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Abstract

:

Rapidly developing droughts, including flash droughts, have frequently occurred throughout East Asia in recent years, causing significant damage to agricultural ecosystems. Although many drought monitoring and warning systems have been developed in recent decades, the short-term prediction of droughts (within 10 days) is still challenging. This study has developed drought prediction models for a short-period of time (one pentad) using remote-sensing data and climate variability indices over East Asia (20°–50°N, 90°–150°E) through random forest machine learning. Satellite-based drought indices were calculated using the European Space Agency (ESA) Climate Change Initiative (CCI) soil moisture, Tropical Rainfall Measuring Mission (TRMM) precipitation, Moderate Resolution Imaging Spectroradiometer (MODIS) land surface temperature (LST), and normalized difference vegetation index (NDVI). The real-time multivariate (RMM) Madden–Julian oscillation (MJO) indices were used because the MJO is a short timescale climate variability and has important implications for droughts in East Asia. The validation results show that those drought prediction models with the MJO variables (r ~ 0.7 on average) outperformed the original models without the MJO variables (r ~ 0.4 on average). The predicted drought index maps showed similar spatial distribution to actual drought index maps. In particular, the MJO-based models captured sudden changes in drought conditions well, from normal/wet to dry or dry to normal/wet. Since the developed models can produce drought prediction maps at high resolution (5 km) for a very short timescale (one pentad), they are expected to provide decision makers with more accurate information on rapidly changing drought conditions.
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1. Introduction


Drought is one of the most complex disasters because it is difficult to identify the start and end points of drought, unlike other disasters such as typhoons, landslides, or floods [1,2]. Drought associates a meteorological process with agricultural and hydrological processes [3]. Meteorological drought occurs due to a deficit of precipitation, which brings about a shortage of available soil water for plant growth [4,5,6]. Agricultural drought is caused by the shortage of soil water, which results in significant damage to agricultural ecosystems (e.g., crop yield) [7,8,9]. Hydrological drought refers to groundwater depletion and the lack of surface water, which affects water resources for allocation [10]. Numerous drought indices have been developed using ground station, numerical model, and remote-sensing data. The standardized precipitation index (SPI; [11]) is a meteorological drought index calculated using station rainfall data on a range of timescales (1 to 36 months). However, its agricultural use is limited because SPI only depends on rainfall data. Many satellite-based drought indices have been proposed. The vegetation condition index (VCI; [12]) was developed through modification of the normalized difference vegetation index (NDVI) by normalizing NDVI after considering the potential maximum and minimum of an ecosystem. Since a single index cannot fully explain the complexity of drought, many blended drought indices have been developed [13]. The vegetation health index (VHI; [14]) and soil wetness deficit index (SWDI; [15]) were developed using NDVI and land surface temperature (LST). The scaled drought condition index (SDCI; [16]) is obtained from LST, NDVI, and Tropical Rainfall Measuring Mission (TRMM) precipitation. SDCI detects meteorological and agricultural droughts well in both humid and arid regions when compared to U.S. Drought Monitor (USDM) data. The microwave integrated drought index (MIDI; [17]), which is a short-term drought index, combines LST, NDVI, and soil moisture. When compared to 1- and 3-month SPIs, MIDI monitors metrological drought well. Many drought-monitoring systems, including the U.S. Drought Monitor (USDM; [18]), European Drought Observatory (EDO; http://edo.jrc.ec.europa.eu/), and vegetation drought response index (VegDRI; [19,20]) have been widely operated to monitor drought. Although such drought monitoring systems provide more accurate information on various drought types, they are computationally demanding because they require many climate models, in situ observations, and remote-sensing data. While drought monitoring is relatively well advanced in many countries, short- to long-term predictions of drought are still difficult due to its inherent complexity. Timely prediction of drought provides valuable information to decision makers, which can help mitigate drought.



For these reasons, drought prediction is of increasing interest, and various studies on drought prediction have been conducted. Several stochastic models have been developed for the prediction of meteorological and agricultural droughts based on (1) empirical methodology such as multiple linear regression [21,22], (2) the autoregressive moving-average (ARMA)/autoregressive integrated moving average (ARIMA) models [23,24], (3) the ensemble streamflow prediction (ESP) method [25,26,27], and (4) machine learning [28,29,30]. These models can predict gradually intensifying drought well. However, it is hard for them to predict rapidly changing drought conditions, such as wet to dry and dry to wet, due to the delayed signal. This is because the variables tend to respond slowly to sudden changes in drought conditions [31,32]. Therefore, it is necessary to understand the regional meteorological or climate factors, as well as historical patterns, in order to improve the prediction models.



There are many climate factors that affect the occurrence of drought. The East Asian monsoon, which is closely related to drought in East Asia, is prominently affected by climate variations. The dynamical connection between East Asia and the El Niño-Southern Oscillation (ENSO) was identified by Wang et al. [33]. The East Asian monsoon is also affected by variations in the sea surface temperature (SST) in the Indian Ocean as well as the tropical Pacific Ocean [34]. In this regard, there have been many attempts to use climate variability to forecast regional precipitation and specifically, the East Asian monsoon. For example, Wu et al. [35] developed a statistical model for predicting the East Asian summer monsoon using ENSO and the North Atlantic Oscillation (NAO). From these potential relationships on an interannual timescale, climate indices, such as ENSO, Arctic Oscillation (AO), and NAO have been used for drought forecasting in previous studies [36,37,38].



Although many systems have been developed in recent decades to predict meteorological and agricultural droughts, the short-term prediction of drought (within 10 days) is still challenging. The historical pattern of short-term drought prediction is less valid than long-term drought prediction because the drought factors respond slowly to sudden changes in drought conditions and have a delayed signal [31,32]. The causative factors for the short-term prediction of drought are also more complex than those for the long-term prediction of drought, and it is difficult to understand the process. While drought predictions for long periods of time are mainly based on the lack of precipitation, drought predictions for short periods of time are based on other factors, including temperature and evapotranspiration, rather than precipitation. Some droughts, such as flash droughts caused by a rapid rate of intensification, have increased in recent years, and this has resulted in damage to agricultural systems [39] such as the economic losses reported in the billions of US$ from the 2010/11 flash drought in the U.S. [40]. Therefore, early warnings for the agricultural community through the short-term prediction of drought is necessary to mitigate the related losses [41].



The short-term prediction of drought can be affected by atmospheric variability on an intra-seasonal timescale. One of the major atmospheric variabilities is the Madden–Julian oscillation (MJO: [42]), which leads to changes in the teleconnection pattern that affects extratropical circulation over East Asia during the boreal winter season [43]. The anomalous teleconnection pattern associated with MJO also leads to anomalous precipitation which subsequently affects hydrological land surface conditions [44]. Additionally, Peng et al. [45] explored the relationship between MJO and land surface soil moisture across the world, especially over monsoon regions, where the change in the atmospheric teleconnection pattern was identified using satellite-based soil moisture and precipitation data. The soil moisture changes during the MJO phases could be useful information in predicting drought events in short periods of time, since the variable is persistent for a few days.



This study aims to develop a drought prediction model for short periods of time (one pentad) using random forest machine learning focusing on agricultural drought. The proposed drought prediction model considers the real-time multivariate (RMM) MJO indices. The MJO indices, showing short timescale climate variability, has important implications for drought in East Asia [44,46,47]. Random forest (RF) machine learning was adopted to develop drought prediction models because RF has been used for many remote-sensing applications and has shown better performance than other machine learning approaches in drought-related studies, such as decision trees or boosted regression trees [13,48,49]. Three satellite-based drought indices, the SDCI, MIDI, and very short-term drought index (VSDI) were used because satellite-based drought indices are able to detect sudden changes at relatively high spatial resolution and increase the identification of flash droughts [41,50,51,52,53]. In addition, satellite images have shown good performance in drought monitoring [4,7,13,16,19,21,50]. As discussed above, SDCI and MIDI monitored drought well when compared to reference data such as USDM and SPI. It is, thus, expected that satellite images and the derived indices will be useful in the short-term prediction of drought. The objectives of this study were to (1) suggest a modified drought index, VSDI, which combines surface soil moisture, LST, and NDVI; (2) develop drought prediction models based on drought indices using random forest; (3) validate the drought prediction models; and (4) compare the spatial distributions of drought evolution from reference and predicted drought indices.




2. Study Area and Data


2.1. Study Area


This study mainly focused on the East Asia region (10°–50°N and 90°–150°E) including east China, south-east Russia, Taiwan, Korea, and Japan. East Asia suffers from droughts especially during the spring (from March to May) due to the transient season of the East Asian monsoon onset. East Asia has diverse land cover types. Figure 1 shows Moderate Resolution Imaging Spectroradiometer (MODIS, MCD12Q1) land-cover distribution with 11 land cover classes. While Korea, Taiwan, and Japan mostly consist of forest and croplands, China is composed of forest, croplands, shrublands, grasslands, and barren lands. Most of south-east China, South Korea and Japan is covered with vegetation including forest and croplands where annual rainfall is concentrated, while north central China, including a desert, is mostly barren. In this regard, the land surface conditions of East Asia are strongly associated with atmospheric phenomena in diverse timescales.




2.2. Data


2.2.1. Satellite Data


Four variables; LST, NDVI, precipitation, and soil moisture, were used to produce three drought indices. LST and NDVI were obtained from MODIS daily LST (MOD11C1) and daily surface reflectance (MOD09CMG) with 5 km spatial resolution which were obtained from EARTH DATA (https://earthdata.nasa.gov/). In this study, pentad mean (5 days) data were used to capture short-term changes in drought conditions, and thus, daily products were converted into pentad information. To calculate NDVI, bands 1 (red) and 2 (near-infrared) were used, and the maximum value composite approach (MVC; [54]) was applied to produce pentad NDVI. This study used TRMM 3B42 daily precipitation data with 25 km spatial resolution obtained from Goddard Earth Sciences Data and Information Center) (GES DIC; https://mirador.gsfc.nasa.gov/). Daily precipitation data were converted into monthly data with a 5-day interval (pentad). The European Space Agency (ESA)–Climate Change Initiative (CCI) satellite-based soil moisture dataset, collaborating active and passive measurements, has provided daily volumetric soil moisture at surface level with 0.25° spatial resolution since 1979 [55,56,57]. The version 3.3 soil moisture data available from ESA-CCI (http://www.esa-soilmoisture-cci.org) were used in this study. TRMM precipitation and ESA CCI soil moisture were resampled to a 0.05° grid size using bilinear interpolation.



The SDCI proposed by Rhee et al. [16] was calculated using the precipitation condition index (PCI), temperature condition index (TCI), and vegetation condition index (VCI) (Equations (1)–(4)). MIDI proposed by Zhang and Jia [17] were calculated using PCI, the soil moisture condition index (SMCI), and TCI (Equations (5) and (6)). Those condition indices were calculated by normalizing from 0 to 1 through max-min scaling at each pixel, which considers the potential maximum and minimum of an ecosystem, as discussed in Kogan [14]. The values of 0 (1) represents the driest (wettest) conditions. Although the growing season over East Asia is from April to September, drought frequently occurs from April to May when people start farming [13,58]. Thus, the temporal scope of this study is from April to May between 2000 and 2016. The indices were computed using pentad means for 17 years (12 pentads per year). Each drought index has 12 pentads per year. This study proposed a new drought index, very short-term drought Index (VSDI), which modifies SDCI, because the precipitation factor in SDCI is inadequate for monitoring and predicting changes in drought conditions in short periods of time. It is difficult for the lack of precipitation within one pentad to be the standard of what is considered to be a drought, and other factors such as temperature and evapotranspiration are closely related to drought rather than precipitation in short periods of time. Since soil moisture reflects precipitation as discussed in Wang et al. [39], VSDI was developed by replacing PCI with SMCI (Equation (7)).




PCI = (Precip − Precipmin)/(Precipmax − Precipmin)



(1)






TCI = (LSTmax − LST)/(LSTmax − LSTmin)



(2)






VCI = (NDVI − NDVImin)/(NDVImax − NDVImin)



(3)






SDCI = 0.5 × PCI + 0.25 × TCI + 0.25 × VCI



(4)






SMCI = (SM − SMmin)/(SMmax − SMmin)



(5)






MIDI = 0.5 × PCI + 0.3 × SMCI + 0.2 × TCI



(6)






VSDI = 0.5 × SMCI + 0.25 × TCI + 0.25 × VCI



(7)






2.2.2. Numerical Land Surface Data


The global collection of land surface datasets on a long-term timescale with subsurface layers has been limited due to the lack of satellite and ground-based observations. An alternative way to create the land condition datasets is to use an offline land surface model (LSM) which is assimilated with atmospheric boundary-forcing conditions. In order to produce realistic land variables, the quality of the forcing datasets is essential because meteorological biases exert a confounding effect on both water and energy budgets.



In this study, an offline LSM simulation with the Joint UK Land Environment Simulator (JULES: [59]) was implemented. The model simulation produced land surface variables with a 0.5° spatial resolution and 4 layers (0.1, 0.25, 0.65, and 2 m) of vertical resolution in the land. Three-hourly near surface atmospheric forcing, provided by the Terrestrial Hydrology Research Group [60] was used to implement the LSM. The atmospheric variables from the National Centers for Environmental Prediction–National Center for Atmospheric Research reanalysis [61] including surface air temperature (SAT), humidity, 10-m wind, precipitation, surface radiation components (e.g., net short and longwave radiation fluxes at surface level), and surface pressure were used. Additionally, the mean biases of reanalysis were corrected by observational datasets (e.g., Global Precipitation Climatology Project (GPCP) and TRMM 3B42RT). Climatic Research Unit (CRU) time-series (TS) 2.0 monthly data [62] was used to correct SAT, and monthly NASA Langley surface radiation budget products [63] were adopted to correct surface radiative fluxes. The offline integration of land surface model was prescribed by corrected atmospheric boundary forcing with three-hourly time steps.




2.2.3. Madden–Julian Oscillation (MJO) Index


To define the MJO phases, we adopted the method proposed in Wheeler and Hendon [64], which is based on a pair of empirical orthogonal functions (EOFs) of the combined fields of 850-hPa, 200-hPa zonal wind anomalies and outgoing longwave radiation (OLR) averaged over the tropics (15°S–15°N). The two leading principal components (PC1 and PC2) of the EOFs are referred to as the real-time multivariate MJO series 1 (RMM1) and 2 (RMM2), respectively. Based on RMMs, MJO phases 1 to 8 are determined by the location of the convection center, and their amplitude is calculated by the root of the sum of the squared RMM1 and RMM2 (in Equation (8)). The real-time observational RMM indices were obtained from (http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt). Seasonal MJO amplitude is relatively uniform from October through June while it is weakened during July–September, supporting the suitability of MJO for drought prediction in April–May [65].




    MJO amplitude  =    RMM1 2  +  RMM2 2      



(8)








3. Methodology


A total of 11 input variables were used to develop the drought prediction models: 1-, 2-, and 3- pentads before the target prediction dates, RMM1 MJO, RMM2 MJO, and drought indices, latitude, and longitude—from 2000 to 2016 (Table 1). The target variable is each drought index. For example, to predict SDCI on a target date, SDCIs computed 1-, 2-, and 3-pentads before the date was used with other variables, i.e., 1-, 2- and 3-pentad before RMM MJO indices, latitude, and the longitude of each pixel over the study area. Figure 2 shows the process flow diagram of the approach proposed in this study. All variables—drought indices, RMM MJO indices, latitude, and longitude—were resampled to 100 km, considering the characteristics of the variables over the entire study area by using all pixels. Then, the 11 independent variables were fed into a random forest to develop drought prediction models to predict each drought index for the target dates. A randomly selected 80% of the samples were used as training data, and the remaining 20% were used for validation. Validation was conducted to compare the performance of each drought index and the effect of MJO for the short-term prediction of drought, and to identify the importance of the input variables. Then, a ‘leave-one-year-out’ cross validation was used to further evaluate the selected drought prediction model.



Random forest (RF) consists of many (typically 500–1000) classification and regression trees. There are two major randomization processes in RF. A subset of training samples (2/3 by default; the remaining data is held as out-of-bag data) is randomly selected to develop each tree, and a random subset of variables (i.e., a third of the number of variables in this study) is used at each node of a tree to determine a splitting variable. Each tree is fully grown through repeated splits. The best split at a node is determined using the variable resulting in the lowest residual sum of squares. Finally, the prediction of an unknown pixel is determined by averaging the results of all trees. RF also provides relative variable importance (i.e., the increase of the mean squared error as percentage; %IncMSE) which implies the contribution of the variable towards predicting a target variable. It is calculated by permuting a variable. The prediction error (mean squared error; MSE) is computed for each tree, and the same error is also computed after permuting each predictor variable. The difference between the two MSEs from all trees is averaged and then standardized. A high difference means the variable is important. In our study, R software (https://www.r-project.org/) was used to implement RF through the random forest package (Version 4.6-14). Default settings were applied except for the number of trees (1000 trees).



In this study, the intra-seasonal variability of MJO over East Asia was analyzed. Two prediction models for each drought index were compared in order to understand the effect of RMM MJO indices in drought prediction. The original prediction model used five variables (drought indices one, two, and three pentads before, latitude and longitude) excluding RMM MJO indices to predict each drought index, while the other MJO-based prediction model used 11 variables including RMM MJO indices. The drought prediction models developed were also validated through ‘leave a year out’ cross validation (i.e., 17-fold cross validation from 2000 to 2016) to further evaluate the temporal robustness of the models. The performance of the drought prediction models was evaluated using the root mean square error (RMSE) and correlation coefficients (r), relative RMSE (rRMSE), and p-value. The change in the spatial distribution of drought from normal to dry and dry to normal conditions was also compared in this study.




4. Results


4.1. Meteorological Climatology Associated with MJO


Prior to developing the short-term drought prediction model based on MJO, we investigated the role of meteorological variables, which consist of drought indices, on a sub-seasonal timescale of 30–90 days. It addresses the importance of MJO indices to predict short-term drought since the meteorological variables associated with the MJO timescale significantly explain their total variance. The analysis was performed with the numerical land surface data described in Section 2.2.2, and the variable was filtered using the 30–90 day bandpass to extract the sub-seasonal timescale variability. Figure 3 shows the composited SAT by MJO phases 1 to 8 during the spring season (April–May) for 22 years between 1991 and 2012. Looking at the results, the spatial anomaly of SAT according to the MJO phase clearly appears over East Asia. During MJO phases 1–3, there is a distinct warm anomaly pattern, while the opposite anomaly (i.e., cold pattern) is shown for phases 5–7 over East Asia and central China. However, the MJO-related temperature variation is not clear in southern China. The result is not consistent with the analysis in Jeong et al. [43] during the boreal winter season, when MJO amplitude is strong, and thus there is a significant cooling in phases 2–4 while there is a warming in phases 6–8 over the East Asia region.



Figure 4 represents the daily variance of the SAT, near-surface (~10 cm) volumetric soil moisture, and precipitation on a sub-seasonal timescale of 30–90 days. The sub-seasonal variance of the SAT is about 1 °C2 over central China (90°E–120°E, 35°N–50°N) where the land surface conditions are relatively dry, and the range of soil moisture variance on that timescale is about 10%2 over south-east Asia (90°E–110°E, 10°N–25°N) and north-east Asia (110°E–140°E, 35°N–50°N). Precipitation variability on a sub-seasonal timescale is high in the main rainfall regions including south-east Asia, south China, Korea, and Japan. However, the distribution of the ratio explained by the intra-seasonal variation versus the total variance is quite different. The degree of explanation of the soil moisture variability on the range of 30–90 days compared to its total variance is practically high, about 40% over central and north-east China, where soil moisture memory is relatively large compared to the rest of East Asia [66]. The ratio of the filtered temperature variance to its total variance is about 10–15% over the research region, and the ratio of the precipitation is less than 10%. Based on the introduced variables, this study examines their role in forecasting drought in a short period of time over East Asia.




4.2. Comparison of Drought Prediction Model Performance


Figure 5 shows the 8:2 validation results. The MJO-based prediction models showed better performance than the original prediction models (i.e., without MJO variables) (Figure 5). The correlation coefficients (r) and RMSEs were greatly improved by around 0.3 and 10%, respectively, in all three drought indices. Figure 5 also shows that the predicted drought indices in the MJO-based prediction models are well matched with the actual drought indices. For SDCI and MIDI, the values of the predicted drought indices are concentrated on mean values (~0.35) in the original prediction models, which results in a smaller dynamic range (0.2–0.5). Such a tendency has previously been reported to be one of the limitations of empirical models in many studies [49,67]. However, predicted drought indices catch the range of the original drought indices well (0.1–0.7) in the MJO-based prediction models. In particular, the driest and wettest conditions in SDCI and MIDI were predicted well, which shows that RMM MJO indices provide useful information for drought prediction. Supplementary Figures S1–S3 show the time series of the predicted and target drought indices for six selected points (Point 1: 17°N and 80°E; Point 2: 34°N and 102°E; Point 3: 42°N and 123°E; Point 4: 47°N and 102°E; Point 5: 48°N and 83°E; and Point 6: 49°N and 112°E). The drought pattern fluctuates in the short term (i.e., one pentad). Although the predicted indices did not have the full dynamic ranges of the target indices, the predicted ones, particularly the predicted VSDI, showed a relatively similar pattern to the targets. The correlations between one- to three-pentad lagged drought indices and the target indices were mostly lower than those between the predicted drought indices and targets (Supplementary Table S1). Although the R2 values of the prediction models seem to be relatively low, the results show that the short-term drought prediction using the proposed VSDI method is necessary and useful when compared to the existing indices.



The relative variable importance from the two models for the three drought indices is presented in Table 2. As expected, the latest drought index (1-P before drought index) showed the highest variable importance in both the MJO-based and original models for the three drought indices, while there is no noticeable difference in variable importance between the 2-pentad before drought index and 3-pentad before drought index. In terms of the two MJO variables, the contribution of the RMM1 MJO was higher than that of the RMM2 MJO. The variable importance of latitude was higher than longitude in the original models, while longitude contributed more in the MJO-based models.



Figure 6 shows the spatial distribution of the 17-fold (leave-one-year-out) cross validation results of the MJO-based VSDI prediction model. The Original VSDI and predicted VSDI during the planting season (April to May) from 2000 to 2016 (153 pentads) were compared using r, the p-value, RMSE, and rRMSE (Figure 6). According to the results, positive correlation (~0.424) and low RMSE (<0.148) and rRMSE (<30%) can be seen in most areas. Some regions, such as southern and north-western China, showed lower r and a higher p-value than other regions, which implies that the drought prediction model did not predict VSDI well in these areas. This is because of the limited number of samples due to clouds (i.e., no data pixels in LST and NDVI) and limited satellite paths (CCI soil moisture). North-eastern China near the Gobi desert shows higher RMSE (~0.18) and rRMSE (~40%) with relatively low r (~0.23) compared to other areas, because this region is sparsely vegetated and is relatively dry (averaged VSDI ~0.411) regardless of the season, unlike the other areas (averaged VSDI ~ 0.523) [67]. The drought prediction model performed well over densely vegetated regions, which consist of forest, shrublands, savannas and croplands (refer to Figure 1) with relatively high r and low RMSE and rRMSE (Figure 6).



The spatial distribution of drought conditions in the northeast Asia (dashed rectangles in Figure 3) from the original VSDI and predicted VSDI from the two models (with MJO and without MJO) were compared with the pentad scale in 2010 and 2011 (Figure 7 and Figure 8). Drought prediction maps were produced using the ‘leave-one-year-out’ cross validation results. In 2010, drought eased from 21 April to 26 April, and drought intensified from 26 April to 1 May. Then, drought relieved again from 1 May to 6 May. The MJO-based prediction model predicted drought conditions well in both eased and intensified drought conditions during four pentads (Figure 7). It is noticeable that the predicted VSDIs from the MJO model caught the inverse patterns that were not learned from previous drought conditions. The predicted VSDIs from the original model (without MJO) did not catch the patterns, especially on 1 May. 26 April was at the MJO phase 1 and 1 May was at phase 2, and this region became dry from phase 1 to phase 2 (refer to Figure 3). The MJO-based prediction model was able to predict the drought near 40°N and 120°E, but the original prediction model did not predict the drought (Figure 7). In Figure 8, the drought evolved from 11 May to 21 May in 2011, and the predicted VSDIs from the MJO model also matched well with actual VSDI. Similarly, 11 May and 16 May were at the phases 7 and 8, respectively, and the change to drier conditions from phases 7 to 8 is shown in Figure 3. As expected, while the original prediction model did not predict the intensified drought, the MJO-based prediction model successfully predicted this drought (Figure 8).





5. Discussion


The improvement in the performance of the drought prediction model through the application of RMM MJO indices is most striking for SDCI, which does not contain a soil moisture component (Figure 5). The ratio of soil moisture variability on a 30–90 day timescale is much higher than those of the temperature and precipitation (refer to Figure 4). It means that predictions of MIDI and VSDI without using MJO indices as the inputs already have a MJO-related intra-seasonal variation component due to soil moisture. The modeling performance of SDCI in the MJO-based prediction models increased from 0.29 to 0.70 in r and from 42% to 32% in RMSE. The inclusion of MJO indices creates a substantial improvement in the prediction skill of SDCI, which consists of PCI, TCI, and VCI, because the MJO-related intra-seasonal variability is included less in PCI and TCI than in SMCI (Figure 4). VSDI, where soil moisture accounts for half of the index, shows a prediction skill of 0.57 without using MJO information for the drought prediction because the surface conditions themselves already contain the MJO-related intra-seasonal memory.



The performance of the MJO-based prediction model was also better than that of the original prediction model for VSDI, although the original prediction model still worked well, unlike the other drought indices. Since precipitation fluctuates more during short-term periods than the other variables such as soil moisture, LST, and NDVI, precipitation is considered inadequate for conducting short-term predictions of drought. In addition, most of the drought conditions in SDCI and MIDI during the study period were dry (less than 0.4) because most of the PCI values were less than normal (0.5) due to a large gap between the maximum and minimum values of precipitation during one pentad. Therefore, VSDI is regarded as adequate for monitoring and predicting drought in short periods of time. In addition, the performance of the three prediction models were saturated around r = ~0.7, which suggests that there is still a possibility that drought predictions can be improved through further understanding of the physical drought processes over East Asia using climate variabilities on other timescales.



As each of the RMM values is determined by each of the EOF leading modes, the RMM1 is more important in drought forecasting than the RMM2 (Table 2) due to the highest variance explanation of EOF1 [64]. The variable importance of latitude was higher than longitude in the original models, while longitude contributed more in the MJO-based models. MJO variability, that primarily tends to eastward propagation in the equatorial belt, influences the horizontal anomaly of the teleconnection pattern [68]. Thus, the geographical MJO propagation causes longitude to contribute more than latitude in the MJO-based models.



Although the spatial pattern of the predicted VSDI was well matched with actual VSDI, the severity of the drought in the predicted VSDI was relatively overestimated. The dynamic range of the predicted VSDI was slightly smaller than that of the actual VSDI because random forest tries to produce results with fewer errors, which leads to the values trending closer to the mean value when there are not many extreme samples [13,49]. Although it is difficult to predict a sudden change in drought conditions (wet to dry or dry to wet) considering only the previous patterns of droughts [25,69,70], the MJO-based prediction models can improve on that limitation. In particular, MJO-based prediction models are very useful in predicting drought with high resolution (5 km) in a short period of time.




6. Conclusions


The frequency of rapidly developing droughts in short periods of time (e.g., flash droughts) has increased, often leading to damage to agricultural systems. Short-term prediction of drought is important to provide accurate information to decision makers. In this study, short-term prediction models of drought considering climate variability were developed using random forest. Three satellite-based drought indices—SDCI, MIDI, and VSDI—were predicted with a very short time scale (one pentad), and RMM MJO indices were used to improve drought predictability because MJO has a short timescale variability and is closely related to drought factors including precipitation, temperature, and soil moisture. The effect of MJO was evaluated through the comparison between two models (i.e., one with RMM MJO indices and the other without RMM MJO indices). The performance of the drought prediction models, including the RMM MJO indices, improved for all three drought indices, implying the importance of sub-seasonal climate variability in drought prediction. However, there are differences in the performance improvement among the three drought indices. The performance increase was the greatest for SDCI and the least for VSDI. As stated before, since soil moisture includes the intra-seasonal variability of MJO, VSDI with a high portion (0.5) of soil moisture resulted in less improvement than MIDI (0.3) and SDCI (0). VSDI, which modified SDCI and MIDI, was found to be the most acceptable drought index to predict and monitor drought in a short-period of time because soil moisture is more adequate than precipitation for monitoring drought on a short timescale. Although RMM MJO indices contributed to the enhancement of drought prediction, there is still a limitation. The performances of drought prediction models were saturated to 0.7 in correlation in all three drought indices. Therefore, other factors including interannual climate variabilities, such as ENSO, AMO and local or regional characteristics including topography and land use, should be further investigated to improve drought prediction accuracy.
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Figure 1. Study area with Moderate Resolution Imaging Spectroradiometer (MODIS) land-cover 2010 data. The representative 11 land-cover classes were aggregated from MODIS land-cover data that consists of 16 classes. 
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Figure 2. Flowchart of this study. 1-, 2- and 3-pentad before the date of the real-time multivariate Madden–Julian Oscillation (RMM MJO) indices and drought indices, latitude and longitude were used to predict drought. 
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Figure 3. Composites of 30–90 days filtered surface air temperature (SAT) based on each of eight MJO phases during 22 spring seasons (April–May) of 1991–2012. Dashed rectangles indicate the domain of northeast Asia. 
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Figure 4. Variance of (a) SAT, (b) near-surface volumetric soil moisture, and (c) precipitation bandpass filtered for 30–90 days during 22 springs between 1991–2012, and (d–f) their ratios to total variance, respectively. 
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Figure 5. Modeling performances of the two drought prediction models (with MJO and without MJO) for three drought indices. Scatter plots with r, root mean square error (RMSE), and relative RMSE (rRMSE) (the percentage values mentioned in parentheses) were produced though validation. 
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Figure 6. ‘Leave-one-year-out’ validation of VSDI prediction model. Each pixel includes 9 pentads × 17 years’ data. Each pixel was processed as no data when the number of data was less than 50. 
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Figure 7. Comparison of temporal change of drought conditions between actual VSDI and predicted VSDIs from two models (with MJO and without MJO) in 2010. MJO phase and amplitude (parenthesis) at each day are indicated on the left. The region corresponds to the dashed rectangles in Figure 3. 
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Figure 8. Comparison of temporal change of drought conditions between actual VSDI and predicted VSDIs from two models (with MJO and without MJO) in 2011. MJO phase and amplitude (parenthesis) at each day are indicated on the left. The region corresponds to the dashed rectangles in Figure 3. 
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Table 1. Description of Input variables used in the proposed models with Madden–Julian Oscillation (MJO) for three drought indices: Scaled Drought Condition Index (SDCI), Microwave Integrated Drought Index (MIDI), and Very Short-term Drought Index (VSDI).
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	Variable
	Description
	Source





	1-P before drought index
	5 days before SDCI/MIDI/VSDI
	MODIS, TRMM, ESA CCI



	2-P before drought index
	10 days before SDCI/MIDI/VSDI
	MODIS, TRMM, ESA CCI



	3-P before drought index
	15 days before SDCI/MIDI/VSDI
	MODIS, TRMM, ESA CCI



	Latitude
	Latitude (decimal)
	-



	Longitude
	Longitude (decimal)
	-



	1-P before RMM1
	5 days before MJO RMM1
	Bureau of Meteorology (BOM)



	1-P before RMM2
	5 days before MJO RMM2
	Bureau of Meteorology (BOM)



	2-P before RMM1
	10 days before MJO RMM1
	Bureau of Meteorology (BOM)



	2-P before RMM2
	10 days before MJO RMM2
	Bureau of Meteorology (BOM)



	3-P before RMM1
	15 days before MJO RMM1
	Bureau of Meteorology (BOM)



	3-P before RMM2
	15 days before MJO RMM2
	Bureau of Meteorology (BOM)
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Table 2. Variable importance of two drought prediction models (with MJO and without MJO) for three drought indices.
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SDCI

	
MIDI

	
VSDI




	
Variables

	
MJO-Based Model

	
Original Model

	
MJO-Based Model

	
Original Model

	
MJO-Based Model

	
Original Model






	
1-P before drought index

	
189.21

	
126.74

	
208.45

	
151.64

	
267.95

	
227.17




	
2-P before drought index

	
144.38

	
66.42

	
146.00

	
81.43

	
128.91

	
107.89




	
3-P before drought index

	
146.22

	
64.62

	
141.75

	
73.25

	
127.34

	
111.08




	
Latitude

	
205.26

	
117.25

	
150.36

	
85.28

	
92.67

	
79.32




	
Longitude

	
215.02

	
76.10

	
177.90

	
67.37

	
106.38

	
74.55




	
1-P before RMM1

	
144.23

	

	
133.19

	

	
130.05

	




	
1-P before RMM2

	
139.66

	

	
117.60

	

	
88.32

	




	
2-P before RMM1

	
110.21

	

	
110.71

	

	
127.19

	




	
2-P before RMM2

	
106.79

	

	
107.22

	

	
81.07

	




	
3-P before RMM1

	
113.44

	

	
114.50

	

	
103.56

	




	
3-P before RMM2

	
97.37

	

	
97.84

	

	
82.79
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