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Abstract. Accurate global aerosol single-scattering albedo (SSA) data are critical for assessing aerosol radiative
effects and identifying aerosol composition. However, current satellite-based SSA retrievals are both limited and
highly uncertain, whereas the more accurate ground-based observations lack global coverage. In this study, we
employ an ensemble Kalman filter (EnKF) data synergy technique to construct two monthly mean SSA datasets
over land by synergizing the Ozone Monitoring Instrument (OMI) and Polarization and Directionality of the
Earth’s Reflectance (POLDER) instrument with Aerosol Robotic Network (AERONET) observations, namely,
the Merged-OMI and Merged-POLDER datasets. The background ensemble is constructed with 231/106 mem-
bers using all monthly mean OMI/POLDER SSA available to represent the variability of the SSA field. Then,
AERONET measurements are assimilated into each satellite dataset using the EnKF approach. The merged
datasets show substantial improvements against the original products, with the correlation coefficient increased
by up to 100 % and the mean absolute bias (MAB) and root mean square error (RMSE) reduced by more than
30 % compared with the AERONET results. Cross-validation using independent AERONET observations shows
an average increase of 64 % in correlation, an 11 % reduction in RMSE, and a 10 % reduction in MAB for the
Merged-OMI dataset, as well as similar — although weaker — improvement for Merged-POLDER mainly due to
the smaller sample size. This study confirms the effectiveness of the EnKF technique in extending the informa-
tion obtained from ground stations to larger regions. The two merged datasets generated in this study, available
at https://doi.org/10.5281/zenodo.14294462 (Dong, 2025), can offer more accurate SSA estimates for assessing
aerosol radiative forcing and improving climate modeling, serving as an important resource for advancing global
aerosol research.

fects, contributing to over 30 % of the uncertainty in aerosol

The scattering and absorption property of aerosols, denoted
by the single-scattering albedo (SSA) parameter, is critical
for assessing aerosol radiative and climate effects (Hansen
et al., 1997; Li et al., 2022; Ramanathan et al., 2001), as well
as characterizing aerosol type (Dubovik et al., 2002; Omar
et al., 2005; Zhang and Li, 2019). It has been identified as a
major source of uncertainty in quantifying aerosol climate ef-
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direct forcing in climate models (Loeb and Su, 2010; Zhang
et al., 2022). Moreover, because most satellite-based aerosol
optical depth (AOD) retrieval algorithms rely on assumed
SSA values, inaccuracies in these assumptions can lead to
significant errors in AOD retrievals (Mielonen et al., 2011;
Wu et al., 2016; Zhang et al., 2024). Therefore, accurate
knowledge of global SSA is needed to reduce uncertainties
in global climate change assessments and improve satellite-
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based AOD retrievals (Kahn, 2012; Li et al., 2022; Thorsen
et al., 2021).

Aerosol SSA observations can be derived from satellite-
and ground-based remote sensing platforms. Ground-based
remote sensing can provide SSA measurements at relatively
high accuracy (Dubovik and King, 2000; Sinyuk et al., 2020).
For example, SSA retrieved from the Aerosol Robotic Net-
work (AERONET) ground-based sun photometers can have
uncertainties within £0.03 when AOD exceeds 0.4 at 440 nm
and is typically used to validate satellite retrieval products
(Dubovik and King, 2000). However, the spatial coverage of
ground-based stations with consistent SSA measurements is
still quite limited, the SSA data of which are far from enough
for large-scale global aerosol studies. On the other hand,
satellite remote sensing is an indispensable tool in obtaining
global SSA information because of its extensive coverage.
However, global satellite SSA products are largely limited
and highly uncertain due to the great difficulties in their re-
trieval.

The reflectance at the top of the atmosphere (TOA) ob-
served by satellites comprises a mixture of signals from
various sources, including aerosols, gas molecules, and the
surface. Most conventional sensors, such as the Moderate
Resolution Imaging Spectroradiometer (MODIS), measure
only single-view radiation intensity in the visible to near-
infrared bands and have insufficient information to retrieve
SSA (Dong et al., 2023; Levy et al.,, 2013). Even with
more advanced satellite instruments, retrieving SSA remains
challenging due to its high sensitivity to surface reflectance
and aerosol vertical distribution (Li et al., 2022; Mahowald
and Dufresne, 2004). Currently, global operational satellite
SSA products are mainly derived from ultraviolet (UV) or
multi-angle polarization (MAP) observations. UV sensors,
such as the Ozone Monitoring Instrument (OMI) and Tro-
pospheric Ozone Monitoring Instrument (TROPOMI), can
measure SSA according to the upwelling spectral depen-
dence of Rayleigh scattering over sufficiently dark surfaces
(Torres et al., 1998, 2020). OMI has been providing SSA re-
trievals using this method for over 20 years. However, the
UV-based SSA products from OMI exhibit significant un-
certainties (Jethva et al., 2014), primarily due to the high
sensitivity of the UV method to aerosol vertical distribu-
tion (Torres et al., 2007). The MAP configuration is widely
regarded as the most promising satellite technique for re-
trieving SSA. The multi-angle view geometry can effec-
tively separate aerosol and surface signals, while the polar-
ization measurements provide high sensitivity to aerosol mi-
crophysical properties (Dubovik et al., 2019; Mishchenko
et al.,, 2007). SSA retrievals from MAP instruments, such
as the Polarization and Directionality of the Earth’s Re-
flectance (POLDER) instrument and the Directional Polari-
metric Camera (DPC), have been validated with moderate
accuracy against the AERONET observations, although both
of them exhibit obvious systematic biases (Chen et al., 2020;
Dong et al., 2024). Other approaches, including combining
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satellite and ground-based observations or integrating data
from multiple satellite sensors, have also been explored but
fail to offer global long-term SSA products due to their lim-
ited general applicability (Devi and Satheesh, 2022; Dong
et al., 2023; Lee et al., 2007). Overall, the existing satel-
lite SSA products usually suffer from significant uncertain-
ties and cannot meet the accuracy required for constraining
aerosol radiative forcing on a global scale. Schutgens et al.
(2021) intercompared four mainstream satellite SSA prod-
ucts and found that SSA retrievals are generally less accu-
rate than those of AOD. Among them, the MAP SSA product
demonstrated the best performance, with the highest correla-
tion of ~ 0.77 against AERONET, yet it still exhibited con-
siderable uncertainty. Nonetheless, satellite-based SSA prod-
ucts remain valuable for model evaluation, as their uncer-
tainties are significantly lower than those of current climate
models. For instance, Chen et al. (2022) utilized the POLD-
ER/Generalized Retrieval of Aerosol and Surface Properties
(GRASP) product to constrain global emissions of absorbing
aerosols and successfully reduced the 95 % confidence inter-
val of black carbon direct radiative forcing by a factor of 2.
However, this improvement remains insufficient for compre-
hensive climate change assessments. Considering that the un-
certainty interval of 0.03 is regarded as the upper limit for
constraining aerosol radiative forcing, with errors of £0.03
in SSA leading up to 30 % uncertainties in estimating aerosol
direct radiative forcing (Zhang et al., 2022), substantial ef-
forts are still required to derive more accurate global SSA
estimates.

As such, a promising approach to obtain accurate global
SSA observations is to combine the advantages of ground-
based and satellite measurements. Numerous studies made
attempts to merge aerosol products from multi-sensors with
ground-based observations, using various data-fusion ap-
proaches such as the spatial statistical fusion method (Jin-
nagara Puttaswamy et al., 2014; Nguyen et al., 2012), the
universal kriging method (Chatterjee et al., 2010; Zhao et al.,
2017), the Bayesian maximum entropy method (Tang et al.,
2016; Zhu et al., 2023), and the maximum likelihood esti-
mate method (Xu et al., 2015). In particular, Li et al. (2020)
developed a data synergy method based on the ensemble
Kalman filter (EnKF) and applied it to produce a merged
global AOD dataset using multi-source satellite and ground-
based AOD measurements. The EnKF approach constructs
an ensemble dataset with sufficient members to capture the
variability of AOD at each location and its spatial covariabil-
ity with other locations, which enables appropriate weights
to be assigned to ground-based observations in the data syn-
ergy, resulting in substantial improvements in merged data
compared to individual satellite data. Therefore, this method
has demonstrated strong efficacy and general applicability
in integrating ground-based and satellite observations. Over-
all, the merged datasets show enhanced accuracy compared
to individual satellite datasets and offer wider spatial cov-
erage than ground-based datasets, significantly contributing
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to improved climate models and more accurate estimates of
aerosol radiative effects (Kahn et al., 2023). However, the
majority of these works focused on merging AOD and fine-
mode AOD, whereas there is a significant lack of research on
multi-source data fusion for SSA.

In this study, we attempt to generate two merged global
land SSA datasets by separately combining OMI and
POLDER products with AERONET observations. Our data
synergy method follows the EnKF approach developed by Li
et al. (2020). OMI and POLDER are separately merged with
AERONET due to the large difference and bias between both
the data quality and record length of these two datasets. Sec-
tion 2 describes the details of the methods and data used.
Section 3 presents the merged data and the validation of the
results. A brief comparison between the Merged-OMI and
Merged-POLDER datasets is discussed in Sect. 4, and the
final section offers a conclusion with the acquisition of the
merged datasets.

2 Data and method

2.1 Satellite SSA datasets

To construct an appropriate ensemble with relatively large
spread in the data synergy, it is crucial to use a satellite
dataset with a long observation period and extensive global
coverage. For this purpose, we utilize monthly mean SSA
products derived from OMI on board Aura (Torres, 2015)
and POLDER on board Polarization and Anisotropy of Re-
flectances for Atmospheric Sciences coupled with Observa-
tions from a Lidar (PARASOL) (Dubovik et al., 2011, 2014).
These two sensors offer the longest continuous global SSA
observations available to date, and their SSA products have
been validated with moderate accuracy. Below is a detailed
overview of these two sensors and related SSA products.
OMI on board NASA’s Aura satellite has been providing
TOA reflectance measurements in three spectral bands rang-
ing from 270 to 500 nm since 2004. A large swath of about
2600 km enables OMI to complete a global scan almost ev-
ery day with a nadir spatial resolution of 13km x 24 km.
Here, we use the monthly mean Level-2G global gridded
SSA product OMAERUVG at 0.25° x 0.25° for 2004-2023,
which is retrieved by the near-UV algorithm (Torres et al.,
2007, 2013) (downloaded from http://daac.gsfc.nasa.gov/,
last access: 20 April 2025). Jethva et al. (2014) assessed
OMI OMAERUYV SSA products and found that 46 % and
69 % of OMI SSA retrievals are within the error enve-
lope (EE) of £0.03 and £0.05, respectively, compared to
AERONET data. The OMAERUYV algorithm performs bet-
ter for carbonaceous and desert dust aerosols, with 52 % and
77 % of samples falling into the EE of +0.03 and £0.05.
Based on the well-known sensitivity of Rayleigh scattering
to aerosol absorption in the UV spectrum, the near-UV algo-
rithm provides SSA retrievals at 354, 388, and 500 nm. For
the data fusion, the OMI SSA retrievals are interpolated to
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the AERONET-measured wavelength of 440 nm (Dong et al.,
2023). Specifically, we first calculate the monthly mean AOD
and absorption AOD (AAOD) at 440 nm from daily obser-
vations, requiring at least three valid daily observations per
month. The monthly SSA is then derived from the corre-
sponding monthly AOD and AAOD. To ensure the reliabil-
ity of the SSA data, AOD threshold filtering is applied to
the daily data. Only daily observations with AOD at 440 nm
greater than 0.4 are used in the monthly averaging of AOD
and AAOD, consistent with the AERONET Level 2.0 crite-
ria. Then, we average the 0.25°x0.25° gridded data to 1°x 1°
as the background field. The multiyear averaged monthly
means are further removed to construct an OMI-based en-
semble with 231 members using all monthly mean OMI SSA
available from October 2004 to December 2023. At certain
grid cells, missing values may occur in some months (as
shown in Figs. S1 and S2 in the Supplement). To ensure
statistical robustness, we require that each grid cell contain
no fewer than 30 ensemble members for both the OMI and
POLDER datasets. The standard deviation of all 0.25° grids
within the larger 1° grid is used to represent the variability
at each location in the OMI-based data fusion (as shown in
Fig. S1).

The third POLDER sensor on board PARASOL provided
the longest MAP observation records to date, operational
from 2005 to 2013. POLDER features eight spectral chan-
nels ranging from 443 to 1020 nm, including three polari-
metric channels centered at 490, 670, and 865 nm (Tanré
et al., 2011). It can observe the target pixel from up to 16
viewing angles. The MAP configuration of POLDER sig-
nificantly enhances the aerosol retrieval capabilities. Several
algorithms have been developed for POLDER, yielding re-
trievals of multiple aerosol parameters with relatively high
accuracy (Dubovik et al., 2019). Two representative algo-
rithms are the Generalized Retrieval of Aerosol and Sur-
face Properties (GRASP) (Dubovik et al., 2011, 2014) and
the Remote sensing of Trace gas and Aerosol Products (Re-
moTAP) (Fu and Hasekamp, 2018; Hasekamp and Landgraf,
2007). Although the RemoTAP algorithm performs better in
SSA retrieval than GRASP, only 1 year of POLDER/Remo-
TAP data are available, with many missing values result-
ing from the strict quality control in the algorithm, which
is insufficient to construct an ensemble with large spread
(Hasekamp et al., 2024). Here, we use the POLDER/GRASP
High-Precision Level 3 aerosol product (v1.2) at 0.1° x 0.1°
for 2005-2013 (Chen et al., 2020) (downloaded from https:
/Iwww.grasp-open.com, last access: 20 April 2025). Chen
et al. (2020) evaluated the performance of the POLDER/-
GRASP aerosol products, showing that SSA can achieve rel-
atively high accuracy, with an R value of 0.54 and a total bias
of 0.03 (for GRASP/HP SSA at 670 nm). The monthly mean
SSA is calculated using the same method as for OMI. How-
ever, we follow the GRASP quality control criteria by retain-
ing only daily observations with AOD at 443 nm greater than
0.3 for the monthly averaging. The POLDER/GRASP SSA
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products at five bands (i.e., 443, 565, 670, 865, and 1020 nm)
are used in the data fusion after averaging to 1° x 1° data.
Similar to OMI, a POLDER-based ensemble is constructed
with 106 members using all monthly mean POLDER SSA
available from March 2005 to December 2013. We also cal-
culate the standard deviation of all 0.1° grids within each 1°
grid as the representation error in the POLDER-based data
fusion (as shown in Fig. S2).

For clarity, the merged SSA based on the OMI
OMAERUY product is referred to as the Merged-OMI SSA,
while the merged SSA based on the POLDER GRASP High-
Precision product is referred to as the Merged-POLDER
SSA.

2.2 AERONET ground SSA measurements

The Aerosol Robotic Network (AERONET), operational
since 1993, is the largest global network for ground-based
aerosol monitoring (Holben et al., 1998). AERONET derives
SSA at four discrete wavelength bands (i.e., 440, 670, 865,
and 1020 nm) from both direct beam solar radiation and dif-
fuse sky radiance measured by sun photometers (Dubovik
and King, 2000). AERONET SSA errors typically decrease
as AOD increases, with errors generally within £0.03 for
AQOD > 0.4 at 440 nm (Sinyuk et al., 2020).

Here, we use Version 3 Level 2.0 monthly AERONET
aerosol products (cloud-screened and quality assured)
(Sinyuk et al., 2020), ensuring that the daily SSA error is
within £0.03. The AERONET monthly mean SSA is calcu-
lated using the same approach as that applied to the satel-
lite products described in Sect. 2.1. In addition to the SSA
at the four operational wavelengths, we also use the spec-
trally interpolated SSA at 550 nm to generate the merged
SSA at 550 nm based on the POLDER dataset. A total of
754 AERONET sites provided monthly SSA data during the
OMI observation period (2004-2023), all of which are in-
cluded in the data fusion based on OMI/OMAERUV SSA
products. Of these sites, 452 provided effective monthly SSA
data during the POLDER observation period (2005-2013),
which are used in the data fusion based on POLDER/GRASP
SSA products. Note that all available AERONET observa-
tions are assimilated into the background satellite dataset, but
only those sites with more than 10 samples during the period
of OMI/POLDER are presented in the global maps of eval-
uation and validation, which will be described in Sect. 3 in
detail.

2.3 The EnKF-based data synergy approach

Here, we adopt the EnKF-based data synergy approach de-
veloped by Li et al. (2020) with several adjustments and im-
provements. The EnKF is a flexible data assimilation tool
based on the Kalman filter (KF), which estimates the state
of a dynamic system by utilizing an ensemble of observation
samples (Evensen, 1994). When assimilating ground-based
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site observations into satellite grid products, the resulting
synergy field is a weighted average of the background satel-
lite field and the ground-based observations. Greater weights
are assigned to the estimates where the ground-based obser-
vations have lower uncertainties (i.e., smaller errors). To be
specific, the ground observation y of a true state variable x
for a given dynamic system model can be defined as:

y=Hx +s. (1

H is the observation operator that maps from the scattered
observation sites to the satellite grid space, and ¢ is the ob-
servation error of ground-based measurements.

In the synergy, the state variable can be calculated as:

x* =x? + K(y — Hx?), )

where the superscript a is the synergy field and b is the back-
ground field. K represents the Kalman gain, expressed as:

K =PH"(HPH" +R) (3)

where R denotes the error covariance matrix of the observa-
tions.

In our study, we assimilate monthly ground-based SSA ob-
servations into satellite grid SSA products at 1° x 1° resolu-
tion. Specifically, the state variable x is the true SSA value
in each 1° x 1° grid. y denotes the SSA observations ob-
tained from ground-based AERONET sites. The observation
error consists of the measurement error and the representa-
tion error. The measurement error reflects the SSA errors
of AERONET sun-photometer retrievals and is set to 0.03,
as described in Sect. 2.2. The representativeness error indi-
cates the variability of SSA within each 1° x 1° grid. Here,
we adapt the method proposed by Li et al. (2016). The repre-
sentation error is approximated as the standard deviation of
all subgrid satellite SSA values within each 1° x 1° grid, as
described in Sect. 2.1.

In the EnKF, an ensemble is constructed to approximate
the distribution of the state variable x. Therefore, the sample
covariance of the ensemble can be utilized to represent the
true background covariance. Assumed to follow a multivari-
ate normal distribution, the background error is expressed as
the background covariance matrix P of the ensemble dataset
X in the EnKF:

1 X T
P_N—I(X X)X-X), 4
where N is the number of samples in the ensemble. Here, we
construct two ensembles using all monthly mean SSA data
available for Merged-OMI and Merged-POLDER separately,
as described in Sect. 2.1.

Theoretically, EnKF assumes that the size of the ensemble
dataset is sufficient to represent the bulk variance of x and
that its distribution is ideally unbiased. However, spurious
correlation may arise in practice due to insufficient samples
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or sampling biases in the ensemble (Anderson, 2001). This
issue refers to erroneous relationships between locations that
are physically distant and not meaningfully correlated, which
can lead to incorrect influences of distant observations on the
state variable x in the EnKF. To address this problem, we ap-
ply the covariance localization by truncating long-range cor-
relations in the error covariance matrix beyond a predeter-
mined distance [. Therefore, the covariance matrix accounts
only for the impact of observations within the specified dis-
tance [ from each location, thereby avoiding the influence
of distant observations (Hamill et al., 2001; Houtekamer and
Mitchell, 2001). In this study, we follow the approach of Gas-
pari and Cohn (1999) and Li et al. (2020) to denote the lo-
calized covariance Pjocq as the product of the background
covariance matrix P and the localization function p. For a
given location, the correlation of observations from other lo-
cations decreases with increasing distance and becomes zero
at a distance of 2¢. The relationship between ¢ and the trun-
cation distance [ is generally set as (Lorenc, 2003):

10
== 5
Y ©)

Then, the localization function p is calculated as:

0<lzl<c
o bs(E) -5’ NG
|

c=<lz| =2c

0, 2¢ < |z

where z represents the Euclidean distance between two lo-
cations. Here, we consider / to be 3000km as a global av-
erage optimal value after testing the distance from 1000 to
5000 km.

2.4 Evaluation approaches

To evaluate the performance of the merged dataset, we ex-
amine the statistical parameters, including the linear regres-
sion equation (slope and intercept), the mean absolute bias
(MAB), the correlation coefficient (R), and the root-mean-
square error (RMSE). Following Li et al. (2020), two cross-
validation (CV) methods are applied to assess the effective-
ness of the EnKF approach at locations where surface obser-
vations are not assimilated. These methods are the regional
3-fold cross-validation (Region-3-CV) and the leave-one-out
cross-validation (LOO-CV). The Region-3-CV is a regional
adaptation of the traditional K-fold CV. Specifically, we se-
lect nine typical regions globally (i.e., North America, South
America, Europe, North Africa, the Sahel, the Middle East,
India, East Asia, and Southeast Asia), each containing more
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than three AERONET sites. In each region, a site-based 3-
fold CV is performed, i.e., the sites are divided into three
subsets, two of which are used for data fusion at each iter-
ation, and then the performance of the regional merged re-
sult is tested at the sites not involved in the fusion process.
Regional CV is preferred over global CV due to the limited
spatial representativeness of surface sites within a 3000 km
distance, as discussed in Sect. 2.3. Remote sites are excluded
from the regional validation, as they do not influence the
merged result. For the LOO-CV, we still use all the sites se-
lected in the Region-3-CV as the whole evaluation dataset
and iterate through each site as a validation set, with the re-
maining sites used for data fusion. This process is repeated
until all sites have been validated once, providing an assess-
ment of the EnKF performance across the full dataset. Note
that only AERONET sites with at least 20 samples during the
OMI/POLDER period are used in both CV methods.

3 Results

In this study, we utilize the monthly mean SSA products
from OMI and POLDER separately as the background SSA
fields. AERONET SSA observations are assimilated into
these satellite background fields using the EnKF approach,
resulting in the Merged-OMI SSA data at 440 nm from Octo-
ber 2004 to December 2023 and the Merged-POLDER SSA
data at 440, 550 (565), 670, 865, and 1020 nm from March
2005 to December 2013. We primarily focus on the data
synergy over global land area, as there are few AERONET
stations located over the ocean. Additionally, the ensemble
spread over ocean is relatively large, with potentially large
retrieval uncertainties under low aerosol loadings there (as
shown in Figs. S1 and S2).

3.1 Analysis of a representative case

To illustrate how our EnKF method integrates ground-based
and satellite observations from different sources, we first
show a representative case in the Sahel before presenting the
global synergy results. We select the Banizoumbou site, with
more than 100 AERONET SSA observations, and assimilate
these observations into the satellite background field to ex-
amine the performance of the merged data at this site as well
as at nearby sites.

Figure 1 presents the comparison between the Merged-
POLDER SSA and the original POLDER data at 670 nm
for the Banizoumbou site. Similar results can be obtained
from the Merged-OMI SSA at 440 nm, which are shown in
Figs. S3 and S4 in the Supplement. Although the original
POLDER SSA (blue line in Fig. 1a) shows reasonable agree-
ment with AERONET SSA at Banizoumbou, the POLDER/-
GRASP product tends to underestimate SSA in most cases,
with several exceptions of overestimation in 2006 and 2010.
These biases are largely corrected in the merged data (red
line in Fig. 1a). Figure 1b also demonstrates that the merged
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data exhibit higher consistency with AERONET compared to
the original POLDER SSA, with the R value increasing by
86 % from 0.35 to 0.65, the MAB decreasing by 40 % from
0.035 to 0.021, and the RMSE reducing by 39 % from 0.044
to 0.027. These improvements are expected, as the merged
results at this site represent an error weighted mean of the
original POLDER retrievals and AERONET observations.

A more important concern is whether the merged data
can improve SSA estimates at nearby sites, where observa-
tions are not assimilated. We examine the performance of
the merged data in the entire Sahel region, and the relative
changes in the accuracy of the merged data against the orig-
inal POLDER SSA are shown in Fig. 2. In addition to the
Banizoumbou site (marked as a triangle), SSA estimates for
all the other eight nearby sites (the circles in Fig. 2) show
remarkable improvements, with the R values increasing by
10 %, the MAB decreasing by 19 %, and the RMSE decreas-
ing by 25 % on average. Although the improvements at these
nearby sites are less pronounced than those at Banizoumbou,
the results of this case clearly demonstrate the effectiveness
of the EnKF data synergy method in extending the informa-
tion to a greater area. It can enhance the spatial impact of
AERONET site observations and reduce the uncertainties of
satellite-derived SSA at both local and regional scales.

3.2 Evaluation of Merged-OMI data

The overall performance of the Merged-OMI result is exam-
ined in this section. A total of 10204 monthly SSA observa-
tions at 754 AERONET sites are assimilated into the back-
ground OMI field during the period from 2004 to 2023. Fig-
ure 3 evaluates the original OMI data and the Merged-OMI
SSA at 440 nm compared with AERONET observations, re-
spectively. The original OMI SSA against AERONET shows
a moderate correlation, with an R value of 0.53, an RMSE
of 0.031, and an MAB value of 0.024. Many improvements
are noticed in the Merged-OMI SSA, reaching a higher R
value of 0.73, a lower RMSE value of 0.025, and a lower
MAB value of 0.019. The systematic bias is significantly
corrected, with the slope of the regression equation increas-
ing from 0.39 to 0.62, which affirms the effectiveness of the
EnKF approach.

We further compare the spatial distribution of the original
OMI and the Merged-OMI datasets to gain an overview of
the effect of the EnKF approach on a global scale. Figure 4
displays the global annual SSA distribution at 440 nm of the
Merged-OMI and the original OMI data, along with their
differences. There are 241 AERONET sites with more than
10 samples during the OMI period in 2004-2023, marked
with circles in Fig. 4. The original OMI data show an un-
derestimation of the annual SSA in North Africa, the Mid-
dle East, and North America and an overestimation in the
Sahel, South Africa, India, East Asia, and Southeast Asia.
These biases have been largely corrected in the Merged-OMI
data. Especially in the Middle East, India, East Asia, and
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Southeast Asia, the changes in the annual mean SSA are
~ 0.02. A more detailed seasonal analysis is demonstrated in
Fig. 5. The seasonal performances are generally consistent
with the annual results but with some notable regional differ-
ences. Specifically, in India, East Asia, and Southeast Asia,
the original OMI SSA is consistently biased high throughout
the year, with the most pronounced overestimation occurring
in March, April, and May (MAM). Frequent dust storms and
long-range transport in MAM typically result in lower SSA
in India and East Asia (Proestakis et al., 2018; Zhu et al.,
2007), whereas active biomass burning events also contribute
to the lower SSA in Southeast Asia (Li et al., 2020). Conse-
quently, the original OMI data in MAM tend to show more
significant overestimation in these regions, where the largest
improvements in the Merged-OMI data are also noticed in
MAM. The Middle East is characterized by predominant dust
aerosols, and significant underestimation of the original OMI
SSA is observed during active dust periods of MAM and
June, July, and August (JJA) (Engelstaedter et al., 2006), with
effective corrections in the Merged-OMI data. North Amer-
ica exhibits slight positive change in the Merged-OMI data
to correct the underestimation of the original OMI SSA in
JJA and September, October, and November (SON). In South
Africa, the Merged-OMI SSA decreases the positive biases
caused by the overestimation in the original OMI SSA dur-
ing the biomass burning seasons in MAM, JJA, and SON.
In North Africa, the original OMI SSA is overestimated in
MAM and December, January, and February (DJF) but un-
derestimated in JJA. The Merged-OMI data largely adjust
these seasonal biases but show an indistinct difference in
the annual mean SSA due to the balancing of seasonal over-
and underestimations. Similar situations can also be observed
in the Sahel, where the original SSA is significantly under-
estimated for dust aerosols in MAM but overestimated for
biomass burning aerosols in DJF. The opposing effects of the
seasonal corrections are neutralized in the Merged-OMI data,
resulting in a limited difference in the annual mean SSA. It
is important to emphasize that the observed changes are not
confined to the AERONET sites but extend to the regional
scale. These results confirm that the EnKF-based fusion ap-
proach enhances the representativeness of ground-based ob-
servations, allowing localized data to inform and improve
satellite retrievals over larger regions.

To quantify the performance of the Merged-OMI dataset
in different regions, we further examine the spatial distribu-
tion of the three statistical parameters (i.e., R, MAB, and
RMSE) of the original OMI SSA compared to AERONET
observations and their relative changes in the Merged-OMI
data. Note that all the statistical parameters are calculated
only at 142 AERONET sites with at least 20 monthly sam-
ples. As shown in Fig. 6, the Merged-OMI data have substan-
tial improvements at most AERONET sites, with increases in
R values and reductions in both MAB and RMSE values. Es-
pecially in the Middle East, Europe, and most of the Sahel,
the increase in R values can reach as much as 100 %, while
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Figure 1. Example case of data synergy at the Banizoumbou site located in the Sahel: (a) the time series of monthly mean SSA at 670 nm
and (b) the scatterplot of the original POLDER and the merged SSA at 670 nm compared to the AERONET observations.
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Figure 2. After assimilating the observations at the Banizoumbou site, the changes in (a) R, (b) MAB, and (¢) RMSE compared with the
original POLDER SSA at 670 nm relative to AERONET sites in the Sahel.

the MAB and RMSE values decrease by ~ 30 % or more.
Moderate improvements can be observed in North Africa,
South America, and East and Southeast Asia. Despite there
being very few AERONET sites, the Merged-OMI SSA in
North America and Oceania still exhibits notable reductions
in the MAB and RMSE values, correcting the large devia-
tions in the original OMI data from AERONET. In South
America, the original OMI SSA performs well, with rela-
tively low MAB and RMSE, and the Merged-OMI data also
exhibit a slight improvement. However, the performance of
the Merged-OMI SSA decreased at several sites in the Sahel
and India. This may be attributed to insufficient spatial sam-
pling of AERONET or large regional variabilities of SSA,
which result in the poor representativeness of AERONET
sites in these regions. To address this issue, our future work
will further evaluate the representativeness of AERONET
sites in different regions to refine the EnKF data synergy
method.

3.3 Cross-validation of Merged-OMI data

To fully evaluate the performance of the data synergy, it is
more critical to examine the performance at regions where

https://doi.org/10.5194/essd-17-3873-2025

ground-based observations are not assimilated or not avail-
able. For this purpose, we employ the Region-3-CV and
LOO-CV as described in Sect. 2. The globe is divided into
13 regions, similar to Li et al. (2020). However, only nine
of them have at least three effective sites (with more than 20
samples, as described in Sect. 2.1) during the OMI period
in 20042023, which are then used for the validation of the
results (Fig. S5 in the Supplement). These nine regions are
North America, South America, Europe, North Africa, the
Sahel, the Middle East, India, East Asia, and Southeast Asia,
respectively.

Figure 7 evaluates the LOO-CV and the Region-3-CV
OMI SSA at 440 nm against AERONET observations. Both
CV schemes show notable improvements compared with the
original OMI SSA. For the LOO-CV results, the R value in-
creases from 0.55 to 0.62, the MAB reduces from 0.023 to
0.021, and the RMSE decreases from 0.030 to 0.028. Simi-
lar improvements are observed with the Region-3-CV, where
the R value increases from 0.57 to 0.66, the MAB decreases
from 0.023 to 0.020, and the RMSE reduces from 0.030 to
0.027. On average, both CV methods show an approximately
15 % improvement in correlation and, respectively, 10 % and
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Figure 3. The density scatterplots of the original OMI SSA and the Merged-OMI SSA compared with AERONET SSA at 440 nm.
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Figure 4. (a) The annual mean SSA at 440nm for the Merged-
OMI data, (b) the annual mean SSA at 440 nm for the original OMI
data, and (c) their differences (merged — original). Circles in (a) and
(b) mark the observations at AERONET sites.

13 % RMSE and bias reductions. These CV results confirm
the effectiveness of the EnKF approach in regions where the
ground observations are not assimilated.

Further spatial analysis in Fig. 8 indicates that both CV
schemes produce similar spatial patterns, with Region-3-CV
yielding slightly better results. The majority of AERONET
sites are characterized by increased R values and decreased
MAB and RMSE values, although the magnitude of these
changes is smaller than that shown in Fig. 6. Globally, the
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Region-3-CV results show average reductions in MAB and
RMSE of 11 % and 10 %, respectively, with an average 64 %
increase in R values. The decreases in MAB and RMSE
can even exceed 30 % at certain sites. Of the 120 valida-
tion sites, 113 sites exhibit decreased MAB and RMSE, and
103 sites show increased correlations. The LOO-CV results
show a similar spatial pattern but weaker improvements over-
all. This can be attributed to the shorter distances among the
sites within a region, allowing for stronger spatial correlation
and influence from nearby sites. As a result, Region-3-CV
can better preserve the impact of observations at closely sit-
uated AERONET sites. Note that the truncation distance we
adapt in the localization function as described in Sect. 2.3
is an optimal value for a global scale, whereas the optimal
truncation distance may vary with location. In cases where
the truncation distances for some sites are smaller than our
predefined threshold, LOO-CV may bring uncertainties from
the observations at remote sites with poorer representative-
ness and spurious correlation, which may cause weaker re-
sults than Region-3-CV. In the future, we will further inves-
tigate the differences of the representativeness and the trun-
cation distances for ground-based sites in different regions
to refine our data synergy scheme. Additionally, the lack of
sufficient high-quality AERONET SSA observations makes
it difficult to validate the performance of the assimilation in
South Africa and Oceania.

Nevertheless, both the Merged-OMI data and correspond-
ing CV results exhibit significant improvements compared to
the original OMI SSA, which indicate the effectiveness of the
EnKF data synergy approach in reducing the uncertainties of
background satellite SSA estimates.

3.4 Evaluation of Merged-POLDER data

Because OMI can provide SSA data only at wavelengths up
to 500 nm, a Merged-POLDER dataset is constructed to pro-
vide SSA at visible and near-infrared bands. Specifically, we
assimilate a total of ~ 3700 monthly mean SSA observations
at 452 AERONET sites into the background POLDER SSA
field at 440, 550 (565), 670, 865, and 1020 nm.
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Figure 5. The same figure as Fig. 4 but for the seasonal mean SSA at 440 nm.
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the 95 % confidence level.

Figures 9 and S6 in the Supplement present the density
scatterplots of the original POLDER data and the Merged-
POLDER data with respect to the AERONET SSA at five
spectral bands. The original POLDER SSA shows the worst
performance at 440 nm among the five wavelengths, proba-
bly due to instrument drift and aging (Fougnie, 2016), and
improves as the wavelength increases. The results for 550,
865, and 1020 nm are similar to those at 670 nm. There-
fore, we mainly focus on the results for 440 and 670 nm.

https://doi.org/10.5194/essd-17-3873-2025

The original POLDER SSA almost has no correlation with
AERONET at 440nm and exhibits moderate correlations
at the other four wavelengths. Significant improvements
can be observed in the Merged-POLDER data at all wave-
lengths. The Merged-POLDER SSA at 440nm shows an
R value increasing from —0.09 (not significant) to 0.43
against AERONET, with the MAB and RMSE decreasing
from 0.053 and 0.069 to 0.035 and 0.049, respectively. Al-
though the Merged-POLDER data at 440 nm shows signifi-
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Figure 9. The same figure as Fig. 3 but for the original and the merged SSA based on POLDER at 440 and 670 nm.

cant improvement over the original POLDER data, it still un-
derperforms compared to the Merged-OMI SSA at 440 nm.
Thus, we recommend using the Merged-OMI data at 440 nm.
At 670 nm, the R value for POLDER-SSA increases from
0.29 to 0.52, and MAB and RMSE decrease from 0.052 and
0.065 to 0.034 and 0.046, respectively. Meanwhile, the origi-
nal POLDER product exhibits significant systematic negative
biases at 670 nm and the other three wavelengths, which are
effectively corrected in the merged dataset.

Figures 10 and S7 in the Supplement describe the spa-
tial distribution of the annual mean SSA from the original
POLDER data and the Merged-POLDER data, alongside the
observation values from 109 AERONET sites with at least 10
samples during the POLDER observation period. At 440 nm,
the original POLDER data tend to overestimate the SSA for
dust aerosols, with a positive bias in dust source regions such
as North Africa, and underestimate in other regions, with
a strong negative bias. These biases are notably corrected
in the merged data. As for 670 nm, the Merged-POLDER
data largely correct the serious negative biases in the original
POLDER data. The seasonal results generally share the same
features as the annual results in Figs. 11, 12, and S8-S10 in
the Supplement. The Merged-POLDER SSA at 440 nm ev-
idently corrects the positive bias in dust-dominated regions,
with the most notable improvement occurring in the Middle
East in JJA. In other regions, the negative biases reduced in
the merged data at 440 nm. Overestimations in the original

https://doi.org/10.5194/essd-17-3873-2025

data at 670 nm are mainly observed in regions with seasonal
biomass burning events, such as the Middle East in JJA and
SON and the Sahel in DJF, whereas POLDER SSA tends to
underestimate in the other regions. These biases are mostly
reduced in the Merged-POLDER SSA. However, the positive
bias in the original data is overcorrected in the Middle East,
resulting in a larger negative bias in the Merged-POLDER
data. Despite this, the global performance of the Merged-
POLDER data demonstrates the overall effectiveness of the
EnKF data synergy technique.

We further evaluate the performance of the Merged-
POLDER dataset across different regions in Figs. 13, 14,
and S11-S13 in the Supplement. Only 58 sites provided at
least 20 observation samples during the POLDER observa-
tion period, which are used to calculate the evaluation statis-
tics. At most of the sites, the Merged-POLDER data show a
significant improvement in correlation with the AERONET
SSA, with substantial reductions in the MAB and RMSE val-
ues. The improvement at 670 nm is similar to that at 440 nm.
Notably, in the Sahel, India, and Southeast Asia, the R values
of the Merged-POLDER data improve by up to 100 % com-
pared to the original POLDER data, with MAB and RMSE
values decreasing by up to 50 %. The Merged-POLDER SSA
also exhibits moderate improvements in East Asia. Although
there is a lack of observations in North and South America,
a significant reduction in bias and RMSE can still be noticed
in the Merged-POLDER data across the two regions. How-

Earth Syst. Sci. Data, 17, 3873-3892, 2025



3884 Y. Dong et al.: Merged satellite—ground aerosol SSA

Merged POLDER SSA 440 nm Annual ; Merged POLDER SSA 670 nm Annual
0.9
0.8
12(;°W gf)fwi 6° ’_’SB:E 120°E 07 126°W ég_:W- 0° '_'gm'_é 120°E 0.7
Orlglnal POLDER SSA 440 nm Annual ; Orlglnal POLDER SSA 670 nm Annual .
60°N ~= B o = S0 o 2
0.9
-
0.8
e 20°W §§ij 0o “60°E 120°E 07 T20°W (ﬁ’Wi o “e0E  120E 0.7
leference SSA 440 nm Annual 008 leference SSA 670 nm Annual 004
60°N ZEES o ' - IR ; ’
0.02 0.02
0° 0 0
-0.02 -0.02
60°S ) & P ) & e
120°W 60°W 0° 60°E 120°E 0.04 120°W 60°W 0° 60°E 120°E -0.04

Figure 10. The same figure as Fig. 4 but for the original and the merged SSA based on POLDER at 440 and 670 nm.
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Figure 11. The same figure as Fig. 5 but for the original and the merged SSA based on POLDER at 440 nm.
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Figure 12. The same figure as Fig. 5 but for the original and the merged SSA based on POLDER at 670 nm.
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Figure 13. The same figure as Fig. 6 but for the original and the merged SSA based on POLDER at 440 nm.

ever, over North Africa, Europe, and the Middle East, the
performance of Merged-POLDER appears less satisfactory
at several sites. Further analysis reveals that observations at
these sites may have low spatial representativeness and dis-
agree with nearby sites (see Figs. S14-S27 in the Supple-
ment). Possible explanations are (1) the relatively high spa-
tial variability of SSA in the surrounding regions and (2)
data quality issues within the ensemble samples at surround-
ing grid boxes, such as significant negative correlations with
AERONET observations and non-Gaussian error distribu-
tions (as indicated by the failure to pass the significance test
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in Fig. S2). These factors may prevent the ensemble samples
from accurately reflecting the true background covariance.

3.5 Cross-validation of Merged-POLDER data

The Region-3-CV and LOO-CV are also performed for the
Merged-POLDER SSA. Note that there are only 51 effec-
tive sites with more than 20 samples in 2005-2013 used
for POLDER CV (Fig. S28 in the Supplement). Figures 15
and S29 in the Supplement present the evaluation of the
LOO-CV and the Region-3-CV POLDER SSA with respect

Earth Syst. Sci. Data, 17, 3873-3892, 2025
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Figure 14. The same figure as Fig. 6 but for the original and the merged SSA based on POLDER at 670 nm.

to AERONET observations. Similar to the OMI results, both
CV schemes applied for Merged-POLDER demonstrate sig-
nificant improvements over the original POLDER SSA. At
440 nm, LOO-CV yields notable results, with the R value
increasing from —0.03 (not significant) to 0.12, the MAB re-
ducing from 0.046 to 0.041, and the RMSE dropping from
0.061 to 0.057. The Region-3-CV yields more pronounced
improvements than the LOO-CV, where the R value in-
creases from —0.07 (not significant) to 0.36, the MAB de-
creases from 0.040 to 0.029, and the RMSE reduces from
0.056 to 0.040. The CV performances for the POLDER SSA
at other wavelengths are similar to those at 440 nm. These
CV results further confirm the spatial extension effect of the
EnKF method.

Because too few validation samples in the Region-3-CV
limit the site-level evaluation, only the spatial distribution
of the LOO-CV results is presented in Figs. 16 and S30 in
the Supplement. With only 51 sites available for LOO-CV in
2005-2013, the results based on POLDER are not as satis-
factory as those based on OMI. Nonetheless, the MAB and
RMSE at most sites decrease, except for some sites in Eu-
rope and the Middle East. For the latter, both the Merged-
POLDER data and LOO-CV show decreased performance
compared to the original POLDER data, which could be
possibly caused by the high aerosol variabilities and the
data quality issue of the ensemble dataset, as discussed in
Sect. 3.4.

Overall, the performance of the Merged-POLDER data is
less satisfactory than that of the Merged-OMI data, mainly
due to the shorter observation period of POLDER. On the one
hand, a 9-year POLDER satellite dataset results in a smaller
ensemble size, which introduces greater uncertainties in esti-
mating the covariance matrix of the background field. On the
other hand, POLDER SSA shows larger variability than OMI
SSA at most locations (Fig. S31 in the Supplement), which
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adversely impacts the accuracy of the synergy results. Nev-
ertheless, the Merged-POLDER data still show significant
improvements over the original datasets at all wavelengths,
although the EnKF approach still requires further regional
adaptation, especially for regions like the Middle East and
Europe.

4 Discussion

As mentioned above, current SSA observations still face
great challenges. In this study, the EnKF approach is utilized
to derive more accurate global merged SSA data by combin-
ing the advantages of both satellite and ground-based obser-
vations. Nonetheless, there are several issues to keep in mind
in the implementation of the EnKF.

The key point of EnKF is determining the errors associated
with both the surface observations and the background satel-
lite field. For surface observation errors, we represent them
as the sum of measurement errors (AERONET SSA errors)
and representativeness errors. The representativeness errors
are estimated using the standard deviation of SSA from all
0.25° OMI data (or 0.1° POLDER data) within each 1° x 1°
grid box. However, even 0.1° grid satellite data may smooth
out many of the local-scale aerosol variations, such as the
differences in emission sources or topography, which could
introduce uncertainties into the merged data.

Regarding the background field errors, the ideal solution
would be to construct a sufficiently large ensemble of mul-
tiple satellite products to approximate the variability of the
background field. For instance, Li et al. (2020) constructed
an ensemble of 474 members by combining monthly AOD
data from 11 satellite datasets, which effectively captured
the AOD variability as well as its spatial covariability. How-
ever, because long-term SSA satellite products are scarce due
to either insufficient information content or high uncertainty
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Figure 15. The same figure as Fig. 7 but for the POLDER SSA at 440 and 670 nm.
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Figure 16. The same figure as Fig. 8 but for the POLDER SSA at 440 and 670 nm.

of the observations, only POLDER and OMI SSA products
are separately used to construct the background ensemble.
The OMI-based ensemble and the POLDER-based ensemble
contain 231 and 106 samples, respectively. Although both
POLDER and OMI provide SSA retrievals at 440 nm, the
differences between the two datasets are substantial due to
the poor retrieval capability of POLDER at 440 nm. Thus, it
is not appropriate to combine the two datasets into a single
ensemble dataset.

Figures 17 and 18 show the comparison between the orig-
inal and the merged OMI and POLDER SSA at 440 nm from
2005 to 2013. The two datasets do not exhibit a significantly
positive correlation. POLDER typically overestimates SSA
for dust aerosols and underestimates SSA for other aerosol
types. These differences are especially pronounced in dust
source regions such as North Africa and the Middle East.
Although the two merged datasets significantly reduce the
systemic biases in the original datasets, a large difference
remains between the Merged-POLDER and Merged-OMI
datasets. Further efforts are still needed to improve the ac-
curacy of the satellite products and reduce discrepancies be-
tween the datasets.

Additionally, the effectiveness of the EnKF synergy
method depends on the high quality and spatial representa-
tiveness of ground-based site observations. In this study, we
used AERONET Level 2.0 SSA data to ensure the accuracy
of the SSA measurements. However, the strict quality con-
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trol in Level 2.0 SSA products limits the number of avail-
able AERONET stations. Compared to AOD, Level 2.0 SSA
data are provided at much fewer AERONET sites with lower
temporal frequency, mainly due to the AOD threshold re-
quired in the retrieval. To ensure an SSA uncertainty within
£0.03, Level 2.0 SSA data are available only when AOD
is larger than 0.4 at 440 nm, which strongly limits the num-
ber of AERONET observations available for data synergy.
This also highlights the urgent need to establish a denser and
higher-quality surface aerosol observation network. The lo-
cation of the AERONET sites is also critical, as they should
be preferably established in places with high repetitiveness.
This is an important issue to be explored in our next study.

5 Data availability

The merged global land SSA datasets generated in this study
are available at https://doi.org/10.5281/zenodo.14294462
(Dong, 2025). The two datasets are provided in NETCDF4
format, covering latitudes from —89.5 to 89.5° and longi-
tudes from —179.5 to 179.5°, with a spatial resolution of
1°. The Merged-OMI dataset offers SSA at 440 nm from Oc-
tober 2004 to December 2023, while the Merged-POLDER
dataset provides SSA at 440, 550, 670, 865, and 1020 nm
from March 2005 to December 2013.

https://doi.org/10.5194/essd-17-3873-2025
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6 Conclusion

In this study, we construct two high-accuracy global land
SSA datasets using an EnKF data synergy approach from a
combination of AERONET SSA observations and two satel-
lite SSA datasets (i.e., POLDER and OMI). Specifically,
each satellite SSA dataset is used to build an ensemble that
reflects the variability of the background field. Then, we as-
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similate AERONET SSA observations into the background
field by EnKF, which can effectively propagate the effect of
the individual site observations across a broader spatial ex-
tent.

Both the Merged-OMI and the Merged-POLDER datasets
demonstrate significantly higher consistency with the
AERONET data compared to the original satellite datasets.
The global averaged R values increase by up to 100 %, with
reductions in the MAB and RMSE values by more than 30 %.
The improvements in the two merged datasets are not con-
strained locally but spread across a larger region scale. The
Region-3-CV and LOO-CV schemes further prove the effec-
tiveness of our method in improving the estimation at places
without ground sites. For the OMI-based synergy, CV results
show that the R value increases by 64 %, MAB decreases
by 11 %, and RMSE decreases by 10%. The POLDER-
based CV results also demonstrate better performance for
the merged dataset, although they are weaker than the OMI-
based CV results because of the much fewer samples in the
POLDER validation dataset.

Overall, we have successfully integrated the satellite- and
ground-based SSA data using an EnKF method, despite the
limited availability of both satellite products and ground-
based observations. The resulting merged datasets provide
more accurate SSA estimates on a global scale compared
to the original satellite data, particularly in regions where
ground-based observations are not available. Our merged
datasets hold great potential for improving climate models
and advancing our understanding of aerosol radiative effects.
With the ongoing deployment of ground-based sites and ad-
vanced spaceborne sensors to monitor global aerosols, we
expect to incorporate SSA data from multi-sources and gen-
erate longer-term global SSA datasets with higher accuracy.

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/essd-17-3873-2025-supplement.
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