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Abstract

Further extension of skillful prediction of tropical cyclones (TCs) relies on in-depth studies about the intrinsic predictability of
TCs. In this study, convection-resolving ensemble forecasts based on the Hurricane Weather Research and Forecasting model
were adopted with perturbed initial conditions to study the error growth and intrinsic predictability of TCs. The new aspect of
our study is the focus on the sensitivity of TC track and intensity predictability to initial errors in different regions, including
(1) the inner core and outer rainbands (0-350 km), (2) the near environment (350-1300 km), and (3) the far environment
(1300-3500 km).

The results of TC track predictability show that the most sensitive region of initial errors for TC track forecasts is case-

dependent. For the TC case with striking track forecast errors (e.g., Typhoon Chan-hom, 2020), the initial errors in the

combined region of the TC inner core and outer rainbands produce the largest track uncertainties compared to those in the

near and far environment. However, for the TC case with a highly predictable track (e.g., Typhoon Maysak, 2020), the most

sensitive region of initial errors is the near environment at early lead times and the far environment later. By contrast, the

most sensitive region for TC intensity is the inner core for both cases. The surface wind structure of TC inner core at larger

scales (wavenumbers 0-2) can be predicted for more than 3.5 days, while the structure at smaller scales can only be predicted

for a few hours.
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Key Points: 19 

• The most sensitive region of initial errors for TC track uncertainties is not always in the 20 
environment but maybe within a TC.  21 

• Uncertainties in TC intensity are most sensitive to initial errors in the TC inner core.  22 

• The source of TC intensity predictability for a few days is the predictable environment.  23 
  24 



Journal of Geophysical Research: Atmospheres 

 

Abstract 25 

Further extension of skillful prediction of tropical cyclones (TCs) relies on in-depth studies about 26 
the intrinsic predictability of TCs. In this study, convection-resolving ensemble forecasts based 27 
on the Hurricane Weather Research and Forecasting model were adopted with perturbed initial 28 
conditions to study the error growth and intrinsic predictability of TCs. The new aspect of our 29 
study is the focus on the sensitivity of TC track and intensity predictability to initial errors in 30 
different regions, including (1) the inner core and outer rainbands (0-350 km), (2) the near 31 
environment (350-1300 km), and (3) the far environment (1300-3500 km).  32 

The results of TC track predictability show that the most sensitive region of initial errors for TC 33 
track forecasts is case-dependent. For the TC case with striking track forecast errors (e.g., 34 
Typhoon Chan-hom, 2020), the initial errors in the combined region of the TC inner core and 35 
outer rainbands produce the largest track uncertainties compared to those in the near and far 36 
environment. However, for the TC case with a highly predictable track (e.g., Typhoon Maysak, 37 
2020), the most sensitive region of initial errors is the near environment at early lead times and 38 
the far environment later. By contrast, the most sensitive region for TC intensity is the inner core 39 
for both cases. The surface wind structure of TC inner core at larger scales (wavenumbers 0-2) 40 
can be predicted for more than 3.5 days, while the structure at smaller scales can only be 41 
predicted for a few hours. 42 

 43 

Plain Language Summary 44 

The prediction of tropical cyclones (TCs) has progressively improved in the past few decades. 45 
How long can we further extend skillful TC prediction? The answer to this question relies on in-46 
depth studies about TC intrinsic predictability. In this study, the HWRF-based convection-47 
resolving ensemble forecasts were adopted with perturbed initial conditions to study the error 48 
growth and intrinsic predictability of TCs. The new aspect of our study is the focus on the 49 
sensitivity of TC track and intensity predictability to initial errors in different regions. The main 50 
conclusions include: (1) the most sensitive region of initial errors for TC track uncertainties is 51 
case-dependent and not always in the environment. The initial errors in the combined region of 52 
TC inner core and outer rainbands may produce much larger track errors than those in the near 53 
and far environments for TCs with low track predictability.  (2) For TC intensity, the most 54 
sensitive region consistently locates within the TC inner core. The large-scale components 55 
(wavenumber 0-2) of TC inherent vortex flow can be predicted for more than 3.5 days, which is 56 
primarily attributed to the predictability of the synoptic-scale environment. By contrast, the 57 
remaining components (wavenumber >2) are only predictable for a few hours.  58 

 59 
  60 
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1 Introduction 61 

The prediction of tropical cyclones (TCs) remains challenging despite recent progress in 62 
theory, observing systems, numerical models, and data assimilation. The intensity of TCs is a 63 
crucial indicator of their disaster potential and is one of the most difficult metrics to predict as a 64 
result of the complex multi-scale interactions in TCs (e.g., Wang and Wu, 2004; Gopalakrishnan 65 
et al., 2011). As is well known, the errors in forecasting TC intensity have only decreased at a 66 
slow rate during the last few decades (Cangialosi and Franklin, 2014; DeMaria et al., 2014). By 67 
contrast, the errors in forecasting the tracks of TCs have significantly decreased by more than 68 
half within the same time period (Katz and Murphy, 2015). Despite this improvement in 69 
predicting TC tracks, there can still be remarkable errors in the prediction of TC tracks, 70 
especially those with curving, looping, or stalling paths (e.g., Wu et al., 2014; Torn et al., 2015; 71 
Feng et al., 2022). The increasing difficulties in continuously lowering TC track and intensity 72 
forecast errors prompt fundamental questions about their intrinsic predictability. 73 

It is widely recognized that the track of a TC is primarily determined by the large-scale 74 
environmental steering flow (e.g., Emanuel et al., 2004; Wu et al., 2005) and generally defined 75 
as the regional and multi-layer mean of the wind fields (Holland, 1993). The steering flow 76 
represents weather systems that surround a TC, such as the monsoon trough, the subtropical 77 
ridge, and the mid-latitude trough (e.g., Chia and Ropelewski, 2002; Wu et al., 2005). From the 78 
perspective of predictability, many studies have shown that errors in the structures and positions 79 
of these synoptic-scale systems give rise to errors in TC tracks (e.g., Ito and Wu, 2013; Torn et 80 
al., 2018; Ashcroft et al., 2021; Hazelton et al., 2023). For example, Nystrom et al. (2018) found 81 
that the dominant source of track errors for Hurricane Joaquin (2015) arose from the 82 
environmental region >300 km from the TC center based on an ensemble-based sensitivity 83 
analysis. Other studies have shown that the errors associated with the internal processes in a TC 84 
may produce significant differences in the TC environments, which then feed back into errors in 85 
the track (e.g., Anwender et al., 2008; Harr et al., 2008; Torn et al., 2015). The sensitivity of 86 
track forecasts to initial condition errors in specific regions remains a topic of disagreement, and 87 
there has been limited investigation into how this sensitivity may vary on a case-by-case basis.  88 

Predicting TC intensity is more challenging than predicting TC tracks as a result of the 89 
complex interactions of dynamic and thermodynamic processes at multiple spatiotemporal scales 90 
(e.g., Wang and Wu, 2004; Gopalakrishnan et al., 2011). Decades of research have shown that 91 
TC intensity are affected by the large-scale environment, such as the vertical wind shear (e.g., 92 
Black et al., 2002; Chen et al., 2006; Tang and Emanuel, 2012, Rios-Berrios and Torn, 2017), the 93 
temperature and salinity of the upper ocean (e.g., Emanuel et al., 2004), and air–sea interactions 94 
(Emanuel, 1986; Chen et al., 2007, 2013; Ma et al., 2017, 2018). In addition to these 95 
environmental factors, the effects of internal mesoscale processes on the TC intensity have also 96 
been highlighted, including the eyewall convection, adiabatic warming of the inner core, and 97 
secondary eyewall replacement (e.g., Shapiro and Willoughby, 1982; Rogers, 2010; Zhang and 98 
Chen, 2012; Qin et al., 2021, 2023). The intricate interplay between the internal and 99 
environmental structures of TCs and the modulation of their spiral rainbands and secondary 100 
circulation has been widely documented (e.g., Houze et al., 2006; Judt and Chen, 2010, Li and 101 
Wang, 2012). These complex interactions can make it challenging to predict changes in TC 102 
intensity, and the question about the regions in which the physical processes dominantly control 103 
the TC intensity remains at the center of their predictability. 104 
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The predictability of the TC intensity is often examined by analyzing the sensitivity of 105 
the predictions of TC intensity and structure to discrepancies in the initial conditions. Sipple and 106 
Zhang (2008, 2010) showed that the initial errors associated with moist convection, even those 107 
with negligible magnitudes, increase rapidly and contaminate other physical processes at larger 108 
scales through the upscaling error growth, which severely limits the predictability of the TC 109 
intensity. Van Sang et al. (2008) and Shin and Smith (2008) concluded that small initial random 110 
perturbations of moisture in the boundary layer can cause strong asymmetries in the TC vortex, 111 
resulting in a larger spread of intensity. In addition to the limitation of predictability due to TC 112 
inner core processes alone, some studies have shown that the predictability of the TC intensity 113 
decreases (i.e., becomes more sensitive to initial uncertainties) when vertical wind shear 114 
increases (Zhang and Tao, 2013; Tao and Zhang, 2015; Finocchio and Majumdar, 2017). Judt 115 
and Chen (2016) found that complex interactions among the vertical wind shear, the mean 116 
vortex, and internal convective processes jointly contribute to uncertainties in the TC intensity. 117 
Although the sensitivity of TC intensity forecasts to multiple factors has been intensively 118 
explored, the relative sensitivity of the TC intensity to the initial errors in different regions has 119 
not been addressed explicitly. 120 

There have been a few studies quantifying the upper bound of the predictability of the TC 121 
intensity . Kieu and Moon (2016) reported that the sample-mean forecast errors of the TC 122 
intensity measured by the maximum sustained surface wind (MSW) speed approach a saturation 123 
value of about 8–10 m s−1 in an axisymmetrical model and real-time data statistics. With this 124 
threshold, they gave an upper limit for the predictability of the MSW of about three days. Hakim 125 
(2013) derived a similar predictability limit of about three days for the azimuthal wind using 126 
analog forecasts based on long-range simulation data for an idealized axisymmetrical model. 127 
Kieu and Rotunno (2022) found that the spectral kinetic error growth for azimuthal 128 
wavenumbers reaches saturation after ~ 9 hr as compared to ~ 18 hr for the radial direction in an 129 
idealized simulation of TC. Zhong et al. (2018) estimated a possible range of two and a half to 130 
seven days for the TC intensity predictability over the western North Pacific basin using a local 131 
dynamic analog method. Their results, however, relied on simplified tropical cyclone models or 132 
algorithms in an ideal framework without considering the effect of multi-scale physical processes 133 
on the change in TC intensity. 134 

Judt et al. (2016) investigated the scale-dependent predictability limits of the inner core 135 
surface winds of TCs in the cloud-resolving Weather Research and Forecasting (WRF) model 136 
using Fourier decomposition. They found that the error growth and the predictability limits of the 137 
surface wind speed were scale-dependent: (1) the mean vortex and wavenumber-1 asymmetry 138 
were predictable for > 7 days; (2) the scales associated with rain bands (wave numbers 2–5) were 139 
predictable for a few days; and (3) convective scales (wave numbers >7) were only predcitablt 140 
for 6–12 hrs. However, because Judt et al (2016) used a stochastic perturbation method that 141 
mimics model error and continuously perturbed the model fields, they could not address the 142 
question of the intrinsic predictability of TCs—that is, the extent to which prediction is possible 143 
if an almost perfect procedure is used (e.g., Lorenz, 1969; Sun and Zhang, 2016; Selz, 2019). 144 
Furthermore, Judt et al. (2016) only used a single case, and therefore did not explore the case 145 
dependence of the predictability of TC track and intensity . 146 

In response to the limitations mentioned above, the present study aims to investigate the 147 
intrinsic predictability of the TC track and intensity using convection-resolving ensemble 148 
forecasts with perturbed initial conditions based on the Hurricane Weather Research and 149 
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Forecasting (HWRF) model for two distinct cases. To assess the varying sensitivity of track and 150 
intensity forecasts to different regions of initial errors, we investigated the error growth and 151 
dynamics of such region-dependent errors. We investigated Typhoons (TCs occurred in the 152 
Western Pacific) Chan-hom and Maysak in 2020, two cases that turned out to have very distinct 153 
track predictabilities. A comparison of the results for these two TCs will help to clarify the case 154 
dependence of the TC predictability. 155 

This paper is organized as follows. Section 2 describes the model setup. Section 3 156 
provides a brief review of the two typhoons and introduces the experimental design. The results 157 
of the intrinsic predictability analysis are presented and discussed in Sections 4 (track) and 5 158 
(intensity). Section 6 discusses the results of the combined effect of the initial and boundary 159 
uncertainties on the predictability of TCs. Finally, Section 7 presents our conclusions and 160 
discussion. 161 

 162 

2 Model setup 163 

The ensemble forecasts used in our predictability analyses were generated using the latest 164 
version of the regional high-resolution HWRF model (version 4.0a). The HWRF model has been 165 
widely used for both operational forecasts and research of tropical storms (e.g., Lu et al., 2017; 166 
Zhang et al., 2016; Zhang et al., 2018; Feng et al., 2019, 2021). The HWRF model is configured 167 
with triply nested domains, including an innermost convection-resolving grid at 2 km horizontal 168 
resolution (D03; Fig. 1, purple box) and an intermediate grid at 6 km resolution (D02; Fig. 1, red 169 
box), enclosed by the stationary outer domain at 18 km resolution (D01; Fig. 1, outermost 170 
domain). The inner two domains (D02 and D03) follow the vortex to ensure that the TC stays in 171 
the domain with the highest resolution. The three domains roughly cover an area of 77°×77° for 172 
D01 (288×576 grid points), 27°×27° for D02 (304×604 grid points), and 7°×8° for D03 173 
(265×472 grid points), with 61 vertical levels up to 2 hPa.  174 

Convective processes for the two outer domains with resolutions of 18 and 6 km were 175 
parameterized using the simplified Arakawa–Schubert cumulus scheme (Han and Pan, 2006), but 176 
were simulated explicitly for the innermost domain at 2 km grid spacing. The effect of moist 177 
physical processes was simulated using the Ferrier–Aligo microphysics scheme (Ferrier, 1994, 178 
2005). Other model physics schemes included the modified surface layer (Kwon et al., 2010) and 179 
non-local planetary boundary layer (Hong and Pan, 1996) parameterization schemes, and the Eta 180 
Geophysical Fluid Dynamics Laboratory longwave and shortwave radiation schemes 181 
(Schwarzkopf and Fels, 1991; Lacis and Hansen, 1974). 182 
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 183 
Figure 1. Evolution of the 500 hPa geopotential height in D01 for (a1–a6) Typhoon Chan-hom 184 
and (b1–b6) Typhoon Maysak during the control experiment from 0 to 120 h at intervals of 24 h 185 
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overlain by the tracks of the control (dark blue) and best-track observations (brown) within the 186 
same time period. The red and purple squares highlight areas D02 and D03. 187 

 188 

3 Experimental setup 189 

3.1 Review of the tropical cyclones 190 

The two typhoons selected for this study were Typhoon Chan-hom, which occurred in 191 
early October 2020; and Typhoon Maysak, which lasted from the end of August to early 192 
September 2020. These two typhoons had remarkably different forecast uncertainty associated 193 
with their tracks (Fig. 1). The observed Typhoon Chan-hom intensified into a tropical storm (TS) 194 
at about 12 UTC on 5 October 2020 (i.e., the initial time of the forecasts in Fig. 1) and then 195 
moved northwestward and gradually turned toward the southern mainland of Japan. On 8 196 
October, Typhoon Chan-hom turned sharply to the east while approaching peak intensity and 197 
then moved to the northeast off the eastern coast of Japan. The sharp turn to the east proved 198 
challenging for our five-day forecast experiment, and the simulated storm in the control run 199 
ended up turning too late and made landfall in Japan (cf. Fig. 1(a1–a6), blue and purple curves). 200 
By contrast, Typhoon Maysak’s control forecast had smaller track forecast errors (<100 km) and 201 
featured much less uncertainty. This may have been associated with its stable northward motion 202 
from the East China Sea to landfall in South Korea. 203 

The varying levels of forecast accuracy and associated uncertainties for the tracks of 204 
Typhoons Chan-hom and Maysak in both the control forecasts and observed outcomes suggest 205 
differing predictability for each. By comparing these two typhoons, we aim to gain a better 206 
understanding of the case-dependent sensitivity of initial errors in predicting the track and 207 
intensity of tropical cyclones. Notably, both Chan-hom and Maysak experienced prolonged 208 
lifetimes (lasting five to six days) over open waters without topographic influences. Moreover, 209 
they both maintained at least tropical storm intensity throughout their lifetime and eventually 210 
intensified into typhoons with maximum sustained winds exceeding 40 m s−1. 211 

3.2 Definition of the regions where perturbations will be introduced 212 

As the main goal of our study was to investigate the intrinsic sensitivity of the TC track 213 
and intensity to region-dependent initial uncertainties, we used the three nested domains to 214 
roughly divide the structure and characteristics of TCs into three regions (Fig. 1 and Table 1). 215 
The innermost domain (i.e., D03) covers the TC inner core1 and the outer spiral rainbands within 216 
about 350 km of the TC center almost five to six times the radius of the maximum wind. The 217 
region referred to in Table 1 as “part of D03” is also defined to investigate the role of the TC 218 
inner core (0–250 km) and the outer rainbands (250–350 km). The region between the innermost 219 
and intermediate domains (i.e., D02 and D03) from about 350 to 1300 km roughly corresponds 220 
to the environment adjacent to the TC vortex (defined as the near environment). The region 221 
between the intermediate and outer domains (i.e., D02 and D01) from 1300 to 3500 km roughly 222 
overlies the synoptic-scale weather systems at a long distance from the TC center (defined as the 223 
far environment). 224 
                                                           
1 The inner core region of a strong TC generally includes the eye, eyewall, and the principle rain 
bands within about three times the radius of the maximum wind (Houze, 2010). 
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Table 1. Definitions of the regions in a tropical cyclone and their ranges and characteristics. 225 

Region Range (km) Characteristics 

D03 0–350 
Inner core and outer 

rainbands 

D03 to D02 350–1300 Near environment 

D02 to D01 1300–3500 Far environment 

Part of D03 
0–250 Inner core 

250–350 Outer rainbands 

 226 

3.3 Experimental design 227 

Fig. 2 shows a flow diagram of the experiment. The first step is to generate the initial 228 
control and perturbed ensemble conditions (N = 20) valid at time t0 for the three nested domains 229 
in the HWRF model. The initial conditions are 6-hr HWRF forecasts from time t−1 to t0 230 
initialized with the downscaled fields of the control analysis of the Global Forecast System 231 
(GFS, 0.25° resolution) and the perturbed analyses of the Global Ensemble Forecast System 232 
(GEFS, 0.5° resolution; Zhou et al., 2022) from the National Centers for Environment 233 
Prediction. The GFS forecasts provide the lateral boundary conditions for the 6-h HWRF control 234 
(red dashed arrow) and ensemble (black dashed arrow) forecasts, respectively. We use the 6-h 235 
short-term HWRF forecasts as the initial conditions instead of the downscaled GFS/GEFS fields 236 
to start the simulations with more realistic dynamically evolved and spatially coherent initial 237 
ensemble perturbations. 238 

Once the initial control and ensemble conditions for the HWRF model are created, the 239 
second step is the design of numerical experiments to address the impact of the region-dependent 240 
initial errors on the TC predictability. The HWRF model adopts two-way communication for 241 
multiple nested domains in which the time- and space-interpolated values of the parent domain 242 
are specified on the nest boundaries while the inner domain is advanced (Moeng et al., 2007). 243 
The interior values of the nest domain are then transferred to the parent domain, overwriting the 244 
parent domain solution in the overlapped region. Perturbing the control analyses in D01, D02, 245 
and D03, therefore, introduces the initial errors associated with the far environment (but not the 246 
near environment nor the inner core and outer rainbands), the near environment (but not the far 247 
environment nor the inner core and outer rainbands), and the inner core and outer rainbands, 248 
respectively (Table 1). 249 

Based on this concept, we defined the numerical experiments as follows (see Table 2). 250 
The baseline experiment (the Ctrl experiment) is the control analyses and forecasts (red solid 251 
arrow in Fig. 2). Experiment PertD01 uses the perturbed initial ensemble for D01, but the initial 252 
conditions for D02 and D03 are the same as in the Ctrl experiment. Similarly, experiments 253 
PertD02 and PertD03 simply perturb the initial conditions for D02 and D03, respectively. To 254 
determine the individual effects of uncertainties in the inner core and outer rainbands of the TC, 255 
experiments PertD03-Vor and PertD03-Rainb are carried out with the initial perturbations 256 
superposed on a smaller region than in PertD03—that is, the inner core and outer rainband 257 
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regions, respectively. These experiments (PertD01, PertD02, PertD03, PertD03-Vor, and 258 
PertD03-Rainb) use the same lateral boundaries as the Ctrl experiment to display the effects 259 
related to the initial error. Experiment PertAll retains all the perturbations in the initial ensemble 260 
of the three nested domains and the lateral boundaries. 261 

The third step is to integrate the initial control and ensemble conditions from t0 for all 262 
experiments for five days using the HWRF model with the output at intervals of 6 h. The initial 263 
time t0 is the point at which the two typhoons reached TS intensity of nearly 18 m s-1, i.e., 1200 264 
UTC on 5 October 2020 for Typhoon Chan-hom and 0000 UTC on 29 August 2020 for Typhoon 265 
Maysak.  266 

 267 

Figure 2. Schematic diagram of the experimental flow. GFS, Global Forecast System; GEFS, 268 
Global Ensemble Forecast System. 269 

Table 2. Descriptions of the control (Ctrl) and ensemble forecast experiments. 270 

 Ctrl PertD01 PertD02 PertD03 PertD03-Vor PertD03-
Rainb PertAll 

D01 
perturbed No Yes No No No No Yes 

D02 
perturbed No No Yes No No No Yes 

D03 
perturbed No No No Yes Yes, vortex 

(0–250 km) 

Yes, outer 
rainbands 
(250–350 

km) 

Yes 

Boundary 
perturbed No No No No No No Yes 

 271 

4 Intrinsic predictability of the track of tropical cyclones 272 

4.1 Track uncertainty 273 
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interface in other words) of the TC (Houze, et al., 2006; Li and Wang, 2012) (see more details in 301 
Fig. 6). 302 

By contrast, despite the smaller track errors overall, Typhoon Maysak shows qualitatively 303 
different results from Typhoon Chan-hom (cf. Fig. 4a and 4b), suggesting that the initial errors in 304 
the TC environment induce the largest track forecast errors. The most sensitive region is the near 305 
environment (i.e., PertD02) during the first 2.5 days, followed by the far environment (i.e., 306 
PertD01) for longer lead times. The comparison between Typhoons Chan-hom and Maysak 307 
suggests that the track errors for a TC with a low track predictability may be most sensitive to the 308 
initial uncertainties in the combined region of the inner core and outer rainband. By contrast, the 309 
track errors in a highly predictable TC may be most sensitive to the near environment in the 310 
earlier stages and then the outer environment for long-range predictions. The high track 311 
predictability is possibly associated with the weak interactions between the inner core and the 312 
outer rainband and environment (see Fig. 7 for more details). 313 

 314 
Figure 4. Track errors of the ensemble forecasts against the Ctrl forecast averaged over all 315 
ensemble members in PertD01 (dark blue), PertD02 (red), PertD03 (purple), PertD03-Vor (pink), 316 
and PertD03-Rainb (dark green) for Typhoons (a) Chan-hom and (b) Maysak. 317 

 318 

4.2 Growth of region-dependent initial errors 319 

To explore how region-specific initial errors lead to diverse outcomes in the predictability 320 
of TC tracks, we examined the ensemble-averaged error growth of the 500-hPa geopotential 321 
height (GH) and temperature (T) fields for different experiments. Fig. 5 shows the ensemble-322 
averaged initial errors in the 500-hPa GH for D01 of PertD01, D02 of PertD02, and D03 of 323 
PertD03. The ensemble-averaged initial error of the 500-hPa T for D03 of PertD03-Vor is shown 324 
in Figs. 5a4 and 5b4 because the initial ensemble perturbations between the 250 and 350 km 325 
range in PertD03-Vor are removed for the state variables (the zonal and meridional winds, 326 
temperature, specific humidity, and sea-level pressure). Fig. 5 shows that the major initial errors 327 
in D02 and D03 for both Typhoons Chan-hom and Maysak are located near the TC eyewall (50–328 
70 km from the typhoon center) (Fig. 5a2–5a4, 5b2–5b4). Another region of higher error 329 
magnitude is located near the trough region in the north of the TC environment (Fig. 5a1 and 330 
5b1). This indicates the validity of the initial ensemble perturbations that capture the dynamic 331 
instabilities of a TC. 332 



Journal of Geophysical Research: Atmospheres 

 

 333 

Figure 5. Ensemble-averaged initial error amplitudes of the 500-hPa geopotential height in (a1) 334 
D01 of PertD01, (a2) D02 of PertD02, and (a3) D03 of PertD03, and the 500-hPa temperature in 335 
(a4) D03 of PertD03-Vor for Typhoon Chan-hom. (b1)-(b4) are same as (a1)-(a4) but for 336 
Typhoon Maysak. 337 

 338 

In addition to the initial error fields, the ensemble-averaged error growth of the 500 hPa 339 
GH (shaded) and T (contours) in D02 for different experiments is shown in Fig. 6 for Typhoon 340 
Chan-hom and in Fig. 7 for Typhoon Maysak. Domain D03 is highlighted (purple squares) for 341 
reference. Figs. 6a1 and 6b1 show that, even with initial errors in just the environment (i.e., 342 
PertD01 and PertD02), the errors in the TC inner core (D03) grow rapidly and display a 343 
comparable amplitude to those in the near environment within 12 h. This can be explained by the 344 
more intense error growth of mesoscale convective instabilities in the TC inner core than the 345 
error growth of baroclinic instabilities in the TC environment (Lorenz, 1996; Durran and 346 
Gingrich, 2014; Sun and Zhang, 2016). PertD03 and PertD03-Vor, with initially perturbed D03 347 
present larger errors than PertD01 and PertD02 at 12 h, not only in domain D03 but also in 348 
domain D02 (cf. Figs. 6c1, 6d1 and Figs. 6a1, 6b1). This implies that initial errors in the TC 349 
inner core may spread out and lead to forecast uncertainties in the environment of the TC, 350 
probably through their intense interactions with the outer rainbands. 351 

The error growth in the TC environment induced by such interactions and the upscale 352 
progression of error growth have a faster rate than the error growth of the environment per se in 353 
the first 24 h (cf. Fig. 6b2 and 6c2). After this transient period (about 24 h) of upscale error 354 
propagation from the fine-scale TC inner core to the synoptic-scale environment, the initial 355 
errors in the TC environment start to grow and dominate the expansion of forecast uncertainties 356 
in this region. This explains the larger forecast errors in the environment for PertD02 than for 357 
PertD03-Vor from 24 to 96 h (cf. Fig. 5b2–b4 and Fig. 5d2–d4). Experiment PertD03 shows the 358 
largest forecast errors in D02 relative to the other experiments for all lead times, especially for 359 
the TC environment. This further suggests the possibility that the particularly strong interaction 360 
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the near environment of Typhoon Maysak are slightly larger in PertD02 and PertD01 than in 375 
PertD03 and PertD03-Vor within the first 24 h (not shown), probably indicating a much weaker 376 
interaction between the inner and outer TC structures relative to Typhoon Chan-hom. 377 
Consequently, the growth of the initial errors in the TC environment plays a more important role 378 
in contributing to its larger forecast errors beyond 24 h compared with the initial errors in the 379 
inner core and outer rainbands of the TC (cf. PertD01, PertD02 and PertD03, PertD03-Vor in 380 
Fig. 7). 381 

 382 
Figure 7. Same as Fig. 6 but for Typhoon Maysak.  383 

 384 

5 Intrinsic predictability of the TC intensity 385 

5.1 Intensity uncertainty 386 

This section focuses on the forecast uncertainty for the TC intensity and the relevant error 387 
growth dynamics. The TC intensity is generally measured by two metrics: the minimum sea-388 
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(wave numbers 1–2) are resistant to the upscale error propagation from smaller scales and remain 457 
predictable for a much longer time of at least 3.5 days. 458 

 459 
Figure 11. Azimuthally mean and regionally integrated (0–300 km) error variances (m2 s−2) at 460 
different scales of the 10-m wind amplitude averaged over all ensemble members at different 461 
lead times for (a1, b1) PertD01, (a2, b2) PertD02, and (a3, b3) PertD03 of (a) Typhoon Chan-462 
hom and (b) Typhoon Maysak. 463 

 464 

As shown in Fig. 11a2 and 11a3, the rainband scales of wave numbers 3–5 for Typhoon 465 
Chan-hom are still predictable at 6 h in PertD02 but are almost unpredictable at 6 h in PertD03. 466 
We therefore also show the 6-h composite radar reflectivity in D03, which roughly reflects the 467 
TC-induced rainfall in the Ctrl and ensemble forecasts of PertD02 and PertD03 (Fig. 12). Only 468 
three arbitrarily selected members are shown. Fig. 12a shows a clear spiral rainfall structure in 469 
the Ctrl experiment, extended from the south to the east and northeast of Typhoon Chan-hom, 470 
with most regions >30 dBZ. The southern rainfall conglomeration (highlighted with a purple 471 
rectangle in Fig. 12a) is organized as a cluster of convective storms and the eastern rainfall 472 
conglomeration (highlighted with a black rectangle in Fig. 12a) is characterized by a narrow, 473 
north–south stretched rainband. Noticeably, the members in PertD02 with initial perturbations in 474 
the near environment capture the placement and structure of the eastern rainband and the 475 
convective rainfall at 6 h (cf. shaded and black contours). However, the members in PertD03 476 
with initial perturbations in the TC inner core present poor skill in predicting the long rainband in 477 
the east, with significant errors in both position and strength. In addition, the convective storms 478 
in the south of Typhoon Chan-hom in the ensembles of PertD03 are almost randomly distributed 479 
or completely displaced compared with those in the Ctrl experiment. The comparison indicates 480 
that the initial errors in the TC inner core can intensively constrain the predictability limit of the 481 
TC rainbands to <6 h. 482 
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 483 

Figure 12. Composite radar reflectivity (shaded) in D03 of in the 6-h (a) Ctrl and (b1–b3) 484 
ensemble forecasts of PertD02 and (c1–c3) PertD03. The composite radar reflectivity (≥44 dBZ) 485 
of the Ctrl experiment is shown as black contours in (b1–b3) and (c1–c3) for comparison. 486 

 487 

5.3 Source of predictability in the TC intensity 488 

Fig. 11 shows that wave numbers 0–2 of the 10-m wind amplitude are resilient to the 489 
upscale error growth, in contrast with the fast growth and saturation of the errors at smaller 490 
scales. To understand the source of the predictability of the low wavenumber components, a 491 
supplementary experiment (hereafter called PertD03-RndD01) was carried out. This experiment 492 
was similar to PertD03 but additionally replaced the initial conditions of D01 in the ensemble 493 
forecasts with the variable fields downscaled from the GFS analysis at another valid time. In 494 
PertD03-RndD01, D01 for both Typhoons Chan-hom and Maysak uses the downscaled analysis 495 
at 0000 UTC on 18 August 2020, which is nearly two months and ten days, respectively, from 496 
the initial times of the experiment. 497 

Fig. 13 shows the temporal evolution of the wave spectrum of the surface wind of the TC 498 
inner core for experiment PertD03-RndD01. Wave numbers ≥2 become saturated in <6 h, the 499 
same as in PertD03 (see Fig. 12). However, the error variances of wave numbers 1–2 become 500 



Journal of Geophysical Research: Atmospheres 

 

nearly saturated within about one day, in contrast with those in PertD03 (see Fig. 12), which 501 
remain predictable at 3.5 days. This result indicates that the major source of the predictability of 502 
the surface wind components at wave numbers 1–2 is the synoptic-scale environment of the TC, 503 
which is consistent with the conclusions of Judt et al. (2016). The error variance of the mean 504 
vortex flow (i.e., wave number 0) is still significantly smaller than the saturation value, even 505 
with a nearly chaotic environmental field (not shown), implying that the TC mean vortex may be 506 
efficiently predicted for a fairly long time. 507 

 508 
Figure 13. Same as Fig. 11 but for PertD03-RndD01 of (a) Typhoon Chan-hom and (b) Typhoon 509 
Maysak. 510 

 511 

Fig. 14 shows the original 10-m wind speed field in the 300-km radius of the Ctrl 512 
experiment for Typhoon Chan-hom at 66 h and its composite wind field for wave numbers 0–2 513 
(Fig. 14a and 14b). The composite surface wind of wave numbers 0–2 in the PertD03 and 514 
PertD03-RndD01 ensembles are also shown for comparison (Fig. 14c1–c5 and 14d1–d5, 515 
respectively). Wave components 0–2 can explain almost 95% of the variance of the 10-m wind 516 
amplitude in the Ctrl experiment (cf. Fig. 14a and 14b). When comparing the ensemble members 517 
of PertD03 and PertD03-RndD01, the formers can roughly capture the composite surface wind 518 
structure of wave numbers 0–2 in the Ctrl experiment (cf. shading and contours) with a mean 519 
spatial correlation of 0.94, which is much better than the latter of 0.83. This result is consistent 520 
with the lower error variance at wave numbers 0–2 in PertD03 than in PertD03-RndD01 (cf. Figs 521 
11a3 and 13a). 522 

Although the composite surface wind amplitude of waves 0–2 in PertD03 has a longer 523 
predictability limit than that in PertD03-RndD01 (at least 3.5 days versus almost one day), 524 
PertD03 shows a similar performance to PertD03-RndD01 in terms of the MSLP and MSW for 525 
both typhoons (cf. Fig. 9, cyan and purple curves), except for the MSLP of Typhoon Chan-hom. 526 
This suggests that the MSW has limitations as a metric to measure TC intensity (Vukicevic et al., 527 
2014; Judt et al., 2016). The MSW defines the 10-m maximum wind speed at a certain time and 528 
point, which is not only related to wave numbers 0–2 but also has contribution from the highly 529 
turbulent, rapidly evolving asymmetrical wind field in TCs that has very low predictability. 530 
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 531 
Figure 14. (a) 10-m wind speed forecast (shading) in the 300-km radius of the Ctrl experiment at 532 
66 h for Typhoon Chan-hom and (b) its composite wind field (shading) of wave numbers 0–2. 533 
(c1–c5) Composite 10-m wind speed fields (shading) of wave numbers 0–2 of the ensemble 534 
forecasts for PertD03 at 66 h. (d1–d5) are same as (c1)-(c5) but for PertD03-RndD01 at 66 h. 535 
Blue contours highlight wind speeds of 25 and 27.5 m s−1 in the composite wind field of the Ctrl 536 
experiment in part (b). 537 

 538 

6 Combined effects of initial and lateral boundary perturbations on the TC predictability 539 

For practical predictions of TCs, uncertainties exist in not only the initial conditions but 540 
also the boundary conditions. This section considers the combined effects of the initial 541 
perturbations in all three nested domains and the boundary perturbations (i.e., PertALL) on the 542 
TC track and intensity predictability. Fig. 15 compares the ensemble-averaged errors in the TC 543 
track and intensity errors between PertALL and the worst-performing experiment (i.e., the 544 
largest forecast error) among PertD01, PertD02, and PertD03. These are PertD03 for the track 545 
and intensity of Typhoon Chan-hom and PertD01 for the track and PertD03 for the intensity of 546 
Typhoon Maysak (see Figs 4 and 9). The comparison in Fig. 15 shows that PertALL has larger 547 
forecast errors in both the track and intensity than the experiments with initial errors in particular 548 
regions for both Typhoons Chan-hom and Maysak. This means that the track and intensity of the 549 
TC become more unpredictable when taking into account all the sources of uncertainties in the 550 
initial and boundary conditions. 551 
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Figure 16. Same as Fig. 13 but for PertALL.  566 

 567 

7 Conclusions and discussion 568 

Gaining a profound comprehension of the intrinsic predictability of TCs is vital for 569 
enhancing the accuracy of their track and intensity forecasts. The concept of intrinsic 570 
predictability centers on how initial errors amplify and impact the prediction outcome when an 571 
almost perfect procedure is employed. This can offer a rough estimate of the upper limit of the 572 
predictive skill and the predictability threshold. To examine the intrinsic predictability of TC 573 
track and intensity, we compared convection-resolving control forecasts and ensemble forecasts 574 
with perturbed initial conditions using a regional HWRF model. Our primary objective was to 575 
investigate the sensitivity of TC track and intensity uncertainties to initial errors in various 576 
regions and the corresponding error growth dynamics. A model configuration with three two-577 
way nested domains (18/6/2 km resolution) was used to provide a relatively realistic simulation 578 
of the scales and characteristics of the inner core and environment of TCs. Experiments were 579 
designed to investigate the influence of the initial errors in (1) the far environment (1300–3500 580 
km from the TC center), (2) the near environment (350–1300 km), and (3) TC inner core and 581 
outer rainband regions (0–350 km) on the predictability of the track and intensity. We selected 582 
two typhoons, Chan-hom and Maysak, that occurred in the western North Pacific Ocean in 2020 583 
and distinct uncertainty in both track and intensity to demonstrate the case-specific nature of 584 
predictability analysis. Our main results are summarized here. 585 

(1) The most sensitive region of the initial errors that affect the TC track uncertainties is 586 
case-dependent. For a case with remarkably large track errors (e.g., Typhoon Chan-hom), the 587 
most sensitive region of the initial errors is the combined region of the TC inner core and outer 588 
rainbands (0–350 km). The strong interaction of the initial errors in the TC inner core and outer 589 
rainbands may lead to increased uncertainties in the TC environment that degrade the track 590 
forecast performance (Fig. 6). The track uncertainties with initial errors in the combined area of 591 
the TC inner core and outer rainbands are nearly double those with initial errors in either region 592 
(Fig. 4a). 593 

(2) By contrast, for a case (e.g., Typhoon Maysak) with a much more predictable track, the 594 
most sensitive region of initial errors is the near environment (350–1300 km) in the early stages 595 
(about 2.5 days) and then the far environment (1300–3500 km; Fig. 4b) in the later stages. In this 596 
case, the growth of the initial errors in the environment is dominant in the track forecast as a 597 
result of the weak interactions between the TC inner and outer structures (Fig. 7). 598 

(3) The most sensitive region of the initial errors for uncertainties in intensity is the inner 599 
core region (0–250 km) for both cases. Our results emphasize that not only the scale of the initial 600 
or model perturbations but also the regions of these perturbations, matter in the predictability of 601 
the TC intensity and track. 602 

(4) Our results are consistent with the conclusions of Judt (2016) that the errors at meso- and 603 
convective scales (wave numbers ≥6) of the TC inner core grow rapidly and saturate within 6–12 604 
h, regardless of the regions of the initial errors. However, we found the rainband scales at wave 605 
numbers 3–5 can only be predicted up to 18 h regardless of the regions of the initial errors, rather 606 
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than the few days of Judt (2016). This suggests the initial errors could possibly constrain the 607 
predictability of the features at the rainband scale more severely than the model errors. 608 

(5) The mean vortex and asymmetrical structures of the TC at wave numbers 1–2 remain 609 
predictable for at least 3.5 days because their predictability source is the synoptic-scale 610 
environmental flow. Nevertheless, a more accurate environmental flow may not guarantee an 611 
improved prediction of the MSLP and MSW because these two instantaneous metrics are also 612 
influenced by highly turbulent and rapidly evolving finer-scale features that have very short 613 
predictability. 614 

Although the influences of the region-dependent initial errors on uncertainties in the TC 615 
track and intensity were analyzed and compared and the most sensitive regions identified in this 616 
study, we still do not know the precise mechanisms of how the initial errors in different regions 617 
induce uncertainties in TC track and intensity. For Typhoon Chan-hom with significant track 618 
errors, how do the initial errors in the TC inner core and outer rainbands intensively interact and 619 
influence the TC environment and track? Why are the interactions between the inner and outer 620 
structures of Typhoon Maysak significantly weaker than those of Typhoon Chan-hom? Which 621 
physical processes in the TC inner core cause the remarkable intensity uncertainties of Typhoons 622 
Chan-hom and Maysak? These questions remain unclear and need further exploration in future 623 
studies. 624 

 625 
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