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ABSTRACT

The adjoint-derived sensitivity steering vector (ADSSV) has been proposed and applied as a guidance for tar-

geted observation in the field programs for improving tropical cyclone predictability, such as The Observing System

Research and Predictability Experiment (THORPEX) Pacific Asian Regional Campaign (T-PARC). The ADSSV

identifies sensitive areas at the observing time to the steering flow at the verifying time through adjoint calculation.

In addition, the ability of the ADSSV to represent signals of influence from synoptic systems such as the midlatitude

trough and the subtropical high prior to the recurvature of Typhoon Shanshan (2006) has also been demonstrated.

In this study, the impact of initial perturbations associated with the high or low ADSSV sensitivity on model

simulations is investigated by systematically perturbing initial vorticity fields in the case of Shanshan. Results show

that experiments with the perturbed initial conditions located in the high ADSSV area (i.e., the midlatitude trough

and the subtropical high) lead to more track deflection relative to the unperturbed control run than experiments

with perturbations in the low sensitivity area. The evolutions of the deep-layer-mean steering flow and the direction

of the ADSSV are compared to provide conceptual interpretation and validation on the physical meaning of the

ADSSV. Concerning the results associated with the perturbed regions in high sensitivity regions, the variation of the

steering flow within the verifying area due to the initial perturbations is generally consistent with that of the

direction of the ADSSV. In addition, the bifurcation between the ADSSV and the steering change becomes larger

with the increased integration time. However, the result for the perturbed region in the low-sensitivity region

indicates that the steering change does not have good agreement with the ADSSV. The large initial perturbations to

the low-sensitivity region may interact with the trough to the north due to the nonlinearity, which may not be

accounted for in the ADSSV. Furthermore, the effect of perturbations specifically within the sensitive vertical

layers is investigated to validate the vertical structure of the ADSSV. The structure of kinetic energy shows that the

perturbation associated with the trough (subtropical high) specifically in the mid-to-upper (mid-to-lower) tropo-

sphere evolves similarly to that in the deep-layer troposphere, leading to comparable track changes. A sen-

sitivity test in which perturbations are locally introduced in a higher-sensitivity area is conducted to examine the

different impact as compared to that perturbed with the broader synoptic feature.

1. Introduction

Additional observations made in most sensitive re-

gions are expected to reduce uncertainties in the initial

condition and thus decrease errors in numerical fore-

casts. This concept is referred to as the targeted (adap-

tive) observation, which has been one of the most active

research and forecasting issues for improving tropical

cyclone (TC) predictions (Langland 2005; Wu 2006). In

practice, many targeted observation methods have been

commonly applied to design optimal flight routes in op-

erational aircraft surveillance missions conducted by

the National Oceanic and Atmospheric Administration
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(NOAA) in the Atlantic basin since 1997 (Aberson and

Franklin 1999; Aberson 2002, 2003) and by the Drop-

windsonde Observations for Typhoon Surveillance near

the Taiwan Region (DOTSTAR) project (Wu et al. 2005)

for western North Pacific typhoons since 2003. In the

summer of 2008, the issue of targeted observation has

also been extensively explored in the field campaign, The

Observing System Research and Predictability Experi-

ment (THORPEX) Pacific Asian Regional Campaign

(T-PARC; Elsberry and Harr 2008). In addition, the

value and impact of targeted observations on improving

TC track forecasts or reducing forecast errors have been

evaluated and addressed in many studies (e.g., Aberson

2003; Wu et al. 2007b; Yamaguchi et al. 2009; Harnisch

and Weissmann 2010; Weissmann et al. 2011), while as-

similating observational data into the numerical models

is likely to lead to forecast degradation in some cases

(Aberson 2008).

Targeted observation techniques that have been de-

veloped recently roughly fall into two types. One is based

on ensemble forecasts, including ensemble deep-layer-

mean (DLM) wind variance (Aberson 2003), ensemble

transform Kalman filter (ETKF; Bishop et al. 2001;

Majumdar et al. 2002), and ensemble sensitivity using

the linear–regression relationship (Ancell and Hakim

2007). The other is based on the adjoint technique, in-

cluding singular vectors (SVs; Buizza and Montani 1999;

Peng and Reynolds 2006; Chen et al. 2009; Kim and Jung

2009a,b; Yamaguchi et al. 2009), and the adjoint-derived

sensitivity steering vector (ADSSV; Wu et al. 2007a,

2009a). Several distinct targeted observation guidance

products have been compared by using TCs in the At-

lantic Ocean (Majumdar et al. 2006; Reynolds et al. 2007)

and in the western North Pacific (Wu et al. 2009b) to not

only highlight the unique dynamical features affecting TC

motion, but also provide reliable information for facili-

tating targeted observations.

By appropriately defining the response functions to

represent the typhoon steering flow at the verifying time

(see section 2a), the ADSSV is calculated by the adjoint

modeling system (Errico 1997; Zou et al. 1997) of the

fifth-generation Pennsylvania State University–National

Center for Atmospheric Research (PSU–NCAR) Meso-

scale Model (MM5). It identifies sensitive areas at the

observing time that would affect the typhoon steering flow

at the verifying time. The ADSSV method would not only

be applied as one of the targeted guidance products for

typhoon surveillance missions, but would also provide

dynamical interpretation of the distinct weather systems

affecting TC motion. In addition to showing the validity

of ADSSV for Typhoons Meari and Mindulle (2004), Wu

et al. (2007a) identified signals of the binary interaction

between Typhoons Fengshen and Fungwong (2002) using

the ADSSV method. Furthermore, Wu et al. (2009a)

demonstrated that the ADSSV captures signals indicating

the influences of the large-scale midlatitude trough and the

subtropical high prior to the recurvature of Typhoon

Shanshan (2006), and such influences are verified by con-

ducting potential vorticity (PV) analysis.

Hoover (2009) and Hoover and Morgan (2010) sug-

gested that the displacement of a TC at the final time can

have some nonnegligible influence on zonal and me-

ridional steerings, which are possibly not related to the

instantaneous steering effect. To address this issue,

clarifications have been made in Wu et al. (2009c). It

was shown that no perturbation is introduced for the

ADSSV calculation in either the forward or the back-

ward integrations. In other words, the TC at the final

time is exactly located at the center of the verifying

area. Preliminary results based on perturbing the initial

condition associated with the midlatitude trough were

shown to provide interpretation of the ADSSV sensi-

tivity in Wu et al. (2009c). The effect of the perturbed

field on the change in the steering flow was demon-

strated. In this paper, physical interpretation and val-

idity of the ADSSV are explored in detail based on the

same case study of Typhoon Shanshan (2006).

In addition, the fixed verifying area may also be an

issue of concern. At least three fixed verifying regions

have been used to calculate the adaptive observation

guidance for the T-PARC field experiment. However,

those were only applied to targeted observation guid-

ance such as the SVs or ETKF. For the ADSSV, the

verifying area centered at the final-time TC is still used

to calculate its sensitivity. The 208 3 208 (for SVs and

ETKF) and 600 km 3 600 km (for ADSSV) verifying

regions centered at the final-time TC had been used to

conduct comparison studies such as Wu et al. (2009b).

Thus, for the calculation of the ADSSV, the TC at the

final time is always at the center of the verifying area.

Validating and investigating the applicability of the

sensitive areas predicted by targeted observation tech-

niques is an interesting topic in the field of targeted

observation and data assimilation. The properties and

characteristics of sensitive area prediction had been

extensively examined and addressed both from the

perspective of SVs by Buizza and Montani (1999), Peng

and Reynolds (2006), as well as Chen et al. (2009) and

through the ETKF method by Petersen et al. (2007) and

Majumdar et al. (2011). Although the validity of the

linear operator assumption in the adjoint model used to

calculate the ADSSV has been examined in Wu et al.

(2007a, 2009a), the ADSSV sensitivity signal remains to

be validated and interpreted by perturbing the initial

flow fields. Following the results from Wu et al. (2009a,c),

the goal of this paper is to examine how perturbations in
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regions with high or low ADSSV sensitivity in the initial

condition would impact track simulation and the steer-

ing flow of Shanshan. The methodology of the ADSSV

and procedure of systematically perturbing the initial

field are briefly introduced in section 2. The results of the

track simulation and the impacts on the mean back-

ground steering flow in different experiments as well as

their interpretations are presented in section 3 whereas

section 4 summarizes the study.

2. Methodology and experimental design

a. ADSSV

Since detailed ADSSV methodology has been de-

scribed in Wu et al. (2007a, 2009a), provided here is

a brief description of some details following these two

papers. The verifying area in which the response func-

tions are defined is an area (square of 600 km 3 600 km

typically) centered at the TC location at the verifying

time simulated by the MM5 nonlinear model (i.e., the

forward model). Note that this TC location is derived

from the exact forward model simulation with no am-

biguity. The two response functions are R1, the deep-

layer area-average wind (Wu et al. 2003) of the zonal

component u between 0.875 and 0.225 sigma levels (roughly

between 850 and 250 hPa) and R2, the deep-layer average

of the meridional component y of the wind vector. After

the axisymmetric components of the strong cyclonic flow

around the TC center are averaged out, the vector of (R1,

R2) represents the mean background steering flow across

the TC center at the verifying time. This idea basically

follows the well-known steering concept (Chan and Gray

1982; Wu and Emanuel 1993).

As indicated in Wu et al. (2007a), ›R/›§ (§ stands for

the vorticity field) is adopted as an essential metric to

represent the ADSSV with clear physical meanings.

Thus, the ADSSV associated with the vorticity field is

ADSSV [
›R

1

›§
,

›R
2

›§

� �
, (1)

where the magnitude of ADSSV represents the degree

of sensitivity. Meanwhile, the direction of the ADSSV

indicates the direction toward which the steering flow

would move at the verifying time with respect to a vor-

ticity perturbation placed at that point at the observing

time. In other words, the ADSSV calculated from the

MM5 adjoint modeling system shows the sensitivity of

the average background steering flow at the verifying

time to the flow (vorticity) fields at the observing time.

Note that for the ADSSV results in Wu et al. (2009a) the

observing time was equivalent to the model initial time

(i.e., no forecast lead time is applied). Again, the issue

of the TC location shift due to the perturbed initial

condition is completely unrelated to the definition of re-

sponse functions in the ADSSV since no other procedure

would be conducted for the small change in the final-time

TC location in the adjoint calculation.

b. Procedure of systematically perturbing the
initial field

This paper focuses on how perturbations in the initial

condition associated with the ADSSV sensitivity signals

influence the simulated track and background steering

flow. Identifying the appropriate way to perturb the

model initial state remains an area of active research

(Reynolds et al. 2008). Based on the perspective of

ADSSV methodology, the procedure of systematically

perturbing the initial field to maintain dynamical bal-

ance in the model initial condition (Wu et al. 2009d) is

employed and briefly described in this subsection.

First, the relative vorticity at each individual level at

the model initial time is increased (decreased) by a cer-

tain quantity (e.g., half of the original value in this pa-

per) inside a certain perturbed domain. After the initial

relative vorticity has been perturbed, the corresponding

streamfunction is obtained with the modified relative

vorticity by solving the equation =2c 5 §. Then, both

zonal and meridional winds can also be acquired from

the nondivergent flow component. Meanwhile, the new

geopotential is obtained from the nonlinear balance

equation and the temperature from the hydrostatic

equation. Since the modified flow and mass fields are

derived from the streamfunction related to the per-

turbed vorticity, they are the dynamically balanced state

variables in the model initial condition for the perturbed

experiments. Since the ADSSV represents the gradient

of response functions (i.e., background steering flow) to

the initial vorticity perturbation, this procedure is more

directly connected to the ADSSV with respect to the

vorticity field than other measures taken to perturb the

initial field, such as SVs (Molteni et al. 1996) and en-

semble transform (ET; Bishop and Toth 1999; McLay

et al. 2007) techniques.

c. Experimental design

Following previous studies, this paper also examines

the case of Typhoon Shanshan, initialized at 0000 UTC

15 September 2006. Two distinct ADSSV features associ-

ated with the midlatitude trough and the subtropical high

(Fig. 1) that affect the recurving motion of Shanshan are

identified. Based on the procedure to perturb the initial

field as mentioned in section 2b, several experiments

with perturbed and unperturbed [i.e., the control run

(CTRL)] initial conditions are designed to examine how
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perturbations associated with high or low ADSSV sig-

nals would influence the model simulations and to

physically interpret the significance of ADSSV sensi-

tivity. Experiments with the perturbed initial conditions

in the high sensitivity regions in which the normalized

24-, 36-, or 48-h ADSSV is larger than 0.25 associated

with the midlatitude trough are denoted as DTR1 (2),

while experiments associated with the subtropical high

(see Fig. 1 regarding the initial vorticity perturbation

region) are denoted as DSH1 (2). Note that the fields

inside a domain with the 500-km radius centered at the

TC are not perturbed in order for the TC structure and

intensity to remain unchanged. Experiments with the

low sensitivity smaller than 0.25 are also conducted and

represented as DNS1 (2). For these experiments, the

perturbed depth was chosen between 925 and 300 hPa

(Table 1). The symbol ‘‘1 (2)’’ in the experiment title

represents that the vorticity field within the perturbed

domain is increased (decreased) by 50% of its origi-

nal absolute value. In addition, major sensitive signals

associated with the midlatitude trough occur in the mid-to-

upper troposphere while the maximum ADSSV associ-

ated with subtropical high is located in the mid-to-lower

troposphere, as shown in Fig. 5 in Wu et al. (2009a).

Thus, experiments with perturbed depth between 600

and 300 hPa for the midlatitude trough and between

850 and 450 hPa for the subtropical high were conducted

and denoted as STR1 (2) and SSH1 (2), respectively,

to investigate the effect of perturbations specifically in

the sensitive layer.

Moreover, in the field campaign such as T-PARC, an

optimization time of 48 h is often utilized to calculate

the targeted observation guidance for TCs. In addition,

higher ADSSV sensitivity verified at 24 and/or 36 h

mostly occurs closer to the storm than that verified at

48 h (see longer green and red vectors in Fig. 1).

Therefore, a sensitivity test in which the threshold used

to determine the perturbed area is designed as 0.6 based

on the ADSSV verified at 48 h (black vectors in Fig. 1) is

conducted to examine the effect of perturbations spe-

cifically located at the region of higher sensitivity values.

As indicated by black vectors in Fig. 1, the region with

the ADSSV sensitivity larger than 0.6 is mainly associ-

ated with the southwestern edge of the subtropical high,

while it is quite limited at the trough region. Thus, the

sensitivity test perturbed only for the area associated

with the subtropical high is demonstrated and denoted

as DSH1 (2)_0.6. Experiments conducted in this paper

are summarized in Table 1.

The MM5 forward model is utilized for the 48-h TC

simulation initialized at 0000 UTC 15 September 2006.

TABLE 1. Summary of the experiments simulated for a 48-h period initialized at 0000 UTC 15 Sep 2006. The symbol ‘‘1 (2)’’ in the

experiment title indicates that the vorticity is increased (decreased) by 50% of its original absolute value.

Expt Perturbed region Perturbed depth

CTRL Control run (no perturbation added in the initial condition)

DTR1 (2) Purple contour in Fig. 1 (associated with the midlatitude trough) 925–300 hPa

DSH1 (2) Blue contour in Fig. 1 (associated with the subtropical high) 925–300 hPa

DSH1 (2)_0.6 Normalized ADSSV sensitivity at 48 h larger than 0.6 in Fig. 1

(associated with the subtropical high)

925–300 hPa

DNS1 (2) Gray contour in Fig. 1 (associated with the low sensitivity area) 925–300 hPa

STR1 (2) Same as DTR1 (2) 600–300 hPa

SSH1 (2) Same as DSH1 (2) 850–450 hPa

FIG. 1. ADSSV with respect to the vorticity field at 500 hPa at 24

(green), 36 (red), and 48 h (black) as verifying times, superposed

with the geopotential height at 500 hPa at 0000 UTC 15 Sep 2006.

The magnitude of ADSSV is normalized by the maximum value in

the domain (values smaller than 0.25 are omitted). The three

square boxes represent the verifying areas at corresponding veri-

fying times. The best track and 48-h simulated track in CTRL are

indicated by the black typhoon symbols and the blue circles for

every 12 h, respectively. The perturbation regions associated with

the midlatitude trough [DTR1 (2), STR1 (2)], the subtropical

high [DSH1 (2), SSH1 (2)], and the low ADSSV sensitivity re-

gion [DNS1 (2)] are labeled by the purple, blue, and gray con-

tours, respectively.
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The model configuration was set to correspond to the

nonlinear model and the adjoint model in which the

ADSSV was calculated for the purpose of performing

consistent validation experiments. The domain has

a resolution of 60 km, 85 3 115 (latitude by longitude)

horizontal grid points, with 20 even-interval sigma levels

in the vertical. The initial and boundary conditions are

acquired from the National Centers for Environmental

Prediction (NCEP) Global Forecast System (GFS) anal-

ysis, which has a horizontal resolution of 18 3 18.

3. Results

a. ADSSV sensitivity and initial perturbation fields

Since the sensitivity of Shanshan’s motion to the

synoptic systems from the ADSSV perspective has been

investigated, ADSSV sensitivity of the case conducted

in this paper is briefly reviewed here. The ADSSV

[throughout the paper, only the ADSSV with respect to

vorticity field is shown, as in Eq. (1)] at 24 h (in green),

36 h (in red), and 48 h (in black) as the verifying times is

shown in Fig. 1, superposed with the geopotential height

at 500 hPa at the initial time. Those ADSSV signals

represent the sensitive regions that would affect steering

flows at 24, 36, and 48 h. Note that the ADSSV signals at

different verifying times correspond well to one another

and are collocated along with the midlatitude trough

over north-central China and the subtropical high to the

east of Shanshan. It is indicated that these two synoptic

systems would likely have high impact on the steering

flows beyond 24 h and thus lead to changes in track

forecasts. As mentioned in section 2c, several experi-

ments with perturbed initial conditions are conducted to

evaluate the impact of those perturbations in regions

with high or low ADSSV signals on model simulations.

Figure 2a shows the vorticity field and the geo-

potential height at 500 hPa in the control experiment

(CTRL) at the initial time. The newly balanced geo-

potential height and wind vector difference relative to

CTRL at 500 hPa in DTR1, DSH2, and DNS1 are

shown in Figs. 2b, 2c, and 2d, respectively. In DTR1, the

vorticity within the perturbed region in Fig. 1 associated

with the midlatitude trough is increased by 50% with

a maximum vorticity change of 500 hPa from 7.9 3

1025 s21 to 1.2 3 1024 s21. The perturbation leads to the

strengthening of the trough with denser and deeper geo-

potential contours (Fig. 2b) and a southward shift of

its location. In addition, the large wind difference at

500 hPa occurs around the axis of the trough at about

358N. In contrast, the perturbation in DTR2 weakens

the trough with flatter geopotential contours (figure not

shown). The vorticity associated with the subtropical

high in DSH2 (blue contour in Fig. 1) is reduced by 50%

with the maximum vorticity change at 500 hPa from

26.0 3 1025 s21 to 29.0 3 1025 s21. The perturbation

results in slight strengthening of the subtropical high

(Fig. 2c) as compared to CTRL, and the large wind

difference occurs to the south and southeast of the

Shanshan’s center. In contrast, the perturbation in

DSH1 leads to the weakening of the subtropical high at

its edge to the east of Shanshan (figure not shown). In

addition to these two high ADSSV signals, the region

with the low ADSSV signal (gray contour in Fig. 1) is

also perturbed. For DNS1 in which the vorticity is in-

creased by 50%, there seems to be a local low system

located to the north of Hainan (Fig. 2d) while the per-

turbation in DNS2 produces minor changes with re-

spect to CTRL (figure not shown). The forward model is

rerun with those newly perturbed initial conditions for

48-h simulation to explore the impact of perturbations

with ADSSV signals.

b. Track simulations

This subsection examines how model-simulated tracks

are impacted in the experiments with perturbed initial

conditions. Figure 3a shows the 48-h tracks simulated by

the forward model for experiments in which the per-

turbations are introduced to strengthen their original

systems (i.e., DTR1, DSH2, DNS1, STR1, SSH2)

and their track differences relative to CTRL at 24, 36,

and 48 h as well as the 18–48-h mean differences are

shown in Fig. 3b. The simulated TC center at 48 h in

DTR1 is located farther northeast to that in CTRL,

showing a higher translation speed than in CTRL after

the recurvature, while the TC center in DSH2 is shifted

to the southeast of the TC center in CTRL. It is worth

noting in Fig. 3a that the TC track in DTR1 after 6 h

starts to deflect toward the east of the CTRL track, while

the TC in DSH2 continuously moves northward (or

north northwestward), and then turns northeastward

after 24 h. It indicates that the strengthened trough

makes the TC turn northeast earlier, while the strength-

ened subtropical high to the east of the TC would likely

lead to its farther northward motion. It is consistent

with our physical intuition. In contrast, the TC centers

in DNS1 remain approximately the same as CTRL

throughout the 48-h simulation. From Fig. 3b, the track

differences in DSH2 relative to CTRL are about 122.3

and 94.1 km at 36 and 48 h, respectively, while it is

larger than 700 km at 48 h in DTR1. However, the

track difference of DNS1 is always smaller than 80 km

in the simulation.

Figures 3c,d are the same as Figs. 3a,b, but for ex-

periments in which the perturbations are introduced

to weaken their original systems (i.e., DTR2, DSH1,
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DNS2, STR2, SSH1). The simulated TCs in those

experiments with weakened systems (Fig. 3c) appear to

move more slowly as compared to those with strength-

ened systems (Fig. 3a). The TC in DTR2 moves farther

northward and then recurves northeastward after 36 h,

with a track difference larger than 350 km at 36 h (Fig.

3d). It is indicated that the weakened trough would lead

to late recurvature. Meanwhile, the simulated track in

DSH1 exhibits eastward deflection after 24 h as well as

slower movement as compared to CTRL. The TC center

at 48 h in DSH1 is located to the south of that in CTRL

with a track difference larger than 350 km (Fig. 3d).

Similar to DNS1, the track in DNS2 is not quite dif-

ferent from that in CTRL.

As mentioned in section 2c, the experiments STR1

(2) and SSH1 (2) are designed to examine the effect of

perturbations specifically in the sensitive layer as com-

pared to that in the deep layer. The impacts on the

simulated tracks are also discussed here. It is shown that

the TC at 48 h in STR1 is located to the northeast of

that in CTRL, although it does not move northeastward

as fast as the TC in DTR1 (Fig. 3a). Meanwhile, the TC

in STR2 appears to move more slowly than that in

DTR2, showing a southward shift in the TC position at

48 h (Fig. 3c). In addition, the TC center at 48 h in

SSH2 is shown farther north as compared with DSH2,

with the nearly 200-km track difference relative to

CTRL (Figs. 3a,b). Note that in Figs. 3b,d, the 18–48-h

mean track differences in STR1 (2) and SSH1 (2) are

comparable with those in DTR1 (2) and DSH1 (2),

respectively. It means that the synoptic system of the

midlatitude trough (subtropical high) in which the

FIG. 2. At the model initial time (0000 UTC 15 Sep 2006): (a) the vorticity field (positive: shading; negative:

dashed contour) and the geopotential height (solid contour with the 15-m interval) at 500 hPa in CTRL. The

geopotential height (contour with the 15-m interval) and wind difference (vector; unit: m s21) relative to CTRL at

500 hPa: (b) DTR1, (c) DSH2, and (d) DNS1.
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perturbations are introduced in the mid-to-upper (mid-

to-lower) troposphere based on the ADSSV signals has

the same significance to the TC movement as the per-

turbations within the thicker depth (925–300 hPa). The

effects of how the perturbations within the sensitive

layer evolve will be discussed in section 3d.

The 18–48-h mean track differences (Figs. 3b,d) in

DTR1 (2), DSH2 (1), and DNS1 (2) relative to

CTRL are 262.2 (137.5), 103.8 (149.4), and 66.6 (61.8)

km, respectively. It is indicated that the perturbations

associated with the trough and the subtropical high

(deemed as high ADSSV sensitivity) lead to more track

deflection than the perturbations in the region with low

ADSSV sensitivity. This result is consistent with the

ADSSV signals that measure sensitivity in the trough

and the subtropical high and thereby determine the

impacts on TC track simulation.

c. Deep-layer-mean winds

The well-known steering concept in Chan and Gray

(1982) and numerous other publications in the litera-

ture state that TC motion is mainly controlled by the

large-scale mean environmental flow across the TC. In

addition, as indicated in the definition of the ADSSV, it

represents the sensitivity of the mean background steering

flow to the vorticity field at the initial time. Thus, how the

steering flow of Shanshan is influenced by perturbations to

the initial condition vorticity in various experiments is in-

vestigated in this subsection. To acquire large-scale envi-

ronmental flows and remove the TC-scale circulation, the

Lanczos filtering (Kim et al. 2009) is employed to calculate

the 850–250-hPa DLM winds for different experiments.

The similar way to perform the Lanczos filtering as in Kim

et al. (2009) is adopted in this study. The total field can be

FIG. 3. (a) The best track (typhoon symbols) and the 48-h simulated tracks in CTRL (triangle), DTR1 (closed

circle), DSH2 (closed square), DNS1 (symbol ‘‘3’’), STR1 (open circle), and SSH2 (open square) for every 12 h.

(b) The track difference relative to CTRL at 24, 36h, and 48 h as well as the 18–48-h mean difference in DTR1,

DSH2, DNS1, STR1, and SSH2. (c),(d) As in (a),(b), but in DTR2, DSH1, DNS2, STR2, and SSH1.
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separated into a large-scale environmental field and a

TC-scale field by the Lanczos filtering. By choosing the

appropriate window length and cutoff frequency, compo-

nents of the wavelength less than around 128N are com-

pletely filtered out. The unrepresentative steering flow

from the TC displacement effect as discussed in Hoover

and Morgan (2010) does not exist here. Indeed, we have to

reiterate that the result of the biased steering flow due to

the TC location shift cannot be linked to the reliability of

response functions defined in the ADSSV.

Figure 4 shows the evolution of the DLM wind dif-

ference relative to CTRL in DTR1 and DTR2. It can

be seen that the DLM wind difference in DTR1 shows

more eastward component around the TC after 24 h

(Figs. 4b,c) and around the northward vector at 48 h

(Fig. 4d). It is consistent with results shown by the sim-

ulated TC in DTR1, which moves to the northeast of

CTRL, as discussed in section 3b. Moreover, the large

track deflection in DTR1 (accelerating toward the

northeast) would be likely related to the modification of

wind field induced by the process of extratropical tran-

sition due to the strengthened midlatitude trough. In

DTR2, the distinct anticyclonic flow pattern at the 12-h

simulation time appears (Fig. 4e) due to the weaken-

ing of the trough. As time evolves, the southward or

southwestward DLM wind difference around the TC

after 36 h can be detected (Figs. 4g,h). It means that the

weakened trough increases the southward component of

the steering flow, slowing down the northward TC

movement and leading to its late recurvature after 36 h.

In both DTR1 and DTR2 (Fig. 4), it can also be

identified that the main feature of the DLM wind dif-

ference propagates along with the trough into the 48-h

ADSSV verifying area (shown as the square box)

throughout the 12–48-h simulation times. It can be noted

that the initial vorticity perturbation associated with the

trough in northern China would influence the DLM

steering flow around Shanshan after 24 h. It is consistent

with the ADSSV signals over the trough region in Fig. 1,

indicating that the perturbation to the trough would

affect the steering flow through 24–48 h. Furthermore, it

is interesting to see that the impacts extend to the east of

1308E and farther downstream (top-right features in

Figs. 4c,d,g,h).

The evolution of DLM wind difference between

CTRL and DSH1 (2) is shown in Fig. 5. It shows that

the main feature of wind difference in DSH1 is very

limited at the beginning (Fig. 5a) and some signals with

a westward component around the TC are shown at later

stages (Figs. 5c,d), as compared to the results of DSH2

(Figs. 5e–h). In contrast, the feature of wind difference

in DSH2 exhibits larger impacts around the TC as the

strengthened high evolves with time. As a result of the

strengthening of the high, a clear anticyclonic flow pat-

tern to the east of TC appears at 12 h (Fig. 5e). The

results at 12 and 24 h show that the northwestward

component of DLM wind difference to the south of the

TC continuously steer the TC (Figs. 5e,f), pushing the

TC in DSH2 farther northwest as compared with that in

CTRL. At 48 h, the wind difference with the south-

eastward component in the verifying area is evident

(Fig. 5h). Again, the feature of DLM wind difference in

DSH2 also evolves along with the TC and propagates

into the verifying area following the model integration

(Figs. 5e–h).

Figure 6 shows the evolution of DLM wind difference

between CTRL and DNS1 (2). Comparing the results

to those of DTR1 or DTR2, the DLM wind differences

in DNS1 and DNS2 are smaller. Although some signals

appear within the verifying area in DNS1 (Fig. 6d), the

DLM steering flow around the TC does not change

significantly relative to CTRL before 36 h (Figs. 6a,b).

As indicated in Fig. 2d, the perturbation in DNS1

produces local low around Hainan at the initial time. It is

possible that the flow associated with DNS1 evolves and

propagates downstream along with the midlatitude

trough. In addition, this system might interact with the

trough, modifying the flow from the trough. This is prob-

ably why impacts on the DLM wind at the final time can be

detected around the TC in Fig. 6d. In DNS2, the DLM

wind differences maintain a structure similar to the anti-

cyclonic pattern from 12 to 36 h (Figs. 6e–g) and mainly

stay to the west and southwest of the verifying area at 48 h

(Fig. 6h). It indicates that the perturbation over the region

with low ADSSV sensitivity has limited but nonnegligible

effect on DLM steering flow during the 48-h simulation,

leading to less track variation as discussed in section 3b.

Nevertheless, it might have, to some degree, influence on

the simulated TC beyond 48 h.

To examine and interpret the physical meaning of

ADSSV, the study compares the ADSSV patterns and

changes in the DLM steering flow around the TC at the

verifying time because of the perturbations introduced

in DTR1 (2), DSH1 (2), and DNS1 (2). The DLM

steering change indicated by ADSSV associated with

three perturbed regions and changes in the DLM

steering flow relative to CTRL in various perturbed

experiments are illustrated in Fig. 7. The ADSSV sen-

sitivity is calculated by averaging the sensitivity values

for 24 h (green vectors in Fig. 1), 36 h (red vectors in

Fig. 1), and 48 h (black vectors in Fig. 1) as the verifying

times over three perturbed regions indicated in Fig. 1

between 925 and 300 hPa. To maintain consistency with

the magnitude of the DLM steering flow change, the

steering change indicated by ADSSV is then derived

from multiplying the average sensitivity value with the
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FIG. 4. The difference in the 850–250-hPa DLM steering flow (unit: m s21) relative to CTRL in DTR1 at

(a) 12, (b) 24, (c) 36, and (d) 48 h, and in DTR2 at (e) 12, (f) 24, (g) 36, and (h) 48 h. Wind with velocity above

0.4 m s21 is shaded. The simulated tracks for perturbed experiments and CTRL are represented by open

squares and open circles for every 6 h, respectively. The dashed square box represents the verifying area

located at (b),(f) the 24-; (c),(g) 36-; and (d),(h) 48-h TC center in CTRL.
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FIG. 5. As in Fig. 4, but in DSH1 at (a) 12, (b) 24, (c) 36, and (d) 48 h, and in DSH2 at (e) 12, (f) 24, (g) 36,

and (h) 48 h.
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FIG. 6. As in Fig. 4, but in DNS1 at (a) 12, (b) 24, (c) 36, and (d) 48 h, and in DNS2 at (e) 12, (f) 24, (g) 36,

and (h) 48 h.
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FIG. 7. The comparison between the difference of area-average DLM steering vector relative to CTRL

within the verifying area in DTR1 (solid gray), DSH1 (dashed gray) as well as DNS1 (dotted gray) and the

ADSSV w.r.t. vorticity increase averaged within three corresponding perturbation regions (solid, dashed,

and dotted black) indicated in Fig. 1 at (a) 24, (b) 36, and (c) 48 h as the verifying times. (d),(e),(f) As in

(a),(b),(c), but in DTR2, DSH2, as well as DNS2 and the ADSSV w.r.t. vorticity decrease. The two circles

represent the scales of 0.4 and 0.8 m s21 in (a),(b),(d), and (e) [0.6 and 1.2 m s21 in (c) and (f)].
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mean vorticity change within three respective perturbed

domains. Meanwhile, the areal average of the DLM

steering flows in the perturbed experiments over the 24-,

36-, and 48-h verifying areas indicated by the green, red,

and black squares in Fig. 1 is calculated after employing

the Lanczos filtering. Consequently, both of them re-

main the same unit of wind speed (m s21).

The DLM steering change indicated by ADSSV with

respect to vorticity increase (decrease) as well as the

steering change due to increased (reduced) vorticity

perturbations valid at 24, 36, and 48 h are shown in

Figs. 7a,b,c (Figs. 7d,e,f), respectively. Focusing on the

results associated with the perturbed region over the

midlatitude trough, the comparison between the ADSSVs

(solid black) and the DLM steering change vectors (solid

gray) indicates that their directions are generally con-

sistent with each other, but the bifurcation becomes

large as time increases. For example, the direction of

ADSSV with respect to vorticity decrease at 48 h as the

verifying time (Fig. 7f) averaged over the perturbation

region in northern China (associated with the trough)

is pointing westward. Meanwhile, the DLM steering

change in DTR2 at 48 h (Fig. 7f) displays southward

vector with southward bias. As for the perturbed region

associated with the subtropical high, it is also shown

that the DLM steering change (dashed gray) generally

matches the corresponding direction of ADSSV (dashed

black) relatively well, except for that in DSH2 at 24 h

(Fig. 7d) with the relatively small magnitude (less than

0.1 m s21). Meanwhile, the magnitude of DLM steer-

ing difference relative to CTRL ranges between 0.5 and

0.8 m s21 in DNS1 and slightly smaller between 0.3

and 0.4 m s21 in DNS2 verified at 24, 36, and 48 h,

which is relatively underestimated by the steering

change derived from the ADSSV. The DLM steering

change in DNS1 and DNS2 through 24–48 h (dotted

gray) is mostly pointing to the southeast or south, which

is not well represented by the direction of ADSSV

(dotted black). The reason why the simulated track in

DNS1 (2) is almost the same as that in CTRL would

be in part attributed to the cancellation between the

southeastward steering flow difference and the north-

westward drift induced by beta gyres. Regarding the

relative contribution to changes in the DLM steering

flows, the result in Fig. 7 indicates that the perturba-

tions to the low ADSSV sensitivity region might have

a nonnegligible impact. One speculation is that the

initial perturbations are large so that the system may

have strong interactions with the trough to the north

and propagate downstream, as mentioned earlier. Such

nonlinear process could not be accounted for and speci-

fied by the ADSSV, which is based on the assumption of

linear calculation.

d. Vertical structure and evolution of kinetic energy

The effect of the evolvement of perturbations in-

troduced specifically to the sensitive layer as compared

with that in the whole deep layer is explored here. The

vertical cross section of kinetic energy difference rela-

tive to CTRL along the line AA9 indicated in Fig. 1 in

DTR1 and STR1 is shown in Fig. 8. It can be clearly

identified that modifications of the trough mainly occur

in the mid-to-upper troposphere, even when the per-

turbation is added only below 600 hPa in DTR1 at the

initial time (Figs. 8a,e). As for our physical intuition, the

feature of the midlatitude trough belongs to the system

at high levels. At 12 h, the kinetic energy difference in

STR1 expands toward 100 hPa and reaches a maximum

of over 90 m2 s22 between 400 and 300 hPa (Fig. 8f).

Meanwhile, it also propagates downward as quickly as

that in DTR1 toward point A9 (Figs. 8b,f). After 24 h,

the signal of kinetic energy difference in STR1 ap-

proaches the surface and shows a significant impact

near point A9 below 500 hPa, similar to that in DTR1

(cf. Figs. 8c,d,g,h). It is indicated that the perturbation

in the mid-to-upper troposphere associated with the

trough grows and evolves along with the deep layer,

leading to the comparable track change (Figs. 3a,b).

Figure 9 shows the vertical cross section of kinetic

energy difference along the line BB9 indicated in Fig. 1

in DSH2 and SSH2. It is observed that the large posi-

tive kinetic energy difference at high levels (above

450 hPa) is not included in SSH2 at the initial time

(Figs. 9a,e). It evolves and propagates toward point B,

with a maximum positive kinetic energy difference around

600 hPa whereas the negative counterpart measures below

700 hPa at 12 h, which is similar to DSH2 (Figs. 9b,f).

At 48 h, the negative kinetic energy difference between

1000 and 600 hPa and the positive between 500 and

200 hPa around point B are shown in Fig. 9h. It is in-

teresting that different from STR1, the development

and propagation of perturbation in SSH2 mainly con-

centrate in the mid-to-lower troposphere (Figs. 9g,h).

Information associated with the subtropical high below

the midlevel plays a significant role in producing track

changes within the whole deep layer.

e. Sensitivity test—Impact from the area of higher
ADSSV sensitivity

As mentioned in section 2c, the experiment of DSH1

(2)_0.6 where the normalized ADSSV verified at 48 h is

larger than 0.6 associated with the subtropical high is

conducted to explore the impact induced by perturba-

tions in higher sensitivity area. The area in DSH1

(2)_0.6 is about one-third of that in DSH1 (2). The

simulated track in DSH1 (2)_0.6 appears similar to that
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FIG. 8. Vertical cross sections of the kinetic energy difference relative to CTRL along the line AA9

indicated in Fig. 1 in DTR1 at (a) 0, (b) 12, (c) 24, and (d) 48 h, and in STR1 at (e) 0, (f) 12, (g) 24, and

(h) 48 h. Shading (dashed contour) denotes positive (negative) values. The left and right ends of the

abscissa in (a)–(h) correspond to A and A9 in Fig. 1, respectively. The ordinate (vertical pressure) is in

logarithmic scale.
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FIG. 9. As in Fig. 8, but in DSH2 at (a) 0, (b) 12, (c) 24, and (d) 48 h, and in SSH2 at (e) 0, (f) 12,

(g) 24, and (h) 48 h along the line BB9 indicated in Fig. 1. The left and right ends of the abscissa in

(a)–(h) correspond to B and B9 in Fig. 1, respectively.
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in DSH1 (2). In addition, the track difference relative to

CTRL in DSH1 (2)_0.6 is comparable and slightly larger

than that in DSH1 (2) through 24–48 h (figure not

shown). The 18–48-h mean track differences in DSH1

(2)_0.6 and DSH1 (2) are 160.7 (139.8) and 149.4 (103.8)

km, respectively. It is indicated that the perturbation in-

troduced within the smaller area of higher sensitivity

values (larger than 0.6) leads to track deflection compa-

rable to that in the larger area of the subtropical high.

Similar analysis as Fig. 5 is performed in DSH1

(2)_0.6. The signal of DLM wind difference in DSH1

(2)_0.6 can be identified within the verifying area at

48 h with the largest magnitude of about 0.7 (1.0) m s21

(figure not shown). The areal-averaged magnitude of

the DLM wind difference within the verifying area at

48 h in DSH1 (2)_0.6 is about 0.30 (0.56) m s21, which

is generally comparable with that in DSH1 (2) of about

0.35 (0.91) m s21. It is indicated that the perturbation

specifically located at the region of higher ADSSV sen-

sitivity has similar and significant impacts on the DLM

steering flows within the verifying area, as compared to

that in the whole subtropical high system, thus leading to

almost identical track changes. From the perspective of

practical application of targeted observations, the results

from this sensitivity test also suggest that because of the

limited aircraft resources, the dropwindsonde observations

taken only in high sensitivity area would likely provide

better analysis fields, thus resulting in track forecast

improvements.

4. Summary and discussion

As shown in Wu et al. (2009a), the ADSSV captures

the synoptic features associated with the midlatitude

trough and the subtropical high that affect the steering

flow of Typhoon Shanshan (2006), leading to its re-

curvature. The influences from the two major features

are also well validated by the PV diagnosis. In this study,

the initial vorticity fields in regions with high or low

ADSSV sensitivity are systematically perturbed at the

initial time to investigate how those perturbations influence

track simulation and the steering flow of Shanshan using

the nonlinear MM5 forward model.

The results from the track simulation indicate that

perturbations in regions with high ADSSV sensitivity

cause more track deflection relative to the unperturbed

control run (i.e., CTRL) than those with low ADSSV

sensitivity. It is consistent with the ADSSV signals that

pick up these two distinct synoptic features in terms

of impacts on the TC track simulation. In addition, the

perturbations introduced specifically to the sensitive

layers lead to the comparable track changes as those in

the deep-layer troposphere.

By performing the Lanczos filtering in different ex-

periments, how perturbations to the initial vorticity in-

fluence the 850–250-hPa DLM wind is calculated and

explored. With the Lanczos filtering employed, the mean

environmental flows could be obtained and the TC-scale

circulations are also removed. The unrepresentative steer-

ing flow from the TC displacement effect due to the per-

turbed initial condition, as discussed in Hoover and Morgan

(2010), does not exist here at all.

It is shown that the signal of DLM wind difference

relative to CTRL in experiments DTR1, DTR2, and

DSH2 evolves and propagates along with these per-

turbed synoptic systems into the 48-h ADSSV verifying

area from 24 to 48 h. In DSH1, the limited wind dif-

ference pattern is found at the beginning and some im-

pacts are shown at later stages. Although the signal of

wind difference in DNS1 and DNS2 exists in or around

the verifying area, it appears to have larger impacts at

later stages (after 42 h). Comparisons between the DLM

steering change indicated by ADSSV associated with

three perturbed regions indicated in Fig. 1 and changes

in the DLM steering flow within the verifying area due

to the initial vorticity perturbations are conducted at 24,

36, and 48 h as the verifying times. For the results as-

sociated with two perturbed regions with high ADSSV

sensitivity, it is found that the change in the area-average

DLM steering flow over the corresponding verifying

areas generally has good agreement with the direction of

ADSSV, except for DSH2 valid at 24 h with a relatively

small value. In addition, the degree of resemblance be-

tween the ADSSV and the DLM steering change ap-

pears increase with the shorter integration time. This is

consistent with the concept that the ADSSV is calcu-

lated based on the linear assumption. Nevertheless, the

DLM steering change for the perturbed region with low

sensitivity is not well picked up by the ADSSV although

it might have nonnegligible contributions. The non-

linearity of the process in which the large initial pertur-

bations may interact with the trough to the north could not

be well represented and signified by the ADSSV, which is

calculated based on the linear assumption.

The vertical cross section of kinetic energy difference

shows that the perturbation associated with the trough

(subtropical high) introduced only between 600 and

300 hPa (850 and 450 hPa) evolves and develops simi-

larly to the perturbation within the deep-layer tropo-

sphere (925–300 hPa), leading to the comparable track

changes. This result well supports the vertical structure

of ADSSV, demonstrating sensitivity to the trough (sub-

tropical high) located in the mid-to-upper (mid-to-lower)

troposphere [see Fig. 5 in Wu et al. (2009a)]. Furthermore,

the sensitivity test in which the perturbed region is de-

termined based on the normalized ADSSV sensitivity at
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48 h larger than 0.6 is conducted. The results indicate that

the perturbations specifically (locally) introduced in higher

sensitivity area have the comparable effect on simulated

track changes and the DLM steering flows within the

verifying area, as compared to those in the broader area of

the subtropical high. This sensitivity test provides useful

insights on the validity of ADSSV as targeted observation

guidance.

It should be noted that although this validation study

is based on one single case, we believe this is still rep-

resentative since two very distinct synoptic features

are well captured by the ADSSV in this case. However,

the statistical evaluation and validation of the ADSSV

sensitivity requires more studies of characteristic cases

with various dynamical systems affecting TC evolution.

The procedure of perturbing the initial condition, such

as using smaller vorticity perturbation based on the cli-

matological variance of different systems, may also need

to be examined. In addition, a targeted observation has

been identified as one major issue in the field experi-

ment, T-PARC, which has been successfully conducted

from August to September in 2008 (Elsberry and Harr

2008). The unprecedented dataset would be valuable for

further examination of the theory and the impact of tar-

geted observations, as well as for improving understanding

and forecasts of TCs.
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