

  atmosphere-10-00426




atmosphere-10-00426







Atmosphere 2019, 10(8), 426; doi:10.3390/atmos10080426




Article



Evaluation of the Aqua-MODIS C6 and C6.1 Aerosol Optical Depth Products in the Yellow River Basin, China



Miao Zhang 1,*, Jing Liu 2, Wei Li 1, Muhammad Bilal 3,*[image: Orcid], Feifei Zhao 1, Chun Zhang 1, Bo Yuan 4 and Khaled Mohamed Khedher 5,6[image: Orcid]





1



School of Environmental Science and Tourism, Nanyang Normal University, Wolong Road No.1638, Nanyang 473061, China






2



Lingnan College, Sun Yat-sen University, Guangzhou 510275, China






3



School of Marine Sciences, Nanjing University of Information Science & Technology, Nanjing 2100444, China






4



College of Computer and Information Engineering, Nanyang Institute of Technology, Nanyang 473004, China






5



Department of Civil Engineering, College of Engineering, King Khalid University, Abha 61421, Saudi Arabia






6



Department of Civil Engineering, Institut Superieur des Etudes Technologiques, Campus Universitaire Mrezgua, Nabeul 8000, Tunisia









*



Correspondence: zm_liesmars@whu.edu.cn (M.Z.); muhammad.bilal@connect.polyu.hk (M.B.); Tel.: +86-151-3909-7793 (M.Z.)







Received: 19 May 2019 / Accepted: 20 July 2019 / Published: 24 July 2019



Abstract

:

In this study, Aqua-Moderate Resolution Imaging Spectroradiometer (MODIS) Collection (C6) and C6.1 Dark Target aerosol optical depth (AOD) retrievals at 3 km (DT3K) and 10 km (DT10K), Deep Blue AOD retrievals at 10 km (DB10K), and combined DT and DB (DTB) AOD retrievals at 10 km resolutions were validated from 2002 to 2014 against ground-based sunphotometer AOD measurements obtained from the Chinese aerosol remote sensing network (CARSNET). The CARSNET AOD data were obtained for sites at Mt. Waliguan (MW), Lanzhou (LZ), Ulate (UL), and Zhengzhou (ZZ) located in the Yellow River basin (YERB) region, China. Errors and agreement between satellite and ground data were reported using Pearson’s correlation (R) and relative mean bias (RMB). Results showed that the DT3K C6.1 highest quality flag (QF = 3) AOD retrievals were well correlated with the sunphotometer AOD data, with an R of 0.82 and an RMB of 1.01. Overestimation and underestimation in DT AOD retrievals were observed for AOD > 1.1 and AOD < 1.1, respectively. A significant underestimation of 37% in DB10K AOD retrievals was observed across all the sites except ZZ, which was indicated by a low-value RMB (0.63). Spatial distribution maps showed high AOD values (>0.8) over the lower part of the YERB and low AOD values (<0.4) across the upstream part of the YERB. This might be due to a large number of aerosol emissions over the lower developed areas and a scarcity of aerosols over the upstream mountain areas. Overall, this study supports the use of DT10K C6.1 AOD retrievals over the western semi-arid and arid regions of the YERB and DTB10K AOD retrievals over the north-central water system and eastern plain regions of the YERB.
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1. Introduction


Aerosols are tiny suspended particles in the earth's atmosphere that can significantly affect climate change, air quality, and human health [1,2,3,4,5,6,7,8]. Specifically, particulate matter (PM) with a diameter of less than 2.5 μm (PM2.5) can stay in the atmosphere for a long time and can also enter human lungs and other organs through breathing, leading to various diseases [9]. Therefore, to meet the needs of climate-change assessment and air-quality monitoring, it is necessary and crucial to conduct long-term continuous aerosol observations at a regional scale [10,11,12,13].



Scientists have made many efforts in establishing global and national aerosol observation networks for regular measurements of aerosol optical properties, such as the aerosol robotic network (AERONET) and the Chinese aerosol remote sensing network (CARSNET) [14]. These networks provide aerosol optical properties directly by using ground-based sunphotometers [15,16,17]. However, due to the high cost of construction and operation of ground-based sunphotometers, they are few in number at a global scale, especially in remote areas. Therefore, satellite remote sensing is expected to become an ideal technology for aerosol optical and radiation characteristic observations at regional and global levels. In recent decades, various satellite sensors including the Moderate Resolution Imaging Spectrometer (MODIS) have been used for regular aerosol monitoring [18,19,20].



Recently, MODIS Collection (C6) aerosol products have been widely validated over land and ocean surfaces [21,22,23,24,25,26,27,28,29,30,31,32,33], including the Indian subcontinent [34,35,36], Southeast Asia [37], East Asia [38,39], Greece [40,41], and China [42,43,44,45]. Bilal et al. [46] showed the missing aerosol optical depth (AOD) pixels for the MODIS C6 Dark Target (DT) and Deep Blue (DB) AOD products during several incidental haze events which occurred in 2013 over the Beijing–Tianjin–Hebei region. These missing pixels might be due to the more stringent cloud mask used in the DT and DB inversion algorithms. In addition, MODIS AOD products have also been used to estimate PM concentrations from local to global scales [9,33,47,48]. Wang et al. [49] evaluated the performance of VIIRS (Visible Infrared Imaging Radiometer Suite) and MODIS C6 AOD products in the Yangtze River basin (YRB). Bilal et al. verified the performance of MODIS C6 and C6.1 aerosol products on different vegetation surfaces globally [50]. In conclusion, the evaluations of MODIS C6 and C6.1 aerosol products are currently concentrated in developed regions in eastern and southern China, such as Beijing–Tianjin–Hebei [43,46,48,51,52], Wuhan [53,54], and the YRB [49,55,56]. Little research has been conducted for the entire Yellow River basin (YERB) in central-north and north-western China.



The Yellow River basin is one of the underdeveloped areas in China [57]. Due to the lack of surface air quality monitoring stations, especially in the middle and upper reaches of the YERB, satellite remote sensors such as MODIS are an appropriate tool for air-quality monitoring and investigating aerosol optical properties over the YERB. However, the complexity and diversity of the underlying topography of the YERB (mountains, the Loess Plateau, North China plain, etc.), as well as a variety of aerosol sources (frequent coal mining activities in Shanxi Province, among other activities), may increase bias in the satellite aerosol products (e.g., AOD). Therefore, it is recommended that the performance of satellite aerosol products should be evaluated across the YERB before using them for qualitative applications. The main objective of this study is to evaluate the performance of the Aqua-MODIS C6 DT AOD at 3 km resolution (DT3K) and C6.1 DT AOD at 3 km, DT AOD at 10 km, and DB AOD at 10 km resolutions (DT3K, DT10K, DB10K, and DTB10K) for different quality flags over the YERB area. The study is organized as follows: Data and methods are described in Section 2, results and discussion are described in Section 3, and finally, conclusions are summarized in Section 4.




2. Materials and Methods


2.1. MODIS C6 and C6.1 Data


The Aqua-MODIS Level 2 C6 and C6.1 aerosol products were downloaded from the Level-1 and Atmosphere Archive and Distribution System (LAADS) Distributed Active Archive Center (DAAC) (https://ladsweb.modaps.eosdis.nasa.gov/). In comparison to the previous C5.1, significant improvements and modifications were made in the C6 and C6.1 DT and DB algorithms [21,36,39,46,58]. The MODIS C6 and C6.1 AOD retrievals are based on three algorithms: The DT land algorithm, the DT ocean algorithm, and the deep blue (DB) land algorithm [21,22,23]. The DT land algorithm is designed to retrieve AOD over vegetation surfaces, whereas the DB algorithm is designed to retrieve AOD over both bright urban and desert surfaces, as well as vegetation surfaces, but it does not perform aerosol inversion over ocean surfaces. These algorithms are unable to provide AOD retrievals over snow-covered surfaces due to their limitations. The specific details of these algorithms have been reported in previous studies [22,24,25,59]. The MODIS C6 aerosol products also provide a set of DT and DB combined data at a 10 km resolution (DTB10K). The AOD retrievals are provided with respect to quality flags 0, 1, 2, and 3, which represent not produced, low-quality, medium-quality, and high-quality retrievals, respectively. In addition, in order to monitor air quality at the city level, C6 and C6.1 also provide the AOD product at a 3 km resolution (DT3K) based on the DT algorithm. Table 1 shows the scientific data set (SDS) of the Aqua-MODIS C6 and C6.1 AOD products used in this study between April 1, 2002, and December 31, 2014.



In C6 and C6.1, DTB AOD retrievals were obtained based on DT and DB AOD retrievals. Due to differences in the DT and DB algorithms (pixel selection, surface reflectance estimation, and cloud cover), the spatial coverage of each land AOD product was different. The DTB AOD product aims to improve the spatial coverage while maintaining the quality of the AOD retrievals [21,25], i.e., to retrieve AOD in the same image for those regions where the DT algorithm does not retrieve AOD due to thresholds based on visible–infrared channels and cloud masks [21], as well as where the DB algorithm does not retrieve AOD due to a more stringent cloud mask than DT, which more often erroneously removes cloud-free pixels [22,24].




2.2. Ground-Based Measurements


The CARSNET is a commonly used ground-based aerosol observation network which uses CIMEL sunphotometers (CE318) to monitor aerosol optical properties. The CE318 sunphotometer takes direct solar radiation measurements at eight bands and retrieves AOD with a wavelength range from 340 to 1020 nm but not including 550 nm. More details on the CE318 sunphotometer retrieval algorithm and instrument calibration can be found in references [16,17]. As shown in Table 2 and Figure 1, in order to verify the performance of satellite AOD retrievals over the YERB, CE318 measurements were obtained for Mt. Waliguan (MW), Lanzhou (LZ), Ulate (UL), and Zhengzhou (ZZ) from April 2002 to January 2014. The first location, MW (rural site), is in the upstream (source area) of the YERB, a mountainous site on the east edge of the Qinghai–Xizang Plateau, Qinghai Province, and a global atmosphere watching (GAW) station. The aerosol loading is relatively small in MW. Lanzhou (urban site) is in the upper-middle reach of the YERB, in the center of Lanzhou city, Gansu Province. Ulate (rural site) is in the midstream of the YERB, in northwest Inner Mongolia, though it is in a grass desertification region. Zhengzhou (urban site) is downstream of the YERB, in the center of Zhengzhou city, Henan Province. The CARSNET’s quality-assured and cloud-screened data were used. The network follows the same procedure of cloud screening as AERONET Level 2.0 data [17].




2.3. Comparison Methods


As a sunphotometer does not provide AOD at 550 nm, the AOD at 550 nm was interpolated using Equations (1) and (2) [11,60]:


AODλi=βλi−α,



(1)






α=In(AODλ1AODλ2)In(λ1λ2),β=AODλ2λ2−α,



(2)




where α = Ångström exponent index, β = the turbidity coefficient, and λ1 and λ2 = wavelengths at 440 and 870 nm, respectively. For validation purposes, the CE318 AOD values were averaged within ± 30 minutes of MODIS overpass time, and at least two or more CE318 AOD values were considered. MODIS AOD retrievals were averaged for a spatial region covering 3 × 3 pixels centered at the sunphotometer sites [61,62] and at least 2 out of 9 pixels were considered for this purpose. Finally, the linear regressions of the MODIS C6 and C6.1 retrieval against the CE318 AOD measurements were performed over the YERB. The statistical parameters included slope, y-intercept, Pearson’s correlation (R), and root mean square error (RMSE, Equation (3)). Furthermore, an uncertainty on the satellite retrieval algorithms was examined based on the expected error (EE, Equation (4)) of the DT algorithm over land, the mean absolute error (MAE, Equation (5)), and the relative mean bias (RMB, Equation (6)).


RMSE=1n∑i=1n(AOD(satellite)i−AOD(CE318)i)2,



(3)






EE=±(0.05+0.15AODCE318),



(4)






MAE=1n∑i=1n(AOD(satellite)i−AOD(CE318)i),



(5)






RMB=AODsatellite¯AODCE318¯.



(6)







The values of RMB > 1 and RMB < 1 indicated over- and underestimation in the satellite AOD observations, respectively.





3. Results and Discussions


3.1. Comparison of Aqua-MODIS C6 and C6.1 AOD vs. CE318 AOD


Figure 2 shows a comparison between collocated DT3K C6 AOD for different quality flags (QF) and CE318 AOD at 550 nm over the YERB for the period from April 2002 to December 2014. A total of 1488, 1270, and 950 observations of DT 3K C6 data for QF > 0, QF > 1, and QF = 3 were matched with the CE318 data. The QF > 0 represents the result that contained all quality flags, and the QF > 1 represents the result that contained quality flags QF = 2 and QF = 3. Overall, the comparison results for all statistical variables were good by using each quality flag, i.e., when QF > 1, the RMSE was 0.29, R was 0.81, and 44.25% of the groups fell within the expected error (EE). To further investigate the comparison results of the C6 DT3K AOD and the collocated CE318 AOD, the results of every station needed to be studied in detail. As shown in Table 3, however, the matchup results for the MW and LZ stations were poor, and with the increase in QF, the results were not improved. As shown in Figure 2, the value of correlation coefficient R was within the range of 0.81–0.82, and the proportion of matching data falling within the EE was 42.74–44.96%. This phenomenon indicated that, despite the good correlation coefficient, the C6 DT3K products still could not meet the demand of the EE (i.e., the proportion of matching data falling within the EE was 66%). At the same time, the value of the RMB was between 1.00 and 1.01, indicating that the value of C6 DT3K was almost the same as CE318 AOD in the YERB region. The reason for this phenomenon may be that the MW site had serious overestimations with large RMB values ranging from 1.36 to 1.64, whereas the LZ site had a large number of underestimated phenomena (the RMB values were small, and the numerical range was from 0.61 to 0.62). The two phenomena were combined to form complementation, which would cause almost the same results of the two AOD products’ estimations in the whole YERB region. The phenomenon of overestimation or underestimation is mainly caused by the overestimation or underestimation of the surface albedo in the visible light band in the process of satellite AOD retrieval, especially in urban and suburban areas [21]. As shown clearly in Table 3, the C6 DT3K AOD had relatively good verification results at the ZZ station, with R = 0.84–0.85, RMB = 1.21–1.23, MAE = 0.16–0.17, and 51.63–52.26% retrievals within the EE.



Figure 3 shows the comparative results of C6.1 DT3K at 550 nm and CE318 AOD at 550 nm over the YERB. A total of 1307, 1270, and 950 matchups were successfully obtained for QF > 0, QF > 1, and QF = 3, respectively. When the QF of C6.1 DT3K was 3, the comparative results of the whole YERB were very good, with an R-value of 0.82, and 42.74% of the C6.1 The DT3K AOD data were within the range of the EE. In addition, the value of the RMB was 1.01, indicating that the satellite products were overvalued only by 1%. This indicates that the RMB is independent of the quality flag. Through a site-by-site detailed experiment (Table 4), the C6.1 DT3K products were overestimated by 36–64%, 2–32%, and 22–23% in the MW, UL, and ZZ sites, respectively. However, at the LZ station, the satellite products were undervalued by 38–39% and the MAE values were from –0.20 to –0.19. Similar experimental results are also mentioned in reference [21], and those results showed that the C6 DT product was slightly underestimated during low aerosol loadings (AOD < 0.3).



Figure 4 shows the comparative results of C6.1 DT10K at 550 nm and CE318 AOD at 550 nm. A total of 1674, 1085, and 139 matchups were successfully obtained for QF > 0, QF > 1, and QF = 3, respectively. Compared with QF > 0 and QF > 1, the C6.1 DT10K AOD with QF = 3 had little data volume, with a total amount of only 139, which was almost the contribution of the LZ station; the matching result of C6.1 DT10K with QF = 3 was not good (R = 0.58). However, when the C6.1 DT10K retrievals were in QF > 0 or QF > 1, the matching result was good, with high R-values (0.78–0.81), nearly 43.31–43.41% of the AOD retrievals falling into the EE, and an RMB of 1.05–1.07, resulting in only a 5–7% overestimation compared to the CE318 AOD. As shown in Table 5, the C6.1 DT10K AOD was overestimated by 50–78%, 25–42%, and 22–28% in MW, UL, and ZZ stations, respectively. However, the C6.1 DT10K AOD was underestimated by 32–47% at the LZ station. This phenomenon was similar to the case of C6.1 DT3K (Figure 3). The reason for this might be the low AOD values in the LZ site (nearly 70% of the CE318 AOD observations were less than 0.3). A similar result is also reported in reference [21], i.e., the C6 DT10K product tended to slightly underestimate AOD retrievals in conditions with low aerosol loadings (AOD < 0.3) over global land.



Figure 5 shows the validation of C6.1 DB10K at 550 nm and CE318 AOD at 550 nm in the YERB area. As shown in the figure, a total of 1861, 1163, and 577 C6.1 DB10K-CE318 matchups were available for QF > 0, QF > 1, and QF = 3, respectively. When QF > 0, the C6.1 DB10K AOD was well matched with the CE318 AOD, i.e., the R-value was 0.78 and the percentage within the EE was 39.28%. As shown in Figure 5a, when QF > 0, the C6.1 DB10K was slightly underestimated and accompanied by a negative MAE (–0.11). In addition, as shown in Figure 5c, when QF = 3, the percentage of C6.1 DB10K falling into the EE was approximately 35.88% and the RMB = 0.63, indicating that the satellite product was undervalued by 37%. According to the evaluation results of each independent site in Table 6, the RMB values almost were < 0 over every station, and the C6.1 DB10K products showed different degrees of underestimation under different quality labels in each site, which is a result similar to the results of the YRB. In terms of the evaluations over individual sites of the YRB, the DB10K tend to underestimate AOD retrievals for all quality flags in the Hefei, Wuhan, and Kunming sites [49,50].



Figure 6 reports the validation of the C6.1 DTB10K at 550 nm against the CE318 AOD retrievals at 550 nm for QF > 0 (N = 1516), QF > 1 (N = 940), and QF = 3 (N = 446). The C6.1 DTB10K AOD was a set of combined data by utilizing the DT and DB algorithms at different surface reflectance. The product can be retrieved over vegetated and bright land surfaces. Compared to the other high-quality Aqua-MODIS C6.1 products (Figure 4c and Figure 5c), the high QF (QF = 3) C6.1 DTB10K retrievals performed similarly to the others, i.e., the R-value and the percentage within the EE (Figure 6c) were 0.74 and 34.75%, respectively. Table 7 shows the statistical results of each individual station over the YERB, and the C6.1 DTB10K AOD of the LZ station was underestimated by approximately 61% when QF = 3, accompanied by the appearance of a negative MAE (–0.33). At the UL station, the C6.1 DTB10K AOD was also undervalued by approximately 45%, also with the emergence of a negative MAE (–0.08) when QF = 3. The results at the MW and ZZ stations were better than those at the LZ and UL sites. The C6.1 DTB10K AOD of the MW station was slightly overestimated by approximately 12% when QF > 1, accompanied by the appearance of a positive MAE (0.01). The C6.1 DTB10K AOD of the ZZ station was also slightly overestimated by approximately 15% when QF = 3, accompanied by the appearance of a positive MAE (0.09). Overall, the results (Table 3, Table 4, Table 5 and Table 6) showed that the percentage with the EE for the individual site was greater than all the sites when combined together. This suggests that, currently, no MODIS aerosol product is suitable for the whole YERB region, and it is a challenging task to obtain high-quality AOD retrievals.



Figure 7 shows the box diagram of bias (AODsatellite–AODCE318) between the high-quality MODIS AOD (QF = 2, 3) retrievals and the CE318 AOD retrievals. In general, bias of DT3K C6 (Figure 7a), DT10K C6.1 (Figure 7b), and DT3K C6.1 (Figure 7e) was often greater than 0, and this bias was increased with the increase in the CE318 AOD. These results are consistent with the previous regional and global evaluations [23,38]. In summary, DT C6 and C6.1 AOD retrievals were generally overestimated over the YERB. However, an opposite trend was observed on the basis of DTB10K C6.1 (Figure 7c) and the C6.1 DB10K AOD (Figure 7d) retrievals. Generally, the DB10K C6.1 AOD retrievals tended to be underestimated. The DTB10K C6.1 AOD retrievals tended to be underestimated when the CE318 AOD < 1.1, and they tended to be slightly overestimated when AOD > 1.1. Similar findings were also reported over the YRB [49].




3.2. Seasonal Variation of AOD Retrieval Bias


Figure 8 reveals the seasonal variation of the high-quality (QF = 2, 3) satellite AOD retrievals and CE318 AOD observations for the MW, LZ, UL, and ZZ sites. Over each site, MODIS AOD values were observed during spring and summer, whereas low values were observed during autumn and winter. However, opposite behavior of the CE318 AOD values was observed. Similar results were also observed over the WH site located in the YRB [49,60]. Because many deserts exist in north-western China and frequent sandstorms can appear in the YERB in spring, the result is an increase in aerosol loadings and higher AOD values. In addition, summer is the crop harvest season in the YERB, and crop straw burning in local regions also aggravates the emissions of aerosols, thus leading to an increase in the AOD value. The reason for the AOD characteristics of the LZ CE318 might be due to the differences in aerosol type, surface reflectance, and local climate [59]. The LZ site often had high sunphotometer AOD values, which is because LZ is in the north-western region of China, which has a semiarid climate and many yearly dust events; both of which lead to a high aerosol load and high AOD values [63].



To deeply study the influence of seasonal factors on the satellite AOD products, the daily mean Aqua-MODIS C6 and C6.1 retrieval biases (AODsatellite–AODCE318) at 550 nm were investigated over MW (Figure 9), LZ (Figure 10), UL (Figure 11), and ZZ (Figure 12) from July 1, 2002 to December 31, 2014. From Figure 9, Figure 10, Figure 11 and Figure 12, the biases of the Aqua-MODIS C6 and C6.1 DT (3K and 10K) were positive almost all year round except for the LZ station. The absolute values of the biases increased in winter in LZ. In contrast, the C6.1 DB10K AOD biases were almost an underestimation in every season except for the ZZ station. Similar seasonal variations in satellite product biases have also occurred in eastern China [59] and in the YRB [49]. In addition, the bias values of the MODIS AOD products did not show obvious seasonal variation except for LZ.




3.3. Spatial Distribution of High-Quality Aqua-MODIS AOD


Figure 13 shows the spatial distribution of the five Aqua-MODIS C6 and C6.1 AOD products (QF = 3) at 550 nm over the YERB. The blank areas represent areas without data. The reason might be due to the differences in the inversion algorithm of the different AOD products (mentioned in Section 2.1). The Aqua-MODIS DT 3K and DT10K C6 and C6.1 AOD retrievals in the northern YERB inland water system showed large areas of missing data, which indicated that not many high-quality DT AOD retrievals were available over these areas. On the other hand, DB and DTB C6.1 AOD retrievals were available over these areas. Moreover, the high-quality Aqua-MODIS retrievals showed good performance in the plateau and mountain areas in the upstream part of the YERB.



As shown in Figure 13, the spatial distribution characteristics of the five Aqua-MODIS AOD products were nearly similar over the YERB. The high AOD values (AOD > 0.8) mostly occurred in the eastern part of the YERB, including the North China plain, Shaanxi Province, and northern Henan Province, as these regions are relatively economically developed with large aerosol emissions, resulting in high aerosol loadings. At the same time, low AOD values (AOD < 0.4) mainly occurred in the upper reaches of the YERB, e.g., in the plateau and mountainous regions in the southwest of the YERB. These regions are relatively less economically developed with small aerosol emissions, resulting in low aerosol loadings. These results are consistent with a previous study in China [42].



In addition, the DT3K C6 (Figure 13b) and C6.1 (Figure 13d) AOD values were slightly higher compared to the other three products, especially in the lower reach of the YERB, where aerosol loadings were relatively large. This might be due to the remaining pixels, which were discarded by DT10K during the initial pre-processing and caused an overestimation in the DT3K [40]. In addition, the DB10K AOD retrievals were significantly underestimated compared to the DT10K and DTB10K AOD retrievals, which is consistent with the abovementioned results in Figure 5 and is supported by the findings of a previous study [49].



The relative mean bias values of MODIS-CE318 coincident retrievals at MW, LZ, UL, and ZZ stations are given in Table 8. Coincident observations of less than 200 were removed, as these could not reveal accurate results. Relative mean bias values can reflect the overestimation or underestimation of MODIS AOD, so the comparative results of every product at each station can be reflected clearly in Table 8. Additionally, all MODIS products were almost underestimated at the LZ station. However, the DT and DTB products were overestimated at the ZZ station. Thus, the results of the DT were better (the RMB was almost 1) than DB and DTB products over the whole YERB. It can be concluded that, in the western semi-arid and arid regions of the YERB, the DT10K C6.1 was better, and in the north-central river regions and eastern plain regions of the YERB, the C6.1DB10K and C6.1DTB10K were better.





4. Conclusions


In this paper, Aqua-MODIS C6 and C6.1 DT and DB AOD products at 550 nm were evaluated against CE318 sunphotometer AOD measurements over the YERB from 1 July, 2002 to 31 December, 2014. This study concluded that:




	(a)

	
There are significant differences within the YERB concerning AOD.




	(b)

	
For some sites (e.g., LZ), significant deviations and annual-cycle differences exist between satellite and ground-based AOD.




	(c)

	
In general, (for the whole YERB), no single satellite AOD product performed satisfactorily. The scope of this paper is to demonstrate the present results and compare them with some recent AOD products.




	(d)

	
In the western semi-arid and arid land regions of the YERB, C6.1 DT10K performed better against the ground-based sunphotometer data, and the performances of C6.1 DB10K and DTB10K were satisfactory over the north-central water systems or river regions of the YERB and over the eastern plain regions of the YERB.




	(e)

	
The DT AOD retrievals were overestimated and underestimated for AOD > 1.1 and AOD < 1.1, respectively, over the YERB.




	(f)

	
The MODIS AOD retrievals had an RMB < 0 (underestimations) and showed certain seasonal variations (the absolute values of biases were lower in summer and higher in winter) across the LZ station, compared to the other stations.




	(g)

	
The C6.1 DB AOD retrievals were significantly underestimated over all the stations expect the ZZ station, where less underestimation was observed.




	(h)

	
Spatial distribution maps showed high AOD values (AOD > 0.8) over the eastern part of the YERB and low AOD values (AOD < 0.4) over the upper reaches of the YERB.
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Figure 1. Location of the ground stations (triangle symbols) over the Yellow River basin (YERB). 
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Figure 2. Comparison of the C6 DT AOD retrievals at 3 km (DT3K) with CE318 AOD observations at 550 nm over the YERB for the period of July 1, 2002 to December 31, 2014. The DT3K AOD retrievals are classified by all (QF > 0, (a)), medium (QF > 1, (b)), and high (QF = 3, (c)) quality flags. The black straight line is the 1:1 line, the red straight line is the regression line, and the expected error (EE) envelope is within the dashed lines. 
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Figure 3. Comparison between the C6.1 DT3K AOD product at 550 nm and the CE318 AOD observations at 550 nm over the YERB for the period of July 1, 2002 to December 31, 2014. The DT3K AOD retrievals were classified by all (QF > 0, (a)), medium (QF > 1, (b)), and high (QF = 3, (c)) quality flags. The black straight line is the 1:1 line, the red straight line is the regression line, and the EE envelope is within the dashed lines. 
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Figure 4. Validation of the C6.1 DT10K AOD product at 550 nm against the CE318 AOD observations at 550 nm over the YERB for the period of July 1, 2002 to December 31, 2014. The DT3K AOD retrievals are classified by all (QF > 0, (a)), medium (QF > 1, (b)), and high (QF = 3, (c)) quality flags. The black straight line is the 1:1 line, the red straight line is the regression line, and the EE envelope is within the dashed lines. 
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Figure 5. Validation of the C6.1 Deep Blue AOD retrievals at 10 km resolution (DB10K) against the CE318 AOD observations at 550 nm over the YERB for the period of July 1, 2002 to December 31, 2014. The DT3K AOD retrievals are classified by all (QF > 0, (a)), medium (QF > 1, (b)), and high (QF = 3, (c)) quality flags. The black straight line is the 1:1 line, the red straight line is the regression line, and the EE envelope is within the dashed lines. 
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Figure 6. Validation of the C6.1 DTB10K AOD product at 550 nm against the CE318 AOD observations at 550 nm over the YERB for the period of July 1, 2002 to December 31, 2014. The DT3K AOD retrievals were classified by all (QF > 0, (a)), medium (QF > 1, (b)), and high (QF = 3, (c)) quality flags. The black straight line is the 1:1 line, the red straight line is the regression line, and the EE envelope is within the dashed lines. 
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Figure 7. Box plots of the high-quality (QF = 2, 3) Aqua-MODIS C6 and C6.1 retrieval biases at 550 nm (AOD satellite–AOD CE318) against the CE318 AOD observations at 550 nm over the YERB for the period of July 1, 2002 to December 31, 2014. The EE envelopes are within the dashed lines. The number above each box refers to the corresponding matchups in the different intervals of the CE318 AOD (0–0.3, 0.3–0.6, 0.6–0.9, 0.9–1.2, and >1.2). The C6 DT3K, C6.1 DT10K, C6.1 DTB10K, C6.1 DB10K, and C6.1 DT3K retrieval biases are presented in (a)–(e), respectively. 
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Figure 8. Seasonal and annual variation of the Aqua-MODIS C6 and C6.1 AOD retrievals (QF = 2, 3) at 550 nm and the CE318 AOD observations at 550 nm, respectively, at MW, LZ, UL, and ZZ for the period of 1 July, 2002 to 31 December, 2014. 
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Figure 9. Seasonal variation of the Aqua-MODIS C6 and C6.1 AOD retrieval biases (QF > 0) of the CE318 AOD observations at 550 nm at the MW site. Note that the y-axis refers to the multi-year daily mean AOD bias values for the period of 1 July, 2002 to 31 December, 2014. 
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Figure 10. Seasonal variation of the Aqua-MODIS C6 and C6.1 AOD retrieval biases (QF > 0) of the CE318 AOD observations at 550 nm at the LZ site. Note that the y-axis refers to the multi-year daily mean AOD bias values for the period of 1 July, 2002 to 31 December, 2014. 
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Figure 11. Seasonal variation of the Aqua-MODIS C6 and C6.1 AOD retrieval biases (QF > 0) of the CE318 AOD observations at 550 nm at the UL site. Note that the y-axis refers to the multi-year daily mean AOD bias values for the period of 1 July, 2002 to 31 December, 2014. 
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Figure 12. Seasonal variation of the Aqua-MODIS C6 and C6.1 AOD retrieval biases (QF > 0) of the CE318 AOD observations at 550 nm at the ZZ site. Note that the y-axis refers to the multi-year daily mean AOD bias values for the period of 1 July, 2002 to 31 December, 2014. 
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Figure 13. Spatial distribution of the annual high-quality Aqua-MODIS AOD at 550 nm: (a) C6.1 DTB10K AOD, (b) C6 DT3K AOD, (c) C6.1 DB10K AOD, (d) C6.1 DT3K AOD, and (e) C6.1 DT10K AOD retrievals (QF = 3) over the YERB for the period of 1 July, 2002 to 31 December, 2014. The color scale refers to the AOD values. 
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Table 1. Scientific Data Set (SDS) of the Aqua-MODIS (Moderate Resolution Imaging Spectrometer) Collection (C6) and C61 aerosol optical depth (AOD) products at 550 nm used in this study from April 1, 2002 to December 31, 2014.
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Satellite

	
Product

	
Aerosol Optical Depth

	
Quality Flag






	
Aqua C6

	
DT3K

	
Optical_Depth_Land_And_Ocean

	
Land_Ocean_Quality_Flag




	
Aqua C6.1

	
DT10K

	
Optical_Depth_Land_And_Ocean

	
Land_Ocean_Quality_Flag




	
DTB10K

	
AOD_550_Dark_Target_Deep_Blue_Combined

	
AOD_550_Dark_Target_Deep_Blue_Combined_QA_Flag




	
DB10K

	
Deep_Blue_Aerosol_Optical_Depth_550_Land

	
Deep_Blue_Aerosol_Optical_Depth_550_Land_QA_Flag




	
DT3K

	
Optical_Depth_Land_And_Ocean

	
Land_Ocean_Quality_Flag
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Table 2. Statistics of the Chinese aerosol remote sensing network (CARSNET) CIMEL sunphotometers CE318 ground sites over the YERB from 2002 to 2014 used in this study.






Table 2. Statistics of the Chinese aerosol remote sensing network (CARSNET) CIMEL sunphotometers CE318 ground sites over the YERB from 2002 to 2014 used in this study.





	Region
	CE318 Site
	Lon (E)
	Lat (N)
	Station Type
	Quality Flag
	Time





	Upstream
	Mt. Waliguan (MW)
	100.92
	36.28
	Rural
	Level 1.5
	2009.3–2012.4



	Upper and middle reach
	Lanzhou (LZ)
	103.88
	36.05
	Urban
	Level 1.5
	2002.7–2014.1



	Midstream
	Ulate (UL)
	108.52
	41.57
	Rural
	Level 1.5
	2002.4–2005.2



	Downstream
	Zhengzhou (ZZ)
	113.68
	34.78
	Urban
	Level 1.5
	2007.2–2014.1
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Table 3. Comparison of the C6 DT3K AOD products at 550 nm (QF > 0, QF > 1, and QF = 3) with CE318 AOD observations at 550 nm at Mt. Waliguan (MW), Lanzhou (LZ), Ulate (UL), and Zhengzhou (ZZ) for the period of July 1, 2002 to December 31, 2014, where ALL represents all stations’ data.






Table 3. Comparison of the C6 DT3K AOD products at 550 nm (QF > 0, QF > 1, and QF = 3) with CE318 AOD observations at 550 nm at Mt. Waliguan (MW), Lanzhou (LZ), Ulate (UL), and Zhengzhou (ZZ) for the period of July 1, 2002 to December 31, 2014, where ALL represents all stations’ data.





	
Station

	
QF

	
N

	
Slope

	
Y-int

	
R

	
MAE

	
RMB

	
RMSE

	
Within EE%






	
MW

	
QF > 0

	
127

	
0.84

	
0.07

	
0.62

	
0.05

	
1.36

	
0.07

	
65.35




	
QF > 1

	
88

	
0.70

	
0.10

	
0.45

	
0.06

	
1.48

	
0.08

	
57.95




	
QF = 3

	
41

	
0.86

	
0.10

	
0.43

	
0.08

	
1.64

	
0.09

	
53.66




	
LZ

	
QF > 0

	
603

	
0.40

	
0.11

	
0.43

	
−0.20

	
0.61

	
0.15

	
28.69




	
QF > 1

	
508

	
0.38

	
0.12

	
0.45

	
–0.20

	
0.61

	
0.13

	
30.12




	
QF = 3

	
410

	
0.42

	
0.10

	
0.48

	
–0.19

	
0.62

	
0.13

	
30.49




	
UL

	
QF > 0

	
94

	
0.87

	
0.04

	
0.78

	
0.00

	
1.02

	
0.12

	
70.21




	
QF > 1

	
42

	
0.94

	
0.05

	
0.76

	
0.03

	
1.14

	
0.13

	
66.67




	
QF = 3

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--




	
ZZ

	
QF > 0

	
664

	
1.27

	
–0.03

	
0.85

	
0.17

	
1.23

	
0.28

	
52.26




	
QF > 1

	
632

	
1.28

	
–0.03

	
0.84

	
0.17

	
1.23

	
0.28

	
52.22




	
QF = 3

	
490

	
1.26

	
–0.03

	
0.85

	
0.16

	
1.21

	
0.28

	
51.63




	
ALL

	
QF > 0

	
1488

	
1.20

	
–0.11

	
0.81

	
0.00

	
1.00

	
0.28

	
44.96




	
QF > 1

	
1270

	
1.23

	
–0.13

	
0.81

	
0.01

	
1.02

	
0.29

	
44.25




	
QF = 3

	
950

	
1.27

	
–0.16

	
0.82

	
0.00

	
1.01

	
0.28

	
42.74
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Table 4. Comparison of the C6.1 DT3K AOD product at 550 nm (QF > 0, QF > 1, and QF = 3) against the CE318 AOD observations at 550 nm at MW, LZ, UL, and ZZ for the period of July 1, 2002 to December 31, 2014, where ALL represents all stations’ data.






Table 4. Comparison of the C6.1 DT3K AOD product at 550 nm (QF > 0, QF > 1, and QF = 3) against the CE318 AOD observations at 550 nm at MW, LZ, UL, and ZZ for the period of July 1, 2002 to December 31, 2014, where ALL represents all stations’ data.





	
Station

	
QF

	
N

	
Slope

	
Y-int

	
R

	
MAE

	
RMB

	
RMSE

	
Within EE%






	
MW

	
QF > 0

	
127

	
0.84

	
0.07

	
0.62

	
0.05

	
1.36

	
0.07

	
65.35




	
QF > 1

	
88

	
0.70

	
0.10

	
0.45

	
0.06

	
1.48

	
0.08

	
57.95




	
QF = 3

	
41

	
0.86

	
0.10

	
0.43

	
0.08

	
1.64

	
0.09

	
53.66




	
LZ

	
QF > 0

	
532

	
0.39

	
0.11

	
0.44

	
–0.20

	
0.61

	
0.14

	
29.32




	
QF > 1

	
451

	
0.37

	
0.12

	
0.45

	
–0.19

	
0.62

	
0.13

	
30.82




	
QF = 3

	
365

	
0.39

	
0.11

	
0.48

	
–0.19

	
0.62

	
0.12

	
32.05




	
UL

	
QF > 0

	
94

	
0.87

	
0.04

	
0.78

	
0.00

	
1.02

	
0.12

	
70.21




	
QF > 1

	
42

	
0.94

	
0.05

	
0.76

	
0.03

	
1.14

	
0.13

	
66.67




	
QF = 3

	
9

	
1.24

	
0.02

	
0.77

	
0.09

	
1.32

	
0.13

	
66.67




	
ZZ

	
QF > 0

	
554

	
1.21

	
0.02

	
0.81

	
0.16

	
1.23

	
0.31

	
50.36




	
QF > 1

	
521

	
1.21

	
0.02

	
0.81

	
0.16

	
1.23

	
0.31

	
50.29




	
QF = 3

	
402

	
1.17

	
0.03

	
0.80

	
0.16

	
1.22

	
0.30

	
50.25




	
ALL

	
QF > 0

	
1307

	
1.14

	
–0.08

	
0.78

	
–0.01

	
0.99

	
0.29

	
44.68




	
QF > 1

	
1270

	
1.23

	
–0.13

	
0.81

	
0.01

	
1.02

	
0.29

	
44.25




	
QF = 3

	
950

	
1.27

	
–0.16

	
0.82

	
0.00

	
1.01

	
0.28

	
42.74
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Table 5. Comparison of the C6.1 DT10K AOD product (QF > 0, QF > 1, and QF = 3) against the CE318 AOD observations at 550 nm at MW, LZ, UL, and ZZ for the period of July 1, 2002 to December 31, 2014, where ALL represents all stations’ data.






Table 5. Comparison of the C6.1 DT10K AOD product (QF > 0, QF > 1, and QF = 3) against the CE318 AOD observations at 550 nm at MW, LZ, UL, and ZZ for the period of July 1, 2002 to December 31, 2014, where ALL represents all stations’ data.





	
Station

	
QF

	
N

	
Slope

	
Y-int

	
R

	
MAE

	
RMB

	
RMSE

	
Within EE%






	
MW

	
QF > 0

	
111

	
0.91

	
0.09

	
0.54

	
0.08

	
1.62

	
0.08

	
50.45




	
QF > 1

	
53

	
0.66

	
0.14

	
0.38

	
0.10

	
1.78

	
0.09

	
37.74




	
QF = 3

	
6

	
1.36

	
0.02

	
0.81

	
0.07

	
1.50

	
0.07

	
66.67




	
LZ

	
QF > 0

	
721

	
0.43

	
0.13

	
0.46

	
–0.17

	
0.68

	
0.15

	
35.92




	
QF > 1

	
410

	
0.52

	
0.07

	
0.54

	
–0.18

	
0.66

	
0.14

	
36.34




	
QF = 3

	
108

	
0.21

	
0.15

	
0.34

	
–0.21

	
0.53

	
0.09

	
18.52




	
UL

	
QF > 0

	
145

	
1.12

	
0.03

	
0.77

	
0.06

	
1.25

	
0.14

	
58.62




	
QF > 1

	
39

	
1.29

	
0.03

	
0.73

	
0.10

	
1.42

	
0.17

	
46.15




	
QF = 3

	
2

	
0.23

	
0.20

	
1.00

	
–0.01

	
0.95

	
0.00

	
0.00




	
ZZ

	
QF > 0

	
697

	
1.25

	
0.02

	
0.79

	
0.21

	
1.28

	
0.35

	
46.63




	
QF > 1

	
583

	
1.23

	
0.01

	
0.82

	
0.19

	
1.25

	
0.31

	
48.71




	
QF = 3

	
23

	
1.30

	
–0.05

	
0.90

	
0.13

	
1.22

	
0.16

	
47.83




	
ALL

	
QF > 0

	
1674

	
1.19

	
–0.08

	
0.78

	
0.03

	
1.05

	
0.31

	
43.31




	
QF > 1

	
1085

	
1.25

	
–0.11

	
0.81

	
0.04

	
1.07

	
0.30

	
43.41




	
QF = 3

	
139

	
0.74

	
–0.02

	
0.58

	
–0.14

	
0.69

	
0.19

	
25.18
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Table 6. Comparison of the C6.1 DB10K AOD products at 550 nm (QF > 0, QF > 1, and QF = 3) against the CE318 AOD observations at 550 nm at MW, LZ, UL, and ZZ for the period of July 1, 2002 to December 31, 2014, where ALL represents all stations’ data.






Table 6. Comparison of the C6.1 DB10K AOD products at 550 nm (QF > 0, QF > 1, and QF = 3) against the CE318 AOD observations at 550 nm at MW, LZ, UL, and ZZ for the period of July 1, 2002 to December 31, 2014, where ALL represents all stations’ data.





	
Station

	
QF

	
N

	
Slope

	
Y-int

	
R

	
MAE

	
RMB

	
RMSE

	
Within EE%






	
MW

	
QF > 0

	
111

	
0.59

	
0.02

	
0.66

	
–0.03

	
0.73

	
0.06

	
74.77




	
QF > 1

	
6

	
–0.12

	
0.04

	
0.31

	
–0.02

	
0.60

	
0.01

	
83.33




	
QF = 3

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--




	
LZ

	
QF > 0

	
843

	
0.35

	
0.09

	
0.46

	
–0.26

	
0.52

	
0.13

	
16.49




	
QF > 1

	
511

	
0.34

	
0.06

	
0.49

	
–0.30

	
0.45

	
0.11

	
9.20




	
QF = 3

	
231

	
0.33

	
0.03

	
0.59

	
–0.35

	
0.38

	
0.09

	
1.73




	
UL

	
QF > 0

	
221

	
0.77

	
0.00

	
0.77

	
–0.05

	
0.77

	
0.09

	
55.66




	
QF > 1

	
151

	
0.71

	
0.00

	
0.72

	
–0.06

	
0.70

	
0.09

	
53.64




	
QF = 3

	
79

	
0.42

	
0.02

	
0.69

	
–0.09

	
0.54

	
0.06

	
48.10




	
ZZ

	
QF > 0

	
686

	
1.20

	
–0.11

	
0.82

	
0.03

	
1.05

	
0.30

	
56.27




	
QF > 1

	
495

	
1.06

	
–0.07

	
0.85

	
–0.04

	
0.94

	
0.21

	
61.62




	
QF = 3

	
267

	
1.06

	
–0.09

	
0.89

	
–0.06

	
0.89

	
0.15

	
61.80




	
ALL

	
QF > 0

	
1861

	
1.03

	
–0.13

	
0.78

	
–0.11

	
0.79

	
0.26

	
39.28




	
QF > 1

	
1163

	
0.90

	
–0.10

	
0.75

	
–0.16

	
0.71

	
0.22

	
37.66




	
QF = 3

	
577

	
0.73

	
–0.05

	
0.70

	
–0.18

	
0.63

	
0.19

	
35.88
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Table 7. Validation of the C6.1 DTB10K AOD product at 550 nm (QF > 0, QF > 1, and QF = 3) against the CE318 AOD observations at 550 nm at MW, LZ, UL, and ZZ for the period of 1 July, 2002 to 31 December, 2014, where ALL represents all stations’ data.






Table 7. Validation of the C6.1 DTB10K AOD product at 550 nm (QF > 0, QF > 1, and QF = 3) against the CE318 AOD observations at 550 nm at MW, LZ, UL, and ZZ for the period of 1 July, 2002 to 31 December, 2014, where ALL represents all stations’ data.





	
Station

	
QF

	
N

	
Slope

	
Y-int

	
R

	
MAE

	
RMB

	
RMSE

	
Within EE%






	
MW

	
QF > 0

	
40

	
0.81

	
0.07

	
0.82

	
0.04

	
1.32

	
0.06

	
62.50




	
QF > 1

	
7

	
0.94

	
0.02

	
0.89

	
0.01

	
1.12

	
0.03

	
100.00




	
QF = 3

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--




	
LZ

	
QF > 0

	
707

	
0.37

	
0.09

	
0.48

	
–0.26

	
0.53

	
0.12

	
16.83




	
QF > 1

	
419

	
0.30

	
0.08

	
0.49

	
–0.30

	
0.45

	
0.10

	
7.40




	
QF = 3

	
180

	
0.30

	
0.05

	
0.54

	
–0.33

	
0.39

	
0.08

	
3.33




	
UL

	
QF > 0

	
199

	
0.81

	
–0.01

	
0.80

	
–0.06

	
0.74

	
0.09

	
57.29




	
QF > 1

	
126

	
0.71

	
–0.01

	
0.74

	
–0.06

	
0.68

	
0.08

	
57.94




	
QF = 3

	
70

	
0.48

	
0.01

	
0.72

	
–0.08

	
0.55

	
0.05

	
50.00




	
ZZ

	
QF > 0

	
570

	
1.16

	
0.01

	
0.82

	
0.12

	
1.17

	
0.27

	
54.56




	
QF > 1

	
388

	
1.17

	
0.00

	
0.83

	
0.11

	
1.16

	
0.24

	
57.99




	
QF = 3

	
196

	
1.17

	
–0.01

	
0.87

	
0.09

	
1.15

	
0.20

	
58.16




	
ALL

	
QF > 0

	
1516

	
1.04

	
–0.10

	
0.75

	
–0.08

	
0.85

	
0.27

	
37.53




	
QF > 1

	
940

	
1.01

	
–0.10

	
0.72

	
–0.10

	
0.81

	
0.27

	
35.74




	
QF = 3

	
446

	
1.02

	
–0.12

	
0.74

	
–0.11

	
0.79

	
0.25

	
34.75
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Table 8. Relative mean bias (RMB) values of MODIS-CE318 coincident retrievals at 550 nm at MW, LZ, UL, and ZZ for the period of July 1, 2002 to December 31, 2014, where ALL represents all stations’ data.






Table 8. Relative mean bias (RMB) values of MODIS-CE318 coincident retrievals at 550 nm at MW, LZ, UL, and ZZ for the period of July 1, 2002 to December 31, 2014, where ALL represents all stations’ data.





	
Aqua-MODIS Level 2 Aerosol Products (MYD04_L2/MYD04_3K)




	
Sites

	
DT3K C6

	
DT3K C6.1

	
DT10K C6.1

	
DB10K C6.1

	
DTB10K C6.1






	
MW

	
--

	
--

	
--

	
--

	
--




	
LZ

	
0.61

	
0.62

	
0.67

	
0.45

	
0.46




	
UL

	
--

	
--

	
--

	
--

	
--




	
ZZ

	
1.22

	
1.22

	
1.27

	
0.96

	
1.16




	
ALL

	
1.01

	
1.00

	
0.94

	
0.71

	
0.82
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