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Abstract: Accurate prediction of air temperature is of great significance to outdoor activities and daily
life. However, it is important and more challenging to predict air temperature in complex terrain areas
because of prevailing mountain and valley winds and variable wind directions. The main innovation
of this paper is to propose a regional temperature prediction method based on deep spatiotemporal
networks, designing a spatiotemporal information processing module to align temperature data with
regional grid points and further transforming temperature time series data into image sequences.
Long Short-Term Memory network is constructed on the images to extract the depth features of
the data to train the model. The experiments demonstrate that the deep learning prediction model
containing the spatiotemporal information processing module and the deep learning prediction
module is fully feasible in short-term regional temperature prediction. The comparison experiments
show that the model proposed in this paper has better prediction results for classical models, such
as convolutional neural networks and LSTM networks. The experimental conclusion shows that
the method proposed in this paper can predict the distribution and change trend of temperature
in the next 3 h and the next 6 h on a regional scale. The experimental result RMSE reached 0.63,
showing high stability and accuracy. The model provides a new method for local regional temperature
prediction, which can support the planning of production and life in advance and tend to save energy
and reduce consumption.

Keywords: deep neural networks; air temperature prediction; deep learning; time series; spatiotem-
poral networks; complex terrain

1. Introduction

At present, domestic and international meteorological forecasts mainly include air
temperature and humidity [1,2], rainfall, wind direction and wind force [3-7], solar radia-
tion [8], pollution index [9,10], etc. Meteorological forecasting is an essential part of daily
life. As we all know, air temperature prediction has always been a key factor in meteo-
rological forecasts. It affects crop production [11], solar energy, wind power generation
and outdoor production and construction. In addition, air temperature is closely related to
evaporation and rainfall [12], which are critical to hydropower stations and agricultural
activities.

With the continuous development of information processing, data monitoring and
other technologies, while the meteorological ground observation sites continue to expand,
the accuracy and diversity of meteorological data monitored by meteorological sites have
been greatly improved [13,14]. This has put forward higher requirements for the analysis
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and processing technology of meteorological data. Short-time regional microclimate predic-
tion will become the development direction of future weather forecasting [15]. Especially
in recent years, with the global trend of frequent extreme heat weather disasters on a
large scale, short-term air temperature forecasting has an increasing impact on daily life
travel, outdoor activities held, energy consumption planning, tourism planning, transporta-
tion and agriculture, making air temperature prediction more important. Moreover, in
construction and HVAC (Heating, Ventilation and Air Conditioning) design, outdoor air
temperature has a large impact on the performance of HVAC systems, which typically
account for more than 50% of the total building energy consumption [16]. Accurate short-
term regional air temperature prediction can help to develop global optimal control settings
for heating, ventilation and air conditioning systems in buildings. Studying outdoor air
temperature prediction algorithms allows estimating the load on the air conditioning
system in the building energy management system in advance and using optimization
techniques to reduce the energy consumption of the system. In the summer months, when
outdoor temperatures are high, the reduction in energy consumption of the air conditioning
system can greatly improve the energy-saving potential of the building. Therefore, accurate
prediction of ambient air temperature’s is a critical task. However, it is still difficult to
meet the demand for real-time weather forecasting on small and medium scales with the
current stage of weather forecasting models. For example, in scenarios such as hydropower
plants and outdoor operational construction in specific areas, researchers lack an effective
means to make regional weather forecasts in a specific range, although they can obtain
real-time monitoring data from a large number of meteorological stations [17]. They usually
make estimates in combination with larger-scale meteorological forecasts, which are highly
subjective and difficult to achieve with higher forecasting standards [18]. In addition,
in specific environments, such as outdoor construction work activities, air temperature
forecasts are even life-saving. Moreover, large equipment such as hydropower stations are
generally built on areas with special terrain such as the wilderness, with complex terrain,
high and low ground undulations and variable temperatures, making it more difficult for
short-term air temperature prediction.

In recent years, there has been a great deal of research on air temperature prediction.
Many new methods have been proposed by researchers both at home and abroad. It
can be roughly divided into two categories: one is the traditional weather forecasting
model, which relies on large-scale numerical model calculations and requires the input of
a large amount of regional historical data, combines with dynamical and hydrodynamic
equations for intensive calculations to deduce future meteorological parameters for large
regions, including wind speed and air temperature [19]. Traditional weather forecasting
models include linear models, Autoregressive integrated moving average models (ARIMA),
etc. [20]. Hinke et al. [21] came out with vectors to represent spatial data, mapping the
relationship between data in different spaces into vector relationships; Wan et al. [22]
used two statistical methods, stepwise regression and logistic regression. Dimri et al. [23]
used seasonal ARIMA to fit a univariate model of temperature. Tan [24] chose seasonal
indices and ARIMA models to fit forecasts into the series. Although the traditional weather
forecasting model’s are easy to fit the data, they have high input data requirements, a huge
number of parameters, and high computational costs, and the results are approximate
forecasts over a wide area, which cannot be adapted to short-time accurate forecasts for
local areas.

Air temperature prediction is a typical time series prediction problem. Deep learning
has been widely used for nonlinear time series prediction tasks, as opposed to traditional
numerical models for predicting environmental temperatures [25]. Compared to statistical
learning models, deep learning methods for predicting ocean surface temperatures can
well characterize complex features in the data and the variation of features over time series.
Therefore, with the help of advanced meteorological prediction models, a high-accuracy
air temperature prediction model is established for regional air temperature prediction by
combining meteorological prediction data from regional-scale meteorological observation
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sites to obtain accurate regional air temperature forecast data, which is then applied to short-
time small-scale high-precision air temperature prediction in specific regions to improve
the accuracy of regional microclimate prediction and provide technical support for regional
production and life disaster warning.

Therefore, another class of approaches is data-driven models, which include random
forests [26] and neural network methods with multiple hidden layers. In 2015, Shi et al.
transformed precipitation proximity forecasting into a spatiotemporal sequence prediction
problem and proposed the ConvLSTM model. This model extends the LSTM by making
the input-to-state and state-to-state transitions with a convolutional structure, which not
only establishes the time-series relationship like the LSTM but also portrays local spatial
features like convolutional layers [16]. In 2016, Mathew et al. [27] used a 10-year linear
time series (LTS) model to predict future surface temperatures, with mean absolute error
(MAE) ranging from 0.292 to 0.353. In 2019, Wei et al. used artificial neural networks
(ANNSs) and multilayer perceptrons (MLPs) to predict sea surface temperatures [28]. In
Dong et al. [29] or Xiaoyun et al. [30], the authors applied recurrent neural networks to
predict temperature, wind speed or radiation. Better air temperature forecasting raises the
need for accurate estimates of estimated wind and solar power generation. Even small
improvements in prediction accuracy can help improve power plant scheduling and reduce
costs. In addition, Zheng et al. [9] proposed a hybrid prediction method that combines the
time prediction method based on linear regression with the spatial prediction method based
on an artificial neural network to realize the prediction of pollutant concentration. Zhang
et al. [10] proposed a parallel random forest algorithm to model air quality predictions.
Gao et al. [11] verified the feasibility of using the neural network model to predict the
concentration of atmospheric pollutants, but only 6 meteorological characteristics and time
variables were used. Dai et al. [31] proposed a hybrid model combining XGBoost, four
GARCH models and MLP models (XGBoost-MLP) to predict PM2.5 concentrations. They
also proposed an ODMSCNN-LSTM air pollutant concentration prediction model based
on a case study in Xi'an, China, using spatiotemporal features [32]. Although the above
methods have made some progress, they all have some limitations, especially those not
suitable for handling large amounts of data, and they have relatively low training efficiency
and a lack of temporal features for deep mining.

In summary, traditional weather forecasting models rely on a large number of pa-
rameter inputs and complex equation operations to derive large-scale weather evolution
trends, which are further analyzed and refined to regions to form forecasts. Although
the prediction method of the data model uses a large number of real-time observation
data and the complex model also carries out a huge amount of engineering calculation,
the essence of the analysis method of the data is to rely on the artificial construction of
the engineering calculation paradigm. In contrast, neural network forecasting research
focuses on data-driven, in which the models are built based on observed data, trained to
automatically acquire parameters and features, and parameters are automatically learned
and adjusted during the model training process, making neural network models flexible
and efficient for small area-wide or small-scale application scenarios.

All of the above studies have their advantages. All of them predicted the trend
of meteorological elements. However, areas such as hydroelectric power stations, field
engineering construction areas or canyons do not achieve good prediction accuracy of
temperature on a large coarse-grained scale due to the special terrain. Moreover, the use
scenarios are relatively limited and few studies have been conducted in this area. General
machine learning does not have enough local area data samples, and the models built are
not suitable for air temperature prediction in specific areas. There are models with better
generalization ability, but regional matching is insufficient and does not take into account
factors such as local altitude topographic differences.

Therefore, in our study, based on the highly coupled sites in the target area range,
the location features are fully integrated, and multifactor fusion is considered to assist in
modeling, making full use of the learning ability of the ST-Net (Spatiotemporal prediction
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network) model in extracting features in a specific domain, strengthening the correlation of
data from highly correlated sites, and using data from a small number of sites for regional
short-time air temperature prediction. The scheme can extract common abstract features
from sites in close proximity to the location, integrate altitude, light and other factors,
and model temporal data to form a model with stronger adaptability and generalization
capability. Then, the parameters of the model were adjusted in batches according to
different regional types to fine-tune the model to adapt to different target regions without
overfitting. A prediction model with robustness is obtained to obtain better prediction
results and solve the problem of insufficient air temperature data in local areas.
There are four main highlight works in our study, which are as follows:

1.  The paper, ST-Net model is constructed to predict the air temperature in the next
1-6 h according to the nonlinear characteristics of the observed data in the short-term
time series of the region. The model is based on ConvLSTM to construct a prediction
model of regional temperature, using a multilayer convolutional neural network to
extract complex features of images combined with LSTM to learn time series features.

2. The paper proposes a spatiotemporal information processing module to interpolate
the observation data of discrete air temperature monitoring stations distributed point-
wise in geographic space into temperature images by gridding, transforming them
into image sequences by time series, and then using the deep spatiotemporal network
to predict the temperature.

3. The paper solves the problem of air temperature prediction under small sample data
in local areas, and the proposed model can achieve more accurate air temperature
prediction by using only a small number of historical observation data from local
stations.

4. The sample data of this study are based on the area where Baihetan Hydropower
Station is located. The prediction model proposed in this paper has been practically
applied in the scenarios of hydropower station construction and construction, as well
as in operation and peaking power generation, which has been tested in practice and
engineering applications. It has realized a good economic and social value.

In the next section, Section 1 introduces the construction process and working principle
of the ST-Net model and describes the overall structure of the deep learning network;
Section 2 focuses on the data model of the key parts of the model, which can fully exploit
the abstract features in the time series. Section 3 summarizes the results and research
progress of the experiments, the experimental process and strategies, and introduces the
attention mechanism module of the model. Section 4 synthesizes the model evaluation and
provides a comparative analysis of the results. Three sets of experiments are specifically
analyzed and compared with the classical neural network baseline model. The comparison
shows that the ST-Net model approach predicts the good stability of the results. Section 5 is
the conclusion section, which summarizes the analysis of the results of the experiments. The
results provide constructive support for hydropower stations and regional construction.

2. Materials and Methods
2.1. Meteorological Data Acquisition and Pre-Processing

This paper takes the dam area of Baihetan Hydropower Station as the study area.
Baihetan Hydropower Station is located at the junction of Dazhai Town, Qiaojia County,
Yunnan Province, China and Liucheng Town, Ningnan County, Liangshan Yi Autonomous
Prefecture, Sichuan Province, China. It is 75 km from Ningnan County. Baihetan Hy-
dropower Station is the second of the four hydropower steps in the lower reaches of Jinsha
River—Wudongde, Baihetan, Xiluodu and Xiangjiaba (Figure 1), about 41 km upstream
from Qiaojia County and 182 km from Wudongde Dam Site; about 195 km downstream
from Xiluodu Hydropower Station and about 380 km from Yibin City river mileage. The
dam site controls a watershed area of 430,300 square km, accounting for 91% of the water-
shed area above the Jinsha River.
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Yanyuan County

Figure 1. Geographical Location of Hydropower Station.

The ground meteorological data used are from 10 meteorological monitoring stations
distributed in the area. The meteorological data in the area, including air pressure, air
temperature and wind speed, are collected by hour.

The air temperature dataset was obtained from 10 meteorological monitoring stations
within the study area for a total of approximately 30 months of hourly air temperature
observations from 2018 to 2020, including hourly mean air temperature, minimum air
temperature, maximum air temperature, average air temperature, location (longitude and
latitude) and time stamp for a total of 220,429 entries. Some sample data are shown in
Table 1.

Table 1. Site Data Table.

Datetime Temlilrgture Wind Two-Wind Two-Wind Humidity Pressure (pa)
©C) Direction Speed (m/s) Direction (% rh)
2018/6/2 1:00 24.5 345 4.8 340 43 965
2018/6/2 2:00 214 247 3.6 253 32 966
2018/6/2 3:00 20.3 350 6.5 356 36 965
2018/6/2 4:00 19.5 305 5.6 308 31 967
2018/6/2 5:00 20.1 334 6.2 336 31 966
2018/6/2 6:00 19.9 301 6.4 303 31 965
2018/6/2 7:00 19.8 298 5.6 295 33 965
2018/6/2 8:00 19.5 260 43 266 33 965
2018/6/2 9:00 19.7 192 41 196 32 965
2018/6/210:00 20.8 208 3.8 210 38 967

Figure 2 shows the variation of the hourly mean air temperature across the study area
during the study period, with the lowest occurring in winter (29 December 2018 19:00),
while the highest level was obtained in summer (18 July 2018 18:00).



Atmosphere 2022, 13, 1948

6 of 20

SELLILLLLLL LSS S S S
o kb.“ck\"o\bb*cc\c\

PSS S $

Q-
o

0

RSN\
\o \©o \o \»o \o, K\ \o
.\ N\ >
ANPENERN @ Q\

o
O Al @' O Q' .\

N v
Q' O

¥ 0.
o,
0 _ O.
o
o
7 0
o.
//'0
o
o
o
o
0
0
0
0

/9

o
N \ N
D D 2 o)) ARCIRCINGY ANANIA
D D TS D S o S S ,Q\Q\ S o W@' VoV o ¥

v

Figure 2. Regional Average Air Temperature Change Chart.

2.2. Spatiotemporal Information Processing Module

The purpose of air temperature forecasting is to use air temperature change data
from past time periods to forecast air temperature changes in future time periods. The
air temperature monitoring stations in the region are distributed in the form of points.
The monitoring data of individual stations represent the air temperature conditions at
the locations of the stations. Previous studies have focused on the prediction of a single
location, but in order to predict the air temperature change of the whole region at the
same time, this paper first gridded the whole region, and then the point distribution of
the monitoring station is mapped into a graph series by a spatial interpolation algorithm.
In this way, we can use the historical graph series to predict the future graph series, thus
achieving the regional temperature prediction task. First, the spatiotemporal information
processing module proposed in this paper is introduced.

2.2.1. Regional Gridding

Traditionally, air temperature prediction methods are oriented toward a single location,
which makes it difficult to solve the demand for regional air temperature prediction. In
reality, weather monitoring stations are distributed in various locations in the region. In this
paper, we first use GIS technology to vectorize the region to obtain a regional vector map
and to project all weather monitoring stations to the corresponding locations in the regional
vector map based on geographic coordinates. Then, grid the whole region and assign the
information of all stations to the corresponding grids. The spatiotemporal map is defined
to map the monitoring data of all stations into a unified spatiotemporal feature space.
Finally, the single location-oriented prediction form is converted into a region-oriented
spatiotemporal sequence prediction form.

The distribution of each meteorological monitoring station in the region is distributed
as a point distribution. This point distribution needs to be converted into a graphical form
to represent the global distribution of air temperature in space. After obtaining the regional
vector map using GIS technology, we divided the map into M x N girds according to the
area size and the number of stations. We obtained 11 x 11 grids of size 500 m x 500 m. For
each monitoring station and its monitoring value, we correspond to the grid in the map
according to its latitude and longitude. For those grids corresponding to multiple stations,
the average of multiple stations is taken as the final allocation to the grid.

For a regional grid map, it represents the air temperature distribution of the whole
region at a given time t, which is defined as a two-dimensional matrix of size M x N. For
consecutive time nodes T = (t1, ..., fp, ..., ty), the air temperature of the whole region
changes over time. Therefore, the combination of graphs in the time nodes T can represent
the spatial-temporal changes of air temperature in the whole region, which is defined as the
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collection R with the size of (M x N) x T. Figure 3 shows the overall process of constructing
the spatiotemporal graph series.

time(T)
.............. >
-« Samp‘]e]’nintg o : :2 22 22 2 i ?
Al l'// 4 o
Meteorological monitoring Two-dimensional matrix Time and space map
stations (M xN) collection R(M x N ) xT)

Figure 3. Spatiotemporal graph construction process.

2.2.2. Spatial Data Interpolation

For blank grids where air temperature monitoring values do not exist in the figure,
they need to be data-populated using existing data to represent the approximate distri-
bution of air temperature in space in this region, which is necessary for the subsequent
use of deep spatiotemporal networks to capture the complete spatial variation process
of temperature. Here, we use a spatial interpolation model to convert the existing air
temperature monitoring values at the station to the actual observations approximated by
these grids (for blank grids that are not in the region range, no interpolation is done to fill
in with zeros), for which our core assumption is that, for any given grid, its air temperature
is spatially closely related to its neighboring regions.

2.2.3. Classification of Spatial Interpolation Algorithms

Depending on the number of reference points used for estimation, the existing spatial
data interpolation methods can be divided into global and local fitting methods, where
the former uses the values of all existing reference points to estimate the value of the
interpolation point, while the latter uses the partial values of the adjacent sample points to
estimate the value of the interpolation point. In addition, existing interpolation methods for
spatial data can be divided into exact and inexact interpolation methods. For interpolation
points with known values, the exact interpolation method interpolates the same value
at that point as the actual value at that point, while the inexact interpolation method
does not guarantee the same. The spatial interpolation methods can also be divided
into deterministic and stochastic according to whether the interpolation algorithm itself
provides an error-checking model. Based on the above theory, the existing interpolation
algorithms are classified and summarized in this paper, as shown in Table 2.

Table 2. Classification of spatial data interpolation methods.

Global Fitting Method Local Fitting Method
deterministic stochastic deterministic stochastic
Trend surface Regression Inverse %ﬁ;jsr;f (vg fﬁ;t (exact) Kriging (exact)
(non-exact) (non-exact) 8Ng

Spline interpolation (exact)
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2.2.4. Principle of Inverse Distance Weight Interpolation

In this paper, we take the Inverse Distance Weight as an example here to illustrate the
process of spatial data interpolation. Inverse Distance Weight interpolation, namely IDW,
can also be called the distance inverse multiplication method. This means that the distance
inverse multiplication square grid method is a weighted average interpolation method that
can be interpolated in an exact or rounded way. The square parameter controls how the
weight coefficient decreases with increasing distance from a gridded node. For a larger
square, the closer data points are given a higher share of the weights, and for a smaller
square, the weights are distributed more evenly across the data points.

IDW interpolation explicitly verifies the assumption that things that are closer to
each other are more similar than things that are farther away from each other. When
predicting values for any unmeasured location, the inverse distance weighting method uses
measurements around the predicted location. The measurements closest to the predicted
location have a greater influence on the predicted value than the measurements farther
away from the predicted location. The inverse distance weighting method assumes that
each measurement has a local influence that decreases with distance. Since this method
assigns a larger weight to the point closest to the predicted location, while the weight
decreases as a function of distance, it is called inverse Distance Weight. IDW follows the
first law of geography that everything is related to everything else, but nearer things are
more related than far things, and because of the use of weights, its interpolation for regional
ranges does not produce incomprehensible or uninterpretable interpolation results. Its
algorithm is defined as shown in Equation (1).

i/y L M
L

=

m
z=y
i=1

1

N

where Z is the interpolation result of the target grid, m is the number of sample points,
and Z; is the ith (i =1, 2, ..., m) actual values of the sample points, n is the weight of
the distance, and d; is the distance from the ith sample point to the target grid, which is
calculated as shown in Equation (2).

di = \/(xi —xa)"+ (yi — ya)? 2

where x;, y; are the spatial coordinates of the i sample point, x4, y4 are the spatial coordinates
of the target grid.

2.2.5. Inverse Distance Weight Interpolation Process

Since things that are close to each other are more similar than things that are far away
from each other, the relationship between the measured values and the predicted values
will become less and less close as the distance between locations increases. To shorten
the computation time, distant data points that have little impact on the prediction can
be excluded (black points). Therefore, it is a common method to limit the number of
measurements by specifying the search neighborhood. The shape of the neighborhood
limits the search distance and the search location of the measurements to be used in the
prediction. Other neighborhood parameters limit the locations that will be used in the
shape. As shown in Figure 4, the orange circle has adjacent points, five measurement points
(adjacent points, such as red points) are used when predicting values for locations with no
measurements (orange points).

The blue point A is the interpolation point, and the other points are the sample points.
Suppose there are a number of sample points within the fixed search radius of interpolation
point A. For the interpolation point and the sample points, their own corresponding X, Y
matrix coordinates on the grid matrix, as shown in the example in Figure 5.
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Figure 4. Diagram of the IDW search field.
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Figure 5. Schematic diagram of IDW interpolation.

Based on the principle of the IDW algorithm, the execution steps of IDW grid interpo-

lation in this paper are as follows.

)

@
®)
4)

©)
(6)

Input the values of all sample points and the grid matrix coordinates (X, Y) where
they are located.

Determine the grid matrix coordinates of interpolation point A.

Determine the maximum search radius and the maximum number of sample points.
Search for the sample point P; within the search radius. The distance d; between the
ith sample point P; and interpolation point A is calculated according to Equation (2).
Calculates the estimated value Z of interpolation point A according to Equation (1).
Repeat steps (2), (3), (4), and (5) to find the values of all interpolated points.

2.3. Deep Spatiotemporal Prediction Module
2.3.1. Deep Spatiotemporal Prediction Model

The purpose of regional air temperature prediction is to input the historical air temper-

ature graph series X (k=0,1,...,t — 1) to predict the future time air temperature graph
series X;, which represents the regional scale air temperature prediction results. At the
same time, in reality, people are not only concerned about how the air temperature changes
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at a single time point in the recent future but also about the air temperature conditions
at multiple time points in the future, which requires the construction of a model with
a multi-step spatiotemporal prediction capability to effectively extract the spatiotempo-
ral information and produce prediction results for multiple future time points. In this
paper, a model design study is carried out based on deep learning technology. A deep
spatiotemporal network prediction model is constructed to capture the complex nonlinear
spatiotemporal information in the air temperature graph series to obtain the final short-term
air temperature multi-step prediction results.

2.3.2. Long Short-Term Memory

Long Short-Term Memory (LSTM) is a recurrent neural network that solves the gradi-
ent explosion problem of traditional recurrent neural networks. Hua and Zhao et al. [33]
proposed deep learning with long short-term memory for time series prediction. It solves
the long-term dependence problem and reduces computational costs. Due to its unique
structure, it is widely used to predict events with long intervals and time delays in time
series. LSTM introduces the concept of “gates” to selectively let information pass through,
which include forgetting gates, input gates and output gates. The LSTM unit has three
inputs at time ¢, the input value x; of the network at the current moment, the output value
hy _ 1 of the unit at the previous moment, and the state ¢; _ 1 of the unit at the previous
moment. The LSTM unit has two outputs at time ¢, the output value h; at the current
moment, and the state ¢; of the unit at the current moment. The forward propagation
process of the LSTM network to process the input x; and finally generate the output ; can
be divided into six steps, as follows.

fr = U(With + Wephi—q + bf) 3)
it = o (Wiixt + Wiphy—1 + b;) 4)
ct = 0(Wiext + Wephy 1 + be) (5)

et = frci1 tirc (6)
or = o(Wipxt + Wopht—1 + bo) @)
ht = op-tanh(cy) 8)

Equations (3)—(8) distributions calculate the forgetting gate f;, the input gate i;, the new
information ¢; of the writing unit, the output gate o;, and the short-time output vector /; of
the unit. Where Wy, W;;, Wi, and Wj, distributions are the weight matrices of the current
input multiplied by the forgetting gate, the input gate, the new information c; of the writing
unit, and the output gate, respectively. Wﬂ,, Win, W, and Wy, are the weight matrices of
the last output multiplied by the forgetting gate, the input gate, the new information of the
writing unit, and the output gate, respectively. bf, b;, bc, and b, are the corresponding bias
terms, and ¢ is the sigmoid function.

The main drawback of LSTM processing spatiotemporal data is that the input one-
dimensional vector must be expanded before processing. Thus, all spatial information is
lost during processing. Therefore, it is difficult for the traditional LSTM network to solve
the spatiotemporal prediction problem of regional temperature.

2.3.3. Convolutional Long Short-Term Memory

Convolutional Long Short-Term Memory (ConvLSTM) is an extension of the currently
popular Long Short-Term Memory (LSTM) network, with the goal of overcoming the short-
comings of LSTM when dealing with spatiotemporal data. Specifically, in the ConvLSTM
network, the fully connected gates of the LSTM module are replaced by convolutional gates
to encode spatiotemporal features. Following the conventional representation, let X;, Hy, ¢t
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and y; denote the input, hidden state, cell state and output of the ConvLSTM network at
moment ¢, respectively. The equations describing the ConvLSTM are as follows.

Zi = U'(Wxi X Xp+ Wi X Hp—1 + Wep x Crq + Bi) ©)
Z'tf = U(fo X Xt + th X Ht_] + ch X Ct—l + Bf) (10)
C = th X Cp_q + Zi x tanh(Wj,. x Hy_1 + Bc) (11)
Y; = O'(ny x X; + Why X Hi_1 + ch x Ct + B]/) (12)
H; =Y; x tanh(Cy) (13)

where, W and b are trainable parameters whose sizes match the corresponding tensor. All
gate activations and hidden states in ConvLSTM are three-dimensional tensors that can
handle both temporal and spatial information. The vectors in the traditional LSTM lose
natural spatial information and can only handle the temporal dimension. Therefore, this
paper is based on ConvLSTM to construct a prediction model of regional temperature.

2.3.4. Model Structure

ConvLSTM is a structure that combines CNN and LSTM, which uses CNN to capture
spatial features in multidimensional data and uses LSTM for time-series prediction model-
ing. Therefore, ConvLSTM can not only extract spatial features but also temporal features.
In this paper, a deep spatiotemporal network model, ST-Net, is designed for regional
air temperature prediction based on the ConvLSTM structure. The attention mechanism
module CBAM (Convolutional Block Attention Module) is added to improve the prediction
capability of the model for extreme air temperature cases. The model structure of ST-Net is
shown in Figure 6.

v

time(T)
Temperature actual observation
series XD

spatial
interpolation
model
Refine
feature
............. >
time(T) time(T)
Temperature monitoring sequence X Temperature forecast results X;

Figure 6. Structure of the ST-Net model.
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2.3.5. Attention Module CBAM

An important property of the human visual system is that people do not try to process
the entire scene they see at the same time. Instead, to better capture visual structure,
humans use a series of local glimpses that selectively focus on salient parts. In recent years,
there have been attempts to introduce attention mechanisms into convolutional neural
networks to focus on salient parts of an image to improve their performance in computer
vision tasks.

Corresponding to the task of spatiotemporal prediction of regional temperatures,
the attention mechanism can be used to better capture extreme variations in regional
temperatures. Such as low or high temperatures, especially for extreme high temperatures,
which is important to guide realistic production activities. In this paper, the attention
mechanism is introduced into the prediction model to forecast extreme temperatures more
effectively.

2.3.6. Overall Structure of CBAM

The Convolutional Block Attention Module (CBAM) is a lightweight module that
combines channel attention and spatial attention, which, like SENet, can be embedded in
almost any CNN network to dramatically improve model performance while bringing a
small amount of computation and a number of parameters. The overall structure of the
CBAM module is shown in Figure 7.

:— Channel : : !
I Attention ! : Spatial :
—»  Module - | Attention :
! : Module :

[

=9

Refinde Feature
Input Feature

Convolutional Block Attention Module

Figure 7. CBAM module structure.

2.3.7. Channel Attention

Channel attention focuses on “what” is meaningful to the input image. Its principle
structure is shown in Figure 8. In order to efficiently compute channel attention, the spatial
dimension of the input feature map needs to be compressed. For the aggregation of spatial
information, the common method is average pooling. However, it has been suggested that
maximum pooling collects another important clue about unique object features that can
infer attention on finer channels. Therefore, the average pooling and maximum pooling
features are used simultaneously.

Mc(F) = o(MLP(AvgPool(F)) + MLP(MaxPool (F))) = (W (Wo (Fug ) ) + Wi (Wo (i) ) (14)

avg

ch,g and F¢;,,x in Equation (14) denote the average pooling feature and the maximum
pooling feature, respectively. These two descriptors are then forwarded to a shared network
to produce our channel attention graph M.. The shared network consists of a multilayer
perceptron (MLP) with an implicit layer. To reduce the parameter overhead, the activation
size of the hidden layer is set to R/C = r x 1 x 1, where R is the descent rate. After
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applying the shared network to each descriptor, the output feature vectors are combined
using element-wise summation. ¢ denotes the sigmoid function. M.(F) is element-wise
multiplied by F to obtain F'.

MaxPool

B ¢ | ’ 9

AvgPool <E}E>
fg —

B —

Input Feature F Shared MLP

Channel Attention M.
Figure 8. Channel Attention Structure.

Compared to SE-Net, which only uses a global-level pooling layer to compress channel
features. Maximum pooling can collect more important cues between indistinguishable
objects to obtain more detailed channel attention. Therefore, CBAM uses both the average
pooled and maximum pooled features and then feeds them sequentially into a weight-
sharing multilayer perceptron (MLP). Finally, the respective output features are summed at
corresponding positions.

2.3.8. Spatial Attention

Spatial attention is focused on “where” is the most informative part, which comple-
ments channel attention. Its principle structure is shown in Figure 9. To compute spatial
attention, average pooling and maximum pooling operations are applied along the channel
axes, and then they are concatenated to generate a valid feature descriptor. A convolutional
layer is then applied to generate a spatial attention map M;(F) of size R x H x W, as shown
in Equation (15), which encodes the locations that need attention or suppression.

M;(F) = U<f7X7([Angool(F);MaxPool(P)])) = U(f7X7({F§vg; F,SWXD) (15)

Conv
layer
o s — D

Channel [MaxPool, AvgPool] Spatial Attention Ms
refinedfeature F’

Figure 9. Spatial attention structure.

Specifically, two pooling operations are used to aggregate the channel information of
a feature map to generate two two-dimensional graphs, the size of the Fis,ois 1 X H x W.
the size of the F¥,,x is 1 x H x W. Among them, o represents a sigmoid function, and
f7*7 denotes a convolution operation with a filter size of 7 x 7.

The inclusion of the spatial attention module compensates, to some extent, for the
lack of channel-only attention. Spatial attention focuses mainly on which part of the input
image is richer in valid information. It is worth noting that the pooling operation here is
performed along the channel axis, comparing the values between different channels for
each pooling instead of the values of different regions of the same channel. One feature
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map is obtained by maximum pooling and one by average pooling, and then they are
stitched together into a 2-D feature map and then input into a standard 7 x 7 convolution
for parameter learning. Finally, a 1-D weighted feature map is obtained.

3. Experimental Results and Visualization
3.1. Dataset Processing (Study Area and Dataset)

We experimented with an Ubuntu system (Groovy Gorilla 20.10) with 32G of RAM.
The CPU version is Intell XI(R) Gold 5218. The GPU version is NVIDIA RTX 6000. The
Python version is 3.6. The PyTorch version is 1.8.1.

First, 30 months of air temperature observations were transformed into 22,240 maps
using the spatiotemporal information processing module, with the first 70% of the data
serving as the training set and the last 30% as the test set. Next, the training and test sets
were slide-cut using a window with a size of 12 h. As a result, a total of 22,218 sequences
were generated, each containing 12 graphs (6 for input and 6 for prediction). Finally,
15,553 graph sequences were obtained for training and 6665 graph sequences were used for
testing.

The number of network llyers is 4. The convolution kernel size of the model used is
3 x 3. The maximum Epoch is set to 150. The Batch size is set to 16. The learning rate is set
to 0.001, and the optimizer is Adam. In order to prevent the over-fitting of training data in
the process of model training, the original training set was divided into the training set and
the verification set according to the ratio of 7:3. The early stop method [34] was adopted to
assist the training process. When the error of the model on the verification set was worse
than the last training result, the training was stopped and the last iteration result was used
as the final parameter of the model.

3.2. Evaluation Metrics

We uses three metrics to evaluate the performance of air temperature prediction. Mean
absolute error (MAE), Root mean square error (RMSE), and Coefficient of determination
(R?) are used to evaluate the error and stability between the predicted value 1, n,i and the
real value yt,,; at time point i. j; ., ; is the sample mean. N is the number of samples in the
test set. Their formula is defined as follows:

Mean absolute error (MAE):

1
MAE= LT 0k v 1

Root mean squared error (RMSE):

18
RMSE = N 2(]/t+h,i - yt+h,i)2 (17)
=1

1

Coefficient of determination (R?):

2
R2=1-Y"(Grini — Yesni)/ Z (?t+h,i - yt+h,i) (18)

N N
i=1 i=1

3.3. Prediction Performance Comparison

3.3.1. Single-Step Duration Prediction

This section shows the single-step temporal prediction performance comparison, i.e.,
the prediction of the future 1-h air temperature change using historical air temperature
monitoring data. Table 3 shows the prediction performance of the model proposed in
this paper on the test set and compares it with the current mainstream spatiotemporal
prediction model ConvLSTM, Memory in Memory (MIM), which is compared with two
spatiotemporal prediction models in detail. The ST-Net proposed in this paper has superior
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Promotion percentage(%)

performance compared with MIM. As shown in Figure 10, the RMSE, R? and MAE of ST-
Net changed 68.97%, 15.29% and 69.37% respectively compared to CNN. The experimental
results of MIM changed less than that of ST-Net. Notably, the model parameter of ST-
Net is 63% of ConvLSTM and 29% of MIM, which means a lower memory demand.
Meanwhile, the training time consumption of ST-Net is only 40% of MIM and prediction
time consumption is only 47% of MIM. Therefore, ST-Net is better suited for realistic model
deployment.

Table 3. Single-step duration prediction performance.

Model RMSE R? MAE Train/Epoch Test/Batch Parameters
CNN 2.03 0.85 147 / / /
LSTM [33] 1.32 0.93 1.01 / / /
ConvLSTM [16] 0.70 0.97 0.50 171s 0.032s 1.11M
MIM 0.84 0.96 0.63 420s 0.074 s 2.39M
Proposed 0.63 0.98 0.45 168 s 0.035s 0.70M

Single step duration prediction performance

mRMSE mR? w MAE

68.97 69.37
65.52 65.99
B2 sy
34.98
31.29
14.12 12.94 15.29
9.41 I I
LSTM ConvLSTM MIM Proposed

Figure 10. Single-step duration prediction performance.
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3.3.2. Multi-Step Duration Prediction

Furthermore, we used historical observations to predict the regional air temperature
change at the next 6 h. The prediction performance of these models is compared, as shown
in Table 4. With the increase in the time step, the performance of these models decreases.
However, the proposed model always shows the best performance. The prediction perfor-
mance of the ConvLSTM model in the first 2 h is higher than that of the MIM, indicating
that the MIM model improves the prediction ability for long-term data compared to the
ConvLSTM model but decreases the prediction performance for the most recent time point.
It is noteworthy that the prediction performance of ST-Net is consistently better than that
of ConvLSTM and MIM in the time span of 6 h, which demonstrates that the proposed
model can better learn the spatial and temporal changes in air temperature to obtain better
prediction performance at multiple time steps.

Table 4. Multi-step duration prediction performance.

T+3 T+6
Model RMSE R? MAE RMSE R? MAE
CNN 2.73 0.69 2.03 3.23 0.58 2.59
LSTM [33] 2.13 0.77 1.76 3.10 0.62 2.36
ConvLSTM [16] 1.71 0.82 1.58 2.68 0.70 2.01
MIM 1.44 0.85 1.33 2.74 0.69 2.05
Proposed 1.39 0.87 1.16 241 0.75 1.82

3.3.3. Individual Site Predictions

In addition to evaluating the regional air temperature prediction performance, this
paper also tests the prediction capability of ST-Net for a single location and compares it
with other models. Here, the prediction capability of a meteorological monitoring station
for the next three and six moments is further analyzed and the results are shown in Table 4.
As shown in Figure 11, the RMSE, R? and MAE of ST-Net changed by 49.08%, 26.09% and
42.86% at the moment T + 3 compared to CNN, respectively. As shown in Figure 12, the
RMSE, R? and MAE of ST-Net changed by 25.39%, 29.31% and 29.73% respectively at T + 6,
compared to CNN. From the prediction results for individual stations, ST-Net still shows
the best prediction ability, while MIM is still weaker than ST-Net for the last three and six
moments, which is consistent with the previous regional air temperature prediction results.

3.4. Visualization of Prediction Results

The purpose of regional air temperature prediction is to give the future air temperature
conditions and the trend of changes at any location in the region, which can provide
important decision support for realistic construction and personnel safety, project quality
and safety, risk management and cost control. Figure 13 shows a 6-h sequence of regional
air temperature prediction maps given by each method and compared with the real air
temperature map sequence. It can be seen that the method proposed in this paper can well
predict the high temperature in the western part of the study area in the first hour of the
future and the trend of gradually decreasing air temperature in the next 5 h. ConvLSTM
has some prediction ability for the regional air temperature in the next 1 h, while MIM has
the weakest prediction ability relatively for the next 1 h, but the prediction ability of MIM
for the regional air temperature with multi-step duration is stronger than ConvLSTM.
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Promotion percentage(%)

T + 3 multi-step duration prediction performance

® RMSE ®m R? m MAE

42.86
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37.36
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Figure 11. T + 3 multi-step duration prediction performance.
T + 6 multi-step duration prediction performance
B RMSE ® R? m MAE
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Figure 12. T + 6 multi-step duration prediction performance.
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Figure 13. Visualization images of regional air temperature (°C) forecast results.

4. Discussion

Our proposed ST-Net achieves the best RMSE, R2 and MAE compared to other tra-
ditional models. ST-Net has the best predictions for the next 1 h compared to a longer
time. This is also reflected in the visualized images of the prediction results, where ST-Net’s
prediction images 1 h ahead are closer to the real temperature image than other methods.
This reflects the superiority of the model proposed in this paper. In addition, ST-Net is
more lightweight and has a shorter training time. However, our proposed model also has
some limitations. Due to the small sample size of the dataset, the model is suitable for
temperature prediction in a specific small area. In the future, we will investigate how to
expand the dataset to enhance the generalization of the model.

5. Conclusions

In this paper, a deep spatiotemporal network-based air temperature prediction method
is proposed for simultaneously predicting the air temperature variation of the whole
region. The spatiotemporal information processing component is used to convert the
point-distributed air temperature monitoring data into a spatiotemporal graph sequence,
and then a deep learning model is used to learn the complex nonlinear spatiotemporal
variations in the graph sequence and, finally, to obtain the short-term air temperature
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prediction results at the regional scale. Based on air temperature collection data from 10
meteorological monitoring stations at Baihetan Hydropower Station to implement short-
term air temperature prediction. At the first hour of the future, the RMSE, R? and MAE of
ST-Net reached 0.63, 0.98, and 0.45, respectively. At the moment of T + 3, the RMSE, R? and
MAE of ST-Net reached 1.39, 0.87, and 1.16, respectively, and at the moment of T + 6, the
RMSE, R? and MAE of ST-Net reached 2.41, 0.75, 1.82 and 1.82, respectively. Our proposed
method can predict air temperature changes on a regional scale and thus provide important
decision support for realistic engineering management.
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