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ABSTRACT

Two sets of assimilation experiments on a landfalling typhoon—Typhoon Dan (1999) over the western
North Pacific were designed to compare the performances of two kinds of variational data assimilation
schemes that are the 3-Dimensional Variational data assimilation of Mapped observation (3DVM) and the
4-dimensional variational data assimilation (4DVar). Results show that: (1) both the 3DVM and 4DVar
successfully improved the simulations of typhoon intensity and track incorporating the satellite AMSU-A
retrieved temperature and wind data into the initial conditions, and the 3DVM more significantly due to
the flow-dependent of background error covariance matrix and observation error covariance matrix like 3-
dimensional variational data assimilation (3DVar) circle; (2) inclusions of extra model integration iterations
at each observation time in the 3DVM make it more consistent with prediction model; (3) the 3DVM is
much more time-saving due to the exclusion of the adjoint technique in it.
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1. Introduction

As numerical weather predictions (NWP) and trop-
ical cyclone track forecasting are typically initial value
problems, much emphasis over the years has been
placed on improving the initial conditions for fore-
cast models by using a variety of data assimilation
techniques. Since the 1990s, one of these promising
techniques, the four-dimensional variational data as-
similation (4DVar) method, has been explored for as-
similating the satellite retrieval products for the ini-
tialization of hurricanes and typhoons. Including the
model constraints, 4DVar produces an optimal initial
condition (IC), which is not only consistent with the
prediction model but also fit best the observations
at different times in the window through model tra-
jectory. It is now widely recognized that by using
this robust method, satellite products have a posi-
tive impact on operational analyses and forecasts, es-
pecially in the data-sparse oceanic areas where con-
ventional radiosonde measurements are not available

(e.g., Karyampudi et al., 1998; Xiao et al., 2000; Guo
et al., 2000; Zou and Xiao, 2000; Wang et al., 2000;
Zou et al., 2001; Soden et al., 2001; Xiao et al., 2002;
Pu et al., 2002; Zhang et al., 2003; Zhao et al., 2005;
Gu et al., 2005; Xiao et al., 2006). However, it is not
popular in the operational NWP systems (NWPs) in
the world because of the hard establishment of the ad-
joint system and the huge computation of the adjoint
model, which have been the bottleneck in the devel-
opment and application of 4DVar. Hence, many pre-
diction centers and research institutions in the world
usually adopt the 3-dimensional variational data as-
similation (3DVar) instead because 3DVar has more
time-saving properties than 4DVar. However, 3DVar
without model constraints treats all observations at
different time in the window as the data at the same
time, which leads to the IC unable to consist with the
prediction model. Recently, a new data assimilation
approach called “3-Dimensional Variational data as-
similation of Mapped observation (3DVM)” was pro-
posed, based on the mapped observation (Wang and
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Zhao, 2006). Different from the 4DVar, 3DVM pro-
duces an optimal IC at the end of the assimilation win-
dow. This change makes 3DVM possess time-saving
properties as 3Dvar and produces an optimal IC as
4DVar that is consistent with the prediction model
due to the inclusion of model constraints and best fits
the observations in the assimilation window through
the model solution trajectory.

In recent years, the use of quantitative observa-
tions, which are received from either polar-orbiting or
geostationary satellites ranging from visible, infrared
to microwave frequencies, have great potential in the
applications of synoptic weather analyses and NWP.
Among all the observational data from satellites, mi-
crowave remote sensing soundings have proven to be
the most informative source of data to provide great
improvements in quantitative measurements of atmo-
spheric variables (Stanley and Thomas, 1995). The
field of data assimilation has been progressing rapidly
with new remote sensing techniques and advances in
computer performance. The effectiveness of 4DVar as-
similating the AMSU-A retrieved data to the model
initial conditions is tested by using the 72-h simula-
tion of Typhoon Dan (Zhao et al., 2005). In this pa-
per, we will test the feasibility of 3DVM assimilating
the same AMSU-A retrieved data to the model initial
conditions by using the same 72-h simulation of Dan.

The rest of the paper is organized as follows.
The next section provides a brief description of
AMSU-A retrieved data. The 3DVM technique and
MM5 3DVM system are simply introduced in section
3. Details of the experiment design are given in section
4. The effectiveness of 3DVM with respect to 4DVar
and observations is illustrated in section 5. A discus-
sion on the implication of the results and objectives
for future research is provided in section 6.

2. A brief description of AMSU-A retrieved
data

AMSU-A is a cross-track, line-scanned instrument
designed to measure scene radiances in 15 discrete fre-
quency channels which permit the calculation of the
global atmospheric vertical temperature profile from
about 3 hPa (45 km) pressure height to the Earth’s
surface. The AMSU-A measures thermal radiation at
microwave frequencies ranging from 23.8 to 89.0 GHz.
Atmospheric temperature profiles are primarily based
on the measurements obtained at channels near 60
GHz, which is an oxygen absorption line. In particular,
the AMSU-A sounding channels (3-14) respond to the
thermal radiation at various altitudes because of their
weighting function distributions, whereas channels 1
and 2 are primarily designed for obtaining the infor-

mation on surface properties (e.g., emissivity and skin
temperature). Since the satellite provides a nominal
spatial resolution of 48 km at its nadir, the temper-
ature perturbations from synoptic-scale to mesoscale
can be reasonably depicted. Meanwhile, microwave
radiance responds linearly to temperatures and the
weighting functions at various AMSU sounding chan-
nels are relatively stable, and thus temperatures at
any pressure level can be expressed as a linear combi-
nation of brightness temperatures measured at various
sounding channels (see Janssen, 1993), i.e.,

T (P ) = C0(P, θs) +
n∑

i=1

Ci(P, θs)Tb(vi, θs) (1)

where P is the pressure; θs is the scanning angle; vi is
the frequency at channel i; and Tb is the AMSU bright-
ness temperature. The coefficients, C0 and Ci, are de-
termined using a regression equation, in the same form
as Eq. (1), by matching the rawinsonde temperature
soundings with the AMSU-A brightness temperatures
that were co-located at islands over the low- to mid-
latitude oceans (Zhu et al., 2002). The rotational and
divergent winds are obtained by solving the nonlin-
ear balance and Omega equations using the large-scale
analysis (ECMWF) as the lateral boundary conditions
(Zhu et al., 2002).

3. Description of MM5 3DVM system

3.1 Conception of 3DVM

4DVar produces the optimal IC by minimizing the
cost function:




J4DVar(xa0) = min
x

J4DVar(x0)

J4DVar(x0) =
1
2
(x0 − xb0)TB−1

0 (x0 − xb0)+

1
2

N∑

i=1

[Hi(xi)− yobsi]T×

O−1
i [Hi(xi)− yobsi]

xi = M t0→ti(x0, τ)

(2)

where xb0 is the background or the first guess with its
covariance matrix B0 at the time t0, Hi is an observa-
tion operator for the observation yobsi(i = 1, 2, . . . , N)
at ti in the assimilation window [t0, tT],Oi is the co-
variance matrix of observation error of yobsi, and xi

is model state at ti by the prediction model (M) in-
tegration starting from the initial state x0 with the
time step τ . It is clearly known that the optimal IC
xa0 produced by 4DVar is located at the initial time t0
of the assimilation window. Compared with the time
location of xa0, the observations in the window [t0, tN ]
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are all located at the future time, except those at t0.
How should observations be fed back to the beginning
of the window? It is the adjoint model that plays
the role to implement the backward integration and
thereby causes the aforesaid difficulties in section 1.
In the paper by Wang and Zhao (2006), we tried to
obtain an optimal IC at the end of the assimilation
window [t0, tN ]. Then, a new conception called 3DVM
is derived from this attempt by minimizing the follow-
ing cost function:





J3DVM(xaT) = min
x

J3DVM(xT)

J3DVM(xT) =
1
2
(xT − xbT)TB−1

T (xT − xbT)+

1
2

N∑

i=1

(xmoi − xT)TÕ
−1

i (xmoi − xT)

xmoi = M ti→tT
(xobsi, τ), xobsi = Ki(yobsi)

(3)

where xaT is the optimal IC at the time tT produced
by 3DVM, xbT is the background at tT with the co-
variance matrix of background error, BT, xmoi(i =
1, 2, . . . , N) is named the mapped observations map-
ping from ti to tT(> ti) by the prediction model M ,
using the xobsi at ti which is actually an analysis from
the MM5-3DVar system with the observations yobsi,
and Õi is the error covariance matrix of mapped ob-
servation.

It is not difficult to find that if all variables at the
model degrees of freedom are measured, i.e., yobsi =
xobsi and Hi = Ki = E where E is an identical
operator, xbN = M ti→tT

(xbo, τ), and Õi is deter-
mined by Õi = M ti→tT

(Ei, τ) ·MT
ti→tT

(Ei, τ) where
Ei · ET

i = Oi, and 4DVar is a special case of 3DVM
(Wang and Zhao, 2006). Comparing the model state
variable x0 in the cost function of 4DVar (2) with xT

in the cost function of 3DVM (3), we easily find that
the model state variable xT is no longer expressed im-
plicitly in Eq. (2), but explicitly in Eq. (3), and an
optimal IC at the time tT can be explicitly calculated
as following

xaT =

(
B−1

T +
N∑

i=1

Õ
−1

i

)−1 (
B−1

T xbT+
N∑

i=1

Õ
−1

i xmoi

)
.

(4)

It is the change of the IC time that makes the adjoint
model unnecessary and the computing cost greatly re-
duced in 3DVM procedure. Furthermore, because the
observations are not obtained in the future but before
the optimal IC, 3DVM will have wider application in
NWP operation system.

3.2 MM5 3DVM system

In general, real observations are different kinds of
observations with various and irregular distributions
in space and time, while some are sparse and some
dense. The key point to evaluate the practicability
of the new approach 3DVM is how to map these ob-
servations into the regular model grid. Here, we ap-
plied MM5 3DVar system and implicit iteration with
the prediction model to obtain a complete “measured
observation” in Eq. (3). In order to test the perfor-
mance of 3DVM, in this study we briefly constructed a
MM5 3DVM system based on the Penn State/NCAR
(National Center for Atmospheric Research) mesoscale
model MM5V1, on which the MM5 4DVar was based
(Zou et al., 1997).

In the 3DVar method, the irregularly-distributed
observations are first mapped into the regular model
grid. That is





J3DVar(xHi) = min
x

J3DVar(x)

J3DVar(x) =
1
2
(x− xbi)B−1

i (x− xbi)+

+
1
2
[Hi(x)−yobsi]TO−1

i [Hi(x)−yobsi]

(5)

where the background field xbi = M t0→ti
(xa0, τ) with

its error covariance martrix Bi. However, the lack of
observational data at some model grid points means
that the values of the increment x′0i of (x′0i, x

′
obsi) =

xHi − xbi obtained from Eq. (5) at these points are
zero. The x′obsi is defined as increment which is not
zero at the others model grid points. Then, using the
following implicit iteration with the prediction model,
with the IC xHi to supply the missing data, the equa-
tion is:





[x(n+1)
0i , x

(n+1)
obsi ] = x

(n+1)
i = M [x̃(n)

i , τ ]

x̃
(n)
i = [x(n)

0i , xobsi]

x̃0i = xHi = [x(0)
0i , xobsi]

(6)

At each step, the values x
(n)
obsi predicted from the vari-

ables x̃
(n)
i are replaced by the values xobsi of x

(n)
Hi .

In this way, the observation information is trans-
ported to those model grid points without observa-
tion data through the dynamical and physical con-
straints of the prediction model. When the adjustment
‖x(n+1)

i − x
(n)
i ‖ is not descending, all variables at the

model degrees of freedom at ti are “measured”, and a
complete “observation” xobsi is obtained in Eq. (3).
At last, an optimal IC at the time tT is obtained by
3DVM using Eq. (3) or Eq. (4).
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4. Experimental design

The numerical forecasting model used for 72-h fore-
cast in this study is the Penn State-NCAR MM5.
The MM5 is a limited-area, non-hydrostatic primi-
tive equation model with multiple options of physical
parameterization schemes (Dudhia, 1993; Grell et al.,
1994). The version used for this study includes a Burk-
Thompson aerodynamic planetary boundary layer pa-
rameterization, Dudhia’s simple ice-explicit moisture
scheme, surface friction, dry convective adjustment,
and a cumulus parameterization scheme developed by
Grell et al. (1994). There are 15 vertical layers in
the double nested-grid model with 36-km horizontal
resolution for the coarse mesh and 12-km for the fine
mesh. The initial and lateral boundary conditions are
defined by the NCEP (National Cholesterol Education
Program) global reanalysis data.

The case chosen is Typhoon Dan during the ma-
ture period from 0000 UTC 6 to 0000 UTC 9 October
1999 when Dan made a west-northward recurvature
from its westward track. For Typhoon Dan, the 3-
dimensional temperature and winds retrieved from the
satellite AMSU-A observations are available at 0000
UTC 6 October 1999, which are distributed over the
region (12.0◦–25.0◦N, 112.0◦–124.0◦E), at the layers
1000, 850, 700, 500, 400, 300, 250, 200, 150, and 100
hPa. The impact of these data on the simulation of the
cyclone development will be assessed through two sets
of assimilation experiments. The typhoon variational
initialization is carried out on the coarsest 36-km do-
main.

CTRL is the control experiment, which starts from
NCEP reanalysis without the variational initialization
procedure. This experiment serves as a benchmark to
compare how the variational initialization technique
improves the typhoon forecast. Two sets of assimila-
tion experiments include the 4DVar experiment and
the 3DVM experiment starting from the typhoon ini-
tialization at 0000 UTC 6 October 1999 (Table 1).
Because the observation data are available only at one
time point, they are extended from one time to 11 time
points equably distributing in the 10-min assimila-

tion window with the same values, as in Zou and Xiao
(2000). The first set of assimilation experiments is ini-
tialized with the retrieved AMSU-A temperature and
winds. The second set of assimilation experiment is
initialized with the retrieved AMSU-A temperature
only.

4DVar experiments start from initial conditions ob-
tained by the 4DVar system over the assimilation win-
dow. The retrieved data is assimilated every 1 minute
during the 10-minute window. The 4DVar scheme is
carried out with the MM5 adjoint system by mini-
mizing the cost function which consists of a simple
background term Jb0 and the observation term JT or
JT +JUV . Mathematically, they can be expressed as:

Jb0 =
1
2
(x0 − xbo)TB−1

0 (x0 − xbo) , (7)

JT =
1
2

∑
tA

∑

Ω

[HT (xtA)−TΩ]TW−1
T [HT (xtA)−TΩ] ,

(8)

JUV =
1
2

∑
tA

∑

Ω

{
[Hu(xtA)− uΩ]T×

W−1
u [Hu(xtA)− uΩ]+

[Hv(xtA)− vΩ]TW−1
v [Hv(xtA)− vΩ]

}
, (9)

where x0 = {u, v, T, qv, p′, w, qc, qt} is the initial con-
dition, xb0 is the background information based on
the large-scale NCEP analysis; xtA is model state at
tA by the prediction model (M) integration starting
from the initial state x0 with the time step τ ; the vec-
tor Ω represents the physical location of the AMSU-A
retrieved TΩ, uΩ and vΩ in the 3D space at observa-
tional time (0000 UTC 6 October 1999) over the South
China Sea, and HT ,Hu and Hv are linear interpo-
lation schemes. For simplicity, the error covariances
B0,W T ,W u and W v are diagonal weighting matri-
ces. The background error covariance B0 is crudely
estimated as the inverse of the square of the maximum
absolute value of differences at each vertical level of

Table 1. Experimental design.

Numerical Observation data Assimilation time Model initial
Experiment Window conditions at

(Oct. 1999) 0000 UTC 6
Oct. 1999

CTRL NCEP analysis
4DVar Retrieved AMSU A data 0000–0010 UTC 6 4DVar analysis
3DVM Measured observations 2350 UTC 5–0000 UTC 6 3DVM analysis

mapping from Retrieved
AMSU A data
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(a) (b) 
Fig. 1. Track of Typhoon Dan for the entire 72-h forecast period from 0000UTC 6 to
0000UTC 9 October 1999. The positions of the storm center are given every 6 hours. (a)
assimilation with the AMSU-A retrieved temperature and wind (b) assimilation with the
AMSU-A retrieved temperature.

two MM5 analyses 6 hours apart. W T is calculated
based on the retrieved error statistics with a root mean
square error of 1.5◦C (Zhu et al., 2002). W u and W v

and are simply estimated from a root mean square
error of 1.5 m s−1 according to the retrieval formula-
tions.

3DVM experiments start from initial conditions
obtained by the 3DVM system over the assimilation
window. The 3DVM system is carried out with the
MM5 3DVM system described in section 3.2. The
“measured observations” mapping from the retrieved
data is assimilated every 1 minute during the 10-
minute window. For simplicity, the error covariances
B0,W T ,W u and W v in the cost function (5) of
3DVar and their mapped error in Eq. (3) are calcu-
lated similarly to 4DVar in this case.

5. Efficiency of 3DVM with Typhoon Dan
(1999)

Considering the accuracy of model forecasts, the
comparisons are carried out on the results of the fine
nest, of which the initial conditions are interpolated
from those of the coarse nest.

5.1 Track and intensity

Figure 1 shows the track change at 6-h intervals
for the entire forecast period. Figure 2 depict the
time variation of the sea level pressure (SLP) and the
maximum low-level wind at the lowest model level
(σ = 0.975) every 6 h. The observed track, SLP
and the maximum low-level wind from the best track

[China Meteorological Administration (CMA), 1999]
are also shown as a reference in the figures.

Previous studies (Zhao et al., 2005) indicated that
assimilation of the AMSU-A retrieved temperature
and wind with 4DVar scheme can improve the track
forecast of Typhoon Dan, however fails to produce a
typhoon SLP field with realistic intensity. Figures 1
and 2 show that the 3DVM experiments improve the
track simulation more than the 4DVar experiments,
and the incorporation of the AMSU-A retrieved tem-
perature and wind (Figs. 1a, 2a and 2c) can improve
the typhoon forecast more than the incorporation of
only AMSU-A retrieved temperature (Figs. 1b, 2b
and 2d). The best forecast is made by 3DVM exper-
iment including the AMSU-A retrieved temperature
and wind. This demonstrates that the 3DVM is a
powerful initialization tool of including observations to
the initial condition for the prediction of the typhoon.
However, the experiments also imply that the mature
typhoon can not be simulated using the present 3DVM
or 4DVar system incorporating the AMSU-A retrieved
temperature and wind.

Most notably, 3DVM required much less comput-
ing cost than 4DVar did. The CPU time of 3DVM is
only about 1/7 of that of 4DVar. Please refer to the
details about the costs of both assimilation approaches
(Wang and Zhao, 2006).

5.2 Structure

Having evaluated the impact of the observed data
on the track, SLP and maximum low-level wind fore-
cast in the prediction of Typhoon Dan from the fine
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(d) (c) 
(a) (b) 

Fig. 2. 72-h variations of center sea-level pressure (SLP) (hPa) (a, c) and Maximum low-level wind
speed (m s−1) (b, d) at 6-h interval. (a, c) assimilation with the AMSU-A retrieved temperature
and wind, (b, d) assimilation with the AMSU-A retrieved temperature.

mesh with horizontal resolution of 12 km, now we will
study how the different assimilation techniques includ-
ing the AMSU-A retrieved data modify the initial vor-
tex and affect the cyclone structures of the simulated
Dan. In this section, all the analyses are from ex-
periments 4DVar and 3DVM assimilating the AMSU-
A retrieved temperature and wind data, because the
two experiments give simulation well. The vertical
distributions of temperature anomaly, horizontal wind
speed, pressure perturbation and specific humidity are
plotted as a cross-section cutting through the respec-
tively vortex center from west to east, and are com-
pared with the available observations.

Figure 3 shows the vertical cross-sections of the
zonal temperature anomaly and horizontal wind at the
initial time for 4DVar (Figs. 3c and 3d) and 3DVM
(Figs. 3e and 3f), as well as the satellite retrieved
data (Figs. 3a and 3b). It can be seen that the satel-
lite data distributed discontinuously, and were absent
on the layers around 950 hPa, from 800 to 700 hPa,
and from 650 to 550 hPa. The maximum of the tem-
perature anomaly is up to 6◦C at the layer near to

250 hPa and down to −2◦C at the layer near to 850
hPa, 650 hPa and 500 hPa (Fig. 3a). The largest hor-
izontal wind occurs around 850 hPa with value 27 m
s−1 (Fig. 3b). Incorporating the satellite data, the
two variational initializations all have a realistic and
consistent behavior in magnitude of the adjustments
in the temperature and horizontal wind. In addition,
through forecast model constraints, all have a potent
effect in the region without any satellite data and re-
covers other structural features of typhoon coupled
with temperature and wind field. The temperature
in the low level increased more in 4DVar than that in
3DVM. The maximum increase in the initial humid-
ity field of 3DVM occurs in the low troposphere above
the typhoon center (Fig. 4b) with a 4 g kg−1 increase
observed near 900 hPa, while the initial humidity field
of 4DVar almost has no change (Fig. 4a).

Though 3DVM still fails to produce a typhoon SLP
field with realistic intensity, the initial typhoon vortex
(Fig. 5c) can reach 995 hPa, and the negative differ-
ences of the pressure perturbation between the 3DVM
and CTRL at initial time are observed around whole
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(a) (b) 
(c) (d) 
(e) (f) 

Fig. 3. Cross-section of the zonal temperature anomaly (a, c and e) and the horizontal wind
speed (b, d and f) derived from OBS (AMSU-A retrieved temperature and wind) (a and b),
4DVar (c and d), and 3DVM (e and f) at initial time, respectively. The contour interval is
1◦C for the zonal temperature anomaly and 3 m s−1 for the horizontal wind speed.

                

(a) (b) 
Fig. 4. Cross-section of increments of the initial specific humidity above Typhoon Dan derived
from the experiment (a) 4DVar or (b) 3DVM to NCEP (CTRL). Contour interval is 1 g kg−1.
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troposphere in the typhoon eye (Fig. 6b). However,
the initial vortex in 4DVar (Fig. 5b) is similar to the
CTRL (Fig. 5a), and the negative differences have
slight change (Fig. 6a).

 
 
    

(a) 
(b) 
(c) 

Fig. 5. Horizontal distribution of sea level pressure
(SLP) at initial time for (a) CTRL, (b) 4DVar. and (c)
3DVM. The contour interval for SLP is 2 hPa.

The effective performance of 3DVM can also be re-
flected from the structure of the simulated Typhoon.
For example, the 24-h simulations of Typhoon Dan are
compared. Figure 7 shows that the horizontal distri-
butions of simulated SLP from 4DVar and 3DVM at
24 h. All have a rapid increase of SLP near the center
but a smoother increase in the outer regions, which
is similar to the horizontal distributions of initial SLP
from 3DVM. The similar negative differences between
the cases and CTRL are all observed in the entire tro-
posphere for the 24 h forecast (Fig. 8).

Figure 9 shows the vertical cross-sections of zonal
temperature anomaly (Figs. 9a and 9b) and the cloud-
water and rainwater (Figs. 9c and 9d) at 24-h time
for both 4DVar and 3DVM. It can be seen that the
maximum of zonal temperature anomaly is all up to
2◦C around from 600 to 500 hPa. The warm core in
3DVM (Fig. 9b) is little bigger than in 4DVar (Fig.
9a). Correspondingly, the vertical cross-sections of the
cloudwater and rainwater show that the typhoon eye
in 3DVM (Fig. 9d) is also wider than in 4DVar (Fig.
9c). The vertical cross-sections of the vertical veloc-
ity indicate that the typhoon eye and the eyewall are
generated with descending, warm and dry air in the
center and ascending moist air around the eye through-
out the entire layers of the model atmosphere. 3DVM
simulates the stronger convection motion in the vor-
tex region (Fig. 10d) than 4DVar does (Fig. 10c).
The vertical cross-sections of the horizontal wind speed
show explicitly that the typhoon eye and the eyewall
are generated asymmetrically in these two experiments
(Figs. 10a and 10b). The horizontal and vertical dis-
tributions all depict the asymmetric characteristics in
the typhoon vortex.

The SSMI F-11 visible cloud image (Fig. 11c) and
rain rate image (Fig. 11d) at 2353 UTC 6 October
1999 are displayed. The visible cloud image shows
that the captured typhoon center is located at (19.8◦N,
117.9◦E). The rain rate image shows that the higher
rain rate is distributed narrowly to the east of the ty-
phoon center. The simulated radar reflectivities (Figs.
11a and 11b) at 0000 UTC 7 October 1999 catch the
spiral structure with an echo-free eye in their centers,
while the simulated typhoon eye in 4DVar (Fig. 11a) is
larger than in 3DVM (Fig. 11b). The simulated radar
reflectivities in both experiments show the stronger
rainfall to the east, which conforms to the maximum
rainfall center from the rain rate image.

6. Summary and conclusion

We assessed the performance of 3DVM to assimi-
late observations for initializations and simulations of
the landing typhoon. The initial condition and simu-
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(a) (b) 
Fig. 6. Cross-section of the adjustment of the initial Pressure perturbation derived from the ex-
periment (a) 4DVar or (b) 3DVM to NCEP (CTRL). Contour interval is 1 hPa.

                       

(a) (b) 
Fig. 7. Horizontal distribution of sea level pressure (SLP) at 24 h for (a) 4DVar and (b) 3DVM.
Contour interval for SLP is 1 hPa.

                    

(a) (b) 
Fig. 8. Cross-section of the adjustment of the predicted Pressure perturbation derived from the
experiment to CTRL at 24 h. Contour interval is 1 hPa. (a) 4DVar and (b) 3DVM.
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(b) 
(c) (d) 
(a) 

Fig. 9. Cross-section of (a, b) the zonal temperature anomaly (contour interval 1◦C) and
(c, d) the cloudwater and rainwater (contour interval 0.1 g kg−1, at 24h in the experiment
(a, c) 4DVar and (b, d) 3DVM, respectively. 

 
           

(a) 
(c) 

(b) 
(d) 

Fig. 10. Cross-section of horizontal wind speed (a, b) and vertical velocity (c, d) predicted by
4DVar (a and c) and 3DVM (b and d) at 24 h. Contour interval for (a) and (b) is 3 m s−1.
Contour interval for (c) and (d) is 5 cm s−1.
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(b) (a) 
(c) (d) 

Fig. 11. Radar reflectively predicted by the experiment (a) 4DVar and (b) 3DVM at 24 h. SSM/I
F-11 (c) visible image and (d) rain rate image at 2353 UTC 6 October 1999 (downloaded from:
http://www.nrlmry.navy.mil/).

lated structure are studied based on the results from
the Penn State/NCAR MM5 model with 12-km-
resolution mesh with 15 layers in the vertical direction.
Our findings are summarized as follows.

(1) Both the MM5 3DVM and the MM5 4DVar
system, successfully assimilated the satellite AMSU-A
retrieved temperature and wind data into the initial
conditions. Although more model parameters can be
adjusted in 3DVM, it still fails to produce a typhoon
SLP field with a realistic intensity. Numerical results
indicate that the optimal initial condition after incor-
porating satellite AMSU-A retrieved temperature and
wind data can have more improvement on the typhoon
forecast than only incorporating satellite AMSU-A re-
trieved temperatures.

(2) The 3DVM produces the optimal IC at the
end of the assimilation window. Without adjoint tech-
nique, 3DVM is much more time-saving, which takes
only about 1/7 the CPU time of what 4DVar takes.

(3) The analysis of the initial condition and simu-
lated vortex suggests that an initial condition close to
the observations and consistent with the model is crit-

ical to the simulation of the typhoon, and the vertical
structure of the mature typhoon vortex is asymmetric.

3DVM is a new data assimilation based on the
mapped observation. The 3DVar scheme was used in
this paper to obtain an analysis on model grid at each
observation time, which serves as a complete “mea-
sured observation” needed in the 3DVM formula. Fur-
ther study will be conducted to assess the capability,
property and feasibility of the 3DVM scheme for op-
erational applications.
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