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ABSTRACT

A new sensitivity analysis method is proposed for the ensemble prediction system in which a tropical cy-

clone (TC) position is taken as a metric. Sensitivity is defined as a slope of linear regression (or its approx-

imation) between state variable and a scalar representing the TC position based on ensemble simulation.

The experiment results illustrate important regions for ensemble TC track forecast. The typhoon-position-

oriented sensitivity analysis (TyPOS) is applied to Typhoon Shanshan (2006) for the verification time of up to

48 h. The sensitivity field of the TC central latitude with respect to the vorticity field obtained from large-scale

random initial perturbation is characterized by a horizontally tilted pattern centered at the initial TC position.

These sensitivity signals are generally maximized in the middle troposphere and are far more significant than

those with respect to the divergence field. The results are consistent with the sensitivity signals obtained from

existing methods. The verification experiments indicate that the signals from TyPOS quantitatively reflect an

ensemble-mean position change as a response to the initial perturbation. Another experiment with Typhoon

Dolphin (2008) demonstrates the long-term analysis of forecast sensitivity up to 96 h. Several additional tests

have also been carried out to investigate the dependency among ensemble members, the impacts of using

different horizontal grid spacing, and the effectiveness of ensemble-Kalman-filter-based perturbations.

1. Introduction

In terms of disaster prevention and mitigation asso-

ciatedwith tropical cyclones (TCs), the accuracy of track

forecasts is critical because forecasts of the intensity and

the rainfall amount can result in large errors if the track

forecast is inadequate (Wu and Kuo 1999; Chan 2010).

During past decades, the physical processes governing

themovement of TCs have been intensively investigated

(Wu and Emanuel 1993; Elsberry 1995; Chan 2010). The

48-h track error has been almost halved owing to in-

creased observations and many improvements in nu-

merical weather prediction systems (National Hurricane

Center 2012). However, ‘‘busted’’ cases in which track

forecast errors exceed 1000 km in a 72-h forecast still

occasionally occur (Yamaguchi et al. 2009, 2012; Japan

Meteorological Agency 2010). Therefore, reducing track

forecast errors remains one of the major issues for TC

researchers and operational centers.

The errors in weather forecasts are mainly associated

with two factors: imperfections of the numerical model

and errors in the initial conditions (Yoden 2007). For

a given model, additional observations from critical re-

gions are supposed to reduce uncertainties in the initial

conditions and lead to a better forecast. For the purpose

of reducing errors in the track forecast, aircraft-borne

observations have been ‘‘targeted’’ in the synoptic en-

vironment of TCs. At present, operational surveillance

observations of TCs have been conducted by theNational

Oceanic and Atmospheric Administration (NOAA) in

the Atlantic basin since 1997 (Aberson and Franklin

1999; Aberson 2003) and by the Dropwindsonde Ob-

servations for Typhoon Surveillance near the Taiwan

Region (DOTSTAR) project (Wu et al. 2005) for se-

lected western North Pacific TCs since 2003. In the

summer of 2008, the issue of targeted observation was

further explored in the Observing System Research and
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Predictability Experiment (THORPEX) Pacific Asian

Regional Campaign (T-PARC; Elsberry and Harr 2008;

Weissmann et al. 2011; Chou et al. 2011;Wu et al. 2012a,b;

Huang et al. 2012).

Several techniques for targeted observation guidance

have been developed and compared to each other to

identify ‘‘sensitive’’ regions (Majumdar et al. 2006;

Reynolds et al. 2007; Wu et al. 2009a). These techniques

include the total energy singular vector (SV) method

used by the Navy Operational Global Atmospheric Pre-

diction System (NOGAPS; Peng and Reynolds 2006;

Chen et al. 2009), the European Centre for Medium-

RangeWeather Forecasts (ECMWF; Buizza et al. 2007),

the Japan Meteorological Agency (JMA; Yamaguchi

et al. 2009), and Yonsei University (YSU; Kim and Jung

2009; Kim et al. 2011); the adjoint-derived sensitivity

steering vector (ADSSV) guidance (Wu et al. 2007,

2009b; Chen et al. 2011); the ensemble transformKalman

filter (ETKF; Majumdar et al. 2006, 2011); the analysis

of ensemble deep-layer-mean (DLM) wind variance

(Aberson 2003); and the conditional nonlinear optimal

perturbation (CNOP) method (Mu et al. 2009). While

TC track forecasts have been improved with additional

observations in sensitive areas (e.g., Chou and Wu 2008;

Yamaguchi et al. 2009; Chou et al. 2011), some differ-

ences can be found among different methods (Majumdar

et al. 2006; Wu et al. 2009a). These differences stem from

the different approaches to detect the sensitivity on TC

motion as well as the different numerical models and

configurations used (Wu et al. 2009b; Kim et al. 2011).

One potential way for further elaborating the sensi-

tivity analysis method is to employ TC position as a

metric, whereas existing methods use only TC steering

flow (ADSSV) or total energy norms (SV, ETKF, and

CNOP) at the verification time. The metrics employed

in the existing studies are presumably relevant to TC

motion, and several studies have shown that these

methods can help capture the effect of synoptic features

and binary interactions (e.g., Peng et al. 2007; Wu et al.

2007). Nevertheless, it is worth investigating a more di-

rect evaluation of the sensitivity field on TC tracks by

using TC position as a metric.

In this study, we propose a typhoon-position-oriented

sensitivity analysis (TyPOS), which directly takes a TC

position as a metric, for the ensemble prediction system.

This technique is based on the ensemble-based sensi-

tivity analysis method (Martin andXue 2006; Ancell and

Hakim 2007; Torn andHakim 2008, 2009; Liu et al. 2008;

Gombos and Hansen 2008; Sugiura 2010; Aonashi and

Eito 2011). It has been applied to the sensitivity analysis

of the minimum sea level pressure (SLP) and the root-

mean-square error of SLP of TCs (Torn andHakim 2009)

as well as the 1000-hPa potential vorticity (Gombos et al.

2012). The ensemble-based sensitivity analysis has also

been used to correct the displacement error suitable for

real-world observations using the data assimilation tech-

nique (Aonashi and Eito 2011). These approaches moti-

vate us to calculate the sensitivity field by employing TC

position directly as a metric. Using this metric allows us to

bypass the requirement of defining the metric associated

with TC motion and to perform sensitivity analysis with-

out constructing tangent linear and adjoint models.

In this study, we apply TyPOS to Typhoons Shanshan

(2006) and Dolphin (2008). The synoptic sensitivity field

affecting the TC motion is shown and verification tests

are conducted to evaluate the response of the TC dis-

placement to initial perturbations. This work is the first

attempt to quantify the direction and distance of the TC

vortex displacement directly by using the sensitivity field.

A companion paper (hereafter referred to as Part II) will

describe comparisons with other methods and provide

physical interpretations of the sensitivity field in detail.

2. Theoretical background

a. Review of ensemble-based sensitivity

TyPOS is based on the ensemble-based sensitivity

analysis recently developed by several researchers

(Martin and Xue 2006; Ancell and Hakim 2007; Torn

and Hakim 2008, 2009; Liu et al. 2008; Gombos and

Hansen 2008; Sugiura 2010; Aonashi and Eito 2011).

Here, we briefly outline this sensitivity analysis technique

in a generalized manner.

Let x and j be an n degree-of-freedom input vector

and output scalar, respectively. The input vector repre-

sents the perturbations in the physical variables at the

initial time and the output scalar is a forecast metric.

Considering m realizations of the input vector, xi 5
(x1,i, x2,i, . . . , xn,i), where i(i5 1, 2, . . . ,m) represents the

index of each ensemble member, with corresponding m

realizations of ji, we define matrix X and vector j as

follows:

X5
1

ffiffiffiffiffiffiffiffiffiffiffiffiffi

m2 1
p (dx1, dx2, . . . , dxm)

T, and (1)

j5
1

ffiffiffiffiffiffiffiffiffiffiffiffiffi

m2 1
p (dj1, dj2, . . . , djm)

T . (2)

MatrixX is composed of dxi and the vector j is composed

of dji, where d indicates deviations from ensemble-mean

values; that is, dxi 5 xi 2 hxi and dji 5 ji 2 h ji. The angle

brackets denote the ensemble mean and superscript T

denotes the transpose. Note that the deviations are not

necessarily infinitesimal, whileAncell andHakim (2007)

introduced the assumption ›J/›x’ dJ/dx.
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The generalized ensemble-based sensitivity is defined

as follows (Gombos and Hansen 2008):

lj
x[X1j , (3)

where the plus sign superscript indicates the Moore–

Penrose generalized inverse matrix,1 which can be

computed from the equation below:

X15VD1UT , (4)

where X5UD1VT is the singular value decomposition

of X. The generalized inverse matrix D1 is formed by

replacing every nonzero diagonal entry of D by its re-

ciprocal and transpose the resulting matrix.

In this paper, the vector lj
x is referred to as ‘‘sensi-

tivity’’ and the kth component of lj
x is denoted as ljxk

(k5 1, 2, . . . ,n). The reason why lj
x is called the sensi-

tivity is that it represents the generalized solution of

inverse problem associated with a first-order relation-

ship between j and X,

j5Xl̂ , (5)

which means the vector l̂ multiplied by initial pertur-

bations in physical variables equals to perturbations in

the forecast metric at the verification time.

If the number of ensemble members exceeds the de-

grees of freedom (i.e.,m. n), a purely overdetermined

problem, and the inverse of (XTX)21 exists, the vector

l̂5lj
x is the slope of regression line obtained from

minimizing deviations as shown in Fig. 1 (Menke 1989).

In other words, lj
xk
represents the ratio of changes in j

to the change in xk based on ensemble simulations.

The vector lj
x is the same as the adjoint sensitivity if

the time evolution of initial perturbation is completely

equivalent to that described by the tangent linear

model and j is a continuous function of x (Ancell and

Hakim 2007).

If the degrees of freedom of x exceeds the number

of ensemble members (i.e., m , n), a purely under-

determined problem, the vector l̂5lj
x represents the

solution that satisfies Eq. (5) and yields the minimum of

jl̂j in theL2 norm (Menke 1989). This type of solution is

termed as a minimum length solution and is frequently

used in tackling inverse problems. Although the vector

lj
x can still be interpreted as a slope with respect to x

satisfying j5X l̂, the additional condition (minimization

of jl̂j) is introduced to fully determine all the n elements

of the sensitivity field from m realizations. Thus, we do

not expect that this sensitivity would appropriately reflect

the impact of changes in the input vector x on changes in

the metric j when the number of ensemble members m is

far smaller than the degrees of freedom of x, which is n.

If the inverse matrix of XTX is known, the sensitivity

can be obtained without executing the singular value

decomposition in Eq. (4). By multiplying both sides of

Eq. (5) by XT, we obtain

XTj5XTX l̂ . (6)

Since an element in the ath row and the bth column of

XTX is [1/(m2 1)]�m
i51hxa,ixb,ii, XTX can be replaced by

the ensemble covariance matrix. In particular, when the

ensemble covariance matrix is diagonal, Eqs. (3) and (4)

are reduced to the simplified equation below:

ljx
k
5

1

m2 1
�
m

i51

dxk,idji

s2
k

, (7)

where s2
k represents ensemble variance.2

b. TyPOS

TyPOS is an application of the ensemble-based sensi-

tivity analysis designed for the ensemble forecast system.

FIG. 1. Schematic illustration of the sensitivity with respect to

a single degree of freedom. Angle brackets denote the ensemble-

mean values.

1AMoore–Penrose generalized inverse matrix of X is defined as a

matrix satisfying all of the following four criteria: (1) XX1X5X,

(2)X1XX1 5X, (3) (XX1)*5XX1 and (4) (X1X)*5X1X , where

the asterisk represents the adjoint matrix. The matrix exists and is

unique. See more details in Menke (1989).

2Note that Eq. (7) is used as a definition of ensemble-based

sensitivity for both diagonal and off-diagonal matrix in Ancell and

Hakim (2007).
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The input vector x represents perturbations in the phys-

ical variables at the initial time and the output scalar j is

a scalar representing the vortex position such as longitude

and latitude of the TC center at the verification time.

TyPOS does not assume that the perturbations are in-

finitesimal. It fits our objective of employing TC position

as ametric because it is not a differentiable functionwhen

reproduced in a dynamical model.

One problem is that the ensemble-based sensitivity is

not expected to be a good indicator for sensitivity when

the number of ensemble members is far smaller than the

degrees of freedom of x. If we consider the sophisticated

three-dimensional numerical model with n0 degrees of
freedom, it is not practical to perform simulations as

much as n0 times.

To resolve this problem, we consider a reduced-

dimension space in which the n elements (n , n0) of

x used for sensitivity analysis are sampled with larger grid

spacing compared with that of the original numerical

model in this work. The horizontal grid spacing can be

greater than a few hundred kilometers if the aim is

dealing with the synoptic features. In this work, the grid

spacing used to define the sensitivity field differs from the

grid spacing used to define the forecast metric. The grid

points on the coarse mesh used for sensitivity calculation

are referred to as the reduced grid points, while the grid

points on the original model mesh used to perform the

time integration are referred to as the model grid points.

Here, initial perturbations in the reduced grid points are

interpolated into the model grid points by cubic spline.

The use of a basis function corresponding to the fast-

developing modes is another option aside from employ-

ing the large-scale perturbations, which will be discussed

in section 6b.

TyPOS has the potential to quantify the displacement

distance and direction of ensemble-mean TC position.

Suppose that the sensitivity approximates the ratio of

changes in j to the change in xk, ensemble-mean change

in the output metric as a response to the initial pertur-

bation is evaluated as follows (D denotes the perturba-

tion relative to the control run):

Dh ji’�1

S
(~l

j
x0Dx

0) , (8)

where S denotes the summation over all the model grid

points and Dx0 represents the changes in the initial state

defined at the model grid points. To complete the ma-

nipulation between the initial perturbations defined on

model grid points and the sensitivity defined on reduced

grid points, we introduce the interpolated sensitivity field

defined on themodel grid points ~l
j

x0 and the scaling factor

S. The scaling factor is defined as S[ k~lk/klk (in L1

norm), which is based on the assumption that the in-

fluence of the initial changes in a reduced grid point is

equivalent to the integrated influence of uniform initial

condition changes in corresponding model grid points;

that is, it has a large value when the reduced grid points

are coarsely sampled from the model grid points. Equa-

tion (8) is useful for evaluating the magnitude of dis-

placement as a response to changes in the initial state

variables and for determining the priority of the targeted

observations, although the expected displacement dis-

tance should be regarded as an approximation. This is

due to the following reasons: the truncation error in-

herent in the projection, dependency on perturbation

magnitudes, and the assumption that impacts are cal-

culated by simple linear superposition of impacts from

single grid points.

As stated in Torn and Hakim (2008), the reliability

of sensitivity signals in TyPOS can be measured using a

t test. The t test is relevant to the rejection of the null hy-

pothesis that the slope of the output metric j with respect

to the single variable xk is zero (Wilks 2005). A higher

confidence level is obtained with the increasing number

of ensemble members or with statistically smaller de-

viations from the regression line if the values of the slope

are equal. It is critical to distinguish meaningful signals

from statistical noise, in particular, when the number of

ensemble simulations is far smaller than the degrees of

freedom of initial perturbations as demonstrated in

section 6a.

c. Summary of TyPOS

Before applying the proposed method to a real-case

calculation, the features and procedures are summarized

here. In this methodology, TC position is taken as

a forecast metric, and thus it is a direct method for

a given ensemble prediction system. In addition to the

clear objectivity, this method has several advantages.

The method provides the possibility to evaluate the

ensemble-mean vortex displacement direction and

distance without using the tangent linear and adjoint

models. To alleviate the burden posed by the enormous

computational resources needed for obtaining the sig-

nificant signals, we consider the reduced-dimension space

and, if needed, to distinguish meaningful signals from

noise using t tests.

The procedure of TyPOS is as follows: (i) generating

m realizations with n degrees of freedom in the reduced

grid points and projecting them onto the model variable

space by cubic spline interpolation, (ii) performing the

ensemble simulations m times after adding interpolated

perturbation to the reference initial state, (iii) calculat-

ing the sensitivity by using the m realizations of the re-

sultant metric that represents the TC position [Eqs. (3)
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and (4), or Eq. (6)], (iv) (optional) evaluating the dis-

placement of the vortex position by multiplying the

changes in the initial state variable with the sensitivity

field after the interpolation into the model grid points

[Eq. (8)], and (v) (optional) conducting t tests to dis-

tinguish reliable signals from noise.

TyPOS can directly reflect the sensitivity field of the

metric relevant to TC position for a given model and

initial perturbations if the number of ensemblemembers

is sufficiently large. However, TyPOS is still subject to

a variety of uncertainties in terms of specifying initial

perturbations. In this study, limitations arise from the

FIG. 2. The domains used in this experiment. (a) The dashed line indicates TC position from JMA best track

for Typhoon Shanshan. Closed circles indicate TC positions at time intervals of 24 h from 0000UTC 11 Sep. (b) As in

(a), but for Typhoon Dolphin. Closed circles indicate the TC positions every 24 h from 0000 UTC 12 Dec 2008.

FIG. 3. Time schedule of the sensitivity analysis for (a) Typhoon Shanshan and (b) Typhoon

Dolphin.
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fact that dynamically balanced large-scale perturbations

are employed as initial perturbations. A finescale fea-

ture is briefly discussed in section 6, although detailed

examination is beyond the scope of this work.

Note that TyPOS is based on the linear regression

obtained from ensemble simulation and the perturba-

tion is not necessarily infinitesimal. Therefore, the val-

idity of TyPOS is not limited to the time scale of tangent

linear assumption as in any singular vector- or adjoint-

based method. Nevertheless, care should be taken in

interpreting the sensitivity, and the influence of nonlinear

growth of perturbations requires further study.

3. Experimental design

a. Model configuration and time schedule

To assess the feasibility of TyPOS, we apply this method

to Typhoon Shanshan, for which sensitivity analyses based

on different targeted methods have already been con-

ducted (Wu et al. 2009a,b; Reynolds et al. 2009; Chen

et al. 2011), and Typhoon Dolphin, for which the spread

of ensemble forecast TC track was reported to be large

(from JMA 2009). The verification time is set to 12, 24,

and 48 h for Shanshan in order to compare with the

existing studies and to 24, 48, and 96 h for Dolphin in

order to investigate its applicability to long-term sensi-

tivity analyses with large uncertainties in track forecasts.

In this study, the Advanced Research Weather Re-

search and Forecasting model (ARW-WRF), version

2.2.1 is employed to conduct the numerical simulation.

The model configuration is the same as the doubly nested

domain calculations of Wu et al. (2010). The coarse do-

main (domain 1) has 1503 120 grid points (longitude by

latitude) with the horizontal grid spacing of 54km cen-

tered at 27.58N, 120.08E, while the fine-meshed domain

(domain 2) has 1203 150 grid points with the horizontal

grid spacing of 18km centered at 27.18N, 124.98E. The
model contains 35 vertical levels in the terrain following

sigma coordinate. The domains and TC positions from

the JMA best track are shown in Fig. 2.

The prognostic state variables are perturbation of po-

tential temperature, geopotential, and dry air mass in

a column from the basic state as well as horizontal and

vertical wind fields. Six mixing ratios (water vapor, cloud

water, cloud ice, rain, snow, and graupel) are also forecast

based on the WRF single-moment six-class graupel mi-

crophysics scheme (Hong et al. 2004; Hong and Lim

2006). Other parameterization schemes include the Rapid

Radiative Transfer Model scheme (Mlawer et al. 1997)

for longwave radiation, the simple shortwave scheme

(Dudhia 1989) for shortwave radiation, and the YSU

planetary boundary layer scheme (Hong et al. 2006). The

Grell–Devenyi ensemble scheme (Grell and Devenyi

2002) is used for the parameterization of cumulus con-

vection in both domains 1 and 2.

To reproduce a realistic TC vortex, we performed a

1-week data assimilation with the ensemble Kalman

filter (EnKF) technique prior to the sensitivity analysis.

This data assimilation procedure starts from the field of

National Centers for Environmental Prediction (NCEP)

final analysis. The WRF-based EnKF data assimilation

system used in this study is similar to the system in

Meng and Zhang (2007, 2008a,b) and has been devel-

oped to adjust TC central position and pressure in or-

der to fit the best track (Wu et al. 2010). In this study, the

number of ensemble members in the EnKF system is

100.We regard 0000UTC 15 September 2006 (1200UTC

11 December 2008) as the initial time of the sensitivity

analysis for Shanshan (Dolphin) and regard ensemble-

mean state of the EnKF analysis field at this moment as

the initial reference state. For simplicity, we assume that

this initial time is the same as the observation time (i.e.,

no lead-time forecast experiment). For the presentation

of results, the number of hours beginning from the initial

time of the sensitivity analysis is used. The time schedule

of the experiment is summarized in Fig. 3. In fact, we

calculate the sensitivity both of latitude and longitude

at the model grid point where the minimum pressure is

FIG. 4. The TC position from JMA best track for Typhoon

Shanshan plotted over simulated tracks. Open circles indicate the

TC positions every 6 h from 2100 UTC 10 Sep, while solid ones

indicate the TC positions every 24 h from 0000 UTC 11 Sep. The

TC symbols and thick solid lines indicate the ensemble-mean

simulated track from 0000 UTC 15 Sep to 0000 UTC 17 Sep. The

gray lines correspond to the tracks of each member. The large area

of crosses near the top are the simulated positions of TC center at

0000 UTC 17 Sep.
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achieved at the verification time. However, for concise

presentation, we will present the only sensitivity of the

latitude (longitude) for Shanshan (Dolphin) unless

otherwise noted.

b. Perturbations for sensitivity analysis

To construct the sensitivity field, u and y at the initial

time are perturbed.As a first step, themagnitude is simply

determined so that the standard deviation becomes

an uniform value of 1.8m s21 (1.4m s21) for Shanshan

(Dolphin), which is the same as the area-averaged spread

of the 100 EnKF members in the middle troposphere at

the initial time (figures not shown).

In this study, initial perturbations are generated in-

dependently in each reduced grid point and thus t tests

are applied independently in each reduced grid point

except in section 6b. The benefit of using the uncorrelated

perturbations is that we can calculate the sensitivity based

on the simplified Eq. (7). Independent Gaussian random

numbers in each reduced grid point are generated by us-

ing the Mersenne twister method and Box–Mullar trans-

form (Box and Muller 1958; Matsumoto and Nishimura

1998) and are added to the initial reference state of

these variables. It is used to construct the sensitivity field

with respect to u and y. Although the relative vorticity z

and divergence c are not prognostic state variables in this

model, these are essential variables for clear physical

interpretation. Thus, the sensitivity field with respect to u

and y is converted to one with respect to relative vorticity

z and divergence c as in Kleist and Morgan (2005) and

Wu et al. (2007).

The horizontal reduced grid spacing is set to 540 km

regardless of the model grid spacing. This coarse grid

spacing used in this study is presumably sufficient in re-

solving synoptic features of a few thousand kilometers,

while not reflecting the finescale structures of the sensi-

tivity field. The vertical grid points are sampled on s 5
0.998 85, 0.8445, 0.5060, 0.2879, and 0.101. The potential

temperature and geopotential fields are also changed so

that the perturbation fields are close to geostrophic and

hydrostatic balances as a response to initial perturbations

of vorticity. For instance, the standard deviation of per-

turbations in potential temperature (geopotential) is

0.12K (30.1m2 s22) at 208N and s 5 0.8445 and 0.06K

(14.2m2 s22) at 208N and s 5 0.5060 for Shanshan. To

obtain temperature and geopotential perturbation fields,

we follow the same procedure as in Komaromi et al.

(2011). We first calculate the perturbation in stream-

function by solving Poisson’s equation using a relaxation

method and then calculate the temperature and geo-

potential perturbation field consistent with the stream-

function.

FIG. 5. Ensemble-mean geopotential height (shading) and horizontal wind (vectors) at (a)–(c) 300 and (d)–(f) 500 hPa based on

800member forecasts at (a),(d) 0000UTC 15 Sep, (b),(e) 0000 UTC 16 Sep, and (c),(f) 0000UTC 17 Sep. Unit vectors for horizontal wind

fields (m s21) are shown on the rhs of each row. The TC symbol indicates the ensemble-mean simulated position at each time.
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The number of ensemble simulations m is 800. How-

ever, 170 simulations for Dolphin are not used for

sensitivity analysis because the maximum wind speed

of the cyclone is reduced below the tropical storm in-

tensity of 17.2m s21 during their lifetime. This threshold

is introduced to strictly avoid false detection of TCs. The

degrees of freedom of the initial perturbations n is

1800 for Shanshan (15 3 12 3 5 reduced grid points in

the zonal, meridional, and vertical direction for the

two components, u and y) and 3600 for Dolphin (24 3
153 53 2). Therefore, the problems are formulated as

underdetermined ones.

4. Sensitivity analysis for Shanshan

a. Synopsis and simulated track

Figure 4 shows the center position of Shanshan based

on the JMA best track. It formed to the west of Guam

and moved northwestward and started to recurve on

13 September, turning northward from its original west-

ward path. The TC later began to accelerate northeast-

ward on 16 September. During the period of the current

numerical experiment, there are several synoptic features

around the TC region. Figures 5a and 5d show that the

location of Shanshan was between themidlatitude trough

over northern–central China and the anticyclonic flow at

the initial time (0000 UTC 15 September). On 16 Sep-

tember, Shanshan moved swiftly as it started to interact

with a midlatitude trough over eastern China (Figs. 5b,e).

On 17 September, Shanshan has become embedded in

the midlatitude trough in the 500-hPa fields (Figs. 5c,f).

The simulated tracks of ensemble members from

0000 UTC 15 September to 0000 UTC 17 September

are overlaid with TC symbols in Fig. 4. This shows that

the TC central position is reproducedwith a left-of-track

bias. Ensemble spreads of the forecasted TC central

FIG. 6. Ensemble-based sensitivity of Typhoon Shanshan’s central latitude with respect to the vorticity field (degree seconds): (left to

right) t512, 24, and 48 h and (top to bottom) s5 0.29, 0.51, and 0.84 at t5 0 h. The size of the circles in the panels indicates the results of

significance t test at each reduced grid point: 99.9%, 99%, and 90%. The TC symbols with an open dot indicate the ensemble-mean TC

positions at the initial time and closed TC symbols indicate those at the verification time. Left color bar indicates the values in the left

column and right color bar indicates the values in the middle and right columns.
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longitude and latitude at 0000 UTC 17 September are

0.4228 and 0.3848 (a distance of 39 and 43km), respectively.

b. Ensemble-based sensitivity

Figure 6 shows the sensitivity field of the TC central

latitude with respect to the vorticity field at three vertical

levels (s5 0.8445, 0.5060, and 0.2879) for the verification

time of 12, 24, and 48 h. The values are horizontally in-

terpolated into the model grid points with a cubic spline.

The circles superposed in these figures indicate the t-test

results. The sensitivity related to the vorticity field is less

significant at s 5 0.998 85 and s 5 0.101 than at s 5
0.8445, 0.5060, and 0.2879 (figures not shown). The signals

are the strongest at the verification time of 48h, which

reflects the fact that the signals are relevant to the ratio of

the change in the TC central latitude at the verification

time as a response to the unit initial change. The evo-

lution of the initial perturbation brings about large

ensemble-mean changes in the TC central latitude, par-

ticularly associated with the swift passage as the TC in-

teracts withmidlatitude troughs.Another notable feature

is that the major signals are sufficiently far away from the

lateral boundary, implying that the regional model is able

to reasonably reproduce the TC track, at least within this

time scale.

Here, we briefly outline the structure of the sensitivity

field. Further investigations on the physical interpre-

tation and comparison of other methods will be pre-

sented in Part II. Figure 6 shows that the largest

sensitivity near the TC center appears at s5 0.5060, with

values generally larger than those at s 5 0.2879. These

are consistent with results from previous sensitivity

studies for Shanshan obtained with the ADSSV and SV

methods (Wu et al. 2009b; Reynolds et al. 2009), implying

that TCmotion is more sensitive to changes in themiddle

troposphere.

For the sensitivity field at the verification time of 12 h,

the north–south dipole pattern appears to be centered at

the initial TC position. A vertically coherent structure

is present from the lower troposphere to the middle

troposphere with the largest sensitivity occurring in the

latter. This dipole pattern is to some extent relevant to

the latitudinal displacement of the vortex. This implies

that the appropriate positioning of the vortex is an im-

portant element for improving short-term track pre-

dictions (Ito et al. 2013). It is notable that the sensitivity

signal of meridional velocity in ADSSV (Wu et al.

2007)3 at the verification time of 12 h exhibits a west–

east dipole pattern in contrast to the signals in TyPOS.

Physical interpretation of this difference will also be

investigated in Part II.

The sensitivity field exhibits a horizontally tilted pat-

tern centered at the initial TC position with respect to the

vorticity field in the middle troposphere. This pattern is

typically found inADSSV-based sensitivity analyses (Wu

et al. 2007, 2009b; Chen et al. 2011). It is intriguing that

the negative sensitivity signals are well developed from

east to southwest relative to the initial TC position with

extended verification time, which is consistent with the

stronger sensitivity signals for Shanshan obtained from

ADSSV (Wu et al. 2009b; Chen et al. 2011). The confi-

dence level is above 99.9%. This feature is also detected

in the SV-based sensitivity analysis at the recurvature

stage for Shanshan (Reynolds et al. 2009).

FIG. 7. Horizontal velocity perturbations relative to CTRL in (a) WTILT, (b) ETILT, and (c) TROUGH. Unit vectors for horizontal

wind fields (m s21) are shown on the rhs of each panel. Vectors that are too small are not plotted. The TC symbol with the center dot is

the position of Typhoon Shanshan at the initial time, while the solid one is the ensemble-mean position at the verification time in the

CTRL run.

3 To avoid misunderstanding, note that the directions of the

vectors in TyPOS andADSSVhave different physical implications.
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Besides the horizontally tilted pattern in the middle

troposphere, the sensitivity field is elongated north-

westward in the upper layer at the verification time of

48 h, presumably because of the strong southeastward

wind. This feature is also detected and investigated as

a sign of interactions between the TC and midlatitude

trough from sensitivity signals ofADSSV (Wuet al. 2009b)

and SV (Reynolds et al. 2009). Under close inspection, our

signal around the midlatitude trough is not distinct in the

middle troposphere in contrast to the ADSSV- and moist

SV-based sensitivity signals.

The confidence levels of the sensitivity signals with

respect to the divergence field are mostly below 99% in

the lower, middle, and upper troposphere (figures not

shown). These sensitivity signals are not organized in

synoptic scale, suggesting that the vorticity field is more

relevant to the TC motion at least in comparison to the

divergence field (consistent with results in Wu et al.

2007). As mentioned above, the sensitivity signals ob-

tained from the existing SV- andADSSV-based methods

are fairly consistent with the signals in TyPOS, although

some differences are also identified.

c. Verification experiment

To ensure that the sensitivity signals obtained from

TyPOS are relevant to the motion of Shanshan, addi-

tional ensemble experiments are conducted. One hun-

dredmembers are randomly sampled from 800members

FIG. 8. Time evolution of horizontal velocity perturbations on 500 hPa in ETILT_m001 relative to CTRL_m001 at (a) 0, (b) 12, (c) 24,

and (d) 48 h. Unit vectors for horizontal wind fields (m s21) are shown on the rhs of each panel. Shading indicates the geopotential

height in CTRL_m001. The TC symbol with the dot is the TC position in ETILT_m001, while the solid one indicates that of

CTRL_m001.

2534 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 70



used for the sensitivity calculation. This set of 100 en-

semble members is referred to as CTRL. We perform

ensemble experiments in which three patterns of posi-

tive vorticity are added to each initial state of CTRL in

the prescribed region. To conduct an ensemble run, the

positive vorticity perturbations (without the divergence)

are transformed into horizontal velocity perturbations

(Du, Dy), which are the model prognostic variables, via

calculations of the streamfunction by solving Poisson’s

equation. The amplitude of the initial perturbation of

u and y is adjusted to the size of standard deviation

consistent with the sensitivity analysis.

Here, we investigate the validity of sensitivity field in

the middle troposphere with the verification time of

48 h. Two experiments are associated with the strongest

sensitivity signals around the initial TC positions and the

other experiment is associated with the midlatitude

trough in the middle troposphere where differences

arise between TyPOS and existing methods. We refer to

these three experiments as follows: (i) WTILT is the

experiment in which the positive vorticity perturbation

is added to the regions consistent with the horizontally

tilted pattern west to the initial TC position from s 5
0.661 75 to s5 0.4082, (ii) ETILT is the same asWTILT

but with the horizontally tilted pattern east to the initial

TC position, and (iii) TROUGH is the same as WTILT

and ETILT but with the perturbation near the mid-

latitude trough. Figures 7a–c indicate the initial pertur-

bations of additional horizontal wind in ETILT,WTILT,

and TROUGH, respectively. Based on the definition of

sensitivity and Fig. 6f, we can expect an ensemble-mean

northward (southward) displacement relative to CTRL

in the WTILT (ETILT) experiment and a smaller dis-

placement in the TROUGH experiment.

According to Eq. (8), the expected ensemble-mean

changes (DhLONi and DhLATi) are evaluated as a

FIG. 9. (a) Ensemble-mean TC track for CTRL (black), WTILT (red), ETILT (blue), and TROUGH (green). (b) Frequency distri-

butions of the TC central latitude at the verification time of 48 h for the results of the CTRL, WTILT, ETILT, and TROUGH runs.

Vertical lines denote the ensemble-mean TC central latitude corresponding to the same line color. (c) Ensemble-mean displacement of

TC center position (relative to the CTRL run) at the verification time obtained from the nonlinear numerical model run. Horizontal and

vertical axes indicate the displacement in longitude and latitude (arc minutes), respectively. (d) As in (c), but for those evaluated by using

TyPOS.
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response to the additional horizontal wind perturba-

tion at the initial time. As mentioned in section 2b,

we multiply the magnitude of perturbations by the

sensitivity both of latitude and longitude that are

interpolated to the model grid points using a cubic

spline:

DhLONi’ �
D1

1

SD1

(~l
LON
u Du1 ~l

LON
y Dy)

1 �
D2

1

SD2

(~l
LON
u Du1 ~l

LON
y Dy) and (9)

DhLATi’ �
D1

1

SD1

(~l
LAT
u Du1 ~l

LAT
y Dy)

1 �
D2

1

SD2

(~l
LAT
u Du1 ~l

LAT
y Dy) , (10)

where the subscripts D1 and D2 represent domain 1 and

domain 2, and SD1 and SD2 are set to constant values of

617.7 and 6273.5, respectively.

d. Results of the verification experiment

Figure 8 shows a typical example of time evolution of

horizontal velocity perturbation in a member of the

ETILT experiment (ETILT_m001) relative to a corre-

sponding member of the control experiment

(CTRL_m001). Perturbations are developed in a broader

region within the first 12 h (Fig. 8b). They continue to

grow around the TC with maximum values of about

20ms21 (Figs. 8c,d), appearing to exhibit a cyclonic

circulation southwest to the TC position and an anti-

cyclonic circulation northeast at the verification time.

This is consistentwith the southwestward displacement of

the TC in ETILT_m001 relative to that in CTRL_m001.

FIG. 10. TheTCposition fromJMAbest track forDolphin plotted

over simulated tracks. Open circles indicate the TC positions every

6h from 0600 UTC 11 Dec, while solid ones indicate the TC posi-

tions every 24h from 0000 UTC 12 Dec. The TC symbols and thick

solid lines indicate the ensemble-mean simulated track from

1200 UTC 11 Dec to 1200 UTC 15 Dec. The gray lines correspond

to the tracks of each member. The crosses indicate the simulated

positions of TC center at 1200 UTC 15 Sep.

FIG. 11. As in Fig. 5, but for ensemble-mean geopotential height and horizontal wind around Dolphin at (a),(d) 1200 UTC 11 Dec,

(b),(e) 1200 UTC 13 Dec, and (c),(f) 1200 UTC 15 Dec.
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Figure 9a shows the ensemble-mean TC positions in

different experiments. The members in theWTILT run

tend to move northward relative to the CTRL run,

while the members in the ETILT run tend to move

southward. This finding is consistent with the results of

the sensitivity analysis. Ensemble-mean displacement

in the TROUGH experiment remains small as expected.

It does not necessarily mean that the existing methods

overestimate the sensitivity associated with the mid-

latitude trough in the middle troposphere because the

sensitivity is also dependent on the numerical model

and the characteristics of initial perturbations. Never-

theless, the results demonstrate that TyPOS accurately

reflects the sensitivity of TC position as a response to

large-scale initial perturbation for a given ensemble

forecast system.

Figure 9b shows the frequency distributions of TC

central latitude of the 100 members among different

ensemble experiments. It is obvious that the ensemble-

mean TC position in WTILT (ETILT) is located to

the north (south) of the TC position in CTRL, while the

distribution overlaps among different experiments. The

current method is shown to be relevant to the changes in

probability density function of TC positions.

Figure 9c illustrates the ensemble-mean TC position

change relative toCTRLwith nonlinearmodel calculation.

The TC displacement estimated from TyPOS quantita-

tively agrees well with the ensemble-mean displacements

in the perturbed experiments (Fig. 9d). We calculate the

amplification factor defined as the ratio of total kinetic

energy (TKE) of ensemble-mean perturbation integrated

over a 1000km 3 1000km square centered at the TC po-

sition at the verification time to that over the entire domain

at the initial time. The amplification factors are 1.47 for

WTILT, 3.73 for ETILT, and 0.13 for TROUGH at t 5
48h. It is consistent with the largest development of per-

turbations near Shanshan in the ETILT experiment.

Overall, these features indicate the usefulness of

TyPOS. Themethod can be used to evaluate the expected

direction and distance of the vortex displacement as a

response to the changes in the initial state and to identify

regions that have greater impacts on an ensemble of re-

alizations of the TC forecast position under the proba-

bilistic framework.

FIG. 12. As in Fig. 6, but for the sensitivity of Dolphin’s longitude at the verification time of 24, 48, and 96 h.
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5. Sensitivity analysis for Dolphin

a. Synopsis and the simulated track

Figure 10 shows the center position of Dolphin in

the JMA best track. Dolphin turned into a tropical

storm west of the Mariana Islands at 0600 UTC

11 December 2008. After turning sharply to the north

around 0000 UTC 15 December, it began to move

northeastward on 16 December. The simulated tracks

of ensemble members from 1200 UTC 11December to

1200 UTC 15 December are overlaid with TC symbols

in Fig. 10. Simulated tracks generally exhibit early re-

curvature to the north, while TC position varies greatly

at the forecast time of 96 h. Ensemble spreads of the

forecasted TC central longitude and latitude at 1200UTC

15 December are 1.638 and 1.338 (a distance of 166 and

148 km), respectively.

Figure 11 shows that Dolphin was embedded in the

easterly wind and was located west of the anticyclonic

flow at 1200 UTC 11 December (initial time of the sen-

sitivity analysis). The anticyclonic flow and the mid-

latitude trough intensified around 14 December and the

simulated TCs swiftly moved northeastward toward the

direction of flow and the trough.

b. Ensemble-based sensitivity

Figure 12 shows the sensitivity field of the TC central

longitude with respect to the vorticity field at three ver-

tical levels (s 5 0.8445, 0.5060, and 0.2879) for the veri-

fication time of 24, 48, and 96h. Values of the sensitivity

FIG. 13. As in Fig. 7, but for the verification experiment on the sensitivity for Dolphin: (a) P1, (b) P2, (c) N1,

and (d) N2.
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FIG. 14. (a) Ensemble-mean TC tracks of CTRL (black), P1 (red), and P2 (orange). (b) As in (a), but for

CTRL, N1 (cyan), and N2 (blue) experiments. (c) Frequency distributions of the TC central longitude at the

verification time for CTRL, P1, and P2 runs. (d) As in (c), but for CTRL, N1, and N2 experiments. (e),(f) As in

Figs. 9c,d, but for Dolphin at the verification time of 96 h.
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field at the verification times of 24 and 48h are large as

compared to the sensitivity of the forecasted latitude of

Shanshan. This suggests that ensemble-mean TC position

change is more sensitive to the initial perturbation. The

sensitivity with respect to the vorticity field is less signif-

icant at s 5 0.99885 and s 5 0.101 and the same ten-

dency is observed in the sensitivity with respect to the

divergence field as described in section 4 (figures not

shown).

The largest sensitivity appears at s 5 0.5060. The

values at s5 0.8445 and s5 0.2879 are generally smaller

than those at s 5 0.5060 regardless of the verification

time.While the confidence level is generally low compared

to the case of Shanshan, some sensitivity signals have a

confidence level over 90% at the verification time of 96h.

For the sensitivity field at the verification time of 24 h,

the east–west dipole pattern appears to be centered at

the initial TC position. The positive sensitivity area

extends from the east of the initial position to southern

Taiwan in the middle troposphere at the verification time

of 48 and 96h. The significant signals are found around

158–258N, 1208–1308E, located at the southern part of the

westerly jet, which illustrates the influences of the jet on

the TC track.

FIG. 15. Sensitivity with respect to the vorticity field at s 5 0.5060 using (a)–(c) 800, (d)–(f) 400, (g)–(i) 200, and (j)–(l) 100 ensemble

members. The metric represents the TC central latitude at (left) 12, (middle) 24, and (right) 48 h.
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c. Verification experiment

Four verification experiments are conducted to ensure

that the sensitivity signals in the middle troposphere are

relevant to the TC position at the verification time of

96 h. Referred to as P1, P2, N1, and N2, the experiments

correspond to the significant sensitivity signals around

the TC. The procedure of the four experiments is the

same as that in section 4c; that is, the positive vorticity

perturbations (without divergence) from s 5 0.661 75

to s 5 0.4082 are added to the initial field of the 100-

member ensemble run. The initial perturbations of the

horizontal wind are shown in Figs. 13a–d. Based on the

definition of sensitivity and Fig. 12f, we can expect to

observe an ensemble-mean eastward (westward) dis-

placement relative to CTRL in P1 and P2 (N1 and N2)

experiments.

The expected ensemble-mean changes (DhLONi and
DhLATi) as a response to the constant perturbation in

the initial state are evaluated according to the equation

below:

DhLONi’ �
D

1

SD
(~l

LON
u Du1 ~l

LON
y Dy) and (11)

DhLATi’ �
D

1

SD
(~l

LAT
u Du1 ~l

LAT
y Dy) , (12)

where the subscript D represents the domain and SD is

set to a constant value of 630.

d. Results of the verification experiment

Figures 14a and 14b show ensemble-mean tracks of

each experiment. It is clear that ensemble-mean displace-

ment at the verification time is consistent with TyPOS.

The TC tends to move eastward in the P1 and P2 experi-

ments relative to CTRL, while the ones in the N1 and N2

runs tend to move westward. These tendencies are con-

nected to earlier (later) recurvature in P1 and P2 (N1 and

N2) experiments. Figures 14c and 14d show the frequency

distributions of longitude among different ensemble

experiments. Although the frequency distributions are

FIG. 16. As in Fig. 6, but for the sensitivity analysis with a reduced grid spacing of 270 km.
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heavily overlapped, the ensemble-mean value is different

among the different experiments.

Figure 14e illustrates the ensemble-mean TC position

displacement calculated in a nonlinear model. It is qual-

itatively consistent with the evaluation by using TyPOS

(Fig. 14f), with a significant signal only slightly above

80%, indicating a difference from the case of Shanshan

that yields a rather quantitative result. Nevertheless,

these results show potential of TyPOS for long-term

forecast sensitivity analyses. The amplification factors

with the verification time of t5 96 h are 3.78 for N1, 1.01

for N2, 5.06 for P1, and 0.79 for P2. These values corre-

spond to the large displacement in N1 and P1.

6. Discussion

a. Dependency on ensemble size and resolution

It is important to investigate the dependency of the

sensitivity analysis on the number of ensemble members.

The sensitivity analysis is conducted based on 400, 200,

and 100 ensemble members for the same case (Typhoon

Shanshan) described in sections 3 and 4. Figure 15 shows

the sensitivity field at s 5 0.5060 with respect to the

vorticity field, superposed with the results of significance

t test. The north–south dipole pattern at the verification

time of 12h and the horizontally tilted patterns centered

at the initial TC position are found in the sensitivity field

with fewer number of ensemble members.

However, some spurious features appear away from

the TC center and the confidence level of the signals

decreases with a smaller number of ensemble members.

One encouraging result is that noise caused by the de-

creasing number of ensemble members is not detected

as significant in most of the cases, although some signals

(e.g., 328N, 928E in Fig. 15l) indicate a 90% confidence

level.

So far, the reduced grid spacing is set to 540 km, which

is too coarse to investigate finescale structures. Another

sensitivity analysis is performed by halving the hori-

zontal reduced grid spacing to 270 km for Typhoon

Shanshan (2006). With the exception of the reduced grid

spacing, the settings are the same as in the original one

described in sections 3 and 4. Figure 16 shows the sen-

sitivity fields with respect to the vorticity fields. The

sensitivity fields are consistent with the findings shown in

section 4 in that the horizontally tilted pattern is found

near the initial TC position. However, the sensitivity

field is contaminated by statistical noise and the signals

are seldom considered significant.

This suggests that TyPOS starting from large-scale

perturbations can serve as a promising method for both

targeted observation operations and research purposes,

given the large number of ensemblemembers. In TyPOS,

an additional assumption is introduced to fully determine

n elements of the sensitivity field from m realizations as

explained in section 2a. Thus, the sensitivity field is not

likely to reflect the relationship between input physical

variables and the output scalar as the number of degrees

of freedom increases. Recent developments in large

parallel computer systems with thousands of processors

make it possible to obtain sensitivity fields from a very

large number of nonlinear forward model runs with full

physics (Martin and Xue 2006). However, without

enough computational resources, this method provides

less reliable features or is merely useful for capturing

some features in the further reduced-dimension space.

In terms of the operational ensemble forecast, it would

be possible to use a basis function corresponding to the

fast-developing mode as discussed below or to shrink

the domain size of initial perturbations along with the

reduction of ensemble size.

b. The use of EnKF-based perturbations

So far, large-scale random initial perturbations are

used to illustrate the feasibility of TyPOS. However,

the use of faster developing perturbations may help

efficiently capture the sensitivity field with a smaller

number of ensemble members. Its importance in prac-

tical application prompted us to conduct another sensi-

tivity analysis based on 100 ensemblemembers initialized

from EnKF-based perturbations for Shanshan. The

settings are the same as in section 4 except that the

sensitivity field is derived fromEqs. (3) and (4) by using

FIG. 17. As in Fig. 4, except that the ensemble simulations are

initialized from EnKF-based perturbations.
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EnKF-based perturbations instead of large-scale un-

correlated perturbations.

Figure 17 shows the TC forecast tracks initialized

from EnKF-based perturbations. Ensemble spreads of

the forecasted TC central longitude and latitude at

0000 UTC 17 September are 1.228 and 1.408 (a distance
of 114 and 156 km), respectively. They are larger than

those in section 4 presumably because of the faster de-

velopment of perturbations and the larger displacement

at the initial time. Figure 18 shows the sensitivity of TC

forecast latitude with respect to the vorticity field. The

values at s5 0.8445 and s5 0.5060 are larger than those

at s 5 0.2879. Generally speaking, the sensitivity is rel-

atively strong north of 258N. In particular, there is a pair

pattern in the north of the initial TC position that is in-

clined to the north with increasing altitude. These sensi-

tivity signals are quite different from those obtained in

section 4, likely because of the property of perturbations.

Detailed discussion on this topic will be covered in future

works.

To verify that these sensitivity signals are relevant to

the TCmotion, two ensemble experiments are performed

as in sections 4c and 5c. Initial vorticity perturbation with

the magnitude of dz5aszl
LAT
z is added in the ‘‘POSI-

TIVE’’ experiment, while the initial vorticity perturba-

tion with the magnitude of dz5aszl
LAT
z is introduced to

the other experiment termed ‘‘NEGATIVE.’’ Here, sz is

the ensemble spread of the vorticity at the initial time, and

a is set to the constant value of 0.01 so that the maximum

change is about the size of the ensemble spread.

Figure 19 shows that the changes of TC positions are

consistent with those obtained from the sensitivity field.

The vortex displacement as a response to the initial vor-

ticity changes was located in the north-northeast (south

southwest) direction as expected, while the distance of

displacement is slightly overestimated. It exhibits that

100 EnKF-based perturbations can be utilized to detect

the sensitivity of typhoon forecast positions through

TyPOS.

7. Concluding remarks

Selection of the forecast metric is one of the critical

issues in sensitivity analyses associated with studies of TC

motion. In this study, we proposed a typhoon-position-

oriented sensitivity analysis (TyPOS) for an ensemble

FIG. 18. As in Fig. 6, except that the ensemble simulations are initialized from EnKF-based perturbations.
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forecast system. The sensitivity is interpreted as the

slope of the regression line (or its approximation) based

on the ensemble simulation between the initial pertur-

bations and the resulted forecast scalar metric repre-

senting the TC position.

As a first step, Typhoon Shanshan (2006) and Ty-

phoon Dolphin (2008) are used to demonstrate the ap-

plicability of TyPOS as a response to large-scale initial

perturbations. The sensitivity field of the TC central lat-

itude with respect to the vorticity field ismaximized in the

middle troposphere. Interestingly, the sensitivity field is

characterized by a dipole pattern and the horizontally

tilted patterns centered at the initial TC position. The

sensitivity signals related to the vorticity field in the

middle troposphere are stronger than those in other al-

titudes, while the sensitivity related to the divergence

field is less significant. This indicates that the sensitivity

signals shown by TyPOS are fairly consistent with the

signals obtained from existing methods, although there

are still a few differences.

The sensitivity signals can be utilized to evaluate the

changes in the ensemble-meanTC position as a response

to the changes in the initial condition. They are also

useful for determining which observations are more

likely to objectively contribute to improving ensemble

track forecasts. The verification experiments confirm

that sensitivity signals in TyPOS reflect the displace-

ment of the TC forecast position even at the verifica-

tion time of 96 h.

As mentioned above, TyPOS is a useful method to

resolve problems in the choice of metrics. However,

further improvements are needed because TyPOS is still

subject to a variety of uncertainties in specifying initial

perturbation magnitudes and patterns. In particular,

limitations resulting from the large-scale perturbations

would make it difficult to address the finer structure of

the sensitivity field. Some noise arises as the number of

ensemble members decreases and also with a finer hor-

izontal grid spacing, although the t-test results serve as

a tool to evaluate whether the acquired signals are re-

liable or not.

The use of the EnKF-based perturbations may help

efficiently capture the sensitivity field with a smaller

number of ensemble members and reflect the sophisti-

cated treatment of perturbation development through

a data assimilation system. Another sensitivity analysis

FIG. 19. As in Fig. 9, but for the POSITIVE and NEGATIVE experiments.
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based on 100 members initialized from EnKF-based

perturbations is conducted for Shanshan. It is encour-

aging to find that the ensemble-mean displacement of

TC forecast position is consistent with that expected

by the sensitivity field. However, the sensitivity for

EnKF-based perturbations is clearly different from

that obtained for large-scale perturbations. Further

study is required to explain the factors leading to such

a difference.

Other issues to be further investigated include the

physical interpretation of the signals, detailed compar-

ison with other methodologies, and applications to real

cases in which a bimodal distribution of TC positions is

obtained from ensemble runs. Despite these remaining

problems, the results shown here are meaningful be-

cause a distinctly direct sensitivity analysis method for

ensemble TC track forecasts is proposed and verified.

This method has potentials to contribute to further

reductions of ensemble forecast track errors in con-

nection with targeted observations and to improved un-

derstanding of physical processes associated with TC

motion.
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