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ABSTRACT

To improve understanding of essential aspects that influence forecasting of tropical cyclones (TCs), the National Key
Research and Development Program, Ministry of Science and Technology of the People’s Republic of China conducted a
five-year  project  titled  “Key  Dynamic  and  Thermodynamic  Processes  and  Prediction  for  the  Evolution  of  Typhoon
Intensity and Structure” (KPPT). Through this project, new understandings of TC intensification, including outer rainband-
driven secondary eyewall formation and the roles of boundary layer dynamics and vertical wind shear, and improvements
to TC data assimilation with integrated algorithms and adaptive localizations are achieved. To promote a breakthrough in
TC intensity and structure forecasting, a new paradigm for TC evolution dynamics (i.e., the correlations, interactions, and
error propagation among the triangle of TC track, intensity, and structure) is proposed; and an era of dynamic-constrained,
big-data driven, and strongly coupled data assimilation at the subkilometer scale and seamless prediction is expected.
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 1.    Introduction

The prediction of tropical cyclone (TC) track, intensity, and structure has been extremely challenging due to numerous
factors.  These  factors  include  a  lack  of  understanding  of  key  dynamic  and  thermodynamic  processes,  large  uncertainties
from complex environments and internal dynamics, multi-scale interactions among different physical processes (e.g., radia-
tion, planetary boundary layer, microphysics, etc.) and various geophysical components (e.g., ocean, land, and atmosphere),
suboptimal assimilation of observations due to approximations and limitations of current analysis techniques,  a large gap
between the scales that observations and numerical models might represent or resolve, and limited representations of physical
processes in numerical models.

Improving the understanding of physical processes within a wide range of scales involved in the development of TCs is
a necessary and vital step towards better TC predictions. Pinpointing exact pathways of TC genesis remains one of the most
mysterious  and  difficult  challenges  (e.g., Bister  and  Emanuel,  1997; Montgomery  et  al.,  2006; Dunkerton  et  al.,  2009;
Emanuel, 2018), and a lack of understanding of those pathways prevents us from gaining a deeper understanding of TC clima-
tology (e.g., Knutson et al., 2020; Sobel et al., 2021). After formation, exchanges between a TC and its underlying surface
(e.g.,  ocean  or  land)  determine  the  majority  of  energy  source  and  dissipation  in  the  system  (Riehl,  1950; Kleinschmidt,
1951; Emanuel,  1986).  Subsequent  vertical  transport  and  horizontal  mixing  of  energy  and  momentum  through  turbulent
flows are critical for the thermodynamic and dynamical structure in the boundary layer (e.g., Smith, 2003; Gopalakrishnan
et al., 2013; Zhang et al., 2020), which further interacts with organized convection within the eyewall and rainbands (e.g.,
Schubert  et  al.,  1999; Kossin  and  Schubert,  2001; Wang,  2009; Houze,  2010; Qiu  and  Tan,  2013).  Feedbacks  between 
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moist convection, radiation, and balanced and unbalanced flows in TC vortices govern the dynamics (e.g., Montgomery and
Kallenbach, 1997; Kossin, 2002; Nolan and Montgomery, 2002; Nolan and Grasso, 2003; Dunion et al., 2014; Montgomery
and Smith, 2014) and evolution of TC structure, leading to changes in TC track and intensity (e.g., Fovell et al., 2010; Bu et
al., 2014; Tang and Zhang, 2016). These feedbacks are further complicated by interactions between the large-scale environment
(e.g.,  vertical  wind shear,  outflow, and troughs) and the TC (e.g., Jones,  1995; Wang and Holland,  1996; Schecter et  al.,
2002; Riemer and Jones, 2010; Tang and Emanuel, 2010; Gu et al., 2015). Due to the multi-scale nature of TCs, any uncertainty
in each of the above processes can propagate to other processes and finally manifest as larger uncertainties in general TC pre-
diction (e.g., genesis, rapid intensification, precipitation, track), indicating the necessity of developing advanced techniques
to minimize the original process uncertainties.

Many advanced techniques for TC forecasting, along with the usage of observations, have been proposed and investi-
gated. Some commonly used techniques designed to improve TC initialization and produce better TC predictions include vortex
bogusing, which incorporates artificial balanced TC-like vortices into the initial field (e.g., Leslie and Holland, 1995; Ueno,
1995; Kwon and Cheong, 2010), assimilation of synthetic observations (e.g., Zou and Xiao, 2000; Xiao et al., 2006; Davidson
et al., 2014) and advisory observations (e.g., Torn, 2010; Kleist, 2011; Kunii, 2015), which provide estimates of TC posi-
tion,  intensity,  and structure,  and dynamical  initialization,  which  inserts  a  spin-up vortex  compatible  with  model  physics
into the model  initial  condition (e.g., Kurihara et  al.,  1995; van Nguyen and Chen,  2011; Liu and Tan,  2016).  Advanced
data assimilation approaches, from three-dimensional variational (3DVAR; e.g., Pu et al., 2009; Xiao et al., 2009) and four-
dimensional  variational  (4DVAR; e.g.,  Zou  and  Xiao,  2000; Pu  and  Braun,  2001)  methods  to  ensemble  Kalman  filters
(EnKFs;  e.g., Aksoy  et  al.,  2013; Zhang  et  al.,  2016),  and  to  hybrid  ensemble-variational  methods  (e.g., Lu  and  Wang,
2019; Wu et  al.,  2019),  have  been  intensively  examined for  the  purposes  of  data  assimilation  and TC forecasts.  Various
types  of  observations,  including  dropwindsonde  observations  (e.g., Wu  et  al.,  2007; Weissmann  et  al.,  2011),  airborne
Doppler radar data (e.g., Zhang et al., 2009; Dong and Xue, 2013; Aksoy et al., 2022), and satellite radiance observations (e.
g., Honda et al., 2018; Zhu et al., 2019; Moradi et al., 2020), have been assimilated to help better resolve TC environments
structures.

To further improve understanding of the essential aspects of TC forecasting, the National Key Research and Development
Program, Ministry of Science and Technology of the People’s Republic of China started the “Key Dynamic and Thermody-
namic  Processes  and  Prediction  for  the  Evolution  of  Typhoon  Intensity  and  Structure”  project  (KPPT),  which  spans  the
years 2018–22. The project focuses on the dynamics, physics, data assimilation, and prediction of typhoons. Research topics
include dynamic and thermodynamic processes during TC evolution, predictability of TC track, intensity, and structure, key
physical processes and parameterization schemes for the numerical modeling system, multi-scale ensemble-based data assimi-
lation, effective usage of advanced observations like satellite radiances, and forecasting techniques for TC track, intensity,
and structure. The project findings related to the evolutions of TC intensity and structure are summarized from two main per-
spectives: typhoon dynamics and associated environmental factors, and data assimilation and prediction for typhoons.

 2.    Typhoon dynamics and environmental influences

 2.1.    Climate influences

The  recent  global  warming  hiatus  has  contributed  to  the  increased  occurrence  of  intense  TCs  since  1998  along  the
coastal  regions of  East  Asia (Zhao et  al.,  2018).  Accumulated and averaged power dissipation indexes after  TC landfalls
over China’s mainland showed significant increasing trends during 1980–2018 as a result  of increasing mean duration of
TCs over land and increasing TC intensity at landfall (Liu et al.,  2020). During 1980–2017, total annual TC precipitation
exhibited an increasing trend in southeastern China due to an increase in annual TC precipitation frequency and precipitation
intensity per TC; but annual TC precipitation exhibited a decreasing trend in southern China due to a reduced annual TC pre-
cipitation frequency (Liu and Wang, 2020). In the summer following a positive phase of the leading principal mode of the
interannual variability in the Indo-Pacific warm pool (IPWP) Hadley circulation, there is increased TC genesis over the western
North Pacific (WNP); the persistent impact of the leading principal mode until the summer is led by a positive wind–sea surface
temperature (SST)–precipitation feedback (Guo and Tan, 2018a). Different types of El Niño–Southern Oscillation (ENSO)
events can have different influences on rapid intensification (RI) of TCs over the WNP (Guo and Tan, 2018b, 2021). During
short-duration El Niño events, the mean RI occurrence position of a WNP TC migrates westward by about 8.0° longitude.
During La Niña events, the mean RI occurrence position during peak TC season shifts northward by about 2° latitude, while
during eastern Pacific El Niño and La Niña events, the mean RI occurrence positions during late TC season shift westward
by about 10° and 14° in longitude, respectively.

 2.2.    Vertical wind shear

Under environmental vertical wind shear (VWS), thermodynamic processes can help saturate the TC inner core before
RI onset through an increase in the column-integrated moist static energy, highlighting the impact of vortex structure on TC
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intensification (Chen et al., 2019). The outer-core convective-scale updrafts are weighted in favor of downshear formation,
and the increase in the magnitude of VWS leads to more short-lived updrafts and decreased height of strong vertical velocities
within convective bursts (Li and Fang, 2018). A downshear–upshear contrast in outer-core conditional instability occurs in
weakly sheared TCs, while an enhanced downshear-left–downshear-right difference exists in strongly sheared TCs, which
helps  to  maintain  azimuthally  asymmetric  convective  activity  in  the  outer  core  of  TCs  (Li  and  Dai,  2020).  TCs  weaken
rapidly for a relatively long period in upper-layer VWS, while they weaken initially but experience a quasi-periodic intensity
oscillation in lower-layer VWS (Fu et al., 2019). Upper-layer VWS favors a better-organized stratiform sector in the outer
rainbands compared to low-layer VWS, since the former produces a deeper asymmetric inflow layer in the outer rainband
stratiform sector with more significant lower-level inflow and tangential jets (Gao et al., 2020). The balanced dynamics in
response to the height-dependent vortex tilt determines the kinematic and thermodynamic structure of TCs embedded in a
clockwise (CW) or counterclockwise (CC) directional shear flow (Gu et al., 2018, 2019). The height-dependent vortex tilt
controls TC structural differences in CW and CC hodographs during the initial stage of development. The differences in the
overall  vortex  tilt  between  CW  and  CC  hodographs  are  amplified  by  a  feedback  from  convective  heating  and  result  in
higher intensification rates for TCs in CW hodographs than those in CC hodographs.

 2.3.    Radiation, SST, and land–sea contrast

Interactive radiation can facilitate TC genesis by accelerating the development of the midlevel vortex through a strong
horizontal longwave radiative warming anomaly in the vortex region (Yang and Tan, 2020). Diurnal radiation has impacts
on TC intensification through interactive processes in the boundary layer, including convection and radiation (Tang et al.,
2019b).

SST played an essential role in the pre-landfall  RI of Typhoon Mujigae (2015) by contributing to the formation of a
strong/compact  inner  core  with  high  precipitation  symmetry  (Chen  et  al.,  2018).  Similarly,  the  typhoon-induced  warm
coastal SST anomalies partly contributed to the pre-landfall RI of Typhoon Hato (2017) and slowed its weakening at and
shortly after its landfall (Zhang et al., 2019). The TC superintensity decreases with increasing SST, which is dominated by
the  increased  convective  activity  in  the  TC  outer  region  for  the  SST-independent  atmospheric  initial  condition  or  the
increase in theoretical maximum potential intensity for the SST-dependent atmospheric initial condition (Li et al., 2020b).
When an intense TC moves across a region with a sharp decrease in SST and into a region with large VWS and dry conditions
in the upshear-left quadrant, the TC often experiences rapid weakening (Fei et al., 2020).

A  distinct  land–sea  contrast  in  the  diurnal  variation  of  TC  precipitation  is  found,  with  peak  precipitation  over  land
occurring  in  the  afternoon  and  peak  precipitation  over  the  sea  occurring  in  the  early  morning  (Tang  et  al.,  2019a).  For
Typhoon  Longwang  (2005),  which  produced  catastrophic  rainfall  in  Fujian  Province  of  China,  the  terrain  and  landmass
near  Fujian  greatly  affected  the  structure  and  propagation  of  the  TC  rainbands  (Li  et  al.,  2020c).  When  Typhoon  Megi
(2010) crossed Luzon Island and entered the South China Sea, the landmass of Luzon Island contributed to the breakdown
of the original eyewall and the formation of the new eyewall (Wang and Wang, 2021).

 2.4.    TC structure

Secondary eyewall  formation (SEF) is  regarded as  a  top-down process  and is  mainly triggered by axisymmetric  and
asymmetric dynamics (Wang et al., 2019a). TC tangential wind experiences outward expansion in response to diabatic heating
in the outer rainband and inflow in the mid- to lower troposphere; the outer rainband is then intensified and rapidly axisym-
metrized,  and  continuous  inward  propagation  of  perturbation  wind  and  the  rainband  lead  to  SEF.  The  dynamics  of  SEF
shows that the unbalanced boundary layer process driven by outer rainbands is essential for the canonical SEF, whose devel-
opments are governed by two different pathways, a wind-maximum formation pathway and a convective-ring formation path-
way (Wang and Tan, 2020). Prior to the SEF, a double warm-core structure centered in the middle and upper troposphere
occurs in the eye region; during the SEF, the double warm core structure rapidly strengthens, and the secondary off-center
warm ring merges with the upper-level warm core to form a single warm core as the secondary eyewall intensifies and contracts
and the primary eyewall weakens and dissipates (Wang et al., 2019b).

The TC fullness, as a new concept describing the maturity of TC structure, is positively correlated with TC intensity,
and flight-level TC fullness increases more rapidly than near-surface TC fullness (Chen and Li, 2021). For strong typhoons
and typhoons experiencing RI, there is greater overshooting top density (OTD, a proxy for deep convection with an intense
updraft penetrating the tropopause) and greater diurnal variation of OTD (Sun et al., 2021). The low-level cold pool under
the TC eyewall results from the evaporation of eyewall rainfall  and acts as a barrier to boundary layer inflow, leading to
enhanced convergence and vertical updraft at its outer edge, and hence promoting the formation of inner rainbands (Cai and
Tang, 2019). Compared to normal TC rainbands, the secondary rainbands have distinctive features, such as a front-like struc-
ture, formation above the boundary layer, penetration of the lower portion of the mid-level inflow into the bottom of the con-
vection tower, and concentration of the local maximum tangential wind in the updraft region (Xiao et al., 2019). The long-
lasting spiral rainband of landfalling Typhoon Longwang (2005) originated from a previously existing wavenumber-2 vor-
tex-Rossby wave and was maintained through the cold-pool dynamics and vertical wind shear-induced wavenumber-1 con-
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vective forcing (Li et al., 2019).
For Typhoon Nepartak (2016), Wu and Fang (2019) showed that the midtropospheric vortex intensified once the deep

convection strengthened and then weakened in the following shallow convection phase, and such processes recurred sequen-
tially  during  the  pregenesis  of  Nepartak  (i.e.,  diurnal  variations).  Fang  et  al.  (2019)  further  demonstrated  that  the  most
intense thermodynamic cycle in Hurricane Edouard (2014) was associated with the air rising within the hurricane eyewall,
whose structure remained mostly steady during the early development but evolved rapidly as the storm intensified. Deepening
of the thermodynamic cycle contributes to the increase of the mechanical work production and the Carnot efficiency during
TC intensification.  From theory to numerical  simulations,  Peng et  al.  (2018) divided TC intensification into two periods,
phase I and phase II. During phase I, the TC intensifies while the angular momentum and saturation entropy surfaces evolve
from nearly orthogonal to almost congruent; during phase II, the TC intensifies while the angular momentum and saturation
entropy surfaces in the eyewall and outflow are congruent. The evolution of an axisymmetric TC during phase I is further
investigated  by  Peng  et  al.  (2019),  who  show that  sporadic,  deep  convective  annular  rings  play  an  important  role  in  the
axisymmetric TC evolution in phase I.

 2.5.    Boundary layer processes

Different from the common hypothesis for the role of the boundary layer in TC intensification, Li and Wang (2021a, b)
demonstrate that  TC intensification rate during the primary intensification stage is  insensitive to surface drag coefficient.
The  effects  of  surface  friction  on  the  boundary-layer  inflow  and  thus  inner-core  diabatic  heating  rate  roughly  offset  the
effect of surface friction on the TC dissipation rate. Meanwhile, TC intensification rate is sensitive to the initial TC struc-
ture, because the indirect heating effect of boundary layer dynamics strongly depends on vortex structure while the direct dis-
sipation effect depends little on vortex structure. The positive upward advection of the supergradient wind from the boundary
layer by eyewall updrafts is largely offset by the negative radial advection due to the outflow resulting from the outward agra-
dient force (Li et al., 2020a). Thus, the upward advection of the supergradient wind component contributes little to the TC
intensification rate but does contribute to the final TC intensity. Chen et al. (2021b) reveal that boundary layer recovery regu-
lates the precipitation symmetrization and upshear deep convection, and further accounts for an earlier RI onset stage of the
TC.

Chen et  al.  (2021c)  compare  a  scale-aware  planetary  boundary layer  (PBL) parameterization scheme to  a  non-scale-
aware PBL scheme for TC intensification at subkilometer grid spacings and show that the scale-aware scheme tends to produce
a stronger TC with a more compact inner core than the non-scale-aware scheme. Xu and Wang (2021) investigate fine-scale
TC features with horizontal grid spacing reduced from 2 km to 55 m and demonstrate that TC intensity first increases and
then decreases, but the opposite is true for TC inner core size. They suggest the use of sub-100-meter grid spacing to produce
a more detailed and fine-scale structure of TC boundary-layer horizontal rolls and tornado-scale vortices.

 3.    Data assimilation and prediction

 3.1.    Data assimilation algorithm

An integrated hybrid ensemble Kalman filter (EnKF) that utilizes the framework of an EnKF to update both the ensemble
mean and ensemble perturbations by the hybrid background error covariances is proposed by Lei et al. (2021), with the potential
to improve small-scale features of a dynamic system. Increasing the assimilation frequency can help better extract information
from dense temporal observations (e.g., radiance observations), but there is a trade-off between the assimilation frequency
and imbalance that can be mitigated by a four-dimensional incremental analysis update (He et al., 2020). Multivariate ensemble
sensitivity can accurately estimate the initial perturbations whose coherent structures lead to improved TC intensity forecast
(Ren et al., 2019). For Typhoon Haiyan (2013), the initial dry dynamical differences play a more important role than the initial
moist differences for the intensity changes, as revealed by the multivariate ensemble sensitivity.

 3.2.    Radiance data assimilation

Localization  is  essential  for  successful  applications  of  EnKFs in  high-dimensional  geophysical  systems,  but  it  is  not
straightforward for radiance assimilation due to the lack of well-defined vertical locations. One strategy to overcome this is
to implement model-space localization in EnKFs through a modulation approach; thus, no explicit vertical localization is nec-
essary during the EnKF update (Lei et al., 2020b). Another strategy is adaptive localization, which uses sample correlations
to provide an effective vertical localization function and associated localization parameters for each assimilated channel of
every satellite platform (Lei et al., 2018). Furthermore, the adaptive localization method can provide adaptive localization
parameters for different regions and times, which is beneficial for capturing the evolution of TCs, especially the onset of RI
and subsequent intensity and structure changes (Wang et al., 2020). Although there is an increased need for computational
resources, an ensemble with O(1000) members is sufficient to turn off the vertical localization and yields significant improve-
ments compared to current, more computationally affordable ensembles with O(100) members (Lei et al., 2020b).
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Measurements of cloud and microphysical properties are important for monitoring and assimilating the evolution of con-
vective clouds.  An algorithm is developed to determine the infrared (IR) cloud-top phase for advanced Himawari imager
(AHI)  measurements,  and  the  product  agrees  with  the  Cloud–Aerosol  Lidar  with  orthogonal  polarization  product  and
improves the presentations of ice-phase pixels over oceans and uncertain-phase pixels over land (Zhuge et al., 2021a). The
AHI daytime cloud optical thickness and cloud-top particle effective radius are retrieved by the bispectral method (Zhuge et
al., 2021b), and the retrievals are in good agreement with the Moderate Resolution Imaging Spectroradiometer cloud product
(MOD06)  product.  Moreover,  the  simulations  of  AHI  brightness  temperature  from three  land  surface  emissivity  datasets
have negative biases relative to the observations made at night over China, with significant bias differences over grassland
surface type (Zhuge et al., 2018), which suggests that spatially and temporally varying land surface emissivity datasets were
used.

 3.3.    Forecasts of TC track, intensity, and structure

Systematic model errors of the geopotential height component that have similar features as the atmospheric semidiurnal
tide  contribute  to  the  TC track forecast  errors  from the Global/Regional  Assimilation and Prediction System (GRAPES),
and  by  subtracting  the  model  errors  from the  forecast  equations,  improved  TC track  forecasts  are  achieved  (Zhou  et  al.,
2018). To improve the predictive skill of ensemble forecasts for TCs, a method that estimates adaptive weights for members
of an ensemble forecast is proposed (Lei et al., 2020a). The adaptive weights are estimated based on the fit of ensemble priors
and posteriors to observations, by which the performances of ensemble forecasts are generally improved for TC track and
intensity. Using an inverse method to estimate the true position error of TC track, Zhou and Toth (2020) demonstrate that
the time limit of TC track predictability at the 181-nautical mile error level reached at day five in 2017 may be extended
beyond six and eight days in 10 and 30 years’ time, respectively, assuming an unabated pace of improvements to observing,
modeling, and data assimilation.

To estimate TC intensity and wind radii from infrared (IR) imagery, a deep learning-based method augmented by prior
knowledge of TCs (DeepTCNet) is introduced (Zhuo and Tan, 2021). With infused auxiliary physical information of TC full-
ness, DeepTCNet obtains improved TC intensity estimates; with simultaneous learning of TC wind radii and auxiliary TC
intensity, DeepTCNet has improved estimates of wind radii. A seven-day TC intensity prediction scheme based on the logistic
growth equation with a growth term and a decay term was developed for the WNP, and it has improved TC intensity forecasts
and is better than the official intensity forecasts from the China Meteorological Administration (CMA), especially for TCs
in the coastal regions of East Asia (Zhou et al., 2021). TC intensity forecasts in the WNP from five global ensemble prediction
systems (EPSs) during 2015–19 show underestimation of TC intensity from ensemble mean forecasts and under-dispersion
of probability forecasts (Xin et al., 2021). Although positive forecast skill was exhibited in 2018–19 at 120 h or later compared
to climatology forecasts, no obvious improvement for the intensity change forecasts was shown during the five-year period,
with abrupt intensity change remaining a big challenge.

The forecast performances of Typhoon Rammasun (2014) and Hato (2017) show that there exist defects in the subjective
intensity forecast of the CMA, especially for lead times beyond 48 h. But forecasters can capture RI through local sea surface
temperature and simulated warm core structure, which is beneficial for disaster reduction (Wang et al., 2019c). To bridge
the gap between TC hazards and the associated socioeconomic impacts, “a potential risk index dataset for landfalling tropical
cyclones over the Chinese mainland” (PRITC dataset V1.0) is produced (Chen et al., 2021a). The dataset includes TCs that
made landfall from 1949–2018 and will be extended each year. It shows increased severity of TC impacts on the Chinese
mainland, with the largest contribution coming from the increase in TC-induced precipitation.

 4.    Discussions and future challenges

Through the implementation of the “Key Dynamic and Thermodynamic Processes and Prediction for the Evolution of
Typhoon Intensity and Structure” project, the knowledge of TC dynamic and thermodynamic processes, the understanding
of environmental factors and climate variabilities influencing TC evolution, and data assimilation and forecast techniques
for TC predictions, have been improved. However, there are yet to be any significant breakthroughs regarding TC intensity
and structure forecasting. The common knowledge is that TC track is mainly influenced by large-scale circulations, while
TC intensity is affected by processes across a wide range of scales. However, TC track, intensity, and structure should be con-
sidered  coherently.  TC intensity  and  structure  and  their  evolutions  are  simultaneously  influenced by  the  TC’s  dynamical
and  thermodynamic  processes,  including  convection  bursts,  eyewall  replacement  cycles,  outer  and  inner  rainbands,  etc.
These structures and evolutions are also impacted by air–sea interactions (through boundary layer processes, SST responses,
mesoscale vortices, etc.), complicated environments due to vertical wind shear and large-scale circulation, and the nonlinear
interaction between the TC and its environment. Meanwhile, this nonlinear interaction in turn affects the TC track, whose
change can result in substantial changes in TC intensity and structure. Thus, different from the common knowledge that sepa-
rates factors influencing TC track and intensity, a new paradigm, a triangle of TC track, intensity, and structure, is proposed.
As shown by Fig.  1,  given a  vortex  position,  TC intensity  and structure  are  closely  correlated;  meanwhile,  TC track has
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impacts on TC intensity and structure, and TC track is simultaneously influenced by TC intensity and structure. Therefore,
one potential breakthrough for TC dynamics is to understand the correlations, interactions, and error propagations among
the triangle of TC track, intensity, and structure.

From theory to practice, the predictability revealed by the error propagations among the triangle of TC track, intensity,
and  structure  provides  theoretical  basis  and  guidance  for  future  development  of  data  assimilation  and  prediction  of  TCs.
One consideration for data assimilation is the dynamic-constrained algorithm, from which dynamic-coherent analyses can
be achieved and insights on observing strategies can be obtained. Another consideration for data assimilation is the challenge
at fine resolutions (Fig. 1), due to the fast nonlinear error growth, severe model errors from poorly resolved physical pro-
cesses, and etc. Given the continuous development of numerical models and observing networks, it is feasible to enter the
era of big-data-driven data assimilation at subkilometer scales for TCs. However, the high spatial resolutions of numerical
models and observations impose challenges for nonlinear data assimilation considering non-Gaussian error statistics and non-
linear error growth. Meanwhile, the high temporal resolution of numerical models and observations requires reformation for
initialization and computing. Moreover, the triangle of TC track, intensity, and structure demands cross-scale data assimilation
for TCs. Strongly coupled data assimilation, at least for the atmospheric and oceanic components, is required to sufficiently
consider the important air–sea interactions and dynamic consistency.

Ensemble forecasts with probabilistic information are required for TC prediction. It is straightforward to launch ensemble
forecasts for TCs from the ensemble initial conditions provided by dynamic-constrained and ensemble-based data assimilation
with theoretical and practical knowledge of TC features embedded. Model errors result from under-represented physical pro-
cesses; currently insufficient interactions among the physical processes need to be better represented, possibly from theoretical
or data-driven views. Moreover, coupled data assimilation and prediction provide the possibility to enhance current TC fore-
casts into seamless TC predictions, which start from TC genesis and go throughout the whole TC lifecycle, with sufficient
representations  of  TC  intensity  and  structure  evolution  and  the  associated  uncertainties.  Nevertheless,  great  challenges
remain for constructing unified models, cross-scale data assimilation, and ensemble predictions.
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Fig.  1. Schematic  diagram for  the  correlation  triangle  of  TC track,  intensity,  and  structure.  The  bottom panel  shows  SST
(colored shading) and TC track (black line). The upper-left panel shows the 10-m wind speed from a simulated typhoon with
60-m horizontal  spacing  at  the  location  of  the  star;  the  black  solid  and  dashed  lines  denote  the  radius  of  maximum wind
(RMW)  and  radius  of  gale-force  wind  (R17),  respectively.  The  upper-right  panel  shows  the  sea  level  pressure  and  wind
speed along the gray dashed line in the upper-left panel.
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