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ABSTRACT
Two contrasting localized heavy rainfall events during Taiwan’s early summer
rainy season with the daily rainfall maximum along the windward mountain range and
coast were studied and compared using a combination of observations and numerical
simulations. Both events occurred under favorable large-scale settings including the
existence of a moisture tongue from the tropics.
For the 31 May case, heavy rainfall occurred in the afternoon hours over the
southwestern windward slopes after a shallow surface front passed central Taiwan. The
orographic lifting of the prevailing warm, moist, west-southwesterly flow aloft, combined
with a sea breeze-upslope flow at the surface provided the localized lifting needed for the
development of heavy precipitation.
On 16 June before sunrise, pronounced orographic blocking of the warm, moist,
south/southwesterly flow occurred because of the presence of relatively cold air at low
levels with an offshore wind component as a result of nocturnal and rain evaporative
cooling. This also caused convective systems to intensify as they moved toward the
southwestern coast. During the daytime, the cold pool remained over southwestern
Taiwan without the development of onshore/upslope flow. Furthermore, with a southsouthwesterly flow aloft parallel to terrain contours, orographic lifting was almost absent,
and pre-existing rain cells offshore diminished after they moved inland. Over northern
Taiwan on the leeside, a sea-breeze/onshore flow developed in the afternoon hours,
resulting in heavy thundershowers. Our results demonstrate the importance of diurnal
and local effects on determining the location and timing for the occurrences of localized
heavy precipitation during the early summer rainy season over Taiwan.
Constellation Observing System for Meteorology, Ionosphere, and Climate global
positioning system (GPS) radio-occultation (RO) soundings were used to depict the prefrontal moist tongue for a heavy rainfall case (16 June 2008) during the early summer
season over Taiwan. Cycling model runs assimilate Terrain-influenced Monsoon Rainfall
Experiment (TiMREX) data, global telecommunications system (GTS) data and GPS RO
sounding data in order to improve the initial conditions for the outermost domain as well
as all nested domains. This leads to better representations of the prefrontal moist tongue
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over the open ocean, a weak 500-hPa prefrontal trough, and the modifications of the
planetary boundary layer structure by the antecedent rains of 14-15 June. The GPS RO
data have positive impacts on subsynoptic features including the upper-level low/trough
location and orientation resulting in a better initial condition for sequence forecast for
upward motion and rainfall patterns. The initial air temperature in the boundary layer
over southwestern Taiwan in the early morning of 16 June is relatively cold with
significant orographic blocking as compared with the control run initialized with the
National Centers for Environmental Prediction (NCEP) Global Forecast System (GFS)
data. As a result, local circulations over Taiwan as well as rainfall along the southwestern
coast and afternoon heavy showers in the wake zone over northern Taiwan are better
predicted with cycling runs that start 36 hours before the model forecasts.
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CHAPTER I: INTRODUCTION

1.1 Introduction
Pronounced moisture transport from the tropics to the extratropics contributes to
the development of heavy rainfall events in the extratropical regions around the globe
(Neiman et al. 2008a; Smith et al. 2010; Tu and Chen 2011; and others). Atmospheric
rivers (ARs) are long (> ~2000 km), narrow (< ~1000 km wide) bands of enhanced water
vapor flux (Zhu and Newell 1998) collocated with low-level jets (LLJs) within the warm
conveyor belt of many mid-latitude cyclones crossing the western United States (Carlson
1980; Ralph et al. 2004). Upon landfall these produce heavy orographic rainfall over the
western states (Neiman et al. 2008a; Smith et al. 2010). The composite polar-orbiting
satellite Special Sensor Microwave Imager (SSM/I) total precipitable water (TPW) data
can be used to monitor the intensity and width of atmospheric rivers (TPW ≥ 20 mm)
(Ralph et al. 2004). Tu and Chen (2011) found that for the unusual 31 March 2006 heavy
rainfall event along the south shore of Oahu, the low-level southerly winds between a
Kona storm to the west and an anticyclone to the east brought in high total precipitable
water (TPW >35 mm) and high θe air from the south. Within the warm sector of Mei-Yu
fronts, a subsynoptic low-level jet (LLJ; wind speeds > 12.5 m s-1 at the 850 hPa-level
and > 15 m s-1 at the 700-hPa level) (G. Chen and Yu 1988) is frequently present (Chen
and Chen 1995) bringing warm, moist unstable air to the Mei-Yu frontal zone. The
presence of an LLJ is a pre-cursor for many heavy rainfall events over northern Taiwan
(G. Chen and Yu 1988; G. Chen et al. 2005).
One of the primary findings of the Taiwan Area Mesoscale Experiment 1987
(TAMEX) conducted jointly by scientists from Taiwan and the US during May-June
1987 (Kuo and Chen 1990) was that during the early summer monsoon rainy season over
Taiwan, precipitation and airflow are significantly modulated by the diurnal heating cycle
(Johnson and Bresch 1991; Yeh and Chen 1998; and others). Along the western and
southwestern windward coasts, the hourly rainfall frequencies have a weak early morning
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maximum under the southwesterly monsoon flow (Yeh and Chen 1998; Kerns et al.
2010).

From the principal component analysis (PCA) of surface variables during

TAMEX, Chen and Li (1995) show that under the southwesterly monsoon flow, island
blocking (Li and Chen 1998) exhibits diurnal variations that are most significant before
sunrise. Linear convective lines along the land-breeze front off the northwestern coast
were also observed from radar data recorded in the early morning during the TAMEX
Intensive Observing Period (IOP) #13 (Li et al. 1997).
Most of the heavy rainfall events over southwestern Taiwan originated from preexisting convective showers or mesoscale convective systems (MCSs) that drifted inland
and interacted with the terrain and local winds (C.-S. Chen et al. 2007, 2008, 2011). The
weak early morning rainfall maximum along the western and southwestern windward
coasts occurs only under the southwesterly monsoon flow during the warm season and is
likely caused by the convergence between the offshore flow and incoming, decelerating
southwesterly flow when the land surface is the coldest (Kerns et al. 2010). However,
occurrences of coastal rainfall over southwestern Taiwan are not regular daily
occurrences (Kerns et al. 2010). In some cases, the rainfall maximum along the
southwestern coast may occur during the daytime because of orographic blocking as the
deflected flow turns into a southerly flow parallel to the terrain contours of the Central
Mountain Range (CMR) (C.-S. Chen et al. 2005).
Both the hourly rainfall frequencies during TAMEX (Yeh and Chen 1998) and the
climatologically heavy rainfall occurrences during the early summer monsoon season
(hourly rainfall rate >15 mm h-1) (C.-S. Chen et al. 2007) have a profound afternoon
maximum on the southwestern slopes. Johnson and Bresch (1991) showed that under
weak large-scale forcing with relatively calm winds over Taiwan, the convective showers
occur at the 100-500 m level of mountain slopes due to sea breezes advancing inland and
being lifted at the foothills of the mountains. Under disturbed conditions, with persistent
orographic lifting and anabatic winds, more rainfall occurs on the mountain interior than
the lower slopes in the afternoon hours, corresponding to orographic lifting by the steep
terrain (Yeh and Chen 1998; Kerns et al. 2010).
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Chen (2000) suggested that under favorable large-scale conditions, diurnal and
local effects are important for the timing and location of heavy rainfall occurrences. To
understand the physical processes leading to the development of localized heavy rainfall,
detailed case studies are required. TAMEX (1987) focused on northwestern Taiwan (C.S. Chen et al. 1991; Lin et al. 1992, 1993; Li et al. 1997; Yeh and Chen 2002, 2003; and
others) and deployed three C-band Doppler radars over the central and northwestern
Taiwan coast. The project also used 85 hourly rain gauges (Yeh and Chen 1998), which
were not evenly distributed, and only three surface stations were available along the
southwestern coast. After TAMEX, the Central Weather Bureau (CWB) in Taiwan
installed the routine Automatic Rainfall and Meteorological Telemetry System, a dense,
automatic, hourly-recording, rain-gauge and weather station network (C.-S. Chen and
Chen 2003; Kerns et al. 2010), which was completed in August 1997. An operational
Doppler radar network around the island has also been completed (Fig. 1.1e). During 15
May-30 June 2008, the joint US-Taiwan Terrain-influenced Monsoon Rainfall
Experiment (TiMREX) was conducted, which coincided with Taiwan’s Southwest
Monsoon Experiment-2008 (SoWMEX-08) (http://sowmex.cwb.gov.tw/2008/). The main
purpose of this field project was to study multiple-scale physical processes leading to the
development of localized heavy rainfall during the early summer monsoon season,
especially over the south/southwestern part of Taiwan. The knowledge gained in
TiMREX will form the basis to advance our ability to predict heavy precipitation events
and the skills of quantitative precipitation forecasts. TiMREX sample the mesoscale
environment and its variability (in moisture, stability and thermodynamic properties) of
the upstream conditions and the Mei-Yu front, 3-D microphysical and kinematic
structures of mesoscale convective systems (MCSs) and the morphology of orographic
precipitation (spatial distribution, timing, intensity, structure, and microphysical
processes) (http://www.soest.hawaii.edu/MET/Faculty/chen/overview-N.pdf).
There are 25 operational conventional weather stations and nine rawinsonde
stations including special TiMREX sites (Fig. 1.1e) and a Lightning Location System
(LLS) (Liou and Kar 2010) over the island providing the basic observations for the
experiment. During TiMREX, soundings from the dropsonde missions provided much-
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needed information on the spatial distribution of the upstream conditions off the
southwestern coast, Taiwan Strait, and the open ocean.

Fig. 1.1. Rainfall accumulation (mm) during (a) 0000-0800 LT 31 May, (b) 0800-1800
LT 31 May, (c) 0000-0800 LT 16 June, and (d) 0800-1800 LT 16 June. (e) Terrain height
for Taiwan (m). Banciao (121.43°E, 25°N), Penghu (119.63°E, 23.56°N), Tainan
(Yongkang; 120.23°E, 23.04°N), Kaohisung (120.31°E, 22.57°N), Hengchun (120.74°E,
22.01°N), and South Ship (118.36°E, 21.46°N) stations are marked as B, P, T, K, H, and
S, respectively. NCAR S-Pol radar is located at SPOL. Red o marks rawinsonde sites.
Purple + marks Doppler radar sites.
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In Sections 3 and 4, I use high-resolution data collected during TiMREX and
model results from a mesoscale model to diagnose the mechanisms of two contrasting
localized heavy rainfall events along the windward mountain range (>1 km) (31 May
during Intensive Observing Period (IOP) #3) and over the southwestern coast of Taiwan
(16 June during IOP #8) (Fig. 1.1). Xu et al. (2012) viewed the initiation and
maintenance of the long-lived heavy-precipitation MCSs upstream of southwestern
Taiwan on 16 June through the back-building/quasi-stationary process. The convection
developed continuously near the boundary of (1) the warm, moist unstable air mass
associated with a low-level jet (LLJ) over the upstream ocean and (2) a remnant cold pool
generated by prior precipitation and orographic effects over southwestern Taiwan and the
adjacent oceans. They also found that the coastal rainfall maxima were produced
primarily by stratiform precipitation evolving from the upstream convection under
relatively cold (near surface) and calm conditions over the island. Davis and Lee (2012)
suggested that for the June 16 case, the offshore warm, moist LLJ lifted by a quasi-steady
shallow frontal boundary caused by rain evaporative cooling was important for the
initiation and intensification of convective systems as they moved inland.
The primary goal of this study is to investigate the main reasons that account for
the differences in the timing and location of heavy rainfall for these two cases (31 May
and 16 June). I first looked at the large-scale settings for the development of these two
heavy rainfall events. Next I studied the physical processes leading to the occurrences of
localized heavy rainfall over the mountainous interior (31 May) versus heavy coastal
rainfall (16 June). In particular, I wish to address the following questions. How do the
terrain, diurnally driven local winds, and rain evaporative cooling from pre-existing
convection affect the mesoscale convective systems embedded in the southwesterly
monsoon flow as they drift inland? Why is the localized heavy rainfall concentrated over
the southwestern coast of Taiwan with decreasing rainfall inland for the 16 June case, in
contrast to the 31 May case? Additionally, for the 16 June case, I would also like to study
the mechanisms for the development of localized afternoon heavy rainfall associated with
thunderstorm activity over northern Taiwan (Fig. 1.1b).
The initial conditions used in Sections 3 and 4 do not include special TiMREX
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observations. Furthermore, the initial conditions for their regional 9-km domain and the
island-scale domain were interpolated from the NCEP FNL analysis without small-scale
features related to terrain and local winds and the modifications of the planetary
boundary layer by the antecedent rains over southwestern Taiwan. In Section 5, I would
like to re-visit this case and investigate how data assimilation with cycling runs including
TiMREX data and global telecommunications system (GTS) data with/without
Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC)
global positioning system (GPS) radio-occultation (RO) soundings would improve the
initial conditions for real-time rainfall forecasts. The variables for improvement will
include subsynoptic features, total precipitable water, thermodynamic structure and
instability of the moisture tongue and the boundary layer structure. I also would like to
assess the impacts of better initial conditions on the model forecasts of this particular
heavy rainfall event. In Section 5, I will use GPSRO soundings to analyze the moisture
and temperature profiles of the pre-frontal moist tongue. I will investigate to what extent
data assimilation with cycling runs can improve the model initial conditions and forecasts
for subsynoptic features, local circulations and rainfall distributions over Taiwan. I will
also calculate statistics scores for rainfall forecast over southern and northern Taiwan.
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CHPATER II: DATA AND METHDOLOGY

2.1 Intensive Observing Periods during TiMREX
Table 2.1 lists significant weather events during nine TiMREX IOPs. During IOP
#2 and IOP #9, the prefrontal southwesterly flow interacted with the terrain and initiated
convective rainfall over central western and southwestern Taiwan. MCSs associated with
a surface front developed over Taiwan during IOP #1, IOP #4, and IOP #7. A subtropical
oceanic mesoscale convective vortex approached southwestern Taiwan during IOP #6
(Lai et al. 2011). After a frontal convective line north of Taiwan passed through
northwestern Taiwan, a frontal cyclone moved across CMR during IOP #3. The offshore
warm, moist, southwesterly flow was lifted by the shallow frontal boundary (Davis and
Lee 2012) or cool pool (Xu et al. 2012) during IOP #5 and IOP #8.
Table 2.1. Significant weather events during TiMREX IOPs
IOP #

Date

Significant weather events

1

19-22 May

MCSs associated with the surface front interacted with
terrain forming rainfall associated with MCSs and
orographic rainfall

2

27-29 May

Prefrontal LLJ interacted with terrain and initiated
convective rainfall over central western and southwestern
Taiwan

3

29-31 May

After a frontal convective line north of Taiwan passed
through northwestern Taiwan, a frontal cyclone moved
across the Central Mountain Range

4

	
  

1-3 June

MCSs associated with a stationary front across Taiwan

7	
  

(Tai et al. 2011)
5

3-4 June

Offshore warm moist air was lifted by a shallow frontal
boundary caused by evaporative cooling in the rainfall
from cumulonimbi over southwestern Taiwan, which
initiated and intensified convection near the southwest
coast (Davis and Lee 2012)
MCSs associated with the 850-hPa shear line.

6

4-6 June

A subtropical oceanic mesoscale convective vortex moved
over southwestern Taiwan (Lai et al. 2011)

7

12-13 June

MCSs associated with the surface front developed over
northern and central Taiwan

8

14-17 June

N-S oriented squall line associated with the surface front
passed through Taiwan on 14 June (Davis and Lee 2012;
Tai et al. 2011). Long-duration MCSs off the southwestern
Taiwan coast initiated and maintained due to lifting of
prefrontal LLJ by cool pool (Xu et al. 2012) or quasisteady shallow frontal boundary (Davis and Lee 2012) on
16 June.

9

23-26 June

Typhoon induced southwesterly flow interacted with
terrain and initiated convective rainfall over southwestern
Taiwan

2.2 Local observations, analyses and satellite observations
The Atmospheric Sounding Processing Environment (ASPEN) software system
was used for quality control of dropsonde data (Davis and Lee 2012). Humidity, wind,
temperature, and geopotential height from nine rawinsonde stations and the South Ship
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were corrected through a four-stage QC procedure (Ciesielski et al. 2010). The
rawinsonde data were finally interpolated onto uniform 5-hPa intervals with QC flags
assigned to each variable. Bad data were identified and set to missing values through the
application of both objective QC tests (Loehrer et al. 1996) and visual inspection.
Humidity corrections, the cumulative distribution function matching method (Nuret et al.
2008; Ciesielski et al. 2009), were applied to Vaisala RS80 sondes (most significant dry
bias), Vaisala RS92 (daytime dry bias), and other sondes (MEISEI and Graw). Low-level
thermodynamic data (T and Td) affected by contamination from the ship structure,
especially when solar-heating was significant during the daytime, were replaced by a
realistic mixed layer structure to ensure the surface air temperature does not exceed the
SST (Ciesielski et al. 2010).
Radar reflectivities from four operational Doppler radar stations (Fig. 1.1e) are
used to depict the evolution of convective activity during IOP #3 and IOP #8. The
National Center for Atmospheric Research (NCAR)’s S-band polarimetric (S-Pol) radar
was deployed at the southwestern Taiwan coast (Tai et al. 2011; Xu et al. 2012) (Fig.
1.1e). The NCAR TiMREX data archive office (http://sowmex.cwb.gov.tw) conducts the
quality control and calibration process for the NCAR-S-Pol radar data. Daily rainfall
accumulation maps were generated from 429 rainfall stations, which include
conventional weather stations and the Automatic Rainfall and Meteorological Telemetry
System (Kerns et al. 2010). Lightning data were collected from Tai-Power Company of
Taiwan using the Lightning Location System, which can detect cloud-to-ground lightning
events. The system consists of one Advanced Position Analyzer (APA) and six Direction
Finders (FD) covering the entire area of Taiwan. Its sensors are the same as those used by
the National Lightning Detection Network in the US. An FD automatically detects more
than 90% of all cloud-to-ground lightning with a maximum detectable distance of 200 km
and 5 km accuracy (Liou and Kar 2010).
The surface wind and temperature data from 25 surface weather stations and
offshore dropsondes are used to study the island-induced airflow. Time series of 3-h
rawinsonde winds, virtual potential temperature, and equivalent potential temperature at
Tainan (Station T in Fig. 1.1e) show the diurnal variations of winds and thermodynamic

	
  

9	
  

structure under two different heavy rainfall cases along the southwestern coast.
Soundings from Penghu (Station P in Fig. 1.1e) in the central Taiwan Strait depict airflow
and thermodynamic structure at low levels during the passage of a surface front during
IOP #3. Time series of surface air temperature over southwestern Taiwan and the South
Ship (Stations T, K, H, and S in Fig. 1.1e) are used to delineate the low-level
thermodynamic structure resulting from nocturnal and evaporative cooling during IOP
#8. The temperature at the lowest level of shipboard soundings launched every 6 h is used
as the surface air temperature at the South Ship. During 14-16 June, the location of the
South Ship was not stationary (Davis and Lee 2012).
CMORPH (CPC MORPHing technique) provides 3-h gridded precipitation data
at a 0.25o resolution. Precipitation estimates are derived from the passive microwaves
instruments (Advanced Microwave Sounding Unit-B and the Special Sensor Microwave
Imager) aboard the U.S. Defense Meteorological Satellite Program (DMSP) satellites
(SSM-I), NOAA polar-orbiting operational meteorological satellites (AMSU-B), and
TMI aboard the Tropical Rainfall Measuring Mission (TRMM) satellite, respectively
(Joyce et al. 2004). These estimates are generated by algorithms of Ferraro (1997) for
SSM-I, Ferraro et al. (2000) for AMSU-B and Kummerow et al. (2001) for TMI. A
rainfall mean is calculated combining estimates from existing microwave rainfall
algorithms.
2.3 Regional Weather Patterns
The World Climate Research Programme (WCRP) and World Weather Research
Programme/The

Observing

System

Research

and

Predictability

Experiment

(WWRP/THORPEX) conducted a framework of coordinated observing, modeling, and
forecasting of organized tropical convection, which is known as the Year of Tropical
Convection (YOTC) (Moncrieff et al. 2012). In this study, I use the YOTC analysis of
winds, geopotential heights, moisture, and thermodynamic fields with a 0.5° x 0.5°
horizontal resolution interpolated from the original 25-km grids (http://dataportal.ecmwf.int/data/d/yotc_rd) to describe the evolution of weather patterns including
winds, thermodynamic fields, and total precipitable water (TPW) in Section 3 and 4. In
Section 5, the National Centers for Environmental Prediction (NCEP) Final (FNL)
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Analysis with an one degree resolution and the European Centre for Medium-Range
Weather Forecasts (ECMWF) YOTC (Moncreff et al. 2012) analysis of TPW, winds,
geopotential height, vertical motion, !", and K index (KI; George 1960) delineates the
subsynoptic weather patterns, including the LLJ and moisture content and
thermodynamic characteristics of the moisture tongue.
2.4 Model simulations
The WRF-ARW model (Skamarock et al. 2008) is used to simulate the evolution
of subsynoptic weather patterns and assess the impact of latent heat (LH) release on the
deepening and intensifying of the frontal cyclone (IOP #3) and a prefrontal weak trough
(IOP #8). The simulated subsynoptic weather patterns are compared with the YOTC
analysis. The convection-allowing WRF-ARW model with a 3-km resolution is used as a
diagnostic tool to assess the impact of terrain and land surface properties on local
circulations and rainfall. The model results are compared with the high-resolution
TiMREX data. Clark et al. (2009) show that simulations using convection-allowing
resolution (CAR) models have a better depiction of location and timing of precipitation
than simulations using parameterized-convection resolution (PCR) models because
smaller scales are better resolved by CAR than PCR. The model uses the sigma (terrainfollowing) hydrostatic-pressure vertical coordinate (Laprise 1992). There are 45 sigma
levels 1 from the surface to the 30-hPa level. The Rapid Radiative Transfer Model
(RRTM) (Mlawer et al. 1997), Goddard shortwave (Chou and Suarez 1994) schemes,
Noah land-surface model (LSM) (F. Chen and Dudhia 2001), and Yonsei University
(YSU) planetary boundary layer scheme (Hong et al. 2006) are used. The precipitation
process in the model is represented by the grid-resolvable Goddard microphysics (Tao
and Simpson 1993) with three classes of ice with graupel and a modified Kain-Fritsch
cumulus parameterization scheme (Kain 2004). The cumulus parameterization is not
applied in the 3-km resolution domain (domain 3). The precipitation process and the
parameterization scheme used in this study are the same as those used by Hsiao et al.
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(2012). The National Centers for Environmental Prediction Final Analysis (NCEP FNL)
data, with a one-degree horizontal resolution, provide the initial and boundary conditions
for the model simulation. A 0.5° daily, real-time, global, sea surface temperature
(RTG_SST)

analysis

developed

at

the

National

Centers

for

Environmental

Prediction/Marine Modeling and Analysis Branch (NCEP/MMAB) is used for the lower
boundary conditions over the ocean (Gemmill et al. 2007). The CWB provided the
updated land use data used in the model (Dr. J.-S. Hong, personal communication).
For simulations of the evolution of weather patterns, the model is initialized at
0000 UTC 30 May for the IOP #3 case and 1200 UTC 15 June for the IOP #8 case,
respectively. For the IOP #3 case, model results from domain 1 with a 27-km horizontal
resolution is used to construct the N-S cross section across the front and compared with
the YOTC analysis. Model results simulated in domain 2 (9 km resolution) (Fig. 2.1)
from the control run (CTRL) are compared with the results without the LH release run
(WOLH) to assess the impact of latent heat release on the deepening of the upper-level
trough.

Fig. 2.1. The three domains for the WRF model simulation in Section 3 and 4 with grid
spacing of 27 km, 9 km, and 3 km, respectively.
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To assess the effects of local circulations and terrain on rainfall, the convectionallowing (3 km) WRF model (domain 3) is employed. For the IOP #3 case, the model is
initialized at 0000 UTC 30 May for the 30 May simulation and 0000 UTC 31 May for the
31 May simulation. For the IOP #8 case, the model is initialized at 1200 UTC 15 June.
The duration of all runs is one day. The model results are validated against highresolution TiMREX data. The low-level winds, land-sea thermal contrast, and radar
reflectivities simulated from the model provide information on the interactions between
the monsoon flow and local circulations in producing localized heavy rainfall (Sections 3
and 4). The terrain height is removed in the without terrain (WOT) runs to assess the
impact of terrain on local circulations and rainfall patterns.
2.5 COSMIC global positioning system radio-occultation data and data assimilation
The COSMIC missions provide high vertical resolution (~100 m) soundings of
atmospheric reflectivity, temperature, and moisture around the globe with high accuracy
to support the research and operational communities (Anthes et al. 2008). The refractivity
N is a function of temperature T (K), pressure p (hPa), water and vapor pressure e (hPa),

N = 77.6

p
e
+ 3.73 ×10 5 2 ,
T
T

(3)

and is used to derive temperature and dewpoint profiles in conjunction with a onedimensional

variational
€

(1D-Var)

method

(http://cosmic-

io.cosmic.ucar.edu/cdaac/doc/documents/1dvar.pdf) that required global analyses as the
first-guess profiles/background state (Neiman et al. 2008b). The first-guess profiles are
retrieved from the European Centre for Medium-Range Weather Forecasts (ECMWF)
model with a 0.5-degree resolution. The National Centers for Environmental Prediction
Final Analysis (NCEP FNL) TPW data are used to delineate the moisture tongue
(TPW>55 mm, ~1000 km-wide). COSMIC soundings located within, to the north, and to
the south of the moisture tongue were averaged to construct composite soundings within
the moisture tongue, over the postfrontal region and over the western Pacific Subtropical
High (WPSH). Previous studies have shown that assimilation of COSMIC GPS RO
soundings has produced significant improvement in the analysis and prediction of the
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moisture content of Atmospheric Rivers (ARs) (Neiman et al. 2008b; Ma et al. 2011),
track and intensity of typhoons, and precipitation during the early summer rainy season
over southern China and Taiwan in early June 2007 (Kuo et al. 2009).

Fig. 2.2. The three domains for WRF model simulation in Section 5 with a horizontal
resolution of 27 km, 9 km, and 3 km, respectively.

The model setting is same as simulation runs except the domains (Fig. 2.2) are
enlarged to include more observations to be assimilated. Two experiments are set up to
investigate the impact of data assimilation of GPS RO soundings of reflectivity and GTS
and TiMREX observations on the initial conditions and model simulations: (1) with
assimilation of GPS RO soundings, GTS and TiMREX observations, and available
satellite observations (GPSGTS run); and (2) with assimilation of only GTS and
TiMREX observations and available satellite observations (GTS run). Note that TiMREX
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soundings launched from the South Ship and the Dong Sha Island (Fig. 2.3a) provide
upstream conditions over the open ocean. The GPS RO soundings assimilated into the
model run are shown in Figure 2.3b. The GTS and available satellite observations include
SYNOP, METAR, SHIP, BUOY, TEMP, AIREP, PILOT, SATEM, SATOB, and
QSCAT. I set up a WRF 3DVAR cycling run for this study. The assimilation experiments
are performed with continuous cycling with a ±1.5-h assimilation window. For each
cycling experiment, the background (first guess) field ( x b ) is obtained from 6-h WRF
forecasts of the previous cycle. The cycling runs starting at 0000 UTC 14 June 2008,
ending at 1200 UTC 15 June use the initial and
€ lateral boundary conditions provided by
the NCEP FNL data. After 36-h data assimilation, the subsynoptic features, terrain and
local effects and the impact of antecedent rains on the boundary layer structure are
included in the model initial conditions for the subsequent forecast experiments. For both
experiments, the forecast runs start at 1200 UTC 15 June and end at 0000 UTC 17 June
using the lateral boundary conditions provided by the Global Forecast System (GFS)
data. The control forecast (CTRL) is initialized at 1200 UTC 15 June using the initial and
lateral boundary conditions provided by the GFS data. For the CTRL run, the initial
conditions for all three domains are interpolated from the GFS data with a horizontal
resolution of 1o x 1o. The initial conditions and model results from the CTRL run is
compared with cycling runs. The CV5 background (or forecast) error statistics (BES)
(Skamarock et al. 2008) is used. The CV5 BES is computed with the NMC method
(Parrish and Derber 1992). It is estimated with the difference between WRF 12 and 24-h
forecasts over the month of June 2008, which includes this heavy rainfall case.
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Fig. 2.3. (a) Terrain height for Taiwan (m). Red o marks rawinsonde sites. Purple +
marks Doppler radar sites. (b) COSMIC GPS RO soundings assimilated into cycling run
during 0000 UTC 14 June-1200 UTC 15 June 2008.

	
  

16	
  

CHAPTER III: TIMREX INTENSIVE OBSERVATION PERIOD #3

3.1 Favorable conditions for the development of heavy precipitation
3.1.1 Evolution of subsynoptic weather patterns
From 1200 UTC 29 May to 0600 UTC 30 May 2008, an upper-level trough,
originated in the leeside of the Yun-Gue Plateau over southern China and moved
eastward over the moisture tongue over southeastern China (Figs. 3.1b and c). To the
north, a mid-latitude trough propagated eastward over northern China and reached the
eastern China coast (Fig. 3.1b). A polar front associated with the midlatitude trough was
located off the eastern China coast (Figs. 3.1a and b). An eastward moving lee trough
with a weak closed low lay over southeastern China (Fig. 3.1a). A broad region with a
northerly flow over China plain is evident between the polar front and the migratory high
that moved along the northeastern periphery of the Tibetan Plateau (Fig. 3.1a). The
northerly flow from the north converged with the warm, moist southwesterly monsoon
flow from the South China Sea with a well-defined frontal boundary over southern China.
The vertical cross section along the frontal zone at 0600 UTC 30 May (Fig. 3.2) attests
that this frontal system exhibited baroclinic characteristics. The postfrontal northeasterly
flow converged with the southwesterly monsoon flow over the frontal zone between 25
and 27°N (Figs. 3.2a and b) with a marked vertical tilt and large horizontal gradients of θ
as well as θe at low levels (Figs. 3.2c and d). From 0600 UTC to 1200 UTC 30 May, as
the 500-hPa lee trough over southern China moved toward the moisture tongue along the
southeastern China coast (Figs. 3.1b and c), the low-level frontal cyclone deepened (Fig.
3.1e). This case is in contrast to a dry event presented by Chen and Hui (1992). For that
case, under relatively dry conditions because of the westward extension of the western
Pacific Subtropical High (WPSH) aloft, the cyclone that originated over southwestern
China dissipated as it moved toward the southeastern China coast. As a result,
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widespread rainstorms and deep convection failed to develop over Taiwan (Chen and Hui
1992).
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Fig. 3.1. (a) The horizontal distribution of 900-hPa geopotential height (gpm), and winds
(m s-1, full barb represents 10 m s-1) at 1200 UTC 29 May 2008 and (b) 500-hPa
geopotential height (gpm) at 0600 UTC 30 May; (c) total precipitable water (mm) at 0600
UTC 30 May; (d) 700-hPa Q-G omega (dPa s-1) and geopotential height (gpm) at 0600
UTC 30 May from WRF model (domain 1) results; and (e) 900-hPa geopotential height
(gpm), and winds (m s-1) at 1200 UTC 30 May 2008 from the YOTC analysis. (f) Same
as (e) but from WRF model (domain 1) results. The 500-hPa trough axis is marked by a
dashed line. L marks the frontal cyclone.

Fig. 3.2. Latitude-height cross-section along 119°E (solid line in Fig. 3.1c) of (a) zonal
winds (m s-1); (b) meridional wind (m s-1); (c) potential temperature (K); and (d)
equivalent potential temperature (K) at 0600 UTC (1400 LT) 30 May from the YOTC
analysis. The arrow in (d) marks the approximate location of the surface front.

The evolution of subsynoptic weather patterns is rather typical as compared to
those found in the literature (Chen et al. 1989; Chen and Hui 1990, 1992; Trier et al.
1990; Chen 1993; and others). The frontal systems over southern China during the early
summer rainy season frequently possess baroclinic characteristics with a marked vertical
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tilt (e.g., Chen et al. 1989; Fig. 9) with quasi-geostrophic frontogenesis along the frontal
boundary where the cold northerly flow converged with the southwesterly monsoon flow
(Chen 1993; Fig. 13b). Diagnosis of the energy budget associated with a deep frontal
cyclone that occurred during 1-2 June 1987 over southern China (Chen et al. 1994) shows
that the deepening of the frontal cyclone and the accompanying strengthening of the
subsynoptic low-level jet is related to the moist baroclinic process across the frontal zone
(Chen et al. 1997; X. Chen and Chen 2002). For our case, the deepening of the frontal
cyclone within the early summer monsoon trough is reproduced in the WRF model with a
27-km resolution (domain 1) (Fig. 3.1f), consistent with the YOTC analysis (Fig. 3.1e).
3.1.2 Mesoscale WRF-modeling and diagnosis
The evolution of subsynoptic flow is well simulated by the WRF models
(domains 1 and 2). At 0600 UTC 30 May, the simulated 700-hPa trough from the 27-km
WRF model (domain 1) (Fig. 3.1d) is along the southeastern China coast. The maximum
vertical motion forced by the adiabatic baroclinic process is on the order of -8 dPa s-1
(Fig. 3.1d). The simulated low-level frontal cyclone deepens (Fig. 3.1f) as the 700-hPa
trough (Fig. 3.1d) moves over the moist tongue (Fig. 3.1c). These results are in
agreement with YOTC analysis (Fig. 3.1e). The vertical cross section of θ and θe across
the front from the WRF model (domain 1) simulation (Figs. 3.3c and d) agrees
reasonably well with the YOTC analysis (Figs. 3.2c and d). The simulated prefrontal
southwesterly flow and postfrontal northeasterly flow (Figs. 3.3a and b) are also
consistent with the YOTC analysis (Figs. 3.2a and b). However, the simulated northerly
(southerly) wind component in the postfrontal (prefrontal) region is stronger (Fig. 3.3b)
as compared with the YOTC analysis (Fig. 3.2b). The maximum vertical motion
diagnosed from the adiabatic QG forcing (-14 dPa s-1 at the 900-hPa level) (Fig. 3.3f) is
much smaller than the maximum simulated vertical motion (-128 dPa s-1 at the 600-hPa
level) because of the feedback effects from latent heat release (Fig. 3.3e). Furthermore,
our model results from the 9-km WRF model (Domain 2) at 0600 UTC 30 May show that
the latent heat release associated with the convective activity ahead of the trough
generates significant PV at low levels that leads to a more intense frontal cyclone over
the southeast coast of China (Figs. 3.4a and b). The frontal cyclone simulated by the
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WRF model at the 900-hPa level with a 9-km resolution (Fig. 3.4a) is better defined than
the YOTC analysis with a 0.5° x 0.5° resolution (not shown).

Fig. 3.3. Model results for the latitude-height cross-section along 119°E (Fig. 3d) from
the Domain 1 model with a 27-km resolution valid at 0600 UTC (1400 LT) 30 May: (a)
zonal winds (m s-1); (b) meridional wind (m s-1); (c) potential temperature (K); (d)
equivalent potential temperature (K); (e) vertical velocity ! (dPa s-1; contoured every 30
dPa s-1) and horizontal wind field (u-v); and (f) QG omega (dPa s-1; contoured every 2
dPa s-1). The WRF model is initialized at 0000 UTC 30 May. The arrow in (d) marks the
approximate location of the surface front.
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Fig. 3.4. Model results at 0600 UTC (1400 LT) 30 May from the Domain 2 model with a
9-km horizontal resolution: (a) horizontal distributions of 900-hPa PV (PVU),
geopotential height (gpm, contoured), and winds (full barb represents 10 m s-1) in the
CTRL; (b) same as (a) but for the WOLH run. The model is initialized at 0000 UTC 30
May. L and Lt mark the location of frontal cyclone and leeside vortex off the
southeastern Taiwan coast, respectively.

3.2 Analysis over the Taiwan area
3.2.1 Nocturnal flow regime
On 31 May, the cold air behind the front over southeastern China was retarded by
the hilly terrain but was advected southward along the coast by the strengthened northerly
winds (Fig. 3.5a), similar to the cases presented by Chen and Hui (1990, 1992). The surge
of cold air and the development of strong northeasterly winds along the southeastern
China coast are similar to southerly busters associated with coastal ridging observed over
southeastern Australia during the warm season (Colquhoun et al. 1985; Holland and
Leslie 1986). In the meantime, the surface front moved southeastward over the Taiwan
area with postfrontal northeasterlies (Fig. 3.5a). At 1800 UTC 30 May (0200 LT 31 May)
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2008, the low-level westerly/southwesterly flow ahead of the surface front over
southwestern Taiwan was deflected by the CMR with splitting airflow over the
southwestern Taiwan coast (Fig. 3.5a). The deflected southerly flow along the western
coast converged with the postfrontal northeasterly flow (Figs. 3.5a and b) and land
breezes (red sounding in Fig. 3.5c) on the central western Taiwan coast. This resulted in
the enhancement of deep convection along the frontal boundary at the coast as the
scattered showers and clouds associated with the frontal system moved toward the coast
(Fig. 3.6a). There was an arc-shaped zone with scattered showers off the southwestern
coast that was likely the leading edge (Fig. 3.6a) of the shallow land-breeze front, similar
to the case reported by Li et al. (1997).
3.2.2 Daytime flow regime
At 0600 UTC (1400 LT) 31 May, an upper-level short-wave trough was over
Taiwan (Fig. 3.7a). At the 850-hPa level, the Taiwan area is under the influence of a
cyclonic flow with the frontal cyclone (L) over western Taiwan in both the YOTC
analysis (Fig. 3.7c) and WRF simulation with a 27-km resolution (Fig. 3.7d). The
southwesterly flow prevailed above the shallow front off the western Taiwan coast (Figs.
3.7b and c). From the time series of Penghu soundings (Station P in Fig. 1.1e) within the
central Taiwan Strait (Fig. 3.8), the shallow (< 1 km) front passed the central/western
Taiwan coast around 0000 UTC (0800 LT). The time series of Tainan soundings (Station
T in Fig. 1.1e) along the southwestern coast show that the sea breeze-upslope flow started
to develop at the lowest levels at 1100 LT (0300 UTC) 31 May due to solar heating at the
surface (Fig. 3.9a). The sea breeze-upslope flow continued until the afternoon hours and
became weak winds with an offshore wind component in the early evening at 2000 LT
(1200 UTC). During the daytime, the low-level sea breezes (Fig. 3.9a) brought in moist,
potentially unstable (Fig. 3.9b) maritime air to southwestern Taiwan.
At 0600 UTC (1400 LT) 31 May, northern Taiwan was under a cold (~23°C)
postfrontal northeasterly flow (Fig. 3.7e). The cold, dry northeasterlies were deflected by
CMR leaving warm (~31°C), moist air over the southwestern lee-side plain (Fig. 3.7e),
similar to the TAMEX case reported by Chen et al. (1989). During the passage of the
short-wave trough (Fig. 3.7a), orographic lifting by the warm, moist southwesterlies
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(Figs. 3.7c and 3.9) combined with sea breeze-upslope flow at the surface (Figs. 3.7e and
3.9a) is favorable for the development of convective activity over southwestern Taiwan
(Fig. 3.6b). Over western/southwestern Taiwan, in addition to onshore/upslope flow near
the surface (Fig. 3.7e), the southwesterly flow above the shallow postfrontal
northeasterlies (Figs. 3.7b,c and 3.8) impinged on the central western CMR with a large
angle bringing in radar echoes on the western windward slopes.
In the afternoon hours, thunderstorm activity occurred mainly over southwestern
Taiwan (Fig. 3.6d), where the low-level air was still relatively warm and moist. Note that
under the pre-frontal, convectively unstable southwesterly flow (Fig. 3.9b), lightning
activity was also observed. This occurrence was associated with coastal frontal
convection and the arc-shaped scattered showers off the southwestern coast in the early
morning (Fig. 3.6c). Christian et al. (2003) found that the geographical distribution of
global lightning flash rate density is in general agreement with the climatological
distribution of thunderstorm days being dominated by the diurnal heating of the major
landmasses over the globe. The solar heating at the land surface contributed to the
development of convection and thunderstorm activity. The relative lack of lightning over
western slopes of Taiwan in the afternoon may be mainly related to the weak convective
vigor (or updraft strength) and its role in charge separation through the mixed phase
region of the clouds because the lowest ~1 km was covered by cold northeasterlies after
frontal passage.
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Fig. 3.5. (a) Horizontal distributions of the 2-m temperature (°C) and surface winds (full
barb represents 5 m s-1) at 1800 UTC 30 May (0200 LT 31 May) from the YOTC
analysis. L and Lt mark the location of frontal cyclone and leeside vortex off the
southeastern Taiwan coast, respectively. (b) YOTC analysis of SST (°C) (solid line) and
observed surface winds and temperature (°C) from surface stations at 1800 UTC 30 May
(0200 LT 31 May). (c) Soundings at Tainan (Yongkang, Station T in Fig. 1.1e) at 2100
UTC 30 May (0500 LT 31 May) (red) and 2100 UTC 15 June (0500 LT 16 June) (full
barb represents 5 m s-1).
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Fig. 3.6. (a) Mosaic radar reflectivities (dBZ) at 0200 LT 31 May (1800 UTC 30 May)
and (b) 1600 LT (0800 UTC) 31 May. (c) Three-hour lightning frequency (km -2) during
0200-0500 LT (arrow points to frontal convection region) and (d) 1300-1600 LT 31 May
(arrow points to thunderstorm activity over the mountain interior) (Courtesy of Central
Weather Bureau).
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Fig. 3.7. (a) 500-hPa geopotential height (gpm); (b) surface winds (full barb represents 5
m s-1), and 2-m temperature (°C); and (c) 850-hPa geopotential height (gpm) and winds
(full barb represents 10 m s-1) from the YOTC analysis at 0600 UTC (1400 LT) 31 May
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2008. (d) Same as (c) except from the Domain 1 model simulation with a 27-km
horizontal resolution. The 500-hPa trough axis is marked by a dashed line in (a). Frontal
cyclone was split into a major cyclone (L) off the northwestern Taiwan coast with a
secondary mesolow (L’) off the southeastern Taiwan coast in observations (simulations).
The model is initialized at 0000 UTC 31 May. (e) SST (°C) and the observed surface
winds (full barb represents 5 m s-1) and temperature (°C) from surface stations at 0600
UTC (1400LT) 31 May 2008.
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Fig. 3.8. Time series of (a) winds (full barb represents 5 m s-1) and virtual potential
temperature (K), and (b) equivalent potential temperature (K) at Penghu (Station P in Fig.
1.1e) from 1500 UTC 30 May to 1200 UTC 31 May constructed from sounding data.
Local sunrise is around 0514 LT (2114 UTC, marked R) and sunset is around 1840 LT
(1040 UTC, marked S).
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Fig. 3.9. Time series of (a) winds (full barb represents 5 m s-1) and virtual potential
temperature (K), and (b) equivalent potential temperature (K) at Tainan (Yongkang,
Station T in Fig. 1.1e) from 1500 UTC 30 May to 1200 UTC 31 May constructed from
sounding data. Local sunrise is around 0514 LT (2114 UTC, marked R) and sunset is
around 1840 LT (1040 UTC, marked S).
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3.3 Convection-allowing WRF modeling
3.3.1 Nocturnal flow regime
At 1800 UTC 30 May (0200 LT 31 May), the cold air surge along the southeast
coast of China behind the front (Fig. 3.5a) is simulated in the 3-km WRF model (domain
3) (Fig. 3.10c). The most pronounced temperature gradient associated with the NE-SW
oriented front extends southwestward from the ocean off the northeastern coast of Taiwan
to the northwestern Taiwan coast and off the western Taiwan coast in both the model
simulation (Fig. 3.10c) and observations (Figs. 3.5a and b). The convection-allowing
WRF model successfully simulated the scattered coastal showers associated with the
frontal system (Fig. 3.6a) in the early morning (0200 LT 31 May) (Fig. 3.10e). The 900hPa upward motion (Fig. 3.10a) is simulated over the frontal boundary between the cold
northeasterly flow and the orographically deflected warm southwesterly flow off the
western Taiwan coast as well as over the southwest coast of Taiwan in the blocked region
(Fig. 3.10c). Surface flow over the entire island is dominated by the downslope/landbreeze flow because of nocturnal cooling (Fig. 3.10c), in agreement with surface
observations (Fig. 3.5b). Convection over land is suppressed in both the model simulation
(Fig. 3.10e) and observations (Fig. 3.6a). The coastal frontal convection (Fig. 3.10e) is
apparently enhanced by the presence of land breezes. The lee vortex (Lt) is simulated off
the southeast coast of Taiwan with a northeasterly wind component east of Taiwan (Fig.
3.10c).
In the WOT run, the 900-hPa upward motion and the convection are orientated in
a NE-SW direction over the Taiwan area (Figs. 3.10b and f). The simulated surface front
moves faster and the cold air surge along the southeastern China coast is weaker than in
the CTRL run (Figs. 3.10c and d). Without orographic blocking, the lee vortex (Lt) is not
simulated (Fig. 3.10d). In contrast to the CTRL run, the surface airflow east of Taiwan
has a southerly wind component and converges with the postfrontal northeasterlies off the
northeastern coast. The simulated convection over northeastern/eastern Taiwan (Fig.
3.10f) is enhanced by the presence of land breezes there (Fig. 3.10d). The propagation of
shallow cold front and surface airflow are significantly affected by the presence of CMR.
Furthermore, nighttime cooling from the elevated land surface also suppresses convective
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showers over land. On the other hand, the combined effects of orographic blocking of the
prefrontal southwesterly flow and land surface cooling enhance the convective activity
along the frontal boundary west of Taiwan as well as over the ocean off the windward
southwestern coast. These results are in agreement with observations.
3.3.2 Daytime flow regime
At 0600 UTC (1400 LT) 31 May, the simulated frontal cyclone moves eastward
across Taiwan and merges with the lee vortex (L’) (Fig. 3.11c) in agreement with the
YOTC analysis (Fig. 3.7b), except that the simulated L’ is closer to the east coast. In the
meantime, the simulated front advances southward (Fig. 3.11c). On the eastern side, the
cold northeasterlies surge southward along eastern Taiwan in agreement with the surface
data (Fig. 3.7e). Southwestern Taiwan remains warm and moist with an onshore/upslope
wind component at the surface (Fig. 3.11c) and is favorable for the development of deep
convection in the late afternoon. Furthermore, above the shallow postfrontal
northeasterlies, the airflow has a large component impinging on the CMR (Fig. 3.11).
The orographic lifting of low-level airflow results in upward motion over the western
slopes of the CMR (Fig. 3.11a) where heavy rainfall are simulated (Fig. 3.11e). From the
vertical cross section, orographic lifting of airflow over southwest slopes of CMR with a
hydraulic jump on the lee side is evident (Fig. 3.12a). The simulated rainfall
accumulation during 0800 LT–1800 LT 31 May exhibits a maximum axis on the western
slopes of the CMR (Fig. 3.11e) that is in agreement with observations (Fig. 1.1b).
In the WOT run, without orographic lifting aloft (Figs. 3.11b and 3.12b), only
rainfall (Fig. 3.11f) associated with the frontal cyclone are simulated. There is no rainfall
axis simulated along the western slopes of the CMR (Fig. 3.11f). At the surface, a
postfrontal northeasterly flow prevails over northern and central Taiwan (Fig. 3.11d).
These results suggest that orographic lifting by the moist southwesterlies aloft combined
with sea breeze-upslope flow in low levels is important for the development of heavy
precipitation over the western/southwestern slopes during the day.
Both the CTRL run and the WOT run show potentially unstable over
southwestern Taiwan and upstream ocean (Figs. 3.12a and b). The cold, dry postfrontal
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northeasterly is deflected by the CMR and leaving warmer and moister potentially
unstable air over southwestern Taiwan in the CTRL run as compared to the WOT run.
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Fig. 3.10. Model results from the Domain 3 model with a 3-km horizontal resolution at
1800 UTC 30 May (0200 LT 31 May): (a) 900-hPa vertical velocity (cm s-1) and 950-hPa
winds (full barb represents 10 m s-1); (b) Same as (a) but for WOT run; (c) 10-m winds
(full barb represents 5 m s-1) and 2-m temperature (°C); (d) Same as (c) but for WOT run;
(e) rainfall accumulation (mm) during 0000-0800 LT 31 May (1600 UTC 30 May-0000
UTC 31 May); (f) Same as (e) but for WOT run. The model is initialized at 0000 UTC 30
May. The frontal cyclone (L) moved eastward and merged with lee vortex (Lt).
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Fig. 3.11. Model results from the Domain 3 model with a 3-km horizontal resolution at
0600 UTC (1400 LT) 31 May: (a) 700-hPa vertical velocity (cm s-1) and 850-hPa winds
(full barb represents 10 m s-1); (b) Same as (a) but for WOT run; (c) 10-m winds (full
barb represents 5 m s-1) and 2-m temperature (°C); (d) Same as (c) but for WOT run; (e)
rainfall accumulation (mm) during 0800-1800 LT 31 May (0000-1000 UTC 31 May);(f)
Same as (e) but for WOT run. The model is initialized at 0000 UTC 31 May. The frontal
cyclone (L) moved eastward and merged with lee vortex (Lt) (Fig. 12c). The merged
mesocyclone is marked by L’.
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Fig. 3.12. Model results from the Domain 3 model with a 3-km horizontal resolution: (a)
E-W vertical cross section (black line in Fig. 15a) of vertical velocity (cm s-1, shaded),
equivalent potential temperature (K, contoured) and horizontal wind field (u-v, full barb
represents 10 m s-1) along 22.75oN (black line in Figure 1e) at 0600 UTC 31 May in the
CTRL run and (b) WOT run. The model is initialized at 0000 UTC 31 May.
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CHAPTER IV: TIMREX INTENSIVE OBSERVATION PERIOD #8

4.1 Favorable conditions for the development for heavy rainfall
4.1.1 Evolution of subsynoptic weather patterns
At 0000 UTC 14 June, a deep upper-level trough was over eastern China with a
secondary trough extended southwestward to as far south as 20°N (Fig. 4.1a). As it
moved eastward, the secondary trough in the subtropics propagated slower than the midlatitude trough (Fig. 4.1b). At 1200 UTC 15 June, the southern part of the trough moved
over the moist tongue off the southeastern China coast (Fig. 4.1c) with the trough axis
extending from the ocean off the northeastern Taiwan coast to the northern South China
Sea (not shown). From 1200 UTC to 1800 UTC 15 June, the 500-hPa chart shows the
presence of a weak trough with a well-defined cyclonic center off the southwestern coast
of Taiwan (Fig. 4.2a). This well-defined shortwave trough with a vorticity maximum is
also clearly evident from both the 500-hPa global analyses of the Japan Meteorological
Agency and the Central Weather Bureau, Taipei, Taiwan (not shown).
Figure 4.3 shows the 700-hPa charts and horizontal distribution of RH during and
after the heavy rainfall period (Figs. 4.3a and b and Figs. 4.3c and d, respectively). At
0000 UTC 16 June, the 700-hPa trough was west of southwestern Taiwan (Fig. 4.3a) with
a moist southwesterly monsoon flow over Taiwan (Figs. 4.3a and b). At 0000 UTC 17
June, as the WPSH extended westward (Fig. 4.3c), Taiwan was under the influence of a
WPSH with drier conditions aloft (Figs. 4.3d). With the influence of the WPSH and
relatively dry conditions aloft, heavy localized rainfall diminished over Taiwan.
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Fig. 4.1. (a) Horizontal distributions of 300-hPa geopotential height (gpm) and winds
(full barb represents 10 m s-1) at 0000 UTC 14 June and (b) 1200 UTC 14 June. (c) Total
precipitable water (mm) at 0000 UTC 15 June from the YOTC analysis. (d) Model results
from the Domain 1 model with a 27-km horizontal resolution valid at 0000 UTC 16 June
(0500 LT 16 June): 500-hPa QG omega (dPa s-1) and 500-hPa geopotential height (gpm;
contoured). The model is initialized at 0000 UTC 15 June. The midlatitude cyclone and
the mesolows in the subtropical are marked by Lp and L, respectively.
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Fig. 4.2. (a) Horizontal distributions of 500-hPa geopotential height (gpm) and winds
(full barb represents 10 m s-1) at 1800 UTC 15 June from the YOTC analysis. Model
results from the Domain 2 model with a 9-km horizontal resolution valid at 1800 UTC 15
June (0200 LT 16 June): (b) 500-hPa temperature difference between the CTRL run and
the WOLH run (CTRL-WOLH). (c) 500-hPa PV (PVU), winds (full barb represents 10 m
s-1) and geopotential height (gpm). (d) Same as (c) but for the WOLH run. The model is
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initialized at 0000 UTC 15 June. The mid-level cyclone is marked by L. The dashed lines
mark the locations of the trough axes.

Fig. 4.3. (a) Geopotential height (gpm) and winds (full barb represents 10 m s-1) and (b)
RH (%) at the 700-hPa level for 0000 UTC 16 June from the YOTC analysis. (c) and (d)
Same as (a) and (b) but for 0000 UTC 17 June.

4.1.2 Mesoscale WRF-modeling and diagnosis
Our 27-km WRF model results initialized at 0000 UTC 15 June and valid at 0000
UTC 16 June show that the rising motion at the 500-hPa level diagnosed from the
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adiabatic quasi-geostrophic equation is on the order of -6 dPa s-1 over the southeastern
quadrant of the upper-level low (Fig. 4.1d), which is comparable to the vertical motion
diagnosed from adiabatic QG forcing for a subtropical cutoff low over the North Pacific
studied by Knippertz and Martin (2007). Along the cross section (line AB), the maximum
simulated vertical motion (-50 dPa s-1 at the 500-650-hPa level) over the southeast
quadrant of the upper-level low (Fig. 4.4a) is significantly larger than the maximum dry
adiabatic vertical motion diagnosed from QG forcing (-6 dPa s-1 at the 500-hPa level)
(Fig. 4.4b).

Furthermore, from the 9-km WRF model results, latent heat release

associated with convective activity embedded in the weak trough resulted in an increase
in tropospheric temperature (Fig. 4.2b), cyclonic flow (Fig. 4.2c), and generation of PV
(Fig. 4.2c). It is apparent that abundant moisture provides an energy source for
convective feedbacks leading to the deepening of the trough (Figs. 4.2c and d) as it
moved off the southeastern China coast.

Fig. 4.4. (a) The vertical cross section of vertical velocity ω (dPa s-1) and horizontal
winds (u-v) and (b) QG omega (dPa s-1) along line AB in Fig. 4.1d at 1200 UTC 15 June
from WRF model (domain 1) results. The model is initialized at 0000 UTC 15 June.
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4.2 Analysis over the Taiwan area
4.2.1 Nocturnal flow regime
At 1800 UTC 15 June (0200 LT 16 June), the surface air temperature over land is
about 24-26°C (Fig. 4.5a), which is lower than the surface air temperature (> 27°C) at the
South Ship over the open ocean (Fig. 4.6). Most land stations around the Taiwan coast
show an offshore wind component at night (Fig. 4.5a). The time series of air temperatures
at three coastal stations (Station K, T, and H in Fig. 1.1e) showed the presence of cool air
(24-25 °C) over southwestern Taiwan (Fig. 4.6), in agreement with Xu et al. (2012).
From 14-16 June, the rain evaporative cooling associated with MCSs over southwestern
Taiwan and the upstream ocean resulted in continuous temperature drops. The cold pool
over southwestern Taiwan at night is apparently a combination of rain evaporative
cooling and nocturnal cooling.
Both the summer trade-wind flow over Hawaii and the southwesterly monsoon
flow during the early summer rainy season over Taiwan are under a small Fr-number
flow regime (~0.2) with significant orographic blocking on the windward side
(Smolarkiewicz et al. 1988; Li and Chen 1998). However, in sharp contrast to the
windward side of the island of Hawaii, southwestern Taiwan is relatively flat due to the
presence of a coastal plain. With a flat terrain and infrequent nocturnal showers (Kerns et
al. 2010), the land breezes are weak and shallow with a southeasterly wind component ~2
m s-1 (red line and wind barb in Fig. 3.5c). From the Tainan (Station T in Fig. 1.1e)
sounding at 2100 UTC 30 May (0500 LT 31 May), the nocturnal inversion is at ~980 hPa
with almost uniform T (25.5°C), θv (302.8 K), and θe (347.1 K) below 980 hPa. The
thermal deficit of the offshore (∆θv) flow reaches only ~ -2 K as compared to θv of the
incoming southwesterly monsoon flow from the open ocean (θv~305 K).
For the June 16 case, with frequent heavy nocturnal rain showers that moved
onshore under favorable large-scale settings, the depth of the cold pool over southwestern
Taiwan reaches as high as 520 m in the early morning as a result of rain evaporative
cooling (~950 hPa in Fig. 3.5c; Xu et al. 2012). The winds within the cold pool have an
offshore wind component. From the Tainan sounding at 2100 UTC 15 June (0500 LT 16
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June), I found a thin surface layer with T ~24.6°C, θv ~300.6 K, θe ~342.6 K, and an
isothermal layer (23.6°C) between 995-hPa and 975-hPa (Fig. 3.5c). Between 1000-975
hPa, the temperature has a more than 1.5°C drop compared to the 31 May case (Fig.
3.5c). For this case, because of the relatively deep offshore flow, the offshore
convergence zone is a favorable location for the generation and intensification of
convective cells, similar to the windward coast of the island of Hawaii where the depth of
the offshore flow in the early morning reaches ~500 m with a thermal deficit (∆θv) ~ -5
K and extends ~ 20 km offshore (Feng and Chen 1998).
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Fig. 4.5. (a) YOTC sea-surface temperature (°C, thick contour) and observed surface
winds (full barb represents 5 m s-1) and temperature (°C) at 1800 UTC 15 June (0200 LT
16 June). (b) YOTC SST (contoured), observed surface winds (full barb represents 5 m s1

), and temperature from surface stations at 0600 UTC (1400 LT) 16 June, and dropsonde

winds (full barb represents 5 m s-1), temperature (°C), and pressure (hPa) at the lowest
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level from 0906 UTC to 1022 UTC (1706-1822 LT). (c) SPOL radar radial winds (m s-1)
at 0.15 km at 0822 UTC (1622 LT) 16 June.	
  

Fig. 4.6. Time series of surface temperature (°C) during 14-16 June (LT) at three coastal
stations, Kaohisung, Tainan, and Hengchun (Station K, T and H in Fig. 1.1e), and the air
temperature (°C) at the lowest level of shipboard soundings launched every 6 h at South
Ship.
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4.2.2 Daytime flow regime
Due to heavy early morning rainfall, temperature drops do not recover during the
daytime over southwestern Taiwan (~25°C) (Fig. 4.6). Over the warm ocean upstream of
Taiwan, air temperature recovered faster than over land (Fig. 4.6). Judging from the
surface air temperatures from stations over the island and dropsondes off the
southwestern coast during the afternoon period, it is apparent that rain evaporation over
southwestern Taiwan resulted in cold air temperatures along the southwestern coast and
over the surrounding ocean southwest of Taiwan (Fig. 4.5b). From the sounding data at
Tainan (Station T in Fig. 1.1e), it is apparent that on 16 June the low-level potential
temperature continued to drop after sunrise (Fig. 4.7a) and the atmosphere was
convectively neutral over southwestern Taiwan in the afternoon hours (Fig. 4.7b) because
of rain evaporative cooling. The air temperature near the surface over the ocean off the
southwestern coast was warmer than over land due to air-sea fluxes from warm SSTs
underneath (Fig. 4.5b). As a result, sea breezes failed to develop (Figs. 4.5b and 4.7a).
Furthermore, the prevailing south-southwesterly flow aloft was almost parallel to the
orientation of CMR (Fig. 4.5c and 4.7a). Thus, due to the absence of both the seabreeze/upslope flow at the surface and the orographic lifting aloft, there was no afternoon
rainfall maximum axis along the western slopes and within the mountain interior of CMR
(Fig. 4.8b). In contrast to the convective rainfall over northern Taiwan, the heavy
stratiform rainfall over the southwestern Taiwan coast was not accompanied by lightning
(Fig. 4.8). This may be related to the fact that the southwesterly flow over southwestern
Taiwan was convectively neutral due to rain evaporative cooling (Fig. 4.7b).
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Fig. 4.7. Time series of (a) winds (full barb represents 5 m s-1) and virtual potential
temperature (K), and (b) equivalent potential temperature (K) at Tainan (Yongkang,
Station T in Fig. 1.1e) from 1500 UTC 15 June to 1200 UTC 16 June constructed from
sounding data. Local sunrise is around 0514 LT (2114 UTC, marked R) and sunset is
around 1840 LT (1040 UTC, marked S).
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Fig. 4.8. Mosaic radar reflectivities (dBZ) at (a) 1800 UTC 15 June (0200 LT 16 June)
and (b) 0800 UTC (1600 LT) 16 June. Three-hour lightning frequency (km-2) during (c)
1100-1400 LT and (d) 1400-1700 LT 16 June 2008 (Courtesy of CWB).
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Fig. 4.9. Time series of (a) winds (full barb represents 5 m s-1) and virtual potential
temperature (K), and (b) equivalent potential temperature (K) at Banciao (Station B in
Fig. 1.1e) from 1200 UTC 15 June to 1800 UTC 16 June constructed from sounding data.
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The northern tip of Taiwan in the afternoon hours of 16 June 2008 was in the
leeside wake zone/convergence zone with flow splitting over the southern tip of Taiwan
(Fig. 4.5b). At 1400 LT 16 June, the Banciao sounding (Station B in Fig. 1.1e) over
northern Taiwan is modified by deep convection with convectively unstable stratification
earlier (Fig. 4.9). With weak winds in the wake zone, relatively cold SSTs offshore, and
afternoon solar heating over land, sea-breeze circulation and onshore/upslope flow were
well developed over northern Taiwan (Fig. 4.5b). Heavy rainfall over northern Taiwan
associated with thunderstorm activity occurred from late morning into the afternoon
hours (1100 LT-1700 LT, Figs. 4.8b, c and d). During 1100 LT-1400 LT, thunderstorms
developed along the windward slope of northwestern Taiwan (Fig. 4.8c). In the afternoon
(1400 LT-1700 LT), thunderstorms occurred over the slopes and mountain interior of
northern Taiwan (Fig. 4.8d). Under favorable large-scale settings, two factors are
important for the development of localized heavy rainfall over northern Taiwan: (1) seabreeze circulations and onshore/upslope flows in the island wake zone; and (2)
convective instability.
4.3 Convection-allowing model
4.3.1 Nocturnal flow regime
The horizontal distributions of surface temperature and land-breeze circulation are
reproduced by the convection-allowing (3 km) WRF model (Fig. 4.10c). Rising motion is
simulated along the southwestern coast (Fig. 4.10a) where the offshore flow converges
with the incoming decelerating southwesterly flow (Fig. 4.10c). Rising motion (Fig.
4.10a) and heavy rainfall (Fig. 4.10e) are simulated over the ocean off the southwestern
coast as the incoming flow decelerates. Under favorable large-scale settings and the
presence of pre-existing rain cells embedded in the southwesterly monsoon flow (Fig.
4.8a), the southwestern coast had a nocturnal rainfall maximum.
Without terrain, orographic blocking is absent. The simulated southwesterly
monsoon flow extends over southwestern Taiwan but is weaker than over the open ocean
due to nocturnal cooling and land surface friction (Fig. 4.10d). The land-breeze/offshore
flow simulated over western and southwestern Taiwan in the CTRL run (Fig. 4.10c) is
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absent in the WOT run (Fig. 4.10d). Without the presence of land-breeze/offshore flow,
the simulated rising motion along the western/southwestern coast is weaker (Fig. 4.10b)
with less rainfall over southwestern Taiwan (Fig. 4.10f) as compared with those in the
CTRL run (Figs. 4.10a and e). Over land, the simulated southwesterly flow is relatively
weak (Fig. 4.10d) with suppressed convection (Fig. 4.10f).
4.3.2 Daytime flow regime
The simulated air temperature over the most of the coastal plain of southwestern
Taiwan is colder than over the ocean off southwestern coast (Fig. 4.11c). Thus, seabreeze/upslope flow is not simulated there (Fig. 4.11c), in agreement with observations
(Fig. 4.5b). The observed turning from the southwesterly flow to the southeasterly flow
over southwestern Taiwan as a result of orographic blocking (Fig. 4.5b) is simulated in
the model (Fig. 4.11c). Rising motion is simulated along the southwestern coast (Fig.
4.11a) and resulted in heavy rainfall there (Fig. 4.11e), in agreement with the observed
rainfall accumulation (Fig. 1.1d). However, with a small westerly component impinging
on the CMR, the simulated orographic lifting is much weaker for the IOP#8 case (Fig.
4.12a) as compared to the IOP#3 case (Fig. 3.12a). With the winds aloft almost parallel to
the orientation of CMR (Fig. 4.12a), no rainfall maximum is simulated along the western
slopes of CMR and the mountain interior (Fig. 4.11e), in agreement with observations
(Fig. 1.1d).
At 0600 UTC 16 June, in the WOT run without orographic blocking, there is no
significant flow deceleration off the southwestern coast (Fig. 4.11d). The flow splitting
over southern/southwestern Taiwan simulated in the CTRL run (Fig. 4.11c) is also absent
(Fig. 4.11d). Thus, except northern Taiwan, the southwesterly flow (Fig. 4.11d) with
embedded rain cells (Fig. 4.11f) prevails over the island. On the other hand, the rising
motion offshore off the southwestern Taiwan coast is less significant (Fig. 4.11b) with
less rainfall (Fig. 4.11f) as compared with those of the CTRL run (Figs. 4.11a and e). In
the WOT run, simulated upward motion is mainly associated with rain cells embedded
within the southwesterly flow (Figs. 4.11f and 4.12b).
In the CTRL run, the thermally driven local circulations and northerly return flow
offshore over northern Taiwan are simulated in the afternoon hours because the area is
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within the wake zone (Fig. 4.11c). The simulated rainfall accumulation during 0800 LT–
1800 LT 31 May in the CTRL run exhibits copious rainfall along the west/southwest
coast of Taiwan and a local maximum over northern Taiwan (Fig. 4.11a) in agreement
with observations (Figs. 1.1c and d). In the WOT run, the southwesterly monsoon flow
prevails over the island except along the northwestern and northeastern coasts where
weak sea breezes are simulated (Fig. 4.11d). With sea breeze circulation over northern
Taiwan (Fig. 4.11d), rainfall is also simulated there (Fig. 4.11f). In addition, without
terrain, scattered rainfall extends from southwestern Taiwan to island interior (Fig.
4.11f).
From the E-W vertical cross section along 22.75oN, there is coastal enhancement
of upward motion and upward motion over the adjacent ocean (Fig. 4.12a). The upstream
southwesterly is blocked and turned to southerly flow over southwestern Taiwan. The air
is convectively neutral at the coast and over upstream ocean, in agreement with
observation (Fig. 4.7b). In the WOT run, the air also shows convectively neutral over
land (Fig. 4.12b) in contrast to IOP#3 case with notable convectively unstable air (Fig.
3.12).
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Fig. 4.10. Model results from the Domain 3 model with a 3-km horizontal resolution at
2100 UTC 15 June (0500 LT 16 June): (a) 900-hPa vertical velocity (cm s-1) and 950-hPa
winds (full barb represents 10 m s-1); (b) Same as (a) but for WOT run; (c) 10-m winds
(full barb represents 5 m s-1) and 2-m temperature (°C); (d) Same as (c) but for WOT run;
(e) rainfall accumulation (mm) during 0000-0800 LT 16 June (1600 UTC 15 June-0000
UTC 16 June); (f) Same as (e) but for WOT run. The model is initialized at 0000 UTC 15
June.
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Fig. 4.11. Model results from the Domain 3 model with a 3-km horizontal resolution at
0600 UTC (1400 LT) 16 June: (a) 700-hPa vertical velocity (cm s-1) and 850-hPa winds
(full barb represents 10 m s-1); (b) Same as (a) but for WOT run; (c) 10-m winds (full
barb represents 5 m s-1) and 2-m temperature (°C); (d) Same as (c) but for WOT run; (e)
rainfall accumulation (mm) during 0800-1800 LT 16 June (0000-1000 UTC 16 June); (f)
Same as (e) but for WOT run. The model is initialized at 0000 UTC 15 June.
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Fig. 4.12. Model results from the Domain 3 model with a 3-km horizontal resolution: (a)
E-W vertical cross section (black line in Fig. 15a) of vertical velocity (cm s-1, shaded),
equivalent potential temperature (K, contoured) and horizontal wind field (u-v, full barb
represents 10 m s-1) along 22.75oN (black line in Figure 1e) at 0600 UTC 16 June in the
CTRL run and (b) WOT run. The model is initialized at 0000 UTC 15 June.
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CHAPTER V: IMPACTS OF DATA ASSIMILATION ON A COASTAL HEAVY
RAINFALL EVENT DURING TIMREX IOP #8

5.1 COSMIC sounding analysis of the vertical structure of the pre-frontal moisture
tongue
Figure 5.1 shows the averaged TPW from NCEP FNL analysis during 0000 UTC
16 June-0000 UTC 17 June and the location of COSMIC soundings. The Mei-Yu front
was over southeastern China with the prefrontal moisture tongue extending from 105oE to
120oE along the southeast China coast and over the northern South China Sea (not
shown). The WPSH is to the southeast of the moisture tongue. The atmosphere is
relatively dry over the postfrontal region and southeast of the moisture tongue over the
WPSH. Soundings 3, 4, 7 and 13 were located within the moisture tongue; soundings 11
and 16 were located over the postfrontal region; soundings 17 and 18 were located over
WPSH. Figure 5.2 shows composite COSMIC soundings within the moisture tongue
(red), over the postfrontal region (blue) and over the WPSH (green). The composite
sounding within the moisture tongue shows warm and moist air throughout the entire
troposphere with TPW ~ 60 mm, the LCL at the 945-hPa level and a small CAPE (~2 J).
However, the atmosphere is almost saturated. The composite sounding over the
postfrontal region shows relatively cold and dry air below the 700-hPa level. The
composite sounding over the WPSH shows an inversion layer around 875-850 hPa with
relatively dry air above.

	
  

61	
  

Fig. 5.1. The averaged TPW from the NCEP FNL analysis and COSMIC sounding
locations during 0000 UTC 16 June-0000 UTC 17 June 2008. Soundings within the
moisture tongue: soundings 3,4,7, and 13; over the postfrontal region: soundings 11 and
16; over the WPSH: soundings 17 and 18.
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Fig. 5.2. Composite COSMIC soundings within the moisture tongue (red), over the
postfrontal region (blue) and over the WPSH (green) during 0000 UTC 16 June-0000
UTC 17 June 2008.
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5.2 Impacts of data assimilation on model initial conditions
5.2.1 Subsynoptic scale weather patterns
At 1200 UTC 15 June, a broad moisture tongue extended northeastward from the
Indo-China Peninsula to Japan. The TPW within the moisture tongue from FNL analysis
(Fig. 5.3c) is similar to the GFS forecast (Fig. 5.3d) with relatively higher moisture
content over the southeastern China coast and the South China Sea. With satellite
observations assimilated into the FNL analysis, the moisture tongue is better defined (Fig.
5.3c). After applying the data assimilation (GPSGTS and GTS cycling runs) to include
TiMREX and GTS data and with/without GPS data, the moisture tongue is well defined
with higher moisture over the South China Sea and lower moisture over the Taiwan Strait
(Figs. 5.3a and b). It is apparent that TiMREX soundings, especially data from the South
Ship and the Dong Sha Island (Fig. 2.3a) have a positive impact in delineating the
moisture tongue over the South China Sea. At 300-hPa level, results form the domain 1
of GPSGTS run shows a low southwest of Taiwan with a trough extending
southwestward (Fig. 5.4a). At the 500-hPa level, westerly flow prevailed over southern
China with an upper-level low/trough southwest of Taiwan (Fig. 5.4b). In the GTS run,
the 300-hPa low/trough extending westward to the southern Taiwan Strait (Fig. 5.4c)
instead of extending southwestward to northern South China Sea as in the GPSGTS run
(Fig. 5.4a). At the 500-hPa level, the upper-level low/trough is present west of central
Taiwan (Fig. 5.4d). On the other hand, for the initial conditions used in the CTRL run,
the upper-level low over southwestern Taiwan is not properly resolved (Figs. 5.4e and f).
The location and orientation of the upper-level low/trough in the initial condition would
influence the sequent forecast of upward motion associated with the low/trough and the
rainfall distribution, which will be discussed later in this study.
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Fig. 5.3. TPW at 1200 UTC 15 June from the (a) GPSGTS run, (b) GTS run, (Domain 1),
(c) NCEP FNL analysis, and (d) GFS forecast. o marks rawinsonde sites and + marks
GPS RO soundings.
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Fig. 5.4. (a) 300-hPa and (b) 500 hPa geopotential height (gpm) and winds (m s-1, full
barb represents 10 m s-1) at 1200 UTC 15 June from the GPSGTS run. (c) and (d) Same
as (a) and (b), but for the GTS run. (e) and (f) Same as (a) and (b), but for the CTRL run
(Domain 1).

5.2.2 Cold boundary layer due to evaporative cooling from antecedent rain in the
convection-allowing model
From 0000 UTC 14 June to 1200 UTC 15 June, heavy rainfall occurred over
southwestern Taiwan during the passage of a squall line (Fig. 5.5a). Both the GPSGTS
and the GTS runs underestimate the rainfall amount over southwestern Taiwan during
0000 UTC 14 June - 1200 UTC 15 June (Figs. 5.5b and c). Nevertheless, comparing the
6-h forecasts from the cycling runs and the CTRL run, it is apparent that without cycling
runs, the 6-hr forecast initialized from 1200 UTC 15 June shows relatively warm
temperatures over southwestern Taiwan and off southwestern Taiwan (Fig. 5.6c) as
compared to the cycling runs (Figs. 5.6a and b). It is evident that the simulated boundary
structure in the cycle runs is affected by rain evaporative cooling of antecedant rainfall
over southwestern Taiwan during 0000 UTC 14 June to 1200 UTC 15 June. As a result,
without the presence of the cold pool at the model initial time in the CTRL run, the
orographic blocking and the turning from southwesterly flow to southerly flow over
southwestern Taiwan are less significant (Fig. 5.6c) as compared with the cycling runs
(Figs. 5.6a and b).
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Fig. 5.5. Rainfall accumulation during 0000 UTC 14 June-1200 UTC 15 June from (a)
rain gauge observation, (b) GPSGTS run and (c) GTS run (Domain 3).
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Fig. 5.6. The 900-hPa potential temperature (K) and winds (m s-1, full barb represents 10
m s-1) at 1800 UTC 15 June in the (a) GPSGTS run, (b) GTS run and (c) CTRL run
(Domain 3).

5.3 Impacts of data assimilation on subsynoptic and island-scale forecasts
5.3.1 Subsynoptic scale
At 0600 UTC 16 June, from domain 1 model results, the simulated 500-hPa
low/trough west of Taiwan is evident (Figs. 5.7a and b). The upward motion (>10 and 20
cm s-1) associated with the low/trough is simulated concentrated over southwest of
Taiwan in the GPSGTS run (Fig. 5.7a). In the GTS run, the simulated upward motion is
relatively strong as compared with the GPSGTS run and extends westward toward
southern Taiwan Strait (Figs. 5.7b). However, in the CTRL run, there is a weak trough
off northeastern Taiwan without a notable trough west of Taiwan (Fig. 5.7c).
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Fig. 5.7. 500-hPa geopotential height (gpm), vertical velocity (>10 cm s-1, green contour;
>20 cm s-1, yellow contour) and winds (m s-1, full barb represents 10 m s-1) at 0600 UTC
16 June from the (a) GPSGTS run, (b) GTS run and (c) CTRL run (Domain 1).

5.3.2 Vertical cross section of the Mei-Yu system
I take a NW-SE cross section from south China to the western North Pacific along the
yellow line in Figure 5.8. At 0600 UTC 16 June, the upward motions associated with the
upper-level trough around 118oE and the Mei-Yu front around 110oE are evident in the
YOTC analysis (Fig. 5.9a). With data assimilation in the initial conditions, the model
results from domain 1 show upward motion over the Mei-Yu frontal zone over
southeastern China around 112oE (Fig. 5.9b). The depth of the shallow postfrontal
northeasterly flow is about 1.5 km. The pre-frontal southwesterly flow is lifted by the
postfrontal northeasterly flow with rising motion in the frontal zone (Fig. 5.9b) in
agreement with the YOTC analysis (Fig. 5.9a). Another upward motion region is
simulated around 119oE reaching 310 cm s-1 ahead of the upper-level trough (Fig. 5.9b)
consistent with the YOTC analysis, except the vertical motion is stronger than in the
YOTC analysis (Fig. 5.9a).
In the CTRL run, the Mei-Yu front is over southeastern China around 113oE (Fig.
5.9c). The southwesterly flow prevails over the pre-frontal region throughout the entire
troposphere. Nevertheless, the pre-frontal upper-level low/trough southwest of Taiwan
around 118oE is not well simulated (Fig. 5.9c). Without a significant upper-level
low/trough, the upward motion southwest of Taiwan around 119oE is weaker in the
CTRL run (Fig. 11c) than the GPSGTS run (Fig. 5.9b).
At 0600 UTC 16 June, in the GPSGTS run, warm, moist air is transported upward
from low levels to the upper troposphere by vertical motion around 112oE and 119oE
(Fig. 5.9b) with high equivalent potential temperature extending from the surface to the
upper troposphere (Fig. 5.10b). In contrast, in the CTRL run, with only weak upward
motion over the prefrontal region around 119oE (Fig. 5.9c), high equivalent potential
temperature extending upward to the middle troposphere is not significant (Fig. 5.10c).
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Furthermore, in the CTRL run and the YOTC analysis, the relatively dry conditions
associated with the WPSH extend westward to 119oE (near Taiwan region) (Figs. 5.10a
and c). In the postfrontal region, both the GPSGTS run and the CTRL run show relatively
cold and dry air with low equivalent potential temperature consistent with the YOTC
analysis (Fig. 5.10). East of 123oE, both GPSGTS and CTRL runs show that under the
influence of the WPSH, the high equivalent potential temperature air is confined below
the 1.3-km level consistent with the YOTC analysis (Fig. 5.10).

Fig. 5.8. NW-SE cross section line and terrain height (m).
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Fig. 5.9. Vertical cross section of vertical velocity (cm s-1) and winds (m s-1, fall barb
represents 10 m s-1) along the red line in Figure 5.8 at 0600 UTC 16 June in the (a)
YOTC analysis, (b) GPSGTS run and (c) CTRL run (Domain 1).
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Fig. 5.10. Vertical cross section of equivalent potential temperature (K, shaded) and
winds (fall barb represents 10 m s-1) along the red line in Figure 5.8 at 0600 UTC 16 June
in the (a) YOTC analysis, (b) GPSGTS run and (c) CTRL run (Domain 1).
5.3.3 Moisture tongue and low-level jet
The horizontal distributions of the averaged TPW and 850-hPa winds during
0000-1200 UTC 16 June from the YOTC analysis, show that the southwesterly monsoon
flow passes through Taiwan with a maximum moisture axis extending northeastward
from the north South China Sea to northeast of Taiwan (Figs. 5.11a and b). The LLJ
extends northeastward from the open ocean southwest of Taiwan to east of Taiwan (Fig.
13b). An axis of high 850-hPa !" and high K index [KI = (T850-T500) + Td850 - (T700 Td700)] extends northeastward from upstream of Taiwan to north of Taiwan (Figs. 5.11c
and d) showing potentially unstable air there.
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Fig. 5.11. The averaged (a) TPW, (b) 850-hPa winds (m s-1) and geopotential height
(gpm), (c) 850-hPa equivalent potential temperature (K) and geopotential height (gpm),
and (d) K index during 0000-1200 UTC 16 June from YOTC analysis.

From the domain 1 model results, both the GPSGTS and GTS runs show a
moisture axis extending northeastward from the northern South China sea to east of
Taiwan with high TPW (Figs. 5.12a and 5.13a) and high 850-hPa !" and KI values (Figs.
5.12c, d and 5.13c, d). The southwesterly monsoon flow/LLJ extends from upstream of
southwestern Taiwan to east of Taiwan (Figs. 5.12b and 5.13b). In the CTRL run, we can
see that the moist southwesterly monsoon flow has a larger westerly wind component
than in the GPSGTS and the GTS runs (Figs. 5.12a, b, 5.13a, b and 5.14a, b) with the
island wake off the northeastern Taiwan coast (Fig. 5.14b). In contrast, the wake of the
southwesterly monsoon flow was off northern Taiwan in the GPSGTS (Fig. 5.12b) and
the GTS runs (Fig. 5.13b) in agreement with the YOTC analysis (Fig. 5.11b). The
southwesterly monsoon flow upstream of Taiwan is stronger in the YOTC analysis (Fig.
5.11b), the GPSGTS (Fig. 5.12b) and the GTS runs (Fig. 5.13b) than in the CTRL run
(Fig. 5.14a). In the CTRL run, the moisture tongue upstream of southwestern Taiwan
over the northern South China Sea is less pronounced with a lower moisture content (Fig.
5.14a), lower 850-hPa !" and KI (Figs. 5.14c and d) than the GPSGTS and the GTS runs
(Figs. 5.12a, c, d and 5.13a, c, d). With TiMREX and GTS data with/without GPS
soundings assimilated, the moisture tongue upstream of Taiwan over the South China Sea
is well simulated with potentially unstable atmosphere (Figs. 5.12 and 5.13). The strength
and direction of the LLJ are better forecast in the GPSGTS run (Fig. 5.12b) than the GTS
and the CTRL runs (Figs. 5.13b and 5.14b) as compared to the YOTC analysis (Fig.
5.11b). The GPSGTS run shows higher 850-hPa !" over the Taiwan Strait (Fig. 5.12c)
than the GTS run (Fig. 5.13c) implying more unstable over the Taiwan Strait in the GTS
run.
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Fig. 5.12. The averaged (a) TPW, (b) 850-hPa winds (m s-1) and geopotential height
(gpm), (c) 850-hPa equivalent potential temperature (K) and geopotential height (gpm),
and (d) K index during 0000-1200 UTC 16 June from the GPSGTS run (Domain 1).
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Fig. 5.13. The averaged (a) TPW, (b) 850-hPa winds (m s-1) and geopotential height
(gpm), (c) 850-hPa equivalent potential temperature (K) and geopotential height (gpm),
and (d) K index during 0000-1200 UTC 16 June from the GTS run (Domain 1).
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Fig. 5.14. The averaged (a) TPW, (b) 850-hPa winds (m s-1) and geopotential height
(gpm), (c) 850-hPa equivalent potential temperature (K) and geopotential height (gpm),
and (d) K index during 0000-1200 UTC 16 June from the CTRL run (Domain 1).

5.3.4 Low-level thermodynamic structure over southwestern Taiwan and the upstream
ocean in the convection-allowing model
At 0600 UTC 16 June, in the convection-allowing model with a 3-km horizontal
resolution (Domain 3), the GPSGTS and the GTS runs (Figs 5.15a and b) show colder
boundary layer temperatures over southwestern Taiwan than the CTRL run (Fig. 5.15c).
The airflow turns from southwesterly to southerly over southwestern Taiwan in the
GPSGTS and the GTS runs (Figs. 5.15a and b). In the CTRL run, the southwesterly flow
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still prevails upstream of southwestern Taiwan and over southwestern Taiwan without
turning of flow over southwestern Taiwan (Fig. 5.15c). The orographic blocking is more
significant in the GPSGTS and the GTS runs than the CTRL run (Fig. 5.15).
The upstream southwesterly monsoon flow is blocked and turned to southerly
flow off southwestern Taiwan (Fig. 5.16a). There is also flow splitting over southern
Taiwan. The rain evaporative cooling occurs over southwestern Taiwan and off
southwestern Taiwan with T~24-25oC over land. Northern Taiwan is in the wake of the
south-southwesterly flow where diurnally driven flow (sea breeze/upslope flow) is
pronounced. All models (GPSGTS, GTS and CTRL) predict the cold pool, blocking and
splitting of airflow over southwestern Taiwan. However, the GPSGTS and the GTS runs
show warm southwesterlies encountering the cold pool over southwestern Taiwan and the
adjacent ocean with a larger thermal contrast at the surface (Figs. 5.16b-d). As a result,
the offshore flow is more pronounced in the GPSGTS and the GTS runs than in the
CTRL run. Also, all models predict a sea breeze over northern Taiwan. The upslope flow
over northwestern Taiwan is simulated in the GPSGTS run and the GTS run but
underestimated in the CTRL run (Fig. 5.16).
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Fig. 5.15. The 900-hPa potential temperature and winds at 0600 UTC 16 June in the (a)
GPSGTS run, (b) GTS run and (c) CTRL run (Domain 3).

Fig. 5.16. (a) RTG sea surface temperature (oC, contoured), observed surface winds (full
barb represents 5 m s-1), and temperature from surface stations at 0600 UTC (1400 LT)
16 June, and dropsonde winds (full barb represents 5 m s-1), temperature (oC), and
pressure (hPa) at the lowest level from 0906 UTC to 1022 UTC (1706-1822 LT). The 2m temperature (oC), and 10-m winds (full barb represents 5 m s-1) from (b) GPSGTS run,
(c) GTS run, and (d) CTRL run.

From the E-W vertical cross section of potential temperature, winds, and vertical
velocity over southern Taiwan along 22.75oN at 0600 UTC 16 June in the GPSGTS and
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the GTS runs, we can see that the upward motion occurs over the convergence region
between upstream southwesterly flow and blocked southerly flow over southwestern
Taiwan around 120-120.5oE in the convection-allowing model (Figs. 5.17a and b). The
deflected southerly flow over southwestern Taiwan at low levels is most pronounced in
the GPSGTS run (Fig. 5.17). In the CTRL run, the upward motion within the coastal
convergence zone was contributed to by orographic blocking of southwesterly flow (Fig.
5.17c). The turning of southwesterly flow to southerly flow in the CTRL run is not
present due to less significant orographic blocking. The 2nd upward motion maximum is
over the peak of the CMR, which is related to orographic lifting of southwesterly flow
(Fig. 5.17c). Associated with orographic lifting of southwesterly flow, there was
adiabatic warming in the leeside (Figs. 5.17c and 5.15c). The leeside warming is about 12 K greater in the CTRL run as compared to the GPSGTS and the GTS runs (Figs. 5.155.17). All three runs show convectively neutral air over southwestern Taiwan and the
adjacent coastal region (Fig. 5.18).
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Fig. 5.17. The E-W cross section of vertical velocity (cm s-1), potential temperature (K)
and winds (full barb represents 10 m s-1) along 22.75oN at 0600 UTC 16 June in the (a)
GPSGTS run, (b) GTS run, and (c) CTRL run (Domain 3).
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Fig. 5.18. The E-W cross section of vertical velocity (cm s-1), equivalent potential
temperature (K) and winds (full barb represents 10 m s-1) along 22.75oN at 0600 UTC 16
June in the (a) GPSGTS run, (b) GTS run, and (c) CTRL run (Domain 3).

5.3.5 Rainfall forecast over southwestern Taiwan and verifications
During the daytime of 16 June, heavy rainfall occurs over southwestern Taiwan
with a rainfall maximum along the coast (Fig. 5.19a). The CMORPH rainfall data with a
0.25-degree resolution delineate heavy rainfall systems off the southwestern Taiwan
coast as well as over southwestern Taiwan with decreasing rainfall inland (Fig. 5.19b).
However, the CMORPH rainfall data (Fig. 5.19b) underestimate actual rainfall over land
as compared to rain gauge observations (Fig. 5.19a). Rainfall accumulation from domain
3 in the GPSGTS and the GTS runs over southwestern Taiwan (Figs. 5.19c and d) is
comparable to rain gauge observations with decreasing rainfall inland (Fig. 5.19a).
However, the GPSGTS run shows better rainfall distribution off the southwestern Taiwan
coast than the GTS run (Figs. 5.19c and d) in comparison with the CMORPH rainfall data
(Fig. 5.19b). The GTS run shows a narrow E-W oriented rainband extending too far
westward (Fig. 5.19d) as compared with the CMORPH data (Fig. 5.19b). This may be
because the GTS run predicts upward motion extending westward to southern Taiwan
Strait during daytime (Fig. 5.7b) whereas the GPSGTS run predicts upward motion
concentrating over southwest of Taiwan (Fig. 5.7a). As it is shown that the GPS RO data
have positive impacts on subsynoptic features including the upper-level low/trough
location and orientation resulting in a better initial condition for sequence forecast. The
rainfall over southwestern Taiwan and northern South China Sea in the GTS run is
slightly overestimated (Fig. 5.19d) as compared with the rain gauge observations and the
CMORPH data (Figs. 5.19a and b). In general, the GPSGTS shows the best forecast of
the horizontal distribution of rainfall. In the CTRL run, the coastal rainfall is slightly
shifted to the north with the offshore rainfall maximum shifted off central western
Taiwan (Fig. 5.19e). The CTRL run significantly underestimates rainfall forecast over
southwestern Taiwan and upstream of southwestern Taiwan (Fig. 5.19e). The CTRL run
shows the poorest forecast of the rainfall pattern (Fig. 5.19). This may be caused by lower
	
  

89	
  

TPW (Fig. 5.14a) with weak upward motion (Fig. 5.7d) southwest of Taiwan. Another
rainfall maximum in the CTRL run is over the Central Mountain Range (CMR) (Fig.
5.19e) related to orographic lifting of southwesterly monsoon flow with a westerly wind
component. However, the rain gauge observations do not show the 2nd rainfall maximum
over the CMR (Fig. 5.19a). It has been shown in Section 4 that the orographic lifting of
southwesterly monsoon flow is almost absent during the daytime rainfall period using
surface observations, soundings and radar radial winds as the low-level flow above the
surface is parallel to the orientation of the Central Mountain Range.
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Fig. 5.19. The rainfall accumulation during 0000-1200 UTC 16 June from (a) rain gauge
observations, (b) CMORPH data, (c) GPSGTS run, (d) GTS run and (e) CTRL run
(interpolation from Domain 3 results).

Observed
Rain

No rain

Rain

A

B

No Rain

C

D

Forecasted

Table 5.1. Rain contingency table used for verification. Each element of the matrix (A, B,
C, and D) holds the number of occurrence in which the observations and/or the
model forecasts reach a precipitation threshold amount for a given forecast period.
The threat score (TS) and bias score (BS) used in this study are derived using a
contingency table (Wilks 1995) (Table 5.1). Each element of the matrix (A, B, C, D)
holds the number of occurrence in which the observations and/or the model forecasts
reach a precipitation threshold amount for a given forecast period (12-h for this case
study). The TS is defined as
!

!

!" = !!!!! = !!!!! ,

(1)

where H is the number of grid points where rainfall was correctly forecasted to exceed a
given threshold (a “hit”), F is the number of grid points where precipitation was
forecasted to exceed a given threshold, and O is the number of observed grid points
where rainfall exceeded the threshold. The BS is defined as
!

!!!

!" = ! = !!! ,

(2)

where F and O are defined above.
The TS and BS are evaluated for several threshold values (10, 15, 20, 25, 30, 35,
40, 50, 60, 70, 90, 110, 130, 150, 170, 190, 210 mm) based on the 12-h rainfall forecast
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over southern Taiwan (south of 23.5 oN) during 0000 UTC – 1200 UTC 16 June for the
GTSGTS, the GTS and the CTRL runs. Over all, the GTS run shows higher TS than the
GPSGTS run (Fig. 5.20a). However, the GTS run overestimates rainfall especially when
rainfall > 180 mm (Fig. 5.20b). The GPSGTS run underestimates rainfall (Fig. 5.20b).
The CTRL run overestimates light rainfall and underestimates heavy rainfall (Fig. 5.20b).
The CTRL run has almost no predictability when rainfall > 170 mm with TS equal to
zero (Fig. 5.20a). It is apparent that better initial conditions from cycling runs with data
assimilation have positive impacts on heavy rainfall prediction.
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Fig. 5.20. (a) TS and (b) BS for southern Taiwan (south of 23.5oN) in the GPSGTS run,
GTS run and CTRL run (Domain 3).
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5.3.6 Rainfall forecast over northern Taiwan and verifications
The rain gauge observation shows that heavy rainfall occurred over the northwest
mountain slopes and in the mountain interior over northern Taiwan during 0000 UTC –
1200 UTC 16 June (Fig. 5.21a). Model results with a 3-km resolution shows that the
rainfall maximum occurs over the northwest mountain slopes with less rainfall in the
mountain interior over northern Taiwan in the GPSGTS and the GTS runs (Figs. 5.21b
and c). The CTRL run significantly underestimates the rainfall amount over northern
Taiwan (Fig. 5.21d) as compared with GPSGTS and the GTS runs (Figs. 5.21b and c).
Overall, rainfall prediction over northern Taiwan in the convection-allowing
model is worse than over southern Taiwan with lower TS (Figs. 5.20a and 5.22a). The
TS from the GPSGTS run is higher than in the GTS run (Fig. 5.22a). The CTRL run
shows poorest prediction of moderate rainfall (>40 mm) (Fig. 5.22a). The CTRL run
significantly underestimates moderate and heavy rainfall with a low BS (<0.2) when
rainfall is greater than 50 mm (Fig. 5.22b). The GPSGTS and the GTS run have better
forecasts for moderate rainfall (BS close to 1) but relatively low predictability for heavy
rainfall (BS less than 0.5) (Fig. 5.22b).
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Fig. 5.21. The rainfall accumulation over northern Taiwan during 0000-1200 UTC 16
June from (a) rain gauge observations, (b) GPSGTS run, (c) GTS run and (d) CTRL run
(Domain 3).
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Fig. 5.22. (a) TS and (b) BS for northern Taiwan (north of 24.5oN) in the GPSGTS run,
GTS run and CTRL run (Domain 3).
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CHAPTER VI: SUMMARY AND DISCUSSION

The diurnal cycle of island-induced circulations and their interactions with the
prevailing winds play an important role in determining the locations and timings for the
development of clouds and rain in many different parts of the tropical and monsoon
regions (e.g., Houze et al. 1981; Johnson and Pregnitz 1981; Carbone et al. 2000; Garrett
1980; Chen and Nash 1994; Kerns et al. 2010; and others). In this study, two distinctly
different early summer monsoon localized heavy rainfall events (31 May 2008 during
TiMREX IOP #3 and 16 June 2008 during IOP #8) were studied using a combination of
observations and numerical simulations. Our results show that the effects of terrain, rain
evaporative cooling, local winds, diurnal heating cycle, and pre-existing convection play
very important roles in determining the timing and location of occurrences of localized
heavy rainfall under favorable large-scale conditions.
For the IOP #3 case, after the shallow surface front passed central Taiwan, the
postfrontal northeasterly flow is blocked and deflected over northern Taiwan leaving
warm, moist, potentially unstable air over southwestern Taiwan. At 0600 UTC (1400
LT) 31 May, the development of a broad convective area over the southwestern slopes of
the CMR is related to the orographic lifting of the warm, moist, southwesterly flow above
the shallow postfrontal northeasterlies combined with sea breeze-upslope flow on the
windward slopes.
For the 15-16 June case, with rain evaporative cooling caused by pre-existing rain
cells that drifted inland, the depth of the cold pool and offshore flow along the
southwestern coast reached as high as 520 m. It is apparent that the early morning
coastal rainfall on 16 June is related to a combined effect of nocturnal and rain
evaporative cooling and orographic blocking as the pre-existing rain cells drift inland.
During the daytime of 16 June, the cold pool remained over southwestern Taiwan
due to continued rain evaporative cooling. Because of the warm SSTs underneath, the
surface air temperature over the ocean off the southwestern coast is warmer than over
land. As a result, an offshore wind component along the southwestern coast persisted
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during the day. Furthermore, low-level winds above the cold pool are parallel to the
terrain contour without significant orographic lifting aloft. Due to the presence of an
offshore convergence zone and the interaction between the incoming prevailing flow and
the low-level offshore flow, coastal rainfall is favored as rain cells drift inland.
During the daytime of 16 June, northern Taiwan was in the wake zone with weak
winds, a northerly return flow, and convectively unstable atmosphere. Furthermore, with
relatively cold SSTs offshore and afternoon solar heating over land, daytime sea-breeze
circulations and onshore/upslope flows were well developed in the afternoon hours. As a
result, heavy rainfall associated with thunderstorm activity occurred there.
The comparison of daytime heavy rainfall period during IOP#3 and IOP#8 is
shown in Table 6.1. From our analysis, IOP#3 has relatively strong subsynoptic low-level
forcing (Fig. 3.3f) whereas IOP#8 has weak upper-level forcing (Fig. 4.4b). However,
rainfall accumulation is much higher along the southwestern coast for IOP#8 than along
the windward slopes for IOP#3 (Fig. 1.1). Note that the total precipitable water (TPW)
reaches 55 mm over the Taiwan area during IOP#3 (Fig. 3.1c), whereas it is over 65 mm
over southwestern Taiwan and the adjacent oceans during IOP#8 (Fig. 4.1c). These
results are in agreement with previous studies that show higher rainfall over the Taiwan
area during the late season (1-15 June) of the early summer rainy season than the early
season (16-31 May) because of warmer southwesterly monsoon flow with higher
moisture content as the season progresses (Chen 1993; Chen and Chen 2003). Yeh and
Chen (1998) also found that during the late season (1-27 June) in 1987, the rainfall over
the windward slopes was more than twice of that in the early season (10-31 May) due to a
more persistent southwesterly monsoon flow that contains higher moisture. Another
striking feature for the 16 June case is the existence of extensive rain cells over the ocean
embedded in the southwesterly monsoon flow (Fig. 4.8). Note that the pre-existing
extensive rain cells embedded in the southwesterly flow over the ocean off the
southwestern coast are observed and simulated in the model even without the presence of
terrain (WOT runs) (Figs. 4.10, 4.11 and 4.12). As they moved toward the island, they
were enhanced by the diurnal and local effects and the convergence at the leading edge of
the cold pool resulted from rain evaporative cooling. In contrast, for the 31 May case, the
pre-existing convection was mainly associated with the passage of the shallow frontal
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system over the western coast at night with suppressed convection over land (Fig. 3.6a).
During the daytime, after the passage of the frontal cyclone, pre-existing rain cells over
the adjacent oceans were not present (Fig. 3.6b).
Because terrain and local effects are important in determining the location and
timing of heavy precipitation under favorable large-scale settings, proper depiction of
land surface conditions (terrain and land surface properties) (Zhang et al. 2005a,b; Yang
et al. 2005) are essential for convection-allowing mesoscale models to provide useful
numerical guidance over a mountainous subtropical island and the study of the islandscale climate of rainfall. These localized heavy rainfall events can’t be accurately
predicted by using the traditional 24-h synoptic forecast approach. Nowcasting with
careful monitoring of these events from radars, satellites, rain gauges, and local
observations is needed to provide accurate warnings in a timely manner in real-time
operational settings.

IOP#3 (5/31)

IOP#8 (6/16)

Low-level frontal cyclone

Upper-level low/trough

passed by after the passage

embedded within prefrontal

of a surface front

moisture tongue

Daytime air temperature

Cold, dry postfrontal

Warm, moist southwesterly

over southwestern Taiwan

northeasterlies were

flow prevailed upstream of

deflected by the CMR,

southwestern Taiwan but

leaving warm, moist air

rain evaporative cooling

over the lee-side

resulted in a cold pool over

southwestern Taiwan plain

southwestern Taiwan

(convectively unstable)

(convectively neutral)

Southwesterly flow

Southwesterly flow is

Mesocyclone

Daytime low-level flow
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direction over southwestern

impinges on the CMR

blocked and turned to

Taiwan

(orographic lifting)

southerly flow (no
orographic lifting aloft)

Daytime local circulation

Sea breeze/upslope flow

No sea breeze/upslope flow
Offshore flow component

Rainfall maximum

On the mountain range Along the southwest coast
(max. >110 mm)

(max > 200 mm)

Table 6.1. The comparison of daytime heavy rainfall period during IOP#3 and IOP#8.

I selected a heavy rainfall case during the early summer rainy season (16 June
2008) to study how data assimilation of the Terrain-influenced Monsoon Rainfall
Experiment (TiMREX) data and global telecommunications system (GTS) data
with/without Constellation Observing System for Meteorology, Ionosphere, and Climate
(COSMIC) global positioning system (GPS) radio-occultation (RO) soundings would
improve the initial conditions for subsequent forecasts of upper-level subsynoptic
features, total precipitable water, thermodynamic structure and instability of the moisture
tongue and the rainfall distribution. The COSMIC soundings are used to depict the
prefrontal moisture tongue for this particular case. It is shown that the prefrontal moisture
tongue is characterized by warm, moist air that is almost saturated throughout the entire
column of atmosphere, cold and dry below the 700-hPa level over the postfrontal region,
and an inversion layer around the 875-850-hPa levels with dry air aloft over the WPSH.
The GPSGTS and the GTS runs show a better defined moisture tongue with
higher total precipitable water (TPW) over the South China Sea upstream of Taiwan at
the model initial time than the CTRL run initialized by the GFS data and the YOTC
analysis at 1200 UTC 15 June by assimilating TiMREX and GTS data with/without GPS
soundings. At the 500-hPa level, the upper-level low/trough west of Taiwan is present in
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the initial conditions of the GPSGTS and the GTS runs in agreement to the YOTC
analysis. In the CTRL run, the upper-level trough from the GFS data is less significant.
The upward motion ahead of the upper-level trough is also present after data assimilation
in the GPSGTS and the GTS runs but is very weak from the GFS data.
In addition to improvement in the depiction of the moisture tongue and
subsynopitic weather patterns, data assimilation with cycling runs include the rain
evaporative cooling from the antecedent rains during 14-15 June 2008 and orographic
effects in the initial conditions of the nested domains. With cycling runs, the predicted air
temperature in the boundary layer over southwestern Taiwan in the early morning of 16
June is relatively cold with significant orographic blocking. At low levels, the
southwesterly monsoon flow turns to southerly flow over southwestern Taiwan. In the
CTRL run, the predicted air in the boundary layer over southwestern Taiwan is relatively
warm and the southwesterly flow has a westerly wind component impinging on the
Central Mountain Range.
With better initial conditions after data assimilation with cycling runs, the
moisture content, geopotential height, and the strength and direction of the low-level jet
(LLJ) are better predicted than in the CTRL run. During the daytime of 16 June, the
GPSGTS and the GTS runs show a better defined moisture tongue with higher 850-hPa
!" and K index (KI) than in the CTRL run. In the GPSGTS and the GTS runs, the
southwesterly monsoon flow is deflected and becomes southerly flow over southwestern
Taiwan resulting from a combination of orographic effects and rain evaporative cooling.
With a relatively strong southwesterly monsoon flow and westerly wind component in
the CTRL run, in addition to the coastal rainfall maximum, a rainfall maximum in the
mountainous interior due to orographic lifting is predicted. However, in the GPSGTS and
the GTS runs, only the coastal rainfall is predicted over the convergence region over
southwestern Taiwan.
Among all three runs, the GPSGTS run predicts the best rainfall pattern of this
coastal heavy rainfall event including rainfall distribution over land and the adjacent
oceans due to a better initial condition of subsynoptic features. The GTS run predicts a
relatively narrow rain band, which extends too westward as compared with the CMORPH
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rainfall data. The CTRL run significantly underestimates rainfall off the southwest coast
of Taiwan. For the heavy rainfall verification over land over southern Taiwan, the GTS
run has the highest threat score (TS) among all runs. However, it overestimates heavy
rainfall. The GPSGTS run underestimates rainfall amount. The CTRL run has very little
skills in predicting heavy rainfall > 170mm.
Heavy rainfall also occurred over the northwest mountain slopes and in the
mountain interior of northern Taiwan during 0000 UTC – 1200 UTC 16 June. In the
GPSGTS and the GTS runs, the rainfall maximum occurs over the northwest mountain
slopes with less rainfall in the mountain interior of northern Taiwan than observed. The
GTSGPS and the GTS runs are more successful in predicting moderate rainfall (higher
TS and BS close to 1) than heavy rainfall. Both runs underestimate heavy rainfall over
northern Taiwan with lower BS. On the other hand, the CTRL run significantly
underestimates rainfall amount for moderate rainfall and heavy rainfall with BS less than
0.1.
The COSMIC soundings included in the cycling run for this case are not located
within the moisture tongue (Fig. 5.3a). The modification of the moisture tongue
distribution over the South China Sea and over the Taiwan region in the initial conditions
trough data assimilation cycling run is mainly a result of the contribution made by the
TiMREX special soundings (Fig. 5.3), South Ship and Dong-Sha Island within the
upstream moisture tongue and the other 9 rawinsonde sites around Taiwan. The impact of
COSMIC soundings on rainfall prediction is presented in Figure 5.19. The cycling run
without GPS RO soundings shows a westward extension of heavy rainfall with an upperlevel low/trough west of Taiwan extending westward. However, in the GPSGTS run, the
upper-level low/trough is located southwest of Taiwan with the trough extending
southwestward and the rainfall pattern being closer to what is observed. The COSMIC
GPS RO soundings modify the large-scale and subsynoptic scale features which
contribute to better rainfall prediction for this case.
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