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ABSTRACT

Predicting tropical cyclone (TC) genesis is of great societal importance but scientifically challenging. It requires fine-
resolution  coupled  models  that  properly  represent  air−sea  interactions  in  the  atmospheric  responses  to  local  warm  sea
surface  temperatures  and  feedbacks,  with  aid  from  coherent  coupled  initialization.  This  study  uses  three  sets  of  high-
resolution regional coupled models (RCMs) covering the Asia−Pacific (AP) region initialized with local observations and
dynamically downscaled coupled data assimilation to evaluate the predictability of TC genesis in the West Pacific. The AP-
RCMs  consist  of  three  sets  of  high-resolution  configurations  of  the  Weather  Research  and  Forecasting−Regional  Ocean
Model System (WRF-ROMS): 27-km WRF with 9-km ROMS, and 9-km WRF with 3-km ROMS. In this study, a 9-km
WRF with 9-km ROMS coupled model system is also used in a case test for the predictability of TC genesis. Since the local
sea  surface  temperatures  and wind shear  conditions  that  favor  TC formation are  better  resolved,  the  enhanced-resolution
coupled model tends to improve the predictability of TC genesis, which could be further improved by improving planetary
boundary layer physics, thus resolving better air−sea and air−land interactions.
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Article Highlights:

•  Three  sets  of  high-resolution  coupled  models  with  coupled  data  assimilation  are  used  to  study  the  predictability  of
tropical cyclone genesis.

•  With coherent coupled initialization, high-resolution coupled models resolving mesoscale air−sea interactions can predict
TC genesis a few days in advance.

•  A high-resolution coupled model that better resolves local warm SSTs and weak wind shears that favor TC formation can
improve the predictability of TC genesis.
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1.    Introduction

Current  atmospheric  and coupled  climate  models  have
two main  shortcomings  for  weather  forecasts,  thus  making
it difficult to extend the forecast lead time to extended time
scales  of  10  days  or  more.  First,  atmospheric  models  that
use  specified  rather  than  forecast  sea  surface  temperature
(SST)  as  a  forcing  at  the  lower  boundary  often  encounter
problems  representing  important  physical  processes  during
extreme  weather  events,  such  as  tropical  cyclones  (TCs)
(also called typhoons in the West Pacific)  over the oceans,
where intense ocean−atmosphere exchanges occur. As a res-
ult,  forecast  uncertainties  during  extreme  weather  events
can grow quickly as forecast lead times increase. Secondly,
coarse-resolution  coupled  models  that  exclude  frontal  and
mesoscale  air−sea  interactions  have  large  uncertainties
caused  by  systematic  errors  due  to  insufficient  representa-
tion of dynamical and physical processes.

While some researchers have worked on modeling TC
genesis  with  convection  permitting  physical  schemes  (e.g.,
Davis  et  al.,  2011; Xue  et  al.,  2013),  using  fine-resolution
coupled models that can represent the processes of TC forma-
tion and intensification (e.g. Halliwell et al., 2008; Sandery
et  al.,  2010; Doyle et  al.,  2014) is  a  key step in improving
and extending weather forecasts toward sub-seasonal scales,
and  facilitating  seamless  weather−climate  research  (e.g.,
Wang and Rui, 1990; Kim et al.,  2013; Zhang et al.,  2015;
Alley,  2019).  However,  most  previous  high-resolution
model  studies on hurricanes used atmosphere-only models.
Also,  limited  computing  resources  and  knowledge  of
detailed local physics mean that implementing such a numer-
ical  system  in  a  global-scale  coupled  model  is  currently
unlikely or will have limited application. Dynamical down-
scaling  is  an  efficient  approach  that  has  often  been  used
(e.g., Rockel et al., 2008; Hostetler et al., 2011; Gula and Pel-
tier,  2012; Komurcu  et  al.,  2018),  especially  for  a  coupled
model  system,  but  most  dynamical  downscaling  research
has  focused on  model  simulations.  Here,  we use  three  sets
of high-resolution regional coupled models (RCMs): a 27-km
atmosphere coupled with a 9-km ocean (27v9), a 9-km atmo-
sphere coupled with a 9-km ocean (9v9), and a 9-km atmo-
sphere  coupled  with  a  3-km  ocean  (9v3),  combined  with
dynamically downscaled coupled data assimilation (CDA) ini-
tialization to study the predictability of TC genesis.

CDA uses coupled model dynamics and physics to incor-
porate atmosphere and ocean observational information to pur-
sue balanced and coherent analysis and prediction initializa-
tion with a coupled model (Zhang et al, 2007; Sugiura et al.,
2008). Starting from climate studies (e.g., Saha et al, 2010;
Zhang  et  al.,  2014; Laloyaux  et  al.,  2018),  CDA  has  been
applied to initialization of TC statistics and its impact on cli-
mate prediction in terms of consistent incorporation of atmo-
spheric and oceanic observations with proper air−sea interac-
tions (Zhang et al., 2014, 2015). To study extended-range pre-
dictability  and  facilitate  seamless  weather−climate  predic-
tion, it is expected that coupled modeling and CDA shall sim-
ultaneously  resolve  higher  resolutions  and local  meso-  and

small-scale physical processes in increasingly greater detail
to  assess  the  impacts  on  the  local  living  environment  and
the environment’s vulnerability.

The models used in this study cover a large domain—
the  whole  Asia−Pacific  (AP;  16°S−63°N,  38°−178°E)
region  that  accounts  for  ~24%  of  the  global  surface,  and
hence are able to apply a minimized boundary effect in simu-
lation  and  prediction  for  longer  time  scales  (which  will  be
examined  in  follow-up  studies).  The  dynamically  down-
scaled CDA initialization incorporates background informa-
tion from coarse-grid global model predictions and detailed
local observations into RCMs in a balanced and coherent man-
ner  (Zhang  et  al.,  2007).  Using  this  multi-resolution  state-
of-the-art  system  that  is  cloud-permitting,  eddy-resolving
and  able  to  resolve  meso-  and  small-scale  air−sea  interac-
tions, in this study we first try to detect the predictability of
TC genesis, i.e., the model ability to foretell the TC forma-
tion. Inspired by previous studies of TC predictability (e.g.,
Sippel  and  Zhang,  2008; Sippel,  2008),  here  we  specific-
ally  address  three  aspects:  the  onset  time,  central  pressure,
and  maximum  wind  speed.  Moreover,  throughout  this
study, we try to provide insights on (1) the time scale that is
plausible  for  foretelling  West  Pacific  TC  formation  in
advance,  and  the  source  of  predictability;  and  (2)  the
impacts of coupled model resolution on forecasts of TC gen-
esis,  intensity  and  track,  and  the  implications  for  sub-sea-
sonal  predictions  that  these  impacts  bring.  Although  com-
pletely  addressing  these  problems,  which  are  important  in
understanding  issues  of  regional  climate  and  extended-
range forecasts,  requires  plenty  of  further  study,  this  paper
attempts to open the door for it.

The paper is organized as follows: Following this intro-
duction, section 2 describes the methods, including the three
sets  of  RCMs  with  different  resolutions  and  the  CDA
scheme. Section 3 presents the analysis results, including a
statistical analysis of a typhoon season and detailed strong-
typhoon  case  studies,  as  well  as  some  insights  into  the
impact of model resolution on typhoon simulation and predic-
tion. Finally, a summary and discussion are provided in sec-
tion 4.

2.    Methods

The  RCM  used  here  is  based  on  the  Coupled  Ocean−
Atmosphere−Wave-Sediment Transport (COAWST) model,
consisting  of  the  WRF  (v3.7.1)  and  ROMS  (v3.7)  models
(Warner  et  al.,  2010).  The  WRF  model  configuration
includes  a  Kain−Fritsch  convection  scheme  (Kain  and
Fritsch,  1993),  the  Rapid  Radiative  Transfer  Model  for
GCMs  (RRTMG)  longwave  and  shortwave  radiation
scheme (Clough et al., 2005), the Yonsei University (YSU)
scheme (Hu et al., 2013) for the planetary boundary layer, a
thermal diffusion land surface scheme and a 3-class simple
ice scheme (Hong et al., 2004) for microphysics, which res-
ult in jet stream and storm track patterns that are reasonably
close to the ERA-Interim reanalysis (Dee et al., 2011). The
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ROMS configuration includes a Mellor−Yamada 2.5 K-pro-
file parameterization (KPP; Large et al., 1994) vertical turbu-
lent mixing closure scheme, biharmonic horizontal Smagor-
insky mixing for momentum, and Laplacian horizontal mix-
ing for tracer diffusion. The free-surface, and terrain-follow-
ing  vertical  coordinate  in  ROMS  uses  optimal  processing
time-stepping and mode-splitting for high resolution (Shchep-
etkin  and  McWilliams,  2005).  The  coupler  within
COAWST is based on the Model Coupling Toolkit and the
Spherical  Coordinate  Remapping  and  Interpolation  Pack-
age,  and  enables  information  exchange  between  the  two
model components.

The model region of the coupled system covers the AP
region (16°S−63°N, 38°−178°E), which includes the Northw-
est  Pacific  and  the  North  Indian  Ocean.  The  three  coupled
model  versions with different  resolutions are referred to as
27v9,  9v9  and  9v3.  The  27v9  and  9v9  WRF  and  ROMS
have 28 and 33 vertical layers, respectively, and the ROMS
maximum and  minimum water  depths  are  5300  and  10  m,
respectively. The time step for both WRF and ROMS is 60
s, and the coupled time step is 600 s. The 9v3 WRF has the
same configuration as the 27v9 and 9v9 WRF (28 vertical lay-
ers,  revised  MM5  Monin−Obukhov  surface  flux  scheme),
but  with  40 vertical  layers  and a  maximum water  depth  of
5760 m, and the coupled time step is 600 s, too.

Both  the  27v9  and  9v3  coupled  models  are  initialized
from the Climate Forecast System Version 2 (CFSv2) reana-
lysis  (Saha  et  al.,  2014)  at  0000  UTC 1  January  2016  and
spun up for  two years  with  the  CFSv2 background bound-
ary  conditions,  while  the  9v9  coupled  model  serves  as  a
case  test  tool.  A  detailed  model  performance  analysis  is
presented  in  a  companion  study,  based  on  simulation  res-
ults  for  2017  (Li  et  al.,  2020a).  Here,  we  only  describe
aspects relevant to the present study. Both the 27v9 and 9v3
coupled models simulate the intensity and position of midlatit-
ude storm tracks in the area reasonably well. The higher-resol-
ution  9v3  model  simulates  stronger  storm  tracks  that  are
more  similar  to  the  reanalysis  data,  although  with  slightly
weaker  zonal  mean U velocities  in  the  upper  troposphere.
Both  models  simulate  more  TCs  than  observed  and  simu-
late  super-strong  typhoons  poorly  (both  fail  to  simulate
super-strong  typhoons).  However,  the  9v3  simulations  are
more  accurate.  Although  the  Kuroshio  path  is  reasonably
well predicted in both models, the variability in both intens-
ity and position of Kuroshio is larger than that observed in
the  9v3  but  smaller  in  the  27v9  simulation.  Both  the  27v9
and  9v3  coupled  models  simulate  the  mesoscale  atmo-
sphere−ocean coupling processes well, but simulations from
the  9v3  higher-resolution  model  are  more  accurate  and
more detailed as expected. For example, both the 27v9 and
9v3  coupled  models  simulate  the  mesoscale  atmosphere−
ocean coupling processes well,  but 9v3’s simulations show
more details closer to observations. We can see that the nor-
mal velocities of currents across the ASUKA line (an observa-
tion  section  along  the  TOPEX/POSEIDON  orbit  south  of

Shikoku)  simulated  by  the  9v3  model  is  much  better  than
that of the 27v9 model, characterizing the distribution of the
mesoscale  eddies  and  fronts  along  the  Kuroshio  Extension
region.

The  AP-RCMs  are  initialized  using  a  weakly  CDA
approach—i.e.,  within  the  coupled  model  framework,  the
atmosphere  and  ocean  components  apply  their  own  data
assimilation  procedures.  After  the  2-year  spin  up  of  the
coupled  models,  the  CDA begins  on  0000  UTC 1  January
2018, producing the first set of coupled initial conditions of
model forecasts.  The atmosphere (ocean) state is  then con-
strained by cycling through the real-time operational atmo-
sphere  (ocean)  data  assimilation  [ADA  (ODA)]  with  6-h
(daily) updated observations. The real-time operational fore-
casts  obtain  the  initial  conditions  from  the  corresponding
ADA  and  ODA  processes.  The  real-time  operational  fore-
casts  also  use  the  atmospheric  (oceanic)  boundary  condi-
tions interpolated from the CFSv2 operational forecast data
available  every  6  h.  The  WRF data  assimilation  (WRF3D-
Var; Barker et al., 2004) then also incorporates the local atmo-
spheric  observations  (Fig.  1)  and  the  data  from the  Global
Telecommunication System using the standard three-dimen-
sional  variational  (3D-Var)  algorithm  (Courtier  et  al.,
1994).  The  assimilation  process  that  updates  the  atmo-
spheric  model  states  and  affects  the  whole  coupled  system
through  flux  exchanges  at  a  6-h  assimilation  frequency
greatly improves the model fit to observations (~35% error
reduction and ~40% correlation enhancement) in the 27-km
and 9-km WRF models (Fig. 2). The modeled ocean temperat-
ure  and  salinity  (TS)  are  updated  daily  in  two  steps.  First,
the TS profiles are vertically adjusted in each model column
by sea surface height (SSH) observations (AVISO, Advanced
Very  High  Resolution  Radiometer,  from  NCDC/NOAA).
We designed an SSH filter  to  improve the model  perform-
ance of the ocean mesoscale eddies and correct the propaga-
tion  phase  of  the  midlatitude  Rossby  wave.  The  filter  uses
observed SSH anomalies to constrain the simulated sea sur-
face dynamic height anomaly. In each model grid cell where
an SSH anomaly observation exists, the SSH filter will optim-
ize  the  TS profile  by  a  cost  function.  The  second step  is  a
multiscale 3D-Var (M3D-Var) analysis process that assimil-
ates  in-situ TS profile  data,  which first  works horizontally,
then  loops  over  the  vertical  levels.  M3D-Var  is  a  multi-
scale  3D-Var  approach,  and  we  applied  seven  space  scale
levels  in  our  forecasting  system.  This  method  is  partially
inherited from the work of Wu et al. (2014). M3D-Var assim-
ilates SST observations and TS profile observations into the
initial condition. The SST is from the Operational Sea Sur-
face  Temperature  and  Sea  Ice  Analysis  dataset  (e.g., Don-
lon et al.,  2012), downloaded through the Copernicus Mar-
ine Environment Monitoring Service. The TS profiles were
downloaded  every  day  from  the  Coriolis  GDAC  FTP  site
(ftp://ftp.ifremer.fr/ifremer/argo).To  increase  data  amount,
we  use  a  10-day  observation-collecting  window  in  the
M3D-Var ODA process. To simplify utilization, we treat all
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TS  profiles  within  10  days  before  the  assimilation  time  as
used  equally  as  observations  at  the  assimilation  time.  The
observation depth is 1500 m, but the spatial distribution and
observation uncertainty vary with the spatial scale. Applica-
tion of the ODA and ADA significantly improves the ocean

initial  and  forecast  states  (Fig.  3).  Currently,  the  forecast
length in the routine operation is 18 days, and depending on
computing  resources  and  skill  assessment,  the  forecast  is
going  to  be  extended  to  30  days.  In  addition,  when  com-
plete  datasets  for  more  typhoon  seasons  are  available,  fur-

 

 

Fig.  1.  Example  of  the  distribution  of  various  local  atmospheric  observations
assimilated into the atmospheric component of the coupled model prediction system.

 

 

Fig. 2. Improved fit achieved by analysis of the atmosphere assimilation at 0000 UTC 16 August 2018, for
(a) U-component wind (units: m s−1), (b) V-component wind (units: m s−1), (c) temperature (units: K), and (d)
specific  humidity  (units:  g  kg−1)  of  ADPSFC  shown  in Fig.  1.  The  blue  (red)  coloring  represents  the
distribution before (after) the analysis.
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ther  studies  shall  be  conducted  to  clarify  the  time  depend-
ence  of  typhoon  forecast  skills,  although  when  the  model
physics  and  initialization  remain  the  same,  similar  skills
may be expected statistically in different years.

3.    Results

First, we evaluate TC statistics in the initial conditions
of  the  AP-RCM  prediction  system. Figure  4 compares  the
TC counts and tracks in the 2018 typhoon season (1 May to
31 October) from the 27v9 (Fig. 4a) and 9v3 (Fig. 4b) AP-
RCP  initial  conditions  with  satellite  observations  from  the
International  Best  Track  Archive  for  Climate  Stewardship
(iBTrACS; Knapp  et  al.,  2010; Kruk  et  al.,  2010).  In  the
2018 typhoon season, 23 TCs in total were observed in the
West  Pacific  region,  of  which 8  were  category-4 or  higher
(strong  TCs  plotted  in  red).  In  the  initialized  27v9  (9v3)
AP-RCP system, there are 22 (24) TCs identified from low-
pressure  vortex  centers,  of  which  7  (8)  fall  into  categories
greater than 3. Here, the TC tracks of model simulations fol-
low the same definition of iBTrACs on minimum central pres-
sure,  maximum wind  speed  and  vorticity  etc.,  based  on  6-
hour snapshots of model output data.  Connecting these TC
centers in sequence following the timeline forms the traject-
ory of a TC. The TC onset is the first point of the trajectory.
In terms of TC number and tracks, the 9v3 AP-RCP system

results are similar to those of the 27v9 system, but TC intensit-
ies from the 9v3 AP-RCP system are stronger.  This differ-
ence may arise because the atmospheric and oceanic initial
and boundary conditions in the 9v3 system are of higher resol-
ution,  despite  the  same  initialization  method  and  observa-
tions  being  used  in  both  systems.  Further  examination
shows  that  of  the  23  West  Pacific  TCs  (numbered
1804−1826 by the WMO) of the 2018 typhoon season, the
27v9 system correctly detects 21 but fails to detect 2 (1815
and 1818)  and produces  1  false  alarm (onset  at  06UTC 13
June), whereas the 9v3 system correctly detects 20, fails to
detect 3 (1815, 1818 and 1823), and produces 4 false alarms
(onset at 0600 UTC 13 June, 0000 UTC 20 July, 1200 UTC
13  August  and  1200  UTC  8  October).  However,  the  fore-
cast  verification described in the next section demonstrates
that the 9v3 system has better forecasting ability for onset tim-
ing and track. Further studies addressing why this higher-res-
olution system has better TC forecasting ability but tends to
generate more false alarms are warranted. To minimize the
complexity for comparison, in this study we use identical cri-
teria in all models. It is worth mentioning that the paramet-
ers in the criteria of identifying a TC center may have some
dependence  on  model  resolution  (Walsh  et  al.,  2007),  thus
influencing  the  evaluation  of  model  TC  prediction  skills,
which shall be addressed in future studies.

Because  TCs  are  an  atmospheric  response  to  warm

 

 

Fig. 3. Example of the reduction in ocean initial condition errors and the improvement in SST forecasts in the 27v9
system obtained  using  the  ODA in  the  RCP system,  indicated  by  the  SST error  for  (a)  CFSv2 and  (b)  ODA with
respect  to  the  AVHRR  observations;  and  the  time  series  of  (c)  domain-averaged  forecast  SSTs  and  (d)  domain
standard deviation (std) of forecast SSTs. In panels (c) and (d), the black, red and blue lines represent the results for
ODA,  CFSv2  and  AVHRR  observations,  respectively.  Several  ODA-initialized  coupled  forecasts  are  shown.
Numbers represent the date (e.g., 171015 represents 15 October 2017) in panels (c) and (d).

SEPTEMBER 2020 LI ET AL. 943

 

  



water at  the ocean surface (e.g., Emanuel,  1995a, b),  prop-
erly  initialized high-resolution coupled models  that  resolve
detailed air−sea interactions are expected to predict TC gen-
esis at reasonable time scales (Emanuel, 2018). Here, we eval-
uate the ability of the 27v9 and 9v3 systems to predict  TC
onset. For each of the 21 (20) TC cases detected in the 27v9
(9v3)  initial  conditions,  we  examine  the  daily  forecast
before the onset date to evaluate the TC onset prediction abil-
ity  of  the  27v9  (9v3)  system.  For  example,  for  Typhoon
Ewiniar (1804), the genesis time as a tropical depression is
1800 UTC 2 June 2018. We check the forecasts from 0000
UTC 28 May 2018 to 0000 UTC 2 June 2018 to determine
whether a TC event with a similar lifetime exists. If it does,
we then  also  calculate  the  errors  in  onset  time,  onset  posi-
tion,  onset  minimum  pressure  and  onset  maximum  wind
speed  as  functions  of  the  number  of  forecast  lead  days,  as
shown in Fig. 5. We use the China Meteorological Adminis-
tration  (CMA)  typhoon  website  (http://www.typhoon.org.
cn/)  as  the  primary  TC  observational  data  source,  and  the
Japan Meteorological Agency (JMA) typhoon data (https://
www.data.jma.go.jp/fcd/yoho/typhoon/position_table/table
2018.html) as a supplement.

Using  the  27v9  (9v3)  model  prediction  system,  18  of
21 (19 of 20) predicted TCs, representing 80% (95%) of the

total, are accurately predicted (Fig. 5a). However, the num-
ber of predicted onsets drops to 60% for both systems at  a
forecast  lead  time  of  3  days  and  to  5%  (27v9)  and  10%
(9v3)  with  a  forecast  lead  time  of  5  days.  Initially,  the
RMSEs  in  onset  time  are  approximately  24  and  30  h
(roughly  within  the  uncertainty  range  between  the  CMA
and JMA data) for the 27v9 and 9v3 systems, respectively,
but this error increases with forecast lead time within a 48-h
period (Fig. 5b). Similarly, the errors of onset position (Fig.
5c) and maximum wind speed (Fig. 5d) increase with fore-
cast  lead  time,  whereas  the  onset  minimum  pressure  error
remains constant (Fig. 5e). Notably, as shown in Fig. 5a, the
number of correctly forecast TC onsets decreases with fore-
cast lead days, and therefore the sampling error shown in all
panels of Fig. 5 increases with forecast lead time.

To gain more understanding of the impact of model resol-
ution on the predictability of TC genesis, we further exam-
ine the atmosphere and ocean states forecasted by the 27v9
and  9v3  systems.  We  choose  typhoons  1806  (Gaemi)  and
1814 (Yagi) as examples for this examination (Fig. 6). The
genesis  of  Gaemi  is  successfully  forecasted  by  5  days  in
advance by both systems with a 36-h (24-h) onset time error
in the 27v9 (9v3) system, whereas the genesis of Yagi is suc-
cessfully forecasted by 5 days in advance only by the 9v3 sys-

 

 

Fig. 4. Distribution of TC tracks in the 2018 TC season (1 May to 31 October) identified in (a) initial conditions of
the 27v9 AP-RCP system (count: 22; 7 TCs > category-3 in red) and (b) satellite observations (count: 23; 8 TCs >
category-3  in  red).  Observed  TCs  are  from  IBTrACS  (Knapp  et  al.,  2010; Kruk  et  al.,  2010).  The  algorithm  for
detecting  and  tracking  the  model  storms  follows  the  approach  of Vitart  et  al.  (1997) and Zhao  et  al.  (2009).  The
IBTrACS algorithm used  in  this  study  first  identifies  a  low-pressure  center  that  is  a  local  minimum SLP within  a
400-km radius, co-located with a local maximum of 850 hPa and 700 hPa relative vorticity. Then, it further identifies
the low-pressure center as a TC center with the criteria: (1) a maximum 500 hPa relative vorticity and surface wind
speed (units: m s−1); (2) positive temperature anomalies (units: °C) at 700, 500 and 300 hPa and the sum ≥ 0.5°C;
and (3) 850 hPa averaged speed anomaly > 300 hPa averaged speed anomaly.
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tem (with a  6-h onset  time error).  Due to  the difference of
these two TC forecast cases in the 9v3 and 27v9 models, the
two systems have a  10% and 5% forecast  skill  of  TC gen-
esis  at  the  5-day lead time,  respectively  (Fig.  5a).  We find
that the 5-day forecasts of both systems have warm surface
ocean water (> 26.5°C up to 60 m) over the TC onset areas
in  both  cases,  but  the  atmospheric  states  have  distinct  fea-
tures in the 27v9 and 9v3 systems in both cases. For Gaemi,
the 5-day forecasts from both systems have strong low-pres-
sure centers (minimum surface pressure down to 981 hPa in
both the 27v9 and 9v3 forecasts) with strong cyclonic circula-
tion  (850  hPa  maximum  vorticity  reaches  15.4  ×  10−5 s−1

and 47.4 × 10−5 s−1 in the 27v9 and 9v3 forecasts, respect-
ively) but 9v3 forecasts stronger cyclones (Figs. 6a and b).
In  addition,  forecasts  from  both  systems  have  weak  wind
shear between the upper and lower troposphere, but the 9v3
forecast  is  slightly  weaker.  The  area-averaged  (roughly
0−500 km around the TC center)  difference of  wind speed
between 250 hPa and 850 hPa is 14 m s−1 in the 27v9 fore-
cast and 12 m s−1 in the 9v3 forecast. For Yagi, the 5-day fore-
cast  of  the 27v9 system predicts  only very weak low pres-
sure  (central  surface  pressure:  990  hPa)  and  strong
upper−lower  troposphere  wind  shear  (22  m  s−1 area-aver-
aged wind speed difference between 250 hPa and 850 hPa)
without  a  cyclonic  vortex  (no  significant  positive  vorticity
is  found  nearby; Fig.  6c).  The  9v3  forecast  has  a  slightly
lower central surface pressure (987 hPa) with a cyclonic circu-
lation (850-hPa maximum vorticity reaches 29.4 × 10−5 s−1)
and  weak  upper−lower  troposphere  wind  shear  (13  m  s−1

area-averaged wind speed difference  between 250 hPa and
850  hPa; Fig.  6d).  In  these  four  forecasts,  although  the
27v9-forecast  SST  at  the  Yagi  onset  location  is  high
(29.5°C),  it  is  lower  than in  the  surrounding area  (Fig.  6c)
and the model fails to forecast Yagi’s genesis. The remain-

ing three cases (see the other three panels; Figs. 6a, b and d)
successfully forecast a warm core, although the forecast cent-
ral SST values in two of these cases are < 29°C. To get fur-
ther  insights  on  the  influence  of  different  atmosphere  and
ocean  resolutions  on  the  TC formation,  we  conduct  a  new
9v9  experiment  (9-km  WRF  coupled  with  9-km  ROMS)
and show the evolution of atmospheric and oceanic states in
the 5-day forecasts produced by the 27v9, 9v9 and 9v3 sys-
tems before the date of TC onset in Fig. 7. It is shown that,
just like the 27v9 case, the 9v9 system can successfully fore-
cast  the  onset  of  Typhoon  Gaemi  (2018)  by  5  days  in
advance  but  fails  to  forecast  Typhoon  Yagi  (2018).  In  the
9v9 system, compared with the 27v9, while some change of
atmosphere  environment  (smaller  wind  shear  and  shallow
moisture) of Typhoon Yagi (2018) is observed (compare the
green  line  to  the  black  line  in Fig.  7c),  the  SST  structure
remains the same. This implies that, for this case, the simu-
lated  warm  core  in  the  surface  ocean  environment  of  the
9v3 system plays a critical role for the successful 5-day fore-
cast of Yagi’s onset. Figure 7 also shows that, out of these
six  forecast  cases,  all  four  successful  cases  at  the  fifth  day
forecasts have greater water vapor mixing ratios than the fail-
ure cases (panel d), meaning the deep moisture is an import-
ant factor in the TC formation (Sippel and Zhang, 2008; Sip-
pel,  2008).  It  is  worth  mentioning  that  such  a  contrasting
atmospheric/oceanic  environment  structure  (weak/strong
wind shear with/without deep moisture in 9v3/27v9, as well
as with/without an SST warm core in 9v3/27v9) in the Yagi
case is also found in other nearby forecast lead times (4-day
and  6-day  forecasts,  for  instance).  Our  case  study  results
may suggest that a warm core at the ocean surface and the cor-
responding weak wind shear and deep moisture atmosphere
environment  are  more  favorable  for  local  convection  (e.g.,
Emanuel, 1986; Sippel and Zhang, 2008). In addition, consid-

 

 

Fig. 5. Variations in (a) the number of TCs whose genesis is correctly forecast by the 27v9 (blue dots and line) and 9v3 (red
dots  and  line)  AP-RCMs,  and  the  corresponding  errors  in  (b)  onset  time,  (c)  onset  position,  (d)  onset  minimum  pressure
(units: hPa), and (e) onset maximum wind speed (units: m s−1), as functions of forecast lead days. Statistics are for the 2018
TC season (1 May to 31 October). For each TC, 10 forecasts before the onset date are examined.
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ering that the 3-km grid spacing is “convection-permitting”
while 9-km grid spacing is at  the gray-zone of the convec-
tion-permitting resolution, systematic examinations of the res-
ults  of  3-km and 9-km WRF coupled with same-resolution
ROMS (3-km, for instance) can demonstrate the benefits of
the convection-permitting resolution on TC genesis predictab-
ility.  Once  the  constraint  of  computational  resources  is
relaxed in the future, more case studies can reveal more mech-
anisms and gain a complete understanding of TC genesis pre-
dictability.

Figure 8 shows the forecast RMSE statistics for the 21
(20) TCs detected in the initial states of the 27v9 (9v3) simula-
tions  by  number  of  forecast  lead  days.  Generally,  both  the
27v9 and 9v3 systems accurately  predict  the  TC tracks  for
~8 days (50% of the initialized TCs survive, as indicated by
the dashed lines; Fig. 8a). Although the errors in minimum

center pressure are similar between 27v9 and 9v3 (Fig. 8b),
the  higher-resolution  9v3  model  has  a  lower  maximum
wind speed error than the 27v9 system throughout the fore-
cast period (Fig. 8c). The forecast errors of TC position are
more  complex.  The  27v9  and  9v3  systems  are  similar,  but
the  position  errors  of  the  higher-resolution  9v3  system
increase  after  the  first  5  days.  These  results  suggest  that
enhanced  model  resolution  can  consistently  improve  TC
intensity forecasts, but the impact of enhanced model resolu-
tion on forecasts of TC track evolution tend to be more com-
plex and require further evaluation. We also show the fore-
cast  errors  of  the  CMA  (http://typhoon.nmc.cn/web.html)
and  JMA  (https://www.jma.go.jp/jma/jma-eng/jma-center/
rsmc-hp-pub-eg/AnnualReport/2017/Text/Text2017.pdf;
2017 statistics from JMA are used because of data availabil-
ity) as black (for CMA) and green (for JMA) asterisks. It is

 

 

Fig. 6. Atmosphere and surface ocean states forecast by the (a, c) 27v9 and (b, d) 9v3 AP-RCP systems initialized
from  the  coupled  analyzed  states  with  a  forecast  lead  of  5  days.  (a,  b)  Typhoon  1806  Gaemi  forecasts  initialized
using 0000 UTC 9 June as the onset (0000 UTC 14 June as a tropical depression) for (a) 1200 UTC 15 June and (b)
0000  UTC 15  June.  (c,  d)  Typhoon  1814  Yagi  forecasts  initialized  using  0000  UTC 2  August  as  the  onset  (0600
UTC 7 August as a tropical depression) for (c) 0000 UTC 7 August and (d) 1800 UTC 6 August. The red asterisk in
each panel indicates the location of the corresponding TC center.
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clear that although our coupled model with coupled dynam-
ical  initialization  more  accurately  forecasts  TC  intensity
changes,  the  traditional  TC  initialization  (e.g. Kurihara  et
al., 1993, 1995) more accurately forecasts TC track.

4.    Summary and discussion

A  new  high-resolution,  fully  coupled  regional  model
with  dynamically  downscaled CDA evaluated here  enables
the  integration  of  detailed  local  observations  and  predic-
tions  of  TC  genesis.  Using  WRF and  ROMS as  the  atmo-
sphere  and  ocean  components,  this  RCM is  configured  for
the AP (38°−180°E, 20°S−60°N) region with two different
resolutions: 27-km WRF coupled with 9-km ROMS (27v9)
and 9-km WRF coupled with 3-km ROMS (9v3). Based on
an evaluation  of  the  forecast  skills  for  all  TCs in  the  2018
typhoon season using both coupled models, this study facilit-
ates some understanding of the impact of coupled model resol-
ution on the predictability of TC genesis.

Generally,  both  the  27v9  and  9v3  AP-RCMs  predict
TC genesis a few days in advance, with an onset time uncer-

tainty of < 36 h. The higher-resolution 9v3 model describes
the interaction between TCs and the environment in greater
detail,  has  a  higher  forecast  skill  for  TC  genesis  than  the
27v9 model, including more accurate onset TC counts, and
smaller errors in TC onset time, position and intensity. A com-
parison  of  the  lifecycles  of  modeled  TCs  against  satellite
observations reveals that the 9v3 model predictions consist-
ently  have  smaller  intensity  errors  throughout  the  TC  life-
time.  Effects  on  TC track  forecasts  are  less  clear,  with  the
9v3  model  only  showing  a  small  improvement  at  forecast
lead times > 5 days.

This work is a preliminary evaluation of the impact of
high-resolution coupled models on the predictability of TC
genesis for a single typhoon season in the West Pacific. Fur-
ther work is required to clarify the mechanisms of TC gen-
esis and the subsequent evolution of position and intensity,
and enhance forecast accuracy over the lifetime of TCs. The
current AP-RCM initialization and predictions follow a nat-
ural fashion of atmosphere−land−ocean coupling with conven-
tional  atmospheric  and  oceanic  observations,  without  spe-
cific TC initialization with observational TC onset informa-

 

 

Fig.  7.  Time series  of  5-day  forecasts  of  area-averaged (a)  SST (unit:  °C),  (b)  SLP (units:  hPa),  (c)  250−850 hPa
wind shear (units: m s−1), (d) 850 hPa water vapor mixing ratio (units: kg kg−1), and (e) 850 hPa vorticity (unit: 10−4 s−1)
for  Typhoon  Gaemi  (dashed)  and  Yagi  (solid)  produced  by  the  27v9  (black),  9v9  (green),  and  9v3  (red)  systems.
Each  dot  in  the  panels  represents  a  snapshot  at  the  6-h  time  interval  and  the  area  for  conducting  the  average  is
defined as a 108-km × 108-km square at the forecasted or expected (in iBTrACs) typhoon center.
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tion.  Given  the  importance  of  accurate  initial  vortex  struc-
tures  as  well  as  balanced  and  coherent  atmosphere−ocean
environmental conditions for TC track and intensity predic-
tions  (Fudeyasu  et  al.,  2010a, b),  forecast  skills  for  TC
tracks  and  intensity  could  be  improved  by  using  a  more
advanced  initialization  scheme  (e.g., Zhang  et  al.,  2011;
Cha and Wang 2013).  However,  the  physics  schemes used
in  high-resolution  coupled  models  must  also  be  improved
(e.g. Davis  et  al.,  2008; Gopalakrishnan  et  al.,  2012).  For
example,  what  is  the  impact  of  an  atmospheric  model  that
can resolve very detailed low-level conditions near land and
sea surfaces on TC track and intensity? How can planetary
boundary physics in models be improved to provide a more
detailed representation of air−sea and air−land interactions?
Given  that  the  predictability  of  TC  onset  and  subsequent
track intensity changes is  strongly dependent  on individual
TC properties, how can multiple-resolution coupled predic-
tion systems be used to further study the impact of detailed
TC  structure  predictions  on  forecasts  of  its  lifecycle,  thus
understanding  the  sources  of  predictability?  Answers  to
these questions are critical to efforts to enhance the forecast
accuracy  of  TC genesis,  track  and  intensity  changes  in  the
whole TC lifecycle, thus extending the lead forecasting time
beyond 10 days with more accurate predictions of TC statist-
ics.  In  addition,  the current  study uses  weakly CDA as the
coupled  model  initialization  scheme.  Future  studies  can  be
upgraded to strongly CDA, which could further improve the
balance  and  coherence  of  coupled  model  initial  conditions
(Li and Toumi, 2018; Chen and Zhang, 2019), thus improv-
ing the predictability of TC genesis and follow-up track and
intensity predictions.
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