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1. Abstract
Regional climate variability in the southeastern United States is a concern for agricultural and forestry management. Droughts are an important consequence of this variability, affecting both the agricultural and forestry sectors’ ability to manage their water resources. The United States Department of Agriculture (USDA) Southeast Regional Climate Hub (SERCH) has thus developed a tool called Lately Identified Geospecific Heightened Threat System (LIGHTS) in order to provide information for its users that would increase water management efficiency. It identifies and alerts users to changes in drought, temperature, and precipitation patterns. However, LIGHTS lacks soil moisture information, which also affects drought patterns. This project therefore aims to update the current drought monitoring system by incorporating Soil Moisture Active Passive (SMAP) level 3 data as a support layer, by retrieving Standardized Soil Moisture Index (SSI) as a measure, and by using Python as the programming language. Ground truth soil moisture data from Soil Climate Analysis Network (SCAN) were collected for validation.  As a result, this integration of SMAP data into SERCH LIGHTS will increase the end-user’s water management capabilities in response to drought conditions.
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[bookmark: _Toc334198720]2. Introduction
2.1 [bookmark: _Toc334198721]Background Information
Climate variability in the Southeastern United States is a major concern. According to the National Climate Assessment for the Southeast, extreme heat and decreased water availability are two of the four identified major stressors on the region (Carter et al., 2014). Drought is a particular climate variability concern for the region’s development as a large part of the Southeast’s landscape is occupied by agricultural, forested, and range land (McNulty et al., 2015). The Southeast’s susceptibility to experiencing extensive droughts is increased by the impact of anthropogenic influences. These demographic dynamics, such as increasing population, expanding urbanization, and other land-use change, result in an increase in water demand, which further intensifies the impact of a water shortage on the region (McNulty et al., 2015).

Water shortage is especially concerning for agricultural and forestry management as droughts affect these sectors’ ability to manage their water resources. For the agricultural sector, water management issues caused by drought lead to vulnerability in crop production and livestock (IPCC, 2007). Such vulnerability hurts both the production and profit of many individuals involved in the sector. For the forestry sector, water shortage caused by drought increases the risk of wildfires (IPCC, 2012). In order to manage these risks and vulnerabilities, better irrigation practices and distribution of forestland fire-management resources are essential. Given the significant role these industries play in the region, and their increasing vulnerability to agricultural drought, an effective services system and drought index must be developed. 

2.2 Project Partners & Objectives
[bookmark: _Toc334198726]The US Department of Agriculture (USDA) Southeast Regional Climate Hub (SERCH) partnered with the Southeast United States Agriculture DEVELOP Team. SERCH is a climate hub created by the USDA to deliver science-based knowledge on climate change to farmers, ranchers, and forest land managers (USDA, 2015). SERCH provides regional-specific information to farmers to influence technical support and strategies to deal with climate variability issues, such as drought, in the Southeast United States (USDA, 2015). SERCH developed the Lately Identified Geospecific Heightened Threat System (LIGHTS), a drought mitigations tool to assist farmers with making informed decisions on water and crop management (EFETAC, 2015). LIGHTS identifies and alerts users at risk of drought by looking at changes in temperature and precipitation. The SERCH LIGHTS services are available in eleven States: Alabama, Arkansas, Georgia, Florida, Kentucky, Louisiana, Mississippi, North Carolina, South Carolina, Tennessee, and Virginia. 
While LIGHTS allows users to view NOAA monthly drought predictions, it lacks soil moisture information, an essential variable when considering drought patterns. According to NOAA, there are four types of droughts: meteorological drought, agricultural drought, hydrological drought, and socioeconomic drought. Agricultural drought occurs when soil moisture is insufficient to sustain average crop or grass production (Wilhite & Glantz, 1985). Since soil moisture is an important factor for determining agricultural droughts, incorporating this factor into the LIGHTS tool was fundamental for developing the tool’s utility towards its subscribers. 

The Southeast United States Agriculture team aims to include soil moisture data into the LIGHTS tool by developing a drought index. The objective is to update the current drought monitoring system, LIGHTS, by incorporating SMAP Level 3 data throughout the Southeastern states. As a result, this integration of SMAP data into SERCH LIGHTS will increase the end-user’s water management capabilities in response to drought conditions. 
3. Methodology
3.1 Data Acquisition 
The primary data component was acquired from the NASA satellite Soil Moisture Active Passive (SMAP). The data products were Level 3 Soil Moisture data from L-Band Radiometer (SMAP L3-SM-P). The Level 3 data were a daily global composite of the Level 2 surface soil moisture (SMAP L2-SM-P). Level 2 data were a soil moisture product based on brightness temperature measurements that were sensitive to soil moisture. The Level 2 accuracy was equal to or better than 0.04 cm3 (NASA, 2014). SMAP Level 3 products were downloaded from the NASA’s Earth Observing System Data and Information System (EOSDIS) Reverb Echo portal on EARTHDATA as GeoTIFFs in WGS 1984 Geographic Coordinate System. 

Ancillary datasets were utilized for model building and verification. Soil moisture data from NASA North American Land Data Assimilation System (NLDAS) was used as a historical reference in models. The NLDAS Noah Land Surface Model L4 Hourly 0.125 x 0.125 degree V002 data was downloaded from Goddard Earth Sciences (GES) Data and Information Center data portal, Mirador. Thirty six years of the hourly data files were downloaded in NetCDF format and in the WGS 1984 Geographic Coordinate System. The files were processed to extract the 1200 UTC data for each day over the 36 years (Xia et al., 2012). 

The second ancillary dataset used was the Soil Climate Analysis Network (SCAN). Data retrieved from testing stations in the study area were downloaded from the USDA National Resources Conservation Service (NRCS) as csv files. The sensor was a dielectric constant measuring device, at a depth of 5.08 cm (USDA, 2016).

3.2 Data Processing
The SMAP Level 3 data were originally provided as HDF-EOS5 products at 40-km resolution on a fixed 36 km EASE2 grid. The SMAP Level 3 data were acquired from Reverb Echo because it is capable of pre-processing the data. The SMAP Level 3 data was converted to a GeoTiff and reprojected into WGS 1984 Geographic Coordinate System. 

In order to avoid invalid values in SMAP data, additional pre-processing was necessary. The conditional, or Con, tool in ArGIS was used to evaluate each point to change any -9999 values to No Data raster values. This step insured that all of the SMAP values were decimal values from 0 to 1. 

SMAP and NLDAS soil moisture units do not match. SMAP measures volume of water per unit volume of soil. NLDAS datasets currently provide soil moisture values in units of kilogram per square meter of soil over variable thicknesses. In order to utilize SMAP and NLDAS values in the same models, Equation 1 was used to convert NLDAS to SMAP units. 

                                                                                                                              Eq. 1

Equation 1 shows how NLDAS was converted to volumetric units where NLDAS SM represents the original soil moisture value and W is the density of water, or 1,000 kilograms per square meter. 

The individual SCAN station data files were combined into one Excel table. A separate Excel table with coordinates was created for daily measurement, and then imported to ArcGIS. 

3.3 Data Analysis
Setting the norm was an essential procedure for this methodology. Since SMAP was launched in January of 2015, only two years of data were recorded. The focus of this method was to obtain the mean and standard deviation values based on historical NLDAS records for each day of the year. For this study, February 29th was excluded. Approximately 36 years of hourly NLDAS data were used to create the mean and standard deviation for each day at 1200 UTC. The NLDAS data were fed through an ArcGIS model that gathered each day from the 36 years. Then the 36 values of each day were used to calculate the mean and standard deviation of that day with the cell statistics spatial analyst tool.  
A Standardized Soil Moisture Index (SSI) was used to simplify the national analysis. Using a relative measurement by calculating the normal conditions, or norm, would efficiently compare current soil conditions to historical averages. The SSI was calculated with Equation 2 for the first two years that SMAP data was available. 
                                                             SSI                                                              Eq. 2
Where  is the soil moisture content from SMAP Level 3 data for a single day,  is the mean value of soil moisture content for the, and  the standard deviation of soil moisture content for corresponding day. 

The raster calculation tool from ArcGIS was used to calculate the SSI for each day. The SSI indicates how many standard deviations a daily input soil moisture is from the mean, and therefore is an ideal relative measure of the soil moisture content.

3.4 Accuracy Assessment
[bookmark: _Toc334198730]The final step in the methodology was to perform an accuracy assessment. The process determined the accuracy of SMAP and NLDAS data, verifying the methodology and the results. The validation was performed by comparing the soil moisture daily data from SMAP and NLDAS to daily soil moisture data retrieved from USDA Soil Climate Analysis Network (SCAN) stations. SCAN stations contain measuring sensors that provide soil moisture data from ground-based stations located across the United States (USDA, 2016). 

The point validation process had two parts. The first was selecting SCAN locations as the testing stations for the validation. The second part was comparing the daily data retrieved from stations with the SMAP and NLDAS daily data in the matching locations. The comparison was done by compiling SMAP and the georeferenced SCAN data into Excel, and then performing a regression analysis to test the correlations between the data. This same process was applied to validate NLDAS data. Throughout this accuracy assessment, data latency and accuracy were taken into account. The SMAP Level 3 soil moisture product has a 50-hour latency, which met the required latency threshold of 72 hours. 



3.4.1 Ground Station Selection
Ground station selection was the first part of the validation process. While validating and processing data for the continental United States was optimal, only four ground stations across the U.S. were selected (see Table 1). The criteria for this selection process consisted of identifying the stations with the most accurate and longest collection of data based in locations that were agricultural lands, plains, or grasslands. The stations selected together were expected to be representative of diverse weather conditions, from wet to dry areas. Some of the areas considered for the preferred ground stations included: the Midwest plains, plains in the central valley of Nebraska, the farther east of Georgia, California, Northern Mississippi, and Alabama. The validation was on a daily level, from March 31 2015, since SMAP was available.

Table 1. SCAN Stations Used for Validation
	Station ID
	State Code
	Station Name

	2013
	GA
	Watkinsville #1

	2024
	MS
	Goodwin Ck Pasture

	2053
	AL
	Wtars

	2006
	TX
	Bushland #1



3.4.2 SMAP and NLDAS data Validation
Point validation process was done by comparing SMAP and SCAN daily data values in all four selected SCAN stations for a period of 16 months, starting on January 2015. Daily data retrieved from the four SCAN stations were also compared with NLDAS daily values for 12 months, starting on January 2015. The data value period for NLDAS and SMAP does not match in length, but this period was selected for consistency since both SMAP and NLDAS have data values in 2015. The 12-month period of 2015 was the longest period with data values for all three sources – SCAN, NLDAS, and SMAP. 
The validation process for both SMAP and NLDAS data were based on first compiling the retrieved point values into the same excel sheet consisting of values from a SCAN station. This resulted in the creation of a total of eight excel sheets for the SMAP validation, two sheets for each of the four stations, one for the year 2015, and another for the year 2016. Given that NLDAS values were only based on 12 months, the validation resulted in four excel sheets only, one for each station from the year 2015. 
However, before comparing the values from a selected SCAN station with SMAP values in Excel, one more step was required. Because SMAP data was provided in raster format, it was necessary to retrieve the SMAP data values from a point location matching the station’s location. The tool extract values to table in ArcGIS was used for the point extraction process. These pixel values were then exported and inserted into the Excel sheet it belonged to – matching date and SCAN station. 

The next step for the comparison consisted of matching up the SMAP and SCAN daily data on the Excel sheet. This step was particularly significant as the SMAP data had several missing values due to its three-day coverage. Days with missing values were dropped, and dates between the two sources were re-arranged. 

In order to compare SMAP/SCAN dates, the Mid string function in Excel was used to retrieve the day, month, and year from each SMAP data value. The re-arranged data, corresponding SCAN and SMAP data retrieval dates, were then inputted in a table using the ArcGIS attribute join tool. Any outliers, such as -99.9 or No Data values, were then deleted. The same process was carried out for validating NLDAS values.

After the data compilation and organization were completed, a regression analysis was performed to test the correlations between the data. This step was carried out in each of the 12 excel sheets (8 SMAP, and 4 NLDAS). The regression analysis provided a scatter plot between the compared data in each sheet, and included the regression line and R-squared.

 4. Results & Discussion
4.1 Analysis of Results
Soil moisture is an output of the water balance. Several methods for soil moisture retrieval were proposed in past research (Thornthwaite, 1955; Ritchie, 1998). Various variables were suggested to retrieve soil moisture data such as climate, plant, and soil characteristics. These three variables expand to rainfall rates, potential evapotranspiration, soil water capacity, soil proximity to the water table, vegetation type, leaf area, management practices, crop sensitivity to water stress, and crop water requirement for each phenological phase (Sivakumar et al., 2010). One of the most used indexes, the relative soil moisture index (RSMI) was designed to measure and simulate how much water was available in soil for crops (Sivakumar et al., 2010). 
This model requires soil water holding capacity, which is a variable depending on soil type information. 

Obtaining soil moisture from SMAP was straightforward because the Level 3 product was a daily global Radiometer-Only Soil Moisture Product, which provides direct sensing of soil moisture in the top 5 cm of the soil column in units of cm3/cm3 (NASA, 2014). SMAP data of GeoTiff format with a geographic projection were directly supported by ArcGIS.

SSI reference layers were created on order to incorporate SMAP and NLDAS into the SERCH LIGHT system. Soil type and characteristics varied greatly throughout such a broad study area. SSI would simplify the national analysis and eliminate the need to account for mapping soil types. Figure 1 shows how three days of SMAP Level 3 data would cover the US. The simplified SSI is a z-score, thus indicating how many standard deviations a SMAP value is from the historic mean. The yellow values indicate a low z-score, which means that the values are lower than the historic soil moisture average. The blue values indicate a high z-score, which means that the values are higher than the historic soil moisture average.
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Figure 1. Three consecutive SSI calculation from June 2015. The values reflect how the current SMAP soil moisture deviates from the NLDAS records. Areas in yellow represent areas that are experiencing very dry conditions, indicating drought.

This results in SMAP classification as a value from 0 to 1. SMAP values greater than 0.5 are uncommon. Some clay rich-soils can reach SMAP values of 0.5 under normal conditions. For sandy soils, the practical upper limit is even less, but it does occur in tropical and coastal cases as seen by observation (Cepuder et al., 2008). Figure 2 shows how the SSI values changes from different seasons. 
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Figure 2. SSI calculations from three consecutive days in June 2015 on the bottom, October 2015 in the center, and February 2016 on the top. The values reflect how the soil moisture changes slowly over time.

SSI calculations are ineffective in winter months due to permafrost. Figure 2 shows that a large portion of data is lost in the northern states during the winter season. 

4.1.1 Validation Result
The correlation between SMAP soil moisture data and the SCAN data is between 0.4612 and 0.9177. As for NLDAS validation result with the four selected SCAN stations, the correlations found throughout the stations range from about 0.376 to 0.7742. Table 2 shows the validation root mean squared error, R2, values for NLDAS in 2015, and SMAP in 2015 and 2016. Figure 4 in the appendix shows a graph of the station 2053 in Alabama having a strong correlation between SMAP and SCAN in 2016. Figure 5 in the appendix shows the same station in 2015, the correlation between SMAP and SCAN is significantly lower. 

Table 2. SCAN Stations validation with SMAP.
	Station ID
	NLDAS R2  in 2015
	R2  in 2015
	R2 in 2016

	2013
	0.5758
	0.6802
	0.9124

	2024
	0.6935
	0.7634
	0.6817

	2053
	0.3376
	0.4612
	0.9177

	2006
	0.7742
	0.6526
	0.245


[bookmark: _Toc334198734]
4.1.2 Accuracy analysis
Although most of the accuracy results were close to the desired value set at 0.7, the value at the Texas station for the year 2015 was exceptionally low at 0.24497 in Figures 10-11. This extraordinarily low value indicated a discrepancy between the two data sources. In order to discover what caused the significantly low accuracy in the Texas station for the year 2016, a data analysis between SMAP and SCAN was performed in depth. This was achieved through creating a time plot comparison to identify the anomaly shown in Figure 3.



Figure 3. Texas Station 2006 for 2016

When analyzing Figure 3, the relationship between SMAP and SCAN looks correlated, but the relationship changes drastically on around April 31st, breaking the correlation pattern. The discrepancy in their relationship continues until July.  

Given this time plot analysis, a few speculations have been made to shed light on the cause of this inconsistency. It is possible that the break in the correlation may have been a reaction to the summer Texas flood of 2016. 

Another potential cause may have been an outcome of the disparities caused by collecting data at slightly different times between NLDAS and SMAP. SMAP data was collected at 6 AM local solar time. Since NLDAS data time zone was Coordinated Universal Time (UTC), the ideal procedure to ensure matching NLDAS time with SMAP 6 AM, would have required combining five time zone layers, 1000 to 1400 UTC. Since this manual procedure for 36 years of data is extensive, 1200 NLDAS data were selected instead. 1200 UTC does not perfectly match the SMAP 6 AM time, and may as a result have impacted thE accuracy assessment.

Another speculation was based on the extensiveness of the data processing procedure. The manual process of NLDAS data was time consuming as well as labor intensive which lead to concern in regards to the likelihood of error during the process. An error during the manual process of data downloading or processing could explain an unusual trend between the data, hence a low accuracy. 

The final speculation emphasized the role of the simplified SSI, and its potential impact on accuracy. The SSI developed throughout this project assumed normal distribution for the historic records of the soil moisture instead of non-normal distribution. Such an assumption may be non-representative of reality, thus decreasing the accuracy. 

Throughout the accuracy analysis, it was considered that the assessment was only determined on four SCAN stations for point validation. This emphasized the importance of performing more point validation by expanding the number of test stations used. Further assessment would provide better understanding of the SMAP and NLDAS accuracy. 

4.2 Future Work
This project can be expanded on in future study in four areas. As stated earlier, we selected 1200 UTC NLDAS data, which does not perfectly match the SMAP 6 AM time. Future research could collect and reprocess NLDAS corrected to SMAP overpass time. Another addition to the project could be to revisit the simplified SSI, or Z-score, and change our assumption to gamma distribution. This may create a more accurate SSI. 

SERCH expressed interest in the investigation of long-term climatic events, such as El Niño, and how these could alter the accuracy of the soil moisture measurements. A future project could examine climate records from other NASA Earth observation satellites to explore possible correlations. SERCH also expressed interest in incorporating soil temperature data using NASA Earth observations into their tool.
[bookmark: _Toc334198735]5. Conclusions
[bookmark: _Toc334198736]The SERCH LIGHTS system is currently driven by NOAA’s Climate Prediction Center’s Monthly Drought Outlook, Monthly Temperature and Precipitation Outlook, and Risk of Seasonal Climate Extremes in the U.S. related to the El Niño Southern Oscillation (ENSO). Subscribers, who are typically in the sectors of forestry or agriculture, receive a notification when their location is predicted to experience changing conditions related to drought. This system allows users to address drought and water management issues efficiently and directly. While this tool allows users to address water management more efficiently, it lacked information regarding soil moisture, which also affects drought patterns.  
The project therefore adopted the past 36 years of NLDAS data to obtain the historical mean value and standard deviation, in order to get a relative measurement of soil moisture, the SSI. Integrating the NLDAS and SMAP data into SERCH LIGHTS will therefore help with the end-user’s water management capabilities in response to drought conditions. This will help farmers, foresters, extension, consultants, and field staffs make timely, informed decisions on water and crop management based on the best available and most current climate observations. 
The accuracy of using SMAP to monitor soil moisture content displayed a very high statistical correlation (Table 2) between SCAN data, which indicated that SMAP is a reliable method of soil moisture monitoring. However, an exceptionally low value during the accuracy assessment emphasized the importance of performing further validation. In addition to expanding the validation, exploring the cause of the low value from the Texas station is also very important. It may reveal new points about SCAN, SMAP, and the methodology utilized, help raise new questions, and provide an opportunity to learn more about the SMAP satellite and its data.  
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Content Innovation #2
· Data Latency: A product’s latency is the measure of time between the observation acquisition of instrument data by the observatory and the time the product is available to the public at the SMAP Data Centers (NASA Jet Propulsion Laboratory). The SMAP Level-3 data has a 50 hour latency. This means that the Level-3 data is available to the public within 50 hours after its acquisition by the observatory. 
· Drought/Agricultural Drought: A drought occurs when there is a deficiency in precipitation over an extended period of time (NOAA National Weather Service, 2012). There are four types of drought: meteorological, hydrological, socioeconomic and agricultural. Agricultural drought is considered based on the impacts of certain factors to agriculture, such as deficits in the amount of moisture in the soil.
· EASE2 Grid: Version 2.0, the newest release of EASE-Grid, is defined with the WGS 84 ellipsoid (NSIDC 2016). Two major NASA-funded projects have adopted EASE-Grid 2.0 as the standard format for gridded data sets, including the Soil Moisture Active Passive (SMAP) project (data are forthcoming), and the MEaSUREs snow and ice project (NSIDC, 2016).
· EOSDIS: Earth Observing System Data and Information System is a key core capability in NASA’s Earth Science Data Systems Program. 
· Geographic Coordinate System: A geographic coordinate system (GCS) uses a three-dimensional spherical surface to define locations on the earth. A GCS includes an angular unit of measure, a prime meridian, and a datum (based on a spheroid).
· GeoTIFF: GeoTIFF is a raster data format which allows geo-referencing information to be embedded within a TIFF file. This format allows storage and transfer of digital satellite imagery, as well as establishing map projections, coordinate systems, ellipsoids, datums, and everything else necessary to establish the exact spatial reference for the file (Geospatial World, 2009). SMAP L3 data were provided as GeoTIFF format as requested.
· Historical statistics: This term refers to either the historic average soil moisture or the historic standard deviation soil moisture, or both. Historical statistics refer to the mean values and/or standard deviation values calculated from 36 years of daily soil moisture data (1980-2015).  
· Network Common Data Form (NetCDF): NetCDF is a set of software libraries and self-describing, machine-independent data formats that support the creation, access, and sharing of array-oriented scientific data (OGC 2016). NLDAS data was downloaded from Mirador as NetCDF format. 
· NLDAS: NASA North American Land Data Assimilation System (NLDAS) is a model that creates land surface model datasets with reduced errors. It collects these datasets based on other observations and models. One of these includes a collection of accurate soil moisture data extending back from January 1979 to 2015 in central North America (NASA, 2016). This soil moisture ancillary dataset was utilized as historical record for soil moisture data in the study area.
· SCAN: USDA Soil Climate Analysis Network (SCAN) provides soil moisture, soil temperature, precipitation, wind, and solar radiation data (U.S. Climate Resilience Toolkit, 2015). This data is collected from the SCAN sensors in the ground-based stations located across the United States. The SCAN sensor is a dielectric constant measuring device at a depth of 5.08cm (USDA Natural Resources Conservation Service). 
· SERCH: Southeast Regional Climate Hub (SERCH) is one of the climate hubs created by the US Department of Agriculture (USDA) to deliver science-based knowledge on climate change to farmers, ranchers, and forest land managers (USDA SERCH). SERCH provides the technical support and strategies to help farmers deal with climate variability issues, such as drought, in the Southeast United States (USDA SERCH).
· SERCH LIGHTS: Lately Identified Geospecific Heightened Threat System (LIGHTS) is a drought mitigations tool created by SERCH. Its function is to assist farmers with making informed decisions on water and crop management by identifying and alerting users on drought. The tool predicts drought by looking at changes in patterns of temperature and precipitation. SERCH is currently partnering with NASA Develop to augment the LIGHTS system. 
· Southeast United States: Southeast United States is considered as the region farthest east of the Southern United States. The states considered as part of this region, and represented by the USDA Southeast Regional Climate Hub, include: Alabama, Arkansas, Georgia, Florida, Kentucky, Louisiana, Mississippi, North Carolina, South Carolina, Tennessee, and Virginia (USDA Climate Hubs). The time zone for the region is Eastern Standard Time (EST). 
· SMAP: Soil Moisture Active Passive (SMAP) is a NASA Earth Observation that makes polar orbits around the Earth at a three day coverage. It measures the amount of water in the top 5cm of soil on Earth’s surface, and can also determine if the ground is frozen or thawed (NASA, 2014). SMAP was launched on the 31st of January 2015 and detects soil moisture patterns on the Earth. We used SMAP soil moisture data collected at the Level-3 Passive, 36 km resolution radiometer. 
· Radiometer: A radiometer is an instrument that measures the intensity of radiation in a particular band of wavelengths in the electromagnetic spectrum (Esri). The SMAP radiometer detects radio waves emitted by the ground, and determines the temperature of the ground depending on the strength of the emission (NASA Jet Propulsion Laboratory). The Level-3 Soil Moisture data collected from SMAP is a Radiometer-Only Soil Moisture Product, which means it provides direct sensing of soil moisture on the surface. 
· Soil Moisture Content: Soil moisture content is the amount of water contained in soil. SMAP data estimates the 0-5cm surface of soil moisture in units of cm3/cm3 (NASA Jet Propulsion Laboratory (2014).
· Standardized Soil Moisture Index (SSI):  This index is an ideal relative measure of the soil moisture content, as it indicates how many standard deviation a daily input soil moisture is from the mean. In order to calculate the SSI, it was imperative to set the soil moisture norm, which was done by obtaining mean and standard deviation values of past records. The SSI is calculated by subtracting the historical mean value of soil moisture content from the current mean value of soil moisture content, and dividing this difference by the historical standard deviation of soil moisture content. This SSI is a simplified version of the z-score. 	 
· Z-score: A z-score indicates how many standard deviations an element, in this case, daily input soil moisture, is from the mean (Stat Trek, 2016). The calculated Standardized Soil Moisture Index (SSI) is a simplified version of the Z-score. 	
Content Innovation #3
Inline Supplementary Material 
· Table 1. SCAN Stations Used for Validation
· Figure 1. Three consecutive SSI calculation from June 2015. The values reflect how the current SMAP soil moisture deviates from the NLDAS records. Areas in yellow represent areas that are experiencing very dry conditions, indicating drought.
· Figure 2. SSI calculations from three consecutive days in June 2015 on the bottom, October 2015 in the center, and February 2016 on the top. The values reflect how the soil moisture changes slowly over time.
· Table 2. SCAN Stations validation with SMAP.
· Figure 3. Texas Station 2006 for 2016
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Figure 4. Station 2053 in 2016.

Figure 5. Station 2053 in 2015.


Figure 6. Station 2024 in 2016.

Figure 7. Station 2024 in 2015.




Figure 8. Station 2013 in 2016.


Figure 9. Station 2013 in 2015.

     Figure 10. Station 2006 in 2016.

Figure 11. Station 2006 in 2015.



Table 3. SCAN Stations Used for Validation

	Station Id
	State Code
	Network Code
	Station Name
	Elevation
	Latitude
	Longitude
	County Name
	HUC
	HUC Name

	2013
	GA
	SCAN
	Watkinsville #1
	770
	33.88333
	-83.43333
	Oconee
	30701010305
	Lower Barber Creek

	2024
	MS
	SCAN
	Goodwin Ck Pasture
	320
	34.25
	-89.86667
	Panola
	80302030403
	Johnson Creek-Long Creek

	2053

	AL
	SCAN
	Wtars
	625
	34.9
	-86.53333
	Madison
	60300020306
	Lower Brier Fork

	2006
	TX
	SCAN
	Bushland #1
	3820
	35.16667
	-102.1
	Randall
	111201020301
	Negro Arroyo




SMAP/SCAN Time Plot Comparison
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SMAP vs. SCAN Station 2053
SMAP VALUE	R² = 0.4612
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SMAP
SMAP vs. SCAN Station 2024
SMAP VALUE	R² = 0.6817
0.39200000000000002	0.39	0.38700000000000001	0.41599999999999998	0.40100000000000002	0.39600000000000002	0.39500000000000002	0.38700000000000001	0.41099999999999998	0.39700000000000002	0.41599999999999998	0.41299999999999998	0.40500000000000003	0.40100000000000002	0.39500000000000002	0.41899999999999998	0.39900000000000002	0.39600000000000002	0.39300000000000002	0.38800000000000001	0.38500000000000001	0.38500000000000001	0.41	0.39200000000000002	0.39500000000000002	0.42099999999999999	0.4	0.39300000000000002	0.41	0.4	0.39400000000000002	0.41699999999999998	0.437	0.43	0.40600000000000003	0.4	0.39600000000000002	0.38800000000000001	0.38500000000000001	0.40100000000000002	0.39300000000000002	0.39600000000000002	0.435	0.41299999999999998	0.39600000000000002	0.40200000000000002	0.38800000000000001	0.38400000000000001	0.42699999999999999	0.42299999999999999	0.40699999999999997	0.39800000000000002	0.39200000000000002	0.39100000000000001	0.38300000000000001	0.38	0.41799999999999998	0.42899999999999999	0.40600000000000003	0.39100000000000001	0.38100000000000001	0.38100000000000001	0.378	0.36699999999999999	0.36099999999999999	0.35399999999999998	0.34599999999999997	0.32800000000000001	0.29299999999999998	0.27800000000000002	0.28899999999999998	0.27700000000000002	0.31900000000000001	0.308	0.3	0.27	0.23200000000000001	0.214	0.20699999999999999	0.189	0.184	0.17	0.16900000000000001	0.159	0.14099999999999999	0.14099999999999999	0.129	0.248	0.23	0.19700000000000001	0.16200000000000001	0.14199999999999999	0.13700000000000001	0.44690200686499998	0.34962922334699997	0.32984542846699999	0.42203259468100002	0.416641294956	0.376781374216	0.37938496470499999	0.32927945256199997	0.36095452308699999	0.28963488340400001	0.38368198275600002	0.44999998807899999	0.464289188385	0.44999998807899999	0.39933601021800003	0.464289188385	0.44999998807899999	0.429547071457	0.40683215856600002	0.33051854372	0.36559480428699997	0.32881370186800002	0.39741358161000001	0.40447762608499999	0.41583648324	0.464289188385	0.42240577936200002	0.417514324188	0.464289188385	0.43528142571400003	0.43236637115499998	0.44999998807899999	0.464289188385	0.464289188385	0.464289188385	0.464289188385	0.44408640265499999	0.39262539148300002	0.40548440813999997	0.44999998807899999	0.408896535635	0.39490243792500002	0.464289188385	0.464289188385	0.44999998807899999	0.37881723046299998	0.41151672601700001	0.33895826339700003	0.44999998807899999	0.44985598325699999	0.464289188385	0.44999998807899999	0.41176235675799999	0.37435412406899998	0.35400035977400002	0.306546717882	0.38223749399200002	0.464289188385	0.44004228711100002	0.36821588873900002	0.24889454245600001	0.304001301527	0.26033198833499999	0.24787484109399999	0.24558860063599999	0.23412504792200001	0.178921952844	0.20104409754300001	0.17309860885100001	0.15273295342900001	0.23039242625199999	0.21330770850200001	0.23981210589400001	0.34998977184300001	0.28112673759500001	0.21491181850400001	0.184710413218	0.17775762081099999	0.16833668947200001	0.15288220346	0.23123943805700001	0.17680731415699999	0.16736178100099999	0.16560561955	0.28331914544100001	0.213374957442	0.138423919678	0.26068270206499999	0.25644832849499999	0.17506365477999999	0.26621201634399999	0.18763074278799999	0.197868958116	SCAN
SAMP
SMAP vs. SCAN Station 2024
SMAP VALUE	R² = 0.7634
0.40699999999999997	0.39700000000000002	0.39600000000000002	0.39300000000000002	0.45	0.39900000000000002	0.44500000000000001	0.42299999999999999	0.44500000000000001	0.42499999999999999	0.40699999999999997	0.40699999999999997	0.42799999999999999	0.40300000000000002	0.39400000000000002	0.376	0.35299999999999998	0.33600000000000002	0.34300000000000003	0.315	0.317	0.41699999999999998	0.36899999999999999	0.42699999999999999	0.40799999999999997	0.40699999999999997	0.436	0.40500000000000003	0.4	0.38800000000000001	0.37	0.375	0.36499999999999999	0.34699999999999998	0.312	0.30199999999999999	0.36	0.35299999999999998	0.34399999999999997	0.33300000000000002	0.32	0.32400000000000001	0.42399999999999999	0.39800000000000002	0.38900000000000001	0.373	0.36	0.35099999999999998	0.33600000000000002	0.32900000000000001	0.31900000000000001	0.311	0.36399999999999999	0.36299999999999999	0.34799999999999998	0.33800000000000002	0.318	0.28599999999999998	0.26400000000000001	0.28299999999999997	0.33400000000000002	0.315	0.30199999999999999	0.28799999999999998	0.27700000000000002	0.33500000000000002	0.32800000000000001	0.36699999999999999	0.33800000000000002	0.32400000000000001	0.31900000000000001	0.30199999999999999	0.28399999999999997	0.26700000000000002	0.25600000000000001	0.23799999999999999	0.34100000000000003	0.317	0.308	0.29599999999999999	0.27800000000000002	0.26700000000000002	0.26	0.251	0.23599999999999999	0.23300000000000001	0.23100000000000001	0.221	0.216	0.20899999999999999	0.20499999999999999	0.20100000000000001	0.191	0.186	0.18099999999999999	0.17399999999999999	0.16900000000000001	0.17100000000000001	0.39700000000000002	0.40500000000000003	0.36699999999999999	0.377	0.38600000000000001	0.377	0.39600000000000002	0.38600000000000001	0.38500000000000001	0.38300000000000001	0.378	0.377	0.41599999999999998	0.39400000000000002	0.38600000000000001	0.38300000000000001	0.38100000000000001	0.38	0.42299999999999999	0.41	0.39900000000000002	0.39100000000000001	0.38800000000000001	0.38600000000000001	0.38500000000000001	0.41499999999999998	0.39700000000000002	0.39300000000000002	0.41499999999999998	0.42299999999999999	0.42299999999999999	0.42099999999999999	0.41	0.42801523208600001	0.44999998807899999	0.42990261316299999	0.43788579106300002	0.464289188385	0.40759533643700002	0.464289188385	0.44166484475099999	0.44999998807899999	0.44999998807899999	0.44999998807899999	0.44023022055599997	0.464289188385	0.42456907033899999	0.381978183985	0.27495527267499997	0.24827225506299999	0.23690651357199999	0.24853406846500001	0.19307367503600001	0.34152984619100002	0.464289188385	0.309411108494	0.464289188385	0.44999998807899999	0.42262756824499997	0.44999998807899999	0.44999998807899999	0.38558915257499998	0.31592005491300001	0.269698023796	0.31395736336699998	0.31580948829700001	0.24046896398100001	0.212744906545	0.204028531909	0.247760504484	0.243160068989	0.25949740409900002	0.24810282886000001	0.22824627161	0.25066307187100001	0.44999998807899999	0.36097043752699998	0.307514131069	0.26426032185600001	0.23157046735299999	0.21258227527099999	0.19868101179600001	0.21244840323899999	0.19582815468299999	0.206178024411	0.23764708638199999	0.25209528207800003	0.20846831798599999	0.19050385057899999	0.24851799011199999	0.17268101870999999	0.19338460266599999	0.20043189823599999	0.199494034052	0.20553739368900001	0.188777536154	0.21488970518100001	0.239790812135	0.24313689768300001	0.239886581898	0.26962980628	0.22090500593199999	0.162108555436	0.16683498024900001	0.16024424135699999	0.18059080839200001	0.16112557053599999	0.17781288921800001	0.16072605550300001	0.28452107310300001	0.219889685512	0.19584879279100001	0.188041463494	0.178706169128	0.194759994745	0.159843504429	0.15729574859100001	0.13835236430200001	0.12595076859000001	0.16346126794800001	0.136920452118	0.13355176150799999	0.141894847155	0.153806999326	0.185510873795	0.185879677534	0.144890442491	0.16547934711000001	0.142538905144	0.13697654008900001	0.122638300061	0.29349482059499998	0.35830944776500001	0.34457811713199998	0.31209042668300002	0.29067045450200002	0.26508623361599998	0.38645550608599999	0.37141430378000001	0.30014553666100002	0.33527109026899998	0.284629434347	0.25956261157999999	0.464289188385	0.39578440785399999	0.26820608973499999	0.36398473382000002	0.319832205772	0.32701858878099999	0.43525871634500002	0.42525175213799998	0.39699682593300001	0.36365777254100001	0.33210706710799998	0.326846569777	0.33127337694199999	0.44999998807899999	0.40919557213800001	0.37738677859300002	0.37893384695100002	0.40985575318299999	0.464289188385	0.464289188385	0.43666315078700002	SCAN
SMAP
SMAP vs. SCAN Station 2013
SMAP VALUE	R² = 0.9124
0.313	0.29199999999999998	0.28199999999999997	0.314	0.313	0.30399999999999999	0.28499999999999998	0.32400000000000001	0.31	0.34699999999999998	0.32200000000000001	0.32100000000000001	0.316	0.312	0.309	0.32500000000000001	0.315	0.31	0.30299999999999999	0.29299999999999998	0.28199999999999997	0.29599999999999999	0.30199999999999999	0.29199999999999998	0.34100000000000003	0.33100000000000002	0.30099999999999999	0.30399999999999999	0.32700000000000001	0.308	0.28799999999999998	0.27500000000000002	0.252	0.23599999999999999	0.20899999999999999	0.19900000000000001	0.187	0.16600000000000001	0.16700000000000001	0.19	0.218	0.31900000000000001	0.27800000000000002	0.25600000000000001	0.217	0.21	0.19600000000000001	0.20399999999999999	0.20300000000000001	0.17799999999999999	0.16300000000000001	0.16	0.152	0.14299999999999999	0.13800000000000001	0.13500000000000001	0.13300000000000001	0.126	0.124	0.11700000000000001	0.114	0.111	0.106	0.12	0.223	0.218	0.17	0.13100000000000001	0.121	0.115	0.13400000000000001	0.13800000000000001	0.13800000000000001	0.11899999999999999	0.11	0.11	0.16200000000000001	0.126	0.113	0.109	0.107	0.10199999999999999	0.224	0.24299999999999999	0.20899999999999999	0.158	0.14599999999999999	0.13800000000000001	0.13300000000000001	0.129	0.39607924222899998	0.36472734808899998	0.35311272740400002	0.32245433330500001	0.384126126766	0.37907513976099999	0.35675361752500001	0.36816430091899999	0.35273817181599998	0.44999998807899999	0.39666667580600001	0.34588956832899997	0.398161739111	0.36345767974900001	0.33674103021599999	0.430751055479	0.41563063859900001	0.36874377727500002	0.36862903833400001	0.37416398525200001	0.32827290892599997	0.33658149838399998	0.38954973220799999	0.36408600211100001	0.44999998807899999	0.41102486848800002	0.39293950796100002	0.39695352315900001	0.38249212503399999	0.37203505635299999	0.35627499222800002	0.325846195221	0.32055297493899998	0.33738484978700001	0.30651545524599999	0.29488068819000002	0.28668969869599997	0.244569018483	0.25681018829300001	0.26258718967400002	0.318250089884	0.33473414182700001	0.337183117867	0.29598304629299999	0.30385819077499998	0.298056393862	0.247800707817	0.255913168192	0.25830551981900002	0.24996145069600001	0.23142266273500001	0.210097298026	0.17758159339400001	0.21236060559700001	0.21066205203499999	0.200424253941	0.255481541157	0.23964709043499999	0.20199556648700001	0.202902033925	0.19380915164900001	0.20329014956999999	0.19371666014200001	0.25594151020099998	0.29991915821999998	0.27037397026999999	0.22059944272000001	0.21392557025	0.18263818323600001	0.18350410461399999	0.21934789419199999	0.22277547419099999	0.215900138021	0.22483548521999999	0.20570416748500001	0.18956500291799999	0.239373579621	0.21641510724999999	0.20139209926099999	0.18957734107999999	0.176736295223	0.19196130335299999	0.33539068698899999	0.30773448944100001	0.26036795973799998	0.245566368103	0.26549926400200002	0.248785227537	0.23071664571799999	0.213907346129	SCAN
SMAP
SMAP vs. SCAN Station 2013
SMAP VALUE	R² = 0.6802
0.29399999999999998	0.27	0.33900000000000002	0.34300000000000003	0.3	0.27900000000000003	0.307	0.33200000000000002	0.33400000000000002	0.35299999999999998	0.35799999999999998	0.29699999999999999	0.25700000000000001	0.32	0.27900000000000003	0.30199999999999999	0.26	0.23799999999999999	0.20100000000000001	0.16800000000000001	0.161	0.14299999999999999	0.13200000000000001	0.17499999999999999	0.17299999999999999	0.16200000000000001	0.246	0.27900000000000003	0.26600000000000001	0.23100000000000001	0.29399999999999998	0.26200000000000001	0.24399999999999999	0.21099999999999999	0.17599999999999999	0.16700000000000001	0.16200000000000001	0.153	0.13900000000000001	0.13100000000000001	0.128	0.218	0.316	0.27300000000000002	0.26200000000000001	0.22900000000000001	0.17899999999999999	0.16300000000000001	0.17899999999999999	0.17399999999999999	0.16300000000000001	0.152	0.152	0.14899999999999999	0.13800000000000001	0.13200000000000001	0.129	0.125	0.121	0.161	0.129	0.224	0.192	0.17899999999999999	0.27	0.27400000000000002	0.28499999999999998	0.28699999999999998	0.245	0.21	0.21299999999999999	0.21199999999999999	0.19600000000000001	0.16800000000000001	0.16	0.254	0.27800000000000002	0.23	0.20399999999999999	0.19400000000000001	0.17499999999999999	0.158	0.154	0.27600000000000002	0.26200000000000001	0.27500000000000002	0.30599999999999999	0.29099999999999998	0.28999999999999998	0.26700000000000002	0.28599999999999998	0.28599999999999998	0.27100000000000002	0.25	0.22700000000000001	0.217	0.20699999999999999	0.188	0.187	0.28699999999999998	0.29799999999999999	0.32100000000000001	0.34300000000000003	0.315	0.31900000000000001	0.42	0.31900000000000001	0.309	0.28999999999999998	0.27200000000000002	0.33300000000000002	0.314	0.29699999999999999	0.27500000000000002	0.26300000000000001	0.255	0.24299999999999999	0.24199999999999999	0.23699999999999999	0.23400000000000001	0.224	0.21199999999999999	0.20699999999999999	0.20599999999999999	0.29699999999999999	0.28599999999999998	0.31900000000000001	0.33600000000000002	0.28325682878500003	0.26855489611599997	0.34075024724000003	0.28433793783200001	0.33374726772300001	0.30618306994400002	0.32803851365999998	0.30582645535500003	0.30056053399999999	0.32629364728900001	0.327030599117	0.30582571029700001	0.34188213944399998	0.29781189560900001	0.30423572659499998	0.293282866478	0.27148336172100002	0.23382474482099999	0.256162464619	0.20635829865899999	0.19992646575	0.191605970263	0.168742880225	0.286697179079	0.26646253466600001	0.25281983613999998	0.29706734418899999	0.29067853093099999	0.259621798992	0.23528045415900001	0.25741705298400003	0.25878334045399998	0.23227003216700001	0.21653905510900001	0.19891662895699999	0.224616765976	0.20778982341300001	0.20793187618299999	0.21431735158000001	0.261690825224	0.21940641105200001	0.26682269573200001	0.332854837179	0.29349997639699998	0.26538753509500002	0.25432181358299999	0.24873085319999999	0.22584411501900001	0.299474537373	0.258055001497	0.245152071118	0.25131276249899998	0.21328949928300001	0.246797129512	0.218964114785	0.23666180670299999	0.21428517997300001	0.221575811505	0.19835691154000001	0.30069118738200001	0.24012570083099999	0.277385801077	0.239845409989	0.22089968621700001	0.29550150036799999	0.319195926189	0.31499260664000001	0.296715915203	0.30604010820400002	0.256726950407	0.28139051794999997	0.27165284752800001	0.23549452424	0.24057093262699999	0.22509527206400001	0.28475081920599998	0.29320740699800002	0.27492856979399999	0.23938435316100001	0.237428754568	0.24269552528900001	0.21176213025999999	0.23804681003100001	0.28918856382399999	0.275218099356	0.27629423141499998	0.34861418604900002	0.33983513712899999	0.30808976292599999	0.31223148107499998	0.34422343969300001	0.31737205386200001	0.31830698251700001	0.298247098923	0.30541825294500002	0.257956206799	0.239580571651	0.23838986456399999	0.22756353020699999	0.30450725555399999	0.30487096309700001	0.32764849066700003	0.33280140161499999	0.30581921339000001	0.31781697273300002	0.41309034824399998	0.33854976296400002	0.32532402872999999	0.34725347161300002	0.30843377113300002	0.355823516846	0.37277978658700001	0.34627339243900002	0.32729282975200003	0.33943819999699998	0.319809734821	0.30777150392500002	0.32136619091000002	0.31201949715600003	0.29859560728099999	0.316359728575	0.29068404436099998	0.309177577496	0.29061496257800001	0.34876441955600002	0.33876055479	0.35712918639199998	0.39669302105900001	SCAN
SMAP
SMAP vs. SCAN Station 2006
SMAP VALUE	R² = 0.245
0.28399999999999997	0.27300000000000002	0.27100000000000002	0.26400000000000001	0.26100000000000001	0.26400000000000001	0.26300000000000001	0.252	0.249	0.247	0.24299999999999999	0.23599999999999999	0.23200000000000001	0.23599999999999999	0.22500000000000001	0.221	0.217	0.22	0.21199999999999999	0.20799999999999999	0.20599999999999999	0.20300000000000001	0.20499999999999999	0.22900000000000001	0.22500000000000001	0.222	0.216	0.21199999999999999	0.20699999999999999	0.20399999999999999	0.183	0.185	0.18099999999999999	0.17299999999999999	0.17299999999999999	0.17199999999999999	0.16600000000000001	0.19500000000000001	0.19700000000000001	0.19400000000000001	0.19400000000000001	0.19	0.188	0.183	0.129	0.123	0.129	0.128	0.127	0.16900000000000001	0.157	0.151	0.13	0.23	0.16400000000000001	0.14299999999999999	0.127	9.4E-2	6.3E-2	5.6000000000000001E-2	5.5E-2	5.7000000000000002E-2	7.0000000000000007E-2	8.5999999999999993E-2	8.3000000000000004E-2	6.7000000000000004E-2	4.9000000000000002E-2	0.126	0.14499999999999999	0.11899999999999999	8.6999999999999994E-2	8.2000000000000003E-2	7.6999999999999999E-2	6.9000000000000006E-2	7.2999999999999995E-2	6.5000000000000002E-2	5.2999999999999999E-2	5.2999999999999999E-2	4.8000000000000001E-2	0.05	5.8000000000000003E-2	6.8000000000000005E-2	6.3E-2	5.0999999999999997E-2	4.7E-2	4.7E-2	4.2999999999999997E-2	4.2000000000000003E-2	0.05	4.1000000000000002E-2	4.1000000000000002E-2	3.5000000000000003E-2	4.1000000000000002E-2	3.5999999999999997E-2	3.5000000000000003E-2	0.16901390254500001	0.175226718187	0.138088479638	0.14215047657499999	0.15793517231900001	0.15436971187599999	0.17259056866200001	0.15451084077400001	0.16359056532399999	0.157405227423	0.14327175915199999	0.14869269728699999	0.140839979053	0.13958662748299999	0.12498345226	0.13912010192900001	0.12966240942500001	0.12544822692900001	0.117765955627	0.121964335442	0.119497902691	0.110109940171	0.10908919572799999	0.15495009720299999	0.14362113177800001	0.14190182089799999	0.12422695756	0.116815127432	0.111172012985	0.107915848494	9.0115137398199999E-2	0.10306610166999999	7.6951131224599997E-2	6.7280218005199996E-2	6.1389200389400003E-2	7.1651607751800003E-2	5.9712935239099998E-2	0.163053795695	0.14167131483600001	0.12828725576399999	9.2316158115899993E-2	7.4589557945700005E-2	8.3696350455299995E-2	6.4019940793499999E-2	0.100438073277	7.7678501605999997E-2	7.7561214566200007E-2	0.116490855813	0.21251529455199999	0.154756709933	0.14198218286	0.11225690692699999	8.6430266499500003E-2	0.31373205781000002	0.143081188202	0.11690883338499999	0.106614097953	7.7712252736099996E-2	0.122970961034	8.9246802032E-2	0.14293885231	0.15535391867199999	0.113208882511	7.9052798450000003E-2	5.9427626430999997E-2	5.5789981037400002E-2	5.5260982364400003E-2	0.189705044031	0.17100118100600001	0.157205730677	8.2367934286599997E-2	0.12673477828499999	0.111670129001	0.20385576784600001	0.117801100016	6.6998399794099994E-2	5.71919716895E-2	9.8058447241800004E-2	7.6291687786600004E-2	8.1096038222299993E-2	0.15242406725900001	0.112234130502	0.12513469159599999	6.4994484186200005E-2	6.7024752497699999E-2	6.5721943974499999E-2	5.3426515310999997E-2	0.13341353833700001	8.1000000000000003E-2	6.7000000000000004E-2	5.8000000000000003E-2	5.8000000000000003E-2	5.8000000000000003E-2	4.3999999999999997E-2	0.10100000000000001	SCAN
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