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Abstract 26 

The steering flow analysis based on potential vorticity (PV) diagnosis is used 27 

to examine the reasons why the National Centers for Environmental Prediction 28 

Global Forecast System (NCEP-GFS) model showed large track forecast errors 29 

with over-recurving movement in Typhoon Fengshen (2008).  In particular, two 30 

forecasts initialized at 0000 UTC 19 and 20 June 2008 are demonstrated in this 31 

study.  The deep-layer-mean (DLM) steering flow between 925 and 300 hPa 32 

with tropical cyclone components filtered out is directed to the west or northwest 33 

in the analysis field, which can account for the continuous westward and 34 

northwestward movement in the best track.  However, the DLM steering flow is 35 

shown more toward the north in the forecast fields.  Four distinct PV features 36 

associated with the corresponding subtropical high, monsoon trough, continental 37 

high, and midlatitude trough are identified to diagnose their balanced steering 38 

flows around the storm.  The result based on PV analysis indicates that the 39 

reduced westward steering flow in the forecast field is mainly attributed to the 40 

subtropical high which is over-predicted to extend southwestward, as well as the 41 

continental high with underestimated coverage, as characterized by the 42 

geopotential height at 500 hPa.  The steering flow associated with the monsoon 43 

trough plays an essential role while Typhoon Fengshen (2008) experiences 44 
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northward recurvature in both analysis and forecast fields.  Therefore the 45 

associated reduced westward steering flow in the NCEP-GFS model leads to the 46 

over-recurvature of Fengshen. 47 

Keywords potential vorticity diagnosis; deep-layer-mean steering flow; subtropical 48 

high; monsoon trough 49 

  50 
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1. Introduction 51 

It is well known that about 75% of the tropical cyclones (TCs) in the western North 52 

Pacific (WNP) form in monsoon environment (McBride 1995).  In particular, the 53 

monsoon trough or intertropical convergence zone (ITCZ) in the WNP is a favorable 54 

environment for TC formation.  The equatorial westerlies and trade wind easterlies 55 

within the trough provide the necessary low-level relative vorticity and convergence, 56 

and the low-to-mid-level moisture is abundant in the area as well (Gray 1998).  The 57 

TC characteristics, such as their structure, intensity and trajectory, as well as its 58 

formation and early development, are substantially affected by the monsoon trough 59 

(Chen et al. 2014).  For example, the axis of the monsoon trough has meridional 60 

variation in its position and southeastward extension (or retreat) within a season, 61 

which modulates the motion of TCs that develop near the trough (Atkinson 1971; 62 

Cheung 2004).  In addition, the studies of Harr and Elsberry (1995a,b) showed that 63 

the synoptic pattern of monsoon trough and subtropical high ridge within the 64 

700-hPa circulation in the WNP primarily determines the TC activity and dominant 65 

track types in the basin. 66 

Some later studies further demonstrated the close relationships between synoptic 67 

patterns and TC characteristics.  Lander (1996) examined the low-level monsoon 68 

flow patterns in the WNP for the period between 1978 and 1994, and identified five 69 
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recurring configurations corresponding to the long-term average, the twin-trough 70 

pattern, the active mei-yu pattern, the monsoon gyre, and the reverse-oriented 71 

monsoon trough.  It was shown that these patterns of the monsoon circulation are 72 

associated with certain specific characteristics of TC motion and structure.  Under 73 

the context of diagnosing large TC track forecast errors, Carr and Elsberry (2000) 74 

utilized the synoptic pattern/region conceptual models to identify the predominant 75 

error mechanisms.  Carr and Elsberry (1995) used a non-divergent barotropic 76 

model to simulate sudden track changes due to the interaction between TC 77 

circulation and monsoon gyre.  It was found that the smaller TC vortex initially 78 

moved according to the cyclonic steering flow of the larger monsoon gyre.  Later 79 

the two vortices merged to form a single one, and an anticyclone developed to the 80 

southeast due to the Rossby wave dispersion.  Consequently a southerly jet was 81 

generated in between the monsoon gyre and the newly-developed anticyclone, 82 

which provided a northward steering to the TC vortex and thus caused a change in 83 

direction.  After the simulation conducted by Carr and Elsberry (1995), Nieto 84 

Ferreira and Schubert (1997) based their experiment on a nonlinear shallow-water 85 

model to further demonstrate that a TC vortex has a larger westward component of 86 

motion within an environment of zonally symmetric potential vorticity (PV) strip like 87 

one in a monsoon trough, compared with that in a quiescent environment (their Fig. 88 
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9). 89 

In short summary, besides the role of providing a favorable environment for TC 90 

formation and development, the variability of the synoptic pattern of the monsoon 91 

trough and circulation in the WNP on synoptic, intra-seasonal, seasonal and 92 

inter-annual timescales is an essential factor for modulating the characteristic track 93 

types of TCs within the corresponding time periods (Elsberry 2004).  We focus on 94 

the synoptic scale features including the monsoon trough. 95 

Wu and Emanuel (1993, 1995a,b) first applied the concept of PV analysis to the 96 

study of TC motion.  Due to its conservation property, principle of superposition and 97 

ease of inversion to wind field, there are a series of subsequent studies that applied 98 

PV analysis to quantitative diagnosis of TC motion-related issues (e.g., Shapiro 99 

1996, 1999; Wu et al. 2003, 2004, 2012; Yang et al. 2008).  An advantage of the 100 

PV analysis is capable of extracting the TC motion associated with the synoptic 101 

scale features.  In particular, large track forecast errors with a northward (or 102 

northeastward) bias are persistently existent in the National Centers for 103 

Environmental Prediction (NCEP) Global Forecast System (GFS) model for 104 

Typhoon Fengshen (2008) which is located in lower latitudes (see Fig. 1).  Since 105 

numerical model outputs are used as the major guidance for official TC track 106 

forecasts nowadays, it is valuable to understand this type of systematic bias in major 107 
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operational models.  It is also important to better understand why sometimes the 108 

modeling systems result in major forecast bust. 109 

This study aims at conducting quantitative PV diagnosis to examine the reasons 110 

why the NCEP-GFS has such track errors and to indentify the steering flows 111 

associated with distinct synoptic scale features.  The data and PV diagnosis are 112 

described in section 2.  The comparison of the synoptic field and steering flows 113 

between the analysis and forecast data based on PV analyses is presented in 114 

section 3, and the summary of this study is given in section 4. 115 

2.  Data and methodology 116 

2.1 NCEP analysis and forecast data 117 

The Global Tropospheric Analyses (GTA) from the Final Global Data Assimilation 118 

System (GDAS FNL) and the GFS forecast of NCEP for Typhoon Fengshen (2008) 119 

are utilized to conduct the PV diagnosis in this study.  The NCEP-GFS (Surgi et al. 120 

1998; Han and Pan 2011) is an operational global data assimilation and model 121 

system providing forecasts four times per day.  In addition, its horizontal resolution 122 

was spectral triangle 382 (T382 ~ 35 km) with 64 vertical sigma levels during 2008.  123 

The available output fields from the model are 6-hourly in temporal resolution and 124 

1× 1 (latitude by longitude) in spatial resolution, with 26 vertical levels between 125 

1000 and 10 hPa. 126 
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2.2 PV diagnosis 127 

The methodology of PV analysis applied in this study is similar to that in Wu et al. 128 

(2003, 2012) and Yang et al. (2008), as briefly outlined below.  The merit of the PV 129 

invertibility states that given a distribution of PV, a prescribed balance condition and 130 

boundary conditions, the balanced mass and wind fields can be recovered.  By 131 

taking the axisymmetric average relative to the center of the storm as the mean part 132 

(�̂�) and the rest as the total perturbation field (𝑞′), 𝑞′ = 𝑞 − �̂�, the piecewise PV 133 

inversion is performed to calculate the balanced flow and mass fields associated 134 

with each PV perturbation.  Following Wu et al. (2003), the steering flow (VSDLM) 135 

based on the PV calculation is defined as the deep-layer-mean (DLM; 925-300 hPa) 136 

wind vector averaged over the inner 3 latitude/longitude around the storm center 137 

(based on the location of the maximum PV at 850 hPa).  The motion vector in the 138 

best track or the model TC is calculated based on a 12-h period centered at a 139 

particular time (i.e., VBT(TCMV)=(Xt+6h-Xt-6h)/12h).  The principles for partitioning 140 

PV perturbation fields as in Wu et al. (2012) are adopted here, including the synoptic 141 

scale features of corresponding with subtropical high (𝑞SH
′ ), monsoon trough (𝑞MT

′ ), 142 

continental high (𝑞CH
′ ), and midlatitude trough (𝑞TR

′ ), 𝑞′ = 𝑞SH
′ + 𝑞MT

′ + 𝑞CH
′ + 𝑞TR

′ .  To 143 

facilitate the PV perturbation partitioning, the boundary between the subtropical high 144 

and the continental high with negative PV perturbation is generally set along a line 145 
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extending from 23N, 120E to 55N, 160E (just south of the Kamchatka Peninsula).  146 

The division between the midlatitude trough and the monsoon trough with positive 147 

PV perturbation falls between 22 and 25N depending on their respective locations, 148 

i.e., according to the evolution of the monsoon trough.  The PV perturbations 149 

partitioned as described above represent the climatology-mean location and size of 150 

the synoptic systems, i.e. subtropical high on the Pacific Ocean, continental high on 151 

the Eurasia, midlatitude trough within the mid-latitude westerly flow, and monsoon 152 

trough in the low-latitude easterly flow.   Note that, as addressed in Wu et al. 153 

(2012), the DLM steering flow based on the PV inversion is not sensitive to the 154 

small-scale features located on the edge of each PV perturbation.  In addition, the 155 

value ‘‘AT (along track)’’ has been designed to quantitatively measure the influence 156 

of the steering flow associated with each PV perturbation in the direction parallel to 157 

the steering flow associated with the total PV perturbation (𝑞′).  Namely, AT for a 158 

particular PV perturbation (𝑞𝑠
′ ; 𝑠 represents SH, MT, CH, or TR) is defined as 159 

AT(𝑞𝑠
′) ≡

𝑉𝑆𝐷𝐿𝑀(𝑞𝑠
′)∙𝑉𝑆𝐷𝐿𝑀(𝑞′)

|𝑉𝑆𝐷𝐿𝑀(𝑞′)|2
,                (1) 160 

where 𝑉𝑆𝐷𝐿𝑀(𝑞𝑠
′) and 𝑉𝑆𝐷𝐿𝑀(𝑞′) indicate the DLM steering flow associated with 𝑞𝑠

′  161 

and 𝑞′ , respectively.  AT is a normalized quantity and, by definition,AT(𝑞′) =162 

𝐴𝑇(𝑞𝑠
′) + 𝐴𝑇(𝑞𝑛𝑜𝑠

′ ), where 𝑞𝑛𝑜𝑠
′  represents the rest of the PV perturbation excluding 163 

the portion represented by 𝑞𝑠
′ , and 𝑞′ = 𝑞𝑠

′ + 𝑞𝑛𝑜𝑠
′ .  The merit of diagnosing AT is to 164 
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quantify relative contribution of individual components of the steering flow based on 165 

piecewise PV inversion, since the cross-track components of the steering flow 166 

should be cancelled out between PV perturbations. 167 

3.  Results 168 

3.1 Synopsis of Typhoon Fengshen (2008) 169 

Typhoon Fengshen developed from a tropical disturbance located at about 155 n 170 

mi (287 km) northwest of Palau.  The Japan Meteorological Agency (JMA) declared 171 

the disturbance to be tropical depression on 17 June, while the Joint Typhoon 172 

Warning Center (JTWC) released a TC formation alert for the system (07W) later at 173 

1200 UTC 18 June.  A second warning at 1800 UTC 18 June from JTWC identified 174 

the system as a tropical storm, and JMA also declared that the system reached an 175 

intensity of 35 kt (18 m s-1) at 0000 UTC 19 June.  The tropical storm intensified 176 

quite rapidly to a typhoon (65 kt or 33 m s-1) at 1800 UTC 19 June when it was east 177 

of the Philippines, and developed about one day later to its lifetime maximum 178 

intensity of 110 kt (56 m s-1) at 0000 UTC 21 June with a minimum central surface 179 

pressure of 945 hPa (Fig. 1). 180 

During the formation period of Fengshen, the synoptic environment in the WNP 181 

consisted of a reverse-oriented monsoon trough characterized by the wind field at 182 

850 hPa (figure not shown).  Typhoon Fengshen continued to develop and came 183 
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into the monsoon gyre-like environment.  The geopotential height at 500 hPa from 184 

GTA analyses showed that the continental high covered an area from 130E to the 185 

west of Hainan when Fengshen was located at central Philippines at 0000 UTC 21 186 

June (Fig. 2a).  The area of the continental high remained to the north of Fengshen 187 

12 h later (Fig. 2d) while the subtropical high over the Pacific extended westward.  188 

At 0000 UTC 22 June, the area of the continental high evidently shrank (Fig. 2g) and 189 

Fengshen continued to move north-northwestward (Fig. 1).  At later times, the 190 

subtropical high strengthened and expanded to the east of Fengshen (figure not 191 

shown), pushing the storm to move northwestward until its landfall near Hong Kong. 192 

In Figs. 2a, d, g, the strength and the coverage of both the continental high and 193 

the subtropical high change over time.  One can expect from the flow pattern in 194 

Figs. 2a, d, g that the contribution of the subtropical high to a northeastward TC 195 

steering current on its western edge and the contribution of the continental high to a 196 

westward TC steering current on its southern edge.  Another interesting 197 

phenomenon is a cyclonic circulation with approximately a 1500-km width on the 198 

southwestward flank of Fengshen.  This cyclonic circulation corresponds to the 199 

monsoon trough (shown later). 200 

3.2 Evaluation of the NCEP-GFS forecast fields 201 

The fact that almost all numerical guidance products from operational centers 202 
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have exceptionally large track forecast errors (figures not shown) indicates an 203 

important prediction issue in Typhoon Fengshen.  This is particularly true for all 204 

forecasts initialized before 24 June in which Fengshen unrealistically recurved 205 

toward the north.  Taking the NCEP-GFS model as an example, the NCEP-GFS 206 

forecasts initialized from 0000 UTC 19 June to 0000 UTC 22 June all showed 207 

over-recurvature as compared with the best track (Fig. 1).  In particular, the storm 208 

in the NCEP-GFS forecast initialized at 0000 UTC 20 June moved 209 

west-northwestward in the first 12 h, but then turned north-northwestward sharply 210 

during the model integration from 18 to 30 h.  During this period the forecast track 211 

moved northward and northeastward.  Other forecasts initialized at different times 212 

showed significant turn toward the northeast as well, which resulted in very large 213 

forecast errors toward the end of all 72-h forecasts. 214 

The synoptic environment at 500 hPa in the forecast field was compared to that in 215 

the analysis field (Fig. 2).  In the 48-h forecast initialized at 0000 UTC 19 June 216 

2008, it is apparent that the continental high over southern China was predicted to 217 

be weaker and smaller (Fig. 2b), as compared to the analysis field (Fig. 2a).  218 

Meanwhile, the forecasted storm moved northward with the translation speed of 219 

about 3 m s-1.  The edge of the subtropical high extended further westward to the 220 

south of the storm at 60 h (Fig. 2e) while the continental high remained weak.  At 221 
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72 h, the subtropical high extended to 130E (Fig. 2h; indicated by the contour of 222 

5860 gpm) and the forecasted storm slowly moved northeastward.  In addition, the 223 

weak continental high located to the north of Fengshen in the analysis field (Fig. 2g) 224 

further weakened and dissipated in the forecast field (Fig. 2h).  Similar variations 225 

associated with the prediction of the subtropical high and the continental high in the 226 

forecast initialized at 0000 UTC 20 June 2008 were also observed (Figs. 2c,f,i).  227 

The NCEP-GFS forecast fields, initialized at 0000 UTC 19 and 20 June, respectively, 228 

also showed a large range of cyclonic circulation on the southwestward flank of 229 

Fengshen.  As discussed in the previous section, the monsoon trough provides 230 

favorable environmental conditions for the tropical cyclone formation, and can affect 231 

Fengshen’s movement during its lifetime.  The impact of the monsoon trough on 232 

the movement of Fengshen is discussed later in this section. 233 

In order to explore the difference of environmental flows between the analysis and 234 

forecast fields, the filtering method as in Kurihara et al. (1993, 1995) was adopted to 235 

acquire the environmental flow fields.  Figure 3 shows the difference of 925–236 

300-hPa DLM environmental winds in the 36-h forecast initialized at 0000 UTC 19 237 

June and the 24-h forecast initialized at 0000 UTC 20 June where the storm 238 

movement became distinctively bifurcated from the best track (Fig. 1).  Apparently, 239 

the DLM environmental flow in the analysis field had more west-northwestward and 240 
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northwestward components of about 0.75 ~ 1 m s-1 in the vicinity of storm centers, 241 

as compared to that in the forecast field (Fig. 3).  This is consistent with the fact 242 

that the analyzed storm persistently moved toward the west and northwest. 243 

To further understand the reason why the tracks in the NCEP-GFS forecasts show 244 

such distinct bias, the steering flows were calculated by averaging the 245 

environmental winds between 925 and 300 hPa within a circle with a radius of 3 246 

centered at the corresponding storm center, details of which are illustrated in Fig. 4.  247 

The motion vectors in the best track and the forecasts are defined and mentioned in 248 

section 2.2.  Note that the motion vector in the best track instead of that in the GTA 249 

analyses is demonstrated since both storm center positions have good agreement 250 

with the error within 0.2 (latitude degrees).  At 1200 UTC 20 June, the westward 251 

movement of Fengshen was generally consistent with the DLM steering flow in the 252 

analysis field (Fig. 4a) while its translation speed was moderately larger than the 253 

magnitude of the steering flow.  This result appears consistent with the study of 254 

Galarneau and Davis (2013, see their Fig. 4), which indicated that some bias exists 255 

between the DLM steering flow and the actual storm movement, while the DLM 256 

steering flow can roughly explain 80% of the variability of the storm movement.  257 

The bias between the DLM steering flow and the actual storm movement probably 258 

result from the beta effect, diabatic heating and asymmetric structure (Chan et al. 259 
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2002; Chen et al. 2014; Nasuno et al. 2016), especially in the environment of 260 

Typhoon Fengshen (2008) where strong vertical shear is present (Yamada et al. 261 

2016).  The motion vector in the 36-h forecast initialized at 0000 UTC 19 June was 262 

northward with a speed of about 3.5 m s-1 (Fig. 4a) while the steering flow in the 263 

forecast field pointed to the northwest. 264 

The comparison of steering flows between the analysis and forecast fields 265 

indicates more northeastward component in the forecast field than in the analysis 266 

field (Fig. 4a), and both can also be identified in the 24-h forecast initialized at 0000 267 

UTC 20 June (Fig. 4b).  Although the steering flow depicted in Fig. 4 is a snapshot 268 

at one forecast time, the result of the steering flow in the forecast field pointing more 269 

to the north as compared to the analysis field is persistent in the following integration 270 

times (figure not shown).  The track bias in the NCEP-GFS forecast is primarily 271 

attributable to the discrepancy in the DLM steering flows. 272 

3.3 PV diagnosis between the analysis and forecast fields 273 

To further consolidate the understanding of factors influencing the movement of 274 

Fengshen, quantitative comparison applying PV diagnosis based on the analysis 275 

and forecast data has been carried out and explored in this subsection. 276 

a. Total PV perturbation fields 277 

The total PV perturbations at 500 hPa and the 925–300-hPa DLM winds in the 278 
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analysis and the forecast initialized at 0000 UTC 20 June are shown in Fig. 5, as 279 

well as the approximate regions of the four inverted PV features (𝑞′ = 𝑞SH
′ + 𝑞MT

′ +280 

𝑞CH
′ + 𝑞TR

′ ).  The outline of the four inverted PV regions are shown in Fig. 5a. There 281 

is no PV signal from Fengshen in the PV perturbation field since the mean PV 282 

associated with Fengshen was removed.  The distribution of four pieces of 283 

particular PV perturbation identified in Fig. 5 is generally consistent with the synoptic 284 

scale features shown in Fig. 2.  It is noteworthy that, to the southwest side of 285 

Fengshen (Fig. 5), a positive PV patch is present, which is associated with the 286 

aforementioned major portion of monsoon trough.  As shown in Yang et al. (2008), 287 

the monsoon trough could affect the process of the binary interaction.  Herein, the 288 

role of the monsoon trough in the motion of Fengshen is examined.  The positive 289 

PV perturbation located to the southwest of Fengshen ranges about 0.3-0.4 PVU 290 

during 21-23 June in the analysis (Figs. 5a-c).  Meanwhile, the variation of the 291 

maximum intensity of the 24, 48 and 72-h PV perturbations in the same region in the 292 

NCEP-GFS forecast initialized at 0000 UTC 20 June are 0.2, 0.4, 0.3 PVU (Figs. 293 

5d-f) on 21, 22, and 23 June, respectively.  The different value of the maximum 294 

positive PV intensity will correspond to the different magnitude of the balanced 295 

steering flow associated with the monsoon trough. 296 

b. DLM steering flows 297 
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Figure 6 displays the difference in the DLM steering flows associated with each 298 

PV perturbation between forecasts initialized at 0000 UTC 19 (Fig. 6a) and 20 (Fig. 299 

6b) June, respectively, and the analyses during the 3-day period.  It is shown in Fig. 300 

6 that except for the magnitude, the difference in the storm movement between the 301 

forecast and analysis fields (indicated by the row with “TCMV”) approximately 302 

agrees well with the difference in the balanced steering flows associated with all PV 303 

perturbations combined (q’), indicating that the track deflection can be represented 304 

by the balanced steering flow difference based on the PV inversion.  However, note 305 

that the magnitude of the balanced steering flow difference associated with all PV 306 

perturbations combined is generally smaller than that of the storm movement 307 

difference, which is likely due to the constraint of data resolution and calculation 308 

errors of PV inversion as addressed in Wu et al. (2012), and the influence of 309 

storm-scale processes and uncertainties in the wind field analyses (e.g., Chan et al. 310 

2002; Chen et al. 2014; Galarneau and Davis 2013; Nasuno et al. 2016; Yamada et 311 

al. 2016).  In the forecast initialized at 0000 UTC 19 June, it is found that the 312 

steering flow difference associated with the subtropical high mostly points to the 313 

east-northeast with the magnitude of about 1 ~ 1.5 m s-1 until 0000 UTC 21 June, 314 

after which the steering flow difference turns southeast (Fig. 6a).  Meanwhile, the 315 

steering flow difference associated with the continental high in the forecast field is 316 
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more eastward by approximately 0.5 ~ 1.5 m s-1 after 0000 UTC 20 June.  In 317 

contrast, the steering difference associated with the midlatitude trough is quite 318 

limited with difference almost less than 0.5 m s-1.  The monsoon trough plays an 319 

essential role in the northward movement of Fengshen during the turning period. 320 

As for the forecast initialized at 0000 UTC 20 June, it is shown in Fig. 6b that the 321 

variation of the steering flow associated with the subtropical high is generally 322 

consistent with that associated with the total PV perturbation except for the time 323 

after 1200 UTC 22 June.  Moreover, the steering flow difference induced by the 324 

continental high increases to about 2 m s-1 after 1200 UTC 21 June, and mostly 325 

pointing to the east-southeast.  It is worth noting that the tendency in the monsoon 326 

trough during the turning period of Fengshen was opposite to that in the continental 327 

high with comparable magnitude in both forecasts.  Namely, the bias associated 328 

with monsoon trough accelerates westward movement, which partly offsets the 329 

eastward bias associated with the continental high whilst accounting for a 330 

substantial part of the northward bias. 331 

The above results indicate that PV diagnosis in Fig. 6 indicates that the difference 332 

in the steering flows between the forecast and analysis fields is primarily attributed 333 

to that associated with the subtropical high, the continental high and the monsoon 334 

trough.  As indicated by the synoptic pattern in Fig. 2, the subtropical high in the 335 
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forecast field is over-predicted to extend southwestward, which produces the 336 

reduced westward steering flow (i.e., the anomalous eastward wind barbs before 337 

0000 UTC on 21 June and after 0000 UTC 22 June; in the fourth row of Fig. 6).  In 338 

addition, the southwestward steering flow associated with the continental high in the 339 

forecast becomes weaker as a consequence of its underestimated coverage and 340 

strength as compared to the analysis field (i.e., the anomalous eastward wind barbs 341 

before 0000 UTC on 21 June and after 0000 UTC 22 June; in the second row of Fig. 342 

6). 343 

c. AT analysis 344 

Figure 7 shows the time evolution of AT as defined in section 2.2 associated with 345 

the four PV perturbations, or the projections of the steering flows parallel to the 346 

entire steering-flow vector defined as the balanced flow associated with the 347 

combination of all PV perturbations.  It should be noted that the cross-track effect 348 

cannot be identified by the design of AT.  It is obvious in Fig. 7a that the AT 349 

associated with the Pacific subtropical high (𝑞SH
′ ) is always larger than 0.4 from 350 

0000 UTC 19 to 25 June except the period between 0600 UTC 22 and 0600 UTC 23 351 

June, which indicates its major contribution to the along-track steering flow of 352 

Fengshen.  The AT associated with the continental high (𝑞CH
′ ) shows positive 353 

values before and after 0000 UTC 21 and 1200 UTC 22 June, but with negative 354 
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values during the intervening time, indicating an opposite steering effect to the 355 

northward motion of Fengshen.  Regarding the contribution from the two high 356 

pressure systems, the AT (values with two opposite signs mean the steering effect is 357 

canceled out) ranges from 0.40 to 0.72 with an average of 0.60.  In other words, 358 

the DLM steering flow associated with the two high pressure systems would account 359 

for 60% of the steering flow associated with all PV perturbations combined.  The 360 

remaining steering-flow contribution is expected to come from other features, as well 361 

as the uncertainty (about 10%; Wu and Emanuel 1995a,b) associated with the PV 362 

inversion.  The AT associated with the monsoon trough (𝑞MT
′ ) shows negative 363 

values in the beginning.  After 1800 UTC 20 June, the AT values turn positive and 364 

gradually rise to the maximum value of 0.27 at 0600 UTC 22 June, indicating that 365 

the monsoon trough also plays an essential role in contributing to along-track 366 

component of the steering flow after 1800 UTC 20 June.  On the contrary, the AT 367 

associated with the midlatitude trough ( 𝑞TR
′ )  is always negative, indicating a 368 

steering-flow direction against the motion of Fengshen. 369 

In summary, the averages of absolute AT values associated with the subtropical 370 

high, monsoon trough, continental high, and midlatitude trough from 0000 UTC 19 to 371 

25 June are about 0.48, 0.13, 0.15, and 0.24, respectively (Fig. 7a), although the 372 

latter three are partially or all in the opposite direction of the overall balanced 373 
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steering flow.  Based on the definition of AT, these values represent the relative 374 

contribution to the overall balanced steering flow.  Therefore, it can be concluded 375 

that the Pacific subtropical high has primary influence (i.e., 48%) on the steering 376 

flow of Fengshen, and the influence of the midlatitude trough is secondary, with 377 

about 24% negative contribution.  It is worth noting that the overall steering flow 378 

that advects the TC is a composite of these.  The sign of change in the AT values 379 

between the continental high and the monsoon trough during 21-22 June appears to 380 

be associated with the abruptly northward turn of Fengshen, namely, the AT 381 

associated with the monsoon trough and the continental high switched their roles in 382 

the recurving movement of Fengshen in the NCEP GTA (Fig. 7a). 383 

Figures 7b and c show the AT values associated with the subtropical high, 384 

monsoon trough, continental high, and midlatitude trough for the forecast initialized 385 

at 0000 UTC 19 and 20 June, respectively.  The role of four PV perturbations in the 386 

forecast fields is similar to those from the NCEP GTA analyses except during the 387 

northward-turning period.  However, the AT value associated with the continental 388 

high (monsoon trough) changes from positive (negative) values to negative 389 

(positive), and later decreases (increases) gradually.  As to the biases in the 390 

forecasts, AT associated with the continental high (monsoon trough) decreases 391 

(increases) earlier than that in the GTA, leading to the earlier switch of their roles in 392 
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affecting the movement of Fengshen, i.e., earlier recurvature.  Some AT biases 393 

associated with the subtropical high between the NCEP-GFS and GTA during the 394 

recurving movement of Fengshen are also found.  It is shown that the biases of the 395 

recurving movement of Fengshen can be attributed to the combined biases of the 396 

continental high, subtropical high, and monsoon trough.  The large track forecast 397 

errors in the case of Fengshen might be attributed to the variation in the strength 398 

and size of these synoptic scale features, highlighting the importance of accurately 399 

representing these features with improved forecasting system such as numerical 400 

models and model initial conditions employing advanced data assimilation systems. 401 

4.  Discussion and summary 402 

Large track forecast errors are identified in the case of Typhoon Fengshen (2008) 403 

in the NCEP-GFS model initialized at the forecast times from 0000 UTC 19 to 22 404 

June 2008, with over-recurvature toward the north and northeast as compared to 405 

the best track.  The PV diagnosis is conducted in this study based on the NCEP 406 

analysis and forecast fields (initialized at 0000 UTC 19 and 20 June) to examine the 407 

causes of such large biases.  Based on principles of partitioning PV fields following 408 

Wu et al. (2012), four distinct PV perturbations (i.e., subtropical high, monsoon 409 

trough, continental high, and midlatitude trough) are identified to calculate their 410 

balanced steering flows around the storm. 411 
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The comparison of the geopotential height at 500 hPa between the analysis and 412 

forecast fields indicates that the reduced westward steering flow in the forecast 413 

fieldis mainly attributed to the over-predicted subtropical high, extending 414 

southwestward with its edge located to the southeast of the storm.  In addition, the 415 

range and strength of the continental high to the north of the storm are moderately 416 

underestimated in the forecast field as compared to the analysis field.  After 417 

employing the filtering procedure to acquire the environmental flow, more northward 418 

or eastward DLM (925–300 hPa) steering flow around the storm in the forecast field 419 

is clearly shown, which is indicative of why Fengshen actually moved to the 420 

northwest or north as compared to the analysis, and the steering flow associated 421 

with the monsoon trough plays an essential role in the bias of earlier northward 422 

recurvature of Fengshen.  The difference in the DLM steering flow associated with 423 

the total PV perturbation between the forecast and analysis fields is generally 424 

consistent with the difference in the storm movement.  Such result indicates that 425 

the balanced steering flow based on PV diagnosis can be used to identify track 426 

variations with anomalous eastward direction in the forecast field.   427 

In summary, this study employs the PV diagnosis to demonstrate the key factors 428 

for the over-recurvature in NCEP-GFS forecasts in Fengshen, aiming for a better 429 

understanding of the major forecast bust in GFS.  To improve track forecasts, the 430 
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importance of well representing major synoptic scale features in the model, 431 

particularly the subtropical high, the continental high and the monsoon trough, is 432 

highlighted.  It is interesting to note that on the contrary, the underestimated 433 

subtropical high and overestimated continental high cause the southward track 434 

forecast bias in Typhoon Sinlaku (2002) (Wu et al. 2004).  This study highlights 435 

how the analysis can be applied to assess causes of model forecast bias.  More 436 

insights can be developed when such analysis is conducted in other cases with 437 

special data from targeted observations in The Observing System Research and 438 

Predictability Experiment (THORPEX) and THORPEX-Pacific Asian Regional 439 

Campaign (T-PARC; WMO 2006; Elsberry and Harr 2008; Wu et al. 2009, 2012). 440 

441 
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List of Figures 539 

Fig. 1. JTWC best track (typhoon symbols) of Typhoon Fengshen from 0000 UTC 19 540 

Jun to 0600 UTC 25 Jun 2008 and 72-h track forecasts from the NCEP-GFS 541 

model initialized on four successive days starting from 0000 UTC 19 Jun 2008.  542 

The time interval between each mark is 6 h.  Two numbers before and after the 543 

slash ( “/” ) indicate the date and the maximum sustained wind in knot (0.514 m 544 

s-1) analyzed by JTWC. 545 

Fig. 2.  Geopotential height (contour intervals of 10 gpm; the area with values 546 

larger than 5860 gpm is shaded) and wind (one full wind barb = 5 m s-1) at 500 547 

hPa valid at 0000 UTC 21 Jun 2008 in NCEP (a) GTA analyses, (b) NCEP-GFS 548 

forecast initialized at 0000 UTC 19 Jun 2008, and (c) NCEP-GFS forecast 549 

initialized at 0000 UTC 20 Jun 2008.  (d)–(f) [(g)–(i)] are the same as (a)–(c), 550 

respectively, but are valid at 1200 UTC 21 Jun (0000 UTC 22 Jun) 2008.  The 551 

instantaneous storm movement is indicated by the thick black arrow, the length 552 

of which represents the actual translation velocity, and the circle indicates the 553 

scale of 5 m s-1.  The letters “CH” and “SH” represent the continental high and 554 

subtropical high, respectively. 555 

Fig. 3.  The difference of 925–300-hPa DLM winds (m s-1) between GTA analyses 556 

and (a) 36-h NCEP-GFS forecast initialized at 0000 UTC 19 Jun 2008 (valid at 557 

1200 UTC 20 Jun 2008), and (b) 24-h NCEP-GFS forecast initialized at 0000 558 

UTC 20 Jun 2008 (valid at 0000 UTC 21 Jun 2008) with TC components filtered 559 

out.  The solid circle and the triangle indicate the storm centers in the analysis 560 

and forecast field, respectively. 561 

Fig. 4.  The 925–300-hPa DLM steering flows (m s-1) over the 3 circle centered at 562 

the storm center in the GTA analyses (thin black vector) and the NCEP-GFS 563 
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forecast (thin gray vector) as well as the 12-h storm movement in the best track 564 

(bold black vector) and the forecast (bold gray vector), for (a) 36-h forecast 565 

initialized at 0000 UTC 19 Jun 2008 (valid at 1200 UTC 20 Jun 2008), and (b) 566 

24-h NCEP-GFS forecast initialized at 0000 UTC 20 Jun 2008 (valid at 0000 567 

UTC 21 Jun 2008).  Each circle indicates a scale of 1.5 m s-1. 568 

Fig. 5.  Total potential vorticity perturbation [𝑞′; scaled in 10-2 potential vorticity units 569 

(PVU), where 1 PVU = 10-6 K m2 kg-1 s-1; the positive PV perturbation is shaded 570 

with contour intervals of 0.1 PVU] at 500 hPa and the 925–300-hPa DLM wind 571 

(one full wind barb = 5 m s-1) from NCEP GTA analyses valid at 0000 UTC (a) 572 

21, (b) 22, and (c) 23 Jun 2008.  (d)(f) are the same as (a)(c), respectively, 573 

but are taken from the NCEP-GFS forecast initialized at 0000 UTC 20 Jun 2008.  574 

The definitions of the arrow and circle are the same as in Fig. 2.  Regions of 575 

the four PV perturbations associated with subtropical high (SH), monsoon 576 

trough (MT), continental high (CH), and midlatitude trough (TR) are marked.  577 

The solid (dashed) line in (a) generally indicates the partition boundary of the 578 

positive (negative) PV perturbation between MT and TR (SH and CH). 579 

Fig. 6.  Time series of the difference in the storm movement (TCMV) bottom row 580 

and the 925–300-hPa DLM steering flows between the NCEP-GFS forecast 581 

and the GTA analyses associated with the total PV perturbation (q’), subtropical 582 

high (SH), monsoon trough (MT), continental high (CH), and midlatitude trough 583 

(TR), for (a) the forecast initialized at 0000 UTC 19 Jun 2008, and (b) the 584 

forecast initialized at 0000 UTC 20 Jun 2008.  The time sequence is indicated 585 

at the bottom of each panel at 6-h intervals.  One full wind barb (a flag) 586 

represents 1 (5) m s-1.  The vertical thin solid (dotted) lines in each panel 587 

shows the start recurving time of Fengshen in NCEP-GFS forecast (best 588 
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track/GTA analyses). 589 

Fig. 7.  Time series of AT for the PV perturbation associated with the subtropical 590 

high (diamond), the monsoon trough (square), the continental high (triangle), 591 

and the midlatitude trough (circle) in NCEP (a) GTA analyses from 0000 UTC 592 

19 Jun to 0000 UTC 25 Jun 2008, (b) NCEP-GFS forecast initialized at 0000 593 

UTC 19 Jun 2008, and (c) NCEP-GFS forecast initialized at 0000 UTC 20 Jun 594 

2008.  In (b) and (c), the solid (dotted) line represents GTA analyses 595 

(NCEP-GFS forecast).  The vertical thin solid (dotted) lines in each panel 596 

shows the start recurving time of Fengshen in NCEP-GFS forecast (best 597 

track/GTA analyses). 598 
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 601 

Fig. 1.  JTWC best track (typhoon symbols) of Typhoon Fengshen from 0000 UTC 602 

19 Jun to 0600 UTC 25 Jun 2008 and 72-h track forecasts from the NCEP-GFS 603 

model initialized on four successive days starting from 0000 UTC 19 Jun 2008.  604 

The time interval between each mark is 6 h.  Two numbers before and after the 605 

slash ( “/” ) indicate the date and the maximum sustained wind in knot (0.514 m 606 

s-1) analyzed by JTWC. 607 

 608 

609 
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 610 

Fig. 2.  Geopotential height (contour intervals of 10 gpm; the area with values 611 

larger than 5860 gpm is shaded) and wind (one full wind barb = 5 m s-1) at 500 612 

hPa valid at 0000 UTC 21 Jun 2008 in NCEP (a) GTA analyses, (b) NCEP-GFS 613 

forecast initialized at 0000 UTC 19 Jun 2008, and (c) NCEP-GFS forecast 614 

initialized at 0000 UTC 20 Jun 2008.  (d)–(f) [(g)–(i)] are the same as (a)–(c), 615 

respectively, but are valid at 1200 UTC 21 Jun (0000 UTC 22 Jun) 2008.  The 616 

instantaneous storm movement is indicated by the thick black arrow, the length 617 

of which represents the actual translation velocity, and the circle indicates the 618 

scale of 5 m s-1.  The letters “CH” and “SH” represent the continental high and 619 

subtropical high, respectively. 620 

 621 

622 
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 623 

Fig. 3.  The difference of 925–300-hPa DLM winds (m s-1) between GTA analyses 624 

and (a) 36-h NCEP-GFS forecast initialized at 0000 UTC 19 Jun 2008 (valid at 625 

1200 UTC 20 Jun 2008), and (b) 24-h NCEP-GFS forecast initialized at 0000 626 

UTC 20 Jun 2008 (valid at 0000 UTC 21 Jun 2008) with TC components filtered 627 

out.  The solid circle and the triangle indicate the storm centers in the analysis 628 
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and forecast field, respectively. 629 

 630 

631 
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 632 

Fig. 4.  The 925–300-hPa DLM steering flows (m s-1) over the 3 circle centered at 633 

the storm center in the GTA analyses (thin black vector) and the NCEP-GFS 634 

forecast (thin gray vector) as well as the 12-h storm movement in the best track 635 

(bold black vector) and the forecast (bold gray vector), for (a) 36-h forecast 636 

initialized at 0000 UTC 19 Jun 2008 (valid at 1200 UTC 20 Jun 2008), and (b) 637 

24-h NCEP-GFS forecast initialized at 0000 UTC 20 Jun 2008 (valid at 0000 638 

UTC 21 Jun 2008).  Each circle indicates a scale of 1.5 m s-1. 639 

 640 

641 
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 642 

Fig. 5.  Total potential vorticity perturbation [𝑞′; scaled in 10-2 potential vorticity units 643 

(PVU), where 1 PVU = 10-6 K m2 kg-1 s-1; the positive PV perturbation is shaded 644 

with contour intervals of 0.1 PVU] at 500 hPa and the 925–300-hPa DLM wind 645 

(one full wind barb = 5 m s-1) from NCEP GTA analyses valid at 0000 UTC (a) 646 
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21, (b) 22, and (c) 23 Jun 2008.  (d)(f) are the same as (a)(c), respectively, 647 

but are taken from the NCEP-GFS forecast initialized at 0000 UTC 20 Jun 2008.  648 

The definitions of the arrow and circle are the same as in Fig. 2.  Regions of 649 

the four PV perturbations associated with subtropical high (SH), monsoon 650 

trough (MT), continental high (CH), and midlatitude trough (TR) are marked.  651 

The solid (dashed) line in (a) generally indicates the partition boundary of the 652 

positive (negative) PV perturbation between MT and TR (SH and CH). 653 

 654 

655 
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 656 

Fig. 6.  Time series of the difference in the storm movement (TCMV) bottom row 657 

and the 925–300-hPa DLM steering flows between the NCEP-GFS forecast 658 

and the GTA analyses associated with the total PV perturbation (q’), subtropical 659 

high (SH), monsoon trough (MT), continental high (CH), and midlatitude trough 660 
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(TR), for (a) the forecast initialized at 0000 UTC 19 Jun 2008, and (b) the 661 

forecast initialized at 0000 UTC 20 Jun 2008.  The time sequence is indicated 662 

at the bottom of each panel at 6-h intervals.  One full wind barb (a flag) 663 

represents 1 (5) m s-1.  The vertical thin solid (dotted) lines in each panel 664 

shows the start recurving time of Fengshen in NCEP-GFS forecast (best 665 

track/GTA analyses). 666 

 667 

 668 
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 669 
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Fig. 7.  Time series of AT for the PV perturbation associated with the subtropical 670 

high (diamond), the monsoon trough (square), the continental high (triangle), 671 

and the midlatitude trough (circle) in NCEP (a) GTA analyses from 0000 UTC 672 

19 Jun to 0000 UTC 25 Jun 2008, (b) NCEP-GFS forecast initialized at 0000 673 

UTC 19 Jun 2008, and (c) NCEP-GFS forecast initialized at 0000 UTC 20 Jun 674 

2008.  In (b) and (c), the solid (dotted) line represents GTA analyses 675 

(NCEP-GFS forecast).  The vertical thin solid (dotted) lines in each panel 676 

shows the start recurving time of Fengshen in NCEP-GFS forecast (best 677 

track/GTA analyses). 678 
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