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Abstract: During the 2014 Asia-Pacific Economic Cooperation (APEC) Economic Leaders’ 

Meetings in Beijing, the Chinese government made significant efforts to clear Beijing’s sky. 

The emission control measures were very effective and the improved air quality during the 

APEC Meetings was called the “APEC Blue”. To monitor and estimate how these emission 

control measures affected air quality in Beijing and its five neighboring large cities (Tianjin, 

Shijiazhuang, Tangshan, Jinan, and Qingdao), we compared and analyzed the satellite-retrieved 

Aerosol Optical Thickness (AOT) products of the pre-APEC (18–31 October), APEC (1–11 

November), and post-APEC periods (11–31 November) in 2002–2014 and daily PM2.5 

measurements of the three periods in 2014 on the ground. Compared with the pre- and  
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post-APEC periods, both ground and satellite observations indicated significantly reduced 

aerosol loading during the 2014 APEC period in Beijing and its surroundings, but with 

apparent spatial heterogeneity. For example, the peak value of PM2.5 in Beijing were around 

100 µg∙m−3 during the APEC period, however, during the pre- and post-APEC periods, the 

peak values were up to 290 µg∙m−3. The following temporal correlation analysis of mean 

AOT values between Beijing and other five cities for the past thirteen years (2002–2014) 

indicated that the potential emission source regions strongly impacting air quality of Beijing 

were confined within central and southern Hebei as well as northern and southwestern 

Shandong, in correspondence with the spatial pattern of Digital Earth Model (DEM) of the 

study region. In addition to stringent emission control measures, back trajectory analysis 

indicated that the relatively favorable regional transport pattern might also have contributed 

to the “APEC Blue” in Beijing. These results suggest that the “APEC Blue” is a temporarily 

regional phenomenon; a long-term improvement of air quality in Beijing is still challenging 

and joint efforts of the whole region are needed. 

Keywords: APEC Blue; North China Plain; emission control; aerosol optical thickness; 

MODIS; VIIRS; PM2.5; public health; air pollution  

 

1. Introduction 

Air pollution episodes over China in recent years have become a top environmental and health 

concern for the Chinese public and government [1,2]. During the recent 2014 Asia-Pacific Economic 

Cooperation (APEC) Economic Leaders’ Meetings in Beijing, 5–11 November 2014 (called the 2014 

Beijing APEC Meetings hereafter), the Chinese government made significant efforts in air pollution 

control to ensure a healthful and pleasant experience for attending leaders and journalists from all over 

the world. Beijing and central cities in four provinces on the North China Plain employed stringent 

emission control measures, designed to improve air quality in Beijing during the APEC Meetings, and 

these measures were even more radical than those during the 2008 Beijing Olympic Games [3]. Starting 

on 1 November 2014 and lasting through the Meetings (11 November 2014), these emission control 

measures included closing thousands of coal-consuming factories around Beijing and its surroundings, 

imposing traffic restrictions on millions of private vehicles from driving on alternate days, banning 

governmental and commercial vehicles in large urban centers, closing government offices, agencies, and 

public schools in Beijing, and halting construction and demolition work [4–6].  

These emission control measures were very effective. The dramatic improvement in air quality during 

the 2014 Beijing APEC Meetings is now referred to as “APEC Blue”. According to the Beijing 

Municipal Environmental Protection Bureau (BMEPB), particulate matter, aerosol, with aerodynamic 

diameters less than 10 µm (PM10) and less than 2.5 µm (PM2.5) concentrations were reduced by 63% and 

35% respectively, compared with the pre-APEC Meetings levels. Nitrogen oxides (NOx) and sulfur 

dioxide (SO2) concentrations were also reduced by more than 40%. NOx and SO2 from fossil fuel 

combustion are precursors to sulfate and nitrate aerosols [7,8], accounting for the majority of PM2.5 

during pollution episodes. This type of mixture has been the main source of aerosol loading over eastern 
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China [9]. Particulate matter, PM10 and PM2.5 especially, is highly respirable and a leading global 

environmental risk to public health [10–12]. For example, a recent study shows that inhalation cancer 

risk was significantly reduced, due to the PM2.5 emission control measures imposed during the 2008 

Beijing Olympics Games [13]. 

Long-term air quality improvement in Beijing is a regional issue in nature, made clear by the emission 

control practices before and during the 2008 Beijing Olympic Games and related air quality studies [14–17]. 

However, studies monitoring the impact of emission control practices on short-term air quality 

improvement are less common. The APEC Blue event offers an excellent research opportunity to fill in 

this gap. Using ground-based instruments, Zhang et al. [18] recently found the atmospheric 

concentration of submicron aerosol particles (PM1) in Beijing decreased 63% during the APEC 

Meetings, compared with the pre-APEC Meetings level. Yang et al. [19] compared the composition and 

sources of PM2.5 in Beijing during the heating period of 2013 and 2014. They concluded that, as a result 

of emission control measures, the major components of PM2.5 in Beijing largely decreased. Meanwhile, 

the contribution ratios of different major components of PM2.5 changed significantly. The surface and 

near surface sources (e.g., biomass/waste burning and traffic related pollution) contributed much more 

to the PM2.5 components in Beijing during the APEC Meetings, compared with the same period of 2013; 

in contrast, secondary aerosols (e.g., SO2 and NOx)—the dominant source of PM2.5 usually in Beijing—

reduced greatly as well as aerosols from long-range transport [19]. 

Recent ground-based studies on the APEC Blue have been informative in understanding the aerosol 

pollutants in Beijing, but there are several drawbacks that can be remedied via alternative measurement 

strategies such as satellite observations. Specifically, compared with global Chemical Transport Models 

(CTMs) and in situ observations (i.e., ground-based), satellite-based analysis provide a large spatial 

coverage and reliable repeated measurements for monitoring aerosol loading and their transport 

patterns [20]. In particular, for a large geographic area (i.e., North China Plain), satellite observations 

allow for the analysis of time series data going back to the early 2000s. Satellite-retrieved column 

Aerosol Optical Thickness (AOT), a unit less measure of the column integrated extinction of radiation by 

atmospheric particles, has been successfully related to surface aerosol loading and air quality [3,20–25]. A 

higher AOT value suggests higher column aerosol loading and therefore likely lower air quality [20]. 

Satellite-retrieved estimates of ground PM2.5 have advanced in recent years, due to the development of 

advanced AOT satellite retrievals, of CTMs, and of in situ observations [20–22,26–29]. 

Huang et al. [3] successfully evaluated the changes in air pollutants in Beijing and surroundings 

during the APEC period using multiple satellite datasets, including AOT. As a result of stringent 

emission control measures, dramatic reductions in air pollutants were detected over the North China 

Plain, but with the lifting of these measures, air quality dropped during the post-APEC period [3]. They 

also found that areas impacting Beijing air quality shrank and were confined within Hebei, compared to 

the previous three years (2011–2013) [3]. However, mainly due to the limit on the spatial resolution of 

remote sensing datasets used (e.g., MODIS Level-3 global-gridded AOT product with a spatial 

resolution of 110 km, see Section 2.2), Huang et al. [3] analyzed the APEC Blue at a relatively coarse 

spatial scale (i.e., province scale). As a result, the spatial heterogeneity in aerosol loading within Beijing 

and its surrounding provinces during the study period has not been explored deeply. This information 

can be valuable and informative for the long-term effort of the Chinese government in controlling air 
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pollution in Beijing and its surroundings [30], especially considering the recent debate on the 

contribution of regional transport to the aerosol pollutants in Beijing [31–33]. 

Using a finer spatial resolution remote sensing dataset (i.e., MODIS level-2 AOT product with a 

spatial resolution of 10 km and VIIRS AOT product with a spatial resolution of 6 km , see Section 2.2), 

we explored spatial-temporal patterns of aerosol loading before, during, and after the 2014 Beijing APEC 

Meetings. The spatial heterogeneity in aerosol loading during these periods was investigated using both 

satellite-retrieved AOT and ground PM2.5 measurements with a focus on Beijing and its five neighboring 

large cities (Tianjin, Shijiazhuang, Tangshan, Jinan, and Qingdao). Back trajectory and surface weather 

analysis were also conducted to explore the effects of regional transport pattern and local weather 

conditions on the aerosol loading during studying periods. At last, with more than one decade of AOT 

remote sensing products from 2002 to 2014, we conducted a temporal correlation analysis of mean AOT 

values of the APEC period in 2002–2014 between Beijing and its five neighboring cities, and the result 

indicated illuminating clues on the geographic extent of potential emission source regions that strongly 

impact air quality in Beijing. 

2. Materials 

2.1. Study Area 

Figure 1 shows the city center locations of Beijing (population 19.61 million, National Bureau of 

Statistics of China (NBSC), 2012) and five big cities within several hundred kilometers of Beijing. 

Tianjin (12.94 million), adjacent to Beijing, is one of the five national central cities in China. 

Surrounding Beijing and Tianjin are two large populated and industrialized provinces—Hebei and 

Shandong. Shijiazhuang (10.16 million) and Jinan (6.81 million), located inland, are the capitals of 

Hebei and Shandong provinces, respectively. Tangshan (7.58 million) and Qingdao (8.72 million) are 

two large and important coastal urban centers in Hebei and Shandong provinces, respectively. Except 

for Qingdao, stringent emission control measures were implemented in the five other cities during the 

2014 Beijing APEC Meetings. Due to the unique topography and location of Beijing, the wind 

direction/regional circulation pattern can strongly impact the air quality in Beijing [19,31]. Northward 

wind, carrying fresh air masses from the northern mountain areas, is helpful for the dispersion of aerosol 

pollutants, but the southward wind, carrying polluted air masses from the heavily populated North China 

Plain, can exacerbate the air pollution (Figure 1) [31]. 

2.2. Data and Analysis 

We used AOT products from two satellite instruments to ensure robust results: the Moderate 

Resolution Imaging Spectroradiometer (MODIS) on the Terra/Aqua satellites [34–37] and the Visible 

Infrared Imaging Radiometer Suite (VIIRS) instrument on the Suomi National Polar-orbiting Partnership 

(S-NPP) spacecraft [26]. The daily ground PM2.5 measurements for the six cities were released by the 

Ministry of Environmental Protection of China (MEPC). Zheng et al. [38] provided detailed descriptions 

on techniques and methods for PM2.5 source apportionment in China. The MODIS instruments have 36 

visible, near-infrared, and infrared spectral bands between 415 and 14,235 nano-meters (nm) with 

different spatial resolutions of 0.25, 0.50, or 1 km [37]. Time series global aerosol data has been 
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produced using images taken by the MODIS (Terra and Aqua) instruments since the launch in 1999 and 

2002 [34–36]. MODIS Level-2 AOT product of orbital-swath is available at both 3 km and 10 km spatial 

resolution [37]. In addition, MODIS Level-3 AOT product from the computation of Level-2 product in 

each 1° × 1° grid cell is also available, but with a relative coarse spatial resolution of 110 km [39]. 

 

Figure 1. Study area (a) the mean MODIS Aerosol Optical Thickness (AOT) of 1–11 

November 2002–2013; (b) Elevation. The city boundary of the six cities is provided by Data 

Center for Resources and Environmental Sciences, Chinese Academy of Sciences (DCRES, 

CAS). The Digital Elevation Model (DEM) was derived from the Shuttle Radar Topography 

Mission (SRTM). 

Compared with MODIS, the VIIRS measure radiance in 22 spectral bands, spanning from 412 to 

12,050 nm with different spatial resolutions of 0.375 and 0.75 km [26]. Since its launch in 2011, the 

AOT product has been produced using images taken by the VIIRS instruments. VIIRS AOT product is 

available at 6 km spatial resolution. The VIIRS aerosol algorithm was developed from the MODIS 

aerosol heritage, but significant differences exist between their final AOT products, mainly due to sensor 

differences and algorithm changes [26]. Detailed descriptions of the MODIS and VIIRS aerosol algorithms 

and their differences can be found in Kaufman et al. [34], Ginoux et al. [35], and Hsu et al. [36]. We used 

the Aqua MODIS and VIIRS AOT products, since they have the same overpass times for the study 

region (1:30 pm). All the MODIS and VIIRS AOT products were preprocessed in ENVI using MODIS 

Conversion Toolkit (MCTK) and VIIRS Conversion Toolkit (VCTK). 

Missing data in the satellite AOT products is a consistent feature. It is either because the cloud 

calculation algorithm mistakenly masks dense smoke as cloud, or the AOT algorithm screens very high 

AOT values [39,40]. We found that the missing data issue was more severe for the MODIS AOT product 

at 3 km than at 10 km, within the study area during the 2014 Beijing APEC Meetings [37]. As a result, 
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we chose the MODIS AOT product at 10 km and the VIIRS AOT product at 6 km, using the 550 nm 

channel, to explore the aerosol loading patterns in Beijing and its five neighboring large cities.  

To compare the performances of MODIS and VIIRS satellite instruments, we first extracted and 

averaged pixel values of MODIS and VIIRS products within the boundary of each city from 18 October 

2014 to 30 November 2014. The six cities (i.e., Beijing, Tianjin, Shijiazhuang, Tangshan, Jinan, and 

Qingdao) have 164, 118, 138, 128, 78, and 108 pixels, respectively. We firstly calculated the Spearman 

correlations [41] between daily mean AOT and corresponding ground-based PM2.5 measurement for 

MODIS and VIIRS, respectively. Then, based on the 13-year (2002–2014) MODIS observations, we 

calculated standardized values (Z-scores) of mean AOT of the APEC period (1–11 November 2014) in 

six cities (Equation (1)). 

𝑧 =  
𝑋 −  µ 

𝜎
 (1) 

where X is the raw value, µ is the mean of AOT values of 1–11 November 2014, and σ is the standard 

deviation. These standardized values can be used for directly comparing AOT values in different years 

and locations, and emphasize extreme values [42]. Prior to the standardized values calculation in each 

city, we performed an additional log10 transformation on the period mean AOT to normalize the skewed 

distribution [42]. Finally, Spearman correlations in AOT Z-scores for 2002–2012 between Beijing and 

other five cities were calculated. In order to quantitatively analyze the effects of stringent emission 

control measures, mean AOT values were also calculated for three periods: pre-APEC (18–31 October), 

APEC (1–11 November), and post-APEC (12–30 November) in 2002–2014, respectively. 

3. Results  

Figure 2 shows the daily PM2.5 and satellite-retrieved AOT measurements, from both MODIS and VIIRS 

instruments from 18 October to 30 November, 2014 for the six cities. Though having some anti-correlations, 

the mean AOT values for the six cities generally followed the ground PM2.5 trends (Figure 1), suggesting 

that AOT data can generally reflect the near surface PM2.5 concentration, which is indicative of air 

pollution levels [20]. Both daily PM2.5 and AOT measurements can characterize the effects of emission 

control measures during the APEC period on the local air quality: for example, the peak values of PM2.5 

in Beijing were around 100 µg∙m−3 during the APEC period; however, during the pre- and post-APEC 

periods, the peak values were up to 290 µg∙m−3. Following the general PM2.5 trend, the mean AOT for 

the six cities peaked around 0.49 and 2.84 during the APEC period and the pre- and post-APEC periods, 

respectively. In addition, Beijing, Tianjin, Shijiazhuang, and Tangshan had similar temporal variations 

in PM2.5 and AOT values, compared with Jinan and especially Qingdao. 

The linear correlation coefficients (R) (R = 0.55 for VIIRS and R = 0.66 for MODIS) confirmed the 

correlation between AOT and ground PM2.5 (Figure 3a,b), although MODIS and especially VIIRS data 

tend to underestimate very high PM2.5 mass (Figures 2 and 3a,b). During 19–21 November, despite the 

high peak value of ground PM2.5 concentration (228 µg∙m−3) in Beijing, the peak values of MODIS and 

VIIRS AOT (0.61 and 0.29 respectively) were relatively low; but they still followed the PM2.5 trend. In 

addition, the missing data issue, as a consistent feature of AOT products, was more severe for MODIS 

(number of days with valid mean AOT values for all the six cities, N = 172) than for VIIRS (N = 211) 
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within the study area during the study period. However, a strong correlation existed between MODIS and 

VIIRS AOT values, based on valid daily measurements for both MODIS and VIIRS (R = 0.84; Figure 3c). 

 

Figure 2. Daily satellite-retrieved mean AOT and ground PM2.5 during three periods in six cities: 

pre-APEC (18–31 October, No. 1–14), APEC (1–11 November, No. 15–25), and post-APEC 

(12–30 November, No. 26–44) in 2014; No.1 on the x-axis denotes 18 October and so on; 

(a) Beijing, (b) Tianjin, (c) Shijiazhuang, (d) Tangshan, (e) Jinan, (f) Qingdao. 

Figure 4 plots the aerosol loading during the APEC period and change in aerosol pollutants (1–11 

November, 2002–2013 minus 1–11 November 2014), compared with the historical record (2002–2013), 

in terms of MODIS AOT value. Mean AOT value of Qingdao was lowest (0.33) during the APEC period 

(Figure 4a), among the six cities under study, e.g., 0.43 of Beijing, 0.45 of Tianjin, 0.39 of Shijiazhuang, 

0.59 of Jinan, 0.35 of Tangshan. Although a portion of areas in southern Hebei and northern Shandong 

province showed increased AOT values, AOT values of northern Beijing (i.e., Beijing’s urban central 

areas) and its surroundings in Hebei province (approximately from Shijiazhuang to Tangshan) indicated 

an apparent spatial pattern of improved air quality during the APEC period (Figure 4b), compared with 

mean AOT values of the corresponding period of 2002–2013 (Figure 1a). The spatial heterogeneity in 

aerosol loading within Beijing was large during the APEC period, likely because the southern mountain 
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areas of Beijing usually had better air quality, compared with its northern urban central areas (Figure 1). 

As a result, Tangshan and Shijiazhuang—two cities in Hebei province—underwent the two largest 

decreases in AOT values (0.36 and 0.33 respectively). Mean AOT values in Beijing, Tianjin, and 

Qingdao decreased 0.11, 0.24, and 0.17, respectively; in contrast, mean AOT value of Jinan slightly 

increased 0.04.  

 

Figure 3. Scatter plots of mean AOT and ground PM2.5 (18 October–30 November, 2014) 

for the six cities (a) VIIRS AOT and ground PM2.5; (b) MODIS AOT and ground PM2.5;  

(c) VIIRS AOT and MODIS AOT. 

Figure 5 plots the change of mean MODIS AOT values during the pre-APEC (18–31 October), APEC 

(1–11 November), and post-APEC (12–30 November) periods from 2002 to 2014 annually in six cities. 

The temporal variation in AOT values of the three periods was hard to predict; nevertheless, consistent 

with Figure 2, the 2014 mean AOT values of the APEC period was less than that of both the pre-APEC 

and post-APEC period for all six cities. The largest difference in mean AOT values between the APEC 

period and other two periods was 1.56 of Tianjin, then 0.95 of Tangshan, 0.68 of Beijing, 0.61 of 

Shijiazhuang, 0.20 of Qingdao, and 0.05 of Jinan. Consistent with Figures 2 and 4, this phenomenon 

indicated the effectiveness of emission control measures, and that spatial heterogeneity in the 

improvement of air quality during the APEC period was apparent on the Northern China Plain. 
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Figure 4. (a) MODIS mean AOT of 1–11 November 2014 (APEC blue period); (b) change 

in mean MODIS AOT values (1–11 November 2002–2013 minus 1–11 November 2014; 

positive values indicate increased air quality relative to historical mean; negative values 

indicate the opposite trend). 

 

Figure 5. Cont. 
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Figure 5. Mean AOT value before, during, and after APEC period from 2002 to 2014  

(a) Beijing, (b) Tianjin (c) Jinan, (d) Shijiazhuang, (e) Tangshan, (f) Qingdao. 

According to the news report [43], two stagnant atmospheric condition periods (around 9 November 

2014 and 26 November 2014), reflecting unfavorable meteorological conditions for air quality [19], 

occurred during APEC and post-APEC period in Beijing. However, air quality was significantly 

different during these two periods (Figures 2 and 6). Specifically, on 9 November 2014, PM2.5 level in 

Beijing (57 µg∙m−3) was classified as moderate (Table 1, Figure 2); nevertheless, heavy pollution 

(228 µg∙m−3) was monitored on 26 November 2014 (Table 1, Figure 2). Accordingly, AOT values of 

Beijing (0.09 for MODIS; 0.08 for VIIRS) and its surrounding areas (e.g., Tianjin, Tangshan, and 

Shijiazhuang) were much lower on 9 November 2014 than on 26 November 2014 (2.84 for MODIS, 

0.49 for VIIRS; Figures 2 and 6). In contrast, the PM2.5 in Jinan on these two dates demonstrated an 

opposite trend: the PM2.5 level (134 µg∙m−3) in Jinan was classified as minor pollution on 9 November 

2014 and moderate on 26 November 2014 (87 µg∙m−3; Table 1, Figure 2). Qingdao—the only city 

without stringent emission control measures among the six cities—just had a slight difference in PM2.5 

between these two dates (87 µg∙m−3 and 73 µg∙m−3, respectively; Table 1, Figure 2). AOT values of 

Jinan and Qingdao were also generally consistent with the corresponding values of PM2.5, except the 

VIIRS AOT values of Jinan (Figures 2 and 6). 

Table 1. Twenty-four hourly mean PM2.5 (µg∙m−3) and its corresponding Air Quality Index 

(AQI) and Air Quality Category (AQC) by MEPC. 

 PM2.5 (µg∙m−3) 

0–35 36–75 76–115 116–150 151–250 >251 

AQI 0–50 51–100 101–150 151–200 201–300 >300 

AQC Good Moderate Minor pollution Medium pollution Heavy pollution Very heavy pollution 

Sea level pressure and surface wind plots, derived from ground-based meteorological data of NOAA’s 

National Climatic Data Center (NCDC), show that stagnant atmospheric conditions persisted on 9 

November 2014 and 26 November 2014 (Figure 7). The average surface wind speed was low (<3 m/s), 

and the majority of the North China Plain was controlled by a high pressure system on both days. The 

low wind speed is one key factor leading to poor air quality and low visibility in Beijing [44]. However, 

back trajectory calculations [45] show the regional circulation pattern was different on these two dates 

(Figure A1). It was a northwest wind on 9 November 2014, and the surface air mass was transported 

from the clean free troposphere. In contrast, the wind was from south of Beijing on 26 November and 
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the air mass was circulated within the boundary layer on the North China Plain. The mixing of agricultural, 

industrial, and urban emissions during this process especially favors accumulation of PM pollution. 

 

Figure 6. Satellite-retrieved AOT during and after the 2014 Beijing APEC Meetings in the 

study area. (a,b). 9 November 2014 (c,d). 26 November 2014 (both dates have stagnant 

atmospheric conditions). 
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Figure 7. Sea level pressure plots ((a) 9 November 2014 and (b) 26 November 2014) and 

surface wind plots ((c) 9 November 2014 and (d) 26 November 2014) derived from 

NCDC observations. 

Z-scores in Beijing, Tianjin, Shijiazhuang, Tangshan, and Qingdao during the 2014 APEC Meetings 

was relatively low to historical mean, suggesting the air quality of the 2014 APEC period was higher 

than the average of the corresponding period of 2002–2013 (Figure 8). However, consistent with Figure 

4b, mean AOT value of Jinan is below the historical mean. Temporal variations in mean AOT values of 

the six cities were very high; nevertheless, strong temporal correlations in mean AOT still existed 

between Beijing and Tianjin (0.79), Shijiazhuang (0.82), Tangshan (0.88), with the exception of Jinan 

(0.07) and Qingdao (0.32) (Figure 8, Table 2).  

Table 2. Spearman correlation of Z-score of mean MODIS AOT values of the APEC period  

(1–11 November) between Beijing and Tianjin, Shijiazhuang, Tangshan, Jinan, and Qingdao. 

City Tianjin Shijiazhuang Tangshan Jinan Qingdao 

Spearman Correlation  0.79 0.82 0.88 0.07 0.32 

(a)

. 

(b)

. 

(c)

. 

(d)

. 
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Figure 8. Z-score of mean MODIS AOT values during the APEC period (1–11 November) 

in six cities for the past 13 years (2012–2014). 

4. Discussion 

By examining the ground PM2.5 measurements and remote sensing AOT products, spatial 

heterogeneity of change in aerosol pollutants relative to historical mean was apparent during the APEC 

period on the Northern China Plain (Figure 4b): southern Beijing (i.e., Beijing’s urban areas) and its 

surroundings (e.g., Tangshan, Tianjin and Shijiazhuang) experienced dramatic improvement in air 

quality during the 2014 Beijing APEC Meetings, compared with the corresponding period of  

2002–2014; northern Shandong (e.g., Jinan) and southern Hebei areas had relatively higher AOT values 

during the APEC period, compared with historical mean. However, different from the similar analysis 

at the province scale [3], the quantitative analysis of the changes of AOT in Jinan still indicated the 

APEC period had the best air quality during the three periods (Figure 5). Qingdao also had a similar 

phenomenon (Figure 5). These results suggest the effectiveness of stringent emission control measures 

during the 2014 Beijing APEC Meetings and the effects of regional transport on air quality on the 

Northern China Plain [3,18,19]. In addition to geographic locations, emission intensity, and strictness of 

emission control measures as suggested by Huang et al. [3], the back trajectory analysis in this study 

indicated that regional transport pattern might play an important role in the spatial heterogeneity of 

change in aerosol pollutants relative to historical mean and contribute to the APEC Blue in Beijing 

(Figure 6, Figure A1): the wind was northwest, when stagnant atmospheric condition persisted during 

the APEC period; in contrast, wind was south, when another stagnant atmospheric condition persisted 

during the post-APEC period. The difference in regional transport pattern might also explain why the 

air quality in Jinan on 9 November 2014 was worse than on 26 November 2014, although having 

emission control measures. Probably because of the strong effects of regional transport pattern on the 

short time air quality on the Northern China Plain, Z-score of mean AOT values of the study period in 

six cities oscillated for the past 13 years (Figure 8). 
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Using a spatial correlation analysis method based on remote sensing product during the study period 

in 2011–2013, Huang et al. [3] identified that the potential emission source regions, impacting air quality 

of Beijing, included most areas of Hebei, Tianjin, Shandong, and Shanxi (not included in this study). 

Based on a finer spatial resolution remote sensing product during the study period in 2002–2013, the 

analysis in our study further indicated that the potential emission source regions strongly impacting air 

quality of Beijing were confined within central and southern Hebei as well as northern and southwestern 

Shandong, in correspondence with the spatial pattern of DEM of the study region (Figure 1). One 

explanation is that the human population density and the abundance of urban development tend to be 

high at lower elevations near rivers and sea coasts [46], so more intense emissions of aerosol pollutants 

are expected at lower elevations of Northern China Plain where several major rivers (e.g., Yellow River) 

run into the sea. Another explanation is that topography can strongly affect the regional transport 

pattern [47]. However, most important of all, with the roaring development of China’s industry for the 

past three decades, coal consumption in China accounted for 50% of the world’s total coal consumption 

by 2012, as high as 1.63 billion tons of oil equivalent [48]. Coal-intensive industries (e.g., iron and steel) 

are concentrated in northern China including Shandong and especially Hebei [49]. As a result, during 

the first half year of 2013, seven of the top ten polluted cities in China were within Hebei, and what is 

more, three cities in southern Hebei including Shijiazhuang were the top three polluted cities [17]. The 

result of following temporal correlation analysis of mean AOT values between Beijing and its five 

neighboring large cities for the past thirteen years (2002–2014) was consistent with the spatial pattern 

of the mean AOT values of the study period in 2002–2013: strong temporal correlations were found 

between Beijing and Tianjin (R = 0.79), Shijiazhuang (R = 0.82), and Tangshan (R = 0.88). Qingdao, 

far away from Beijing, had a weak temporal correlation of 0.32. The very weak temporal correlation of 

Jinan (R = 0.07) may be because it is downwind of central and southern Hebei, where there are major 

emission source regions on the North China Plain, in contrast to Beijing. 

We used ground PM2.5 measurement, VIIRS AOT product, and MODIS AOT product in particular to 

evaluate the impact of emission control measures on aerosol pollutants during the three APEC-related 

periods. Only moderate correlations (0.66 for MODIS and 0.55 for VIIRS) were found between remote 

sensing AOT products and PM2.5 ground measurement in this study, but still comparable to the previous 

similar study (R = 0.70) [20]. The disparity between remote sensing AOT products and ground PM2.5 

measurement in this study can be explained by the fact that the ground PM2.5 measurement represents 

the air quality of daily average, but remote sensing products show a snapshot of aerosol pollutants of 

satellite overpass time. An uncertainty of MODIS optical retrievals within Δτ = ±0.05 ± 0.15τ over land 

was reported after the comprehensive validation of MODIS AOT product [50–53]. Consistent with the 

preliminary validation of VIIRS AOT product showing the 71% of optical retrievals over land falling 

within the expected uncertainty range of MODIS [54], a strong correlation was found between MODIS 

and VIIRS AOT product (Figure 3c). These validation results show that the remote sensing AOT 

products can be used for quantitative scientific investigations and monitoring of aerosol loading and 

distribution [3,54]. 
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The health impact of aerosol loading is mostly related to PM2.5 values at the surface. We demonstrated 

that both MODIS and VIIRS captured the variation in aerosol loading during the three APEC-related 

periods, as evidenced by surface PM2.5 measurements in six central cities on the North China Plain. 

Remote sensing AOT products can be used to supplement ground measurement for monitoring air 

quality and estimating surface aerosol loading over a large spatial-temporal domain, considering the 

usually sparsity of surface aerosol monitoring sites. However, our study also indicated the potential 

disparity that existed between current MODIS and VIIRS AOT product and ground measurement, so 

further explorations on the relationship between PM2.5 and satellite derived aerosol properties are still 

needed. With the deployment of new remote sensing and in situ sensors for mapping aerosol distribution, 

such as Lidar, more development can be expected in remote sensing of aerosol loading in the future [55]. 

5. Conclusions 

In conclusion, consistent with the similar air pollution studies [3,15,16,32] in Beijing, our results 

suggested that the APEC Blue was a regional phenomenon for a temporary period and it was in all 

likelihood caused by the combined effects of stringent emission control measures and relative favorable 

regional transport pattern during the 2014 Beijing APEC Meetings. However, a long-term improvement 

of air quality in Beijing is still challenging and joint efforts of the whole region are needed.  
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Figure A1. Back trajectory analysis using Beijing as the source; (a). 9 November 2014; 

(b). 26 November 2014. 
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