
We really appreciate the reviewers for the valuable and constructive comments, which 

are very useful for the improvement of the manuscript. We have replied the reviewers’ 

comments point-to-point in below. The reviewers’ comments are cited in black, while 

the responses are in blue. The revised parts in the manuscript are marked in red. All the 

page number and line number are referred to the revised manuscript.  

 

Major comments 

(1)  In this version, the authors focused on a few pollution episodes. My question is 

how representative are these episodes. Since you have collected several month 

measurement data, I’d suggest you to provide more statistics. For example, are these 

dust layers always accompanying the haze events, if not, how frequent? How about the 

rest periods, is there still a dust layer, and what’s the mean dust concentration in both 

bases? The authors mentioned “This stratification is governed by meteorological 

conditions that strong northwesterly winds usually prevailed in the lower free 

troposphere, and southerly winds are dominated in the PBL, producing persistent and 

intense haze pollution." How often do you have such meteorological conditions? Is 

there any episode with southerly winds both in the PBL and in the free troposphere? 

R: Periodic air pollution cycles during our whole observation is shown in Figure R1 

and Figure S5 in the supplementary materials. Nine heavy pollution incidents (HPI) 

have been observed and 8 HPIs present aerosol stratification (except HPI 3), the 

duration of each case is listed in the Table R1 and Table S1 in the supplementary 

materials. The aerosol stratification is most prominent in HPI 1 and HPI 2, the VDR in 

the upper lidar layer during dissipation stage was greater than 0.3, suggesting almost 

pure dust. We have analyzed these two HPIs in detail in the manuscript. Among the 

eight HPIs where aerosol stratification occurred, the upper dust layer is strongly 

affected by the northwest transmission while the lower anthropogenic aerosols usually 

related to the southerly transportation (Figure R2 and Figure S6 in the supplementary 

materials). The upper dust layer does not always last the entire lower anthropogenic 

aerosol pollution period, such as HPI 9. Similarly, when there is no lower anthropogenic 

aerosol pollution, there will also be dust layer in the upper lidar layer (Figure R1b white 



rectangle). During HPI 1 and HPI 2, the WRF-Chem simulation results show that the 

concentrations of elevated dust is 0–165µg/m3 and 0–79 µg/m3, respectively. We also 

found an episode (HPI 3) with southerly (southeast or southwest) winds both in the PBL 

and in the free troposphere (Figure R2 and Figure S6 in the supplementary materials). 

The VDR during HPI 3 in the lower and upper lidar layer is less than 0.08, indicating 

anthropogenic aerosols. 

We also include these important statistics message in the manuscript. Please refer to 

Page 8 Line 11–15 and Page 12 Line 20–30. 

 

Figure R1. Periodic air pollution cycles during our whole observation. The color 

contours show the vertical structure of (a) EXT355 and (b) VDR. (c) Temporal evolutions 

of surface average PM2.5 and PM10 mass concentrations observed by six environmental 

monitoring stations in Baoding. Each HPI is marked with a red rectangle in (a), and 

the HPI number is displayed on the top of each red rectangle. The detailed date of each 

HPI is listed in Table R1.  



 

Figure R2. Cluster analysis of 24–h air mass backward trajectories (AMBTs) 

initialized at 500 m (black) and 1000 m (red) during each HPI. The numbers in the map 

are the fraction of each category of AMBTs. The 24–hour AMBTs were computed using 

the Hybrid Single–Particle Lagrangian Integrated Trajectory (HYSPLIT) model of the 

National Oceanic and Atmospheric Administration (Draxler and Hess, 1998). We 

calculated the hourly AMBTs during the whole observation period initialized at 500 m 

and 1000 m. Then, cluster analysis of AMBTs was conducted in two categories 

directions. The HPI number is shown in top left of each panel. 

Table R1. The duration of each HPI during our whole observation. 

Case Period (LTC) 

HPI 1 2017/01/22 11:00–2017/01/26 23:00 

HPI 2 2017/02/01 11:00–2017/02/05 06:00 

HPI 3 2017/01/05 04:00–2017/01/08 04:00 

HPI 4 2017/01/15 10:00–2017/01/19 12:00 

HPI 5 2017/01/27 14:00–2017/01/29 07:00 

HPI 6 2017/02/14 16:00–2017/02/16 13:00 

HPI 7 2017/02/18 00:00–2017/02/19 18:00 

HPI 8 2017/03/03 10:00–2017/03/05 20:00 

HPI 9 2017/03/16 03:00–2017/03/23 05:00 

 

 



Other comments 

(1)  Abstract “here we found that aerosols in North China are typically characterized 

by a pronounced vertical stratification ...” By saying “typically”, do you mean in winter 

or all seasons? 

R: Here we refer to winter, because we only analyzed the vertical distribution of winter–

time aerosols, we corrected the description as “here we found that winter–time aerosols 

in North China are typically characterized by a pronounced vertical stratification...”. 

Please refer to Page 1 Line 27.  

 

(2)  Abstract “With the accumulation of elevated dust, the proportion of aerosol and 

trace gas at the surface in the whole column increased.” Normally, we talked about 

accumulation of pollutants only near the surface referring to the addition of 

emitted/secondary formation pollutants. For elevated dust (no emission and secondary 

formation), can you explain how it can be accumulated? 

R: Thanks for pointing out the unsuitable expression. Here we mean the proportion of 

dust aerosol concentrations in total aerosol concentrations has increased. Because the 

air pollution in the upper lidar layer is affected by the northwest transport, the VDR in 

the upper lidar layer increases continuously, indicating that the contributions of dust to 

total aerosol concentrations has increased. We have re-phrased the sentence as “With 

the increased contribution of elevated dust to the upper aerosols”. Please refer to Page 

1 Line 32. 

 

(3)  Page 2 line 6 "Accumulation of air pollutants from stationary and transportation 

sources, accompanied by the explosive increase of new particles under stagnant weather 

conditions (Guo et al., 2014; Huang et al., 2014), cause PM2.5 (particle mass less than 

2.5 µm in diameter) concentrations to increase several–fold within a few hours." The 

explosive increase is not caused by accumulation by the transport (Zheng et al. 2015). 

The new particles normally refer to sub-10 nm particles, while during severe haze event 

particles are ∼ 100 nm. The multiphase chemical formation (Cheng et al. 2016) is also 

an important pathway for the haze formation and should be included here.  



R: We have included the multiphase chemical formation pathway for the haze 

formation and cited the related references in the manuscript. We have improved 

description as “Accumulation of air pollutants from stationary and transportation 

sources and explosive increase of new particles under stagnant weather conditions (Guo 

et al., 2014; Huang et al., 2014; Zheng et al. 2015) through chemical reaction, such as 

multiphase chemical formation (Cheng et al. 2016) as well as regional transport (Li et 

al., 2017), cause PM2.5 (particle mass less than 2.5 μm in diameter) concentrations to 

increase several–fold within a few hours.”. This information is now included in the 

manuscript (Page 2 Line 8–12). 

(4)  Equation 3 “... and OIN are nitrate, sulfate, ammonium ..”, What of nitrate? 

Concentration, mass, or?   

R: The NO3, SO4, NH4, OC, BC, CL, NA, and OIN are the 3–D mass mixing ratios of 

the MOSAIC variables in the MOSAIC aerosol scheme, the unit of 3–D mass mixing 

ratios is µg/kg. We corrected the description of these variables as “the NO3, SO4, NH4, 

OC, BC, CL, NA, and OIN are 3–D mass mixing ratios of nitrate, sulfate, ammonium, 

organic compounds, black carbon, chloride, sodium, and other inorganic compounds, 

respectively.”. Please refer to Page 5 Line 29–30. 

 

(5)  Equation 4, “1. without considering the influence of dust (dust_off), that is, the 

effects of dust on radiation transfer and meteorology were ignored; 2. with 

consideration of the effect of dust (dust_on),” It is not clear how the two numerical 

experiments were carried out. According to these descriptions, the dust_off case is 

performed without considering the effects of dust on radiation and meteorology. But 

without considering dust and without considering the effect of dust are different. Also 

it is not clear how comes equation 4 because the difference between these two OINs 

may also be caused by the feedbacks on meteorological conditions on OINs other than 

dust. Why you cannot directly calculate dust composition from your model?  

R: Thanks for pointing out the unsuitable expression. We turned off the dust emission 

in our simulation area in dust_off case, indicating without considering dust. The 

influence of elevated dust on meteorological conditions mainly includes two aspects. 



One is the influence of elevated dust itself on radiation. Secondly, the elevated dust also 

promotes chemical reactions and the formation of new particles in the upper layer 

(Cwiertny et al., 2008; Nie et al., 2014), and the newly formed upper aerosols induced 

by elevated dust can also affect the radiation. Here we re-phrased the sentence as “1. 

without considering the dust (dust_off); 2. with consideration of the dust (dust_on).”, 

please refer to page 6 line 2 and page 12 line 2–3.  

Our WRF–Chem model is public version 3.6, and we uses the CBMZ/MOSAIC 

chemical mechanism (Zaveri et al., 2008), which does not identify dust as a separate 

species. The emitted dust is assigned to the other inorganic compounds (OIN) class of 

MOSAIC (Zaveri et al., 2008). Indeed, the feedbacks on meteorological conditions on 

OINs will cause the OIN differences between the two scenarios (dust_on and dust_off). 

However, according to the effects of elevated dust on non–dust particles (nitrate, sulfate, 

ammonium, organic compounds, and black carbon), elevated dust has increased the 

surface non–dust particles by 0%–21%, while the elevated dust has insignificant effects 

on upper non–dust particles (less than 5%). By analogy, the difference in OIN at the 

surface between the two experiments should also be increased by 0%–21% (0–23 µg/m3) 

due to elevated dust, and OIN in the upper layer should be almost unchanged. Actually, 

the difference in surface OIN between the two experiments has increased up to 109 

µg/m3 and the difference in upper OIN has increased up to 165 µg/m3, indicating 

approximately 80% surface OIN difference and almost all the upper OIN difference 

were caused by dust. Thus, we approximately calculated the dust concentration as the 

OIN difference between the two scenarios (dust_on and dust_off), which is expressed 

in Equation 4 in the manuscript. 

 

(6)  Page 6 equation 7 and 8, here you calculated the change of turbulence exchange 

coefficient, how about convection/advection, which is also important for pollutant 

transport?  

R: Thanks for the suggestion. In the revised manuscript, we use horizontal winds to 

indicate advection and convective precipitation to reflect convection, and lower 

convective precipitation suggests weaker convection (Baro et al., 2015; Gao et al., 



2013). We calculate the change of surface horizontal winds speed between two 

experiments (dust_on and dust_off). The maximum reduction of surface horizontal 

winds speed up to 1.2 m/s, the relative attenuation of surface horizontal winds speed is 

0%–27% (Figure R3 and Figure S7 in the supplementary materials). Therefore, the 

elevated dust also weakens the surface advection. For convection, the average 

convective precipitation (RAINC) from 20 Jan to 4 Feb 2017 between two experiments 

(dust_on and dust_off) are extremely small, which implies that there is no active 

convection activity (Figure R3 and Figure S7 in the supplementary materials) during 

our observed period. The discussion about the advection and convection was also added 

in the manuscript. Please refer to Page 11 Line 16–19.    

 

Figure R3. Influence of elevated dust on surface winds in HPI 1 and HPI 2 dissipation 

stages. (a) Difference in surface horizontal winds between the experiments dust_on and 

dust_off. (b) Percentage change in surface horizontal winds between the experiments 

dust_on and dust_off. The time of each subgraph is the HPI 1 dissipation stage at 13:00 

LT on 26 Jan 2017 (left panel) and HPI 2 dissipation stage at 16:00 LT on 4 Feb 2017 

(right panel). (c) Mean convective precipitation (RAINC) between two experiments 

dust_on (left) and dust_off (right) in WRF-Chem simulations from 20 Jan to 4 Feb 2017 

 



(7)  Page 7 “had peak mass concentrations greater than 500 µg m-3.” Mass 

concentration of what? Dust, PM2.5?  

R: Here we refer to PM2.5 mass concentration, we have corrected the description as “had 

peak PM2.5 mass concentrations greater than 500 µg m-3”. Please refer to Page 8 Line 

16. 

 

(8)  Page 8 line 7“The average EXT355 in the upper lidar layer during the weak 

southerly wind conditions was 1.00 km-1, which is clearly higher than that during the 

winds from Gobi desert (0.66 km-1) and sparsely populated northern mountain areas 

(0.38 km-1).” Could you explain why during southerly wind conditions, the EXT355 in 

the upper layer is even higher? Since the other pollutants lead to a thicker/high 

abundance layer, will it have a stronger effect on the haze events, compared to the dust 

case (from Gobi desert and northern mountain areas)?  

R: The high EXT355 in the upper layer is often affected by anthropogenic aerosols 

transported from the south, resulting in an increase of EXT355 and a decrease in VDR 

(Figure R4 red rectangle). Recent research has found that, based on the blocking role 

of mountains, a vertical vortex in the lower troposphere was induced over downwind 

regions. This mountain–induced vortex elevated ground pollutants to higher layers and 

formed a thick pollutant layer from the surface to above 1 km. The elevated pollutant 

layer is then transported to Beijing via an enhanced southerly wind, leading to aerosol 

pollution in the upper air of Beijing (Quan et al., 2019). Elevated dust have a greater 

impact on surface aerosols than that of anthropogenic pollutants during HPI 2. We 

compared the percentage of bottom EXT360 in total EXT360 on 23 and 24 Jan. The dust 

dominants the upper aerosols between 12:00–16:00 on 23 Jan, while between 12:00–

16:00 on Jan 24, anthropogenic pollutants appeared in upper aerosols (Figure R4 red 

rectangle). The average percentage of bottom EXT360 is 22.3% between 12:00–16:00 

on 23 Jan and 21.2% between 12:00–16:00 on 24 Jan. 



 

Figure R4. Periodic air pollution cycles in North China. The color contours show the 

vertical structure of (a) EXT355 and (b) VDR measured by RL. Temporal evolutions of 

spatially average VDR and EXT355 at (c) 950 m–1,050 m. The colors in (c) represent 

the air masses originating from southwest (red), Gobi desert (yellow), and sparsely 

populated northern moutain areas (blue).  

 

(9)  Page 8, line 17 “which is conducive to the accumulation and explosive growth of 

aerosols in the lower and upper lidar layers.”, here again, there is no explosive growth 

due to chemical processes, and the apparent explosion is mainly caused by fast 

transition of air masses (Zheng et al. 2015).  

R: We have re-phrased the sentence as “The shift of the origin of the air mass from 

northerly to southerly, together with a considerable decrease in wind speed, promotes 

the southerly transport of industrial pollutants and explosive increase of new particles 

under stagnant weather conditions (Zheng et al. 2015) through chemical reaction, such 

as multiphase chemical formation (Cheng et al. 2016), which is conducive to the 

accumulation of aerosols in the lower and upper lidar layers.”. Please refer to Page 9 

Line 19–21.  

 

(10)  Page 8 line 28 “During HPI 1, the upper dust layer formed slightly later than the 



accumulation of the anthropogenic aerosols in the lower lidar layer (Fig.3).” So?  

R: As described in our manuscript, the low–level anthropogenic aerosols came from 

the southerly polluted industrial regions and the upper dust layers arrived mostly from 

Mongolia. The upper dust layer formed slightly later than the anthropogenic aerosols 

in the lower lidar layer during HPI 1, while the upper dust layer during HPI 2 appeared 

earlier than the anthropogenic aerosols in the lower lidar layer, indicating the formation 

of upper dust is independent of the formation of anthropogenic aerosols in the lower 

lidar layer. We have supplemented this information in Page 9 Line 32 and Page 10 Line 

1 in the manuscript. 

 

(11)  Page 9 line 16, “The two parallel simulations, dust_on and dust_off, well 

reproduced the spatial and temporal variations of dust concentration at CWBF (Fig. 8 

and Fig. 9).” How can dust_off well reproduced the dust concentration?  

R: Thanks for pointing out the unsuitable expression. The dust concentration was the 

OIN difference between the two scenarios (dust_on and dust_off), which is defined in 

Equation 4 in the manuscript. We have re-phrased the sentence as “The dust 

concentrations is derived from the OIN difference between the two scenarios of dust_on 

and dust_off (Equation 4), model simulations well reproduced the spatial and temporal 

variations of dust concentration at CWBF (Fig. 9 and Fig. 10).” . Please refer to Page 

10 Line 20–21. 

 

(12)  Section 3.3, I thought you may use dust_on and dust_off case to analyze the 

impact of dust, but the relevant discussion in the section is rather limited and vague. 

For example, “Consequently, dust–meteorology interactions result in more stagnant 

conditions, with the turbulent exchange coefficient within the PBL falling by over 60%. 

Similarly, a significant decrease in PBL height was also attributable to the stable 

stratification (Fig. 11c and 11d).”, what did you define the dust-meteorology 

interactions? How did you calculate the change of PBL and turbulence? Based on 

comparison between different periods/stages or between the two scenarios (dust_on and 

dust_off)? The 60% reduction of turbulent exchange coefficient seems to be a large 



effect, but the change of NO2 and aerosol concentrations seem to be small. Can you 

also calculate the percentage change due to dust in analogy to the absolute change in 

Figure 10. 

R: The dust-meteorology interactions mainly includes two aspects. Firstly, the 

difference in meteorological conditions between the upper and lower lidar layer leads 

to the aerosol stratification, dust or mixtures of dust and anthropogenic aerosols 

dominated above the PBL and anthropogenic aerosols prevailed within the PBL. 

Secondly, elevated dust alters the atmospheric thermodynamics and stability, mostly by 

lower–level cooling and upper–level heating, especially during dissipation stage. The 

suppressed turbulence exchange and decreased in PBL height impede dissipation of 

persistent heavy haze pollution. The change of PBL and turbulence was calculated 

between the two scenarios (dust_on and dust_off). The change of NO2 and aerosol 

concentrations interact strongly with many meteorological variables, e.g. wind speed, 

temperature, humidity, turbulence, PBL (Li et al., 2017; Zhong et al., 2018). Model 

results show that, although the turbulent exchange coefficient decreased approximately 

60%, the horizontal wind speed decreased 0–27% and the PBL decreased 0–26%. Thus, 

the deteriorating meteorological conditions resulted in the surface non–dust particle and 

NO2 concentrations increased by 0%–21% (Figure R6 and Figure 11 in the manuscript). 

The concentration of surface non–dust particles and NO2 increased by 0–11.4 µg/m3 

and 0–4.4 ppb, respectively. 

The definition of dust-meteorology interactions was added in the manuscript. Please 

refer to Page 12 Line 20–30. The percentage change of aerosol and NO2 concentrations 

was also supplemented in the manuscript, please refer to Figure 11 and Page 11 Line 

7–8. 



 

Figure R6. Influence of upper–level dust on surface non–dust aerosol in HPI 1 and 

HPI 2 dissipation stages. Horizontal distribution of (a) upper–level suspended dust 

concentration and (b) surface dust concentration. Difference in (c) surface non–dust 

particle concentration, (d) surface NO2 concentration between the experiments dust_on 

and dust_off. The percentage change of (e) surface non–dust particle concentration and 

(f) surface NO2 concentration between the experiments dust_on and dust_off. The time 

of each subgraph is the HPI 1 dissipation stage at 13:00 LT on 26 Jan 2017 (left panel) 

and HPI 2 dissipation stage at 16:00 LT on 4 Feb 2017 (right panel).  
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