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Abstract The North China Plain (NCP) to the east of the Loess Plateau is one of the most
heavily polluted areas in the world. Weak surface flow in the western part of the NCP exacerbates the air pollution in this region. Deceleration of low-level flow when approaching the
Loess Plateau, together with enhanced roughness associated with large cities, were previously ascribed as the causes for low wind speeds in the NCP. Using numerical simulations
with a one-layer dispersion model, we identify that dynamic modification of airflow by the
Loess Plateau (not just simple deceleration due to mountain blocking) plays an important
role in reducing the wind speed over the NCP. Dynamically-induced northerly barrier winds,
superimposed on the prevailing southerly/south-easterly flow, reduce the wind speed in a
50–100 km wide region to the east of the Plateau, partially explaining the weak winds in
the western part of the NCP. Poor dispersion conditions due to weak horizontal winds likely
contribute to the accumulation of pollutants in this region.
Keywords Air pollution · Barrier wind · Dynamic modification process · One-layer slab
model
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1 Introduction
Due to extensive industrialization and urbanization in the past few decades, the North China
Plain (NCP) to the east of the Loess Plateau (see the locations and terrain heights in Fig.
1a) has become one of the most heavily polluted areas in the world (van Donkelaar et al.
2010; Quan et al. 2011; Ma et al. 2012b; Zhang et al. 2012b; Huang et al. 2014). Inside of
the NCP, an east-to-west gradient of severity of air pollution has been identified (e.g., Qu
et al. 2010; Wei et al. 2011b; Hu et al. 2014a; Wang et al. 2014a; Wu et al. 2014; Mao et al.
2016). The western part of the NCP has experienced frequent severe haze pollution since
the 1970s (Wu et al. 2014; Fig. 1a) and most extreme concentrations of pollutants have been
observed in this area (Wang et al. 2014a). The severe regional air pollution in the NCP has
attracted extensive research attention, e.g., He et al. (2001), Ding et al. (2008), Lin et al.
(2008), Xu et al. (2011b), Ma et al. (2012a), Chen et al. (2013b), Han et al. (2015). The
NCP air pollution is due to multiple pollutants, including particulate matter, nitrogen oxides,
sulfur dioxide, and carbon monoxide (Huang et al. 2013; Wang et al. 2014b; Zhang et al.
2015a). Power plants, domestic heating, industry, vehicle exhaust, livestock, and fertilizer
application all contribute (Han et al. 2015; Zhao et al. 2013a). Chemical reactions and the
formation of secondary pollutants downwind of the sources further complicate the situation.
Emissions alone (see Fig. 5 of Qu et al. 2010; Fig. 6 of Huang et al. 2013; Fig. 1 of
Hu et al. 2014; Fig. 10 of Wei et al. 2011b) cannot explain the spatial preference of the
pollution in the NCP, even assuming a steady (homogeneous) boundary-layer wind field
(Wang et al. 2014a; Ye et al. 2015). Analyses (Wei et al. 2011b) indicate that the spatial
distribution of ambient pollutants and emissions over the NCP are not consistent. In addition
to direct emissions, meteorological conditions also play an important role in modulating
ambient concentrations of air pollutants in this region (Zhang et al. 2009a, b; Wang et al.
2010a, b; Gao et al. 2011; Wei et al. 2011a; Yang et al. 2011; Hu et al. 2014b; Ji et al. 2014;
Quan et al. 2014; Zhang et al. 2015b). Southerly/south-easterly surface winds dominate in
the NCP during most of the year (Xu et al. 2011a; Fu et al. 2014; Cao et al. 2015) and a
climatological west-to-east gradient of wind speed persists (Fig. 1b). This wind pattern is
most prominent in summer, when a subtropical anticyclone persists to the south-east of the
NCP, although it is also common in spring (Fig. 2). The southerly winds are more likely
associated with severe air pollution in the NCP than is the case for other wind directions
(Chen et al. 2008; Meng et al. 2009; Wang et al. 2010a; Zhang et al. 2012a; Lang et al. 2013;
Wang et al. 2013; Feng et al. 2014; Jiang et al. 2015). Low surface wind speeds in the western
part of the NCP were found to play an important role in exacerbating the air pollution in
this region (Sun et al. 2006; An et al. 2007; Wu et al. 2008; Xu et al. 2011b; Zhao et al.
2013b; Fu et al. 2014; Wang et al. 2014a; Zhang et al. 2014; Chen and Wang 2015; Xu et al.
2015; Ye et al. 2015). Flow deceleration on approach to the Loess Plateau, together with
enhanced surface roughness associated with large cities, was reported to cause the reduction
in wind speed in the NCP (Fu et al. 2014; Wang et al. 2014a; Cao et al. 2015). Hu et al.
(2016), however, demonstrated that a reduction in wind speed due to the presence of the
urban area is highly confined to the central urban area. Thus, urban friction cannot explain
the reduction in boundary-layer wind speed in a region as large as the NCP. In this study we
explore whether other dynamic modifications of the wind field by the Loess Plateau (not just
the simple deceleration due to mountain blocking) play an important role in reducing the
wind speed over the NCP.
Dynamic modification of the large-scale wind field by mountainous terrain [called ‘passive effects of mountains’ by De Wekker and Kossmann (2015)] manifests itself in different
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Fig. 1 a Distribution of annual number of haze days (contour lines) between 2001 and 2005 [adapted from
Fig. 2 of Wu et al. 2014] overlaid on orography (gray shade) around the North China Plain (NCP); b distribution
of average 10-m wind speed at 1400 local time during 1981–2010 in the southern NCP [adapted from Fig. 6a
of Fu et al. (2014)]

atmospheric flow phenomena, including flow over and around mountains (Malkus 1955;
Smith 1982; Pierrehumbert and Wyman 1985; Chen and Feng 2001; Hu and Liu 2005;
Yang and Chen 2008), airflow channelling in valleys (Whiteman and Doran 1993; Hitzl
et al. 2014), flow separation (Vosper et al. 2006; Sheridan et al. 2007) and barrier winds
(Schwerdtfeger 1979; Parish 1982; McCauley and Sturman 1999). In addition to affecting meteorological phenomena such as waves (Grubisic et al. 2008; Armi and Mayr 2011)
and precipitation (Rotunno and Ferretti 2001; Chen et al. 2013a; Lee and Xue 2013),
dynamic modification of the large-scale flow over mountainous regions plays an impor-
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(a)

(b)

Fig. 2 Seasonal mean wind fields during 1981–2010 at 1000 hPa in a spring (March, April, and May), and
b summer (June, July, and August) derived from the European Centre for Medium-range Weather Forecasts
(ECMWF) ERA-interim data

tant role in the transport and dispersion of air pollutants (Steyn et al. 2013; Emery et al.
2015).
Barrier winds occur when flow approaches an extra-tropical barrier (such as a mountain
or plateau) and is blocked by the barrier for time scales of hours or longer (long enough
for the Coriolis force to exert an influence) (Jackson et al. 2013). In the Northern (Southern)
Hemisphere, the impinging flows turn to the left (right) along the barrier (i.e., cyclonic turning)
in response to decreased Coriolis force as the blocked flows decelerate. The blocking of the
flows creates a high-pressure region along the mountain barrier (Olson and Colle 2009;
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Jackson et al. 2013), and as a result of the enhanced across-barrier pressure gradient and
unbalanced mountain-parallel pressure gradient, a mountain-parallel barrier jet develops on
the windward side of the mountains (Xu 1990; Jackson et al. 2013). The across-barrier
blocking, turning, and acceleration of the flow (i.e., formation of barrier jets) have been
reported in many regions (Schwerdtfeger 1975; Parish 1983; Overland and Bond 1993, 1995;
Holt 1996; Doyle 1997; Li and Chen 1998; Colle et al. 2002; Loescher et al. 2006; Olson
et al. 2007; Olson and Colle 2009; Harden et al. 2011; Jackson et al. 2013; Emery et al. 2015).
In the case of flow with an easterly component impinging on a north-south oriented barrier,
northerly/southerly barrier jets occur that advect any present cold air southward/northward
in the Northern/Southern Hemisphere, creating a cold dome along the barrier. This subset of
barrier jets is also termed cold-air damming (Bell and Bosart 1988; Xu 1990; Bailey et al.
2003; Petersen et al. 2009; Jackson et al. 2013; Colle 2015). In all the existing relevant
research, the barrier winds, superimposed on the environmental wind field (i.e., the largescale boundary-layer wind field without dynamic modification), lead to the formation of
mountain-parallel jets. Here, we demonstrate that under certain circumstances barrier winds
may lead to a decrease in environmental wind speed, for example in the NCP in the presence
of a southerly/south-easterly prevailing flow.
As a necessary step to understanding the impact of meteorological factors (particularly
the wind field) on air pollution in the NCP (Fu et al. 2014), we investigate the previously
unrecognized development of barrier winds in the NCP and its impact on the spatial distribution of the wind field and the horizontal dispersion of pollutants in the NCP, using a one-layer
dispersion model.
The article is organized as follows: in Sect. 2, development of the slab dispersion model
and design of numerical experiments are described. In Sect. 3, the development of barrier
winds and its impacts in the NCP are discussed using the model simulations. The manuscript
concludes in Sect. 4 with a summary and discussions on the limitations of this study.

2 Methodology
A one-layer dispersion model based on a previously designed meteorological slab model
(Lindzen and Nigam 1987; Pu and Dickinson 2014) is developed to examine the dynamic
modification of the boundary-layer winds over the NCP by the Loess Plateau and the subsequent impact on the horizontal dispersion of pollutants, formulated as follows,
∂u
∂u
∂u
∂h
= −u
−v
+ fv−g
− φx ,
∂t
∂x
∂y
∂x
∂v
∂v
∂v
∂h
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−v
− fu −g
− φy ,
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∂C
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∂y

(1)
(2)
(3)
(4)

where u and v are the zonal and meridional wind components, C is the puff concentration
of a passive pollutant (with units of µg m−3 ) emitted from the stacks within the domain,
f = 2sinϕ is the Coriolis parameter,  = 7.27 × 10−5 s−1 is the angular speed of rotation
of the Earth, ϕ is latitude, and φx and φ y are zonal and meridional geopotential gradients.
As a slab model, the domain is defined for the air layer extending from the surface to some

123

150

X.-M. Hu et al.

depth of the atmosphere (H ≈ 1 km), assuming an atmospheric boundary layer with a strong
capping inversion (Hu et al. 2014b; Miao et al. 2015); h is the perturbation height of the layer
top, representing the pressure perturbation caused by mountain blocking and subsequent flow
rising [called the interactive component of forcing in Pu and Dickinson (2014)].
We

 follow
∂u
∂v
the assumption of Lindzen and Nigam (1987) that convergence (i.e., − ∂ x + ∂ y ) in the
boundary layer is taken up by the layer above in a short time (τ ), thus τ = 20 s is used.
A simplified version of the above slab model, not considering the pollutant and linearized
by excluding the horizontal advection terms on the right-hand side of Eqs. 1 and 2 and adding
an additional term representing surface frictional effect, was applied in Pu and Dickinson
(2014) to reproduce the diurnal cycle of the Great Plains low-level jet and associated variation
of convergence/vorticity. The slab model is modified here by including the advection terms
to investigate the response of the prevailing southerly/south-easterly flow in the NCP to the
dynamic modification by the Plateau. The advection process is critical to mimicking the
continuous large-scale forcing by the prevailing flow in the NCP. Pollutant puffs emitted
within the domain (indicated by C) are tracked using the advection equation (i.e., Eq. 4)
to investigate the impact of horizontal flow on the dilution of pollutants emanating from
emission sources. Puffs with constant amount of pollutant are allowed to be emitted from
two stacks within the domain (see their locations in Fig. 3e) hourly (i.e., with a constant
emission rate) from hour 12 to 16 (i.e., after the flow reaches equilibrium). The length of the
plumes (composed of the puffs) dictates the total volume of air available for the pollutant
transport and dispersion, thus indicating the dilution of the emitted pollutant.
Considering the south-north orientation (with a slight incline to the east) of the eastern
edge of the Loess Plateau and the spatial coverage of the NCP (Fig. 1a), the slab model
is configured for a square 400 km × 400 km domain covering the region of 36◦ − 40◦ N
and 114 − 118◦ E, mimicking the core of the NCP. All simulations are conducted on an f
plane (ϕ = 38◦ N), with time-independent geopotential gradients, i.e., constant φx and φ y ,
prescribed as large-scale forcings (in a geostrophic balance with the environmental inflow).
Since the large-scale forcings are set constant, the interactive component of forcing, i.e., h,
dictates the final equilibrium wind field. A slip-wall boundary condition (i.e., u = 0) is set
at the west boundary to mimic the blocking effect of the Loess Plateau. An open boundary
condition (with a constant prevailing wind speed) is set at the east boundary to mimic the
continuous forcing. A periodical boundary condition is set at the south and north boundaries.
Note that a vertical wall of 1-km depth is set on the west domain boundary for simplicity,
while the real orography shows a slope (plateau height/windward slope width) of about 1:50
(figure not shown). Such a slope has been shown in Braun et al. (1999) to be steep enough to
decelerate incident flows, and to generate sufficient convergence and pressure perturbations
to lead to barrier-jet formation on the windward side of a westward-facing plateau.
The slab model is numerically solved using the centre finite difference method on the
staggered Arakawa C grid in space (Arakawa and Lamb 1977) with a 1 km × 1 km horizontal
grid spacing. Equations 1, 2, and 4 are integrated in time using the second-order total variation
diminishing Runge-Kutta method (Gottlieb and Shu 1998; Xue and Lin 2001; Li et al. 2013),
which helps improve the numerical accuracy and stability. The model was integrated with a
timestep of 1 s for 16 h (longer than the time needed to reach equilibrium). The complete
model configuration mentioned above is referred to as the base configuration. Considering the
prevailing southerly/south-easterly wind direction (Fu et al. 2014; Fig. 2) and the orientation
of the mountains (Fig. 1a), an environmental wind speed of 6 m s−1 and a direction of 150◦
are set in the control simulation with the base configuration.

123

The Formation of Barrier Winds East of the Loess Plateau...

151

(a)

(f)

(b)

(g)

(c)

(h)

(d)

(i)

(e)

(j)

Fig. 3 Spatial distribution of simulated a, f wind speed with streamlines overlaid on top, b, g perturbation wind
(i.e., wind-inflow), c, h interactive forcing (h), d, i vorticity at hour =12 (when the fields reach equilibrium),
and e, j dispersion of pollutant puffs from two stacks at hour =16 in the presence of an environment wind
(i.e., inflow) with speed of 6 m s−1 and directions of (left) 150◦ and (right) 30◦ . Two triangles in panels e, j
indicate the location of the stacks. Note the simulation domain is 400 km × 400 km, the resultant equilibrium
fields on the right side of the domain are dictated by the inflow from the right boundary and barely impacted
by the left boundary. Thus only the 200 km wide domain near the left boundary (where is affected by the
mountain blocking) is shown in each panel
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Table 1 Details of the two configurations of the simulations conducted in this study with the slab dispersion
model
Configurations

Details

Base

Described in Eqs. 1–4

CONF_S1

Maintain the Coriolis force of the background environmental flow homogenously
constant over the whole simulation domain, thus setting to zero the Coriolis force of
the barrier flow

Sensitivity simulations with the base configuration are conducted to examine the effect of
large-scale forcing and ambient wind directions (or impinging angles) by varying the incoming wind speed within a plausible wind-speed range, from 3 to 9 m s−1 at an incremental step
of 3 m s−1 , and varying the incoming wind direction from 015◦ to 165◦ from north at 15◦
intervals. Previous studies (e.g., Barstad and Gronas 2005; Olson and Colle 2009) examined
the sensitivity of barrier jets to the ambient wind direction, but ambient winds were limited to
one sector of nearly terrain-parallel to nearly terrain-perpendicular, i.e., the impinging angle
< 90◦ . Our study extends previous investigations to illustrate the different dynamic impacts
when ambient winds impinge upon the mountains at all possible angles (between 0 and 180◦ ).
To quantify the contribution of the simple deceleration by mountain blocking to the reduction in wind speed, the slab model is run with another configuration (i.e., CONF_S1 in Table
1), in which the Coriolis force due to the perturbation wind (i.e., the difference between
the actual wind and the inflow wind) is not considered, that is, the geostrophic adjustment
processes associated with the flow change is ignored. Thus the final reduction in wind speed
is simply due to deceleration by mountain blocking.
Since the model only simulates one layer of dry air, a few simplifications are applied here,
including (1) simplification of the orography, (2) neglect of land-surface processes, thermally
induced effects (e.g., stability change, thermotopographic winds), and possible influences
from high-level jet streaks, and (3) omission of humidity and clouds, as in Pu and Dickinson
(2014). In terms of pollutants, only horizontal advection is considered, and chemical processes
that affect emission, conversion, decay and deposition of pollutants are omitted. Previous
numerical sensitivity experiments designed to examine mountain effects (e.g., Cui et al. 1998;
Barstad and Gronas 2005; Hu et al. 2014b; Nielsen et al. 2016) considered both dynamic
and thermal effects of mountainous terrain. Particularly, in our previous studies (i.e., Hu
et al. 2014b; Hu and Xue 2016), three-dimensional (3-D) WRF simulations were conducted.
Since all the effects were simultaneously considered in the 3-D simulations, the dynamic and
thermal effects could not be easily separated. In contrast, in this study we ignore the thermal
effect and apply other simplifications to isolate the dynamic effect of the mountain barrier on
the low-level wind field, and the subsequent impact on the horizontal dilution of pollutants.
Using such an idealized approach helps us better understand the complex contributions of
various effects/processes to the near-surface wind pattern and pollution (Braun et al. 1999;
Saide et al. 2011; Pu and Dickinson 2014).

3 Results
3.1 Barrier-Wind Formation and Its Impact on the Spatial Distribution of Wind
Fields
In the control simulations, an environmental inflow with wind speed of 6 m s−1 and direction of 150◦ enters the domain from the eastern boundary, mimicking a climatological
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southerly/south-easterly flow impinging upon the slightly inclined south-to-north oriented
mountains of the Loess Plateau. The wind field (Fig. 3a) reaches equilibrium after about
10 h of numerical simulation as suggested by the evolution of h, an indicator of pressure
perturbation (figure not shown). Our primary interest here is in the steady-state wind field
under the influence of dynamic modification due to the mountain barrier. Thus our analysis
in terms of the wind field focuses on the steady state at 12 h of simulation.
The environmental inflow approaches the mountain barrier on the left domain boundary and is blocked by the barrier (Fig. 3a). As reported by many previous studies (Wang
et al. 2010a, 2014a), convergence occurs near the barrier, which is taken up by the upper
layer as described in Eq. 3, thus creating a higher pressure perturbation along the barrier
(Fig. 3c). The pressure perturbation caused by mountain blocking leads to the formation
of the barrier wind. Here we define the barrier wind as the perturbation wind caused by
mountain blocking, i.e., the difference between the equilibrium wind and the inflow wind.
Geostrophic adjustment turns the barrier wind to the right with time (Fig. 3b), so that
high pressure is to the right. The equilibrium barrier wind is in almost the opposite direction of the ambient environmental flow. Thus, superimposed on the environmental flow,
the formation of the barrier wind considerably reduced the wind speed near the mountain
barrier.
The dynamic modification (or barrier-wind formation) process can be interpreted in
another way. As the ambient flow approaches the mountain, it decelerates in the acrossbarrier direction, resulting in a weakened Coriolis force. In the along-barrier direction, the
large-scale south-to-north pressure gradient remains and acts to decelerate the northward
movement of the ambient flow.
As the result of the dynamic modification (i.e., barrier-wind formation), a wind minimum
band develops near the barrier, with the wind reduction greater where it is closer to the
barrier. In the 100-km wide band near the barrier the ambient wind speed is reduced by
at least 0.2 m s−1 (3 %), while in the 50-km wide band near the barrier the ambient wind
speed is reduced by at least 1 m s−1 (17 %) (Fig. 3a). The horizontal extent of the barrier
wind is consistent with previous studies (Parish 1982; Jackson et al. 2013). The resulting
west-to-east gradient of wind speed (Fig. 3a) is quite similar to both the climatological
distribution of wind speed over the NCP (Fig. 1b) derived in Fu et al. (2014), in which the
10-m wind speed at 50 km from the plateau is lower than that 200 km from the plateau
by about 17 % (3.3 vs. 4 m s−1 ), and to the seasonal mean gradient of near-surface wind in
spring and summer during the past three decades (i.e., 1981–2010) derived from the European
Centre for Medium-range Weather Forecasts (ECMWF) ERA-interim data (Fig. 2). Thus our
numerical experiment illustrates that barrier-wind formation is a key factor in explaining the
spatial distribution of the wind field in the NCP. Note that in winter, due to different largescale forcing and frequent disturbances by transient processes (e.g., fronts, troughs), the
seasonal mean wind direction in the NCP is north-westerly (Miao et al. 2015), which is not
considered herein. We only consider the wind with an easterly component, i.e., impinging
on the Loess Plateau; this does not mean that the barrier-wind formation mechanism does
not apply in winter. Figure 3a illustrates that as long as the background environmental flow
is south-easterly on winter days, the west-to-east gradient of wind speed could occur in the
NCP.
Previous studies of barrier winds all reported low-level barrier-parallel jets on the
windward side of mountains (Jackson et al. 2013). The above experiment illustrates that
barrier-wind formation, instead of leading to jets, may reduce the ambient wind speed.
The impinging angle of the inflow is hypothesized to be responsible for the difference.
Thus, a sensitivity simulation with an environmental wind speed of 6 m s−1 and a wind
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direction of 30◦ is conducted. In this case, a barrier-parallel jet indeed forms along the
mountain barrier (Fig. 3f). As with the control case, a higher pressure perturbation forms
along the barrier when the inflow impinges upon the barrier, and the resulting barrier
wind is adjusted by the Coriolis force and turns to the right (Fig. 3g). Superimposed
on the north-easterly ambient flow, the formation of the barrier wind turns the ambient
wind cyclonically and leads to barrier-jet formation on the windward side of the mountain
(Fig. 3f).
The cyclonic turning of the flow can also be explained in terms of the vorticity budget.
Taking ∂/∂ x of Eq. 2 and subtracting ∂/∂ y of Eq. 1 gives the rate of relative vorticity,


∂ζ
∂ζ
∂ζ
∂u
∂v
= −u
−v
− (ζ + f )
+
,
∂t
∂x
∂y
∂x
∂y

(5)

on an f plane, where ζ = ∂v/∂ x −∂u/∂ y is relative vorticity. The first two terms on the righthand side represent advection of relative vorticity, and the last term on the right-hand side
represents the effect of horizontal convergence on vorticity. When the flow approaches the
mountain barrier (Fig. 3a, f), convergence occurs (Fig. 3c, h). According to the last term of Eq.
5, the convergence leads to an increase in the vorticity (Fig. 3d, i). A spatial analysis of vorticity
fields in the NCP by Cao et al. (2015) also confirmed the enhanced vorticity in the west side
of the NCP when the flow is blocked by the Plateau (their Fig. 5b). The increase in vorticity
explains the cyclonic turning of the ambient flow after blockage by the mountain barrier.
The equilibrium barrier wind in the sensitivity simulation (Fig. 3g) is the same as that in
the control simulation (Fig. 3b) as both ambient flows impinge upon the mountain barrier at
a 30◦ angle from the mountain barrier, except that one is from the south-east (Fig. 3a) and
one is from the north-east sector (Fig. 3f). Even though barrier winds are the same, different
spatial distributions of wind speed are produced, i.e., a wind minimum band (Fig. 3a) vs. a
jet (Fig. 3f), when the inflow directions are different, because the perturbation barrier winds
are in the opposite and same direction as the ambient winds, respectively.
Additional sensitivity simulations were conducted to examine the responses of different
plausible ambient flows to the dynamic modification of mountain barrier (Fig. 4). When
the inflow wind speed is 3 m s−1 , a north-easterly flow leads to barrier jets (wind speed
in the 50-km wide area near the barrier is enhanced by 56 and 49 % for 30◦ and 60◦
respectively, Table 2) and a south-easterly flow leads to wind minimum bands near the
barrier (wind speed in the 50-km wide area is reduced by 22 and 48 % for 120◦ and 150◦
respectively, Table 2). The barrier-jet width tends to be narrow when the impinging flow
is more perpendicular to the barrier, which is consistent with Olson and Colle (2009). In
the case of an easterly wind direction, a narrow jet (about 10 km wide) develops near the
barrier; beyond the narrow jet, a wide wind minimum band develops as a result of the
deceleration in the across-barrier direction. When the ambient wind speed is higher, i.e.,
at 9 m s−1 , wind minimum bands still persist for the south-easterly wind (wind speed in
the 50-km wide area is reduced by 44 and 39 % for 120◦ and 150◦ respectively, Table 2)
and barrier jets also develop when the north-easterly wind impinges upon the barrier at low
angles (wind speed in the 50-km wide area is enhanced by 23 % for 30◦ , Table 2). However, the barrier jets disappear when the north-easterly flow is more nearly perpendicular
to the barrier, presumably due to substantial deceleration in the across-barrier direction.
The different jet characteristics associated with different north-easterly ambient wind speeds
suggest that the greatest wind-speed enhancements due to barrier-wind formation occur
normally for relatively low wind speeds. Such a conclusion has also been suggested by
Jackson et al. (2013).
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Fig. 4 Simulated equilibrium wind fields in the presence of environment winds with speed of (top) 3 and
(bottom) 9 m s−1 , and direction of (left to right) 30◦ , 60◦ , 90◦ , 120◦ , and 150◦
Table 2 Simulated average wind speed (V̄ ) in the 50-km wide area near the barrier and the ratio of V̄ to the
background environmental V̄ for all the cases with different environmental V̄ and wind directions
Average

(m s-1)

north-easterly
direcon
speed
3
6
9

30
4.67
8.17
11.08

60
4.47
6.69
8.33

Rao
south-easterly

90
3.46
4.66
5.9

120
2.34
3.44
5.04

150
1.56
3.32
5.52

north-easterly
30
1.56
1.36
1.23

south-easterly

60
90
1.49 1.15
1.12 0.78
0.93 0.66

120
0.78
0.57
0.56

150
0.52
0.55
0.61

3.2 Contribution from the Simple Deceleration by Mountain Blocking
The above analysis illustrates that mountain blocking and the Coriolis force both play roles
in the barrier-wind formation in the NCP, leading to a barrier jet in the presence of northeasterly environmental wind and a wind minimum band in the presence of south-easterly
wind direction. A question arises as to how much contribution to the reduction of wind speed
in the NCP arises from simple deceleration by mountain blocking, ignoring the Coriolis
effect. Simulations with configuration CONF_S1 (Table 1) are conducted to isolate such a
contribution. In such simulations when the Coriolis force associated with the perturbation
wind is set to zero, the eastward perturbation wind does not turn to the right (Fig. 5b, d).
Thus mountain blocking leads to the same wind reductions in both the north-easterly and
south-easterly wind directions, with a wind speed of 5.3 m s−1 in the 50-km wide area near
the barrier (Fig. 5a,c), representing a 12 % reduction from the environmental wind speed
(6 m s−1 ). Note that in the simulations with the base configuration (where the Coriolis force
of the perturbation wind is considered), the barrier-wind formation leads to a 45 % reduction
in wind speed near the barrier for the 150◦ wind, and a 36 % increase in wind speed for the
30◦ wind direction (Table 2). The comparison between the simulations with the base and
CONF_S1 configurations confirms the importance of barrier-wind formation in the presence
of the Coriolis force in explaining the wind distributions in the NCP.
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(a)

(c)

(b)

(d)

Fig. 5 a, c Wind speed with streamlines overlaid on top, b, d perturbation wind (i.e., wind-inflow) in the
presence of environment flow with wind of 6 m s−1 , and direction of (left) 150◦ and (right) 30◦ simulated
with the configuration of CONF_S1 (Table 1, i.e., turning off Coriolis force of the perturbation wind)

3.3 Implications for Dispersion of Pollutants
Wind fields dictate the dispersion and dilution of a pollutant after it has been emitted. Assuming the atmospheric residence time is long enough, the ambient concentration of directly
emitted primary pollutants is approximately inversely proportional to the wind speed, i.e.,
the greater the wind speed the lower the concentration (Whiteman 2000; Schnadt and Ivanov
2012). In the case of the incident wind direction of 150◦ , the wind speed near the barrier
is as low as about 1 m s−1 due to the northerly barrier-wind formation (Fig. 3a); while in
case of the incident wind direction of 30◦ , the wind speed near the barrier is about 8 m s−1
(Fig. 3f). Thus the ambient concentration of the pollutant emitted near the barrier in the case
of 30◦ incident flow is approximately eight times more diluted compared to the 150◦ case.
Figure 3e,j shows the plumes at hour 16, which are composed of pollutant puffs emitted
hourly between hours 12 and 16. The length of the plumes clearly demonstrates that the
dispersion conditions become worse/better when the barrier is approached by a flow from
the 150◦ /30◦ . Note that in cases where the barrier wind enhances the ambient wind speed
(e.g., when the inflow is incident at 30◦ ), greater wind speeds near the barrier also produce stronger shear-induced turbulence (Stull 1988), which diffuses the plume to a greater
degree.
Such an impact of horizontal flow on dispersion of pollutants must play a role in modulating
the air quality over the NCP. In the presence of the prevailing southerly/south-easterly winds,
the northerly barrier-wind formation reduces the wind speed in the western part of the NCP,
creating poor dispersion conditions, which contributes to the accumulation of pollutants in
this region.
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4 Conclusions and Discussion
Previous studies (e.g., Wei et al. 2011b) suggest that assuming a steady (homogeneous)
boundary-layer wind field cannot explain the observed spatial distribution of pollutant concentrations in the North China Plain (NCP) given the known emission sources. The correlation
between the spatial distributions of the annual number of haze days and wind speed in the
NCP (Fig. 1) confirms that weak surface winds in the western part of the NCP play an important role in exacerbating the ambient air pollution in this region. The dynamic modification
of wind fields in the NCP by the Loess Plateau is investigated using a one-layer slab model,
which ignores the thermal effects of mountainous terrain and diabatic atmospheric processes,
and thus can isolate the dynamic effect of the plateau barrier on the low-level wind field. The
simulation results show that when ambient flow impinges upon the plateau barrier, a high
pressure perturbation is created along the windward side of the barrier, resulting in barrierwind formation. Geostrophic adjustment by the Coriolis force turns the barrier wind (i.e., the
perturbation wind) to the right, i.e., the northerly component of the barrier wind increases
with time until it reaches a geostrophic balance. Even though the barrier-wind formation
mechanism is the same, depending on the ambient wind fields the barrier-wind formation
leads to different spatial distributions of total wind speed. Superimposed on the north-easterly
ambient flow with a moderate to low wind speed and a low impinging angle, the northerly
barrier wind leads to the formation of a barrier jet on the windward side of the barrier. Such
a scenario is similar to the classic barrier jets and the dynamic processes associated with
cold-air damming events reported in many previous studies. Superimposed on the prevailing
south-easterly wind, the northerly barrier wind reduces the wind speed in a 50–100 km wide
region east of the plateau, creating weak surface winds consistent with observations in the
western part of the NCP under such a situation. The barrier-wind formation mechanism provides a more complete theory than the simple deceleration by mountain blocking to explain
the spatial distribution of wind speed in the NCP.
Barrier-wind formation has been widely studied around the world, with a reported lowlevel barrier-parallel jet (below mountain height) on the windward side of the mountains.
Our study demonstrates that, instead of increasing the ambient wind speed, barrier-wind
formation may reduce the ambient wind speed in certain circumstances.
Deceleration of the ambient flow when approaching the Loess Plateau, together with
enhanced roughness associated with large cities, were ascribed as the causes for the low wind
speed in the NCP in previous studies (Fu et al. 2014; Wang et al. 2014a). Our study reveals
that northerly barrier-wind formation plays a role in reducing the speed of the prevailing
southerly/south-easterly flow over the NCP, which suppresses the dispersion of pollutants.
Such poor dispersion conditions must partially contribute to the frequent accumulation of
pollutants in the western part of the NCP (Fig. 1a). Under such circumstances, increased
efforts may be required to control emissions in order to prevent air pollution episodes in the
NCP. On the other hand, barrier-jet formation in the presence of flow with a north-easterly
component leads to good dispersion conditions. Our new findings regarding the causes for
the spatial distribution of wind fields in the NCP thus have important implications for better
identifying the essential meteorological factors for pollution episodes, and for forecasting air
pollution in this region.
Although the dynamic effect of the Loess Plateau and its implications for dispersion
condition have been emphasized, the thermal effects of the Plateau (e.g., convection,
mountain-valley wind systems) cannot be deemphasized when considering implications on
air quality close to the mountains (De Wekker 2008; Steyn et al. 2013; De Wekker and
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Kossmann 2015; Rendon et al. 2015). Our previous 3D simulations (Hu et al. 2014b; Miao
et al. 2015) reveal that the mountain-plain breeze circulation induced by the thermal contrast
between the Loess Plateau and the NCP is most prominent in autumn and summer. Such
a thermal process suppresses boundary-layer development over the NCP and enhances the
air pollution. The dispersion model developed here ignores the thermal effects and does not
account for variations in boundary-layer height and turbulent mixing, which is a significant
limitation. Nevertheless, we have identified the previously unrecognized development of barrier winds in the NCP and their impact on pollutant dispersion, which is a necessary/critical
initial step for future investigations of those dynamic and thermal processes and their interactions, as well as their impacts on air quality (Emery et al. 2015)
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