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ABSTRACT

A strong coastal boundary layer jet (CBLJ) (;8m s21) off the southeastern coast of China (around 288N,

1228E) is found from the July 2006–11 hourly model data simulated by the Advanced Research Weather

Research and Forecasting Model (WRF-ARW) with a 9-km horizontal grid. The southerly CBLJ has a jet

core at the 925-hPa level, located along the western periphery of the west Pacific subtropical high (WPSH).

The CBLJ is mainly contributed by large-scale enhancement by diurnal forcing and orographic effects by the

coastal terrain along the southeastern China coast and the terrain of Taiwan.

Although the geostrophic winds offshore are faster in the afternoon due to the larger east–west pressure

gradient caused by land surface heating over the China plain, the CBLJ has a nocturnal (;0200LST)maximum.

In the afternoon hours, easterly ageostrophic winds driven by differential land–sea thermal heating develop at

low levels. After sunset, with the disappearance of land surface heating, the ageostrophic winds offshore veer

southward by the Coriolis force and combine with the southerly geostrophic flow resulting in a nocturnal

maximum in the CBLJ. Furthermore, from two model sensitivity experiments (NoTW and LowFJ), it is ap-

parent that the terrain of Taiwan and Fujian exerts a secondary influence (1–2m s21) on the strength of the

CBLJ. The orographic blocking by the terrain of Taiwan and Fujian is more significant with a larger (;1m s21)

southerly wind component north of the Taiwan Strait at night than in the afternoon hours.

1. Introduction

Boundary layer jets (BLJs), which are one type of low-

level jet (LLJ) [below 1km; Du et al. (2014)], frequently

occur next to a large mountain range or in regions with

land–sea thermal contrast (Stensrud 1996; Rife et al. 2010).

In addition to boundary layer jets east of the Rocky

Mountains over the U.S. Great Plains (e.g., Bonner 1968;

Blackadar 1957; Parish andOolman 2010;DuandRotunno

2014), coastal boundary layer jets around the world

(Ranjha et al. 2013) have also been studied extensively.

These include the California coastal jet (e.g., Zemba

and Friehe 1987; Burk and Thompson 1996; Pomeroy and

Parish 2001), the Chilean coastal jet (e.g., Garreaud and

Ricardo 2005; Jiang et al. 2010), the Somali jet (e.g.,

Krishnamurti et al. 1976; Chakraborty et al. 2009), the

Carolina coastal jet (e.g., Sjostedt et al. 1990; Doyle and

Warner 1993), the New York Bight jet (Colle and Novak

2010), and others. The coastal jets are frequently associated

with large-scale atmospheric circulation, diurnal land–sea

thermal contrast, and coastal terrain (Ranjha et al. 2013).

Baroclinicity and diurnal forcing near coasts play an

important role in the development and diurnal variations
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FIG. 1. Horizontal distributions of (a) the occurrence frequency (shaded,%) of BLJs [criteria for identifying BLJs is same as in Du et al.

(2014)]; (b) average 925-hPa wind vectors, speed (shaded, m s21), and geopotential height (black solid lines, interval 5 gpm); (c) as in

(b), but for geostrophic winds; and (d) as in (b), but for ageostrophic winds over southeastern China for July 2006–11 using the model data

(REAL experiment). Black line in (a) is referenced in Figs. 2, 10, 14, and 19; and black box in (b) in Figs. 11 and 13.
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of low-level winds and coastal jets. Small-scale land–sea

breezes near the surface along the coast are well docu-

mented in several previous studies (Haurwitz 1947; Schmidt

1947;Rotunno 1983;Drobinski et al. 2011;Novak andColle

2006). Using the linear theory of the sea breezes in an

alongshore thermal wind, Drobinski et al. (2011) found

that the daytime enhanced across-coast winds exhibit

a clockwise rotation with an along-coast wind maximum

at 1800 local time (LT). Zhang et al. (2006) studied the

LLJs over the mid-Atlantic states and found that 90% of

these jets exhibit a pronounced nocturnalmaximum in the

lowest 1.5km with a jet core located near the middle

portion of the sloping terrain. These jets are sub-

geostrophic during the daytime due to turbulence mixing

in the lowest levels and become supergeostrophic after

midnight consistent with the inertial oscillation mecha-

nism proposed by Blackadar (1957). The southerly New

York Bight jet offshore (east) of the northern New Jersey

coast and south of Long Island occurs at ;150m MSL

within the sloping marine inversion with a diurnal maxi-

mum at 1900 eastern daylight time, which is approxi-

mately 1–2h after the peak meridional pressure gradient,

through a geostrophic adjustment process (Colle and

Novak 2010). Along the California coast, the northerly jet

is situated within a sloping marine inversion with the

maximum coastal baroclinicity in themidafternoon (Burk

and Thompson 1996). Burk and Thompson (1996) sug-

gest that the delay of jet maximum in the early evening

is associated with diurnal variations of baroclinicity

(maximum in the midafternoon hours) along with in-

ertial and friction effects. Furthermore, the northerly

jets along the California coast are enhanced by a persis-

tent synoptic-scale pressure gradient (North Pacific high

TABLE 1. Configurations of the WRF Model used in this study.

Numerical and physical process Schemes and model

Microphysics WSM 6-class graupel

Longwave radiation RRTM scheme

Shortwave radiation Dudhia scheme

Surface layer Monin–Obukhov

Land surface Unified Noah

Planetary boundary layer YSU

Cumulus parameterization Kain–Fritsch

TABLE 2. A list of sensitivity experiments with different topography,

surface fluxes, and smoothing procedures.

Expt Description

REAL Model dataset from Du et al. (2014) for July 2006–11

with smoothing between 1200 and 1100 UTC

NoTW As in REAL, but with the Taiwan terrain completely

removed and the land surface replaced with ocean

LowFJ As in REAL, but with the Fujian terrain reduced to 10%

NoFlux As in REAL, but with heat and moisture fluxes turned

off at the surface without smoothing between 1200 and

1100 UTC

FIG. 2. Longitude–pressure cross sections of (a) the mean hori-

zontal winds, (b) geostrophic winds, and (c) ageostrophic winds

along the black line in Fig. 1a for July 2006–11. Color denotes wind

speed (m s21). Wind vectors denote horizontal winds (e.g., upward

means southerly winds).
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to the west, thermal low to the east) and the presence of

coastal terrain.

In addition to baroclinicity and diurnal forcing, the

orographic effect is another important factor in pro-

ducing or enhancing coastal jets when a high mountain

range exists along the coast. Examples of this include the

Andes for the Chilean coastal BLJ (Jiang et al. 2010), the

East African mountains for the Somali jet (Chakraborty

et al. 2009), the Appalachians for the mid-Atlantic LLJs

(Zhang et al. 2006), and the central mountain range for

the Taiwanese barrier jets (Li and Chen 1998). Jiang

et al. (2010) suggested that in addition to the baroclinic

zone along the Chilean coast due to land–sea thermal

contrast, the interaction between the Andes and the

winds associated with the southeast Pacific high pressure

system (SEPH) results in mesoscale high pressure off

the southern Chilean coast that enhances the southerly

Chilean coastal BLJ by increasing the equatorward

pressure gradient force. These Chilean coastal boundary

layer jets typically have a direction parallel to the

coastline. Krishnamurti et al. (1976) demonstrated that

the East African mountains provide a western bound-

ary (barrier) that intensifies the Somali jet by deflecting

westerly low-level air northward. Using sensitivity

simulations, Zhang et al. (2006), showed that the in-

tensity of the mid-Atlantic LLJ decreases from 12 to

9m s21 when the terrain of Appalachians is removed. A

barrier jet that often occurs along the northwestern

coast of Taiwan is a result of the deflected airflow along

the western coast, which accelerates northward with

a large cross-contour wind component down the oro-

graphically induced pressure gradients (Li and Chen

1998).

Using hourly model data with a 9-km resolution, Du

et al. (2014) found that BLJs frequently occur off the

southeastern coast of China in July [Fig. 1a; similar to

Fig. 5f of Du et al. (2014)]. The criteria they employed to

identify a BLJ is based on the existence of maximum wind

speed of over 10ms21 below the 4-km height level with

significant vertical shear. Figure 1a shows the frequent

occurrences of BLJs off the southeastern coast of China

with a maximum (about 60% frequency) around 288N,

1228E from the model data for July 2006–11. Because few

studies have documented the jet off the southeastern coast

of China, several questions arise. 1) What are the charac-

teristics of the coastal BLJ (CBLJ)? 2)Why does theCBLJ

exist? 3) To what extent does the Taiwan and Fujian ter-

rain affect the existence of the CBLJ? 4) Does the CBLJ

have a diurnal variation? If so, what are the mecha-

nisms for its diurnal variations? 5) What are the dif-

ferences and similarities between the coastal jet off

the southeastern China coast and other coastal jets

FIG. 3. Vertical profiles of (a) mean horizontal wind speed (m s21) and direction (8), and (b) potential temperature (K) and relative humidity

(%) at 1400 LST (black lines) and 0200 LST (red lines) from the model data at 288N, 1228E (CBLJ core) for July averaged during 2006–11.
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found in the literature, including formation mecha-

nisms and diurnal variations?

In this study, the model data during the period of July

2006–11 described by Du et al. (2014) are used to explore

the mechanisms for the existence of the CBLJ and the

reasons for its diurnal variations, if any. Detailed pro-

cedures for our numerical simulations are presented in

section 2. In section 3, we describe the general climato-

logical characteristics of the simulated CBLJ. The simula-

tion result is compared to the high-resolution data from

a wind profiler radar and the European Centre for

Medium-Range Weather Forecasts (ECMWF’s) opera-

tionalmodel analysiswith a 12-km resolution. In section 4,

the mechanisms for diurnal variations of the CBLJ are

diagnosed based on the model data. In section 5, the

mechanisms discussed in section 4 are further explored

with model sensitivity experiments (Table 2). The differ-

ences and similarities between this jet and other coastal

jets found in the literatures are discussed in section 6. The

final section summarizes our results.

2. Model and data

The Advanced Research Weather Research and Fore-

casting Model (WRF-ARW, version 3.3.1) with a 9-km

horizontal resolution is used in this study. Themodel top

was set at 50 hPa with 40 Eta layers1 in the vertical. The

FIG. 4. Horizontal distributions of averaged 925-hPa wind vec-

tors and speed (shaded, m s21) during (a) June, (b) July, and (c)

August 2006–11 from the CFSR data.

FIG. 5. The average 500-hPa (black contour) and 925-hPa (red

contour) geopotential height for July 2006–11 from theNCEPFNL

operational global analysis data on a 18 3 18 grid every 6 h.

1 Theh-layer levels: 1.0000, 0.9974, 0.9940, 0.9905, 0.9850, 0.9800,

0.9700, 0.9600, 0.9450, 0.9300, 0.9100, 0.8900, 0.8650, 0.8400, 0.8100,

0.7800, 0.7500, 0.7100, 0.6800, 0.6450, 0.6100, 0.5700, 0.5300, 0.4900,

0.4500, 0.4100, 0.3700, 0.3300, 0.2900, 0.2500, 0.2100, 0.1750, 0.1450,

0.1150, 0.0900, 0.0650, 0.0450, 0.0250, 0.0100, and 0.0000.
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hourly outputs are generated from daily simulations

over China during July from 2006 to 2011. The daily

simulation, which is initialized by the National Centers

for Environmental Prediction (NCEP) Final (FNL)

Operational Global Analysis data (18 grid spacing),

starts at 0000 UTC every day and runs for 36 h. Hourly

model data from 1200 to 1100UTC the following day are

used to take into account the spinup issue. We im-

plemented measures to eliminate the gap in the data

between 1100 and 1200 UTC due to their different

forecasting errors. For the commencing time of the daily

output, we varied between 1200 and 0600 UTC with

the corresponding ending time between 1100 and

0500 UTC the following day [Fig. 2 of Du et al. (2014)].

This reinitialization approach is widely adopted for re-

gional climate simulations (�Zagar et al. 2006; Jiménez
et al. 2010; Parish and Oolman 2010; Zhang et al. 2012;

Yang et al. 2005) and is an effective method to alleviate

the problems of systematic model errors for a long-term

integration (Lo et al. 2008). The model configurations

are given in Table 1. A detailed description of the model

configuration is given in Du et al. (2014).

To validate the model dataset for the CBLJ, the wind

profiler radar (WPR) observation with high vertical reso-

lution at Yonagunijima, Japan (24.478N, 123.018E, red

cross in Fig. 1a), and theECMWFatmospheric operational

model analysis (starting in 2011) with 0.1418 3 0.1418 grids
are used. The NCEP Climate Forecast System Reanalysis

(CFSR; Saha et al. 2010) for June–August 2006–11 are used

to study the seasonal variation of the CBLJ because it

covers a longer period compared to the ECMWF data.

In addition to the model data (hereafter REAL ex-

periment), three sensitivity experiments during the

same period are performed (Table 2) to further study

the mechanisms of the CBLJ. The NoFlux experiment

is conducted to investigate the impacts of surface fluxes

on the mean state and the diurnal variations of the

CBLJ. TheNoTWandLowFJ experiments are performed

to explore the effects of Taiwan and Fujian terrain on the

CBLJ.

3. Climatological characteristics of the simulated
CBLJ and validation

Figure 1b shows the horizontal distribution of the

simulated mean winds at the 925-hPa level during July

with a maximum wind speed of ;8ms21 around 288N,

1228E off the southeastern coast of China. The simu-

lated mean wind direction associated with the wind

speed maximum is nearly parallel to the coastline

(southerly, Fig. 1b). The simulated jet exhibits a maxi-

mum in the vertical wind profile at the 925-hPa level

(Fig. 2a), which is above the mixed layer (Fig. 3).

The horizontal distributions of mean winds at the

925-hPa level during June, July, and August from

CFSR (Fig. 4) show that the CBLJ off the south-

eastern coast of China exhibits pronounced seasonal

variations with a maximum in July. In June, the

CBLJ occurs east of Taiwan and a barrier jet occurs

along the northeastern coast of Taiwan (Li and Chen

1998). In August, the CBLJ becomes weak as

the west Pacific subtropical high (WPSH) moves

northward.

In July, the WPSH is located east of China with the

ridge axis around 268N at the 500-hPa level (Fig. 5). The

CBLJ occurs west of the WPSH with large synoptic

FIG. 6. (a) Mean vertical profiles of horizontal wind speed

(m s21) and direction (8) for 0300 and 1500 LST from wind profiler

radar (WPR) observations and the model data at Yonagunijima

(24.478N, 123.018E) for July 2006–11. (b) Diurnal variations of

wind speed at the 925-hPa level from wind profiler radar obser-

vations and the model data at Yonagunijima averaged over July

2006–11.
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pressure gradients at low levels (Fig. 5). The land–sea

thermal contrast may enhance the low-level geo-

potential height gradients along the eastern coast of

China (Fig. 5). Near the core (;925hPa) of the CBLJ,

the geostrophic winds (about 7m s21) account for about

87% of the total winds (about 8m s21) (Fig. 1c). Geo-

strophic winds are larger at low levels and largest at the

surface (Fig. 2b). However, the wind speed maximum of

the vertical wind profile of the CBLJ is located at about

the 925-hPa level because of friction and vertical mixing

near the surface (Fig. 2c). It appears that the CBLJ

represents an enhancement of the background synoptic

flow on the southeastern flank of theWPSH by the land–

sea thermal contrast and orographic effects of the coastal

terrain where the coastline is almost parallel to the iso-

bars (Fig. 1). It is possible that the terrain of Taiwan also

FIG. 7. The averaged 925-hPa wind vectors and speed (shaded, m s21) for (left) 0600 UTC (1400 LST) and (right) 1800 UTC (0200 LST)

July 2011 from (a),(b) the model and (c),(d) the ECMWF’s operational model analysis.
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FIG. 8. Diurnal variations (0800, 1100, 1400, 1700, 2000, 2300, 0300, and

0500 LST) of the 925-hPa wind vectors and speed (shaded, m s21) and geo-

potential height (black contours, interval 5 gpm) for July 2006–11 from the model

data (REAL experiment).
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FIG. 9. As in Fig. 8, but for geostrophic winds (shaded, m s21).
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affects the CBLJ. This possibility will be studied using

model sensitivity tests and discussed in section 5.

Du et al. (2014) used sounding and wind profiler radar

observations at a few locations over China to evaluate

themodel data. To further verify the simulated CBLJ and

its diurnal variations, the WPR data at Yonagunijima

near the CBLJ and the ECMWF atmospheric operational

model analysis are also used for model verifications. The

mean vertical wind profiles at 0300 LST (1900UTC)2 and

1500 LST (0700 UTC) (Fig. 6a) from the model output

are validated with the high vertical-resolution WPR data

at Yonagunijima. The observed vertical wind profiles

with a maximum at the 600-m level are simulated. The

observed daytime versus nighttime differences in wind

speeds at the 925-hPa level with a maximum around

0200 LST are also reproduced in the model (Fig. 6b),

although the simulated wind speed minimum occurs 1–

2 h earlier (1200 LST versus 1400 LST) and the simulated

wind speed diurnal cycle amplitude is smaller (,1ms21)

as compared to the observations. The horizontal distri-

butions (maximumwind speed around 0200 LST at 288N,

1228E off the southeastern coast of China) of the CBLJ

and its temporal variations with a nocturnal maximum

from the model data are consistent with the ECMWF

operational model data in July 2011 (Fig. 7). The wind

speeds from the ECMWF operational model data are

slightly stronger (,1ms21) than that of our model data

south of Taiwan and over the southern China plain.

4. Diagnosis of the diurnal variations of the
simulated CBLJ

The simulated CBLJ strength exhibits pronounced

diurnal variations with a nocturnal maximum (;9ms21)

FIG. 10. Longitude–pressure cross sections of potential temperature (contours, K) and (a),(c) the mean horizontal winds and (b),(d)

geostrophic winds at (top) 1400 and (bottom) 0200 LST along the black line in Fig. 1a for July 2006–11. Color denotes wind speed. Wind

vectors denote horizontal winds (e.g., upward means southerly winds).

2 Local standard time (LST) is 8 h ahead of the coordinated

universal time (UTC).
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around 0200 LST (Fig. 8). However, the geostrophic

winds at the 925-hPa level show diurnal variations with

a maximum (.7ms21) in the late afternoon (1700 LST)

(Fig. 9). Figure 10 shows longitude-pressure cross sec-

tions of the mean horizontal winds and geostrophic

winds at 1400 and 0200 LST along the black line in

Fig. 1a. Geostrophic winds are stronger near the coast

(the slope of mountains) in the afternoon than at night

(Figs. 10b and 10d) due to stronger thermal contrast in

the afternoon near the coast. However, mean horizontal

winds are stronger at night than in the afternoon and the

location of the maximum wind speed is different from

that of the geostrophic winds (Figs. 10a and 10c). The

diurnal variations of the 925-hPa y-wind component and

the y component of the geostrophic wind (y and yg)

averaged over the coastal area (denoted by a black box

in Fig. 1b) for July 2006–2011 (Fig. 11a) are different.

The y-wind component averaged over the black box

has a maximum (;8.5m s21) at 0200 LST, whereas yg
exhibits a diurnal maximum (;7.5m s21) at 1600 LST.

A clockwise rotation of the ageostrophic winds at

the 925-hPa level off the coast is apparent (Fig. 11b)

with easterly ageostrophic winds at 1700 LST, which

become southerly ageostrophic winds (;2m s21) at

0200 LST (Fig. 12). The southerly ageostrophic winds

at night plus southerly large-scale geostrophic winds

result in maximum wind speed at night. Therefore, the

diurnal variations of y are mainly attributed to the

veering of ageostrophic winds. The rotation of winds is

also documented in other observational studies (Song

et al. 2005; Du et al. 2012).

To further investigate the mechanism for the diurnal

variations of the CBLJ, the momentum balance is ana-

lyzed using the same method as Du et al. (2014). The

y-component momentum equation can be written as

›y

›t
5
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2u
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2 y

›y
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2u
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2 f (u2 ug)
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The above equation states that the local acceleration

of the y-component wind (term I) equals the sum of the

horizontal advection (term II), the Coriolis force acting

on the ageostrophic winds in the y direction (term III),

and friction (residual term, term IV). Figure 13 shows

the diurnal variations of the four terms in the momen-

tum equation at the 925-hPa level averaged over the

coastal area (Fig. 1b, black box). It is apparent that the

Coriolis force acting on the ageostrophic winds (term

III) is the dominant term when compared to the hori-

zontal advection (term II) and friction (term IV). Unlike

over land [e.g., Tarim basin, northeastern China, and

southeastern China; Du et al. (2014)], the friction term

plays a relatively minor role in the deceleration of y in

the daytime due to relatively weak vertical turbulence

mixing in the marine boundary layer (Fig. 13).

The inertial oscillation mechanism proposed by

Blackadar (1957) was triggered by the sudden suppres-

sion of turbulence in themixed layer at sunset.During the

daytime, the wind in the mixed layer is subgeostrophic

FIG. 11. (a) Diurnal variations of the mean 925-hPa wind com-

ponent (y) and geostrophic wind (yg) component for the y direction

averaged over the coastal area (black box in Fig. 1b) in the REAL

experiment. (b) A clockwise rotation of the mean 925-hPa ageo-

strophic wind averaged over the coastal area (black box in Fig. 1b).
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due to strong vertical turbulence mixing. After sunset,

a stable layer develops near the surface as a result of

nocturnal cooling, and the air just above the stable layer

becomes frictionless. The ageostrophic wind veers under

the Coriolis force and undergoes an inertial oscillation

that leads to supergeostrophic flowduring a portion of the

oscillation several hours later (Blackadar 1957; Zhang

et al. 2006). In contrast to the air above the land surface

(e.g., Du et al. 2014), the friction term for the air above

the ocean surface is rather small for the entire day

(Fig. 13). Where do the ageostrophic winds off the coast

come from? Because of the presence of east–west

thermal contrast, at 1400 LST a thermal circulation with

upward vertical motions over land and downward ver-

tical motion over the ocean forms near the coast and

leads to easterly ageostrophic winds at low levels off the

FIG. 12. The averaged 925-hPa ageostrophic wind vectors and surface temperature at 2m (shaded, K) for 1700, 2000, 2300, and 0200 LST in

the REAL experiment July 2006–11. White arrows denote the main directions of the perturbation wind vector over the CBLJ region.
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coast (Fig. 14a). However, the thermal circulation in the

evening is not significant at the 925-hPa level, which is

above the surface layer (Fig. 14c). The effect of the

Coriolis force on the easterly ageostrophic winds over

the ocean, which is caused by the land–sea thermal

contrast in the late afternoon hours, is the dominant

term (Fig. 13) for the development of supergeostrophic

winds at night. It appears that the nocturnal CBLJ

maximum is related to inertial oscillation initiated by the

disappearance of land surface heating after sunset. The

impact of land–sea thermal contrast on CBLJ will be

discussed further in section 5a by removing surface

fluxes in the model. Additional tests on the orographic

effects, if any, of the coastal mountain ranges along the

southeastern coast of China and Taiwan terrain on the

strength and diurnal variations of the CBLJ will be

discussed in section 5b.

5. Model sensitivity tests

a. Without surface fluxes

Because the land–sea thermal contrast is mainly caused

by surface fluxes, a sensitivity experiment (NoFlux) during

the same period without surface heat and moisture

fluxes in the model is performed (Table 2) to investigate

the impact of land–sea thermal contrast on the mean

state and the diurnal variations of the CBLJ.

Without surface fluxes, the mean thermal contrast

between land and ocean becomes rather small, which is

from large-scale initial conditions, and the geopotential

height gradients along the eastern coast of China are

smaller than the REAL run (Figs. 1b and 15). Without

surface fluxes, the subtropical high is also weaker. The

maximum wind speed (about 6m s21) associated with

the CBLJ at the 925-hPa level for the NoFlux experi-

ment is about 2m s21 slower than theREAL experiment

(Figs. 1b and 15). It is apparent that without differential

heating between the China plain and the western Pacific

in July, the CBLJ is weaker. The importance of the

large-scale geostrophic balance associated with the

WPSH and the thermal forcing (baroclinic zone) along

the coast for the CBLJ is similar to that found along the

California (Burk and Thompson 1996) and Chilean

coasts (Jiang et al. 2010).

The NoFlux experiment is also used to diagnose

the diurnal variations of the CBLJ. In the NoFlux

FIG. 13. Diurnal variations of individual terms in the horizontal momentum equation at the

925-hPa level averaged over the coastal area (black box in Fig. 1b) for July 2006–11 in the

REAL experiment.
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experiment, the ageostrophic winds off the coast are

much weaker than in the REAL experiment (Fig. 16)

due to the absence of diurnal land–sea thermal contrast

and thermally driven circulation near the coast

(Figs. 14b and 14d). Theweak ageostrophic winds off the

northwestern Taiwan coast (barrier jet along north-

western Taiwan) are related to island blocking. The

clockwise rotation of the ageostrophic winds off the

southeastern China coast simulated in the NoFlux ex-

periment is also not significant. Without fluxes at the

surface, both the y-component wind (y) and the geo-

strophic wind component for the y direction (yg) at the

925-hPa level decrease from 1200 UTC (2000 LST)

(commencing time in the model) to 1100 UTC (1900

LST) the following day (Fig. 17a) due to a decreasing

thermal difference between land and sea in the NoFlux

experiment (Fig. 16). In contrast to the REAL experi-

ment, all four terms in the momentum equation exhibit

little diurnal variation in the NoFlux experiment

(Fig. 17b). The most striking difference between the

REAL and NoFlux experiments is the difference in the

Coriolis force acting on the ageostrophic wind term

(term III). This term has small negative values

throughout the entire diurnal cycle in the NoFlux ex-

periment (Fig. 17b), but it has large positive values

during the day with decreasing magnitude until the early

morning in the REAL experiment (Fig. 13b). Thus, di-

urnal variations of the CBLJ in the NoFlux experiment

are not significant due to weaker ageostrophic winds off

the coast of southeastern China. It is apparent that

thermally driven circulations, caused by land–sea ther-

mal contrast, impact the ageostrophic winds off the coast

and the Coriolis force acting on it.

b. Orographic effects

In this section we explore the effects of Taiwan and

Fujian terrain on the CBLJ using two model sensitivity

experiments: 1) NoTW where the Taiwan terrain is

FIG. 14. Longitude–pressure cross section of vertical motion (shaded, cm s21), potential temperature (contours, K), and vertical circula-

tion vectors (ageostrophic zonal wind and 100 times the vertical velocity) along the black line in Fig. 1a at (a),(b)1400 and (c),(d) 0200 LST for

July 2006–11 for (a),(c) the REAL and (b),(d) NoFlux experiments.
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removed completely and the land is replacedwith ocean,

and 2) LowFJ where the Fujian terrain is reduced to

10% of the actual terrain height (Table 2).

Figure 18a shows the difference in wind vectors at the

925-hPa level between the REAL experiment and the

NoTWexperiment. TheTaiwan terrain does indeed affect

the magnitude of the CBLJ (around 0.6ms21) as a result

of orographic blocking. From the difference of geo-

potential height between REAL and NoTW experiments

(Fig. 18a), we find that the low-level incoming south-

westerly flow decelerates off the southwestern coast of

Taiwan when it encounters the orographically induced

high pressure there (geopotential height difference

;0.8 gpm). The flow accelerates along the northwestern

coast of Taiwan due to the orographically induced

pressure gradients. This orographic blocking is more

pronounced at night (geopotential height difference

;1.2 gpm, Fig. 18e) than in the afternoon (geopotential

height difference ;0.6 gpm, Fig. 18c) due to changes in

stability over land. Lin et al. (2011) also found that the

barrier jet along the northwestern Taiwan coast is

stronger in the early morning than in the afternoon.

When the terrain of Taiwan is included, the pressure in

the exit region is lower with stronger winds (0.5–1m s21)

north of the Taiwan Strait (Fig. 18a), especially at night

(Figs. 18e and 19a,c).

The differences in winds and geopotential height be-

tween the REAL and LowFJ experiments are shown in

Fig. 18b. The Fujian terrain also decelerates the in-

coming southwesterly flow with orographically induced

higher pressure upstream (geopotential height differ-

ence;1.2 gpm). The Fujian terrain also results in lower

pressure or a cyclonic lee vortex downstream of the

terrain along the southeastern China coast, whichmakes

the winds north of the exit region of the Taiwan Strait

stronger (0.5–1ms21, Fig. 18b). At night (Fig. 18f), the

leeside vortex is stronger due to more significant oro-

graphic blocking than in the afternoon (Fig. 18d). With

orographic effects, the wind speed of the CBLJs located

at the channel exit region is slightly stronger at night

(Figs. 18f and 19b,d).

It is apparent that orographic blocking by the island

terrain of Taiwan and the mountain range along the

southeastern China coast contribute to a stronger CBLJ

in the channel exit, especially at night. The diurnal

variations of the blocking effect also partly contribute to

the simulated nocturnal maximum in the CBLJ.

6. Discussion

In this study, we compare the CBLJ of China with two

U.S. East Coast jets: 1) the New York Bight coastal jet

(Colle andNovak, 2010) and 2) the low-level jet over the

mid-Atlantic states (Zhang et al. 2006). These two jets

have similar large-scale settings as compared to the

CBLJ of China, which is located along the west-northwest

periphery of the subtropical high. Both studies stressed the

importance of the large-scale geostrophic forcing, land–

sea thermal contrast, and terrain for the development of

these coastal jets. However, differences exist among these

jets, especially the time phases of diurnal variations and

theirmechanisms. These differences could be attributed to

differences in the adjacent terrain and the geometry of the

coastlines.

Colle and Novak (2010) studied the southerly New

York Bight coastal jet, which is a part of large-scale en-

hancement by land–sea thermal difference. The maxi-

mum jet winds at 1900 LST are mainly due to the large

meridional pressure gradient (north–south land–sea

thermal contrast) at 1730 LST and subsequent geostrophic

adjustment process. In contrast to the NewYork Bight jet,

where both west–east and south–north thermal contrast

exist, the CBLJ of China is located offshore of the east

coast of the China plain where the land–sea thermal

contrast is mainly in the east–west direction. In the af-

ternoon, the east–west pressure gradient results in easterly

ageostrophic winds toward the coast. The ageostrophic

flow turns clockwise due to an inertial oscillation of the

Coriolis force and becomes a southerly ageostrophic flow

around 0200 LST when the southerly CBLJ becomes su-

pergeostrophic and reaches a nocturnal maximum. Oro-

graphic blocking by the terrain of Taiwan and Fujian is

more significant at night with a stronger southerly wind

FIG. 15. As in Fig. 1b, but for the NoFlux experiment.
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component north of the Taiwan Strait than in the after-

noon hours, which also contributes to the nocturnal

maximum for the CBLJ of China.

Although both the CBLJ of China and the LLJ over

the mid-Atlantic states have a nocturnal maximum, the

physical processes are different. From their sensitivity

simulations, Zhang et al. (2006) found that diurnal sur-

face heat fluxes (over land) are responsible for the

diurnal variations of the LLJ through inertial oscillation

of ageostrophic winds triggered by a sudden suppression

of turbulence by the development of a stable nocturnal

boundary after sunset (Blackadar 1957). Over the mid-

Atlantic states, the BLJ occurs above a sloping mountain

terrain. The CBLJ of China, however, is above the marine

mixed layer over the ocean where the eddy viscosity and

vertical mixing are relatively small and do not have

FIG. 16. As in Fig. 12, but for the NoFlux experiment.
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significant diurnal variations. The ageostrophic wind off

the coast in the afternoon hours is caused by land–sea

thermal contrast rather than turbulence mixing in the

daytime mixed layer. The nocturnal maximum for the

CBLJ of China is mainly attributed to the veering of

ageostrophic winds offshore due to the disappearance of

land surface heating over the China plain after sunset.

7. Summary

Coastal boundary layer jets (CBLJs) have been studied

extensively throughout different parts of the world. Be-

cause of the limitations of observational data, the CBLJ

off the southeastern coast of China has not been pre-

viously documented. In this study, a long-term simulation

using a high-resolution Nonhydrostatic MesoscaleModel

(e.g., WRF) with reinitialization, which is achieved by

subdividing a long-term continuous integration into shorter

ones (36h), is used to produce a 6-yr July dataset (2006–11)

with a grid spacing of 9km and 40 vertical levels in China

(Du et al. 2014). This dataset is validated with ECMWF

operational model analysis and high vertical resolution

data from the radar wind profiler observations collected at

Yonagunijima, Japan (24.478N, 123.018E). From the anal-

ysis of this dataset, we discover a pronounced CBLJ off the

southeastern coast of China (around 288N, 1228E) with

a jet core (;8ms21) at the 925-hPa level. The CBLJ ex-

hibits appreciable diurnal variations with a maximum of

;9ms21 at night (0200 LST).

Large-scale settings enhanced by land–sea thermal

forcing are themain factors for the existence of theCBLJ.

The axis of the CBLJ is located west of the WPSH and

near the coast where the geopotential height gradients

are the largest. The geostrophic winds off the coast ac-

count for about 87% of the actual winds at the 925-hPa

level. From our two terrain sensitivity experiments

(NoTW and LowFJ), it is apparent that the orographic

effects (blocking) of the Taiwan and Fujian terrain only

play a secondary role in the development of the CBLJ.

The CBLJ has a nocturnal maximum, though its

geostrophic wind component is faster in the afternoon.

Easterly ageostrophic winds develop at low levels in the

afternoon as a result of a thermally driven circulation

arising from a land–sea thermal contrast. After sunset,

the easterly ageostrophic winds offshore rotate clock-

wise and become southerly ageostrophic winds at night.

The southerly ageostrophic winds at night plus southerly

geostrophic winds are responsible for the nocturnal

CBLJ maximum. From the momentum balance, the

Coriolis force acting on the ageostrophic winds is found

to be the main mechanism for the diurnal variations of

the CBLJs. A NoFlux sensitivity experiment shows that

the thermally driven circulation near the coast is the

main cause for the simulated low-level ageostrophic

winds toward the coast in the afternoon hours. In the

NoFlux experiment, the ageostrophic winds become

much weaker due to the absence of a diurnal thermally

driven circulation. Furthermore, the orographic effect

by the terrain of Taiwan and Fujian are more significant

with a slightly larger (;1m s21) southerly wind com-

ponent north of the Taiwan Strait at night than in the

afternoon hours, which also partially contributes to the

simulated nocturnal maximum in the CBLJ.
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