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Abstract The impacts of radar data assimilation (DA) on the westward track deflection of Typhoon Jangmi
(2008) near Taiwan Island and the deflection mechanism are investigated. Initial conditions from two data
assimilation experiments with significant track forecast differences are analyzed and compared. The
environmental, axisymmetric, wave number 1 to 3 asymmetric fields of the typhoon are decomposed by
using vortex separation and Fourier decomposition methods. The components are selectively recomposed
into new initial conditions that include different vortex-scale components to examine the impact of
individual components on the track prediction. The wave number 1 asymmetric structure is found to play a
dominant role in the westward deflection of Typhoon Jangmi, and the accurate analysis of this component
with radar DA helps to improve the track forecast. The wave number 1 asymmetric circulation is manifested
as a pair of cyclonic and anticyclonic gyres with well-defined ventilation flows through the inner-core region,
which provides additional steering of the typhoon vortex. The layer-mean environmental steering flow and
ventilation flow associated with the wave number 1 gyres are further calculated to quantitatively evaluate the
impact of ventilation flow. The ventilation flow is shown to be responsible for most of the westward motion
component, suggesting again its role in causing the westward track deflection of Typhoon Jangmi. The
results also suggest the importance of analyzing vortex-scale asymmetric structures for accurate tropical
cyclone track forecasting, especially when there is a significant track deflection.

1. Introduction

In recent years, Doppler weather radar observations of radial velocity (Vr) and/or radar reflectivity (Z) have
been assimilated, either directly [e.g., Xiao et al., 2007; Zhao and Jin, 2008; Xiao et al., 2009; Zhang et al.,
2009; Zhao and Xue, 2009; Li et al., 2012; Zhang et al., 2012; Zhao et al., 2012b; Dong and Xue, 2013] or indir-
ectly [Zhao et al., 2012a; Li et al., 2013, 2014; Wang et al., 2014], into high-resolution numerical models to
improve the initial conditions and subsequent forecasts of tropical cyclones (TCs) using various assimilation
methods. The results of these studies have shown that the direct assimilation of Vr, Z, or indirect assimilation
of retrieved winds (e.g., using ground-based velocity track display [Lee et al., 1999] or TC track radar echo by
correlations (T-TREC) [Wang et al., 2011] methods) have positive impacts on TC intensity, track, and
precipitation forecasting.

The impact of radar data assimilation (DA) on TC forecast is generally attributed to the improved initial
condition that captures the inner-core structures of TCs, which are otherwise not well observed. The assim-
ilation of Vr and/or radar-retrieved winds helps to build up inner-core TC circulations, especially the axisym-
metric structure, and thus directly improve TC intensity analysis and prediction [e.g., Zhao and Xue, 2009;
Zhao et al., 2012b; Dong and Xue, 2013]. In many of these studies, the assimilation of radar data also led to
improvement to the forecasting of TC track, and such improvement is usually attributed to the more accurate
representation of the intensity and structure in the initial condition, although most of the times the main
attention is paid to the axisymmetric component of the analyzed TCs [e.g., Zhao and Xue, 2009; Li et al.,
2012; Zhao et al., 2012a; Dong and Xue, 2013]. Exactly how the improved intensity and structure help improve
the track forecasting, especially in more complex cases where track has significant variations, has, however,
received little detailed analysis, at least not in the context of radar DA impact.

TC motion over the sea has been well studied. TC track is generally governed by three fundamental mechan-
isms; they are (1) advection of relative vorticity associated with the TC by environmental flow (the so-called
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steering flow); (2) advection processes
(e.g., beta drift) that involve the interac-
tions among the environmental flow,
the planetary vorticity gradient, and
the vortex circulation; and (3) the inter-
nal processes of the TC (such as the
latent heating release) [e.g., Chan and
Williams, 1987; Fiorino and Elsberry,
1989; Wu and Wang, 2000; Chan et al.,
2002]. When a TC approaches land,
TC motion and the physical processes
involved become more complex due to
the interaction between the TC and ter-
rain. Significant track deflection can
occur, especially when coastal topogra-
phy is high.

For relatively high topography such as
the Central Mountain Range (CMR) of
Taiwan, possible influences on TC track
changes have been investigated exten-
sively, including upstream deflection
[e.g., Yeh and Elsberry, 1993a; Wu,
2001; Witcraft et al., 2005], track discon-
tinuity [e.g., Yeh and Elsberry, 1993b; Lin

et al., 2005; Peng et al., 2012], and looping track prior to landfall [Jian and Wu, 2008; Yeh et al., 2011]. Due
to the modification of the background flow by the CMR, TCs approaching the northern (southern) part of
the CMR tend to deflect to the north (south). Lin et al. [2005] pointed out the value of the vortex
Froude number in determining if the TC track is continuous or discontinuous. Tang and Chan [2013]
demonstrated that a pair of gyres are induced by the terrain and their associated flows near the TC center
cause a northward deflection of the TC track prior to landfall. Jian and Wu [2008] and Huang et al. [2011]
believe that the channeling effect occurring between the eastern side of the CMR and the approaching
TC center plays an important role in the southward deflection and the subsequent looping track. Yeh
et al. [2011] found that the interaction between the TC vortex and a cyclonic vortex induced over the
southeastern part of Taiwan in a way similar to binary vortex interaction leads to the looping track of super
Typhoon Haitang.

Studies cited above are mainly focused on the kinematic structures of TCs. Most recently, the impact of
asymmetric latent heat distribution caused by precipitation asymmetry on TC track change has attracted
significant attention [e.g., Wu and Wang, 2000; Chan et al., 2002; C.-C Wang et al., 2012; Hsu et al., 2013;
Wang et al., 2013]. C.-C Wang et al. [2012] found that asymmetric latent heating associated with asymmetric
precipitation along the CMR in Typhoon Morakot (2009) led to its slow motion upon leaving Taiwan. Wang
et al. [2013] further showed that the asymmetric latent heating distribution caused the sudden and temporary
motion speed reduction of Typhoon Fanapi (2010).

Most of these previous studies on the TC motion associated with terrain effects were based on numerical
simulations. The initial conditions are either based on idealized typhoon vortices or from global model ana-
lyses, which usually do not contain realistic inner-core structure details. In other words, there is often limited
direct evidence to verify the theories. Radar DA is a very effective way to “construct” the “true” state of TCs,
especially for the inner-core structure, and thus potentially has the ability to reveal or verify the mechanisms
responsible for observed TC track changes.

Typhoon Jangmi (2008) experienced complex track changes during its landfall over Taiwan. Jangmi made
landfall on the east coast of Taiwan at 08:30 UTC on 28 September 2008. Before its landfall, Jangmi moved
to the north-northwest, then deflected westward toward Taiwan at 06:00 UTC (Figure 1). The track turned
northwestward after landfall, then north-northeastward after the center moved over Taiwan. Before and

Figure 1. The tracks from 00:00 UTC on 28 September to 06:00 UTC on 29
September 2008 from experiments WMEX and NMEX, along with the
average best track from 00:00 UTC on 28 September to 06:00 UTC on 29
September 2008. The dashed segments represent the track during
assimilation cycles from 00:00 UTC to 06:00 UTC 28, while the solid
segments indicate the track during forecast from 06:00 UTC on 28
September to 06:00 UTC on 29 September. The dots denote the center
locations every 3 h.
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during the landfall, Jangmi was observed by four operational S-band Doppler radars in Taiwan, from 00:00
UTC on 28 September to 00:00 UTC on 29 September.

For Typhoon Jangmi, Wang et al. [2014, 2016] assimiated Z and/or Vr data from up to four Doppler radars in
Taiwan, or winds derived from reflectivity data by using the T-TREC method (referred to as VTREC data) [Wang
et al., 2011] into a high-resolution numerical model using an ensemble Kalman filter (EnKF) near its landfall,
and studied the impacts of the radar data assimilation on Jangmi’s track, intensity, and precipitation forecast-
ing. Wang et al. [2016] (hereafter W16) specifically examined the impacts of assimilating Vr versus VTREC or
their combinations and found that the track forecasts from different initial conditions had significant differ-
ences. The assimilation of VTREC data in the first 30min cycle and Vr data in the remaining cycles over the 6 h
assimilation window gave the best track forecast, including capturing the leftward then rightward track
defection before and after landfall, respectively. The assimilation of VTREC data throughout the 6 h window
at 30min intervals, however, produced a rather poor track forecast. Wang et al. [2016], like almost all afore-
cited TC radar data assimilation studies, did not try to explain how the data assimilation affected the track
forecasting, and in particular, what aspects of the analyzed TC initial condition led to improvement in the
tracking forecasting, and how.

In this study, the initial conditions at 06:00 UTC on 28 September from the two experiments mentioned above
are analyzed to help answer the above questions. The environmental, axisymmetric, wave number 1 to 3
asymmetric fields from those two initial conditions are decomposed and compared, and a series of forecasts
from the recomposed initial conditions are performed to examine the impact of each of the components on
the track forecast. The dominant component and the corresponding mechanism are further investigated
based on the evolution of kinematic structures during the track deflection. The main goal of this paper is
to answer how radar DA affects the track forecasting of Typhoon Jangmi, and to reveal the dominant
mechanism governing the track deflection. It does not address any data assimilation issue, which is the topic
of our earlier studies.

The rest of this paper is organized as follows. Section 2 describes the data sets fromWang et al. [2016] and the
analysis methods used in this study. The impacts of different components of flow are examined in section 3.
Section 4 presents the evolution of wave number 1 asymmetry and the correspondingmechanism governing
the track deflection. Summary and discussions are presented in section 5.

2. Data, Methodology, and Experimental Design
2.1. Data Sets

Two radar data assimilation experiments, TFVR06 and TREC06, from W16 are chosen for our investigation,
and they are renamed WMEX and NMEX in this study, indicating westward versus northward forecast
tracks, respectively. In WMEX, the VTREC winds retrieved from radar located at Hualian (RCHL in Figure 1)
were assimilated in the first assimilation cycle at 00:00 UTC on 28 September by using the National
Centers for Environmental Prediction operational Global Forecast System analysis as the background,
and the Vr data from four Taiwan radars (triangles in Figure 1) were assimilated every 30min from
00:30 through 06:00 UTC. In NMEX, the VTREC data were assimilated from 00:00 UTC to 06:00 UTC every
30min. No other type of data was assimilated. The Advanced Regional Prediction System (ARPS) [Xue
et al., 2000] was used as the prediction model with a physical domain of 2400 × 2400 × 25 km3 and a
3 km horizontal grid spacing. The radar data were assimilated by using ARPS ensemble Kalman filter
(EnKF) system. More details on the radar data and DA configurations and the experiments can be found
in W16.

As discussed in W16, the VTREC data are obtained through tracking radar reflectivity by correlation [Wang
et al., 2011] based on the assumption of conserved reflectivity advection. Being based on reflectivity data,
which typically have a longer maximum measurement range than Vr data, VTREC can provide larger spatial
coverage, which is especially valuable when the TC is far away from ground-based radars. VTREC data have
lower resolutions (~10 km), however, than Vr data and can have significant error in the inner-core region
[Tuttle and Gall, 1999; Wang et al., 2011] or when reflectivity conservation is poorly satisfied. The latter can
occur when Jangmi interacts with Taiwan terrain, triggering new convection [Tuttle and Gall, 1999; Wang
et al., 2011, 2016]. In comparison, Vr data have higher spatial resolutions, and when available from multiple
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Dopple radars can provide detailed flow information. Due to the substantial differences between the Vr and
VTREC data, substantial differences were found in the forecast tracks of experiments WMEX and NMEX, as
mentioned earlier.

The track forecasts of WMEX and NMEX are plotted in Figure 1, along with the average best track from
three operational centers (W16). Jangmi moved to the north-northwest before landfall during 00:00
UTC–06:00 UTC, then deflected westward toward Taiwan at 06:00 UTC, and made landfall at about
08:30 UTC (Figure 1). The track turned northwestward after landfall, then turned north-northeastward after
the center moved over Taiwan. The initial westward deflection close to landfall then northward turn after
land is typical of many typhoons that passed over the Taiwan Island, and such turns were the subject
of investigation in some of the aforementioned papers studying the effects of Taiwan Island on typhoon
tracks.

Within the data assimilation window from 00:00 UTC to 06:00 UTC, both experiments capture well the north-
northwestward motion (Figure 1). The track in WMEX captures well all three turns found in the best track,
while the typhoon in NMEX turns north after a brief westward turn and barely makes landfall at the north cor-
ner of Taiwan. In another words, NMEX misses almost entirely the common-observed westward deflection,
which would have led Jangmi to make landfall along the north-central coast of Taiwan Island. The only differ-
ences between WMEX and NMEX are with the initial conditions, which were obtained by assimilating differ-
ent types of radar data. By comparing the initial conditions from WMEX and NMEX, we hope to be able to
identify key features in the initial conditions causing the westward track deflection, and thereby better under-
stand how the radar DA impacts typhoon track forecast in this case. Since WMEX predicts the track of Jangmi
very accurately, we assume that its analyzed circulation is rather accurate, as far as the structures that affect
its track over the next 24 h is concerned. By analyzing the flow structures associated with Jangmi during the
landfall period, we hope to shed some light on the dominant physical process responsible for the westward
deflection also.

2.2. Separation of Vortex and Environment

To examine the individual impact of the environmental steering flow and the vortex circulation on the track
forecast, the environmental and vortex-scale fields are separated by using the technique proposed by
Kurihara et al. [1993, 1995]. Details of the procedure can be found in Kurihara et al. [1995], except that the
TC center is determined by using 850 hPa fields to reduce the influence of terrain. The Simplex method is
employed to determine the TC center by maximizing the axisymmetric circulation [Nelder and Mead, 1965;
Lee and Marks, 2000; M. Wang et al., 2012]. The separation procedure is applied to the prognostic variables
on themodel levels of the ARPS, including the wind components (u, v, andw), potential temperature (θ), pres-
sure (p), and water vapor mixing ratio (qv). The track forecasting is not sensitive to the mixing ratios of hydro-
meteors in the initial condition (results not shown); thus, themixing ratios of hydrometeors are not separated.
This technique had been widely used in the TC bogusing procedure for TC initialization [Kurihara et al., 1993,
1995; Hsiao et al., 2010], where the removal of the vortex from the background forecast is needed; therefore,
the method is rather robust.

Figure 2 shows the total wind field, the separated environmental flow, and the vortex-scale circulation at
06:00 UTC on 28 September 2008 at model level 24 (~500 hPa) for WMEX and NMEX. It can be seen that
the vortex circulation is quite successfully isolated from the environmental flow, with the vortex radius being
about 650 km (Figures 2c and 2f). The environmental winds from NMEX and WMEX show similar patterns
(Figures 2b and 2e), and the environmental flow crossing the TC center is mostly southerly (Figures 2b and
2e), which will act to steer the vortex northward. The differences in the environmental flows between
NMEX and WMEX are generally less than 0.5m s�1 (Figure 2h), suggesting nearly identical environmental
flows in the two cases. The vortex circulation structures of NMEX and WMEX in the inner region
(radius< 300 km) show substantial differences, which more or less exhibit a wave number 1 pattern with
the maximum difference being over 15m s�1 (Figures 2c, 2f, and 2i). In comparison, the differences are much
smaller in the outer region, with the maximum difference being less than 4m s�1. The substantial differences
in the inner region are mainly induced by the radar DA configurations, given that radar data coverage is
mainly found in the inner region (see Figure 1). The similarity in environmental flows and difference in
inner-core structures suggest that the inner-core vortex structures may play an important role on the west-
ward deflection that occurs shortly after the initial condition time.
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2.3. Fourier Decomposition

To better understand the differences in the vortices from NMEX and WMEX, including the axisymmetric and
asymmetric structures and their impact on the track forecast [Marks et al., 1992; Tang and Chan, 2013], the
extracted vortex-scale fields are further decomposed by using Fourier decomposition into azimuthal wave
components, with our foci given to wave numbers (WNs) 0 through 3. Variables w, p, θ, and qv are directly
decomposed, while the tangential wind (VT) and radial wind (VR) components are first obtained by projecting
the Cartesian wind components u and v onto the tangential and radial directions of the TC. All variables are
interpolated into the cylindrical coordinates centered at the TC center, with an azimuthal resolution of 1° and
a radial grid spacing of 3 km. The Fourier decomposition is performed at each radius, according to

Xr kð Þ ¼
XN

n ¼ 1
xr nð Þ exp �i2π k � 1ð Þ n� 1ð Þ

N

� �
1≤k≤N; (1)

Figure 2. Separation of Typhoon Jangmi at 06:00 UTC 28 September 2008 at k = 24 (~500 hPa) for (a) total flow, (b) environment flow, and (c) typhoon vortex circula-
tion from NMEX. (d–f) Same as Figures 2a–2c except from WMEX. (g–i) The differences of total flow, environment flow, and vortex circulation between NMEX and
WMEX (NMEX-WMEX), respectively. The black dots indicate the observed typhoon center. The shading is the wind speed (m s�1).
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where k represents the WN and N=360 is the number of samples at each radius. The amplitude and phase of
different WNs can be obtained for each radius as

Ar kð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R Xr kð Þ½ � þ I Xr kð Þ½ �;

p
(2)

φr kð Þ ¼ atan R Xr kð Þ½ �; I Xr kð Þ½ �ð Þ; (3)

where R[·] and I[·] represent the real and imagery parts, respectively. According to the amplitude and phase,
the solution of each WN can be constructed as

X̂ r kð Þ ¼ Ar kð Þcos θ þ φr kð Þ½ �: (4)

After the decomposition in the cylindrical coordinate, fields associated with each WN component are inter-
polated back to the model grid, and VT and VR are transformed to u and v components. The axisymmetric
(WN-0), and WN-1 through WN-3 components are obtained by applying the decomposition procedure at
all model levels.

3. The Impact of Different Components on Typhoon Motion

A series of experiments is conducted by superimposing different components to form new initial conditions
from which forecasts are launched, so as to examine the impact of individual components, including those of
the environment, axisymmetric component, and WN-1 to WN-3 asymmetric components of the vortex
(Table 1). In these experiments, the prognostic variables in the initial conditions, including u, v, w, θ, p, and
qv, are composed of the corresponding environmental and wave number components. To examine the rela-
tive impact of environmental and vortex-scale fields on the track forecast, the environmental fields from
WMEX are exchanged with those from NMEX to form two new initial conditions, the corresponding forecast
experiments are called NEWV (using NMEX’s environment and WMEX’s vortex) and WENV (using WMEX’s
environment and NMEX’s vortex) (Table 1). The relative impacts of the axisymmetric structures are investi-
gated through experiments WMEXW0 and NMEXW0, in which the asymmetric vortex structures (wave
numbers above 0) are removed from the initial condition (retaining only the environment and WN-0)
(Table 1). The impacts of asymmetric components are examined by including the environmental component
and the vortex-scale structures with different number of waves in experiments WMEXW1, WMEXW2, and
WMEXW3. In these experiments, the vortex-scale structures are composed of WN-0 through WN-1, WN-2,
and WN-3, respectively. For instance, the initial condition of WMEXW3 included the environmental, WN-0,
WN-1, WN-2, and WN-3 components. After the initial conditions are generated, 24 h forecasts are launched
from 06:00 UTC on 28 September to 06:00 UTC on 29 September. The track forecasts are compared and
carefully examined to reveal the dominant components in the initial condition that govern the track deflec-
tion. Since the initial conditions are directly affected by the wind DA, we mainly focus on the comparison and
analyses of the flow structures from WMEX and NMEX.

3.1. The Impacts of Total Vortex Structure

The predicted tracks, track errors, minimum sea level pressure (MSLP), and maximum surface wind (MSW)
from experiments WMEX, NMEX, WENV, and NEWV are plotted in Figure 3 along with the average best track.
NEWV predicts well the westward motion of Jangmi and the two ensuing turns (Figure 3a) with the mean
track error being about 50 km (Figure 3b), which is quite close to the track of WMEX. In contrast, WENV, similar

Table 1. Descriptions of Experiments

Experiments Initial Condition

WMEX The final analysis of VTREC assimilation at 00:00 UTC and Vr assimilation from 00:30 UTC to 06:00 UTC
NMEX The final analysis of VTREC assimilation from 00:00 UTC to 06:00 UTC
WENV Composed for the environment from WMEX and the vortex from NMEX
NEWV Composed for the environment from NMEX and the vortex from WMEX
WMEXW0 As WMEX but only including wave number 0 vortex structures
NMEXW0 As NMEX but only including wave number 0 vortex structures
WMEXW1 As WMEX but only including wave number 0 + 1 vortex structure
WMEXW2 As WMEX but only including wave number 0 + 1 + 2 vortex structures
WMEXW3 As WMEX but only including wave number 0 + 1 + 2 + 3 vortex structures
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to NMEX, does not capture the westward motion and the correct landfall location, resulting in a significant
eastward track bias and a mean track error of 79 km. Meanwhile, the predicted MSLPs and MSWs from
NEWV (WENV) are similar to those from WMEX (NMEX) (Figures 3c and 3d). The similar track forecasts
between NEWV and WMEX (WENV and NMEX) suggest that the differences in the environment fields from
the two DA experiments have negligibly small effect on the westward track deflection, and in fact, the
environmental differences from WMEX and NMEX are small (which are not significantly affected by the radar
DA). The vortex-scale differences introduced by different radar DA in WMEX and NMEX lead to the track
forecast differences, indicating the importance of accurately analyzing the vortex-scale structures in the TC
initial conditions in this stage of forecast. Given the importance of the vortex-scale structures, we examine
next different wave components of the vortex-scale circulation.

3.2. The Impacts of Axisymmetric Structures

The axisymmetric tangential winds (ATWs) in the initial conditions from WMEX and NMEX are first calculated
and plotted in Figure 4. Axisymmetric radial winds are expected to have less effect on TC track and are there-
fore not shown. Both WMEX and NMEX have tight vortex circulations, with the radius of maximum wind at
about 35 km. The axisymmetric circulation of WMEX (Figure 4a) is stronger than that of NMEX (Figure 4b),
with the maximum ATW being over 50m s�1 and the 45m s�1 contour extending to 5.5 km height. The dif-
ferences between WMEX and NMEX are mainly found within a radius of 300 km, while they are almost iden-
tical outside the radius of 300 km. This is because radar DA mainly affects the region within 300 km from TC
center where most convection is found.

Figure 3. The predicted (a) tracks, (b) track errors, (c) minimum sea level pressures, and (d) maximum surface winds from
06:00 UTC on 28 September to 06:00 UTC on 29 September 2008, along with the average best track (ABT, see section 2). The
dots in Figure 3a denote the center locations every 3 h starting from 06:00 UTC on 28 September. The numbers in Figure 3b
denote the mean track errors over the forecast period against the ABT.
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Figure 5 shows the predicted tracks and track errors from experiments WMEXW0 and NMEXW0, which
include only the environmental and WN-0 components from the initial conditions of WMEX and NMEX,
respectively. With only the axisymmetric structures, the predicted tracks of WMEXW0 and NMEXW0 are simi-
lar to each other; the predicted typhoon directly moves northward without westward deflection (Figure 5a),
resulting in a mean track error of about 105 km (Figure 5b). This suggests that the axisymmetric structure is
not responsible for the westward track deflection. Asymmetric structures are therefore likely the key in caus-
ing the westward deflection of Jangmi. The impacts of asymmetric components are examined next.

3.3. The Impacts of Asymmetric Structures

Figure 6 shows the asymmetric WN-1 through WN-3 winds at ~500 hPa from WMEX and NMEX. Both WMEX
and NMEX show clear asymmetric structures, and the amplitudes of asymmetric structures decrease with
increasing WN (Figure 6). The WN-1 component dominates the asymmetry in both cases, and it accounts
for over 55% in terms of the asymmetry amplitude. Meanwhile, there are significant asymmetry differences
between WMEX and NMEX in terms of amplitude and phase. The WN-1 circulation from WMEX shows a pair

Figure 4. Azimuthally averaged tangential wind at 06:00 UTC 28 September 2008 from experiments (a) WMEX and (b) NMEX.

Figure 5. The predicted (a) tracks and (b) track errors from 06:00 UTC on 28 September to 06: 00 UTC on 29 September 2008, along with the average best track (ABT,
see section 2). The dots in Figure 5a denote the center locations every 3 h starting from 06:00 UTC on 28 September. The numbers in Figure 5b denote the mean track
errors over the forecast period against the ABT.
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Figure 6. The Fourier decomposition of (a) wave number-1 component, (b) wave number-2 component, and (c) wave number-3 component fromWMEX experiment
at k = 24 (~500 hPa) at 06:00 UTC on 28 September 2008. (d–f) Same as Figures 6a–6c except from NMEX. The dashed circles indicate the range rings of 200 km,
400 km, and 600 km from the typhoon center. The number in each panel is the percentage of each wave number component in total asymmetry.
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of cyclonic and anticyclonic gyres, the cyclonic gyre to the southwest of Taiwan, and the anticyclonic gyre to
the northeast of TC center (Figure 6a). Compared to WMEX, the cyclonic and anticyclonic gyres are located to
the southeast and northwest of TC center (Figure 6d), indicating an almost 90° phase difference between
WMEX and NMEX. The maximum wind speed of the WN-1 asymmetry is over 7m s�1, at the radius of
~200 km from TC center (Figure 6a). Compared to WMEX, the WN-1 asymmetry of NMEX is weaker, with
the maximum wind speed of about 5m s�1 found at the same radius (Figure 6d). Consistent with the
WN-1 circulations, the maximum speed of NMEX is also 90° cyclonically shifted from the WN-1 structure of
WMEX. TheWN-2 andWN-3 asymmetries fromNMEX are generally weaker than those of WMEX and also have
relative phase shifts. The differences in the WN-1 to WN-3 asymmetries lead to the different track forecasts, as
will be seen next.

Figure 7 shows the predicted tracks and track errors from WMEXW1, WMEXW2, and WMEXW3, which include
WN-0 through WN-1, WN-2, and WN-3, respectively, from WMEX, in addition to the environmental compo-
nent. By including WN-1 in the initial condition but without WN-2 and above, WMEXW1 is able to produce
a similar track forecast as WMEX (Figure 7a), with a mean track error of 46 km that is close to that of WMEX
(Figure 7b). Compared to WMEXW0 containing only WN-0, the track forecast of WMEXW1 is significantly
improved, and the mean track error is reduced from 104 km to 46 km (Figure 7b). Further adding WN-2
and WN-3, the track forecasts of WMEXW2 and WMEXW3 do not change much from that of WMEXW1,
suggesting that WN-2 and WN-3 structures have very limited impact on the track forecasts here. The impacts
of WN-1 throughWN-3 components of NMEX are also tested; similar results are obtained (not shown). Clearly,
the WN-1 asymmetry plays a dominant role in causing the westward track deflection, which affects the
follow-on track forecast also. Apparently, the assimilation of Vr data from multiple radars in the later cycles
in WMEX yields more accurate analysis of the asymmetric structure of Jangmi than the assimilation of
VTREC throughout the cycles in NMEX, and the asymmetric inner-core structures are found to be critical for
accurate track forecasting of Jangmi near its landfall.

4. Evolution of WN-1 Circulation and the Ventilation Effect

The WN-1 asymmetric circulation is examined further in this section to understand how it affects the track
forecasting. A careful examination of Figures 6a and 6d for the WN-1 structures reveals that there exists a
clear, rather strong ventilation flow through the TC center between the cyclonic and anticyclonic gyres in
both WMEX and NMEX cases at 06:00 UTC. The ventilation flow in WMEX is easterly (Figure 6a), which
acts to translate the vortex westward and hence causes the westward deflection. In comparison, the ventila-
tion flow in NMEX is mostly northerly (Figure 6d), which partially counteracts the impact of southerly envir-
onmental flow (see Figure 2b), and leads to a slower westward motion of the typhoon in NMEX (Figure 1).

Figure 7. The predicted (a) tracks and (b) track errors from 06:00 UTC on 28 September to 06:00 UTC on 29 September 2008, along with the average best track (ABT,
see section 2). The dots in Figure 7a denote the center locations every 3 h starting from 06:00 UTC on 28 September. The numbers in Figure 7b denote the mean track
errors over the forecast period against the ABT.
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Because WMEX predicts well Jangmi’s track deflection, the evolution of its WN-1 structure is investigated in
some details next, and the contribution of the associated ventilation flow to the westward track deflection is
also evaluated.

4.1. Wavenumber-1 Structure Associated With the Typhoon Motion

Figure 8 shows theWN-1 circulation at the 3 km height from 06:00 UTC to 09:00 UTC on 28 September 2008 in
1 h intervals for WMEX. At 06:00 UTC (the initial time), the cyclonic and anticyclonic gyres are located east-
northeast and west-southwest and about 300 km away from the TC center, respectively (Figure 8a). The
corresponding WN-1 winds associated with the gyres have speeds of over 8m s�1. The ventilation flows
through the TC inner-core region are mostly from the southeaster (except right at the TC center where wind
direction from the Fourier decomposition has uncertainties), which translate the TC toward northwest
(Figure 8a). One hour later, the gyres have been rotated around the TC center cyclonically somewhat
(Figure 8b), and the cyclonic (anticyclonic) one is located more toward the east (west), and have gained some
intensity and decreased in size than at 06:00 UTC. Accompanying the rotation of the gyres, the ventilation
flows have become more easterly, therefore strengthening the westward flow and hence causing more
westward deflection. By 08:00 UTC, half an hour before landfall, the gyres are located north-northeast and
south-southwest of the TC center (Figure 8c), with the ventilation flow pointed southwest, which acts to steer
the TC southwestward. After landfall (09:00 UTC), the gyres become weaker and closer to the TC center and

Figure 8. The evolution of wave number-1 circulation at 3 km height from 06:00 UTC to 09:00 UTC on 28 September 2008 in 1 hour interval for WMEX experiment.
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are located at north-northwest and
south-southeast of the TC center
(Figure 8d). The broader ventilation
flows still point toward southwest, but
those near the TC center are mostly
northerly. Overall, the WN-1 gyres rotate
cyclonically and concentrate toward the
TC center, apparently advected by the
convergent vortex-scale circulations.
Such signature is evident within the
lower and middle levels, although only
the circulation at 3 km is shown here to
represent the evolution of the WN-1
structure and the ventilation flow.
Layer-mean ventilation flows will be dis-
cussed in next section. The evolution of
the asymmetric circulation of Jangmi in
this study is actually similar to that in

Tang and Chan [2013], which studied the effects of cyclonic and anticyclone gyres in idealized simulations
of typhoons. The gyres in their studies are generated through the interaction between the typhoon and
the CMR of Taiwan [Tang and Chan, 2013, 2015b]. The induced gyres are advected by the symmetric flow
of the TC and rotate cyclonically around the TC center according to their studies. Our results, in which the
gyres are successfully analyzed by assimilating coastal radar data for a real case, support their findings,
although we do not attempt to model the processing of typhoon-terrain interaction given the timing of
our vortex initialization.

4.2. Ventilation Effects of Wavenumber-1 Circulation

To lend further support to our belief about the connection between WN-1 circulation and the track deflec-
tion, forecast track evolution in WMEX from 06:00 through 09:00 UTC at 30min intervals is plotted in
Figure 9 as blue line. Because there is no best track data every 30min, radar Vr data assimilation is continued
from 06:00 UTC through 09:00 UTC every 30min with the same configurations as in WMEX to produce radar-
based analyses of the best TC locations, and they are plotted in Figure 9 in red line for verification. The TC
centers are determined from the analyzed wind fields by using the “Simplex”method by maximizing the axi-
symmetric circulation. Because the terrain-induced gyres mainly influence the lower and middle levels [Tang
and Chan, 2013, 2015a, 2015b], the TC centers between 2 km and 6 km every 0.5 km are averaged to repre-
sent the track changes induced by the WN-1 gyres. Different from the relatively straight westward tracks
as revealed by the track data at 3 h intervals seen earlier, the TC of WMEX actually moves northward during
the first hour, then turns westward, and finally moves southwestward (Figure 9), creating a semicircle-like
path. The TC in the analysis shows a similar track except for more northward andwestwardmotion, indicating
that the track change is well predicted by WMEX during the period of 06:00 to 09:00 UTC. The cyclonic
curvature during this period is consistent with the cyclonically rotating WN-1 gyre pair, and the change in
the direction of associated ventilation flow, further confirming the role of the WN-1 asymmetry in governing
the westward deflection.

To bemore quantitative, the low-to-mid-level mean environmental steering flow (SF) and the ventilation flow
(VF) associated with theWN-1 circulation from 06:00 to 09:00 UTC at 1 h intervals are estimated and plotted in
Figure 10, along with the motion vector (MV) of Jangmi. The steering flow is calculated by averaging the
environmental flow every 0.5 km within the 2 to 6 km layer using a horizontal domain of 1200 km×1200 km
centered on the typhoon after the vortex separation. The ventilation flow is defined as an area-average WN-1
circulation in the same vertical layer using a horizontal domain of 300 km×300 km centered on the typhoon.
During the 3 h period, the steering flow does not changemuch and is southerly with a speed of about 5m s�1

(Figure 10). Consistent with the rotation of the WN-1 gyres, the mean ventilation flow rotates cyclonically
during the 3 h forecast. At 06:00 UTC, the vector sum of SF and VF represents well the actual MV, with small
speed and direction differences (Figure 10a). At 07:00 UTC, the VF turns more to the west and its westward
component is almost the same as the MV (Figure 10b). However, the vector sum of SF and VF is pointed

Figure 9. Averaged TC center between 2 to 6 km above ground for radar
data assimilation (red line) and forecasts (blue line) from 06:00 UTC to
09:00 UTC in 30min intervals.
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Figure 10. (a–d) The averaged motion vector (MV), steering flow (SF), and ventilation flow (VF) within 2 km to 6 km every 0.5 km from 06:00 UTC to 09:00 UTC in
1 hour interval, along with (e) the mean of the whole 3 h.
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northwestward, suggesting that additional factors such as differential latent heating [C.-C Wang et al., 2012;
Hsu et al., 2013; Wang et al., 2013] might have provided additional southward steering of the TC. The west-
ward component of VF is about 2m s�1 weaker than the westward component of MV at 08:00 UTC
(Figure 10c), while it is stronger at 09:00 UTC (Figure 10d). While the vector sum of SF and VF does not exactly
match the actual MV of the typhoon, the tendency of the important contribution of VF is consistent with the
cyclonic rotation of the MV vector during the above period. Without the correct representation of the WN-1
gyres, the track misses most of the westward turn and is apparently steered northward by the environmental
flow, missing the land fall on the east coast of Taiwan.

The SF and VF during the 3 h period are further averaged and compared to the MV (Figure 10e). The vector
sum of mean SF and VF is northwestward with about the same speed of 7m s�1 as MV, while the direction
difference is about 25°. The average ventilation flow is generally westward with a wind speed of about
6m s�1, which is ~1m s�1 weaker than the westward component of MV. This suggests that the ventilation
flow represents well the westward motion of Jangmi. Although there are still differences between the com-
bination of SF and VF and the MV (especially in the south-north component), the role of VF in the westward
deflection of Jangmi is clear. Overall, the WN-1 asymmetry, mostly likely induced by the Taiwan terrain, dom-
inates the westward deflection of Typhoon Jangmi, and the ventilation flow associated with the WN-1 circu-
lation provides most of the westward motion. Some remaining discrepancy can be due to asymmetric latent
heating effects and the over-simplification of the mean flow vectors for steering the TC.

5. Summary and Discussion

Typhoon Jangmi (2008) experienced complex track changes before and after its landfall over the Taiwan
Island. Before its landfall, Jangmi deflected from a north-northwest track to a westward track toward
Taiwan at around 06:00 UTC 28 September 2008 and made landfall on the east coast of Taiwan at 08:30
UTC. Earlier, the observed radar reflectivity Z, radial velocity Vr, and the T-TREC (TC circulation tracking radar
echo by correlation [Wang et al., 2011]) retrieval winds (VTREC) were assimilated into a high-resolution numer-
ical model by using an ensemble Kalman filter (EnKF) to improve the initial condition and forecasting of
Jangmi [Wang et al., 2014, 2016]. Wang et al. [2016] (W16) examined the relative impacts of different assim-
ilation configurations and found that the track forecasts from different initial conditions had significant differ-
ences. In this study, the impact of radar data assimilation on the track forecasting and the mechanism
governing the track deflection of Jangmi are revealed by comparing the analyzed TC structures and the envir-
onmental flows in the initial conditions.

Based on W16, initial conditions from two data assimilation experiments, called TFVR06 and TREC06 in W16
(named WMEX and NMEX in this study), with significant track forecast differences are selected to perform
detailed analyses. In WMEX, the westward deflection before landfall, northwestward, and then northward
turns after landfall are all correctly predicted, while in NMEX, the westward deflection is mostly missed,
caused the typhoon to miss most of the landfall.

The environmental, axisymmetric, asymmetric wave number-1 (WN-1) throughWN-3 components in the final
analyses or initial conditions of two experiments are decomposed by using a vortex separation technique and
the Fourier decomposition method to isolate the impact of individual components on the prediction of the
westward track deflection that is often observed of landfalling typhoon over Taiwan. Their impacts are inves-
tigated by conducting a series of 24 h forecast experiments, in which different components, including the
environmental component, the axisymmetric component, and the WN-1 to WN-3 asymmetric components
of vortex, are included in the initial conditions. Switching theenvironmentalflow in the twoexperimentsmakes
little difference. Including WN-1 only (excluding WN-1 and above) misses the westward deflection in both
experiments. The inclusion of WN-1 makes key differences; the inclusion of the environmental flow and
WN-0 andWN-1 fromWMEX produced very similar track forecast as that of the original WMEX, while the inclu-
sion of additional wave numbers produces little difference. The results suggest that it is critically important to
accurately analyze the WN-1 component of TC circulation, via radar data assimilation. In this case, the assim-
ilation of radial velocity produces more accurate analysis than assimilating T-TREC data in the later cycles.

The WN-1 circulation contains a prominent cyclonic-anticyclonic gyre pair. The gyres are believed to have
been generated through the interaction between the TC vortex circulation and the Central Mountain
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Range of Taiwan. These gyres are advected by the TC vortex circulation and rotate cyclonically around the TC
center. The cyclonic curvature of the TC vortex track, both observed and model-predicted, during 06:00 UTC
and 09:00 UTC is consistent with the cyclonic rotation of the WN-1 gyres, further confirming the role of the
WN-1 asymmetry in causing the westward track deflection. Quantitative comparisons between the TCmotion
vector and the vector sum of the mean steering vector and mean ventilation vector also support the role of
the WN-1 gyres and associated ventilation flow in the westward deflection process of Jangmi.

Tang and Chan [2013] found that a pair of terrain-induced gyres rotates cyclonically and the gyre-associated
ventilation flow causes a northward deflection prior to landfall (~12 h before landfall) in their idealized simu-
lations. However, significant westward advection is present right before the TC landfall (~3 h before landfall;
their Figure 3), which is consistent with the gyre-induced ventilation flow found in this study within 3 h of the
landfall. This study focuses on the kinematic asymmetric structures. However, the thermodynamic structures in
a TC vortex can also have substantial impact on the track forecast. Wang et al. [2013] showed a southward
component of TC motion caused by asymmetric diabatic heating before TC landfall over Taiwan, which may
explain the missing southward motion component seen in our study when based on the steering flow and
gyre-associated ventilationflowalone. Therefore, the ventilation flowassociatedwith thewavenumber-1 gyre
pair explains to a large extent the westward deflection of Jangmi’s track toward the Taiwan Island, causing its
landfall on the eastern coast. This study represents one of few studies, if any, that investigates and reveals how
radar data assimilation and the improvement to the inner-core structures of a typhoon improves the subse-
quent track forecasting. Studieswithmore cases should be conducted to establish the generality of the results.
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