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Point-by-point responses to the co-editor's comments 

 

Co-Editor Decision: Reconsider after minor revisions (Editor review) (27 May 2017) 

by Renyi Zhang 

 

Comments to the Author: 

 

I still notice several issues with the language usage in the current version and ask for 

additional effort to improve its readability. Below are a few examples. 

 

1. Abstract, line 10, replace “enhancing” to “affecting”.  

Done as requested 

 

2. The next sentence, change “the interaction is found” to “the aerosol-PBL 

interaction is identified”. 

Changed as requested 

 

3. Change “Opposite trends in aerosol loading between the lower and upper PBL 

are found on a wide range of time scales and from different types of data acquired 

by various platforms” to “Opposite trends in aerosol loading between the lower 

and upper PBL are shown on a wide range of time scales and data acquired by 

various platforms”.  

Changed as requested 

 

4. Change “Trend analyses of three particulate variables having different temporal 

scales, namely, visibility, aerosol optical depth, and extinction, all exhibit the 

same trend: increasing in the lower atmosphere, but decreasing in the upper 

atmosphere” to “The analyses of visibility, aerosol optical depth, and extinction 

with different temporal scales exhibit the similar trend, i.e., increasing in the 

lower atmosphere, but decreasing in the upper atmosphere”. 

Changed as requested 
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5. Change the sentences “Column-integrated quantities are much less variable. The 

reversal trend is consistent with the strong vertical gradients in the aerosol-

induced atmospheric heating rate that unevenly modifies the atmospheric 

temperature profile and alters the stability differently.” 

The sentences were changed to: ‘Integration of the reversal aerosol trend below and 

above the PBL resulted in a much less change in the column-integrated quantities. 

The surface cooling effect, together with the change in the heating rate induced by the 

absorbing aerosol unevenly modifies the atmospheric temperature profile, causing a 

more stable atmosphere inside the PBL but a destabilized atmosphere above the PBL. 

Such a change in the atmospheric stability favors the accumulation of pollutants near 

the surface and the vertical diffusion of aerosol particles in the upper atmosphere, 

both of which are consistent with the observed reversal aerosol trends.’ 

 

6. The last sentence “especially in many developing countries producing large 

amounts of black and brown carbon aerosols” to “especially in many developing 

countries with high emissions of light-absorbing aerosols”. 

Changed as requested 

 

7. Also, I believe that it is important to include some discussion on the possible 

impacts of the aerosol indirect effect on PBL in China. It has been clearly shown 

that long-term cloud properties and precipitation have been significantly modified 

by highly elevated aerosols in China, as evident by suppressed light rainfall but 

intensified heavy rainfall (Wang et al., Long-term impacts of aerosols on 

precipitation and lightning over the Pearl River Delta megacity area in China, 

Atmos. Chem. Phys. 11, 12421, 2011). 

 

Yes. On page 8, the first paragraph, we added the text: 

‘Furthermore, aerosols have been closely linked with modification of cloud systems 

of various scales due to their direct and indirect effects. It has been clearly shown that 

long-term cloud properties and precipitation have been significantly modified by 

highly elevated aerosols in China, as evident by suppressed light rainfall but 

intensified heavy rainfall over the Pearl River Delta megacity area (Wang et al., 2011). 

Owing to the enhanced surface cooling and atmospheric heating caused by aerosol 
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radiative effect, strong absorbing aerosols may lead to decreased cloud fraction and 

precipitation for the deep convective clouds (Fan et al., 2008). In addition, high 

aerosol concentrations tend to increase precipitation associated with the mesoscale 

convective system but decrease the summertime local-scale precipitation (Wang et al., 

2011; Guo et al., 2017).’ 

 

To improve the readability and enhance our arguments, some additional changes 

were made: 

 

On page 2, lines 23-25, we added the text:  

‘It has been demonstrated that regional haze development in China is dominated by 

the secondary formation processes (Guo et al., 2014; Zhang et al., 2015; Wang et al., 

2016), which likely considerably enhances the optical properties of black carbon 

particles (R. Zhang et al., 2008; Khalizov et al., 2009; Peng et al., 2016).’ 

 

On page 8, lines 30-33, we added the text:  

‘The PBLH is found to be highly depended on the magnitude of solar radiation 

received at the surface. The development of PBL will be suppressed when less solar 

radiation reaches the surface (Guo et al., 2016). On a national average, the aerosol 

direct radiative forcing (ADRF) at the surface (-15.7 W m
−2

) and within the 

atmospheric column (16.0 W m
−2

) are exceptionally large but of opposite signs in 

China, suggesting that aerosols in China substantially reduce solar radiation reaching 

the ground and warm up the atmosphere (Li et al., 2010).’ 

 

On page 2, line 5,’ Particulate pollutants’ was replaced by ‘The particulate matter’. 

 

On page 9, line 6, ‘indicating’ was replaced by ‘implying’. 
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Abstract. Interactions between absorbing aerosols and the planetary boundary layer (PBL) play an important role in 

enhancing affecting air pollution near the surface. In this study, a unique feature of the interaction is found the aerosol-PBL 10 

interaction is identified that has important implications in monitoring and combating air pollution. Opposite trends in aerosol 

loading between the lower and upper PBL are found on a wide range of time scales and from different types of data acquired 

by various platforms Opposite trends in aerosol loading between the lower and upper PBL are shown on a wide range of 

time scales and data acquired by various platforms: from a short-term field experiment to decadal satellite observations, and 

multi-decadal ground observations in China. A novel method is proposed to obtain the vertical profiles of aerosol loading 15 

from passive sensors by virtue of varying elevations. Trend analyses of three particulate variables having different temporal 

scales, namely, visibility, aerosol optical depth, and extinction, all exhibit the same trend: increasing in the lower atmosphere, 

but decreasing in the upper atmosphere The analyses of visibility, aerosol optical depth, and extinction with different 

temporal scales exhibit the similar trend, i.e., increasing in the lower atmosphere, but decreasing in the upper atmosphere. 

Column-integrated quantities are much less variable. The reversal trend is consistent with the strong vertical gradients in the 20 

aerosol-induced atmospheric heating rate that unevenly modifies the atmospheric temperature profile and alters the stability 

differently Integration of the reversal aerosol trend below and above the PBL resulted in a much less change in the column-

integrated quantities. The surface cooling effect, together with the change in the heating rate induced by the absorbing 

aerosol unevenly modifies the atmospheric temperature profile, causing a more stable atmosphere inside the PBL but a 

destabilized atmosphere above the PBL. Such a change in the atmospheric stability favors the accumulation of pollutants 25 

near the surface and the vertical diffusion of aerosol particles in the upper atmosphere, both of which are consistent with the 

observed reversal aerosol trends. These findings have multiple implications in understanding and combating air pollution, 

especially in many developing countries producing large amounts of black and brown carbon aerosols especially in many 

developing countries with high emissions of light-absorbing aerosols. 



2 

 

1 Introduction 

Air pollution induced by rapid industrialization and urbanization over the past decades has become a critical constraint for 

sustainable development in China. The frequent occurrence of hazy weather has severely undermined people’s lives. Long-

term exposure to ambient particulate matter (PM) may have led to significant increases in cardiorespiratory mortality in 

China (Chen et al., 2013; Yin et al., 2015). Particulate pollutants The PM, or aerosols in general, can also alter weather and 5 

climate due to their radiative and microphysical effects, especially in regions with high aerosol loading such as China.  

 

Average concentrations of PM with aerodynamic diameters < 10 μm (PM10) and < 2.5 μm (PM2.5) at urban/suburban sites 

in China from 2006 to 2014 are 83.6 and 56.3 µg m
-3

, respectively, while values at rural stations are 54.8 and 30.8 µg m
-3

, 

respectively (Y. Wang et al., 2015). Mean ground-level PM2.5 concentrations observed over the North China Plain and the 10 

Guan-Zhong Plain (GZP) exceed the latest air quality standards of China by about several times (Y. Wang et al., 2015). The 

mean aerosol optical depth (AOD) observed by sun photometers in rural and urban sites over China was 0.34 and 0.74, 

respectively (Lee et al., 2007; Che et al., 2015), which is well above the global average of 0.17 (Lee and Chung, 2013). 

Heavy aerosol loading over China as revealed by both ground and satellite observations has a significant influence on a wide 

range of meteorological variables and may play significant roles in the climate change of China (Wu et al., 2016) and the 15 

Asian monsoon system (Li et al., 2016).   

 

Economic development plays an important role in dictating air quality in China. The spatial and temporal distributions of 

AOD and PM2.5 are also affected by urbanization and topography (Li and Wang, 2014). Through the study of extreme air 

pollution events, the interaction between absorbing aerosols and the planetary boundary layer (PBL) height (PBLH) was 20 

recognized as an important contributor to the accumulation of PM in the near-surface atmosphere over China (Wendisch et 

al., 2008; Ding et al., 2013). Together with fossil fuel combustion, biomass burning is the main source releasing absorbing 

aerosols into the atmosphere. It has been demonstrated that regional haze development in China is dominated by the 

secondary formation processes (Guo et al., 2014; Zhang et al., 2015; Wang et al., 2016), which likely considerably enhances 

the optical properties of black carbon particles (R. Zhang et al., 2008; Khalizov et al., 2009; Peng et al., 2016). Besides the 25 

urban/industrial pollution, Y. Zhang et al. (2008) and Tesfaye et al. (2014) demonstrated that the biomass burning aerosols 

also have an important impact on the evolution of PBL. A broad theoretical perspective of the impact of absorbing aerosols 

on the PBL was hypothesized by Wang et al. (2013), suggesting that a feedback between the PBLH and absorbing aerosols 

may play a key role in the aggravation of surface pollution during heavy pollution episodes. Through scattering and 

absorption of solar radiation, atmospheric aerosols reduce net surface shortwave radiation (SSR) and thus induce surface 30 

cooling. The decreased net SSR reduces sensible heat fluxes (Y. Zhang et al., 2008), which leads to weakened surface 

buoyancy fluxes (Tesfaye et al., 2014). Moreover, black carbon aerosols absorb solar radiation in the visible wavelengths 
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and consequently warm up and stabilize the atmosphere. The changes in atmospheric radiative heating rate and atmospheric 

stability depend on the vertical distribution of aerosols (Gonçalves et al., 2015). If the absorbing aerosols are confined to the 

PBL, they may incur or strengthen a temperature inversion below the entrainment zone, leading to the suppression of vertical 

motion and to a shallower PBL (Barbaro et al., 2013). This creates unfavorable atmospheric conditions for pollution 

dispersion and thus worsens surface air pollution. This mechanism was demonstrated clearly in a recent modelling study by 5 

Ding et al. (2016). They showed that the aerosol-PBL feedback tends to increase lower PBL pollution and decrease upper 

PBL pollution. 

 

In this study, we strive to obtain unique observational evidence that the aerosol-PBL feedback plays a special role in the 

long-term trend in air pollution, especially at the ground level, using both ground-based and historical satellite measurements. 10 

2 Data  

We used three types of measurements: long-term surface visibility measurements, medium-term satellite retrievals, and 

short-term field experiment measurements to take advantage of the merits of each product. 

 

Visibility data obtained by China Meteorological Administration (CMA) stations located on the GZP are used here as a 15 

proxy for air quality at the surface, while AOD retrieved from the Moderate Resolution Imaging Spectroradiometer (MODIS) 

and the Multi-angle Imaging Spectro-Radiometer (MISR) are used to denote total aerosol loading in the atmospheric column. 

Operational MODIS level 2 aerosol products with a spatial resolution of 10 km at nadir and MISR level 2 aerosol products 

with a spatial resolution of 17.6 km were used to generate gridded AOD data at every 0.1°×0.1° latitude/longitude pair and 

0.2°×0.2° latitude/longitude pair over China, respectively. 20 

 

The GZP is a key economic zone in western-central China, located along the lower valley of the Wei River (Fig. 1a). As one 

of the most densely populated regions of China, the GZP covers an area of 34000 km
2
 and has a population of about 25 

million people. The average altitude of the plain is around 500 meters. Xi'an is the largest and most developed city in the 

plain. As shown in Fig. 1, the spatial distribution of AOD follows the topography closely, i.e., higher over the basin than 25 

over the surrounding hilly mountain area.  

Insert Figure 1 

 

The Qinling Atmospheric Environment Observation Experiment was conducted at the Changan meteorological station in the 

southern suburb of Xi’an (34.150°N, 108.917°E, 433 m above sea level) and at the nearby Qinling Mountains. 30 

Measurements of aerosols and atmospheric radiation have been made since May 2013 at Changan. Its goal is to investigate 
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the impact of heavy aerosol loading on radiation, clouds, and climate in central China. A multi-filter rotating shadowband 

radiometer (MFRSR) and a set of broadband radiometers were operated side by side. A micro-pulse lidar (MPL) 

manufactured by the Sigma Space Corporation was used to obtain aerosol profiles. Based on solar radiation measurements 

from the MFRSR, the Langley technique was used to retrieve AODs in the visible and near-infrared spectral bands.  

 5 

The focus of our work is on the trend in aerosols and the aerosol-PBL feedback under clear-sky conditions, so the first step is 

to discriminate between clear and cloudy/foggy conditions. A threshold of 90% in relative humidity (RH) is widely used to 

distinguish between haze (RH < 90%) and fog (RH > 90%) in visibility datasets (Chen and Wang, 2015). However, Ding 

and Liu (2014) suggested that a value of ~82% may be more suitable for differentiating between haze and fog over China. 

We use an intermediate value of 85% in our study. For AOD and aerosol extinction profile retrievals from the MFRSR and 10 

the MPL, the automated cloud identification algorithm proposed by Alexandrov et al. (2004) was used to screen out cloud-

contaminated data. Cloud-free AOD retrievals from the MFRSR are subsequently used to constrain MPL-derived aerosol 

extinction coefficient profiles according to Welton et al. (2000). It is important to assure that there are no clouds along the 

pathway of the MPL laser beam when obtaining vertically-integrated aerosol extinction coefficients from the MPL. The 

column-integrated AOD from the MPL and the AOD retrieved from the MFRSR should be consistent. 15 

3 Trend analyses   

3.1 Trends in visibility and AOD  

The very rapid urbanization and economic development in China from the 1980s until the present has resulted in serious 

pollution problems in this region, as shown by the trend in visibility measurements made at stations located at altitudes less 

than 1 km (Fig. 2a). Note that the two are anti-correlated: poor visibility corresponds to high AOD (Fig. 2b). From 1980 to 20 

about 2008, visibility over the lowland of the GZP had been declining. A turnaround has occurred since then with a more 

dramatic improvement in visibility occurring over the past few years when Chinese central and local governments began to 

take action toward curbing air pollution. This increase in visibility was accompanied by a decrease in AOD, which is seen in 

both ground and satellite observations. However, a different trend in visibility measured at the high mountain stations 

(altitudes over 1 km) is seen, i.e., a general increasing trend since 1980, suggesting that air quality over the mountains has 25 

been improving.  

Insert Figure 2 

 

Note that visibility is often influenced by local emissions and fog whose long-term trends may contribute to visibility trends. 

To overcome this limitation, we also analyzed trends in AOD clustered according to topography so that each set of AODs 30 

represents the aerosol loading at some level above ground. By varying the ground elevation, we can derive profiles of AOD 
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trends at different altitudes as shown in Fig. 3 using both MODIS and MISR data. AOD retrievals from both satellite 

products show that the trend in AOD varies with height, i.e., increasing at low altitudes but decreasing at higher altitudes. 

We hypothesize that this switch in trend with height results from the feedback between absorbing aerosols and the PBLH.  

The difference in the spatial sampling and spatial resolution of the two instruments may explain why MISR AOD trend 

values are smaller than those from MODIS. As shown in Fig. 4 and Fig. 5a and 5b, the variation in AOD (or aerosol 5 

extinction coefficient) with altitude is more dramatic at low altitudes than at high altitudes. As a result, when AOD retrievals 

are averaged onto grids over undulating areas at different altitudes, the AOD, as well as the AOD trend, within the grid 

boxes at low altitudes will be smoothed out. To further investigate this, MODIS level 2 aerosol products were averaged onto 

0.2°×0.2° latitude/longitude grids in the same manner as the MISR aerosol products. Comparisons between MODIS AOD 

trend profiles for different grid sizes (i.e., 0.1°×0.1° and 0.2°×0.2°) are shown in Fig. 6. There is almost no difference above 10 

500 m. AOD trend values below 500 m from the gridded data at the 0.2°×0.2° spatial resolution are much smaller than those 

at the 0.1°×0.1° spatial resolution, suggesting that the smoothing effect induced by a lower spatial resolution exists. Despite 

MODIS and MISR AOD data are averaged using the same grid size, AOD trend values from MODIS (blue dots in Fig. 6) at 

low altitudes are still larger than those from MISR (Fig. 3b). Zhang and Reid (2010) demonstrated that even if MODIS and 

MISR AOD retrievals were averaged onto the same 1°×1° latitude/longitude grid, MISR trends were still half that of the 15 

MODIS trends due to the spatial sampling differences of the two instruments. 

Insert Figure 3 

3. 2 Variation of the trend with height 

The proportion of light-scattering aerosol components, e.g., nitrate and sulphate, to the total PM2.5 in Xi’an is much lower 

than that in other big cities such as Beijing, Shanghai, and Guangzhou, while the proportion of light-absorbing aerosol 20 

components, e.g., black carbon and dust, is much higher (Huang et al., 2014).  The single scattering albedo (SSA) over this 

region is well below 0.85, while the mean SSA in China is ~0.9 and high in southeast China, as derived by Lee et al. (2007) 

from a combination of satellite and ground observations across China. Absorbing aerosols trap solar radiation in the 

atmosphere with much more intensive heating in the upper PBL than in the lower atmosphere. This could lead to a 

significant decrease in the PBLH, which tends to increase near-surface particulate concentrations. 25 

 

However, the aforementioned process is complex and difficult to evaluate by direct observations due to the influence of 

other factors, such as the large-scale circulation, local pollutant emissions, and atmospheric transport. Therefore, the study of 

the interaction between aerosols and the PBLH has thus far been mainly achieved through model simulations or by studying 

short-term extreme pollution cases. The complex terrain of the GZP hinders the advective diffusion of pollution (Zhao et al., 30 

2015a) and thus provides a unique opportunity to study the interaction between aerosols and the PBLH. Here we attempt to 
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illustrate the impact of aerosols on the evolution of the PBL and the feedback between them by using long-term observations 

from the GZP. 

3.3 Comparison of profiles of aerosol extinction from satellite and lidar 

Profiles of aerosol extinction were derived from MPL backscattering measurements in conjunction with MFRSR AOD data 

following the method of Welton et al. (2000). Data collected at the Changan station during the summers of 2013 and 2014 5 

were used in this study to characterize the aerosol vertical distribution.  

 

Due to a lack of long-term MPL observations, we propose a novel approach of obtaining profiles of aerosol extinction from 

AOD measurements at different altitudes by assuming that aerosols are homogeneously distributed across the basin 

surrounded by the Qinling Mountains and the Loess Plateau. Data from the summers of 2002-2014 extracted from the 10 

Collection 6 MODIS-Aqua AOD product is used. Unlike other plains, the GZP is rarely influenced by large-scale 

circulations because airflow is blocked by the 1500-km long Qinling mountain range. Also, the regional prevailing winds 

over the GZP are unfavorable for the horizontal transport of PM (Zhao et al., 2015b). As a result, particles are mostly 

confined to their source region and tend to accumulate in the lowlands (Zhao et al., 2015a). In this case, aerosols may be 

well-mixed over the valley. The AOD at a given location and at an elevation of z (in m), denoted as AODz, is defined as the 15 

integrated extinction coefficient over the vertical path from the surface to the top of atmosphere (TOA): 

𝐴𝑂𝐷𝑧 = ∫ 𝛽𝑧′𝑑𝑧′
𝑇𝑂𝐴

𝑧
          (1) 

where βZ’ is the extinction coefficient at a height of z’. 

 

If the hypothesis is true, the observed AODs at the same elevation over the GZP should be similar. To test this, comparisons 20 

were made between the MODIS AOD at different altitudes and the integrated extinction coefficient obtained from the MPL. 

As shown in Fig. 4, the AOD at different altitudes (green dots) and MPL data (black dots) are generally consistent. Note that 

the MPL detects vertical profiles of aerosols directly above the observation site in the GZP, while MODIS AOD retrievals 

are spatially distributed over the rugged terrain surrounding the plain. The distance between MODIS AOD pixels at varying 

altitudes and the MPL site at the Changan station increases with altitude. Consequently, profiles derived from MODIS AOD 25 

at different locations having different altitudes represent basin-wide (including the perimeters of the surrounding mountains) 

profiles. Profiles from the MPL were obtained at a fixed site. As such, the agreement between the AODs at varying altitudes 

from the MPL and MODIS attests to the validity of our assumption that the vertical mixing is uniform across the basin.  

Insert Figure 4 

 30 
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Thus, AOD with respect to any vertical path segment going from z0 to z1, denoted as AODz0-z1, can be computed by 

integrating the extinction coefficient βZ’ over the corresponding altitude range or by subtracting the AOD observed at z0 

from that observed at z1:  

𝐴𝑂𝐷𝑧0−z1 = ∫ 𝛽𝑧′𝑑𝑧
′ = ∫ 𝛽𝑧′𝑑𝑧′

𝑇𝑂𝐴

𝑧0
− ∫ 𝛽𝑧′𝑑𝑧

′ =
𝑇𝑂𝐴

𝑧1

𝑧1

𝑧0
𝐴𝑂𝐷𝑧0 − 𝐴𝑂𝐷z1    (2) 

In this way, any portion of AOD at a given altitude range can be obtained from a combination of MODIS AOD data and 5 

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) global digital elevation model (GDEM) 

standard data products at a 30-m spatial resolution (http://reverb.echo.nasa.gov/reverb). Gridded mean summertime AODs 

for the period 2002–2014 are first created by gridding the high-quality (quality assurance confidence flag = 3) granule-level 

MODIS AOD retrievals onto a daily 0.1°-longitude × 0. 1°-latitude grid. The mean AOD is then calculated by averaging the 

daily AODs in each grid box. Grid boxes over the GZP containing elevations from the GDEM with high relative standard 10 

deviations (> 10%) are not included in the analysis because the AOD in those boxes can vary considerably due to the 

elevation inhomogeneity.  

 

To illustrate the impact of aerosols on the vertical temperature structure, the Santa Barbara DISORT Atmospheric Radiative 

Transfer (SBDART) model (Ricchiazzi et al., 1998) was used in this study to simulate the atmospheric heating rate induced 15 

by absorbing aerosols. The aerosol inputs to the SBDART model are AODs, Å ngström exponents retrieved from MFRSR 

measurements, SSAs (i.e., 0.84 and 0.80 at 470 and 660 nm, respectively) taken from Lee et al. (2007), and aerosol 

extinction profiles at 532 nm obtained from the MPL. The mid-latitude summer atmospheric profile adopted in the SBDART 

model was used in simulations. Additional input parameters include MODIS surface reflectance 

(http://ladsweb.nascom.nasa.gov/data/search.html), ozone column amounts from the Ozone Monitoring Instrument 20 

(https://ozoneaq.gsfc.nasa.gov/data/ozone/), and precipitable water vapor from the MFRSR. 

 

3.4 Coupling between the PBL and aerosol absorption 

The aerosol extinction profiles obtained from co-located MFRSR and MPL measurements were classified into three 

categories based on the quartiles of the aerosol loading in the lowest 270–870 m of the atmosphere:  25 

1) clean condition:  in the first quartile,  

2) moderate pollution:  between the second and third quartile,  

3) severe pollution:  the fourth quartile.  

 

An altitude of 270 m was chosen as the lower limit because of missing data in the blind zone of the MPL (0–270 m). The 30 

upper limit of 870 m is a value established by Song et al. (2013) who found that ~50% of aerosols were confined to the 

lowest 600 m of the atmosphere over Lanzhou, a city surrounded by mountains.  

http://reverb.echo.nasa.gov/reverb/#utf8=%E2%9C%93&new_view=true&spatial_type=rectangle&keywords=ASTGTM&selected=C197265171-LPDAAC_ECS
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Aerosol profiles corresponding to the three pollution levels in the summers of 2013 and 2014 are shown in Fig. 5a and 5b. 

The column-integrated AODs for the clean, moderate pollution, and severe pollution categories are 0.23, 0.38, and 0.50 in 

Fig. 5a, respectively, and 0.24, 0.33, and 0.41 in Fig. 5b, respectively. The PBLH for the clean, moderate, and severe 

pollution cases in the summer of 2013 are 2.9, 2.4, and 1.2 km, respectively, and 2.2, 2.0, and 0.8 km, respectively, in the 5 

summer of 2014. As shown in Fig. 5a and 5b, the shapes of the aerosol profiles under each pollution condition in both years 

are similar, suggesting that these profiles are characteristic of the region. The relative changes in the level of pollution in the 

lower and upper PBL are generally out of phase. For the case of severe pollution (orange curve), pollution decreases most 

dramatically at the top of a presumably shallow PBL, whereas extinction increases with height for the clean and moderate 

pollution cases. Extinction coefficients above 1500 m for the severe pollution case are smaller than those in the moderate 10 

pollution case. Our finding suggests that a strong correlation exists between absorbing aerosols and the PBL over the GZP. 

However, causality cannot be established by such an analysis because the PBL strongly affects aerosols and vice versa.  

Insert Figure 5 

 

Several simulation studies have demonstrated the coupling between absorbing aerosols and the PBL in China. Absorbing 15 

aerosols heat up the lower atmosphere due to aerosol absorption of solar radiation and cool down the lower PBL by reducing 

the amount of solar radiation reaching the earth's surface (Wendisch et al., 2008; Ding et al., 2013). Thus, Aaerosols trapped 

in the basin increase atmospheric stability and suppress convection locally (Fan et al., 2015). Ding et al. (2016) found that 

the PM2.5 mass concentration was significantly underestimated near the surface and overestimated around the top of the 

PBL when the impact of absorbing aerosols was neglected. Furthermore, aerosols have been closely linked with modification 20 

of cloud systems of various scales due to their direct and indirect effects. It has been clearly shown that long-term cloud 

properties and precipitation have been significantly modified by highly elevated aerosols in China, as evident by suppressed 

light rainfall but intensified heavy rainfall over the Pearl River Delta megacity area (Wang et al., 2011). Owing to the 

enhanced surface cooling and atmospheric heating caused by aerosol radiative effect, strong absorbing aerosols may lead to 

decreased cloud fraction and precipitation for the deep convective clouds (Fan et al., 2008). In addition, high aerosol 25 

concentrations tend to increase precipitation associated with the mesoscale convective system but decrease the summertime 

local-scale precipitation (Wang et al., 2011; Guo et al., 2017). 

Insert Figure 6 

 

The PBLH is found to be highly depended on the magnitude of solar radiation received at the surface. The development of 30 

PBL will be suppressed when less solar radiation reaches the surface (Guo et al., 2016). On a national average, the aerosol 

direct radiative forcing (ADRF) at the surface (-15.7 W m
−2

) and within the atmospheric column (16.0 W m
−2

) are 

exceptionally large but of opposite signs in China, suggesting that aerosols in China substantially reduce solar radiation 



9 

 

reaching the ground and warm up the atmosphere (Li et al., 2010). The parameterization schemes developed by Xia et al. 

(2007) were used to quantitatively estimate aerosol-induced changes in the net SSR, namely the ADRF at the surface, at 

Xi’an by using the AOD retrievals from the MFRSR, the MODIS surface albedo products (MCD43B3), and the global 

shortwave radiation (SWR) measured by Kipp-Zonen CMP21 from June 2013 to August 2014. The diurnal variation of the 

ADRF in summer at Xi’an is shown in Fig. S1. The mean diurnal ADRF is -35.7 W m
-2

 for the global SWR at the surface in 5 

summer. And, the ADRF during the daytime showed very large negative values, indicating implying weakened surface 

buoyancy fluxes and decreased PBLH (Y. Zhang et al., 2008; Tesfaye et al., 2014).  

 

Aerosol heating rates computed during the course of the day (0800–1800 Beijing Time) in the summer are shown in Fig. 5c 

and 5d. The maximum heating rate occurs at ~1 km. In the relatively clean and moderate pollution scenarios, maximum 10 

heating rates are seen at higher altitudes. This suggests that the stability inside the PBL was strengthened while the instability 

above the PBL was enhanced, causing a “heat pump” effect (Lau and Kim, 2006) that favors the vertical diffusion of aerosol 

particles in the upper atmosphere. As a result, aerosol extinction coefficients observed at altitudes above 1500 m in the most 

polluted scenario are lower than in the moderately polluted scenario.  

 15 

The visibility at ground level has significantly decreased in northern China from 2000 to 2012 (Chen and Wang, 2015) and 

the number of hazy days has increased noticeably (H. Wang et al., 2015). However, the column-integrated AOD has shown a 

much weaker trend as shown in Fig. 3 and in Lin et al. (2013). The disproportionate changes in surface visibility and column 

aerosol loading could be due to the rapid accumulation of particles near the surface in combination with a reduction in 

aerosol particles in the upper PBL due to the inefficient vertical transport of aerosol particles. 20 

 

To test this conjecture, we used the MODIS AOD product to derive aerosol loading in the lower PBL (400-800 m, AOD400-

800m) and the upper PBL (1500-1900 m, AOD1500-1900m) using the aforementioned method for each summer from 2002 to 

2014. The aerosol scale height was calculated using an exponential curve fitting of MODIS AOD and ASTER GDEM data 

(Dong et al., 2013). The aerosol scale height is used as a proxy of the PBLH because it is related to the height of the 25 

boundary layer (Gerasopoulos et al., 2003). The scatterplots of AOD400-800m and AOD1500-1900m as a function of aerosol scale 

height in Fig. 7 shows the difference in the response of the aerosol loading at different altitudes to the scale height. As the 

AOD near the surface increases from 0.2 to 0.6, the aerosol scale height drops from ~1100 m to 670 m. In response to the 

decrease in scale height, the aerosol loading above the PBL decreases. The correlation coefficients of the linear relationships 

between AOD400-800m and AOD1500-1900m, and the aerosol scale height are 0.71 and 0.55, respectively. The correlations are 30 

statistically significant at the 95% confidence level. However, the correlation coefficient of the linear relationship between 

AOD1500-1900m and AOD400-800m does not reach the 0.05 significance level, suggesting that the amount of aerosol particles near 

the surface has an indirect impact on the aerosol concentration in the upper PBL through its effect on the PBLH. 
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Insert Figure 7 

 

During the period of MODIS observations, the trend in AOD over China has a turning point around 2008: an upward trend 

pre-2008 followed by a downward trend post-2008, as reported by He et al. (2016). We examined the summertime trends in 

AOD at different altitudes during the period 2002–2008 (red line in Fig. 8a) and 2008–2014 (blue line in Fig. 8a). AOD over 5 

the lowlands (< 800 m) increased dramatically during the period 2002–2008. However, the AOD at higher altitudes (1.7–2.3 

km) decreased at a rate of -0.0075 per year. It is worth emphasizing that the magnitude of this negative AOD tendency at 

high altitudes exceeds that of the ascending tendency over the entirety of China (+0.0003) during the same period (He et al., 

2016), suggesting that the changes in AOD at higher altitudes over the GZP are different from the changes in other regions. 

For the period 2008–2014, the trends in AOD at different altitudes are opposite to those from the 2002–2008 period. The 10 

AOD over the lowlands with altitudes < 700 m dramatically decreased while AOD at altitudes from 800 to 1200 m increased. 

To further illustrate this phenomenon, the variation in aerosol extinction coefficient derived from d(AOD)/dz using MODIS 

AOD retrievals in conjunction with the GDEM is shown in Fig. 8b. Concurrent with the increase in aerosol concentration in 

the lower PBL during the period 2002–2008, aerosol extinction coefficients at altitudes above 1850 m decreased with a 

maximum value occurring near 2300 m. The opposite is seen during the period 2008–2014. A notable downward tendency in 15 

the aerosol extinction coefficient in the lower PBL is found, while at the same time, a positive trend with a maximum 

magnitude of 0.04 km
-1

 yr
-1

 is seen at altitudes between 900 and 1300 m. The vertical distribution of trends in AOD and 

aerosol extinction coefficient during the two periods show that changes in aerosol loading near the surface were opposite to 

those above the PBLH over the GZP, which is solid evidence that the aerosol-PBL feedback plays a significant role in the 

long-term trend in air pollution, and especially in the opposite trends between the lower and upper PBL. 20 

Insert Figure 8 

 

To further investigate the role of aerosol absorption in the opposite trends, we expanded our satellite analyses to over large 

areas in China containing aerosols with a different light-absorbing property. The SSA in northern China is generally lower 

than in southern China (Lee et al., 2007). It was thus hypothesized that the reversal trends in northern China would be more 25 

significant than in southern China, which is confirmed from the trend analyses at different altitudes over the entire period of 

MODIS observations shown in Fig. 9.  

Insert Figure 9 

 

Even though the MODIS AOD retrievals are relatively limited in winter due to the bright surface, the trend in AOD at 30 

different altitudes over the entirety of China are examined as well. As shown in Fig. 10, the profile of AOD trends at 

different altitudes in winter is similar to that in summer (Fig. 3a). The major difference between the two is that the transition 

from negative to positive values in AOD trends takes place at a lower altitude. This is because the PBL height is generally 



11 

 

lower in winter than in summer. Moreover, the transition zone in the long-term trends in surface visibility over the GZP 

show a downward shift as well (not shown here). This finding attests to that the aerosol-PBL feedback plays a more 

important role in winter. 

Insert Figure 10 

4 Summary and conclusions 5 

While an aerosol and PBL interaction has been conjectured, chiefly based on an inverse correlation between air pollution 

(both gas and particulate pollutants) and PBL height. This may not be construed as an evidence of the interaction because 

they may co-vary with meteorological conditions. A low PBL is favorable for the accumulation of any pollutant, but this 

does not imply that they interact with each other. For aerosols to interact with the PBL, the atmospheric thermodynamic 

status must be modified.  10 

 

To obtain more direct evidence and to gain further insight into the interaction on both air pollution and PBL dynamics, we 

took advantage of rich measurements made from an intensive field experiment, long-term routine surface visibility 

observations, and satellite-based aerosol retrievals. A unique region in central China was chosen: the GZP and the Qinling 

mountain range composed of mountains having a wide range of heights. The GZP is one of the most heavily polluted regions 15 

in China due to coal-burning industries and has the lowest aerosol SSA measured in China. Next to the GZP lies the Qinling 

mountain range, which offers an opportunity to examine vertical profiles of aerosol loading through a novel method 

proposed here.   

Using both the inferred and observed profiles of aerosol extinction together with computations of aerosol-induced radiative 

heating, a unique “signature” of the interaction between absorbing aerosols and the PBL is discovered, namely, the opposite 20 

trends in aerosol extinction, visibility, and aerosol optical depth as measured in the lower and upper PBL. Visibility data 

collected at meteorological stations located at altitudes below and above 1 km showed generally downward and upward 

trends, respectively, since 1980. The same opposite trends are also seen from retrievals of AOD from both MODIS and 

MISR since ~2000 over regions with altitudes below and above 1 km. Two years of lidar measurements showed that the 

vertical structure of the aerosol extinction coefficient varied systematically with the aerosol concentration in the lower 25 

atmosphere, i.e., a cleaner atmosphere near the surface corresponded to a higher peak in aerosol extinction in the upper PBL 

and vice versa. As near-surface pollutants accumulate, they are confined to the lower PBL due to enhanced atmospheric 

stability, whereas pollutants in the upper PBL are dispersed more efficiently as the atmosphere becomes more unstable, 

thanks to heating in the lower PBL.  

 30 
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To further verify if it indeed stems from aerosol-PBL interactions, similar analyses were done in regions with distinctly 

different values of SSA. In low SSA regions, the reversal trends are much more pronounced than in high SSA regions, which 

attests to the critical role of aerosol absorption.  

 

The findings presented in this study have numerous important implications. First, it signifies the importance of aerosol-PBL 5 

interactions in dictating ground-level pollution. In particular, it implies that particulate pollution at the ground level can be 

much heavier than what is denoted by a column-integrated AOD. The latter is relatively readily and widely available and has 

been used as a proxy for indices representing air pollution on the ground such as PM2.5 and PM10. In regions/periods 

dominated by absorbing aerosols, changes in AOD may be totally decoupled from ground-level PM concentrations. Second, 

it suggests that one may not be able to use ground-based measurements of pollutants to assess the effect of any emission 10 

controls. Taking China as an example, drastic measures have been taken to reduce emissions but they seem to have little 

impact on heavy haze episodes because a significant part of the real reduction may have occurred in the upper PBL at the 

expense of worsening air quality at the surface or lower atmosphere. Finally, it points to a more efficient means of reducing 

air pollution: reducing/removing absorbing aerosols such as soot or black carbon, which can cause far more serious pollution 

than non-absorbing aerosols such as sulfates.   15 

 

Data availability 
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request (contact: Zipeng Dong, dzp2003@126.com). 20 
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Fig. 1. (a) A topographic map of the Guan-Zhong Plain and (b) the spatial distribution of AOD over the region shown in (a). 

The red solid dot in (a) shows the location of the Qinling experimental site in Changan near Xi’an. 
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Fig. 2. (a) Long-term trends in visibility measured at meteorological stations located at different altitudes on the Guan-

Zhong Plain and in the surrounding mountain region. (b) Correlation between aerosol optical depth (AOD) and 

visibility over the plain. 10 
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Fig. 3. Vertical profiles of aerosol optical depth (AOD) trends over the entirety of China from (a) MODIS and (b) MISR 

retrievals in the summer seasons of 2002 to 2014. Red dots and horizontal bars represent mean tendencies and standard 

deviations, respectively. The “a.s.l.” in the ordinate labels stands for “above sea level”. The specific region of study can be 

found in Fig. S2. 5 
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Fig. 4. AOD at different altitudes derived from MODIS retrievals over the study region shown in Fig. 1a (green dots) and 

MPL (black dots) data on (a) 13 September 2013 at 0600 Coordinated Universal Time (UTC), (b) 26 March 2014 at 0550 

UTC, and (c) 29 September 2013 at 0600 UTC. Red dots and horizontal bars represent mean MODIS AODs and standard 5 

deviations, respectively. Only those MODIS five-minute granules with a sufficient amount of valid AOD data (> 75%) are 

chosen. 
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Fig. 5. Mean summertime aerosol extinction profiles measured by the MPL in (a) 2013 and (b) 2014, and summertime 

atmospheric heating rates induced by aerosols in (c) 2013 and (d) 2014. Profiles representing relatively clean, moderate 

pollution, and severe pollution scenarios are shown as blue, green, and yellow lines, respectively. The “a.g.l.” in the ordinate 

labels stands for “above ground level”. 5 
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Fig. 6. Vertical profiles of aerosol optical depth (AOD) trends over the entirety of China from gridded MODIS AOD data at 

0.1°×0.1° (red dots and red line) and 0.2°×0.2° (blue dots and blue line) spatial resolutions from 2002 to 2014. 
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Fig. 7. AOD in the lower PBL (AOD400-800m) and in the upper PBL (AOD1500-1900m) as a function of aerosol scale height. 

Linear-fit equations, coefficients of determination, and p-values are given. 
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Fig. 8. Vertical distributions of trends in summertime mean (a) AOD and (b) aerosol extinction coefficient. The vertical 

resolution is 200 m. Red and blue lines represent tendencies during the period 2002–2008 and 2008–2014, respectively. The 

“a.s.l.” in the ordinate labels stands for “above sea level”. 5 
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Fig. 9. Vertical distributions of the trend in AOD from MODIS-Aqua in (a) northern (> 40°N) and (b) southern (< 30°N) 

China from 2002 to 2014. The specific region of study can be found in Fig. S3. 
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Fig. 10. Vertical profiles of the trend in aerosol optical depth (AOD) from MODIS-Aqua in the winter seasons of 2002 to 

2014 over the entirety of China. The “a.s.l“ in the ordinate labels stands for “above sea level”. 

 


