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Abstract

:

Soil temperature is a critical parameter in soil science, agriculture, meteorology, hydrology, and water resources engineering, and its accurate and cost-effective determination and prediction are very important. Machine learning models are widely employed for surface, near-surface, and subsurface soil temperature predictions. The present study employed a properly designed one-dimensional convolutional neural network model to predict the hourly soil temperature at a subsurface depth of 0–7 cm. The annual input dataset for this model included eight hourly climatic features. The performance of this model was assessed using a wide range of evaluation metrics and compared to that of a multilayer perceptron model. A detailed sensitivity analysis was conducted on each feature to determine its importance in predicting the soil temperature. This analysis showed that air temperature had the greatest impact and surface thermal radiation had the least impact on soil temperature prediction. It was concluded that the one-dimensional convolutional model performed better than the multilayer perceptron model in predicting the soil temperature under both normal and hot weather conditions. The findings of this study demonstrated the capability of the model to predict the daily maximum soil temperature.
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1. Introduction


Soil temperature is a critical parameter in soil science and agriculture and directly or indirectly affects the four growth stages of plants, i.e., seed germination, root development, flowering, and reproduction, as well as the physical, chemical, and biochemical processes in soil, including nitrification, transpiration, ventilation, and respiration of soil, and the microbiological activity of microorganisms available in soil [1,2]. It also affects soil properties, such as soil moisture, air, and nutrient content, as well as the capillary transport of water and nutritious solutes through plant foliage [3,4].



Soil temperature is also a critical parameter in hydrology, water resources engineering, meteorology, and geo-environmental engineering [4,5,6,7,8] that affects the rate of evaporation on the soil surface, the thermal energy balance between the atmosphere and the land surface [9], and the rate of decomposition of organic matter and its transformation to carbon dioxide in the atmosphere [10]. Thus, there is no doubt that accurate measurement or prediction of soil temperature on the ground surface and underground is important.



In the literature, two approaches have been broadly addressed by researchers to obtain soil temperature: direct measurement by suitable sensors in terms of accuracy and reliability [11], or indirect capture by satellites, and prediction by applying appropriate numerical models in terms of accuracy, speed, and cost-effectiveness [12]. In the second approach, owing to the climatic nature of soil temperature and its stochastic behavior, two models are often used for its prediction: statistical models [13,14] and machine learning models [15].



In the statistical models, the history of soil temperature in a time-series format is applied for prediction. Two stochastic models, autoregressive integrated moving average (ARIMA) and autoregressive moving average (ARMA), have been addressed in several studies [13,14,16]. The inherent need of statistical models for a large amount of time-series data to make reliable long-term predictions has drawn attention to machine learning models, such as artificial neural networks (ANN), gradient boosting (GB), support vector machine (SVM), k-nearest neighbors (KNN), random forests (RF), and linear regression (LR) [17,18].



Abyaneh et al. (2016) predicted the daily soil temperature at six different depths from 5 to 100 cm using an ANN and a co-active neuro-fuzzy inference system (CANFIS) with daily mean air temperature recorded for 14 years as the only input data [19]. Their study considered two different climatic regions, one with a humid climate and the other with a dry climate, to evaluate the performance of ANN and CANFIS. They found that, in humid regions, ANN performed better than CANFIS. They also concluded that the prediction accuracy of both models decreased with increasing depth. Citakoglu (2017) employed an adaptive neuro-fuzzy inference system (ANFIS), ANN, and multiple linear regression (MLR), which is a developed version of LR, to predict monthly soil temperatures at five depths ranging from 5 to 100 cm [20]. The input data in this study were monthly air temperature and precipitation recorded for 20 years. The coefficient of determination (R2), mean absolute error (MAE), and root mean squared error (RMSE) for these models demonstrated better performance for ANFIS than for ANN and MLR. Zhang et al. (2018) suggested a combined model of ensemble empirical mode decomposition (EEMD) and long short-term memory (LSTM) to forecast daily soil temperature with less need for historical data [21]. They evaluated the performance of their suggested model by calculating and examining the mean absolute percentage error (MAPE), mean squared error (MSE), MAE, RMSE, Pearson correlation coefficient (PCC), and Nash–Sutcliffe coefficient of efficiency (NSCE). They compared them with those calculated for a recurrent neural network (RNN), EEMD coupled with RNN, classic LSTM, and two empirical mode decomposition (EMD) models coupled with RNN and LSTM. The comparison showed better performance for the EEMD-LSTM model than for the other five models. Delbari et al. (2019) used support vector regression (SVR), a modified version of SVM, to predict the daily soil temperature at three depths of 10, 30, and 100 cm under five different climatic conditions: hyper-arid, arid, semi-arid, Mediterranean, and hyper-humid [22]. The feeding input data in their study were daily air temperature, dew point temperature, relative humidity, solar radiation, and atmospheric pressure. A more appropriate performance was reported in their paper for SVR in deeper layers under humid climate conditions compared with MLR. Alizamir et al. (2020) assessed the performance of four machine learning models, namely the extreme learning machine (ELM), classification and regression trees (CART), ANN, and MLR, in accurately predicting monthly soil temperatures at four different depths from 5 to 100 cm [7]. The feeding data for these models were the monthly air temperature, relative humidity, solar radiation, and wind speed. They examined the RMSE, R2, and NSCE for these models and concluded that their performance deteriorated as soil depth increased. They found that ELM performs better than the other models. Li et al. (2020) developed a bidirectional LSTM (BiLSTM) network to predict hourly soil temperature at five soil depths in five different US climates [23]. To feed their integrated deep BiLSTM network, they used hourly solar radiation, air temperature, wind speed, dew point temperature, relative humidity, and vapor pressure. To evaluate the performance of their model compared with LSTM, traditional BiLSTM, deep neural network (DNN), RF, SVR, and LR, MAE, MSE, and R2 were calculated. An ANFIS model equipped with two well-known optimizers, namely salp swarm and grasshopper, and fed with daily maximum, mean, and minimum air temperatures was proposed by Penghui et al. (2020) to predict the daily soil temperature [24]. The performance of the model was examined by comparing the results with those extracted from seven models, including classical ANFIS and six ANFIS models equipped with a grasshopper optimizer, particle swarm optimizer, grey wolf optimizer, genetic optimizer, salp swarm optimizer, and dragonfly optimizer. Shamshirband et al. (2020) hybridized SVM and multilayer perceptron (MLP) and equipped it with a firefly optimizer to predict soil temperature at depths of 5, 10, and 20 cm [25]. The input data in their study were sunshine hours, relative humidity, air temperature, and wind speed. They found that the hybrid model predicted soil temperature better than the classic MLP and SVM models. Seifi et al. (2021) used ANFIS, SVM, and MLP models with salp swarm, particle swarm, firefly, and sunflower optimizers to forecast hourly soil temperatures at depths of 5, 10, and 30 cm in two arid and semi-humid climates [26]. They fed these models with four hourly climatic features: relative humidity, solar radiation, wind speed, and air temperature. After conducting a detailed analysis of the effect of each feature on soil temperature, they found that wind speed was a negligible feature. They concluded that ANFIS with the sunflower optimizer performed better than the other models. Imanian et al. (2022) assessed the performance of 13 machine learning models, including different classic regression models, ANFIS, SVM, KNN, RF, GB, and MLP, for forecasting hourly soil temperatures under ordinary and extreme weather conditions [27]. The input data of these models encompassed eight hourly climatic features. They calculated the RMSE, MAE, MSE, normalized root mean squared error (NRMSE), and R2 for these models. They found that MLP performed better than the other models.



Convolutional neural networks (CNN), which are feedforward ANN, are often used for image recognition, classification, clustering, video processing, satellite remote sensing, computer vision, and natural language processing, and the raw input data feeding the network have a three-dimensional or two-dimensional spatial distribution [28]. In these applications, the first unit of the CNN, which encompasses fully connected convolutional, pooling, and padding layers, extracts suitable features from the input data to feed its second unit. The second unit of the CNN can be an LSTM, MLP, RNN, or any other feedforward model. The successful performance of CNN in these applications has recently attracted attention and interest for its use in predicting spatiotemporal soil temperatures. Hao et al. (2021) proposed a model that coupled CNN and EEMD to forecast the soil temperature at three depths from 5 to 30 cm [8]. The input data in their research were the maximum, minimum, mean, and variance of the soil temperature in the form of a time series. To assess the performance of their model, they calculated the MSE, MAE, RMSE, and R2 and then compared them with those calculated for the LSTM and EEMD-LSTM models. They found that their model was more efficient than the other two models. Yu et al. (2021), knowing that traditional deep learning (DL) models cannot predict spatiotemporal soil temperatures, proposed a three-dimensional (3D) CNN combined with EEMD [4]. This model used EEMD to decompose spatiotemporal soil temperature into various intrinsic mode functions. They calculated MAE, RMSE, and R2 and concluded that the coupling of EEMD and 3D CNN improved the predictions.



Based on the above literature review, CNN has been used less often than other machine learning models for predicting soil temperature, and in the recent attention it has received it has mainly been applied coupled with an advanced feedforward machine learning model to predict soil temperature that had a temporal and spatial distribution. In the coupled model, CNN has been used to extract suitable features from raw spatiotemporal input data. These input data included either a small number of time-series parameters directly related to soil temperature, such as the maximum, minimum, and mean values, or a very limited number of climatic parameters in a time-series format that affected soil temperature. The literature review also indicates that no detailed performance evaluation has been performed on such hybrid CNN models. Furthermore, it was found from the literature review that although the prediction using machine learning models of some meteorological parameters has been investigated by some researchers under extreme climatic conditions, such as moisture convection during heavy precipitation [29], solar radiation at very high land surface temperatures [30], and precipitation volume under extreme rainfall [31], soil temperature prediction in the warmest and coldest ranges of temperature has not been well addressed in the studies reviewed above.



The aim of this study is to examine in detail the capability of a simple and well-architected one-dimensional CNN model without any coupled advanced feedforward machine learning model or additional modern optimizer to predict hourly soil temperatures under normal, hot, and cold weather conditions, along with the daily maximum soil temperature. The hourly values of eight climatic features influencing soil temperature, including air temperature, instantaneous wind gusts, dew point temperature, surface net thermal radiation, surface net solar radiation, surface pressure, total precipitation, and evaporation, were employed as the input data. A detailed sensitivity analysis was performed on each feature to determine its importance in predicting soil temperature. A fairly comprehensive performance evaluation of this CNN model compared with the MLP model was conducted by calculating a wide range of evaluation metrics.



The subsequent sections of this paper are as follows. Section 2 introduces the study area and the hourly climatic data of a target station located in it, and then introduces the CNN model applied in this research. This section also describes the evaluation metrics used to assess the performance of the CNN model in predicting soil temperature. Section 3 first discusses the determination of an appropriate architecture for the CNN model, and then provides a sensitivity analysis of each feature in the input climatic data. It also presents the performance evaluation of the CNN model in predicting hourly soil temperatures under very hot and cold weather conditions, along with the daily maximum soil temperature. Finally, this section compares the performance of the CNN and MLP models by examining the evaluation metrics calculated for both models. The last section of this paper is devoted to conclusions.




2. Methodology


2.1. Study Area and Dataset


The annual input data for the CNN model in the present study included eight hourly climatic features: air temperature at 2 m above the surface (K), total precipitation (m), instantaneous wind gusts at 10 m above the surface (m/s), evaporation (m of water), surface net solar radiation (J/m2), surface net thermal radiation (J/m2), surface pressure (Pa), and dew point temperature at 2 m above the surface (K). Together with the hourly soil temperature (K), collectively called the dataset, these features were freely downloaded for 2021, and for a target station located in the Ottawa area of Canada with geographical coordinates of (45.25° N latitude,75.50° W longitude) from the ERA5 website. ERA5 is the fifth-generation atmospheric reanalysis of the global climate that covers the historical period from 1950 to the present and is conducted by the Copernicus Climate Change Service (C3S) at the ECMWF (https://cds.climate.copernicus.eu/, accessed on 21 November 2022) [32]. The downloaded files were in GRIB format and transformed into CSV format using Panoply, a Java-based package. Finally, all the data were gathered in an Excel file. Figure 1 shows the geographical location of the target station in the study area [33]. It is worth mentioning that Ottawa, the capital of Canada, is located at the confluence of the Ottawa River and the Rideau River in the southern portion of the province of Ontario, and has a semi-continental climate with four distinct seasons: warm and humid summers, extremely cold winters, and temperature-varying springs and falls. The total number of hourly input data was 8784 (366 days × 24 h); thus, the total number of inputs was 70,272 (8784 × 8 features). The CNN model in this study used this information to predict the hourly soil temperature under normal and very warm and cold weather conditions, along with the daily maximum soil temperature, at a subsurface depth of 0–7 cm. This prediction was then assessed using the soil temperature available in the dataset and by calculating evaluation metrics. Figure 2 shows hourly time-series data for air temperature, dew point temperature, and wind gusts, selected as three samples of the eight features mentioned above, during 2021. It also shows hourly time-series data for soil temperature during the same year.




2.2. One-Dimensional CNN


In the artificial intelligence (AI) literature, deep learning (DL) is known as a subset of machine learning and includes various ANNs with at least two hidden layers. It has been addressed in papers that further deepening an ANN via adding hidden layers does not necessarily lead to acceptable results, and what is more important is the proper architecture design for the layers besides using an appropriate optimization algorithm to train the network and a suitable activation function to control the non-linearity of individual neurons in the layers [23,34]. A proper architecture design can avoid data overfitting and vanishing gradients, both of which occasionally occur in the backpropagation algorithm in the network training process. It can also avoid additional computational loads [35]. CNN is a well-known DL model. A one-dimensional (1D) CNN, which can extract suitable features from a raw input time-series dataset and perform regression prediction using the extracted features, consists of two units. The first unit includes input, convolutional, pooling, and output layers. The input layer receives the raw input data that have already been transformed into a suitable tensor form and passes these to the first convolutional layer without performing any operations on them. An appropriate number of equally sized kernels are slid along the input tensor with a convenient equal stride to extract the first feature map from the first convolutional layer. During this sliding, the kernels, which are a vector matrix of weights    w  i j    , are convolutionally multiplied in a limited part of the input tensor    x i   , after which the products are summed, and finally, a bias    b j    is added to it [36]:


   y j  =    ∑   i = 1  n    w  i j   ∗  x i  +  b j   



(1)




where ∗ denotes a convolutional operator. To perform this multiplication, both sides must have the same size. Although there are various nonlinear activation functions to activate the product    y j   , for example, the sigmoid function and hyperbolic tangent function, the rectified linear unit (ReLU) function is commonly employed. This simple and easy-to-use activation function, without the implementation restrictions of other activation functions, removes the negative values of    y j    by setting them to zero and speeding up the training of the network [36].


  f    y j    = m a x   0 ,    y j     



(2)







The first feature map   f    y j     , after passing through a pooling layer, is delivered as the input tensor to the next convolutional layer, which has its own kernels. This process is repeated until the final convolutional layer.



A pooling layer, which commonly comes after each convolution layer, uses a feature map as its input and reduces its size. This pooling layer function reduces the number of kernels and their learnable weights, eliminating the need to deepen the CNN further by increasing the number of convolutional layers, thereby avoiding overfitting. Two types of pooling layers are typically applied: the max pooling layer and the average pooling layer. The 1 × 1 max pooling layer uses the maximum value of each local cluster of features in the feature map, whereas the average pooling layer uses the average value. The former is commonly employed in modern CNN models because of its improved performance [36].



The last feature map extracted from the last convolutional layer after being flattened or transformed into a vector by the output layer passes through the second unit of the 1D CNN, which is a fully connected layer based on a feedforward machine learning model, to perform regression prediction. The goal in this study is to predict soil temperature. As mentioned in the literature review, some researchers have proposed relatively advanced models for this unit to predict time-regressive soil temperature. The question that comes to mind here is whether the proper design for the first unit of the architecture of the 1D CNN, i.e., the proper determination of its hyperparameters, has the potential to predict the soil temperature with a simple predictive model and a straightforward optimizer in its second unit. This was the question that we sought to answer in this study. For this purpose, two hyperparameters were carefully examined, namely, the number of convolutional layers and the number of kernels, both of which play a key role in S > 0, S ≥ 3 W K S P W − K + 2 P S + 1. P = (K − 1)/2 S = 1 f X, Y (S) = max a, b = 0 1 S 2 X + a, 2 Y + b. f (x) = max (0, x) f (x) = tanh f() (x)f (x) = |tanh f() (x)|σ (x) = (1 + e − x) − 1[0, 1](− ∞, ∞) avoiding overfitting and providing accurate results. A max pooling layer is inserted between two consecutive convolutional layers. Three points are usually considered when selecting the appropriate kernel and pooling sizes. First, these sizes are chosen based on the size of the input dataset and are not treated as hyperparameters. Second, the convolutional layers close to the input layer tend to have more kernels with a larger size, because the size of the feature maps gradually decreases as they pass through the pooling layers. Third, a large pooling size may cause an unacceptable information loss in the input feature map. Based on these points, a kernel size of 4 for the first convolutional layer and a pooling size of 2 for pooling layers were chosen. The activation function of the convolutional layers and sliding stride of the kernels were considered to be ReLU and 1, respectively. The second unit of the 1D CNN model presented in this study was a simple feedforward fully connected 1-layer model with 32 neurons and a ReLU activation function. The loss function and straightforward optimizer applied to train the 1D CNN model by modifying the learnable parameters through a back-propagation algorithm based on the gradient descent technique were MSE and RMSprop with a learning rate of 0.001, respectively [37]. This modification was performed using an iterative process with a maximum iteration number of 5000. To better understand the connection between the two units of the 1D CNN, Figure 3 shows a schematic representation of the last part of the first unit of the 1D CNN, with one convolutional layer and one pooling layer connected to its second unit.



For the CNN model, a computer code was written in Python 3.10. Python is an open-source advanced programming language widely used for data analysis and machine learning. PyCharm 2022.1.1, one of Python’s integrated development environments (IDEs), was employed to execute the code on a computer with a 6th Gen Intel Core i7@2.60 GHz processor and 8.00 GB installed RAM.




2.3. Evaluation Metrics


A comprehensive assessment of the performance of the proposed machine learning model for regression prediction is essential. A vast range of evaluation metrics are used to conduct such assessments. The capability of the proposed model can be determined by accurately calculating the values based on the predicted and observed values in the dataset. In this study, 13 evaluation metrics were used: maximum residual error (MaxE), mean absolute error (MAE), mean squared error (MSE), mean absolute percentage error (MAPE), root mean squared error (RMSE), normalized root mean squared error (NRMSE), coefficient of determination (R2), relative root mean squared error (RRMSE), bias, performance index (PI), variance-accounted-for (VAF), Nash–Sutcliffe coefficient of efficiency (NSCE), and Akaike information criterion (AIC). It is worth noting that R2, NRMSE, RRMSE, MAPE, NSCE, VAF, and PI are dimensionless. By indicating the observed value and the mean observed value for soil temperature in the dataset applied in this study as    y  o b s     and      y  o b s    ¯   , the value and the mean value predicted by the model proposed in this study for soil temperature as    y  p r e d     and      y  p r e d    ¯   , the number of data in the dataset as  n , the number of input climatic features as  k , and the fit line coefficients derived from the linear trend line as  a  and  b , the evaluation metrics are defined as follows:


  M a x E = M a x    y  o b s   −  y  p r e d      



(3)






  M A E =   ∑    y  o b s   −  y  p r e d      n   



(4)






  M S E =   ∑      y  o b s   −  y  p r e d      2   n   



(5)






  R M S E =     ∑      y  o b s   −  y  p r e d      2   n     



(6)






  N R M S E =   R M S E     M a x    y  o b s     − M i n    y  o b s          



(7)






  R R M S E =   R M S E      y  o b s    ¯     



(8)






  M A P E =  1 n  ∑      y  o b s   −  y  p r e d      y  o b s        



(9)






  b i a s =   ∑    y  p r e d   −  y  o b s      n   



(10)






   R 2  =       ∑    y  o b s   −    y  o b s    ¯       y  p r e d   −    y  p r e d    ¯        ∑      y  o b s   −    y  o b s    ¯     2  ∑      y  p r e d   −    y  p r e d    ¯     2         2   



(11)






  N S C E = 1 −   ∑      y  o b s   −  y  p r e d      2    ∑      y  o b s   −    y  o b s    ¯     2     



(12)






  V A F = 1 −   v a r    y  o b s   −  y  p r e d       v a r    y  o b s        



(13)






  P I =   R R M S E      R 2    + 1    



(14)






   A I C = n × ln   R S S   + 2 k   ,   R S S = ∑      y  p r e d   −   a  y  o b s   + b      2    



(15)







Note that lower values for error metrics bias, AIC, and PI and higher values for R2, NSCE, and VAF are more desirable.



MAE provides the average absolute magnitude of the errors regardless of their direction by equally weighting all individual differences in the average. MSE provides the average magnitude of errors by assigning a relatively high weight to large errors. Since MSE has a square of the original data’s unit, RMSE with the same unit is a more appropriate metric to compare results with. MAE and RMSE can be used to detect errors’ variation. A larger difference between MAE and RMSE implies a larger variance in individual errors. NRMSE and RRMSE are dimensionless error metrics derived from RMSE that provide a better evaluation of the objective performance of different machine learning models. MAPE is a dimensionless error metric that is insensitive to outliers and provides a general indication of machine learning model performance. Unlike the above-mentioned error metrics, bias indicates the overall direction of the errors without determining the accuracy of the proposed machine learning model. Bias can be a positive number for over-forecasting or a negative number for under-forecasting, or even zero. NSCE is a normalized metric that compares the magnitude of residual variance to the magnitude of actual data variance. VAF is an indicator that indicates the relative variance of errors in a machine learning model. The desirable value of VAF is 1, which means zero estimation error variance. AIC and PI are two prediction error estimators used to assess the capability of proposed machine learning models to perform a targeted task. Lower values of these estimators are more desirable. R2 is a statistical metric used to assess the performance of a regression machine learning model. This metric can be expressed as a function of MSE, so that as MSE increases, R2 decreases, and its desired value is 1 [38].





3. Results and Discussion


3.1. 1D CNN Architecture


Before designing an appropriate architecture for a supervised machine learning model to cost-effectively and efficiently perform regression prediction in scientific or engineering applications while providing accurate and reliable results, allocating acceptable amounts of time-series input and output data is necessary to train and validate the model and test its performance. This allocation must be carried out such that the time-series format of the input and output data is preserved. In the present study, 70% of the input data, including the eight hourly climatic features introduced in Section 2.1, and the output data encompassing the hourly soil temperature were used to train and validate the CNN model, while the remaining 30% were set aside to test its performance in predicting soil temperature. To reduce the sensitivity of the model to the scale of the climatic features in the input data and thereby allow the model to embark on its iterative training with better learnable parameters, leading to more accurate results and faster convergence, the input training and testing data were normalized by the mean and standard statistical deviation of each independent feature. It is essential to meticulously monitor the model during its training and testing phases by calculating the evaluation metrics introduced in Section 2.3 to ensure that the results are acceptable, and that overfitting does not occur. Figure 4 illustrates the flowchart of the methodology used in this study.



As mentioned in Section 2.2, the number of convolutional layers and the number of their kernels are two hyperparameters in designing an appropriate architecture for the 1D CNN model presented in this study. To investigate these, two 1D CNN models with two and three convolutional layers with one and two max pooling layers inserted between two successive convolutional layers, respectively, were used. For the three-layer model, four distinctive number of sets of kernels with kernel sizes of 4, 3, and 2 for the first, second, and third convolutional layers, respectively, and a pooling size of 2 for both the first and second pooling layers were chosen. For the two-layer model, five different number of sets of kernels with kernel sizes of 4 and 3 for the first and second convolutional layers, respectively, and a pooling size of 2 for the pooling layer were selected. These kernel and pooling sizes were acceptable in terms of the size of the dataset used for training and testing the models. The model was executed for all cases and its behavior was monitored by calculating the evaluation metrics. The hyperparameter that yielded the best performance for the 1D CNN model with more desirable evaluation metrics was selected.



Figure 5 and Figure 6 illustrate the calculated values of the evaluation metrics during the training and testing phases of the three-layer 1D CNN model. The four cases in these figures are as follows: case 1 with 32, 16, and 8 kernels; case 2 with 64, 32, and 16 kernels; case 3 with 128, 64, and 32 kernels; and case 4 with 256, 128, and 64 kernels. As can be clearly seen in these figures, case 2 with 64, 32, and 16 kernels in the first, second, and third convolutional layers, respectively, resulted in the best performance with the most acceptable evaluation metrics for the three-layer 1D CNN model in soil temperature prediction in both the training and testing phases. Figure 7 and Figure 8 show the calculated evaluation metrics during the training and testing phases of the two-layer 1D CNN model. The five cases in these figures are as follows: case 1 with 16 and 8 kernels; case 2 with 32 and 16 kernels; case 3 with 64 and 32 kernels; case 4 with 128 and 64 kernels; and case 5 with 256 and 128 kernels. From these figures, it can be concluded that case 5, with 256 and 128 kernels in its first and second convolutional layers, respectively, led to the best performance with the most desirable evaluation metrics for the two-layer 1D CNN model in predicting the soil temperature in both the training and testing phases.



In Table 1, the performances of the two-layer and three-layer 1D CNN models with the best kernel number configurations in predicting the soil temperature in the training and testing phases are compared using the evaluation metrics. It can be seen from this table that the three-layer 1D CNN model with the kernel number configuration of 64, 32, and 16 had better performance with finer evaluation metrics than the two-layer 1D CNN model with the kernel number configuration of 256 and 128. This three-layer 1D CNN model was therefore selected as the well-designed 1D CNN model to be used in the following subsections. It is noteworthy that this selected 1D CNN model does not pretend to be the optimal architecture and configuration for all applications of soil temperature prediction but is demonstrated to offer the best available performance under the experimental conditions considered in this study.




3.2. Climatic Features Significance in Soil Temperature Prediction


One of the main gaps observed in the studies of most researchers working on predicting soil temperature using machine learning models is that they often choose a limited number of climatic features that affect soil temperature as the input data for the models, without performing a sensitivity analysis to determine the significance of each feature in predicting soil temperature. A review of these papers shows that only air temperature was present in all input datasets, and other influential climatic features, including wind, surface solar and thermal radiation, evaporation, surface pressure, precipitation, and dew point temperature, were not present collectively in them [12,15,23,39,40,41]. This review also shows that the features present in the input datasets were mostly monthly or daily, and rarely hourly. In the previous subsection, we used the mentioned eight hourly time-series features in an input dataset to design an appropriate architecture for the 1D CNN model. In the current subsection, to fill the gap mentioned above, we conduct a detailed sensitivity analysis of each feature to investigate its role in the performance of the well-designed 1D CNN model from Section 3.1. In this analysis, the model was run after removing one of the features, and the error metrics encompassing MAE, MSE, RMSE, NRMSE, RRMSE, and MAPE were then calculated. This process was executed for each feature. The calculated error metrics were then compared with those calculated for all features to accurately determine the significance and effectiveness of each feature in predicting the hourly soil temperature at a near-surface depth of 0–7 cm. The results of the testing phase for the model are presented in Table 2. This table shows that removing any of the features from the input dataset increased the error metrics, while removing the air temperature led to the greatest increase in the error metrics. This means that air temperature was the most effective feature for predicting soil temperature. This finding was consistent with other studies that mainly concentrated on air temperature as an input for soil temperature prediction [12,15,23,39,40,41]. This finding was expected because the air layer, whose temperature was recorded in the input dataset, was within 2 m of the ground surface and was in direct contact with the soil surface, and therefore had the greatest influence on near-surface soil temperature. Table 2 also shows that the influence intensity of the other features on soil temperature prediction were as follows: precipitation, dew point temperature, surface solar radiation, surface pressure, wind gust, evaporation, and surface thermal radiation. Table 2 reveals the significant influence of other features that it may not be safe to neglect when aiming for higher precision in soil temperature prediction.




3.3. Performance Evaluation of the 1D CNN Model in Ordinary Weather Conditions


In Table 3, the performances of the well-designed three-layer 1D CNN model from Section 3.1 and the similar three-layer MLP model with 64, 32, and 16 neurons in the first, second, and third hidden layers, respectively, are compared while predicting the soil temperature under ordinary weather conditions. A computer code was written in this study for the MLP model. An MLP, which is a class of feedforward ANNs, consists of one input layer, hidden (middle) layers, and one output layer. All hidden layers have the same activation function, which is commonly referred to as the ReLU. Each neuron in each layer has weighted connectivity with all the neurons in the next layer. The learnable weights are modified through an iterative process using a back-propagation algorithm [12,15,40,41]. Similar to the 1D CNN model presented in this work, the MLP model employed to compare its performance with that of the 1D CNN model used the MSE loss function and RMSProp with a learning rate of 0.001 in the back-propagation algorithm, the ReLU activation function in its hidden layers, and a maximum iteration number of 5000. Both models were fed by the same input and output data. From Table 3, it is clear that the 1D CNN model had a better performance in soil temperature prediction under ordinary weather conditions in its training and testing phases compared with the MLP model because it had lower error metrics, including MaxE, MAE, MSE, RMSE, NRMSE, RRMSE, and MAPE along with bias, AIC, and PI, and higher VAF, R2, and NSCE. This improved performance is due to the 1D CNN model’s inherent advantages [4,8,28,36], as follows: (1) Each convolutional layer shares equally its kernels with all feature clusters in its input feature map for the convolutional multiplication operation. This sharing reduces the number of learnable parameters and thus lowers the memory requirements for running the CNN; (2) in contrast with MLP models which are highly prone to overfitting due to the full connection of each neuron in one layer to all neurons in the next layer, especially in deep MLP models having more layers, CNN has a safety margin against overfitting because of the local and hierarchical connections of the kernels of each convolutional layer to the features in its feeder feature map; (3) CNN has less intricacy due to the mentioned connectivity; and (4) unsimilar to MLP models which require a complex architecture with massive numbers of neurons in their hidden layers for larger input data and are hence prone to overfitting, CNN permits the network to be deeper. A notable disadvantage of CNNs is that they typically require large amounts of training data to achieve their best performance.



Scatter plots of soil temperature under ordinary weather conditions predicted by the 1D CNN and MLP models based on ERA5 data are depicted in Figure 9. This figure shows a good fit between the observed values and those predicted by the models during their training and testing phases. It is observed that the soil temperatures predicted by the models during their training and testing phases demonstrated a close match to the identity line. Considering the size of the data, which fed both models in this study, this means that both models were reliable for soil temperature prediction. The correlation between actual and predicted data in the training phase was 81.88% for the 1D CNN model and 89.85% for the MLP model. The correlation in the testing phase was 89.98% for the 1D CNN model and 89.24% for the MLP model. This figure shows a slightly better distribution around the fit line for the 1D CNN during both the training and testing phases. Figure 10 shows the distribution of the predicted soil temperatures between the prediction bands under ordinary weather conditions. Prediction bands and the confidence region are widely used in the statistical analysis of regression prediction [27]. This figure proves the strength of the 1D CNN and MLP models considering that the distribution of the soil temperature predicted remains between the prediction bands in both their training and testing phases. A slightly better distribution in the training and testing phases is observed for the 1D CNN model in this figure.



Although the main focus in the present work is to compare the performance of two ANN models, namely CNN and MLP, in predicting soil temperature, to demonstrate the capability of the three-layer well-designed 1D CNN model from Section 3.1, five error metrics including MaxE, MSE, RMSE, RRMSE, and NRMSE and three evaluation metrics including R2, VAF, and PI were compared with those of two other machine learning models, namely RF and SVR, in Table 4. Lower error metrics and PI as well as higher VAF and R2 for the 1D CNN in the testing phase compared to those of SVR and RF models proved its better performance in predicting soil temperature.




3.4. Performance Evaluation of the 1D CNN Model in Very Hot and Cold Weather Conditions


Ensuring the proper performance of a machine learning model proposed for soil temperature prediction in the hottest and coldest temperature ranges is essential and critical in soil science, agriculture, hydrology, water resources engineering, and geo-environmental engineering to take immediate or planned actions to prevent undesirable events. Thus, a detailed performance evaluation is conducted in the current subsection for the 1D CNN model. First, it was necessary to extract the climatic features related to soil temperature in the hottest and coldest ranges from the input dataset. The model, which was appropriately designed based on ordinary climatic features in Section 3.1, was then run using these reduced input datasets. Given the lack of a unique definition of the hottest and coldest soil temperature ranges in the literature, we applied a strategy suitable for the geographical area considered in our research to perform this extraction. In this strategy, the soil temperature in the output data was first sorted in descending order. The time-series format of soil temperature and its climatic features was preserved in this sorting. Then, the features related to the upper and lower quartiles of the sorted soil temperatures were separated and considered as features of the hottest and coldest soil temperature ranges, respectively. Both the 1D CNN and MLP models were run individually on the upper quartile (coldest temperature range) with 2196 input data, and then individually on the lower quartile (coldest temperature range) with 2196 input data. The evaluation metrics were calculated for the testing phase and compared based on their outputs. Figure 11 and Figure 12 present a comparison. Figure 11 shows that the 1D CNN model had lower error metrics, including MaxE, MAE, MSE, RMSE, RRMSE, and MAPE; lower bias and PI; and higher R2, NSCE, and VAF, compared to the MLP model in very hot weather conditions. This indicates that the 1D CNN model performed better than the MLP model in predicting the soil temperature in the hottest range. The NRMSE and AIC of this model were 7.37% and 16,703.12, respectively, which were lower than those of the MLP model (9.51% and 17,316.34, respectively). This again demonstrates the capability of the 1D CNN model for soil temperature prediction under extremely hot weather conditions. Conversely, Figure 12 shows that the MLP model had lower error metrics, lower bias and PI, and higher R2, NSCE, and VAF than the 1D CNN model under cold weather conditions. The NRMSE and AIC of the MLP model were 11.13% and 18,293.29, respectively, which were both lower than 15.64% and 18,630.33, respectively, for the 1D CNN model. The MLP model performed better than the 1D CNN model in predicting soil temperature under very cold weather conditions. However, it is not possible to judge this properly because under such conditions, the ground surface in the Ottawa area is covered by snow and ice. This wear hampers the influence of climatic features on soil temperature, and therefore deteriorates the performance of both models in predicting soil temperature in the coldest temperature range. Adding snow and ice-related features, such as snow depth, snow layer temperature, snow density, and ice layer temperature, to the eight climatic features considered in this study and then running both 1D CNN and MLP models with the extended input dataset is a remedy to achieve a better judgement of the performance of both models under very cold weather conditions. To improve the performance evaluation metrics of the 1D CNN model under very hot and cold weather conditions, it is better to use a larger input dataset and output data for at least four consecutive years.




3.5. Capability of 1D CNN Model in Predicting the Daily Maximum Soil Temperature


In some cases, only prediction of daily maximum soil temperature without needing to predict hourly soil temperature in soil science, agriculture, hydrology, water resources engineering, and geo-environmental engineering seems to be sufficient to take planned actions to prevent adverse events. This subsection examines the capability of the 1D CNN model to predict daily maximum soil temperature. For this purpose, all climatic features related to the daily maximum soil temperatures for 2021 were extracted from the input dataset, maintaining their time-series format. The 1D CNN model proposed in Section 3.1 was executed using the extracted features. Table 5 presents the evaluation metrics calculated for both the training and testing phases of the model. This table shows that the 1D CNN model performed well in its training phase and exhibited fairly acceptable performance in its testing phase. The weaker performance of the model observed in its testing phase was because of the lower number of features used to train it. To improve performance, a larger dataset is recommended.





4. Conclusions


In this study, the performance of a well-designed straightforward three-layer 1D CNN model for predicting hourly soil temperatures under both ordinary and hot and cold weather conditions was examined and compared with the performance of a MLP model. A broad range of evaluation metrics was used to perform this comparison. In addition, the capability of the 1D CNN model to forecast the daily maximum soil temperature was investigated. Eight hourly climatic features in time-series format, including evaporation, air temperature, dew point temperature, surface solar radiation, surface thermal radiation, surface pressure, precipitation, and wind gust, were collectively considered in the input dataset. A detailed sensitivity analysis was conducted on each feature to determine its significance in predicting the soil temperature. The main findings of the present research are as follows: (1) an appropriate architecture for the 1D CNN model, i.e., determining its hyperparameters, has the potential to eliminate the need for any coupled advanced feedforward machine learning model or modern optimizer to predict soil temperature; (2) air temperature has the greatest effect, and surface thermal radiation has the least effect on soil temperature prediction; (3) the appropriately designed 1D CNN model demonstrates a better performance in predicting soil temperature under ordinary and hot weather conditions compared to the MLP model; and (4) this 1D CNN model can forecast the daily maximum soil temperature with acceptable precision.
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Figure 1. Location of the target station in the Ottawa area [33]. 
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Figure 2. Hourly time-series data freely downloaded from the website of ERA5 [32] for (a) air temperature, (b) dew point temperature, (c) instantaneous wind gusts, and (d) soil temperature during 2021. 
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Figure 3. The last part of the first unit of the 1D CNN connected to its second unit. 
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Figure 4. Methodological flowchart for this study. 
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Figure 5. Evaluation metrics calculated for the three-layer 1D CNN model in its training phase, (a) MaxE, MAE, MSE, RMSE, and bias, (b) RRMSE, MAPE, and PI, (c) R2, NSCE, and VAF. 
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Figure 6. Evaluation metrics calculated for the three-layer 1D CNN model in its testing phase, (a) MaxE, MAE, MSE, RMSE, and bias, (b) RRMSE, MAPE, and PI, (c) R2, NSCE, and VAF. 
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Figure 7. Evaluation metrics calculated for the two-layer 1D CNN model in its training phase, (a) MaxE, MAE, MSE, RMSE, and bias, (b) RRMSE, MAPE, and PI, (c) R2, NSCE, and VAF. 
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Figure 8. Evaluation metrics calculated for the two-layer 1D CNN model in its testing phase, (a) MaxE, MAE, MSE, RMSE, and bias, (b) RRMSE, MAPE, and PI, (c) R2, NSCE, and VAF. 
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Figure 9. Distribution of the soil temperature under ordinary weather conditions predicted by the 1D CNN model (a,c) and the MLP model (b,d), in the training and testing phases. 






Figure 9. Distribution of the soil temperature under ordinary weather conditions predicted by the 1D CNN model (a,c) and the MLP model (b,d), in the training and testing phases.



[image: Sustainability 15 07897 g009]







[image: Sustainability 15 07897 g010 550] 





Figure 10. Distribution of the soil temperature under ordinary weather conditions predicted by the 1D CNN model (a,c) and the MLP model (b,d), in the training and testing phases. 
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Figure 11. Evaluation metrics of the 1D CNN model vs. the MLP model in very hot weather conditions, (a) MaxE, MAE, MSE, RMSE, bias, (b) RRMSE, MAPE, PI, (c) R2, NSCE, VAF. 
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Figure 12. Evaluation metrics of the 1D CNN model vs. the MLP model in very cold weather conditions, (a) MaxE, MAE, MSE, RMSE, bias, (b) RRMSE, MAPE, PI, (c) R2, NSCE, VAF. 
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Table 1. (a) Evaluation metrics calculated for the two-layer and three-layer 1D CNN models with the best kernel number configuration. (b) Evaluation metrics calculated for the two-layer and three-layer 1D CNN models with the best kernel number configuration.
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(a)




	
Training

	
MaxE

	
MAE

	
MSE

	
RMSE

	
NRMSE

	
RRMSE

	
MAPE




	
Three layers, 64, 32, 16 kernels

	
3.94

	
1.22

	
2.54

	
1.58

	
3.25%

	
0.56%

	
0.45%




	
Two layers, 256, 128 kernels

	
4.70

	
1.27

	
2.54

	
1.59

	
3.27%

	
0.56%

	
0.46%




	
Testing

	
MaxE

	
MAE

	
MSE

	
RMSE

	
NRMSE

	
RRMSE

	
MAPE




	
Three layers, 64, 32, 16 kernels

	
7.35

	
1.93

	
6.37

	
2.52

	
6.90%

	
0.91%

	
0.70%




	
Two layers, 256, 128 kernels

	
9.33

	
2.34

	
9.28

	
3.04

	
8.32%

	
1.10%

	
0.84%




	
(b)




	
Training

	
R2

	
NSCE

	
VAF

	
AIC

	
PI




	
Three layers, 64, 32, 16 kernels

	
98.69%

	
97.91%

	
98.87%

	
48368.13

	
0.28%




	
Two layers, 256, 128 kernels

	
96.10%

	
97.90%

	
98.14%

	
51884.45

	
0.29%




	
Testing

	
R2

	
NSCE

	
VAF

	
AIC

	
PI




	
Three layers, 64, 32, 16 kernels

	
90.25%

	
88.14%

	
90.42%

	
24535.60

	
0.46%




	
Two layers, 256, 128 kernels

	
86.54%

	
82.73%

	
86.13%

	
25673.20

	
0.57%











[image: Table] 





Table 2. Sensitivity analysis of the climatic features in the input dataset of the selected 1D CNN model.
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	MAE
	MSE
	RMSE
	NRMSE (%)
	RRMSE (%)
	MAPE (%)





	All features included
	1.93
	6.37
	2.52
	6.90
	0.91
	0.70



	Without

precipitation
	2.52

(30.57%)
	10.08

(58.24%)
	3.10

(23.02%)
	8.49

(23.04%)
	1.12

(23.08%)
	0.91

(30.00%)



	Without

surface pressure
	2.23

(15.54%)
	8.15

(27.94%)
	2.83

(12.30%)
	7.73

(12.03%)
	1.02

(12.09%)
	0.81

(15.71%)



	Without

evaporation
	2.05

(6.22%)
	7.11

(11.62%)
	2.66

(5.56%)
	7.29

(5.65%)
	0.96

(5.49%)
	0.74

(5.71%)



	Without

wind gust
	2.12

(9.84%)
	7.81

(22.61%)
	2.77

(9.92%)
	7.57

(9.71%)
	1.00

(9.89%)
	0.77

(10.00%)



	Without

dewpoint temperature
	2.38

(23.32%)
	8.88

(39.40%)
	2.97

(17.86%)
	8.13

(17.83%)
	1.07

(17.58%)
	0.86

(22.86%)



	Without

surface solar radiation
	2.25

(16.58%)
	8.41

(32.03%)
	2.89

(14.68%)
	7.93

(14.93%)
	1.04

(14.29%)
	0.81

(15.71%)



	Without

surface thermal radiation
	1.94

(0.52%)
	6.53

(2.51%)
	2.55

(1.19%)
	6.98

(1.16%)
	0.92

(1.10%)
	0.70

(0.00%)



	Without

air temperature
	2.72

(40.93%)
	12.06 (89.32%)
	3.45

(36.90%)
	9.45

(36.96%)
	1.24

(36.26%)
	0.98

(40.00%)
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Table 3. (a) Three-layer well-designed 1D CNN model versus the three-layer MLP model. (b) Three-layer well-designed 1D CNN model versus the three-layer MLP model.






Table 3. (a) Three-layer well-designed 1D CNN model versus the three-layer MLP model. (b) Three-layer well-designed 1D CNN model versus the three-layer MLP model.





	
(a)




	
Training

	
MaxE

	
MAE

	
MSE

	
RMSE

	
NRMSE

	
RRMSE

	
MAPE




	
CNN

	
3.94

	
1.22

	
2.54

	
1.58

	
3.25%

	
0.56%

	
0.45%




	
MLP

	
5.29

	
1.49

	
3.24

	
1.79

	
3.66%

	
0.63%

	
0.55%




	
Testing

	
MaxE

	
MAE

	
MSE

	
RMSE

	
NRMSE

	
RRMSE

	
MAPE




	
CNN

	
7.35

	
1.93

	
6.37

	
2.52

	
6.90%

	
0.91%

	
0.70%




	
MLP

	
8.87

	
2.03

	
7.49

	
2.72

	
7.43%

	
0.98%

	
0.73%




	
(b)




	
Training

	
bias

	
R2

	
NSCE

	
VAF

	
AIC

	
PI




	
CNN

	
0.66

	
98.69%

	
97.91%

	
98.87%

	
48368.13

	
0.28%




	
MLP

	
1.82

	
98.69%

	
97.33%

	
98.63%

	
49476.55

	
0.32%




	
Testing

	
bias

	
R2

	
NSCE

	
VAF

	
AIC

	
PI




	
CNN

	
0.91

	
90.25%

	
88.14%

	
90.42%

	
24535.60

	
0.46%




	
MLP

	
2.12

	
89.11%

	
86.07%

	
89.48%

	
24748.12

	
0.50%
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Table 4. Three-layer well-designed 1D CNN model versus the RF and SVR models.






Table 4. Three-layer well-designed 1D CNN model versus the RF and SVR models.





	Testing Phase
	MaxE
	MSE
	RMSE
	NRMSE
	RRMSE
	R2
	VAF
	PI





	CNN
	7.35
	6.37
	2.52
	6.90%
	0.91%
	90.25%
	90.42%
	0.46%



	RF
	11.63
	6.43
	2.54
	6.93%
	0.91%
	88.19%
	88.78%
	0.46%



	SVR
	12.11
	7.47
	2.73
	7.48%
	0.94%
	86.28%
	88.86%
	0.48%
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Table 5. (a) Evaluation metrics calculated for the 1D CNN model predicting the daily maximum soil temperature. (b) Evaluation metrics calculated for the 1D CNN model predicting the daily maximum soil temperature.






Table 5. (a) Evaluation metrics calculated for the 1D CNN model predicting the daily maximum soil temperature. (b) Evaluation metrics calculated for the 1D CNN model predicting the daily maximum soil temperature.





	
(a)




	
Phase

	
MaxE

	
MAE

	
MSE

	
RMSE

	
NRMSE

	
RRMSE

	
MAPE




	
Training

	
3.62

	
2.10

	
6.54

	
2.48

	
5.49%

	
0.87%

	
0.73%




	
Testing

	
5.72

	
3.58

	
19.23

	
4.35

	
13.31%

	
1.55%

	
1.28%




	
(b)




	
Phase

	
bias

	
R2

	
NSCE

	
VAF

	
AIC

	
PI




	
Training

	
2.48

	
98.10%

	
94.79%

	
98.06%

	
1658.96

	
0.43%




	
Testing

	
2.69

	
83.70%

	
68.94%

	
83.02%

	
779.80

	
0.81%
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