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Introduction 
• To improve a typhoon prediction, an accurate
representation of the atmospheric environment would be
much helpful. However, sparse observations are available
over the ocean.

• The accurate and abundant observations over ocean could
be helpful for the NWP, e.g., FORMOSAT-7 data over the
tropical region.

• With the global MPAS-GSI system, we conduct data
assimilation to assess the RO data impact on the prediction
of typhoon events. A preliminary result for two typhoon
cases, i.e., Typhoon Nepartak (2016) and Typhoon Lekima
(2019), will be shown.



GNSS Radio Occultation

α

n GNSS (Global Navigation Satellite System)
n Global coverage
n High accuracy and high vertical resolution
n All weather-minimally affected by aerosols, clouds or precipitation

Courtesy of UCAR
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water vapor, is dominant over that of other GTS point
observations at the analysis time. There was an increase
(decrease) in TPWon the north (south) side of the storm
center, and it is noted that the negative increments in
moisture throughout the column south of the storm are
larger in magnitude.Meanwhile, a slight increase in low-
to-midlevel pressure occurred south and southeast of the
storm (figures not shown). As a result, the predicted storm
becameweaker (Fig. 3). As observed from the comparison
between the CTRL andG experiments, the assimilation of
dropsondes (CTRL) mainly contributed to the forecast
correction of the otherwise overintensifying storm (G),
especially at the early stages of storm development, even
though the corrected storm is now weaker than observed.

4. Impact of the airborne radio occultations on the
analysis

As seen from Eq. (1), the model variables that are
directly affected by the assimilation of ARO observa-
tions are water vapor content, air temperature, and air
pressure. Wind variables are indirectly affected through
the multivariate background error covariance and the
penalty function (i.e., the balance equation) during
minimization of the cost function. Below, in addition
to the general discussion of the impact of ARO obser-
vations on the analysis, our discussion focuses on two
aspects: 1) the analysis differences between local re-
fractivity experiments and nonlocal EPH experiments

and 2) the influence of horizontal tangent point locations
(i.e., drifting vs nondrifting) on the analysis.

a. Moisture analysis and comparison between local
(N) and nonlocal (EPH) operators

Figure 2b shows the additional impact from the as-
similation of nondrifting ARO local refractivity in the
GDANn experiment with respect to CTRL. Nondrifting
ARO refractivity further reduced TPW by up to 5mm
over western Cuba, Haiti, and the Dominican Republic
while further increasing TPW (; 2mm) over Jamaica
and off the coast of Colombia around 128N, 728W.
In comparison, the impact of ARO nondrifting excess

phase (GDAEn) on TPW with respect to CTRL is
shown in Fig. 2d. Two main differences are noted with
respect to the impact seen in GDANn. First, the impact
regions from the assimilation of ARO excess phase are
elongated in the direction of the ray paths, compared
to the local refractivity case. This is due to the re-
distribution of EPH increments along the ray paths over
which refractivity was integrated. Second, the increases
in moisture north and southeast of the storm, and the
decreases northeast and northwest of the storm, are
larger in magnitude when the nonlocal EPH operator is
used. These conclusions are also applicable to the drifting
experiments (i.e., GDANd in Fig. 2c vsGDAEd inFig. 2e)
To better illustrate the difference between the two

operators, Fig. 4 shows the assimilation of a single ARO
profile to the northwest of the storm (PRN13 in Fig. 2d)

FIG. 3. Evolution of the simulated storms with (CTRL and GDAEd) and without (G and GAEd) dropsondes
assimilated in domain 3 (colored lines) vs the observed (black line): (a) minimum central SLP (hPa) and
(b) maximum 10-m wind speed (kt). The Saffir–Simpson tropical storm (TC) and hurricane categories (1–3) wind
scales are indicated by the horizontal dashed lines.

336 MONTHLY WEATHER REV IEW VOLUME 146

AE: airborne RO

Chen et al. (2018)

Hurricane Karl (2010)

2012/06 Mei-yu front

656mm, respectively). In addition, LBA appears to show
some capability in predicting the intense prefrontal rainfall
(194.9mm) near the northwest coast of Taiwan. REF also
captures well the central and southern peaks (303.9
and 449.6mm, respectively), and the northern peak
(188.4mm), as shown in Fig. 12c. EPH exhibits similar
patterns of major rainfall, but with considerably reduced
intensity (Fig. 12e). For the northern rainfall, the non-
local operator seems to produceweaker intensity (around
100mm) than do the two local operators, possibly as a
result of the effects of the decreased moisture increments
over north China at the aforementioned initial time. In

summary for the RO impacts, the improvement realized
byLBA is about 24%overREFandEPH for the observed
central rainfall peak (431mm) and about 25% over EPH
for the observed farthest south rainfall peak (548mm). On
the second day, assimilations of combining GTS data and
RO data have not improved the prediction of the three
major rainfall areas (Figs. 12f–h) as compared to assimi-
lations with the RO data only.
With more than 399 automatic rain gauges over

Taiwan, we can further evaluate the performances of the
experiments for local rainfall prediction. The verifica-
tion is conducted on model grids covering Taiwan only.

FIG. 12. As in Fig. 11, but for the second day.
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the island are generated from 429 rainfall stations, which
include conventional surface weather stations and the
Automatic Rainfall and Meteorological Telemetry Sys-
tem (ARMTS) (Kerns et al. 2010). For a more detailed
description of the TiMREX observational network see
Tu et al. (2014).
The 30-min Climate Prediction Center morphing

technique (CMORPH) (Joyce et al. 2004) precipitation
data with an 8-km grid were also used to delineate rainfall
distributions over the adjacent ocean. The CMORPH
precipitation estimates are derived from passive micro-
wave instruments (AdvancedMicrowave SoundingUnit-B
and the Special Sensor Microwave Imager) on board the
U.S. Defense Meteorological Satellite Program (DMSP)
satellites (SSM/I) and National Oceanic andAtmospheric
Administration (NOAA) polar-orbiting operational
meteorological satellites (AMSU-B), and the Tropical
Rainfall Measuring Mission (TRMM) Microwave
Imager (TMI) on board the TRMM satellite (Joyce
et al. 2004).
TheGTS (Daley 1991) data include observations from

manned and automated weather stations, pilots, ships,

buoys, upper-air soundings, aircraft, profilers, the TIROS
Operational Vertical Sounder (TOVS) temperature pro-
file (SATEM), satellite-derived winds (SATOB), and
Quick Scatterometer (QuikSCAT) ocean surface winds.
The estimated observation errors forGTSdata used by the
Weather Research and Forecasting Model data assimila-
tion (WRFDA) system (Skamarock et al. 2008) are given
byNCEP (Rogers et al. 1996) and updated by theNational
Center for Atmospheric Research (NCAR) WRFDA
team (http://www2.mmm.ucar.edu/wrf/users/wrfda/).
The European Centre for Medium-Range Weather

Forecasts (ECMWF) Year of Tropical Convection
(YOTC) (Moncrieff et al. 2012) analysis is used to de-
lineate the subsynoptic weather patterns and compared
with model output, including the moisture tongue and
southwesterly flow. The YOTC gridded data have a 0.258
grid (http://apps.ecmwf.int/datasets/data/yotc-od/).

b. The GPS RO data

The GPS RO data are of high quality with a global
coverage (e.g., Rocken et al. 1997; Hajj et al. 2004; Kuo
et al. 2004, 2005; Wickert et al. 2004; Anthes 2011).

FIG. 3. The initial conditions over domain 1 at 1200 UTC 15 Jun 2008 after the cycling run. The locations of
soundings and GPS RO refractivity profiles assimilated into the cycling run are indicated by circles and plus signs,
respectively. (a) TPW (mm) for the DA_ALL_DATA run. (b) As in (a), but for the GFS analysis. (c) As in (a), but
for the YOTC analysis. (d) Differences between CTRL and DA_ALL_DATA runs (CTRL2DA_ALL_DATA)
for TPW (mm) at model initial time (1200 UTC 15 Jun).
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bending angle observations are assimilated. Bending an-
gles below 2km are assimilated in the BND2 experiment,
while the BNDno2 experiment assimilates bending angle
between 2 and 5km.
Figure 15 shows themeanmoisture difference between

the RO data-related analysis and the CNTL analysis and
the difference is averaged based on a box near south-
western Taiwan (208–22.58N, 1178–120.58E) at 1200 UTC
15 June. First, it is clear that assimilating bending angle
greatly increases the moisture amount between 850 and
500 hPa. Although BND2 shows that assimilating the
bending angles below 2km indeed helps to increase the
moisture amount below 900hPa, the moisture content
above 900hPa is significantly smaller than the BANGLE
analysis. When assimilating bending angle above 2 km,
the midlevel atmosphere becomes moister again.
As expected, the moisture differences shown on Fig. 15

have a great influence on the rainfall prediction. Forecast
results (figures not shown) indicate thatBNDno2 exhibits

a greater rainfall amount in southwestern Taiwan than
BND2 does. This suggests that the bending angle be-
tween 2 and 5km plays an important role in deepening
the moist air in the SCS and southwestern Taiwan, and
with the low-level convergence, the moisture transport
toward southwestern Taiwan can be further enhanced.

TABLE 2. (top) ETS and (bottom) bias of the quantitative
precipitation forecast on southwestern Taiwan on 16 Jun.

Observation

Threshold (mmday21)

50 100 130

ETS
CNTL 0.19 0.10 0.03
Bending angle 0.45 0.52 0.39
Refractivity 0.46 0.11 0.10

Bias
CNTL 0.92 0.39 0.33
Bending angle 1.33 0.79 0.75
Refractivity 1.07 0.56 0.32

FIG. 12. Total precipitation in color scale (mm) on 16 Jun (accumulated from 1600 UTC 15 Jun to 1600 UTC 16 Jun) from the forecasts
initialized from (a) CNTL, (b) REF, and (c) BANGLE analyses at 1200 UTC 15 Jun. (d)–(f) As in (a)–(c), but the forecasts are initialized
at 1800 UTC 15 Jun.
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provides the possibility to depict the temperature and
moisture profiles of the atmosphere (Kursinski et al. 1997;
Kuo et al. 2000).
During recent years, GPSRO observations have been

well recognized as improving global analysis and pre-
diction with operational numerical weather prediction
(NWP) systems (Healy and Thépaut 2006; Cucurull et al.
2006, 2007; Healy et al. 2007; Cucurull and Derber 2008;
Aparicio et al. 2009; Anlauf et al. 2011). Benefits are at-
tributed to high accuracy and precision with high vertical

resolution (2–60m up to the stratosphere), all-weather
capability little shadowed by cloud, and equal accuracy
over both land and ocean (Anthes et al. 2008). Mainly,
improvements are identified in the temperature fields
since the moisture concentrates in the low troposphere
where the amount of theROdata is limited. Baker (2011)
demonstrates that the Constellation Observing System
for Meteorology Ionosphere and Climate (COSMIC)
RO data provides highly useful observation impact and
effectively reduces the 1-day forecast error. Aiming to

FIG. 1. (a) Topography of Taiwan (km) and the distribution of the automatic rain gauge stations. The blue and red
diamonds are used to indicate the rain gauges in the coastal and terrain regions, respectively. (b) Total accumulated
rainfall on 16 Jun from the observations in color scale (mm). The star in (a) denotes the model grid point (22.88N,
120.28E) near the Tainan sounding station. (c) Time series of the hourly rainfall from the automatic rain gauges. The
coastal and terrain rainfall are computed based on the rain gauges, denoted by blue and red dots, respectively, in (a).
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cyclogenesis of typhoon Nuri (2008)

Vor: 2x10-5s-1

RH: %

w/o RO

w RO

600-km	averaged	cross	section

DA – 0h DA – 24h DA – 48h DA – 72h

ChenKuoHuang (2019) has been submitted to Mon. Wea. Rev. 

Vertical Cross Section of Vorticity and RH 

Cyclogenesis after two-day forecast



W (m s-1) 
Q (g kg-1)

Vertical Motion and Water Vapor Mixing Ratio 

DA Period

Day 1 Day 2 Day 3

Averaged over a 6o x 6o box 
following the 500 hPa
vorticity center

Statistics for 10 Typhoons over the NW Pacific (2008 – 2010):
Probability of detection is increased from 30% (without GPS 
RO DA) to 70% (with GPS RO DA).
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MPAS Model Configuration

n Model configuration:
n Variable reso. meshes: 60-15 km

Vertical levels of 41 and model top of 30 km
n Physics suites : mesoscale reference

Convection: Tiedtke ; Microphysics: WSM6 ; Land 

surface: Noah ; Boundary layer: YSU ; Surface 

layer: Monin-Obukhovi ; Radiation, LW/SW: 

RRTMG

Cycling DA example:



MPAS-GSI system

(extracted from Bresch et al. 2015)

Low resolution
(120 km)

High resolution
(60-15 km)

36 MPAS members

recenter analysis ensemble

1. Dual resolution
2. Recenter process



Typhoon Nepartak (2016)

Courtesy of CWB

JTWC:
2016/07/03 00UTC: Tropical depression
2016/07/03 12UTC: Tropical storm
2016/07/04 18UTC: Typhoon

Courtesy of  typhoon2000.com

Multi-Agency Tropical Cyclone Forecast



Experimental design

Cycling GSI

Without  DA (NODA)
With  DA (GTS, REF, BND)

MPAS forecast

CASE DA obs. GPS variable DA strategy
NODA X X X
GTS GTS X 3DVAR / Hybrid
REF GTS + GPSRO Refractivity 3DVAR / Hybrid
BND GTS + GPSRO Bending angle 3DVAR / Hybrid

00       06        12        18        00                                    00                                           00 00

2016/07/02                           2016/07/03                2016/07/04                           2016/07/05               2016/07/09
TY Nepartak (2016)



GNSS RO Data 
2016/07/02 0000 UTC � 2016/07/04 0000 UTC

12

~200 RO



Simulated Track and Intensity

NODA

3DVAR Hybrid

Hyb CyVar Cy

REF BND GTS



After two-day cycling DA 
(T, Z, and Wind)

VAR

Hyb

GTS REF BND



Track Error

AVE. TRACK ERROR (07/04-07/07)
EXP 3DVAR DA Hybrid DA
NODA 112.5 112.5 
GTS 98.4 100.0 
REF 79.5 71.5 
BND 83.0 60.5 

3DVAR Hybrid

Before landfall



Verification against ERA-Interim (RMSE)
[averaged of 5-day fcst.]

q Z !

U V



FORMOSAT-7/COSMIC-2
The first RO profile 

(2019/07/16 11:44 TST)

(Courtesy of TACC)(Courtesy of NSPO)

FORMOSAT-7/COSMIC-2 satellites were 

launched successful on 25 June 2019.

http://tacc.cwb.gov.tw



Data Penetration
FS3/C1 (one day data)

~45.7% below 1km

~84.3% below 1km

FS7/C2 Data @ 2019/07/16 (first day)



FS7/C2 NRT Data (30 days)

~78.8% below 1km



Verification against MetOP (30 days)

FORMOSAT-3 (±"#°)
2018/08/01-2018/08/31

atmPrf (Bending Angle)

courtesy of TACC

FORMOSAT-7
2019/07/26-2019/08/25



Verification against MetOP (30 days)

FORMOSAT-3 (±"#°)
2018/08/01-2018/08/31

atmPrf (Refractivity)

courtesy of TACC

FORMOSAT-7
2019/07/26-2019/08/25



Typhoon Lekima (2019)

Cycling GSI
With  DA (GTS, BND)

MPAS forecast

00       06        12                                          12                                                            12
2019/08/06                                               2019/08/07                                                 2019/08/11

Courtesy of  typhoon2000.com Courtesy of  CWB



GNSS RO distribution
FS3
FS7
Others

2019/08/06 0000UTC 2019/08/06 0600UTC 2019/08/06 1200UTC

More than 50% come from FS7



Statistic (bending angle)

! − # ! − $



Track and Intensity

w RO w/o RO

EXP GTS BND
Ave. track error (3 days) 68 45



Summary
Ø In this study, the simulations with GNSS-RO data assimilation

have better predictions in typhoon tracks for both assimilation
strategies (3DVAR or Hybrid).

Ø Further, the assimilation with RO bending angle has a better
performance than the others (GTS and REF).

Ø From the preliminary comparison, the data quality of FS7 is
comparable with FS3, but the FS7 has more data available and
further penetrate into the lower troposphere.

Ø With GNSS RO DA (inc. FS7), the simulated track and intensity
show a slightly improvement in the early forecast of typhoon
Lekima (2019).

Ø Further investigation and more experiments will be conducted
in the future.

Thank you ~


