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ABSTRACT

A cycling run, which began 36 h before the model forecast, was employed to assimilate special Terrain-

influenced Monsoon Rainfall Experiment (TiMREX) soundings, Global Telecommunications System (GTS)

data, and Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC) global po-

sitioning system (GPS) radio occultation (RO) refractivity profiles to improve the model initial conditions

provided by the National Centers for Environmental Prediction (NCEP) Global Forecast System (GFS) to

study a coastal, heavy rainfall event over southwestern Taiwan during 15–16 June 2008. The 36-h cycling run

with data assimilation (DA_ALL_DATA run) has a positive impact on the depiction of subsynoptic flow in the

model initial conditions at 1200 UTC 15 June, including the warm moist tongue and southwesterly monsoon

flow over the open ocean. Furthermore, the cold pool caused by the evaporative cooling of antecedent rains

and orographic blocking over southwestern Taiwan are better resolved in the nested high-resolution domain in

the DA_ALL_DATA run as compared to the initial conditions provided by the NCEP GFS. As a result, the

heavy rainfall along the southwestern coast and afternoon localized heavy rainfall over northern Taiwan are

better predicted in the DA_ALL_DATA run.

Model sensitivity tests are also performed to diagnose the effects of terrain and rain-evaporative cooling on

the intensity and depth of the cold pool and degree of orographic blocking on the southwesterly flow over

southwestern Taiwan. It is apparent that including rain-evaporative cooling from antecedent rains and oro-

graphic effects in themodel initial conditions are important to account for the predicted rainfall distribution of

this coastal rainfall event.
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1. Introduction

Under the prevailing southwesterly monsoon flow dur-

ing the early summer rainy season over Taiwan both the

hourly rainfall frequencies (Yeh and Chen 1998; Kerns

et al. 2010) and climatological heavy rainfall occurrences

(hourly rainfall rate.15mmh21) (e.g., Chien and Jou

2004; Chen et al. 2007; Ruppert et al. 2013) have a pro-

nounced afternoon maximum on the southwestern wind-

ward slopes due to orographic lifting by the combined

anabatic winds in low levels and the southwesterly flow

aloft. Along the southwestern windward coast, rainfall

occurrences are slightly more frequent in the early

morning during the diurnal cycle (Yeh and Chen 1998;

Kerns et al. 2010), possibly due to the convergence

between the offshore flow and incoming decelerating

southwesterly flow. The early morning rainfall maxi-

mum along the southwestern coast of Taiwan is not a

regular daily occurrence (Kerns et al. 2010) due to flat

terrain and relatively shallow (,200m) land-breeze flow

with a small thermal deficit (Duy ; 1–3K), as compared to

the upstream southwesterly flow (Tu et al. 2014).

In addition to the diurnal heating cycle, the rainfall

and airflow over Taiwan during May and June is also

affected by orographic blocking. Under the prefrontal

southwesterly flow, island blocking and flow splitting

occur off the southwestern coast of Taiwan with a wind-

ward ridge–leeside trough pressure pattern (Chen et al.

1989; Trier et al. 1990; Chen and Hui 1990; Chen and Li

1995a) in agreement with the theoretical studies of air-

flow past an isolated mountain for a low Froude number

[Fr5U/Nh,O(1), whereU is the basic wind speed,N is

the Brunt–Väisälä frequency, and h is the mountain

height] flow regime (Smolarkiewicz et al. 1988; Smith

1989; Sun et al. 1991). The orographic blocking and up-

stream flow deceleration are most significant in the early

morning when the land surface temperature is the coldest

(Chen and Li 1995b; Lin et al. 2011).

The main purpose of the joint U.S.–Taiwan Terrain-

influenced Monsoon Rainfall Experiment (TiMREX)

(15 May–30 June 2008) was to study multiple-scale phys-

ical processes leading to the development of localized

heavy rainfall during the early summer rainy season,

especially over the south-southwestern part of Taiwan.

During the TiMREX intensive observing period (IOP)

8 (14–16 June), with rain-evaporative cooling due to

antecedent rains, the cold pool in the early morning of

16 June reaches as deep as ;500m with a thermal

deficit of ;25K (Xu et al. 2012; Tu et al. 2014).

Throughout the night, nocturnal showers occurred along

the southwestern coast. The convective showers were

enhanced offshore due to the warm, moist southwesterly

flow being lifted by the cold pool with significant blocking

off the southwestern coast (Xu et al. 2012; Tu et al. 2014;

Wang et al. 2014a,b). Above the cold pool, the south-

westerly flow is deflected by orographic blocking with a

large wind component parallel to the terrain (Tu et al.

2014). Furthermore, with the continued drifting of

FIG. 1. (a) Terrain height (m) in color and locations (red circles)

for nine rawinsonde sites over Taiwan and one upstream site

(DongSha Island). The plus signs in purple are Doppler radar sites.

The symbols ‘‘YK,’’ ‘‘P,’’ and ‘‘L’’ mark the location for the

YongKang, Penghu, and Lyudao stations, respectively. Line AB

is the cross section used for the depiction of interaction between

the upstream southwesterly flow and cold pool over southwest-

ern Taiwan. (b) The locations of 180 COSMIC GPS RO soundings

assimilated by the cycling run during 0000 UTC 14 Jun–1200 UTC

15 Jun 2008. (c) The number of GPS RO soundings assimilated in

each data assimilation cycle.
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convective showers toward the southwestern coast and

extensive cloud cover over southwestern Taiwan, the cold

pool persisted during the day with an offshore wind

component along the coast (Tu et al. 2014). As a result,

during 15–16 June, the rainfall distribution had a signifi-

cant coastal maximum over southwestern Taiwan.

In Tu et al. (2014), the initial conditions for their re-

gional 9-km domain and the island-scale domain (3km)

were interpolated from the National Centers for Envi-

ronmental Prediction (NCEP) Final (FNL) analysis with-

out modifications of the planetary boundary layer over

southwestern Taiwan by the antecedent rains and small-

scale features related to terrain and local winds. Further-

more, theNCEPFNL analysis used byTu et al. (2014) and

Wang et al. (2014a,b) does not include TiMREX obser-

vations. Yang et al. (2014) applied data assimilation to the

outer domain to improve the large-scale conditions, es-

peciallymoisture distribution, for the initial conditions and

subsequent forecasts. They showed that assimilating the

bending angle of the global positioning system (GPS) radio

occultation (RO) soundings results in the deepening of the

midtroposphere moist layer in the South China Sea and

over southwestern Taiwan, which leads to a better rainfall

forecast over the coastal region of southwestern Taiwan.

In this study, we apply a cycling run with data assimi-

lation to all domains (e.g., outer domain andnest domains)

to include TiMREX data, Global Telecommunications

System (GTS) data, and refractivity from the Formosa

Satellite Mission 3/Constellation Observing System for

Meteorology, Ionosphere, and Climate (FORMOSAT-3/

COSMIC, hereafter referred to as COSMIC) GPS RO

soundings. In section 3, we demonstrate the improvements

in model initial conditions (at 1200 UTC 15 June) through

the cycling run (0000UTC14 June–1200UTC15 June) for

real-time forecast including subsynoptic features (e.g.,

southwesterly monsoon flow and warm moisture tongue)

in the outer domain (domain 1) and the cold pool from

antecedent rains and its impact on orographic blocking in

the high-resolution nested domains. In the meantime, for

the outer model domain, we use a 36-h cycling run and

bring in large-scale observational data to prevent model

drift of the large-scale flow during the cycling run. In sec-

tion 4, we demonstrate the impacts of the cycling run with

data assimilation on subsynoptic and island-scale forecasts.

In section 5, we conduct sensitivity tests to diagnose the

effects of rain-evaporative cooling on the intensity and

depth of the cold pool and degree of orographic blocking

on the southwesterly flow over southwestern Taiwan. The

impact of orographic effects on focusing coastal rainfall is

also addressed based on model sensitivity tests.

2. Data and methodology

a. Local and rainfall observations, GTS data, and
YOTC analysis

During TiMREX, there were 25 operational conven-

tional surface weather stations, 9 rawinsonde stations in-

cluding special TiMREX sites, and 4 operational Doppler

radars (Fig. 1a) over the island of Taiwan. Additionally,

soundings launched from DongSha Island (Fig. 1a) pro-

vided upstreamconditions over the openocean.Humidity,

wind, temperature, and geopotential height from rawin-

sonde stations were corrected through a four-stage quality

control (QC) procedure (Ciesielski et al. 2010). A cor-

rection, designed to remove the daytime dry bias resulting

from solar heating of the humidity instrument, was applied

to the Vaisala RS80 andVaisala RS92 sondes. All types of

sondeswere corrected to the standard of theVaisalaRS92.

See Ciesielski et al. (2010) for more details on quality

control of sounding data.Rainfall accumulationmaps over

FIG. 2. The three nested domains of the WRF Model simulation

with horizontal grid size of 27, 9, and 3 km, respectively.

TABLE 1. The experimental design for all model runs.

Expt name

Data assimilation cycling run

(0000 UTC 14 Jun–1200 UTC 15 Jun) Forecast run (1200 UTC 15 Jun–0000 UTC 17 Jun)

CTRL No data assimilation cycling run With cumulus parameterization and microphysics scheme

DA_ALL_DATA DA run for all three domains; assimilate

GTS, GPS RO, and TiMREX data

With cumulus parameterization and microphysics scheme

NEVP As in DA_ALL_DATA run No rain-evaporative cooling from microphysics scheme

NoT DA for all three domains (with the island

terrain removed)

As for the DA_ALL_DATA run, but with the island terrain

removed
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the island are generated from 429 rainfall stations, which

include conventional surface weather stations and the

Automatic Rainfall and Meteorological Telemetry Sys-

tem (ARMTS) (Kerns et al. 2010). For a more detailed

description of the TiMREX observational network see

Tu et al. (2014).

The 30-min Climate Prediction Center morphing

technique (CMORPH) (Joyce et al. 2004) precipitation

data with an 8-km grid were also used to delineate rainfall

distributions over the adjacent ocean. The CMORPH

precipitation estimates are derived from passive micro-

wave instruments (AdvancedMicrowave SoundingUnit-B

and the Special Sensor Microwave Imager) on board the

U.S. Defense Meteorological Satellite Program (DMSP)

satellites (SSM/I) and National Oceanic andAtmospheric

Administration (NOAA) polar-orbiting operational

meteorological satellites (AMSU-B), and the Tropical

Rainfall Measuring Mission (TRMM) Microwave

Imager (TMI) on board the TRMM satellite (Joyce

et al. 2004).

TheGTS (Daley 1991) data include observations from

manned and automated weather stations, pilots, ships,

buoys, upper-air soundings, aircraft, profilers, the TIROS

Operational Vertical Sounder (TOVS) temperature pro-

file (SATEM), satellite-derived winds (SATOB), and

Quick Scatterometer (QuikSCAT) ocean surface winds.

The estimated observation errors forGTSdata used by the

Weather Research and Forecasting Model data assimila-

tion (WRFDA) system (Skamarock et al. 2008) are given

byNCEP (Rogers et al. 1996) and updated by theNational

Center for Atmospheric Research (NCAR) WRFDA

team (http://www2.mmm.ucar.edu/wrf/users/wrfda/).

The European Centre for Medium-Range Weather

Forecasts (ECMWF) Year of Tropical Convection

(YOTC) (Moncrieff et al. 2012) analysis is used to de-

lineate the subsynoptic weather patterns and compared

with model output, including the moisture tongue and

southwesterly flow. The YOTC gridded data have a 0.258
grid (http://apps.ecmwf.int/datasets/data/yotc-od/).

b. The GPS RO data

The GPS RO data are of high quality with a global

coverage (e.g., Rocken et al. 1997; Hajj et al. 2004; Kuo

et al. 2004, 2005; Wickert et al. 2004; Anthes 2011).

FIG. 3. The initial conditions over domain 1 at 1200 UTC 15 Jun 2008 after the cycling run. The locations of

soundings and GPS RO refractivity profiles assimilated into the cycling run are indicated by circles and plus signs,

respectively. (a) TPW (mm) for the DA_ALL_DATA run. (b) As in (a), but for the GFS analysis. (c) As in (a), but

for the YOTC analysis. (d) Differences between CTRL and DA_ALL_DATA runs (CTRL2DA_ALL_DATA)

for TPW (mm) at model initial time (1200 UTC 15 Jun).
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There are numerous studies demonstrating the positive

impact of improving model initial conditions through

data assimilation of GPS RO data on numerical weather

prediction (e.g., Kuo et al. 2000; Huang et al. 2005;

Healy et al. 2007; Chen et al. 2009; Cucurull et al. 2013;

Yang et al. 2014).

In this study, the GPS RO refractivity (N) data with a

vertical interval;200m is used for data assimilation using

the WRFDA system (Skamarock et al. 2008). The re-

fractivity data are available at the COSMIC Data Anal-

ysis and Archive Center (CDAAC) (http://cdaac-www.

cosmic.ucar.edu/). The refractivity N is a function of

temperature T (K), pressure p (hPa), and water vapor

pressure e (hPa) (Smith and Weintraub 1953):

N5 77. 6
P

T
1 3. 733 105

e

T2
. (1)

The observation error for theGPS refractivity data is about

2.5% near the surface at the equator and 1.5% at the pole

regions. The error decreases with respect to height with a

minimum of 0.3% above the 12-km level. The observa-

tional error of aROrefractivity profile locatedbetween the

equator and pole is obtained from linear interpolation. A

detailed description of the observation errors of GPS RO

data can be found in Chen et al. (2011, 2014).

c. Model description and data assimilation

The Advanced Research version of the Weather Re-

search and Forecasting (WRF-ARW, hereafter WRF)

Model (Skamarock et al. 2008) uses the sigma (terrain

following) hydrostatic-pressure vertical coordinate (Laprise

1992). Threemodel domains with two-way nesting are used

with horizontal grids of 27, 9, and 3km, respectively (Fig. 2).

There are 45 sigma levels1 from the surface to the 30-hPa

level. The Rapid Radiative Transfer Model (RRTM)

(Mlawer et al. 1997),Goddard shortwave (ChouandSuarez

1994) scheme, Noah land surface model (LSM) (Chen and

Dudhia 2001), Yonsei University (YSU) planetary bound-

ary layer scheme (Hong et al. 2006), and modified

Kain–Fritsch cumulus parameterization scheme (Kain

2004) are used. The precipitation process in the model

is represented by the grid-resolvable Goddard micro-

physics (Tao and Simpson 1993) with three classes of

ice, including graupel. No cumulus parameterization is

applied for the 3-kmdomain (domain 3). The precipitation

FIG. 4. As in Figs. 3a–c, but for 900-hPa geopotential

height (gpm) (contoured), wind speed (m s21) (shaded),

and winds (m s21) (a full barb represents 5m s21).

1 The full sigma levels are 1.0, 0.995, 0.988, 0.98, 0.97, 0.96, 0.945,

0.93, 0.91, 0.89, 0.87, 0.85, 0.82, 0.79, 0.76, 0.73, 0.69, 0.65, 0.61, 0.57,

0.53, 0.49, 0.45, 0.41, 0.37, 0.34, 0.31, 0.28, 0.26, 0.24, 0.22, 0.2, 0.18,

0.16, 0.14, 0.12, 0.1, 0.082, 0.066, 0.052, 0.04, 0.03, 0.02, 0.01, and

0.000.
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process and parameterization scheme used in this study

are the same as those used by Hsiao et al. (2012). The

surface layer uses the fifth-generation Pennsylvania

State University–NCAR Mesoscale Model (MM5) simi-

larity schemewith stability functions fromPaulson (1970),

Dyer and Hicks (1970), and Webb (1970). A 0.58 daily
real-time global sea surface temperature (RTG_SST)

analysis developed at the NCEP/Marine Modeling and

Analysis Branch (MMAB) is used as the lower boundary

condition over the ocean (Gemmill et al. 2007). The land

use data over Taiwan, updated by the Central Weather

Bureau (CWB), are used (Dr. J.-S. Hong 2011, personal

communication).

The WRF three-dimensional variational (3DVAR)

data assimilation system provides an analysis xa via the

minimization of a prescribed cost function J(x) (Ide et al.

1997):

J(x)5 J
b
(x)1 J

o
(x)5

1

2
(x2 xb)TB21(x2 xb)

1
1

2
(y2 yo)T(E1F)21(y2 yo) , (2)

where analysis x5 xa represents the a posterioriminimum

variance estimate of the true state of the atmosphere given

two sources of a priori data: the background (first guess)

xb and observations yo (Lorenc 1986). The analysis fit to

individual data points is weighted by estimates of their

errors. In Eq. (2), B, E, and F are the background, ob-

servation, and representativeness error covariance

matrices, respectively. Representativeness error is an

estimate of inaccuracies introduced in the observation

operator H used to transform the grid point analysis x

to observation space y5H(x). The analysis increments

x0 are added to the first guess xb to provide an updated

analysis, an optimal estimate of the true atmospheric

state (Barker et al. 2004).

The experimental design for all model runs is listed in

Table 1. For the DA_ALL_DATA run, we perform a

WRF 3DVAR cycling run from 0000 UTC 14 June to

1200 UTC 15 June by assimilating TiMREX soundings,

FIG. 5. (a) Vertical profiles of the root-mean-square

error (RMSE) from initial conditions (1200UTC 15 Jun)

of the DA_ALL_DATA and CTRL runs calculated

against YOTC analysis for zonal wind (U; m s21) and

meridional wind (V; m s21) (selected data area: South-

east Asia from domain 1; 188–258N, 1088–1208E). (b),(c)
As in (a), but for the 12-h forecast (0000 UTC 16 Jun)

and the 24-h forecast (1200 UTC 16 Jun), respectively.

TABLE 2. Root-mean-square error of domain 1 TPW (mm) over

the oceanic area covered by 188–258N, 1088–1208E from the initial

conditions (1200 UTC 15 Jun), and 12-h and 24-h forecasts of the

DA_ALL_DATA and CTRL runs calculated against YOTC

analysis.

RMSE DA_ALL_DATA CTRL

1200 UTC 15 Jun 2.53 2.78

0000 UTC 16 Jun 2.57 2.59

1200 UTC 16 Jun 2.63 2.86
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GPS RO refractivity profiles, and GTS data every 6h

within a63-h time window using the WRFDA system to

provide better initial conditions at 1200 UTC 15 June for

the regional and nested domains. Lateral boundary con-

ditions during the subsequent forecast are provided by

the GFS forecast. For domain 1, from 0000 UTC 14 June

to 1200 UTC 15 June 2008, 180 COSMIC GPS RO re-

fractivity profiles (Fig. 1); 18 TiMREX soundings from

Dongsha, Penghu, and Lyudao stations (Fig. 1a); and the

GTS data (excluding observations from land based sta-

tions over Taiwan) are assimilated. For domains 2 and 3,

in addition to GPS RO refractivity profiles, all 54 avail-

able soundings from TiMREX stations and all GTS data

are assimilated. The control variables with option 5

(CV5) statistical background error covariance matrix

(Skamarock et al. 2008) are used for data assimilation.

The CV5 background error statistics (BES) is computed

according to themethod described by Parrish andDerber

(1992). The CV5 BES is estimated using the differences

between 12- and 24-h WRF forecasts over the month of

June 2008, which includes this heavy rainfall case. The

initial conditions at 1200 UTC 15 June have finescale

details for the regional and nested domains that are

consistent in both space and time through the cycling run

with data assimilation that include TiMREX, GPS RO,

and GTS data prior to 1200 UTC 15 June. Thus, the

orographic effects and effects of prior weather systems

(e.g., rain-evaporative cooling over southwestern Taiwan)

in the high-resolution domains are included in the model

initial conditions and subsequent forecasts.

FIG. 6. Total rainfall accumulation (mm) during 0000 UTC

14 Jun–1200 UTC 15 Jun from (a) rain gauge observations,

(b) CMORPHdata (8-km resolution), and (c) theDA_ALL_DATA

run (domain 3).

FIG. 7. (a) The observed sounding (black) and simulated soundings

from domain 3 at the model initial time (1200 UTC 15 Jun) from the

DA_ALL_DATA (green) and CTRL runs (red) for the YongKang

station. Winds (m s21) (a full barb represents 5m s21). (b),(c) As in

(a), but formodel forecasts at 2100UTC15 Jun and 0600UTC16 Jun,

respectively.
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For the control run (CTRL), the initial conditions at

1200 UTC 15 June in the regional and nested domains

are interpolated from the GFS analysis, which has a

relatively coarse grid on the order of 18. Note that the

TiMREX soundings did not enter the NCEPGFS in real

time. After the initial model spinup period (;6 h) (Yeh

and Chen 2003), orographic effects will be generated in

the high-resolution domain but without the effects of

prior weather systems (e.g., rain-evaporative cooling).

We conduct twomodel sensitivity tests to investigate the

effects of rain-evaporative cooling and terrain by turn-

ing off rain evaporation (NEVP run) and removing the

terrain (NoT run) in the model forecasts, respectively.

There are two different ways to perform no rain-

evaporative cooling experiments. One way is to allow

the raindrops to evaporate without the feedback of la-

tent cooling in the thermodynamic equation (Yang and

Houze 1995). The other way is to completely remove the

raindrop-evaporation process and associated latent

cooling effect in the microphysical parameterization

(Zhu and Zhang 2006; Tao et al. 2013). In this study, we

use the second method by turning off raindrop evapora-

tion completely.

3. Improvements in model initial conditions with
data assimilation through a 36-h cycling run

a. A moisture tongue over the South China Sea and
the southwesterly monsoon flow

At 1200UTC 15 June, themoisture tongue in theGFS

analysis extends from the southeast coast of China

eastward to the Taiwan area (Fig. 3b), which is different

from theYOTC analysis that has amoisture tongue over

the northern South China Sea (Fig. 3c). In contrast to the

GFS analysis, the moisture tongue over the northern

FIG. 8. Model initial conditions for domain 3 at 1200 UTC 15 Jun. (a) 950-hPa potential temperature

(K) (shaded), geopotential height (gpm) (contoured), and winds (m s21) (a full barb represents 5m s21), and

(b) vertical cross sections of potential temperature (K) (shaded) and winds (m s21) (a full barb represents 5m s21)

along line AB in Fig. 1a for the DA_ALL_DATA run. (c),(d) As in (a),(b), but for the GFS analysis.
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South China Sea is well defined in the DA_ALL_DATA

run with lower moisture over the Taiwan area (Fig. 3a),

consistent with the YOTC analysis (Fig. 3c). It is apparent

that the 36-h cycling run with data assimilation has a pos-

itive impact in delineating the moisture tongue over the

northern SouthChina Sea.Without assimilatingGTSdata,

GPS RO refractivity profiles, and 18 TiMREX soundings

from three island stations, TPW is lower over the northern

South China Sea and higher over southeastern China ex-

tending eastward to the ocean off the eastern Taiwan coast

(Fig. 3d). At the 900-hPa level, the south-southwesterly

monsoon flow off southwestern Taiwan (Fig. 4a) is well

simulated in the DA_ALL_DATA run, consistent with

the YOTC analysis (Fig. 4c). In contrast, for the GFS

analysis used in the CTRL run, the southwesterly mon-

soon flow off the southwestern Taiwan coast is stronger

with a relatively large westerly wind component (Fig. 4b)

as compared to both the DA_ALL_DATA run and the

YOTC data.

At the model initial time, the vertical profiles of the

root-mean-square error (RMSE) for the horizontal winds

and TPW were calculated against YOTC analysis using

data from domain 1 for the area covered by 188–258N,

1088–1208E for both the DA_ALL_DATA and CTRL

runs. For both components of the horizontal winds,

the RMSE at the model initial time for both runs is

small (Fig. 5). However, at the 900-hPa level, the

RMSE of zonal wind is larger for the CTRL run than

the DA_ALL_DATA run (Fig. 5a) due to the relatively

stronger southwesterly flow upstream of Taiwan (Fig. 4).

During model integration, the forecast error of hori-

zontal winds increases (Fig. 5). The RMSE of the

horizontal winds for the CTRL run (without data as-

similation) are larger than the DA_ALL_DATA run at

low levels during the heavy rainfall period (Figs. 5b

and 5c). The RMSE of the TPW for the CTRL run is

larger than the DA_ALL_DATA run at the model initial

time and during the model forecasts (Table 2).

b. The cold pool over southwestern Taiwan due to
evaporative cooling from antecedent rains

From 0000 UTC 14 June to 1200 UTC 15 June, heavy

rainfall occurred over southwestern Taiwan (Figs. 6a

and 6b) during the passage of a squall line. At the

YongKang station (Fig. 1a) on the southwestern Taiwan

coast, the temperature below the 850-hPa level at

FIG. 9. Model forecasts at 2100 UTC 15 Jun for domain 1 of the DA_ALL_DATA run. (a) TPW (mm, shaded)

and (b) 900-hPa winds (m s21) (a full barb represents 5m s21) and geopotential height (gpm, contoured). (c),(d) As

in (a),(b), but for the CTRL run.
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the model initial time (1200 UTC 15 June) of the

DA_ALL_DATA run (green line) is colder (;18–28C)
than the initial conditions used by the CTRL run (red

line) (Fig. 7a). For the DA_ALL_DATA run, at the

model initial time, the simulated YongKang sounding

(green line) is in good agreement with observations

(black line). The observed southeasterly winds within

the cold pool (black wind barbs) are also reproduced

(green wind barbs) (Fig. 7a). In contrast, for the CTRL

run, the low-level cold pool and the offshore wind

component are not simulated at the YongKang station

(red wind barbs) (Fig. 7a).

At the 950-hPa level, the air temperature over south-

western Taiwan and off the southwestern Taiwan coast

at the model initial time for the DA_ALL_DATA run

is colder (;2K) than the GFS analysis used in the

CTRL run (Figs. 8a and 8c) because the effects of rain

evaporation from antecedent rains are included in the

DA_ALL_DATA run (Fig. 6). Furthermore, with the

presence of the cold pool over southwestern Taiwan and

the adjacent ocean, the incoming southwesterly flow is

deflected upstream and becomes south-southeasterly over

southwestern Taiwan (Fig. 8a) as a result of blocking.

From the vertical cross section (line AB in Fig. 1a) of

the potential temperature and winds, it is obvious that

at the model initial time of the DA_ALL_DATA run

the cold pool extends vertically upward to above the

900-hPa level with a southerly flow parallel to the Cen-

tral Mountain Range (CMR) over southwestern Taiwan

(Fig. 8b), as found inXu et al. (2012) and Tu et al. (2014).

In contrast, the cold pool and the effects of blocking are

not clearly evident (Figs. 8c and 8d) in the initial con-

ditions used in the CTRL run. Furthermore, in the initial

conditions of the CTRL run, the southwesterly flow

prevails over southwestern Taiwan with a large westerly

wind component impinging on CMR (Figs. 8c and 8d). In

contrast, low-level winds over southwestern Taiwan

simulated in the DA_ALL_DATA run have a slight

easterly wind component due to the presence of the cold

pool (Fig. 8b). Above the cold pool, winds over south-

western Taiwan are southerly in the DA_ALL_DATA

run as a result of orographic blocking (Fig. 8b).

It is evident that the boundary layer structure over

southwestern Taiwan in the DA_ALL_DATA run is

affected by rain-evaporative cooling of the anteced-

ent rains during 0000 UTC 14 June–1200 UTC 15 June

FIG. 10. The cross section of potential temperature (K) and winds (m s21) (a full barb represents 5m s21) along

line AB in Fig. 1a for the DA_ALL_DATA run at (a) 2100 UTC 15 Jun and (b) 0600 UTC 16 Jun. (c),(d) As in

(a),(b), but for the CTRL run.
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and the effects of blocking due to the presence of the

cold pool and island terrain. For the CTRL run,

however, neither the effects of rain evaporation nor

the effects of blocking are included in the model ini-

tial conditions.

4. Impacts of data assimilation with a cycling run on
subsynoptic and island-scale forecasts

a. Nighttime flow regime and rainfall

At 2100UTC 15 June (0500 LT 16 June), the low-level

south-southwesterly monsoon flow prevails upstream of

Taiwan in the DA_ALL_DATA run (Fig. 9b) bringing

in abundantmoisture to southwest Taiwan (Fig. 9a). The

predicted low-level cold pool extends from southwest-

ern Taiwan to the adjacent ocean (Fig. 10a). With the

presence of the cold pool, the airflow turns from

southwesterly to southerly over southwestern Taiwan in

agreement with sounding observations (Figs. 7b and 10a).

At the surface, with combined nocturnal cooling and

rain-evaporative cooling, an offshore flow component

is predicted over the coastal area (Fig. 11b). The in-

coming south-southwesterly monsoon flow decelerates

off the southwestern coast (Fig. 11a). Localized upward

motion is predicted over the southwest coast and ad-

jacent ocean (Fig. 11a) with the rainfall maximum over

FIG. 11. Model forecasts for domain 3 valid at 2100 UTC 15 Jun. (a) The 950-hPa geopotential height (gpm)

(contoured) and winds (m s21) (a full barb represents 5m s21), and 700-hPa vertical velocity (cm s21); and (b) 2-m

temperature (8C) and 10-m winds (m s21) (a full barb represents 5m s21) for the DA_ALL_DATA run. (c),(d) As

in (a),(b), but for the CTRL run.

JANUARY 2017 TU ET AL . 263



the coastal area and offshore (Fig. 12c) in agreement

with observations (Figs. 12a and 12b).

In the CTRL run, because the incoming moist south-

westerly monsoon flow has a relatively large westerly

wind component (Figs. 9c and 9d) impinging on the CMR

(Fig. 10c), widespread orographic precipitation is pre-

dicted along the windward side of the CMR (Fig. 12d)

due to orographic lifting there (Fig. 11c). A cold pool is

predicted in the planetary boundary layer over south-

western Taiwan and the adjacent ocean as a result of

combined rain-evaporative cooling and nocturnal cooling

(Fig. 10c). Winds over the island are relatively weak with

an offshore flow wind component near the surface within

the cold planetary boundary layer (Figs. 10c and 11d). On

the west-southwestern windward side, the convergence

occurs between the incoming southwesterly monsoon

flow and relatively weakwinds over land with an offshore

wind component (Fig. 11d). In addition, the 490-m geo-

potential height contour associated with the early sum-

mer monsoon trough over southeastern China extends

farther eastward over the Taiwan Strait with a relatively

larger westerly wind component over the southern

Taiwan Strait with significant rising motion off the south-

western coast (Figs. 11c and 11d) as compared to the

DA_ALL_DATA run (Figs. 11a and 11b). As a result,

in addition to orographic precipitation on the wind-

ward side of CMR, considerable rainfall is predicted

offshore over the southern Taiwan Strait (Fig. 12d).

For the DA_ALL_DATA run, the cold pool along the

southwestern coast and adjacent coastal areas is already

present in the model initial conditions that affect the

subsequent forecasts. In contrast, the cold pool is pro-

duced during the model forecast in the CTRL run due to

significant orographic precipitation on the windward side

FIG. 12. Total rainfall accumulation (mm) during 1600 UTC 15 Jun–0000 UTC 16 Jun from (a) rain gauge

observations, (b) CMORPH data (8-km resolution), (c) DA_ALL_DATA, and (d) CTRL runs (domain 3).
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of CMR and the rainfall offshore. It is shallower over

the coastal area but extends farther offshore with a

larger horizontal extent (Fig. 10c) as compared to the

DA_ALL_DATA (Fig. 10a). The larger horizontal extent

of the cold pool in the CTRL run is related tomuch higher

simulated rainfall over the ocean (Figs. 12c and 12d).

b. Daytime flow regimes and rainfall

During 0000–1200 UTC (0800–2000 LT) 16 June, in

the CTRL run, the axis of the low-level southwesterly

flow upstream of southwestern Taiwan shifts eastward

with a slightly larger westerly wind component over the

southern Taiwan Strait as compared to the DA_ALL_

DATA run and the YOTC analysis (Figs. 13b,d,f). This

is related to the fact that the simulated early summer

monsoon trough over southeastern China extends slightly

eastward toward the Taiwan Strait as compared to the

DA_ALL_DATA run and YOTC analysis. Note that

at 0600 UTC 16 June in the high-resolution domain, the

490-m geopotential height contour is slightly east of

FIG. 13. Model forecasts averaged during 0000–1200 UTC 16 Jun for domain 1 of the DA_ALL_DATA run.

(a) TPW (mm) (shaded) and (b) 900-hPa winds (m s21) (a full barb represents 5m s21), and geopotential height

(gpm) (contoured). (c),(d) As in (a),(b), but for the CTRL run. (e),(f) As in (a),(b), but for the YOTC analysis.
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1188E in the DA_ALL_DATA run (Fig. 14a) but ex-

tends eastward to the central Taiwan coast in the CTRL

run (Fig. 14c). A moisture tongue over the northern

South China Sea is simulated in the CTRL run con-

sistent with the DA_ALL_DATA run and YOTC

analysis (Figs. 13a,c,e). The predicted island wake of

the southwesterly flow is off the northern Taiwan coast in

both the DA_ALL_DATA and CTRL runs (Figs. 13b

and 13d) in agreement with YOTC analysis (Fig. 13f).

During the daytime of 16 June, heavy rainfall occurs

over southwestern Taiwan with a rainfall maximum over

the coastal area (Fig. 15a). The CMORPH rainfall data

also show heavy rainfall off the southwestern Taiwan

coast (Fig. 15b). At 0600 UTC (1400 LT) 16 June, the

DA_ALL_DATA run predicts a cold pool in the bound-

ary layer over southwestern Taiwan (Fig. 10b) with

decelerating incoming flow (Fig. 14a). The coastal rainfall

related to the convergence of the offshore flow and de-

celerating southwesterly flow (Fig. 14b) is successfully

predicted in the DA_ALL_DATA run (Fig. 15c). Over

southwestern Taiwan, with the low-level flow parallel to

the orientation of CMR (Fig. 10b), orographic lifting is

almost absent (Fig. 14a) in the DA_ALL_DATA run,

which is in agreement with Tu et al. (2014). As a result,

heavy rain showers diminish (Fig. 15c) as they drift inland

above the cold pool.

During the daytime of 16 June, heavy rainfall occurs

over southwestern Taiwan in the CTRL run (Fig. 15d)

due to rising motions over the southwestern Taiwan

coast (Fig. 14c). With the eastward extension of the early

summermonsoon trough, the overall rainfall pattern shifts

southeastward with higher rainfall amounts (Fig. 15d) as

FIG. 14. As in Fig. 11, but for 0600 UTC 16 Jun.
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compared to the DA_ALL_DATA run (Fig. 15c). The

low-level air temperature off the southwestern coast is

slightly lower in the CTRL run (Fig. 14d) as compared

to the DA_ALL_DATA run (Fig. 14b) due to rain-

evaporative cooling there. As will be shown later based

on the model sensitivity test without terrain (NoT), the

rainfall production is related to large-scale process

in addition to local effects. Nevertheless, with the pres-

ence of a cold pool offshore in the CTRL run (Fig. 10d),

the predicted rainfall over southwestern Taiwan dimin-

ishes inland with higher rainfall along the coast than on

the windward side of the CMR (Fig. 15d). In addition to

rainfall in the coastal areas, significant precipitation is

predicted over the southern tip of Taiwan.

In both the DA_ALL_DATA and CTRL runs, under

relatively weak winds in the wake zone over northern

Taiwan, the development of afternoon sea-breeze/upslope

flow there in response to relatively cold sea surface tem-

perature (SST) offshore and solar heating over land (Tu

et al. 2014) is well predicted (Figs. 14b and 14d). As a re-

sult, heavy afternoon local showers over northern Taiwan

are well predicted in the DA_ALL_DATA and CTRL

runs (Fig. 15).

c. Postrainfall period

During 1800 UTC 16 June–0000 UTC 17 June, as the

western Pacific subtropical high (WPSH) extended west-

ward, Taiwanwasunder the influenceof aWPSHwithdrier

conditions aloft (Tu et al. 2014). As a result, heavy localized

rainfall diminished over Taiwan (Figs. 16a and 16b). In

both the DA_ALL_DATA and CTRL runs, the ter-

mination of heavy rainfall over Taiwan during this

FIG. 15. Total rainfall accumulation (mm) during 0000–1000 UTC 16 Jun from (a) rain gauge observations,

(b) CMORPH data (8-km resolution), (c) DA_ALL_DATA, and (d) CTRL runs (domain 3).
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period is well predicted (Fig. 16). It is apparent that the

synoptic flow has significant influence on the occurrence

of this heavy rainfall event whereas the orographic effects

and rain evaporation are important in determining the

location of heavy precipitation.

In the next section, we will investigate the impacts of rain

evaporation on model forecasts by turning off rain evapo-

ration during time integration starting from the same initial

conditions as the DA_ALL_DATA run. We will also in-

vestigate the impact of the island terrain onmodel forecasts.

5. Effects of rain-evaporative cooling and terrain

a. Effects of rain-evaporative cooling

When rain evaporation is turned off during model in-

tegration, the cold pool gradually disappears. In theNEVP

run, at 2100 UTC 15 June (0500 LT 16 June) the south-

southwesterly monsoon flow prevails over southwestern

Taiwan with a relatively warm boundary layer (Figs. 17a

and 18a) as compared to the DA_ALL_DATA run

(Fig. 10a). The surface flowover the island is dominated by

weak downslope/offshore winds (Fig. 18b) as a result of

nocturnal cooling at the surface. The decelerating in-

coming flow converges with the weak south-southeasterly

winds along the coast (Fig. 18b). Localized rainfall is

simulated along the southwestern coast (Fig. 19a) where

the incoming southwesterly flow encounters the south-

southeasterly flow over land (Fig. 18b). Above the surface,

winds are deflected by the terrain and become southerlies

over southwestern Taiwan (Figs. 17a and 18a). Over

southwestern Taiwan, without the presence of cold pool

over coastal waters, the rainfall maximum in the NEVP

run is simulated over the coastal area (Fig. 19a).

FIG. 16. Total rainfall accumulation (mm) during 1800 UTC 16 Jun–0000 UTC 17 Jun from (a) rain gauge

observations, (b) CMORPH data (8-km resolution), (c) DA_ALL_DATA, and (d) CTRL runs (domain 3).

268 MONTHLY WEATHER REV IEW VOLUME 145



Without rain-evaporative cooling during model in-

tegration, during the daytime of 16 June the early sum-

mer monsoon trough along the southeastern coast of

China expands eastward with weaker winds over west-

southwestern Taiwan (Fig. 20a) as compared to the

DA_ALL_DATA run (Fig. 13b). At 0600UTC (1400 LT)

16 June, the 500-gpm geopotential height contour at the

950-hPa level in the NEVP run extends to the eastern

side of central-northern Taiwan (Fig. 21a) but is within

the Taiwan Strait in the DA_ALL_DATA run

(Fig. 14a). Zhu and Zhang (2006) showed that without

evaporation of rain and cloud water, the minimum

central pressure of Hurricane Bonnie is 10–15 hPa lower

than with rain evaporation after an 18-h time in-

tegration. Thus, in the NEVP run, with relatively weak

winds over the ocean off the southwestern coast and the

absence of cold pool, upslope flow prevails over

southwestern Taiwan in the afternoon hours (Figs. 17b

and 21b). Over west-northwestern Taiwan, with solar

heating over land and cold SST over the surrounding

ocean, onshore/sea-breeze flow (Fig. 21b) prevails under

weak wind conditions. Widespread heavy precipitation

is predicted off the southwestern coast and over

southern Taiwan with scattered heavy showers over

northern Taiwan and along the eastern coast (Fig. 19b).

b. Effects of terrain

In the NoT run, the Taiwan terrain is removed during

the cycle run and subsequent forecasts. For the NoT run,

GTS data (excluding observations from land-based

stations over Taiwan), GPS RO refractivity profiles,

and 18 TiMREX soundings at Dongsha, Penghu, and

Lyudao stations (Fig. 1a) are assimilated for all three

domains. At 1200 UTC 15 June, the subsynoptic distri-

bution of TPW (Fig. 22a) in the NoT run is similar to the

DA_ALL_DATA run (Fig. 3a). In the absence of island

terrain, the early summer monsoon trough extends far-

ther eastward toward western Taiwan (Figs. 22b and

22c) as compared to the DA_ALL_DATA run (Figs. 4a

and 8a). The southwesterly flow prevails over the entire

island of Taiwan (Fig. 22c). The cold pool is relatively

weak over the southwestern coast of Taiwan (Figs. 22c

and 22d) as compared to the DA_ALL_DATA run

(Figs. 8a and 8b).

At 2100UTC 15 June (0500 LT 16 June), the cold pool

spreads eastward due to the presence of prevailing

FIG. 17. Vertical cross sections of potential temperature (K) and winds (m s21) (a full barb represents 5m s21)

along lineAB in Fig. 1a for theNEVP run at (a) 2100UTC 15 Jun and (b) 0600UTC 16 Jun. (c),(d)As in (a),(b), but

for the NoT run.
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southwesterly monsoon flow (Fig. 17c). In low levels, the

air temperature over the ocean off the southwestern

coast is relatively warm. Thus, no rainfall is predicted off

the southwestern coast (Fig. 19c) as compared to the

DA_ALL_DATA run (Fig. 12c). At the surface, noc-

turnal cooling occurs over land with relatively weak

winds over the island (Fig. 18d). Over southwestern

Taiwan, the incoming southwesterly flow encounters the

weak south-southeasterly flow over land (Fig. 18d) re-

sulting in the coastal rainfall maximum (Fig. 19c).

Without orographic blocking, however, the amount of

nocturnal coastal rainfall is much smaller in the NoT run

(Fig. 19c) than in the DA_ALL_DATA run (Fig. 12c).

During the daytime, without the presence of the CMR,

the cold pool continues to spread out to the eastern side of

Taiwan due to the presence of the prevailing southwesterly

monsoon flow (Fig. 17d). As a result, flow deceleration

upstream of southwestern Taiwan is not significant

(Figs. 21c and 21d). The heavy rainfall off the south-

western coast of Taiwan is underestimated in the 3-km

domain of the NoT run (Fig. 19d) as compared to the

DA_ALL_DATA run (Fig. 15c) and observations

(Figs. 15a and 15b) due to lack of orographic blocking

and absence of the cold pool (Fig. 17d). In northern

Taiwan, without the island wake (Fig. 20b) the sea-breeze/

upslopeflow is not simulated in the 3-kmdomain (Fig. 21d).

FIG. 18. Model forecasts for domain 3 valid at 2100 UTC 15 Jun. (a) The 950-hPa geopotential height (gpm)

(contoured) and winds (m s21) (a full barb represents 5m s21), and 700-hPa vertical velocity (cm s21) for the NEVP

run. (b) The 2-m temperature (8C) and 10-m winds (m s21) (a full barb represents 5m s21) for the NEVP run.

(c),(d) As in (a),(b), but for the NoT run.
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As a result, isolated local heavy rainfall is not simulated

over northern Taiwan in the NoT run (Fig. 19d).

During the daytime of 16 June, the early summer

monsoon trough extends eastward toward western

Taiwan in the NoT run (Figs. 20b and 21c) with rela-

tively weak winds associated with the early summer

monsoon trough off northwestern Taiwan (Fig. 20b).

An east–west-oriented vertically integrated subsynoptic

moisture flux convergence area computed from the do-

main 1 simulation extends from southwestern–western

Taiwan westward to the southern part of the Taiwan

Strait (Fig. 23), where the strong southwesterly flow

encounters weak winds associated with the early sum-

mer monsoon trough (Figs. 20b and 23b). Furthermore,

a weak upper-level trough is present off the southwestern

coast (Tu et al. 2014). The simulated rainfall pattern

from domain 3 (Fig. 19d) during the daytime resembles

the simulated subsynoptic vertical integral of moisture

convergence from domain 1 (Fig. 23a), indicating the

subsynoptic control on rainfall production when the

terrain is removed in the model. Furthermore, scat-

tered rainfall showers are embedded within the

southwesterly flow, especially on the windward side of

Taiwan (Fig. 19d) where the incoming flow meets the

weaker winds over land (Fig. 21d). From model sensi-

tivity tests, it is apparent that including rain-evaporative

cooling and orographic effects in the initial conditions

and during the model time integration are important for

the enhancement of orographic blocking and develop-

ment of coastal rainfall.

FIG. 19. Total rainfall accumulation (mm) during (a) 1600UTC 15 Jun–0000UTC16 Jun and (b) 0000–1000UTC 16

Jun from the NEVP run. (c),(d) As in (a),(b), but for the NoT run (domain 3).
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6. Summary

A cycling run that starts 36 h (0000 UTC 14 June–

1200 UTC 15 June 2008) before the model forecast is

used to assimilate TiMREX soundings, COSMIC GPS

RO refractivity profiles, and GTS data to improve the

model initial conditions at 1200 UTC 15 June (the

DA_ALL_DATA run) provided by the NCEPGFS and

subsequent forecasts of subsynoptic features, modifica-

tions of boundary layer over southwestern Taiwan by

antecedent rains, orographic effects, and rainfall distri-

butions for a heavy coastal rainfall case (15–16 June)

during TiMREX. For the outer model domain (domain

1), we are able to prevent model drift of the large-scale

flow during the cycling run by bringing in large-scale

observational data (excluding TiMREX and GTS land-

based observations over the Taiwan area) to generate

better initial conditions (the DA_ALL_DATA run) as

compared to the GFS data. For the DA_ALL_DATA

run, both the southwesterly flow [or low-level jet (LLJ)]

over the northern South China Sea and moisture tongue

associated with LLJ are better depicted at the model

initial time (1200 UTC 15 June) than the CTRL run

initialized by the GFS analysis.

In addition to improvements in the depiction of the

moisture tongue and LLJ over the northern South China

Sea, the assimilation of all the available data also includes

the effects of rain-evaporative cooling from antecedent

rains during 14–15 June and orographic effects in the

initial conditions of the nested domains. In the DA_

ALL_DATA run, the initial and predicted air tempera-

ture below the 850-hPa level over southwestern Taiwan is

relatively cold with significant orographic blocking up-

stream of the southwestern Taiwan coast, which is in

agreement with observations. Above the cold pool, the

decelerating southwesterly monsoon flow is deflected

with a relatively large southerly wind component parallel

to the terrain contours on thewindward side of the north–

south-oriented Central Mountain Range (CMR). During

the daytime, an offshore wind component is predicted in

low levels due to continued rain-evaporative cooling and

extensive cloud cover over southwestern Taiwan. With

significant flow deceleration and lifting of the incoming

flow by the cold pool, heavy rainfall is predicted off the

southwestern coast and coastal area and diminishes in-

land in the DA_ALL_DATA run.

In theCTRL run, without the effects of rain-evaporative

cooling by antecedent rains and orographic blocking in the

model initial conditions, the air in the boundary layer over

southwestern Taiwan at the model initial time is relatively

warm. Furthermore, the early summer monsoon trough

over the southeastern China coast extends farther east-

ward over the Taiwan Strait and the incoming LLJ is

stronger with a larger westerly component over south-

western Taiwan as compared to the DA_ALL_DATA

run.A cold pool is predicted in the low levels duringmodel

integration due to significant orographic precipitation on

the windward side as well as off the southwestern Taiwan

coast. Because of a southeastward extension of the early

summermonsoon trough toward the central Taiwan Strait,

the overall rainfall pattern shifts southeastward during the

daytime with higher rainfall amounts over the moisture

tongue. Nevertheless, because of the presence of the cold

pool over the southwestern coast and adjacent ocean, the

predicted rainfall amount diminishes inland with higher

rainfall along the coast than on thewindward side ofCMR.

In addition to rainfall in the coastal areas, significant pre-

cipitation is predicted over southern tip of Taiwan.

The improved rainfall forecast over southwestern

Taiwan and the adjacent coastal areas in the DA_ALL_

DATA run is related to better prediction of the following

features: warm, moist LLJ coming from the northern

FIG. 20. Model forecasts of the averaged 900-hPa winds (m s21)

(a full barb represents 5m s21) and geopotential height in gpm

(contoured) during 0000–1200 UTC 16 Jun for the domain 1.

(a) NEVP run and (b) NoT run.
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South China Sea toward the southwestern Taiwan coast;

significant blocking of the LLJ off the southwestern coast;

cold pool due to rain-evaporative cooling resulting from

antecedent rains with an offshore wind component at the

surface in themodel initial conditions and the subsequent

forecast; and deflected southerly flow above the cold pool

without significant orographic lifting on the windward

slopes of the CMR.

We conducted model sensitivity tests to diagnose the

effects of rain-evaporative cooling (NEVP run) and

terrain (NoT run) on the intensity and depth of the cold

pool and degree of orographic blocking on the south-

westerly flow over southwestern Taiwan. It is apparent

that rain-evaporative cooling not only produces a cold

pool in the high-resolution (3 km) nested domain, but

also alters the mesoscale flow. Without rain-evaporative

cooling during model integration, the early summer

monsoon trough over southeastern China extends east-

ward with a weaker southwesterly monsoon flow over

the Taiwan area as compared to the DA_ALL_DATA

run. Without rain-evaporative cooling during model

integration (NEVP run), the cold pool in the 3-km

nested domain (domain 3) gradually disappears with

much weaker orographic blocking on the southwesterly

flow off the southwestern Taiwan coast. As a result, the

predicted maximum rainfall at night occurs along the

southwestern coast where the incoming southwesterly

flow encounters relatively weak south-southeasterly

winds over the coastal area over southwestern Taiwan.

During the daytime, without the presence of the

cold pool, flow deceleration of the LLJ off the south-

western coast is less significant when compared to the

FIG. 21. As in Fig. 18, but for 0600 UTC 16 Jun.
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DA_ALL_DATA run. Above the 900-hPa level, the

incoming large-scale southwesterly flow has a westerly

wind component impinging on CMR. In addition, the

upslope flow prevails at low levels over southwestern

Taiwan. As a result, in addition to widespread rainfall

over the northern South China Sea and windward

coastal areas, significant orographic precipitation is

predicted on the southwestern slopes of CMR.

The impact of orographic effects on focusing coastal

rainfall is also addressed with the island terrain com-

ponent removed during the cycling run and subsequent

forecast (NoT run). For the NoT run, the GPS RO re-

fractivity profiles, GTS data (excluding land-based ob-

servations over Taiwan), and 18 TiMREX data from

three outer island stations (Dongsha, Penghu, and

Lyudao) are assimilated during the cycling run. The

large-scale initial conditions at 1200 UTC 15 June

are similar to the DA_ALL_DATA run. Over the

high-resolution (3 km) nested domain, a cold pool is

simulated at low levels over the Taiwan area due to

antecedent rains. At night, an offshore wind component

is predicted at the surface over southwestern Taiwan

with weak winds over the island. The nocturnal coastal

rainfall in the NoT run, which is the result of the con-

vergence between the southwesterly flow and the off-

shore flow, is weaker than the DA_ALL_DATA run

due to the absence of island terrain in the model.

Without the presence of CMR in the NoT run, the

cold pool spreads out to the eastern side of Taiwan

during the daytime due to the presence of the prevailing

southwesterly monsoon flow. The flow deceleration

upstream of southwestern Taiwan is less significant as

compared to the DA_ALL_DATA run. The heavy

rainfall off the southwest coast of Taiwan is under-

estimated in the NoT run as compared to theDA_ALL_

DATA run and observations due to the lack of blocking

FIG. 22. Model initial conditions of the NoT run over domain 1 at 1200 UTC 15 Jun 2008 after the cycling run.

(a) TPW (mm). The locations of soundings andGPSRO observations assimilated into the cycling run are indicated

by circles and plus signs, respectively. (b) The 900-hPa geopotential height (gpm), wind speed (m s21) (shaded), and

winds (m s21) (a full barb represents 5m s21) from domain 1. (c) The 950-hPa potential temperature (K) (shaded),

geopotential height (gpm) (contoured), and winds (m s21) (a full barb represents 5m s21) from domain 3.

(d) Vertical cross sections of potential temperature (K) (shaded) and winds (m s21) (a full barb represents 5m s21)

along line AB in Fig. 1a from domain 3.
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effect of terrain and absence of a cold pool without an

offshore wind component in the model simulation. In-

stead, an east–west-oriented rainy area extends from

southwestern Taiwan westward to the southern Taiwan

Strait where the large-scale vertically integrated moisture

convergence occurs. Furthermore, convective showers are

predicted within the southwesterlymonsoon flow over the

island, especially on the windward side as the incoming

southwesterly flow encounters weaker winds inland.

In the future, additional coastal rainfall events over

southwestern Taiwan during the early summer rainy

season will be studied and compared with this case.

Furthermore, for this case, the heavy coastal rainfall is

under the influence of the strong andmoist southwesterly

monsoon flow [or the low-level jet (LLJ)] over the

northern South China Sea (Fig. 13; Xu et al. 2012) in the

prefrontal environment with maximum wind speed oc-

curring within the boundary layer (around the 900-hPa

level). This type of LLJ event is apparently different from

the LLJs associated with the subsynoptic frontal systems

during the early summer rainy season found in the liter-

ature, which have maximum wind speed within the 700–

850-hPa level (e.g., Chen and Yu 1988; Chen et al. 1994;

and others). Work in this area is currently under way.
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