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Abstract. Satellite observations, used worldwide in the atmospheric sciences, are extremely
useful for providing aerosol information within a wide spatial range. However, the coverage
of aerosol data by satellite observations is sometimes of inferior quality because of the effects
of surface reflectivity and clouds. To fill the gaps in aerosol optical depths (AODs) retrieved from
geostationary ocean color imager observations, this study applies operational statistical tech-
niques, including radial basis functions (RBFs) with four different weightings (i.e., linear, multi-
quadric, thin-plate, and inverse), Poisson, and ordinary Kriging. Based on computation time and
accuracy of the individual gap-filling techniques, Poisson and the liner RBF are selected as the
two best methods and then averaged with weights using one-dimensional weighted average (1D-
WAVG) and two-dimensional weighted average (2D-WAVG) root mean square errors. All meth-
ods produce reliable results, yielding a correlation coefficient between 0.74 and 0.87 over the
entire research domain. Out of the individual techniques, the Poisson, with an initial estimation
from a zonal mean of AODs, is the most accurate with the lowest computational costs, even for a
large number of missing pixels and most regions, excluding East China (EC). The Poisson’s high
bias over EC is compensated in 1D- and 2D-WAVGs by taking more accurate estimations of the
linear RBF than those of the Poisson over the region. If we consider 1D- and 2D-WAVGs in our
analysis, the highest correlation is obtained from the 2D-WAVG over all regions. Because of its
reliability and fast computation time, applying the 2D-WAVG can be a good solution to provide
spatial–temporal continuous aerosol information. In addition to air pollution studies, such as
real-time air quality predictions, estimation of ground-level particulate matter concentrations,
and other applications, the fast and operational gap-filling technique can also be expanded
to remote sensing data obtained from satellite observations to provide helpful and useful infor-
mation for the public. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0
International License. Distribution or reproduction of this work in whole or in part requires full attribution
of the original publication, including its DOI. [DOI: 10.1117/1.JRS.16.044507]
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1 Introduction

Aerosols, which are comprised of solid or liquid particles suspended in air, influence visibility,
public health, and the climate.1 As the impact of aerosols is considerable in areas worldwide,
researchers have devoted numerous efforts to quantifying aerosols using ground-based and air-
borne measurements and satellites. The satellite observations, state-of-the-art techniques used to
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monitor the Earth’s surface and its atmosphere, provide wide spatial coverage and applicability
to several research fields. Specifically, the satellite observations over oceans are useful because
of the lack of ground-based measurements over such regions.

Satellite observations are also capable of obtaining concentrations of aerosols in terms of the
aerosol optical depth (AOD), but the AOD retrievals from the satellite observations are limited
with regard to bright pixels, such as clouds, ice/snow, turbid water, or Sun glint. These bright
pixels lead to a large portion of missing pixels in AOD data, owing to the low sensitivity of
aerosols over these areas.

To overcome these limitations, a number of researchers have conducted studies to provide
aerosol information for missing AOD pixels. Chen et al.2 applied a simple statistical technique,
the inverse distance weighting method, to reduce the rate of missing values from 87.91% to
13.83% in daily AODs retrieved from moderate resolution imaging spectroradiometer (MODIS)
observations. This method, however, cannot provide complete coverage, which is typically
achieved by assimilating satellite data with chemical transport model (CTM) simulations.3–6

Recent studies have applied artificial intelligence (AI) techniques to address the limitations
of AOD data by training satellites with the CTM data. They have imputed AODs derived from
MODIS observations by combining two techniques: random forest (a popular nonparametric
machine learning algorithm) and lattice Kriging (a multiresolution Gaussian process model).7

To fill gaps in geostationary ocean color imager (GOCI) AODs using CTM simulations, Lops
et al.8 proposed a novel deep learning technique, the partial convolutional neural network, which
showed acceptable performance. However, including CTM simulations in the training process,
as in the aforementioned studies, can increase computational costs, especially when they use the
model to achieve high spatial resolution. In Ref. 9, the researchers filled gaps in MODIS AODs
over the Sichuan Basin of southwest China by applying the random forest technique and then
estimated PM2.5 (atmospheric particulate matter with an aerodynamic diameter of <2.5 μm).

Although the aforementioned techniques have yielded acceptable results, operational meth-
ods based on statistics are still efficient as they can quickly provide complete satellite AODs. Fast
processing times for filling the gaps in AOD data can be crucial to city officials who are able to
alert their citizens, regarding high concentrations of long-range transported aerosols in advance.
The fast and operational gap-filling techniques can also lead to reliable air quality predictions by
providing more accurate initial and boundary conditions for CTM simulations rather than using
the default constant values built into the models. In addition, they can be used in a variety of
other applications, such as estimations of ground-based PM concentrations from satellite
AODs,10 the fusion of satellite data,11 and studies of long-range transported aerosols.12,13

To develop the fast gap-filling method, this study applied six operational techniques based on
statistics. These are radial basis functions (RBFs) with four weighting functions, Poisson, and
ordinary Kriging, to impute gaps in GOCI AODs. These methods are considered useful because
of their overall performance and computational costs, as well as their ability to bypass the expen-
sive computational costs by conducting CTM simulations, especially at high spatial resolutions. In
addition, AODs (level 2 products) were used in this study because the operational methods can fill
gaps in data, having physical homogeneity more effectively than using level 1 products of satellites
that contain inhomogeneous spectroscopic information. We then evaluated the performance of the
gap-filling results by comparing them with reference data of this study. From this analysis, the two
best methods were averaged with weights based on their errors and compared with the individual
gap-filling techniques. We expect that the best method assessed in this study will provide aerosol
information in near-real time by acquiring continuous gap-filled AODs in time and space and be
expanded to various research fields using remote sensing data from satellites.

Section 2 of this paper describes details in the GOCI data, the gap-filling techniques, and the
statistical evaluation metrics. Section 3 discusses the results of the complete gap-filled AODs and
their performance, and Sec. 4 summarizes and concludes this study.

2 Materials and Methods

To fill the gaps in GOCI AODs and to evaluate various gap-filling techniques, this study used the
following six steps: (1) monthly GOCI AODs were averaged from January to December 2019 to
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produce reference datasets that included fewer missing pixels than individual hourly AODs;
(2) mask data were produced based on the randomly chosen and daily averaged unretrieved
GOCI aerosol pixels, during the research period; (3) using the mask product, we masked out
the monthly averaged AODs; (4) applying six gap-filling techniques, we filled the gaps in the
masked AODs; (5) the gap-filled AODs were evaluated by comparing them to the monthly aver-
aged AODs over masked pixels; and (6) the two best methods found by conducting the fifth step
were averaged with weights based on their errors to compensate for the two methods and then
compared with the six individual gap-filling techniques.

Figure 1 shows a schematic illustration of the gap-filling processes. We gridded all of the data
used in this study onto 0.1 deg×0.1 deg longitudinal and latitudinal grids before conducting
interpolation using the six aforementioned techniques. The research domain analyzed in this
study was 113°E to 148°E and 24°N to 48°N. The following sections address details in the
GOCI data, gap-filling techniques, and evaluation metrics.

2.1 GOCI Data

The GOCI, onboard the Korean geostationary satellite and the communication, ocean, and
meteorological satellite, was launched on June 26, 2010 as the first ocean color observation
instrument placed into geostationary Earth orbit (GEO). GOCI has six visible (i.e., 412,
443, 490, 555, 660, and 680 nm) and two near-infrared (i.e., 745 and 865 nm) spectral channels
and 0.5 × 0.5 km2 spatial resolution with a horizontal coverage of 2500 × 2500 km2 over East
Asia. Hourly AODs at 550 nm were retrieved from GOCI observations via the Yonsei aerosol
retrieval version 2 algorithm14 with a spatial resolution of 6 × 6 km2 from 00:30 to 07:30 coor-
dinated universal time. The GOCI mission was officially completed in March 2021. In this study,
we analyzed GOCI AODs from December 2015 to March 2021 to count the missing rate at each
grid pixel regionally and seasonally.

2.2 AErosol RObotic NETwork Data

The AErosol RObotic NETwork (AERONET) AODs were used for independent evaluation of
the gap-filling techniques. The recent version 3 level 2.0 (cloud screened and quality assured)
AOD data of AERONET, a federated global ground-based remote sensing network,15 were
downloaded from Ref. 16. Because AERONET provides AODs at different wavelengths depend-
ing on the observation site, AODs at 550 nm were computed using the AODs at 500 nm and the
Ångström exponent obtained with AODs at 440 and 675 nm in this study.

2.3 Gap-Filling Techniques

Figure 2 shows the statistical gap-filling methods applied to fill gaps in the AOD data derived
from GOCI observations. To calculate values at the target missing pixels shown in Fig. 2,

Fig. 1 Schematic illustration of the process for filling gaps in AOD data. The dashed line marks the
validation process used in this study.
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weights, according to the distance between the target pixel and the AOD pixel, were determined
using the equations presented in the following sections.

2.3.1 Radial basis functions

The RBFs of SciPy17 in Python18 were applied to fill gaps in the AODs. The RBF is a real-valued
function in N-dimensional space whose data at x can be explained by the following equation

EQ-TARGET;temp:intralink-;e001;116;315r ¼ kx − ck; (1)

where c is the center of the RBF. Among the various RBF functions, the following four functions
based on distance (r) are commonly used [see Figs. 2(a)–2(d)], so we applied them to produce
the missing pixel data in this study

EQ-TARGET;temp:intralink-;e002;116;248−r; (2)

EQ-TARGET;temp:intralink-;e003;116;205−sqrtð1þ r2Þ; (3)

EQ-TARGET;temp:intralink-;e004;116;183−r2 × logðrÞ; (4)

EQ-TARGET;temp:intralink-;e005;116;160

1

sqrtð1þ r2Þ : (5)

The RBFs, with each function defined in Eqs. (2)–(5), are referred to as the linear, multi-
quadric, thin-plate, and inverse RBFs, respectively.

Fig. 2 Gap-filling techniques applied in this study. To fill the gaps in the target missing pixel,
weights (w ) based on the distance (r ) between the target missing pixel and the data were deter-
mined based on the different techniques: (a)–(f) the linear, multiquadric, thin-plate, and inverse
RBFs, Poisson, and Kriging, respectively.

Lee et al.: Fast and operational gap filling in satellite-derived aerosol optical depths using statistical techniques

Journal of Applied Remote Sensing 044507-4 Oct–Dec 2022 • Vol. 16(4)



2.3.2 Poisson

In addition to using the RBF methods, we filled the missing pixels with values derived using
relaxation to solve Poisson’s equation [see Fig. 2(e)], which is an elliptic partial differential
equation with an iterative relaxation scheme.19

We applied a “Poisson grid fill” function in the National Center for Atmospheric Research
command language (NCL)20 in this study and set an initial guess as a start off the zonal averages
of AODs to achieve more accurate performance rather than using a default constant of 0.
Retrieved AODs from GOCI were used as boundary conditions. For every interior grid point,
the quantity is calculated using the following equation:

EQ-TARGET;temp:intralink-;e006;116;621φ�
i;j ¼

1

4
ðφiþ1;j þ φi−1;j þ φi;jþ1 þ φi;j−1 − σðxi; yiÞδx2Þ; (6)

where φi;j and φ�
i;j represent new and old initial guesses, respectively, and σðxi; yiÞ is the source

term. Through iteration, this process is repeated until the difference between the two approx-
imations is less than the tolerance that is used to end relaxation before reaching the maximum
number of iterations. In our experiments, we set the maximum number of iterations used by
relaxation, the tolerance, and the relaxation constants 2000, 0.001, and 0.6, respectively.

2.3.3 Kriging

Kriging has been widely used in geosciences to estimate values over a continuous spatial field
from neighboring data points. As it has the lowest computational cost among various Kriging
algorithms, ordinary Kriging, one of the most commonly used Kriging methods,21,22 has been
applied in this study. As the number of data points to be interpolated is huge, ordinary Kriging is
more effective in overcoming memory limitations than other Kriging methods. Indeed, ordinary
Kriging is defined as the best linear unbiased estimator by means of which interpolated values
are estimated by minimizing the variance of errors. Ordinary Kriging is conducted based on the
stationarity assumption that the mean and variance of data are constant across a spatial field and
its estimates are weighted by linear combinations of input data. Hereafter, ordinary Kriging is
referred to as “Kriging” in this study.

Different from the previous gap-filling techniques, Kriging determines weight by considering
the spatial correlation between sampled data points to interpolate the values in the spatial field
with the following semivariogram equation:

EQ-TARGET;temp:intralink-;e007;116;325γðhÞ ¼ 1

2NðhÞ
XNðhÞ

α¼1

ðzðuαÞ − zðuα þ hÞÞ2; (7)

where γðhÞ is a semivariance, zðuαÞ represents a value at a target sampled point, zðuα þ hÞ
implies the value of the neighbor at distance h, and N is the number of data points included
in distance h. Among the various Kriging toolkits in different scientific languages, PyKrige23,24

in Python was applied in this study.

2.4 Evaluation Metrics

Statistical evaluation metrics that are used to evaluate the accuracy of the gap-filling techniques
are as follows:

EQ-TARGET;temp:intralink-;e008;116;164Correlation coefficient ðRÞ ¼ 1

ðn − 1Þ
Xn
1

��
R_f − R_f

σR_f

��
C − C
σC

��
; (8)

EQ-TARGET;temp:intralink-;e009;116;104Root mean square error ðRMSEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

n
1 ðC − R_fÞ2

n

r
; (9)
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EQ-TARGET;temp:intralink-;e010;116;735Mean bias ðMBÞ ¼ 1

n

Xn
1

ðC − R_fÞ; (10)

where C denotes gap-filled AODs produced using different gap-filling techniques, and R_f rep-
resents the reference data. In addition, n and σ indicate the number of datasets and the standard
deviation, respectively. The overbars of R and C refer to the arithmetic mean of the data.

2.5 Root Mean Square Error-Weighted Average

Among the six gap-filling techniques, the two best methods were selected based on the computa-
tional speed and evaluation metrics and then averaged using weights with RMSE values, as
written in Eq. (11), where l indicates each gap-filling technique and k is the number of methods
used in averages. RMSE weighted averages (WAVGs) were calculated based on 1D-RMSE, that
is, constant values for all pixels, or 2D-RMSE, that is, different weights at each pixel.
Henceforth, the WAVGs using 1D-RMSE and 2D-RMSE are referred to as “1D-WAVG” and
“2D-WAVG,” respectively

EQ-TARGET;temp:intralink-;e011;116;539WAVG ¼
P

k
1

�
C2
l

RMSE2
l

�
Pk

1
1

RMSE2
l

; (11)

where C denotes the gap-filled AODs produced using different gap-filling techniques (l).

3 Results and Discussion

We analyzed gaps in monthly averaged AODs derived from GOCI observations in terms of the
season and the region and then filled them by applying the gap-filling techniques. Performances
of the gap-filling techniques were then evaluated via statistical metrics. In addition, all the gap-
filling techniques were applied to the daily AODs to estimate the missing values, and the results
were compared with the AERONET daily AODs. The detailed results of the analyses are
described in the following sections.

3.1 Analysis of AOD Coverage

Although satellite data are useful in numerous ways, a large number of missing pixels exist in
satellite aerosol products, owing to the limitations in retrievals over bright surfaces, such as
desert, ice, turbid water, and/or Sun glint, and under those blocked by the presence of clouds
and fogs. Figure 3 shows the spatial distributions of an average coverage of GOCI AODs for
(a) the entire year, (b) spring (March to May), (c) summer (June to August), (d) fall (September
to November), and (e) winter (December to February) from December 2015 to March 2021. The
highest coverage (>50%) was found over the Bohai Sea and northern part of the East Sea of
Korea during the spring. Overall, the data coverage over the oceanic area was relatively low at
lower latitudes due to the frequent occurrence of clouds and Sun-glint over the area.

Table 1 lists the pixel coverage of the GOCI AOD data over the entire research domain and
four regions—D01 Seoul metropolitan area (SMA), D02 South Korea (SK), D03 Yellow Sea
(YS), and D04 East China (EC). Almost 22.3% pixels of the data remain for the entire domain
and period of the GOCI observations. Seasonally, the data coverage was high as follows: spring
(27.9%) > summer (23.7%) > fall (23.2%) > winter (22.3%). During winter, loss of some GOCI
AODs occurred due to the increase in bright surfaces of snow and ice over Manchuria and the
higher solar zenith angle where aerosol retrieval is limited. Filling the gaps in AODs during the
winter is imperative as the long-range transported high AODs were frequently observed over
East Asia because of increased burning of fossil fuels and weather conditions. Regionally, the
percentages of data coverage over the four regions were high in the following order: SK (28.6%)
> YS (27.0%) > EC (25.9%) > SMA (23.2%). If we closely examine the regions, the highest
pixel coverage of 39.5% was observed over SK during the spring and the lowest, 17.2 %, over
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YS during the winter. Based on these results, filling the gaps in AODs over YS can be extremely
useful in providing information for a deeper understanding of long-range transported aerosols
from abroad to SK. Considering the frequent sampling of GEO instruments, this issue should be
more significant for low Earth orbit instruments.

3.2 Gap-Filling Results

3.2.1 Computational time

Because the aim of this study is to investigate the fast and operational gap-filling technique, the
computational time of the individual gap-filling processes is equally as important as their accu-
racy. Using identical computer resources as the Intel(R) Xeon(R) Platinum 8280 system per
socket clocked at 2.70 GHz, the gap-filling techniques resulted in different computation times,
as shown in Table 2. The fastest computation, <1 min, was obtained by the Poisson algorithm,
whereas the slowest computation time ∼1 h was acquired by the Kriging algorithm. A consid-
erable amount of computation time is required via Kriging to calculate the spatial correlation
between sampled data points and target pixels, which requires the use of a large amount of
computer resources. It is important to note that Kriging’s computational time can be decreased
if parallel computing architectures, such as the message passing interface, using the graphics
processing unit are applied because this study compares gap-filling techniques, under the same

Table 1 Average pixel coverage of GOCI AODs from December 2015 to March 2021 in percent-
ages (%). D01, D02, D03, and D04 indicate regions of the SMA, SK, YS, and EC, respectively.

Spring Summer Fall Winter Entire year

D01 (SMA) 34.8 17.0 21.5 18.3 23.2

D02 (SK) 39.5 24.7 26.4 22.9 28.6

D03 (YS) 37.4 28.5 24.9 17.2 27.0

D04 (EC) 30.4 22.3 26.4 24.1 25.9

Entire domain 27.9 23.7 23.2 13.5 22.3

Fig. 3 Average coverage of GOCI AOD data for (a) the entire year, (b) the spring, (c) the summer,
(d) the fall, and (e) the winter from December 2015 to March 2021. The darker blue boxes show the
domains applied in this study. D01, D02, D03, and D04 indicate the SMA, SK, YS, and EC,
respectively.
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conditions, using a single core of the central processing unit. After conducting the six gap-filling
methods, calculation of the 1D- and 2D-WAVGs only took 3 and 21 s, respectively, suggesting
the addition of the averaging processes seems to be is a feasible approach.

3.2.2 Overall statistical analysis

To evaluate the performance of the gap-filling techniques, we conducted a statistical analysis by
comparing the gap-filled AODs to the reference data. Figure 4 shows the scatter plots of the

Table 2 An average of computational times taken to fill gaps in AODs.

RBF
Poisson Kriging

1D-
WAVG

2D-
WAVG

Linear Multiquadric Thin-plate Inverse

Computational
time

5 min 11 s 9 min 10 s 7 min 25 s 7 min 40 s 55 s 55 min 5 s 3 s 21 s

Fig. 4 Statistical analysis of (a)–(f) gap-filled AODs when applying the four RBFs, Poisson, and
Kriging techniques, respectively. Weighted averages of the two best methods (Poisson and the
linear RBF) using (g) 1D- and (h) 2D-RMSE are also shown. Values on the x -axis show the gap-
filled AODs and values on the y -axis indicate the reference AODs. The density of the data is visu-
alized by coloring the markers.
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gap-filled AODs compared with the original AODs with statistical indices, such as Pearson’s
correlation coefficient (R), the RMSE, and the MB. We identified relatively poorer performance
when the multiquadric (R ¼ 0.77 and RMSE ¼ 0.11) and thin-plate (R ¼ 0.74 and
RMSE ¼ 0.01) RBFs were used to fill the gaps in the AODs than when using the linear and
inverse RBFs, Poisson, and Kriging, which showed similar acceptable performances. The high-
est accuracy was obtained by Poisson in terms of the R (0.85) and RMSE (0.08) values. In case
of MB, the linear RBF showed the best results of 0.0001 (almost zero).

Based on those statistical results and computational costs (see Sec. 3.2.1), we selected
Poisson and the linear RBF as the two best methods and then calculated RMSE WAVGs using
them. For the 1D-WAVG, RMSE values of 0.08 and 0.09 were applied for Poisson and the linear
RBF, respectively, as shown in Fig. 4. The WAVGs for the 2D-WAVG were calculated using
RMSE distributions (see Fig. 5) of Poisson and the linear RBF obtained by comparing the gap-
filled AODs to the reference data. As shown in Fig. 5, Poisson yielded less RMSE values over
Korea and southeast China and larger RMSE values near and over Japan and the Bohai Sea, than
those from the linear RBF. The different RMSE values of the two best gap-filling techniques over
the regions indicate that the 2D-WAVG may provide more reliable results compared with the
1D-WAVG and individual gap-filling techniques by complementing the two methods.

Furthermore, our expectations turned out to be true with the highest R of 0.87 from the 2D-
WAVG among the eight gap-filling results, including the 1D-WAVG, as shown in Fig. 4. As well
as the 2D-WAVG, the 1D-WAVG yielded a better result in terms of R (0.86) and MB ð−0.0008Þ
than those from Poisson. If we look into the spatial distributions of R from all eight gap-filling
results (see Fig. 6), we can see that the 2D-RMSE values worked well to provide reliable gap-
filled AODs. Low R over southeast China and the oceans near Japan and Bohai Sea from Poisson
were improved after averaging Poisson and the linear RBF with RMSE weights. Compared with
the linear RBF, the correlations of the RMSE WAVGs increased over SK and EC. The high
correlations obtained over EC from the 1D- and the 2D-WAVGs can play a significant role
to capture occurrences of high concentrations of aerosols, which can travel long distances and
affect neighboring countries.

Figure 7 shows the spatial distributions of the monthly averaged AODs before and after con-
ducting gap-filling for June 2019. Here, we filled in the missing pixels of the target dataset [see
Fig. 7(a)] by conducting statistical computations via the RBFs [see Figs. 7(c)–7(f)], Poisson [see
Fig. 7(g)], and Kriging [see Fig. 7(h)]. The results of 1D- and 2D-WAVGs are also shown in
Figs. 7(i) and 7(j), respectively. Despite the large portion of missing pixels, all gap-filled AODs
shown in Figs. 7(c)–7(j) were well matched with the original AODs [i.e., reference data, in
Fig. 7(b)]. In particular, similar distributions of high AODs over EC were adequately captured
by the gap-filling techniques. In the case of thin-plate RBF, it overestimated the AODs over EC

Fig. 5 Spatial distributions of RMSE: (a) the linear RBF and (b) Poisson.
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because it estimates gap-filling data using a weight function based on a plane, not on a specific
point. The AOD distributions of Kriging were similar to the reference AODs but tended to be
more smoothed out than those from other imputation results. This is because Kriging forces the
original values to be data corrected by removing the measurement error while interpolation is
carried out, because a nugget is considered a measurement error. The high gap-filled AODs can
play an important role in providing reliable aerosol information to citizens and improving the
accuracy of air quality prediction models by serving as their initial fields. All the methods appear
to have limitations in capturing every detail of the features in the reference AODs. However,
most of the AOD distribution features were well preserved for the cases in Fig. 7.

Fig. 6 Spatial distributions of correlation coefficient (R): (a)–(f) gap-filled AODs by applying the
linear, multiquadric, thin-plate, and inverse RBFs, Poisson, and Kriging techniques, respectively,
(g) 1D- and (h) 2D-RMSE WAVGs using the linear RBF and Poisson.
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3.2.3 Regional statistical analysis

To evaluate the regional dependency of the gap-filling techniques, the results were analyzed
according to the four domains of D01 (SMA), D02 (SK), D03 (YS), and D04 (EC), as depicted
in Fig. 3. Figure 8 and Table 3 show statistical indicators based on the defined regions. Among
the six individual gap-filling techniques, Poisson showed the best correlation for all the regions
analyzed in this study. In particular, it showed such a good performance over the SMA (R ¼ 0.78

and RMSE ¼ 0.12) compared with that of the other gap-filling techniques, which demonstrated
poorer results over the region, yielding R 0s < 0.6 and RMSE 0s > 0.15. A similar tendency

Fig. 7 Spatial distributions of (a) the masked target with clouds; (b) the original (reference);
(c)–(h) the gap-filled monthly averaged AODs when applying the four RBFs, Poisson, and
Kriging techniques; and (i) and (j) 1D- and 2D-RMSE WAVGs for June 2019.
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Fig. 8 Variations in the three performance metrics (i.e., the R, the RMSE, and the MB) over the
four study regions—D01 (SMA), D02 (SK), D03 (YS), and D04 (EC)—and the entire domain.

Table 3 Statistical analysis of the performance evaluation of the gap-filling techniques via Pearson’s
correlation coefficient (R), the RMSE, and the MB for the entire study period and the four regions
applied in this study. D01, D02, D03, and D04 indicate the SMA, SK, YS, and EC, respectively.

RBF
Poisson Kriging 1D-WAVG 2D-WAVG

Linear Multiquadric Thin-plate Inverse

D01 (SMA) N 4384

R 0.58 0.50 0.48 0.54 0.78 0.56 0.75 0.77

RMSE 0.15 0.17 0.18 0.16 0.12 0.16 0.12 0.12

MB 0.035 0.030 0.020 0.048 0.019 0.047 0.026 0.025

D02 (SK) N 71527

R 0.69 0.61 0.58 0.69 0.82 0.67 0.80 0.81

RMSE 0.10 0.12 0.12 0.10 0.08 0.10 0.09 0.08

MB 0.014 0.0097 0.0067 0.013 0.0047 0.015 0.0089 0.0085

D03 (YS) N 135611

R 0.80 0.73 0.71 0.79 0.84 0.78 0.84 0.85

RMSE 0.07 0.09 0.09 0.08 0.07 0.08 0.07 0.06

MB 0.0046 0.0063 0.0085 0.0057 0.0070 0.0023 0.0059 0.0053

D04 (EC) N 268640

R 0.76 0.68 0.65 0.73 0.81 0.75 0.82 0.83

RMSE 0.14 0.17 0.18 0.15 0.13 0.14 0.12 0.12

MB −0.0015 −0.0003 −0.0053 0.028 0.022 0.0054 0.012 0.012
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appeared over the SK. The results for EC, where high concentrations of aerosols were observed,
were the most diverse, and over this area, Poisson showed the highest accuracy among the gap-
filling techniques in terms of the R (0.81) and RMSE (0.13) values; however, Poisson also pro-
duced a relatively high MB of 0.022. Out of the four RBF methods, the linear RBF was found to
be the best solution in terms of R and RMSE and yielded smaller MB of −0.0015 compared with
Poisson.

Through weighted averaging of Poisson and the linear RBF (i.e., 1D- and 2D-WAVGs), R
increased and RMSE became similar or smaller than those of Poisson over all the regions. Over
EC, the MB of 1D- and 2D-WAVGs was 0.012, which is smaller than Poisson’s MB of 0.022.
A large discrepancy of the statistical evaluation metrics between the eight gap-filling results was
observed over SMA and SK, and good results were obtained from Poisson, 1D-WAVG, and
2D-WAVG across the regions. As a whole, the 2D-WAVG was the most accurate in terms
of R and RMSE relative to the six individual methods and the 1D-WAVG. This indicates that
taking into account the errors on each pixel of the average AODs significantly contributed to the
reliable gap-filled AODs by compensating for the limitations of individual techniques in Poisson
and the linear RBF.

3.2.4 Pixel statistical analysis

Here, we evaluate the results of the gap-filling techniques over SK and EC, according to the missing
pixel rates of data, that is, the percentage of missing data in each pixel, as shown in Fig. 9. Apart
from Poisson, 1D-WAVG, and 2D-WAVG, the accuracy of the gap-filled AODs tended to dramati-
cally decrease as the rate of missing data increased. In contrast, Poisson, 1D-WAVG, and 2D-
WAVG yielded the highest R, the lowest RMSE, and almost 0 MB for large missing pixel rates
from 50% to 100%, respectively. Because aerosols affect cloud formation by serving as cloud con-
densation or ice nuclei,1 many AOD pixels in satellite data are frequently contaminated by clouds,

Fig. 9 Variations among the three performance metrics of the Pearson’s correlation coefficient
(R), the RMSE, and the MB with respect to the percentage of missing pixels in the GOCI
AOD data over D02 (SK) and D04 (EC).
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leading to a large number of missing pixels in AOD data. The good performance of Poisson for the
large missing pixel rates indicates that an initial guess using the zonal mean in solving Poisson’s
equation produced reliable gap-filled AODs, especially when we estimate AODs over either the SK
or EC region where higher AODs are often observed than those over oceans. By considering the
reliable AODs obtained from Poisson, 1D-WAVG and 2D-WAVG also exhibited good performance.
However, additional studies over a longer period of time are needed to better understand the ten-
dency with large missing pixels because this study did not cover all cases observed from GOCI.

For the rates of missing pixels <50%, the thin-plate RBF was the least accurate in terms of R
and RMSE, whereas the Poisson yielded the highest MB even though Poisson’s R and RMSE

Fig. 10 Spatial distributions of (a) the original; (b)–(g) gap-filled daily averaged AODs following
application of the four RBF, Poisson, and Kriging techniques; and (h) and (i) 1D- and 2D-RMSE
WAVGs for April 18, 2019.
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were comparable to other results. As a result of RMSE WAVG, MB decreased to a level similar
to the inverse RBF for the missing rates <50% and became close to zero for the missing rates
>50%. In addition, slightly better results were obtained with the 2D-WAVG than with the
1D-WAVG. Based on our analysis of the missing rates, the 2D-WAVG still appears to be the
best choice in terms of accuracy.

3.3 Applications

The gap-filling techniques were applied to estimate the daily AODs over missing pixels in 2019.
Figure 10 shows the spatial distributions of AODs on April 18, 2019. High AODs were estimated

Fig. 11 Statistical analysis of (a)–(f) gap-filled daily AODs following application of the four RBF,
Poisson, and Kriging techniques, respectively. The WAVGs of the two best methods (Poisson and
the linear RBF) using (g) 1D- and (h) 2D-RMSEs are also shown. Values on the x -axis show the
gap-filled daily AODs, and values on the y -axis show the AERONET daily AODs. The density of
the data is visualized by the colored markers.
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over SK and the East Sea from the gap-filling results. As shown in Fig. 7, the thin-plate RBF
technique estimated the most intense AODs over a wide range. The accuracy of the filled daily
AODs over missing pixels was evaluated by comparing them with the AERONET data for in-
dependent validation (see Fig. 11), in addition to the evaluation conducted on a monthly scale.
The highest R of 0.74 was obtained when Poisson, 1D-WAVG, and 2D-WAVG were applied. In
terms of MB, the linear RBF produced the lowest value of −0.003, as also found in Fig. 4. Note
that 1D- and 2D-WAVGs effectively compensated for the linear RBF and Poisson by yielding
lower MB than those of Poisson and higher R than those of the linear RBF. Because AERONET
screened out cloud effects in its data, our results indicate that there are masked AOD pixels in
satellite data and gap-filling techniques performed acceptably on those pixels.

4 Conclusion

In this study, we used mask data to create gaps in monthly averaged GOCI AODs in 2019 and
then filled the gaps using the following six operational statistical methods: linear, multiquadric,
thin-plate, and inverse RBFs, Poisson, and ordinary Kriging. Among the six techniques, the two
best methods (Poisson and the linear RBF) were selected in terms of computational time and
accuracy and then averaged using weights based on 1D- and 2D-RMSE values. We refer to the
1D- and 2D-RMSE WAVGs as 1D-WAVG and 2D-WAVG, respectively. By comparing the gap-
filled AODs to the reference data (i.e., monthly averaged GOCI AODs before masking of miss-
ing pixels), we evaluated the accuracy of the eight gap-filling results with statistical evaluation
metrics, regarding regions and missing rates of pixels. The gap-filling techniques were also
applied to fill gaps in the daily AODs, and the results were evaluated by comparing them with
the AERONET AODs.

By analyzing the gap-filling results to estimate AODs for missing pixels using statistical
evaluation metrics, we found that the Poisson, the linear RBF, and Kriging were the most accu-
rate of the six techniques investigated. Among the three aforementioned methods, the Poisson
yielded the best results for all the regions, including the YS with regard to the R and the RMSE.
The reliable gap-filled AODs over the YS can be used for a better understanding in long-range
transported aerosols from abroad to SK. However, over EC where high AODs can be frequently
observed, bias of Poisson was larger than those of other techniques, whereas the linear RBF
showed almost zero bias. The 1D- and 2D-WAVGs showed the highest correlation over the
whole domain and the four regions (D01 to D04), in that the WAVG effectively reduced errors
found from Poisson and the linear RBF.

Upon examining the accuracy of the gap-filling techniques with respect to the missing pixel
rates of the GOCI AODs, we found that Poisson demonstrated extreme accuracy, particularly for
large missing pixel rates (>50%), whereas other techniques showed poorer accuracy as the num-
ber of missing pixels increased. In case of the missing pixel rates <50%; however, MB of Poisson
was larger than those from other methods. The 1D- and 2D-WAVGs effectively reduced the bias
found from Poisson for large missing pixel rates (<50%) and from the linear RBF for small
missing pixel rates (>50%).

According to the regional and pixel-based monthly analysis and daily results, overall the 2D-
WAVG showed the best performance when considering the different errors by compensating for
the two methods, namely Poisson and the liner RBF. Because Poisson and the liner RBF pro-
duced the fastest estimates with the same computing environment, and the 2D-RMSE WAVG
taking only 21 s, conducting the 2D-WAVG can be a good solution and play a significant role in
providing the public with continuous spatial–temporal aerosol information.

The fast gap-filling techniques of this study can be applied in remote sensing data, having
missing pixels, e.g., forests, soils, land, etc. Particularly for air pollution studies, gap-filled AODs
can be utilized to improve the accuracy of air quality predictions by serving as reliable initial and
boundary conditions of the models, estimating ground-level PM concentrations, combining vari-
ous satellite data, analyzing long-range transported aerosols, and so on.

As ongoing and future work, we try to expand the gap-filling techniques in the following two
ways: (1) using AODs retrieved from two payloads onboard the GEO-KOMPSAT-2B satellite,
which was recently launched on February 2020, i.e., GOCI-II25,26 and the Geostationary
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Environment Monitoring Spectrometer (GEMS)27,28 and (2) developing a gap-filling technique
by combining our operational methods with AI techniques.
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