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Response to reviewer’s comments 

Anonymous Referee #1: 

General comments: 

The manuscript discusses a pollution event that produced a “haze front” over Beijing, 

China on 24 December 2015. The haze front is a sharp change in visibility on the 

boundary of warm dry clean air meeting cool moist polluted air over the city. The 

warm air mass was created by a foehn wind blowing down from the mountains to the 

north and west of Beijing. The interaction between the two air masses is analysed in 

detail using meteorological variables, and particular matter measurements from a 

number of sites across the city. The authors then conclude with statistics of how often 

this sort of event occurs. These events can have a large impact on air quality in 

Beijing and can potentially be applied to other cities with a similar geographical 

layout. I am not aware of a similar publication into haze fronts caused by foehn winds. 

The manuscript reads well and the English is good, but there are some sections that 

need changing. Great use of many different measurement platforms. As there are a lot 

of sites, Table 1 and the map in Figure 1 really help for orientation. But some of the 

figures need some work (see below). The supplemental figures are helpful for 

providing a broader picture.  

We sincerely thank the reviewer for in-depth comments and helpful suggestions. We have 

responded to all the comments point-by-point and made corresponding changes in the 

manuscript. Following are detailed responses to all the comments.  

 

I could not find a video (mentioned during the submission). 

We are very sorry for forgetting to upload the video during the submission. This video will be 

submitted as a supplement along with the revised manuscript.  

 

Specific comments:  

Define the time zone LST (I assume it’s local time) 

The time zone LST (Local Standard Time) is Beijing time. We have defined the time zone 

LST in the manuscript. 

 

PM2.5: sometimes the 2.5 is subscript or normal script  

Thank you. All of 2.5 in PM2.5 have been set as subscripts in the manuscript. 

  

Mini-MPL: sometimes you refer to the Mini-MPL as Min-MPL  

Thank you. All ‘Min-MPL’ has been changed to ‘Mini-MPL’. 

 

Table 1: 

- observation heights missing 

Thank you. This has been corrected. 

 

 



2 

 

- AOT AWS is missing 

Thank you. This has been corrected. 

 

Section 3.1 needs to discuss the meteorological conditions in a bit more detail. 

- You show a number of weather charts, but don’t really explain what the relevance is 

to the haze front case study. The upper level trough is not really relevant here.  

Thank you. We have added more explanations to this section. We also have adjusted the 

sequence of Section 3.1 as Referee #2 suggested. In brief, the upper air flows were dominated 

by northwesterly winds. And before the impact of the synoptic system, surface winds were 

weak. This synoptic pattern was one of typically frequent unfavorable conditions which 

exacerbate air pollution.   

 

- You don’t reference the 850 mb charts in the main text. What height is the 850 mb 

surface? This is useful when comparing to the wind profiler data (Fig. 2d). But 

ultimately the surface wind is weak and doesn’t really correlate with the upper level 

data in the morning. Figure 10 also shows very low wind speeds in the morning 

before the foehn arrives. Looking at Figure S1a there doesn’t seem to be any evidence 

of a cold front or dominant wind direction.  

The height of 850 mb at Beijing is ~ 1500 m above the ground level. The winds at this height 

in Figure 2d agree well with the winds at same height in Figure 3c and 3d. We agree with you 

that the cold front marked in Figure 3e, which was automatically plotted by the software, 

seems not obvious and unwarranted. Therefore, we have re-plotted the map without the cold 

front.    

 

- Figure 3: if possible add some dots to show measurement sites if they are not too 

close together. Maybe same as Figure 4 (IUM, IAP and GXT). As a minimum a dot 

showing the centre of Beijing.  

Thank you for the comment. It is hard to distinguish sites in such small maps. So we have 

made the boundaries of Beijing bold and brown on the maps.  

Also, in the caption it should be ‘850 mb’. 

The caption has been corrected.   

 

- Line 158 says the flow is weak south-westerly in Figure 2c, but looks weak 

northeasterly to me in Figure 3f. Which one is it?  

The flow is southwesterly in Figure 3f. Please see an enlarged figure below. The black dot 

pointed by a red arrow is the GXT site with ~ 1 m/s southwesterly surface wind. 
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- The radiosonde profile in Figure 2c also shows up the vertical extent of the haze 

front at GXT nicely.  

Thank you for the comment. 

 

- Figure 2a: Is it possible to add some sort of distribution of hourly PM2.5 values 

from the different sites (percentiles)? The event is highly variable.  

We are not sure about how to plot the percentiles in Figure 2. An alternative way is to plot 

hourly PM2.5 value for all three representative sites and three-sites mean value. Please see the 

new Figure 2a.   

Also, what area does the average PM2.5 cover? 

The average PM2.5 is the mean PM2.5 concentration of 35 sites in Beijing shown on the 

below site map and the new Figure 1a. Most of the sites are located in plain areas in Beijing. 

 
Source: http://zx.bjmemc.com.cn/getAqiList.shtml?timestamp=1601452931296 

 

Section 3.2:  

- Figure 4: it might help to add a narrow line to the images where you can pick out the 

haze front as it is quite difficult to see at first (similar to Figure 6)  

Thank you for the comment. We have added red lines to illustrate the haze front in Figure 4.   

GXT 

http://zx.bjmemc.com.cn/getAqiList.shtml?timestamp=1601452931296
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- Figure 5b: The text says that the wind direction changes suddenly at t2 (ie. 16:21 

LST) (line 177) but I can’t see this in the figure. Are the wind directions in the plot 

correct?  

The wind directions in the plot are correct. As a result of using wind data observed at 

Chedougou (CDG) site, ~ 1 km north of the IUM, the wind direction changes at CDG didn’t 

match the PM2.5 concentration changes at IUM very well. In fact, there is an AWS collocated 

with the Mini-MPL at the top of the IUM building, which observed wind direction and wind 

speed but with more missing data during the HF passing period. We used wind direction and 

wind speed data at IUM and redrew the Figure 5b. Besides the wind data observed at the IUM 

site, you can also find the wind direction changes agreed well with the PM2.5 concentration 

changes from the supplemental video.  

 

- Figure 5 (caption, line 673): The scanning lidar is at IUM not IAP.  

Thank you. This has been corrected.  

 

- Figure 7: can you add the haze front line to this plot? Also, personal preference: 

maybe flip the colour bar (red as dry and blue as moist)  

Thank you for the comment. We have added the haze front line to Figure 7, and flipped the 

color bar as you suggested.  

 

- line 193: revise the word “surrounded”  

Thank you for the comment. We have revised the word “surrounded”. The sentence now 

reads: 

“The foehn winds with the warm, dry, and clean air collided with more southerly or 

southeasterly winds with the cold, wet, and polluted air and resulted in oscillations of the HF 

line (Fig. 6-7).”  

 

Section 3.3:  

- Figure 8 has values every hour and not three-hourly as mentioned in the caption. The 

use of tendency is a bit confusing. Using it for pressure works, to show the small 

differences between sites that produce the pressure gradient. Are the tendencies 

subtracted from the mean of the whole day? Unless the absolute values of temperature 

and humidity for the different sites are very different, I would find it easier if they 

were absolute (or at least include the mean values in the plot eg. Tmean[CP]=x.xdegC) 

as you reference absolute values in the main text. 

Thank you for the comment. The pressure tendency we used here is defined as Pt0-Pt0-3, where 

Pt0 is the pressure at t0 (current time in hour) and Pt0-3 is the pressure at 3 hours before t0. A 

similar tendency definition was used for the temperature and specific humidity. We agree with 

your comment that the use of tendency is a bit confusing. Hence, we have re-plotted Figure 8a, 

8b and 8c by using the half-hourly pressure anomaly, temperature and specific humidity, 

respectively. We have marked the time of HF passage at CDG in Figure 8 as Refree #2 

suggested. Also, we have revised sentences related to the changes in Figure 8.   
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- line 223: I think “gusty the foehn” should be “the gusty foehn”.  

Thank you. This has been corrected. 

Also, what do you mean by “enlarging the coverage”? 

By “enlarging the coverage”, we mean to express the enlarged scope or coverage of the UHI 

after the warm-dry air mass driven by the gusty foehn merged with the UHI. 

 

- line 225: do you mean “the pressure increased significantly compared to the other 

sites”?  

We meant the pressure increased significantly when the haze front passed over the CDG site. 

But because we modified Figure 8 and found the pressure only increased slightly, we have 

revised the sentence. It now reads: 

“When the HF passed over CDG, the humidity and PM2.5 concentrations significantly 

increased, the pressure slightly increased, but the temperature slightly decreased (Fig. 8).” 

 

- line 229: Reference that it is IAP Doppler lidar data in the text to make it clear. 

Otherwise I have to look at the figure to work that out.  

Thank you for the comment. We have revised the sentence. The sentence now reads: 

“At IAP around noon, the Doppler lidar detected a northwesterly wind and a significantly 

increased updraft between 450 m and 1250 m height above the surface, and the wind 

direction below 500 m changed from northeast to northwest (Fig. 9).”  

 

- line 233: Please reword. I think you mean something like: “the temperature was 

higher and the turbulence was increased mainly between 12:00 LST and 19:00 LST”. 

The current wording implies that it started low at 12:00 LST and increased steadily to 

a maximum at 19:00 LST.  

Thank you. We have reworded the sentence.  

 

- line 236 and Figure 10: you might benefit from including potential temperature here, 

as this shows up stability better.  

Thank you for the comment. But there are no pressure observations at 15 levels on the IAP 

tower.  

 

- line 237: Looks like the enhanced pollution wasn’t just below 100 meters. Figure 9 

suggests the aerosol went all the way up to 400 meters.  

Thank you. We reworded the sentence. The sentence now reads: 

“The boundary layer became more stably stratified near the surface, leading to enhanced 

pollution in the lowest few hundred meters.” 

 

- Figure 11: Are the tower plots correct? I’d expect DR to decrease as you get closer 

to the ground, but 47 m shows the highest DR.  

Thank you for the comment. The tower plots are correct.  

The reason that the DR at 47 m is highest is due to the ‘canyon trapping’ effect on shortwave 

radiation in the urban canopy layer (Oke, 2017). The rugosity of the urban surface contributes 

to the lower albedo values at higher solar elevation angles as more short-wave radiation enters 
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the street canyons where it is trapped (Christen and Vogt, 2004; Kotthaus and Grimmond, 

C.S.B., 2013). The IAP tower is surrounded by 4- to 20-story buildings with heights of 10 to 

60 m (Liu et al., 2017; Wang et al., 2019). Some buildings just south of the IAP tower are 

higher than the pyrgeometers and pyranometers mounted at 47 m on the tower causing the 

additional shortwave radiation trapping in the street canyon, especially when solar elevation 

angles are greater (Dou et al., 2018). 

Also, it might be easier to read if you list the tower levels in one column in the legend.  

Thank you for the comment. We have listed the tower levels in one column in the legend. 

 

- line 240 and Figure 11: do you mean AOT instead of ATZX?  

Thank you. Yes. We have changed all “ATZX” into “AOT”.   

 

- line 243: The lower PBL height is also to do with the PBL height being suppressed 

by the overrunning foehn wind, not just the reduced solar radiation at the ground.  

Thank you for the comment. According to our observational analysis, there is no evidence 

that foehn winds affected GXT. Please see in Figure S2a the southern most areas that foehn 

winds have invaded. Hence, the lower PBL height at GXT is mainly due to less solar radiation 

and less turbulence, and positive feedback between the PBL height and the aerosol 

concentration.     

 

Section 4:  

- line 302: are mountain-plains winds and mountain breezes the same thing?  

Mountain breezes are a part of mountain and valley breezes that refer to the cooler, 

more-dense air that glides downslope into the valley during nighttime (Ahrens, 2003). 

Mountain-plain winds result from horizontal temperature differences between the air over a 

mountain massif and the air over the surrounding plains, producing large-scale winds that 

blow up or down the outer slopes of a mountain massif (Whiteman, 2000). The scale of 

mountain-plain winds is larger than the scale of mountain breezes.  

 

- line 319: add the types in brackets (eg. ‘(Type A)’) to the main text to make it more 

clear. 

Thank you. We have reworded the sentences.  

 

- Table 2: rewording for the types: eg. “Type A: polluted cases where PM2.5 

concentrations for the CP, AOT and YZ sites had decreased 24 hours after the foehn’s 

occurrence.”  

Thank you for the comment. We have reworded the table note. 

 

Data availability: Couldn’t access http://www.ium.cn/dataCenter/ (Page not found)  

Sorry about the invalid link. The link of the datacenter of IUM has been changed into 

http://www.ium.cn:8088/ in 2020.  

 

Couldn’t access http://106.37.208.233:20035/ (Couldn’t install Silverlight on my 

system) 

http://www.ium.cn:8088/
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Please visit https://quotsoft.net/air/ where the PM2.5 data sources from the China 

Environmental Monitoring Station and the Beijing Environmental Protection Testing Center. 
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Response to reviewer’s comments 

Anonymous Referee #2: 

This observational study describes the evolution of meteorological conditions and PM 

concentrations associated with a foehn event. As the warm, dry, and relatively clean 

foehn wind meets the cold, wet and polluted air mass in the Beijing area, a haze front 

formed. The large observational network captured the characteristics and evolution of 

this haze front as it moved through the network. The level of details captured by both 

the ground and the upper air observations (including wind profilers, Doppler Lidars 

and radiosounds) makes this study a useful contribution to the literature regarding 

foehn characteristics and its influence on air pollution.  

The manuscript contains a large number of figures that are generally in good quality. 

The writing, however, could use substantial improvements, as described below.  

We sincerely thank the reviewer for in-depth comments and helpful suggestions. We have 

responded to all the comments point-by-point and made corresponding changes in the 

manuscript. Following are detailed responses to all the comments.  

 

Define the key terms. The central focus of the manuscript is on haze front, but there is 

no clear definition on what a haze front is and how to identify it from the observations. 

It is stated in the paper that “The HF line was identified by temperature and humidity 

contrasts between the warm and cold air masses and the convergence line of the 

surface wind field”. How does this differ from foehn front? Is HF the same as foehn 

front? I would expect that a HZ should be identified by sharp contrast in PM values, 

instead of temperature and humidity. If HZ and foehn front are the same, then say it. 

In sum, it should be clearly stated near the beginning what you mean by haze front, 

foehn front, and what criteria are used to identify these fronts from your observational 

data. 

Thank you for the comment. A haze front is not the same as a foehn front, but has some 

similarity to a foehn front in some cases, like in the case we studied here. “The haze front” is 

denoted mainly by its front-like structure and sharp contrast in polluted aerosol. This is why 

we didn’t use the name “foehn front” in the manuscript. The foehn front is basically the 

foehn-induced “minifront” phenomena described in the literature by Vergeiner (2004) and Li 

et al. (2015). We identify a haze front by sharp contrast in PM values, instead of temperature 

and humidity. Thus, we have stated the meaning of the haze front in the introduction. The new 

added sentence reads: 

“This HF was identified by a sharp contrast in PM2.5 concentration and a convergence line in 

the surface wind field.” 

We also have revised the sentence you quoted above. The sentence now reads: 

“The HF line was identified by a sharp contrast in PM2.5 concentration, temperature and 

humidity between the warm and cold air masses and the convergence line of the surface wind 

field (Fig. 6-7, Fig. S1-S3), which was also consistent with the front edge of the hazy air mass 

seen in the satellite images (Fig. 4).” 

 

The manuscript could benefit from reorganization. It is good to begin with describing 



9 

 

background conditions for this episode. The sequence of the current description is: 

PM time series, sounding profiles, profiler winds, and finally synoptic patterns. I 

would reverse the order, starting from synoptic patterns and ending with surface 

observations including PM time series. More details are needed in the description of 

synoptic conditions. Right now, the synoptic patterns are shown, but there is very little 

discussion. In addition to describing the synoptic patterns for this case, there should 

be some discussion on how typical the pattern is and how often it occurs in order to 

put this particularly episode into historical context.  

Thank you for the comment. We have adjusted the sequence of Section 3.1 as you suggested. 

Also, we have added more description of synoptic conditions in this section, and compared 

this synoptic pattern with the statistics of unfavorable synoptic conditions which exacerbate 

air pollution (Wang et al., 2020).  

 

Further, I do not see the need to separate “The evolution of HF “and “Characteristics 

of the HF and foehn winds” into two sections. 

Thank you for the comment. We have combined the section “3.2 The evolution of HF” and 

the section “3.3 Characteristics of the HF and foehn winds” into one section, named “3.2 The 

evolution and characteristics of the HF and foehn winds”.   

 

Some of the discussion could be improved. Some of the discussion is rather confusion. 

For example, “This HF occurred on 24 December 2015 concurrent with a severe air 

pollution episode.” But according to the PM time series in Fig. 2a, PM is high on the 

23rd, but dropped down to nearly 100 on the morning of the 24th, and gradually 

increased to nearly 500 in the afternoon of 25. So if HF occurred on the 24th, then it 

was not concurrent with severe air pollution episode. In fact, in the next paragraph, it 

is mentioned that “the Beijing area was clear with low pollution.” It is unclear what 

the background pollution level was and what was associated by HF. Is the increase on 

the 24th due to the passage of HF? I would expect a sharp increase instead of a 

gradual increase.  

Thank you for the comment. Because of using the mean PM2.5 concentration of 35 sites in 

Beijing in Figure 2a, it is hard to distinguish the highly varied air pollution on 24th. So we 

have replaced Figure 2a with a new figure using hourly-mean PM2.5 concentration of CP, AOT, 

YZ and 3-stations mean. According to the new Figure 2a, the Beijing area was clear with low 

pollution on the morning of the 24th, which was also verified from satellite images (Figure 4a, 

4b). In brief, the background pollution level was low in Beijing before the passage of the HF 

on the 24th. The HF affected YZ causing a sharp increase in PM concentration at around noon. 

But meanwhile, PM2.5 concentration decreased inversely at CP and kept a very low level at 

AOT. When the HZ arrived at AOT at 22:00 LST, it caused a sharp increase in PM (increased 

268 μg m
-3

 in one hour). Consequently, the PM increase on the 24th was mainly due to the 

passage of HF. We have rewritten this whole paragraph. The sentences now read: 

“This HF occurred on 24 December 2015 after a severe air pollution event. The mean PM2.5 

concentrations of CP, AOT and YZ varied between 300-400 μg m
-3

 on the morning of 23 

December, which is a severe Air Quality Index (AQI) pollution level (Fig. 2a). Thereafter, two 

significant PM2.5 concentration decreases occurred around noon and midnight on that day. 
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During the day on 24 December, the mean PM2.5 concentration decreased to 73 μg m
-3

 at 

07:00 LST. At 11:00 LST, the PM2.5 concentration at YZ sharply increased by 221 μg m
-3

 in 

one hour. At 13:00 LST, the PM2.5 concentration at CP decreased from 112 μg m
-3

 to 32μg m
-3

. 

The PM2.5 concentration of AOT stayed below 80 μg m
-3

 until 22:00 LST when it sharply 

increased by 268 μg m
-3

 in one hour. The following day, the mean PM2.5 concentration 

exceeded 500 μg m
-3

 at 14:00 LST.” 

 

In the discussion of satellite images, it is unclear how you distinguish haze from fog 

or clouds in the satellite images?  

Thank you for the comment. We have rewritten the first sentence in the first paragraph of 

section 3.2. The sentences now read: 

“The visible channel true color images from the Himawari satellite clearly showed the 

movement and evolution of the HF. Normally, on the true color satellite images, clouds look 

white and gray and tend to have texture; haze is usually featureless and pale gray or a dingy 

white; fog looks similar to the color of clouds but without texture. However, clouds, fog, and 

haze are sometimes difficult to distinguish from satellite imagery. Hence, we referred to 

weather phenomena, visibility and PM2.5 concentration observed by surface meteorological 

and air quality stations to distinguish them. A dense fog covered northeastern Tianjin and half 

of Xianghe county of Heibei Province at 08:00 LST (Fig. 4a).” 

 

Some of the descriptions used present tense while others used past tense. Be 

consistent.  

Thank you. We have revised present tense into past tense.  

 

The discussion about the HF and foehn characteristics is exhaustion to read. Better 

rewriting is necessary to improve readability. 

Thank you for the comment. We have rewritten the discussion about the HF and foehn 

characteristics.   

 

Figures are generally in good quality, but figure captions could use more details. For 

example, the caption for Figure 1 should include a description of the different 

symbols, although they are described in the text. Also include AWS and PM stations 

in Figure 1. 

Thank you for the comment. We have revised Figure 1 as you suggested.   

 

The font size for the axis labels in the time series plots and some of text in the figures 

should be enlarged. They are currently too small to read unless the figures are 

enlarged by 200% (e.g., Fig. 10 c vertical axis, Fig. 10 b, the label for the color bar; 

Figure 2b). 

Thank you for the comment. We have enlarged axis labels, color bar labels and some text in 

Figure 10 and Figure 2.   

 

Clearly mark the time of HF passage on the time series plots. 

Thank you for the comment. We have marked the time of HF passage on the time series plots.   
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Abstract. Despite frequent foehns in the Beijing-Tianjin-Hebei (BTH) region, there are only a few 10 

studies of their effects on air pollution in this region, or elsewhere. Here, we discuss a 11 

foehn-induced haze front (HF) event using observational data to document its structure and 12 

evolution. Using a dense network of comprehensive measurements in the BTH region, our 13 

analyses indicate that the foehn played an important role in the formation of the HF with 14 

significant impacts on air pollution. Northerly warm-dry foehn winds, with low particulate 15 

concentration in the northern area, collided with a cold-wet polluted air mass to the south and 16 

formed an HF in the urban area. The HF, which is associated with a surface wind convergence line 17 

and distinct contrasts of temperatures, humidity, and pollutant concentrations, resulted in an 18 

explosive growth of particulate concentration. As the plains-mountain wind circulation was 19 

overpowered by the foehn, a weak pressure gradient due to the different air densities between air 20 

masses was the main factor forcing advances of the polluted air mass into the clean air mass, 21 

resulting in severe air pollution over the main urban areas. Our results show that the foehn can 22 

affect air pollution through two effects: direct wind transport of air pollutants, and altering the air 23 

mass properties to inhibit boundary-layer growth and thus indirectly aggravating air pollution. 24 

This study highlights the need to further investigate the foehn and its impacts on air pollution in 25 

the BTH region.  26 

 27 

 28 
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1   Introduction 31 

Air pollution issues in China have been widely discussed and studied in recent decades. The 32 

region encompassing Beijing City, Tianjin City, and Hebei province, i.e. the Beijing-Tianjin-Hebei 33 

(BTH) region, is one of most polluted areas in China and has a very high level of 2.5 μm diameter 34 

particles (PM2.5) particular matter of 2.5 μm diameter (PM2.5) (Han et al., 2014; Gao et al., 2015; 35 

Jiang et al., 2015a; Wang et al., 2015). Furthermore, severe haze events occur frequently in the 36 

BTH region, especially in autumn and winter (Wang et al., 2013; Sun et al., 2014; Sun et al., 2016; 37 

Zhang et al., 2015; Li et al., 2016; Li et al., 2017), and negatively affect human health (Guo et al., 38 

2017). Stagnant weather conditions and large anthropogenic emissions in this region are the main 39 

reasons for heavy the severe haze and pollution (Zhao et al., 2013; Liu et al., 2013; Wang et al., 40 

2013; Zhang et al., 2014; Zhang et al., 2015; Liu et al., 2017). Previous studies have shown 41 

feedbacks between aerosol and meteorological variables (e.g., Steiner et al., 2013; Tie et al., 2017; 42 

Huang et al., 2018; Li et al., 2018a; Wu et al., 2019). A high concentration of PM2.5 can weaken 43 

turbulence (Ren et al., 2019) and enhance stability in the planetary boundary layer (PBL) resulting 44 

in decreased PBL height and consequently increased PM2.5 concentrations (Su et al., 2018), i.e. a 45 

positive feedback between aerosols and PBL height (Petäjä et al., 2016). Liu et al. (2018) found 46 

another positive feedback: decreased PBL height can increase relative humidity (RH), and, in turn, 47 

enhance secondary aerosol (SA) formation and further enhance particulate concentration, weaken 48 

solar radiation, and further decrease PBL height.  49 

During severe haze events in the BTH region, PM2.5 concentrations can increase as much as 50 

200 μg. m
–3

 in several hours (Zhong et al., 2017). On the one hand, SA formation through aerosol 51 

hygroscopic growth is one of the main reasons causing this explosive growth of particular matter 52 

(Han et al., 2015; Sun et al., 2014; Chen et al., 2019). Huang et al. (2014), for example, found that 53 

severe haze pollution events were mostly the result of SA. On the other hand, vertical and 54 

horizontal transport can also produce an explosive growth of particular matterles. Observations 55 

have shown that downward transport by large coherent eddies also produced explosive growth of 56 

surface PM2.5 concentrations (Han et al., 2018; Li et al., 2018b). Complex topography, land-use 57 

and land-cover, (,e.g. the Taihang and Yan Mountains, the Jing-Jin-Ji city cluster and Bohai Bay in 58 

the BTH region), can also induce local circulations that affect air pollutant concentrations (Liu et 59 

al., 2009; Wang et al., 2017). The distribution of air pollutants in Beijing and Tianjin is readily 60 

modified by mountain-valley breezes and sea-land breezes. Regional transport by local-scale and 61 

weather-scale wind systems contribute significantly to the formation of severe haze events in the 62 

BTH region (Zheng et al., 2015; Sun et al., 2016; Ma et al., 2017; Jiang et al., 2015b). Dang et al. 63 

(2019) reported that regional transport was the most important process for the formation of severe 64 

winter haze days in the BTH region with a relative contribution of 65.3 %. Transport of aerosols to 65 

the BTH region by multi-scale circulations was also reported by Miao et al. (2017). However, due 66 

to a lack of dense vertical and horizontal spatial coverage of meteorological and aerosol 67 

observations, aerosol transport mechanisms and their effect on the explosive growth of particular 68 

particlesmatter  in the BTH region are uncertain on both urban and smaller scales. 69 

 During a severe haze pollution event in 2015 in Beijing, a haze front (HF) phenomenon was 70 

reported on an internet social network, and also was intensively observed e.g. by scanning lidars 71 

and instrument networks during the 3-year field campaign of the Study of Urban Rainfall and 72 

Fog/Haze (SURF; Liang et al., 2018). This HF was identified by a sharp contrast in PM2.5 73 

concentration and a convergence line in the surface wind field. The haze frontIt resulted in PM2.5 74 
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concentration increases of more than 200 μg m
-3

 in a half hour or less when it passed over. This 75 

visible haze front in Beijing resembled the smog front noted by Ahrens (2003) but differed in that 76 

its formation mechanism is was foehn winds. The foehn is characterized by a decrease in 77 

cloudiness on the lee side of mountains and warm, dry, strong and gusty winds (Brinkmann 1971; 78 

Richner and Hächler 2013). The foehn warming mechanisms are summarized into four types 79 

(Elvidge and Renfrew 2016): isentropic drawdown, latent heating and precipitation, mechanical 80 

mixing due to turbulence, and radiative heating. Foehns occur downstream of most major 81 

mountain ridges in the world (Drechsel and Mayr 2008; Nkemdirim and Leggat 1978; Norte 2015; 82 

Takane and Kusaka 2011; Zhao et al., 1993). Beijing city is located on the plains adjacent to the 83 

southwest-northeast oriented Taihang Mountains and the northwest-southeast oriented Yan 84 

Mountains to the west and north, respectively. Due to this topography, Beijing is often affected by 85 

foehns especially in the plains areas adjacent to the mountains (Li et al., 2016, Wang et al., 2012a, 86 

2012b). The temperature can increase sharply in a short time: for example, Luo et al. has reported 87 

an intense foehn warming event in which surface air temperature increased by more than 10℃ per 88 

hour in Beijing (Luo et al., 2020). Despite the fact that thea long history of foehn has been 89 

investigationsed for a long time, there are few studies of the influence of foehns on air pollution, 90 

especially in the BTH region which has, for decades, been a worldwide hotspot for studying air 91 

pollution (Gohm et al. 2009; Li et al. 2015; McGowan et al. 1996, 2002). Also, very few studies 92 

have reported foehn-related fronts. Vergeiner (2004) reported a “minifront” or a convergence line 93 

between the up-valley flow and the down-valley foehn flow that was maintained near the surface 94 

layer in the Wipp Valley, Austria. Li et al. (2015) found that a ground-based foehn colliding with a 95 

thermally-driven valley breeze formed a “minifront” in Urumqi, China, indicating that the foehn 96 

can play a critical role in the formation of severe air pollution events in this that area. Nonetheless, 97 

foehn-related haze fronts seem to have never been investigated in the BTH region. Foehns usually 98 

come from western, northwestern and northern mountain areas in the Heibei-Beijing region, which 99 

are usually less polluted than the adjacent plains area in this region. Hence, foehns tend to increase 100 

visibility and decrease PM2.5 concentrations in plains areas (Yang et al., 2018). In our case study, 101 

the foehn initially decreased PM2.5 concentrations in the northern plains area of Beijing, and then 102 

interacted with a polluted air mass leading to severe pollution in the urban area. This latter 103 

dramatic consequence has not been reported in previous studies. The goal of our study is was to 104 

investigate the structure and formation of this foehn-related haze front on small scales in order to 105 

improve our understanding of the role of the foehn in air pollution events in the BTH region. 106 

Intensive measurements from SURF as well as routine measurements across the BTH region and 107 

historic data sets are described in Sect. 2. In Sect. 3, we examine the characteristics and evolution 108 

of the haze front. In Sect. 4, we compare the formation of a sea breeze front and a haze front, and 109 

discuss the main reason for HF propagation and the role of the foehn on air pollution. Sect. 5 is a 110 

summary.   111 

 112 

2 Instrumentation, observations and data 113 

Figure 1 and Table 1 shows the main observation sites mentioned here. The IAP site, which has 114 

been operated by the Institute of Atmospheric Physics (IAP) since 1978, has a 325 m high 115 

meteorological tower collocated with a ground-based Doppler lidar (Windcube 100S, Leosphere) 116 

and a mini-micropulse aerosol lidar (Mmini-MPL, SigmaSpace). The Doppler lidar profiled the 117 

mean wind using the Doppler beam swing (DBS) scan mode. The Mmini-MPL lidar profiled 118 
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aerosols and normalized relative backscatter (NRB). Wind direction and speed, air temperature, 119 

and relative humidity were measured at 15 levels (8, 15, 32, 47, 65, 80, 100, 120, 140, 160, 180, 120 

200, 240, 280, 320 m) on the tower. Three-dimensional sonic anemometers, downward- and 121 

upward-pointing pyrgeometers and pyranometers (CNR1, Kipp & Zonen) and CO2/H2O 122 

concentration sensors (LI-7500) were installed at 47 m, 140 m and 280 m. The instrumentation at 123 

the IAP site is described in detail by Li et al. (2018b).  124 

  A Mmini-MPL lidar was installed at the top of the office building of the Institute of Urban 125 

Meteorology (IUM), executing a plan-position indicator (PPI) scan mode at a 5
 o 

elevation angle 126 

and every 10
 o

 of azimuth angle from 230 
o
 to 340 

o
 (Fig. 5d). Collocated with the Mini-MPL lidar, 127 

a portable automated weather station (AWS) measured wind speed and direction, air temperature, 128 

and relative humidity at the IUM building top, about 30 m above the ground level. In order to 129 

compare surface meteorological variables around the IUM site with other surface stations, 130 

meteorological data every 5 minutes from an AWS at the Chedougou (CDG) site, ~ 1 km north of 131 

the IUM site, was jointly analyzed with data from IUM. An air quality station on the ground ~ 40 132 

m south of the IUM office building provided 5-minute mean PM2.5 concentrations. A weather 133 

camera facing west was also installed in a room on the 9
th

 floor of the office building taking 134 

photos every 30 s.  Due to the absence of a surface weather station at the IUM site, 135 

meteorological data every 5 minutes from an automated weather station (AWS) at the Chedougou 136 

(CDG) site, ~ 1 km north of the IUM site, was jointly analyzed with data at IUM. An operational 137 

wind profiler was installed at the Haidian (HD) National Weather station site. We also used radio 138 

soundings launched twice daily at the Guanxiangtai (GXT) site. Hourly observations of PM2.5 139 

from all the air quality stations were obtained from the website of the Ministry of Ecology and 140 

Environmental of the People’s Republic of China (http://106.37.208.233:20035). We used hourly 141 

PM2.5 data at Aotizhongxin (AOT) site, ~3 km northeast of the IAP site, and Yizhuang (YZ) site, 142 

~4 km northeast of the GXT site, to roughly represent PM2.5 concentrations at IAP and GXT, 143 

respectively. At the Changping (CP) site, the AWS of the Beijing Meteorology Service (BMS) is 144 

very close to the air quality station of the Beijing Municipal Ecological Environment Bureau 145 

(BMEEB). During the study period, the Himawari satellite provided cloud images over the Beijing 146 

area every 10 minutes. The pPictures of this infrequent haze front were initially released by 147 

internet social communities, (e.g. SINA Weibo-- (equivalent to Chinese Twitter). Based on time 148 

and location information, we selected two photos shown in Figure 1. All the observation heights 149 

used in this study are from ground level (AGL). Also, in order to investigate foehn occurrence 150 

frequency and its relationship to PM2.5 concentrations in Beijing, 1 year of AWS data at CP, AOT 151 

and GXT, and PM2.5 data at CP, AOT and YZ from 1 March 2015 to 29 February 2016 are used.          152 

 153 

3 The evolution and characteristics of the haze front 154 

3.1 Regional background of weather conditions and air pollution and weather 155 

conditions 156 

A 500 mb trough passed Beijing at 08:00 LST (local standard time; Beijing time) on 24 December 157 

(Fig. 3a). Meanwhile, the winds at 850 mb were predominantly northwesterly (Fig. 3c) which 158 

agreed well with the radiosonde (Fig. 2b) and wind profiler (Fig. 2c) observations. Winds were 159 

predominantly northeasterly or northerly at ~ 500 m AGL (Fig. 2d, Fig. 9c). On the surface, fog 160 

was reported in Hebei and Shandong Provinces, and easterly light winds were reported in Beijing 161 

by surface meteorological stations (Fig. 3e). At 20:00 LST, the 500 mb trough moved to eastern 162 
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China and the eastern part of the Korean peninsula (Fig. 3b). The upper air flow at 850 mb 163 

continued northwesterly (Fig. 3d). There was a weak surface high centered north of Beijing. The 164 

pressure gradient was weak with weak southwesterly surface flow in Beijing (Fig. 2c, Fig. 3f). 165 

The synoptic pattern at 20:00 LST, with a weak surface pressure gradient, southerly weak flows 166 

and no obvious synoptic weather system passage, is one situation that can typically exacerbate air 167 

pollution. According to Wang (2020), this circulation pattern accounts for 46% of all circulation types 168 

during winter in the BTH region.  169 

This HF occurred on 24 December 2015 after a severe air pollution event. The mean PM2.5 170 

concentrations of CP, AOT and YZ varied between 300-400 μg m
-3

 oin the morning on of 23 171 

December, which is a severe Air Quality Index (AQI) pollution level (Fig. 2a). Thereafter, two 172 

significant PM2.5 concentrations decreasing occurred at around noon and midnight on that day. 173 

During the day on 24 December, Thereafter, the mean  PM2.5 concentration decreased to ~100 73 174 

μg m
-3

 at 087:00 LST on 24 December. At 11:00 LST, the PM2.5 concentration at YZ sharply 175 

increased 221 μg m
-3 

in one hour.
 
At 13:00 LST, the PM2.5 concentration of CP decreased from 176 

112 μg m
-3

 to 32 μg m
-3

. The PM2.5 concentration at AOT stayed below 80 μg m
-3 

until 22:00 LST 177 

when its PM2.5 concentration sharply increased 268 μg m
-3

 in one hour. The following day, the 178 

mean PM2.5 concentration exceeded 500 μg m
-3

 at 14:00 LST.  and increased steadily up to 500 179 

μg m
-3

 by afternoon of the next day. A 500 mb trough passed Beijing at 08:00 LST on 24 180 

December (Fig. 3a). thepredominantly Winds were predominantly westerly or northwesterly at ~ 181 

500 m AGL (Figure 2a, 2b, 2d). On the surface, a weak cold front was west of Beijing. On the 182 

right-side of the cold front, fog was reported in Hebei and Shandong Provinces, and easterly 183 

lightflow was reported in Beijing by surface meteorological stations. At 20:00 LST, 184 

ncontinuedthere was a weak surface high centered north of Beijing. The pressure gradient was 185 

weak with weak southwesterly surface flow in Beijing (Fig. 2c, Fig. 3f).     186 

    187 

3.2 The evolution of the HFand characteristics of the HF and foehn winds 188 

The visible channel true color images from the Himawari satellite clearly showed the movement 189 

and evolution of the HF as well as a fog—dense white fog coveringed northeastern Tianjin and 190 

half of Xianghe county of Heibei Province at 08:00 LST (Fig. 4a). Normally, on the true color 191 

satellite images, clouds look white and gray and tend to have texture; haze is usually 192 

featureless and pale gray or a dingy white; fog looks similar to the color of clouds but without 193 

texture. However, clouds, fog and haze are sometimes difficult to distinguish from satellite 194 

imagery. Hence, we referred to weather phenomena, visibility and PM2.5 concentration 195 

observed by surface meteorological and air quality stations to distinguish them. A dense fog 196 

covered northeastern Tianjin and half of Xianghe county of Heibei Province at 08:00 LST (Fig. 197 

4a). Meanwhile, the Beijing area was clear with low pollution. Southwest-northeast oriented 198 

clouds partly shadowed the fog in Tianjin and Bohai Bay. Left West of the fog front, the 199 

gray-white shading indicated hazy air with its front extending just into the boundary of Beijing 200 

(Fig. 4a). The edge of the hazy air mass corresponding to the HF line began to impact the GXT 201 

site (the blue dot, Fig. 4b, Fig. 11) at 10:00 LST followed by expanding fog areas. The HF line 202 

moved slowly to the northwest while the fog areas shrank quickly due to increasing solar radiation. 203 

A west-east oriented high cloud street overlapped the hazy and foggy areas (Fig 4d). After 16:00 204 

LST, the fog disappeared and the HF line subsequently impacted the FS, CBD and IUM sites (Fig. 205 

1, Fig. 5), leaving a smaller unpolluted urban area on the northwestern plains area in Beijing.  206 
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  Based on the dense AWSs and air quality monitoring station coverage, the HF line was 207 

identified by sharp contrasts in PM2.5 concentrations, temperature and humidity between the warm 208 

and cold air masses and the convergence line of the surface wind field (Fig. 6-7, Fig. S1-S3), 209 

which was also consistent with the front edge of the hazy air mass seen in the satellite images (Fig. 210 

4). The foehn winds, with higher temperature and lower humidity, first occurred in the 211 

northwestern plain area and its adjacent mountain area with northerly winds at speeds of 6 m s
-1

 - 212 

10 m s
-1

 from 11:00 to 12:00 LST (Fig. 6a). The foehn winds with the warm, dry, and clean air 213 

collided with more southerly or southeasterly winds with the cold, wet, and polluted air and 214 

resulted in oscillations of the HF line (Fig. 6-7). The HF line slowly advanced northwesterly 215 

with the southern part moving at about 2.5 km h
-1

 (Fig. 6; Fig S2). The PM2.5 contrast between the 216 

clean and polluted air masses was more than 200 μg m
-3 

(Fig. 11). At 16:00 LST, the west-east 217 

oriented HF line crossed the main urban area and reached the IUM site (Fig. 6b, 7b). As the foehn 218 

began to decrease in intensity and retreat, and radiative heating decreased in late afternoon, the 219 

warm-dry air mass became weaker and shrank, leading to dissolution of the HF. After the 220 

northerly gusty winds decreased after sunset, the polluted air mass moved consistently toward the 221 

relative warm-dry and clean areas, resulting in severe pollution over most of the plains except for 222 

a small area on the northwestern plains adjacent to the mountains (Fig. S2-S3, Fig. S6-S7). 223 

  We used the CP, CDG and GXT sites (locations in Fig. 1) to investigate characteristics before 224 

and after the hazy air mass passed through. The northernmost site CP was mostly unaffected by 225 

the hazy air mass during 24 December. The southernmost site GXT was affected by the hazy air 226 

mass the earliest at 10:00 LST on 24 December. Afterward, the PM2.5 concentration at GXT varied 227 

from 349 to 515 μg m
-3

 until midnight (Fig. 8e). The PM2.5 concentration at CP was the lowest 228 

among three sites with a maximum of 148 μg m
-3

 at 11:00 LST and a minimum of 26 μg m
-3

 at 229 

15:00 LST. The half-hourly temperature record showed that air temperature at CP increased 230 

significantly at 11:00 LST due to the foehn; in contrast, air temperature decreased significantly at 231 

CDG and GXT. Meanwhile, humidity decreased and wind speed increased at CP due to the foehn. 232 

The warm and dry foehn wind was initially detected over the northwestern mountains and plains 233 

of Changping County at around 11:00 LST, with a significant increase in temperature and the 234 

north wind component, and decrease in humidity. Wind profiler observations at HD also showed 235 

enhanced upper-air winds. From 10:00 to 13:00 LST, air temperature increased from 1.9℃ to 6℃, 236 

relative humidity decreased from 49% to 24%, and wind speed increased from 1 m s
-1

 to 4.6 m s
-1

 237 

at CP. The foehn affected CDG at about 12:00 LST and IAP at 13:00 LST before colliding with a 238 

cold, wet, and hazy air mass. At 11:00 LST, an urban heat island (UHI) formed in the main urban 239 

areas mainly due to intense solar heating under a clear and clean sky but also from the heat 240 

released by urban activities. At 12:00 LST, the warm-dry air mass driven by the gusty foehn 241 

merged with the UHI, enlarging the coverage of the warm air mass. When the HF passed over 242 

CDG, the humidity and PM2.5 concentrations significantly increased, the pressure slightly 243 

increased, but the temperature slightly decreased (Fig. 8). CDG was also affected by the foehn at 244 

around 12:00 LST, 1.5 hours later than CP, with accompanying temperature and wind speed 245 

increases, and decrease in humidity. 246 

 247 

  Aerosol lidar observations showed fine structures of the HF and its evolution. The 248 

Min-MPLMini-MPL at IUM scanned the HF passage using the PPI mode (Fig. 5c). The lidar 249 

initially detected a hazy air mass to the southwest far away from the lidar site. As the HF 250 
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approached, the outline of the polluted air mass was clearly visible against the sky and buildings 251 

on the weather camera photos (t1, Fig. 5e). When the HF arrived at the IUM site, the building 252 

view was blurred by the hazy air mass (t2, Fig. 5e). Surface wind direction changed suddenly from 253 

NNW to WSW. The PM2.5 concentration jumped from ~10 to 269 μg m
-3

 in 10 minutes (Fig. 5b). 254 

The wind direction suddenly changed to northerly at 16:30 LST resulting in an abrupt PM2.5 255 

concentration decrease to 11 μg m
-3

 (Fig. 5b) and the visibility increased as evidenced by some 256 

visible buildings (t3, Fig. 5e). In less than 10 minutes, the wind direction reverted again from N to 257 

NNW resulting in a PM2.5 concentration increase to 106 μg m
-3

 (Fig. 5b) and again blurred the 258 

building view at 16:39 LST (t4, Fig. 5e). The scans showed five pollution ‘waves’ successively 259 

touched down atimpacting the site and consequently led to severe pollution at 19:30 LST at IUM 260 

(Fig. 5b, 5c). The IAP site, 8 km northeast of IUM, was affected by the hazy air mass at around 261 

20:30 LST according to vertically scanning lidar observations at this site (Fig. 5a).     262 

  Based on the dense AWSs and air quality monitoring station coverage, we were able to analyze 263 

surface distribution patterns of air temperature and humidity as they were affected by air flows and 264 

PM2.5 concentrations in the plains areas. The HF line was identified by temperature and humidity 265 

contrasts between the warm and cold air masses and the convergence line of the surface wind field 266 

(Fig. 6-7, Fig. S1-S3), which was also consistent with the front edge of the hazy air mass seen in 267 

the satellite images (Fig. 4). The warm, dry, and clean air mass with more northerly winds was 268 

surrounded bycollided with the cold, wet, and polluted air mass with more southerly or 269 

southeasterly winds (Fig. 6-7) and resulted in oscillations of. Tthe position of the HF line. 270 

oscillated due to the collision between the two air masses. The HF line slowly advanced 271 

northwesterly with the southern part moving at about 2.5 km h
-1

 (Fig. 6). The PM2.5 contrast 272 

between the two air masses was more than 200 μg m
-3

. At 16:00 LST, the west-east oriented HF 273 

line crossed the main urban area and reached the IUM site. Later that night, the wet and hazy air 274 

mass overlay most of the plains except for a small area on the northwestern plains adjacent to the 275 

mountains (e.g., the CP site). As the foehn began to decrease and retreat, and radiative heating 276 

decreased in late afternoon, the warm-dry air mass became weaker and shrank, leading to 277 

dissolution of the HF. After the northerly gusty winds decreased after sunset, the polluted air mass 278 

moved quickly toward the relative warm-dry and clean areas, resulting in severe pollution over 279 

most of the plains areas in Beijing. 280 

 281 

3.3 Characteristics of the HF and foehn winds 282 

We used the CP, CDG and GXT sites (locations in Fig. 1) to investigate characteristics before and 283 

after the hazy air mass passed through. The northernmost site CP was mostly unaffected by the 284 

hazy air mass during 24 December. The southernmost site GXT was affected by the hazy air mass 285 

the earliest at 10:00 LST on 24 December. Afterward, the PM2.5 concentration at GXT varied from 286 

349 to 515 μg m
-3

 until midnight (Fig. 8e). The PM2.5 concentration at CP was the lowest among 287 

three sites with a maximum of 148 μg m
-3

 at 11:00 LST and a minimum of 26 μg m
-3

 at 15:00 LST. 288 

The three-hourly temperature tendency showed that air temperature at CP increased significantly 289 

at 11:00 LST due to the foehn; in contrast, air temperatures decreased significantly at CDG and 290 

GXT. Meanwhile, humidity decreased and wind speed increased at CP due to the foehn. The warm 291 

and dry foehn wind was initially detected over the northwestern mountains and plains of 292 

Changping County at around 11:00 LST, with a significant increase in temperature and the north 293 

wind component, and decrease in humidity. Wind profiler observations at HD also showed 294 



19 

 

enhanced upper-air winds. From 10:00 to 13:00 LST, air temperature increased from 1.9℃ to 6℃, 295 

relative humidity decreased from 49% to 24%, and wind speed increased from 1 m/s to 4.6 m/s at 296 

CP. The foehn affected CDG at about 12:00 LST and IAP at 13:00 LST before colliding with a 297 

cold, wet, and hazy air mass. At 11:00 LST, an urban heat island (UHI) formed in the main urban 298 

areas mainly due to intense solar heating under a clear and clean sky but also due to the heat 299 

released by urban activities. At 12:00 LST, the warm-dry air mass driven by gusty the foehn 300 

merged with the UHI, enlarging the coverage of the warm air mass. When the HF passed over 301 

CDG, the pressure significantly increased (~0.5 hpa, Fig. 8a) as well as humidity and PM2.5 302 

concentrations, but temperature slightly decreased (Fig. 8b). CDG was also affected by the foehn 303 

at around 12:00 LST, 1.5 hours later than CP, with accompanying temperature and wind speed 304 

increases, and decrease in humidity. 305 

  Using the doppler lidar and the 325-m tower concurrent observations at IAP, we analyzed the 306 

vertical structure of the foehn winds and the HF. At IAP around noon, the Doppler lidar detected a 307 

northwesterly wind and an a significant increased updraft increased significantly between 450 m 308 

and 1250 m height above the surface, and the wind direction below 500 m changed from northeast 309 

to northwest (Fig. 9). Concurrently, the tower temperatures also significantly increased and 310 

relative humidity decreased, and the wind profiles changed below 320 m (Fig. 10a-b), which 311 

implies that IAP was affecteding by the foehn at this time. The temperature and increased mainly 312 

from 12:00 LST to 19:00 LST when turbulence also increased significantly mainly between 12:00 313 

LST to 19:00 LST (Fig. 10c). As the HF approached, the wind weakened, the wind direction 314 

changed to the southwest, and the humidity increased sharply. The atmosphere boundary layer 315 

became more stably stratified near the surface, leading to enhanced pollution in the lowest below a 316 

few the hundreds meters level.  317 

The solar radiation discrepancy between the clean and the polluted air mass was pronounced. 318 

Figure 11 shows downward shortwave radiation (DR) at IAP and GXT, and PM2.5 concentrations 319 

at AOT and YZ. Aerosols reduced the DR to 225 W m
-2

 at GXT at 11:00 LST, 36 W m
-2

 less than 320 

IAP. The radiation difference between IAP and GXT was 174 W m
-2

 at 13:00 LST. Meanwhile, the 321 

PM2.5 concentration was 456 μg m
-3

 greater at YZ than ATZXAOT.  At GXT, higher 322 

concentrations of aerosol particles in the polluted air mass scattered more solar radiation and 323 

reduced the amount of solar radiation at the ground, leading to weaker turbulence and lower PBL 324 

height which further enhanced the aerosol concentration near the ground. In contrast, at IAP, there 325 

were was less aerosol particulates, more radiation and stronger turbulence resulting in higher a 326 

deeper PBL height and less air pollution ant concentration near the ground.       327 

 328 

4 Discussion  329 

The formation of the HF is illustrated in Figure 12. The fundamental process of HF formation is 330 

similar to the concept of colliding density currents illustrated discussed by Simpson (1997) and 331 

Kingsmill et al. (2003), i.e,due to the collision of a gust front with a sea-breeze front (SBF). This 332 

results in high concentrations of pollutants in the convergence zone of the front (Yoshikado et al., 333 

1996; Dong et al., 2017; Li et al., 2019). As noted by Miller et al., (2003), who described the 334 

structure and characteristics of the SBF in detail, the sea breeze occurs under relatively mostly 335 

cloud-free skies, when the surface of the land heats up more rapidly than the sea. But in our case, 336 

the coastal area of Bohai Bay was covered mostly by clouds, fog, and haze during the daytime 337 

(Fig. 4), which decreased the contrast between the land and the sea and inhibited the sea breeze. 338 



20 

 

Also, sea breezes occur normally around 11:00 LST in the Bohai Bay area in winter, which is later 339 

than in summer (Qiu and Fan, 2013). The typical speed of a SBF is 3.4 m s
-1 

(Simpson et al., 340 

1977), considerably larger than the observed HF speed of ~0.7 m s
-1

. AgainAlthough, the front we 341 

studied was not a SBF,; nevertheless, the SBF has some similarities in shape and formation to the 342 

HF in our study. The sea breeze is one example of a gravity or density current, which are is 343 

primarily a horizontal flows generated by a density difference of only a few percent. Field studies 344 

have confirmed that the SBF, as part of the sea breeze gravity current, has aspects of the sea 345 

breeze head (SBH), which had been simulated by Simpson (1994, 1997) using laboratory tanks 346 

and two bodies of water of slightly different densities. Likewise, in our case, a temperature 347 

difference between the warm air mass and the cold air mass resulted in a density difference 348 

between these air masses. Figures S4-S7 show air density distribution overlapping surface wind 349 

vectors and PM2.5 concentrations. Note in these figures that the biggest gradient of air density 350 

corresponds to the wind convergence line as well as the HF line. Both the radiative heating 351 

difference between northern and southern areas, and the warm and dry foehn are key factors 352 

producing warm air masses. Southern hazy air masses reflect more solar radiation, and thus inhibit 353 

an increase in surface temperature and turbulence mixing, leading to colder and denser air. In 354 

contrast, solar radiative heating enhances heating of the northerly clear and cleaner air mass which 355 

concurrently was affected by the warm foehn, leading to warmer and less dense air. The lower 356 

density air mass collides with the higher density air mass and subsequently overrides the denser 357 

air mass (Fig. 1c; Fig. 5e; Fig. 12). This aspect is very similar to the SBF. The warmer air 358 

overriding the cold-wet air mass also intensifies the inversion at the top of the boundary between 359 

two air masses, limiting the growth rate of the underlying layer and increasing its pollutant 360 

concentration. The interface between the warm-dry air mass and the cold-wet air mass formed the 361 

HF and a significant convergence line at the surface. This kind of convergence line can sometimes 362 

be found during air pollution events when pollutants transferred by southerly winds encounter 363 

northerly mountain winds at night in the BTH region (Li et al, 2019; Liang et al., 2018).  364 

Typically for clear daytime conditions, the horizontal temperature differences between the air 365 

over mountains and the adjacent plains can produce up-slope, up-valley, and plains-mountain 366 

winds, which are usually weak and often overpowered by strong foehns (Whiteman, 2000), and 367 

intensified wind speed in the upper air (Fig. 2d) as is the case here. Our results also show that the 368 

pressure difference between air masses is about 0.25 hPpa before and after the HF passage (Fig. 8). 369 

This pressure gradient forcing creates a seesaw clash between the polluted and the clean air 370 

masses. The polluted air mass repeatedly encroaches into the clean air mass and is pushed back by 371 

the clean air mass. Eventually the polluted air mass wins. The lidar observed five wave-like 372 

polluted air invasions (Fig. 5). Thus the pressure difference between the air masses due to different 373 

air densities, although small, caused the hazy air mass to slowly swing north or northwest, and 374 

inflicted severe pollution on the urban area. Li et al., 2016 showed that the polluted aerosol 375 

concentration in southern Beijing is normally higher than in the urban and northern rural areas of 376 

Beijing (Li et al., 2016). For typical regional air pollution events in Beijing, air pollutants are 377 

mainly transported from surrounding areas, especially Hebei Province and Tianjin, south of 378 

Beijing (Zheng et al., 2015; Zheng et al., 2018). Both urban heat island effects and aerosol 379 

radiation forcing result in polluted areas that are colder with higher air density than less polluted 380 

areas, leading to a weak pressure gradient between more polluted and less polluted air masses. 381 

During the daytime, the pressure gradient forcing by air density is overlapped overwhelmed by the 382 
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forcing of plains-mountain winds, valley breezes and urban heat island circulations, enhancing air 383 

pollutantpollution transport from southern to northern areas. At night, if mountain-plains winds 384 

and mountain breezes are weak, the pressure gradient forcing by air density can transport polluted 385 

air toward less polluted areas, which seems not to have been discussed previously. It implies that 386 

the weak pressure gradient could play an important role in on air pollutantspollution transport 387 

during the weak mountain-plain wind system and mountain-valley breeze periods. 388 

In order to investigate the occurrence frequency of the foehn in Beijing, we analyzed one year 389 

of AWS data (PM2.5 data) at three sites CP (CP), AOT (AOT) and GXT (YZ), representing 390 

northern suburban, urban and southern suburban areas, respectively (Table 2). For daily data 391 

sampled hourly, if meteorological variables of the CP site at one hour meet the following criteria: 392 

(1) one-hour temperature increase is the highest among the three sites and greater than 1.5℃ and 393 

at least 1.0℃ higher than that at the GXT site, (2) one-hour relative humidity tendency is negative, 394 

and (3) hourly wind direction is greater than 270° or less than 90°, we define this day as a foehn 395 

case day. These criteria ensure that the CP site adjacent to the mountains has the most significant 396 

warming among three sites with the foehn coming from the mountain and with a relative humidity 397 

decrease, i.e. a typical foehn case. Note in Table 2 that during the months from OCT to MAR 398 

when severe haze events are also frequent in Beijing, there is a higher foehn frequency than other 399 

months. There are 16 foehn cases, about 55% of all cases, connected to air pollution events. In 10 400 

cases, PM2.5 concentrations for all sites decreased 24 hrs after the foehn’s occurrence ‘(Type A)’. 401 

In one1 case, PM2.5 concentrations for all sites increased after the foehn’s occurrence ‘(Type B)’. 402 

In 5 cases, including the case in this article, PM2.5 concentrations for all sites initially decreased 403 

then increased 24 hrs after the foehn’s occurrence ‘(Type C)’. The foehn’s effects on air pollution 404 

can be direct or indirect:. The direct effect is that gusty foehns transport air pollutants resulting in 405 

increasing or decreasing air pollution concentration depending on whether the foehns are polluted 406 

or clean. The more complicated indirect effect is alteration ofs air mass properties and boundary 407 

layer structure by dry and warm foehn winds, which then influences air pollution. It is worth 408 

noting that type B cases in Table 2, accounting for 17% of total foehn cases, are likely due to the 409 

indirect effect leading to heavier air pollution, and need toshould be investigated further.                     410 

 411 

5 Summary and implications 412 

This is the first study to our knowledge in which an HF related to the foehn in the BTH region has 413 

been analyzed. Based on observations collected during SURF-15, we studied an HF on 24 414 

December 2015 in Beijing. This HF was formed by the collision between a cold-humid polluted 415 

air mass with higher density and a warm-dry clean air mass with lower density which was mainly 416 

due to the foehn. Initially, fog occupied the plains areas southeast of Beijing associated with a 417 

hazy air mass early in the morning. The hazy-foggy air mass developed and invaded Beijing 418 

around noon. The fog dissipated in the afternoon. The warm-dry downslope foehn began to impact 419 

the northern plains before noon and moved to the south, gradually affecting other plains sites until 420 

colliding with the cold-wet polluted air mass south and east of the urban areas, leading to a 421 

convergence line and the HF boundary at noon. As the HF passed by surface sites, PM2.5 422 

concentrations increased by more than 200 μg m
-3

 in 10 minutes. Following the HF, four surges of 423 

polluted air invaded the IUM site and consequently produced severe pollution. The HF boundary 424 

was clearly visible from satellite images and weather camera photos during the daytime. The 425 

formation of the HF is very similar to the SBF, although the front in our study cannot be explained 426 
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as an SBF due to weak radiation and temperature contrast between the land and sea, its earlier 427 

occurrence time and long distance inland. The sloped boundary of the HF tilts toward the polluted 428 

air mass as a result of the warm-dry clean air mass overriding the cold-wet polluted air mass. The 429 

HF slowly swings toward northern and northwestern clean areas. Our results show that as the 430 

foehn wind weakened and retreated, the weak pressure gradient between the warm-dry air mass 431 

and the cold-wet air mass was the main factor forcing the polluted air mass to slowly move north 432 

or northwest.  433 

We segregate the effect of the foehn on air pollution into two types: a direct and an indirect 434 

effect. This foehn-induced HF event gives us a good opportunity to investigate both direct and 435 

indirect effects of the foehn on air pollution and haze events. Some studies have revealed the 436 

direct effect of the foehn on air pollution: stronger gusty foehns could diminish or even eliminate 437 

air pollutants. For the seldom-studied indirect effect of the foehn, it could enhanced differences in 438 

radiation and air density between clean and polluted air masses, resultsing in a weak pressure 439 

gradient between air masses which allows the polluted air mass to invade the clean air mass. This 440 

mechanism could be more dominant especially when upslope winds, valley winds, and 441 

plains-mountain winds retreat after sunset in Beijing. Also, warm-dry foehns could affect urban 442 

heat island and atmosphere stratification in the boundary layer, and further affect air pollution. 443 

Although air pollution events in BTH region have been studied from different aspects over 444 

decades, few studies have investigated the influence of the foehn on air pollution. Therefore, we 445 

recommend further studies on the formation mechanism of the foehn and its effects on air 446 

pollution in the BTH region.   447 
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Table 1. Latitude, longitude, altitude, site type and instrumentation at the main sites in Fig.1.  666 

 667 

※ AWS: automated weather station; MPL: micro pulse lidar; PPI: plain position indicator 668 

 669 

 670 

  671 

Site name Latitude Longitude Altitude (m MSL) Site type Instrumentation 

GXT 39.806 116.469 31 Meteorology radiosonde, radiometer, wind profiler, 

AWS, pyranometer 

IAP 39.974 116.371 29 Meteorology 325-m tower, sonic anemometers, doppler 

lidar, vertical scanning MPL, pyrgeometer 

and pyranometer 

IUM 39.95 116.28 37 Meteorology 
& Air 

quality 

PPI scanning MPL, weather camera,  
particulates sampler and analyzer 

CDG 39.945 116.291 58 Meteorology AWS 
CP 40.223 116.212 76 Meteorology 

& Air 

quality 
 

AWS, particulates sampler and analyzer 

HD 39.987 116.291 46 Meteorology AWS, wind profiler 

AOT 39.982 116.397 –48 Meteorology 
& Air 

quality 

AWS, particulates sampler and analyzer 

YZ 39.795 116.506 –31 Air quality particulates sampler and analyzer 
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Table 2. Number of foehn cases in Beijing from 1 March 2015 to 29 February 2016 672 

    JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC Total cases 

Clean cases 4 2 1 0 1 1 0 1 0 2 1 0 13 

Polluted 

cases 

Type A 1 2 2 0 1 0 0 0 0 2 0 2 10 

Type B 1 0 1 0 0 0 0 0 0 0 1 2 5 

Type C 0 0 0 0 0 0 0 0 1 0 0 0 1 

All cases 6 4 4 0 2 1 0 1 1 4 2 4 29 

Clean cases: foehn cases in which average PM2.5 concentrations for CP, AOT and YZ is less than 50 μg m-3. 673 

Polluted cases: foehn cases in average PM2.5 concentrations for CP, AOT and YZ is greater than 50 μg m-3. 674 

Type A: polluted cases where with PM2.5 concentrations for CP, AOT and YZ sites had decreaseding within 24 hours from the 675 

onset of foehn winds since foehn’s occurrence in 24 hours. 676 

Type B: polluted cases with PM2.5 concentrations for CP, AOT and YZ sites initially decreasing then increasing since foehn’s 677 

occurrence in 24 hours.polluted cases where PM2.5 concentrations for CP, AOT and YZ sites initially decreased then increased 678 

within 24 hours from the onset of foehn winds. 679 

Type C: polluted cases but where PM2.5 concentrations for CP, AOT and YZ sites had increasinged within 24 hours from the 680 

onset of foehn winds.since foehn’s occurrence in 24 hours. 681 

All cases: all of clean cases and polluted cases. 682 

 683 

 684 

 685 

 686 

  687 
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Figure Captions 688 

Figure 1. (a) Locations of observational stations (larger symbols with site name: main stations 689 

used here) along with the fourth, fifth and sixth ring roads (gray lines) in Beijing, China. 690 

Anonymous photos from SINA Weibo (like Twitter but in Chinese) at (b) Financial 691 

Street (FS) at 15:30 and (c) Central Business District (CBD) at 16:00 on 24 December 692 

2015. Locations for taking the photos are shown as yellow stars in the upper map.    693 

Figure 1. (a) Locations of main observational stations (red dots: meteorological stations; blue dots: 694 

air quality monitoring stations) used here, along with the fourth, fifth and sixth ring 695 

roads (blue lines) in Beijing, China. Anonymous photos from SINA Weibo (like Twitter 696 

but in Chinese) at (b) Financial Street (FS) at 15:30 and (c) Central Business District 697 

(CBD) at 16:00 on 24 December 2015. Locations for taking the photos are shown as 698 

yellow stars in the upper map.    699 

Figure 2. (a) Hourly-mean PM2.5 concentration of CP, AOT, YZ and 3-stations mean35 air quality 700 

stations in Beijing from 23 December to 25 December. Temperature (solid), dew point 701 

(dashed), and wind vectors (in knots) from the radiosonde sounding profiles at (b) 00:00 702 

UTC and (c) 12:00 UTC at GXT. (d) The temporal variation of hHourly wind-vector 703 

profiles from the wind profiler at HD on 24 December 2015. 704 

Figure 3. The 500 mb weather maps at (a) 08:00 LST and (b) 20:00 LST, the 800 mb weather 705 

maps at (c) 08:00 LST and (d) 20:00 LST, and surface maps at (e) 08:00 LST and (f) 706 

20:00 LST on 24 December 2015. The administrative boundaries of Beijing are marked 707 

in brown. 708 

Figure 4. Cloud images from the visible channels of the Himawari satellite at (a) 08:00 LST, (b) 709 

10:00 LST, (c) 12:00 LST, (d) 14:00 LST, (e) 15:00 LST, and (f) 16:00 LST on 24 710 

December 2015. Red, yellow and blue dots are the locations of IUM, IAP and GXT, 711 

respectively. The purple lines indicate the location of the haze front.  712 

Figure 5. (a) The Min-MPL Vvertically scanned normalized relative backscatter (NRB) from the 713 

Mini-MPL at IAP. (b) 5-min average wind speed (red line), wind direction (triangles) at 714 

CDG station and PM2.5 concentrations (blue line) at IUM. (c) The NRB from a 715 

Min-MPLMini-MPL at IAP IUM scanning in (d) plan position indicator (PPI) mode 716 

using 10
o
 horizontal angle intervals from 340

o
 to 220

o
 and at 5

o
 elevation angle. (e) Four 717 

photos taken by the weather camera at IUM at times t1, t2, t3 and t4 which are marked 718 

as red lines in the upper plot.   719 

Figure 6. Temperature (colored  filled dots coded according to the bottom color bar), wind 720 

vectors (2 m s
-1

 is one full bar) and PM2.5 concentrations (purple circles; the size of the 721 

circle represents concentration values) in the plains area within and around Beijing at (a) 722 

12:00 LST and (b) 16:00 LST. The blue lines indicate the location of the haze front 723 

location.  724 

Figure 7. Same as Fig 6, but with relative humidity.   725 

Figure 8. Half-Three-hhourly (a) pressure anomalytendency, (b) air temperature tendency, and (c) 726 

specific humidity, and (d) wind speed (lines) and wind directions (colored dots), and (e) 727 

hourly PM2.5 concentration at CP (red line), CDG (blue dash line) and GXT (black dash 728 

line) on 24 December 2015. The gray line indicates the time of HF passage at CDG. 729 

Figure 9. Doppler lidar observations of (a) vertical wind velocity, (b) horizontal wind speed, (c) 730 

wind direction, and (d) carrier-noise-ratio (CNR) at IAP on 24 December 2015. The 731 
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gray line indicates the time of HF passage at IAP. 732 

Figure 10. Temporal variations of (a) temperature (colored contours) and wind vectors, (b) relative 733 

humidity (colored contours) and wind vectors at 15 levels on the IAP tower, and (c) 734 

vertical velocity variance standard deviation at 47 m and 280 m on the IAP tower on 24 735 

December 2015. The gray line indicates the time of HF passage at IAP. 736 

Figure 11. The temporal variations of PM2.5 concentrations at ATZXAOT (blue bars) and YZ (red 737 

bars), and downward short-wave radiation at GXT and at heights of 47 m, 140 m and 738 

280 m at on the IAP tower during daytime on 24 December 2015. 739 

Figure 12. Schematic diagram of the haze front formation. 740 

 741 

742 
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 743 

 744 

Figure 1. (a) Locations of main observational stations (larger symbols with site name: main 745 

stations used herered dots: meteorological stations; blue dots: air quality monitoring stations) used 746 

here, along with the fourth, fifth and sixth ring roads (blue gray lines) in Beijing, China. 747 

Anonymous photos from SINA Weibo (like Twitter but in Chinese) at (b) Financial Street (FS) at 748 

15:30 and (c) Central Business District (CBD) at 16:00 on 24 December 2015. Locations for 749 

taking the photos are shown as yellow stars in the upper map.    750 

   751 

  752 
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 754 

Figure 2. (a) Hourly-mean PM2.5 concentration of CP, AOT, YZ and 3-stations mean35 air quality 755 

stations in Beijing from 23 December to 25 December. Temperature (solid), dew point (dashed), 756 

and wind vectors (in knots) from the radio sounding profiles at (b) 00:00 UTC and (c) 12:00 UTC 757 

at GXT. (d) The temporal variation of hourly wind-vector profiles from the wind profiler at HD on 758 

24 December 2015. 759 

 760 

 761 

 762 
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 764 

Figure 3. The 500 mb weather maps at (a) 08:00 LST and (b) 20:00 LST, the 8050 mb weather 765 

maps at (c) 08:00 LST and (d) 20:00 LST, and surface maps at (e) 08:00 LST and (f) 20:00 LST 766 

on 24 December 2015. The administrative boundaries of Beijing are marked in brown. 767 
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 769 
Figure 4. Cloud images from the visible channels of the Himawari satellite at (a) 08:00 LST, (b) 770 

10:00 LST, (c) 12:00 LST, (d) 14:00 LST, (e) 15:00 LST, and (f) 16:00 LST on 24 December 2015. 771 

Red, yellow and blue dots are the locations of IUM, IAP and GXT, respectively. The purple lines 772 

indicate the location of the haze front. 773 

 774 

 775 

 776 

 777 
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 780 

Figure 5. (a) The Min-MPL Vvertically scanned normalized relative backscatter (NRB) from the 781 

Mini-MPL at IAP. (b) 5-min average wind speed (red line), wind direction (triangles) at CDG 782 

station and PM2.5 concentrations (blue line) at IUM. (c) The NRB from a Min-MPLMini-MPL at 783 

IAP IUM scanning in (d) plan position indicator (PPI) mode using 10
o
 horizontal angle intervals 784 

from 340
o
 to 220

o
 and at 5

o
 elevation angle. (e) Four photos taken by the weather camera at IUM 785 

at times t1, t2, t3 and t4 which are marked as red lines in the upper plot.    786 
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 787 
Figure 6. Temperature (color filled dots coded according to the bottom color bar), wind vectors (2 788 

m s
-1

 is one full bar) and PM2.5 concentrations (purple circles; the size of the circle represents 789 

concentration values) in the plain area within and around Beijing at (a) 12:00 LST and (b) 16:00 790 

LST. The blue lines indicate the location of the haze front.  791 
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 793 

Figure 7. Same as Fig 6, but with relative humidity.   794 

 795 

 796 

 797 
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798 

 799 

Figure 8. Half-Three-hhourly (a) pressure anomalytendency, (b) air temperature tendency, and (c) 800 

specific humidity, and (d) wind speed (lines) and wind directions (colored dots), and (e) hourly 801 

PM2.5 concentration at CP (red line), CDG (blue dash line) and GXT (black dash line) on 24 802 
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December 2015. The gray line indicates the time of HF passage at CDG. 803 

  804 
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 805 

806 

 807 

Figure 9. Doppler lidar observations of (a) vertical wind velocity, (b) horizontal wind speed, (c) 808 

wind direction, and (d) carrier-noise-ratio (CNR) at IAP on 24 December 2015. The gray line 809 

indicates the time of HF passage at IAP. 810 

 811 

  812 
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 815 

Figure 10. Temporal variations of (a) temperature (colored contours) and wind vectors, (b) relative 816 

humidity (colored contours) and wind vectors at 15 levels on the IAP tower, and (c) vertical 817 

velocity variance standard deviation at 47 m and 280 m on the IAP tower on 24 December 2015. 818 

The gray line indicates the time of HF passage at IAP. 819 

820 
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821 

 822 

Figure 11. The temporal variations of PM2.5 concentrations at ATZXAOT (blue bars) and YZ (red 823 

bars), and downward short-wave radiation at GXT and at heights of 47 m, 140 m and 280 m on 824 

the IAP tower during daytime on 24 December 2015. 825 

 826 

  827 
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 828 

 829 
Figure 12. Schematic diagram of the haze front formation. 830 
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