Validation and Error Analysis for A Deep Learning Aerosol Retrieval Method
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ABSTRACT: The retrieval of multiple aerosol parameters from satellite remote sensing data is a difficult task. A deep learning method named NNAero (Neural Network based AEROsol retrieval) trained by MODIS (MODerate resolution Imaging Spectroradiometer) and AERONET (Aerosol Robotic Network) data was used to produce 10 years (2010-2019) Aerosol Optical Depth (AOD) and Fine Mode Fraction (FMF) data over eastern China.  The NNAero AOD and FMF productions were validated using AERONET (Aerosol RObotic NETwork) and SONET (Sun–Sky Radiometer Observation Network) data, showing the good performance of the NNAero FMF retrieval (68% within Expected Error of ± (0.03 + 20%)) compared to previous studies. The evaluation of the NNAero AOD using MODIS Deep Blue AOD shows good spatial consistency. Validation results were analyzed to determine retrieval error sources, showing that aerosol absorption and scattering and surface brightness jointly contribute to the FMF retrieval error.

1. INTRODUCTION

A number of satellites has been launched for atmospheric aerosol monitoring due to the important impact of aerosols on climate change, environment and human health (Kaufman et al., 2002; IPCC,
2013). Methods such as Dark Target (DT, Levy et al., 2013), Deep Blue (DB, Hsu et al., 2013) and Grasp (Dubovik et al., 2011) have been developed to retrieve global aerosol remote sensing products, which contribute to the global radiation budget calculation and air pollution monitoring.
The Aerosol Optical Depth (AOD) has been retrieved using a variety of satellite-based sensors. Aerosol Fine Mode Fraction (FMF) is defined as the fraction of fine mode particles in the total aerosol particles contributing to the AOD. But FMF is hard to retrieve over land with as high an accuracy as AOD using multi-spectral measurements only. Some efforts for FMF retrieval have been made using radiative method (Yan et al., 2017; Levy et al., 2013), but the accuracy is still not good. In order to figure out whether and how the satellite multi-spectral sensors, in particular the Moderate Resolution Imaging Spectroradiometer (MODIS), can retrieve FMF, an artificial Neural Network based AEROsol retrieval (NNAero) method to jointly retrieve FMF and AOD using MODIS data was developed by Chen et al. (2020). The NNAero-retrieved FMF accuracy was been improved significantly compared to previous studies.
For long-term and comprehensive validation for NNAero, FMF and AOD were retrieved for a period of 10 years (2010-2019) over north and east China, encompassing a wide variety of aerosol and surface conditions. AERONET (Holben et al, 2001) and SONET (Li et al., 2018) ground-based observations (some sites are shared) were used to validate the NNAero satellite products. In this paper, we present the validation and error analysis results.

2. [bookmark: _Hlk53314203]NNAero METHOD

The NNAero method was described in detail in Chen et al., (2020). In brief, the deep learning model NNAero was trained using TOA (Top Of the Atmosphere) and surface spectral reflectances observed by MODIS as input data, the FMF and AOD measured by AERONET/SONET were used as output data. Also, the solar and viewing angles were included in the input data. After the model was trained, FMF and AOD can be retrieved (or predicted) using the NNAero neural network model, which only uses MODIS data as input. The strategy is shown in Fig. 1. 
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Figure 1. The multi-input neural network architecture of MODIS FMF and AOD prediction. The inputs include TOA and surface reflectance images (input1) and four geometric angles (input2: sz for solar zenith, sa for solar azimuth, vz for viewing zenith and va for viewing azimuth). Method details can be found in Chen et al., (2020).

Five spectral bands of MODIS data were selected as shown in Table 1. The spatial resolution is 0.5 km as the reflectance is extracted from “MOD02HKM” (TOA radiance, is converted to TOA reflectance) and “MOD09” (surface reflectance) datasets. Cloud mask is acquired from MOD35 data.

Table 1. Spectral bands selected from MODIS data 
	Serial Number of band
	Wavelength (nm)

	1
	620—670

	2
	841—876

	3
	459—479

	4
	545—565

	7
	2105—2135



3. AERONET VALIDATION

[bookmark: _Hlk53324390]Chen et al., (2020) used several years of data from nine AERONET sites over a rather small area for independent validation, showing that 68% of the FMF values are within the Expected Error of ± (0.03 + 20%), and the AOD values are within 68% of the EE ± (0.05 + 15%). Here we validate the NNAero FMF and AOD using long-term data during 2010-2019 (10 years).

3.1 NNAero FMF Vallidation

Fig.2 shows scatterplots of the NNAero and DT FMF versus AERONET and SONET FMF, for all 10 years of data. The left figure shows that 65% of the NNAero FMF data is within the EE ± (0.03 + 20%), which is slightly less good than the primary validation which was 68%, but over a small area. The right part of Fig.2 shows that DT FMF is discrete and the values are almost all too small as compared to the ground-based values. 
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Figure 2. MODIS NNAero FMF and DT FMF validations against AERONET and SONET FMF using ten years of data (2010-2019). The AERONET data include all available measurements during 2010-2019 from sites: Beijing_RADI, Xianghe, SONET_Xingtai, Xinglong, Xuzhou, Shijiazhuang_SZF and Shijiazhang_CHEY, Taihu. The data level and processing method is described in Chen et al., 2020. 

3.2 NNAero AOD Validation

Fig.3 shows that for NNAero AOD 63% of the values are within the EE of ± (0.05 + 15%). The DB AOD has the best accuracy with 65% within EE, while the DT AOD has the lowest accuracy with only 44% within EE. The difference between the primary validation in Chen et al., 2020 may be caused by using different AERONET dataset with ten years’ time. Overall, the NNAero AOD is underestimated.
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Figure 3. Scatterplots of MODIS NNAero AOD, DB AOD and DT AOD against AERONET AOD using ten years data (2010-2019) of data.

3.3 Averaged Fine Mode AOD Validation

The AODf (defined by Eq.1) of both satellite and ground observations were averaged over all 10 years (2010-2019) and the results are compared in Fig. 4. The averaged AODf data from 4 SONET sites, Shanghai, Nanjing, Hefei and Songshan, for the years 2016-2019 were also added. Observations during a very short time (such as a week) in total at one site were not used to calculate the mean AODf.
                                                             (1)
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Figure 4. Comparison of averaged AODf at different AERONET/SONET sites (red dot curve) with 10-year averaged satellite observations (black squares) using MODIS NNAero AODf.

As shown in Fig. 4, the variation of the MODIS NNAero AODf over the different sites is similar to that of the AERONET ground-based AODf. The AODf is related to the fine mode particles originating from anthropogenic sources and precursor gases, and has more information on PM2.5 than AOD.

3.4 Error Analysis

The primary error analysis has been introduced in Chen et al., 2020. The contributions of aerosol amount (AOD value), aerosol absorption and different satellites to errors in NNAero FMF and AOD were analyzed. The coupling effect of aerosol absorption and FMF has been found to be an important error source.
Here we extracted the TOA reflectance at the 2130 nm wavelength band, and set 0.05, 0.1 and 0.15 thresholds for validation. The NNAero FMF accuracy decreases with increasing reflectance. 

4. COMPARISON OF SATELLITE PRODUCTS 

The NNAero AOD, FMF and AODf provide much information about aerosol pollution. MODIS data were processed using NNAero over the eastern and northern part of China. The 2010’s annual mean distributions of DB AOD, NNAero AOD, NNAero FMF, NNAero AODf are presented in Fig.5. 
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Figure 5. 2010’s annual mean distributions of DB AOD, NNAero AOD, NNAero FMF, NNAero AODf over the eastern and northern parts of China.

AOD and AODf are correlated with aerosol pollution. The data in Fig. 5 show that NNAero AOD is underestimated compared with DB AOD, but the spatial distributions are consistent. The northern China plain and Yangtze River delta areas are heavily polluted. South China and inner Mongolia have better air quality. The NNAero AODf shows some difference between rural and urban, more studies jointly using population and industry data may reveal more information.

5. DISCUSSION AND CONCLUSION

After the validation, we found some problems requiring further research:
(1) The coupling effect between multiple aerosol parameters introduces error. In this case, the decoupling strategy should be studied. Considering decoupling physics’ mechanism, multiplexing neural network combination or decision tree should be tested.
(2) The neural network structure may introduce error. Two kinds of sites were compared: one set which was included in the training dataset and the other one not. The sites included in training have better accuracy. This may be caused by the Convolutional Neural Network (CNN) structure can remember some shape and texture information. The Full Connected Neural Network and other structure should be tested.
(3) The samples should be reprocessed to get a better distribution. In the real atmosphere, low FMF cases (<0.2) are rare compared with high FMF, so the “Machine Learning” learned more from samples of high FMF value. The sample augmentation for a uniform distribution may decrease the approximation error.
Totally, the NNAero FMF and AOD were validated, and get high accuracies. The NNAero AOD may have some underestimation, so we do not recommend to use it for quantitative applications and analysis. The NNAero FMF is an obvious improvement compared with previous methods.
The improvement of the NNAero method is further pursued and expected to provide better accuracy, wider coverage and more aerosol product types.
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