forecasting the probability of TD appearance signifi-
cantly improved as the forecast lead time got closer to the actual formation time. Statistical
analysis of the error in the distance of TC formation showed that cyclone centers tend to
converge towards the observation location as the forecast lead time progresses, with the
mean error falling below 1◦ (~110 km) around the observation-based formation position.
Correspondingly, the formation intensity error, represented by the minimum sea-level
pressure (Pmin) deviation from the observation at formation time, indicated that the forecast
members often provided Pmin values lower than the actual value, with a relatively low
spread of ensemble forecasts, and the median error oscillating below 3 hPa. Forecasts
at cycles 96 to 48 h showed improved TC formation timing forecast, as assessed by the
statistical spread (interquartile range) surround the analysis value. These results emphasize
the role of data assimilation in enhancing the forecast with augmenting data from 3 to
5 days prior to formation [26].

Regarding the forecast of TC development to the TS stage, the skill assessment of
probabilistic forecast showed a significant decrease in the ability to forecast TC development
compared in the formation period, in alignment with the model’s uncertainty in forecasts
at longer lead times since the initialization. The spread of development position error
expanded east–west with a higher amplitude compared to the formation error, and the
mean error shifted eastward from the observation. This error correlated positively with
the development timing error, where cyclones often developed later. The spread of Pmin
error in the DEV forecast group was relatively large, with uneven distribution, indicating
relatively good ensemble forecasting in the 4.5-day and 5-day cycles. Development timing
resembled the formation timing error but with a smaller spread, covering observation-based
information within the 3.5- to 2-day forecast cycles.

We assessed the impact of environmental conditions on TC genesis forecasts using the
EPS-DA system and compared dynamic-thermodynamic variables of TC centers during
thesis with non-forming/non-developing vortices. The results highlight convective and
moisture convergence processes within 3 days before formation as effective forecasting
factors for TC formation. A prominent feature is that the EPS-DA’s ability to predict
TC development is somewhat influenced by the environmental conditions at the time of
formation, suggesting that the products from dynamical models could serve as potential
predictors for bias correction in statistical–dynamical hybrid models.

Consequently, based on these findings, the utilization of products from the EPS-DA
outlined in this study for forecasting the TC genesis within the VES, with a forecast lead
time of 3–5 days, is feasible. Our study mainly focused on examining and comprehending
the performance of our EPS-DA system in depicting TC genesis processes across the VES.
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Future work can be performed on improving the forecast quality of the EPS-DA system
through innovative designs to incorporate the forecasting process into operational practices.
This includes expanding the number of ensemble members, refining spatial resolution
within the modeling domain, constructing flow-dependent error covariance matrix instead
of a fixed matrix, integrating the benefits of both variational and LETKF schemes, etc. In
addition, a more comprehensive bias-correction strategy can be applied in both dynamical
and statistical methodologies to elevate the quality of forecasting TC development.
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