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Application of a Typhoon Initialization Scheme Based on the Incremental Analysis
Updates Technique in a Rapid Update Cycle System
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Abstract: Initialization of tropical cyclones plays an important role in typhoon numerical prediction. This study applied
a typhoon initialization scheme based on the incremental analysis updates (IAU) technique in a rapid refresh system to
improve the prediction of Typhoon Lekima (2019). Two numerical sensitivity experiments with or without application of
the IAU technique after performing vortex relocation and wind adjustment procedures were conducted for comparison
with the control experiment, which did not involve a typhoon initialization scheme. Analysis of the initial fields indicated
that the relocation procedure shifted the typhoon circulation to the observed typhoon region, and the wind speeds became
closer to the observations following the wind adjustment procedure. Comparison of the results of the sensitivity and
control experiments revealed that the vortex relocation and wind adjustment procedures could improve the prediction of
typhoon track and intensity in the first 6-h period, and that these improvements were extended throughout the first 12-h
period of the prediction by the IAU technique. The new typhoon initialization scheme also improved the simulated
typhoon structure in terms of not only the wind speed and warm core prediction but also the organization of the eye of
Typhoon Lekima. Diagnosis of the tendencies of variables showed that use of the IAU technique in a typhoon
initialization scheme is efficacious in resolving the spurious high-frequency noise problem such that the model is able to
reach equilibrium as soon as possible.
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1 INTRODUCTION

Lorenz proved the importance of initial conditions
(ICs) in numerical prediction. Especially in numerical
prediction of tropical cyclones (TCs), adoption of a
proper TC initialization method plays an equally
important role as the implementation of an advanced
model[1-2]. Small differences in the ICs (e. g., the
position of a TC center and the strength of the TC)
usually result in relatively large errors (Yan and
Majewski[3]; Huang et al.[4]; Wan et al.[5]). Therefore,
correction of deviations in the location and strength of
an initial TC vortex is very important in TC
forecasting, especially in the period before the TC
makes landfall (Hendricks et al.[6]).

The majority of the lifetime of a TC is spent over

an ocean where there is a general lack of observational
data. Therefore, proper ICs such as the position of the
TC center, minimum sea level pressure (MSLP) of the
TC center, maximum wind speed (MWS) near the TC
center, and radial distance of the maximum wind speed
(rmax) of the TC can be obtained only through limited
observational information. Typically, such information
is used to construct an artificial TC vortex using
statistical empirical formulas and a dynamic conceptual
model (called the TC bogus method), which is directly
integrated into the background field to initialize a TC
prediction (Kurihara et al.[7]; Lord[8]; Thu and
Krishnamurti[9]; Wen et al. [10]). However, the TC bogus
method usually causes imbalance between the
initialized TC vortex and the dynamics of the forecast
model owing to the lack of consideration of
differences in typhoon structure. To construct a more
realistic TC structure, Kurihara et al. proposed an
improved method by decomposing a large-scale
analysis into three components: the environmental flow
and the symmetric and asymmetric parts of the vortex
circulation[11-12]. The symmetric part is generated by the
TC bogus method, while the asymmetric part is taken
from the previous 12-h forecast. Both symmetric and
asymmetric parts are added to the environmental flow
to construct the final ICs (Bender et al.[13]). Based on
this technique, a vortex relocation technique is then
commonly used in numerical predictions of TCs (Liu
et al.[14]; Yuan et al.[15]), which partly solves erroneous
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spin-up problems caused by inconsistencies between
ICs and model dynamics and physics.

The problem of imbalance between the initialized
TC vortex and the dynamics of the forecast model is
not totally resolved by the above approach because the
symmetric part of the vortex circulation, which
remains generated using empirical formulas and a
dynamic conceptual model, still has differences to the
actual typhoon structure. Several attempts have been
made to reduce these differences. For example, Xiao et
al., Pu and Braun, Huang et al. and Yuan et al. did not
use the bogus data directly; instead, they incorporated
the data through a bogus data assimilation (BDA)
system to generate all the other variables by
integrating the forecast model[16-19]. Qu et al., Yuan et
al., and Hsiao et al. performed vortex relocation and
intensity adjustment based on the background field
from a weak TC vortex predicted by the model, which
considerably improved the typhoon track
prediction [15; 20-22]. Liang and Wang proposed a model
constrained 3DVAR technique to construct a more
coordinated vortex structure[23], which was then applied
in the GRAPES-TCM by Huang and Liang[24].
Although the BDA method uses the equilibrium
constraints of the variational system, remaining
inconsistencies between the ICs and model dynamics
can cause spurious high-frequency noise and therefore
further work is required on this topic.

The incremental analysis updates (IAU) technique
is an effective method with which to resolve the
spurious high-frequency noise problem such that a
model can reach equilibrium as soon as possible with
minimal demand on computing resources (Bloom et
al.[25]; Polavarapu et al.[26]; Takacs et al.[27]). The IAU
technique has been used widely in applications in the
atmospheric and oceanic fields (Lee et al.[28];
Ourmières et al.[29]; Benkiran and Greiner[30]; Lei and
Whitaker[31]; Xu et al.[32]). For example, Lee et al.
added the analysis increment from the MM5-3DVAR
system to a model integration using the IAU method,
which resolved the spin-up problem associated with
hydrometeors and significantly improved precipitation
forecasting[28]. Lei and Whitaker proposed a four-
dimensional IAU approach that used the ensemble
Kalman filter (EnKF) to combat the imbalance caused
by data assimilation[31]. In the work by Xu et al., the
IAU technique was introduced successfully into a
typhoon initialization scheme to resolve the
inconsistencies in the ICs generated by a typhoon
initialization scheme and model dynamics[32].

The Weather Research and Forecasting model
(WRF, Skamarock et al.[33]; http://www2.mmm.ucar.edu/
wrf/users) is currently running at the Zhejiang Institute
of Meteorological Sciences as the operational
mesoscale numerical weather prediction system (Chen
et al.[34]) and rapid refresh system (Qiu et al.[35]).
However, in both operational systems, especially the

latter, TC prediction has obvious errors due to the lack
of a typhoon initialization scheme. First, large errors in
numerical prediction of TCs are found owing to
inaccurate positioning of TC centers in the ICs.
Although observations could be assimilated to improve
the quality of ICs, which is the advantage of the rapid
refresh system, the effect would only be small because
of the limited availability of observational data over
the oceans. Second, even if vortex relocation and
intensity adjustment procedures were applied to the
initial fields, the imbalances that include the
dynamically inconsistent and spurious high-frequency
noise problem would remain serious. Observational data
is incorporated into the model via data assimilation or
typhoon initialization schemes, which cause the
imbalances and increase the model spin-up time.
Therefore, it is necessary to establish the feasibility of
using the IAU technique to overcome this problem.

In this study, a typhoon initialization scheme
incorporating the IAU technique was applied to the
operational rapid refresh system to both reduce the
model spin-up time and combat the imbalance in the
analysis following vortex relocation and intensity
adjustment. The following sections of this paper are
organized as follows. Section 2 describes the
methodology of the proposed scheme. In section 3, the
operational rapid refresh system and the numerical
experiments are introduced. The impacts of the new
scheme on the prediction of TC Lekima (2019) are
discussed in section 4. In the final section, a discussion
and the conclusions are presented.

2 METHODOLOGY

The proposed typhoon initialization scheme is
based on the IAU technique. There are three steps to
achieving typhoon initialization using this scheme.
First, a commonly used vortex relocation method is
chosen to separate the background field into the TC
vortex and the environmental flow. Then, the TC
vortex is relocated to its observed location.
Subsequently, the wind speed of the TC vortex is
adjusted according the observed MWS near the TC
center, and then the adjusted TC vortex is added back
into the environmental flow to obtain the updated ICs
with the revised TC position and corrected TC
intensity. Finally, the increments, obtained by
comparing the new field and the background field
before the implementation of the vortex relocation and
wind adjustment procedures, are incorporated into the
model’s prognostic equations using the IAU method.
2.1 Vortex relocation

The vortex relocation method primarily follows
Kurihara[12]. Schematically, the scheme used to
construct a realistic initial field can be expressed as
follows:

H' = HE + H '
V = H - HV + H '

V， (1)
where H/H' is the background / analyzed field before /
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after the vortex relocation process, HE is the
environmental field (or large-scale circulation field),
HV is the vortex component (or storm component) of
the storm separated from the background field, and H '

V

is the vortex component with the TC position adjusted.
The most important element of the procedure is

the separation of the TC vortex against its
environmental flow from the background fields, which
can be divided into the following steps.

(i) Identify the initial TC position and covering
radius of TC vortex in the background. The
geopotential height field at 850 hPa is used to
determine the location of TC center. Then, the angular
mean wind (AMW) is calculated. As the radial
distance increases, the AMW will increase

monotonously to a maximum value (where the radial
distance is called rmax) and then decrease
monotonously. The covering radius r0 is defined as the
radial distance at which the AMW is equal to a
predetermined value (set at 3 m s−1 here) at the first
time when the radial distance increases after rmax.

(ii) Separate the perturbation field from the
background field using a twice-smoothing filter
technique. A three-point smoothing algorithm is
performed first longitudinally and then zonally on the
background field with the same smoothing coefficient
as used by Yuan et al.[15] to obtain the perturbation
field HD.

(iii) Separate the TC vortex from the perturbation
field by applying a column filter technique:

HV ( )r,θ = [ ]1 - E ( )r é
ë

ù
ûHD ( )r,θ - - -- ----- --

HD ( )r0 , (2)

where r is the radial distance from the TC center, θ is
the azimuth of the TC system, r0 is the covering radius

of the TC vortex,
- -- ----- --
HD ( )r0 is the angular mean of HD at

the point of r0, and E ( )r is the column filter function,
which can be expressed as follows:

E ( )r = exp
é
ë

ù
û-( )r0 - r 2
l2 - exp[ ]-r 20 l2

1 - exp[ ]-r 20 l2
, (3)

where l is the shape parameter of E ( )r (here, l = r0 5
in this work).

(iv) Obtain the large-scale environmental field:

HE = H - HV. (4)

Finally, the obtained vortex component HV is
moved to the corrected position where its vortex center
agrees with the observed TC center, which is called the
vortex component with the TC position adjusted H '

V.
2.2 Wind speed adjustment

The wind speed adjustment follows Xu et al.[32].
According to Equation (4), the wind field with the TC
position adjusted can be expressed as follows:

{u' = uE + u'Vv' = vE + v'V , (5)

where u' and v' are the zonal and meridional wind
components of H', uE and vE are the zonal and
meridional wind components of the large-scale
environmental field HE, and u'V and v'V are the zonal and
meridional wind components of the vortex component
with the TC position adjusted H '

V, respectively.
The wind speed adjustment is conducted by

multiplying a coefficient:

ì
í
î

u'c = uE + β × u'V
v'c = vE + β × v'V , (6)

where u'c and v'c are the zonal and meridional wind
components after adjustment, respectively. Obviously,
the surface MWS calculated from u'c and v'c should be
equal to the observed one Vobs:

u'c, r0
2 + v'c, r0 2 = ( )uE + β × u'V 2 + ( )vE + β × v'V 2 = Vobs, (7)

where u'c, r0 and v'c, r0 are the zonal and meridional wind
components after adjustment at the point where the

surface wind is maximum, respectively. Thus,
coefficient β can be solved as follows:

β = -( )uEu'V + vE v'V + ( )uEu'V + vE v'V 2 - ( )u'V 2 + v'V 2 ( )uE 2 + vE 2 - Vobs
2

( )u'V 2 + v'V 2 , (8)

It should be noted that coefficient β is calculated
at the surface. Based on practical experience, it is
known that the wind speed error decreases gradually as
the height increases. Therefore, coefficient β should

change linearly to a value of 1 at 500 hPa, which
means that the wind speed in the lower (higher) levels
has undergone large (small) correction.
2.3 Typhoon initialization scheme based on IAU
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technique
The IAU technique incorporates analysis

increments into a model integration in a gradual
manner. The analysis increments are treated as constant
additional forcing terms in the model’s prognostic
equations over a certain time window:∂F

∂t = … + Fa - Fb

τ
, (9)

where F is the prognostic variable, Fa is the analyzed
field with the vortex relocated, Fb is the background
field before the vortex is relocated, and τ is the
relaxation time window. Bloom et al. proved that the
IAU procedure has the attractive properties of a low-
pass time filter that can affect the response of a model
to the analysis increments[25]. By progressive
incorporation of the analysis increments, the IAU
method removes high-frequency noise (Lee et al.[26]).

3 MODEL AND NUMERICAL EXPERIMENTS

The prediction system used in this study was the
Zhejiang WRF-ADAS Rapid Refresh System
(ZJWARRS, Qiu et al.[35]). This system uses the WRF
model version 4.0.2 as its prediction model, and takes
the Advanced Regional Prediction System (Xue et
al.[36] 2000; Xue et al.[37] ) Data Assimilation System
(ADAS) (Brewster[38]) as its system for data
assimilation. The ZJWARRS was first established in
2013 with a 3-h assimilation cycle in which a new
analysis was produced at 3-h intervals using the
previous 3-h forecast as the background field. In this
work, a cold-start was conducted once daily at 18: 00
UTC using the ICs and boundary conditions from the
forecast of the Integrated Forecasting System of the
European Centre for Medium-Range Weather Forecasts
starting at 12: 00 UTC (https://www. ecmwf. int / en /
forecasts / datasets / set-i). This system absorbs many
different observations (e. g., SYNOP, METAR, SHIP,
Rawinsonde, Wind profile, AMDAR, Doppler radar
reflectivity, and radial velocity) and produces 24-h
forecasts from the time of data assimilation (extended
to 36 h in this work). A two-level nested grid was used
in which the parent domain (9-km resolution) covered
East China and the second domain (3-km resolution,
35 vertical levels) covered Zhejiang Province. Further
detailed information can be found in Qiu et al.[35]. The
ZJWARRS, which is now the operational mesoscale
data assimilation and numerical prediction system run
at the Zhejiang Meteorological Service, is designed to
provide frequently updated numerical forecast
guidance. Although observations can be assimilated to
improve the quality of the ICs, which is one of the
principal advantages of the rapid refresh system, the
effect would be small because of the limited
availability of observational data over the ocean.
Therefore, a typhoon initialization scheme is necessary
for typhoon prediction using the ZJWARRS.

Three experiments were designed to evaluate the

effect of the typhoon initialization scheme on the
simulation of TC Lekima (Fig. 1). The control
experiment (Exp. CTL) without any typhoon
initialization scheme took the 3-h forecast of the final
cycle as its ICs and performed continuous 36-h
integration. The vortex relocation experiment (Exp.
VOR) performed the vortex relocation and wind speed
adjustment processes based on the 3-h forecast of Exp.
CTL and then performed 33-h integration. Observed
TC information, including the longitude/latitude of TC
center, minimum sea level pressure of the TC center,
maximum wind speed near the TC center, and radial
distance of the maximum wind speed of the TC, was
combined into the background field in Exp. CTL. The
experiment incorporating the new scheme (Exp. IAU)
had the same configuration as that of Exp. CTL, except
that it added increments based on the IAU technique
during the first 3-h time window. The increments were
calculated by comparison of the analysis field after the
vortex relocation in Exp. VOR and the original field of
the 3-h forecast of Exp. CTL. All three experiments
were conducted at 3-h intervals using the rapid refresh
technique, and the 36-h forecasts were integrated
within each cycle. The differences between Exp. VOR
and Exp. CTL determined whether it was necessary to
adjust the typhoon vortex according to the actual
observational information. Information was absorbed in
Exp. VOR at one time, whereas Exp. IAU absorbed
information gradually throughout the 3-h time window.

4 RESULTS

Typhoon Lekima (2019), the strongest typhoon to
make landfall in China in 2019, was chosen to
evaluate the new typhoon initialization scheme in this
work. Lekima was detected as a tropical storm in the
Northwest Pacific on August 4, 2019. It then
strengthened to become a super typhoon by the
evening of August 7, and eventually made landfall on
the coast of Wenling County (Zhejiang Province) at
approximately 17:45 UTC on August 10. Eight cycles
were conducted using the ZJWARRS at 3-h intervals
with start times from 18: 00 UTC August 8 to 15: 00
UTC August 9, 2019. Thus, the impact of the typhoon
initialization scheme was investigated based on these
simulations of the typhoon on the day before it made
landfall.
4.1 Illustrations of decomposition, wind speed
adjustment, and vortex relocation

Typhoon initialization begins with decomposition
of the original background field. One of the cycles in
Exp. VOR (i. e., 21: 00 UTC August 8, 2019) is
selected to illustrate the wind field decomposition and
vortex relocation procedure, and their impact on the
TC initial field. The original wind field at 850 hPa
(Fig.2a) is separated into the large-scale environmental
component (Fig. 2b) and the vortex component (Fig.
2c). It can be seen from Fig. 2b that the environmental
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wind flow near the TC center is mainly southerly and
southeasterly. Meanwhile, a complete independent
cyclonic circulation is separated from the
environmental flow in Fig. 2c. Other levels (e. g., 500
hPa) show similar results as those displayed here for
the 850-hPa level, except that the southwestward
steering flow is more evident. These results match the
observations and indicate that the decomposition

procedure is correct. The new vortex component is
then obtained by relocation of the TC center to the
observed position, and the maximum wind speed is
adjusted to that observed. The new wind field is
obtained by adding the new vortex component to the
environmental component (Exp. VOR), which has
marked differences to the original (Exp. CTL, Fig. 2d).

Figure 1. Schematic of the experimental design.

Figure 2. Decomposition of Typhoon Lekima at 850 hPa at 21:00 UTC on August 8, 2019 for the vortex relocation: (a) the
original total background flow, (b) the large-scale environmental component, (c) the vortex component, and (d) the difference
between the new total flow and the original one.
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The simulated SLP and wind at 10 m height
associated with Typhoon Lekima at 21: 00 UTC on
August 8, 2019, obtained from the three experiments,
are shown in Fig. 3. It is evident from comparison of
Exp. VOR (Fig. 3b) and Exp. CTL (Fig. 3a) that the
simulated typhoon position matches the observations
much better following the vortex relocation procedure,
and that the wind speed near the TC center is much
greater following the wind adjustment procedure. In
addition, the MSLP is evidently lower (950 . vs. 954
hPa) and the MWS higher (53.5 .vs. 33.7 m s−1) when
comparing the results of Exp. VOR with those of Exp.
CTL, meaning that the typhoon intensity has become

stronger and closer to that observed. The results of
Exp. IAU are somewhere in between those of Exp.
CTL and Exp. VOR. However, the variables are more
balanced in Exp. IAU than in Exp. VOR (further
analysis is presented in section 4.3). This reflects the
impact of the one-time addition of the increments
between Exp. VOR and Exp. CTL versus the gradual
addition of the increments throughout the 3-h time
window in the IAU technique.
4.2 Improvements on typhoon track and intensity

The average errors in the typhoon track and
intensity of all the cycles of the ZJWARRS are statistic
for each forecast time extended to 36 h for Exp. CTL,
Exp. VOR, and Exp. IAU (Fig. 4). Following vortex
relocation and wind speed adjustment at the analysis
time, the typhoon position is obviously moved to the
correct position and the track error is decreased
markedly in Exp. VOR when compared with Exp.
CTL. In the IAU technique, the increments at the
analysis time are added gradually during the previous
3-h time window at every model step, which leads to
improvement in the typhoon track prediction by Exp.
IAU when compared with that of Exp. CTL. It is
worth noting that the track prediction is improved
throughout most of the forecast period in Exp. IAU,
whereas most of the improvement appears in the first
6-h period in Exp. VOR. This means that the vortex
relocation procedure improves the track prediction
mainly in the first 6-h period of the forecast, but the
IAU technique can extend this improvement through
reducing the imbalance between the ICs and model
dynamics.

Results similar to those relating to the typhoon
track were found to be related to the intensity
prediction. The MSLP and MWS errors in Exp. VOR
and Exp. IAU are smaller than those in Exp. CTL, and
these improvements are obvious in the first 6-12 h.
The intensity prediction in Exp. IAU seems to be
slightly better than that in Exp. VOR, especially for the
MSLP prediction (Fig. 4b). It should be noted that the
MWS error shows a sharp decrease at the analysis
time in Exp. VOR when the speed adjustment
technique is applied; however, it recovers quickly
owing to the imbalance between the wind field and
other variables. This indicates that the big shock
related to the one-time addition of the increments
could be alleviated by using the IAU technique.

Improvement in typhoon intensity prediction can
be found in all eight cycles of the ZJWARRS.
Comparison of the MSLP error at the typhoon center
simulated at the different cycles of the three
experiments is shown in Fig. 5. The greatest
improvement of approximately 4.8 hPa in Exp. VOR
disappears after the first 12-h period, whereas the
improvement in Exp. IAU (approximately 8.4 hPa)
persists for a little longer. In general, the vortex
relocation and wind speed adjustment procedures

Figure 3. Simulated sea level pressure (thick solid contour,
hPa), wind speed (shading, m s−1), and wind barbs at z=10 m
for Typhoon Lekima at 21:00 UTC August 8, 2019 from (a)
Exp. CTL, (b) Exp. VOR, and (c) Exp. IAU. The
approximate center of the observed typhoon (blue dot) is
indicated near the domain center in each panel.
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Figure 4. Influence of initialization on the forecast of Typhoon Lekima: (a) average track error (km), (b) average error of
minimum sea level pressure at the typhoon center (hPa), and (c) average error of maximum wind speed near the typhoon center
(m s-1).

Figure 5. Comparison of minimum sea level pressure error (hPa) at the typhoon center simulated by the different cycles of the
three experiments.
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clearly improve the predictions of the track and
intensity of Typhoon Lekima, and these improvements
become larger and persist for longer when using the
IAU technique.
4.3 Typhoon structure comparison

Typhoon structure is another important part of TC
prediction. Again, one cycle that started at 18:00 UTC
August 8, 2019, is selected to illustrate the comparison
of the typhoon structure among the three experiments.
Zonal vertical cross sections along the typhoon center
showing wind speed and temperature deviations at 3,
6, and 12 h after the model started are illustrated in
Fig. 6. At 21: 00 UTC (3 h after the model started),
larger wind speeds can be found in Exp. VOR and
Exp. IAU than in Exp. CTL. Especially in Exp. VOR,
the MWS is 53.6 m s−1, which matches the observation
(60.0 m s−1) more closely than that in Exp. CTL
(approximately 33.7 m s−1). However, the warm core
of the TC in Exp. VOR is similar (approximately 7.5
K) to that in Exp. CTL, which shows great
inconsistency between wind speed and temperature
after the implementation of the vortex relocation and

wind adjustment procedures. In Exp. IAU, this
inconsistency is much smaller, i. e., the MWS is
increased (from 33.7 m s−1 in Exp. CTL to 37.9 m s−1

in Exp. IAU) and the warm core is stronger (from 7.5
K in Exp. CTL to 8.5 K in Exp. IAU). Owing to the
inconsistency in the variables after implementation of
the vortex relocation and wind speed adjustment
procedures, the simulated MWS drops rapidly in Exp.
VOR from 53.4 m s−1 at 21: 00 UTC on August 8 to
34.1 m s−1 at 00:00 UTC on August 9, and then to 32.4
m s−1 at 06: 00 UTC on August 9. The MWS in Exp.
IAU is 37.9, 34.3, and 34.7 m s−1 at 21: 00 UTC on
August 8, 00:00 UTC on August 9, and 06:00 UTC on
August 9, respectively, which is a more reasonable
trend of change. Furthermore, the warm core in Exp.
IAU is also more reasonable in comparison with that
in Exp. CTL and VOR at 00: 00 and 06: 00 UTC
August 9. These results show the advantages of using
the IAU technique in typhoon structure prediction.

Comparison of the simulated radar composite
reflectivity, 1-h accumulated precipitation, and vertical
accumulated hydrometeors with the observed FY2G

Figure 6. Zonal vertical cross sections along the typhoon center showing wind speed (shading, m s−1) and temperature deviations
(solid contour for positive, dash contour for negative, K). The model was initialized at 18:00 UTC on August 8, 2019: (a)-(c) are
3-h forecasts, (d)-(f) are 6-h forecasts, and (g)-(i) are 12-h forecasts. Results are from (a), (d), and (g) Exp. CTL; (b), (e), and
(h) Exp. VOR; and (c), (f), and (i) Exp. IAU.
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Figure 7. Comparison of (a) FY2G TBB (℃ ), (b) observed radar composite reflectivity (dBZ), and (c) CLDAS merged
precipitation (mm) and simulated radar composite rreflectivity (dBZ) from (d) Exp. CTL, (e) Exp. VOR, and (f) Exp. IAU,
simulated 1-h accumulated precipitation from (g) Exp. CTL, (h) Exp. VOR, and (i) Exp. IAU, and simulated vertical
accumulated hydrometeors from (j) Exp. CTL, (k) Exp. VOR, and (l) Exp. IAU at 03:00 UTC on August 9, 2019. The black
rectangular box in (b) refers to the core area of Typhoon Lekima.

black body temperature (TBB) radar composite
reflectivity, and China Meteorological Administration
Land Data Assimilation System (CLDAS) - analyzed
precipitation is shown in Fig. 7. All three experiments
successfully reproduced the distribution of the spiral
rain band; however, the organization of the eye of the
typhoon was simulated better in Exp. IAU (Fig. 7f). A
closer view of the eye of Typhoon Lekima is presented
in Fig. 8. The observed radar reflectivity shows a
double-eyewall structure (Fig. 8b), although the
reflectivity on the southern and eastern sides is missing

owing to radar range limitations. Similar clues can also
be found in the TBB and accumulated precipitation
shown in Fig. 8a and 8c, respectively. The spiral rain
band on the northern side is more obvious in Exp.
IAU (Fig. 8d-f), and a quasi-double-eyewall structure
is reflected in the simulated 1-h accumulated
precipitation (Fig. 8i) and vertical accumulated
hydrometeors (Fig. 8l). This means that the
reproduction of the vortex structure by Exp. IAU was
better than those by Exp. CTL and Exp. VOR.
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4.4 Impacts on model initialization
As shown in Figs. 4 and 6, the impact of vortex

relocation and wind adjustment on typhoon simulation
is large at the very beginning, but the effects of the
absorbed observational information are dissipated over
a short period, although Exp. IAU maintain this
advantage for a longer time. This phenomenon is
caused by inconsistencies between the ICs and model
dynamics in Exp. VOR, which excite spurious high-
frequency gravity wave noise during the first few
hours of the model integration. As mentioned by both
Polavarapu et al.[26] and Lee et al.[28], this spurious
noise might cause initialization and spin-up problems,
which are extremely harmful in the 3D variational
method without model constraints. Clayton and
Polavarapu et al. have presented rigorous mathematical

proof that the filtering properties of the IAU technique
are similar to those of the digital filter initialization
technique (Lynch and Huang[39]), and thereby the IAU
approach could resolve the problem of spurious
noise[26, 40]. The tendencies of the model variables in all
three experiments are shown in Fig. 9. A huge jump
can be seen at the time of implementation of the
vortex relocation and wind adjustment procedures in
Exp. VOR. This big shock disappears in Exp. IAU
because the increments are added gradually during the
3-h time window in each model step. This proves that
use of the IAU technique in a typhoon initialization
scheme is efficacious in resolving the problem of
spurious high-frequency noise, which allows the model
to reach equilibrium as soon as possible with minimal
demand on computing resources.

Figure 8. Same as Fig. 7 but showing the core area of Typhoon Lekima.
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5 CONCLUSIONS AND DISCUSSION

In this study, a typhoon initialization scheme
based on the IAU technique was implemented in the
ZJWARRS. Eight cycles of the ZJWARRS were
conducted at 3-h intervals to investigate the impact of
the typhoon initialization scheme on the simulated

results for Typhoon Lekima (2019). The results of two
numerical sensitivity experiments: Exp. VOR (which
included implementation of vortex relocation and wind
speed adjustment procedures) and Exp. IAU (which
incorporated the IAU technique) were compared with
the results of Exp. CTL (a simulation without any
typhoon initialization scheme). The increments from

Figure 9. Comparison of simulated tendency of (a) surface pressure (Pa h-1), (b) water vapor mixing ratio at 2 m (g kg-1 h-1), (c)
zonal wind speed at 10 m (m s-1 h-1), and (d) meridional wind speed at 10 m (m s-1 h-1).

the vortex relocation and wind speed adjustment
procedures were absorbed at one time in Exp. VOR,
whereas they were treated as constant forcing in the
prognostic equations over the 3-h time window in Exp.
IAU. The effects of the new typhoon initialization
scheme on the initial fields and the prediction of
typhoon track, intensity, and structure were
investigated.

Comparison of the initial fields in Exp. VOR with
Exp. CTL revealed that the simulated typhoon position
was corrected to the observed location by the vortex
relocation procedure, and that the wind speed near the
TC center was much larger following implementation
of the wind adjustment procedure. Although the
typhoon position and wind speed simulated in Exp.
IAU were not as good as in Exp. VOR, Exp. IAU
produced greater consistency in terms of other
variables and the model dynamics. The vortex
relocation and wind adjustment procedures improved
the typhoon track and intensity in the first 6-h period
in Exp. VOR, while these improvements were
extended throughout the first 12-h period by the IAU
technique in Exp. IAU.

The typhoon structure was also improved by the
new typhoon initialization scheme, especially in Exp.
IAU. The MWS was larger and the warm core of the
typhoon was more obvious in Exp. IAU than in Exp.

CTL in the first 12 h. All three experiments
successfully reproduced the distribution of the spiral
rain band, but the eye of the typhoon simulated in
Exp. IAU was better organized. Further diagnosis of
the tendencies of the variables revealed that the use of
the IAU technique in the typhoon initialization scheme
was efficacious in resolving the problem of spurious
high-frequency noise, which allowed the model to
reach equilibrium as soon as possible with minimal
demand on computing resources.

In summary, a typhoon initialization scheme is
important in typhoon numerical prediction, especially
when the typhoon intensity of the background field is
much weaker than observed. The typhoon initialization
scheme based on the IAU technique used in this work
not only adjusted the position and intensity of Typhoon
Lekima (2019) closer to the observations, but also
reduced the imbalance between the ICs and model
dynamics. However, certain problems remain and will
need further research. For example, the vortex
relocation and wind speed adjustment procedures need
further improvement to overcome the problem caused
by the terrain-height condition, which might have
substantial effect on the low-level wind distribution
(Hsiao et al. [22]). The IAU time window adopted in
this study was set to the same length as that in Xu et
al. [32]; however, it could be sensitive to specific
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typhoon cases, which is a subject that will be explored
further in future studies.
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