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Summary

A pilot tropical cyclone reanalysis project was conducted
to construct a reliable, high temporal and spatial resolu-
tion tropical cyclone dataset for selected western Pacific
typhoons in summer 2004, with the application of the latest
satellite observations and a 4-dimensional variational data
assimilation method. Primary data used for the reanalysis
include SSM/I rain rate, GOES-retrieved upper-level wind,
QuikSCAT surface wind, Aqua AIRS/AMSU retrieved
temperature and moisture profiles, and JTWC best track
data. A regular reanalysis procedure was established and
up to 12 western Pacific typhoons have been reanalyzed.
The reanalysis period covers the entire life cycle of a
tropical cyclone, from a few days prior to its genesis to
its final decay stage. A preliminary analysis shows that the
reanalysis product significantly improves typhoon in-
tensity, structure, and track, compared to the NCEP op-
erational final analysis. The validation of the TC structure
against independent observations shows that the reanaly-
sis reproduces well the asymmetric characteristics of TC
rain bands and cloud bands. A further modeling experiment
with an initial condition from the reanalysis product reveals
a significant improvement in typhoon intensity forecast
compared to a parallel experiment with an initial condition
from the NCEP final analysis, which provides a further
indication of quality of the tropical cyclone reanalysis.
The reanalysis product and the raw observational data will
soon be posted on the data server of the IPRC Asia-Pacific
Data-Research Center (http://apdrc.soest.hawaii.edu/) for
public use.

1. Introduction

Tropical cyclone (TC) is an extreme weather sys-
tem that may cause devastating floods and con-
siderable economic and human losses. While TC
track forecasts have improved significantly and
steadily over the last few decades, progress in
storm intensity forecasting has been very slow
(DeMaria, 2005). The lack of skill in the inten-
sity forecasts may be attributed to several factors,
such as insufficient horizontal and vertical res-
olution, inadequate physical parameterizations,
and the absence of full coupling with the ocean
in the current prediction models, but most im-
portantly, the lack of knowledge about initial
3-dimensional TC structures due to insufficient
observations over the ocean.

As demonstrated by many previous studies, the
key factors controlling TC intensity are the inner
core dynamics and interactions with the envi-
ronmental flow. To foster the understanding of
fundamental dynamics of TC and the interaction
with the environmental flow, a comprehensive
high-resolution dataset that covers the entire TC
life cycle is needed. Up to now, only some coarse
datasets (e.g., NCAR/NCEP or ECMWF re-
analysis) were available, and their spatial and
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temporal resolutions are far from the detail we
require to describe and analyze the inner-core TC
structure, and the interactions among symmetric
and asymmetric components and higher and lower
wave-number perturbations. Aircraft radar and
dropsondes may provide fine-scale TC motions
and thermodynamic patterns, but the coverage
is limited in both time (usually every 24 hours
or so) and space (usually a few legs at one or two
special levels).

Efforts have been made to improve TC struc-
tures using satellite products. For example, studies
showed that the assimilation of multi-satellite
remote-sensing data, such as surface vector winds
from scatterometer data (Leidner et al, 2003)
and satellite-retrieved tropospheric temperature
profiles from the microwave data (Chen et al,
2004), has a positive impact on TC track and
intensity simulation/forecast through improved
model initial conditions. Zhang et al (2006) as-
similated QuikSCAT surface wind data, GOES-
retrieved wind, and Aqua MODIS sounding data
to investigate hurricane Lili (2002)’s rapid weak-
ening. Their study suggested that assimilating
QuikSCAT data and GOES-derived upper-level
winds improves the analyzed outer-core winds
and the inner-core low-level temperature and
moisture fields significantly, while assimilating
Aqua MODIS sounding data improves the outer-
core thermodynamic features and shows an im-
pact on the model intensity prediction. Zhao et al
(2005) showed the effect of a 4-dimensional
variational (4DVAR) data assimilation scheme in
assimilating irregularly distributed (in both space
and time) observations such as AMSU-A retrieved
temperature and wind fields, as well as the mini-
mal sea-level pressure (MSLP) information. With
a 72-hour simulation of a landfall typhoon, they
concluded that both the satellite data and the
MSLP information could improve the typhoon
track forecast, especially for the recurving of
the track and landing point.

While the satellite applications above were
mainly for TC case studies, there is a need to
develop a general strategy to best utilize the
remote-sensing products and advanced data as-
similation schemes. Motivated by this emerging
need, we conducted a pilot project to construct a
comprehensive, high-resolution reanalysis data-
set for summer 2004 western Pacific typhoons
(hereafter, referred to as TC-RA). We intended to

take advantage of a variety of satellite products,
such as QuikSCAT measured surface winds,
GOES-8 cloud- and water-vapor-drifted upper-
level winds, and SSM/I rainfall rates. In particu-
larly, the successful lunching of the second Earth
Observing System polar orbiting platform satel-
lite Aqua with its Atmospheric Infrared Sounder
(AIRS) and the Advanced Microwave Sounding
Unit (AMSU), in May 2002, provide us an un-
precedented opportunity to obtain fine-resolution
(about 5km) 3D atmospheric moisture and tem-
perature fields with continuous coverage in time.
These sensors constitute an innovative atmo-
spheric sounding group of visible, infrared, and
microwave detectors, and some of them can pen-
etrate through deep convective clouds and pro-
vide high-resolution multi-channel radiance and
moisture data. They provide new and improved
temperature measurements with an accuracy of
1 K in layers of 1 km and humidity measurements
with an accuracy of 20% in layers of 2 km in the
troposphere. Since there are limited conventional
observations over the open ocean where TCs oc-
cur and evolve, an effective use of remote-sensing
data from satellite is crucial for improving TC
initialization and prediction. In this study, we
intend to utilize the aforementioned satellite pro-
ducts and a 4DVAR data assimilation approach to
construct a continuous-coverage, high-resolution
TC dataset.

Because our computer and data resources are
limited, we selected 12 typhoons that occurred
over the western Pacific region from May to
October 2004 for this reanalysis (see Table 1).
The primary data input into the data assimilation
system includes time series of MSLP information
from the best track, Aqua-measured moisture and
temperature profiles, QuikSCAT surface wind
fields, GOES-retrieved cloud-drifted winds, and
SSM/T rainfall rates. Our strategy is to combine
these observations with model dynamics in order
to derive dynamically balanced TC wind, pres-
sure, moisture, and temperature fields during the
entire TC life cycle.

The paper is organized as follows. In Sect. 2,
we introduce the mesoscale model employed and
its adjoint model, variational data assimilation for-
malism, and the model configuration. The usage
of the satellite and other observational data,
as well as the justification of their usefulness
in TC initialization, are summarized in Sect. 3.
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Table 1. List of 12 typhoons selected in the TC-RA (from
JTWC)

TC Name Period Max sfc MSLP
wind (m/s) (hPa)
WP 7 Conson 04 Jun-11 Jun 425 958
WP 9 Diamu 13 Jun-21 Jun 75 885
WP10 Mindulle 22 Jun—04 Jul 62.5 916
WP12 Kompasu 13 Jul-16 Jul 22.5 991
WP16 Rananim 07 Aug-12 Aug 45 954
WPI18 Megi 13 Aug—19 Aug 32.5 976
WP19 Chaba 18 Aug-31 Aug 77.5 879
WP20 Aere 19 Aug-26 Aug 32.5 976
WP22 Songda 27 Aug-07 Sep 65 910
WP25 Meari 20 Sep-29 Sep 60 922
WP26 Ma-on 04 Oct—09 Oct 70 898
WP27 Tokage 12 Oct—20 Oct 60 922

The demonstration of the performance of the re-
analysis product is discussed in Sect. 4. A con-
clusion and discussions are given in Sect. 5.

2. Data assimilation system

For TC initialization, there is a clear need for the
assimilation scheme that can initialize the vortex
with the correct position, intensity and structure
(including perhaps its asymmetric components)
and minimize spurious transient evolutions in the
subsequent forecast. In-situ observations are typ-
ically too sparse to characterize TC mesoscale
flows and thus data assimilation in the TC inner-
core region often relies on remotely sensed ob-
servations and the ability of a data-assimilation
system to project the limited data onto TC dynam-
ic structures. Since remotely sensed observations
in many cases have a complicated and indirect
relation to the model prognostic variables, the
data assimilation algorithms applied must be cap-
able of utilizing these diagnostic variables such
as SSM/I rain rates.

Advanced assimilation schemes such as the
4DVAR or ensemble Kalman filter (EnKF) have
great potential to improve TC initial conditions.
Different from 3-dimensional variational (3DVAR)
method in which the influence of a single obser-
vation on the analysis is independent of the pre-
sence of the TC vortex, the advanced assimilation
schemes such as the 4DVAR and EnKF schemes,
in contrast, use dynamical information from the
forecast and their analysis increments depend on
the presence of the vortex. The latter schemes

can effectively shift the location of the vortex
given limited observations (Leidner et al, 2003;
Chen and Snyder, 2006).

2.1 The mesoscale model

The Penn State University/National Center for
Atmospheric Research (PSU/NCAR) mesoscale
forecast model (MMS5) was used in this research.
The MMS is a limited-area, non-hydrostatic mod-
el with multiple options for various physical
parameterization schemes (Dudhia, 1993; Grell
et al, 1995). The model employs a terrain-follow-
ing o vertical coordinate, where o 1s defined as
o=(p _ptop)/(psfc _ptop)a pis pressure, and pgge
and py,, are the pressure at the surface and model
top, respectively. The model consisted of 30 ver-
tical levels from surface to 100 hPa, the 29 half-o
levels are 0.025, 0.075, 0.125, 0.175, 0.225,
0.275, 0.325, 0.375, 0.425, 0.525, 0.575, 0.625,
0.660, 0.685, 0.715, 0.740, 0.760, 0.785, 0.815,
0.840, 0.860, 0.885, 0.910, 0.930, 0.950, 0.965,
0.975, 0.985, 0.995. In the horizontal direction,
the model has 2 nested typhoon center-followed
movable domains. The coarser mesh has 72 x 72
grids with 90-km resolution and the finer mesh
has 100 x 100 grids with 30-km resolution.
Physics parameterizations used for the meso-
scale model include the Grell cumulus parameter-
ization and a simple ice microphysics scheme
(Dudhia, 1993) for the coarser domain, the Kain-
Fritsch cumulus model (Kain and Fritsch, 1990;
1993) and the Reisner graupel (Reisner et al,
1998) microphysics scheme for the finer domain,
the Blackadar high-resolution planetary bound-
ary layer (PBL) parameterization scheme (Zhang
and Anthes, 1982), and a cloud atmospheric ra-
diation scheme (Dudhia, 1993) for all domains.
The SST data from the NCEP global analysis are
updated daily during the assimilation, when the
surface heat and moisture fluxes are calculated.
A radiative boundary condition is applied in the
upper boundary to deal with the vertically propa-
gating waves. The reader may refer to Dudhia
(1993) and Grell et al (1995) for more detailed
descriptions of the model dynamics and physics.

2.2 The adjoint model

We employ the MM5-4DVAR data assimilation
system developed by AFWA (Ruggiero et al,
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2006). This MM5-4DVAR system has been par-
allelized based on the same method applied to
the MM5 model and can be run on SGI Altix,
SGI Origin series and IBM SP series effectively.
Before using this system, both gradient and
adjoint checks were conducted to ensure its cor-
rectness. Currently the 4DVAR system contains
physical parameterization schemes such as stable
precipitation scheme, Kuo convective cumulus
parameterization scheme (Kuo, 1974), grid-scale
precipitation and MRF PBL scheme (Troen and
Mahrt, 1986). The minimization algorithm used
here is the limited-memory quasi-Newton method
developed by Liu and Nocedal (1989).

The 4DVAR system tries to minimize the fol-
lowing general cost function:

J(Xo) = Jb(XO) + Z JO(XO) +JC(X0)a (1)

o=1,m

where X is the analysis variable, which includes
wind (u, v), temperature (T), specific humidity
(q), and pressure perturbation (p’) from a con-
stant reference state, and subscript “0” denotes
the initial state; J, is a simple background term
measuring the distance between the model state
and the MMS5 analysis field (based on the global
NCEP analysis), which is expressed as

(x0) = 5 [x0 — "B~ xo — ], @)
where B is the background error covariance and a
diagonal matrix proportional to the inverse of the
root-mean-square difference between the 12-h
forecast and the MMS5 analysis fields, and J, is
the sum of contributions from each of five types of
observational data (i.e., TC best track, QuikSCAT
surface wind, GOES retrieved wind, SSM/I rain
rate, and Aqua retrieved temperature and water

Fig. 1. Data assimilation cycling for the 4DVAR

vapor) described in Sect. 3. The subscript “o”
here denotes the type of the observation and m
is the total number of available observation types.
J. is a weak constraint term for reducing high-
frequency noises and enhancing the balance of
atmospheric states, and will be described in sub-
section d.

2.3 Analysis cycling

The reanalysis cycling was configured with 4
cycles per day of 6-hour 4DVAR, Fig. 1 gives
an overview of the data flow through the data
assimilation system. The 1800 UTC assimila-
tion uses observations from the time window
1201-1800 UTC. Its first guess is interpolated
from 1200 UTC NCEP analysis. It generates
two sets of analyzed fields, at 1500 and 1800
UTC. The 0000 UTC analysis uses observations
from the time window 1801-0000 UTC. Its first
guess is interpolated from the 1800 UTC NCEP
analysis. It generates analyzed fields at 2100 and
0000 UTC.

2.4 Noise control

The 4DVAR is a method that seeks a model tra-
jectory that best fits a set of observations in a
given time window. The so-generated analysis is
consistent with the model dynamics. Neverthe-
less, in the case of insufficient observations in
either the space or time dimension, a key issue
is whether the solution is unique or not (Zou et al,
1992). Note that the “optimization’ from the tra-
ditional 4DVAR does not necessarily provide the
best, physically reasonable atmospheric or ocean
state because it only concerns the minimization of



Reanalysis of western Pacific typhoons 7

a cost function under constraints imposed. Wee
and Kuo (2004) pointed out that the traditional
4DVAR had a tendency to excite high-frequency
waves to fit observations so that the cost func-
tion can be rapidly reduced. This is because these
high-frequency modes contain less energy com-
pared to slow-varying modes, and may result in
unrealistic atmospheric states.

Lynch and Huang (1992) proposed a digital
filter initialization (DFI) method that can sup-
press high-frequency oscillations effectively. The
DFI is simple in both its basic concept and
implementation compared to other methods. It
has been implemented into several operational
4DVAR data assimilation models as a penalty
term (JcDFI), such as in ECMWE, HIRLAM
(Huang and Lynch, 1993) and Météo-France
(Gauthier and Thépaut, 2001). The performance
of JcDFI has been demonstrated in the study
of blizzard (Zupanski and Zupanski, 2002), rain-
fall data assimilation (Peng and Zou, 2002), and
Antarctic cyclogenesis (Wee and Kuo, 2004).

The J. in Eq. (1) is a JcDFI penalty term
that measures the distance between a filtered
state and the corresponding unfiltered state,
and thus it reflects the amount of undesirable
high-frequency gravity waves during the data
assimilation.

Je(X0) = %(X% — %3,) ' D(x3;, — X3,), (3)

where D is a diagonal matrix; i-th diagonal ele-
ment of D can be expressed as d; = (\/77),, and
A is the weighting factor for each variable type,
and &7 is the global variance of the background
error; X3, is an unfiltered state defined at the
middle of the 6-h time window, and Xz is the
corresponding filtered state. Detailed description
of the implementation of digital filter in MMS5
4DVAR system can be found in the paper of
Wee and Kuo (2004).

A series of observing system simulation experi-
ments (OSSEs) was conducted to assess the im-
pact of the JcDFI on TC initialization (see Fig. 2).
A three-dimensional wind field from a simu-
lated TC with a MSLP of 976 hPa is regarded
as a “true” TC state (denoted as “True’’), while
a degraded TC with a MSLP of 1002 hPa repre-
sents the first guess (denoted as “No_Data’).
The penalty term of JcDFI was evaluated in
two parallel experiments (with and without the
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Fig. 2. West—east cross section of (a) the low-level wind
speed profile, and (b) the SLP profile along the TC center
for the first guess field (NoData), the true state (True), the as-
similation of the 3D winds with the DFI (UV_DF), and the
assimilation of the winds without DFI (UV_NoDF) at Oh

JcDFI term) to investigate its impact on the
performance of the TC structure reconstruction,
given the ‘“‘true”” 3D wind field. Figure 2 shows
the east—west cross section (through the TC cen-
ter) of low-level wind speed and SLP profiles
from the two experiments with JcDFI (UV_DF)
and without JcDFI (UV_NoDF). As expected,
the assimilated winds fields in both experi-
ments match the “‘true’ state closely (Fig. 2a).
However, a significant difference appears in the
SLP profiles (Fig. 2b). The analyzed MSLP in
UV_NoDF is 998 hPa while it reaches 976 hPa
in UV_DF. This result indicates that the weakly
constrained 4D VAR with the JcDFI reproduces a
balanced initial TC structure in both the mass and
wind fields.
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3. Observational data and cost functions

3.1 JTWC best track

The JTWC maintains an archive of TC track
data, commonly referred to as “‘best track”. Each
of the best track files contains TC center loca-
tions and intensities (i.e., the MSLP and the max-
imum 1-minute mean sustained 10-meter wind
speed) at a six-hour interval. The geographical do-
mains of the archive are the western North Pacific
(WP), North Indian Ocean (I0), and Southern
Hemisphere (SH). A 4DVAR bogus data assimila-
tion (BDA) scheme was developed (Zou and
Xiao, 2000; Xiao et al, 2000; Park and Zou,
2004) based on the best track TC center. To make
the BDA scheme work, it is necessary to specify
a bogus vortex that represents the main features
of the corresponding storm, such as its size and
intensity, at the initial time of the forecast (Zou
and Xiao, 2000; Pu and Braun, 2001). Either the
Fujita (1952) formula or Holland (1980) formula
is used to formulate an axisymmetric SLP pat-
tern, with the specified central SLP, environmen-
tal pressure, radius of the maximum wind or SLP
gradient, and the radius of the outermost closed
isobar. Most of the parameters above can be de-
termined with the best track data. However, di-
rect information on the radius of the maximum
SLP gradient is not available and thus it is spe-
cified arbitrarily. This BDA scheme usually pro-
duces a concentric, symmetric TC structure at the
initial time.

To let the asymmetric TC structure evolve
freely during the data assimilation while keeping
the observed TC intensity, here we introduce a
so-called point pressure (PP) scheme. In this
scheme, we interpolate 6-hour best track data
into 0.5-hour interval and assimilate the one-
point central MSLP sequentially every half hour
over the 6-hour time window. It is expected that
this scheme allow the development of asymmet-
ric TC component in response to satellite-derived
heating while TC position and intensity are close
to the best track. To test this scheme, we again
designed a set of OSSEs. With the “true” tem-
perature and water vapor profiles known, we
investigate the impact of the PP scheme on the
TC initialization. Figure 3 shows that when only
the temperature and water vapor are assimilated
(Fig. 3a), limited improvement on TC intensity is
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Fig. 3. West—east cross section of (a) the low-level wind
speed profile, and (b) the SLP profile along the TC center
for the first guess, the true state, assimilation with both
temperature and water vapor given, and assimilation with
temperature, water vapor and point pressure together

observed; on the other hand, when the PP scheme
was included (together with the assimilated tem-
perature and water vapor), both the SLP and wind
profiles fit well the ‘“‘observation”. It has been
shown that the assimilation of both the satellite-
retrieved data and moving information of the
typhoon center may improve TC track forecast
(Zhao et al, 2005).

In this reanalysis effort, we use this PP scheme.
Note that this pressure assimilation scheme is
particularly desired when incorporating satel-
lite observations such as GOES retrieved winds,
QuikSCAT scatterometer winds, and SSM/I
rain rates. Otherwise, TC bogus scheme will be
employed.
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The observational cost function for the PP
scheme may be defined as
N

Iortsa) =25 { [P(a) — ()]

x“;pp [PP(ti) - PPObs(ti)} } (4)

where PP(;) represents the model-predicted SLP
at the location of the best track at time ¢; and
PP°™ (1,) is the observational MSLP at the same
time; N is total number of observations available;
Wop is the weighting for MSLP and simply taken
as 1 mb—2.

3.2 SSM/I rainfall data

The SSM/T onboard the Defense Meteorological
Satellite Program (DMSP) satellite is a seven-
channel, four-frequency, linear-polarized, passive
microwave radiometric system that measures at-
mospheric, ocean, and terrain microwave bright-
ness temperature at 19.35, 22.235, 37.0, and
85.5 GHz. All frequencies are received in dual
polarization only. The active portion of the con-
ical scan covers a swath of about 1400 km, and
the geometric resolution of processed brightness
temperatures is 25 km (except 85.5 GHz). For the
2004 typhoon season, observations from F13,
F14 and F15 are available. Several atmospheric
parameters can be retrieved from SSM/I obser-
vations (Hollinger, 1991). Among them the total
rain rate (RR) and precipitable water (PW) are of
primary interest for numerical weather predic-
tion. The impact of SSM/I-derived RR and PW,
as additional sources of moisture information
on numerical forecasting of tropical circulations
(Ledvina and Pfaendtner, 1995; Tsuyuki, 1997)
and tropical cyclones (Shi et al, 1996; Peng and
Chang, 1996; Karyampudi et al, 1998), has been
extensively investigated.

The assimilation of RR into the mesoscale
model is not as straightforward as the conven-
tional prognostic variables such as wind, tempera-
ture and specific humidity since RR is an indirect,
diagnostic 2D variable. Previous studies such as
Zupanski and Mesinger (1995), Zou and Kuo
(1996), Xiao et al (2000), and Zhang et al
(2003) successfully assimilated rainfall observa-
tions using a 4DVAR approach. Their studies
demonstrate a positive impact on precipitation
forecast. Pu et al (2002; 2004) studied the impact

of the RR data derived from the Tropical Rainfall
Measuring Mission (TRMM) Microwave Imager
on hurricane Bonnie (1998) and supertyphoon
Paka (1997) with the MM5 4DVAR. Their results
showed the improvement of the rainfall assimi-
lation in TC structure and intensity forecast, in
particular, when the rainfall data are incorporated
with other types of data such as winds and a
bogus vortex.
The cost function for the RR is defined as

N

Jerlxo] = %Z [[RR() — RR"(1)] '

i=0
“Wig [RR(:,-) - RR”’"(t,.)] } (5)

where RR(#;) represents the model-predicted
convective and stratiform rainfall at time #; and
RR™ (1,) is the SSM/I measured RR at the same
time; N is total number of observations available;
Wi is the weighting for RR and simply taken as
1 mm~2/h=2. To ensure the quality of RR data
into the data assimilation system, we removed any
data contaminated by sea ice, land and heavy rain.

3.3 GOES-retrieved wind

High-density (resolution) wind vector fields may
be derived from cloud and water vapor motions
by taking advantage of the improved radiometric
observations from GMS-5 and GOES-9 satellites
(Velden et al, 1998). The radiance measured from
GMS-5 or GOES-9 can be converted into imag-
ery, and selected spatial discontinuities (targets)
are then tracked over a 30-min interval to obtain
motion vectors. The satellite-retrieved wind data
are then derived through automated tracking al-
gorithms applied to water vapor (WV) fields and
visible (VIS) and infrared (IR) imagery (Nieman
et al, 1997; Velden et al, 1997; 1998). While
these wind vectors represent layer-mean motions
in most cases, their heights are determined by
a combination of radiometric signals and other
multivariate information. The detailed informa-
tion about the targeting, tracking, height estima-
tion, and quality control procedures may be found
in Velden et al (1997; 1998).

The satellite wind data provide good coverage
of large-scale synoptic patterns and sometimes a
certain mesoscale flow patterns. Several studies
(e.g., Le Marshall et al, 1985; Mills et al, 1986;
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Velden et al, 1992; 1998; Soden et al, 2001) have
shown that satellite wind data have a positive
impact on tropical forecasting. Higher density
cloud- drift winds have been shown to improve
the accuracy of cyclone track forecasting in the
northwest Pacific with a barotropic variational as-
similation scheme (Bennett et al, 1993). Bennett
et al (1996) further showed that higher (spatial)
density winds could improve hurricane track
forecasts with a 4DVAR assimilation approach.
The studies of Leslie et al (1998) and Velden et al
(1998) provided strong evidence of the advantage
of assimilating high-spatial and temporal resolu-
tion satellite-derived wind data on TC track fore-
cast. Zou and Xiao (2000) showed that the initial
hurricane vertical velocity structure is improved
for hurricane Felix (1995) when the GOES-8 sat-
ellite wind was assimilated. Xiao et al (2002)
assessed the impact of satellite-derived wind
observations on the prediction of a mid-Pacific
Ocean cyclone using the MMS5 4DVAR system.
They found that the assimilation of both GMS-5
and GOES-9 derived winds increases the cyclo-
nic zonal wind shear and the cross-front tempera-
ture gradient.

In this study, the partial cost function that mea-
sures the discrepancy between the model-pre-
dicted and satellite—retrieved winds is defined as

JGoEs[Xo] Z Z { [Hlu u®B (r )} '
xW, _H,u uCoEs (rl)]
1 [H[V _ VGOES(I.I)} ’

xW, :Hlv - vGOES(rl)] }, (6)

where r; is the vector of physical locations of the
available satellite winds at time t;; H; is a linear
interpolation scheme; and W, and W,, are treated
as constants and determined empirically. Here
we assign W, and W, a value of 1 m~?s?, which
corresponds to a 1 ms~! error for the satellite-
derived winds. Vectors u““*% and v¢?** repre-
sent retrieved satellite zonal and meridional wind
components, respectively. Two quality marks,
Recursive Filter Flag (RFF) developed by Co-
operative Institute for Meteorological Studies
(CIMSS) (Hayden and Purser, 1995) and Quality
Indicator (QI) developed by European Organi-
zation for the Exploitation of Meteorological

Satellites (EUMETSAT) (Holmlund, 1998), are
currently used to estimate the GOES-retrieved
wind quality. RFF mainly measures the certainty
of the height assignment, while QI primarily
addresses internal consistency during the retrie-
val process. Only higher quality vectors with the
CIMSS RFF equal to or exceeding 50 and the
EUMETSAT QI above 0.6 are passed to the data
assimilation (Holmlund et al, 2001).

3.4 Aqua AIRS/AMSU/HSB data

AIRS, AMSU, and HSB constitute an innovative
atmospheric sounding group of visible, infrared,
and microwave sensors that provide measure-
ments for temperature at an accuracy of 1°C in
layers 1 km thick and humidity with an accuracy
of 20% in layers 2km thick in the troposphere.
The profile vertical resolution is 28 points total
between 1000 hPa and 0.02 hPa and the horizon-
tal resolution is 50 km. The increased accuracy
of the temperature and humidity profiles derived
from AIRS/AMSU/HSB should enable im-
proved forecasts from meteorological prediction
models, and this represents an important compo-
nent of satellite-based measurements designed to
detect and quantify global climate change. Zhao
et al (2005) studied the impact of three-dimen-
sional AMSU-A-retrieved wind and temperature
on typhoon forecasts with a MM5 4D VAR system.
Their experiments showed that (1) the assimila-
tion of the satellite-retrieved data was found to
have a positive impact on the typhoon track fore-
cast, (2) the assimilation of both the satellite-
retrieved data and moving information of the
typhoon center dramatically improved the track
forecast and simulated the direction change and
landfall very well, and (3) the assimilation of
both the satellite-retrieved data and the bogus
surface wind improved the intensity and track
forecasts more significantly than the assimilation
of the bogus surface wind only. Recently, Zhang
et al (2006) included Terra-retrieved temperature
and water vapor, QuikSCAT wind, GOES wind,
and TMI water vapor into their MM5 4DVAR
experiment for hurricane Lili (2002). Their study
has yielded important insights into hurricane
Lili’s unexpected loss of punch in 2002. They
found that the weakening was partially caused
by low-level drier air moving into the west side
of the storm, which was not detected at the time.
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The observational cost function for Aqua-
retrieved temperature and water vapor profiles
may be defined as

ZZ {[H,T T (1 )]

t r

« Wy [HIT _ TA””“(rl)]

+ [Hia - q(r)]

W, [Hig — g (r)| |, ™)

JAqua X0

where r; is the vector of physical locations of the
available observations at time t;; vectors T9"
and q*7““ represent Aqua-retrieved temperature
and water vapor profile, respectively; H; is a
linear interpolation scheme; T is the model-pre-
dicted temperature profile and q is the model-
predicted water vapor profile at location r; and
at time t;, Wyand W, are treated as constants and
determined empirically. We assign W7 and W,
values of 1 K~2 and 1g72/kg 2, respectively.

3.5 QuikSCAT surface wind

The NAS A Quick Scatterometer (QuikS CAT) sat-
ellite carries the SeaWinds instrument, launched
on 19 June 1999. It is the first satellite-borne
scanning radar scatterometer designed to provide
accurate ocean surface winds in all conditions
(except for moderate to heavy rain) with an
1800-km-wide measurement swath on the earth’s
surface. The capability of measuring both wind
speed and direction is the major characteristic of
the scatterometer. The idea of remote sensing of
ocean surface winds was based on the assumption
that the roughness of the ocean surface is in equi-
librium with the local wind stress. QuikSCAT
provides twice-daily coverage over a given geo-
graphic region. Wind retrievals have been done
on a 25km x 25 km grid. The quality of the scat-
terometer vector wind fields has been rigorous-
ly validated (e.g., Freilich and Dunbar, 1999;
Ebuchi et al, 2002; Pickett et al, 2003) and ap-
plied to various scientific applications (Liu,
2002). The root-mean-square differences between
ship measurements and QuikSCAT estimations
are about 1 ms~! in speed and 15° in direction
(Bourassa et al, 2003). However, optimal use
of the QuikSCAT winds requires proper quality

control based on knowledge of the special char-
acteristics of these data.

A particular concern for the scatterometer
wind data is that multiple winds or ambiguities
are retrieved at each location (Price, 1976). The
4DVAR system has the potential to remove the
ambiguity, because it uses scatterometer data at
time of each observation, thereby avoiding errors
caused by assuming that the data are collected at
standard weather forecast times. Scatterometer
data were shown to greatly improve both TC
intensity and position errors in 1995 Atlantic hur-
ricane season with the ECMWF 4DVAR system
(Isaksen and Stoffelen, 2000). Case studies of
hurricane Lili and typhoons Yates and Zane
(occurring in 1996) showed similar positive im-
pacts on intensity and track forecasts (Leidner
et al, 2003).

The observational term in cost function that
measures the distance between the model-pre-
dicted and QuikSCAT measured surface winds

is defined as
ZE{ [Hoscaru —u®H (r )}

1 r

xW, HQSCATU - UQSCAT(I'I)}

Joscar[Xo] =

T
+ |:HQSCATV — VQSCAT(I'Z)]

:HQSCATV - VQSCAT(”)] }’ (8)

where r; is the vector of physical locations of
the available sea surface winds at t;; Hpgcar 1s
a linear interpolation scheme; and W, and W,
are treated as constants and determined empiri-
cally. We assign W, and W, a value of 1 m~2 s,
which corresponds to a 1ms™' error that is
assumed in the satellite-derived winds. Vector
u254T and v25°AT represent sea surface zonal
and meridional wind components, respectively.
It is well known that rain may affect the accuracy
of scatterometers, resulting in erroneous cross
track vectors and/or unrealistically high speeds.
We discard the contaminated data in quality con-
trol based on the scatterometer-derived rainflag.

xW

<

4. Reanalysis results

The goal of this TC reanalysis effort is to con-
struct a three-dimensional high-resolution dataset
that provides a continuous record of TC life cycle
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from May 2004 to October 2004 in the western
Pacific. Up to the present, 12 high-impact ty-
phoons whose life cycle is longer than two days
and whose MSLP is lower than 995hPa have
been reanalyzed. Several aspects of the quality of
the TC-RA product are discussed below, by val-
idating the reanalyzed TC intensity, track, and
structure, and by conducting a hindcast experi-
ment with the initial condition from the re-
analysis field. The validation is against JTWC
best track data for intensity and location and
against independent satellite (TMI) observation
for structure.

4.1 Track and intensity

The TC-RA product is verified against the JTWC
best-track post analysis of all available track and
intensity data. Here the TC intensity is defined
as the MSLP and the TC position is defined as
the location of the MSLP. For a very weak TC,
the cyclone center of the surface wind field will
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Fig. 4. The comparison of (a) the track bias (unit: km), and
(b) the intensity bias (unit: hPa) between the TC-RA pro-
duction and the NCEP global analysis

be determined as the TC position. Intensity errors
are determined as the difference between the re-
analyzed and the best-track MSLP at the same
time and are presented as the average of the abso-
lute magnitude of the error. Track analysis errors
are determined as the great circle distance be-
tween the TC-RA position and the best track
position at the same time.

The averaged intensity and track errors of the
TC-RA product are presented in Fig. 4. The anal-
ysis biases of the NCEP global final analysis are
also plotted for comparison. In Fig. 4a, the av-
erage track error bias of the NCEP global analy-
sis for the 12 TCs is about 60km, whereas the
TC-RA product reduces the track bias to around
30km. The most significant improvement is the
TC intensity estimation (see Fig. 4b). The av-
eraged error for the NCEP global analysis is
about 30 hPa, while the TC-RA product is about
5—10hPa.

Figure 5 shows the evolution of minimum
central pressures for western Pacific typhoons
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Fig. 5. Time evolution of the minimum central pressure of
typhoons Meari (a) and Aere (b) of the JTWC best track
analysis JTWC), NCEP final analysis (NCEP), and the
TC-RA (TC-RA)
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Meari (WP25) and Aere (WP20). Typhoon Meari
experiences a rapid intensification from hour
96 to hour 144, with its minimum central pres-
sure dropping from 980 hPa to 916 hPa, an aver-
aged rate of 32 hPa/day. Typhoon Aere, on the
other hand, experiences a double intensification
period during hours 72—192. While the NCEP
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Fig. 6. Structure comparison for typhoon Tokage: (a) TMI
rain rate observed at 2004-10-18 21:37:55 UTC, and (b)
reanalyzed radar reflectivity at 2004-10-18 21:00:00 UTC

final analysis failed to capture the rapid inten-
sification for Meari and double intensification in
Aere, the reanalysis product well captures their
intensity changes. The results demonstrate the
effectiveness of the combination of the 4DVAR
assimilation system and the point-pressure scheme
in successfully generating realistic TC intensity.
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Fig. 7. Structure comparison for typhoon Megi: (a) TMI
rain rate observed at 2004-08-18 05:54:53 UTC, and (b)
reanalyzed radar reflectivity at 2004-08-18 06:00:00 UTC
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4.2 TC rainband structure

While the TC-RA product contains 3D dynamic
and thermodynamic variables as well as hydro-
logical parameters such as water vapor, cloudy
water, rain water, ice, snow and graupel, our initial
validation is focused on TC rainband structure.
Below we present some preliminary comparisons
between the TC-RA simulated radar reflectivity
and remote-sensed images from independent sat-
ellite observations that are not used in the data
assimilation. The satellite images are from TMI
rain rate fields. The radar reflectivity was estimat-
ed from the model cloud water, rainwater, and
other ice particles such as graupel. The method
for calculation of the model reflectivity was the
same as that in Liu et al (1997) and it was based
on the R—Z relation of Jorgenson and Wills (1982),
and Fujiyoshi et al (1990).

In Fig. 6a, the rainband structure of typhoon
Tokage at 200410182100 UTC was well captured
by the TMI image, including a well-defined eye-
wall and outer convective rain bands. Along the
eye wall, there is an asymmetry in the rain band,
with the strongest convection occurring to the
north and south of the TC center. The assimilated
radar reflectivity near the same time showed a
similar asymmetric inner-core structure, that is,
the strongest reflectivity appeared in the north and
south sections of the typhoon center (Fig. 6b). The
shape of outer convective rain bands was asym-
metric, with a strong branch from the north, con-
sistent with the TRMM observation. Thus the
reanalysis product reproduces the realistic intense
inner and outer cloud/rain bands, in accordance
with the satellite observations.

Figure 7 shows a similar comparison of the hor-
izontal structure for typhoon Megi at 2004081806
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UTC. At this time, a highly asymmetric spiral
cloud band structure, with the highest rain rates
over the northern and southern branches, appeared
in the outer region (Fig. 7a). The TC-R A-assimi-
lated radar reflectivity exhibits the bands of maxi-
mum intensity that extend from the typhoon center
southward and northward, respectively (Fig. 7b).
Thus the organized spiral cloud/rain bands pat-
tern matches the main feature of the satellite-
observed rain band in TRMM TMI images.

The structure comparisons above demonstrate
that the TC-RA product is able to reproduce the
main character of TC rain bands and cloud re-
flectivity. This represents an encouraging im-
provement compared to the current operational
analysis.

4.3 Hindcast experiments

One way to measure the quality of the TC-RA
product is to conduct TC forecast experiments
using the reanalysis product as an initial con-
dition. By comparing the forecast results with
and without the assimilated data, one may assess
to what extent the TC forecast is improved due
to the 4DVAR data assimilation. Here we pres-
ent hindcast experiments for typhoon Tokage.
Figure 8 shows the time evolution of the model
simulated MSLP from October 14 to 19, with
an initial condition from both the TC-RA and
the NCEP global analysis. For validation, the ob-
served temporal evolution of the MSLP from the
JTWC best track is also plotted. The forecast
with the TC-RA initial condition undergoes a
rapid intensification, and the MSLP reaches as
low as 920 hPa after 72-hr integration. Although
the forecast from the NCEP initial condition also

—@— NCEP forecast
—@— Observation

2
ﬂ —— TC-RA forecast

Fig. 8. Time series of the model forecasted
Tokage MSLP from 2004101400Z to
20041019007, with an initial condition from
the TC-RA and the NCEP global analysis.
The solid line with dot marker is the observed
MSLP from the JTWC best track
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intensifies, the maximum TC intensity remains
above 960 hPa. The numerical results show a sig-
nificant improvement in the TC intensity forecast
when the model is initialized with the TC-RA
product compared to that initialized with the
NCEP global analysis. This suggests that the
TC reanalysis is useful for not only producing
better TC vortex structures but also improving
subsequent intensity forecasts. In addition, the
track forecast is also improved when using the
TC-RA product, although it is not as significant
as the intensity forecast (figure not shown).

5. Conclusion and discussion

A high-resolution, comprehensive TC reanalysis
dataset is generated, with the application of the
latest remotely sensed satellite observations and
a 4DVAR assimilation technique. This reanaly-
sis effort, supported by NOAA PRIDE program,
is to construct a dataset that covers the entire
life cycle of selected western Pacific typhoons in
2004. Up to now, 12 typhoons have been reana-
lyzed. The data assimilation system, the justifi-
cation of each type of observational data in TC
initialization and the preliminary verifications
are presented. The main points are summarized
as follows.

(1) An upgraded version of the MMS5 adjoint
system with a JcDFI penalty term and the
corresponding minimization procedure suc-
cessfully assimilates the best track infor-
mation, GOES-derived wind, SSM/I rain
rate, QuikSCAT surface wind, and Aqua
retrieved temperature and water vapor fields
into the MMS model. This 4DVAR assimi-
lation approach derives a dynamically con-
sistent optimal initial condition for TCs. The
minimization of the cost function in the cur-
rent assimilation system is able to adjust the
model initial condition in such a way that the
model states are quite close to observations.

(2) The reanalysis product has much improved
TC intensity and track compared to the
NCEP global final analysis. The average
track analysis error reduces from 60km to
30km, while the intensity analysis bias
improves from 30hPa to 5-10hPa.

(3) A validation of the TC structure against inde-
pendent satellite observations (radar reflectiv-

ity vs. TMI images) shows that the reanalysis
product reconstructs the main characteris-
tics of asymmetric TC rain bands and spiral
cloud bands.

(4) Numerical experiments show that TC inten-
sity forecast is improved when the model is
initialized with the TC-R A product compared
to that initialized with the NCEP global
analysis.

The results above point out that the assimilation
of multi-satellite observations using 4DVAR has
great potential for improving TC analysis and
prediction. However, several problems pertinent
to the reanalysis are worth noting for future im-
provement. First, the current 30-km horizontal
resolution is still coarse to resolve the inner core
TC structures. This problem is mainly attributed
to the huge amount of computational requirement
of 4DVAR and the limitation of our computer
resources. It is desired to increase the horizontal
resolution to at least 10 km. We anticipate that
this increased resolution would lead to further im-
provement in the intensity and track reanalysis.
The second problem is the cold-start during the
assimilation cycle. This cold start may sometimes
over-fit the vortex bogus data during the data
assimilation. The third problem is the limited ob-
servational frequency from a single polar-orbiting
satellite, which at most provides twice-daily re-
gional coverage. The combined observations from
multiple satellites such as those from NOAA 15,
16, 18 and NASA Aqua and Terra may increase
the temporal coverage of up to 10 times per day
in a particular region. This certainly will improve
the reanalysis quality.

We plan to further improve the quality of the
reanalysis product in the near future and extend
the reanalysis effort to cover western Pacific TCs
in 2005-2006 and TCs in other ocean basins,
with increased resolution (< 10 km) and more re-
motely sensed observations. We plan to adopt a
“warm-start” initialization strategy other than the
“cold-start™, so that the first guess comes from
the previous assimilation 6 hours before instead
of using the NCEP global analysis. This may
improve the temporal consistency of the reanaly-
sis product. In addition, we are plan to adopt
NAVDAS of Naval Research Laboratory, which
is a data assimilation system with the ability of
handling more observational data and including
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basic ocean data analysis (Daley and Barker,
2001). Furthermore, we plan to adopt a so-
called hybrid variational scheme (Weng et al,
2006), which directly assimilates microwave ra-
diances in cloud- and rain-affected areas through
a community radiative transfer model (CRTM)
and then inputs the newly analyzed temperature
products into the 4DVAR system. A significant
improvement should be expected for the new
product.

The TC reanalysis product will be posted on
the data server of the Asia-Pacific Data-Research
Center (http://apdrc.soest.hawaii.edu/) at the
International Pacific Research Center. The cur-
rent format of the reanalysis product is the MM5
model output format on a regular grid and o
vertical levels, but a tool is available to convert
the output format to the NetCDF format based
on latitude-longitude grids and standard pressure
levels. The output variables include 3D wind,
temperature, water vapor, and hydrological param-
eters. Readers may refer to the MM5 documenta-
tion for a full list of the available variables.
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