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We appreciate the reviewer for carefully reviewing our manuscripts and providing the valuable suggestion to improve quality 

and readability for our paper. We carefully revised the manuscripts as suggested. The following are our responses to your 

comments point by point. The red sentences are the reviewer's comments (italics), the black sentences are the author's responses, 

and the blue sentences and words are the specific revisions.  

Anonymous Referee #2 

This paper is a case study of a period in November and December 2015 that was characterized by many haze days in the North 

China plain. The authors describe the synoptic conditions that led to an environment that was conducive to the occurrence of 

haze and relate this to the larger scale waveguide and quasi-stationary wave environment. Overall, it’s concluded that Rossby 

wave trains propagating from Western Europe along two waveguides toward east Asia were responsible for setting up decent 

over the North China plain and a weaker than normal winter monsoon - both of which were favorable for haze. Overall, I 

found this to be a worthwhile study and I think it nicely describes the conditions that have led to this event. In the end, there is 

also some discussion of the extent to which other events have related to this kind of large-scale environment, which I think is 

valuable. I have only relatively minor comments to suggest before publications, although I do have quite a number of them 

that are mostly aimed at improving readability. I think there is some confusion throughout the text of the difference between 

the waveguide and the wave themselves. The authors often refer to waveguide when I think they should really be referring to 

the waves. I’ve pointed out a couple of cases below, but I suggest attention be paid to that during the revisions. 

Response: We thanks for your suggestions and we have revised our manuscripts as suggested which is marked in the blue in 

the new manuscripts.   

Minor comments by line number 

l16: it is stated that "two Rossby waveguides within the westerly jet" are responsible for the haze. But isn’t it really the Rossby 

waves that propagate along these waveguides that are ultimately responsible. If so, the wording could be clearer with 

something along the lines of "...anomalous Rossby waves that propagated along two waveguides within the westerly jet..." 

Response: We thank the reviewer for the suggestion. Indeed, it is the Rossby waves that propagate along two waveguides 

within the westerly jet. We agree with the reviewer and the sentence has been revised as suggested. In addition, we have 

revised some other similar statements. 

l15: In this paper, the combined effect of the anomalous Rossby waves within two westerly jet waveguides on… 

l17: …that the anomalous Rossby waves that propagated along two waveguides within the westerly jet originating from the... 

l68: In summary, the Rossby waves within the East Asian upper westerly jet waveguides has important influences on the East 

Asian... 

l72-75: …circulations in the upper troposphere on haze, especially the combined effect of the Rossby waves within two 

westerly jet waveguides, are rare. Given the above content, the objective of the present study is to determine whether the effects 

of the Rossby waves within two westerly jet waveguides on haze were significant in the NCP in November and December 

2015 and, if so, to identify the principal mechanism behind the effects of the Rossby waves within two westerly jet waveguides 

on haze. 

l78: Section 4 demonstrates the influencing mechanisms of the Rossby waves within two westerly jet waveguides on haze 

events. 

l218: 4 Evolution of the Rossby waves within two westerly jet waveguides and principal mechanism analysis 

l228: To investigate the relationship between the position change in the jet and the Rossby waves, the time series of the 

200hPa… 

l231: Figure 8a and Figure 8b. That is, the position movement of the jet and the Rossby waves was closely related in winter, 

which… 
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l234: To reveal the influence of the Rossby waves within jet waveguide on atmospheric circulation in the middle and lower… 

l246: To further examine the mechanism behind the propagation of the Rossby waves, two-dimensional wave activity flux 

was… 

l258: flux was obviously enhanced in the Sea of Japan area, which may be due to the concurrent effect of two waves… 

l261: Based on the analysis above, a diagram of Rossby waves within the waveguide of the westerly jet affecting haze events 

in… 

l275: The Rossby waves within two westerly jet waveguides originating… 

l286: The Rossby waves within two westerly jet waveguides may be the main mechanism leading to the occurrence and 

maintenance… 

l294-300: The linear correlation coefficient of the PC1 of the leading EOF mode for the 200 hPa meridional wind anomaly 

and EUI is approximately 0.92, which further shows that the combined effect of the waves within two westerly jet waveguides 

may have an important influence on heavy haze in the NCP. In addition to 2015, the two waves also existed in 1989, 1994, 

1996, 2004, 2006, and 2011. The visibility anomaly in the NCP in these years was negative. However, the waves within two 

westerly jet waveguides were also strong in 1982, 1986, 1988, 1991, and 1992, and the visibility anomaly in the NCP was 

positive (Figure 13). In addition, compared to the waves in 2015, the Rossby waves were weak or out of phase in 2000, 2002, 

2003, 2007, 2013, and 2014, while the visibility anomaly in the NCP was negative.  

l27: I would recommend simply stating "This study elucidates the formation...". Let the science speak for itself and determine 

whether it is of "great significance" or not. 

Response: We thank the reviewer for the suggestion. The sentence has been revised as suggested. 

l27: This study elucidates the formation and maintenance mechanism of large-scale haze in the NCP in late fall and boreal 

winter. 

l46: It’s not clear what the anomalies here are referring to. I assume it’s geopotential height, so suggest stating "In the negative 

EU, there is a positive anomaly in geopotential height in Europe..." 

Response: We are sorry for this confusion. It is the anomalies of geopotential height. The sentence has been revised as 

suggested. 

l47-48: In the negative EU, there is a positive anomaly in geopotential height in Europe and East Asia and, a negative 

anomaly in Siberia at 500 hPa. 

l94-95: It doesn’t seem like the Cressman paper is actually cited here. Suggest "using the Cressman interpolation method 

(Cressman 1959)" 

Response: We thank the reviewer for the suggestion. The sentence has been revised as suggested. 

l95-96: Visibility station data were interpolated on the regular grid of 0.5°× 0.5° using Cressman interpolation method 

(Cressman, 1959). 

l103: I don’t find it clear what "function of interpolation" means. Would it be clearer to state, "is the interpolated value at 

point i,j". Also, since the same symbol is used for latitude below, perhaps it would be better to choose a different symbol for 

this. 

Response: We agree with the reviewer. The sentence has been revised as suggested. Also, we replace ∅𝑖,𝑗  with S𝑖,𝑗  to 

distinguish it from latitude below. 

l104: Where S𝑖,𝑗 is the interpolated value at point i, j and S𝑜𝑏𝑠
𝑘  is station data. N is number of stations. 

l105: I think it should be "Plumb" not "Plum" 
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Response: Yes, it is Plumb. As you suggested, the word of “Plum” been corrected into “Plumb”. 

l105-106: To analyze the anomalous propagation of Rossby waves, we calculated horizontal stationary wave activity flux to 

show the propagation of wave energy using the method of Plumb. 

l115: I think some more explanation of what standardization means. Does this mean they are anomalies from the mean and 

normalized to have standard deviation = 1? 

Response: We are sorry for this confusion. The standardization means they are anomalies from the mean and normalized to 

have standard deviation = 1 and mean value = 0. We have added formula for calculating standardized anomalies as follows: 

l116: 𝑁𝑜𝑟𝑚(𝑥) =  
𝑥−𝑚𝑒𝑎𝑛(𝑥)

𝜎
  

l117: …𝑥 is a variable. 𝜎 is the number of non-missing value.  

l126: I’m confused about what 70% is referring to. 70% of the total of what? 22 days isn’t 70% of the total days in November 

and December, so I’m not sure what this is referring to. 

Response: We are sorry for this confusion. 22 days isn’t the total days in November and December, but in November and 

December, respectively. So, 70% is the proportion of haze days every month. The sentence has been revised as following. 

l129-130: There were 22 haze days, accounting for more than 70% of the total days, in November and December, respectively 

(Figure 2). 

l133: suggest being more specific since this is only referring to the lower troposphere e.g., "so that the lower troposphere was 

relatively stable". 

Response: We thank the reviewer for the suggestion. The sentence has been revised as suggested. 

l136-137: The value of the static stability was small so that the lower troposphere was relatively stable (Figure 3a). 

l153: Are these number of 37% and 25% referring to this particular event or to air pollution in China more generally. I think 

this could be stated more clearly to distinguish between the two. 

Response: We thank the reviewer for the suggestion. According to Yang et al. (2016), data of daily PM2.5 concentration and 

daily meteorological variables in eastern China (105–122.5°E, 20–45°N) in DJF of 1985–2005 were from GEOS‐4 

meteorology. So, we think number of 37% and 25% referring to air pollution in China more generally. The sentence has been 

revised as following. 

l154-157: In addition, compared with surface temperature, surface specific humidity, cloud fraction, precipitation rate, and 

upward flux (UP), the contributions of horizontal wind and the boundary layer height to PM2.5 concentration in eastern China 

in winter 1985-2005 were 37% and 25%, respectively (Yang et al., 2016). 

l161: There are many anomalies in this figure from west to east. I suggest being more explicit about which you are referring 

to e.g., "there was a clear northerly anomaly in western China and southerly anomaly in eastern China in the meridional 

wind..." 

Response: We thank the reviewer for the suggestion. The sentence has been revised as suggested. 

l164-165: At 200 hPa (Figure 4a), there was a clear northerly anomaly in western China and southerly anomaly in eastern 

China in the meridional wind within the mid-high latitude westerly jet. 

l164: Similarly, it’s not very clear what "the wave train" is referring to. Suggest pointing to Figure 4b here and describe the 

wave train of relevance. 

Response: We are sorry for this confusion. This wave train only refers to the 200hPa meridional wind anomaly (Figure 4a), 

not the 500hPa EU (Figure 4b). The sentence has been revised as following. 
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l165-169: Within the subtropical westerly jet (Figure 4a, green contour line), there existed a southerly/northerly wind wave 

train package which is similar to study of Ding et al. (2017) (Figure 4a). There were northerly wind anomalies in the 

Mediterranean region, southerly wind anomalies in the Arabian Peninsula, northerly wind anomalies in western China, and 

southerly wind anomalies in the Yellow and Bohai Sea of China. Hoskins et al. (1993) and Hsu et al. (1992) found that there 

are Rossby wave in mid latitude upper troposphere of northern hemisphere. 

l172: suggest pointing to the figures for the variables described here. 

Response: We thank the reviewer for the suggestion. We have pointed to the figures for the variables. 

l175-177: The northerly and southerly wind anomalies over the Asian continent resulted in anomalous circulation southern 

China, with abnormal ascending movement on the eastern side of the cyclonic anomaly according to the value of divergence 

at 850 hPa (Figure 4c) and 200 hPa (Figure 4a) and the omega value at 500 hPa (Figure 4b). 

Figure 5: Why show the anomalies in figure 4 and the actual values here. It makes it difficult to compare them. Suggest that it 

might be more useful to show the anomalies in Figure 5 as opposed to the actual values. 

Response: We thank the reviewer for the suggestion. It will be more clearly to show the anomalies in Figure 5 if only to 

compare with figure 4. Our aim is not only to compare with Figure 4, but also to look at the background of large-scale 

circulation as well as the development of trough and ridge when haze occurs. We also show the anomalies (not shown in 

manuscripts). The anomalies are similar to those in Figure 4. There is anomalous divergence at 200hPa and anomalous 

convergence at 850hPa in NCP, which is not conducive to descend motion. However, the actual value shows that there is 

descend motion (Figure 5 in manuscripts). Besides, southerly anomaly occurred at 850hPa (Figure 4c in manuscripts). The 

two above indicate that the descend movement and the southerly wind anomaly caused haze, which is consistent with the 

results of the paper. In order to show the background of large-scale circulation when haze occurs, we use weather map of the 

actual value. The picture below shows the anomalies. 
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Figure: The same as Figure 4 but a composite of anomalous weather maps during the periods of November 9-15 and 19-21, 

December 6-10 and 19-25 in 2015: (a) meridional wind (black contours, CI (contour interval) = 1 m s−1, solid (dashed) lines 

represent southerly (northerly) wind), divergence (shading, 10−5 m s−1) and westerly jet (green line) (zonal mean wind, CI > 

30 m s−1) at 200 hPa; (b) geopotential height (black contours, CI = 10 gpm) and vertical velocity (shading, 10−2 Pa s−1); 

negative(positive) values represent ascent (descent) at 500hPa; (c) divergence (shading, 10−5 m s−1) and wind vector (vector, 

m s−1) at 850hPa. 

l216: it doesn’t make much sense that the positive phase of the EOF means that the jet is strong when above it has been stated 

that the EOF represents a north-south movement of the subtropical jet. Presumably accompanying this north-south movement 

is an overall change in the jet strength, so I suggest stating that where the north-south movement is mentioned. 

Response: We thank the reviewer for the suggestion. And we think suggestion is very well. The sentence has been revised as 

suggested. 

l222-223: From the first modal time series, it can be seen that the exponent is positive in 2015, meaning that the location of 

the subtropical jet is south. 

l217: Here’s another place where I think there is some confusion between a Rossby wave and a Rossby waveguide. The 

meridional wind is associated with the Rossby wave which is propagating along the Rossby waveguide, so I suggest 

"waveguide" –>"wave". 

Response: We are sorry for this confusion and we thank the reviewer for the suggestion. The word has been revised as 

suggested. 

l217: The first mode of the meridional wind is a Rossby wave manifested by the north-south anomaly of the 200 hPa meridional 

wind, following Li et al. (2017). 

l222-224: I think the wording here would be clearer as "To investigate the relationship between the position change in the jet 

and the Rossby waveguide, the time series of the 200hPa vector wind field and meridional wind are regressed onto the principal 

component time series of the first EOF of meridional wind and the first EOF of zonal wind in Figs 8 a and b, respectively" 

Response: We thank the reviewer for the suggestion. The sentence has been revised as suggested. 

l222-224: To investigate the relationship between the position change in the jet and the Rossby waveguide, the time series of 

the 200hPa vector wind field and meridional wind are regressed onto the principal component time series of the first EOF of 

meridional wind and the first EOF of zonal wind in Figs 8 a and b, respectively. 

l224: To back up this conclusion that the first EOF of meridional and zonal wind are strongly related to each other, why not 

just state the correlation between the principal component time series of the two EOFs? 

Response: We thank the reviewer for the suggestion. Yes, it will be good to find correlation between the principal component 

time series of EOF. In our article, we not only want to show the correlation between the principal component time series of 

the two EOFs, but also want to know whether they will really cause the anomalous circulation at 200hPa corresponding to 

haze days mentioned above. So, we use the method of regression. we can clearly see the anomalous wind field at 200hPa by 

using regression analysis. 

l248: It’s not clear to me that the dispersion of Rossby wave energy necessarily should result in heavy rainfall. I’m not sure to 

what extent these two things are always connected. Perhaps this could be clarified. 

Response: First of all, we're sorry for this confusion. We admit that the statement here is not right. The South Branch of Rossby 

wave propagated eastward and break in South China, meaning that there is convergence of Rossby wave energy here, which 

may be beneficial to the circulation for precipitation in South China. For example, Li et al. (2015) and Ding et al. (2017) found 

the convergence of Rossby wave energy lead to heavy rainfall in Southern China in winter. We have revised the original 

expression. 

l254-256: Almost all of its energy was converged within South China, resulting in anomalous circulation, conducive to a large 
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amount of heavy rainfall in South China. 

l281: A value of 0.38 quoted here sounds like it’s a correlation coefficient that’s being quoted as opposed to a regression 

coefficient. If it’s a regression coefficient then there should be some units. 

Response: Yes, it’s a regression coefficient with units km. We have added units of regression coefficient in manuscript. 

l289: …approximately 0.38 km from 1980 to 2015 (Figure 13).   

l288: I don’t think this further shows the combined effect of the two waveguides has important influence on Haze. Doesn’t it 

just show that the meridional wind and the geopotential height are related to each other? If so, this is to be expected, so I 

suggest deleting this statement. 

Response: We are sorry for this confusion. The 200hPa meridional wind anomaly according to EOF is the South Branch wave 

train propagating along the subtropical westerly jet expressed with PC1, while the 500hPa geopotential height anomaly is the 

North Branch wave train propagating along the polar front jet expressed with EUI. The correlation coefficient between PC1 

and EUI is approximately 0.92, meaning that the two waveguides have important influence on haze. 

Figure 3 caption: I think what’s plotted in (a) is the difference in temperature between 1000hPa and 850hPa, but that’s 

referred to simply as the lapse rate in the caption. I think it would be clearer to state that this is the vertical temperature 

difference between those levels. Suggest stating also what this is an Average over e.g., "Anomalies averaged over November 

and December 2015. 

Response: We thank the reviewer for the suggestion. Yes, what’s plotted in (a) is the vertical temperature difference between 

1000hPa and 850hPa. Besides, in order to reflect the real background field, figure 3a, 3b,3c,3d is the actual values rather than 

the anomalies. But Figure 3e is anomalies. The caption has been revised as suggested. 

Figure 3: Spatial distribution of average over November and December 2015: the vertical temperature difference between 

1000hPa and 850hPa (unit: °C; Figure 3a); relative humidity at 925 hPa (unit: %; Figure 3b); wind vector (unit: m 𝐬−𝟏) at 10 

m (Figure 3c) and 850hPa (Figure 3d) in NCP, with shading indicating the wind speed in the appropriate level. Vertical 

distribution of anomalies averaged over November and December 2015: air temperature (AT) (blue dashed line), horizontal 

wind speed (WS) (red solid line) and relative humidity (RH) (red dash-dotted line) in NCP (Figure 3e). 

Figure 4b: I’m not sure if it’ll make too much difference, but since the intention is to look at the wave motions, it might be 

clearer to plot eddy geopotential height as opposed to just geopotential height. 

Response: We are sorry for this confusion. And we admit it might be clearer to look at the wave motions by using eddy 

geopotential height as opposed to just geopotential height. The aim of using geopotential height instead of eddy geopotential 

height here is not only to look at the wave motions, but also to look at the circulation situation at 500hPa conducive to the 

formation of haze. For example, according to the results in our paper, the anticyclonic anomaly at 500hPa in Sea of Japan and 

the cyclonic anomaly in South China are conducive to the formation of haze in the North China Plain. Besides, geopotential 

height anomalies at 500hPa was used to study EU pattern in many previous researches. We think that geopotential height 

anomalies may show more information that we need. 

Figure 6: Best specify in the caption whether these are anomalies or not. 

Response: We are sorry for this confusion. These are the actual values, not anomalies in Figure 6. The detail information has 

been added in Figure 6. 

Figure 6: Composed sections of the actual values during the periods of November 9-15 and 19-21, December 6-10 and 19-25 

in 2015: latitude-height sections with average longitude in 112°E-120°E of vertical velocity (shading, unit: -5 m 𝐬−𝟏) and wind 

vector (u and ω) (a); longitude-height sections with average latitude in 20°N -30°N (b) and in 30°N-40°N (c) of vertical 

velocity (shading, unit: -5 m 𝐬−𝟏) and wind vector (u and ω). 

Figure 8 caption: line 2 suggest "(a) meridional wind and zonal wind" –> "(a) meridional wind and (b) zonal wind" 
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Response: We thank the reviewer for the suggestion. We have noticed this error. We are sorry that it's not updated in the latest 

manuscript. The sentence has been revised as suggested. 

Figure 8: The 200 hPa horizontal wind anomalies (vector, m 𝐬−𝟏) and meridional wind anomalies (contours, m 𝐬−𝟏) regressed 

onto the standardized PC1 of the leading EOF mode for 200 hPa (a) meridional and (b) zonal wind anomalies. The values of 

the contours and arrows are regression coefficients. The solid red (dashed blue) contours indicate the positive (negative) 

meridional wind anomaly. The thick black line in (a) and (b) delineates the climatological jet axis (the gradient of the zonal 

wind with the longitude is 0). Only anomalies statistically significant at the 0.1 level based on Student’s t test are shown in (a) 

and (b). 

 

Typo’s/wording: 

l34: "The causes of haze in China, except for pollutant emissions, ..."Aside from pollutant emissions, ..." 

Response: The sentence has been revised as suggested. 

l34: Aside from pollutant emissions…  

l70: suggest deleting "is analyzed only" 

Response: We thank the reviewer for the suggestion. We have deleted it as following. 

l69-73: Previous research on the meteorological parameters influencing haze in the NCP has focused mainly on local 

meteorological conditions in the middle and lower troposphere, or only the correlation between haze in China and North 

Atlantic SST or other patterns, while studies about the specific mechanisms behind the influence of large atmospheric 

circulations in the upper troposphere on haze, especially the combined effect of two westerly jet waveguides, are rare. 

l72: "are significant" –> "were significant" 

Response: The sentence has been revised as suggested. 

l74: …on haze were significant in the NCP … 

l121: "mean in November" –> "mean over November" 

Response: The sentence has been revised as suggested. 

l123-124: Here, ℎ𝑔𝑡_𝑎𝑁𝑜𝑣2015, ℎ𝑔𝑡𝑁𝑜𝑣2015 and ℎ𝑔𝑡_𝑚𝑁𝑜𝑣 𝑑𝑢𝑟𝑖𝑛𝑔 1981 𝑡𝑜 2010 represent the geopotential height anomaly in 

November 2015, the geopotential height in November 2015 and geopotential height mean over November 1981 to 2010. 

l128: "less 10" –> "of less than 10" 

Response: The sentence has been revised as suggested. 

l131-132: A regional mean visibility of less than 10 km appeared on 4-16, 18-22 and 27-30, with minimal daily values of 5.16 

km, 5.86 km and 4.14 km, respectively. 

l145: "was a negative" –> "exhibited a negative" 

Response: The sentence has been revised as suggested.  

l148-149: The horizontal wind speed exhibited a negative anomaly from the lower troposphere to the upper troposphere (Figure 

3e). 

l155: "anticyclone" –> "anticyclonic" 

Response: The word has been revised as suggested. 

l158-159: From the 850 hPa wind vector, it can be found that there was an anticyclonic circulation in southern China. 
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l168: "anomaly" –> "anomalies" (since this is referring to multiple anomalies. 

Response: Yes, we agree with the reviewer. The word has been revised as suggested. 

l173-175: The centers of the southerly wind anomalies were located over the Arabian Peninsula and East Asia, and the centers 

of the northerly wind anomaly were located over the European continent and Central Asia. 

l170: "circulation southern" –> "circulation in southern" 

Response: The sentence has been revised as suggested. 

l175-176: The northerly and southerly wind anomalies over the Asian continent resulted in anomalous circulation in southern 

China… 

l181: "conductive" –> "conducive", but also it may be clearer to state "stabilizes the atmosphere, creating an environment 

that is conducive to haze" 

Response: We thank the reviewer for the suggestion. The sentence has been revised as suggested.  

Due to the anticyclonic anomaly in the troposphere over the Sea of Japan, the descending movement over the NCP stabilizes 

the atmosphere, creating an environment that is conducive to haze. 

l191: "at the 200hPa" –> "at 200hPa" 

Response: The sentence has been revised as suggested. 

l197: …anomalous meridional wind at 200 hPa… 

l191: "average locations" –> "averages" 

Response: The sentence has been revised as suggested. 

l197: …monthly averages (Figure 4a, 4c and Figure 5a, 5c)… 

l196: "intruding China" –> "intruding into China" 

Response: We admit it's missing “into”. The sentence has been revised as suggested. 

l202: This circulation situation reduced the amount of cold air intruding into China and the winter monsoon also weakened. 

l197: "provides" –> "provided" 

Response: The word has been revised as suggested. 

l203: The Southern Branch trough provided rising… 

l213: I think this needs some rewording. Perhaps "To explore the influences on Rossby wave propagation along the subtropical 

westerly jet and associated influences on haze..." 

Response: We thank the reviewer for the suggestion. The sentence has been revised as suggested. 

l219: To explore the influences on Rossby wave propagation along the subtropical westerly jet and associated influences on 

haze… 

l228: "regressed by" –> "regressed onto" 

Response: The sentence has been revised as suggested. 

l235: …were regressed onto the time series… 

l230-231: "the adjacent Sea of Japan areas" –> "the Sea of Japan"? 

Response: Yes, it is the Sea of Japan. The sentence has been revised as suggested. 

l237-238: The two positive centers of the regression coefficients of the geopotential height anomaly are located over the 
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Mediterranean Sea and the Sea of Japan. 

l252: "is very weak" –> "was very weak" and "is still" –> "was still" 

Response: We thank the reviewer for the suggestion. The sentence has been revised as suggested. 

l258-260: Thus, the energy from the southern branch of the Rossby wave was very weak over the Sea of Japan, but the 

anticyclone anomaly over the Sea of Japan was still very strong. 

l275: "of Rossby" –> "of the Rossby" 

Response: We are sorry that it's missing “the”. The sentence has been revised as suggested. 

l282: …of the southern path of the Rossby wave… 
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Abstract. Severe haze occurred in the North China Plain (NCP) from November to December 2015, with a wide spatial range 

and long duration. In this paper, the combined effect of the anomalous Rossby waves within two westerly jet waveguides on 15 

haze in the NCP was investigated based on visibility observational data and NCEP/NCAR reanalysis data. The results showed 

that the anomalous Rossby waves that propagated along two waveguides within the westerly jet originating from the 

Mediterranean were responsible for haze formation in the NCP. The Rossby wave propagated eastward along the subtropical 

westerly jet and the polar front jet, causing an anomalous anticyclone over the Sea of Japan and anticyclonic wind speed shear 

at 850 hPa over the NCP, which enhanced the anomalous descending air motion in the middle and lower troposphere and 20 

subsequently resulted in a stable atmosphere. Furthermore, the Rossby wave weakened the East Asia trough and Ural ridge, 

and strengthened the anomalous southerly wind at 850 hPa over the coastal areas of east China, decelerating the East Asia 

winter monsoon. The above meteorological conditions modulated haze accumulation in November and December 2015. 

Meanwhile, continuous rainfall related to ascending motion due to Rossby wave propagation along the subtropical westerly 

jet occurred in a large area of southern China. The latent heat released by rainfall acted as a heat source, inducing convection 25 

over South China. This further strengthened the ascending motion over South China so that the descending motion over the 

NCP was maintained, favoring the maintenance of severe haze. This study elucidates the formation and maintenance 

mechanism of large-scale haze in the NCP in late fall and boreal winter.  

mailto:shenglf@ouc.edu.cn
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1 Introduction 

Haze is the phenomenon of reduced visibility caused by the increase in aerosols or the hygroscopic growth of aerosols at a 30 

high relative humidity (Ma et al., 2014). In December 2015, the air quality was poor in the North China Plain (NCP), especially 

in the Beijing-Tianjin-Hebei region (Chang et al., 2016; Zhang et al., 2016; Zhang et al., 2019). Based on the emissions level 

in December 2015 and the Weather Research and Forecasting-Community Multiscale Air Quality (WRF-CMAQ) regional 

model, Zhang et al. (2019) found higher monthly mean PM2.5 concentrations. Aside from pollutant emissions, the causes of 

haze in China, the weather conditions and climate change also play a significant role in modulating haze formation, distribution, 35 

maintenance and change (Ding et al., 2009; Tai et al., 2012; Zhang et al., 2013). Yang et al. (2016) found that changes in 

meteorological parameters contributed 17 (±14)% to the increasing trend in PM2.5 concentration from 1985 to 2005. Dang 

and Liao (2019) found that severe winter haze days showed large interannual variations in frequency and intensity, which were 

mainly driven by changes in meteorology. 

Winter haze- fog in northern China in recent years are related to weak winter circulation (Wu et al., 2014). Some studies have 40 

noted that the circulation in mid- and high latitude regions plays an important role in wind variations in northern China (Wang 

et al., 2016; Li et al., 2017; He et al., 2019). Zhao et al. (2013) and Zhang et al. (2013) showed that the weak East Asian winter 

monsoon (EAWM) is particularly unfavorable to the outward transport of aerosols in northern China, which results in 

continuous strong haze in northern China. In addition, the stable weather conditions associated with the Siberian high pressure 

are also conducive to the accumulation and maintenance of haze (Zhang et al., 2016; Liu et al., 2017). Li et al. (2019) reported 45 

that the Eurasian teleconnection (EU) at 500 hPa is the most important pattern affecting haze- fog in northern China, and its 

contribution rate is 45%. In the negative EU, there is a positive anomaly in geopotential height in Europe and East Asia and, a 

negative anomaly in Siberia at 500 hPa. As a result, the cold air mass from the arctic is too weak to reach northern China (Ren 

et al., 2010; Zhai et al., 2016), which is not conducive to the dissipation of haze. 

According to many studies, the North African-Asian (NAA) jet has an important impact on the Asian climate in winter (Syed 50 

et al., 2006; Feldstein and Dayan, 2008; Wen et al., 2009; Ni et al., 2010; Li et al., 2013). On the decadal timescale, the strength 

of the jet is highly consistent with the frequency of cold air temperature extremes in China (Chen et al., 2013). The divergence 

in the upper troposphere induced by the subtropical westerly jet waveguide is important for spatially large and persistent winter 

rainfall in South China (Li and Sun, 2015; Ding and Li, 2017). Based on previous theoretical work, Xu et al. (2019) noted that 

the British-Baikal Corridor teleconnection on the polar front jet waveguide in Eurasia has an important impact on the climate 55 

of East Asia in summer. Zhang et al. (2019) found that the winter concurrent meridional shift in the East Asian jet streams is 

related to the east-ward propagating Rossby wave. Huang et al. (2019) further found that the concurrent change in the location 

of the subtropical and polar front jet in East Asia in winter has an important impact on the climate of East Asia. In addition, 

previous studies showed that as the teleconnection wave source location, the anomaly in atmosphere circulation related to sea 

http://159.226.119.58/aas/article/2015/0256-1530/0256-1530-32-5-601.shtml#b14-AAS-32-5-601
http://159.226.119.58/aas/article/2015/0256-1530/0256-1530-32-5-601.shtml#b14-AAS-32-5-601
http://159.226.119.58/aas/article/2015/0256-1530/0256-1530-32-5-601.shtml#b3-AAS-32-5-601
http://159.226.119.58/aas/article/2015/0256-1530/0256-1530-32-5-601.shtml#b16-AAS-32-5-601
http://159.226.119.58/aas/article/2015/0256-1530/0256-1530-32-5-601.shtml#b9-AAS-32-5-601
http://159.226.119.58/aas/article/2015/0256-1530/0256-1530-32-5-601.shtml#b7-AAS-32-5-601
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surface temperature (SST) in the North Atlantic can significantly influence winter weather in the Northern Hemisphere 60 

(Wallace and Gutzler, 1981; Peng et al., 1995; Czaja and Frankignoul, 2002; Li and Betas, 2007), which can influence haze in 

China (Xiao et al., 2014; Gao and Chen, 2017). Chen et al. (2013) noted that the cold air activity was possibly associated with 

the development of the Siberian high pressure and a wave train from the North Atlantic. Yang et al. (2019) stated that the East 

Asian wind and temperature anomalies during boreal winter are determined by the combination of the two wave trains 

propagating along the subtropical jet and the polar front jet. The SST anomalies in the North Atlantic can induce a downstream 65 

Rossby wave train, resulting in anomalous circulations over the NCP, which are favorable for haze over central and south 

China (Feng et al., 2019; Wang et al., 2019). 

In summary, the Rossby waves within the East Asian upper westerly jet waveguides has important influences on the East Asian 

climate. Previous research on the meteorological parameters influencing haze in the NCP has focused mainly on local 

meteorological conditions in the middle and lower troposphere, or only the correlation between haze in China and North 70 

Atlantic SST or other patterns, while studies about the specific mechanisms behind the influence of large atmospheric 

circulations in the upper troposphere on haze, especially the combined effect of the Rossby waves within two westerly jet 

waveguides, are rare. Given the above content, the objective of the present study is to determine whether the effects of the 

Rossby waves within two westerly jet waveguides on haze were significant in the NCP in November and December 2015 and, 

if so, to identify the principal mechanism behind the effects of the Rossby waves within two westerly jet waveguides on haze. 75 

The structure of this paper is as follows: data and methodology used in this paper are described briefly in Section 2. Section 3 

presents the haze event and describes major meteorological parameters and atmosphere circulation patterns during haze events. 

Section 4 demonstrates the influencing mechanisms of the Rossby waves within two westerly jet waveguides on haze events. 

Further discussions and conclusions of our findings are provided in Section 5. 

2 Data and Methodology 80 

2.1 Data 

Visibility station data from the stations in the region (15-55°N, 105-135°E) in November and December 2015 were from the 

China Meteorological Administration (CMA). These data were recorded four times daily (02:00, 08:00, 14:00, and 20:00, local 

time (LCT)). The data were averaged monthly in this study. 

The monthly mean and daily mean reanalysis data are from the National Centers for Environmental Prediction-National Center 85 

for Atmospheric Research (NCEP/NCAR) NCEP-DOE AMIP-II Reanalysis (R-2) dataset (Kanamitsu et al., 2002). The dataset 

covers a 39-yr period from 1979 to 2017, with a latitude-longitude spatial resolution of 2.5º × 2.5º, including the geopotential 

height, wind vector, relative humidity, air temperature, and omega data at each standard level from 10 hPa to 1000 hPa. The 

daily precipitation data from November to December 2015 are provided by the NASA/Goddard Space Flight Center (Huffman 
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et al., 2014). 90 

2.2 Methodology 

Haze was defined as a day when the daily mean visibility and relative humidity were less than 10 km and 80%, respectively, 

and no rain, snow, sand and dust storms occurred in accordance with the standards set by the CMA (China Meteorological 

Administration, 2010). 

Visibility station data were interpolated on the regular grid of 0.5°× 0.5° using Cressman interpolation method (Cessman, 95 

1959). Cressman objective analysis adopts the method of successive corrections, which has been widely used in various climate 

diagnosis analysis and numerical simulation studies. The most important Cressman objective analysis is the determination of 

the weight function 𝑊𝑖,𝑗 (Feng et al., 2004) (1-2): 

𝑊𝑖,𝑗 =  
𝑅2− 𝑟𝑖,𝑗

2

𝑅2+ 𝑟𝑖,𝑗
2    𝑟𝑖,𝑗

2  < R,                                                                        (1) 

𝑊𝑖,𝑗 = 0        𝑟𝑖,𝑗
2  > R,                                                                       (2) 100 

Where R is the influence radius, 𝑟𝑖,𝑗
2  is the distance between two interpolation points, i and j are each interpolation point. R 

are 5, 4 ,3 in this paper. Unit of R is degree. 

S𝑖,𝑗 =  
∑ 𝑊𝑖,𝑗

𝑘𝑁
𝑘=1 S𝑜𝑏𝑠

𝑘

∑ 𝑊𝑖,𝑗
𝑘𝑁

𝑘=1

⁄                                                                    (3) 

Where S𝑖,𝑗 is the interpolated value at point i, j and S𝑜𝑏𝑠
𝑘  is station data. N is number of stations. 

To analyze the anomalous propagation of Rossby waves, we calculated horizontal stationary wave activity flux to show the 105 

propagation of wave energy using the method of Plumb (1985) (4): 

𝐹 = 𝑝0𝑐𝑜𝑠∅ (

1

2𝑎2𝑐𝑜𝑠2∅
[(

𝜕𝜓′

𝜕𝜆
)2 −  𝜓′ 𝜕2𝜓′

𝜕𝜆2 ]

1

2𝑎2𝑐𝑜𝑠2∅
(

𝜕𝜓′

𝜕𝜆

𝜕𝜓′

𝜕𝜙
) −  𝜓′ 𝜕2𝜓′

𝜕𝜆𝜕𝜙

) ,                                                            (4) 

Here, 𝐹 is the horizontal stationary wave activity flux, 𝑝0 is pressure / (1000 hPa), 𝜓′ is the perturbation stream function, 𝑎 is 

Earth's radius, ∅ is the latitude, and λ is the longitude. 

The East Asian winter monsoon composite index defined by He and Zhou (2012) was used to characterize the East Asia winter 110 

monsoon. The formula is as follows (5-8): 

𝐼1 = 𝑁𝑜𝑟𝑚[�̅�𝑠(40°~60°𝑁, 80°~125°𝐸)] ,                                                              (5) 

𝐼4
∗ = −1 × 𝐼4 = −1 × 𝑁𝑜𝑟𝑚[ℎ̅500(25°~45°𝑁, 110°~145°𝐸)] ,                                             (6) 

𝐼5 = 𝑁𝑜𝑟𝑚[�̅�300(25°~40°𝑁, 80°~180°𝐸)  −  �̅�300(45°~60°𝑁, 60°~160°𝐸)] ,                                (7) 

𝐸𝐴𝑊𝑀𝐼𝐼 =  
𝐼1+ 𝐼4

∗+ 𝐼5

3
 ,                                                                               (8) 115 

𝑁𝑜𝑟𝑚(𝑥) =  
𝑥−𝑚𝑒𝑎𝑛(𝑥)

𝜎
 ,                                                                             (9) 

Here, Norm represents standardization, 𝑥 is a variable. 𝜎 is the number of non-missing value, and �̅�𝑠, ℎ̅500, and �̅�300 are 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016JD026296#jgrd53870-bib-0005
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the mean sea level pressure, 500 hPa mean geopotential height and 300 hPa mean zonal wind over the region defined above, 

respectively. 

Please note that all the anomalies calculated in this paper were based on the climatological mean during the thirty-year period 120 

of 1981–2010. For example, the calculation procedure can be written as (10) 

ℎ𝑔𝑡_𝑎𝑁𝑜𝑣2015 =  ℎ𝑔𝑡𝑁𝑜𝑣2015 − ℎ𝑔𝑡_𝑚𝑁𝑜𝑣 𝑑𝑢𝑟𝑖𝑛𝑔 1981 𝑡𝑜 2010,                                                (10) 

Here, ℎ𝑔𝑡_𝑎𝑁𝑜𝑣2015, ℎ𝑔𝑡𝑁𝑜𝑣2015 and ℎ𝑔𝑡_𝑚𝑁𝑜𝑣 𝑑𝑢𝑟𝑖𝑛𝑔 1981 𝑡𝑜 2010 represent the geopotential height anomaly in November 

2015, the geopotential height in November 2015 and geopotential height mean over November 1981 to 2010. 

3 Persistent haze events and associated weather patterns 125 

Heavy haze occurred over the NCP in November and December 2015. The locations where the average monthly visibility was 

less than 10 km covered northern China and eastern China (Figure 1). The haze events were characterized by wide range, 

strong intensity and long duration, which was consistent with the analysis of Chang et al. (2016), Zhang et al. (2016) and 

Zhang et al. (2019). There were 22 haze days, accounting for more than 70% of the total days, in November and December 

2015, respectively (Figure 2). In November, the mean monthly visibility over the NCP was 8.33 km with a minimal value of 130 

4.14 km. A regional mean visibility of less than 10 km appeared on 4-16, 18-22 and 27-30, with minimal daily values of 5.16 

km, 5.86 km and 4.14 km, respectively. Similarly, the mean monthly visibility in December over the NCP was 8.63 km with a 

minimal daily value of 2.62 km. The dates when the regional mean visibility was less than 10 km were 6-14, 19-24 and 28-31 

December, with minimal daily values of 3.87 km, 2.62 km and 6.00 km, respectively. 

Static stability is expressed by the vertical difference in the temperature between 1000 hPa and 850 hPa (Liu et al., 2017), 135 

which is on average 4.5°C-7.5°C in the NCP. The value of the static stability was small so that the lower troposphere was 

relatively stable (Figure 3a). In addition, the vertical profiles of the temperature anomalies between 1000 hPa and 700 hPa 

show warm anomalies in the middle and lower troposphere and cold anomalies near the surface (Figure 3e), which further 

indicates that the atmosphere is relatively stable. When haze occurred, the mean monthly relative humidity (RH) in the NCP 

was less than 70% (Figure 3b), and the regional daily relative humidity was also relatively low (not shown). According to the 140 

haze identification conditions issued by the China Meteorological Administration (2010), haze rather than haze- fog can be 

considered the main pollution event in November and December 2015. An RH of approximately 55-70% may promote the 

liquid phase reaction of aerosol particles. RH has an important influence on the hygroscopic growth of aerosol particles (Ma 

et al., 2014), which can promote the photochemical reaction of aerosol particles. Wu et al. (2019) found that the air over the 

NCP during the haze episode was humid, with an average simulated RH of approximately 71%. 145 

The ground was mainly controlled by an anticyclone in November and December 2015 according to the ground wind field at 

10 m. The NCP was in the center of the anticyclone, and the wind speed was very weak (Figure 3c). However, in the periphery 
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of the NCP, the wind speed was relatively strong (Figure 3c). The horizontal wind speed exhibited a negative anomaly from 

the lower troposphere to the upper troposphere (Figure 3e). The 850 hPa wind field showed a northeast-southwest wind speed 

shear (Figure 3d), which corresponded to negative vorticity anomalies. The atmosphere was mainly composed of descending 150 

movement, so the stratification was relatively stable. According to Liu et al. (2017), the frequency of haze occurrence was 

24.5% under low wind speed conditions at the ground and low stability over 1303 noncold wave days, accounting for the 

highest proportion of the four conditions (including low wind speed and low stability (20.4%), high wind speed and low 

stability (14.4%), and high wind speed and high stability (14.6%)). In addition, compared with surface temperature, surface 

specific humidity, cloud fraction, precipitation rate, and upward flux (UP), the contributions of horizontal wind and the 155 

boundary layer height to PM2.5 concentration in eastern China in winter 1985-2005 were 37% and 25%, respectively (Yang 

et al., 2016). Therefore, wind speed and atmospheric stability play vital roles in haze formation during November and 

December in the NCP. From the 850 hPa wind vector, it can be found that there was an anticyclonic circulation in southern 

China. The southerly wind on the northwest side of the anticyclone circulation prevented the southward dispersion of pollutants 

over the NCP. At the same time, the anticyclone circulation weakened the EAWM in the NCP. According to the winter monsoon 160 

composite index defined by He et al. (2012), the EAWM index in November and December 2015 was -0.29 (not shown). The 

weak EAWM was beneficial to the occurrence and maintenance of haze. 

Figure 4 shows the mean monthly circulation anomalies and the average jet positions in November and December 2015. At 

200 hPa (Figure 4a), there was a clear northerly anomaly in western China and southerly anomaly in eastern China in the 

meridional wind within the mid-high latitude westerly jet. Within the subtropical westerly jet (Figure 4a, green contour line), 165 

there existed a southerly/northerly wind wave train package which is similar to study of Ding et al. (2017) (Figure 4a). There 

were northerly wind anomalies in the Mediterranean region, southerly wind anomalies in the Arabian Peninsula, northerly 

wind anomalies in western China, and southerly wind anomalies in the Yellow and Bohai Sea of China. Hoskins et al. (1993) 

and Hsu et al. (1992) found that there are wave train in mid latitude upper troposphere of northern hemisphere. This was also 

similar to the teleconnection of the Northern Hemisphere Silk Road in summer proposed by Lu et al. (2002). There was a 170 

strong northerly anomaly over the European continent. The strong northerly wind formed a convergence of cold air in the 

Middle East and the Mediterranean Sea, which intruded into the entrance of the westerly jet stream and propagated eastward 

in the form of a wave train along the westerly jet stream. The centers of the southerly wind anomalies were located over the 

Arabian Peninsula and East Asia, and the centers of the northerly wind anomaly were located over the European continent and 

Central Asia. The northerly and southerly wind anomalies over the Asian continent resulted in anomalous circulation in 175 

southern China, with abnormal ascending movement on the eastern side of the cyclonic anomaly according to the value of 

divergence at 850 hPa (Figure 4c) and 200 hPa (Figure 4a) and the omega value at 500 hPa (Figure 4b). The NCP experienced 

an anticyclonic anomaly with abnormal descent. Atmospheric motion ascended over southern China and descended over the 
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NCP to form a north-south circulation system from 20°N to 50°N at 112°E-120°E (Figure 4a, Figure 6). In addition, the NCP 

was located in the middle of the cyclonic and anticyclonic anomalies, with strong southerly winds at 850 hPa (Figure 4b, 180 

Figure 4c), weakening the EAWM and favoring haze accumulation. There was a negative phase of the EU at 500 hPa (Figure 

4b): the negative geopotential height anomaly over Siberia weakened the Ural ridge, and the positive geopotential height 

anomaly over the Sea of Japan weakened the East Asian trough. According to Li et al. (2019), the direct effect of the EU 

negative phase is that the arctic cold air does not easily flow to East Asia, and the EAWM weakens. Thus, a negative EU may 

have an important impact on haze. Due to the anticyclonic anomaly in the troposphere over the Sea of Japan, the descending 185 

movement over the NCP stabilizes the atmosphere, creating an environment that is conducive to haze. In southern China, there 

was mainly ascending motion, with an anomalous southwesterly wind at 850 hPa (Figure 4c). The convergence of 

southwesterly airflow was conducive to the occurrence of large-scale continuous precipitation over the southern China, as 

reported by Li and Sun (2015) and Ding and Li (2017). As shown in Figure 2, strong precipitation occurred in November and 

December 2015 in southern China (20°N-30°N, 100°E-120°E), i.e., during November 6-13, 14-17, and 18-21 and December 190 

2-6, 7-10 and 21-23. The north-south circulation systems were consistent, which was implicative of a barotropic stable 

circulation structure triggering long-lasting of the haze events. 

To more clearly depict the circulation in detail during the persistent haze events, the circulation field was composited by 

selecting haze events lasting at least three days with a mean daily visibility of less than 8 km (Figure 5). The periods are 

November 9-15, 19-21 and December 6-10, 19–25. The results during the severe haze events are in generally consistent with 195 

those of the monthly average. The locations of the centers of convergence and divergence at 850 hPa and 200 hPa and the 

anomalous meridional wind at 200 hPa are similar to the monthly averages (Figure 4a, 4c and Figure 5a, 5c), but the intensity 

of the anomalous meridional wind over the Mediterranean and East Asia seems to be stronger, and the strength of the 

divergence is enhanced as well. There is a relatively strong trough over the North Atlantic, a weak trough over the Ural 

Mountains and a trough over the North Pacific at 500 hPa. In addition, there was a weak Southern Branch trough over the 200 

southern Qinghai-Tibet Plateau and southern China. The subtropical high over the western Pacific was stronger and located in 

the west (Figure 5b). This circulation situation reduced the amount of cold air intruding into China and the winter monsoon 

also weakened. The Southern Branch trough provided rising conditions for precipitation over southern China. The southerly 

airflow on the west side of the subtropical high (Figure 5c; near 115°E) carried a large amount of water vapor originating from 

the South China Sea into southern China. In contrast, convergence of the southerly wind occurred over the NCP, leading to 205 

haze formation. 

Through the analysis above, we found that the main meteorological factors modulating the large-scale persistent haze in the 

NCP are wind vector and atmospheric stability. The anomalous southerly wind over the eastern coast of China weakens the 

winter monsoon, and the anticyclonic shear of the wind at 850 hPa in the NCP yields an increase in negative vorticity and the 
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subsequent enhancement of atmospheric descent. In addition, the anomalous anticyclone over the Sea of Japan strengthens the 210 

descending air motion and increases atmospheric stability. From the geopotential height anomaly at 200 hPa (not shown), 500 

hPa (Figure 4b), 850 hPa (Figure 4c) and the tropospheric vertical motion (Figure 6), it can be seen that the upper and lower 

levels exhibit barotropic structures. The north-south anomaly of the meridional wind from west to east appears in the upper 

tropospheric subtropical westerly jet, which is similar to the Silk Road teleconnection proposed by Lu et al. (2002). The 

anticyclone anomaly over the NCP strengthens the descending motion, and the ascending motion related to upper divergence 215 

and lower convergence over southern China is strong. The north-south circulation system leads to the maintenance of haze in 

the NCP, whereas large-scale precipitation occurred over southern China. 

4 Evolution of the Rossby waves within two westerly jet waveguides and principal mechanism analysis 

To explore the influence on Rossby wave propagation along the subtropical westerly jet and associated influences on haze, the 

first leading EOF mode of the 200 hPa zonal and meridional winds from November 1979 to December 2017 was calculated. 220 

The first mode of zonal wind represents the north-south movement of the subtropical jet (Figure 7a), following Hong et al. 

(2016). This mode’s variance is 25.3%. From the first modal time series, it can be seen that the exponent is positive in 2015, 

meaning that the location of the subtropical jet is south. The first mode of the meridional wind is a Rossby wave manifested 

by the north-south anomaly of the 200 hPa meridional wind, following Li et al. (2017). The variance is 23.4%. The first modal 

time series shows that the exponent has a negative index in 2015, with strong intensity (Figure 7c). The northerly wind anomaly 225 

appears in the Mediterranean region and the Indian Peninsula region, and the southerly wind anomaly appears in the Arabian 

Peninsula region, North China and the Yellow Sea. 

To investigate the relationship between the position change in the jet and the Rossby waves, the time series of the 200hPa 

vector wind field and meridional wind are regressed onto the principal component time series of the first EOF of meridional 

wind and the first EOF of zonal wind in Figs 8 a and b, respectively. The results of the regression are very similar as shown in 230 

Figure 8a and Figure 8b. That is, the position movement of the jet and the Rossby waves was closely related in winter, which 

is basically consistent with the results of Hong et al. (2016) on the relationship between the Silk Road teleconnection (summer) 

and the change in jet stream location. 

To reveal the influence of the Rossby waves within jet waveguide on atmospheric circulation in the middle and lower 

troposphere, 500 hPa geopotential height anomalies and 850 hPa wind field anomalies were regressed onto the time series of 235 

the first EOF mode of meridional wind (Figure 9). The EU negative phase appears in the regressed geopotential height field. 

The two positive centers of the regression coefficients of the geopotential height anomaly are located over the Mediterranean 

Sea and the Sea of Japan. The positive geopotential height anomaly near the Sea of Japan weakens the East Asian trough, 

weakening the EAWM. In addition, the anticyclone anomaly also causes the southerly wind anomaly at 850 hPa over the 
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eastern coast of China, further weakening the winter monsoon. The center of the negative geopotential height anomaly is 240 

located in Siberia, weakening the Ural ridge and weakening the Lower Siberian High and favoring haze formation. The 

regression coefficient of the wind field anomaly shows that there is a southerly anomaly over the NCP, and a southwesterly 

anomaly in South China. The southerly anomaly over the NCP tends to weaken the winter wind, while the southwesterly 

anomaly over South China carries water vapor from the Bay of Bengal and South China Sea to South China, providing 

favorable moisture conditions for precipitation in South China. 245 

To further examine the mechanism behind the propagation of the Rossby waves, two-dimensional wave activity flux was 

calculated and generated according to the formula for the wave action flux defined by Plum (1985). Figure 10 shows that the 

European continent is the source of the Rossby wave. Rossby waves propagate into two pathways: a subtropical westerly jet 

and polar front jet. The Rossby wave in the polar front jet was stronger than that in the subtropical westerly jet. Rossby waves 

in the polar front jet, named the EU, resulted in energy dispersion over the Siberian area, leading to a negative geopotential 250 

height anomaly in this location, weakening the Ural ridge and preventing cold air advection towards China. The remaining 

energy from the easterly propagation caused the positive geopotential height anomaly over the Sea of Japan, weakening the 

East Asian trough and inducing the southerly wind anomaly over the eastern coast of China. The southern branch of the Rossby 

wave propagated within the subtropical westerly jet that passed over the Arabian Peninsula, India and other places. Almost all 

of its energy was converged within South China, resulting in anomalous circulation, conducive to a large amount of heavy 255 

rainfall in South China. The latent heat released by precipitation as a heat source strengthened the abnormally ascending motion 

in South China, which further strengthened the anticyclone anomaly in the NCP. The wave action flux was obviously enhanced 

in the Sea of Japan area, which may be due to the concurrent effect of two waves superposing in this area. Thus, the energy 

from the southern branch of the Rossby wave was very weak over the Sea of Japan, but the anticyclone anomaly over the Sea 

of Japan was still very strong. 260 

Based on the analysis above, a diagram of the Rossby waves within the waveguide of the westerly jet affecting haze events in 

the NCP is drawn (Figure 11, Figure 12). The Rossby wave originated from the Mediterranean region (Li and Sun, 2015) and 

propagated eastward along the westerly jet, resulting in an anomalous anticyclone over the Sea of Japan and strengthening 

descending air motion over the NCP. In addition, there was a southerly wind anomaly at 850 hPa over the eastern coastal areas 

of China, which weakened the winter monsoon (Figure 12). Both of these features are conducive to haze accumulation. In 265 

addition, the Rossby waves also caused a strong abnormal upward movement over South China, which combined with the rich 

water vapor carried by the southwesterly airflow resulted in large-scale continuous rainfall (Figure 11, Figure 12). The latent 

heat released by precipitation as a heat source strengthened the abnormal ascending motion over South China, which further 

helped to maintain the sinking motion in the NCP. A local circulation in the southern and northern parts of China was formed 

(Figure 12): the air rises in the south and subsides in the north, facilitating the intensification of the descending air motion in 270 
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the NCP and the persistence of haze. 

5 Discussions and conclusions 

A wide range of haze pollution occurred in the NCP in November and December 2015. The meteorological factors, climatic 

system and mechanisms affecting haze were elucidated in this study. Haze was mainly modulated by the weakening of the 

EAWM and the strengthening of descending air in the NCP. The Rossby waves within two westerly jet waveguides originating 275 

from the Mediterranean region was the main mode fostering the atmospheric circulation patterns tightly associated with haze 

formation in the NCP. 

The Rossby wave propagated easterly primarily along two pathways. The northern path seemed to yield positive geopotential 

height anomalies in the troposphere over the Sea of Japan and the NCP, strengthening the descending air movement over the 

NCP. In addition, it weakened the East Asia trough and Ural ridge, resulting in the southerly wind anomaly at 850 hPa over 280 

the eastern coast of China, weakening the winter monsoon, and leading to subsequent haze accumulation. Due to the influence 

of the southern path of the Rossby wave, there was abnormal upward air movement over South China, which combined with 

a large amount of water vapor carried by the 850 hPa anticyclone circulation over South China, provided favorable conditions 

for continuous rainfall in South China. As a heat source, the latent heat of condensation released by precipitation, further 

strengthened abnormal upward movement in South China, favorable for the subsidence and haze formation in the NCP. 285 

The Rossby waves within two westerly jet waveguides may be the main mechanism leading to the occurrence and maintenance 

of large-scale haze in the NCP in November and December 2015. The linear regression coefficient of PC1 (bar) of the leading 

EOF mode for the 200 hPa meridional wind anomaly onto the mean visibility anomaly in November and December is 

approximately 0.38 km from 1980 to 2015 (Figure 13). The location of the EU mentioned above is slightly different from that 

of the EU defined by predecessors. To describe the EU more accurately in this study, a new EU index (EUI) was defined 290 

according to the definition of the EUI of Wallace and Gutzler (1981). 

EUI = −1/4 × hgt500_ano (40°N,0°) + 1/2 × hgt500_ano (50° N,50° E) − 1/4 × hgt500_ano (40° N,140° E) 

Here, hgt500_ano is the mean geopotential height anomaly at 500 hPa in November and December. 

The linear correlation coefficient of the PC1 of the leading EOF mode for the 200 hPa meridional wind anomaly and EUI is 

approximately 0.92, which further shows that the combined effect of the Rossby waves within two westerly jet waveguides 295 

may have an important influence on heavy haze in the NCP. In addition to 2015, the two waves also existed in 1989, 1994, 

1996, 2004, 2006, and 2011. The visibility anomaly in the NCP in these years was negative. However, the Rossby waves within 

two westerly jet waveguides were also strong in 1982, 1986, 1988, 1991, and 1992, and the visibility anomaly in the NCP was 

positive (Figure 13). In addition, compared to the waves in 2015, the Rossby waves were weak or out of phase in 2000, 2002, 

2003, 2007, 2013, and 2014, while the visibility anomaly in the NCP was negative. This means that under similar pollutant 300 
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emission conditions, the large-scale circulation conditions that cause air pollution may take on diversified modes. This paper 

mainly focused the haze in November and December 2015; therefore, the robustness of the mechanism may be further verified 

if other haze events can be evaluated in future studies. We can understand the complexity behind the climatic causes of severe 

air pollution from some existing studies. For example, the combined effects of the negative North Atlantic Oscillation (NAO) 

and El Niño worsened air conditions over central and south China in the winters of 2000 and 2003 (Feng et al., 2019). The 305 

autumnal increased number of haze days in 2013 and 2014 was closely associated with simultaneous sea surface warming in 

the western North Pacific sector and the North Atlantic subtropical sector (Wang et al., 2019). 
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Figure 1: Spatial distribution of monthly mean visibility (unit: km, shading) in (a) November and (b) December 2015. 445 

The black box indicates the NCP (30°N-40.5°N, 112°E-121.5°E). Shading indicates the value of visibility.  

 

Figure 2: Variations in the regional mean daily visibility (bars; unit: km) is obtained by calculating the average value 

of all stations data in the NCP (30°N-40.5°N, 112°E-121.5°E) and the regional mean daily precipitation (lines; unit: 

mm 𝐝𝐚𝐲−𝟏) in southern China (20°N-30°N, 100°E-120°E) (a) in November and (b) in December 2015.  450 
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Figure 3: Spatial distribution of average over November and December 2015: the vertical temperature difference 

between 1000hPa and 850hPa (unit: °C; Figure 3a); relative humidity at 925 hPa (unit: %; Figure 3b); wind vector 

(unit: m 𝐬−𝟏 ) at 10 m (Figure 3c) and 850hPa (Figure 3d) in NCP, with shading indicating the wind speed in the 

appropriate level. Vertical distribution of anomalies averaged over November and December 2015: air temperature 455 

(AT) (blue dashed line), horizontal wind speed (WS) (red solid line) and relative humidity (RH) (red dash-dotted line) 

in NCP (Figure 3e). 
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Figure 4: Anomalous weather and westerly jet maps in November and December 2015: (a) meridional wind (black 

contours, CI (contour interval) = 1 m 𝐬−𝟏 , solid (dashed) lines represent southerly (northerly) wind anomaly), 460 

divergence (shading, 𝟏𝟎−𝟓 m 𝐬−𝟏) and westerly jet (green line) (zonal mean wind, CI > 30 m 𝐬−𝟏) at 200 hPa; (b) 

geopotential height (black contours, CI = 10 gpm (geopotential meters), solid (dashed) lines represent positive (negative) 

geopotential height anomaly) and vertical velocity (shading, 𝟏𝟎−𝟐 Pa 𝐬−𝟏); negative(positive) values represent ascent 

(descent) at 500 hPa; (c) geopotential height (red contours, CI = 10 gpm), divergence (shading, 𝟏𝟎−𝟓 m 𝐬−𝟏) and wind 

vector (vector, m 𝐬−𝟏) at 850 hPa. 465 



28 

 

 

Figure 5: The same as Figure 4 but a composite of non-anomalous weather maps during the periods of November 9-15 

and 19-21, December 6-10 and 19-25 in 2015: (a) meridional wind (black contours, CI (contour interval) = 1 m 𝐬−𝟏, 

solid (dashed) lines represent southerly (northerly) wind), divergence (shading, 𝟏𝟎−𝟓 m 𝐬−𝟏) and westerly jet (green 

line) (zonal mean wind, CI > 30 m 𝐬−𝟏) at 200 hPa; (b) geopotential height (black contours, CI = 50 gpm) and vertical 470 

velocity (shading, 𝟏𝟎−𝟐  Pa 𝐬−𝟏) ; negative(positive) values represent ascent (descent) at 500 hPa; (c) divergence 

(shading, 𝟏𝟎−𝟓 m 𝐬−𝟏) and wind vector (vector, m 𝐬−𝟏) at 850 hPa. 
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Figure 6: Composed sections of the actual values during the periods of November 9-15 and 19-21, December 6-10 and 

19-25 in 2015: latitude-height sections with average longitude in 112°E-120°E of vertical velocity (shading, unit: -5 475 

m 𝐬−𝟏) and wind vector (u and ω) (a); longitude-height sections with average latitude in 20°N -30°N (b) and in 30°N-

40°N (c) of vertical velocity (shading, unit: -5 m 𝐬−𝟏) and wind vector (u and ω). 

 

Figure 7: The (a) spatial distribution and (b) its principal component (PC) of the leading EOF mode for 200 hPa zonal 

wind anomaly within the domain 0-75°N, 0-160°E in November and December 1979-2017, where the solid (dashed) 480 

lines represent westerly (easterly) winds; (c) and (d) same as (a) and (b) but for meridional wind within the domain 0-

75°N, 0-160°E, where solid (dashed) lines represents southerly (northerly) winds. The percentage values in the upper-

right corners of (a) and (c) show the percentage variance explained by this mode. 
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Figure 8: The 200 hPa horizontal wind anomalies (vector, m 𝐬−𝟏) and meridional wind anomalies (contours, m 𝐬−𝟏) 485 

regressed onto the standardized PC1 of the leading EOF mode for 200 hPa (a) meridional and (b) zonal wind anomalies. 

The values of the contours and arrows are regression coefficients. The solid red (dashed blue) contours indicate the 

positive (negative) meridional wind anomaly. The thick black line in (a) and (b) delineates the climatological jet axis 

(the gradient of the zonal wind with the longitude is 0). Only anomalies statistically significant at the 0.1 level based on 

Student’s t test are shown in (a) and (b). 490 
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Figure 9: Regression of 500 hPa geopotential height anomalies and 850 hPa wind vector onto the PC1 of the leading 

EOF mode for the 200 hPa meridional wind anomaly. The values of shading and arrows represent regression coefficients. 

Regions of dotted areas indicate anomalies exceeding the 0.05 confidence level. Only anomalies statistically significant 

at the 0.05 level based on Student’s t test are given for the wind vector. 495 

 

Figure 10: Anomalous geopotential height (shading, 10 gpm) at 200 hPa in November and December 2015 and its 

stationary wave activity flux (vector, 𝐦−𝟐 𝐬−𝟐). 
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Figure 11: A schematic diagram of the negative EU in the 200 hPa geopotential height field and meridional wind 500 

anomaly at 200 hPa in November and December 2015. H (L) denotes positive (negative) geopotential height anomalies; 

the plus and minus represent positive (southerly) and negative (northerly) meridional wind anomalies, respectively; 

and the shaded belt of arrow represents the subtropical westerly jet. 

 

Figure 12: Schematic illustration showing circulation system affecting the haze events in November and December 2015. 505 

The red (blue) circular of arrow represents convergence (divergence); the red (blue) translucent arrow represents 

ascending (descending) air; the brown translucent arrow represents the southerly wind anomaly; the purple solid arrow 

represents the water vapor transported by southwesterly airflow from the Bay of Bengal and South China Sea; the 

thick (thin) black arrow represents northward (southward) movement in the atmosphere; H denotes positive 
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geopotential height anomaly; the white weather symbol represents precipitation. 510 

 

Figure 13: The mean visibility anomaly (dashed line, purple) in November and December in the NCP, the EUI (solid 

line, green), and PC1 (bars, red and blue) of the leading EOF mode for the 200 hPa meridional wind anomaly from 

1980 to 2015. The linear regression coefficient of the mean visibility onto PC1 is approximately 0.38 km, which can pass 

the significance test at the 95% level. 515 

 


