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ABSTRACT

A model self-bogus vortex is constructed by cycle runs using the Weather Research and Forecasting (WRF)

model to provide high-resolution initial conditions for tropical cyclone (TC) simulations. The vortex after 1 h

of model simulation is used to construct the vortex structure for the initial conditions for the next cycle run.

After about 80 cycle runs, the TC structure is well adapted to the model employed and well adjusted to the

given large-scale conditions.

Three separate simulations using three different initial conditions including global analysis (CTRL), the

bogus package from WRF (WB), and the new initialization package (NT) are performed for Typhoon

Morakot (2009). The NT scheme shows advantages in generating realistic vortex features including sea level

pressure, winds, a warm core, and correct TC size with the meteorological fields away from the observed TC

center consistent with the global analysis. The NT scheme also shows significant improvements in TC sim-

ulations including asymmetric structure, track, intensity, strength of low-level winds, radar reflectivity, and

rainfall. For other runs, such as WB and CTRL, the unbalanced initial vortex needs to adjust to the changing

environment during the first 2–3 days of model simulations, which is likely to have negative impacts on the

track, intensity, and rainfall forecasts in most cases.

For all three different types of model initializations, the model is capable of simulating heavy orographic

precipitation over southern Taiwan. However, with a better track forecast, only the NT run simulates the

high-reflectivity band associated with the convergence zone between Morakot’s circulations and the south-

west monsoon off the southeast coast. In addition to Morakot’s slow movement and relatively large size,

Typhoons Goni and Etau were embedded within a moist monsoon gyre. The combined circulations associated

with the monsoon gyre and tropical storms bring in moisture-laden flows toward the western slopes of

southern Taiwan.

1. Introduction

Initialization of tropical cyclones (TC) in numerical

models has been a challenging problem for many years.

For TC track and intensity predictions, unfortunately, the

tropical cyclone structure is usually not well represented

in the model initial conditions because TCs form and de-

velop over the open ocean where observations are few. In

addition, the initial conditions for mesoscale models are

interpolated from global analyses that may not have ad-

equate resolution to resolve real TC structure, especially

in the TC core area. The initial vortices associated with

tropical cyclones from global analyses are usually too

large and too weak compared to real vortices (Kurihara

et al. 1993).

To improve the initial conditions for numerical TC

forecasts, a vortex specification technique is usually used.

The procedures include removing the poorly analyzed

meteorological fields associated with TCs from the global

analysis, constructing an empirical vortex or a bogus

vortex (Iwasaki et al. 1987; Mathur 1991; Kurihara et al.

1993), and inserting the bogus vortex into the observed

TC location. The bogus vortex has an intensity, size, and

location close to observations. Techniques for TC initial-

ization can be divided into three groups including 1) a

bogus vortex constructed by model integration, 2) a bogus

vortex constructed by analytic empirical functions, and 3)

a bogus vortex constructed by three- (3DVAR) or four-

dimensional variational data assimilation (4DVAR) with

bogus data as one of the data sources.

One of the well-known TC initialization techniques in

the first type of vortex initialization was developed by
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Kurihara et al. (1993). In the technique, a bogus vortex is

constructed by model integration. They suggested that a

bogus vortex needs to satisfy three conditions including

consistency in structure, similarity in structure to the real

vortex, and compatibility with the numerical model in

which it is inserted. The bogus vortex in Kurihara et al.

(1993) is constructed with both symmetric and asymmet-

ric components. The symmetric component is produced

by integrating an axisymmetric version of the Geophysical

Fluid Dynamics Laboratory (GFDL) hurricane model

(Kurihara et al. 1990). The asymmetric component is con-

structed by integrating the nondivergent barotropic vor-

ticity equation on a beta-plane using the initial conditions

from the constructed symmetric flows (Ross and Kurihara

1992). Liu et al. (1997) used the fifth-generation Pennsyl-

vania State University–National Center for Atmospheric

Research (PSU–NCAR) nonhydrostatic Mesoscale Model

(MM5) for a 48-h integration with the coarsest domain.

Then, the integrated vortex from the coarsest domain

at 48 h was extracted and implanted into the model

initial conditions for all domains. Vortex initialization

using model integration shows significant improvement

in terms of the thermodynamic structure of the vortex

and intensity forecasts (Kurihara et al. 1993; Liu et al.

1997; Wu et al. 2002).

In the second type of vortex initialization, bogus vorti-

ces are constructed from empirical functions of surface

pressure and tangential wind (Fujita 1952; Holland 1980;

Chan and Williams 1987; Iwasaki et al. 1987; Mathur 1991;

Davis and Low-Nam 2001; Kwon and Cheong 2010). The

bogus vortices then replace the vortices from the large-

scale analysis. The method is able to reproduce many re-

alistic features of hurricanes with significant improvement

in track and intensity forecasts as compared to model

forecasts without a bogus vortex (Davidson and Weber

2000; Kwon and Cheong 2010).

Vortex initialization by application of data assimi-

lation is a recent technique for TC initialization. Zou

and Xiao (2000) introduced a bogus data assimilation

(BDA) scheme to initialize Hurricane Felix (1995)

using the MM5 model with some success. By applying

BDA, models generate initial conditions in such a way

that all variables are forced to adjust to observations and

a bogus low (Zou and Xiao 2000). Chou and Wu (2008)

integrated the bogus vortex with the dropwindsonde data

to produce better initial conditions. Compared with a no-

vortex initialization, the vortex initialization by applica-

tion of 3DVAR and 4DVAR with bogus data, including

sea level pressure (SLP) and/or bogus wind profile (Zou

and Xiao 2000; Pu and Braun 2001; Wu et al. 2006; Zhao

et al. 2007; Zhang et al. 2007; Wang et al. 2008), shows

significant improvements on TC structure, track, and in-

tensity forecasts.

The island of Taiwan affects the track and intensity of

TCs. From observations of 22 typhoons, Brand and

Blelloch (1974) state that all typhoons in their sample

start to weaken at about 12 h prior to landfall. Bender

et al. (1985, 1987) suggest that the weakening of TCs is

due to the advection of dry and low momentum air from

Taiwan into the TC circulation. The advection reduces

the supply of latent heat and kinetic energy both of which

help the TCs to maintain their circulations. Interaction

between TCs and Taiwan’s terrain causes track deflection,

as blocking effects change the upstream steering flows

as well as TC circulations (Yeh and Elsberry 1993a,b;

Bender et al. 1987). When a TC hits Taiwan, a second-

ary low usually forms in the lee side. The leeside low

is induced by environmental flow in combination with

downslope adiabatic warming associated with TC cir-

culations (Wu and Kuo 1999; Wu 2001). The leeside low

then may replace the original TC low resulting in the TC

propagating twice as fast as the speed of the basic flow

(Chang 1982). Jian et al. (2006) suggest that the replace-

ment occurs as the original low is blocked by the Central

Mountain Range (CMR); a part of the vorticity associ-

ated with the original low is transported horizontally

across the CMR to the secondary low at the lee side.

Finally, the upper-level vorticity remnant of the original

low passes through the CMR and couples with the low-

level secondary low to form a mature TC in the lee.

With a height over 3 km, the CMR plays an important

role in the development of heavy rainfall due to the in-

teraction between the TC and the terrain as the oceanic

moisture-laden air is forced upslope by TC circulations

(Wu et al. 2002). Strong orographic lifting is accompanied

by significant latent heating in the lower atmosphere above

the slopes (Wu et al. 2002). Over Taiwan, the locations of

heavy rainfall associated with TCs are mainly controlled

by orographic forcing and coastal convergence rather than

a particular TC’s rainband (Bender et al. 1985; Lin et al.

2002). Heavy rainfall can be more severe if TCs hit Taiwan

and interact with the East Asian winter monsoon, as the

convergence is enhanced by monsoon circulations (Wu

et al. 2009). The rainfall distributions associated with TCs

over Taiwan are strongly controlled by the relative loca-

tions of TC tracks over Taiwan (Cheung et al. 2008). It is

suggested that with an accurate track forecast, model res-

olution and model depiction of Taiwan terrain control the

simulated rainfall (Wu and Kuo 1999; Wu et al. 2002).

Previous studies confirm that TC initialization is re-

quired to produce better forecasts by mesoscale numer-

ical models. In this work, a TC-initialization technique is

constructed using the Weather Research and Forecasting

model (WRF; Skamarock et al. 2005) cycle runs and ap-

plied to Typhoon Morakot (2009). Model simulations

initialized by the new TC-initialization technique and
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global analysis data are then used to investigate the

mechanism for a record-breaking rainfall event associated

with Morakot (2009). Details about the TC-initialization

technique are described in section 2. The model and data

description are given in section 3. Some preliminary re-

sults from a case study based on Typhoon Morakot (2009)

are presented in sections 4 and 5. Development of the

typhoon vortex in the proposed TC initialization scheme

is discussed in section 6. Factors contributing to the heavy

rainfall related to Morakot are discussed in section 7.

Summary and discussion are given in section 8.

2. Vortex initialization

One of the purposes of this work is to develop a new

vortex initialization technique and compare it with the

vortex bogus technique in the current WRF model. The

bogus scheme in the current Advanced Research WRF

model (ARW-WRF) is adapted from the same scheme

(Davis and Low-Nam 2001) used in the MM5 model.

The scheme includes two main steps. In the first step, the

vortex from the global analysis is removed using relation-

ships among nondivergent winds, the streamfunction, and

the vorticity. With the assumption that the streamfunction

and the vorticity of the vortex part vanish at large radii

from the vortex center, the relationships among nondi-

vergent wind, streamfunction, and vorticity result in a

Laplace’s equation with Dirichlet’s boundary conditions.

The equation is then solved by a spectral method to find

the vortex part in the global analysis. In the second step,

an empirical axisymmetric Rankine vortex is constructed

and inserted into the observed location of the real vortex.

Davis and Low-Nam (2001) suggest that the axisymmetric

bogus vortex does not affect the storm motion at the time

close to the initial time. In fact, the inserted axisymmetric

bogus vortex induces asymmetric features via the beta

effect, which would affect the simulated TC track.

In this work, a technique is developed to construct TC

vortices in the model initial conditions using ARW-WRF.

In the proposed technique, a model self-bogus vortex is

constructed by the model cycle runs. During the cycle runs,

only SLP is specified at the first time step of each cycle run

by an empirical profile. We assume that 1) in a short period

of time (,1 h) the TC moves but its structure does not

change significantly; and 2) a TC’s structure at the model

initial time is a function of environmental conditions in-

cluding SST, winds, temperature, relative humidity, and

other meteorological variables, which also do not signifi-

cantly change in each cycle run. The model is first inte-

grated for a short period of time dt (dt , 1 h), with the

prescribed SLP associated with the tropical cyclone at the

model initial time t0. Next, the vortex structure after dt

integration is used to construct a new vortex at the initial

time t0 of the next cycle run at the initial observed TC

center while the large-scale variables are the same as those

from global analysis at t0. Then the model is integrated

again for dt. The above two-step cycle run is repeated until

the current TC has the minimum SLP (Pmin) and the max-

imum wind speed Vmax at the initial time close to the ob-

served values with a preset criterion or after a fixed number

of cycle runs N. Usually, N is about 80. As will be shown

later, the repeated two-step cycle run will assure that the

initial vortex is well adapted to the model used and is in

quasi-equilibrium with the given large-scale environment

from the global analysis and the prescribed SLP associated

with the TC.

To obtain the bogus TC, the following processes are

applied for every variable F at the beginning of each

cycle run:

FV
c11,t0,x,y,z 5 FV

c,t0,x,y,z 1 f V
c,t0,x,y,z c 5 1, . . . , N, (1)

where, x, y, z denote spatial coordinates; Fc
V and FV

c11 are

the vortex parts of variable F at cycle c and c 1 1 at the

model initial time t0; and fc
V is the difference in the vortex

part of variable F at cycle c between the initial time and

initial time plus dt. In this case, dt is 60 min. Here N is the

number of cycle runs.

a. Vortex separation

The cycle processes only apply to the vortex part and

within a radius of R from the TC center. The R can be

selected as the radius of 15 m s21 wind from the best-

track data or a fixed experimental number.

A variable, F, is first decomposed into the vortex com-

ponent FV and the environment component FE:

F 5 FV 1 FE, (2)

and following the modified methods of Kurihara et al.

(1993) FE is defined as

F
E

i, j 5 Fi, j 1 K
m

(Fi�q
n
, j 1 Fi1q

n
, j � 2Fi, j)

FE
i, j 5 F

E

i, j 1 K
m

(F
E

i, j�q
n
1 F

E

i, j1q
n
� 2F

E

i, j), (3)

where

q
n

5
111 cos(f

0
)

nD

� �
n 5 1, 2, 4, . . . , M,

M 5
111 cos(f

0
)

D

� �
, (4)

K
m

5
1

2
1� cos

2p

m

� ��1
" #

m 5 2, 3, 4, 2, 5, 6, 7, 2, 8, 9, 2.

(5)
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In this work, the integer number qn is added to the

original equation to make (3) applicable for all horizontal

resolutions smaller than 100 km in the WRF model, where

u0 is the latitude of the observed TC center, D is the hor-

izontal grid resolution in kilometers for each domain, and

[ ] denotes the operator to round an argument to the

nearest whole number. To apply (3), (4), and (5) for real

data, with each value of n, successive applications of (3) are

performed with values of m as suggested by Kurihara et al.

(1993) in which m varies as 2, 3, 4, 2, 5, 6, 7, 2, 8, 9, and 2.

With n equal to 1, the modified processes (3), (4), and (5)

have almost the same effect as the original method of

Kurihara et al. (1993), in which all waves with a wave-

length between about 100 km to 900 km are completely

removed. Other values of n in (4) will remove all waves

with wavelengths shorter than 100 km.

The vortex component is defined as the difference

between the environment and the total field using (2).

The difference could include small-scale environmental

noises in addition to the vortex. However, according to

Kurihara et al. (1993), the magnitude of the small-scale

environmental noise is small compared with the vortex.

b. The prescribed sea level pressure associated
with a TC vortex

During the cycle runs that generate the bogus vortex,

the only information needed for this technique is the SLP

distribution at the model initial time, t0. Three parameters

are used to construct a modified Fujita’s surface pressure

including minimum pressure Pmin, radius of maximum

wind Rmax, and radius R beyond which the values of all

variables are the same as in the global analysis. The pre-

scribed SLP, P(r, u), has a maximum gradient at Rmax, and

has the same value as the global analysis at radius R. A

modified Fujita’s equation (Fujita 1952) is applied for

each grid point within a distance of R from the observed

TC center:

P(r, u) 5 P
0
(u, R)� [1�W(r, R)]

P
0
(u, R)� P

minffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 1

r

R
max

� �2
s ,

(6)

where Pmin is the observed minimum SLP, r is the dis-

tance from the grid point to the observed TC center, and

P0(u, R) is the SLP from the global analysis at radius R.

Note that P0(u, R) is a function of the azimuthal angle u

allowing the asymmetric structure of the TC to develop

in the initial vortex during the cycle runs. Because TC

structure over land is strongly affected by terrain, the

cycle runs should be only applied to TCs with a distance

from the TC center to the nearest landmass larger than R.

FIG. 1. The two employed domains.

FIG. 2. Observed tracks of (top right) Typhoon Morakot (circle)

and (bottom left) Typhoon Goni (triangle) are marked every 6 h.

The numbers next to the observed TC locations indicate the ob-

served time at 0000 UTC of the days in August 2009.

FIG. 3. FNL 850-hPa geopotential height (m) at 0000 UTC

5 Aug 2009.
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The W(r, R) is the matching function (Kwon and Cheong

2010) and is given as follows:

W(r) 5 e�[(r�R)/aR]2

, (7)

where a 5 0.4 is the shape parameter.

c. Cycle runs

Apply (2) for all variables at both t0 and t0 1 dt to obtain

the first term on the right-hand side of (1). The second

term on the right-hand side of (1), the difference in vortex

part fs
V at cycle c between t0 and t0 1 dt, is computed by

f V
c,t0,x,y,z 5 W

x,y
FV

c,t0,x,y,z 1 (1�W
x,y

)FV
c,t01dt,x1dx,y1dy,z,

(8)

FIG. 4. East–west cross section along the TC center (23.08N) of

initial SLP (thick contour, hPa) and 10-m wind speed (thin con-

tour, m s21) for the (a) CTRL, (b) WB, and (c) NT runs at 0000 UTC

6 Aug 2009.

FIG. 5. The difference in vortex part between the analysis and

after vortex initialization for the NT run for (a) SLP (hPa) and (b)

10-m wind vector (m s21).
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where dx and dy are the differences between the observed

TC center at t0 and the simulated TC center at t0 1 dt in

the x and y directions, respectively.

Bender et al. (1993) show that models develop un-

realistic grid-scale variations during integration. To remove

the noise, they suggest that smoothing and desmoothing at

appropriate time-step intervals should be performed. The

following operations (Bender et al. 1993) are applied for

the vortex component every five cycles:

FV
x,y 5 (1� 4y)FV

x,y 1 2y(FV
x�dx,y 1 FV

x1dx,y) and

FV
x,y 5 (1� 4y)FV

x,y 1 2y(FV
x,y�dy 1 FV

x,y1dy), (9)

where y 5 0.25 for smoothing, and y 5 20.28 for de-

smoothing. As suggested by Bender et al. (1993), mois-

ture variables are only smoothed, without desmoothing,

to avoid generating unrealistic values.

FIG. 6. Longitude–vertical cross sections through the TC center, for the CTRL run, of wind speed (m s21, interval

5 m s21) at (a) 0000, (b) 0100, (c) 0300 UTC and temperature anomalies (K, interval of 1 K) from the environment at

the same height at (d) 0000, (e) 0100, and (f) 0300 UTC 6 Aug 2009.
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3. Data and model descriptions

The WRF modeling system is a nonhydrostatic, three-

dimensional primitive equation model (Skamarock et al.

2005) and is currently used for both research and opera-

tional forecasts. The model configuration in this research

includes a Ferrier microphysics scheme (Ferrier et al. 2002),

a Rapid Radiative Transfer Model scheme (Mlawer et al.

1997) for longwave radiation, the Dudhia scheme (Dudhia

1989) for shortwave radiation, the Monin–Obukhov

similarity scheme (Monin and Obukhov 1954) for sur-

face layer physics, the Yonsei University scheme (Noh

et al. 2003) for planetary boundary layer physics, and

the Betts–Miller–Janjic scheme (Janjic 1994, 2000) for

cumulus parameterization. An advanced land surface

model (Chen and Dudhia 2001) is employed using the

land surface update procedures introduced by Zhang et al.

(2005). The terrain height, land use, green fraction, and

vegetation cover, as well as radar data, were provided by

the Central Weather Bureau (CWB), Taiwan. Rainfall

data over Taiwan Island are from the Automatic Rainfall

and Meteorological Telemetry System (ARMTS) stations

(Chen et al. 2007). The estimated rainfall from the

Tropical Rainfall Measuring Mission (TRMM) satellite

FIG. 7. As in Fig. 6, but for the WB run.
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Microwave Imager (TMI) with horizontal resolution of

about 25 km is used to validate simulated rainfall at early

hours of model simulation over the ocean.

For the simulation of Typhoon Morakot, two nested

domains are employed in the model with two-way

nesting. The domains have horizontal resolutions of 18

and 6 km, and horizontal dimensions of 311 3 256 and

505 3 343, respectively (Fig. 1). There are 28 vertical

levels from the surface to the 50-hPa level. Initial and

lateral boundary conditions for the model are from

the National Centers for Environmental Prediction

(NCEP) Final Analyses (FNL) with one-degree horizontal

resolution. The best-track and intensity data are from

the Japan Meteorological Agency (JMA; see online at

http://agora.ex.nii.ac.jp/digital-typhoon). The simulated

accumulated rainfall, winds, and radar reflectivity are

compared with observations for verification.

4. Simulations of Typhoon Morakot initialized
at 0000 UTC 6 August

The vortex initialization technique presented in section

2 is coded and incorporated with WRF model V3.1.1. In

this section, preliminary results for a 3-day simulation of

FIG. 8. As in Fig. 6, but for the NT run.
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Morakot initialized at 0000 UTC 6 August are presented.

Three different types of initial conditions, including those

from global reanalysis data (CTRL), from the bogus

package of WRF (WB), and from the new initialization

package (NT) are performed for comparison. Other than

the differences in the initial conditions, the WRF model is

configured as described in section 3 for all runs. In this

section, it will be shown that the new TC initialization

scheme (NT) is capable of generating a TC-like structure

in the core area that is reasonably well balanced with the

large-scale fields, including outward tilt of the eyewall,

maximum winds near the eyewall, weak winds in the eye,

and a warm core. We also would like to show that with

a well-balanced realistic vortex at the model initial time,

the NT run is able to capture rainfall and radar reflectivity

patterns associated with the eyewall and asymmetric

rainbands starting from the early hours of model simu-

lation with better simulations of the storm intensity and

track. Furthermore, we also will show the impact of better

track simulation in the model on the simulated localized

heavy rainfall distributions over Taiwan.

a. Overview of Typhoon Morakot

The best track from the JMA shows that Morakot was

formed on 2 August 2009. It reached its peak intensity,

with winds of 150 km h21 (a category-2 hurricane), on

early 7 August and made landfall over Taiwan on late

7 August. It stayed over Taiwan for about a day and then

moved over the Taiwan Strait for about a day after which

it made landfall over the China coast on 9 August. The

typhoon weakened and dissipated on 11 August (Fig. 2).

During 5–9 August, Morakot was embedded within a

monsoon gyre (Hong et al. 2010), defined as a large

monsoon cyclonic vortex, with a size of about 2500 km

(Lander, 1994). The FNL 850-hPa geopotential height at

0000 UTC 5 August (Fig. 3) shows that to the west of

FIG. 9. Horizontal distribution of 10-m winds (m s21) for (a) QuikSCAT observations and 46-h simulations for the

(b) NT, (c) CTRL, and (d) WB runs at 2200 UTC 7 Aug 2009.
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Morakot, there is tropical storm Goni south of Hong

Kong, China. Typhoon Goni formed on 1 August near

the Philippines, made landfall over the south China coast

on 5 August, moved back over the open ocean around

Hainan Island, and dissipated on 10 August (Fig. 2). A

high pressure cell is also located to the northeast of

Morakot (Fig. 3).

Although Typhoon Morakot was only a category-2

typhoon, it was the wettest typhoon affecting Taiwan on

records, with a maximum total accumulated rainfall of

;2777 mm (109.3 in.). Morakot was also the deadliest

typhoon in Taiwan history. There were more than 500

casualties, with losses totaling more than $237 million

(U.S. dollars).

b. TC initialization

To assess the impact of the new TC initialization

technique on the model initial conditions and forecast,

the model is initialized at 0000 UTC 6 August, about 36 h

before Morakot made landfall over Taiwan. At the model

initial time, Morakot reached a minimum sea level pres-

sure of 965 hPa and obtained a maximum wind speed

of 33.5 m s21. The TC center was located at about 23.08N,

127.88E with the radius for gale winds (wind speed .

17.1 m s21) at approximately 650 km. The fixed size of

the bogus vortex in the WRF bogus package is 400 km.

To focus on improving data in the TC core and to make

comparison with the WB runs, for the Morakot case, R

in (6) is also chosen as 400 km.

The TC intensity from the global analysis is too weak,

with a minimum SLP only about 982 hPa (Fig. 4a). Al-

though the WB scheme can initialize the vortex with a

much lower SLP (Fig. 4b) as compared to the CTRL run,

the minimum SLP (;978 hPa) is still much higher than

the observed value of 965 hPa. For the NT run, the initial

minimum SLP (Fig. 4c) is close to the best-track data with

FIG. 10. (a) TMI satellite estimated rain rate (mm h21) at 0430 UTC 6 Aug 2009 and 1-h accumulated rainfall from

0400 to 0500 UTC 6 Aug 2009 for the (b) NT, (c) CTRL, and (d) WB runs.
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a minimum SLP of about 965 hPa. In addition, both the

initial SLP and wind speed (Fig. 4c) in the NT run at a ra-

dius larger than about 400 km away from the TC center are

identical with the global analysis in Fig. 4a. Meanwhile,

wind speeds in the WB run (Fig. 4b) are higher than in the

CTRL run (Fig. 4a) at large radius. Two marked changes in

wind speeds, one near 124.58N and the other near 130.58N,

are also visible in the WB run (Fig. 4b). The 10-m wind

speeds in the NT run reach the observed value of 33.5 m s21

(Fig. 4c). In contrast, the maximum speed in the CTRL run

is only about 20 m s21. Figure 5a shows the differences in

SLP between the CTRL and NT runs. The largest differ-

ence in the SLP (;20 hPa) occurs near the TC center. The

NT run generates a cyclonic 10-m wind field with wind

speeds much stronger than in the reanalysis (Fig. 5b).

To investigate the consistency in TC structure, vertical–

longitude cross sections of temperature anomalies from

the environment at the same height and wind speeds at

the initial time, 1 and 3 h after the initial time for the

CTRL, WB, and NT runs are shown. In the CTRL run

(Fig. 6) at the initial time, the analysis vortex shows that

the location of strongest wind speeds is about 2.58 away

from the TC center (Fig. 6a). After 3 h of simulation, the

problem of too large an eye size is still unchanged (Fig.

6c). The analysis vortex shows a warm core, with the

warmest temperature anomaly, of over 5 K, at a height of

about 12 km (Fig. 6d). The warm core at the initial time is

located about 18 away from the observed TC center. Right

after an hour of simulation, the analysis vortex starts to

develop some small-scale features (Figs. 6b,e).

For the WB run, the inserted bogus vortex is neither

well adjusted to the large-scale fields nor well adapted by

the model. The strong wind speeds in the area at the

height of about 2 km near the eyewall at 1288E decrease

from over 35 m s21 at the initial time (Fig. 7a) to about

30 m s21 within just an hour of simulation (Fig. 7b). The

FIG. 11. Horizontal distribution of radar reflectivity (dBZ) at 1200 UTC 8 Aug 2009 for (a) observed and simulated

radar reflectivity of more than 25 dBZ for the (b) NT, (c) CTRL, and (d) WB runs after 60 h of integrations.
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area of wind speeds over 30 m s21 near 1328E in the initial

conditions (Fig. 7a) disappears after 3 h of simulation

(Fig. 7c). Wind speeds in the WB run at large radii are

notably stronger than in the CTRL run (Figs. 6a and 7a).

The stronger wind speeds at large radii in the WB run than

in the CTRL run may affect the steering flow and may

have negative effects on track simulation in the WB run.

The altitude of the maximum warm core, at about 5 km

above the surface (Fig. 7d), is too low and unrealistic

as compared with the global analysis. In fact, from the

observations of Hurricane Hilda (1964), Hawkins and

Rubsam (1968) showed that the TC warm core is located

in the upper troposphere at ;250 hPa. Because of the

incorrect warm-core altitude, the warm core in the WB

FIG. 12. The 3-day rainfall accumulation (mm) from 0000 UTC 6 Aug to 0000 UTC 9 Aug 2009 for (a) observation

and 6-km simulation with the (b) NT, (c) CTRL, and (d) WB runs.
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run starts to adjust to higher altitude after just an hour of

simulation (Fig. 7e). After 3 h of simulation, a warm core

developed at a higher altitude (Fig. 7f).

At the initial time, the NT run is able to generate a TC-

like wind structure in the TC core area (Fig. 8a) including

maximum winds near the eyewall, weak winds in the eye,

and tilting of the eyewall with height. At radii larger than

400 km from the TC center, the initial winds in the CTRL

run (Fig. 6a) and in the NT run (Fig. 8a) are identical.

After 3 h of simulation, the vortex generated with the NT

scheme does not have significant adjustments as the initial

TC vortex has already been reasonably well adapted to the

model used, and well adjusted to the large-scale environ-

ment and prescribed SLP associated with the TC vortex.

Wind speeds (Figs. 8b,c) do not decrease as in the case of

the WB scheme. The strong wind speeds at about the 1-km

altitude near 1268E increase slightly from about 40 m s21

at the initial time (Fig. 8a) to about 45 m s21 after 3 h of

simulation (Fig. 8c). Observations show that after 0000 UTC

6 August 2009, Typhoon Morakot was intensifying. The

NT scheme generates a vortex with a warm core at about

FIG. 13. Best track (solid line with circle) and simulated track

(dashed line with triangle) for the (a) CTRL, (b) WB, and (c) NT

runs, valid from 0000 UTC 6 Aug to 0000 UTC 9 Aug 2009. The

model is initialized at 0000 UTC 6 Aug 2009. The TC tracks are

marked every 6 h.

FIG. 14. Best track (circle) and 48-h simulated tracks (triangle) for

all seven 48-h runs initialized every 12 h from 0000 UTC 5 Aug to

0000 UTC 8 Aug 2009 for the (a) CTRL, (b) WB, and (c) NT runs.
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12 km (Fig. 8d), which is about the same height as in the

global analysis (Fig. 6d), but about 2 K warmer. In ad-

dition, the warm core is located right above the observed

TC center. After 3 h of simulation, the temperature

anomaly structure does not have significant changes

(Figs. 8e,f). The warm core still keeps its altitude at about

12 km. No significant adjustments of the TC structure

in the NT run in the first few hours indicate that the

vortex generated by the NT scheme is well adapted to

the model employed and well adjusted to the given large-

scale conditions.

c. Model simulations

The simulated 10-m winds for these 3 runs are com-

pared to available QuikSCAT wind observations (Fig. 9).

After 46 h of simulation, without a TC initialization

scheme, the CTRL run fails to simulate the strong winds in

the core area (Fig. 9c). For the WB run, the model is able

to better simulate 10-m winds (Fig. 9d), as compared to

the CTRL run (Fig. 9c), even though the strong winds near

the eyewall are still much weaker than in the QuikSCAT

observations (Fig. 9a). In the NT run, although the area of

wind speeds greater than 25 m s21 near the TC eyewall

(Fig. 9b) is still smaller than in observations (Fig. 9a), the

simulated winds are superior to those from both the

CTRL and WB runs. Compared to the WB and the CTRL

runs, the strong winds in the core area of the NT run (Fig.

9b) are much closer to QuikSCAT observations (Fig. 9a).

Among the three types of model initializations, only the

NT run is capable of generating reasonable TC-induced

rainfall in the early hours of the simulation (Fig. 10). After

5 h of integration, only the NT run can reasonably gen-

erate rainfall associated with rainbands and the eyewall

(Fig. 10b). The asymmetric rainfall pattern of the TC is

simulated in the NT run (Fig. 10b) in agreement with

satellite rainfall estimation (Fig. 10a). In Fig. 10, hourly

rainfall accumulation with the NT run is over 20 mm,

meanwhile the maximum estimated rain rate from the

FIG. 15. Mean absolute errors for (a) track (km), (b) maximum

wind speed (m s21), and (c) minimum SLP (hPa) for the CTRL

(circle), WB (square), and NT (triangle) runs.

FIG. 16. Best track (solid line with circle) and simulated track for

NT (solid line with triangle), CTRL (short-dashed line with open

circle), and WB (long-dashed line with cross) runs for Typhoon

Jangmi (2008), valid from 0000 UTC 27 Sep to 0000 UTC 29 Sep

2008. The model is initialized at 0000 UTC 27 Sep 2008. The TC

tracks are marked every 6 h.
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TMI satellite is about 14 mm h21. The differences may be

due to model overestimation of rainfall. It also may be due

to the fact that the resolution of satellite data, of about

25 km, is too coarse to capture intensive convective cells.

Viltard et al. (2006) reported that the TMI-estimated

rainfall can have errors from 30% to 60%. The CTRL run

can simulate some rainfall at relatively large radii (Fig.

10c); however, the rainfall simulation is very poor near the

TC center. The rainfall simulation from the WB run (Fig.

10d) is the worst among the three runs, with almost no rain

in the entire model domain.

At 1200 UTC 8 August, after 60 h of simulation, the

simulated radar reflectivities in these three runs show sig-

nificant differences (Fig. 11). Both the observed (Fig. 11a)

and the simulated reflectivities from the NT run (Fig. 11b)

show large areas of high radar reflectivities (.25 dBZ)

associated with rainbands and the eyewall. In contrast,

both the CTRL (Fig. 11c) and WB runs (Fig. 11d) simulated

not well-organized radar reflectivities related to Morakot.

Although the NT run underestimates radar reflectivity

over the open ocean southeast of Taiwan, of the three

sensitivity tests, only the NT run can simulate the observed

band of high reflectivity near 23.58N to the southwest of

Taiwan (Figs. 11a,b).

Figure 12a shows that there are two local maxima in the

3-day (0000 UTC 6 August – 0000 UTC 9 August) ob-

served rainfall of over 2000 mm over Taiwan. One located

at 23.58N, 120.78E, the other located at 22.88N, 120.88E.

After landfall, the simulated Morakot in the CTRL run

moves to the open ocean southwest of Taiwan, whereas

the best-track data show that Morakot moves toward the

open ocean northwest of Taiwan (Fig. 13a). The simulated

axis of the southwest flow, as a combination of storm

circulations and southwest monsoon flow, shifts south-

ward (Fig. 11c) as compared with what was observed. As a

result, the CTRL run underestimated rainfall over central

and northern Taiwan (Fig. 12c). In the WB run, the sim-

ulated Morakot stays over central Taiwan for over a day

after landfall (Fig. 13b) resulting in an overestimation of

rainfall over the southwestern plain of Taiwan with a local

maximum at 238N, 120.28E (Fig. 12d). Rainfall over cen-

tral and northern Taiwan is slightly underestimated in the

WB run (Fig. 12d). With a better simulated track (Fig.

13c), the simulated rainfall over central and northern

Taiwan in the NT run (Fig. 12b) is better than in both the

CTRL (Fig. 12c) and WB (Fig. 12d) runs. The simulated

rainfall in the NT run (Fig. 12b) reproduces both local

rainfall maxima of over 2000 mm as found in the obser-

vations located at 23.58N, 120.78E and 22.88N, 120.88E,

respectively (Fig. 12a). Over the southern end of the

CMR, all runs show higher simulated rainfall maxima

(Figs. 12b–d) as compared to observations (Fig. 12a). Note

that there are no rain gauges over the high mountains of

southern Taiwan (Fig. 12a) where the maximum rainfall

axis is simulated. Furthermore, there are uncertainties in

rainfall simulations at high horizontal resolutions and in

the regions of complex terrain as rainfall amount may be

dependent on the representation of convection in the

model and boundary layer parameterization (Wu et al.

2002). With a horizontal resolution of 6 km, the convec-

tive updrafts and cells are smaller than the grid spacing.

The model may not be able to resolve fundamental as-

pects of precipitation processes as the moist-laden south-

west flow impinges on the CMR.

5. Sensitivity tests of 48-h simulations during
5–10 August

When the TC center is located less than 400 km from

the nearest coast (from 0000 UTC 7 August onward), no

cycle runs are performed for the NT run. In this case, the

simulated vortex at 12 h from the previous NT run, ini-

tialized 12 h earlier, is used as a bogus vortex for the

current simulation. Prior to 0000 UTC 7 August, the TC

initialization described in section 2 is used. The model

is initialized every 12 h from 0000 UTC 5 August to

0000 UTC 8 August for a total of seven 48-h simulations.

The last run ended at 0000 UTC 10 August. Seven 48-h

simulations are also performed for both the CTRL and

WB runs during the same period. These 48-h simulations

FIG. 17. Best track (solid line with circle) and simulated track for

the NT (solid line with triangle), CTRL (short-dashed line with

open circle), and WB (long-dashed line with cross) runs for Ty-

phoon Kalmaegi (2008), valid from 1200 UTC 16 Jul to 1200 UTC

18 Jul 2008. The model is initialized at 1200 UTC 16 Jul 2008. The

TC tracks are marked every 6 h.
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are used to compute the error statistics for the simulated

track, intensity, and minimum SLP for all three runs

(CTRL, WB, and NT). In addition, two additional runs,

including a weak storm (e.g., Kalmaegi 2008) and a strong

storm (e.g., Jangmi 2008), are also conducted to show that

superior performance of the NT run is also valid for these

cases, especially for the weak storm case.

Track simulations with these three different types of

initial conditions for all seven runs are shown in Fig. 14.

Among the three different types of initial conditions, the

FIG. 18. The 5-day rainfall accumulation (mm) from 0000 UTC 5 Aug to 0000 UTC 10 Aug 2009 over Taiwan from

(a) observations and 6-km simulations computed from 12 to 36 h of each simulation for the (b) NT, (c) CTRL, and

(d) WB runs.

1478 M O N T H L Y W E A T H E R R E V I E W VOLUME 139



track forecast for Morakot is the best in the NT run

(Figs. 14 and 15a). Within 48 h of simulation, the largest

track error in the NT run is about 100 km. On the other

hand, the values are 190 and 250 km in the CTRL and

WB runs, respectively (Fig. 15a). The mean 24-h track

errors for the seven runs are 100, 130, and 60 km for the

CTRL, WB, and NT runs, respectively. The mean 48-h

track errors are 250, 190, and 80 km for the CTRL, WB,

and NT runs, respectively (Fig. 15a).

The NT run shows a significant improvement in the

intensity forecast compared with the other two schemes.

The mean 24-h maximum absolute wind speed errors are

about 8, 6.5, and 3.5 m s21 for the CTRL, WB, and NT

runs, respectively (Fig. 15b). The mean 48-h maximum

absolute wind speed errors are about 7, 6, and 2 m s21 for

the CTRL, WB, and NT runs, respectively (Fig. 15b). For

the WB run, even though the maximum wind speed is

close to the observed value at the model initial time, the

wind speed decreases dramatically to values comparable

to those in the CTRL after 6 h of integration (Fig. 15b).

After 6 h, the WB run does not show notable advantages

in simulating maximum wind speed compared to the

CTRL run. This problem may be due to the inconsistency

between the bogus vortex from the WB run and the en-

vironmental fields at the model initial time. Mean abso-

lute SLP errors at 24 and 48 h of simulation in the NT run

are about 1/3 and ½ of that in the CTRL and WB runs,

respectively (Fig. 15c).

The NT scheme is used to simulate tracks of two other

typhoons that hit Taiwan in 2008 to assess how the NT

scheme works for other cases. Typhoon Jangmi (2008), a

category-5 typhoon, and Typhoon Kalmaegi (2008),

a category-1 typhoon, are selected. For each typhoon, a

48-h simulation, initialized about 36 h before the typhoon

makes landfall over Taiwan, is performed. For Jangmi,

the model is initialized at 0000 UTC 27 September 2008.

Figure 16 shows that simulated tracks with different ini-

tial conditions are not significantly different for this strong

FIG. 19. The 5-day rainfall accumulation (mm) from 0000 UTC 5 Aug 2009 to 0000 UTC 10 Aug 2009 over Taiwan

and the adjacent oceans from (a) TRMM satellite observations and 6-km simulations from the (b) NT, (c) CTRL, and

(d) WB runs.
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FIG. 20. Horizontal wind speed (contour, m s21) at 0000 UTC 6 Aug 2009, vertical wind

vector (vector, m s21), and total condensate mixing ratio (g kg21) at 0100 UTC 6 Aug 2009

during the run for Morakot (2009) for cycle number (a) 3, (b) 25, (c) 50, and (d) 82 (the last

cycle).
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typhoon case. For Typhoon Kalmaegi, the weak typhoon

case, the model is initialized at 1200 UTC 16 July 2008.

Both the CTRL and WB runs fail to simulate Kalmaegi

making landfall over Taiwan (Fig. 17). Only the NT

run successfully simulates the landfall time of Typhoon

Kalmaegi with good track simulation (Fig. 17).

The 5-day observed and simulated rainfall accumula-

tions over Taiwan from 0000 UTC 5 August to 0000 UTC

10 August for Typhoon Morakot are shown in Fig. 18. The

5-day simulated rainfall is computed from rainfall accu-

mulation from 12 to 36 h of each simulation. Because

simulations are performed every 12 h, the rainfall during

the overlapping 12-h period between the two successive

simulations is averaged. The simulated rainfall from 0000

to 1200 UTC 5 August and from 1200 UTC 9 August to

0000 UTC 10 August is extracted from the correspond-

ing single simulation without averaging. Over the open

ocean, the NT run produces better rainfall accumulations

than the other two runs when compared with rainfall

estimated from the TRMM satellite data (Fig. 19) be-

cause the track, intensity and tropical cyclone structure

are better simulated by the NT run. Nevertheless, all

the runs are able to simulate heavy orographic rainfall

over southwest Taiwan with a maximum value over

2500 mm (Fig. 18). It is apparent that large-scale con-

ditions and orographic lifting are crucial for the record-

breaking rainfall associated with Morakot over Taiwan.

This problem will be investigated further in section 7.

6. Development of the typhoon vortex
in the NT scheme

For initialization of Morakot at 0000 UTC 6 August

2009, it takes 82 cycles for the NT run to produce a vortex

FIG. 21. FNL analysis of 850-hPa winds (m s21) and geopotential height (m) at 1200 UTC (a) 4, (b) 5, (c) 6, (d) 7, (e) 8,

and (f) 9 Aug 2009.
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with the absolute errors in maximum wind speed and

minimum surface pressure, between the observation and

simulation, of less than 1 m s21 and 5 hPa, respectively

(Fig. 20). Because each cycle run performs an hour of

simulation, the necessity for 82 cycle runs implies that it

takes more than 3 days for the vortex to adapt to the

WRF model and adjust to given environmental condi-

tions and the prescribed SLP. The NT can produce a

better forecast because the vortex is in balance with the

large-scale environmental conditions in the model before

starting model integrations. For other runs such as WB

and CTRL, which lack a well-balanced initial vortex, the

vortex needs to adjust to the changing environmental

conditions during the first 2–3 days of model simulations.

Simulation of an adjusting vortex in the midst of changing

environmental conditions is likely to negatively impact

the track and intensity forecasts in most cases. For the NT

run, the initial TC vortex has already been spun up and is

consistent with the best-track data before the start of time

integration in the high-resolution model.

The development of the initial TC structure during the

initialization processes for the NT scheme is given in Fig.

20. The initial vortex for the CTRL run from the NCEP/

FNL analysis is weak with the radius of the maximum wind

more than 48 from the storm center (Fig. 20a). During the

two-step cycle runs, the radius of maximum wind de-

creases with increasing maximum wind speed in the

model (Fig. 20) as the initial vortex adjusts to the pre-

scribed SLP function given by (6) under the given large-

scale conditions. During the cycle runs, the tilted eyewall

is gradually built up and shifts toward the center of the

storm. At the end of the cycle runs, the initial vortex has

a minimum SLP and maximum wind speed close to ob-

served values with the storm center at the same location

as in the best-track data (Fig. 20d). It also has a well-defined

eyewall with strong updrafts in the inner-core region that

FIG. 22. FNL anomalies of 850-hPa winds (m s21) and TPW (mm) deviating from the August long-term mean at

1200 UTC (a) 4, (b) 5, (c) 6, (d) 7, (e) 8, and (f) 9 Aug 2009.
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resemble the observed structure of previous storms in

the literature (e.g., Hawkins and Rubsam 1968; Jorgensen

1984). It appears that the latent heat release associated

with the TC may play a very important role in the pres-

sure drop during the cycle runs as the vortex adjusts to

the prescribed minimum SLP. We have conducted a

sensitivity test by removing the latent heat release dur-

ing the two-step cycle runs. Without latent heat release,

the initial vortex has difficulty in adjusting to the pre-

scribed minimum SLP.

One of the possible impacts of this study would be to

implement this scheme in operational settings in addition

to using it as a research tool. To apply this scheme, we will

need to know the location of the center of the storm, the

minimum central pressure Pmin, and the storm size R at

the model initial time from the best-track data. For this

FIG. 23. The total moisture transport vector (310 kg m21 s21) after 60 h of simulation valid

at 1200 UTC 8 Aug 2009 (a) with Goni, (b) without Goni, and (c) the difference between with

and without Goni. The contours denote 10% and 20% of the difference (with vs without Goni)

compared to the total moisture transport with Goni.
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study, R is set as 400 km consistent with the WRF bogus

scheme for comparison. The value of R can be chosen as

the observed radius of 15 m s21 winds. The data required

for application of this scheme are readily available in real-

time from the Joint Typhoon Warning Center (JTWC)

best-track data. Thus, it can be tested in a real-time oper-

ational setting. However, another issue is the criteria of

when to stop the cycle runs. We could end the cycle runs

when the absolute errors in maximum wind speed and

minimum SLP, between observation and simulation, are

less than 1 m s21 and 5 hPa, respectively. Normally, both

conditions can be reached after about 80 cycles. In the case

that 1 of the 2 conditions cannot be reached after 80 cycles,

the run could be stopped at about 90 cycles. Additional

tests will be performed concerning the number of cycle

runs required for the initial vortex to adjust to the given

large-scale conditions and to adapt to the WRF model.

If additional data such as Dropwindsonde Observa-

tions for Typhoon Surveillance near the Taiwan Region

(DOTSTAR; Wu et al. 2005) are available, they would

provide us valuable data for improving the initial anal-

ysis for the NT scheme as well as for model verifications.

7. Factors contributing to heavy rainfall over
Taiwan associated with Morakot

In this section, we would like to investigate factors im-

portant for the record-breaking heavy rainfall associated

with Typhoon Morakot. FNL data are used to diagnose

the large-scale patterns of wind, geopotential height, and

total precipitable water (TPW) associated with Morakot.

The impacts of moisture transport by another TC, Goni,

and the elevated TPW associated with the monsoon gyre

on localized heavy rainfall occurrences over the moun-

tainous area that makes up southwestern Taiwan are in-

vestigated from model sensitivity tests.

During the heavy rainfall period (6–9 August), another

TC, Goni, is also embedded within the monsoon gyre

southwest of Morakot (Figs. 2, 3, and 21). The wind vec-

tors in the southeast section of Goni’s circulation and to

the southwest of the monsoon gyre circulation are west-

erlies on 4 and 5 August (Figs. 21a,b) and southwesterlies

from 6 to 9 August (Figs. 21c–f). At 1200 UTC 4 August,

there is an area of high TPW anomalies (.10 mm) as-

sociated with Goni’s circulation centered at about 208N,

1108E (Fig. 22a). The area of high TPW anomalies asso-

ciated with Goni moves southeastward from 5 to 9 August

(Figs. 22b–f). During the same period, the winds asso-

ciated with the monsoon gyre and Goni, within the box

of 58–108N and 1108–1258E, shift from westerlies to

southwesterlies (Fig. 21). For the two heaviest rainfall

days, 7 and 8 August, the wind anomalies, from the

August long-term mean in the region, are southwest-

erlies with anomalous speeds of about 20 m s21 (Figs.

22d,e). The strong (30–40 m s21) southwesterly winds

(Figs. 21d,e) bring the high TPW air (Figs. 22b–d) from

low latitudes and from the vicinity of Goni’s circulation

toward Morakot (Fig. 22) and Taiwan. It appears that

the existence of Goni within the monsoon gyre may be

important for the presence of high TPW air moving

toward the island of Taiwan.

To investigate the role of Goni on moisture transport

toward the Morakot circulation, a simulation without

Typhoon Goni (NGN) in the initial conditions is per-

formed and compared with the case run with Goni

(WGN). Water vapor transport vectors (Q; kg m21 s21)

for WGN, NGN, and the difference between WGN and

FIG. 24. (a) Morakot best track (solid line with circle) and sim-

ulated track without Goni (dashed line with triangle) valid from

0000 UTC 6 Aug to 0000 UTC 9 Aug 2009, and (b) differences in

3-day accumulated rainfall between NT and no-Goni runs (NT vs

no Goni) in mm.
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NGN (WGN 2 NGN) are computed, following Smirnov

and Moore (1999), as

Q 5
1

g

ðp0

0

qV dp, (10)

where q (kg kg21) is the water vapor mixing ratio, V

(m s21) is the horizontal wind vector, p is the pressure,

and p0 is the surface pressure.

The moisture transport vectors (310 kg m21 s21) for

the WGN run at 60 h of integration, valid at 1200 UTC

8 August 2009, show that there are three areas of high

values of moisture transport associated with three typhoons

including Morakot, Goni, and Etau (Fig. 23a). The differ-

ences in moisture transport (WGN 2 NGN) demonstrate

that Typhoon Goni induced a moisture transport channel

from south of Goni and the monsoon gyre toward south-

ern Taiwan (Fig. 23c). The magnitude of Goni-induced

moisture transport within the channel contributes to 10%–

20% of the total moisture transport in the WGN run for the

same region.

When Typhoon Goni is removed from the initial

conditions, the simulated track of Typhoon Morakot is

slightly changed and Morakot moves to the west of the

best track (Fig. 24a). With the reduced moisture trans-

port by Typhoon Goni and the change in simulated

track, the simulated rainfall in the NGN run (Fig. 24b) is

500–900 mm less over southwestern Taiwan than for the

WGN run. It is evident that the removal of Goni affects

the track of Morakot with reduced moisture transport

toward the area of southern Taiwan resulting in much

less rainfall over those mountainous areas.

Figure 25 shows that during the period of heavy rainfall

(e.g., 6–9 August) in addition to southwesterly winds as-

sociated with the monsoon gyre and Goni circulations

from 108 to 208N, northwesterly winds associated with the

northwestern part of the monsoon gyre and Morakot

circulations are also important (Figs. 22 and 25). During

6–9 August, there is another typhoon named Etau em-

bedded within the monsoon gyre to the east of Morakot

(Figs. 21c–e) with an area of high TPW anomalies

(.10 mm; Figs. 22c,d) east and northeast of Morakot.

Strong (.20 m s21) southeasterly winds along the east-

northeastern periphery of the monsoon gyre (Figs. 21c–f)

bring high TPW air (Figs. 22d–f) toward the south China

coast. The high TPW air then moves with the north-

westerly winds, west of the Morakot circulation, toward

southwest Taiwan.

Jiang et al. (2008a) use the water vapor budget to ex-

amine the relationship between heavy rainfall and envi-

ronmental conditions for Hurricane Isidore (2002). They

state that horizontal moisture convergence and ocean

surface fluxes are the main factors influencing the main-

tenance of intense rainfall. They also suggest that adding

TPW into the current forecast scheme will result in better

TC rainfall prediction (Jiang et al. 2008b). A sensitivity test,

FIG. 25. Time–latitude cross section along 1158E of FNL 850-hPa wind anomalies (m s21) and

precipitable water anomalies (contoured; mm) from the August long-term mean.
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with mixing ratio at the time of initialization reduced to

75% of the global analysis, is performed. Figure 26a shows

that with reduction in moisture, the simulated track (Fig.

26a) is not significantly changed as compared to the NT run

(Fig. 13c). With reduced moisture, simulated rainfall over

Taiwan is much less than in the NT run (Fig. 26b). Over the

two regions of observed local rainfall maxima near 22.88

and 23.58N, the simulated rainfall is reduced by about 300–

700 mm (Fig. 26b) as compared with the NT run.

To investigate the role of terrain effects on the heavy

rainfall event, a vertical cross section of winds at 1200 UTC

8 August 2009, along 23.58N at which a maximum in local

rainfall was observed, is constructed (Fig. 27). The day

with the largest observed 24-h accumulated rainfall during

the 5-day period when Taiwan is feeling the influences of

Morakot is 8 August. At 1200 UTC 8 August 2009, there

are strong low-level winds (.40 m s21) impinging on the

western slopes of southwestern Taiwan (Fig. 27a). Strong

horizontal winds bring moist-laden air toward the moun-

tain areas which is one of the important factors for oro-

graphically enhanced precipitation in the region (Chiao

and Lin 2003). The orographic lifting enhanced by latent

heat release results in strong upward motions as found by

Wu et al. (2002).

The convergence zone between the Morakot circula-

tion and the southwest monsoon over southeast Taiwan

and offshore is also one of the important factors for heavy

rainfall occurrence. Both simulated (Fig. 11b) and observed

(Fig. 11a) radar reflectivities show that at 1200 UTC

8 August 2009, there is a band of high reflectivities at

;23.58N where the simulated Morakot circulation and

southwest monsoon flow converge. The continuous east-

ward movement of the simulated cells embedded in the

band with the westerly winds resulted in a simulated local

rainfall maximum over the mountainous area at ;23.58N

(Fig. 12b) in the NT run consistent with observations

(Fig. 12a). Note that with a better track forecast, this

convergence zone and the associated high radar reflectivity

and rainband are well simulated in the NT run with a local

rainfall maximum around 23.58N over the mountainous

area of southern Taiwan (Fig. 12b). In contrast, these fea-

tures, and the local rainfall maximum there, are missed in

both the CTRL and BW runs (Figs. 12c,d). The vertical

cross section along 119.58E shows that near 23.58N, the

simulated meridional winds converge from two opposite

directions with positive values to the south, related to the

monsoonal flow, and negative values to the north related

to Morakot’s circulations (Fig. 28a). The convergence in-

duces strong vertical motions of over 4 m s21 at about

23.38N over the open ocean west of Taiwan (Fig. 28b).

The slow movement of Morakot over Taiwan (Fig. 2) is

favorable for prolonged heavy rainfall. Morakot’s center

stayed over Taiwan for almost a day (Figs. 2 and 21d,e). In

addition to its slow translational movement, Morakot has

a relatively large size (Fig. 21a). With its large size and slow

movement, the Morakot circulation was able to affect

Taiwan for more than 5 days (Figs. 21b–f). Persistent oro-

graphic lifting of the warm, moist flow by the broad west-

erly wind component in the monsoon gyre and Morakot’s

circulation (Figs. 21c–f) is one of the main factors for the

development of heavy rainfall. However, if the very moist

air associated with Goni and Etau embedded within the

monsoon gyre did not exist, and if the very moist air as-

sociated with the southwest monsoon flow were not present

and if Morakot did not have a relatively large size and slow

movement the record rainfall over Taiwan probably would

FIG. 26. (a) Morakot best track (solid line with circle) and sim-

ulated track in which the mixing ratio is reduced to 75% of the

value in the NT run (dashed line with triangle) valid from 0000 UTC

6 Aug to 0000 UTC 9 Aug 2009 and (b) differences in 3-day ac-

cumulated rainfall between NT and 75% moisture runs (NT vs 75%

moisture) in mm.
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not have occurred. A schematic diagram showing the cir-

culations of the three tropical storms embedded within

the monsoon gyre, with elevated TPW, is given in Fig. 29.

The flows that help to bring moisture and impinge on the

western slopes of southern Taiwan in the southwestern

quadrant of the Morakot circulation are highlighted by

small arrows with waving tails.

8. Summary and discussion

In this work, a model self-bogus vortex is constructed

by model cycle runs using the WRF model version 3 to

provide high-resolution initial conditions for tropical

cyclone simulations (NT). During the cycle runs, only

SLP is forced at the first time step of each cycle run by an

empirical profile, assuming that in a short period (;1 h)

the TC moves but its structure does not change signifi-

cantly. The vortex after 1 h of model simulation is used

to construct the vortex structure at the initial condition

for the next cycle run. After about eighty 1-h cycle runs,

the tropical cyclone structure is well established under

the given large-scale conditions.

Three separate runs initialized at 0000 UTC 6 August

2009 with three different initial conditions including the

FIG. 27. Vertical cross section along 23.58N, from 119.58 to 122.58E, at the 60th hour of

simulation for (a) total wind speed (shaded) and total wind vector (m s21), and (b) vertical

velocity (shaded, cm s21) and total wind vector (m s21), valid at 1200 UTC 8 Aug 2009.
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CTRL, WB, and NT runs were performed for Typhoon

Morakot (2009) to investigate the impacts of TC initial-

ization on TC forecasts. Without vortex initialization,

the simulated vortex in the CTRL run is too weak. Max-

imum wind speed for the CTRL run at the initial time, of

about 18 m s21, is much weaker than what is observed

(;33.5 m s21). The radius of maximum wind in the CTRL

is about 48, which is too large and unrealistic. The WRF

bogus scheme (WB) can reasonably generate some fea-

tures of the TC including lower minimum SLP, stronger

winds in the TC core at the model initial time, and better

minimum SLP up to 48 h of simulation. However, there

are several shortcomings in the WRF bogus package in-

cluding the fact that the altitude of the warm core is too

low, that it produces stronger winds than in the global

analysis at large radii away from the TC center, and that

the simulated maximum wind speed is significantly weaker

than observed. The NT run shows advantages over both the

CTRL and WB cases in generating realistic vortex fea-

tures at the initial time including SLP, winds, warm core,

TC size, asymmetric rainband structure, and meteorologi-

cal fields away from the observed TC center consistent with

FIG. 28. Longitude–vertical cross section along 119.58E of (a) simulated meridional winds

(contour, 5 m s21 interval) and (b) the simulated vertical wind vector (vector, m s21) and

vertical velocity (shaded, m s21) at 1200 UTC (60th h of simulation) 8 Aug 2009.
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the global analysis. The NT run also shows improvements

in simulating TC structure, intensity, low-level winds, radar

reflectivities, track, and rainfall as compared to both the

CTRL and WB runs.

Sensitivity tests were performed with error statistics to

examine the ability of the CTRL, WB, and NT runs in

simulating track, intensity, and rainfall for Morakot. With

each type of initialization, seven 48-h model runs were

performed with initialization at every 12 h from 0000 UTC

5 August to 0000 UTC 8 August. For the NT run, when the

TC center is located within less than 400 km of the nearest

coast (from 0000 UTC 7 August), no cycle runs are per-

formed. In this case, the 12-h integrated vortex from the

previous run, initialized 12 h earlier, is used as the initial

vortex for current simulation. Prior to 0000 UTC 7 August,

the full NT initialization scheme described in section 2 is

used. For the Morakot case, track simulations between 24

and 36 h in the WB run are worse than in the CTRL. The

NT run shows significant improvements in track and in-

tensity simulations during the period (0000 UTC 5 August–

0000 UTC 10 August) as compared to the other two runs.

The mean 24-h track errors for the seven runs are 100, 130,

and 60 km for the CTRL, WB, and NT runs, respectively.

The mean 48-h track errors are 250, 190, and 80 km for the

CTRL, WB, and NT runs, respectively. Mean 24-h maxi-

mum absolute wind speed errors are 8, 6.5, and 3.5 m s21

for the CTRL, WB, and NT runs, respectively. Mean 48-h

maximum absolute wind speed errors are 7, 6, and 2 m s21

for the CTRL, WB, and NT runs, respectively. Mean

absolute SLP errors at 24 and 48 h of simulation in the

NT run are about 1/3 and ½ of that in the CTRL and the

WB runs, respectively.

The NT run shows that it takes more than 3 days for the

typhoon vortex to adapt to the WRF model and adjust to

the given environmental conditions and a prescribed SLP.

The initial TC vortex in the NT run has already been spun

up before model integration resulting in better TC track,

intensity, and rainfall simulations. For other runs, such as

WB and CTRL, the unbalanced initial vortex needs to

adjust to the changing environmental conditions during

the first 2–3 days of model simulations. Simulation of an

adjusting vortex in changing environmental conditions

will likely have negative impacts on the track, intensity,

and rainfall forecasts in most cases.

With better initial conditions, the NT run produces bet-

ter rainfall simulation over the open ocean as compared

to the other two runs because rainfall and radar reflectivity

patterns associated with the eyewall and asymmetric rain-

bands are better simulated in the NT run. The model is

capable of simulating heavy orographic precipitation over

southern Taiwan for all three different types of model

initializations reasonably well, however, only the NT run

with an improved track forecast is capable of simulating

the high reflectivity band associated with the convergence

zone between Morakot and the southwest monsoon. In

addition to the slow movement and relatively large size of

Morakot, Typhoons Goni and Etau were embedded in

a moist (TPW anomalies .10 mm) monsoon gyre. During

3 days of the heaviest rainfall, 7–9 August, Taiwan is in

the southwestern quadrant of Morakot. The increase in

the southwesterlies associated with the combined cir-

culations of Goni, Morakot, and the monsoon gyre to

the southwest of Taiwan and the increase in north-

westerlies associated with the combined Morakot–

monsoon gyre circulations to the northwest of the Taiwan

Strait help to bring a persistent moisture-laden westerly

wind component that impinges on the high mountain slopes

of southern Taiwan.
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