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ABSTRACT

Observational and bogus satellite data are directly assimilated into the Weather Research and Forecast-
ing (WRF) model in simulations of Typhoon Kalmaegi (2008). The data assimilation is performed using the
Radiative Transfer for TTIROS-N Operational Vertical Sounder (RTTOV) model and the three-dimensional
variational data assimilation (3DVAR) technique, with satellite observations taken from the National Oceanic
and Atmospheric Administration-16 (NOAA-16) Advanced TIROS Vertical Sounder (ATOVS) system com-
posed of the High-resolution Infrared Radiation Sounder (HIRS), the Advanced Microwave Sounding Unit-A
(AMSU-A), and the Advanced Microwave Sounding Unit-B (AMSU-B). Data assimilation experiments are
initialized at three different times. Improvements in the numerical simulation of the typhoon are discussed
in the context of wind, temperature, pressure, and geopotential fields.

The results indicate that assimilation of satellite data can improve both the representation of the initial
conditions and the subsequent simulation of the typhoon. Different satellite data have different impacts on
the typhoon track. In these simulations, data from AMSU-A play a greater role in improving the simulation
of the typhoon than data from AMSU-B or HIRS. Assimilation of satellite data significantly affects the sim-
ulation of the subtropical high and the steering of the typhoon by the environmental flow. The subtropical
high is enhanced and extends westward in the data assimilation experiments. The background flow therefore
steers the typhoon more westward, improving the simulated typhoon track. Although direct assimilation of
satellite brightness temperature improves the simulated environmental conditions, it does not significantly
improve the simulated intensity of the typhoon. By contrast, initializing the typhoon simulation using bogus
data in tandem with satellite data improves not only the environmental conditions but also the simulated
inner-core structure of the typhoon. Assimilation of both types of data therefore improves the simulation of
both the typhoon track and the typhoon intensity. The results of these experiments offer new insight into
improving numerical simulations of typhoons.

Key words: WRF model, bogus data, satellite data, 3SDVAR
Citation: Wang Yunfeng, Wang Bin, Fei Jianfang, et al., 2013: The effects of assimilating satellite bright-

ness temperature and bogus data on the simulation of Typhoon Kalmaegi (2008). Acta Meteor.
Sinica, 27(3), 415434, doi: 10.1007/s13351-013-0309-2.

1. Introduction

Typhoons are among the most frequent natural
disasters that affect human beings. A number of re-
cent studies have focused on the simulation and pre-
dictability of typhoons using numerical models (e.g.,
Chen and Pan, 2010; Cheng et al., 2011; Zhang et

al., 2011; Zhang and Tao, 2013). Accurate predictions
of the track and intensity of a typhoon enable effec-
tive preventative measures to be enacted in advance,
reducing economic losses. Conventional observation
data are sparse over the oceans. Objective analyses
are therefore typically unable to describe the thermal

structure and circulation characteristics of a develop-
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ing typhoon precisely. This deficiency is particularly
pronounced with respect to the mesoscale structures
of typhoons, and results in serious errors in numerical
forecasts. The provision of more accurate initial con-
ditions would greatly improve numerical simulations
of typhoons, and is therefore an urgent task.

Typhoon forecasts are often initialized using an
artificial tropical cyclone (Iwasaki et al., 1987; Mathur,
1991; Kurihara et al., 1993). An ideal bogus typhoon
model with elaborate circulation and thermal struc-
tures is constructed according to the observational
data and then implanted into the environmental fields.
This method has been shown to greatly improve the
skill of tropical cyclone numerical forecasts, and is
widely applied in operational prediction systems in
many countries. For example, the well-known Geo-
physical Fluid Dynamics Laboratory (GFDL) hurri-
cane model is run operationally with a multiply-nested
movable mesh (grid resolution as high as 6 km) and
a very sophisticated model initialization (Kurihara et
al., 1995).

The development and application of the Bogus
Data Assimilation (BDA) scheme has expanded the
role of idealized bogus data in numerical simulations
of typhoons (Zou and Xiao, 2000). Xiao et al. (2000,
2009) showed that the BDA scheme could reduce er-
rors in simulations of both typhoon track and intensity,
and Pu and Braun (2001) reported that the assimila-
tion of a bogus vortex played an important role in the
adjustment of the initial fields in simulations of hurri-
canes Georges and Bonnie.

The rapid development of satellite observation
systems has enhanced the role of remote sensing data
in numerical weather prediction. For example, assim-
ilation of satellite data can greatly improve typhoon
initialization schemes. Zou et al. (2001) successfully
initialized a typhoon simulation by assimilating Geom-
etry Engine-Open Source (GEOS) observed brightness
temperature using the four-dimensional variational as-
similation (4DVAR) technique. Their results showed
that satellite data assimilation substantially improved
simulations of typhoon track, intensity, and precipita-
tion. Le Marshall et al. (2002) reduced the errors in a
typhoon track forecast from 400 to 150 km by assimi-
lating high-resolution observations (including satellite
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data) into the interior structure of the initial typhoon.
Wang et al. (2003) also obtained improved simula-
tions of tropical cyclones by assimilating bogus data,
cloud motion winds, and satellite observations into a
numerical model using 4DVAR. Zhang et al. (2004)
concluded that direct assimilation of AMSU brightness
temperature described the three-dimensional structure
and evolution of a typhoon better than routine ob-
Zapotocny et al. (2008) also in-
dicated that assimilation of AMSU-A data improved

the forecast of a typhoon track, while Wang et al.

servational data.

(2010) showed that the mesoscale structure of a ty-
phoon could be reconstructed in the Mesocale Model
5 (MMS5) using the BDA in tandem with assimilation
of AMSU-A brightness temperature data.

In this paper, the BDA and satellite data as-
similation techniques are combined to study Typhoon
Kalmaegi (2008). The BDA technique used here is
comprehensively derived from the work of Mathur
(1991), Kurihara et al. (1993, 1995), Wang et al.
(1996), and Wang et al. (2009).
satellite data include observations from the Advanced
Microwave Sounding Unit-A (AMSU-A), the Ad-
vanced Microwave Sounding Unit-B (AMSU-B), and
the High-resolution Infrared Sounder (HIRS) from the
National Oceanic and Atmospheric Administration-
16 (NOAA-16) Advanced TIROS Vertical Sounder
(ATOVS) satellite instrument package. The data as-
similation affects both the structure of the environ-

The assimilated

mental fields and the interior structure of the typhoon.
Analysis of the optimal initial fields reveals the physi-
cal factors that most effectively improve the numerical
forecast of the typhoon.

This paper is organized as follows. The numeri-
cal model, observational data, and cost function are
introduced briefly in Section 2. The experimental de-
sign and numerical results are described in Section 3.
Section 4 provides a summary of the results and con-
clusions.

2. Numerical model, observational data, and

cost function

2.1 Numerical model

The Weather Research and Forecasting (WRF)



NO.3

model (version 3.2) and the WRF data assimilation
system (WRFDA) are used for the numerical simula-
tions. The Radiative Transfer for TIROS-N Opera-
tional Vertical Sounder (RTTOV) version 8.7 model-
ing system is used to incorporate the ATOVS obser-
vations. The WRF model is a fully-compressible non-
hydrostatic model with a hydrostatic option. The ver-
tical coordinate is a terrain-following hydrostatic pres-
sure coordinate, and the horizontal grid is an Arakawa
C-grid.

The model domain used for this study is cen-
tered at 30.0°N, 120.0°E. Two nested domains with
grid sizes of 45 km (outer domain) and 15 km (inner
domain) are designated (Fig. 1). The grid dimensions
are 64 x 68 and 124 x 163 for outer and inner do-
mains, respectively. The vertical coordinate consists
of 35 n layers. The following physical parameteriza-
tion schemes are selected in both domains: the WRF
Single-Moment 3-class (WSM-3) microphysics scheme,
the Rapid Radiative Transfer Model (RRTM) long-
wave parameterization (Chou and Suarez, 1999), the
Dudhia shortwave parameterization, the Yonsei Uni-
versity (YSU) boundary layer parameterization (Hong
et al., 2006), and the updated Kain-Fritsch cumulus
parameterization (Kain, 2004).

The WRFDA is an advanced data assimila-
tion system that provides a variety of state-of-the-
art 3DVAR/4DVAR and hybrid variational /ensemble
data assimilation techniques. The assimilation do-
mains and physical parameterizations used in WRF-
DA are the same as those used in WRF.

The RTTOV model was originally designed by
Eyre and Woolf (1988) and developed at the ECMWF
in the early 1990s.
tion of radiances from satellite infrared or microwave
Version 8.7 of the RT-

TOV model includes the complicated nonlinear rela-

It allows the forward simula-

nadir-scanning radiometers.

tionships between satellite brightness temperature and
model variables. The WRF model provides the neces-
sary physical parameters to RTTOV. The brightness
temperature for each channel is simulated by dividing
the atmosphere between 0.1 and 1013.3 hPa into 43
levels based on the real vertical structure of the atmo-

sphere. The transmittance is then calculated level by

WANG Yunfeng, WANG Bin, FEI Jianfang, et al. 417

level.
2.2 Data

The first-guess field is produced using NCEP/
GFS (Global Forecast System) analysis data with a
spatial resolution of 1°x1°. Observations of the ty-
phoon used in the bogus technique are obtained from
the best track data provided by the China Meteoro-
logical Administration. Bogus data are constructed
at standard pressure levels, and then implanted into
the initial fields. The typhoon initialization scheme
used here is derived from Mathur (1991), Kurihara et
al. (1993, 1995), Wang et al. (1996), and Wang et
al. (2009). A typhoon-like vortex (which will be re-
ferred to as the analyzed vortex) is removed from the
analysis and replaced with a specified vortex (which
is realistic and compatible with the model). In other
words, the initial field is given by the global analy-
sis minus the analyzed vortex plus the specified vor-
tex. The method for removing the analyzed vortex
follows Kurihara et al. (1993, 1995), and the method
for determining and adding the specified vortex fol-
lows Mathur (1991), Wang et al. (1996), and Wang et
al. (2009).

The sea level pressure (SLP) and wind fields are

T
130°W

T 1 1 1
110 115 120 125

Fig. 1. The observed best track of Typhoon Kalmaegi
between 0000 UTC 17 and 0000 UTC 20 July 2010. Do-
mains A and B indicate the outer and inner domains used

in this study.
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constructed using the following equations:

Po(r):PC+AP{1—{1+%(}%)1 } (1)
v = (222 L) -1 @)

where P, is the central SLP of the observed typhoon,
AP is a parameter related to the typhoon SLP gradi-
ent (as determined by the maximum wind), R is the
radius of the maximum SLP gradient (which usually
corresponds to the maximum wind), r is the radius of
the vortex, and p is air density. The SLP and wind
fields are then assimilated into the numerical model
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using the 3DVAR technique. For Typhoon Kalmaegi
at 0000 UTC 17 July 2008, P, = 975 hPa, Vi .x = 33
m s~ !, and R = 80 km.

The satellite data are taken from NOAA-16
ATOVS (HIRS, AMSU-A, and AMSU-B), as provided
by the National Aeronautics and Space Administra-
tion (NASA). HIRS has a total of 20 channels, AMSU-
A has a total of 15 channels, and AMSU-B has a total
of 5 channels. Quality control, channel selection, and
cloud identification are performed according to the de-
fault settings in the WRFDA model. Bias correction
and data thinning are not applied. Figure 2 shows
the distributions of AMSU-A channel 5 brightness
temperatures at 2016 UTC 16, 2152 UTC 16, and
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Fig. 2. Distributions of AMSU-A channel 5 brightness temperatures (K) at (a) 2016 UTC 16, (b) 2152 UTC 16, and

(¢) 0734 UTC 17 July 2008.
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0734 UTC 17 July 2008. The distributions of bright-
ness temperatures observed by HIRS and AMSU-B are
similar to those observed by AMSU-A (figure omit-
ted).

2.3 Cost function

The cost function for the 3DVAR multifold (bo-
gus, HIRS, AMSU-A, and AMSU-B) data assimilation

experiments is defined as

J = Jg + JBogus + Juirs + Jamsva + Jamsus,  (3)

where Jp is the difference between the model control
variable X and the background variable Xg, Jpogus is
the difference between the simulated and observed bo-
gus data, Jyrg is the difference between the simulated
and observed HIRS data, and so on. These variables

are defined as follows.

Jp = % > (X - Xg)"B™(X - Xp), (4)

K3

Tioms = 5 S AIP() = Ro(r)] O [P(r) -

Po(r)] + [V(r) = Vo(r)] PO [V (r) —
Vo(r)]}, (5)
1

JHIRS = 3 Z[HHIRS(X) — BTumrs| " Onirs
- [Hurrs(X) — BTHirs] (6)
1
JAMSUA = 3 Z[HAMSUA(X) — BT amsual®
-OxysualHamsua (X) — BT amsual, (7)
1 T
JAMSUB = 3 Zi:[HAMSUB(X) — BT amsuB]
‘Oxysus[Havsus(X) — BTamsusl,  (8)

where the superscript T represents matrix transpose,
B is the background error covariance matrix, P(r) and
V(r) represent the simulated SLP and wind fields, re-
spectively, Op and Oy are the error covariance matri-
ces for the SLP and wind fields, respectively, symbol
> represents summation, and subscript ¢ represents
different observation points at the same time. Hyirs,
Hanmsua, and Havsup are forward radiative transfer
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operators for HIRS, AMSU-A, and AMSU-B, respec-
tively. BT represents the brightness temperature and
O the error covariance matrix of the observed satellite
data, with the satellite instrument indicated by the

subscript.
3. Numerical experiments

3.1 Typhoon Kalmaegi (2008)

Typhoon Kalmaegi (2008) formed over the ocean
northeast of the Philippines on 15 July 2008. It then
moved toward the Taiwan Island, making a direct
landfall in northern Taiwan Region at 1500 UTC 17
July 2008 before emerging into the Taiwan Strait. The
typhoon made a second landfall in Fujian Province at
1200 UTC 18 July 2008, with wind speed of approx-

L It moved into the Yellow Sea and

imately 23 m s~
raced toward the Korean Peninsula shortly afterwards,
eventually moving inland over North Korea.

This study emphasizes the evolution of the ty-
phoon, its track, and its landing position. The data
assimilation experiments are initialized at three times:
1800 UTC 16, 0000 UTC 17, and 0600 UTC 17 July.

Each forecast is integrated for 72 h.
3.2 Satellite data assimilation

3.2.1 FExperimental design

The effect of satellite data assimilation is studied
through three control experiments (Ctrl_00, Ctrl_06,
and Ctrl_12) and 21 assimilation experiments (7 at
each of the 3 initialization times), as described in Table
1. The initial fields for the control runs are from the
NCEP data, with no assimilation of satellite bright-
ness temperature. Different sets of satellite brightness
temperature data are assimilated in each of the assim-
ilation experiments. The assimilation time windows
are set as [-4 h, +4 h] to enable the assimilation of
more satellite observations.
3.2.2 Typhoon track simulation

Figure 3 shows the typhoon tracks simulated by
the different experiments with initialization times at
1800 UTC 16, 0000 UTC 17, and 0600 UTC 17 July.
The observed typhoon track (denoted by the typhoon
symbol) has four characteristics: (1) the typhoon mak-
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Table 1. Numerical data assimilation experiments

ACTA METEOROLOGICA SINICA
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Initialization time 1800 UTC July 16

0000 UTC July 17

0600 UTC July 17 Assimilated data

Ctrl_00 Ctrl_06 Ctrl_12 None
AMSUA_00 AMSUA_06 AMSUA_12 AMSU-A
AMSUB_00 AMSUB_06 AMSUB_12 AMSU-B
HIRS_00 HIRS_06 HIRS_12 HIRS
ALLSAT_00 ALLSAT_06 ALLSAT_12 AMSU-A,
AMSU-B,
Experiments HIRS
AMSUA/AMSUB_00 AMSUA/AMSUB_06 AMSUA/AMSUB_12 AMSU-A,
AMSU-B
AMSUA/HIRS_00 AMSUA/HIRS_06 AMSUA/HIRS_12 AMSU-A,
HIRS
AMSUB/HIRS_00 AMSUB/HIRS_06 AMSUB/HIRS_12 AMSU-B,
HIRS

Note: NCEP/GFS analysis data are used as the initial fields.

es its first landfall in Taiwan, (2) the typhoon lands
in Fujian Province after passing through the Taiwan
Strait, (3) the typhoon turns northeastward after land-
ing in mainland China, and (4) the typhoon moves out
into the sea. The tracks simulated by the control runs
(Ctrl_00, Ctrl_06, and Ctrl_12) diverge substantially
from the observed track, and the above characteristics
of the actual typhoon track are not captured accu-
rately.

Figures 3a and 3b show the results of the exper-
iments initialized at 1800 UTC 16 July. The assimi-
lation of AMSU-A data moves the simulated typhoon
track (AMSUA_00) closer to the observed track rel-
ative to the control experiment (Ctrl_00); however,
the simulated typhoon still does not make landfall in
Taiwan. The simulated typhoon does make landfall in
mainland China, but the landing position is about 350
km from the best track. The assimilation of AMSU-
B data (AMSUB_00) offers no obvious improvement
over the control run. In fact, the performance of
AMSUB_00 is worse than that of Ctrl_00 at some
The assimilation of HIRS data (HIRS_00)

also offers no obvious improvement, with the simu-

times.

lated typhoon missing both the Taiwan Region and
mainland China. Assimilating all the satellite data
(ALLSAT_00) improves the simulated track of the
typhoon substantially. Although the simulated ty-
phoon still does not land in the Taiwan Region, it
does land in mainland China (although this landing

misses the actual location by about 250 km). The

tracks from experiments AMSUA/AMSUB_00 and
AMSUA/HIRS_00 provide even greater improvement
over the control simulation, whereas the track from
AMSUB/HIRS_00 offers no obvious improvement.

Figures 3¢ and 3d show the results of the ex-
periments initialized at 0000 UTC 17 July. Those
assimilating only HIRS or AMSU-B data again indi-
cate little or no improvement in the typhoon track
relative to the control run. However, assimilation of
the AMSU-A data either alone or together with other
satellite data improves the simulated typhoon track
substantially. The simulated typhoon lands in both
the Taiwan Region and mainland China when AMSU-
A data are assimilated, with landing positions very
close to the observed.

Figures 3e and 3f show the results of the ex-
periments initialized at 0600 UTC 17 July. As
above, the tracks of the simulated typhoon are closer
to the best track for experiments that assimilate
AMSU-A data (AMSUA_12, AMSUA/AMSUB_12,
AMSUA/HIRS_12, and ALLSAT_12). The
simulated landing positions in AMSUA_12 and
AMSUA/AMSUB_12 are approximately 200 km away
from the best track, and even closer for ALLSAT _12
and AMSUA /HIRS_12. By contrast, the assimilation
of HIRS or AMSU-B data alone offers little improve-
ment in the simulated typhoon track. Assimilation
of AMSU-A data improves forecasts of this typhoon
more effectively than assimilation of AMSU-B or HIRS
data.
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Figure 4 shows the errors in the tracks simulated  (Ctrl_00, Ctrl_06, and Ctrl_12) all produce subs-

by different experiments. The control experiments tantial errors relative to the best track. These errors
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Fig. 3. Typhoon tracks simulated by different data assimilation experiments (shown in Table 1) with initialization

times at (a, b) 1800 UTC 16, (c, d) 0000 UTC 17, and (e, f) 0600 UTC 17 July.
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Fig. 4. Errors in simulated typhoon tracks relative to the best track for experiments with initialization times at (a)

1800 UTC 16, (b) 0000 UTC 17, and (c) 0600 UTC 17 July.

tend to increase with time. The largest error for
Ctrl_00 is greater than 400 km (at 54 h), the largest
error for Ctrl_06 is also greater than 400 km (at 72
h), and the largest error for Ctrl_12 is approximately
350 km (at 72 h).

The errors in the typhoon tracks simulated by
different experiments initialized at 1800 UTC 16
July are shown in Fig. 4a. The largest errors
in the tracks simulated by experiments HIRS_00
and AMSUB_00 are larger than those simulated by
Ctrl_00. The largest error is nearly 550 km when
only the HIRS data are assimilated, and 450 km
when only the AMSU-B data are used. The largest
error is substantially lower (350 km) when AMSU-
A data are assimilated alone, and lower still (about
300 km) when all of the satellite data are assimi-
lated (experiment ALLSAT_00). The errors in the ty-
phoon tracks simulated by AMSUA/AMSUB_00 and
AMSUA/HIRS_00 are also much smaller than the er-

rors associated with Ctrl_00.

The errors in the typhoon tracks simulated by the
experiments initialized at 0000 (0600) UTC 17 July
are shown in Fig. 4b (Fig. 4c¢). The errors in ty-
phoon tracks from the data assimilation experiments
are smaller than those from the control runs (Ctrl_06
and Ctrl_12). Experiments that assimilate AMSU-A
data generally have smaller track errors.

3.2.83 Typhoon intensity simulation

Figure 5 shows variations in the observed and sim-
ulated central SLPs in different assimilation experi-
ments initialized at 0000 UTC 17 July. The observed
central SLP is 975 hPa at the initial time, and then
gradually increases to 998 hPa at the final time. The
central SLP in the control experiment is always rela-
tively weak, with fluctuations around 1000 hPa. The
assimilation of ATOVS data offers no obvious improve-
ment in the simulated central SLP. The model only

assimilates satellite data under clear-sky conditions,
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Fig. 5. Variations of the observed and simulated cen-
tral SLPs in different assimilation experiments initialized
at 0000 UTC 17 July.

with satellite brightness temperature data near the ty-
phoon center eliminated during data quality control.
It is therefore difficult to improve simulations of ty-
phoon intensity solely by assimilating satellite data.
3.2.4 Typhoon initial fields

The simulated typhoon track is closely related to
the initial wind fields. Figure 6 shows differences in the
initial wind fields at 500 hPa between the assimilation
and the control experiment initialized at 0000 UTC
17 July. The distribution of the initial wind field at
500 hPa in the control experiment (Fig. 6a) shows that
Typhoon Kalmaegi is located to the east of the Taiwan

1

Region with a maximum wind speed of 30 m s™" near

the typhoon center. For brevity, differences are only
shown for the assimilation experiments AMSUA _06,
AMSUB_06, HIRS_06, and ALLSAT _06.
Assimilation of AMSU-A data introduces a clock-
wise anticyclonic anomaly centered at 32°N, 118°E at
500 hPa (Fig. 6b).

wind speed near the typhoon center is 5 m s~

The difference in the maximum
L or so.
This anticyclonic anomaly acts to decrease the inten-
sity of the simulated typhoon, but it also embeds the
typhoon in a more westward environmental flow. The
typhoon simulated in experiment Ctrl_06 is located
east of the best track, so this more westward environ-
mental flow pushes the track of the simulated typhoon
closer to the best track. This enables AMSUA_06
to more accurately capture the characteristics of the

observed typhoon track, i.e, the first landfall in the
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Taiwan Region and second over mainland China as
well as the subsequent right turn and return to the
ocean. Assimilating AMSU-B data introduces a cy-
clonic anomaly at 500 hPa (Fig. 6¢), with a difference
of about 3 m s™! in the maximum wind speed near the
typhoon center. This cyclonic wind anomaly increases
the intensity of the simulated typhoon, but prevents
it from moving westward.

Assimilating HIRS data introduces a anticyclonic
vortex over the ocean to the east of the Taiwan Re-
gion (Fig. 6d).
speed near the typhoon center is approximately 2 m

s~!. This anticyclonic anomaly decreases the inten-

The change in the maximum wind

sity of the simulated typhoon. These differences in
the initial wind field will initially push the typhoon
westward, but turn the typhoon toward the right ear-
lier than observed, when the typhoon approaches the
Taiwan Region. Assimilation of HIRS data therefore
makes the simulated typhoon track more accurate at
the beginning of the simulation, but offers little im-
provement during later periods.

The difference in the initial wind field when all
satellite data are assimilated (Fig. 6e) is very simi-
lar to that when only AMSU-A data are assimilated
(Fig. 6b), although the locations of the anticyclonic
anomalies are somewhat different between the two
cases. This similarity in the changes of the initial wind
field between ALLSAT_06 and AMSUA _06 results in
similar modifications to the track of the simulated ty-
phoon, again leading to a more accurate characteriza-
tion of the observed track than in the control case. As
in AMSUA_06, the difference in the maximum wind
speed near the typhoon center is about 5 m s!.

Figure 7a shows the initial vertical distribution of
geopotential along 22°N in Ctrl_06. The magnitude
ranges approximately 10*-10° m? s=2 over the free
troposphere. Assimilating AMSU-A data (Fig. 7b) or
HIRS data (Fig. 7d) introduces a positive increment
in geopotential in the lower and mid troposphere near
the typhoon center (22°N, 123°E), which acts to de-
crease the initial intensity of the typhoon. The effect
of assimilating AMSU-B data (Fig. 7c) is the opposite,
with negative geopotential increments in the lower and

mid troposphere that act to increase the initial inten-
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Fig. 6. Distributions of the initial wind field (m s™") at 500 hPa in experiment Ctrl_06 and differences in that between

Ctrl_06 and the various assimilation experiments initialized at 0000 UTC 17 July.

(a) Ctrl_06, (b) AMSUA_06 —

Ctrl_06, (c) AMSUB_06 — Ctrl_06, (d) HIRS_06 — Ctrl_06, and (e) ALLSAT _06 — Ctrl_06.

sity of the typhoon. The effect of assimilating the
multifold satellite data (Fig. Te) is qualitatively sim-
ilar to the effect of assimilating only AMSU-A (Fig.
7b), but the amplitude of the changes in geopotential
is larger when all three sets of satellite data are assim-
ilated. The subtropical high is located near 26°N. An
enhancement of the initial geopotential in the lower
and mid troposphere can therefore intensify the sub-
tropical high and cause it to extend westward. The

changes in geopotential in Fig. 7 also correspond to

the changes in central SLP in Fig. 5.

Figure 8a shows the initial distributions of geopo-
tential at 500 hPa for Ctrl_06 and ALLSAT_06. As-
similating all satellite data increases the initial geopo-
tential, strengthening the subtropical high, and caus-
ing it to extend west-ward. The intensification of the
subtropical high promotes the initial westward move-
ment of the simulated typhoon. The westward exten-
sion of the subtropical high contributes to the sub-

sequent right turn and northward movement of the
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typhoon.

Figure 9a shows the initial vertical distributions
of temperature along 22°N in Ctrl_06. Its magnitude
is on the order of 10> K. The assimilation of satel-
lite data mainly changes the vertical distribution of
temperature between 122° and 134°E (Figs. 9b—9e).
This is the area that was covered by the satellite orbit
at 2016 UTC 16 July 2008 (Fig. 2a). Assimilating
AMSU-A data (Fig. 9b) leads to increases of temper-
ature in the lower and mid troposphere and decreases
of temperature in the upper troposphere near 130°E.
Wang et al. (2010) also showed a decrease in temper-
ature at upper levels after assimilating AMSU-A data
using the 4DVAR technique. The changes in tempera-
ture in the lower and mid troposphere can enhance the
subtropical high and are therefore helpful in promot-
ing the westward movement of the simulated typhoon.
Assimilating AMSU-B data (Fig. 9c) or HIRS data

ACTA METEOROLOGICA SINICA

VOL.27

vertical distribution of temperature: decreases in the
lower and mid troposphere near 130°E but increases
in the upper troposphere. Assimilation of all satellite
data (Fig. 9e) leads to very complicated changes in
the vertical distribution of temperature. The final re-
sults represent the combined effect of the individual
satellite data sets, with alternating increases and de-
creases in temperature over the area near 130°E. Be-
cause of the complexity of the temperature increment,
the simulated typhoon track should be considered in
the context of other physical fields (Figs. 6-8).

3.3 Satellite data assimilation together with

the bogus technique

3.3.1 FExperimental design
Three control experiments (Bogus_00, Bogus_06,
and Bogus_12) and 21 experiments are designed to

study the impact of satellite data assimilation in tan-

(Fig. 9d) leads to qualitatively opposite changes in the  dem with the bogus technique (Table 2). As before,
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Table 2. Numerical experiments assimilating the bogus data, SLP data, and sea level wind data

Initialization time 1800 UTC 16 July

0000 UTC 17 July

0600 UTC 17 July Assimilated data

Bogus_00 Bogus_ 06 Bogus_12 None
B_AMSUA_00 B_AMSUA_06 B_AMSUA_12 AMSU-A
B_AMSUB_00 B_AMSUB_06 B_AMSUB_12 AMSU-B
B_HIRS_00 B_HIRS_06 B_HIRS_12 HIRS
B_ALLSAT_00 B_ALLSAT_06 B_ALLSAT_12 AMSU-A,
AMSU-B,
Experiments HIRS
B_AMSUA/AMSUB_00 B_AMSUA/AMSUB_06 B_AMSUA/AMSUB_12 AMSU-A,
AMSU-B
B_AMSUA/HIRS_00 B_AMSUA/HIRS_06 B_AMSUA/HIRS_12 AMSU-A,
HIRS
B_AMSUB/HIRS_00 B_AMSUB/HIRS_06 B_AMSUB/HIRS_12 AMSU-B,
HIRS

3 sets of 8 experiments are initialized at 1800 UTC
16, 0000 UTC 17, and 0600 UTC 17 July, respectively.
The bogus data on standard levels are constructed and
implanted into the initial fields, while SLP and sea
level wind data are constructed and assimilated into
the model by using the 3DVAR technique. Satellite
data are also assimilated into the model by using the
3DVAR technique. The physical parameters used in
these experiments are identical to those used in the
experiments listed in Table 1.

3.8.2 Typhoon track

Figure 10 shows the typhoon tracks simulated by
the combined bogus and data assimilation experiments
initialized at 1800 UTC 16, 0000 UTC 17, and 0600
UTC 17 July. The typhoon tracks simulated by the
control runs with bogus data (Bogus_00, Bogus_06,
and Bogus_12) are closer to the best track than those
simulated by the control runs without bogus data
(Ctrl_00, Ctrl_06, and Ctrl_12). The bogus data and
the BDA technique are applied in all the data assim-
ilation runs listed in Table 2. The remainder of this
section will focus on the effects of assimilating differ-
ent combinations of satellite data.

Figures 10a and 10b show the tracks from the ex-
periments initialized at 1800 UTC 16 July. The track
from Bogus_00 is better than that from Ctrl_00, with
TC landings on both the northern coast of the Taiwan
Island and mainland China (although the exact land-
ing locations differ and are incorrect). The track from
Bogus_00 is to the east of the best track. Assimi-
lation of AMSU-A data (B_AMSUA_00) shifts the

simulated typhoon track to the west of the best track.
The simulated landings are to the south of the ob-
served ones, and the simulated typhoon moves more
slowly than the observation. The track simulated by
B_AMSUB_00 is largely consistent with the observed
track at the beginning of the simulation, and the sim-
ulated typhoon lands in the Taiwan Region at nearly
the same location as the actual typhoon. The sim-
ulated typhoon moves in a wrong direction after its
first landing, however; so it lands at a wrong location
when it reaches mainland China. Furthermore, the
simulated typhoon moves too fast and returns to the
ocean earlier than the observation.

Assimilating HIRS data (B_HIRS_00) results in
a simulated typhoon firstly landing to the south of the
observed location, but largely consistent with the best
track for its second landing over mainland China. The
position where the simulated typhoon moves back to
the ocean again is to the south of the best track. As-
similating all satellite data (B_ALLSAT_00) results
in a typhoon track that is between the tracks simu-
lated by B_HIRS_00 and B_AMSUA_00. This in-
dicates that the simulated typhoon track reflects the
combined effects of the multifold satellite data. The
track simulated when AMSU-B and HIRS data are as-
similated in tandem (B_AMSUB/HIRS_00) has sub-
stantial errors relative to the best track. By contrast,
B_AMSUA/AMSUB_00 and B_AMSUA/HIRS_00
yield more accurate tracks than Bogus_00.

The tracks simulated by the experiments initial-
ized at 0000 UTC 17 July are shown in Figs. 10c and
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10d. The track from Bogus_06 is considerably closer  same location as the observation, but its second land-
to the best track than that from Ctrl_06. The sim- ing position in mainland China is incorrect. The tra-
ulated typhoon makes its first landfall at almost the  cks from B_AMSUB_06, B_AMSUB/HIRS_06, and
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Fig. 10. As in Fig. 3, but for the combined bogus and satellite data assimilation experiments (shown in Table 2).
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B_ALLSAT_06 are worse than that from Bogus_06.
Satellite data assimilation has a positive effect on the
simulations of typhoon track in all other experiments.

The typhoon tracks simulated by the experiments
initialized at 0600 UTC 17 July are shown in Figs.
10e and 10f. The track in Bogus_12 is again closer to
the best track than that in Ctrl_12. The simulated
first landing position is almost the same as the best
track, but the second landing location is again incor-
rect. The simulated typhoon tracks are improved by
satellite data assimilation in all experiments except
B_AMSUB/HIRS_12. Experiment B_ALLSAT_12
gives the most accurate typhoon track.

Figure 11 shows the track errors associated with
the bogus data experiments. The errors in the
tracks simulated by the three control runs with bo-
gus data (Bogus_00, Bogus_06, and Bogus_12) are
smaller than the three control runs without bogus data
(Ctrl_00, Ctrl_06, and Ctrl_12).
in the control runs with bogus data are approximately
200 km.

The largest errors

WANG Yunfeng, WANG Bin, FEI Jianfang, et al.
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The errors in the tracks from the experiments ini-
tialized at 1800 UTC 16 July are shown in Fig. 1la.
Assimilating HIRS data improves the track simula-
tion significantly. The errors in B_HIRS_00 increase
gradually throughout the simulation, but are always
less than 130 km. The errors in B_AMSUA_00 are
much smaller than those in Ctrl_00 (Fig. 4a), with a
maximum error of approximately 200 km. However,
these errors are comparable to those in Bogus_00.
The errors in B_ AMSUB_00 are consistently less than
100 km over the first 54 h, and the errors between
54 and 72 h are still less than 200 km. Assimilat-
ing all satellite data (B_ ALLSAT_00) yields track er-
rors of less than 120 km over the first 66 h and less
than 180 km over the full 72-h period. The errors in
B_AMSUA/AMSUB_00 and B_AMSUA/HIRS_00
are sometimes smaller and sometimes larger than those
in Bogus_00, with a maximum error of less than 140
km. The errors in B_ AMSUB/HIRS_00 are far larger
than those in Bogus_00, with a maximum of approx-
imately 420 km.
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Fig. 11. As in Fig. 4, but for the combined bogus and satellite data assimilation experiments as shown in Table 2.
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Figure 11b shows the errors in the typhoon
tracks from the assimilation experiments initial-
ized at 0000 UTC 17 July. Assimilating only
HIRS data (B_HIRS_06) or only AMSU-A data
(B_AMSUA_06) results in smaller errors than any
other combination of satellite data. The largest er-
ror in these two simulations is less than 130 km.
The errors in B_AMSUB_06 are larger than those
in Bogus_06 but smaller than those in Ctrl_06 (Fig.
4b), with a maximum error of nearly 270 km. As-
similating all satellite data (B_ALLSAT_06) yields
This
track simulation is again more accurate than that of-
fered by Ctrl_06 (Fig. 4b), but less accurate than
that by Bogus_06. The simulated track errors in
B_AMSUA/AMSUB_06 and B_AMSUA/HIRS_06

are comparable to those in Bogus_06, with maximum

a maximum track error of about 220 km.

errors of less than 200 km in each experiment. The er-
rors in B_AMSUB/HIRS_06 are far larger than those
in Bogus_ 06, with maximum errors of almost 400 km.

Figure 11lc shows the errors in the typhoon
tracks from the assimilation experiments initialized
at 0600 UTC 17 July. Assimilating only one type
of satellite data (B_AMSUA_00, B_AMSUB_00,
and B_HIRS_00) results in errors consistently less
than 220 km. These results are much more ac-
curate than those of Ctrl_12 (Fig. 4c). The
in B_AMSUA_00 are even smaller than
those in Bogus_12. Assimilating all satellite data
(BLALLSAT_12) reduces the simulated track er-
rors still further, with a maximum error of less
than 150 km during the 72-h integration. The
simulated track errors in B_AMSUA/AMSUB_12,
B_AMSUA/HIRS_12, and B_AMSUB/HIRS_12 are

all larger than those in the other experiments with

errors

bogus data. The maximum errors in these simulations
exceed 300 km.
3.8.8 Typhoon intensity simulation

Figure 12 shows the temporal variation of the cen-
tral SLP of the observed (best track) typhoon and
the typhoons simulated by the combined bogus and
satellite data assimilation experiments initialized at
0000 UTC 17 July. The introduction of the bogus

data significantly affects the simulation of the central

VOL.27

SLP. The initial central SLP of the simulated typhoon
is reduced in each experiment relative to the exper-
iments without bogus data, with values much closer
to the observed value of 975 hPa. However, this re-
duction persists too long in all the experiments except
B_ALLSAT _06. The central SLP of the simulated ty-
phoons in all the other experiments is much less than
the observed toward the end of the 72-h integration
period. Unlike the other experiments, B_ ALLSAT _06
produces a good simulation of the evolution of typhoon
This indicates that the bo-
gus technique overestimates the intensity of Typhoon

intensity in this case.

Kalmaegi while assimilating all satellite data appears
to largely correct this deficiency, so typhoons may be
simulated most accurately when the bogus technique
is used in tandem with satellite data assimilation.
Figure 13 shows the initial distributions of the
500-hPa wind field and SLP in Bogus_06 along with
the changes in these initial distributions after assimi-
lating all satellite data in B_ALLSAT_06. Both ex-
periments are initialized at 0000 UTC 17 July. Figure
13a shows the distribution of the initial wind field at
500 hPa in Bogus_06. Typhoon Kalmaegi is located to
the east of the Taiwan Region with a maximum wind
speed of about 30 m s~! near the typhoon center. Fig-
ure 13b shows the change in the initial wind field at 500
hPa after assimilating all satellite data. Assimilating
the satellite data introduces an anticyclonic anomaly

centered near 34°N, 113°E, which promotes the initial
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Fig. 12. As in Fig. 5, but for the combined bogus and
satellite data assimilation experiments as shown in Table
2.
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Fig. 13. Distributions of (a) the initial wind field (m s™') at 500 hPa in experiment Bogus_06, (b) the change in the
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SLP field (hPa) in experiment Bogus_06, and (d) the change in the initial SLP field (hPa) after assimilating all satellite

data.

westward movement of the typhoon. The change in
the wind at the typhoon center is approximately 5 m
s~1. Figure 13c shows the distribution of the initial
SLP in Bogus_06. The initial typhoon is significantly
stronger than that simulated by Ctrl_06. Figure 13d
shows the change in the initial SLP fields after assimi-
lating all satellite data. Assimilating the satellite data
introduces a weak positive anomaly in SLP (maximum
7 hPa or so) centered near 32°N, 118°E. This change
shows that assimilating satellite data weakens the ini-
tial typhoon.

Figure 14 shows the initial vertical distribu-
tions of temperature and geopotential along 22°N in
Bogus_06, along with how these fields are changed by
the assimilation of satellite data in B_ ALLSAT_06.
Figure 14a shows that the initial temperature near the
typhoon center typhoon is warmer than the surround-
ing areas. Figure 14b shows that satellite data assim-
ilation introduces a warm temperature anomaly be-
tween 300 and 400 hPa, which may have strengthened

the typhoon. Figure 14c shows that the geopotential
near the typhoon center is lower than in the surround-
ing areas. Figure 14d shows that the geopotential typ-
ically increases in the lower and mid troposphere. This
change weakens the typhoon while enhances the sub-
tropical high, which helps to promote the initial west-
ward movement of the simulated typhoon as shown in
Fig. 8b.

The typhoon track is predominantly determined
by three aspects, i.e., the steering by the environmen-
tal flow, the interior structure of typhoon, and the
interaction between the above two factors. The envi-
ronmental steering has a greater effect on a relatively
weak typhoon. Assimilation of satellite data improves
the representation of the steering flow, enabling a bet-
ter prediction of the typhoon track. The results of
these experiments suggest that satellite data assimila-
tion can modify the intensity of the simulated subtrop-
ical high and prompt it to extend westward or retreat

eastward. These changes in the subtropical high then
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satellite data are assimilated.

influence the movement of the typhoon. However,
satellite data assimilation does not have a large impact
on the intensity of the simulated typhoon. Combin-
ing the bogus technique with satellite data assimila-
tion improves the representation of the interior struc-
ture of the typhoon, enabling a better simulation of
its intensity. Although the overall results are greatly
improved in the bogus data assimilation experiments,
this does not mean that bogus data assimilation out-
performs satellite data assimilation. The satellite data
assimilated in these experiments may contribute more
toward improving the environmental conditions than
improving the inner structure of the typhoon. The bo-
gus data exerts such a large impact because it changes
the inner structure of the typhoon and improves the

representation of the initial vortex.
4. Summary and discussion

This study has investigated the effects of assimi-
lating multifold datasets (including bogus data, HIRS
data, AMSU-A data, and AMSU-B data) on simula-
tions of Typhoon Kalmaegi (2008). The simulations

are conducted using the Advanced Research WRF
model with the 3DVAR technique. Three groups of
data assimilation experiments are initialized at three
different times, with each experiment assimilating a
different combination of datasets. The results are sum-
marized as follows.

(1) The assimilation of satellite data can improve
the initial fields and the subsequent simulation of the
typhoon, but the relative improvement depends on
In this
case, assimilating AMSU-A data improves the simu-
lation more than assimilating AMSU-B data or HIRS

data. Satellite data assimilation significantly affects

the exact combination of data assimilated.

the strength and location of the subtropical high,
which in turn influences the steering of the typhoon
by the environmental flow. Assimilation of AMSU-
A data strengthens the subtropical high and shifts it
westward, enhancing the initial westward movement
of the simulated typhoon and resulting in a simulated
track that is closer to the best track.

(2) Direct assimilation of satellite brightness tem-
perature helps to improve the environmental condi-

tions, but does not significantly improve the simulated
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intensity of the typhoon. Using the bogus technique
together with satellite data assimilation to initialize
the typhoon simulation improves not only the envi-
ronmental conditions but also the structure of the
typhoon inner core. These changes yield a more accu-
rate simulation of both the track and intensity of the
typhoon.

(3) Assimilation of multifold data improves the
representations of the wind and SLP fields both inside
and outside of the typhoon, enhances the upper-level
warm core within the typhoon, strengthens the sub-
tropical high, and extends the subtropical high toward
the west. The assimilation of satellite data contributes
primarily toward improving the environmental condi-
tions, and does not significantly improve the structure
of the typhoon inner core. The introduction of bogus
data primarily affects the structure of the typhoon
inner core, resulting in a more accurate representation
of the initial vortex.

This study demonstrates that both the bogus
technique and satellite data assimilation can indepen-
dently improve numerical simulations of typhoons.
However, in this case, the most accurate simulations
result from applying the two techniques in tandem.
The results in this paper are informative for ongoing
efforts to numerically simulate and predict the evolu-
tion of typhoons.
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