10

15

20

25

30

https://doi.org/10.5194/egusphere-2025-91
Preprint. Discussion started: 17 February 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Global validation of the Particulate Observing Scanning Polarimeter
(POSP) Aerosol Optical Depth products over land

Zhe Ji'?, Zhengqiang Li'**", Gerrit de Leeuw'*, Zihan Zhang', Yan Ma', Zheng Shi°’, Cheng Fan', Qiao
Yao'!?

' Key Laboratory of Remote Sensing and Digital Earth & Key Laboratory of Satellite Remote Sensing of Ministry of Ecology
and Environment, Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100101, China

2 University of Chinese Academy of Sciences, Beijing 100049, China

3 College of Remote Sensing and Geoinformatics Engineering, Faculty of Geographical Science and Engineering, Henan
University, Zhengzhou 450046, China

4Royal Netherlands Meteorological Institute (KNMI), R & D Satellite Observations, 3730 AE De Bilt, The Netherlands

5> The Administrative Center for China’s Agenda 21, Beijing 100098, China

Correspondence to: Zhengqiang Li (lizq@radi.ac.cn)

Abstract. The global AODs for the one of few single-angle polarimeters currently in orbit, Particulate Observing Scanning
Polarimeter (POSP) has been proposed. We have tested the retrievals from the early stages of on-orbit operation and achieved
high accuracy, but we still lack an understanding of the retrieval accuracy over longer time scales. The systematic validation
and analysis of POSP retrievals are imperative to ensure the reliability of AOD products and to provide scientific references
for further enhancement. To this end, POSP AOD products have been compared with Aerosol Robotic Network (AERONET)
measurements at over 276 sites. The results from 19314 collocations show a high accuracy, with correlation coefficients (R)
of 0.914, a root mean square error (RMSE) of 0.085, and the fraction within the expected error (EE) is 78.5%. The error
analysis shows that the accuracy of POSP AOD exhibits a clear seasonal variation, being lower in the autumn and winter than
in the spring and summer. Additionally, the uncertainty in AOD increases as NDVI decreases. Compared with MODIS AOD
products, the accuracy of POSP AOD was higher than that of the Deep Blue product except over barren and forest, and higher
than the Dark Target product over all surface types. In addition, the spatial variability characteristics of the global mean AOD
has been analyzed. POSP AOD shows an underestimation compared to MODIS BD AOD over North Africa and the Arabian
Peninsula, while it overestimates in other regions. However, both POSP AOD and MODIS AOD indicate that high aerosol

loading mainly occurs over northern South America, central Africa, northern India, and northeastern China.

1 Introduction

Aerosols consist of particulate matter (referred to as particles) suspended in the atmospheric fluid. Aerosols have increasingly
attracted attention because of the air pollution caused by the rise in global industrial activity brought about by economic growth
in recent years (Wei et al., 2023) and other anthropogenic activities such as transportation and generation of energy. Due to

the large variation of sources, atmospheric aerosols have a wide variety of effects (de Leeuw et al., 2011). One of the most
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notable effects is the direct impact of aerosols on atmospheric radiation (Stocker et al., 2013). Aerosol particles scatter solar
radiation thus reducing the amount of radiation that reaches the Earth' surface, thereby causing a cooling effect. In contrast,
absorbing aerosols can absorb solar radiation, leading to a local warming effect (Guo et al., 2016). Aerosol particles can also
act as cloud condensation nuclei (CCN) which in high relative humidity conditions can be activated and grow into cloud
droplets. By influencing the CCN, aerosol particles can indirectly alter the microphysical properties of clouds (Bellouin et al.,
2020; Liu et al., 2022; Myhre et al., 2007; Rosenfeld et al., 2014). Both effects depend both on the size of the aerosol particles
and on their composition. However, the composition of aerosol particles is extremely complex, and there is currently a lack of
clarity of perception on the distribution of acrosol composition (Chen et al., 2022). As a consequence, the Intergovernmental
Panel on Climate Change (IPCC) still considers aerosols to be one of the largest sources of uncertainty in global warming (Lee
et al., 2023). In addition to their impact on atmospheric processes affecting climate, aerosols affect air quality with harmful
effects on, for instance, human health (He and Huang, 2018; Li et al., 2017b). The inhalation of aerosol particles into the
human body results in accumulation in the respiratory system where they can cause various diseases (Rosenfeld, 2000). At the
same time, high concentrations of aerosols significantly reduce near-surface visibility, crop production, etc.

Traditionally, the study of aerosol properties has mainly relied on ground-based observations. Through long-term investments
and developments by various countries and their research institutions, a large number of ground-based observation sites have
been established, providing optical and microphysical aerosol properties in key research areas (Dubovik et al., 2002; Levy et
al., 2007). Examples include NASA's AErosol RObotic NETwork (AERONET) (Holben et al., 1998), Europe's PHOtométrie
pour le Traitement Opérationnel de Normalisation Satellitaire (PHOTONS) (Goloub et al., 2008), China's Sun—sky radiometer
Observation NETwork (SONET) (Li et al., 2018b), the China Aerosol Remote Sensing NETwork (CARSNET) (Che et al.,
2015) and so on. In addition to these ground-based remote sensing activities, a wide variety of ground-based in situ networks
has also been established on global (Moreno, 2023; Yuba et al., 2023), continental (Terseth et al., 2012) and national (Bai
et al., 2020; Beig et al., 2021; Cobourn, 2007; Hoff et al., 2006; Wu et al., 2018) scales. However, ground-based
observations cannot provide data on global or regional spatial scales and lack coverage in areas with humanly inaccessible
areas. This gap can be filled by satellite observations, providing characterization of aerosols on regional to global scales, but
with the lower accuracy. From the perspective of sustainable development, the Chinese government has actively responded to
the call for global environmental governance by launching numerous satellites for atmospheric environment monitoring
(Liangfu et al., 2021; Wang et al., 2021; Xian et al., 2021; Zhao et al., 2017). Among these, the Particulate Observation
Scanning Polarimeter (POSP), mounted on the Gaofen-5(02) satellite, was successfully launched in July 2021. POSP is a
single-view multispectral polarimeter with a nadir resolution of 6.4 km.

Aerosol Optical Depth (AOD) is the primary parameter used to assess the atmospheric aerosol content. It is a key parameter
for evaluating the aerosol monitoring capability of satellites. Observations from POSP provide valuable information for the
retrieval of aerosol properties (Li et al., 2022). An aerosol retrieval algorithm for application to POSP was initially developed
by Shi et al. (2023), that reconstructed the surface reflectance of POSP for aerosol retrieval. Then, Ji et al. (2025) proposed a

more accurate aerosol algorithm that takes into account the directional properties of the surface. By exploring the empirical
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relationships between adjacent blue bands, the new algorithm has realized the joint inversion of multiple blue bands. An
optimization algorithm also has been used to incorporate boundary constraints which simultaneously accounts for errors in the
surface constraint, and the satellite observations. Thus, POSP AOD products are successfully retrieved with high precision.
Initial evaluation of the AOD products retrieved with this updated algorithm by comparison with MODIS data during the
period November 2021 to April 2022 shows the better performance of the enhanced POSP acrosol algorithm. However, an
understanding of the accuracy of the algorithm over a longer time and for different seasons and surface types is still lacking.
To further validate the accuracy of the POSP AOD product and to identify the direction of further improvement, we validated
the AOD product for a longer time series from December 2021 to November 2022.Comparisons of POSP AOD with
AERONET AOD shows a high degree of consistency, and its accuracy surpasses that of MODIS AOD for the same time
period (Ji et al., 2025). In this study, we first evaluate the accuracy of POSP AOD retrievals on seasonal, regional, and local
scales using AOD from 276 AERONET sites across the world. The POSP products are also cross-validated with AOD from
MODIS/Terra, which has a similar equator crossing time as POSP. This study is dedicated to a comprehensive and accurate
evaluation of POSP AOD products, delving into the exploration of potential factors influencing their performance. The ultimate

goal is to provide a valuable reference for the enhancement of these products in future iterations.

2 Material
2.1 POSP AOD products

The Particulate Observation Scanning Polarimeter (POSP), a state-of-the-art polarimeter on board the GF-5(02) satellite. It
has a field of view of +50° with a swath width of ~1850 km, provides global observations in nine spectral bands spanning
wavelengths from 380 to 2250 nm (Lei et al., 2023). An enhanced general aerosol algorithm has been developed to retrieve
AOD using POSP data (Ji et al., 2025). In this algorithm, by employing a non-Lambertian radiative transfer model and
leveraging surface constraints established using MODIS BRDF products (MCD43), we achieved high-precision AOD retrieval.
POSP AOD has the same resolution as POSP observations (6.4 km). Relying on the high-precision calibration results of POSP
(the intensity observation error is within 5%, and the degree of linear polarization error is better than 0.005). In previous study,
our enhanced algorithm demonstrates the potential to retrieve high-accuracy aerosol products and has shown very high

precision in preliminary testing (from November 2021 to April 2022) (Ji et al., 2025).

2.2 MODIS products

The MODIS AOD product has been operational for many years and has demonstrated stability through extensive validation
(Levy etal., 2013; Sayer et al., 2013). Thanks to the efforts of the MODIS team, the accuracy of these products has not declined
over time. In this study, we selected the Level 2.0 (L2) MODIS/Terra Deep Blue and Dark Target (MOD04) AOD products
with a spatial resolution of 10 km, for comparison. Furthermore, the MODIS AOD products have quality flags (QA), with
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QA=3 representing the highest quality. In the cross-validation with MODIS, we only used data with QA=3 during the
comparison process.

To quantitatively assess the accuracy performance of the POSP AOD algorithm across different surface types, the land cover
product MCD12Q1 (2022) (Sulla-Menashe and Friedl, 2018), with a spatial resolution of 500 meters was used in this study.
The International Geosphere-Biosphere Programme (IGBP) classification scheme was applied, which has been widely used in
climate and environmental studies as a global classification standard for describing land cover types, especially in the
classification and interpretation of Earth observation satellite data. The global IGBP classification results for 2022 are depicted
in Fig.1. To match the POSP window size, the MCD12Q1 was resampled to 0.005°x0.005°. Subsequently, within a 40x40
window centered on the pixels containing the site location, the highest occurrence within this window was selected as the

representative classification for the site (MODIS products are available from https://ladsweb.modaps.cosdis.nasa.gov/).
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Figure 1: The distribution of selected AERONET sites globally. The red points represent inland sites. The background is the
MCD12C1 classification result (IGBP) in 2022 (WB: Water Bodies; ENF: Evergreen Needleleaf Forests; EBF: Evergreen Broadleaf
Forests; DNF: Deciduous Needleleaf Forests; DBF: Deciduous Broadleaf Forests; MF: Mixed Forests; CS: Closed Shrubland; OS:
Open Shrublands; WS: Woody Savannas; Sa: Savannas; Gr: Grasslands; PW: Permanent Wetlands; Cr: Croplands; UB: Urban
and Built up Lands; CNVM: Cropland Natural Vegetation Mosaics; SI: Permanent Snow and Ice; Ba: Barren).

2.3 AERONET data

AERONET provides aerosol products with low uncertainties with 0.01 in the VIS range and 0.02 in the UV range (Eck et al.,
1999; Giles et al., 2019), and has been extensively used for validation (Chu et al., 2002; He et al., 2016; Levy et al., 2010;
Sayer et al., 2013; Xie et al., 2019; Che et al., 2016). AERONET V3 provides AOD datasets at three distinct quality levels:
Level 1.0 following pre-screening, Level 1.5 after cloud identification and instrument anomaly monitoring, and Level 2.0 after

cloud identification, instrument anomaly monitoring, and quality control screening (https://aeronet.gsfc.nasa.gov/). In this

study, Level 1.5 data is chosen as the ground-based validation data to minimize validation errors.
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Since POSP AOD products are produced at 550 nm, it is necessary to interpolate AOD data obtained from AERONET
observations to match this wavelength. This interpolation is performed using the Angstrém Exponent (AE) (Angstrom, 1929).
T =BT, (1
where A is the specified wavelength in microns, 7, is the AOD at the specified wavelength, and « is the Angstrém Exponent
(AE), the value of which characterizes the aerosol particle size.

The POSP AOD algorithm is only applicable to land and cannot provide aerosol data over ocean and coastal regions. In this
study, stations within a 20 km buffer zone from the coastline are defined as coastal stations and they are excluded to ensure

reliability of the results, which leaves 276 remaining sites.

3 Methods
3.1 Matching strategy

Various spatial and temporal matchup strategies applicable to different satellite aerosol products have been proposed (Chu et
al., 2002; Ichoku et al., 2002; Sayer et al., 2013; Virtanen et al., 2018). In this study, considering the 6.4 km spatial resolution
of the POSP, the following matching strategies have been devised to ensure reliable AOD validation results while accounting
for spatial consistency: satellite data are averaged over a 3 x 3 window centered on the AERONET site, and ground-based
observations are averaged over a 30-minutes window before and after the time of satellite overpass. To mitigate the uncertainty
associated with averaged data, a minimum of two or more ground-based observations are required in the temporal matching
window, and the spatial matching window must encompass more than three valid satellite observation pixels (Chu et al., 2002).
To facilitate accurate comparison with MODIS AOD products, we applied the same criteria to match POSP and MODIS AOD
data. To investigate the influence of land cover (LC) on the POSP AQOD retrieval, the validation was repeated for sub-sets of
POSP data over different LC types, using the IGBP classification. Because the number of match-ups over some IGBP LC
types was too small to achieve statistical significance, the data over those IGBP LC types were merged. We merged different
types of forested areas into the "Forest" category and shrublands with low vegetation into the "Grassland" category. The Forest
represents evergreen broadleaf forest, evergreen needleleaf forest, deciduous broadleaf forest, and mixed forest, while the
Grassland represents woody savannas, grassland, and savanna. The independent validation results for each IGBP type are

presented in supplementary.

3.2 Statistical metrics

To quantitatively assess the accuracy of the retrieval results and the applicability of the retrieval algorithms over different land
cover conditions, statistical metrics were calculated for the comparison between the matched AOD data pairs. These metrics
include the Pearson correlation coefficient (R), which reflects the degree of agreement between the ground-based observations

and the satellite retrieval results.
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R = Y1 1(AOD apRroNET,i—AO0D aERONET)(AODsqtellite,i~AODsatellite) @)
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_\2 - N2
\/Z}Ll( AOD 4gRONET,i~AOD AERONET) 2i=1(AODsqteliitei—~AO0Dsqtellite)

where AODgroner,; denotes the AERONET reference data, AODggienice; denotes the satellite retrieval data, n denotes the

number of matched data pairs, and AOD,grongrand AODggieinice denote the averages of each of these parameters, which
represents the overall trend of the ground-based and satellite-based AOD data, respectively.

R? (R-squared), also known as the coefficient of determination, represents the difference between the satellite retrievals and
the ground-based retrievals. Its value ranges from O to 1, with values closer to 1 indicating the difference between them is

quietly small, and values closer to 0 indicating the difference between them is large.

2
R2=1— Y1t 1(A0DAERONET,i~AODsatellite) 3)
[ ]
Y7, (A0D sERONET,i—AOD AERONET)

Root Mean Square Error (RMSE), which represents the uncertainty in the results of ground-based observations and satellite

inversions.

RMSE = |15 ,(A0Dsareutes ~ AODasronire)’ @
Mean Absolute Error (MAE), which indicates the overall estimation accuracy of the algorithm.

MAE = ~ 3L \|AODsqrenite: = AODagroneril- 5)
Bias, is a measure of underestimation or overestimation with respect to the reference data.

Bias =~ %1y AODsacenite: = AODagroneri (6)

Furthermore, the quality of the AOD retrieval results is assessed in this study using a combination of absolute and relative
errors, referred to as the expected error (EE). EE represents the average expected level of the AOD product globally, containing
at least 67% (approximately one standard deviation) of the matches should fall (Levy et al., 2013; Xie et al., 2019). In this
study we adopt the EE which applies to the MODIS Collection 6 (C6.1) AOD data set, enabling a comparison of accuracy
with MODIS AOD products under the same criteria (Levy et al., 2010, 2013):

EE = 1(0.05 + 0.15 * AOD ggronET)> (7)

We also implemented more rigorous criteria proposed by the Global Climate Observing System (GCOS), which have been
adopted in the Aerosol cci study (Chen et al., 2020; Popp et al., 2016; Secretariat, 2006).

GCOS = maximum(0.03,0.1 X AOD gronET)> (®)
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4 Results
4.1 Overall validation

Fig. 2 (A) provides an overall comparison of POSP AOD in 2022 against AERONET AOD. The figure shows the good
comparison between POSP AOD and AERONET, with R of 0.914, R? of 0.825, RMSE of 0.086, MAE of 0.054, and Bias of
0.002. There are 19,314 match-ups for POSP, the fraction within EE is 78.45% and the fraction within GCOS is 48.6%.

The probability density functions of differences (POSP-AERONET) in Fig. 2 (B), for different AOD intervals as indicated by
the different colors, show that the POSP algorithm underestimates the AOD as AOD increases. For low AOD (AOD < 0.2),
POSP's bias is 0.01. For moderate AOD (0.2 < AOD <0.7), POSP's bias increases to -0.03 and when AOD > 0.7, POSP's bias
further increases to -0.04. The accuracy of POSP AOD decreases at high AOD, which may be attributed to the increasing
aerosol model error. As AOD increases, the impact of discrepancies between the assumed aerosol model and the actual aerosol
model is amplified, leading to an increase in retrieval uncertainty (Hou et al., 2018; Li et al., 2018a). Box plots of differences
between POSP and AERONET AOD against AERONET AOD in Fig. 2 (C) show how the AOD bias is distributed across
different AOD intervals. With the increase in aerosol loading, the AOD bias overall decreases but exhibits an anomaly at high
AOD, spiking from negative to positive values. Except for the aerosol model error, the possible reason for this anomaly is
because the frequency of high AOD decreases with increasing AOD, and the smaller statistical sample introduces a greater
uncertainty, so in order to obtain more definitive conclusions about when high AOD is present, we will discuss the results of

a longer period of time in future research.
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Figure 2: (A) Scatter density plot of POSP AOD versus AERONET AOD, where N—number of collocated data pairs, R—Pearson
correlation coefficient, RMSE—root mean square error, MRE—mean relative error, and EE—data fraction within EE. The black
dotted line represented the one-to-one line. The red line represents the linear regression fit, and the black dashed lines are EE lines.
The magenta points are means for specific ranges of AERONET and satellite AOD, and the magenta lines are the mean +2¢ of
retrievals in a certain range. (B) Probability density plot of differences (POSP-AERONET), The black, blue, green and red solid
lines indicate all AOD conditions: any AOD, AOD < 0.2, 0.2 < AOD < 0.7 and AOD > (.7, respectively. (C) Box plots of difference
between POSP AOD and AERONET AOD against AERONET AOD.

4.2 Validation of POSP AOD in different seasons

On the one hand, Atmospheric and aerosol conditions are different across different seasons (Bergametti et al., 1989; Rabha

and Saikia, 2020). On the other hand, due to the changes in land cover type and thus surface reflectance, and changes in aerosol
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properties in response to changes in aerosol sources between different seasons, the accuracy of AOD retrieval also changes
between seasons (Che et al., 2016; Fan et al., 2023; He et al., 2016). Therefore, assessing the performance of AOD accuracy
in different seasons is one of the important ways to evaluate aerosol algorithms. Fig.3 show that POSP AOD is more accurate
in SON (September, October, November) and DJF (December, January, February) than in the MAM (March, April, May) and
JJA (June, July, August). We also compared the AOD of the MODIS product (DB/DT) across different seasons and found that
its accuracy in SON and DJF is significantly better than in MAM and JJA. The comparison results are presented in Figs. S2
and S3. The comparisons of POSP AOD versus AERONET reference data (similar to Fig.2) for different seasons shows that
POSP AOD has the highest accuracy in DJF, with R of 0.932, R? of 0.864, RMSE of 0.08, MAE of 0.048, the fraction within
EE (%EE) is 82.13%, and the fraction within GCOS is 54.38%. These metrics are better than in other seasons, with SON the
second best, with R of 0.930, R? 0of 0.855, RMSE of 0.083, MAE of 0.052, the fraction within EE is 79.85%, and the fraction
within GCOS is 51.94%. JJA has the lowest accuracy, with R of 0.838, R? of 0.667, RMSE of 0.083, MAE of 0.055, the
fraction within EE is 75.98% and the fraction within GCOS is 44.17%. The bias is very small in all seasons with a largest
value of 0.005 in MMA. The higher accuracy of both POSP AOD and MODIS AOD during DJF and SON compared to MAM
and JJA may be attributed to the fact that most of the AERONET sites used for validation are located in the Northern
Hemisphere (in Fig. 1). DJF and SON correspond to winter in the Northern Hemisphere, a period when surface changes are
slower, and sudden pollution events are less frequent. As a result, the empirical constraints used in the retrieval process are
more effective compared to those applied during the summer, when surface changes occur more rapidly. However, the
coverage is smallest in the DJF (N=3834) and highest in the JJA (N=5454) with SON and MMA somewhat less coverage than
in JJA (N=5096 and 4930, respectively). A possible reason for this is that DJF corresponds to winter in the Northern
Hemisphere, during which snow and ice cover significantly reduce the satellite retrieval results. Here, we use the abbreviations
of the months' initials instead of the corresponding seasons because the study includes regions in both the Northern and

Southern Hemispheres, where the seasons are opposite. Using seasons could cause unnecessary confusion.
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Figure 3: (1) Scatter density plots of POSP AOD versus AERONET AOD for different seasons: winter, spring, summer and autumn
(columns A, B, C and D). (2) The probability density functions of differences (POSP-AERONET), The black, blue, green and red
solid lines indicate all AOD conditions: any AOD, AOD < 0.2, 0.2 < A0OD <0.7 and AOD > 0.7, respectively. (3) Box plots of difference
between POSP AOD and AERONET AOD against AERONET AOD, in (A) DJF, (B) MAM, (C) JJA, and (D) SON. The black dots
and error bars represent the median, 25th percentiles, and 75th percentiles of the AOD bias.

4.3 Validation of POSP AOD in different surface types

Kaufman et al. (1997) pointed out that a small error of 0.01 in surface reflectance can lead to a 0.1 increase in AOD uncertainty.
However, surface reflectance varies considerably at different surface types, so the accuracy of retrievals may vary with surface
type, necessitating further in-depth analysis. Fig.4 shows the validation results of POSP AOD over four different groups of
land cover types: city, cropland, grassland, and forest. It is challenging to determine which POSP AOD in land cover type has
the best accuracy based on a single accuracy metric. Although Forest has the lowest RMSE and the highest fraction within the
EE (79.92%) and GCOS (51.08%), it does not necessarily have the highest accuracy since it lacks high AOD cases and has
the lowest R (0.85). Considering multiple accuracy metrics, we conclude that Cropland, Grassland, and Forest have similar
accuracies, while City has the lowest accuracy (in Fig. 5). Table 1 shows the validation results for more detailed IGBP LC
types. The data in Table 1 show that, among the Forest types, Evergreen Needleleaf Forests have the highest accuracy. The
differences between the metrics for different types of forests are substantial. However, since the matching results for Evergreen
Needleleaf Forests, Evergreen Broadleaf Forests, and Mixed Forest are far fewer than for other land cover types, and the

retrievals are simultaneously affected by clouds and surface estimation accuracy, we can’t conclude whether the accuracy of
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POSP AOD over Evergreen Broadleaf Forests within the validation period is high or not. To explain this result further
validation is required with more retrieval data in future studies. The accuracy for the grassland is relatively stable, with Woody
Savannas having the highest accuracy (R of 0.937, R? of 0.813, RMSE of 0.081, MAE of 0.049, Bias of 0.014, the fraction
within EE of 81.57%, and the fraction within GCOS of 53.33%).

Other LC types which are not shown in Fig.4 are presented in Fig. S1. Fig. S1 shows that the retrieval accuracy of POSP AOD
over barren is abnormal, with a significant underestimation as the AOD increases. However, it achieves acceptable accuracy
(the fraction within EE of 84.7%). The reason for this impact may be our assumption in the retrieval process that the apparent
reflectance at 1610 nm is not affected by acrosols and can be approximated as surface reflectance. In reality, as acrosol particle
size increases, the influence of aerosols on the apparent reflectance at 1610 nm also increases (Hsu et al., 2013). Barren, due
to the absence of vegetation, is more likely to generate large aerosol particles, thereby affecting the retrieval accuracy (Ginoux
et al., 2001; Tegen, 2003). Overall, compared to RMSE and fraction within EE, all types of RMSE are below 0.1, and EE% is

above 70% (except for EBF). Therefore, our aerosol retrieval algorithm demonstrates the ability to achieve high-precision

AOD retrieval for nearly all surface types.
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Figure 4: Same as Fig.3 but for different land cover types: (a) city, (b) Cropland, (c) grassland, and (d) forest.
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Table 1: Statistics of different algorithms in different LULC types (DBF: Deciduous Broadleaf Forests; ENF: Evergreen Needleleaf
Forests; EBF: Evergreen Broadleaf Forests; Gl: Grasslands; MF: Mixed Forests; Sa: Savannas; WS: Woody Savannas; UB: urban;
Ba: Barren; Cl: Croplands;).

DBF EBF ENF MF Gl Sa WS UB Cl Ba

N 1036 223 242 451 4000 2090 1275 2112 6761 1124

R 0.811 0.777 0965 0.631 0.881 0.911 0937 0.908 0.930 0.686
R2 0.565 0.569 0.885 0.176 0.776 0.814 0.813 0.798 0.859 0.442
RMSE 0.065 0.107 0.068 0.067 0.080 0.087 0.081 0.095 0.093 0.064
Bias 0.007 0.007 -0.003 0.011 -0.001 0.006 0.014 0.018 -0.005 -0.012
MAE  0.041 0.077 0.044 0.044 0.052 0.055 0.049 0.063 0.058 0.038
%EE 83.49 64.57 80.17 79.16 77.28 78.56 81.57 72.06 79.04 84.70
%GCOS  55.79 29.15 49.59 51.88 48.05 49.14 5333 42.14 4693 62.10

Forest Grassland
N 1952 7365
R 0.850 0.900
R2 0.660 0.797
RMSE 0.072 0.082
Bias 0.007 0.004
MAE 0.046 0.052
%EE 79.92 78.38
%GCOS 51.08 49.27

4.4 Site-specific validation metrics

To analyze the accuracy of the POSP AOD product for different regions across the world, we calculated the R, RMSE,
Bias, %EE, and %GCOS between POSP AOD and the corresponding AERONET AOD, as shown in Fig.5 (the global map for
MODIS DB/DT are presented in Figs. S4-S5). At most sites, the accuracy of the POSP AOD is high. As indicated in Table 2,
24%, 50%, and 78% of the sites have RMSE less than 0.05, 0.07, and 0.1, respectively. Additionally, 22%, 57%, and 86% of
the sites have GCOS fractions greater than 60%, 45%, and 30%, respectively. We observed that R in North America and
Europe are slightly lower compared to other regions. This is mainly because the AOD in these regions is relatively low, and
the lower spatial resolution of POSP results may be affected by fragmented clouds, leading to overestimation and hence lower
R. This argument is substantiated by Fig.5 (B), (C), and (D). Fig.5 (B) shows that RMSE in North America and Europe is
closer to zero compared to other regions. And Fig.5 (D) also indicates that the GCOS fraction in these regions is much higher
than in other parts of the world. These metrics show a good performance over such regions. We preliminarily infer that a few
high-error results influence the R. Additionally, Fig.5 (A) shows that sites in North America and Europe with lower R overlap
with sites with positive bias in Fig.5 (C), indirectly confirming that the main reason for lower R in these regions is the influence
of overestimated values. It is challenging to completely eliminate the impact of fragmented clouds within pixels solely based
on POSP measurement, making slight overestimation at low AOD.

On the other hand, POSP AOD shows high consistency with AERONET AOD in heavily polluted regions such as northern

India, central and western Africa, and central South America, although the GCOS fraction is lower. This is because, as AOD
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increases, the influence of the surface on retrieval accuracy decreases, while the influence of the aerosol model increases. Thus,
using a fixed aerosol model inevitably affects the accuracy of retrievals (Levy et al., 2013). This is one of the inherent
challenges of intensity retrieval with single-angle observations, and we will gradually address this issue in future algorithm

280 improvements.

0.04 -0.02 0.00 0.02 0.04 0.00 15.00 30.00 45.00 60.00

Bias GCOS
Figure 5: Distribution of site-specific metrics for the comparison of POSP AOD versus AERONET AOD: (A) R, (B) RMSE, (C) Bias,
and (D) GCOS.
Table 2: Statistics of POSP AOD.
R > (0.7 > (0.6 > 0.5
123 (45%) 173 (64%) 216 (79%)
<0.05 <0.07 <0.1
RMSE 65 (24%)  137(50%) 213 (78%)
IBias| <0.04 <0.02 <0.01
226(83%) 182(77%)  109(40%)
GCOS >60% >45% >30%

61(22%)  154(57%)  266(86%)
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5 Discussion
5.1 Error Analysis
5.1.1 Error analysis of POSP AOD in different seasons

To further assess the impact of different factors on the accuracy of POSP AOD retrievals, we compared AOD bias variations
with AE, scattering angle, and NDVI. Fig,6 shows that AE has the least effect on bias, indicating that the algorithm performs
well regardless of the particle sizes. However, the uncertainty in the bias decreases as NDVI increases. This trend is not
influenced by seasonal changes, indicating that the POSP AOD algorithm tends to produce more accurate results over densely
vegetated areas. The accuracy of POSP AOD over different surface types will be discussed in the next section. The DB exhibits
anomalies in retrieval accuracy at larger scattering angles (Sayer et al., 2013), and POSP shows a similar pattern. Although the
DJF validation results indicate that POSP AOD has the least uncertainty in the range of 170° to 180°, the uncertainty of POSP

AOD increases with increasing scattering angle.
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Figure 6: AOD bias as function of (1) AERONET 440-870 nm AE, (2) POSP NDVI, (3) scattering angle, in (A) DJF, (B) MAM, (C)
JJA, and (D) SON. The black dots and error bars represent the median, 25th percentiles, and 75th percentiles of the AOD bias.

5.1.2 Error analysis of POSP AOD in different surface types

Fig.7 shows results similar to Fig.6, but for the bias over different land cover types. It is noteworthy that the uncertainty of the

AOD over City LC type increases with the scattering angle and increasingly overestimates with increasing scattering angles
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larger than 135°. The city has complex surface conditions and varied pollution components (Bilal et al., 2022; Wong et al.,
2011), and the actual aerosol model might significantly differ from the assumed aerosol model. This indicates that the error
sources for retrievals over city are diverse, making it difficult to provide a definitive result on a global scale. We will continue

to analyze and improve the retrieval accuracy for city in future research.
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Figure 7: Same as Fig.6 but for different land cover types: (A) city, (B) Cropland, (C) grassland, and (D) forest.
5.2 Comparison of POSP and MODIS AOD
5.2.1 Overall validation

Fig.8 shows comparisons of the POSP and MODIS/Terra AOD for collocated overpasses (with same matching criteria) versus
AERONET data, where MODIS AOD was split in DB (11,010 match-ups) and DT (9,211 matchups). The numbers of DB and
DT match-ups are different because DT does not provide retrievals over bright surfaces (The validation for DB/DT are
presented in Figs. S2-S3, respectively).

The comparison of the POSP and MODIS DB AOD shows that the POSP AOD has a higher accuracy than the MODIS DB
AOD, with the fractions within EE of 82.5% and 77.3%, the fraction within GCOS of 52.8% and 47.0% for POSP and DB
respectively. The comparison of the POSP and MODIS DT AOD also shows that POSP has higher accuracy, with the fractions
within EE of 80.7% and 73.9% for POSP and MODIS, respectively, and the fractions within GCOS of 50.2% and 43.05.
Compared to DB, POSP has a higher accuracy than DT. On the other hand, the probability distribution functions in Fig. 8 (C)
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and (D) show that POSP and DB are nearly unbiased, while DT slightly overestimates AOD. The data in Fig.8 and their
statistical metrics show that, within the regions and time frames involved in this cross-validation exercise, the accuracy of

POSP AOD is better than that of MODIS AOD for both DB and DT.
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Figure 8: Scatter plots of satellite AOD versus AERONET reference data, where POSP AOD is plotted in red and MODIS AOD in
blue, for the DB algorithm (A) and the DT algorithm (B) separately. Probability distribution functions of the differences between
satellite AOD (POSP in red and MODIS in blue) and AERONET AOD, for MODIS DB (C) and MODIS DT (D).

5.2.2 Validation over different surface types

The comparison of POSP and MODIS/Terra AOD over four different land cover types (city, cropland, grassland, and forest),
using AERONET data as reference, is presented in Fig.9 for DB and in Fig.10 for DT. The data in Fig.9 show the better
performance of POSP than that for DB over Cropland, Grassland, and City. However, over Forest, POSP AOD does not show
a better performance. Specifically, in terms of R2, RMSE, and Bias, POSP was better than DB, but other accuracy metrics for
POSP were less good than for DB. Considering the small differences in these accuracy metrics, we conclude that the accuracy
of POSP and DB for Forest is similar.

Fig.10 shows that the performance of POSP over Cropland, Grassland, and City is better than that of DT, but the accuracy of
POSP and DT for Forest is similar. It is noteworthy that from the comparison of bias histograms for different land cover types,
the POSP AOD is nearly unbiased in all scenarios, whereas DB shows a positive bias in City, and DT shows a positive bias in

City, Cropland, and Forest.
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Figure 9: As Fig. 8, for AOD from POSP and MODIS/TERRA DB, over different land cover types: (A) city, (B) Cropland, (C)
grassland, and (D) forest.
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Figure 10: As Fig.9, but for DT.
5.2.3 Comparison of the spatial distributions of AOD from POSP and MODIS/Terra

Fig.11 shows the spatial distributions of seasonally averaged POSP AOD, and the difference between the seasonally averaged
POSP and MODIS/Terra AOD are presented in Figs. S8-S9 (the spatial distributions of seasonally averaged POSP AOD are
presented in Figs. S6-S7). During DJF, AOD could not be retrieved over high-latitude regions due to the presence of snow and
ice.
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Overall, AOD was higher during MMA and JJA than during DJF and SON in 2022. These quarterly characteristics align with
those of other satellite products (Chen et al., 2020; Fan et al., 2023). Global seasonal mean AOD variations are primarily
influenced by changes in climatic conditions and anthropogenic impacts. For instance, coarse-dominated AOD tend to be

350 higher in regions like northern Africa or the Middle East during active dust and sand events (Farahat, 2019). Frequent biomass
burning events contribute to elevated AOD in south-central Africa (Tummon et al., 2010). Furthermore, high AOD persists in
eastern China and northern India due to active industrial production and biomass burning events (de Leeuw et al., 2018; Gupta
et al., 2021). Conversely, during winter in the Northern Hemisphere the AOD is lower due to stable atmospheric conditions
and reduced atmospheric vertical convective activity (Liu et al., 2022; Zhao et al., 2018).

355 Regarding the regional distribution of AOD, the high AOD regions identified by the POSP AOD algorithm include northern
India, south-central Africa, and central South America, aligning with the spatial distribution of MODIS products. Moreover,
compared to MODIS DB (in Fig. S8), the spatial differences between POSP AOD and MODIS DT (in Fig. S9) are smaller.
This may be because DT lacks retrieval results over desert areas, while the underestimation of POSP AOD in these regions
leads to discrepancies between POSP AOD and DB AOD. In general, the results indicate a high degree of agreement between

360 POSP and MODIS AOD, with differences predominantly falling within the (-0.2, 0.2) range. Therefore, despite differences in
algorithm principles, spatial resolution, and other processing procedures between POSP and MODIS products, POSP

demonstrates relatively high consistency with MODIS products across most regions globally.
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Figure 11: Maps of the seasonally averaged AOD derived from POSP, for the winter (DJF: December—January—February), spring
365 (MAM: March-April-May,) summer (JJA: June-July—August), and autumn (SON: September—October—November).
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5.3 Time-series analysis of priority regions

POSP is capable of achieving global coverage within 1-2 days for its wide swath (~1850 km), providing a comprehensive
monitoring capability for atmospheric conditions worldwide. In this study, we performed a time series analysis focusing on
representative polluted regions. The North China Plain (NCP) is a key region for aerosol research due to its unique economic
and geographical characteristics, as discussed in previous study (Deng et al., 2011; Li et al., 2017a; Liu et al., 2011). The
station Beijing CAMS is located within Beijing. As shown in Fig.12 (A), POSP consistently exhibited the lowest RMSE
across all stations, with retrieval counts equal to or greater than those of MODIS DB. Notably, severe pollution events (AOD >
1.5) were recorded in the Beijing area at the end of April, and August. While POSP AOD tends to slightly underestimate AOD
compared to the overestimated MODIS DB AOD, it shows a higher overall consistency with AERONET AOD for the 2022.
As South Korea's primary economic hub, Seoul is a highly urbanized area where air pollution has been a significant
environmental concern. Located downwind in East Asia, Seoul is a crucial region for studying aerosols and their transport
processes (Kim et al., 2007; Oh et al., 2015). The major sources of air pollution include traffic emissions and increased PM, s
due to winter heating demands (Kim et al., 2022). Additionally, regional transport significantly influences Seoul's air quality
(Kim et al., 2016). During the autumn and winter, temperature inversions frequently occur, trapping pollutants near the surface
and exacerbating pollution levels (Seo et al., 2018). As shown in Fig.12 (B), Seoul National University (Seoul SNU) is located
within the Seoul metropolitan area. In the 2022, severe pollution events mainly occurred in late April, May, November, and
December, which does not coincide with the severe pollution periods in Beijing shown in Fig.12 (A). This discrepancy suggests
that long-range transport from Beijing to Seoul was unlikely to be the cause. Instead, based on Seoul's local historical
observations, it is likely that these pollution events were primarily due to locally emitted fine particulate matter (Kim et al.,
2020). Similar to the findings for the Beijing area, POSP showed the lowest RMSE at Seoul station, with retrieval counts equal
to or greater than those of MODIS DB.

India is one of the most severely air-polluted countries in the world, especially in the northern Indian plains (Vellalassery et
al., 2021). This region's aerosol composition is highly complex, consisting of both natural sources, such as biomass burning
that releases significant amounts of organic carbon and black carbon, and anthropogenic sources, including industrial and
vehicular emissions that contribute sulfates, nitrates, black carbon, and organic aerosols (David et al., 2018; Ghude et al., 2016).
Thus, northern India is a critical region for aerosol studies. As illustrated in Fig.12 (C) and (D), Amity University, and Gandhi
College are all located in the western part of northern India. In the 2022, severe pollution events primarily occurred at the end
of April and in May, with Gandhi College station lacking observations between June and September. Across all stations, POSP
consistently showed the lowest RMSE, indicating superior retrieval accuracy. Notably, at Gandhi College, the RMSE of POSP
AOD (0.21) was significantly lower than that of MODIS DB AOD (0.29), highlighting the enhanced precision of POSP in this

region.
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Figure 12: Time series of the POSP AOD (purple diamond) and DB AOD (red triangle) against AERONET (blue circle)
measurements over the (A) Beijing-CAMS, (B) Amity University, (C) Gandhi College, and (D) Seoul University.
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6 Discussion

This study focuses on the detailed performance of the newly proceed POSP AOD product. To this end, data from 276 global

AERONET sites and MODIS/Terra AOD products were collected. The POSP AOD was evaluated and analyzed in two ways:

1) direct validation versus AERONET observations at seasonal, regional, and site-specific scales; 2) cross-validation of POSP

AOD and MODIS aerosol products from both he DB and DT algorithms, land cover types, and spatial distribution differences.

The principal findings are as follows:

1. The validation of POSP AOD with AERONET AOD shows the good performance of the POSP algorithm with validation
metrics reported in Section 4.1. The fraction within the expected error is 78.45% and fraction within the GCOS is 48.6%.
The accuracy of the POSP AOD varies significantly across different seasons, with the highest accuracy in the DJF (R? of
0.854, RMSE of 0.080) and the lowest in the JJA (R? of 0.667, RMSE of 0.083). We also compared the accuracy of POSP
AOD over different land cover types, finding that high-accuracy results are mainly concentrated in areas with high
vegetation coverage, with croplands achieving the highest accuracy (R? of 0.859, RMSE of 0.093). However, the accuracy
decreases over bright surface areas such as urban and dessert. Further error analysis shows that the accuracy of POSP AOD
is mainly influenced by surface vegetation cover and observation geometry. As NDVI or scattering angle increases, the
uncertainty of POSP AOD decreases. Nonetheless, regardless of these conditions, POSP AOD consistently provides results
with low bias.

2. Global site-scale validation results show that POSP AOD is more consistent with AERONET AOD in high AOD regions
than in low AOD regions. In contrast, the fraction of POSP AOD within the GCOS requirements is higher in high AOD
regions than in low AOD regions. When comparing RMSE, we found that POSP AOD shows lower values in low AOD
regions such as North America and Europe, while it exhibits higher values in high AOD regions such as northern India and
central-western Africa. Additionally, POSP AOD tends to underestimate AOD in Asia and overestimate AOD in Europe.
Thus, it is challenging to determine the global accuracy distribution of POSP AOD based solely on a single parameter.
However, using the fraction within GCOS as the sole metric, 57% of the sites have GCOS > 45%, and 78% of the sites
show lower uncertainty in POSP AOD retrieval (RMSE < 0.1).

Comparative analysis with MODIS AOD products shows similar spatial distributions of POSP and MODIS AOD. Moreover,

in cross-validation, the performance of the POSP AOD is better than that of the MODIS AOD. For DB, the comparison metrics

are as follows: R? of 0.853/0.791 for POSP/MODIS, RMSE of 0.075/0.090, Bias of -0.004/0.006, fraction within EE of
82.51%/77.25%, fraction within GCOS of 52.76%/47.02% (POSP/DB); and for DT: R of 0.931/0.910, R? of 0.862/0.770,

RMSE 0f 0.080/0.103, Bias of -0.004/0.024, fraction within EE of 80.72%/73.90%, the fraction within GCOS of 50.16%/42.97%

(POSP/DT). Comparison over different surface types shows that POSP AOD is more accurate than DB over City, Cropland,

and Grassland areas, and better than DT under all surface types.
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Data availability

The POSP/Gaofen-5(02) level-1 data can be downloaded from the website https://data.cresda.cn/ (last access: 1 January 2025).
The AERONET data can be downloaded from the website https://aeronet.gsfc.nasa.gov/ (last access: 1 January 2025). The
MODIS/Terra aerosol data can be accessed through the website https://ladsweb.modaps.eosdis.nasa.gov/ (last access: 1
January 2025).
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