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Abstract: Dust storms are natural disasters that have a serious impact on various aspects of human
life and physical infrastructure, particularly in urban areas causing health risks, reducing visibility,
impairing the transportation sector, and interfering with communication systems. The ability to
predict the movement patterns of dust storms is crucial for effective disaster prevention and man-
agement. By understanding how these phenomena travel, it is possible to identify the areas that are
most at risk and take appropriate measures to mitigate their impact on urban environments. Deep
learning methods have been demonstrated to be efficient tools for predicting moving processes while
considering multiple geographic information sources. By developing a convolutional neural network
(CNN) method, this study aimed to predict the pathway of dust storms that occur in arid regions
in central and southern Asia. A total of 54 dust-storm events were extracted from the modern-era
retrospective analysis for research and applications, version 2 (MERRA-2) product to train the CNN
model and evaluate the prediction results. In addition to dust-storm data (aerosol optical depth
(AOD) data), geographic context information including relative humidity, surface air temperature,
surface wind direction, surface skin temperature, and surface wind speed was considered. These
features were chosen using the random forest feature importance method and had feature impor-
tance values of 0.2, 0.1, 0.06, 0.03, and 0.02, respectively. The results show that the CNN model can
promisingly predict the dust-transport pathway, such that for the 6, 12, 18, and 24-h time steps, the
overall accuracy values were 0.9746, 0.975, 0.9751, and 0.9699, respectively; the F1 score values were
0.7497, 0.7525, 0.7476, and 0.6769, respectively; and the values of the kappa coefficient were 0.7369,
0.74, 0.7351, and 0.6625, respectively.

Keywords: movement prediction; moving process; deep learning; dust storms; MERRA-2; urban
resilience and preparedness

1. Introduction

Fueled by climate change, dust storms have increased considerably in recent years,
impacting communities thousands of kilometers away from their origin [1]. According to
the World Meteorological Organization, a dust storm is defined as “strong winds that lift
large amounts of sand and dust from bare, dry soils into the atmosphere, transporting them
hundreds to thousands of kilometers away” [2]. Dust storms, which commonly originate
in arid and semi-arid areas (e.g., China, Central Asia, the Arabian Peninsula, and Northern
Africa), significantly impact Earth’s systems and are regarded as a significant environmental
threat [3]. This dynamic phenomenon includes four stages: land degradation, wind erosion,
transport (movement), and deposition [4]. Dust storms occur when the wind erosion
exceeds the ability of the soil to resist surface erosion. This erosion is caused by the
movement of soil particles by the wind. The wind lifts the degraded soil particles from
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the ground and moves them thousands of kilometers away. Each year, approximately
2000 million tons of dust are transmitted into the atmosphere, of which 1500 million tons
are deposited on land and 500 million tons into the ocean [5].

Dust storms have a wide range of impacts on urban and rural areas [6]. Previous
studies have indicated that the impacts of dust storms in urban areas are significantly
higher in cities than in rural regions due to the large populations, level of infrastructure,
and economic activities [7,8]. In urban areas, dust storms have numerous adverse effects
on the daily lives of citizens and infrastructure, such as reducing visibility, impairing the
transportation sector, causing road accidents, and interfering with communication sys-
tems [9]. Various studies have investigated the short- and long-term effects of dust storms
on the health of city dwellers. According to health and safety studies, dust particles have
adverse effects on human health and cause respiratory and cardiovascular diseases [10].
For example, studies in Seoul City, Korea, have shown that Asian dust events resulted in
an increase of 22% in asthma treatment rates [11]. The findings of several studies in the
context of Iranian cities also show that the increase in dust storms in recent years has had a
significant effect on respiratory mortality and morbidity [12]. In the urban and peri-urban
agriculture sectors, except for a few positive impacts of dust storms, they have negatively
impacted soil productivity and crop production and, consequently, revenue [13,14]. There-
fore, spatiotemporal monitoring, modeling, and forecasting dust-storm phenomena and
developing early warning systems can play an important role in mitigating and prevent-
ing their environmental, health, and socioeconomic consequences in human settlements,
particularly in urban areas.

Remote-sensing technology plays a crucial role in monitoring dust storms at different
spatial and temporal resolutions and in predicting their transport pathways. Satellite-
based sensors, ground-based lidars, and radar systems can provide high spatial and
temporal resolution data for various atmospheric parameters, including aerosol optical
depth (AOD), dust concentration, wind speed, and wind direction. Satellite-based remote
sensing platforms such as the moderate resolution imaging spectroradiometer (MODIS)
are commonly used to estimate AOD. AOD measures the amount of light that is blocked
by aerosols from passing from the ground to the atmosphere. AOD can be measured using
satellite remote sensing and ground-based observations [15,16]. Zhang et al. [17] used
MODIS data to predict the transport pathways of dust storms in East Asia. Kaskaoutis
et al. [18] focused on the detection of the dust source region and monitoring of the transport
of the dust plume from its primary outflow to final deposition. They used different
remote-sensing technologies, including satellite imagery, ground-based lidar, and air-
quality monitoring networks, to study dust storms. The authors highlighted the importance
of combining remote sensing and modeling approaches to gain a more comprehensive
understanding of dust storms in the Mediterranean. Numerical models can be used in
conjunction with remote-sensing data to improve the accuracy of dust-storm transport
pathway prediction. Li et al. [19] used the HYSPLIT model in combination with MODIS
AOD data to predict the transport pathways of a dust storm that occurred in China. They
found that the use of remote-sensing data improved the accuracy of their predictions
compared to simulations that did not utilize these data.

The modern-era retrospective analysis for research and application (MERRA-2) dataset [20],
which is used in this research, is produced by replicating a set of satellite and ground-based
AQOD data and has a temporal resolution of one hour. This enables the continuous inves-
tigation of dust particles, particularly for the identification of transport mechanisms [21].
Given the fine resolution of the MERRA-2 dataset, time-series analyses can be conducted
to predict the transport pathways of dust particles. This analysis not only reveals the
urban areas vulnerable to dust storms but also characterizes the event’s durability over
urban areas and the duration of the events. Dust storms are natural phenomena character-
ized by the movement of dust particles in the atmosphere. Unlike moving point objects
(MPQOs) such as humans and vehicles, which maintain a constant size [22], the size of dust
storms is constantly changing. This makes them capable of impacting large areas in a
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short period of time. MPOs are typically investigated by analyzing their trajectories [23,24].
While dust storms have severely affected residents and their physical assets, particularly
in cities and metropolitan areas, few researchers have focused on predicting dust-storm
pathways thus far, considering dust storms as MPOs. In this regard, NOAA’s HYSPLIT
model [25] was used to identify dust sources and model their trajectories in different study
areas in Australia [26], China [27,28], and Kazakhstan and Uzbekistan [29]. This model
is based on meteorological data, and its accuracy depends on the accuracy of the mete-
orological data [30]. Trajectory analysis is straightforward, and various environmental
parameters (e.g., wind speed and wind direction) can be annotated as trajectories. How-
ever, dust storms are dynamic processes, so the area they cover (size) and the changes
in location (movement) become significant. Robust tools are required to model the dy-
namic mechanisms of dust storms and investigate the environmental factors that stimulate
their movement.

The movement of dust storms is highly influenced by their surrounding environment,
which is known as the geographic context [31,32]. Precipitation, temperature, humidity,
wind speed, and wind direction are prominent geographical contexts [33]. The variety of
contextual information and the large quantity of dust-storm events make their transport
pathway prediction challenging. Deep-learning methods have been demonstrated to be fast,
accurate, and efficient tools for predicting movement processes while considering multiple
geographic contexts. For example in wildfire-spread modeling, the gated recurrent unit
(GRU) and long short-term memory (LSTM) [34], convolutional neural network (CNN) [35],
and CNN and LSTM [36] models have been developed based on elevation, wind direction,
wind speed, temperature, humidity, precipitation, and drought information. In oil-spill
modeling, LSTM [37] and CNN [38] models have been developed to study the movement
of oil slicks. The remarkable performance of CNNs in the above dynamic processes makes
them a promising tool for dust-storm pathway prediction.

The objective of this study was to present a novel approach for predicting dust-storm
transport pathways over the next 24 h. By leveraging the hierarchical nature and high-level
feature extraction capabilities of the CNN model, along with the diverse geographic-context
information embedded in a dust-storm event, our study aimed to (i) develop a CNN-based
architecture for accurately predicting dust-storm pathways, (ii) explore the potential of
the MERRA-2 hourly AOD dataset to enhance dust-storm prediction, and (iii) investigate
the impact of geographic-context information on the accuracy of dust-storm prediction.
Our proposed method can effectively identify locations, including urban areas, that are
susceptible to dust particles for up to 24 h following a storm’s onset, as well as determine
the duration of the storm.

2. Materials and Methods
2.1. Study Area

An arid area in Central and South Asia that lies at 25°—42.5° N and 56°-73.5° E was
chosen as the study area. It covers an approximate area of 2,750,000 km? and includes
parts of Iran, Afghanistan, Pakistan, Tajikistan, Turkmenistan, and Uzbekistan (Figure 1).
These countries have faced the most severe dust storms in recent years. Dust storms in
this region have dramatically impacted the various dimensions of human lives and the
physical landscapes of the region, particularly the daily lives and physical spaces of millions
of people who live in the cities and metropolitan zones in the study area. The region is
characterized by a complex topography with mountains and large desert plateaus. The dry
plains of Hamun and the dry lake beds surrounding the South Aral Sea, and the deserts in
eastern Pakistan are the main sources of dust storms that occur in spring and summer. Low
precipitation rates, high temperatures, and low pressures have made these areas suitable
for dust-storm occurrence. There are two major types of dust storms in this area according
to our dataset. One of them originates in Turkmenistan and lasts for one to two days in
the region. The other, which is more severe, originates in Pakistan and lasts for more than
three days.
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Figure 1. The location of the study area and the schematic pathway of a sample dust-storm originate
from (1) Turkmenistan (in red) and (2) Pakistan (in blue).

In recent years, Central and South Asia have experienced several severe dust storms
that have caused damage and disruption. In April 2022, a severe dust storm hit the
city of Mary in Turkmensitan [39], causing power outages and damage to buildings and
infrastructure. Dust storms are a recurring problem in Turkmenistan, particularly in the
Karakum Desert, which covers several parts of the country. The Central Karakum Desert,
characterized by sandy terrain, experiences the highest mean annual frequency of dust
storms during spring, which occurs for an average of 67 days. The western region of
Turkmenistan reported the maximum number of dust-storm days, with a total of 146 days
recorded [40]. In May 2021, a severe dust storm hit Karachi, the largest city in Pakistan,
causing several deaths, injuries, and damage to buildings and infrastructure [34]. Dust
storms are a recurring problem in Central and South Asia, particularly in arid and semi-arid
regions, and their frequency and intensity have been increasing in recent years, which is
believed to be linked to climate change and environmental degradation.

2.2. Data Sources

Surface-dust concentrations from 1980 to 2023 are provided by MERRA-2 [20]. MERRA-
2 is a satellite-based reanalysis model generated by the Global Modelling and Assimilation
Office (GMAO) of NASA [41]. The aerosol model is developed by combining AOD from the
advanced very high-resolution radiometer (AVHRR), multi-angle imaging spectroradiome-
ter (MISR), MODIS AOD datasets, and aerosol robotic network (AERONET) ground-based
observations [42]. The efficiency of MERRA-2 AOD has been validated in several stud-
ies [43,44].

In this research, we use the “dust extinction aerosol optical thickness (AOT) 550 nm”
from MERRA-2 to obtain the AOD dataset. The AOD dataset is published hourly with a
spatial resolution of 0.5° x 0.625° and is used for hourly prediction of dust-storm pathways.
A total of 54 dust-storm events, containing 3820 storm hours between 2000 and 2021, were
extracted from the MERRA-2 AOD dataset.

CNN s require input data that are manually annotated with specific tags or labels to
describe the content of an image. In machine learning, large amounts of data are often
labeled manually for training classifiers and modeling features, which is time-consuming
and tedious [45]. To execute this process automatically, we develop an unsupervised and
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automatic labeling algorithm that uses the Otsu threshold [46]. Otsu thresholding is a
method that automatically determines the optimal threshold value for image segmentation.
Once the threshold value has been determined, all pixels with values above it are labeled
as class one (dust pixels), and those pixels below are labeled as class zero (not dust pixels).
The hourly images of a dust storm were classified into binary classes using the Otsu
threshold. The average of these threshold values for every image was used to produce
binary-labeled images.

The MERRA-2 provides various types of environmental information. In order to select
the most effective parameters among the relevant features (including relative humidity,
surface air temperature, surface skin temperature, surface wind speed, surface wind
direction, 10-m above-ground wind direction, and 50-m above-ground wind direction) for
predicting the dust-storm pathway and reduce the computational cost, a feature selection
approach was applied. We used the random forest feature importance (RFFI) technique [47]
to measure and order parameters based on their importance. RFFI identifies the most
important features or variables in the dataset for predicting a particular outcome. It trains
a random forest model on the dataset and then evaluates the importance of each feature
based on its contribution to the accuracy of the model. RFFI is a filter feature selector
that considers the ensemble’s average overall reduction in node impurities as a result of
the splitting of a given feature. In order to determine the importance of each feature, the
mean decrease impurity (MDI) [48] was used, which measures the decrease in impurity
(or increase in purity) in the decision tree when a particular feature is used for splitting.
The higher the MDI score, the more important the features. The RFFI calculates the MDI
score for each feature across all decision trees in the model, and then averages the scores
to obtain a final importance score for each feature [49]. The results show that relative
humidity, surface air temperature, surface wind direction (including U and V components
of surface wind direction), surface skin temperature, and surface wind speed have the
greatest influence on the dust-storm pathway (for more details, see: Section 3).

Data standardization is the process of transforming data before it is fed into an al-
gorithm. Standardization helps to ensure that all features are on the same scale so that
the model learns from them equally. Standardization also helps to reduce the effect of
outliers, which can have a significant impact on model performance. In this research, the
features were standardized using the min—max scaler. It adjusts data from 0 to 1 using
the minimum and maximum values of the data [50]. Equation (1) shows the min—-max
scaler normalization:

f — f min

f - fmax _fmin

where f,,;,;, and fqy indicate the minimum and maximum values of the data, respectively.

)

2.3. Methodology

The framework of our approach consists of three major parts: the model input, pre-
diction model, and model output (Figure 2). The data (3796 storm hours from the total
of 3820 storm hours) were divided into 3036 training samples (=80% of the data), 380 test
samples (=10% of the data), and 380 validation samples (=10% of the data). The input
of the CNN model includes the raw MERRA-2 AOD data (image) at time step t — 1 and
geographic-context information at time step t — 1, and the output includes the predicted
dust-storm images over 24 h (t to t + 24). The labeled AOD data layers were also used as
the target layers in the training phase of the CNN model.

The transport of dust particles is highly affected by the geographic context; thus, the
AOQOD dataset and the geographic-contextual information (i.e., contextual information) were
stacked to construct the input for the CNN layer. We faced a time-series problem, so the
raw AOD image and contextual information corresponding to each hour of a storm with
dimensions of 140 x 143 pixels were given as the input. Thus, the spatiotemporal features
of the input data were extracted by the CNN, and the prediction of the proposed model
was achieved.
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Figure 2. Framework for the transport pathway prediction of dust storms.

2.3.1. Convolutional Neural Network

The CNN model, which is a type of artificial neural network, was first introduced
by LeCun et al. [51] and developed in [52]. The CNN model performs well in image
processing [52] and is suitable for application to time-series analysis [53]. The main advan-
tage of this neural network is that it recognizes important features automatically, without
human intervention [54]. CNNs are composed of a set of multilayer interconnected neural
networks; therefore, they can hierarchically extract high-, medium-, and low-level features.
Early layers extract low-level features, such as edges, and trailing layers extract high-level
features, such as the image structure [55]. Feature maps are obtained by multiplying the
weight of each kernel by a small part of the input image. Each feature map is used as input
to the next layer. Convolutional layers are typically determined based on the convolution
kernel size and depth of the output feature map (i.e., the number of filters). Therefore,
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the kernel size and number of filters should be chosen such that the extracted features
are decisive for the existing problem [56]. The general architecture of a CNN is shown in
Figure 3.

Convolution Pooling Fully Connected

~
. |
R
~ .
|

Figure 3. Generic CNN architecture.

A CNN consists of convolutional and pooling layers [57]. After each convolutional
layer, a pooling layer can be added. As each window can contain common pixels, it is
possible to produce several feature maps that are very similar. To reduce the variance of the
extracted features, pooling layers are applied after each convolutional layer using simple
operations such as maximization or averaging [55]. This layer leads to a reduction in the
network parameters, which accelerates the training of the network and makes it possible to
handle the overfitting problem [54].

A rectified linear unit (ReLU) [58] is usually applied as an element-wise nonlinear
activation function for each component of the feature map. The ReLU function is advanta-
geous because it adds nonlinearity to the network [58]. Compared to conventional gradient
descent functions, such as the hyperbolic tangent or sigmoid, ReLU significantly accelerates
the training phase [35].

2.3.2. Proposed CNN Architecture

Our developed model contains 15 different layers, including 12 CNN layers, 2 fully
connected layers, and a flattened layer (Figure 4). These layers are placed in four main
blocks: feature extraction, multiscale feature extraction, filtering multiscale features, and
the prediction block. The first block contains two convolutional layers with 64 and 128
3 x 3 filters. Multiscale features were obtained by passing the output of the first block
through four convolutional layers with dilation rates of 3, 6, 12, and 1, including 32 filters
of size 3 x 3 in each layer. In the third block, a convolutional layer with 32 1 x 1 filters
was used to apply the concatenated features. Then, two convolutional layers with 32
3 x 3 filters were used to filter the multiscale features. After each convolutional layer,
a 2 x 2 max-pooling layer was placed. Batch normalization was used to normalize the
extracted features after the last convolutional layer. The normalized features were entered
into the last block with two fully connected layers containing 64 and 280,280 neurons. With
the exception of the last fully connected layer, which uses the sigmoid function, the other
remaining layers use the ReLU activation function. The sigmoid function can define the
dust-storm probability for each pixel.
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Figure 4. Proposed CNN architecture for prediction of transport pathway of dust storm.

2.4. Evaluation

A dust-storm pathway prediction model can be evaluated using several metrics. Three
measures, the overall accuracy, kappa coefficient, and F1 score, were used to evaluate the
performance of the CNN model. These indices were obtained using a confusion matrix.
The overall accuracy indicates the number of image regions that are correctly predicted.
This index is obtained from Equation (2).

TP +TN
TP + FP + FN + TN

Overall Accuracy (%) = ( ) x 100% ()
where true positives (TP) are positive outcomes that are correctly predicted, and true
negatives (TN) are negative outcomes that are correctly predicted by the model. False
positives (FP) are positive results that the model has incorrectly predicted and are also
known as type one errors, and false negatives (FN) are negative results that the model has
incorrectly predicted (for more details, see [59]).
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The Kappa coefficient shows the degree of agreement between the predicted data and
reference data. A value of one for the Kappa coefficient indicates 100% agreement, and a
value of zero indicates no agreement. The Kappa coefficient is obtained using Equation (3).

Po — Pe
k=0 Pe 3
1—p, )

where p, indicates the relative agreement between the two evaluators, and p, indicates the
amount of expected agreement. These values are calculated using a confusion matrix (for
more details, see [59,60]).

The F1 score is a useful quantitative measure of the balance between precision and
recall. The F1 score is calculated using Equation (4) (for more details, see [61,62]):

Precision x Recall
Precision + Recall

F1(%) = (2 X ) x 100% (4)

Precision and recall are calculated using Equations (5) and (6), respectively.

o (TP .
Precision(%) = (TP n FP> x 100% 5)
o, — TP O,
Recall( /0) = (TP+FN> x 100% (6)

3. Results

Machine-learning models have a wide range of hyperparameters. In order to train a
CNN for accurate image classification, many hyperparameters must be adjusted, which
can affect the network performance [63]. In this study, the hyperparameters have been
tuned and a batch size of 16 was considered. A stochastic gradient descent (SGD) [64]
optimizer with a learning rate of 0.0005 and 160 iterations were used during training.
Dust-storm pathway prediction was trained using the Tversky loss function [65]. The test
data, which were not involved in the training process, were used to prove the efficiency of
the model. The loss function values for the training and validation data over 200 epochs
are shown in Figure 5. The dynamics of a learning curve can be used to diagnose the
behavior of a machine-learning model. As shown in Figure 5, the loss function exhibits a
decreasing trend, indicating the positive performance of the model. The Tversky validation
and training loss drastically decreased throughout the first epochs but gradually decreased
between the 80th and 160th iterations. Normally, there is a gap between the training and
validation loss learning curves. In an ideal fit, the plot of the validation loss decreases to a
point of stability and exhibits a small gap with the training loss [66].

Relevant contextual information was selected using the RFFI. This information has
a major impact on dust-storm occurrence and movement, which can contribute to im-
proving prediction accuracy. Figure 6 shows the results of the RFFL. The 10-m and 50-m
above-ground wind directions had the least influence on our prediction; therefore, they
were excluded from the prediction process. Relative humidity, surface air temperature,
surface wind direction, surface skin temperature, and surface wind speed had the most
influence on the dust-storm pathway and were considered in the prediction (it should
be noted that the U and V wind components were combined into single wind vectors in
this analysis).

In order to examine the impact of geographic-context information on dust-storm
prediction, the CNN model was trained with and without the context information (relative
humidity, surface air temperature, surface wind direction, surface skin temperature, and
surface wind speed). Confusion matrices were generated to evaluate the classification
accuracy. Figure 7 shows a summary of the prediction results for t + 6, t + 12, t + 18, and
t + 24 h when only spatial data (i.e., raw AOD data) were considered. The confusion matrix
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shows that a high percentage of pixels are located along the diagonals. On average, more
than 92% and 97% of pixels are correctly labeled as dust and non-dust, respectively. It
should be noted that the prediction accuracy of the model is almost constant for every hour

up to 24 h.
= Train
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4.0 1
3.5 1
72}
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Figure 5. Training and validation loss over 200 epochs.
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Figure 6. Feature importance values (based on MDI)).
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Figure 7. Confusion matrices based on only spatial data for 6, 12, 18, and 24 h.

Figure 8 shows the confusion matrices of the prediction model for t + 6, t + 12, t + 18,
and t + 24 h after adding contextual information to the model. It can be observed that the
number of pixels that are correctly labeled as dust increases; however, the number of pixels
that are correctly labeled as not dust remains almost constant. This confirms the positive
role of the geographic context in dust-storm pathway prediction.

Dust 95.07% 4.93% 94.40% 5.60% 94.84% 94.54% 5.46%

Not Dust

97.63% 2.38% 97.62% 97.59%

Dust Not Dust Dust Not Dust Dust Not Dust Dust Not Dust

| | | 1
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| | | |
% % % % >
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Figure 8. Confusion matrices based on spatial data and geographic-context information for 6, 12, 18,
and 24 h.

The performance of the proposed CNN model for dust-storm transport pathway
prediction is evaluated using the overall accuracy, kappa coefficient, and F1 score measures
obtained from the confusion matrices. Figure 9 shows these metrics for t + 6, t + 12, t + 18,
and t + 24 h when geographic information was considered. The overall accuracy, kappa
coefficient, and F1 score had acceptable values for all anticipated hours. The performance of
the CNN model was evaluated by the closeness of these values to 1. An overall accuracy of
0 indicates that the classifier always predicts incorrectly, whereas an accuracy of 1 indicates
that it always predicts the correct label. For t + 6, t + 12, t + 18, and t + 24 h, the overall
accuracies were 0.9746, 0.975, 0.9751, and 0.9699, respectively, which were close to 1. The
highest possible value of the F1 score is 1, indicating perfect precision and recall, and
the lowest possible value is 0 if either precision or recall is 0. An F1 score of 1 indicates
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0.7497

0.7369

that the model correctly identifies all positive instances and does not produce any false
positives or false negatives. The F1 scores of the model for the anticipated hours were 0.7497,
0.7525, 0.7476, and 0.6769, respectively, indicating the model’s promising performance. A
kappa coefficient of 1 indicates perfect agreement between the two measures. The kappa
coefficients of the model for the anticipated hours were measured as 0.7369, 0.77, 0.7351,
and 0.6625, respectively, which means there was a substantial level of agreement between
the predicted and actual values and the results were reliable and consistent.
B Overal accuracy MF1 Score ® Kappa coetficient
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Figure 9. Evaluation indices for the next 6, 12, 18, and 24 h.

The predicted and actual shapes of a sample dust storm in Pakistan (that exists in our
test dataset) at the 1st, 6th, 12th, 18th, and 24th hour are shown in Figure 10 as an example.

The predicted pathway of dust storms indicates which cities in the study area are
more susceptible to dust storms’ impact and require enhanced preparation and mitigation
measures. Figure 11 shows the susceptibility of cities in the study area to dust storms
(produced according to the prediction based on the dust storm records in our test dataset)
originated in Pakistan and Turkmenistan. By executing the 24-h prediction for the dust
storms in the test dataset and computing the frequency of storm hours that each city may
experience, the susceptibility of cities to dust storms was calculated. In this case study, our
focus was only on cities with a population exceeding 50,000 (i.e., major cities) situated along
the predicted pathway of dust storms. The map illustrates these cities using red circles for
those expected to be affected by dust storms originating in Pakistan and blue circles for
those expected to be affected by dust storms originating in Turkmenistan. The size of each
circle represents the frequency of storm hours that the respective city may experience.
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Predicted (t time-step) Actual (t time-step)

EE

Predicted (t+6 time-step)  Actual (t+6 time-step)

Predicted (t+18 time-step) Actual (t+18 time-step)

Predicted (t+24 time-step) Actual (t+24 time-step)

Figure 10. Predicted and actual results for a sample dust storm in Pakistan at the 1st, 6th, 12th,
18th, and 24th hour (dust storm pixels were shown in white and not dust storm pixels were shown
in black).
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Figure 11. Dust storm susceptibility map for the major cities in the case study based on 24-h prediction
(produced according to the prediction based on the test dataset).

4. Discussion

The proposed CNN model has several strengths, which make it a promising tool for
predicting dust storms. One of its most significant advantages is the ability to predict dust
storms on an hourly basis, as well as to extract a pathway with promising quality for the
following 24 h. The computed performance metrics indicate that the model predictions
are not only considerably accurate but also reliable, with a substantial level of agreement
between the predicted and observed values. It should be noted that this level of accuracy
was achieved despite the model using only one previous time step for prediction. However,
the model’s performance deteriorates when attempting to increase the prediction time
because this exceeds the model’s complexity and parameters. The contribution of the model
in predicting dust storms can be attributed to its ability to extract multiscale features. This
is particularly important given the wide range of storm sizes in the data, as the model can
extract the relevant features for each size. Despite these strengths, the proposed model
has several limitations. The CNN model used in this study required a large amount of
computational power to train. In addition, because the CNN model lacks a memory cell, it
cannot store historical data for an extended period, making it impossible to use the previous
storm hours for more accurate predictions.

From the dataset perspective, the spatial resolution of 0.5° x 0.625° of MERRA-2 may
reduce the prediction accuracy. The MERRA-2 dataset is based on numerical weather
prediction models, which may not fully capture all aspects of the real atmosphere. Despite
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these limitations, it has a high temporal resolution of 1 h, allowing for hourly prediction of
dust storms. Moreover, MERRA-2 provides data from 1980 to the present, which makes
long-term analysis possible.

Previous studies on predicting the movement of dust storms have primarily utilized
trajectory analysis approaches and the NOAA HYSPLIT model dataset. However, in this
study, a CNN model based on the MERRA-2 dataset was employed. Previous results have
indicated that the differences between the predicted and actual transport distances using
the HYSPLIT model after 24 h fall within a range of 10% to 20% [67], and the accuracy of
the model was primarily dependent on the quality of the meteorological data used. In
contrast, our approach yielded better results and was less dependent on the meteorological
data. However, the HYSPLIT model simplifies the emission characteristics of dust storms
to increase computational efficiency. This model assumes a single point or small area as the
origin of dust. By adopting this approach, the model can estimate the overall impact of
dust storms on the atmosphere by treating the emissions originating from a single point,
instead of modeling the entire dust storm as a complex and distributed source.

The effectiveness of the CNN method in predicting processes has been established in
other applications, such as wildfire-spread and oil-spill modeling. In a similar study, a CNN
model was used to predict the occurrence of a dust storm, achieving an overall accuracy
of 0.883 [68]. These results support the effectiveness of the CNN model in predicting dust
storms and suggest its potential use in other applications.

5. Conclusions

This study aimed to develop an accurate spatiotemporal model for dust-storm trans-
port pathway prediction. In this regard, a hybrid CNN model that enabled the prediction
of the hourly transport pathway of dust storms was developed. The model utilized raw
MERRA-2 AOD data and various geographic-context information, including relative hu-
midity, surface air temperature, surface wind direction, surface skin temperature, and
surface wind speed, and labeled storm images as inputs. The CNN model extracted high-
level features and contributed to the learning of dust-storm patterns. The results of the
proposed CNN-based model showed a promising predictive power for prediction of the
transport pathway of dust storms for up to 24 h in the selected study area. It was found that
considering geographic information can improve the prediction accuracy. Compared with
other available datasets, the MERRA-2 dataset has a high temporal resolution of one hour
and global coverage, which enabled us to predict dust-storm pathways hourly. However,
the CNN model did not have a memory cell, making it impossible to use the history of the
storm to predict the subsequent hours. This limitation can be addressed using deep-learning
methods with memory, such as LSTM, which can learn long-term dependencies between
time steps and lead to more accurate results. The development of a hybrid CNN-LSTM
model for dust-storm prediction is a promising topic for future research. This model can
benefit from CNNs’ feature-extraction abilities and LSTMs’ long-term dependency learning
characteristics.
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