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The unprecedented 2012 summer drought over the central United States was characterized by rapid intensification and severe impact and was known as a flash drought. Since then, flash drought has raised a wide concern, with considerable progresses on the definition, detection of anthropogenic footprints, and assessment of ecological impact. However, physical mechanisms related to the flash drought predictability remain unclear. Here, we show that the severity of the 2012 flash drought will be heavily underestimated without realistic initial soil moisture condition. The global Weather Research and Forecasting (GWRF) model was employed during the summers of 1979–2012, driven by observed sea surface temperature but without lateral boundary controls, which is similar to two-tier global seasonal prediction. The 2012 United States drought pattern was roughly captured by the GWRF ensemble global simulations, although with obvious underestimation of the severity. To further diagnose the role of soil moisture memory, dry and wet simulations that decrease and increase initial soil moisture by 10% were conducted. While the dry case does not significantly differ from the control case, the wet case totally missed the drought over the Central and Southern Great Plains by changing the anticyclonic circulation anomaly to a cyclonic anomaly and simulating a northward anomaly of meridional wind that brought anomalous moisture from the Gulf of Mexico and finally resulted in a failure to predict the drought. This study highlights the importance of soil moisture memory in predicting flash drought that often occurred without strong oceanic signal.
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INTRODUCTION
The research on extremes is usually boosted by a few severe events. The 2012 central United States summertime drought that started from May and persisted until August was regarded as one of the most severe United States droughts since the 1930s Dust Bowl (Hoerling et al., 2014; PaiMazumder and Done, 2016). It has raised a wide concern due to its rapid onset and severe impact and has been referred to as “flash drought” (Otkin et al., 2017; Yuan et al., 2018) to differentiate from traditional drought that takes months or years to fully develop (Mo, 2011). Since 2012, flash drought has been extensively investigated from the perspectives of index development (Yuan et al., 2015a; Mo and Lettenmaier, 2015; Mo and Lettenmaier, 2016; Ford and Labosier, 2017; Christian et al., 2019; Yuan et al., 2019), detection, and attribution of long-term changes or specific extreme events (Yuan et al., 2018; Yuan et al., 2019), and assessment of drought impacts (Otkin et al., 2016; Zhang et al., 2020; Zhang and Yuan, 2020). However, the flash drought prediction remains challenging because of the lack of external signals.
The sea surface temperature (SST) anomalies have usually been considered as the main source of drought predictability, especially at interannual to decadal time scales (Smith et al., 2012). The El Niño–Southern Oscillation (ENSO), which represents the 2–7 years oscillation in winds and SSTs over the tropical eastern Pacific Ocean, affects seasonal drought predictability around the globe (Yuan et al., 2015b). The external forcings from tropical Pacific and tropical Atlantic oceans account for up to 40% of rainfall variability over the Southern Great Plains and the Gulf Coast (Seager and Hoerling, 2014). However, seasonal climate forecast models that captured the 2012 central United States drought may have an overrepresented ENSO precipitation teleconnection, which resulted in false alarms for drought prediction during nondrought years (Kam et al., 2014). Yuan and Wood (2013) suggested that global climate forecast models have false alarm rates of 40–50% for seasonal drought onset predictions, and Yuan et al. (2015b) showed that appropriate initialization of soil moisture could significantly reduce the false alarms. Based on partial correlation analysis, Yoon and Leung (2015) also found that antecedent soil moisture is as important as concurrent ENSO condition in controlling rainfall anomalies over the United States, and the former has larger influence than the latter during spring and early summer. Therefore, initial land surface conditions provide an essential source of drought predictability that needs further investigations.
The regional climate models (RCMs) have been shown as useful tools to downscale and improve seasonal climate prediction than their driving global climate forecast models (Yuan and Liang, 2011; Yuan et al., 2012; De Sales and Xue, 2013; Shukla and Lettenmaier, 2013). However, if the global climate forecast models cannot provide reasonable lateral boundary conditions for RCMs, it is difficult for RCMs to add value, especially for the predictions at long leads. The recent development of regional earth system models that incorporate the regional ocean model is expected to extend the forecast lead through regional ocean-atmosphere interaction, but the lateral boundary conditions for RCMs still influence the diagnosis, e.g., the assessment of the contributions of ocean and land surface to drought predictability might be influenced by lateral boundary conditions. As the resolution of global climate models (GCMs) increases, they have been used to investigate the effect of ocean-land-atmosphere interactions on seasonal drought predictability and prediction (Yuan and Wood, 2013; Hoerling et al., 2014; Kam et al., 2014; Wang et al., 2016; Wang et al., 2017). Nevertheless, GCMs are not tuned for a specific region, so they do not necessarily perform better than the RCMs for the regional drought simulations or predictions.
In this study, we used the global Weather Research and Forecasting model (GWRF; Richardson et al., 2007; Zhang et al., 2012) to investigate the 2012 central United States flash drought predictability from the perspective of soil moisture memory. The GWRF simulation with realistic oceanic and land surface conditions was first evaluated during the drought period, May–August of 2012. Then, the effect of initial soil moisture on drought prediction was investigated by sensitivity experiments, driven by observed SSTs. The Data, Model, and Experimental Design section describes the data, model, and experimental design, the Results section presents the simulation results, and the Conclusion and Discussion section gives the conclusions and discussion.
DATA, MODEL, AND EXPERIMENTAL DESIGN
Observed Precipitation and Reanalysis Data
The daily precipitation observation was derived from the Climate Prediction Center (CPC) Unified Gauge-Based daily data (Xie et al., 2007), where gauge-observed precipitation was interpolated to 0.5 degree resolution and was then adjusted to match the climatology of the Parameter-Elevation Regression on Independent Slopes Model (PRISM) monthly precipitation to account for the orographic effects.
The atmospheric and land surface initial conditions, as well as SSTs, are provided by the Climate Forecast System Reanalysis (CFSR; Saha et al., 2010). Figure 1 shows the CFSR soil moisture anomaly on May 1, 2012 (the values in 2012 minus the average values of 1979–2012 for May 1), suggesting a slightly dry soil condition over the central United States.
[image: Figure 1]FIGURE 1 | GWRF global 1 degree simulation domain. Colors represent the CFSR top 1 m soil moisture anomaly (mm/mm) on May 1, 2012, which was used as initial condition for GWRF global baseline simulations (CTL). The climatology is 1979–2012.
GWRF Model and Experimental Design
The WRF model is a state-of-the-art mesoscale model at the regional scale. However, its dynamical core is quite general and suitable for simulations from meters to thousands of kilometers (Richardson et al., 2007). In this study, the GWRF (Richardson et al., 2007; Zhang et al., 2012) was used for conducting global simulations at 1 degree resolution (Figure 1). In the GWRF simulation, the land and atmosphere were freely coupled, while the observed SST was used as lower boundary conditions over ocean. This is different from typical WRF regional climate simulation in which there is no need for the lateral atmospheric boundary conditions from reanalysis or the global climate model. So, the GWRF is suitable for land-atmosphere interaction studies without the influence of lateral boundary conditions. According to the test of physical configurations (Liang et al., 2012; Yuan et al., 2012), we used the Thompson microphysics scheme, Grell 3D ensemble cumulus scheme, NOAH land surface scheme, CAM radiation scheme, and YSU PBL scheme for GWRF simulations.
The GWRF ensemble simulations consist of 11 global simulations at 1 degree resolution, where the first set of ensemble simulations was initialized from April 21 and run to August 31 for 1979–2012, the second set of ensemble simulations was initialized from April 22 and run to August 31 for 1979–2012, and so on. The 11th set of ensemble simulations was initialized from May 1 and run to August 31 for 1979–2012. The observed SSTs from CFSR were updated every 6 h to provide lower boundary conditions over ocean. Therefore, the ensemble mean can reduce the atmospheric noises while keeping the influence from SSTs. The simulation started from May 1, 2012, was regarded as the control experiment (CTL), which has realistic land surface conditions. The dry (dry10) and wet (wet10) experiments also started from May 1, but with initial soil moisture over the United Statesdecreased or increased by 10%, respectively. The sensitivity experiments were used to explore the effect of soil moisture memory on the 2012 central United States flash drought prediction. To obtain the anomaly of model simulation results for 2012, the GWRF model was also used to simulate global May–August climate during 1979–2011, started from May 1 in each year.
RESULTS
Figure 2A shows the May-June-July-August (MJJA) mean precipitation anomaly from CPC observation. The 2012 drought center is located over the Central Great Plains, with rainfall deficit up to 200 mm that is close to 50% of the climatology (Figure 2B). Even for the surrounding areas including eastern part of the West United States, North Plains, and eastern part of Midwest, the rainfall deficit is larger than 70 mm. The pattern of the MJJA mean rainfall anomaly is different from the pattern of initial soil moisture anomaly where southeast had a soil moisture drought on May 1 (Figure 1) but recovered during MJJA due to positive rainfall anomaly (Figure 2A). However, the dry soil over parts of the Central and Southern Great Plains (Figure 1) suggests that there might be a connection between antecedent dry soil condition and the follow-on severe meteorological drought (Figure 2A). Hoerling et al. (2014) diagnosed the circulation patterns that are responsible for the 2012 drought and found that a zonal ridge of high pressure anomalies blocked the cold fronts from Canada during May-June. During July 2012, an anticyclonic anomaly centered over the Northern Great Plains and inhibited deep convection (Hoerling et al., 2014). During August 2012, a deep Ohio Valley trough prevented moisture transporting from the Gulf of Mexico (Hoerling et al., 2014). Although the circulation patterns are different during different months, they all contribute to the severe drought.
[image: Figure 2]FIGURE 2 | (A) Observed May-June-July-August (MJJA) mean precipitation anomaly (mm/day) during 2012, and (B) MJJA mean precipitation climatology (mm/day) during 1979–2012. The observation is from CPC-unified gauge-based analysis of global daily precipitation.
Figure 3 shows the GWRF ensemble simulation of the MJJA mean rainfall anomaly, driven by observed SSTs. This is similar to the AMIP-type simulation that can extract the oceanic signal or forcing from atmospheric noise. It is found that the model can generally reproduce the drought pattern, but the drought severity has been underestimated significantly. The underestimation could either originate from the weak forcings of oceanic anomaly or the model uncertainty. According to previous studies (Hoerling et al., 2014), there was a moderate La Niña during the winter of 2011-12, which partly contributes to the central United States drought, but it cannot fully explain the severity. Other processes, including the land-atmosphere coupling, require further investigation.
[image: Figure 3]FIGURE 3 | GWRF ensemble simulations of precipitation anomaly (mm/day) during May-June-July-August (MJJA) of 2012. The climatology is from GWRF global simulations during 1979–2012. The ensemble consists of 11 GWRF global 1 degree simulations with starting dates from April 21 to May 1 of 2012.
Here, we focus on the influence of soil moisture memory on drought prediction. As introduced in the GWRF Model and Experimental Design section, the initial soil moisture was increased or decreased to investigate the sensitivity. Note that, only the initial soil moisture over the United States was changed, while it was the same as the CTL experiment over other land areas of the world for the GWRF global simulation. Figure 4 shows the MJJA mean precipitation anomaly from the simulations started from May 1, 2012. Different from the GWRF ensemble simulation, the GWRF CTL simulation better reproduced the drought severity over most areas except Missouri and Arkansas (Figure 4). Decreasing initial soil moisture by 10% (dry10) does not necessarily improve drought prediction (it shows improvement over Arkansas while degradation over Midwest), but increasing initial soil moisture by 10% (wet10) results in a wet anomaly over most areas except the Midwest (Figure 4).
[image: Figure 4]FIGURE 4 | GWRF-simulated MJJA mean precipitation anomaly (mm/day) from control (CTL, started from May 1, 2012), dry (dry10, decrease initial soil moisture on May 1 by 10%), and wet (wet10, increase initial soil moisture on May 1 by 10%) experiments. All anomalies were obtained as the respective simulations (CTL, dry10 or wet10 simulations during 2012) minus the climatology (CTL simulations during 1979–2012).
To explore the reason why the GWRF wet10 experiment totally missed the drought, we analyzed the simulated anomalies in soil moisture, evapotranspiration (ET), and convective rainfall month by month (Figures 5–7), as well as the anomalies of seasonal mean atmospheric circulations (Figures 8, 9). GWRF CTL experiment shows an intensifying soil moisture drought condition from May to August for the Central Great Plains (left column of Figure 5). Meanwhile, the simulated ET anomaly switched from positive to negative over the Central Great Plains (left column of Figure 6). May was regarded as the onset stage of the 2012 flash drought, and the simulations suggest that ET increased although precipitation decreased (upper left panel of Figure 7). This is a typical hydroclimate condition for triggering a flash drought (Yuan et al., 2019), where the lack of rainfall and the enhanced ET lead to a rapid decline in soil moisture. The anomalies of convective precipitation (left column in Figure 7) are similar to the anomalies of total precipitation (not shown), and they are correlated with ET anomalies over the Central and Southern Great Plains during June–August, suggesting that both the atmosphere and land surface reach the drought condition in June. For May, the pattern of ET anomalies is quite different from the pattern of convective precipitation anomalies (upper left panel in Figures 6, 7) because the ET is not suppressed by the reduced rainfall.
[image: Figure 5]FIGURE 5 | Same as Figure 4, but for GWRF-simulated monthly mean top 1 m soil moisture anomaly (mm/mm) during May–August 2012.
[image: Figure 6]FIGURE 6 | Same as Figure 4, but for GWRF-simulated monthly mean evapotranspiration (ET) anomaly (mm/day) during May–August 2012.
[image: Figure 7]FIGURE 7 | Same as Figure 4, but for GWRF-simulated monthly mean convective precipitation anomaly (mm/day) during May–August 2012.
[image: Figure 8]FIGURE 8 | Same as Figure 4, but for GWRF-simulated MJJA mean anomalies of 500 hPa geopotential height (gpm) in 2012.
[image: Figure 9]FIGURE 9 | same as Figure 4, but for GWRF-simulated MJJA mean anomalies of 850 hPa meridional wind speed (m/s) in 2012. The positive anomaly means northward meridional wind, while negative anomaly means southward meridional wind.
For the dry10 experiment (middle column in Figure 5), the soil moisture is drier than the CTL experiment throughout the study period, but it does not affect the ET anomaly pattern in May (Figure 6). The ET is decreased over the Northern Great Plains in June, southeast in July, and the western United Statesin August (middle column in Figure 6). Correspondingly, the dry10 convective precipitation shows similar decreases over these regimes (middle column in Figure 7). Therefore, it takes a month for fully transferring the signal of the perturbation of soil moisture conditions to the precipitation at the regional scale. The increases in ET and convective precipitation over the Southern Great Plains during June for the dry10 experiment suggest that the land-atmosphere coupling is highly nonlinear, where soil moisture decrease does not necessary results in ET or convective precipitation decreases everywhere.
For the wet10 experiment, the differences are dramatic. Figure 5 shows that the “wet west, dry east” soil moisture anomaly does not hold, while wet anomalies occur over the whole contiguous United States (CONUS; right column). As a result, the ET anomalies are positive, except for the eastern United States in June (right column in Figure 6). Figure 7 shows that wet10 simulation does not capture the drought during May-June, with simulated convective rainfall close to or larger than climatology (right column). Even though the wet10 simulation shows a drought condition during July-August, the locations are quite different from the CTL simulation (Figure 7). The wet10 simulation suggests that increasing initial soil moisture by 10% will consistently increase MJJA mean ET and convective rainfall, but ET increase is not necessarily concurrent with the increase in convective rainfall.
Figures 8, 9 show the MJJA mean anomalies of 500 hPa geopotential height and 850 hPa meridional wind speed simulated by GWRF. In the CTL simulation, there was a positive height anomaly over the United States (top row in Figure 8), which blocked the cold air from the north and atmospheric moisture from the south and created a perfect atmospheric condition for drought. The dry10 simulation switched the position of the positive geopotential height anomaly, but it is still located over the United States (middle row in Figure 8). Meanwhile, the northward anomaly of meridional wind over the Central and Northern Great Plains also prevents cold air transported from the north (middle row in Figure 9). Therefore, the drought pattern does not change significantly in the dry10 simulation (Figure 4). However, the wet10 simulation shows a negative anomaly of geopotential height over the United States(bottom row in Figure 8), and the cyclonic atmospheric circulation anomaly not only increase total rainfall (Figure 4) but also convective rainfall, especially during the first two months (right column in Figure 7). The wet soil moisture changes surface heat fluxes, where it increases latent heat and decreases sensible heat, and the decrease in sensible heat cools the atmosphere and reduces the geopotential height due to the contraction of air parcel. Moreover, the northward anomaly of meridional wind over the Southern Great Plains and Gulf of Mexico suggests that more moisture will be transferred from the ocean to the Great Plains (bottom row in Figure 9), causing the failure to simulate the drought condition. Given that the only difference between CTL and wet10 simulations is the initial soil moisture condition over the United States, this study highlights the importance of the regional-scale soil moisture memory for regional climate prediction (Figure 9), as well as for the global climate prediction (Figure 8) because local land-atmosphere coupling can affect downstream areas by interacting with the quasistationary waves (Wang et al., 2019; Zeng et al., 2019).
CONCLUSION AND DISCUSSION
This study investigated the effect of soil moisture memory on flash drought prediction, by using the 2012 central United States flash drought as an example. The WRF model was employed globally (which is referred to as GWRF simulations) during the summers of 1979–2012. Given the initial conditions, the GWRF simulations were driven by observed SSTs, which are similar to the two-tier seasonal prediction. There was a moderate La Niña during the winter of 2011–12, the information of SST anomalies fed into the GWRF ensemble simulations helped to capture the drought pattern, although with significant underestimation. The AMIP-type simulations suggest that the oceanic anomaly cannot fully explain the severity of the 2012 central United States flash drought.
With a capability in roughly reproducing the 2012 flash drought, the GWRF model was used to explore the sensitivity of drought prediction to the initial soil moisture conditions. The results show that the CTL simulation with realistic initial conditions has better simulation in drought severity, followed by the dry10 simulation that decreased the initial soil moisture over the United States by 10% (while keeping soil moisture over other land areas unchanged), but the wet10 simulation that increased the initial soil moisture by 10% totally missed the drought. Further diagnosis indicates that the wet10 simulation delayed the drought by two months, with positive anomalies of ET and convective precipitation in May-June 2012. In the wet10 simulation, the MJJA mean anomalies of 500 hPa geopotential height showed a negative anomaly over the central United States, accompanied by northward anomaly of meridional wind that brought more moisture from the Gulf of Mexico and caused a wet anomaly over the central United States. While the results are based on sensitivity experiments, they imply the essential role of soil moisture memory in predicting flash drought, especially for those without strong oceanic signal.
Future study should investigate the impact of soil moisture memory based on more flash drought cases in the history and around the world (e.g., South China, southern Africa, and eastern Australia) with different climate conditions. The influence of soil moisture memory could be estimated in this study because we focused on the seasonal time scale where ocean has moderate control. In fact, the typical time scale of flash droughts is 20–40 days (Yuan et al., 2020), which is at the subseasonal time scale. Exploring flash drought predictability at the subseasonal time scale is quite necessary, and the intraseasonal oscillation (ISO) could be the potential source of predictability. Understanding the subseasonal land-atmosphere coupling is also expected to detect the additional source of flash drought predictability, and the detection could be more interesting but also more challenging if we consider the land-atmosphere-ocean interaction. The signal from land surface could be quite different with a different background of oceanic anomaly, where one could expect that the impact of land surface anomaly would be reduced if the oceanic signal is strong. This suggests that advanced land-atmosphere-ocean coupled models that incorporate multiscale interactions among various components of the climate system are necessary to predict flash droughts.
In short, flash drought is not a “monster” drought that is totally different from traditional drought, and it should be investigated within the multiscale drought framework (Yuan et al., 2020), so that our knowledge and experiences on predicting drought at seasonal to interannual time scales could be inherited and utilized.
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