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Abstract

Fine particulate matter (PM, 5) is widely concerned for its harmful impacts on global environment
and human health, making air pollution monitoring so crucial and indispensable. As the world’s
first open, real-time, and historical air quality platform, OpenAQ collects and provides
government measurement and research-level data from various channels. However, despite
OpenAQ’s innovation in providing us with ground-measured PM, 5 worldwide, we find significant
data gaps in time series for most of the sites. The incompleteness of the data directly affects the
public perception of PM,; 5 concentration levels and hinders the progress of research related to air
pollution. To address these issues, a two-step hybrid model named ST-SILM, i.e. spatio-temporal
model with single exponential smoothing-inverse distance weighted (SES-IDW) and long
short-term memory (LSTM), is proposed to repair the missing data from PM, 5 sites worldwide
collected from OpenAQ from 2017 to 2019. Both spatio-temporal correlation and neighborhood
fields are considered and established in the model. To be specific, SES-IDW were firstly used to
repair missing values, and secondly, the LSTM network was employed to reconstruct the time
series of continuous missing data. After the global ground-measured PM, 5 was reconstructed, the
light gradient boosting machine model was applied to remote sensing estimation of the original
ground-measured PM; 5 and of the reconstructed ground-measured PM; 5 to further verify the
performance of ST-SILM. Experiment results show that the estimation accuracy of the
reconstructed dataset is better (R* from 2017 to 2019 increased by 0.02, 0.02, and 0.01 compared
with the original dataset). Therefore, it is concluded that the proposed model can effectively

reconstruct data from PM, 5 sites worldwide.

1. Introduction

The Earth has been suffering from atmospheric
pollution for a long time. Outdoor air pollu-
tion was in the list of first-class carcinogens in
the World Health Organization’s International
Agency for Research on Cancer List of carci-
nogens for reference published on 27 Octo-
ber 2017 (https://monographs.iarc.who.int/list-of-
classifications). Among all the outdoor air pollution,

© 2022 The Author(s). Published by IOP Publishing Ltd

PM, 5 (i.e. particulate matter with aerodynamic equi-
valent diameter less than 2.5 pms) has caused par-
ticularly serious damage to human health, with a
high mortality (Kim 2004, Neidell 2004, Kampa
and Castanas 2008, Eze et al 2014, Guo et al 2017,
Mannucci and Franchini 2017, Hamanaka and Mutlu
2018, Hime et al 2018, Nhung et al 2018, Glencross
etal 2020). Studies have confirmed that PM, 5 also has
an impact on human psychology (Dolan and Laffan
2016, Pun ef al 2017, Wang et al 2017, Liu et al 2018,
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Liu and Salvo 2018), economy (Chang et al 2016, Li
and Peng 2016, Aragén et al 2017, He et al 2019) and
society (Fehr et al 2017, Younan et al 2018, Shi and
Guo 2019, Burkhardt et al 2020). Monitoring PM, 5
concentrations is therefore crucial and indispensable.

At present, an important way to monitor PM; 5 is
site monitoring, but monitoring sites mostly concen-
trate in a local area, such as a city or a country. Innov-
atively, the OpenAQ (https://openaq.org/#/about)
platform collects and provides government meas-
urement and research-level data from various chan-
nels (Hasenkopf et al 2015). Some studies have been
carried out based on OpenAQ. Manning et al used
aggregate data from OpenAQ to study daily pat-
terns of global PM, s (Manning et al 2018). Berman
and Ebisu obtained air pollution measurements from
OpenAQ and studied the changes in air pollution
in the United States during COVID-19 (Berman and
Ebisu 2020). Despite OpenAQ’s innovation in provid-
ing us with ground-measured PM, 5 worldwide, we
find significant data gaps in time series for most of
the sites, as it is usually unrealistic to obtain continu-
ous, uninterrupted, and fully consistent data due to
communications, equipment, and electrical failures
or cyberattacks (Yu et al 2020). Therefore, we lack an
effective global monitoring site dataset. The incom-
pleteness of the data directly affects the public per-
ception of PM, 5 concentration levels and hinders the
progress of research related to air pollution. To mit-
igate the damage caused by air pollution and to bet-
ter serve research related to air pollution, we need a
more complete and accurate global ground-measured
PM, s dataset to overcome the challenges posed by
data gaps.

Several interpolation and machine learning mod-
els have been used to repair the missingness in spatio-
temporal data, which can be broadly divided into
spatial, temporal, and spatio-temporal repair. Spa-
tial repair refers to the reconstruction of missing data
through the spatial correlation between the known
data, where the most widely used method is Kriging.
As early as 1994, Rossi et al applied Kriging to remote
sensing geostatistical interpolation (Rossi et al 1994).
Moreover, inverse distance weighting (IDW) is also a
widely used method. In 2016, Shareef et al applied this
technology to optimize air quality monitoring net-
works (Shareef et al 2016). Temporal repair refers to
the reconstruction of missing data through the dis-
tribution of historical data at a given location. The
autoregressive integrated moving average (ARIMA)
model (Velicer and Colby 2005) and simple expo-
nential smoothing (SES) model (Gardner 2006) are
both commonly used in it. However, it is difficult to
obtain a satisfactory reconstruction result if only the
spatial dimension or the temporal dimension is con-
sidered. Therefore, some studies have extended repair
approaches to those which can consider both dimen-
sions. For example, Chen et al rebuilt the continu-
ous cloud-free Landsat images by spatio-temporal

2
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weighted regression (Chen et al 2016). Ngetal (2017)
and Zhang et al (2018) reconstructed the missing
data in remote sensing images by learning both spa-
tial and temporal information. Chen et al used the
random forest model to improve the coverage rate
of ocean color data (Chen et al 2019). Wang et al
developed the SSRBF method for gap filling, which
used GLHM as preprocessing and considered spec-
tral information in characterizing the relationship
between pixels, and produced promising results com-
pared with other existing methods (Wang et al 2021a).
They also identified Sentinel-2 MSI images, for Land-
sat 7 ETM+ SLC-off images gap-filling through the
SSRBF method (Wang et al 2021b).

Although many ways were proposed to repair the
missing spatio-temporal data, there were few studies
on the reconstruction of the data from PM, 5 sites. Bai
et al proposed the diurnal-cycle-constrained empir-
ical orthogonal function to reconstruct data from
PM, ;5 sites across China (Bai et al 2019). Samal et al
proposed the multi-directional time convolution arti-
ficial neural network to interpolate the PM, 5 charac-
teristic matrix (Samal et al 2021). Xu et al repaired
the air pollution data of 61 monitoring sites in Guilin
based on Gaussian diffusion and gate recurrent unit
(Xu et al 2021). There is no denying that research-
ers have provided us with valuable working ideas
and methods and made contributions to the scientific
community. However, these studies still have limita-
tions. Firstly, they only focus on the reconstruction
in local areas but have not extended it to a global
scale. Secondly, these reconstruction algorithms have
strict requirements for observation data. They will
not work well if the target monitoring sites are far
away from other monitoring sites, or there are lots
of continuous missing values in the temporal dimen-
sion of the target sites. Therefore, it is difficult to apply
them to global data reconstruction.

The global PM, 5 dataset provided by OpenAQ
is not only uneven in site distribution but also has
lots of continuous missing values in the temporal
dimension. To address this problem, we created a two-
step hybrid model called ST-SILM (spatio-temporal
model with single exponential smoothing-IDW (SES-
IDW) and long short-term memory (LSTM)) to
reconstruct data from PM, 5 sites worldwide. In the
Ist step, we considered the correlation of data in the
temporal and spatial dimension, and used SES and
IDW respectively. A certain sliding window and an
appropriate distance range were set for SES and IDW
respectively. We combined them to conduct a pre-
liminary reconstruction of the global PM, s spatio-
temporal missing data. In the 2nd step, LSTM, with
excellent time series learning ability, was used to
repair the values that were not repaired in the Ist
step, and finally the reconstruction data of PM, 5 was
obtained.

To verify the validity of the reconstructed data,
we conducted comparative experiments on PM;s
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estimation, and the experiments showed that the
reconstructed dataset has better performance. The
contributions of our paper can be concluded as fol-
lows:

(a) aiming at the problem of data missing in
global PMj, s sites, the ST-SILM (spatio-temporal
model with SES-IDW and LSTM) was proposed,
and LSTM, which was usually used for predic-
tion, was innovatively integrated into the model
to reconstruct data from PM, 5 sites worldwide.

(b) We applied the original ground-measured PM, 5
and the reconstructed ground-measured PM, 5
to remote sensing estimation. And the remote
sensing estimation results of PM, 5 after recon-
struction were improved compared with those
before reconstruction, which proved the effect-
iveness of the proposed method.

2. Materials and methods

2.1. Datasets

We collected PM, 5 data around the world from 1
January 2017 to 31 December 2019 on OpenAQ.
There are 2820 sites in 2017, 4713 in 2018, and 4957
in 2019.

The distribution of the monitoring sites is badly
uneven. The sites in Asia, Europe and North Amer-
ica are densely distributed, while the sites in other
regions are very sparse. Specifically, there are 206
monitoring stations in Asia, 905 in Europe and 1519
in North America in 2017. They account for 93.3%
of the total number of monitoring sites. In 2018,
there are 1808 monitoring stations in Asia, 994 in
Europe and 1702 in North America. They account
for 95.6%. In 2019, there are 1872 stations in Asia,
892 in Europe and 1955 in North America, account-
ing for 95.2% of the total number of monitoring
sites. In addition, the density of the sites in China has
an obvious difference in the temporal dimension on
OpenAQ), with very sparse sites in 2017 and intensive
sites in 2018 and 2019 (figure S1 available online at
stacks.iop.org/ERL/17/034014/mmedia).

Figures 1(a)—(c) show the missing situation of
each site from 2017 to 2019. The missing quantity
refers to the number of hours of invalid PM, 5 con-
centration data in each site in a year. Figures 1(d)—(f)
are the missing rate histograms of PM, 5 at global air
quality monitoring sites from 2017 to 2019. The miss-
ing rate refers to the missing quantity divided by the
total number of hours in a year.

Compared with 2017 and 2019, there was an
abnormal phenomenon in the range of 70%-80%
missing rate in 2018. By observing figure 1(b), we
found that this abnormal phenomenon was likely to
be attributed to the air quality monitoring sites in
China. As we mentioned before, sites in China went
from sparse to dense in 2018.

S Tan et al

2.2. Methodology
According to the characteristics of global PM, 5 mon-
itoring data, we proposed a two-step hybrid model
considering the spatio-temporal dimension of the
data. Figure 2 shows our proposed research frame-
work.

Firstly, for a PM, 5 missing value at site p on date
t, we define its temporal neighborhood field as th,
and its spatial neighborhood field as X}, ,. That is, 2m
hours near the missing moment of this site (before
and after m hours) constitute its temporal neighbor-
hood field, and 7 sites near the missing site at the same
hour constitute its spatial neighborhood field. There-
fore, for such a missing value, its temporal and spatial
neighborhood fields can be expressed as:

_ t— —1 t+1 142 t+
Xy = {xp M Xy XX, X, (1)
— pl p2  p3 pn
Xz,t_ {xt axt vxt 7"'7xt } (2)

Secondly, we apply the temporal neighborhood field
of missing data to SES and get its repaired value in
the temporal dimension. The spatial neighborhood
field of missing data is applied to IDW to obtain its
repaired value in the spatial dimension. The arith-
metic mean of these two values is then used as the final
repaired value.

Thirdly, for those time series with continuous
missing values which we failed to repair, we fur-
ther adopted LSTM to estimate the missing values
by learning the historical data of each site and the
repaired data of SES-IDW. It is worth mentioning
that, however, in the global air quality monitoring
sites, a part of sites have an extremely high miss-
ing rate. It is impossible to reconstruct them when
the surrounding values are unavailable. Therefore, for
this kind of sites, we only use the original observed
data in the remote sensing estimation of PM, 5 and
do not fully repair the data. The specific steps are
described as follows.

2.2.1. Temporal interpolation

SES (Gardner 2006) believes that there is a tem-
poral correlation between the data, and the correl-
ation becomes stronger as the sample data and the
missing data get closer. The SES model used in this
paper is set with a sliding window 2m, so the model
can be expressed as:

2m 1
Yo xax(l—a)””
X; = l:12m (3)
Sax(1—a)”!
i=1

where x}, is the estimate for missingness, o; is a time

interval between the sample and the missing data, and

« is a smoothing parameter with a range of (0, 1).
Figure S2 shows how to use the temporal

neighborhood field of missing data for numerical
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Figure 1. The missing situation of PM, 5 concentration. Blue to red indicates a gradual increase in missing quantity. Figures
(a)—(c) represent the missing quantity at each site in 2017, 2018, and 2019, respectively. Figures (d)—(f) represent the histogram of

repair in the temporal dimension. Assuming that

Xj, is a missing value that needs to be repaired,

represented by a red square, and m is set to 3. Then
t—3 t—2 t—1 i1 42 3]

{x; AL L AR AR } is the sample data

used for interpolation.

2.2.2. Spatial interpolation

IDW is faster than other spatial interpolation meth-
ods (such as Kriging), and it also has a high accur-
acy. Therefore, we use IDW in the spatial dimension.
IDW uses the observed data of adjacent sites to estim-
ate missing values. It believes that there is a spatial
correlation between the data of adjacent sites, and the
correlation becomes stronger as the sample data and
the missing data get closer. Its model can be expressed
as:

n
=Y @
=1
d’
% : (5)

where d; is the distance between target points and
observed points and (3 represents the decay weight
rate, and the greater the S is, the faster decay by the
distance will be.

Figure S3 shows how to use the spatial neigh-
borhood field of missing data for numerical

reconstruction in the spatial dimension. Assuming
that X, is a missing value that needs to be repaired,
represented by a red square, and # is determined by
the number of sites within 100 km of the target site.

1 _p2 .
Then {xf xb 7xltﬁ, e xf"} is the sample data used

for interpolation.

2.2.3. Combination of temporal and spatial
interpolation

After SES and IDW, we need to combine the results
of the two methods. If both SES and IDW methods
can get a repaired value, then the mean value of the
two methods is taken as the final repaired result. If
only one of the two methods obtains repaired value,
then this value is taken as the final repaired result.
If neither of them gets the repaired value, then the
missing value cannot be repaired and another model,
LSTM, is needed.

2.2.4. Reconstruction of time series of continuous
missing data with LSTM

LSTM network was proposed by Hochreiter and
Schmidhuber (1997). Generally, LSTM has three
inputs at time t, namely, the input value X, at the
current moment, the output value h;_; at the previ-
ous moment, and the cell state C,_; at the previous
moment. There are two outputs of LSTM, namely,
the output value A, at the current moment, and the

4
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The quantity of missing values at global monitoring sites before repair
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Figure 2. Flowchart of the proposed ST-SILM method. Red squares represent missing values of target sites, blue squares represent
other missing values, white squares are observed values, and green squares are reconstructed values.

cell state C; at the current moment. The long-term
state Cis controlled by three control switches, namely
the forgetting gate, the input gate, and the output
gate. For more details, please refer to the supporting
information (SI) (text S1).

A large number of missing values can be recon-
structed after conducting SES-IDW. However, if the
missingness is continuous in the time dimension,
which means the data 3 h before and after the missing
value are invalid (unable to use SES), there is no way
to repair it when all surrounding data is unavailable
(unable to use IDW). In this case, the LSTM network
is needed.

Take site p as an example. Firstly, we find out the
position of the missing time series that failed to be r
repaired in the whole year. If it is in the back part of
the whole year of this site, we will start the reconstruc-
tion from the first missing value in the missing time
series. All the data of this site before the missing value
will be used as the input of LSTM in order. LSTM can
obtain a PM; 5 concentration at the missing moment
of this site by learning the input time series. Then,
we update the missingness into the estimated value
to prevent LSTM from learning the null value. In the
same way, all estimates of the missing time series for
this site can be obtained (figure S4(a)).
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Figure 3. Bar charts of R* and RMSE of simulation experiment with different missing rates in different years.
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On the contrary, if the missing time series is in the
front part of the whole year of the site, we will start
the reconstruction from the last missing value in the
missing time series. All the data after the missing value
of the site will be used as the input of the LSTM in
reverse order. Again, we update the missingness into
the estimated value. In the same way, all estimates of
the missing time series for this site can be obtained
(figure S4(b)).

The combination of sequential and reverse learn-
ing and the real-time updates of estimates aim to
make the network learn historical data as deeply as
possible to improve the accuracy and robustness of
the network.

3. Experiment results and discussions

3.1. Simulation experiment results

In order to investigate the performance of the pro-
posed method, we selected 1500 x 1046, 1500 x 1853,
and 3000 x 1645 data blocks (time X locations)
as simulation experiment matrices in 2017, 2018,
and 2019, respectively. The simulation experiment
matrices require no missing values to verify the accur-
acy of the simulation experiment using the observed
values. We define w as the missing rate and set its
value to {0.05, 0.1, 0.2, 0.3, 0.4, 0.5}. Then, we ran-
domly remove data from each simulation experiment
matrix at the missing rate of w. With the increase of
the missing rate, the frequency of continuous missing
time series will also increase.

3.1.1. Model validation

In this study, four different indexes, root mean square
error (RMSE), determination coefficient (R?), nor-
malized mean bias (NMB) and fractional error (FE)
were used to evaluate the performance of the method
proposed in this paper. Calculations of these indexes
are shown in equations (6)—(9) respectively:

RMSE = (6)

R=1--=1_ (7)

NMB==L_ (8)

N
> lyi =il
FE = ’=1—/ 9)

N

Z yityi
4 2
=1

where y! and y; represent the estimated and real value
of the ith PM,s concentration respectively, avg(y)
represents the average of the estimates, and N repres-
ents the number of study samples.

3.1.2. Results and discussions

Figure 3 shows the results of RMSE and R? of the sim-
ulation experiment with different missing rates in dif-
ferent years. We found that with the increase of the
missing rate, the repair accuracy would decline, but
generally, the decline was small and the repair accur-
acy remained a high level, which indicated that the
method proposed by us had a stable and excellent per-
formance in the face of different missing rates. When
the missing rate increased from 0.05 to 0.5, the R?
decreased by 0.06 in 2017, 0.04 in 2018, and only 0.02
in 2019. In addition, the R? and RMSE in 2019 con-
sistently showed the best results in the 3 years. The
reason for these may be that there were the most air
quality monitoring sites in 2019, while the least in
2017. The denser the site distribution, the stronger the
spatial and temporal correlation, the better the per-
formance of reconstruction.

As shown in table 1, the results of NMB and FE
of the simulation experiment with different missing
rates in different years are pretty close to zero, which
means that the repaired values are in high agreement
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Table 1. NMB and FE of simulation experiment with different missing rates in different years.

Missing rate 0.05 0.1 0.2 0.3 0.4 0.5
2017 NMB 1.87x 107  593x107%®  342x107%® 224x107%®  397x107%® 491 x 107
FE 437 x107% 221 x107%  1.13x107% 764x 1077 588 x107Y  4.82x 107"
2018 NMB 1.87x 107%  131x107%®  3.15x107%® 287 x107%® 244x107%® 372x107%
FE 138x107%  691x 1077  354x107Y 243x 1077 1.89x 107”7 157 x 107"
2019 NMB 124 x107%®  675x 107  3.07x107% 238x107™ 655x 107"  1.42x107%
FE 780 x 1077 395 x 1077  202x1077  139x 1077 107 x1077 894 x 107%

(¢) Before repair, 2018

(d) After repair, 2018

=

Missing Quantity
® >2000+ 1800- 2000 - 1600- 1800 1400-1600 1200-1400 1000-1200 800 - 1000 « 600 - 800 » 400-600 « 200 - 400 » <200

respectively.

Figure 4. Comparison of missing quantities of global air quality monitoring sites before and after repair. Blue to red indicates a
gradual increase in the missing quantity. (a), (b) Missing quantity at each site of global air quality monitoring sites in 2017 before
and after repair respectively. (c), (d) Missing quantity at each site of global air quality monitoring sites in 2018 before and after
repair respectively. (e), (f) Missing quantity at each site of global air quality monitoring sites in 2019 before and after repair

with the observed values. The proposed model can
successfully reconstruct the simulation experiment
matrices.

In addition, in order to show the validity of the
experiment results more comprehensively and intu-
itively, we also drew line charts using the observed
and the estimated value of simulation experiment res-
ults of the six corresponding levels of missing rates
from 2017 to 2019. For demonstration purposes, 200
sample points were randomly selected in each sim-
ulation experiment to draw the figures, as shown in
figure S5.

Through comparison, we found that when the
PM,5 concentration was at the general level (not
the peak concentration), the repaired values of the
method we proposed were in high agreement with
the observed values. When there was a high concen-
tration of PM, 5, our method underestimated it to
some extent. Since it was difficult to learn peak val-
ues, the model we proposed could only ensure that the
repaired value of the peak value was higher than the
general level, but it was not able to completely recon-
struct the original concentration of the peak value. We
will strive to address this problem in future studies.
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Figure 5. Detailed information on the comparison of missing quantities before and after repair in three areas. Blue to red

3.2. Reconstruction of global PM, 5 concentration
data

After the simulation experiment verified the effective-
ness of our proposed method, we used this method to
reconstruct the global PM,; 5 concentration data from
2017 to 2019. We quantitatively evaluated the missing
quantity of PM, 5 monitoring data before and after
reconstruction from 2017 to 2019. Figures 4(a)—(f)
show the comparison of missing quantity before and
after data reconstruction of global air quality monit-
oring sites from 2017 to 2019. It can be seen that the
missing quantity of PM, 5 concentration data of each
site decreased significantly. Meanwhile, the degree
of improvement was different in different regions,

which depended on the spatio-temporal characterist-
ics of each site.

We found that the performance of reconstruc-
tion in 2019 was the best (figures 4(e) and (f)), pos-
sibly because there were the most air quality mon-
itoring sites in 2019, and the density of sites greatly
affected the probability of success in missing data
reconstruction.

In addition, the repair result of the site data in
2017 was also very significant (figures 4(a) and (b)).
Aswe can see from the figure, the missing data of most
sites were successfully repaired, but the performance
of reconstruction was not as good as that in 2019. This
was because the site distribution was relatively sparse
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Figure 6. Scatter plots of global estimation results of the original and the reconstructed data. The red line is the 1:1 reference
line. (a), (b) Scatter diagram of correlation coefficient of experiment results of the original and the reconstructed data in 2017.
(), (d) Scatter diagram of correlation coefficient of experiment results of the original and the reconstructed data in 2018.

(e), (f) Scatter diagram of correlation coefficient of experiment results of the original and the reconstructed data in 2019.
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in 2017, which increased the difficulty of missing data
reconstruction.

By comparing figures 4(c) and (d), we found that
the data of China in 2018 missed seriously in a large
area and in a long time series, and it was difficult to
reconstruct the data. The performance for China in
2018 was bad because there was too much missing-
ness, and it was impossible to repair data if all the
surrounding data is unavailable. The repair results of
other areas were considerable except China.

We also found that the performance of recon-
struction in India was remarkable. Before the recon-
struction, the missing rate of monitoring data in India
was so high that it was difficult to use the monit-
oring data in India for PM,s-related studies. After
the reconstruction, almost all the sites in the figures

were blue, indicating that they were nearly completely
repaired.

To better show the missing condition of each site
after repair, we selected several enlarged areas (North
America, Western Europe and India) in figure 5. It can
be seen that the missing quantity of each site is sig-
nificantly decreased after the repair and almost all of
them can be controlled within the lowest missing level
indicated by the blue dot.

3.3. Retrieval of global PM, 5 concentration data

After the reconstruction of the monitoring data,
we have two datasets. One is the original dataset
obtained directly through OpenAQ, and the other
is the repaired dataset based on the original dataset,
which is referred to as the reconstructed dataset. In
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order to verify the validity of reconstructed data, we
used these two datasets respectively to conduct the
remote sensing estimation of PM, s.

In the experiments, ground-measured PM, 5 con-
centration and satellite-derived AOTs at 6 km spa-
tial resolution were utilized. Ground-measured PM, 5
concentration refers to the original dataset and the
reconstructed dataset. We processed both the original
data and the reconstructed data from 1 January 2017
to 31 December 2019 into daily averaged data. Also,
other auxiliary data were used, such as meteorological
data, NDVI, and TIME (see table S1).

The study period was from 2017 to the end of
2019. The spatial resolution of the entire study area
was divided into 0.05° x 0.05° (=5 km x 5 km).
Specifically, the study area is divided into 25 920 000
(3600 x 7200) grids. We resampled all auxiliary vari-
ables to 5 km spatial resolution and daily temporal
resolution to achieve a uniform resolution. Then the
variables were mesh matched with the daily averaged
PM, 5 mass concentration of each monitoring site.
When there was more than one monitoring site in a
grid, we would use the average of the measured values
of these monitoring sites to represent the mass con-
centration of PM; 5 in this grid. In this study, we used
the light gradient boosting machine (Ke et al 2017) to
estimate global PM, 5 concentrations.

We randomly extract 20% of the original data as
the test set and the remaining 80% as the training set.
For the reconstructed data, it is necessary to ensure
that its test set is the same as the test set of the original
data, and the rest part is the training set of the recon-
structed data. Therefore, the test set only contains the
truth values and no repaired values.

We verified the wvalidity of the reconstructed
data through comparative tests, and we drew the
result scatterplots of the original data and the
reconstructed data from 2017 to 2019 to compre-
hensively verify the experiment results, as shown
in figures 6(a)—(f). The experiment results of the
reconstructed data from 2017 to 2019 are optimal,
with RMSE of 11.68 pug m™>, 12.45 ug m™>, and
13.30 pug m—> respectively, which decreased by
0.27 pug m—3, 0.54 ug m~>, and 0.19 ug m—> com-
pared with the original data. And R? from 2017
to 2019 are 0.73, 0.84, and 0.84 respectively, which
increased by 0.02, 0.02, and 0.01 compared with the
original data. These results mean that under the con-
dition of the same test set, the estimation result of the
reconstructed data is better than that of the original
data. In other words, the repair of global PM, s mon-
itoring data is effective, and the reconstruction data is
reliable.

4, Conclusion

In this study, aiming at the problem of the miss-
ing values in the data of global air quality monitor-
ing stations, we proposed a two-step hybrid model
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called ST-SILM to reconstruct the global PM; 5 mon-
itoring data collected from OpenAQ from 2017 to
2019. In the proposed model, SES-IDW and LSTM
were used in the 1st step and the 2nd step respect-
ively to achieve spatio-temporal data reconstruction.
We carried out the simulation experiment and the real
experiment respectively, and the experiments proved
that the proposed method showed its robustness and
stability under the condition of increasing missing
rate. At the same time, we applied the reconstructed
data to remote sensing estimation of PM; 5. The res-
ults were better than those of the original observed
data, proving the validity and reliability of the recon-
structed data.

The method proposed in this paper has achieved
satisfactory results. However, due to the limitation
of spatio-temporal dependence, the PM, 5 concen-
tration data from global air quality monitoring data
cannot be completely repaired at present. Moreover,
we underestimate peak pollution episodes because
they are hard to learn. In the future, we will strive
to break these limitations and achieve more compre-
hensive and higher quality reconstruction of global
monitoring data. In addition, the application of the
reconstructed data will be the direction of our fur-
ther research. It is a common problem that the applic-
ation of data cannot achieve good performance when
the monitoring stations are far away from each other.
Therefore, we will also construct virtual PM, 5 mon-
itoring stations in the future work to densify sites and
make the data application obtain better performance.

Acknowledgments

This work was supported in part by the National Nat-
ural Science Foundation of China (No. 41922008)
and the Hubei Science Foundation for Distinguished
Young Scholars (No. 2020CFA051). The authors
would like to express gratitude to the OpenAQ plat-
form for collecting global PM; 5 mass concentration
data.

Conflict of interest
The authors declare no competing financial interests.

References

Aragén F M, Miranda J J and Oliva P 2017 Particulate matter and
labor supply: the role of caregiving and non-linearities J.
Environ. Econ. Manage. 86 295-309

Bai K, Li K, Guo J, Yang Y and Chang N-B 2019 Filling the gaps of
in situ hourly PM2.5 concentration data with the aid of
empirical orthogonal function constrained by diurnal cycles
Atmos. Meas. Tech. 13 1213-26

Berman J D and Ebisu K 2020 Changes in US air pollution during
the COVID-19 pandemic Sci. Total Environ. 739 139864

Burkhardt J, Bayham ], Wilson A, Berman ] D, O’Dell K, Ford B,
Fischer E V and Pierce ] R 2020 The relationship between
monthly air pollution and violent crime across the United
States J. Environ. Econ. Policy 9.2 188-205


https://doi.org/10.1016/j.jeem.2017.02.008
https://doi.org/10.1016/j.jeem.2017.02.008
https://doi.org/10.5194/amt-13-1213-2020
https://doi.org/10.5194/amt-13-1213-2020
https://doi.org/10.1016/j.scitotenv.2020.139864
https://doi.org/10.1016/j.scitotenv.2020.139864
https://doi.org/10.1080/21606544.2019.1630014
https://doi.org/10.1080/21606544.2019.1630014

10P Publishing

Environ. Res. Lett. 17 (2022) 034014

Chang T, Graff Zivin J, Gross T and Neidell M 2016 Particulate
pollution and the productivity of pear packers Am. Econ. J.
Econ. Policy 8.3 141-69

Chen B, Huang B, Chen L and Xu B 2016 Spatially and temporally
weighted regression: a novel method to produce continuous
cloud-free Landsat imagery IEEE Trans. Geosci. Remote Sens.
5527-37

Chen S, Hu C, Barnes B B, Xie Y, Lin G and Qiu Z 2019
Improving ocean color data coverage through machine
learning Remote Sens. Environ. 222 286302

Dolan P and Laffan K 2016 Bad air days: the effects of air quality
on different measures of subjective well-being J. Benefit-Cost
Anal. 7 147-95

Eze 1 C, Schaffner E, Fischer E, Schikowski T, Adam M,

Imboden M, Tsai M, Carballo D, von Eckardstein A and
Kiinzli N 2014 Long-term air pollution exposure and
diabetes in a population-based Swiss cohort Environ. Int.
70 95-105

Fehr R, Yam K C, He W, Chiang ] T-J and Wei W 2017 Polluted
work: a self-control perspective on air pollution appraisals,
organizational citizenship, and counterproductive work
behavior Organ. Behav. Hum. Decis. Process.

143 98-110

Gardner E S Jr 2006 Exponential smoothing: the state of the
art—part II Int. J. Forecast. 22 637-66

Glencross D A, Ho T-R, Camina N, Hawrylowicz C M and
Pfeffer P E 2020 Air pollution and its effects on the immune
system Free Radic. Biol. Med. 151 56—68

Guo Y, Zeng H, Zheng R, Li S, Pereira G, Liu Q, Chen W and
Huxley R 2017 The burden of lung cancer mortality
attributable to fine particles in China Sci. Total Environ.

579 1460-6

Hamanaka R B and Mutlu G M 2018 Particulate matter air
pollution: effects on the cardiovascular system Front.
Endocrinol. 9 680

Hasenkopf C A, Flasher ], Veerman O and DeWitt H L 2015
OpenAQ: a platform to aggregate and freely share
global air quality data AGU Fall Meeting Abstracts
pp A31D-0097

He J, Liu H and Salvo A 2019 Severe air pollution and labor
productivity: evidence from industrial towns in China Am.
Econ. J. Appl. Econ. 11.1 173-201

Hime N J, Marks G B and Cowie C T 2018 A comparison of the
health effects of ambient particulate matter air pollution
from five emission sources Int. J. Environ. Res. Public Health
15 1206

Hochreiter S and Schmidhuber J 1997 Long short-term memory
Neural Comput. 9 1735-80

Kampa M and Castanas E 2008 Human health effects of air
pollution Environ. Pollut. 151 3627

Ke G, Meng Q, Finley T, Wang T, Chen W, Ma W, Ye Q and
Liu T-Y 2017 Lightgbm: A highly efficient gradient
boosting decision tree Adv. Neural Inf. Process. Syst.

30 3146-54

Kim J J 2004 Ambient air pollution: health hazards to children
Pediatrics 114 1699-707

Li Q and Peng C 2016 The stock market effect of air pollution:
evidence from China Appl. Econ. 48 3442—61

Liu H and Salvo A 2018 Severe air pollution and child absences
when schools and parents respond J. Environ. Econ. Manage.
92 300-30

Liu T, He G and Lau A 2018 Avoidance behavior against air
pollution: evidence from online search indices for anti-PM
2.5 masks and air filters in Chinese cities Environ. Econ.
Policy Stud. 20 325-63

11

S Tan et al

Manning M I, Martin R V, Hasenkopf C, Flasher J and Li C 2018
Diurnal patterns in global fine particulate matter
concentration Environ. Sci. Technol. Lett. 5 687-91

Mannucci P M and Franchini M 2017 Health effects of ambient
air pollution in developing countries Int. J. Environ. Res.
Public Health 14 1048

Neidell M ] 2004 Air pollution, health, and socio-economic status:
the effect of outdoor air quality on childhood asthma J.
Health Econ. 23 1209-36

Ng M K-P, Yuan Q, Yan L and Sun J 2017 An adaptive weighted
tensor completion method for the recovery of remote
sensing images with missing data IEEE Trans. Geosci. Remote
Sens. 55 3367-81

Nhung N T T, Schindler C, Dien T M, Probst-Hensch N, Perez L
and Kiunzli N 2018 Acute effects of ambient air pollution on
lower respiratory infections in Hanoi children: an eight-year
time series study Environ. Int. 110 139-48

Pun V C, Manjourides ] and Suh H 2017 Association of ambient
air pollution with depressive and anxiety symptoms in older
adults: results from the NSHAP study Environ. Health
Perspect. 125 342—8

Rossi R E, Dungan J L and Beck L R 1994 Kriging in the shadows:
geostatistical interpolation for remote sensing Remote Sens.
Environ. 49 32-40

Samal K K R, Babu K S and Das S K 2021 Multi-directional
temporal convolutional artificial neural network for PM2.5
forecasting with missing values: a deep learning approach
Urban Clim. 36 100800

Shareef M M, Husain T and Alharbi B 2016 Optimization of air
quality monitoring network using GIS based interpolation
techniques J. Environ. Prot. 7 895-911

Shi Q and Guo F 2019 Do people have a negative impression of
government on polluted days? Evidence from Chinese cities
J. Environ. Plan. Manage. 62 797-817

Velicer W F and Colby S M 2005 A comparison of missing-data
procedures for ARIMA time-series analysis Educ. Psychol.
Meas. 65 596-615

Wang P, Tuvblad C, Younan D, Franklin M, Lurmann F, Wu J,
Baker L A and Chen J-C 2017 Socioeconomic disparities and
sexual dimorphism in neurotoxic effects of ambient fine
particles on youth IQ: a longitudinal analysis PLoS One
12 e0188731

Wang Q, Wang L, Li Z, Tong X and Atkinson P M 2021a
Spatial-spectral radial basis function-based interpolation for
Landsat ETM+ SLC-off image gap filling IEEE Trans.
Geosci. Remote Sens. 59 7901-17

Wang Q, Wang L, Wei C, Jin Y, Li Z, Tong X and Atkinson P M
2021b Filling gaps in Landsat ETM 4 SLC-off images with
Sentinel-2 MSI images Int. J. Appl. Earth Obs. Geoinf.

101 102365

Xu R, Deng X, Wan H, Cai Y and Pan X 2021 A deep learning
method to repair atmospheric environmental quality data
based on Gaussian diffusion J. Clean. Prod. 308 127446

Younan D, Tuvblad C, Franklin M, Lurmann F Li L, Wu J,
Berhane K, Baker L A and Chen J-C 2018 Longitudinal
analysis of particulate air pollutants and adolescent
delinquent behavior in Southern California J. Abnorm. Child
Psychol. 46 1283-93

YuY, Li V O and Lam J C 2020 Missing air pollution data recovery
based on long-short term context encoder IEEE Trans. Big
Data 01 1-1

Zhang Q, Yuan Q, Zeng C, Li X and Wei Y 2018 Missing data
reconstruction in remote sensing image with a unified
spatial-temporal-spectral deep convolutional neural
network IEEE Trans. Geosci. Remote Sens. 56 4274—88


https://doi.org/10.1257/pol.20150085
https://doi.org/10.1257/pol.20150085
https://doi.org/10.1109/TGRS.2016.2580576
https://doi.org/10.1109/TGRS.2016.2580576
https://doi.org/10.1016/j.rse.2018.12.023
https://doi.org/10.1016/j.rse.2018.12.023
https://doi.org/10.1017/bca.2016.7
https://doi.org/10.1017/bca.2016.7
https://doi.org/10.1016/j.envint.2014.05.014
https://doi.org/10.1016/j.envint.2014.05.014
https://doi.org/10.1016/j.obhdp.2017.02.002
https://doi.org/10.1016/j.obhdp.2017.02.002
https://doi.org/10.1016/j.ijforecast.2006.03.005
https://doi.org/10.1016/j.ijforecast.2006.03.005
https://doi.org/10.1016/j.freeradbiomed.2020.01.179
https://doi.org/10.1016/j.freeradbiomed.2020.01.179
https://doi.org/10.1016/j.scitotenv.2016.11.147
https://doi.org/10.1016/j.scitotenv.2016.11.147
https://doi.org/10.3389/fendo.2018.00680
https://doi.org/10.3389/fendo.2018.00680
https://doi.org/10.1257/app.20170286
https://doi.org/10.1257/app.20170286
https://doi.org/10.3390/ijerph15061206
https://doi.org/10.3390/ijerph15061206
https://doi.org/10.1162/neco.1997.9.8.1735
https://doi.org/10.1162/neco.1997.9.8.1735
https://doi.org/10.1016/j.envpol.2007.06.012
https://doi.org/10.1016/j.envpol.2007.06.012
https://doi.org/10.1542/peds.2004-2166
https://doi.org/10.1542/peds.2004-2166
https://doi.org/10.1080/00036846.2016.1139679
https://doi.org/10.1080/00036846.2016.1139679
https://doi.org/10.1016/j.jeem.2018.10.003
https://doi.org/10.1016/j.jeem.2018.10.003
https://doi.org/10.1007/s10018-017-0196-3
https://doi.org/10.1007/s10018-017-0196-3
https://doi.org/10.1021/acs.estlett.8b00573
https://doi.org/10.1021/acs.estlett.8b00573
https://doi.org/10.3390/ijerph14091048
https://doi.org/10.3390/ijerph14091048
https://doi.org/10.1016/j.jhealeco.2004.05.002
https://doi.org/10.1016/j.jhealeco.2004.05.002
https://doi.org/10.1109/TGRS.2017.2670021
https://doi.org/10.1109/TGRS.2017.2670021
https://doi.org/10.1016/j.envint.2017.10.024
https://doi.org/10.1016/j.envint.2017.10.024
https://doi.org/10.1289/EHP494
https://doi.org/10.1289/EHP494
https://doi.org/10.1016/0034-4257(94)90057-4
https://doi.org/10.1016/0034-4257(94)90057-4
https://doi.org/10.1016/j.uclim.2021.100800
https://doi.org/10.1016/j.uclim.2021.100800
https://doi.org/10.4236/jep.2016.76080
https://doi.org/10.4236/jep.2016.76080
https://doi.org/10.1080/09640568.2018.1443801
https://doi.org/10.1080/09640568.2018.1443801
https://doi.org/10.1177/0013164404272502
https://doi.org/10.1177/0013164404272502
https://doi.org/10.1371/journal.pone.0188731
https://doi.org/10.1371/journal.pone.0188731
https://doi.org/10.1109/TGRS.2020.3038878
https://doi.org/10.1109/TGRS.2020.3038878
https://doi.org/10.1016/j.jag.2021.102365
https://doi.org/10.1016/j.jag.2021.102365
https://doi.org/10.1016/j.jclepro.2021.127446
https://doi.org/10.1016/j.jclepro.2021.127446
https://doi.org/10.1007/s10802-017-0367-5
https://doi.org/10.1007/s10802-017-0367-5
https://doi.org/10.1109/TBDATA.2020.2979443
https://doi.org/10.1109/TBDATA.2020.2979443
https://doi.org/10.1109/TGRS.2018.2810208
https://doi.org/10.1109/TGRS.2018.2810208

	Reconstructing global PM2.5 monitoring dataset from OpenAQ using a two-step spatio-temporal model based on SES-IDW and LSTM
	1. Introduction
	2. Materials and methods
	2.1. Datasets
	2.2. Methodology
	2.2.1. Temporal interpolation
	2.2.2. Spatial interpolation
	2.2.3. Combination of temporal and spatial interpolation
	2.2.4. Reconstruction of time series of continuous missing data with LSTM


	3. Experiment results and discussions
	3.1. Simulation experiment results
	3.1.1. Model validation
	3.1.2. Results and discussions

	3.2. Reconstruction of global PM2.5 concentration data
	3.3. Retrieval of global PM2.5 concentration data

	4. Conclusion
	Acknowledgments
	References


