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The purpose of this 3-year project is to improve the prediction capability of the
Central Weather Bureau (CWB) on tropical cyclones (TCs) intensity and structure
changes. Four-dimensional data assimilation (FDDA) is adopted to nudge the
high-temporal frequency atmospheric motion vector (AMV) retrieved from
Himawari-8 satellite images. The specific goal is to improve the structure and
intensity prediction of TCs and their associated rainfall and wind distribution in
Taiwan. The technique developed will be applied to the typhoon prediction system
(TWRF) at CWB.

Keywords: Himawari-8 satellite, Four-dimensional data assimilation, typhoon
prediction







BBl B r i 6

%—i‘%éﬁﬁ .................................................................................... 7
e A 2 = TR 7
L2 BIR 7F B2 R 3 B A0 B AT 7 M e 7
I Bt A 5 £ PRSP 14

FE2ECFTHEAEEHEILPIZ s 21
Bl FHLI B oo seeseeeeeesse s seeeseessesesese s 21
3.2 B BEIRIZE oo sttt ettt 28

=
s
=
s
&
=
=
P
5
--ﬂ‘-i‘\;

o N e 52
e S 3, 55






% P&

21 E3BRELER BEZHER AR TH o s 22
%2 HEP2Z 3BHAE AMV L FFHR2Z L2 AF o 27
% 3FDDA H 2ZHip|:# 5 5% > 700 hPaU fr V b H'Ef A B % 1t o . 32
4 EFP3BRR EREE BEZAM TN o 36
#5 2 4I%h & Himawari-8 ik b 71§ s 2 120 ] p& = 35k 2 37 5 L (H

T A OO RR 37



WP &

] 1 Domains of the two-nested grids in the TWRF newest version. The resolution is
15 km for the outer grid and 3 km for the inner grid, respectively. The array sizes
for the two domains are (662x386) and (1161x676) with 52 levels for both. .....12

&l 2 (a) 250 hPa hourly AMV map in the vicinity of Japan on 2015/05/10 UTC. The
red arrows are winds greater than 50kt, blues are greater than 30kt and white
ones are less than 30 kt (YYamashita 2015); (b) Himawahi-8 AMV winds using IR

(11 um) channel14 tracers at 00OUTC 2016/01/16 (Le Marshall et al. 2016).......15
Bl 3 Himawari-8 ¥ % %??1.> fl@) g (b))% 5 + 27(C)Re b H F AMV b 354 F @] o
.............................................................................................................................. 26
B4 EP2 3BHE AMV R FTRLE 4F F AV Bl o 27
B5 HELPRAZ LI T Y » LBEZEPIFTHTEZ =8 o 30

B 6 3 =i * FDDA IF it (FDDA-NOFDDA) Happ9skh FE R4
PE BM@O)EC)» i fFEAS 135 pF2 700hPa £ £ B> H @ pht LB
BAZIE 0.05M/S T FETT 0 i 31

Bl 7 FHREHSRE AR HRZBPITHEEZE T AR (@9 8(b)5 4987 5% - .34

B8O B 4089 %% 5 ] FF700hPah 5 B RS- 2 2R 27 h# £ 8 E4
B 0.05M/S T FETT 0 cuviveiiesee et e ettt r ettt b e tens 35

B9 % ,] Fleek (17090912~17091212) 15 = 2 Himawari-8 f#F k% kb 7 427 % 2 120

) PERLJEIEARR o H P 2 d frFd ~ WG 3 & * WRF FDDAnudging e
» Himawari-8 ik b FALF % » % ¢ Bl 5 @@ * ® b *FiT2 Himawari-8 fF

BB TALF R © o 40
B 10 iw} ¥k 9 7 10 p 0600 UTC Himawari-8 &% b T4 # - (a) ~ (b)% (C)
A\Fvujprg\t‘iﬁé] ...................................................................................... 41
Bl 1l F®B 10(@) > e ¥ BEh » cats i 20k Ld wx 30 82 AMV L 3
B R o s 42
B 12 ffﬂﬁ 3 # % * WRF FDDA # i nudglng Himawari-8 &% b 72 120
T IR s AR L > @ ((b)s W s 1582302 %s_—\ﬁ4=+'%)i7 ST
USSR 43
Bl 13 %‘ Fl@ek (17091206 )7 (a)~ & (b) ¢ * WRF FDDA /= nudging Himawari-8
FER FAZBER P S EE 25 Bl o s 44
B 14 PRI ek I%‘{E; e b (18070812~18070906) © ..coecvevveveereieierevieeene 46
B 15 FEB 9 i LirsEh (18091318~18091406) ° .cocccvvveeerecieieeerecieienene,s 47
B 16 FHB 12> & A I%’f_‘a_f; e b (18070812~18070906) © ..cceovevvevereeereireieneane,s 48
B 17 FB 12> & 5 L5 gk (18091318~18091406) © .vcccveveeeeeeeeeeeiereeieesienns 49
B 18 B 13> fg_é%ﬁﬁﬂéh (18070812) © woveveereieeeeciecieeee e 50
B 19 FB 13> 25 Lx 8k (18091400 ) ° cocviceeeeecieieeee e 51



1L1#F ¥ B AP 0

The objective of this project is to improve the prediction capability
of the Central Weather Bureau (CWB) on tropical cyclones (TCs)
intensity and structure changes. A great deal of effort has been devoted
to develop operational global and regional prediction systems for CWB
under numerical weather prediction (NWP) projects in past decades.
However, model development is a never ending effort as new
computational methods, satellite data and understanding of key physical
processes and dynamics that are critical for NWP systems continue to
emerge. Among all natural hazards, TCs remain as the major threat to
Taiwan civilian lives and economics. With recent record-breaking
extreme weather events occurring globally, it is even more important to
provide the society accurate forecasts in a timely fashion. This project
aims at improving the forecast capability of tropical cyclones at CWB by
utilizing high-temporal frequency atmospheric motion vector (AMV)
retrieved from satellite images to generate a model balanced TC structure
and thermodynamic state at the initial time. The specific goal is to
improve the structure and intensity prediction of TCs and their associated

rainfall and wind distribution in Taiwan.

12RAp 25 Y TR
Due to its unique geographical location, typhoons (TCs in the
western Pacific) are the greatest threats to Taiwan’s civilian lives and

properties. In the past hundred years, roughly 3 to 4 typhoons hit Taiwan
7



each year with some have caused severe damage and loss of lives.
Accurate and timely predictions of typhoons could save lives, provide
sufficient time for preparedness and also critical for optimal resource
managements. While the prediction of TC tracks has improved
substantially in past decades, prediction of TC intensity and structure
change have progressed much less (DeMaria et al. 2007). In the study, the
track and intensity forecast error trends for the two-decade period
covering from 1985 to 2005 were compared. Results showed that the
percentage track forecast improvement was almost an order of magnitude
larger than that for intensity, indicating that intensity forecasting still has
much room for improvement. This disparity can be contributed by the
lack of sufficient in situ observations near the core, complex multi-scale
processes, and air-ocean interactions. Prediction capability of them is
critical as many TCs hitting coastal regions or making landfall usually

brought severe winds and rainfall that cause damages and threats of lives.

One of the major factors contributing to recent advancement of
NWP capability is the use of remote sensing technology where satellite
data fill the void of observations over open oceans and unpopulated areas
over land (Park and Xu 2016). The most widely used satellite retrieved
products are the atmospheric motion vectors (AMVs) derived by tracking
clouds or areas of water vapor through consecutive satellite images since
the pioneer work of Fujiti (Menzel 2000). AMVs are an important
source of tropospheric wind information for numerical weather prediction
(NWP), particularly over the oceans and at high latitude where

conventional wind data (sondes and aircraft) are scarce. Early cloud track

8



winds are mainly assigned to a layer of height around 200 hPa where
upper-level cloud reside or at a layer around 850 hPa where lower-level
cloud exists. Subsequent application of the technology follows the images
of water vapor and is therefore able to provide wind information at much
higher vertical resolutions (Velden 1996; Menzel 2000; Velden et al.
2005). Many centers produce the AMV data in operation, including
EUMETSAT in Europe, NOAA/NESDIS and CIMSS in the USA, JMA
in Japan, IMD in India, CMA in China, CPTEC in Brazil and BoM in
Australia. There is some variation in the details of the AMV derivation
from center to center. In addition to the broad, global usage of AMV in
NWP systems through data assimilation to obtain optimal representation
of the atmospheric momentum fields, it has been shown that the AMV
improves TC track predictions (Velden et al. 1998; Goerss et al. 1998,
Elsberry and Velden 2003). Velden et al. (2017) provides an excellent
review of the recent advances in the calculation of AMVs and their

utilization to improve TC forecasts in NWP.

Himawari-8 is the 8th Himawari geostationary weather satellite
launched by the Japan Meteorological Agency on 7 October 2014 from
the Tanegashima Space Center in Kagoshima, Japan. The primary
instrument aboard Himawari-8, the Advanced Himawari Imager (AHI), is
a 16 channel multispectral imager to capture visible light and infrared
images in the Asia-Pacific region. The instrument has similar spectral and
spatial characteristics to the Advanced Baseline Imager (ABI) used on the
American GOES-R satellites. The 16 channels include three visible

channels, three near-infrared channels, and ten infrared channels. The
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AHI can produce images with a resolution down to 500m and can provide
full earth disk observations every 10 mins. The new-generation
Himawari-8 and US GOES-16 satellites have great potential to contribute
to advances in TC intensity and structure change forecasting just as
earlier geostationary satellite-derived AMVs contributed to advances in

TC track forecasting (Velden et al. 1998; Goerss et al. 1998).

A version of ARW WRF model (Skamarock et al. 2008) has been
adopted and implemented at CWB in 2014 and became its general
purpose regional prediction system in 2007. CWB then moved to
configure the system that will be dedicated for typhoon predictions. By
developing the relocating methodology for TC-like vortex in the forecast
system, a system identified as TWRF for typhoon prediction was
completed and has been in operation at CWB since 2010 (Hsiao et al.
2010). The next phase development of TWRF included the
implementation of the three-dimensional data assimilation and partial
cycling (Hsiao et al. 2012). In partial cycling strategy, a 6-h update cycle
with a ward start is carried out only 12h before the forecast starts and a
cold start is used prior to it (Hsiao et al. 2012). The purpose of this is to
remove the long-term model bias while retaining some benefit of the
warm-start. TWRF was further improved by blending the large-scale
patterns (wavelength > 1200km) of the NCEP global analysis with its
own smaller scale feature in the initial condition (Hsiao et al. 2015). The
rationale behind this methodology is to take the advantage of better
representation of large-scale patterns from a global prediction system

while retaining a finer structure for tropical cyclones and their
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surrounding mesoscale features from the high-resolution TWRF itself.
The blending strategy has long been demonstrated to be beneficial for
regional models due to their inherited issues of lateral boundary
conditions (Durand and Bougeault 1987; Ajjaji and Issara 1994; Yang
2005). In additional to the improved track forecast in TWREF, the blended
analysis also provides more accurate rainfall forecasts for typhoons

affecting Taiwan.

With the increase of computer resource, the TWRF configuration has
been future improved from a triple nested to a double nested one with

higher resolution covering a larger domain in the vicinity of Taiwan (Fig

1 ; B®] 1). The model resolution was increased from 45/15/5 km, 45-levels

to 15/3 km, 52-levels. The preliminary results show increasing the model
resolution improving the track, intensity and rainfall forecast and the new
system is slated to be in. However, the 3 km resolution model TWRFd3
has a tendency to over predict the intensity of the tropical cyclones.
TWREF is now one of leading dynamical TC track prediction systems in

the western North Pacific.
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B 1 Domains of the two-nested grids in the TWRF newest version. The

resolution is 15 km for the outer grid and 3 km for the inner grid,
respectively. The array sizes for the two domains are (662x386) and

(1161x676) with 52 levels for both.

Accurate representation of TC’s structure and intensity at the initial
time remains as one of the most challenging tasks in NWP, mainly due to
the lack of in situ data, asymmetry of the system and multiple scales
involved in tropical cyclones. In the Western Pacific, there are no flight
reconnaissance missions that can provide critically important data for the
inner core of TCs. Many models take the strategy of adding synthetic
observations to represent a TC-vortex in the model either through direct
insertion or as synthetic observations in 3-D, 4-D VAR or Ensemble
Kalman filter data assimilation schemes (Goerss and Jefferies 1994). A
review article on these methodologies can be found in Hendricks and Peng
(2012). However, even after insertion and/or data assimilation, imbalance

remains for TC scale and some information have lost. Other issues mains
12



such as the asymmetry, vertical structure and coherent hydrometeor
properties are not available. Therefore, forecast models have to go through
a spin-up process in the initial phase of the integration. Through another
strategy, the dynamic initialization, a forecast model can start with a more
balanced state between the momentum and thermodynamics fields that is
especially usefully for short-term prediction (Krishnamurti, 1997,
Hendricks et al. 2011; 2013). More complete discussions on dynamic
initialization and nudging strategy can be found in Hendricks et al. (2011,
2013).

To address the aforementioned issues in initialization for TCs, we
will take the approach of dynamic initialization embedded in a
4-dimensional data assimilation system using the high temporal frequency
satellite AMV data to improve the prediction of TWRF on TC structure
and intensity changes and associated rainfall and wind distribution. The
AMVs will also allow the interaction of the TC circulation with its
evolving environment to be better resolved during all stages of the TC life

cycle.
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The technical approach is to utilize the newly available high
temporal frequency AMV data at CWB, and to adopt the WRF
four-dimensional data assimilation (FDDA), a proven technology
developed at NCAR (Liu et al. 2008a; 2008b; Pan et al. 2015), to improve
the initial condition of TWRF for typhoons.

1) High frequency AMV data

Through a direct connection, CWB is receiving AMV data hourly
from JWA, retrieved from the Advanced Himawari Imager onboard
Himarwari-8 satellite. The longitude for Himawari-8 is 140 East.
Comparing to the old MTSAT satellite, this new system has a total of 16
bands (3 VIS, 3 NIR, and 10 IR bands). The resolution for VIS is 0.5/1
km and 2 km for IR and the temporal frequency is 10 min. However, note
that CWB will receive hourly data real time at the present stage. The
approach is use the high-frequency AMV as the momentum field to
nudge the forecast model using the FDDA framework integrated into
TWRF system. Tasks under this include thinning of the data, potential
more quality control, and formatting of the data to be ingested by FDDA.
The following are two examples of Himawari-8 AMS wind fields. The

first one (left panel) is near Japan and the second one (right panel) is in

the Australia region (Fig. 2 ; B]2).
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i 2 (a) 250 hPa hourly AMV map in the vicinity of Japan on 2015/05/10

UTC. The red arrows are winds greater than 50kt, blues are greater than
30kt and white ones are less than 30 kt (Yamashita 2015); (b)
Himawahi-8 AMV winds using IR (11 um) channel14 tracers at 0OUTC
2016/01/16 (Le Marshall et al. 2016).

2) FDDA

The WRF Four-Dimensional Data Assimilation (FDDA) system
developed by NCAR is an advanced DA system for creating 4D
meteorological data. FDDA continuously assimilates observations into
the mesoscale models through a nudging/Newtonian relaxation approach
and forces the model state toward the observational state by adding
artificial error correction terms to model equations. There are two types
of nudging (Anthes 1974; Hoke and Anthes 1976; Stauffer and Seaman
1990; 1994; Liu et al. 2006): one is analysis/grid nudging; and the other is
observational nudging, which nudges the model-to-grid analysis and
point observations, respectively. FDDA has the capability of doing either

of these two nudging methods in multiple nesting environments. The
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nudging process is conducted under the dynamic initialization (DlI)
approach in the pre-forecast period, typically 6-12h. Nudging can be
applied to winds, temperature, and water vapor. In our application, only
AMVs forcing will being incorporated at this stage. In general, the

equation for the nudging takes the form:

¥

op*a
ot

= Flo,x,t) + Go - Wy - €0(x) - p7(0 — @)

Where a is the variable to be nudged and oy is the field to be nudged to, F
is the regular term in the original equation, G is the nudging inverse time
scale, W is the vertical weighting function and € is the horizontal weight
for observation density. These are the parameters need to be carefully and
thoroughly adjusted and tested based on the TWRF configuration and
data resolutions in time and space. Other consideration includes whether
to nudge the AMV fields near the bottom and top the model domain.

Once the FDDA system is established at CWB, it can be adopted to
many other applications. For example, radar reflectivity data can be
assimilated through hydrometer latent heat nudging (Pan et al. 2012,
2015).
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