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	Virtual Mobility Details
Title: Evaluation of CAMS Aerosol Optical Depth Against Sun-Photometer Observations: Global Patterns and Trends
Start and end date: 10/09/2025 to 10/10/2025

	Description of the work carried out during the VM
Description of the virtual collaboration and activities carried out during the VM, with focus on the work carried out by the grantee. Any deviations from the initial working plan shall also be described in this section.
(max. 500 words) 
Grantee enters max 500 word summary here.
Working plan
· Selection of AERONET stations: Filtering criteria applied to identify stations with long-term, continuous, and representative AOD records (2003–2024).
The Aerosol Robotic Network (AERONET) is a global network of over 1,700 ground-based sun photometers providing high-quality, multi-wavelength measurements of aerosol optical properties over the past 30 years (Holben et al., 1998; 2001). In this study, we used the Level 2.0 AERONET data (V3), which are cloud-screened and quality-assured, offering direct-sun AOD retrievals with typical uncertainties of ±0.01 in the visible and ±0.02 in the ultraviolet range (Giles et al., 2019; Sinyuk et al., 2020).
Following Zhang et al. (2025), a set of selection criteria were applied to ensure a robust and consistent long-term trend analysis of AERONET stations over the 2003–2024 period. For low-AOD stations, abnormally high AOD values (e.g., >2.0) were excluded to avoid bias from extreme events. Monthly median AOD values were calculated only when at least five valid daily observations were available across three or more days, ensuring representative monthly statistics. Stations were required to have at least ten years with a minimum of eight valid months per year, with a relaxed threshold of four months for polar stations above 65° latitude to account for extended periods of darkness. To capture seasonal and intraseasonal variability, only stations with at least ten years of valid data for each climatological season (DJF, MAM, JJA, SON) were included. Additionally, following Inness et al. (2019), stations such as Mauna Loa and Mexico City were excluded due to potential biases from volcanic sulfate emissions, which can challenge global aerosol model representation through excessive local sulfate formation caused by lower-altitude SO₂ injection and enhanced oxidation, as well as possible overestimation of diffuse volcanic outgassing (Huijnen et al., 2010; Inness et al., 2019).

· Evaluation Method
The 3-hourly CAMS AOD datasets were evaluated against the selected AERONET stations. To ensure consistency, instantaneous ground-based AOD observations within a 1-hour window were averaged to produce hourly mean values (Che et al., 2019; Tuygun and Elbir, 2024). Model performance and uncertainties were quantified using a range of statistical metrics, including the Pearson correlation coefficient (R), mean absolute error (MAE), root-mean-square error (RMSE), relative mean bias (RMB), percent mean fractional error (MFE), percent fractional gross error (FGE), and the index of agreement (IOA), following the validation approaches of Yumimoto et al. (2017) and Che et al. (2019). These metrics provide a comprehensive assessment of model skill, capturing both absolute and relative errors, overall bias, and the ability of CAMS to reproduce the temporal and spatial variability observed by AERONET. Using this combination of statistics allows for a balanced evaluation, as each metric highlights different aspects of agreement or discrepancy between model and observations.

· Trend analysis
The trend analysis of the AOD was performed using the non-parametric Mann–Kendall (M-K) test combined with Sen’s slope estimator (Mann, 1945; Kendall, 1975; Sen, 1968). The M-K test evaluates the statistical significance of monotonic trends in time series without requiring a specific data distribution, while Sen’s slope provides a robust estimate of trend magnitude and direction. The trend analysis was implemented using the Python package pyMannKendall (Hussain et al., 2019). To account for potential serial correlation in the time series, classical pre-whitening techniques (von Storch, 1995; Yue and Wang, 2002) were also applied, reducing the risk of false trend detection caused by autocorrelation.

	Description of the VM main achievements and planned follow-up activities
Description and assessment of whether the VM achieved its planned goals and expected outcomes, including specific contribution to Action objective and deliverables, or publications resulting from the VM. Agreed plans for future follow-up collaborations shall also be described in this section.

	(max. 500 words) 
Grantee enters max 500 word summary here. 
Main conclusions and Future steps
The evaluation against 178 AERONET stations confirmed that CAMS effectively reproduced global aerosol optical depth (AOD) variability with strong overall performance. Based on 1,666,333 collocated pairs, the analysis yielded R = 0.84, RMSE = 0.12, MAE = 0.07, MFE = 46.1%, FGE = 0.7%, RMB = 1.0, and IOA = 0.9. More than 85% of stations exhibited correlations above 0.6, and over two-thirds achieved IOA values greater than 0.8, underscoring the model’s robustness across diverse aerosol conditions.
Regional evaluations revealed that performance varied with the dominant aerosol regime. In dust-dominated regions, CAMS captured variability well over the Middle East but underestimated AOD over North Africa, likely due to the underrepresentation of coarse particles and excessive removal processes. Across the Atlantic dust transport zone, the model accurately reproduced Saharan dust transport, while results over Northwestern China were less representative due to limited ground data.
In biomass-burning regions, CAMS performed well over the Amazon but showed weaker correlations in Central Africa and Southeast Asia, and overestimated AOD in the Canadian Fire Zone, suggesting limitations in GFAS fire emissions. Anthropogenic-dominated areas such as Eastern China, South Asia, and the Eastern United States showed good agreement, whereas Central Europe and the Western United States displayed lower performance. In the Mediterranean, CAMS reproduced temporal variability reasonably well across both basins.
Comparison of long-term AOD trends revealed a strong correlation with AERONET (R = 0.89), low bias (MBE = 0.052 × 10⁻²), and small error (RMSE = 0.0021). CAMS correctly reproduced the sign of AOD trends at 96.7% of sites and captured the magnitude of changes at 88 of 92 stations.
Future work will investigate the effect of assimilated MODIS AOD in CAMS reanalysis by applying the same evaluation framework to a reanalysis version without MODIS assimilation, enabling quantification of its specific contribution to model performance and long-term trend accuracy.
Outputs and contribution to MoU objectives and deliverables 
The outcomes of this study directly fulfilled the objectives outlined in the proposed Virtual Mobility (VM) project, contributing to WG3 by enhancing the usability and reliability of aerosol products for end users. Through the integration of high-quality AERONET observations with CAMS reanalysis, we provided a comprehensive validation of global and regional aerosol optical depth (AOD), quantifying biases, uncertainties, and performance across diverse aerosol regimes. This evaluation delivered region-specific insights into aerosol variability and trends, supporting applications in air quality, climate modeling, and radiative transfer studies. The methodological framework—combining multiple statistical indicators and trend analyses—ensured that CAMS model limitations were transparently identified, aligning with WG3’s goal of improving the accessibility and applicability of aerosol datasets. The next step will assess the impact of assimilated MODIS AOD by applying the same validation approach to a CAMS reanalysis configuration without MODIS assimilation, further clarifying the role of satellite observations in model performance. 
The results of this work were presented at the IPC/FRC/IPgC Symposium under the title “Two Decades of Aerosol Trends: Insights from CAMS Reanalysis”, and the corresponding manuscript is currently in preparation for submission.
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