L)

Check for
updates

ADVANCING
EARTHAND
f\\,\l SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

RESEARCH ARTICLE

10.1029/2018JD029242

Key Points:

« CLUs frequently occur in May when
low pressure is located to the north
and the Pacific high is located to the
southeast of the Bohai Sea

« Inertial oscillation caused by land-sea
thermal contrast triggers nocturnal
jets in Bohai Sea

« Complicated coastal topography
enhances atmospheric baroclinicity
and therefore generates afternoon
CLLJs in the northern Bohai Sea

Supporting Information:
« Supporting Information S1

Correspondence to:
Q. Zhang,
gzhang@pku.edu.cn

Citation:

Zhang, F., Zhang, Q., Dy, Y., & Kong, H.
(2018). Characteristics of coastal
low-level jets in the Bohai Sea, China,
during the early warm season. Journal of
Geophysical Research: Atmospheres, 123,
13,763-13,774. https://doi.org/10.1029/
2018JD029242

Received 25 JUN 2018

Accepted 1 DEC 2018

Accepted article online 7 DEC 2018
Published online 28 DEC 2018

©2018. American Geophysical Union.
All Rights Reserved.

Characteristics of Coastal Low-Level Jets in the Bohai Sea,
China, During the Early Warm Season
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'Department of Atmospheric and Oceanic Sciences, School of Physics, Peking University, Beijing, China, “Center for
Monsoon and Environment Research, School of Atmospheric Sciences, and Guangdong Province Key Laboratory for
Climate Change and Natural Disaster Studies, Sun Yat-sen University, Guangzhou, China

Abstract we investigate coastal low-level jets (CLLJs) in the early warm season during 2006-2011 over the
Bohai Sea using a 9-km horizontal resolution output data from the Weather Research and Forecasting model.
CLLJs mainly occur in May when large-scale low is located over land to the north and the Pacific high is
located to the southeast of the study area. The occurrence of the CLLJs exhibits an obvious diurnal cycle with
two different peaks: one at night, located mainly in the central region, and the other in the afternoon, located
in the northern region with mountains at both eastern and western sides. A momentum budget analysis
shows that inertial oscillations, triggered by land-sea thermal contrast, results in the formation of nocturnal
CLLJs in the Bohai Sea. In addition, sensitivity experiments show that the enhanced atmospheric baroclinicity,
caused by unbalanced solar radiation over the western mountain of the northern region, dominates the
occurrence of afternoon CLLJs in the northern area of the Bohai Sea. Besides that, the eastern topography
plays a main role as barrier and, therefore, traps CLLJs by topography blocking to its western side.

1. Introduction

Coastal low-level jet (CLLJ) is a type of low-level jets (LLJs) that often occurs along the coast (Ranjha et al.,
2013). These jets can affect coastal aerosol transportation, low-level clouds, and coastal trapped weather dis-
turbances (Liu et al.,, 2014); thus, they play an important role in coastal weather and have significant impacts
on human activities (Liu et al., 2014). Several studies have focused on the spatial and temporal distribution of
CLLJs in various regions. Winant et al. (1988) reported that CLLJs tend to occur in eastern midlatitude oceanic
areas where strong cold ocean currents exist. Using 40-km resolution model output data, Rife et al. (2010) elu-
cidated the global distribution of CLLJs in both the cold and warm seasons and found high-frequency CLLJ
areas, including the west coast of North America (Burk & Thompson, 1996; Parish, 2000), the Iberian
Peninsula (Soares et al., 2017), northwestern Africa (Pu & Cook, 2010, 2012), the southeastern coast of the
Arabian Peninsula (Ranjha et al., 2015), the west coast of South America (Garreaud & Munoz, 2005; Q. Jiang
et al, 2010; Munoz & Garreaud, 2005), and the coasts of Australia (Ranjha et al.,, 2013) and southern Africa
(Nicholson, 2010). These CLLJs have been widely studied and well documented. Improving on model resolu-
tion to 9 km using WRF (Weather Research and Forecasting model), Du et al. (2014) documented the detailed
spatial distribution of LLJs over land of China during 2006-2011. Figure 5 in their paper shows three areas of
CLLJs along the Chinese coast (the Bohai Sea, Taiwan Strait, and Beibu Gulf), although their study focused
mainly on LLJs over the Chinese mainland.

Two main theories have been proposed to explain the occurrence of LLJs. Blackadar (1957) suggested that
the supergeostrophic LLJs frequently observed at night resulted from the inertial oscillations in the ageos-
trophic wind triggered by the sudden decay of eddy viscosity after sunset, while Holton (1967) emphasized
the important role of thermal forcing in the diurnal oscillations in the boundary layer wind above sloping
terrain where there is unbalanced solar radiation heating. Since the diurnal variation of surface temperature
gradient modifies the atmospheric baroclinic, thermal wind mechanism drives geostrophic wind presenting
a diurnal cycle: low-level geostrophic wind is stronger than upper-level geostrophic wind during daytime,
while the nocturnal condition is reversed (Parish, 2016; Stensrud, 1996). Most recent studies combine these
two mechanisms (Du & Rotunno, 2014; X. Jiang et al., 2007; Shapiro et al., 2016).

Compared with nocturnal LLJs, CLLJs differ in various ways in their formation and development mechanisms.
Since there is an absence of obvious changes in eddy viscosity within a single day over the sea, inertial oscil-
lations are often triggered by the thermal contrast between the land and ocean (Du et al., 2015; Parish, 2016).
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CLLJs tend to occur in baroclinic atmospheric conditions, where the sur-
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face thermal contrast is sufficiently large (Ranjha et al.,, 2013). Therefore,
many CLLJs are characterized by a midafternoon wind speed maximum
affected by enhanced baroclinicity due to the diurnal variation in solar
radiation (Winant et al., 1988). Similarly, CLLJs frequently occur over areas
of cold currents, where sea surface temperatures are relativity lower than
other areas, during the warm season (Ranjha et al., 2013; Soares et al.,
2017; Winant et al., 1988). Another key factor in the formation of CLLJs is
the coastal terrain (Burk & Thompson, 1996; Cui et al., 1998; Doyle, 1997),
since flow can speed up or change direction by interacting with the coastal
topography (Jun & Yi-Leng, 1998; Lin et al., 2011; Ridgway & Dunn, 2003).
: I. Liaodong Bay Therefore, detailed studies of CLLJs should consider all the above-
11 Bohai Bay mentioned factors. However, compared with LLJs over land, lack of obser-
\ \IIl.Laizhou Bay vations over the ocean restricts studies on CLLJ. So far, CLLJs in China have
\ not been well studied in the past. Du et al. (2015) documented the charac-

l I I l teristics of CLLJs in the Taiwan Strait using high-resolution model data.

TETIETE IBE 120°E122°E 124 126°E They found that the main factor that determined the existence of these
"INEEET TN ] . ) . i
100 300 500 700 900 1100 1300 1500 1700 CLLJs is large-scale forcing enhanced by land-sea thermal contrast,
Height (m) whereas the topographical effect of the Taiwan and Fujian terrain played
a secondary role in the development of the CLLJs near the strait. Based
Figure 1. Model terrain height (m, shading) of northeast coastal of China. on climate model, Li et al. (2018) depicted the c|imato|ogy feature of

CLLJs in Bohai Sea and Yellow Sea; they showed that CLLJs in these areas
have strong interannual, intra-annual, and diurnal cycle variability but weak decadal variability. Nevertheless,
the detailed mechanisms involved in CLLJs in Bohai Sea of China are still unclear.

The Bohai Sea, which contains six of China’s 10 main coastal ports, is one of the busiest seaways in the world.
The near-surface high-speed wind maximum caused by CLLJs may lead to uncertainty to navigation. In terms
of topography, there are three major bays inside the Bohai Sea (Figure 1): Laizhou Bay to the south, Liaodong
Bay to the north, and Bohai Bay to the west. Furthermore, Liaodong Bay is enclosed by mountains on both
eastern and western sides. Thus, the coastline of the Bohai Sea has a complicated form. Previous studies,
which explored mechanisms behind the formation and variation of CLLJs, mainly focused on relatively
straight coastal area, such as the south and east coast of China (Du et al., 2015; Lin et al., 2011) and the west
coast of Chile (Q. Jiang et al., 2010). Their results cannot provide an all-sided explanation that is suitable for
CLLJs occurring in such a complex coastal topography system in Bohai Sea. Hence, further studies in Bohai
Sea are important for both local ports’ navigation safety and understanding of the interactions between com-
plicated coastal topography and CLLJs.

In this study, we use the output data from WREF for six early warm seasons (May—July 2006-2011) to explore
the distribution, formation mechanisms, and diurnal variations of the CLLJs in the Bohai Sea. The data and
methods are described in section 2, which is followed by an analysis of the temporal and spatial distributions
of the CLLJs over the Bohai Sea in section 3. Section 4 describes the formation and development mechanisms
of the CLLJs. Finally, the results of our study are summarized in section 5.

2, Data and Methodology
2.1. Definition of CLLJs and Data Specification

We define CLLJs using the criteria in Du et al. (2014), as follows: (1) the maximum wind speed is greater than
10 m/s and (2) the wind speed must decrease by at least 3 m/s from the height of maximum wind speed to
the height of minimum wind speed above (occurring below the eighth model layer, approximately below the
1-km level). We also define the position of a CLLJ in vertical direction as the height where it has the maximum
horizontal wind velocity and identify the wind profile of each model grid as an event. To distinguish CLLJ days
from other days, we chose 300 model grids, covering a core zone (38°12'-39°48'N, 119-121°E) of the Bohai
Sea, which yield 7,200 events (300 grids multiplied by 24 hr) per day. Based on this, for any specified area,
we define CLLJ days as those on which more than 50% of the events (i.e., 3,600 events) satisfy the CLLJ criteria
and non-CLLJ days as the remaining days.
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Figure 2. Comparison between model wind velocity (m/s) and Quick Scatterometer (QuikSCAT) observation velocity (m/s)
at 10 m (top row); difference of each record (bottom row). (a and c) U direction; (b and d) V direction from May to July during
2006-2009.

The hourly model data used in this study are outputs from the WRF model, with a horizontal grid spacing of
9 km and 40 vertical levels. Within the lowest 1 km from surface, there are eight levels in this model so that it
can easily capture the vertical characteristics of the lower atmosphere. The domain encompasses the entire
region of the Bohai Sea from May to July during 2006-2011. To verify the quality of the model data in the
Bohai Sea, a 0.25° x 0.25° Earth grid data set observed from the Quick Scatterometer (QuikSCAT, a satellite-
based SeaWinds instrument) including wind speed and direction at the height of 10 m above ocean surface
is used for comparison. Ricciardulli and Wentz (2015) documented high accuracy and low uncertainty in wind
speed up to 30 m/s, for rain-free measurements. Although at low winds in heavy rain the wind bias might
increase, the rain flag in QuikSCAT shows that rain rarely (less than 15%) occurs in Bohai Sea during our simu-
lation period. Two records are retrievable from QuikSCAT for each day: one from ascending orbit segments
(0600 LST) and the other from descending orbit segments (1800 LST). Besides that, QuikSCAT was launched
in June 1999 and operated until November 2009. Following this, we chose data from 2006 to 2009 to verify
the reliability of the model data.

2.2. Data Validation

The average surface wind speeds detected by QuikSCAT in the core zone of the Bohai Sea are calculated, and
corresponding model data outputs are extracted. When missing data are excluded, there is a total of 592
wind speed records in the U and V directions.

Figures 2a and 2b compare all the records of model output and satellite observation in both directions. The
Pearson correlation coefficients in the U and V directions are 0.75 and 0.77, respectively (p < 0.05). In addition,
we analyze the residual term to determine whether the differences result from random error. Figures 2c and
2d show that differences (WRF model output minus QuikSCAT observation) between the two data sets are
spread randomly around 0. The standard deviation of the differences satisfies the null hypothesis of a one-
sample K-S test, indicating that the standard deviation of the differences meets the requirements of standard
normal distribution. These statistical analyses show that the model produces a satisfactory simulation of
actual conditions.

3. Characteristics of CLLJs

3.1. Temporal Distribution

Figure 3 shows the monthly mean horizontal distribution of the frequency of CLLJs during 2006-2011. CLLJs
occur in the Bohai Sea mainly in May when a low-pressure system is located to the north and the Pacific high
is located to the southeast (Figure 4a). Under this condition, near-surface coastal winds parallel to the sea-
shore (Figure 3a) are conducive to the development of CLLJs (Pomeroy & Parish, 2001; Ranjha et al., 2013).
In June and July, accompanied by the northward movement of the Pacific high (Figures 4b and 4c),
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Figure 3. Horizontal distributions of frequency of coastal low-level jets (%, shading); wind in 975 hPa (vectors) in (a) May,
(b) June, and (c) July, averaged from 2006 to 2011. Vectors under mountains are not shown.

meridian circulation dominates the Bohai Sea. Low-level winds rotate anticlockwise and ultimately have a
strong component that blows toward the coastline (Figures 3b and 3c). Since CLLJ tend to occur when
background wind blows along coastal line, wind direction in June and July is a negative factor for CLLJ
development. Hence, the frequency of CLLJs continually decreases.

3.2. Spatial Distribution

Although Figure 3a shows a high-frequency CLLJ region over the Bohai Sea in May, the monthly average wind
speed over the sea is significantly lower than the CLLJ velocity threshold (10 m/s). The reason for this phe-
nomenon is the counteraction between different wind directions. The large-scale circulation in May drives
background winds in the sea in a southwesterly direction (Figure 3a). However, fast-moving baroclinic
cyclones, which are very common at synoptic scale in midlatitudes, cause frequent variations in the wind
direction in May. Figure 5 shows the distribution of wind direction in May. Roughly 70% of the wind direction
in the Bohai Sea is southwesterly (including southerly and westerly). On CLLJ days, southwesterly winds still
dominate, and their proportion increases to 80%. By contrast, the proportion of wind from other directions is
far smaller than that from the southwest. This consequence is similar to the 35-year regional climate model
analysis in Bohai Sea (Li et al.,, 2018). It should be noted that in our analysis, days with background winds from
nonsouthwesterly directions are filtered out to avoid confusion among different wind directions.

Besides that, CLLJs occur over different areas in the Bohai Sea during a single day. Figure 6 shows the hori-
zontal distributions of CLLJ frequency at 3-hr intervals from 1400 to 0500 LST. CLLJs occur in the northern
area of the Bohai Sea in the afternoon (afternoon CLLJ events, from 1400 to 1900 LST) and in the central area
at night (nocturnal CLLJ events, from 2200 to 0300 LST). Therefore, we divide the Bohai Sea into two regions:
an afternoon high-frequency region (northern region, indicated by yellow boxes in Figure 1) and a nocturnal
high-frequency region (central region, indicated by red boxes in Figure 1). In vertical direction, both jets of
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Figure 4. Large-scale circulation at 925 hPa averaged over 2006-2011 in (a) May, (b) June, and (c) July. Contour lines repre-
sent geopotential height (m).
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Figure 5. Wind direction and velocity (m/s, shading) distributions (%) of (a) all wind events and (b) coastal low-level jet
events in Bohai Sea in May from 2006 to 2011.

these two regions are located at 975 hPa (Figure 7). So in the following sections, we focus on this height to do
further research.

4. Formation Mechanisms
4.1. Large-Scale Effects

We use the 6-hourly Final (FNL) operational global analysis data, with 1° x 1° grid spacing and 28 levels from
National Centers for Environmental Prediction to examine the effect of large-scale circulation in this section.
By comparing the distinction of large-scale background circulation between CLLJ and non-CLLJ days
(Figure 8), pressure gradient at 925 hPa over the Bohai Sea region on CLLJ days is significantly stronger than
that on the non-CLLJ days. Therefore, geostrophic wind in CLLJ days is stronger than that in non-CLLJ days.
Since geostrophic wind is a main component of jet stream, CLLJs tend to occur under conditions with inten-
sive large-scale geostrophic winds. By analyzing all the days in May from 2006 to 2011, we find that the inten-
sity of background pressure gradient in 2007 and 2010 is obviously lower than other years (Figure S1 in the
supporting information). Since a key criterion of CLLJ is a minimum threshold wind speed of 10 m/s, in the
following section we choose data in 2006, 2008, 2009, and 2011 to analyze dynamic mechanism.
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Figure 6. Horizontal distribution of frequency (%, shading), every 3 hr from 1400 to 0500 LST, of low-level jets in northeast
coastal area of China: (a) 14 LST; (b) 17 LST; (c) 20 LST; (d) 23 LST; (e) 02 LST; and (f) 05 LST.
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4.2. Diurnal Variation

Under similar large-scale conditions, variations in winds show different
patterns between the central and northern regions. To investigate the
roles of the different wind components in the development of CLLJs, diur-
nal variations in both actual winds and geostrophic winds are examined
(Figure 9). It is worth noting that the differences between actual wind
and geostrophic wind represent ageostrophic wind. In the central region,
the geostrophic wind fluctuates only slightly from 6.0 to 8.5 m/s, whereas
there is significant diurnal variation in geostrophic wind in the northern
region, which is from 6.6 to 12.3 m/s. Ageostrophic winds also play differ-
ent roles in the formation of CLLJs (deceleration for afternoon jet events in
the northern region and acceleration for nocturnal jet events in both
regions). To explain the effects of different forces in the diurnal variation
in CLLJs, we analyze the momentum budgets in the two regions.

4.3. Central Region

The horizontal momentum equation (equation (1)) can depict horizontal
motion of air parcel. Tendency of motion which is represented by local
derivative of the y component wind (Ten) equals the sum of horizontal
advection (Adv), vertical advection (Ver), Coriolis force acting on the
ageostrophic wind in the x direction (Cor), and friction (Res) terms.

ov ov ov ou
§:<7u&fv@>fwéff(ufug)+ﬂ, (1)
Ten Adv Ver Cor Res

It is worth noting that the coordinate transformation (Du & Rotunno, 2014; Zhang et al., 2003) can be used to
visually represent the effects of each term in the momentum budget. The coordinate orientation for y corre-
sponds to the maximum CLLJ direction. The variables in the other direction are projected onto the y coordinate.

We examine the momentum budget of horizontal wind at the 975-hPa level over the central region in
May (Figure 10a). Compared with other terms, the diurnal variation of the Adv, Ver, and Res terms are
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Figure 9. Diurnal variations of wind; black lines denote the actual wind, and red lines denote geostrophic wind averaged
(at 975 hPa) over the (a) central region and (b) northern region.

relatively small; thus, the effects from these three terms in this region could be ignored. By contrast, Cor
term varies obviously and dominates the variation of the local velocity during the whole day. That is
because the total wind in the central region is significantly accelerated by ageostrophic component
(Figure 9a) at night. So far, the primary question that needs to be answered is the source of this ageos-
trophic wind. The theory that land-sea thermal contrast can result in a thermal circulation along the coast
has been well documented (Atkins et al., 1995; Haurwitz, 1947; Rotunno, 1983). In the central region, since
the land to the west is heated by the solar radiation, the temperature contrast between land and sea is
enhanced in the afternoon (Figures 11f-11h). Hence, a thermal circulation (Figure 12a, downdraft
[updraft] exists over sea [land] and low-level wind blows toward the land) is triggered around noon
and then strengthens until sunset due to continual heating by solar radiation over the land. Because of
inertial oscillation, the ageostrophic wind in the central region rotates clockwise (blue line in Figure 11i). At
midnight, the southwesterly ageostrophic wind enhances the background wind in Bohai Sea (Figure 9a).
Thus, this Blackadar's (1957) inertial oscillation mechanism (triggered by radiation diurnal variation) explains
the occurrence of nocturnal CLLJs in the central region. This mechanism is similar to the dynamics of CLLJs in
Taiwan Strait (Du et al,, 2015).

4.4. Northern Region

The phase of the wind components (Figure 9) in the northern region differs significantly from that in the cen-
tral region; thus, CLLJs in the northern region cannot be explained simply by land-sea thermal contrast and
inertial oscillations. The geostrophic wind speed in the northern region (Figure 9b) increases from 0800 LST
and reaches its peak strength (12.6 m/s) at 1400 LST. Although ageostrophic wind plays a diminished role
during afternoon CLLJ events, actual wind still exceeds the threshold (10 m/s~ ") for formation of CLLJ due
to the geostrophic wind being sufficiently strong.

Several studies have documented how enhanced land-sea thermal contrast can result in more pronounced
baroclinicity (Burk & Thompson, 1996; Q. Jiang et al., 2010; Kottmeier et al., 2000). Thus, the geostrophic wind
can be strengthened over coastal areas due to increased solar radiation in the afternoon. However, this still
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Figure 10. Diurnal variations of individual terms (m~sf1~hr71) in the horizontal momentum equation at the 975-hPa level
(a) averaged over the central region (red box in Figure 1a) and (b) averaged over the northern region (yellow box in
Figure 1a).
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975 hPa at 0000, 0300, 0600, 0900, 1200, 1500, 1800, and 2100 LST averaged over May. (i) The blue (red) line represents
clockwise rotation of 975-hPa ageostrophic wind averaged over central (northern) region. Contour lines and shading under
mountains are not shown.

does not explain why the diurnal variation in the geostrophic wind in the northern region is much stronger
than that in the central region. Therefore, we further investigate the effects of topography derived from the
surrounding terrain.

4.4.1. Topographical Effects

Around Bohai Sea (Figure 1), a large-scale sloping topography is located to the west of north Bohai region,
while a windward topography is found to the east. According to the following analysis in this section, both
these two mountains’ effects on CLLJ generation are unveiled.

From the view of solar radiation, a sloping topography can change the horizontal distribution of surface solar
heating rate (Paegle & Rasch, 1973; Stensrud, 1996). Compared with the flat land around the central region
(Figure 1), the west side of the northern region is sloping topography where surface gains more solar radia-
tion during afternoon (Figures 12a and 12c), and therefore, isothermal lines tilt obviously toward the west
land of the northern region; coastal surface thermal gradient is also greater than the central region
(Figures 11e-11h). As a result, atmospheric baroclinicity enhances remarkably. In addition, corresponding
with thermal wind mechanism, geostrophic wind decreases from surface to upper level (Figure 12c) during
afternoon. Since the vertical wind shear is a criterion of defining CLLJ, this vertical profile of geostrophic wind
is also beneficial to generate jet events.

From the view of fluid dynamic, a windward topography could have a role as a barrier. The condition that
determines whether an air parcel cloud rise up and over a mountain is determined by the Froude number
(equation (2)). In this case, the kinetic energy is represented by the wind speed (U), whereas the potential
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Figure 12. Geostrophic wind flow into this section (m/s, shading), vertical circulation in this cross section (horizontal wind
and vertical wind multiply by 250, m/s, vectors), and potential temperature (K, red dashed line) of cross section: (a and b)
represented by the red line in Figure 1; (c and d) represented by the yellow line in Figure 1.

energy is represented by the Brunt-Vaisala frequency (N) multiplied by the height of the mountain (H,,). If the
Froude number is greater than 1, then flow cloud passes over the mountain; if the Froude number is less than
1, then flow will be blocked by the mountain.

0]
N-Hp

Fr= (2)
For air parcel at 990-hPa level near the eastern mountain of north Bohai region (where N is 0.03 and H,, is
328 m), if we assume Fraud number greater than 1, the critical velocity which is perpendicular to the moun-
tain should exceed 9.8 m/s. However, the actual velocity (1.78 m/s) is significantly less than this threshold.
After calculating the Fraud number of all the level below the mountain top in the northern region, 970-
hPa level is the critical layer where Fraud number is 1. Therefore, this simple physical mechanism suggests
that air parcel in the northern region below 970 hPa is essentially blocked by the eastern mountain. Thus,
a shallow high-pressure area generates next to the mountain, and the low-level horizontal pressure gradient
force is not balanced by Coriolis and friction forces (Carrera et al., 2009; Gabersek & Durran, 2006). Hence, the
geostrophic wind starts to accelerate under geostrophic adjustment. Through this process, wind within the
channel is deflected and eventually aligning with the mountain. As a consequence, a barrier jet generates
on the left base side of the eastern mountain. By contrast, flow without the channel is similar to synoptic-scale
geostrophic wind. This barrier effect explains why it seems that CLLJs in the northern region are trapped in
the channel between two side topographies (Figures 3a and 6).

4.4.2. Sensitivity Experiments

Based on the above theory analyses, we have already got a general knowledge about CLLJ formation in Bohai
Sea. In this section, we further verify our results and quantitatively compare the importance of both side topo-
graphies on generating northern region CLLJs by sensitivity experiments. Two model sensitivity experiments
are shown below: (1) NoFlux experiment where surface heat and moisture fluxes are turned off and (2)
LowEM where the eastern mountain height is reduced to 10% of the actual height. Compared with the run
control (Figures 13a and 13b), the afternoon peak and the strong diurnal variation of geostrophic wind dis-
appears when we turned off the surface flux (Figures 13c and 13d). By contrast, since the eastern
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Figure 14. Diurnal variation of surface flux and the eastern mountain’s con-
tribution on geostrophic wind (solid line, m/s) and ageostrophic wind (dash
line, m/s) averaged over northern region.

mountain continued interacting with windward side flow, the barrier
enhancement still exists (Figures 13c and 13d). In LowEM sensitivity
experiment, when the eastern mountain is reduced to 10% of the actual
height, the afternoon geostrophic wind does not have an obvious
change in the northern region (Figure 13e), while the topography
enhancement is weakened (Figure 13f).

The quantified calculation results (averaged over the whole northern
region) and the difference of both geostrophic and ageostrophic wind
between run control and each sensitivity experiment in jet direction are
shown in Figure 14. For geostrophic wind, the thermal effect dominated
by the western mountain contributes an obvious diurnal variation of velo-
city with the maximum 4.5-m/s enhancement at 1700 LST and the maxi-
mum —0.5-m/s deceleration at 0600 LST. In comparison, the eastern
mountain’s contribution on geostrophic wind is always positive but lim-
ited, which just fluctuates around 0.3 m/s. For ageostrophic wind, the con-
tribution of the two sides’ topography is totally different. Under the effect
of the western topography driving thermal effect, ageostrophic wind will
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present a clockwise rotation (Figure S2). Hence, in jet direction, the western topography triggering ageos-
trophic wind (Figure 14) has a maximum deceleration effect (—2.3 m/s) at 1300 LST and a maximum accelera-
tion effect (1.8 m/s) at 2300 LST. However, since the ageostrophic wind generated by the eastern topography
always blows backward to the barrier, it does not have an obvious diurnal change on direction (Figure S2). So
it only has a slight deceleration effect on actual wind from day to night. After being averaged over the north-
ern region, topography blocking driving geostrophic acceleration is generally counteracted by the
ageostrophic deceleration.

From another perspective, we verify the contribution of both sides of the mountain on the occurrence of
CLLJs (Figure S3). The western topography driving radiation effect contributes 41.6% afternoon CLLJ events,
while the eastern topography blocking does not have an obvious influence on frequency in the northern
region. Hence, the afternoon CLLJs are dominated by the western topography.

5. Conclusion

We use hourly WRF model output with 9-km horizontal resolution and 40 levels in vertical direction to exam-
ine the mechanisms of the formation and development of CLLJs in the Bohai Sea in the early warm season
(May-July) during 2006-2011. By analyzing this model data and two more sensitivity experiments, we eluci-
date the main characteristics of the mechanisms that drive the diurnal variations in CLLJs in the Bohai Sea.
The main findings are summarized below.

1. CLUs occur in the Bohai Sea mainly in May when there is a strong large-scale horizontal pressure gradient
that is driven by subtropical high over ocean and low system over land. Under this background, CLLJs
tend to occur when background winds are intensive and southeasterly.

2. There are two regions (northern and central) where the peak strengths, diurnal variations, and driving
mechanisms of CLLJs differ between each other.

In the central region, enhanced land-sea thermal contrast that occurs in the afternoon drives a stronger low-
level ageostrophic wind, which blows in onshore direction. After sunset, this thermal contrast gradually dis-
appears. Without a persistent thermal forcing, ageostrophic wind is rotated by Coriolis force. CLLJs generate
when ageostrophic wind has a strong component on geostrophic wind direction (from 2100 to 1000 LST).
Thus, inertial oscillation triggered by land-sea thermal contrast plays the main role in triggering CLLJs and
the diurnal wind variations.

In the northern region, CLLJs generate at 1400 LST and disappear at 0400 LST. The sloping land to the west of
the northern region enhances the solar radiation gradient of the surface; then, atmospheric baroclinicity is
intensified more remarkably than the central region. The intensive near-surface geostrophic wind mainly
contributes to CLLJ in the afternoon, while the eastern topography (blocking and channeling) trap these jets
to the west of itself.

This is the first time that the mechanism of CLLJs in Bohai Sea is explored under such a complex coastal line
and topography condition. Our results may shed light on understanding the formation mechanism of CLLJs
in other regions of the world. However, due to lack of sound observations across the Bohai Sea, our results
need verification in future observations and experiments in this area.
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