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Abstract

:

Flash drought is a type of drought that develops quickly (usually within 2–4 weeks) in contrast to conventional, slowly evolving drought. Due to its sudden onset, flash drought is more difficult to predict and can cause major agricultural losses if it is not forecasted in a timely manner. To improve our ability to predict flash drought, we develop a subseasonal tool to predict areas susceptible to flash drought development using the Phase 2 of the North American Land Data Assimilation System (NLDAS-2) data. The tool calculates the rapid change index (RCI) using 7-day mean evapotranspiration anomalies. RCI is the accumulated magnitude of moisture stress changes (standardized differences) occurring over multiple weeks, and drought is likely to develop when RCI is negative. Since RCI changes with time, like all drought variables, it is difficult to capture drought development signals by monitoring RCI maps. In order to create an intuitive drought prediction map that directly depicts drought tendency, we use a threshold method to identify grid points with large decreases of 7-day mean evapotranspiration anomaly (i.e., RCI less than −0.5) in the last 30 days and under the condition that 3-month standardized precipitation index is less than −0.4. The real-time tool started running on 1 April 2018 at the NOAA Climate Prediction Center (CPC) and has been used to support CPC’s Monthly Drought Outlook efforts. The performance of the tool is evaluated using both retrospective and real-time predictions. The assessment shows promising results in predicting potential flash drought development, and the interplay between precipitation and high temperatures appears to be a challenge for flash drought prediction.
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1. Introduction


Flash drought, a type of drought with rapid onset, has gained increasing interests in literature in the last decade [1,2,3,4,5]. Flash drought was termed by U.S. Drought Monitor (USDM) [6] authors in the early 2000s when they noticed that some droughts developed and intensified much faster than conventional droughts. The 2012 Central Great Plains flash drought [7,8,9] caused devastating impacts and tremendous economic losses in the American heartland [10], and triggered new research to improve our understanding of flash drought [1,2,3,4,5]. In light of the need of drought prediction at a shorter time range, the NOAA Climate Prediction Center (CPC) inaugurated the Monthly Drought Outlook (MDO) in June 2013. The MDO is issued once a month at the last day of each month with forecasts valid for the upcoming month. It provides drought tendency forecasts of four categories: drought persists, drought remains but improves, drought removal likely, and drought development likely. The drought tendency categories of the upcoming month are determined through expert synthesis of various forecast information, including monthly precipitation (P) and temperature (T) outlooks, soil moisture (SM) and hydrological conditions, standardized precipitation index (SPI) forecasts, etc. In May 2017, another flash drought occurred in the Northern High Plains and resulted in major agricultural and crop damages [11,12]. The lack of capability to forecast this event motivated CPC to develop new subseasonal drought prediction tools, with the goal of improving the skill of MDOs.



In order to meet the operational requirements at CPC, Chen et al. (2019) [13] defined a flash drought event as a drought event with greater than or equal to two categories degradation in a four-week period based on the USDM, and analyzed flash drought characteristics using 2000–2017 USDM data. They identified evapotranspiration (ET) as a primary natural precursor for flash drought prediction. Closely monitoring rapid changes in ET, along with P and SM conditions, can provide early warnings of flash drought development. These results are consistent with the findings by others [2,5,14]. In this study, we intend to use the knowledge gained from these studies and develop a real-time tool to predict areas susceptible to flash drought development over the contiguous United States (CONUS). The aim is to highlight areas with potential drought development to inform forecasters of possible drought tendency categories. In simple words, we want to predict the yellow areas (i.e., the category of drought development likely) on MDO maps. This approach is different from traditional drought forecasts that predict the quantity of standardized drought indices to indicate anomalously dry or wet conditions [15,16,17,18].



The performance of the tool is evaluated using both retrospective and real-time predictions. For the retrospective runs, we use the 2017 Northern High Plains flash drought as a study case and compare the forecast maps to the MDOs issued for May to September 2017. Due to its superior performance in predicting the onset and evolution of the 2017 drought, the experimental tool started running on 1 April 2018 and has been generating real-time predictions since (available at https://www.cpc.ncep.noaa.gov/products/Drought/Flash_Drought/potential_development.php). In order to capture the fast-developing drought signals on subseasonal timescales, the prediction is updated daily. The objectives of this paper are to (1) document the methodology of the flash drought prediction tool, (2) evaluate its performance on the 2017 drought, (3) provide an assessment of its real-time prediction skill for the 2018 and 2019 warm seasons, and (4) identify the strengths and limitations of the tool and areas of improvement.



In the following, Section 2 describes the North American Land Data Assimilation System (NLDAS) data used to develop the tool, as well as the USDM and MDO maps used for verification; Section 3 explains the methodology of the real-time flash drought prediction tool; Section 4 presents the retrospective prediction of the 2017 Northern High Plains flash drought using the tool and its performance assessment; Section 5 and Section 6 display the real-time predictions and validations of the 2018 and 2019 warm seasons, respectively; and lastly, Section 7 summarizes the major findings and conclusions from the study.




2. Data and Maps


2.1. Phase 2 of the North American Land Data Assimilation System (NLDAS-2)


NLDAS-2 is an operational system running at the NOAA National Centers for Environmental Prediction (NCEP) and produces real-time land surface/hydrologic data with a latency of 4 days [19,20]. NLDAS-2 uses forcing from CPC’s gauge-based precipitation analysis [21] and the North American Regional Reanalysis [22] (including temperature, radiation, specific humidity, and low-level wind) to drive four land surface models to provide simulated hydrologic variables, such as soil moisture, runoff, and snow water equivalent. In this study, we used P, ET, and total column (0–2 m) SM outputted from the variable infiltration capacity (VIC) model [23,24] to create a real-time prediction tool of potential flash drought development. The strategy of using the VIC model outputs permits alignment with the CFSv2_VIC forecast system developed at CPC by Mo et al. (2012) [15], which will be used in subsequent research to form an extension of the time series for further development of the flash drought prediction tool. Historical NLDAS-2 data from 1 January 1979 were obtained from https://ldas.gsfc.nasa.gov/nldas. This website also provides documentation and supplemental information of NLDAS. NLDAS-2 data are available at a horizontal resolution of 1/8 degree covering the CONUS domain. The hourly NLDAS-2 outputs were aggregated to daily data from 00Z to 00Z for the analyses.




2.2. U.S. Drought Monitor (USDM)


The USDM is a map released weekly every Thursday morning (available at https://droughtmonitor.unl.edu) and depicts short- and long-term drought conditions over the United States and Puerto Rico. USDM maps are produced jointly by CPC, the NOAA National Centers for Environmental Information, the National Drought Mitigation Center at the University of Nebraska-Lincoln, and the United States Department of Agriculture. Svoboda et al. (2002) [6] provided a detailed description of the production process of USDM maps and the data used to create the maps. On USDM maps, drought/dry conditions were classified into five categories: D0 (abnormally dry), D1 (moderate drought), D2 (severe drought), D3 (extreme drought), and D4 (exceptional drought). Note that areas in the D0 category were not formally in drought. USDM maps are used by many researchers for validation of drought occurrence, severity, and extent [2,14,25], and by U.S. government agencies for official drought declarations. In this study, we used USDM maps to identify areas of drought development in the operational context.




2.3. U.S. Monthly Drought Outlook (MDO)


The MDO is an official outlook product produced at CPC to depict large-scale drought tendency based on 7-day, 8–14 day, and monthly T and P forecasts along with SM forecasts, as well as other short- and extended-range forecast guidance (available at https://www.cpc.ncep.noaa.gov/products/expert_assessment/mdo_summary.php). MDO maps are released on the last day of every month with forecasts valid for the upcoming month. The MDO provides drought tendency forecasts of four categories: drought persists (brown color), drought remains but improves (tan color), drought removal likely (green color), and drought development likely (yellow color). The drought tendency categories of the upcoming month are based on the drought areas (with intensities of D1 to D4) depicted on the latest USDM map. In other words, the MDO uses the latest USDM map as initial conditions and forecasts possible changes of drought conditions. For areas with ongoing drought, there are three possible future scenarios: drought persists, drought remains but improves, or drought removal likely. For areas without drought, there are two possible future scenarios: drought development likely or no drought development at the end of the month. Various information, including T and P forecasts from statistical methods and dynamical models, soil moisture and hydrological conditions, SPI forecasts of multiple durations, and climatology, is used to determine drought tendency categories. Similar to USDM maps, MDO maps are produced using the Environmental Systems Research Institute’s (ESRI’s) ArcGIS platform through expert synthesis of forecast information. In this study, we aim to predict areas susceptible to flash drought development, and thus the yellow areas on MDO maps.





3. Methodology


Otkin et al. (2013) [2] examined the evolution of several flash droughts using satellite-derived drought indices, and found that large negative change anomalies commonly appeared before rapid drought onset. In subsequent research, they further developed the rapid change index (RCI) to highlight areas undergoing quick changes in moisture stress [14,25]. The RCI for a given variable (e.g., ET) is computed using standardized anomalies in the difference between two time periods:


  Δ V  (   w 1  ,  w 2  , y  )  =   V  (   w 2  , y  )  − V  (   w 1  , y  )  −  1 n    ∑   y = 1  n   [  V  (   w 2  , y  )  − V  (   w 1  , y  )   ]    σ  (   w 1  ,  w 2   )     



(1)




where V is the variable being differenced, w1 and w2 are the weeks/7-day periods used in the difference calculation, y is the year, n is the total number of years, and the denominator is the standard deviation.



For a given 7-day period, the RCI is computed as


   R C I = R C  I  p r e v   −   a b s  (  Δ V  )  − 0.75             i f     Δ V < − 0.75    R C I = R C  I  p r e v   +   Δ V − 0.75             i f     Δ V > 0.75   



(2)




where RCIprev is the RCI value from the previous 7-day period. The initial RCI value is zero, and the RCI will reset to zero if the sign of the ΔV is opposite that of the previous 7-day period, but it will remain unchanged if the ΔV has the same sign as the previous 7-day period but is less than the threshold value.



RCI is the accumulated magnitude of moisture stress changes (standardized differences) occurring over multiple weeks. Drought is likely to develop when RCI is negative. Chen et al. (2019) [13] examined flash drought characteristics using 2000–2017 USDM data and identified ET as a primary natural precursor for flash drought prediction. In this study, we used 7-day mean ET anomalies (climatology base period is 1981–2010) from NLDAS-2 to calculate the RCI of 7-day differences, because shorter differencing intervals usually respond more quickly to rapidly changing conditions and can provide earlier warnings of impending drought intensification [14,25]. Since RCI represents the derivative of the time series of a drought variable, it is a measure of drought tendency.



Figure 1 shows an example of daily RCI maps calculated using 7-day mean ET anomalies from 25 April to 4 May 2017, right before the onset of the Northern High Plains flash drought on 23 May 2017. On 25 April, a small area of negative RCI appeared over the Central South Dakota. The RCI in this area continued to decrease/intensify and expanded into North Dakota from 26 to 29 April. The RCI then started to increase and gradually disappeared in the region from 30 April to 4 May. This type of drought development signals is also observed in other ET-based drought indices, such as the evaporative demand drought index (EDDI) [26,27]. The signals usually emerge weeks (or sometime months) before drought onset. By the time forecasters gather information to issue outlooks, they may have already disappeared on the latest maps. Therefore, it is difficult for forecasters to capture drought development signals by using the latest monitoring map, which is the common practice of forecast procedure.



To help retain the signals and to create an intuitive drought prediction map that directly depicts drought tendency as the MDO, we used a threshold method and counted the number of occurrences that RCI was less than −0.5 over the last 30 days. For a given grid point, if RCI remains less than −0.5 for multiple days, it indicates that 7-day mean ET anomalies persistently decrease throughout those days, and thus the higher the count the more likely drought is to develop. However, persistent decreases of 7-day mean ET anomalies can occur after a heavy rainfall event or during temperature decline and do not guarantee drought to develop. Chen et al. (2019) [13] analyzed antecedent conditions of flash drought events that occurred between 2000 and 2017 and found that flash droughts usually initiate under dry conditions, although P deficits do not need to be large. To reduce false alarms, we plotted the count maps with selected thresholds specifying meteorological/hydrological conditions. After testing several thresholds, we selected a threshold of 3-month SPI less than −0.4 to balance the tradeoff between false alarms and actual drought development signals. Figure 2 presents a schematic diagram of the steps for creating the potential flash drought development map. To assess the performance of the new tool, we used the 2017 Northern High Plains flash drought as a study case (see Section 4 for details). Due to its superior performance, the tool was implemented in real time on 1 April 2018 (updated daily) and has been providing experimental predictions to support MDO’s production since.




4. Retrospective Prediction of 2017 Northern High Plains Flash Drought


In May 2017, a flash drought suddenly appeared in the Northern High Plains, during the region’s rainy and growing seasons, which caused significant agricultural losses [11,12]. Figure 3 displays the time series of 3-month SPI and 7-day mean T, ET, and SM anomalies averaged over the domain shown in Figure 1 from 1 March to 31 August 2017. In springtime, temperatures in this region were much above normal for an extended period, melting a large portion of snow on the ground and recharging soil moisture. During spring 7-day mean ET anomalies were about average due to cool temperatures, while 3-month SPI decreased from around positive one to near normal. Prior to the drought onset on 23 May, a heatwave struck the region and activated strong ET processes. Simultaneously, 3-month SPI dropped below zero, resulting in a sharp decline in 7-day mean SM anomalies and contributing to the flash drought. In June, another heatwave hit the region and caused anomalously high ET rates. Accompanied by a continued lack of rainfall, 7-day mean SM anomalies fell steeply, becoming more negative. In July, although the region suffered from a third heatwave, 7-day mean ET anomalies remained negative because of the large deficits in both 7-day mean SM anomalies and 3-month SPI (i.e., there was insufficient SM to support anomalously positive ET activities). At that time, the exceptional drought (D4) was well established.



This flash drought was not forecasted in the MDO for May 2017 (Figure 4b), and the inability to predict this event was the motivation to create the flash drought development tool at CPC. To see if the tool can predict this event, we applied the tool to reforecast the 2017 Northern High Plains flash drought. Figure 4a shows the potential flash drought development issued on 30 April 2017. In the map, yellow-to-red colors indicate areas with potential drought development or intensification. The higher the number of non-exceedances, the more likely for drought to develop or intensify. It captured the drought onset signals over the Dakotas and the development signals over the Southeast. This prediction was verified by the changes from the USDM on 25 April compared to 23 May 2017 (Figure 4c,d), as drought emerged in the Dakotas and intensified over Georgia and Florida during this period.



In the following month on 31 May, the flash drought tool forecasted further drought development in the Dakotas, Northern Minnesota, and Eastern Montana (Figure 5a). While the MDO released on the same day (Figure 5b) also forecasted drought expansion, the predicted area was limited to the surrounding of the existing drought area. In contrast, this drought quickly intensified and expanded northward into Eastern Montana and parts of Northern Minnesota, as seen in the USDM on 27 June (Figure 5d). Some areas experienced more than two categories of drought degradation in the month of June 2017. Although the flash drought tool did not precisely indicate the magnitude of the intensification of this drought, it performed better than the MDO in predicting the areas of drought expansion.



On 30 June, the flash drought tool (Figure 6a) not only forecasted the intensification/expansion of the Northern High Plains drought, but also three small areas with drought development over Northern Idaho, Central Utah, and Southern Texas. The MDO for July 2017 (Figure 6b) predicted slight drought expansion over Southern Texas, but it missed the areas of drought development in Northern Idaho and Central Utah, as well as the southward expansion of the Northern High Plains drought. These new areas of drought development and expansion were successfully verified with the USDM on 25 July (Figure 6d).



In August and September, the flash drought tool continued forecasting the intensification/expansion of the Northern High Plains drought more effectively than the MDO (figures not shown). Overall, the potential flash drought development tool successfully predicted the onset and evolution of the Northern High Plains drought and demonstrated superior performance than the MDO for the 2017 warm season. Because of this success, the flash drought tool was implemented in real time on 1 April 2018 with a latency of four days (same as NLDAS-2 data).




5. Real-Time Prediction of the 2018 Warm Season


To evaluate how the flash drought tool functions in real time, we closely monitor its performance on a regular basis. Figure 7 presents the qualitative assessment of the flash drought tool for the 2018 warm season. The new tool’s predictions valid for May to September 2018 are shown in the left column of Figure 7, and the MDO released on the same dates are shown in the right column of Figure 7 for comparison. The middle column of Figure 7 displays the USDM class change maps for the same months using the USDM maps at the end of each month seen in Figure 8. In the class change maps, positive one indicates one category degradation of drought during the period between the specified dates, positive two indicates two categories degradation of drought during the specified period, and so on. Oppositely, negative numbers indicate the number of drought categories improvement during the specified period. Areas without changes in drought category/class are shown in grey. Areas not in any drought category are shown in white. Please note that USDM class change maps include D0 as a drought category in the calculation, albeit areas in D0 are not officially in drought. This explains the differences in the colored areas between the USDM class change map and the MDO valid for the same month, as the MDO only shows areas of existing and predicted drought (i.e., class of D1 and above) in color based on the USDM map at the end of the previous month. The USDM class change maps are used to directly identify areas with abnormal dryness or drought development/intensification (i.e., areas in yellow to brown colors) for verification of potential flash drought development predictions in the operational context.



The 2018 warm season was an active drought season with long-term drought mostly apparent in the Western United States (Figure 8). Our evaluation focused on the Central United States where flash drought is more likely to occur [13]. At the end of April 2018, the flash drought tool indicated that areas over Eastern North Dakota, Northwestern Minnesota, Southern Iowa, and Northern Missouri were vulnerable to flash drought development (Figure 7a), and they verified well with the USDM class change map from 24 April to 29 May 2018 (Figure 7f). The MDO valid for May 2018 (Figure 7k) did not predict drought development in these areas. The flash drought tool also suggested that drought may intensify over Kansas, parts of Oklahoma, and Northern Texas. However, rainfall in May over this region (as forecasted) brought relief and improved drought conditions. Drought over Missouri/Kansas did not reach peak intensity until June and July, when this region experienced heatwaves.



At the end of May 2018, the new tool forecasted that flash drought may develop over Texas and Louisiana (Figure 7b), consistent with the MDO (Figure 7l), and this prediction was verified by the USDM class change map from 29 May to 26 June 2018 (Figure 7g). The tool did not capture the drought development in New England and Pacific Northwest, as these two regions are less prone to flash drought [13]. At the end of June 2018, the flash drought tool again suggested widespread drought development over Missouri, Arkansas, and Eastern Kansas, as well as Colorado and Utah (Figure 7c). Aided by the heatwaves experienced by those regions, this prediction was successfully verified by the USDM class change map from 26 June to 31 July 2018 (Figure 7h). Yet, drought over Northeastern South Dakota, in opposition to the forecast of development/intensification, was improved by rainfalls that occurred in July. On 31 July, the flash drought tool continued indicating potential drought development over Missouri, Arkansas, Louisiana, and parts of New England, as well as drought onset over the Ohio Valley (Figure 7d). However, wet conditions were forecasted over the Arkansas/Kansas region and New England, as seen in the MDO (Figure 7n). As a result, droughts were improved or removed over those two regions (Figure 7i). In September, a series of rainstorms gradually erased the summer flash drought over the Missouri/Kansas region (Figure 7j).



The 2018 warm season was different from 2017, in which below normal precipitation exacerbated dryness in the Northern High Plains from May to July 2017, with a few minor rainstorms. In the spring and early summer 2018, however, rainfall varied, and high temperatures/heatwaves alternately occurred throughout the season over the Central United States. The interplay between precipitation and high temperatures appears to be a challenge for flash drought prediction. The first stage of the flash drought tool is solely based on NLDAS-2 monitoring data, and the prediction is made under the assumption of persistence. Therefore, it highlights areas susceptible to flash drought development if antecedent conditions persist into the next month. Predictions that meet the assumption (e.g., areas over Colorado and Utah in July prediction) usually verified well. Conversely, drought development over areas with changing conditions (e.g., a more variable pattern in precipitation and temperature) is generally delayed or erased and not verified.



From these false alarm cases, we noted the values of forecast information. In cases with good forecasts (e.g., Arkansas/Kansas region in August prediction), such information can be used to restrain areas of drought development and foresee potential drought improvement, and thus improve prediction skill. Recent advances in subseasonal forecast systems have made skillful temperature and precipitation forecasts available three weeks ahead of time [28]. DeAngelis et al. (2020) [29] investigated the prediction skill of the 2012 Central Great Plains flash drought using subseasonal forecasts and attributed the skillful forecasts to accurate soil moisture initialization. In the next stage, we will take advantage of these newly available models and incorporate subseasonal forecast information into the flash drought tool.




6. Real-Time Prediction of the 2019 Warm Season


In contrast to the 2018 warm season, drought coverage was relatively low at the beginning of the 2019 warm season from May to July (see Figure 9). Only two areas of potential drought development were observed in the flash drought prediction for June 2019 (Figure 10a): one in the northern parts of North Dakota and Minnesota and the other in the Southeast. The small area of drought development over Northern North Dakota was forecasted in the MDO too (Figure 10k), and successfully verified by the USDM class change map from 28 May to 25 June (Figure 10f). Conversely, the predicted intensification/expansion of drought over the Southeast was erased by rainfalls that occurred in the region. The MDO failed to predict the drought improvement/removal over the Southeast, as precipitation forecast skill generally is low in May. Therefore, skillful precipitation forecasts are a critical element of reliable flash drought prediction.



On 31 July, as temperatures reached their annual peaks in summertime, a major heatwave was forecasted for the Texas/Oklahoma region. Local impact reports indicated fast drying in the topsoil and unusual wilting in the vegetation. Considering this ancillary information, the MDO valid for August 2019 aggressively issued a flash drought outlook for the region (Figure 10m), and this prediction was successfully verified by the USDM class change map from 30 July to 27 August (Figure 10h). One advantage of using experts to synthesize information in MDO production is the flexibility of taking new and different sources of information into account. Expert knowledge and analysis are the keys contributing to this timely and accurate MDO forecast. On the other hand, the current flash drought tool is solely based on NLDAS-2 monitoring data, and it does not consider forecast information and vegetation conditions. As a result, it has limited skill in predicting rapid drought onset driven by vegetation response to upcoming heatwaves, of which forecasts are skillful up to three weeks of lead time. Vegetation response plays an important role in flash drought development. NLDAS-2 uses a fixed set of parameters to characterize various vegetation and soil types across the CONUS, and hence it cannot accommodate changes in vegetation and soil conditions, such as vegetation growth/decay or burned soil after a wildfire. Future advances in assimilating vegetation dynamics and changes in soil properties into NLDAS will enhance the predictive capability of such events.



Toward the end of the 2019 warm season, another flash drought, caused by a combination of record high temperatures and record low precipitation, suddenly exploded in the Southeast in September (Figure 9). Some areas in the Southeast experienced three categories of drought degradation in a month (Figure 11d), with most rapid development occurring on 10–24 September (Figure 11c). Both the MDO and the flash drought tool did not forecast the swift onset of this drought on 31 August (Figure 10n,d). However, with daily updates, the flash drought tool was able to capture the fast-developing signals around 10 September (Figure 11a), about 1–2 weeks before drought conditions appeared largely in the Southeast on 24 September.



The original motivation to inaugurate the MDO in 2013 was to provide drought tendency forecasts at a shorter timescale in order to better predict fast-developing droughts [13], such as the 2012 Central Great Plains flash drought. For flash droughts like the 2019 Southeast drought with a very short warning time, outlook products issued once a month cannot always provide timely alerts to the public, as some flash droughts can develop within 2–3 weeks. The fixed release time of the MDO (on the last day of the month) also does not offer the flexibility during other times of the month for flash drought prediction. To better deliver timely warnings of possible flash drought onset, CPC plans to include flash drought forecasts into its 8–14 Days U.S. Hazards Outlook, an operational product targeting the Week-2 forecast period for potentially hazardous conditions. The release time of the U.S. Hazards Outlook every weekday would allow prompt dissemination of flash drought warnings to the public. Since much of the skill in predicting temperature and precipitation extends to two weeks, the Week-2 prediction of flash drought is expected to be skillful, and the objective predictions from the flash drought tool are anticipated to be one of the primary guidance for the flash drought hazard outlook. Advanced knowledge of a possible flash drought event could aid farmers and ranchers with an early warning system to prepare for supplemental water sources for crops and livestock, along with wildfire managers for assessing potential wildfire risks.




7. Summary and Conclusions


In this study, we created an experimental flash drought prediction tool based on the rapid change index [14,25] calculated from weekly changes of 7-day mean ET anomaly. To directly highlight areas susceptible to flash drought development, as in the Monthly Drought Outlook, we used a threshold method to identify grid points with large decreases of 7-day mean ET anomaly (i.e., RCI less than −0.5) in the last 30 days and under the condition that 3-month SPI is less than −0.4. The prediction is made under the assumption that antecedent conditions persist into the next month. The new tool was implemented in real time and started running on 1 April 2018, with daily updates. The performance of the tool was evaluated using both retrospective and real-time predictions of the 2017–2019 warm seasons. The results show promising capabilities in predicting flash drought development and success in cases that meet the persistence requirement. The interplay between precipitation and high temperatures appears to be a challenge for flash drought prediction, as changes in conditions often delay or erase drought development. The results also show some limitations on predicting a certain type of flash drought driven by the vegetation response from hot temperatures.



The initial stage of the flash drought tool is solely based on NLDAS-2 monitoring data and does not take into account forecast information. Our assessment has pointed out the added values of forecast information in flash drought prediction. In particular, advanced subseasonal models can provide skillful temperature and precipitation forecasts three weeks ahead of time and, in turn, foresee possible changes in conditions in the upcoming weeks. In the next stage, we will incorporate subseasonal P, ET, and SM forecasts into the tool to improve its prediction skill. Specifically, ET forecasts can be appended to the monitoring data to form an extension of the time series for calculating RCI, similar to the methodology used for SPI forecasts [17,30]. P and SM forecasts can be used to prescribe drought conditions at the end of the coming month to reduce false alarms.



The current outputs of the potential flash drought development tool are deterministic. The advantage of using a threshold method with binary outcomes is that it can further be used to generate probabilistic forecasts with logistic regression [18,25]. Probabilistic information is important for risk management and requested by stakeholders to assist in decision making and developing drought mitigation plans. After incorporating forecast information into the tool, we plan to create a probabilistic version of the flash drought tool and output exceedance/non-exceedance probabilities. This information can further facilitate the inclusion of flash drought forecasts into CPC’s 8–14 Days U.S. Hazards Outlook, which is mainly represented in the probabilistic format. Quantitative evaluation of the prediction skill of the tool using historical data will also be carried out.







Author Contributions


Conceptualization, L.G.C.; methodology, L.G.C.; software, L.G.C. and A.H.; validation, L.G.C.; formal analysis, L.G.C.; investigation, L.G.C.; resources, J.G.; data curation, D.M., B.P., and A.H.; writing—original draft preparation, L.G.C.; writing—review and editing, B.P. and A.H.; visualization, L.G.C.; supervision, J.G.; project administration, J.G.; funding acquisition, J.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Oceanic and Atmospheric Administration, grant number NA14NES4320003, to the Cooperative Institute for Climate and Satellites at the University of Maryland (CICS–MD).




Acknowledgments


We would like to thank the three anonymous reviewers for their comments and suggestions to help improve the manuscript. This research is a part of White House Office of Science and Technology Policy initiatives. Funding support from NOAA/NWS Office of Science and Technology Integration is greatly appreciated.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Hunt, E.D.; Hubbard, K.G.; Wilhite, D.A.; Arkebauer, T.J.; Dutcher, A.L. The development and evaluation of a soil moisture index. Int. J. Climatol. 2009, 29, 747–759. [Google Scholar] [CrossRef]

	



Otkin, J.A.; Anderson, M.C.; Hain, C.R.; Mladenova, I.E.; Basara, J.B.; Svoboda, M. Examining Rapid Onset Drought Development Using the Thermal Infrared–Based Evaporative Stress Index. J. Hydrometeorol. 2013, 14, 1057–1074. [Google Scholar] [CrossRef]

	



Mo, K.C.; Lettenmaier, D.P. Heat wave flash droughts in decline. Geophys. Res. Lett. 2015, 42, 2823–2829. [Google Scholar] [CrossRef]

	



Mo, K.C.; Lettenmaier, D.P. Precipitation Deficit Flash Droughts over the United States. J. Hydrometeorol. 2016, 17, 1169–1184. [Google Scholar] [CrossRef]

	



Otkin, J.A.; Svoboda, M.; Hunt, E.D.; Ford, T.W.; Anderson, M.; Hain, C.; Basara, J.B. Flash Droughts: A Review and Assessment of the Challenges Imposed by Rapid-Onset Droughts in the United States. Bull. Am. Meteorol. Soc. 2018, 99, 911–919. [Google Scholar] [CrossRef]

	



Svoboda, M.; LeComte, D.; Hayes, M.; Heim, R.; Gleason, K.; Angel, J.; Rippey, B.; Tinker, R.; Palecki, M.; Stooksbury, D.; et al. The Drought Monitor. Bull. Am. Meteorol. Soc. 2002, 83, 1181–1190. [Google Scholar] [CrossRef]

	



Hoerling, M.; Eischeid, J.; Kumar, A.; Leung, R.; Mariotti, A.; Mo, K.; Schubert, S.; Seager, R. Causes and Predictability of the 2012 Great Plains Drought. Bull. Am. Meteorol. Soc. 2014, 95, 269–282. [Google Scholar] [CrossRef]

	



Rippey, B.R. The U.S. drought of 2012. Weather Clim. Extrem. 2015, 10, 57–64. [Google Scholar] [CrossRef]

	



Otkin, J.A.; Anderson, M.C.; Hain, C.; Svoboda, M.; Johnson, D.; Mueller, R.; Tadesse, T.; Wardlow, B.; Brown, J. Assessing the evolution of soil moisture and vegetation conditions during the 2012 United States flash drought. Agric. For. Meteorol. 2016, 218–219, 230–242. [Google Scholar] [CrossRef]

	



National Oceanic and Atmospheric Administration (NOAA); National Centers for Environmental Information (NCEI). 2019: U.S. Billion-Dollar Weather and Climate Disasters. Available online: https://www.ncdc.noaa.gov/billions/ (accessed on 25 July 2019).

	



Hoell, A.; Perlwitz, J.; Dewes, C.; Wolter, K.; Rangwala, I.; Quan, X.-W.; Eischeid, J. Anthropogenic Contributions to the Intensity of the 2017 United States Northern Great Plains Drought. Bull. Am. Meteorol. Soc. 2019, 100, S19–S24. [Google Scholar] [CrossRef]

	



Wang, H.; Schubert, S.D.; Koster, R.D.; Chang, Y. Attribution of the 2017 Northern High Plains Drought. Bull. Am. Meteorol. Soc. 2019, 100, S25–S29. [Google Scholar] [CrossRef]

	



Chen, L.G.; Gottschalck, J.; Hartman, A.; Miskus, D.; Tinker, R.; Artusa, A. Flash Drought Characteristics Based on U.S. Drought Monitor. Atmosphere 2019, 10, 498. [Google Scholar] [CrossRef]

	



Otkin, J.A.; Anderson, M.C.; Hain, C.; Svoboda, M. Examining the Relationship between Drought Development and Rapid Changes in the Evaporative Stress Index. J. Hydrometeorol. 2014, 15, 938–956. [Google Scholar] [CrossRef]

	



Mo, K.C.; Shukla, S.; Lettenmaier, D.P.; Chen, L.-C. Do Climate Forecast System (CFSv2) forecasts improve seasonal soil moisture prediction? Geophys. Res. Lett. 2012, 39, L23703. [Google Scholar] [CrossRef]

	



Lyon, B.; Bell, M.A.; Tippett, M.K.; Kumar, A.; Hoerling, M.P.; Quan, X.-W.; Wang, H. Baseline Probabilities for the Seasonal Prediction of Meteorological Drought. J. Appl. Meteorol. Clim. 2012, 51, 1222–1237. [Google Scholar] [CrossRef]

	



Quan, X.-W.; Hoerling, M.; Lyon, B.; Kumar, A.; Bell, M.A.; Tippett, M.K.; Wang, H. Prospects for Dynamical Prediction of Meteorological Drought. J. Appl. Meteorol. Clim. 2012, 51, 1238–1252. [Google Scholar] [CrossRef]

	



Hao, Z.; Singh, V.P.; Xia, Y. Seasonal Drought Prediction: Advances, Challenges, and Future Prospects. Rev. Geophys. 2018, 56, 108–141. [Google Scholar] [CrossRef]

	



Xia, Y.; Mitchell, K.; Ek, M.; Sheffield, J.; Cosgrove, B.; Wood, E.; Luo, L.; Alonge, C.; Wei, H.; Meng, J.; et al. Continental-scale water and energy flux analysis and validation for the North American Land Data Assimilation System project phase 2 (NLDAS-2): 1. Intercomparison and application of model products. J. Geophys. Res. 2012, 117, D03109. [Google Scholar] [CrossRef]

	



Xia, Y.; Mitchell, K.; Ek, M.; Sheffield, J.; Cosgrove, B.; Luo, L.; Alonge, C.; Wei, H.; Meng, J.; Livneh, Q.; et al. Continental-scale water and energy flux analysis and validation for the North American Land Data Assimilation System project phase 2 (NLDAS-2): 2. Validation of model-simulated streamflow. J. Geophys. Res. 2012, 117, D03110. [Google Scholar] [CrossRef]

	



Chen, M.; Shi, W.; Xie, P.; Silva, V.B.S.; Kousky, V.E.; Higgins, R.W.; Janowiak, J.E. Assessing objective techniques for gauge-based analyses of global daily precipitation. J. Geophys. Res. Space Phys. 2008, 113. [Google Scholar] [CrossRef]

	



Mesinger, F.; DiMego, G.; Kalnay, E.; Mitchell, K.; Shafran, P.C.; Ebisuzaki, W.; Jović, D.; Woollen, J.; Rogers, E.; Berbery, E.H.; et al. North American Regional Reanalysis. Bull. Am. Meteorol. Soc. 2006, 87, 343–360. [Google Scholar] [CrossRef]

	



Liang, X.; Lettenmaier, D.P.; Wood, E.F.; Burges, S.J. A Simple hydrologically Based Model of Land Surface Water and Energy Fluxes for GSMs. J. Geophys. Res. 1994, 99, 14415–14428. [Google Scholar] [CrossRef]

	



Liang, X.; Lettenmaier, D.P.; Wood, E.F. One-dimensional statistical dynamic representation of subgrid spatial variability of precipitation in the two-layer variable infiltration capacity model. J. Geophys. Res. Space Phys. 1996, 101, 21403–21422. [Google Scholar] [CrossRef]

	



Otkin, J.A.; Anderson, M.C.; Hain, C.; Svoboda, M. Using Temporal Changes in Drought Indices to Generate Probabilistic Drought Intensification Forecasts. J. Hydrometeorol. 2015, 16, 88–105. [Google Scholar] [CrossRef]

	



Hobbins, M.T.; Wood, A.; McEvoy, D.J.; Huntington, J.L.; Morton, C.G.; Anderson, M.; Hain, C. The Evaporative Demand Drought Index. Part I: Linking Drought Evolution to Variations in Evaporative Demand. J. Hydrometeorol. 2016, 17, 1745–1761. [Google Scholar] [CrossRef]

	



McEvoy, D.J.; Huntington, J.L.; Hobbins, M.T.; Wood, A.; Morton, C.G.; Anderson, M.; Hain, C. The Evaporative Demand Drought Index. Part II: CONUS-Wide Assessment against Common Drought Indicators. J. Hydrometeorol. 2016, 17, 1763–1779. [Google Scholar] [CrossRef]

	



Pegion, K.; Kirtman, B.P.; Becker, E.; Collins, D.C.; Lajoie, E.; Burgman, R.; Bell, R.; Delsole, T.; Min, D.; Zhu, Y.; et al. The Subseasonal Experiment (SubX): A Multimodel Subseasonal Prediction Experiment. Bull. Am. Meteorol. Soc. 2019, 100, 2043–2060. [Google Scholar] [CrossRef]

	



DeAngelis, A.M.; Wang, H.; Koster, R.D.; Schubert, S.D.; Chang, Y.; Marshak, J. Prediction Skill of the 2012 U.S. Great Plains Flash Drought in Subseasonal Experiment (SubX) Models. J. Clim. 2020, 33, 6229–6253. [Google Scholar] [CrossRef]

	



Yoon, J.-H.; Mo, K.; Wood, E.F. Dynamic-Model-Based Seasonal Prediction of Meteorological Drought over the Contiguous United States. J. Hydrometeorol. 2012, 13, 463–482. [Google Scholar] [CrossRef]








[image: Atmosphere 11 01114 g001 550] 





Figure 1. Daily rapid change index (RCI) maps over the Northern High Plains region from 25 April to 4 May 2017 (a–j). 
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Figure 2. Schematic diagram for creating the potential flash drought development map. 
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Figure 3. Time series of (a) 3-month SPI, (b) 7-day mean temperature anomaly, (c) 7-day mean evapotranspiration anomaly, and (d) 7-day mean soil moisture anomaly averaged over the Northern High Plains region (shown in Figure 1) from 1 March to 31 August 2017. The time period within the vertical purple lines is the fast-development period. 
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Figure 4. (a) Map of potential flash drought development issued on 30 April 2017, (b) Monthly Drought Outlook released on 30 April 2017, (c) U.S. Drought Monitor valid on 25 April 2017, and (d) U.S. Drought Monitor valid on 23 May 2017. 
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Figure 5. (a) Map of potential flash drought development issued on 31 May 2017, (b) Monthly Drought Outlook released on 31 May 2017, (c) U.S. Drought Monitor valid on 23 May 2017, and (d) U.S. Drought Monitor valid on 27 June 2017. 
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Figure 6. (a) Map of potential flash drought development issued on 30 June 2017, (b) Monthly Drought Outlook released on 30 June 2017, (c) U.S. Drought Monitor valid on 27 June 2017, and (d) U.S. Drought Monitor valid on 25 July 2017. 
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Figure 7. Flash drought predictions for the 2018 warm season and their verifications. (a–e) show the predictions from the potential flash drought development tool, (f–j) show the USDM class change maps, and (k–o) show the MDO valid for May to September 2018. 
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Figure 8. U.S. Drought Monitor for the 2018 warm season at the end of each month from April to September. 
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Figure 9. Selected U.S. Drought Monitor maps from May to November 2019. 
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Figure 10. Flash drought predictions for the 2019 warm season and their verifications. (a–e) show the predictions from the potential flash drought development tool, (f–j) show the USDM class change maps, and (k–o) show the MDO valid for June to October 2019. 
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Figure 11. (a,b) show the potential flash drought development issued on 10 and 17 September 2019 and (c,d) are the USDM class change maps from 10 to 24 September and 8 October 2019. 






Figure 11. (a,b) show the potential flash drought development issued on 10 and 17 September 2019 and (c,d) are the USDM class change maps from 10 to 24 September and 8 October 2019.



[image: Atmosphere 11 01114 g011]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
(c) USDM on 23May2017






media/file13.png
k) U.S. Monthly Drought Outlook
( ) ought T ey o IgPeriod vuﬂ%ng:;:

Dr i Vi
(a) Potential Flash Drought Development Issued on 30 Apr 2018(f)H.S. Drought Monitor Class Change from 24Apr2018 to 29May2018 T
50N - — == ~— — —— =

« ",[«

- a o]

45N

/’u
sonN14 T

“Ongeng” Grought aress are
based on e U'S. Drought Montar
areas (reenstes of D1 1o 04)

(1) gas.mM&r‘)dthly ek quggo&:s Valid for June 201
(t?) Potential Flash Drought Development Issued on 31 May 20|8(S)H,S. Drought Monitor Class Change from 29May2018 to 26Jun2018 e i Artie b

I g s R S Wz —

+ ] . [ e K\ - bty i ¥ . 5
[~ A e < e p A 1L ‘
J :

¥y
:_‘j [ji,,\" 45N i uAT.

40N 40N

35N “Ongong”
based on e U'S. Drought Montar
areas (ntenstes of D1 10 04)

30 W\
N W\

120W 70W o 120W 110w

(m) u.s. Monthly Drought Outlook

Drought Tend: Duri Valid Period Valid for July 2018
(S.) Potential Flash Drought Development Issued on 30 Jun 2018(hl’L\J‘IS. Drought Monitor Class Change from 26Jun2018 to 31Jul2018 - EHCY SN
50N - > o 50N :

e — . = - o — — .-T*—xv'&. - - o
%7“ T, W‘“‘M T 1 ~\ - k. a ] 4 TN (W :,{: A o FHA
L < - Tl R e S
asng | / - ‘ - 45N S Nz <N !*"
/ 1 ., E | ] Y
{ - i i
\ 1 2 > 5 \ i
- [ . PR P
40N | 40N - |15 » c.::l.'-:numnnd
) v o avecavey donved probanAses
¥ N\¥1 W ol T4 my e e
% )', B " o e cind oy shat ot
35N et N\ Se 35N . 1< : shon e
P N § - . < based on e U S. Orought Maneor
* TN s o *’u eas (raenstes of O) 0 O4)
”
] \ NOTE The tan areas smply ot least
30N 30N o G 31 .comguy Iprovemert o P
P o e pen, o0
vt e rermans T groen
eat oy Grouge e by he
‘nd of Pe perod (00 or none)
251

120w 120w

e iy oomecaeut
(d) Potential Flash Drought Development Issued on 31 Jul 2018 (I)yS Drought Monitor Class Change from 31Jul2018 to 28Aug2018 pz BN e
50N —— =7 S0N T = o 7

T
e L % = : A
Bx cam [ 2 A Rl = e 2 .
. o o 3 ) . % &
) - = 2 - | § z AR5
\

Valid for August 2018
Released July 31, 2018

0

¥\
45N

45N }:L.,’\ 7\! q { -3.
/ G { A

“Ongong” Grought aress are
Based on e U S Drought Montar
areas (reenstws of D1 %o 04)

NOTE  The tan areas emply o least

30N 30N

120w

Drought remains but improves.
0) U.S. Monthly Drought Outlook
( ) Drought Tendencyy During%-e Valid Period o ”’,:'Mmg'{ m:

S — - -

(e) Potential Flash Drought Development Issued on 31 Aug 2018(j)y.S. Drought Monitor Class Change from 28Aug2018 to 25Sep2018
N T - =~ o, T - — N T
i 2 ) = (AN

=
77'ﬁﬁ72

0 e “ “ oo
oy \~ o, p /-

B ey

\ 3 e end of the penod sTough
\ L\ T s ey b0
~ ‘-{:,‘ e} Adem Aigood end of the perod (DO or none)
5N SN - NOAAN Drought persists
“ - 120W 110w 100W 90W 80W 70W H

120w ;10: 100w = 90w sow 70w
Number of Non-Exceedances (Range: 0-30)

15 20

. © Drought remains but improves
] = 17 Drought remova ikely
o e . S R 1 2 3 0 5 & ‘Y a ~ Drought development likely.
' 5 - ®®
" & el






media/file12.jpg





media/file18.jpg





media/file9.png
(a) Potential Flash Drought Development Issued on 31May2017
50N o 1 Tl =k P RS Y
‘\‘h £ p X " o
?1‘% <[4l ' - ‘ “ _ o
45N' l | & : §" ‘. :}\‘}-':‘. “‘Y{ 3 ."“",‘w‘:,)
soN{§ 3 ——( & i
\ ! e N & o i hd.r;i} 7
.Y | 2| | N AW
i da, 1 t 27 ‘)ﬂ_; - . '.._;
35N 1 \ % \ ‘ L ’_:‘{ﬁ*'-:*'“ - 3
~ S\ L . 'l\ AR A )
\‘; \» _‘. ) -‘ l . \ ;} oy ] > .
30N A ¢ ‘ . b > % ) e - .‘;}...'..:*-’;‘{
N Ay VY " AN
'~ ‘ "': ¢ = 7“;’ & \
AT “-\‘ . - t\ \‘. 1‘ \';, 9 v;‘.\;'
25N ; L —a , Y ALY '
120W 110W 100W 0w 80w 70W

Number of Non-Exceedances (Range: 0-30)
[

(b) U.S. Monthly Drought Outlook

Drought Tendency During'the Valid Period Valid for June 2017

Released May 31, 2017

¥ Depicts large-scale trends based

gamq'uy short- and por:gram.

) Use caution for applications that

areas (intersites of D1 © DY)

NOTE The tan areas imply at least
a2 1-category tinthe
Drought Monitor intens ty levels by
the end of the pericd, although
drought willremain. The green

ot s = I by th

Author:
Rich Tinker
NOAA/NWS/NCEP/Clmate Predction Center

PR
E%\ o=
. °

a3 imply droug y the
end of the period (DO or none)

- Drought persists

Drought remains but improves

|7 Drought removal likely
. Drought development likely

®9

http://go.usa.gov/3eZGd

(c) USDM on 23May2017

Intensity:

[] None

[] DO Abnormally Dry
[ ] D1 Moderate Drought
[ D2 Severe Drought

I D3 Extreme Drought
I D4 Exceptional Drought






media/file14.jpg





media/file20.jpg





media/file5.png
(a) 3-month SPI

2.0

-1.0
-2.0 '

1.0
0.0

(b) 7-day mean T anomaly (C)

6.0

3.0 /—J-\/\/\
0.0 A

-6.0 :

2w\ ~/

(c) 7-day mean ET anomaly (mm/day)
1.0

0.5

0.0 |e——
-0.5
-1.0 '

(d) 7-day mean SM anomaly (mm)
40

- N
20 \/'\
0 —_
-20 \’\_— -—/
40 - - ' - -
3/1/2017 4/1/2017 5/1/2017 6/1/2017 7/1/2017 8/1/2017

Date





media/file15.png
26 Jun 2018

Intensity:

|:| None - D2 Severe Drought

[ ] D0 Abnormally Dry I D3 Extreme Drought

D1 Moderate Drought [l D4 Exceptional Drought






media/file19.png
(k) U.S. Monthly Drough
(530) Potential Flash Drought Development Issued on 31 May 2019(f)U‘S. Drought Monitor Class Change from 28May2019 to 25Jun2019 o i
N 1 50N
7 v < 3

t Outlook
e Valid Period

‘alid for June 201
Released May 31, 2019

T
. -

) . )& X
120W 110w 100W 90W 80W 70W N 120W 110w 100W

]

|) U.S. Monthly Drought Outlook W—
2 I ; /

(l,?) Potential Flash Drought Development Issued on 30 Jun 2019(8)_}\{,3. Drought Monitor Class Change from 25Jun2019 to 30Jul2019 A s o

T E)
7 ©

: w s
L_ 7 g'o.

45N1 | { L oy I
/
| ST l s 1 |
l & N

B)  Orsaces lavge scale trencs bases
01 subpectively deved probabines

" dougnt areas e
s i o OY B0
30N .H‘ \ 30N i\ ‘

120W 70W 5 120W 110w 100W 90w 80w 70W I T
(m) u.S. Monthly Drought Outlook o Nk b
. . Drought Tend During the Valid Period Releas: o
(9) Potential Flash Drought Development Issued on 31 Jul 2019 h)AUS Drought Monitor Class Change from 30Jul2019 to 27Aug2019 R R e
] e— m— : 50N 1o =

£ J

WG~ o Weay " A
3 g ! L DR ey % ok |
45N] (9 Th < | 3 { 3 Y g P

st e v - S\L &R B
> gt 3 .l § I =
40N | N ) B! N Tl ,IJ i

“ — ) o7
= ‘,\_m TR, N

— 7
J\Z‘\Q’u

“Orngos are
based on the U S Drought M onsse
Wews (tervtes of D1 10 04)
NOTE: The tan areas mply at least
8 1-category mprovemert n the

h Py 1% & 2
120W 110w 100w 90w 80W 70W b 120W 110w 100W 90w I I
(n) |
N) U.S. Monthly Drought Outlook Valid for September 2019
. : Drought Tend During the Valid Period leased 2
(q) Potential Flash Drought Development Issued on 31 Aug 2019(I)H;S. Drought Monitor Class Change from 27Aug2019 to 24Sep2019 e - E—
JON pex; o Q0N e~ .‘ =~

T

T ) T
\ R 5 - r— - e N\ ] a
g \ o . - ne,

ng" drought
based on the U S. Drought Monsse
Wews (interes of D1 10 04)

30N

o0 of the pesod (DO of none)

120W

HRZa
(o) u.s. Monthly Drought Outlook .
(e,.) Potential Flash Drought Development Issued on 30 Sep 2019(])}’{‘.‘3, Drought Monitor Class Change from 24Sep2019 to 290¢t2019 i< i et e * 0208
JUN E o badadl e

E’}‘ :v/L !‘ ? T‘

:
T — =
N v,‘]\ % !

% 3 W, w
’ | €97,
35N 4 ‘lk N ’

30N A

T Lo
1 Bl gl - @ o ol
- "’\_ \ <. R - ¥

3} Depucts farpe scale trencs based

Y 0N wbpectively G0 ved (robabites
" Queded by shodt and ag (drge

3 amec

35N

30N

o
" ! ~
N

PAAN d = oy
1200 110W 100W 90w 80W 70W e

20w 110w 100w : 90w sow 70W
Number of Non-Exceedances (Range: 0-30)






media/file2.jpg
For a given grid point:

Obtain
daily ET
data

Calculate 7-day
mean ET
anomalies

1

Calculate daily RCI
of 7-day difference

No. of counts >0
and 3-month P1
<042

Count no. of days.
RCI<-05inthe
last 30 days

Calculate 3-month
Pl

Output no. of
counts/non-
exceedances

Répeat forall grid points,

Plot no. of non-
exceedances
map





nav.xhtml


  atmosphere-11-01114


  
    		
      atmosphere-11-01114
    


  




  





media/file11.png
(c) USDM on 27Jun2017

(@) Potential Flash Drought Development Issued on 30Jun2017
50 - —

Ls : -~ \ \ .' ‘\~ ::_‘ﬁ.,.a-.\ ) /
N1 | N . " RN I\ e T/ o
a3 | - 4 13 £ .“ *e " h B f‘;~ G A
e { - 3 L N \ V / B ‘ ] ) (\f ==
35N 1 : & 5\ o 2 A & ‘ " -~ )3:
g N s ¢ t‘ , 1 b § 5/ ¥a
\ ~ | s L v \ {) ‘ {;f
30N L R v v ; e 7: & R
', = o ; )
N N
- \ I X
25N T . T = L - Y V3 S :
120W 110W 100W 90w 80W 70W
Number of Non-Exceedances (Range: 0-30)
[—
(b) U.S. Monthly Drought Outlook
Drought TendeniK( During'the Valid Period Valid for July 2017 (d) USDM on 25Ju | 2017

Released June 30, 2017

v Depicts large-scale trends based

5 wm'by sho'ﬂ- and long-range

Use caution for applications that
be affected by ¥

“Ongoing” drought wreas wre
based on the U.S. Drought Monitor
weas (ntersites of D1 © DY)

NOTE The tan areas imply at least
8 1-category improvement in the
Drought Monitor intensty level by
the end of the period, althoug
drought will remain. The green
Author: ey
Rich Tinker
NOAA/NWS/NCEP/Climate Prediction Center

3] 2 un 4 - 7 e
end of the period (DO or none).

PR
"
fes M

. Drought persists

Drought remains but improves
[ orought removal likely
. Drought development likely

@9

http://go.usa.gov/3eZGd

Intensity:

[ ] None

[] DO Abnormally Dry
[ ] D1 Moderate Drought
] D2 Severe Drought

I D3 Extreme Drought
I D4 Exceptional Drought






media/file6.jpg
(c) USDM on 25Apr2017






media/file1.png
a) RCI ending on 25 April 2017

f) RCl ending on 30 April 2017

50M 7 SON — !
'[ 4 ‘ | ' _ 1 4
¢8N 1 ?k 2 A ‘Mtl,-w ‘._i & 48N - ?'-\\ 5 £ ; % -8 \ L €
™~ \ ] \ ™~ \
46N 1 } é 46N 1 ;
/ ..-"\1 -é Y f. ..-"‘.\
/ s SN
HNT o aand
. ) - --._,....“_‘:’ [ & )
i " Y ) ¢
*EH L] L] L] . L] L ‘l 42" L) L} L] . - L
116W 112w 108w 104W 100w 96W 116W 112w 108W 104w 100W
b) RCI ending on 26 April 2017 g) RCI ending on 01 May 2017
50N . — . 50N
43N J ?k 2 4 r"‘"‘l}_‘_‘ | \'i 4 48N{ |7 v -
.._\- . n . | \\-‘_ .
] 1 R \ 1 v
46N +—. #_\L 3 } 46N 4+—, \
A . ! St
s - k 44N -
"EH L] L] ¥ = L ¥ &l 42" T T .l e T
118w 112w 103w 104w 100W 9BW 116W 112w 108W 104w 100w 9BW
¢) RCI ending on 27 April 2017 h) RClI ending on 02 May 2017
50N — _ —y - 50N
- = | é
] |2 . » . sl { | = '
e A e \ el A e
"L_L_ \'-._‘_
46N 1+ { ' 4 46N 1—. f 0 1 J
/ J".“\ _ : ‘é LK / N\ N
( L g 1 ¢ R I . . ‘
44N - ] _ 44N - | S
- = SN =5
e ” & e
0 s q !
4‘2" Li L] ¥ A L L ‘Ll 4‘2" 1 L] L] = ¥ ]
116w 112w 108w 104w 100w 96w 116W 112w 108W 104w 100W 9EW
d) RCI ending on 28 April 2017 i) RCl ending on 03 May 2017
20N _ —N g 20N ]
15"" & ‘i"- . 48N - ?l . E\ o
4 -'.,r'—"b‘i '1\ < -}r'-"&q‘l Mll..-:h
.‘k.l ; \.{] s Y K
46N - 1,::' i’f\l 46N - :-P u\‘ ‘é ?
441 1 {J ! “ 44N - /) s “
42N . : — : . 3, 42N . . S : s
116w 112w 108w 104W 100w IEW 116W 112w 108W 104w 100W 9EW
e) RCI ending on 29 April 2017 i) RCl ending on 04 May 2017
50N — - SON
i il
- 4 . 4
T T - o e T
H‘ . _ . ."“i .; . L
J ' i 9 Y
46N - 46N 1 ! ‘é )
5 ’ 3
/
nf'l ' e g \
4N 1 amd{ 7 .
Fa ' . -
| O |
42N 42N : : — . -
116W 112w 108W 104w 100W 9EW
—-0.5 0.5 | 1.5 7 2.5 3






media/file10.jpg
(c) USDM on 27)un2017






media/file7.png
(@) Potential Flash Drought Development Issued on 30Apr2017
g
50 : - -

N = 3 Y -«: -~
.‘f: o[, [ T % o Y <G & B0 o ~
‘_ 3 \ " ‘V\L- g ""‘/,, ~S3 e g A n
L s d \ ‘ b \ o "‘.1 - ’ ', : i“"kii?__ - "‘ ‘
45N1 [ s 1 L YN D .4( Ay
| 3 “f \) < =7 ( L~
‘ . ‘ . { ra‘ - ) »" _" ."‘ﬁ
. ‘ % \ . = \}5 Tha?
| . ! : ' N
40N 1 | b N { ‘ PR 3:('\/
3 yal X
. )
35N 4 =
L4 ‘
"_.
30N 4 "_
ANt e
: W N
25N . Ly —3 . |V NN .
120w 110W 100w 0ow 80w 70w

Author:
David Miskus
NOAA/NWS/NCEP/Cimate Predction Center

Number of Non-Exceedances (Range: 0-30)
L ——

(b) U.S. Monthly Drought Outlook

Drought Tendency During the Valid Period

Valid for May 2017

Released April 30, 2017

dy
8y 3 Depicts large-scale rencs based

4

-~

waq.by sho‘n~ and _Iul:o.r.lvva

?) Use caution for spplications that

Sy
"Ongoing” drought areas are
based on the U.S. Drought Monktor
wreas (intersites of D1 © D9)

NOTE The tan areas imply at least
a 1-category i i

the ;‘nd of the period, H;!ouﬂh

end of the period (D0 or none)
[ orougnt persists

Drought remains but improves
|7 orougnt removal likely
_ Drought development likely

@9

http://go.usa.gov/3eZGd

.
.
L)

(c) USDM on 25Apr2017

(d) USDM on 23May2017

Intensity:

[ ] None

[ ] DO Abnormally Dry

[ ] D1 Moderate Drought
[l D2 Severe Drought

I D3 Extreme Drought
I D4 Exceptional Drought





media/file16.jpg
28 May 2019

25Jun2019 30 Jul 2019






media/file3.png
For a given grid point:

Obtain Obtain
daily ET daily P
data data

\ 4
Calculate 7-day
mean ET
anomalies

Y

Calculate daily RCI
of 7-day difference

\ 4
Count no. of days
RCI <-0.5inthe
last 30 days

\ 4

No. of counts > 0
and 3-month SPI
<-047

Calculate 3-month
SPI

Output no. of
counts/non-
exceedances

From all grid points:

Plot no. of non-
exceedances
map






media/file17.png
28 May 2019

Intensity:

[ |None 7] D2 severe Drought
- DO Abnormally Dry - D3 Extreme Drought
[ ] D1 Moderate Drought [l D4 Exceptional Drought





media/file4.jpg
(2) 3-month sP1
20
10

o0
10 | _———

20

(b)7-day mean T anomay (€)
60

] e .
. ~ T

60

(©)7-day mean ET anomaly (mm/day)
10

05
00
as
10

(d)7-day mean s anomaly (mm)
w©
ol o
o v\x

» ="

©

appo o sppo w07 o s
Date:






media/file0.jpg
9) RCI ending on 25 Agrit 2017

) RCI ending on 30 Apet 2017
—a

B

NN}

EAal

sort 2017

anting o 02 woy 2017

-






media/file21.png
45N 1

40N €

35N A

30N A

25N

25N

(a) Potenti
50N 7w

al Flash Drought Development Issued on 10 Sep

L

) 224

r5s

~a.

120W

110W

(b) Potential Flash Drought Development
SON 7 -

100W 0w

Issued on 17 Sep

L

CRNy .

e
K O ©
L/ ., - =

.

120W

110W

100W 80W

45N [ 7

40N A

35N -

30N -

25N

2019(d)5lg.8. Drought Monitor Class Change fr
N - -

45N A
40N A
35N -

30N -

25N

2019(C)5LA.S. Drought Monitor Class Change from 10Sep2019 to 2
-~ N 1= C ) b -

4Sep2019

e

.

By

oy

A 0%
-
-

120W 110w 100W 90W

80W

70W

om 10Sep2019 to O

e
LN o%
e

Sy

80ct2019

Number of Non-Exceedances (Range: 0-30)






