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ABSTRACT
A total of 163 tropical cyclones (TCs) occurred in the eastern China seas during 1979–2011 with four types
of tracks: left turning, right turning, straight moving, and irregular. The left-turning type is unusual and hard to
predict. In this paper, 133 TCs from the first three types have been investigated. A generalized beta–advection
model (GBAM) is derived by decomposing a meteorological field into climatic and anomalous components.
The ability of the GBAM to predict tracks 1–2 days in advance is compared with three classical beta–
advection models (BAMs). For both normal and unusual tracks, the GBAM apparently outperformed the
BAMs. The GBAM’s ability to predict unusual TC tracks is particularly encouraging, while the BAMs have
no ability to predict the left-turning and right-turning TC tracks. The GBAM was also used to understand
unusual TC tracks because it can be separated into two forms: a climatic-flow BAM (CBAM) and an
anomalous-flow BAM (ABAM). In the CBAM a TC vortex is steered by the large-scale climatic background
flow, while in the ABAM, a TC vortex interacts with the surrounding anomalous flows. This decomposition
approach can be used to examine the climatic and anomalous flows separately. It is found that neither the
climatic nor the anomalous flow alone can explain unusual tracks. Sensitivity experiments show that two
anomalous highs as well as a nearby TC played the major roles in the unusual left turn of Typhoon Aere
(2004). This study demonstrates that a simple model can work well if key factors are properly included.

1. Introduction
Tremendous progress has been made in tropical cyclone (TC) track forecasts over the past 20 years as a
result of significant improvements in numerical model
guidance and the use of consensus forecasts. For example, current 5-day track forecasts are often as accurate as 3-day forecasts were a decade ago (Elsberry
2014). Every year, about seven typhoons or TCs hit the
mainland of China from either the southern or eastern
coasts (Xue et al. 2012). Over the past five years (2007–11),
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the average typhoon track forecast errors at the National
Meteorological Center of China are 114, 190, and 287 km
for 24-, 48-, and 72-h forecasts, respectively (Qian et al.
2012). Similar progress has been made for TCs in the North
Atlantic basin at the National Hurricane Center, where TC
position forecasts have gained approximately 1 day in skill;
for example, 48-h position errors during 2000–08 are
comparable to 24-h position errors during 1970–89, at
about 100 km (Rappaport et al. 2009). Much of the increase
in forecast skill can be attributed to improvements in model
physics, increases in model resolution, and the availability
of aircraft and satellite observations (e.g., Aberson 2010),
as well as new data assimilation techniques (e.g., Hamill
et al. 2011). For the infamous Atlantic-based Hurricane
Sandy (2012), the European Centre for Medium-Range
Weather Forecasts (ECMWF) global model accurately
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predicted its landfall location one week ahead of time
(Bassill 2014).
Statistically, all typhoons that make landfall on mainland China must reach the offshore area to the north of
158N and west of 1308E during their lifetimes. From 1979
to 2011, there were a total of 330 typhoons over the two
ocean basins [South China Sea (SCS) and eastern China
seas (ECS)] that reached or passed through this area
(Qian et al. 2014a). Among those 330 TCs, most of them
had smooth tracks and only a few had abrupt turns. It is
those smooth-track (normal) TCs that contribute to the
high accuracy in track forecasts, while false predictions
are often associated with the rapid-turning TCs. Most
TCs move westward from the northwestern (NW) Pacific
into the SCS (normal track) but a few of them swerve to
the north with a sudden right-turning track (Deng et al.
2010). With such sudden right-turning typhoons, their
landfall locations are very difficult to accurately predict
with currently available methods even at 24–48-h lead
times. A well-known case is Supertyphoon Megi in 2010,
which made a sharp turn to the north and failed to be
predicted by any of the major operational prediction
centers worldwide (C. H. Qian et al. 2013; Qian et al.
2014b). To investigate these unusual typhoon tracks, we
recently developed a generalized beta–advection model
(GBAM) by decomposing an atmospheric variable into
climatic and anomalous components. Fifteen cases of sudden right-turning typhoons, including Supertyphoon
Megi (2010), which occurred in the SCS from 1979
to 2011, were studied using the GBAM. The results
are very encouraging. All 15 right-turning, as well as
10 straight-moving, typhoon tracks were successfully
forecasted by the GBAM 2–3 days in advance (Qian
et al. 2014b).
Given the success of the GBAM in predicting unusual
TC tracks in the SCS, the GBAM method is extended to
study unusual typhoon tracks in the ECS in this study. A
sudden north-turning (right turning) TC is unusual in
the SCS, while a sudden west-turning (left turning) TC is
unusual in the ECS (Wu et al. 2013). It is these unusual
tracks that cause the most property damage and loss of
life in China. Unfortunately, there are no causes unanimously agreed upon by researchers for these unusual
TC tracks. For example, Typhoon Aere in 2004 (Fig. 3a,
described in greater detail below) is such a case with an
unusual left-turning track. It was investigated in several
studies that resulted in different conclusions (Wei et al.
2006; Li et al. 2006; Duan et al. 2014). Among them, four
different causes were mentioned: (i) anticlockwise motion due to interaction with another typhoon in the
tropical NW Pacific, (ii) impact of two subtropical high
systems over the continent and ocean, (iii) intensification
of east-northeasterly winds on its northwestern side, and
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(iv) terrain. All of these studies admitted the difficulty of
this forecast. Therefore, it is critical to know the correct
causes and to understand the interaction between the
TC and its surrounding environment for further improving TC track forecasts, which is the motivation of
this study.
By decomposing atmospheric variables, we are trying to
isolate environmental and disturbed flows in order to understand the underlying causes. All TCs that occurred in
the ECS from 1979 to 2011 (163 TCs) were used in the
study. This paper is organized as follows. Section 2 describes the data and methods, including the classification
of the 163 TCs, the variable decomposition method,
and different beta–advection models. Section 3 focuses
on the four unusual left-turning TCs, including their
spatial structures and track predictions from different
beta–advection models. Section 4 focuses on the normal tracks (smoothly right-turning and straight-moving
TCs), using composite analysis and beta–advection
model predictions. Conclusions and a discussion are
given in section 5.

2. Data and methods
a. Data and typhoon track classification
Two datasets are used in this paper. The first is the
ERA-Interim dataset from the ECMWF website (http://
apps.ecmwf.int/datasets/data/interim_full_daily), with a
horizontal 0.758 3 0.758 latitude–longitude grid interval
and at standard pressure levels from 1000 to 50 hPa (Dee
et al. 2011). The second dataset is the best tracks derived
from the Joint Typhoon Warning Center (Chu et al.
2002). Since the observations of the modern satellite era
began in 1979, the dataset from that year onward is used.
During the period 1979–2011, a total of 163 TCs occurred
in the ECS and reached typhoon strength [74 mi h21,
64 knots (kt; 1 kt 5 0.51 m s21), or 33 m s21]. The ECS includes the Bohai Sea, the Yellow Sea, the East China Sea,
and Taiwan Island, as shown in Fig. 1a. Their tracks are
classified into four types (Table 1). Right turning and
straight moving are the two most common tracks. One
hundred and thirteen TCs have a right-turning track.
Their initial, peak intensity, and dissipating positions are
indicated by open circles, solid circles, and plus signs, respectively, in Fig. 1a. As shown by the fitted lines, the initial
positions of these right-turning TCs are located in the lower
latitudes, mostly in the tropical NW Pacific, and the dissipating positions are in the midlatitudes. The peak intensity
positions are observed mostly in the subtropical NW Pacific
near the ECS. Thirty-three TCs have straight-moving
tracks (Fig. 1b); their initial, peak intensity, and dissipating positions are mostly located in the tropical NW Pacific,
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FIG. 1. Initial (open circles), peak intensity (solid circles), and dissipating (plus signs) positions of each TC that
belongs to the (a) 113 right-turning and (b) 33 straight-moving tracks in the ECS from 1979 to 2011. The dashed line at
low latitudes and the dashed–dotted line at midlatitudes are the cubic splines fitting the initial and dissipating positions, respectively. Two dashed-line arrows indicate the movement tendency for all TCs from the initial to dissipating positions. Red dashed lines outline the area of the ECS.

in the ECS, and over inland eastern China, respectively.
From the initial to peak intensity and dissipating positions,
the general directions of movement are illustrated by
the arrows in Figs. 1a and 1b.
Figure 2 shows the three representative groups of
tracks in the ECS. The first group shows five TCs with a
single right-turn point near the box (248–268N, 1248–
1268E) located to the northeast of Taiwan (Fig. 2a). Most
right-turning TCs reached their maximum intensity near
the turning point (Dare and Davidson 2004; Zeng et al.
2007). The second group shows four TCs with multiple
(two or more) right-turn points (Fig. 2b). The third group
shows seven TCs with a straight-moving track and an
initial landfall on Taiwan (Fig. 2c). In total, there were 33
straight-moving TCs with 29 of them making landfall on
mainland China, one making landfall on Japan, and three
dissipating over the open sea. Among the 29 landfalling
TCs, 20 of them made their initial landfalls on Taiwan.
The seven selected cases in Fig. 2c show that they moved
straight toward Taiwan and made first landfall on the island within the box (238–24.58N, 1218–1228E) during the
last 48 hours of their life cycles.
The four typhoons with an unusual left-turning track
are shown in Fig. 3. The five pairs of arrows indicate a
direction change exceeding 408 between the postturning point and the track 48 hours prior to the turn. After
their final left turns, all four of the TCs made landfall on
the eastern coast of China. Although the occurrence of
left-turning TCs is rare (4 out of 163 or about 2.5%),
they caused severe damage after their unexpected
landfalls and were woefully difficult to predict in current operations.

Thirteen TCs (Table 1) experienced complex irregular paths, as shown in Fig. 4. Six of them had at least one
stationary circular movement for 2–3 days. TC number
14 in 2002 originated on 20 July 2002 in the tropical NW
Pacific and moved westward for 2 days (Fig. 4a, dotted
line). It experienced a circular movement for 3 days and
then turned northwestward, heading for southwestern
Japan. TC number 13 in 1996 originated on 28 July 1996
in the equatorial central Pacific and moved northwestward for 7 days (Fig. 4a, dashed line). It experienced a
stationary circular movement for about 8 days in the
southern Sea of Japan and then turned northeastward
along the Japanese coast with increasing speed. TC
number 20 in 2001 originated on 5 September 2001 in the
eastern sea of Taiwan and moved northeastward for
only 1 day (Fig. 4a, solid line). Its track experienced two
quasi-stationary circles to the northeast of Taiwan, each
with a duration of about 9 days. Finally, the TC moved
southwestward and made landfalls in Taiwan and on the
southern coast of China. Similarly, the three TC tracks
TABLE 1. The classification of ECS TCs (1979–2011).
Total typhoon No. (163)

Class (No.)

Right-turning cases (113)

Single turning point (99)
Multiple turning points (14)*
Landfall on eastern China (29)
Landfall on Japan (1)
Disappeared over sea (3)*
Left-turning angle .408

Straight-moving cases (33)

Left-turning and landfall
cases (4)
Complex path cases (13)*

Circular and serpentine paths

* These 30 TCs tracks are not modeled in this study.
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FIG. 2. Tracks of (a) five single-point right-turning,
(b) four multiple-point right-turning, and (c) seven
straight-moving TCs. The TC intensity is given by
tropical disturbance (DB), tropical depression (TD),
tropical storm (TS), typhoon (TY), and supertyphoon
(ST). Large open circles indicate positions in (a) 24 and
48 hours before and (c) 24 hours after the TC’s turning
and landing point. The boxes depict the areas of 248–
268N, 1248–1268E in (a) and 238–24.58N, 1218–1228E
in (c).

illustrated in Fig. 4b also had a stationary circular movement. Seven other TCs showed a serpentine movement,
with two moving northeastward (Fig. 4c) and five moving northwestward (Fig. 4d). The 13 complex TC tracks,

3 dissipated TCs, and 14 multiple turning-point tracks
are not investigated in this study, which leaves the total
number of TCs to be investigated in this study at 133. A
summary of these 163 TCs is given in Table 1.

FIG. 3. Left-turning TC tracks: (a) Typhoon Aere (TC number 20 in 2004) and Typhoon Walt (TC number 17 in
1994), and (b) Typhoon Herb (TC number 10 in 1996) and Typhoon Todd (TC number 10 in 1998). The five pairs of
red arrows indicate turning angles of at least 408. Open circles denote the left-turn point.
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FIG. 4. The complex TC tracks with (a),(b) circular and (c),(d) serpentine movements.

b. Decomposition methodology
Traditionally, a TC vortex is considered to be embedded in and steered by large-scale environmental flow
(Chen and Ding 1979; Chan and Gray 1982; Deng et al.
2010; Roy and Kovordanyi 2012). Theoretically, this
steering flow can be obtained by removing the TC vortex
from the total circulation on the scale of a thousand
kilometers. However, since an actual weather circulation is complex and contributed to by both the TC vortex
(internal forcing) and the surrounding flow (external
forcing), as well as their interactions, it is difficult to
define a TC vortex. Therefore, separating a TC vortex
from its surrounding flow remains a challenge.
On the other hand, the relationship between TC
movement and large-scale environmental flow usually
varies depending on the definition of an environmental
flow. Previous works attempted to extract a steering flow
from the total flow by spatially filtering the TC vortex and
other small-scale disturbances. George and Gray (1976)
suggested that the flow near 700 hPa or the average flow
in the 700–500-hPa layer is the best representation of the
environmental steering flow in the tropics, while Holland
(1984) suggested the use of the vertical mean steering
flow between 850 and 300 hPa. Some others suggested the
use of a deep-layer mean from 1000 to 150 or 100 hPa to

approximate a TC’s motion (Sanders et al. 1980; Dong and
Neumann 1986; Franklin 1990; Velden and Leslie 1991).
Recently, Galarneau and Davis (2013) defined an optimal
environmental steering flow with variable vertical extent.
At all levels from 850 to 200 hPa, at an increment of
50 hPa, TC vorticity and divergence are removed within a
predetermined radius to obtain the environmental steering
flow for a TC (Davis et al. 2008; Galarneau and Davis
2013). However, there is a large uncertainty in defining the
radius of a TC vortex in this method. Therefore, it is difficult to obtain a realistic steering flow and TC vortex from
all of the existing methods.
A new objective approach is used to separate largescale background flow and weather disturbances in this
study. The new approach can avoid the ambiguities
involved with defining steering flow, the TC vortex,
and surrounding small-scale disturbances. This method
decomposes a total meteorological field into instantaneous
(hourly time resolution at present) climatic and anomalous components. Any atmospheric field F such as geopotential height, temperature, and wind at diurnal time
t (24 hours per day), say 0000 UTC, on calendar day d in
year y at a spatial point of latitude u, longitude l, and
pressure level p, can be decomposed into a climatic field
F~ and an anomalous field F 0 following Qian (2012a,b)
and Qian et al. (2014b):
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F(d,y) (l, u, p, t) 5 F~d (l, u, p, t) 1 F(0d,y) (l, u, p, t) .

(1)

The climatic field is estimated by averaging over 30 years
(1981–2010) based on the reanalysis data for a given
calendar day and diurnal time:
F~d (l, u, p, t) 5

2010

å

y51981

F(d,y) (l, u, p, t)/30 ,

(2)

where y covers 1981–2010. It is assumed that the positive
and negative anomalies of atmospheric variables at a
specific grid point cancel each other out during the 30-yr
period to approximate the quasi-static climatic state.
The climate defined by Eq. (2) varies from hour to hour
and from day to day.
As a matter of fact, the method of decomposing a total
field into instantaneous climatic and anomalous components was proposed and used in anomaly forecasting
in early 2000 (Grumm and Hart 2001; Hart and Grumm
2001) and gained popularity for high-impact weather
forecasts in recent years (Junker et al. 2008, 2009;
Graham and Grumm 2010; Grumm 2011a,b; Graham
et al. 2013). Du et al. (2014) further expanded this concept into ‘‘ensemble anomaly forecasting’’ by combining
anomaly forecasting with ensemble forecasts to not only
identify abnormal events but to also quantify the confidence of an anomaly forecast itself. Similar to ensemble
anomaly forecasting, an ‘‘extreme forecast index’’ is
used at the ECMWF (Lalaurette 2003; Zsoter 2006). To
be suitable for all climate zones, the standardized
anomaly is used in an anomaly forecast. In recent years
Qian and his colleagues found that a nonnormalized
anomaly is also useful in short-, medium-, and extendedrange forecasts of many extreme weather events, such as
freezing rain (Qian and Zhang 2012), heat waves (Ding
and Qian 2012), heavy rain (W. H. Qian et al. 2013), and
typhoon tracks (Qian et al. 2014b).
All of these previous anomaly-related methods [except for Qian et al. (2014b)] are used for analyzing either
analysis data or model outputs but not for initializing a
model. In this study, the decomposed climatic and
anomalous components will be directly used to initialize
simple prediction models.

c. Model descriptions
The barotropic vorticity equation thought to approximately govern the horizontal flow under consideration
is written in a planar coordinate system as
›§
›§
›§
5 2u 2 y 2 by 1 F ,
›t
›x
›y

(3)

where t is time, x (y) is the distance in the west–east
(south–north) direction, b is the meridional variation
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of Coriolis parameter f, b 5 (df /dy) 5 2V cosu/a, f 5
2V sinu, and V 5 7:292 3 1025 (rad s21) is the angular
speed of the earth’s rotation. We use a and u as the
mean radius of the earth and geographical latitude,
respectively. Here, F is a generic forcing term that
includes forces at all scales and dissipation such as
divergence, friction, and diabatic processes. For nondivergent, frictionless and adiabatic atmospheric motion, Eq. (3) can be simplified as
›§
›§
›§
5 2u 2 y 2 by .
›t
›x
›y

(4)

Equation (4) indicates that the movement of a vortex
such as a typhoon is primarily controlled by the advection
of relative vorticity and the earth rotation beta effect.
This is the classical two-dimensional beta–advection
model (BAM).
Holland (1983) and Marks (1992) applied this BAM
to hurricane track forecasting. The dynamics of advection and the beta effect of TC motion have been described in more detail by Chan (2005). There are several
versions of the BAM (Velden and Leslie 1991; Marks
1992; Simpson 2003): the BAM Shallow (BAMS) applied to the 850–700-hPa layer, the BAM Medium
(BAMM) for the 850–400-hPa layer, and the BAM Deep
(BAMD) for the 850–200-hPa layer. In the early days, the
BAM was initialized using the vertically averaged
horizontal wind predictions from the National Meteorological Center (NMC; the predecessor of NCEP)
spectral model (Marks 1992) and also included the beta
effect (i.e., variations of the Coriolis force with latitude)
(Holland 1983). Roy and Kovordányi (2012) found that
the BAM’s performance is poor in the NW Pacific basin
compared to the North Atlantic basin, while in the
North Atlantic basin the BAMD and BAMM performed slightly better than the BAMS.
Which layer (shallow, medium, or deep) to apply is an
issue for the classical BAM. In our previous study with a
generalized BAM (Qian et al. 2014b), we found that
there is an optimal level for a BAM-type model to apply
for short-term TC track predictions. This level is close to
the levels of the maximum vorticity anomaly VAmax and
minimum divergence anomaly DAmin. The VAmax and
DAmin levels can be estimated between 850 and 200 hPa
over the TC center at model initialization time. The
generalized BAM can be derived as follows.
According to the decomposition of Eq. (1), total wind
(vorticity) can be decomposed into climatic and anomalous wind (vorticity) as
8
0
<u 5 u~ 1 u
0
(5)
y 5 ~y 1 y .
:
§ 5 ~§ 1 §0
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The climate here is instantaneous and obtained through
Eq. (2). By plugging Eq. (5) into Eq. (3), the vorticity
equation can be rewritten as
›(~§ 1 §0 )
›(~§ 1 §0 )
›(~§ 1 §0)
5 2(~
u 1 u0 )
2 (~y 1 y 0 )
›t
›x
›y
0
0
2 b(~y 1 y ) 1 F~ 1 F .

(6)

Taking the climatic average of Eq. (6), we can obtain a
pure climatic vorticity equation driven by climatic vorticity advection, the climatic-flow beta effect, the climatic
averaged forcing from anomalous weather systems
(transient eddies, X and Y), and other climatic averaged
generic forcings:
›~§
›~§
›~§
5 2~
u 2 ~y 2 b~y 2 X~ 2 Y~ 1 F~ ,
›t
›x
›y

(7)

where X 5 u0 (›§0 /›x) and Y 5 y 0 (›§0 /›y). Since the climatic wind and vorticity are estimated by Eq. (2), there
is no need to predict climatic vorticity by means of
Eq. (7).
The anomalous vorticity equation can then be
obtained by subtracting the climatic vorticity in Eq. (7)
from the total vorticity in Eq. (6):


 
›§0
›§0
›§0
›§0
›§0
5 2u0 2 y0 2 by0 1 2~
2 ~y
u
›t
›x
›y
›x
›y


›~§
›~§
(8)
1 2u0 2 y0
1 X~ 1 Y~ 1 F 0 .
›x
›y
Based on our estimations of many TCs, it is found that

2~
u

›§0
›§0
2 ~y
›x
›y






2u0


›~§
›~§
2 y0
.
›x
›y

(9)

Based on the 30-yr ERA-Interim dataset, it is also found
that X~ 1 Y~ can be neglected because it is on the order of
10210 s23, an order of magnitude smaller than the daily
anomalous vorticity advection by total wind (on the
order of 1029 s23), that is,


0
0

2u ›§ 2 y ›§   jX~ 1 Yj
~.
(10)

›x
›y 
Therefore, under the nondivergent, frictionless,
and adiabatic condition (F 0 5 0), Eq. (8) can be simplified as
›§0
›§0
›§0
5 2u
2y
2 by0 .
›t
›x
›y

(11)

Equation (11) is the GBAM used in our recent work
(Qian et al. 2014b). The GBAM basically describes the

advection of a TC disturbance (anomaly) by the total
flow, which is the sum of the climatic and anomalous
flows. To examine the different roles of the climatic and
anomalous flow, a climatic-flow beta–advection model
(CBAM1) and an anomalous-flow beta–advection
model (ABAM) can be analogously defined by
›§0
›§0
›§0
5 2~
u
2 ~y
2 by 0
›t
›x
›y

and

›§0
›§0
›§0
5 2u0 2 y 0 2 by 0 ,
›t
›x
›y

(12)
(13)

respectively, where the vorticity anomaly is §0 5 (›y0 /›x) 2
(›u0 /›y). The CBAM can be viewed as the steering process
of a TC vortex by climatic flow, while ABAM explicitly
describes the interaction between a TC vortex and other
surrounding anomalous weather disturbances. The separate descriptions of the impacts from large-scale background flow and the anomalous systems by the CBAM
and the ABAM are an advantage over the traditional
total-field-based BAM. In operation, the CBAM might
be similar to the classical BAM with differences in the
definition of flows, that is, climatic (temporally anomalous) versus large-scale environment (residual) flow.
Note that there is a typographical error for the beta effect
term in both the GBAM and CBAM equations of Qian
et al. (2014b) (misprinted as 2by and 2b~y ). The climatic
vorticity equation in Qian et al. (2014b) has also been
corrected here by adding two climatic-averaged eddy
feedback terms (but the term F~ was purposely not included over there) [see Eq. (7)].
All the integrations in Eqs. (4) and (11)–(13) are
written in planar coordinates for ease of understanding
and simplicity. In our actual calculations, these equations are written and calculated in spherical coordinates.
For example, the GBAM is in the form of
›§0
u
›§0 y ›§0
52
2
2 by 0 ,
a cos(u) ›l a ›u
›t

(14)

where the anomalous vorticity is §0 5 f[1/a cos(u)]
[›y0 /›l]g 2 [(1/a)(›u0 /›u)].
Below is a brief description of the computational
methods used to integrate our models forward in time.
For further details, readers are referred to Qian et al.
(2014b). Model integration is done in spherical coordinates with 0.758 3 7.58 latitude–longitude grid spacing
at every pressure level. The ERA-Interim is used as

1
The inclusion of b in the CBAM was not found to affect the
typhoon trajectory in a number of random test cases, despite
having the potential to modify the vorticity anomaly that defines
the shape and position of a typhoon.
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initial conditions, where the global climate and the
anomaly are obtained through Eqs. (2) and (1). The time
step for the model integration is 10 minutes and the climate
is updated every 6 hours (since the reanalysis is available 6
hourly) through Eq. (2). At each time step, a new vorticity
anomaly is calculated using Eqs. (11)–(13) from the
GBAM, CBAM, and ABAM. Then, new wind anomalies
are derived from the new vorticity anomaly via a spherical
harmonic expansion, and climatic wind is linearly interpolated between two climatic winds that are 6 hours
apart (ideally climatic winds are needed at every time step,
i.e., every 10 minutes). Since the vorticity anomaly tends to
grow too strong and causes numerical instability during
integration, the model-derived new vorticity anomaly
field is smoothed by performing a triangular truncation
on the spherical harmonic coefficients to make the
model computationally stable. This technique makes
the computation stable but also has a side effect: the
vorticity anomaly amplitude decreases steadily with
time and becomes weaker than the observations after
2 days. The spherical harmonic expansion and triangular truncation technique are described online
(http://dx.doi.org/10.5065/D6WD3XH5).

3. Unusual left-turning tracks
a. Typhoon Aere (TC number 20 in 2004)
Historical cases have shown that unusual TC tracks are
difficult to predict even 24–48 hours in advance (Chen
et al. 2002). Typhoon Aere (Fig. 3a) formed in the equatorial NW Pacific at 1700 UTC 17 August 2004, reached
typhoon intensity on 21 August, and then moved northwestward. Its intensity peaked at 1800 UTC 24 August off
the northeastern shore of Taiwan and then in an unusual
move, turned to the west-southwest. It landed on the
southeastern coast of China (Shishi City, Fujian Province)
at 1330 UTC 25 August and dissipated in Guangdong
Province at 1200 UTC 26 August 2004. From 24 to
26 August, it caused severe flooding in both southeastern
Fujian Province and northern Taiwan. As indicated by
Fig. 3a, the left turn is quite sharp with a turning angle of
about 658.
To have an initial look at Typhoon Aere’s structure
and its surrounding environment, Fig. 5 shows the
vertical–meridional cross sections of some related fields
through the TC center at various stages of the typhoon.
In Fig. 5a, the difference in the total temperature from
the climate is somewhat noticeable and the difference in
the total height is also barely noticeable over the TC
area (indicated by the letter T) and subtropical region
(indicated by the letter S). But no detailed structures are
revealed because of the too large contour intervals used.
To enlarge these difference signals, anomalous fields are
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displayed in the remainder of Fig. 5. Figures 5b–d are the
height and temperature anomalies 48, 24, and 0 hours
prior to the turning point, from which a well-defined TC
structure as well as an anomalous extratropical cyclone
and an anomalous anticyclone to the north of Typhoon
Aere can be observed in both the height and temperature fields. This vertical structure of the TC and extratropical cyclone is similar to that seen by Hart (2003),
who calculated a spatial height departure relative to a
zonal mean height. The interaction among these
anomalous systems should be described by the ABAM
[Eq. (13)]. The vorticity and divergence anomalies 24
hours before the turning are separately shown in
Figs. 5e and 5f. In Fig. 5e an axis of positive vorticity
anomaly extends from the surface to about 200 hPa
over the TC area, indicating the vertical depth of
Typhoon Aere. In Fig. 5f an axis of convergent
anomaly extends from the surface to about 300 hPa
and an axis of divergent anomaly extends from 400 to
200 hPa over the TC. The transition from convergence
to divergence resulted in a minimum divergence
anomaly around the 350-hPa level. A maximum vorticity anomaly is also observed approximately at
350 hPa. Later results will show that the optimal level
for GBAM performance is close to the levels of DAmin
and VAmax (see Table 2).
In addition to the vertical structures shown in Fig. 5,
Fig. 6 shows a two-dimensional view of Typhoon Aere
at the optimal level of 350 hPa at 0600 UTC 23 August
2004 (24 hours before the turning). From the total fields
(Fig. 6a), Typhoon Aere is intuitively expected to
continue its northwestward or northward path because
it is located on the western edge of a strong subtropical
NW Pacific high. Since it turned toward the southwest
in reality, there must be other stronger impacts acting
upon the typhoon. Li et al. (2006) and Wei et al. (2006)
argued that the northeasterly wind of a high pressure
system over land to the west of the TC, as well as the
interaction with a nearby typhoon, contributed to this
unusual southwestward turn. The climatically easterly
wind (Fig. 6b) suggests that it should be steered to the
west. In the anomalous fields (Fig. 6c) two positive
(anticyclonic; A1 and A2) and two negative (cyclonic;
V1 and V2) centers of height anomaly surrounded
Typhoon Aere (indicated by the hurricane symbol).
Vortex V2 is another TC, which is used to explain the
interaction with Typhoon Aere in some early studies
(Lin et al. 2005; Wei et al. 2006; Li et al. 2006). From
Fig. 6c, both V1 and A2 seem to pull the typhoon northnortheastward. At the turning point (Fig. 6d), two
positive and two negative height-anomaly centers still
surrounded Typhoon Aere. It had approached anticyclonic system A1 and could be directly influenced by
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FIG. 5. (a) Vertical–meridional cross section of the total height at 48-h lead (gpm;
thick solid lines with an interval of 2000 gpm) and temperature (K; color shading with an
interval of 20 K), as well as the climatic height (thick dashed lines) and temperature (thin
dashed lines). (b) As in (a), but for the height anomaly at 48-h lead (gpm; solid and
dashed lines with an interval of 2 3 10 gpm) and temperature anomaly (K; color shading
with an interval of 1 K) at 0600 UTC 22 Aug 2004. (c) As in (b), but for the 24-h lead at
0600 UTC 23 Aug 2004. (d) As in (b), but for the left-turn point at 0600 UTC 24 Aug
2004. (e) Vorticity (s21; lines with an interval of 4 3 1025 s21) and (f) divergence (s21;
lines with an interval of 2 3 1025 s21) anomalies at 0600 UTC 23 Aug 2004 (24 hours
before the turn). The filled triangle indicates the position of Typhoon Aere. In (a), letters
T and S are the TC area and the subtropical region, respectively. In (b)–(d), letters H and
L are the positive and negative height-anomaly centers, respectively; letters W and C are
the positive and negative temperature anomaly centers, respectively. In (e), the black
thick dashed line denotes the axis of the positive vorticity anomaly and the red circle
indicates the max center of positive vorticity (3.15 3 1024 s21). In (f), the black and red
thick dashed lines denote the axes of negative and positive divergence anomalies, and the
two red circles indicate the max centers of positive (1.22 3 1025 s21) and negative
(24.22 3 1025 s21) divergence. The horizontal line at 350 hPa in (e) and (f) indicates the
optimal level for GBAM.
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TABLE 2. Optimal, VAmax, and DAmin levels of the four left-turning TCs. The difference (hPa) between the VAmax (or DAmin) level and
the optimal level is also listed. The DAmin level is generally closer to the optimal level than the VAmax level.
No.

Name

Time and date

VAmax/difference (hPa)

DAmin/difference (hPa)

Optimal level (hPa)

17

Walt

10

Herb

10

Todd

20

Aere

0600 UTC 10 Aug 1994
0600 UTC 11 Aug 1994
1800 UTC 28 Jul 1996
1800 UTC 29 Jul 1996
0000 UTC 15 Sep 1998
0000 UTC 16 Sep 1998
1200 UTC 18 Sep 1998
1200 UTC 19 Sep 1998
0600 UTC 23 Aug 2004

450/1100
700/250
800/150
450/250
700/150
800/2200
400/0
650/1150
350/0

550/0
700/250
850/0
450/250
800/250
600/0
400/0
500/0
350/0

550
650
850
400
750
600
400
500
350

A1 to make a southwestward turn. These speculations
will be examined by the GBAM, CBAM, and ABAM
below to quantitatively assess the roles played by the
total, climatic, and anomalous flows in causing this
unusual left-turning movement.

Nine experiments (Table 2) were carried out for the
four left-turning typhoons, which are shown in Fig. 3.
For each of the experiments an optimal level for the
GBAM to predict a TC track, which ranges from 850 to
300 hPa (Table 2), is first detected. The corresponding

FIG. 6. Horizontal distributions at the 350-hPa level of (a) total flow (stream) and height (gpm; shading with an
interval of 40 gpm), (b) climatic flow (stream) and height (gpm; shading with an interval of 40 gpm), and
(c) anomalous flow (stream) and height (gpm; shading with an interval of 10, 20, 30, and 40 gpm) 24 hours before the
turn. (d) As in (c), but for the turning point. The hurricane symbol denotes the position and the dashed line is the best
track of Typhoon Aere. In (a) and (b), the thick dotted line indicates the subtropical high ridge. In (c) and (d), the two
anomalous vortices and two anomalous anticyclonic systems are indicated by V1, V2, A1, and A2, respectively.
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FIG. 7. The 48-h track forecasts of Typhoon Aere, initiated at 0600 UTC 23 Aug 2004 (24 hours before the left
turn), by (a) six models (GBAM, blue solid circles; CBAM, orange plus signs; ABAM, light green open squares;
BAMS, pink open circles; BAMM, dark green asterisks; and BAMD, purple open triangles) and (b) four GBAM
sensitivity experiments that each remove one of the four anomalous systems (V1, V2, A1, and A2), as well as the
original GBAM forecast. The hurricane symbols indicate the best track.

VAmax and DAmin levels of the nine experiments were
also located and listed in Table 2.2 For locating VAmax
and DAmin levels, two-dimensional divergence and
vorticity anomalies are first obtained at each pressure
level from 850 to 200 hPa. They can then be found by
manually comparing the central values at all levels
over a typhoon center. Table 2 shows that the optimal
level is in the neighborhood of the VAmax and DAmin
levels but especially closer to the DAmin level, which is
probably consistent with the zero divergence assumption used in deriving Eq. (4). Therefore, the GBAM
could be operated at the DAmin level in a real-time
prediction since the optimal level is not known beforehand. Figure 7a shows the 48-h predictions of Typhoon
Aere by the six models initialized at 0600 UTC 23 August 2004. The GBAM, CBAM, and ABAM are integrated at the optimal level of 350 hPa. The TC turns
left (westward) immediately if just the climatic flow is
considered (CBAM), while it turns right (northeastward) rapidly if just anomalous flow is considered
(ABAM). The prediction is the best and is closest to the
best track if both climatic and anomalous flows are
considered together by the GBAM. To compare with
the classical BAM [i.e., Eq. (4) using the full wind and
full vorticity with no decomposition], all three versions

2
The levels of DAmin and VAmax could be sensitive to the vertical resolution of the data. A few cases have been found to be in
the mid- to upper troposphere in this study (Table 2), while Rogers
et al. (2013) reported that the max relative vorticity of an intense
TC is typically seen in the lower troposphere. However, this discrepancy could also be simply due to the difference between the
vorticity anomaly and the vorticity itself.

(BAMS, BAMM, and BAMD) were also employed to
predict Typhoon Aere’s track. By definition, the mean
wind and vorticity of the 850–700-, 850–400-, and 850–
200-hPa layers were used for the BAMS, BAMM, and
BAMD, respectively. Unfortunately, all three classical
BAMs incorrectly predicted a straight-moving track
(Fig. 7a). To better understand the above result, we
compared the differences in the three controlling factors
between the GBAM and the three BAMs: advection
flow, vorticity itself, and the beta effect. It is seen that
the largest difference is in the advection flow with
smaller differences in the vorticity and beta terms (not
shown). By replacing the advection flows in the BAMS,
BAMM, and BAMD with that of the GBAM, the three
BAMs, especially BAMD, yield slightly improved track
forecasts but were still much worse than the GBAM and
far away from the best track (not shown). Even when we
initiated the BAM with the full wind and full vorticity
from the optimal level of the GBAM, the BAM still incorrectly predicted a locally circular track for Typhoon
Aere (not shown). By repeating the same experiment for
the other three left-turning TCs (Walt, Herb, and Todd),
all the results showed that the BAM prediction is much
worse than the GBAM prediction in terms of both position and speed. This indicates that the TC vortex structure and intensity modified by the decomposition method
are also important in determining the track. The beta
term plays the smallest role in track prediction.
To investigate the relative impacts of the four anomalous systems in Fig. 6c, another four 48-h track forecasts of Typhoon Aere are made by the GBAM, each of
them with one particular anomalous system being removed. The results are compared in Fig. 7b. To remove
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FIG. 8. (a) Observed and (b) predicted vorticity anomalies (s21; lines with an interval of 4 3
1025 s21) at 350 hPa of the left-turning Typhoon Aere verified at 0600 UTC 24 Aug (the turning
point) and the 24-h forecast by the GBAM initiated at 0600 UTC 23 Aug (marked by the red
solid circle). The hurricane symbol indicates the observed typhoon position and the black solid
circle indicates the predicted TC position. (c),(d) As in (a),(b), but for the right-turning typhoon (TC number 21 in 1991) at 500 hPa forecasted at 0000 UTC 25 Sep and verified at
0000 UTC 26 Sep 1991. (e),(f) As in (a),(b), but for the straight-moving typhoon (TC number 18
in 2000) at 800 hPa forecasted 48 hours before at 1200 UTC 20 Aug and verified at 1200 UTC 22
Aug 2000.
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FIG. 9. The 48-h track forecasts of Typhoon Walt at 6-h intervals by the six models, initiated at (a) 0600 UTC 10
Aug (48 hours before the left turn) and (b) 0600 UTC 11 Aug 1994 (24 hours before the left turn). The hurricane
symbol indicates the best track.

an anomalous system such as V2, total wind u, y are
replaced by the corresponding climatic wind u~, ~y within
the area covered by the positive vorticity anomaly. New
anomalous wind u0 , y0 and vorticity can then be obtained
by integrating the GBAM [Eq. (11)]. By removing the
nearby TC vortex (V2), the GBAM prediction has an
immediate deviation from the originally predicted track
and then moves in a straight line to the northwest. By
removing the midlatitude vortex V1, the GBAM follows
the original track closely in the first 24 hours but makes a
sharp left turn to noticeably deviate from the original
track in the second 24 hours, although the direction trend
is still close. However, by removing either the A1 or A2
anomalous highs, the predicted Typhoon Aere continues
to move northwestward with no left turns at all during the
entire 48 hours, similar to the tracks predicted by the
BAMs. These results suggest that the left-turning motion
of Typhoon Aere is greatly influenced by the two
anomalous highs (A1 and A2) as well as the nearby TC
and is less influenced by the midlatitude cyclone.
Figures 8a and 8b show a detailed snapshot comparison between the analyzed and predicted Typhoon Aere
vortex (vorticity anomaly) at the turning point. We can
see that the GBAM predicts a very nice left curve along
the best track at 24-h lead time. However, the predicted
TC moves faster than the observed TC. Moving too fast
for a TC vortex seems to be a common feature for the
GBAM since it happened in most of the cases, including
right-turning (Figs. 8c,d) and straight-moving (Figs. 8e,f)
TCs (note that the classical BAMs tend to move TCs
even faster). The relatively fast trajectories predicted by
GBAM and BAM could be a subject of further study.
Although the predicted intensities are comparable to
the observed ones for these three typhoon cases,

intensity prediction is certainly beyond the capability of
the GBAM since the GBAM is merely a simple dynamical model with no physics.

b. The other three left-turning cases
The same experiment was repeated for the other three
left-turning TCs. Their optimal, VAmax, and DAmin
levels are all listed in Table 2. Figure 9a shows the model
track predictions of Typhoon Walt (TC number 17 in
1994) initiated at 0600 UTC 9 August 1994 (48 hours
prior to the left turn). The CBAM predicts a right-turning
track under the influence of climatic southwesterly
steering flow, the ABAM predicts an immediate leftturning track, and only the GBAM prediction is more
consistent with the best track: moving northeastward
initially followed by a sharp left turn, although the direction is to the west instead of the southwest. All three
classical BAMs (BAMS, BAMM, and BAMD) predict
tracks in the wrong direction (two to the northeast and
one to the northwest). When initiated 24 hours prior to
the left turn (Fig. 9b), the GBAM correctly predicts a leftturning track after 24 hours and the ABAM predicts an
immediate left turn while the CBAM track continues to
move northeastward under the climatic steering flow. The
other three models (BAMS, BAMM, and BAMD) all
incorrectly predict some kind of circular track.
Typhoon Todd (TC number 10 in 1998) experienced a
continuous left-turn loop and even a returning movement after its landfall on eastern China. Experiments
were carried out for the two turning points: a left turn to
the north near 208N and a left turn to the west with a
surprising northeastward return after landfall near 308N.
Figures 10a and 10b are the two 48-h forecasts for the
first turn, where the GBAM obviously outperformed all
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FIG. 10. The track forecasts of Typhoon Todd at 6-h intervals by the six models. (a),(b) Two 48-h forecasts initiated
at 0000 UTC 15 Sep and 0000 UTC 16 Sep 1998, respectively. (c),(d) Two 24-h forecasts initiated at 1200 UTC 18 Sep
(24 hours before landfall) and 1200 UTC 19 Sep 1998 (12 hours before the return), respectively. The hurricane symbol
indicates the best track.

other models, the CBAM, ABAM, and the three classical BAMs. Initiated at 1200 UTC 18 September
(24 hours before the landfall; Fig. 10c), both GBAM and
especially ABAM give the correct direction, while the
CBAM goes in an opposite direction. The BAMS
predicts a northwestward motion, and the BAMM and
BAMD predict two stagnating motions wandering locally.
Initiated at 1200 UTC 19 September (12 hours before the
returning movement; Fig. 10d), the GBAM correctly
predicts the returning movement but the ABAM keeps its
southwestward movement and the CBAM predicts a
northeastward movement steered by the climatic flow. The
BAMS, BAMM, and BAMD wrongly predict northwestward, northeastwards and eastward motions, respectively.
Typhoon Herb (TC number 10 in 1996; Fig. 11)
experienced a long 14-day path with several left and
right turns. After a left turn to the southeast of Taiwan, it

made an initial landfall on Taiwan and then a second
landfall on the southeastern coast of China. Finally,
it continued to move northwestward and dissipated
in central China. Initiated at 1800 UTC 28 July 1996
(72 hours before the first landfall; Fig. 11a), the GBAM
correctly predicts a left-turning track closely following
the best track and landfall on Taiwan at the 48-h lead
time, while the CBAM moves too far north in position
and is too slow in speed and the ABAM departs too far
south. For the three classical BAMs, the BAMS
predicts a very fast straight track instead of a left-turning
path initially, although the overall track accidently
matches with the best track pretty well, while both the
BAMM and BAMD predict straight tracks too far to the
south. Initiated at 1800 UTC 29 July 1996 (48 hours
before the second landfall; Fig. 11b), the GBAM correctly predicts landfall on an area close to the observed
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FIG. 11. The 48-h track forecasts of Typhoon Herb at 6-h intervals by the six models, initiated at (a) 1800 UTC 28
Jul (72 hours before landfall on Taiwan) and (b) 1800 UTC 29 Jul 1996 (48 hours before landfall along the southeastern coast of China). The hurricane symbol indicates the best track.

on the southeastern coast of China 48 hours in advance
(unfortunately the landfall on Taiwan is missed in this
prediction); the ABAM prediction is too slow in speed
and too far north in position, and the CBAM predicts a
straight westward track that is completely off the best
track. All three classical BAMs maintain a northwestward track with a speed about 18 hours too fast and
make their landfalls too far north of the observed.

4. Normal tracks
Section 3 clearly demonstrates that the GBAM noticeably outperformed the classical BAM in predicting

the unusual left-turning TC tracks in the ECS. This
section will examine if that is also true for normal tracks
(i.e., right turning and straight moving). The two representative groups of TCs shown in Figs. 2a and 2c will
be used for demonstration although all 99 right-turning
and 30 straight-moving cases listed in Table 1 had been
examined.

a. The right-turning tracks
As with the left-turning TCs, we first visually examine
the climatic and anomalous systems associated with
right-turning TCs. From Fig. 2a, we see that the five
right-turning TCs reached their maximum strength

FIG. 12. Composite vertical–meridional cross sections of height anomaly (gpm; solid and dashed lines with an
interval of 2 3 10 gpm) and temperature anomaly (K; color shading with an interval of 1 K) for the five right-turning
TCs (a) 48 hours before and (b) at the right-turning point. The horizontal axis is the latitude (with an interval of 28)
relative to the TC center.
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within the box covering 248–268N, 1248–1268E. This box
is used to define the TC turning point. The composite
vertical–meridional cross sections of the height and
temperature anomalies of the five TCs were constructed
through the TC center 48 hours before and at the turning
point, respectively (Fig. 12). Compared to the leftturning TC (Fig. 5), an apparent difference is in the
anomalous system distribution to the north of the TC:
from lower to high latitudes, we find a low–high–low
pattern (an anomalous high to the north of the TC) for
the right-turning TCs, while there is a low–low–high
pattern (an anomalous low to the north of the TC) for
the left-turning TCs.
Consistent with the vertical structure, this anomalous
high located to the north of the TC is clearly visible in
the horizontal composites at 350 hPa before and after
the turn (Figs. 13e–h). In the temperature anomaly, two
warm centers are collocated with the TC vortex and the
anomalous high center. The climatic system at different
stages is shown in Figs. 13a–d. The TC is initially located
on the southern side of the subtropical high ridgeline
with easterly steering flow (Fig. 13a); 24 hours before the
right turn, the TC is near the northern edge of the
ridgeline (Fig. 13b); at the moment it turns right, the TC
is located on the northern side of the ridge (Fig. 13c);
and 24 hours after the turn, the TC has entered the climatic westerly flow region (Fig. 13d).
Figure 14 shows the 48-h track forecasts of the five
right-turning TCs by the GBAM and the three classical
BAMs (the CBAM and ABAM are no longer shown for
clarity) initiated 24 hours before the turn. The superiority of the GBAM over the three classical BAMs is
evident: the GBAM successfully predicts right-turning
tracks closely following the best track for all five cases,
while the classical BAMs fail in all cases (moving
straight in the northwest direction), except for one occasion when the BAMD predicts a right-turning track
for TC number 23 in 1980 (Fig. 14d).
To assess the overall forecast capability of the
GBAM, the model is applied to all 99 right-turning TCs
and their track errors are calculated. Note that since the
GBAM-predicted speed is faster than the best track in
most cases, speed error is not considered in the following
calculation but only the distance between a predicted
position and the best track is measured. An example is
shown in Fig. 14a, where the two short black lines indicate the 24- and 48-h forecast track distance errors.
Since all the forecasts were initiated 24 hours before the
right turn, the 24- and 48-h forecasts represent the track
errors before and after the turning point. Averaged over
the 99 right-turning TCs, the distance errors are 122 and
215 km for the 24- and 48-h forecasts, respectively, which
is slightly worse than or comparable to the total track
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FIG. 13. (left) The right-turning TC horizontal composites of
climatic height (gpm; solid lines with an interval of 40 gpm) and
temperature (K; color shading with an interval of 1 and 2 K) at
350 hPa from (a) 48 hours before, (b) 24 hours before, (c) 0 hours
before, and (d) 24 hours after the turning point. (right) As in (left),
but for anomalous height [gpm; solid and dashed lines with an interval of 10 gpm in (e) and 2 3 10 gpm in (f)–(h)] and temperature
(K; color shading with an interval of 1 K). Horizontal (vertical) axis
is the latitude (longitude) (with an interval of 28) relative to the TC
center. In the climatic fields (a)–(d), the dotted lines indicate the
ridge of the subtropical high. In the anomalous fields (e)–(h), the
dotted lines connect two positive temperature anomaly centers.
The hurricane symbol indicates the best track.
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FIG. 14. The 48-h track forecasts of the five rightturning TCs by the four models initiated 24 hours before
the right turn. The hurricane symbol indicates the best
tracks, and the blue (solid circle), pink (open circle),
green (asterisk), and purple (open triangle) curves represent the GBAM, BAMS, BAMM, and BAMD forecasts, respectively.

errors (speed error was also included) in current operational forecasts based on state-of-the-art numerical
weather prediction (NWP) models. The TC track forecast errors are on the order of 100 and 200 km for 24- and
48-h lead times in current operational forecasts, which
include all easy and difficult tracks [Xu et al. (2010) for
China, and http://www.nhc.noaa.gov/verification for the
United States]. Considering such a simple dynamicsonly model, the GBAM’s performance is amazingly
good. However, it needs to be pointed out that an
analysis used to initialize a real-time NWP model is

different from a reanalysis and contains fewer observations than a reanalysis does.

b. The straight-moving tracks
For straight-moving TCs, their landfalls are used as a
reference point because of the significance. Figure 15
shows the composite vertical–meridional cross sections
of height and temperature anomalies through the TC
center 48 hours before and at the landfall point, based on
the seven straight-line TCs shown in Fig. 2c. Comparing
Fig. 15 with Fig. 12, we can see that the anomalous
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FIG. 15. As in Fig. 12, but for the seven straight-moving TCs (a) 48 hours before and (b) at landfall.

vertical structure of the straight-moving TCs is similar to
that of the right-turning TCs but with a weaker and
much broader anomalous high on its northern side. This
can be further seen from the composite horizontal fields
at 350 hPa, where both the anomalous and climatic subtropical highs are quite spatially extensive (Fig. 16). The
TC remains in the climatic easterly flow zone on the
southern side of the climatic subtropical high ridge at all
stages (Figs. 16a–c). In the anomalous fields, the TC is
located in the southeasterly to easterly zone under the
influence of anomalous highs (Figs. 16d–f). Unlike the
left- and right-turning situations where opposite forcing
is often seen between climatic and anomalous fields, in
the straight-track situation forcing is generally in a similar
direction from both climatic and anomalous flows.
Therefore, a northwestward straight-moving track is
probably a relatively easier one to predict, which is indeed confirmed by the results shown in Fig. 17.
Figure 17 shows 48-h track forecasts of the seven
straight-moving TCs by the four models initiated
48 hours before landfall. The GBAM predicts the tracks
quite well in all seven cases. As expected, this is the best
group to predict among the classical BAMs: all three of
the BAMs have skill similar to the GBAM for two cases
(TC number 13 in 2005 in Fig. 17d and TC number 15 in
1980 in Fig. 17e), slightly worse than the GBAM for
three cases (TC number 9 in 2007 in Fig. 17b, TC number
17 in 1990 in Fig. 17f, and TC number 18 in 2000 in
Fig. 17g), and much worse than the GBAM for two cases
(TC number 8 in 1994 in Fig. 17a and TC number 9 in
2009 in Fig. 17c). To assess the overall forecast capability, the GBAM is applied to all 30 of the northwestward straight-moving TCs that made landfall either on

mainland China or Japan. The 48- and 24-h track forecasts
were made separately by initializing the GBAM 48 and 24
hours before landfall. Landfall location errors were then
also measured separately for the 24- and 48-h forecasts.
Averaged over the 33 TCs, the mean landfall location errors of the GBAM are 33 and 101 km for 24- and 48-h
forecasts, respectively. Again, this performance is surprisingly impressive for such a simple model compared to
the current operational forecasts involving models with
state-of-the-art complexity (Powell and Aberson 2001).

5. Conclusions and discussion
During the last 33 years (1979–2011), a total of 163
TCs arrived in or passed through the ECS. These TCs
can be classified into four groups. The right-turning
group has 113 TCs, including 99 with a single turning
point and 14 with multiple turning points. The northwestward straight-moving group has 33 TCs, including
29 that made landfall on mainland China, one that made
landfall on Japan, and 3 that dissipated over the open
sea. Four left-turning cases with a turning angle greater
than 408 form another group that occurred in the ECS
and then made landfall on the eastern coast of China.
The left-turning track is unusual, hard to predict, and
has the biggest impact when it occurs. Therefore, understanding the causes of left-turning TCs is important.
There are 13 TCs that experienced complex tracks. Among
them, six experienced from one to two circles and quasistationary movement persisting for 2–3 days, two exhibited
northeastward serpentine movements and five had northwestward serpentine movements. From the first three
groups, 133 TCs were investigated in this study (Table 1).
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FIG. 16. As in Fig. 13, but for the seven straight-moving TCs with no plots 24 hours after landfall.

A generalized beta–advection model (GBAM) is derived by decomposing a meteorological variable into
climatic and anomalous components. Its ability to predict TC tracks for 1–2 days is compared with three versions of the classical beta–advection model (BAM):
BAMS, BAMM, and BAMD. For all the three types of
TC tracks tested (left turning, single right turning, and
straight moving), the GBAM apparently outperforms
the BAMS, BAMM, and BAMD. The ability of GBAM
to predict unusual tracks is particularly encouraging.
The classical BAMs have no skill in track forecasts for
the left- and right-turning groups (only the BAMD
predicted a correct right-turn for one case—TC number
23 in 1980; Fig. 14d) and exhibit any skill only for the
straight-moving cases (seemingly the easiest type to
predict). On the other hand, the GBAM is skillful for
most cases although the predicted storm speed is generally too fast.
For the right-turning group (99 cases), the average
track distance errors (distance to the best track only with
the speed error not considered) are 122 km for 24-h

forecasts (predicting the turn) and 215 km for the 48-h
(predicting the movement after the turning point) forecasts. For the straight-moving TCs (30 cases), the average
landfall location errors are 33 and 101 km for 24- and 48-h
forecasts, respectively. Compared to the order of track
forecast errors in current operational forecasts, which
are based on complex NWP models, the GBAM performance is amazingly good for such a simple dynamic
model. This demonstrates that as long as key controlling
factors are properly included in a method, even a very
simple tool like GBAM can do a good job.
Not only does the GBAM have high track forecast skill,
but it can also be used to understand possible causes of
unusual TC tracks (the left-turning tracks in this study).
The GBAM can be separated into two forms according to
the flow decomposition: a climatic-flow BAM (CBAM)
and an anomalous-flow BAM (ABAM). In the CBAM a
TC vortex is steered by large-scale climatic background
flow, while in the ABAM a TC vortex interacts with
surrounding anomalous flows or weather systems. It is
found that neither CBAM nor ABAM alone can explain
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FIG. 17. As in Fig. 14, but for the seven
straight-moving TCs initiated 48 hours before landfall.

left-turning tracks, but only the GBAM, where the total
flow (climatic plus anomalous) is considered. This suggests that the total flow must be considered for a model
to accurately predict TC tracks although the TC vortex
itself can be described by anomalous flow alone.

Another benefit of the flow decomposition approach
is that it makes it easier to identify the area of an
anomalous system, which can then be objectively removed for sensitivity experiments. Four sensitivity tests
were conducted with the GBAM by removing each of
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the four anomalous systems associated with Typhoon
Aere to determine which anomaly system might cause
the TC’s left-turning track. It is found that the two
anomalous highs played an important role; the subtropical high over the ocean leads Typhoon Aere to
move northwestward initially and then the midlatitude
high over land leads it to turn left to the southwest. Interaction with another existing TC vortex is also
important.
Although the GBAM has the basic capability to predict
both normal and unusual TC tracks in the short range, as
demonstrated by this study as well as by Qian et al.
(2014b), our purpose here is not to promote the GBAM to
be used in real-time operations or to compete with any
NWP models but to gain scientific insights, test new approaches, and compare them with traditional same-type
models. The GBAM is only a simple dynamical model
with no physics, baroclinic structure, ocean, and land
forcing, etc., included, so it certainly cannot simulate storm
intensity changes. For real-world prediction, a more
complex model such as a baroclinic model or a full-physics
NWP model is obviously needed. In this study, the GBAM
is applied to an optimal level that needs to be determined
before model integration. However, the optimal level
varies with the situation, influenced by typhoon intensity
and other surrounding anomalous systems, and is not
known to us beforehand. Therefore, it will be interesting to
evaluate how sensitive a track forecast will be if we use the
VAmax or DAmin level to approximate the optimal level
in a future study. The VAmax and DAmin levels are found
to be close to the optimal level in this study (Table 2).
Acknowledgments. The authors wish to thank the
editor and three anonymous reviewers for their
constructive suggestions, which greatly improved our
revised manuscript. This work is supported by the National Natural Science Foundation of China (41375073)
and the Key Technologies R&D Program (201306032),
as well as the Strategic Priority Research Program of
the Chinese Academy of Sciences (XDA0509400).
Ms. Mary Hart of NCEP is appreciated for improving
the readability of the manuscript.
REFERENCES
Aberson, S. D., 2010: 10 years of hurricane synoptic surveillance
(1997–2006). Mon. Wea. Rev., 138, 1536–1549, doi:10.1175/
2009MWR3090.1.
Bassill, N. P., 2014: Accuracy of early GFS and ECMWF Sandy
(2012) track forecasts: Evidence for a dependence on cumulus
parameterization. Geophys. Res. Lett., 41, 3274–3281,
doi:10.1002/2014GL059839.
Chan, J. C. L., 2005: The physics of tropical cyclone motion.
Annu. Rev. Fluid Mech., 37, 99–128, doi:10.1146/
annurev.fluid.37.061903.175702.

791

——, and W. M. Gray, 1982: Tropical cyclone movement and surrounding flow relationships. Mon. Wea. Rev., 110, 1354–1374,
doi:10.1175/1520-0493(1982)110,1354:TCMASF.2.0.CO;2.
Chen, L. S., and Y. H. Ding, 1979: An Introduction to the Western
Pacific Typhoons. Science Press, 491 pp.
——, Z. X. Luo, and X. D. Xu, 2002: An introduction to tropical
cyclone unusual motion (in Chinese). 25th Annual Conf. of the
Chinese Meteorological Society, Beijing, China, Chinese Meteorological Society, 195–199.
Chu, J. H., C. R. Sampson, A. S. Levin, and E. Fukada, 2002: The
Joint Typhoon Warning Center tropical cyclone best tracks,
1945–2000. Naval Research Laboratory Rep. NRL/MR/754002-16, Joint Typhoon Warning Center, Pearl Harbor, HI.
[Available online at http://www.usno.navy.mil/NOOC/nmfcph/RSS/jtwc/best_tracks/TC_bt_report.html.]
Dare, R. A., and N. E. Davidson, 2004: Characteristics of tropical
cyclones in the Australian region. Mon. Wea. Rev., 132, 3049–
3065, doi:10.1175/MWR2834.1.
Davis, C., C. Snyder, and A. C. Didlake, 2008: A vortex-based
perspective of eastern Pacific tropical cyclone formation. Mon.
Wea. Rev., 136, 2461–2477, doi:10.1175/2007MWR2317.1.
Dee, D. P., and Coauthors, 2011: The ERA-Interim reanalysis:
Configuration and performance of the data assimilation system. Quart. J. Roy. Meteor. Soc., 137, 553–597, doi:10.1002/
qj.828.
Deng, G., Y. S. Zhou, and L. P. Liu, 2010: Use of a new steering
flow method to predict tropical cyclone motion. J. Trop. Meteor., 16, 154–159, doi:10.3969/j.issn.1006-8775.2010.02.007.
Ding, T., and W. H. Qian, 2012: Statistical characteristics of heat
wave precursors in China and model prediction (in Chinese).
Chin. J. Geophys., 55, 1472–1486.
Dong, K., and C. J. Neumann, 1986: The relationship between tropical
cyclone motion and environmental geostrophic flows. Mon. Wea.
Rev., 114, 115–122, doi:10.1175/1520-0493(1986)114,0115:
TRBTCM.2.0.CO;2.
Du, J., R. H. Grumm, and G. Deng, 2014: Ensemble anomaly
forecasting approach to predicting extreme weather demonstrated by extremely heavy rain event in Beijing (in Chinese).
Chin. J. Atmos. Sci., 38, 685–699.
Duan, J. J., L. G. Wu, and Z. P. Ni, 2014: Analysis of unusual
changes in Typhoon Aere (2004) and Meari (2004) (in Chinese). Acta Meteor. Sin., 72, 1–11.
Elsberry, R. L., 2014: Advances in research and forecasting of
tropical cyclones from 1963–2013. Asia-Pac. J. Atmos. Sci., 50,
3–16, doi:10.1007/s13143-014-0001-1.
Franklin, J. L., 1990: Dropwindsonde observations of the environmental flow of Hurricane Josephine (1984): Relationships to
vortex motion. Mon. Wea. Rev., 118, 2732–2744, doi:10.1175/
1520-0493(1990)118,2732:DOOTEF.2.0.CO;2.
Galarneau, T. J., and C. A. Davis, 2013: Diagnosing forecast errors
in tropical cyclone motion. Mon. Wea. Rev., 141, 405–430,
doi:10.1175/MWR-D-12-00071.1.
George, J. E., and W. M. Gray, 1976: Tropical cyclone motion and
surrounding parameter relationships. J. Appl. Meteor., 15, 1252–
1264, doi:10.1175/1520-0450(1976)015,1252:TCMASP.2.0.CO;2.
Graham, R. A., and R. H. Grumm, 2010: Utilizing normalized
anomalies to assess synoptic-scale weather events in the western United States. Wea. Forecasting, 25, 428–445, doi:10.1175/
2009WAF2222273.1.
——, T. Alcott, N. Hosenfeld, and R. Grumm, 2013: Anticipating a rare
event utilizing forecast anomalies and a situational awareness display: The western U.S. storms of 18–23 January 2010. Bull. Amer.
Meteor. Soc., 94, 1827–1836, doi:10.1175/BAMS-D-11-00181.1.

Unauthenticated | Downloaded 01/09/23 03:18 AM UTC

792

WEATHER AND FORECASTING

Grumm, R. H., 2011a: New England record maker rain event of 29–
30 March 2010. Electron. J. Oper. Meteor., 12 (4). [Available
online at http://www.nwas.org/ej/2011-EJ4/.]
——, 2011b: The central European and Russian heat event of July–
August 2010. Bull. Amer. Meteor. Soc., 92, 1285–1296, doi:10.1175/
2011BAMS3174.1.
——, and R. Hart, 2001: Standardized anomalies applied to significant
cold season weather events: Preliminary findings. Wea. Forecasting, 16, 736–754, doi:10.1175/1520-0434(2001)016,0736:
SAATSC.2.0.CO;2.
Hamill, T. M., J. S. Whitaker, D. T. Kleist, M. Fiorino, and S. G.
Benjamin, 2011: Predictions of 2010’s tropical cyclones using
the GFS and ensemble-based data assimilation methods. Mon.
Wea. Rev., 139, 3243–3247, doi:10.1175/MWR-D-11-00079.1.
Hart, R. E., 2003: A cyclone phase space derived from thermal
wind and thermal asymmetry. Mon. Wea. Rev., 131, 585–616,
doi:10.1175/1520-0493(2003)131,0585:ACPSDF.2.0.CO;2.
——, and R. H. Grumm, 2001: Using normalized climatological
anomalies to rank synoptic-scale events objectively. Mon. Wea.
Rev., 129, 2426–2442, doi:10.1175/1520-0493(2001)129,2426:
UNCATR.2.0.CO;2.
Holland, G. J., 1983: Tropical cyclone motion: Environmental interaction plus a beta effect. J. Atmos. Sci., 40, 328–342,
doi:10.1175/1520-0469(1983)040,0328:TCMEIP.2.0.CO;2.
——, 1984: Tropical cyclone motion: A comparison of theory
and observation. J. Atmos. Sci., 41, 68–75, doi:10.1175/
1520-0469(1984)041,0068:TCMACO.2.0.CO;2.
Junker, N. W., R. H. Grumm, R. Hart, L. F. Bosart, K. M. Bell,
and F. J. Pereira, 2008: Use of standardized anomaly fields
to anticipate extreme rainfall in the mountains of northern
California. Wea. Forecasting, 23, 336–356, doi:10.1175/
2007WAF2007013.1.
——, M. J. Brennan, F. Pereira, M. J. Bodner, and R. H. Grumm,
2009: Assessing the potential for rare precipitation events with
standardized anomalies and ensemble guidance at the Hydrometeorological Prediction Center. Bull. Amer. Meteor.
Soc., 90, 445–453, doi:10.1175/2008BAMS2636.1.
Lalaurette, F., 2003: Early detection of abnormal weather conditions using a probabilistic extreme forecast index. Quart.
J. Roy. Meteor. Soc., 129, 3037–3057, doi:10.1256/qj.02.152.
Li, P., L. N. Lin, and F. Lei, 2006: The characteristic analysis of Typhoon 0418 (Aere) track (in Chinese). Mar. Forecasts, 23, 47–50.
Lin, Y., X. N. Jiang, and X. H. Lin, 2005: The motion path analysis
to the Typhoon Aere left folded twice (in Chinese). J. Guangxi
Meteor., 26, 174–176.
Marks, D. G., 1992: The beta and advection model for hurricane track
forecasting. NOAA NWS NMC Tech. Memo. 70, 89 pp.
[Available online at http://noaa.ntis.gov/view.php?pid5NOAA:
ocm25563454.]
Powell, M. D., and S. D. Aberson, 2001: Accuracy of United States
tropical cyclone landfall forecasts in the Atlantic basin (1976–
2000). Bull. Amer. Meteor. Soc., 82, 2749–2767, doi:10.1175/
1520-0477(2001)082,2749:AOUSTC.2.3.CO;2.
Qian, C. H., Y. H. Duan, S. H. Ma, and Y. L. Xu, 2012: The current
status and future development of China operational typhoon
forecasting and its key technologies (in Chinese). Adv. Meteor.
Sci. Technol., 2 (5), 36–43.
——, F. Q. Zhang, B. W. Green, J. Zhang, and X. Q. Zhou, 2013:
Probabilistic evaluation of the dynamics and prediction of

VOLUME 30

Supertyphoon Megi (2010). Wea. Forecasting, 28, 1562–1577,
doi:10.1175/WAF-D-12-00121.1.
Qian, W. H., 2012a: Principles of Medium to Extended Range
Weather Forecasts (in Chinese). Science Press, 410 pp.
——, 2012b: Physical decomposition principle of regional-scale atmospheric transient anomaly (in Chinese). Chin. J. Geophys.,
55, 1439–1448.
——, and Z. J. Zhang, 2012: Precursors to predict low-temperature
freezing-rain events in southern China (in Chinese). Chin.
J. Geophys., 55, 1501–1512.
——, J. Li, and X. L. Shan, 2013: Application of synoptic-scale
anomalous winds predicted by medium-range weather forecast
models on the regional heavy rainfall in China in 2010. Sci.
China Earth Sci., 56, 1059–1070, doi:10.1007/s11430-013-4586-5.
——, X. L. Shan, and H. Y. Liang, 2014a: Typhoon Turning Atlas.
World Scientific, 458 pp.
——, ——, ——, J. Huang, and C. H. Leung, 2014b: A generalized beta
advection model to improve unusual typhoon track prediction by
decomposing total flow into climatic and anomalous flows.
J. Geophys. Res., 119, 1097–1117, doi:10.1002/2013JD020902.
Rappaport, E. N., and Coauthors, 2009: Advances and challenges
at the National Hurricane Center. Wea. Forecasting, 24, 395–
419, doi:10.1175/2008WAF2222128.1.
Rogers, R., and Coauthors, 2013: NOAA’s hurricane intensity
forecasting experiment: A progress report. Bull. Amer. Meteor. Soc., 94, 859–882, doi:10.1175/BAMS-D-12-00089.1.
Roy, C., and R. Kovordanyi, 2012: Tropical cyclone track forecasting techniques—A review. Atmos. Res., 104–105, 40–69,
doi:10.1016/j.atmosres.2011.09.012.
Sanders, F., A. L. Adams, N. J. B. Gordon, and W. D. Jensen, 1980:
Further development of a barotropic operational model for predicting paths of tropical storms. Mon. Wea. Rev., 108, 642–654,
doi:10.1175/1520-0493(1980)108,0642:FDOABO.2.0.CO;2.
Simpson, R. H., Ed., 2003: Hurricane! Coping with Disaster:
Progress and Challenges since Galveston, 1900. Amer. Geophys. Union, 360 pp.
Velden, C. S., and L. M. Leslie, 1991: The basic relationship between
tropical cyclone intensity and the depth of the environmental
steering layer in the Australian region. Wea. Forecasting, 6, 244–
253, doi:10.1175/1520-0434(1991)006,0244:TBRBTC.2.0.CO;2.
Wei, Y. Z., C. G. Zhang, X. B. Lin, and C. F. Wu, 2006: Analyses of
abnormal path and landing site of Typhoon Aere (2004) (in
Chinese). J. Nat. Disasters, 15, 54–60.
Wu, L. G., Z. P. Ni, J. J. Duan, and H. J. Zong, 2013: Sudden tropical
cyclone track changes over the western North Pacific: A composite study. Mon. Wea. Rev., 141, 2597–2610, doi:10.1175/
MWR-D-12-00224.1.
Xu, Y., L. Zhang, and S. Gao, 2010: The advances and discussions
on China operational typhoon forecasting. Meteor. Monogr.,
36, 43–49.
Xue, J. J., J. Y. Li, L. S. Zhang, X. R. Wang, and Y. L. Xu, 2012:
Characteristics of typhoon disasters in China and risk prevention strategies. Meteor. Disaster Reduct. Res., 35, 59–64.
Zeng, Z. H., Y. Q. Wang, and C. C. Wu, 2007: Environmental dynamical control of tropical cyclone intensity—An observational
study. Mon. Wea. Rev., 135, 38–59, doi:10.1175/MWR3278.1.
Zsoter, E., 2006: Recent developments in extreme weather forecasting. ECMWF Newsletter, Vol. 107, ECMWF, Reading,
United Kingdom, 8–17.

Unauthenticated | Downloaded 01/09/23 03:18 AM UTC

