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ABSTRACT:

Introduction/purpose: The paper presents a new state-of-the-art method that involves NASA satellite imagery with the latest deep
learning model for a spatiotemporal sequence forecasting problem. Satellite-retrieved aerosol information is very useful in many

fields such as PM prediction or COVID-19 transmission. The input data set was MODAL2_E_AER_OD which presents global
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AQT for every 8 days from Terra/MODIS. The implemented machine learning algorithm was built with ConvLSTM2D layers
in Keras. The obtained results were compared with the new CNN LSTM model.

Methods: Computational methods of Machine Learning, Artificial Neural Networks, Deep Learning.

Results: The results show global AOT prediction obtained using satellite digital imagery as an input.

Conclusion: The results show that the ConvLSTM developed model could be used for global AOT prediction, as well as for PM
and COVID-19 transmission.

KEYWORDS: Acrosol optical thickness, NASA Earth observations, Con- vLSTM2D, COVID-19, particulate matter dispersion..
Pe s310M e ;

Beeaenne/near: B paHHOI cTaThe IPEACTABAEH HOBBIM COBPEMEHHBIM METOA, HCIOAB3YIOUIMM CITyTHUKOBBIE CHMMKH
HACA c HoBetlmeri MOAEABIO TAYDOKOTO OOYHYCHHS AASL PELICHHS 3aAQ4U IIPOTHO3UPOBAHHUS IPOCTPAHCTBECHHO-BPCMCHHBIX
nocacaoBateabHOCTel. [loAydeHHas co cryTHHKOB MHPOpMAnUs 06 a9PO30ASX OYCHb MIOAC3HA BO MHOTHMX ODAACTAX, TAKHX
Kak aucnepruposanue actur uau nepepasa COVID-19. Aas Bxopnsix AanubIx mocayxusa mopeab MODAL2_E_AER_OD,
KOTOpPasl IIPEACTABASECT TAODAABHBIA IPOTHO3 ONTHYCCKON TOAIIMHBL a3po30Asi Ha Kaxaple 8 aAueit ¢ Terra/MODIS.
PeaAnsoBaHHBIA AATOPUTM MALIMHHOTO OOYYCHHS BKAIOYACT cOcTaBHbIe HelporHsie caon ConvLSTM2D B 6ubanotrexe Keras.
IToayuenHbIe pe3yAbTaTh! ObIAH cOmOcTaBACHSBI ¢ HOBOI Moacabio CNN LSTM.

Meroabt: BerancaureabHble METOABL MAIIMHHOTO OOYYCHHS, HCKYCCTBCHHBIC HCHPOHHBIC CETH, TAyboKoe 00ydcHuMe.

Pesyabrarsr: PesyabraTsl MOKasblBalOT rAOGAABHBI IIPOrHO3 ONTHYECKOH TOAIIMHBI a3PO30AS C HCIIOAB3OBAHHEM LUPPOBBIX
CIIy THUKOBBIX CHUMKOB B Ka4€CTBE BXOAHBIX AQHHbIX.

BoBopb: IToayueHHbBIC pesyAbTaThl NOKa3bIBAalT, 4TO paspaborannHas moaeab ConvLSTM mpuroasa ass rao6assHoro
HPOrHO3HPOBAHMS TOAIMHBI AaTMOCPEPHOTO A3PO30AS, & TAIKE AAS paciipocTpaHeHust atMocepHsix dactur 1 COVID-19.

KnwoueBoe cio0Ba: Onmueckas ToamuHa asposoas, HabaopeHns 3eman HACA, Con- vLSTM2D,
COVID-19, Aucriepcust TBEPABIX 4aCTH.

ABSTRACT:

VBoa: Maaoxena je yHanpehena meropa koja ykmyuyje Hacune caTeantcke cCHHMKE ca HajHOBHjUM MOACAOM AyDOOKOTr yuema
KOjH Cce OAHOCH Ha mpobaeM mpepsubama MPOCTOpHO-BpeMeHCKUX curHasa. VIHpopManuja 0 acpocoAnMa ca CaTeAHTCKHUX
CHHMaKa je BPAO 3HayajHa 3a HPCABI/IbaH)C Aucrepsuje yectuna y armocdepu u npenoca supyca COVID-19. Yaasuu mopanu
MODAL2_E_AER_OD npeacraaajy raobasan AOT sa ocam pana ca Terra/MODIS. Aaropuram MammscKor yuema je
CauMIbCH OA KOMIIOSUTHUX HeypoHckux caojeBa ConvLSTM2D vy 6ubaunorenu Keras. Aobujenn pesyararu cy ynopehenu ca
HoBuM MoaeaoM CNN LSTM.

Metoae: ITpopauyHcke METOAE MALIMHCKOT y4€Ha, BEIUTAYKe HEYPOHCKE MPEKe, AyOOKO yueme.

Pesyaratu: Peayaratn npukasyjy rao6aano npeasubame onTuuke AcGsHUHE ACPOCOA CA AUTHTAAHUM CATEAMTCKUM CHUMLMMA KOjU
cy kopuinheHH Kao yAasHH IOAALH.

3akayuak: [Tokasano je aa je pasujern mopea ConvLSTM noroaan sa rao6aano npeasubame armo-cdepeke acbmune aepocoaa,
Kao U 3a peHoc aTMocdepckux decturia u supyca COVID-19.

KEYWORDS: onruuka ae6muna aecpocoaa, NASA Earth Ob- servations, ConvLSTM2D, COVID-19, pucnepsuja dectuu,

INTRODUCTION

Technological development together with rapid development of information technologies forms a modern
basis for various scientific disciplines. One of such disciplines is Environment and Environmental protection.
In recent decades, the development of remote sensing and open access of satellite images, as a part of the big
data revolution, has provided scientists with a new opportunity for their research (Lin et al., 2018; Wang et
al., 2013). One of many remote sensing applications is satellite data sets of acrosol optical thickness (AOT)
or acrosol optical depth (AOD) (Shi et al., 2020; Wei et al., 2020). It is the same measurement that may
be made from the ground using a sun photometer or from satellites like Moderate Resolution Imaging
Spectroradiometer (MODIS) on NASA’s Terra satellite. Satellite measurements of acrosols are based on the
fact that particles change the way the atmosphere reflects and ab sorbs visible and infrared light.

Today, scientists use arrays of satellite, aircraft, and ground-based instruments to monitor aerosols. The
key quantity they report on is AOT, a measure of the amount of light that acrosols scatter and absorb in the
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atmosphere (Filonchyk et al., 2019). AOT is the fundamental measurement of quantity and distribution of
aerosols. The Sun provides the energy that drives Earth’s climate, but not all of the energy that reaches the
top of the atmosphere finds its way to the surface. That is because aerosols, and clouds seeded by them, reflect
about a quarter of the Sun’s energy back to space (Colbeck & Lazaridis, 2013).

AOT isameasure of in whatamountairborne particles prevent [K1] [K2] light from traveling through the
atmosphere. Aerosols absorb and scatter incoming sunlight, thus reducing visibility and increasing optical
thickness. An optical depth of less than 0.05 indicates a clear sky with relatively few aerosols and maximum
visibility, whereas a value of 1 indicates hazy conditions. Optical depths above 2 or 3 represent very high
concentrations of aerosols.

Aecrosol particle pollution, i.e. [K3] [K4] airborne solid particles and liquid droplets, comes in a range of
sizes. Particles smaller than 2.5 micrometers pose the greatest risk to human health because they are small
enough to be breathed deep into the lungs and, in some cases, to enter the bloodstream.

These fine particles, about 30 times smaller than the width of a human hair, are also a major
cause of poor visibility. Different specialists describe particles based on their shape, size, and chemical
composition. Toxicologists refer to acrosols as ultrafine, fine, or coarse matter. Regulatory agencies, as well as
meteorologists, typically call them particulate matter PM; s or PM 0, depending on their size. In some fields
of engineering, they are called nanoparticles. The media often uses everyday terms that hint at aerosol sources,
such as smoke, ash, and soot (Nikezié¢ et al., 2017).

Aecrosols or airborne particulate matters (PM), which originate from both natural and anthropogenic
emission sources, substantially influence the cli- mate, environment and human health. Satellite remote
sensed AOT represents columnar aerosol loading of the atmosphere and can be empirically converted into
PM mass as the primary predictor (You et al.,, 2016). In litera- ture review of the related work, there are
studies that show a connection and a relationship between aerosols and PM prediction (Elperin et al., 2017;
Kumar et al., 2007). It follows that the model presented in this study can also be applied to forecast PM and
not only AOT.

DATA AND METHODOLOGY

In the era of big data, to find the right piece of data as well as to prepare it for use, is quite a challenge. With
globalization and the Internet, many data sets are available as open sources. NASA’s data policy ensures
that all NASA data are available fully, openly, and without restrictions. Satellite imagery from NASA Earth
Observations (NEO) is available for bulk downloading and analysis. The resolution of satellite images varies
depending on the instrument used and the altitude of the satellite’s orbit. Different global data sets are
represented with daily, weekly, and monthly snapshots, and images are available in a variety of formats.

Scientists use measurements from the MODIS sensor aboard NASA’s Terra and Aqua satellites to map
the amount of aerosol that is in the air all over the world. Because aerosols reflect visible and near-infrared
light back to space, scientists can use satellites to make maps of where there are high concentrations of these
particles. Although most aerosols remain suspended in the atmosphere for short periods, typically between
4 days and a week, they can travel vast distances. Particles moving within the atmosphere at 5 meters per
second will travel thousands of kilometers in a week.
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FIGURE 1
AOT from TerraMODIS on 2021-07-12

Puc. 1 — AOT or Terra/MODIS na 12.07.2021 1.
Caunka 1 — AOT ca Terra/MODIS na aan 12.07.2021.

Dust plumes from the Sahara frequently cross the Atlantic and reach the Caribbean. Winds sweep a
mixture of Asian aerosols - particularly dust from the Gobi Desert and pollution from China - eastward over
Japan and toward the central Pacific Ocean. Smoke from wildfires in Siberia and Canada can find its way
to the Arctic ice cap.

NEO data sets are available in RGB as PNG files among other formats and all files are at full NEO
resolution (3600x1800 pixels). Fig. 1 shows one sample of the data set MODAL2_E_AER_OD which
presents global AOT for every 8 days from the Terra/MODIS (NASA NEO Nasa Earth Observations,
2022a; NASA NEO Nasa Earth Observations, 2022b). Optical thickness of less than 0.1 (palest yellow)
indicates a crystal clear sky with maximum visibility, whereas a value of 1 (reddish brown) indicates very hazy
conditions.

The MODIS aboard NASA’s Terra and Aqua satellites is used to monitor AOT over most of the
globe (oceans and the moist parts of the continents) on a daily basis, every 8 days and monthly. The
MODIS is used to monitor aerosols’ mass concentration, optical properties, and radiative forcing. MODIS’
aerosol information is used to study aerosol climatology, to monitor the sources and sinks of specific
acrosol types (such as sulfates and other industrial/urban aerosol and biomass burning aerosol), to serve
as inputs for climate modeling and detection of the fingerprints of anthropogenic climate change, and to
perform atmospheric corrections of remotely-sensed surface reflectance over the land. By (Kumar et al,
2007) MODIS’ acrosol information can be used for PM prediction. The report by (Lin et al., 2018) states
that the estimation of PM2.5 concentrations from AOT requires a vertical correction and a humidity
correction. Except for the prediction of AOT and PM, MODIS’ acrosol information can be used for
COVID-19 transmission (Tang et al., 2020; Zoran et al., 2021; Eleftheriadis et al., 2021). By (Zoran et
al., 2021) it has been more than one year since the first cases of the new coronavirus variant SARS CoV-2
that invades host cells using an endocytic pathway were detected in Wuhan, Hubei province in China.
This coronavirus is a new enveloped virus positive-sense, single-stranded RNA with roughly spherical or
moderately pleomorphic virions of approximately 60—140 nm with an average to 0.1 um in diameter (Zoran
et al,, 2021). Several epidemiologic studies linked exposure to ambient air pollution with PM and gaseous
pollutants and occurrence of numerous respiratory viral infectious diseases transmission during several
seasons (Zoran et al,, 2021). Under laboratory conditions, it was demonstrated that there is a long time
viability of SARS-CoV-2 in ambient aerosols, as an important source of COVID-19 transmission (Zoran
et al,, 2021). The report by (Tang et al., 2020) presents prevention and control countermeasures to reduce
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the potential acrosol transmission under different occasions because current evidence on SARS-CoV-2 has
limitations, but is strongly indicative of acrosols as one of several routes of COVID-19 transmission (Tanget
al.,2020). The present study takes satellite-retrieved AOT from MODAL2_E_AER_OD which presents the
snapshots from the year 2000 to present time on every 8 days (NASA NEO Nasa Earth Observations, 2022a;
NASA NEO Nasa Earth Observations, 2022b). This data set is input data in the used deep learning (DL)
model. The promise of DL is that it can solve complex problems automatically, faster and more accurately
than a manually specified solution and at a larger scale. Traditional time series forecasting methods focus
on univariate data with linear relationships and fixed and manually-diagnosed temporal dependence. Neural
networks add the capability of learning possibly noisy and nonlinear relationships with arbitrarily defined
but fixed numbers of inputs and outputs supporting multivariate and multi-step forecasting.

DL is part of a broader family of ML methods based on artificial neural networks (ANN) with
representation learning. In DL, a convolutional neural network (CNN, or ConvNet) is a class of ANN, most
commonly applied to analyze visual imagery. In a CNN, the input is a tensor with the shape: (number of
inputs) x (input height) x (input width) x (input channels). After passing through a convolutional layer,
an image becomes abstracted to a feature map, also called an activation map, with the shape: (number of
inputs) x (feature map height) x (feature map width) x (feature map channels) (Valueva et al., 2020; Vaddi
& Manoharan, 2020). A common application of a CNN is to extract spatial information from images.

Recurrent neural networks (RNN) add the explicit handling of ordered observations and the promise
of learning temporal dependence from con- text. Long Short-Term Memory (LSTM) networks are a type
of RNN that are capable of learning the relationships between elements in an input sequence. LSTM can
process not only single data points (such as images), but also entire sequences of data. LSTM networks are
well-suited to classifying, processing and making predictions based on time series data, since there can be lags
of unknown duration between important events in a time series (Hochreiter & Schmidhuber, 1997).

Spatio-temporal prediction (STP) in DL is usually done by a CNN and LSTM where a CNN
(Convolution2D) serves well for capturing image or spatial features, whilst LSTM is used to detect
correlations over time (Dey etal.,, 2021). However, by stacking these kinds of layers, the correlation be- tween
space and time features may not be captured properly. To solve this, the authors in (Shi et al., 2015) proposed
a network structure capable of capturing spatiotemporal correlations, namely ConvLSTM (Shi etal.,, 2015).
In Keras, this is reflected in the ConvLSTM2D class, which computes convolutional operations in both the
input and the recurrent transformations to capture spatiotemporal data at the same time. ConvLSTM2D
is a Recurrent layer, just like LSTM, but internal matrix multiplications are exchanged with convolution
operations. As a result, the data that flows through the ConvL- STM cells keeps the input dimension instead
of being just a 1D vector with features (Shi et al,, 2015; Donahue et al., 2015; Hu et al., 2020; Valueva et al.,
2020). The main difference between ConvLSTM and LSTM is the number of input dimensions. As LSTM
input data is one-dimensional, it is not suitable for spatial sequence data such as video, satellite, or a radar
image data set. ConvLSTM is designed for 3D data as its input.

DEEP LEARNING MODEL

Shapes of the required input and output data for individual layers may vary with different types of layers used
in the Deep Neural Networks. There are many possibilities to manage and manipulate data shapes through
the network to achieve the desired goal. For reshaping data between two layers, we can use additional Reshape
layers with the condition that the number of el ements that are reshaped stays the same. If we need to add
time steps for recursive purposes, we can add a TimeDistributed layer. Also, in the existing recursive layers
like LSTM and ConvLSTM, there are attributes called return_sequences that allow that layer input and
output data stay in the same shape for next layer.
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The data input shape for an LSTM layer is always in the form (samples, time steps, features) that is a
3D tensor, and its output is the same with the option return_sequences = True. When this option is False,
the output is in the form (samples, features). Considering that ConvLSTM combines the performance of
both Conv and LSTM layers, its data input shape is (samples, time steps, rows, cols, channels), that is a 5D
tensor. Its output with the option return_sequences = True has a similar 5D shape except that the number
of channels becomes the number of filters. When this option is set to False, time steps are restricted (Xavier,
2019).

The DL model used in this study consists of 3 x ConvLSTM2D layers and the final layer Conv3D as an
output. The Conv3D layer creates a convolution kernel that is convolved with the layer input to produce
a tensor of outputs, i.e. height, width, and channel of the image. The ConvLSTM2D layer was followed by
Dropout and BatchNormalization. In ML, early stopping is a form of regularization used to avoid overfitting
and it was used in the model with a Reduce learning rate when a metric has stopped improving. The DL
model is done in Keras. Keras is an open-source software library that provides a Python interface for artificial
neural networks. Keras acts as an interface for the TensorFlow library.

The input data set was MODAL2_E_AER_OD, a set of PNG satellite retrieved images from 2000-02-18
to 2021-09-14 on every 8 days (993 snapshots in PNG format with 3600x1800 pixels resolution). The
images were resized to 288x144 pixels (hardware could not support original resolution of images), converted
to JPG, normalized by dividing with 255 and stored in the NumPy array with a sequence of 10 frames.
MODAL2_E_AER_OD data set was split on train and test subsets. The train/test ratio during the testing
phase was 70/30, 80/20 and 90/10. The optimum was achieved with the 80/20 train/test split.

After many trials and tests, it was concluded that the most optimal re- sult was obtained for the batch
size=5 and epochs=50. Also, the best results gave the activation function ’hard_sigmoid’ for the Conv3D
layer and the optimizer ’adam’ (learning_rate = 0.001) for a model compile. An activation function is a
mathematical gate between the input feeding the current neuron and its output and the idea of activation
functions is derived from the neuron-based model of the human brain which consists of a complex network
of biological neurons in which a neuron is activated based on certain input from the previous neuron.

As part of the optimization algorithm, the error for the current state of the model must be estimated
repeatedly. This requires the choice of an error function, conventionally called a loss function, which can
be used to estimate the loss of the model so that the weights can be updated to reduce the loss on the
next evaluation. A regression predictive modeling problem involves predicting a real-valued quantity, so, for
the loss function, the Mean-Squared Error (MSE) was used, and for the metrics Root-MeanSquared Error
(RMSE). Figure 2 depicts the used DL model.

After the process of DL model training was finished, prediction of the first image from the test dataset was
done and it was compared with the original first image from the test dataset. This type of prediction is known
as sequence-to-one and it is possible to predict more images (sequence- to-sequence type of prediction)
(Nikezi¢ et al., 2022).

RESULTS AND DISCUSSIONS

The saved DL model was loaded to predict the first image from the test dataset, Fig. 3a. Fig. 3b shows the
original first image from the test dataset.

The evaluation of the DL model is based on the evaluation metrics i.e. MSE=0.0116. The MSE is always
positive regardless of the sign of the predicted and actual values and a perfect value is 0.0 while the range is
from zero to infinity. These results prove that the proposed ML model can be used for AOT forecasts. Figure
4 shows the line plots of loss over 50 training epochs.
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Plot of the ConvLSTM model graph
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FIGURE 3
Global AOT a) predicted and b) actual (real)
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For STP, as mentioned, it is common to use CNN + LSTM models (Ding et al., 2020). To compare
ConvLSTM and CNN LSTM, the new CNN LSTM model has been developed. Figure 5 depicts the new
CNN LSTM model. The evaluation metrics was for MSE 0.1117 and in comparison with the ConvLSTM

model (MSE 0.0116) presents a higher value. Lower values of MSE indicate a better fit.
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FIGURE 4

Line plots of loss over 50 training epochs
Puc. 4 — AuneitHoe nso6paxenne noteps 3a 50 TPEHUPOBOYHBIX IEPHOAOB
Cauxa 4 — I'ybunm Toxom 50 enoxa TpeHupama

For better comparison, the next statistics was done. The Mean Absolute Error (MAE) is a measure of errors
between the paired observations expressing the same phenomenon and is used for predictions in a segment
of 9 frames per image, Table 1.

The range for the MAE is from zero to infinity and lower values are better. From the obtained results, it can
be concluded that the ConvLSTM model required well-structured input data, right selection and optimal
tuned model hyperparameters before it could be utilized for reliable AOT predictions.
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] imput: ] liNone. 10, 144, 288. 3)] ]
[ output: | [(None, 10, 144, 288, 3)] |

input_3: InputLayer

input:
output:

(Nome, 10, 144, 288, 3)

time_distributed _12(conv2d_4): TimeDistributed(Conv2D) | -
(Noma, 10, 144, 288, 32)

:

| time_distributed_13(batch_normalization_4): TimeDistributed(BatchMormalization)

l

[ time_distributed_14(conv2d_5): TimeDistributed{Conv2ZD)

!

time distributed 15(batch_normalization 5): TimeDistributed(BatchNormalization)

!

time_distributed_lG6{reshape_4): TimeDistributed{Res hape)

l

input: | (None, 10, 144, 288, 32) I

{None, 10, 144, 288, 32) |

output

[ input: ]!Num-_ 10, 144, 288, 32)]
output: | (None, 10, 144, 288, 3) |

{None, 10, 144, 288, 3)
(None, 10, 144, 288, 3)

input

output

[ input: | (None, 10, 144, 208, 3) |
[ cutput: | (None, 10, 41472, 3) |

input: | (Nome, 10, 41472, 3)
time_distributed_17(lstm_2): TimeDistributed(LSTM) =
outpast: (None, 10, 30)
input: | (None, 10, 30)
dropout_2: Dropout P
output: | (None, 10, 30)
) input: (None, 10, 30)
dense_2: Dense output: | (Nene, 10, 124416)
input= (None, 10, 124416)
reshape 5: Reshape - - -
output: | (None, 10, 144, 288, 3)

Plot of the CNN LSTM model graph
Puc. 5 — Ipapux moaean CNN LSTM
Cauxka 5 - ITpuxas rpagpa CNN LSTN moaeaa

TABLE 1
MAE for predictions in a segment of 9 frames per image

ConvLSTM

CNIN LSTM

0.02200718

0.24474642

0.022135384

0.2462145

0.02251104

0.24545886

0.02263835

0.2443535

D0.0227564

0.245268556

0.02258156

0.24504275

D.02232519

0.24720876

0.02259231

0.2456302

0.02275301

0.24560421

0.23362

0.24605613

CONCLUSIONS AND FUTURE RESEARCH

Atmospheric aerosols play a major role in the Earth’s radiation budget. Yet, acrosols are one of the greatest
sources of uncertainty in climate modeling. Radiative forcing by aerosols may explain the difference between
the observed and modeled trends in average global temperature. In fact, the interaction of acrosols with solar
and terrestrial radiation perturbs the radiation budget via scattering and absorption of sunlight. Many recent
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studies show the importance of including acrosols in climate models to observe and measure human influence
on atmospheric chemistry and climate change. Besides, some studies acknowledge that inhalation of aerosols
is one way how COVID-19 spreads. Even when an infectious person is more than two meters away, aerosols
have the ability to travel and infect others. These are some of the most important reasons why it is useful to
predict global AOT.

The present study investigated the possibility of a new ConvLSTM model to forecast global AOT from
MODIS satellite imagery. DL with big data is a new powerful tool which could help scientists in their
research. A relatively new ConvLSTM2D layer in Keras merges spatial and temporal components and allows
them to be used in STP.

Satellite images are helpful in seeing long-range transport of pollutants from other regions, but they do not
give information about pollution levels on the ground. They see pollutants in the entire atmosphere, so the
pollutants one sees in the satellite image could be kilometers above the ground. To find out whether the AOT
in the satellite image is on the ground nearest to the surface, ground measurements need to be compared to
satellite measurements. This can be done with AErosol RObotic NETwork (AERONET) like in the study
(Beer et al., 2020). The AERONET project represents a federation of ground-based remote sensing aerosol
networks established by NASA and PHOTONS (NASA Goddard Space Flight Center, 2022). Therefore,
the next step in future research should be the validation of the ML model by comparing it with AERONET.

Another step for the developed ConvLSTM model should be to research how meteorological parameters
such as wind speed, temperature, relative humidity, and rainfall improve AOT forecasting and accuracy.
Further, deep neural networks showed to be very successful with time-stepped data (Radivojevié et al., 2021)
which should be concatenated with the input data of this study.
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