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Abstract

:

The accuracy of drought monitoring models is crucial for drought monitoring and early warning. Random forest (RF) is being used widely in the field of artificial intelligence. Nonetheless, the application of a random forest model in grassland drought monitoring research is yet to be further explored. In this study, various drought hazard factors were integrated based on remote sensing data, including from the Moderate Resolution Imaging Spectroradiometer (MODIS) and Global Precipitation Measurement (GPM), as multisource remote sensing data. Based on the RF, a comprehensive grassland drought monitoring model was constructed and tested in Inner Mongolia, China, as an example. The critical issue addressed is the construction of a grassland drought disaster monitoring model based on meteorological data and multisource remote sensing data by using an RF model, and the verification of the accuracy and reliability of its monitoring results. The results show that the grassland drought monitoring model could quantitatively monitor the drought situation in Inner Mongolia grasslands. There was a significantly positive correlation between the drought indicators output by the model and the standardized precipitation evapotranspiration index (SPEI) measured in the field. The correlation coefficients (R) between the drought degree were 0.9706 and 0.6387 for the training set and test set, respectively. The consistent rate between the model drought index and the SPEI reached 87.90%. Drought events in Inner Mongolia were monitored from April to September in wet years, normal years, and dry years using the constructed model. The monitoring results of the model constructed in this study were in accordance with the actual drought conditions, reflecting the development and spatial evolution of drought conditions. This study provides a new application method for the comprehensive assessment of grassland drought.
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1. Introduction


As a common natural phenomenon, drought has always been of high concern to scientists in all fields because of its processes involving various factors, such as the atmosphere, soil, and vegetation [1,2,3]. One of the more serious disasters on a global scale, droughts have a serious impact on the sustainable development of ecosystems because of their high frequency, wide range of effects, and long duration [4,5,6]. Therefore, there is a need for drought monitoring and early warning studies.



The evolution of drought disasters not only includes a complex dynamic process and a multi-scale water and energy circulation mechanism, but it also involves many fields, including meteorology, agriculture, hydrology, ecology, and social economy. There are four types of droughts—meteorological, hydrological, agricultural, and socioeconomic droughts [7,8,9]. Researchers have explored the evolution process of drought disasters from different perspectives [10,11]. To reduce the ecological impacts of drought disasters, numerous drought indices were used to monitor the development process from drought to drought disasters [5]. According to the Handbook of Drought Indicators and Indices, there are three main methods for monitoring drought and guiding early warning and assessment: (1) using a single indicator, (2) using multiple indicators, and (3) using composite indicators [12]. Single-indicator drought monitoring relies on stations that measure certain parameters to help identify drought, including meteorological stations, agrometeorological stations, and hydrological stations. The accuracy of drought monitoring using stations is relatively high. However, due to the limitation of the number of stations and the uneven spatial distribution, single-indicator drought monitoring cannot achieve large-scale drought disaster monitoring. Remote sensing can reveal drought conditions by the inversion of soil moisture or vegetation growth over large areas. However, drought monitoring results by monitoring vegetation growth or soil water content do not reflect the drought mechanisms. Multiple indicators have been constructed based on station data and remote sensing data for drought monitoring. There has been strong global interest and growth in the development of new indices based on various indicators that are suitable for different applications and scales, both spatial and temporal. With the rapid advance of computer technology and the “Internet Plus”, human beings have entered the era of big data. The rise of new technologies, including data mining, cloud computing, etc., has driven the progress of drought disaster monitoring research. Drought monitoring models have been obtained by combining station data and remote sensing data based on weighting or modeling methods to combine different drought indicators, named composite indicators by the World Meteorological Organization (WMO) [12]. Many scholars have attempted to assign weight coefficients to construct linear weighted combination models to monitor regional drought disasters [13,14]. For instance, some scholars constructed the normalized agricultural drought composite index (SDCI) by assigning different weights to the normalized vegetation index (NDVI), TRMM precipitation data, and surface temperature index (LST). Others constructed the decadal-scale crop drought monitoring model (MNDVI) by assigning a 0.5 weight to the TRMM precipitation data and NDVI values. Other researchers selected the precipitation index (PCI), GLDAS soil moisture data, TCI, and VCI to construct multiple linear regression indices (MCDIs). These studies have provided ideas for integrated drought disaster monitoring, but the weight values in linear regression model construction need to be obtained after several trials. Thus, the linear regression model construction process is influenced by human experience. Some scholars have tried to apply data mining methods to drought disaster monitoring studies [5,15] and have constructed numerous integrated drought monitoring models [16,17,18]. for example, the vegetation drought response index (VegDRI) using categorical regression trees, the integrated surface drought index (ISDI), the multivariate standardized drought index (MSDI), and the meteorological agricultural integrated drought index (MMSDI) based on MSDI. These studies have provided new ideas and perspectives for drought disaster monitoring research. However, the complex linkages among the data from different sources and their inconsistencies at spatial and temporal scales also pose a greater challenge for drought monitoring. Thus, it is necessary to introduce new algorithms for drought monitoring and early warning research.



Random forest (RF) was proposed by Breiman in 2001. RF is the association between multiple branchless pruned classification and regression trees (CARTs), which is an evolution and development of the traditional decision tree method [19,20]. RF constructs a decision tree using a random decision method, which reduces some of the random errors in the classification regression process and improves the accuracy of the classification regression results [21,22]. RF inherits and develops the advantages of traditional decision tree methods and does not suffer from overfitting problems. Moreover, the RF model is a nonlinear ensemble learning technique with high simulation accuracy and a highly flexible model-building process. In addition, it does not involve the problem of multicollinearity between independent variables that needs to be solved in a regression model. RF has been widely used in ecological and environmental fields because of its fast computational speed and good stability compared to the linear regression algorithm and the neural network algorithm. RF can input multiple variables, is highly stable for variations in classification model parameter values, and averages the predictions for individual trees in the forest. As a result, the RF has advantages in classification and prediction [23,24]. Thus, RF has been applied to agricultural drought disaster monitoring. However, the application of the random forest model in grassland drought monitoring has been less studied. Therefore, there is a need to conduct research on the application of the random forest model in grassland drought monitoring.



Grassland ecosystems, which are an essential part of terrestrial ecosystems, play an important role in maintaining regional and national ecological security as well as the global ecological environment [25,26]. The frequency of droughts and the areas affected by droughts are still increasing with global change. Drought is a significant climatic disturbance in grasslands. The Inner Mongolia grassland is located in northern China, spanning arid and semi-arid regions, and is an important part of the grasslands of Eurasia. As the most extensive grassland in China, the Inner Mongolia grassland is a barrier to China’s ecological security [27]. The RF has good applicability and practicality in agricultural drought disaster monitoring [15]. Thus, in this study, we introduced the random forest model for grassland drought disaster monitoring and early warning.



With global climate change, fast and effective drought monitoring is an important theoretical basis for drought prevention and drought relief for grasslands. The specific objectives of this study were to construct an application model for monitoring and early warning of grassland drought hazards based on the random forest algorithm and to validate the monitoring results of the model. The main issues addressed in this study are: (a) the construction of a grassland drought monitoring model using the meteorological station data and remote sensing data based on random forest, (b) the verification of the accuracy and reliability of the monitoring results of the grassland drought monitoring model. The results provide some theoretical and technical support for grassland drought disaster monitoring and early warning.



This paper is organized as follows. The materials and methods are briefly described in Section 2. The construction of the drought monitoring model is described in Section 3. The model calibration and validation and some conclusions are outlined in Section 4 and the final section, respectively.




2. Materials and Methods


2.1. Study Area Description


The Inner Mongolia Autonomous Region, abbreviated as Inner Mongolia, is located in the interior of the Eurasian continent and the southern part of the Mongolian Plateau (97°12′~126°04′E and 37°24′~53°23′N). As an important natural grassland, the Inner Mongolia grassland is the main component of the northern grassland in China. Its total area is approximately 86.67 × 104 km2, accounting for more than 27% of the total grassland area in China, of which the available grassland area is approximately 68.18 × 104 km2 [28,29,30]. The average annual temperature ranges from −3.0 to 6.7 °C. The mean annual precipitation is about 150 to 450 mm, characterized by a decreasing trend from east to west. The precipitation is mainly concentrated between July and September [31]. Due to the complex and changing geographical and climatic conditions, the grasslands of Inner Mongolia are extremely vulnerable to natural disasters, especially drought disasters. The drought evolution of the Inner Mongolia grassland was characterized by multiple timescales, with a 17-year timescale as the primary period [31]. The land use types in Inner Mongolia include cultivated land, forest, grassland, shrubland, wetland, water bodies, artificial surface, and bare land (Figure 1).




2.2. Data Sources and Processing


2.2.1. Meteorological Data


The meteorological data utilized in this study include the monthly average temperature, monthly maximum temperature, monthly minimum temperature, monthly precipitation data, wind speed data at 2 m height, station altitude, station longitude, and sunshine hours (h) from 39 major meteorological stations during 2001–2018 in Inner Mongolia. We downloaded these data from the website (http://data.cma.cn/detail/dataCode/A.0012.0001.html, accessed on 26 September 2022). The data quality needed to be checked and supplemented due to missing data from some meteorological stations. We interpolated the missing data by linear regression based on data from the same month of the calendar year.




2.2.2. Remote Sensing Data


The Moderate Resolution Imaging Spectroradiometer (MODIS) enhanced vegetation index (EVI) product (MOD13A3), the Global Precipitation Measurement (GPM), and the surface temperature product (MOD11A2) were utilized as the primary remote sensing data sources from 2001 to 2018. EVI and NDVI were derived from MOD13A3, with a spatial resolution of 1km. MOD11A2 provides the daytime surface temperature product, the nighttime surface temperature product, and the associated data quality product, with a spatial resolution of 1km. The GPM-3IMERG, after data processing, is a monthly averaged grid precipitation dataset (mm/h), with a spatial resolution of 0.1° × 0.1° covering N60°~S60°. GPM data and MODIS data are both available from the website (https://search.earthdata.nasa.gov/search?q=GPM, accessed on 26 September 2022). In addition, we also used Shuttle Radar Topography Mission Digital Elevation Model (SRTM-DEM) data that we obtained from the website (http://srtm.csi.cgiar.org/srtmdata/, accessed on 26 September 2022). The SRTM-DEM data used were from the V4.1 version of SRTM3 data, with a spatial resolution of 90 m by interpolation algorithm to fill the gaps in this study (Table 1).




2.2.3. Statistical Data


The history of drought disasters statistics and information were collected from the Yearbook of Meteorological Disasters in China and the Inner Mongolia Statistical Yearbook. To verify the adaptability of the grassland drought monitoring model, we selected wet years, normal years, and dry years for monitoring. According to the Inner Mongolia Statistical Yearbook, 2012 was a wet year, 2015 was a normal year, and 2017 was a dry year. Therefore, we used the actual disasters of 2012, 2015, and 2017 for model validation.





2.3. Data Processing


2.3.1. Calculation of Standardized Precipitation Evapotranspiration Index (SPEI)


The standardized precipitation evapotranspiration index (SPEI) is calculated as the difference between the monthly precipitation and potential evapotranspiration and aggregated at different timescales [32]. The SPEI provides a more objective description of drought conditions than the drought index calculated using precipitation alone. Therefore, the SPEI is widely employed in drought monitoring at different timescales. The Penman–Monteith model recommended by the Food and Agriculture Organization of the United Nations (FAO) was used to calculate cumulative daily precipitation and cumulative potential evapotranspiration, which takes into account the effects of the regional temperature, precipitation, sunshine duration, wind speed at a 2 m height, and relative humidity of the regional water balance from 2001 to 2018. Therefore, we applied the Penman–Monteith method to calculate the SPEI. The calculation process details for the SPEI can be found in a previous study [33]. The SPEI has a multi-timescale characteristic. According to a previous study, SPEI6 has more applicability and practicability for drought monitoring in Inner Mongolia. Thus, we calculated the SPEI at 6-month timescales with the R package and expressed it as SPEI6. The SPEI drought classification is shown in Table 2.




2.3.2. Processing of Remote Sensing Data


The MODIS-EVI and LST data were respectively extracted from the MOD13A3 and MOD11A2 datasets using the MODIS Reprojection Tool (MRT) provided by NASA. EVI data are monthly value synthetic data, and LST data are 8 d synthetic data. To ensure the consistency of the temporal phase of the data used for modeling, the LST data were weighted by the proportion of the 8d data for that month to obtain a monthly surface temperature index. For example, if the flat-year LST data numbers 097, 105, 113, and 121 account for 7, 8, 8, and 7 days of April, the corresponding ratios are 7/30, 8/30, 8/30, and 7/30, respectively. Before normalizing the data from EVI and LST, poor-quality image element values and invalid values needed to be removed from the images according to the data quality control file and then filled in with the average of data from the same month of other years. To ensure that precipitation data were in monthly values, it was necessary to convert the GPM-3IMERG data in hourly precipitation units to monthly precipitation units. This was calculated by multiplying the GPM-3IMERG data by 24 h and then by the number of days in the month. Finally, the EVI, LST, GPM-3IMERG, and DEM data were reprojected from the original integerized sinusoidal projection into an Albers equal-area conical projection based on the WGS-84 datum using ArcGIS V10.8 software (ESRI, Redlands, CA, USA). Moreover, we extracted the remote sensing data (EVI, LST, GPM-3IMERG, and DEM data) for the administrative boundaries of Inner Mongolia based on ArcGIS V10.8 software (ESRI, Redlands, CA, USA).






3. Drought Monitoring Model Construction


3.1. Principles of Grassland Drought Monitoring Model Construction


The precipitation status index (GPMI) index is used for information on meteorological precipitation anomalies, and the temperature status index (TCI) demonstrates the effect of surface temperature on vegetation [34]. The enhanced vegetation index (EVI) indicates the growth status of vegetation, and the slope (Aspect), and slope direction and elevation (DEM) also have significant influence on regional drought. While each factor in different aspects reflects the drought, the ways in which they are coupled with drought are still unclear. The SPEI incorporates the effects of precipitation, temperature, and surface evapotranspiration on drought, indicating precipitation anomalies at different timescales. Accordingly, a multi-source remote sensing data-driven grassland drought monitoring model was constructed using a random forest algorithm, which used the SPEI as the dependent variable and other remote sensing factors as independent variables. The overall steps in constructing the grassland drought monitoring model included data collection, data analysis, adjustment of the model parameters, and model validation (Figure 2). In this work, a composite grassland drought monitoring model was constructed.




3.2. Vegetation Condition Index


When the vegetation is under drought stress, the NDVI and EVI will decrease accordingly [35,36]. The NDVI is influenced by soil background values, and its sensitivity is low in areas with high vegetation cover [37]. In contrast, the EVI can effectively correct the influence of the background values (soil and aerosol) of the vegetation by adding blue light bands to adjust the atmospheric effect on vegetation. Furthermore, the EVI also can effectively reflect the growth of vegetation, even in areas with high vegetation cover [38]. Thus, in the model construction of this study, we selected the EVI to reflect the vegetation growth. The EVI for each month from 2001 to 2018 was calculated by the following formula:


   EVI =  2.5 ∗    NIR   −   R    /      NIR + C   1       ∗   R + C   2     ∗   B + L     



(1)




where NIR, R, and B denote the atmospherically corrected reflectance values in the near-infrared, red, and blue wavelengths, respectively. C1 and C2 are the atmospheric conditioning parameters, with values of 6.0 and 7.5, respectively. L is the soil conditioning parameter, with a value of 1.




3.3. Precipitation Condition Index (GPMI)


Drought disaster can be thought of as the result of a shortage of precipitation over a particular timescale that leads to a soil moisture deficit, limiting the water availability for vegetation. GPM data can provide monthly precipitation data, which can reflect the spatial and temporal variation of regional climate and provide meteorological drought information. Moreover, GPM data have high agreement with the measured precipitation data. Therefore, the GPMI that could reflect the precipitation on the time series was selected. To eliminate the effect between different resolutions, data normalization of the origin GPM data was required, as follows:


   GPMI =      GPM   max    − GPM      GPM   max      − GPM    min     ∗ 100  



(2)




where GPMI represents the precipitation state index, GPM is the pixel values of precipitation, and GPMmax and GPMmin denote the maximum and minimum precipitation of the same month from 2001 to 2018, respectively. The GPMI values range from 0 to 1. The closer the GPMI value is to 0, the higher the probability of drought. Conversely, the closer the GPMI value is to 1, the more abundant regional precipitation is. In this study, the precipitation status index was calculated for each year from April to September for the period from 2001 to 2018.




3.4. Temperature Condition Index (TCI)


The soil water content will decrease with the development of drought. Drought occurrence and development are strongly correlated with the surface temperature (LST). Therefore, in years when drought occurs, the surface temperature values are higher than in the same months of normal years. The LST is influenced by atmospheric and geographical factors, so it cannot be directly used for complete drought monitoring [34]. The temperature condition index (TCI) is described based on the principle that the surface temperature of the tree canopy or soil increases with increasing temperature [39]. Under high-temperature conditions, water stress increases, resulting in a lack of water in the vegetation or soil. Thus, when vegetation is subjected to water stress, the stomata are closed to reduce transpiration, and the canopy temperature of the vegetation will increase with water stress. Moreover, the TCI is widely used in drought monitoring. Therefore, we used the TCI as one of the independent variables in the construction of the drought monitoring model.


   TCI =      LST   max    − LST      LST   max      − LST    min     ∗ 100  



(3)




where TCI represents the temperature condition index, LST is the pixel value of the LST data, and LSTmax and LSTmin represent the maximum and minimum values of LST in the same month from 2001 to 2018. The values of the TCI range from 0 to 1. The smaller the TCI value, the more severe the water stress on the regional grassland growth, and the greater the possibility of regional drought. The closer the TCI value is to 0, the more serious the situation of drought in grassland. On the contrary, the closer the TCI value is to 1, the lighter the water stress is in grassland, and the lower the possibility of regional drought. In this study, the TCI was calculated for each year from April to September for the period from 2001 to 2018.




3.5. Other Factors


The spatial distribution of drought is related to regional evapotranspiration. Aspect can indirectly affect regional evapotranspiration and plant transpiration by influencing the spatial distribution of solar radiation input. The slope direction affects plant transpiration by influencing the distribution of lightness, soil temperature, soil water content, and nutrients. Evapotranspiration, precipitation, and light intensity vary spatially depending on elevation differences. Therefore, elevation factors were also used as independent variable factors in the construction process of the model.




3.6. Construction Process for a Grassland Drought Monitoring Model


Taking into account the characteristics of grassland vegetation growth, a monitoring period from April to September of each year from 2001 to 2018 was selected for this study. The growing season of the Inner Mongolia grassland is from April to September every year. To study the interaction mechanism between grassland, precipitation, and soil, a grassland drought monitoring model with SPEI =¦(GPMI, TCI, EVI, Aspect, slope direction, DEM) was conducted based on the random forest algorithm. The monthly SPEI is considered a dependent variable and presents the combined drought status of each station.



The precipitation state index (GPMI), temperature state index (TCI), enhanced vegetation state index (EVI), slope (Aspect), and the slope direction and elevation (DEM) of the Inner Mongolia region were used as independent variables, and SPEI6 was used as a dependent variable in the model construction.



In this study, we randomly divided the data from 2001 to 2018 into two parts: 70% were the training data and the remaining 30% were the test data. Among these, the training data were used to construct the grassland model based on the RF, and the test data were used to validate the model accuracy. Drought was identified based on the SPEI6 value and the typical drought events. The model building procedure is shown in Figure 2.



The principal steps of the construction of a model based on RF are as follows:




	(1)

	
Random repetitive sampling from the training dataset is repeated n times to generate n new training samples, while the unsampled samples constitute out-of-bag (OOB) data.




	(2)

	
Each training sample constitutes a regression tree in a random forest, and at each node of the regression tree, m variables are randomly selected from six variables for branching. The out-of-bag error is estimated based on the out-of-bag data corresponding to the training sample. The regression trees generated from the training samples constitute the random forest. The random forest prediction result is the mean of the prediction results of all regression trees. The random forest prediction accuracy is then the mean of the out-of-bag errors for all regression trees.




	(3)

	
The most important part of the model-building process is to determine the number of regression trees n and the number of preselected variables at tree nodes m. The number of m is determined in steps of 1 by looking at the value corresponding to their minimum error. In general, the number of m is not changed once it is determined. In addition, the number of m is smaller than that of the variables involved in the modeling.




	(4)

	
The number of regression trees n was determined on the basis of m. The step size of n was incremented by 100, and the default was 500. After several trials, when m = 4 and n = 1000, the OOB error of this study was minimized. Consequently, we finally chose the following parameters as the initial input parameters of the model: m = 4 and n = 1000. With such a modeling process, we explored a better model for grassland drought monitoring.











4. Results


4.1. Model Calibration and Validation


The correlation coefficient between the estimated drought index (SPEI6) for the training set and the measured SPEI6 was 0.9706, and the correlation coefficient between the estimated drought index (SPEI6) for the testing set and the measured SPEI6 was 0.6387 (Table 3). The results show that the correlation coefficients for all 39 major meteorological stations were above 0.5, and all passed the significance test of p < 0.01. Additionally, the RMSEs of the training set and the testing set were 0.18555 and 0.43636, respectively. Moreover, the Std values of the training set and the testing set were 0.00364 and 0.01299, respectively. Thus, the model constructed based on the RF can be used for grassland drought monitoring.



To better verify the accuracy of the constructed model monitoring results, we classified the SPEI6 into five drought levels: extreme drought, severe drought, moderate drought, mild drought, and normal (Table 2). We also conducted drought class statistics for the actual measured and model-predicted values of SPEI6 from 2001 to 2018. The consistent rate between the measured and simulated values of drought classes was found to be 87.90%. The R2 between the estimated SPEI value and the measured SPEI value for the training set was 0.94207, and the R2 between the estimated SPEI value and the measured SPEI value for the testing set was 0.40741 (Figure 3). This demonstrates that the constructed model for grassland drought monitoring developed in this study had a high simulation accuracy. Thus, the constructed drought model can be used for grassland drought monitoring.




4.2. Analysis of Model Monitoring Results


To verify the adaptability of the grassland drought monitoring model, we selected wet years, normal years, and dry years for monitoring. According to the Inner Mongolia Statistical Yearbook, the annual precipitation in Inner Mongolia in 2012 was 427 mm, 121 mm more than normal years, so 2012 was a wet year. In 2015, the 328 mm of annual precipitation in Inner Mongolia was close to normal years, so 2015 was a normal year. In 2017, the 282 mm of average annual precipitation was 11.5% less than in normal years, so 2017 was a dry year. Therefore, we used the actual disasters of 2012, 2015, and 2017 for model validation.



4.2.1. Analysis of Grassland Drought Monitoring Model Monitoring Results in Wet Years


From April to September 2012, the grassland drought monitoring model constructed in this study was used to monitor and classify the grassland drought in Inner Mongolia. As shown in Figure 4, there was no drought in most regions of Inner Mongolia in April. Mild drought occurred in most areas of Inner Mongolia in April, and moderate drought and severe drought appeared in central and western Hulunbeier, eastern Xing’an League, eastern Tongliao and Xilin Gol League, and Bayannur, and extreme drought appeared in some regions. In May, the severity of the drought reduced, and mild drought and no drought occurred in most areas. Inner Mongolia was largely free of extreme drought, but severe drought occurred in some areas of northeastern Hulunbeier. In general, the severity of drought increased, and mild drought and moderate drought appeared in most areas of Inner Mongolia in June. In July, the drought continued to increase in severity, with moderate drought in the central regions of Inner Mongolia. Extreme drought occurred in Hulunbeier in eastern Inner Mongolia. In August, the drought conditions intensified and resulted in severe and extreme drought over large areas in central and eastern Inner Mongolia. Moreover, severe drought spread to central and eastern parts of Inner Mongolia. In September, there was essentially no drought or mild drought in most regions, except for moderate or extreme drought in central and western Inner Mongolia.




4.2.2. Analysis of Grassland Drought Monitoring Model Monitoring Results in Normal Years


We monitored and classified the drought from April to September 2015 using the constructed grassland drought monitoring model (Figure 5). In April, except for moderate or extreme drought in eastern Inner Mongolia, most of Inner Mongolia was largely drought-free. In May, in general, there was an increased severity of drought, with moderate and severe droughts occurring in most areas. Severe drought appeared in some areas of northeastern Inner Mongolia, and extreme drought occurred in some central regions. Overall, drought had a tendency to decrease in severity, and mild drought and moderate drought appeared in most areas. Severe drought mainly appeared in some areas of northeastern Inner Mongolia, and there was no extreme drought in Inner Mongolia in June. In July, the drought conditions intensified, resulting in widespread moderate and extreme drought in most parts of Inner Mongolia. In August, the drought showed a decrease in severity, resulting in a large area of the drought diminishing. Overall, severe drought was mainly concentrated in the central regions of Inner Mongolia. Meanwhile, no drought occurred in the eastern regions of Inner Mongolia. In September, the drought in most areas had basically ceased. There was essentially no drought in most regions, except for moderate or severe drought in some areas of Inner Mongolia.




4.2.3. Analysis of Grassland Drought Monitoring Model Monitoring Results in Dry Years


From April to September 2017, the grassland drought monitoring model constructed in this study was used to monitor and classify the grassland drought in Inner Mongolia. As shown in Figure 6, there was essentially no extreme drought in Inner Mongolia, and moderate drought occurred mainly in some areas of eastern Inner Mongolia in April. In May, the drought intensified, resulting in widespread severe and extreme drought in most areas of Inner Mongolia, and extreme drought in some areas. In June, extreme drought had a tendency to decrease in severity in Inner Mongolia. Except for severe drought in eastern Inner Mongolia, mild drought and moderate drought occurred in most areas of Inner Mongolia. In August, overall, mild drought occurred in most regions of Inner Mongolia, and severe drought intensified in the central regions of Inner Mongolia. In September, the drought intensified, resulting in widespread moderate and severe drought in most parts of Inner Mongolia, and even extreme drought in some areas.






5. Discussion


To verify the accuracy and reliability of the monitoring results of the constructed grassland drought monitoring model, we compared the monitoring results of the model constructed in this study with the actual drought occurrence in the corresponding years (2012, 2015, and 2017), respectively.



According to the 2013 China Meteorological Disaster Yearbook, there were approximately 1,464,600 people affected by drought in Inner Mongolia in 2012. Approximately 431,000 people had difficulty gaining drinking water, and the no-harvest area was 11,000 hectares [40]. Overall, rangelands and pastures in Inner Mongolia suffered from different degrees of drought disaster. Except for the eastern part of Inner Mongolia, the temperature in April was approximately 1 °C higher than in the same period in normal years. A previous study proved that the precipitation in eastern Inner Mongolia was more than 80% less than in normal years [40]. The drought in most regions of Inner Mongolia was more serious in April due to high temperatures and low precipitation. In May, the temperature was approximately 1~2 °C higher than the temperature in the same month in normal years. At the same time, the precipitation was 130% to 200% higher than the precipitation in the same month in normal years. As a result, the drought that occurred in Inner Mongolia was somewhat less severe in May compared to April. The drought extent and spatial distribution of April and May in Inner Mongolia monitored by the drought monitoring model are highly similar to the occurrences of the actual recorded drought conditions. Additionally, the monitoring results of the model constructed in this study are consistent with the drought distribution in Inner Mongolia founded by Duan et al. (2013) [41]. These results indicate that the monitoring results of the model constructed in this study are objective and credible.



The temperature in central Inner Mongolia was approximately 1~2 °C lower than the temperature in the same month in normal years, while the temperature in western Inner Mongolia was approximately 1~2 °C higher than in the same period in normal years, or even more than 2 °C higher [40]. At the same time, heavy rainfall and even flooding occurred in 11 leagues (cities) in Inner Mongolia in June. In July, the temperature in central Inner Mongolia was slightly lower than the temperature in the same month in normal years, and the temperature in northeastern Inner Mongolia was 1~2 °C higher than in the same period in normal years. At the same time, the precipitation in most regions of Inner Mongolia was 130% to 200% times higher than in the same period in normal years. If only the effects of temperature and precipitation on drought are considered, Inner Mongolia as a whole would be drought-free in June or July [40]. In contrast, the monitoring results of the grassland drought monitoring model constructed in this study show that the drought conditions in Inner Mongolia in June and July were alleviated, but there were still different levels of drought disasters. These differences can be explained by the adaptation of regional vegetation to the regional environment during long-term growth. This makes grassland vegetation respond to drought with a certain lag. In addition to temperature and precipitation, the growing conditions of vegetation are affected by other natural hazards, such as floods, fire, storms, and lightning [42,43]. According to the Inner Mongolia Disaster Yearbook, in 2012, 12 leagues (cities) in Inner Mongolia experienced heavy rainfall, lightning storms, and strong convection storms [40]. From 20–28 June of the same year, Inner Mongolia suffered heavy localized rainfall, and some areas were hit by torrential rains, causing severe flooding. In addition, Inner Mongolia had the most serious grassland fire of the last 10 years. Since the drought monitoring model was constructed using the EVI as one of the model parameters, other natural disasters besides drought may also lead to a reduction in the EVI. Therefore, to a certain extent, the results of the drought monitoring model may differ from the actual drought conditions.



In general, high temperatures and low precipitation are the main reasons for the formation of regional drought. In August, the temperature in northeastern Inner Mongolia was slightly lower than in the same period in normal years. The temperature in the west was approximately 1 to 2 °C higher than the temperature in the same month in normal years. In addition, the precipitation in most regions was 30% to 50% lower than that in the same month in normal years. In September, the temperature in the west was approximately 1 °C higher than the temperature in the same month in a normal year. At the same time, the precipitation was less than the precipitation in the same month in normal years. Therefore, there was a drought disaster in Inner Mongolia in August and September, which is consistent with the drought monitoring model monitoring results. With the above analysis process, the RF-based grassland drought monitoring model established in this study can be used to monitor the spatial and temporal evolution of the drought process in Inner Mongolia. The results of the study are basically consistent with the actual drought conditions in 2012, indicating that the model has strong monitoring capability for wet years.



To verify the accuracy and reliability of the monitoring results of the grassland drought monitoring model in a normal year, we compared the monitoring results of the model constructed in this study with the actual drought occurrence in 2015. Previous studies have proven that mild drought and moderate drought were the mainly occurring drought disaster, and severe drought occurred only in some regions of Inner Mongolian in March and April of 2015 [44,45]. From June to August, there was mild drought or even severe drought in most regions of Inner Mongolia, and severe drought and extreme drought occurred in some areas. In September, drought occurred similarly to that in the summer. Even some areas of Inner Mongolia experienced extreme drought [46]. Through the above analysis process, the RF-based grassland drought monitoring model established in this study was used to monitor the spatial and temporal evolution of the drought process in Inner Mongolia. The results of the study are basically consistent with the actual drought conditions in 2015, suggesting that the model has a strong monitoring capability for normal years.



To verify the accuracy and reliability of the monitoring results of the grassland drought monitoring model in dry years, we compared the monitoring results of the model constructed in this study with the actual drought occurrence in 2017. According to the 2018 China Meteorological Disaster Yearbook, Inner Mongolia experienced a spring–summer drought in 2017 [47,48]. From March to June, the precipitation in most regions was 50% lower than in the same period in normal years. Severe drought to extreme drought mainly occurred in the eastern part of Inner Mongolia. The drought area accounted for 61% of the total Inner Mongolia area in spring. In July, high temperatures and low precipitation occurred in most regions of Inner Mongolia, resulting in drought disasters in most regions. Drought decreased in severity in August, and drought spread throughout central Inner Mongolia. The results are basically in agreement with the actual drought conditions in 2017. In addition, the monitoring results of the present model are consistent with the monitoring results of the spatial variation characteristics of the 2017 drought in Inner Mongolia based on the 16 d timescale analysis [38], illustrating that the model has a strong monitoring capability for drought years.



Combined with the above analysis process, the results of the model in this study are basically in accordance with the actual drought conditions in wet years, normal years, and dry years, suggesting that the model has a strong monitoring capability in Inner Mongolia. In other words, the RF-based grassland drought monitoring model developed in this study can be used to monitor the temporal and spatial evolution of drought processes in Inner Mongolia.



The model constructed in this study still has some limitations and needs to be improved. Human activities are increasingly contributing to the severity, frequency, and negative impacts of drought disasters. Therefore, we will take human activities into account in the construction of drought monitoring models in future work.




6. Conclusions


Drought processes are related to numerous factors, such as the atmosphere, soil, and vegetation. To describe and estimate drought conditions more accurately, we should consider a combination of drought-induced factors, including soil, water, and vegetation growth conditions. In this study, the precipitation state index (GPMI), temperature state index (TCI), enhanced vegetation state index (EVI), aspect, and slope direction and elevation were used as model-independent variable datasets. SPEI6 was used as a model-dependent variable dataset. We used multi-source spatial data (site data and remote sensing data) and random forests to synthesize the effects of multiple drought factors on drought. A grassland drought monitoring model based on random forest was constructed. The results of this study are summarized below.



	(1)

	
The grassland drought monitoring model established in this study can quantitatively monitor the drought condition of the Inner Mongolia grassland. The correlation coefficient (R) between the drought level obtained from the model training set and the measured SPEI6 reached 0.9706, and the correlation coefficient between the drought level obtained from the model test set and the measured SPEI6 reached 0.6387.




	(2)

	
The grassland drought monitoring model can objectively describe the degree of drought in the Inner Mongolia grassland. The correlation coefficient between the grassland drought index and the standardized precipitation evapotranspiration index (SPEI) from the model was 87.90%, demonstrating that the model can be used for drought monitoring and early warning of grassland drought in Inner Mongolia.




	(3)

	
In this study, drought events from April to September in Inner Mongolia were monitored in wet years, normal years, and dry years, using the constructed model. The monitoring results of the model constructed in this study were in accordance with the actual drought occurrence degree and spatial distribution. Therefore, the model constructed in this study has a strong monitoring capability for grassland drought disasters.
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Figure 1. Location and use distribution map of the study area. 
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Figure 2. Grassland drought monitoring model construction. 
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Figure 3. Correlation analysis between estimated and measured SPEI values. 
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Figure 4. Monitoring results of the drought model during the growing season in 2012. 
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Figure 5. Monitoring results of the drought model during the growing season in 2015. 
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Figure 6. Monitoring results of the drought model during the growing season in 2017. 
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Table 1. Data description and sources.
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Data

	
Description

	
Source






	
Meteorological data

	
Monthly average temperature

	
National Meteorological Information Center (http://data.cma.cn/detail/dataCode/A.0012.0001.html)




	
Monthly maximum/minimum temperature




	
Precipitation data




	
Wind speed data at 2 m height




	
Station altitude/longitude




	
Sunshine hours (h)




	
MOD13A3 (1 km)

	
Moderate Resolution Imaging Spectroradiometer

Enhanced vegetation index product

	
National Aeronautics and Space Administration (https://search.earthdata.nasa.gov/search?q=GPM)




	
GPM-3IMERG (0.1° × 0.1°)

	
Monthly averaged grid precipitation dataset (mm/h)




	
MOD11A2 (1 km)

	
Surface temperature product




	
SRTM3 V4.1 (90 m)

	
Shuttle Radar Topography Mission Digital Elevation Model

	
(http://srtm.csi.cgiar.org/srtmdata/)
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Table 2. Classification of SPEI values.
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	SPEI Value Class
	Situation Classification





	≤−2.0
	Extreme drought



	−2.0 < SPEI ≤ −1.5
	Severe drought



	−1.5 < SPEI ≤ −1.0
	Moderate drought



	−1.0 < SPEI ≤ −0.5
	Mild drought



	−0.5 < SPEI ≤ 0.5
	Normal or wet spell
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Table 3. The accuracy of the model predictions in the training and test sets.
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	Standard Deviation (Std)
	Root Mean Square Error (RMSE)
	Correlation Coefficient (R)





	Training set
	0.00364
	0.18855
	0.9706 **



	Testing set
	0.01299
	0.43636
	0.6387 **







Note: ** is a significant correlation at the 0.01 level (two-sided).
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