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ABSTRACT

In this study, the three-dimensional structures and diurnal evolution of a typical low-level jet (LLJ) with a

maximum speed of 24m s21 occurring in the 850–800-hPa layer are examined using both large-scale analysis

and a high-resolution model simulation. The LLJ occurred on the eastern foothills of the Yun-Gui Plateau in

south China from 1400 LST 29 June to 1400 LST 30 June 2003. The effects of surface radiative heating,

topography, and latent heat release on the development of the LLJ case are also studied. Results show that a

western Pacific Ocean subtropical high and a low pressure system on the respective southeast and northwest

sides of the LLJ provide a favorable large-scale mean pressure pattern for the LLJ development. The LLJ

reaches its peak intensity at 850 hPa near 0200 LST with wind directions veering from southerly before sunset

to southwesterly at midnight. A hodograph at the LLJ core shows a complete diurnal cycle of the horizontal

wind with a radius of 5.5m s21. It is found that in an LLJ coordinates system the along-LLJ geostrophic

component regulates the distribution and 65% of the intensity of LLJ, whereas the ageostrophic component

contributes to the clockwise rotation, thus leading to the formation and weakening of the LLJ during night-

and daytime, respectively. Numerical sensitivity experiments confirm the surface radiative heating as the key

factor in determining the formation of the nocturnal LLJ. The existence of the Yun-Gui Plateau, and the

downstream condensational heating along the mei-yu front play secondary roles in the LLJ formation.

1. Introduction

The low-level jet (LLJ), typically referred to as a fast-

moving airflow in the lowest kilometers, has been found at

many locations around the world, such as North America,

South America, southeast China, South Africa, the Indian

subcontinent, Australia, and Antarctica (Stensrud 1996;

Muñoz and Garreaud 2005; Rife et al. 2010; Du et al.

2014). LLJs tend to develop over the eastern slope of

large mountains or coastal regions having significant

land–sea temperature contrasts, with the wind directions

usually parallel to the mountain orientations or coastline

(Ardanuy 1979; Douglas 1995; Zhang et al. 2006; Du et al.

2015a,b). The subject of LLJs has drawn considerable

attention since the 1930s (Goualt 1938; Farquharson 1939)

not only because of the interesting aspects of the phe-

nomena, but also because of their influence on weather
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and regional climate (Stensrud 1996; Zhang et al. 2006).

An LLJ can provide a favorable environment with an

ample supply of water vapor for the occurrence of heavy

rainfall (Maddox 1980; Tao 1980; Zhang and Fritsch

1986; Arritt et al. 1997; Higgins et al. 1997; Qian et al.

2004). In addition, the relationships between LLJs and

air pollution, wind energy, aviation safety, forest fires,

as well as bird migration have become the focus of in-

terdisciplinary research in the recent two decades (Liechti

and Schaller 1999; Taubman et al. 2004; Archer and

Jacobson 2005; Storm et al. 2008).

Despite considerable research being done in LLJ studies,

little is yet known about the characteristics and variability

of LLJs over the mountainous regions of south China, es-

pecially over the complex terrain along the east of the Ti-

betan Plateau, as a result of the lack of high-resolution

observations. It is encouraging that some recent modeling

studies have examined the spatial and diurnal variations

of LLJs in China (e.g., Du et al. 2014). So far, most of the

previous studies focused on the relationship between LLJs

and heavy rainfall, especially the mei-yu frontal rainfall

(e.g., Sun and Zhai 1980; Zhao and Zhou 2001;Wang et al.

2003). Themei-yu fronts are often distributed in themiddle

to lower reaches of the Yangtze River basin during every

June and July, and they are characterized by weak temper-

ature gradients but high equivalent potential temperature

ue gradients due to strongmeridionalmoisture contrasts and

by large horizontal wind shear. The quasi-steady mei-yu

frontal systems often generate heavy rainfall (Ding 1994; Liu

et al. 2008). Qian et al. (2004) demonstrated that mesoscale

circulation patterns resulting from mei-yu frontal conden-

sational heating act to increase the maximum wind speed

of an LLJ and, therefore, strengthen the moisture transport

for the generation of heavy rainfall. However, the LLJs

they discussed (and in some other studies) only involved a

narrow zone of high-speed airflow at a low level without

considering a jetlike vertical wind profile and its possible

diurnal variations. Such a flow regime has been defined by

Stensrud (1996) as a low-level jet stream, which may be

generated by different processes from an LLJ. These re-

gimesmay produce different influences on the development

of mesoscale convective systems (MCSs) in the absence of

vertical wind shear aloft. In this regard, Du et al. (2012)

showed a synoptic-scale LLJ stream that differed from the

LLJ associated with the planetary boundary layer (PBL).

Inertial oscillation theory, first proposed by Blackadar

(1957) and recently supplemented by Van de Wiel et al.

(2010), appears to be robust for explaining the formation

of typical LLJs in the PBL over a plain region. Holton

(1967) emphasized the effects of thermal forcing on the

diurnal oscillation of the PBL winds above sloping ter-

rain. Bonner and Paegle (1970) clarified the theory of

Holton (1967) in a more simplified and physical way. The

air near the surface over the high terrain is warmer

(cooler) than the air above the surface over lower terrain

after sunrise (sunset). The diurnal oscillation of the hor-

izontal temperature gradient can lead to the reversal of

thermal winds, and then enhance or decrease the mag-

nitude of horizontal winds near the top of the PBL. Re-

cently, Du and Rotunno (2014) demonstrated with a

simple one-dimensional model that both Blackadar’s and

Holton’s mechanisms are important for the formation of

LLJs over the Great Plains of the United States.

Using 2-yr wind profiler data and model simulation

results, Zhang et al. (2006) found that theLLJs tend to be

peaked in the middle portion of the sloping terrain, fol-

lowing closely the orientation of the Appalachians

Mountains. They selected a typical LLJ case to examine

its formation mechanisms, which developed under the

influence of a subtropical high with little convective ac-

tivity. Sensitivity simulations show that eliminating the

surface heat flux produces the most significant impact on

the development of the LLJ, and orography tends to

enhance the intensity of the LLJ and elevate its altitude.

The previous studies suggest clearly that the dynamic

and thermodynamic forcings by different terrain profiles,

land surface characteristics, and synoptic conditions, as

well as diabatic heating, could all contribute to the for-

mation of LLJs. However, our understanding of their

relative contributions is far from perfect.

Based on the sensitivity simulations of reducing 50%

of mountain heights, Sun and Lorenzo (1985) claimed

that the Tibetan Plateau is responsible for the formation

of LLJs in south China. This result is similar to the im-

pact of the RockyMountains on LLJs in North America

and the highlands of East Africa on the Somalia

LLJ. However, unlike North and South America, East

Asia can be characterized by ‘‘three stair steps’’ of

topography from the west to east: the Tibetan Plateau

(258–408N, 708–1058E) at 4000–5000m, the Yun-Gui

Plateau (208–308N, 958–1158E) at 2000–2500m in-

cluding most territories of Yunnan and Guizhou Prov-

inces, and the southeastern mountains of lower than

1000m (208–308N, 1058–1228E), plus the plain regions in

east China (see Fig. 1). Few of the previous studies have

distinguished their different influences on the ambient

flows but instead handled them as a whole (Liu and Jiao

2000). In reality, these complicated terrain features must

produce nonlinear influences on the development of

LLJs and MCSs (Zhao 2012). Thus, it is highly desirable

to examine the roles of the three stair steps terrain in the

development of LLJs over south China.

In this study, a typical LLJ eventwith amaximum speed

of 24ms21 occurring over the eastern sloping terrain in

south China during a 24-h period from 1400 LST

(0600 UTC) 29 June to 1400 LST (0600 UTC) 30 June
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2003 is examined (Liu et al. 2012). This event occurred

under favorable large-scale synoptic conditions, namely,

with a subtropical high and a low pressure system on the

southeast and northwest sides of the LLJ, respectively.

Therefore, it provides a representative case for examin-

ing the roles of various factors in the formation of the

LLJ. In addition, heavy rainfall occurred at the exit region

of the LLJ, which was 400–500km away from the LLJ

core, making it possible to minimize the effects of diabatic

heating. Thus, the objectives of this study are to (i) examine

the three-dimensional structures and evolution of the LLJ

over the eastern foothills of the Yun-Gui Plateau and

(ii) isolate the impacts of different parameters on the de-

velopment of the LLJ, especially synoptic forcing, surface

radiative heating, and topography by using a series of sen-

sitivity simulations.

The next section provides model description and veri-

fication. The large-scale aspects of theLLJs fromboth the

observations and simulation will be presented. Section 3

shows the diurnal variations of the LLJ and its geo-

strophic and ageostrophic components from the model

simulation. The unbalanced aspect of the LLJ will also be

examined by calculating the horizontal momentum bud-

get in an LLJ coordinates system. Section 4 examines the

sensitivity of themodel-simulated LLJ to surface heating,

topography, and diabatic heating. A summary and con-

cluding remarks are given in the final section.

2. Model description and verification

a. Model description

A two-way interactive, doubly nested grid (36 and

12km), nonhydrostatic version 3.4 of the Weather Re-

search and Forecasting Model (WRF; Skamarock et al.

2008) is used to simulate the LLJ event and analyze its

characteristics and evolution. Figure 1 shows the nested

domains with the coarse-mesh domain covering most of

Asia and the northwestern Pacific, and the fine-mesh do-

main including the southeastern portion of China. Note

that the fine-mesh domain covers the three stair steps of

complex terrain in south China, as mentioned earlier.

There are 33 levels (i.e., 32 layers) in the vertical (h5 1.0,

0.993, 0.983, 0.97, 0.954, 0.934, 0.909, 0.88, 0.837, 0.795,

0.752, 0.71, 0.635, 0.566, 0.503, 0.445, 0.392, 0.344, 0.3, 0.26,

0.223, 0.19, 0.16, 0.133, 0.109, 0.087, 0.069, 0.053, 0.039,

0.027, 0.017, 0.007, and 0), with h 5 1.0 corresponding to

the bottom boundary. The model top is set at 50hPa.

Themodel water cycles used for this study include (i) the

Ferrier (new Eta) microphysics scheme with diagnostic

mixed-phase processes (Rogers et al. 2001; Ferrier et al.

2002), (ii) the Kain–Fritsch convective parameterization

scheme including the effects of shallow convection (Kain

2004), (iii) the level-2.5 turbulent kinetic energy PBL

scheme (Nakanishi and Niino 2006), (iv) a Rapid Radia-

tive Transfer Model for longwave and Dudhia’s (1989)

FIG. 1. The double-nested model grid domains with topography at intervals of 500m

(shaded). Letters JJ, CS, SY, GL, and NN denote the stations defined in the text. Numbers 1, 2,

and 3 denote the Tibetan Plateau, Yun-Gui Plateau, and southeastern mountains. Line A–B is

used for cross sections shown in Fig. 4.
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scheme for shortwave radiation parameterizations, and (v)

the Noah land surface model (Chen and Dudhia 2001).

The model initial and lateral boundary conditions are

taken from the NCEP Final (FNL) operational global

analysis at 1.08 grid resolution and 6-hourly intervals

(online at http://dss.ucar.edu/datasets/ds083.2/), with nine

levels below 700hPa. The sea surface temperature (SST)

field is obtained by linearly interpolating in both time

(from daily to 6 hourly) and space from the NCEP Ma-

rine Modeling and Analysis Branch Real Time Global

(RTG) daily SST dataset at 0.58 resolution (Thiébaux
et al. 2003; http://polar.ncep.noaa.gov/sst/rtg_low_res/). To

capture the structures and evolution of the LLJ event and

the associated rainfall, all of the numerical simulations are

initialized at 0800 LST (0000 UTC) 29 June and then in-

tegrated for 30h, valid at 1400 LST (0600 UTC) 30 June

2003. The first 6-h integrations are treated as the model

spinup period, so they are not used for the model analysis.

Both the outermost lateral boundary conditions and SST

are updated every 6h, and the hourlymodel output is used

to analyze the diurnal variations of the LLJ.

It should be mentioned that despite the coarse spatial

and temporal resolutions, horizontal winds do exhibit

vertical jetlike profiles in both the twice-daily conven-

tional soundings and 6-hourly FNL analysis, especially at

0800 LST 30 June 2003 (not shown). Therefore, we may

use the FNL analysis to validate the model-simulated

flow fields to be presented in the next subsection.

b. Model verification and large-scale aspects of the
LLJ

Figure 2a shows the distribution of horizontal winds at

850hPa from theNCEPFNL analysis at 0200 LST 30 June

2003, when the LLJ under study reached its maximum

intensity of more than 20ms21 in Hunan Province (cen-

tered at 278N, 1128E). A large portion of south China was

coveredwith an intensewarm andmoist airstreamofmore

than 12ms21, whose axis extended from the southwest

coast northeastward to the East China Sea. Of particular

relevance to this study is that the major portion of the LLJ

followed closely the orientation of the Yun-Gui Plateau

(i.e., between regions 2 and 3 in Fig. 1; cf. Figs. 2a and 1),

and it was located in the northwestern portion of the

western Pacific subtropical high (WPSH), as shown by

the 500-hPa 5880-m geopotential height contour. During

the period of 28–30 June, the WPSH extended north-

westward and strengthened with the 5880-m height con-

tour displacing from east of Taiwan Island to China’s

southeastern coast (not shown). This northwestward dis-

placement provided a more favorable set of background

conditions for the formation of the LLJ as a result of the

increased northwestward pressure gradient force associ-

ated with the WPSH and the southwest vortex over the

Sichuan basin, as will be further shown in the next section.

The southwesterly LLJ brought ample water vapor from

tropical oceans that was then converged along a narrow

belt of extremely weak winds near 338N, where a mei-yu

front was located. As a result, heavy rainfall occurred on

the cyclonic-side, exit region of the LLJ.

In general, the horizontal distribution and intensity of

the large-scale circulation system, and the LLJ, as well as

rainfall, are all well captured by the WRFModel through-

out the simulation period. The only major exception is that

FIG. 2. Distribution of horizontal wind vectors and speeds (shaded,

m s21) at 850 hPa from (a) the NCEP FNL analysis and (b) theWRF

simulation. Superimposed is the 6-houly accumulated rainfall (con-

toured at intervals of 8mm) from 706 hourly rain gauge stations at

roughly 1.08 resolution in east China in (a), which have been subjected
to critical quality control (Yu et al. 2007), and theWRF simulation in

(b), valid at 0200 LST 30 Jun 2003. The solid line and dotted lines in

red refer to the 5880-m geopotential isoline at 500 hPa and the wind

shear line at 850 hPa, respectively. Letters J, L, and H mark the lo-

cation of the LLJ core and the centers of a southwest vortex and

subtropical high, respectively. The blank area in the northwest portion

of the domain denotes the distribution of 1500-m terrain elevation.

Similar conventions apply for the following figures.
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the simulated LLJ core is about 100km to the west of that

in the analysis (cf. Figs. 2a and 2b). Since this 100-km

difference is close to the horizontal resolution of the

analysis, we may claim that the WRF simulates well the

general horizontal structure and coverage of the LLJ.

The model simulation shows that the low-level south-

westerly winds began to increase in strength and area

coverage after sunset, except for the northern part that did

not follow the terrain orientation (i.e., the Taihang

Mountains) in northern China but veered eastward to the

East China Sea. This flow regime may be attributed partly

to the influences of southwesterly monsoonal flows and the

presence of theWPSH (Ding et al. 2007), and partly to the

distribution of the mei-yu front as well as diabatic heating

along the mei-yu front (Qian et al. 2004). Both the ob-

served and the simulated LLJs had a width of 700–800km

and a length scale of more than 1600km. The horizontal

wind speed had an 8–10ms21 sharp decrease from the core

region to the edge within a 400-km belt (Figs. 2a,b).

In the vertical, the LLJ cores of more than 20ms21

from both the analysis and simulation were located

mostly in the 850–800-hPa layer with significant decreases

in wind speed above (Figs. 3 and 4), so they were indeed

LLJs as typically defined rather than LLJ streams. To

further explore these features, vertical wind profiles at

five stations (i.e., along the LLJ axis) are selected to an-

alyze the vertical characteristics of the LLJs, which are

Nanning (NN), Guilin (GL), Shaoyang (SY), Changsha

(CS), and Jiujiang (JJ), as dotted in Fig. 1, with station

elevations of 72, 162, 249, 45, and 32m, respectively. On

average, the altitudes of the maximumwind speeds in the

NCEP FNL analysis (and upward decreases) were

somewhat higher (smaller) than those simulated by the

WRF (cf. Figs. 3a and 3b). That is, the LLJs at NN, GL,

SY, CS, and JJ were peaked at 850 (900), 800 (825), 800

(850), 850 (850), and 850 (925)hPa from the analysis

(WRF simulation). Although the LLJs are strong, more

than 17ms21 at their peak times, the wind speeds de-

crease more slowly upward than downward from the core

level at these stations. The presence of strongwind speeds

above the LLJ core level is consistent with the large-scale

mean pressure pattern (i.e., with a subtropical high and a

distinct low pressure system on the southeast and north-

west, respectively; see Fig. 2).

Figure 4a shows the vertical cross-sectional structures

of the LLJ along line A–B (see Fig. 1) over south China

from the analysis. There was a distinct local wind max-

imumof larger than 22m s21 near 800 hPa that decreases

rapidly upward. The relative location of the LLJ to the

Yun-Gui Plateau was similar in characteristics to that of

the LLJ to the Rocky Mountains in North America

(Weaver and Nigam 2008). By comparison, the simu-

lated LLJ exhibits more detailed structures in relation to

higher-resolution topography (Fig. 4b). The LLJ occurs

along the northeastern foothills of the Yun-Gui Plateau;

its relative position is similar to that presented by

Zhang et al. (2006) in association with the Appalachian

Mountains. In particular, the WRF appears not only to

capture well the LLJ core in the analysis, but also to

extend its fast speed down to 900 hPa, thus generating a

FIG. 3. Vertical profiles of horizontal wind speeds (m s21) from

(a) the NCEP FNL analysis and (b) the WRF simulation at JJ

(black), CS (red), SY (blue), GL (brown), and NN (orange), valid

at 0200 LST 30 Jun 2003. See Fig. 1 for their locations.

JANUARY 2016 HE ET AL . 45



larger volume of fast currents centered at 850hPa.

Given the sensitivity of the LLJ core height to terrain

heights and the presence of different terrain heights

between the FNL analysis andWRF simulation, we may

consider the WRF-simulated LLJ structures to offer a

reasonable representation of the observed environment.

With the above model verifications, we may state that

the WRF simulation provides sufficient credibility for

analyzing the LLJ characteristics in the next two sec-

tions that could not be revealed by the analysis data

because of its coarse spatial and temporal resolutions.

3. Diurnal characteristics of the LLJ

a. Diurnal variation

Figures 5a and 5c show the hourly time series of the

WRF-simulated horizontal wind profiles, together with

the associated hodograph at 850hPa, at the SY station

where the LLJ core is located. We see a clear diurnal

variation of the low-level wind field with the LLJ oc-

curring after midnight (Fig. 5a). That is, the horizontal

wind below 850hPa is less than 16ms21 before sunset,

and neither the wind speeds nor directions vary much in

the PBL as a result of vertical turbulence mixing. Wind

speeds begin to accelerate near 2000 LST when they are

decoupled from the surface friction, and such accelera-

tion is more obvious in the 950–800-hPa layer (Fig. 5a).

Meanwhile, wind directions below 800hPa veer from

southerly before sunset to southwesterly during night-

time (Fig. 5c) as a result of the inertial oscillation of

ageostrophic winds. Wind speeds reach their peak in-

tensity of greater than 24m s21 at 850hPa near 0200

LST. The LLJ maintains its high intensity until 0600

LST 30 June and then decreases gradually as the second

daytime cycle begins. The temporal evolution and

clockwise rotation of the horizontal velocity at 850hPa

could be clearly seen from the elongated hodograph in

Fig. 5c covering a complete diurnal cycle of the hori-

zontal wind at the LLJ core. Without the passage of a

new weather system, the above diurnal cycle repeats on

the next day (not shown).

To better quantify the relative contributions of various

factors to the development of the LLJ and illustrate the

associated temporal characteristics, an LLJ coordinates

system is adopted, based on the hodograph shown in

Fig. 5c. In the LLJ coordinates, the s axis is defined by

averaging 24-hwind directions in the LLJ corewhile the n

axis is just perpendicular to the s axis and directed to the

right (Fig. 5b), just like the rotated Cartesian (x, y) co-

ordinates. In the LLJ coordinates, both the along Vs and

normal Vn components of the horizontal wind at the core

region have a diurnal variation of about 11ms21 (i.e.,

between 14 and 25ms21 for Vs, and between 26 and

5ms21 for Vn) during the 24-h period, even though the

hodograph is elongated. This is consistent with the in-

ertial oscillation theory of Blackadar (1957).

We find that the vertical profiles of horizontal winds

and hodographs at the other four stations (i.e., JJ, CS,

GL, and NN) show similar temporal characteristics as

those at the SY station, although they differ in their

magnitude and timing of peak wind speed, the altitude of

the LLJ core, and the size of the inertial circle (Fig. 6).

Among the five stations, the LLJ is strongest (.24ms21)

at SY andweakest (;20ms21) atNN.Overall, the timing

of peakwind speed appears earlier at stations in the south

FIG. 4. Vertical cross section of horizontal wind speeds (shaded,

m s21) along line A–B in Fig. 1, which is taken normal to the LLJ axis

and through theLLJ core, from(a) theNCEPFNLanalysis and (b) the

WRF simulation, valid at 0200 LST 30 Jun 2003. Wind speeds larger

than 12ms21 are contoured at intervals of 2m s21. Black-shaded areas

in (b) indicate the distribution of the WRF model terrain.
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(e.g., GL and NN) and later in the north (e.g., CS).

However, the size of the inertial circles decreases from

north to south (e.g., from;6.0ms21 at JJ to;2.5ms21 at

NN), as dictated partly by the local Coriolis parameter.

Therefore, we may state that the effect of inertial oscil-

lation is less important at stations GL and NN than those

at the other three stations. This further suggests that in-

ertial oscillation theory is applicable to the formation of

the present LLJ event, at least, partly.

Figure 7 shows the horizontal distribution of deviation

wind vectors from the 24-h average at 850 hPa at five

typical phases of the LLJ diurnal cycle (i.e., 1400 and

2000 LST 29 June and 0200, 0800, and 1400 LST 30 June

2003). The clockwise rotation of the low-level deviation

wind vectors in east China is obvious. The deviation

wind vectors in the LLJ core region exhibit nearly 908
directional shifts every 6 h as part of the inertial oscil-

lation (i.e., from northeasterly to southeasterly, south-

westerly, and northwesterly between 1400 LST 29 June

and 0800 LST 30 June; see Figs. 7a–d). The northeasterly

and southwesterly deviation winds correspond to the

weakest and strongest LLJs at 1400 LST 29 June and

0200 LST 30 June (cf. Figs. 5 and 7a,c), respectively. The

strongest and weakest intensity phases appear to be at-

tributable partly to the variation of synoptic forcing, and

partly to the diurnal heating cycle associated with the

sloping topography (i.e., the Yun-Gui Plateau versus

lower mountains and plains to the east). This will be

further examined in the next section.

In view of the existence of pronounced background

flows in the present case, it is desirable to determine the

contributions of large-scale motion versus various local

forcings to the formation of the LLJ. Thus, in the next

subsections, we separate the geostrophic and ageo-

strophic components of the LLJ to isolate the large-scale

contributions, and then perform horizontal momentum

budget calculations to examine unbalanced character-

istics of the LLJ.

b. Geostrophic versus ageostrophic components of
the LLJ

Figures 8 and 9 show the horizontal distribution of the

respective geostrophic Vg and ageostrophic Vag com-

ponents of the horizontal winds at 850hPa at 6-hourly

intervals. Although both Vg and Vag show some wave-

like characteristics, southwesterly Vg dominates east

China, with the core region located 18–28 to the south of

the LLJ core (Figs. 8a–c). As the WPSH extends

northwestward, the increased northwest–southeastward

pressure gradient results in the strengthening ofVg from

1400 LST 29 June to 0800 LST 30 June, while exhibiting

small directional shifts throughout the 24-h period.

By comparison, the Vag field shows quite different

FIG. 5. (a) Time–height cross section of horizontal wind speeds

(shaded, m s21) and wind barbs (a full barb is 10m s21) with the

speed larger than 12m s21 contoured at intervals of 2m s21, (b) a

schematic diagram of the LLJ coordinates, and (c) a hodograph at

hourly intervals taken at 850 hPa at SY from the WRF simulation

during the period 1400 LST 29 Jun–1400 LST 30 Jun 2003.
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FIG. 6. As in Figs. 5a and 5c, but at (a),(b) JJ, (c),(d) CS, (e),(f) GL, and (g),(h) NN.
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FIG. 7. Horizontal distribution of 850-hPa deviation wind vectors (relative to the daily averaged wind field; a scale

of 4m s21 is given in the bottom-right corner) and speeds (shaded,m s21) from theWRF simulations, valid at (a) 1400

LST 29 Jun, (b) 2000 LST 29 Jun, (c) 0200 LST 30 Jun, (d) 0800 LST 30 Jun, and (e) 1400 LST 30 Jun 2003. Deviation

wind speeds larger than 2m s21 are shaded at intervals of 2m s21. The letter J marks the location of the LLJ core.

Similar conventions apply for the following figures.
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characteristics. In particular, the LLJ core during

nighttime is nearly collocated with the local maximum

Vag, reaching 16m s21 (cf. Figs. 9b–d and 2). Mean-

while, most ageostrophic winds along the LLJ axis are

southwesterlies during nighttime (Figs. 9b,c) and north-

easterlies during daytime (Figs. 9a,e), with westerlies to

northwesterlies during the transition period (Fig. 9d).

Such a diurnal variation of Vag with clockwise rota-

tion (or inertial oscillation) is also consistent with that

of the horizontal wind deviations shown in Fig. 7. The

magnitude of Vag varies, too, peaking at 0200 and

0800 LST.

FIG. 8. Horizontal distribution of the 850-hPa geostrophic wind vectors (with a scale given in the bottom-right

corner) and speeds (shaded, m s21) from the WRF simulation, valid at (a) 1400 LST 29 Jun, (b) 2000 LST 29 Jun,

(c) 0200 LST 30 Jun, (d) 0800 LST 30 Jun, and (e) 1400 LST 30 Jun 2003.Wind speeds larger than 12m s21 are shaded

at intervals of 2m s21.
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To better quantify the relative contributions ofVg and

Vag to the formation of the LLJ, we project the two wind

components onto the LLJ coordinates. Clearly, it should

be the wind speed along the s axis that contributes to the

LLJ intensity. For this purpose, Fig. 10 shows the tem-

poral variations of the geostrophic and ageostrophic

wind speeds along the s and n axes at the LLJ core (i.e.,

at the Shaoyang station), while Fig. 11 presents their

corresponding hodographs. Note that we have used the

63 6 grid (i.e., 72 km3 72km) area averages to produce

representative fields in Figs. 10–12. The s component

Vsg of Vg experiences a sharp increase from 10.5 to

15.5ms21 during 2100–0200 LST, followed by a 12-h period

of slow increases in the range of 15–17.5ms21 (Fig. 10).

The sharp increase is consistent with that shown in Figs. 8

and 12a, and it results from the combined influences of

FIG. 9. As in Fig. 8, but for the ageostrophic wind field.
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large-scale flows and the reversed temperature gradients

normal to the Yun-Gui Plateau. The subsequent gradual

increase of Vsg may be attributed to the northwestward

extension of the WPSH, which enhances the pressure

gradient force, as indicated in Fig. 12a.

In spite of a few large oscillations, geostrophic winds

vary more along the s axis (e.g., in the range of 10–

18ms21) with little changes (25–0m s21) in the normal

component or wind direction (Fig. 11a). By comparison,

the ageostrophic counterpart exhibits pronounced di-

urnal variations in both amplitude and direction, with

clear clockwise rotation along an inertial circle at a ra-

dius of about 5.5m s21 (Fig. 11b). In particular, the s

component of Vag increases with time in the late after-

noon and reaches its maximum of 9ms21 at 0100 LST. If

the Vg (;15ms21) and Vag (;8m s21) contributions

along the s axis are compared to those at 0200 LST,

when the LLJ is peaked, the former accounts for about

65% of the peak strength of the LLJ at its core region.

Of course, not all of the Vg contributions should be at-

tributed to the large-scale pressure system because of

the effects of the diurnal heating cycle associated with

the Yun-Gui Plateau. Nevertheless, the above results

indicate that the intense southwesterly flow could be

considered to be an LLJ stream in the absence of the

diurnal heating cycles, since the large-scale pressure

system can produce a sizeable portion of the LLJ

intensity. The amplitudes of both the geostrophic de-

viations and the inertial cycle decrease rapidly upward

(not shown).

Du et al. (2015a) simulated the PBL jets (;925 hPa)

off the southeastern coast of China, and found that the

geostrophic winds account for about 87% of the total

wind speeds. As will be shown in section 4b, the relative

larger contribution of Vag in our case (35%) could be

FIG. 10. Time series of the s axis (black solid line) and the n axis

(black dashed lines) of Vg, and the s axis (red solid line) and the n

axis (red dashed lines) of Vag at 850 hPa at SY from the 24-h (1400

LST 29 June–1400 LST 30 June) WRF simulation, which are ob-

tained by averaging each variable over an area of 72 km3 72 km at

each hour.

FIG. 11. Hodographs (m s21) of the (a) geostrophic and

(b) ageostrophic wind fields taken at hourly intervals at 850 hPa at

SY from the 24-h (1400 LST 29 June–1400 LST 30 June) WRF

simulation. Hodographs are obtained by averaging each variable

over an area of 72 km 3 72 km at each hour.
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attributed mostly to the surface heating cycle (i.e.,

Blackadar’s mechanism), which is of little importance

over oceans (Du et al. 2015b).

c. Unbalanced characteristics of the LLJ

After seeing the relative contributions of Vg and Vag

along the s axis, we may use the following horizontal

momentum equations in the LLJ coordinates to exam-

ine the unbalanced characteristics of the LLJ at its core

region:

›V
n

›t
5 (2V � =V)

n
1 f V

s
2

›F

›n
1Residue and (1)

›V
s

›t
5 (2V � =V)

s
2 f V

n
2

›F

›s
1Residue, (2)

where ›Vn/›t and ›Vs/›t denote the local rate of change

of the horizontal wind along the respective n and s axes,

and the right-hand-side terms from left to right are the

horizontal advection, the Coriolis force, the pressure

gradient force, and the residue, respectively. Because

the jet core is far away from the rain belt, the vertical

advection is small and the frictional force is dominant in

the residue term.

Figure 12 shows the temporal evolution of each item

in Eqs. (1) and (2) at 850hPa at SY. We see that for the

n-axis component the advection and residue terms are

much smaller than the other two forcing terms so the

local rates of changes in Vn yield small differences be-

tween the Coriolis and pressure gradient forces

(Fig. 12a). This gives rise to the radius of inertial oscil-

lation, that is, f (V 2 Vg), implying that the latter

two large terms contribute to the formation of the

LLJ. Because the pressure gradient force increases

slowly with time in association with the northwestward

progression of the WPSH, the n-axis ageostrophic ac-

celeration is nearly in phase with the Coriolis force, and

it begins to increase near 1800 LST, as is also shown in

Fig. 5a, reaching its peak amplitude near 0200 LST. This

peak amplitude occurs ahead of that inVnag (0600 LST),

as seen in Fig. 11, showing the important roles of un-

balanced forcing in generating large Vnag during the

early morning hours. In contrast, the local rates of

change in Vs are similar in magnitude to those of the

Coriolis and pressure gradient forces as well as the ad-

vection and residue terms along the s axis, but with some

phase differences. This indicates that the along-LLJ axis

component is dominated by the balanced synoptic-scale

flows and enhanced by the diurnal heating cycle asso-

ciated with the Yun-Gui Plateau.

4. Sensitivity simulations

a. Experimental design

Previous studies have shown the importance of solar

radiation, surface heat flux, topography, latent heat re-

lease, and the land–sea contrast in the formation of LLJs

(e.g., Zhang et al. 2006; Saulo et al. 2007). However,

their relative impacts are case dependent, with some

parameters being more significant than others. For ex-

ample, Du et al. (2015a) showed that the land–sea

thermal contrast dominates the formation of the

boundary layer jet off the southeastern coast of China.

FIG. 12. Time series of the local rates of changes of the horizontal

wind speed (black; Local), the horizontal advection (yellow; Adv),

the Coriolis force (red; Cor), the pressure gradient force (blue;

PGF), and the residue term (brown; Res) along (a) the n and (b) s

axes, from the 24-h (1400 LST 29 June–1400 LST 30 June) WRF

simulation. Time series are obtained by averaging each term over

an area of 72 km 3 72 km at each hour. The unit is 1023 m s22.
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Thus, in this section, a series of five sensitivity experi-

ments is carried out to examine the relative contributions

of the aforementioned factors to the formation of the

LLJ, using the results presented in section 3 as the control

run (CTL). Specifically, experiments NORAD, NOTP,

NOYG, NOSM, and NOLH are designed to test the ef-

fects of no radiation; shaving off some top portion of the

topography associated with the Tibetan Plateau, Yun-

Gui Plateau, and southeastern mountains; and no con-

densational heating, respectively, on the formation of the

present LLJ (see Table 1 for more details).

Some special considerations for shaving off terrain

heights are mentioned below. In experiment NOTP,

because the average elevation of the Yun-Gui Plateau is

about 1200m, any elevation higher than 1200m is

shaved off while keeping the lower-elevation terrain

untouched in order to minimize the terrain-gradient-

induced thermal gradients. Similarly, the Yun-Gui Pla-

teau and southeastern mountains are shaved to 50m in

experiments NOYG and NOSM, respectively, because

of the average plain elevation of around 50m over

east China.

b. Effect of turning off surface radiation

Because the model is initialized in the morning with

lower ground temperatures, the PBL in this experiment

receives little heating in the presence of surface heat

fluxes after turning off the solar and infrared radiation.

Without the surface radiative forcing (NORAD), the

southwesterly winds at 850 hPa, where the LLJ in CTL is

peaked, weaken significantly in intensity and shrink in

their area of coverage. That is, the maximumwind speed

in the core region is 4–6ms21 weaker than that in CTL

(Fig. 13a), and a jetlike vertical structure does not ap-

pear at all five of the stations (Fig. 13b). This can be seen

from the time–height cross section of horizontal winds

and the hodograph at Shaoyang station in Figs. 13c and

13d, showing that the vertical structures of horizontal

winds change only slightly from those at the model ini-

tial time. Thus, there is little evidence of LLJ develop-

ment compared to that in CTL (cf. Figs. 13c and 5a).

Meanwhile, there is little evidence of inertial oscillation

in the hodograph of horizontal winds at the core region

(cf. Figs. 13d and 5c).

Turning off the surface radiation results in the absence

of both diurnal eddymixing in the PBL (i.e., Blackadar’s

mechanism) and thermal contrasts between mountains

and valleys (i.e., Holton’s mechanism). This result is

similar to that obtained in an experiment in which sur-

face heat fluxes are turned off (not shown). As a result

the southwesterly flow decreases in amplitude by as

much as 6–12ms21 over the sloping terrains closely

along the eastern and northeastern edges of the Yun-

Gui Plateau (Fig. 14a). These results are consistent with

the findings of Zhang et al. (2006) and the theories of

both Blackadar (1957) and Holton (1967) in that the

surface heating is crucial for the formation of the

nocturnal LLJ.

c. Effect of shaving off terrain heights

As compared with the effects of the surface heating,

shaving off the upper portion of the Tibetan Plateau, the

Yun-Gui Plateau, and the southeastern mountains in

experiments NOTP, NOYG, and NOSM, respectively,

produces much less impact on the formation of the

LLJ. Namely, the major LLJ characteristics are still

present but with weaker LLJ intensities. Among the

three sensitivity experiments, shaving off the Yun-Gui

Plateau appears to have a more pronounced impact of

the intensity of the LLJ. This result may be expected in

some sense, given the close location of the LLJ core with

respect to the Yun-Gui Plateau. Thus, we only plot re-

sults from experiment NOYG.

Unlike the results in NORAD, differences in the

horizontal winds between CTL and NOYG mainly ap-

pear to the west of 1158E, and the wind speed at the LLJ

core is about 6–10ms21 weaker than that in CTL

(Fig. 14b). Likewise, vertical wind profiles taken along

the LLJ axis are all similar to those in CTL, albeit with

smaller magnitudes (cf. Figs. 15b and 3b). The LLJ at

SY is also notably weaker in amplitude and shorter in

duration, but still shows well the typical LLJ charac-

teristics (Fig. 15c). Of importance is that the weaken-

ing of the LLJ core occurs mainly along the s axis and

its s-component Vs, with small changes in Vn (cf.

Figs. 15d and 5c).

Shaving off the terrain heights of the Yun-Gui Plateau

results in the reduction of both the diurnal thermal

TABLE 1. WRF experimental design.

Index Expt Expt description

0 CTL The full-physics run with realistic topography

1 NORAD Long- and shortwave radiation turned off

2 NOTP Any elevation higher than 1200m over the Tibetan Plateau is shaved

3 NOYG Any elevation higher than 50m over the Yun-Gui Plateau is shaved

4 NOSM Any elevation higher than 50m over the southeastern mountains is shaved

5 NOLH Latent heat release associated with cloud microphysics and the cumulus parameterization scheme turned off
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forcing effect and the dynamic blocking effect. That is,

removing the Yun-Gui Plateau weakens the diurnal

variation of east–west temperature gradients (not

shown), and also the intensity of the cyclonic vortex over

the Sichuan basin (Fig. 14b), leading to decreases in Vsg.

Therefore, the decreased s-component of Vg should

contain both the thermal forcing and dynamic effects.

Based on this sensitivity simulation, we may state that

the surface diurnal heating cycle and the blocking effect

associated with the Yun-Gui Plateau play a secondary

role in the formation of the present LLJ, and the Tibet

Plateau and the southeastern mountains produce little

impact. Our findings are similar to those of Du et al.

(2015a), who also find that the terrain of Taiwan and

Fujian exerts a secondary influence on the strength of

the coastal boundary layer jet off the southeastern coast

of China.

d. Effect of turning off latent heat release

In the absence of latent heat release in experiment

NOLH, the cyclonic wind shear and convergence along

the mei-yu front (near 338N) become insignificant (cf.

Figs. 16a and 2b, Fig. 14c). The coverage of the LLJ (i.e.,

larger than 12ms21) decreases, similarly for the peak

intensity in the core region (cf. Figs. 16 and 2b, 3b and

5a). All these findings imply that condensational heating

along the mei-yu front acts to increase the southwesterly

component of the LLJ. At some locations close to the

mei-yu front, the southwesterly wind speeds weaken by

as much as 8–10m s21. However, differences in wind

FIG. 13. (a) As in Fig. 2b, (b) as in Fig. 3b, (c) as in Fig. 5a, and (d) as in Fig. 5c, but for experiment NORAD (i.e., in the absence of the

surface radiative heating). Note that a different scale is used for the hodograph in (d).
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speed along the LLJ axis between CTL and NOLH are

relatively small at the locations that are far away from

the mei-yu frontal rainbelt (e.g., only 2–4ms21 near the

jet core; see Fig. 14c). This result is consistent with the

findings of Qian et al. (2004) that although the LLJ is

mostly determined by the large-scale pressure system,

mesoscale circulations resulting from latent heat release

could enhance themagnitude of the LLJ,more evidently

in the regions close to heavy precipitation. This en-

hancement can be achieved through secondary circulations

associated with the latent heating–induced convergence in

the lower troposphere, as also investigated by Chen et al.

(1994, 2006).

Like the horizontal structures, the vertical jetlike

profile of the horizontal wind speed near the mei-yu

front (e.g., JJ) becomes flatter in the absence of latent

heat release, whereas the other stations far away from

this region (e.g., SY, GL, and NN) exhibit vertical

profiles that are similar to those in CTL (cf. Figs. 16b and

3b). Diurnal variations of the LLJ core at SY become

less pronounced than those in CTL in both amplitude

and direction (cf. Figs. 16c,d and 5a,c). The diurnal

variation amplitudes of the along Vs and normal Vn

components of the horizontal wind in the core region are

6 and 5m s21, respectively, as compared to 11ms21 in

CTL (cf. Figs. 16d and 5c). This means that latent heat

release along the mei-yu front, though 500–600km

away, still play some role in determining the intensity

of the LLJ.

5. Summary and concluding remarks

In this study, a warm season LLJ event occurring on

the eastern foothills of the Yun-Gui Plateau in south

China during a 24-h period from 1400 LST 29 June to

1400 LST 30 June 2003 is examined with both the NCEP

FIG. 14. Differences in 850-hPawind vectors and speeds between the (a) CTL andNORADsimulations, (b) CTL and

NOYG simulations, and (c) CTL and NOLH simulations, valid at 0200 LST 30 Jun 2003.
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FNL analysis data and high-resolution WRF Model

simulations. The major portion of the LLJ ($16ms21)

closely followed the eastern foothills of the Yun-Gui

Plateau. The southwesterly LLJ with ample water vapor

was converged along a mei-yu front near 338N, where

heavy rainfall occurred. A western Pacific subtropical

high and a mesoscale low pressure system (i.e., south-

west vortex) on the respective southeast and northwest

sides of the LLJ provided a favorable background

pressure field for the LLJ development.

The low-level wind field is characterized by significant

diurnal variations with vertical jet profiles occurring

after midnight, and wind speeds reaching their peak

intensity of greater than 24ms21 at 850 hPa in the core

region. Meanwhile, horizontal wind directions below

800hPa veer from southerly before sunset to south-

westerly during the nighttime. An LLJ coordinates sys-

tem is proposed, in which both the along- and the

normal-to-LLJ components (Vs and Vn, respectively)

of the horizontal wind have a diurnal variation (with

clockwise rotation) of about 11ms21 during the 24-h

period, which is consistent with Blackadar’s inertial

oscillation theory.

Results show that the along-LLJ geostrophic windsVg

dominate the distribution (or location) of the LLJ with

small directional shifts throughout the 24-h period. The

diurnal variations of the along-LLJ Vg intensity are

closely related to the increased horizontal pressure

gradient due to the northwestward extension of WPSH,

and enhanced by the diurnal heating cycle associated

with the sloping topography. In contrast, the ageo-

strophic winds Vag contribute to the clockwise rotation

of horizontal winds, thus leading to the formation and

weakening of the LLJ during the night- and daytime,

respectively. It is found that Vg and Vag along the LLJ

axis account for about 65%and 35%, respectively, of the

peak intensity of the LLJ at its core region at 0200 LST.

A series of numerical sensitivity experiments is con-

ducted, which confirms that the radiation (similar to

surface heating) is the key factor in determining the

formation of the nocturnal LLJ. Without the solar and

infrared radiation, the low-level southwesterly winds

FIG. 15. As in Fig. 13, but for experiment NOYG (i.e., shaving off the Yun-Gui Plateau). Note that when shaving off

the Yun-Gui Plateau, the southwesterly flows can sweep over the area higher than 1500m over region 2 in Fig. 1.
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weaken significantly with little evidence of the jetlike

structure in the vertical. When the Yun-Gui Plateau is

shaved off, the southwest vortex over the Sichuan basin is

weakened as a result of removing the plateau’s blocking

effects. The resulting decreases in both the pressure

gradient force and the temperature gradients between the

Yun-Gui Plateau and the southeastern mountains

(plains) weaken the intensity of the LLJ. The results show

that shaving off the Yun-Gui Plateau and the down-

stream condensational heating along the mei-yu front

play secondary roles in the formation of the LLJ. Shaving

off the terrain height of the Tibetan Plateau and south-

eastern mountains shows the least influence.

In conclusion, the eastern foothills of the Yun-Gui

Plateau appear to be a favorable region for the forma-

tion of LLJs, given the presence of typical southwesterly

monsoonal flows during the warm season. It should be

mentioned that the evolution of low-level winds, in-

cluding LLJs, and their relation to warm season rainfall

over south China are far more complicated than those

discussed herein because of the influences of complex

terrain associated with the Tibetan Plateau, the Yun-

Gui Plateau, and the southeastern mountains. Clearly,

more case studies are needed to generalize the above

results, especially those related to the impact of complex

terrain and the roles of LLJs in the generation of heavy

rainfall.
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