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[bookmark: _GoBack]Abstract
Several western states grow nearly half of all U.S. fruits, vegetables, and nuts. However, due to the scarcity of western water resources, Southeastern agricultural production is expected to increase. This increase in production may lead to a higher demand of water resources. Droughts also strain water resources. Drought monitoring tools must be developed In order to improve crop and water resources management in the Southeast. Current monitoring methods utilize averaged weekly stream flow conditions to identify drought areas. However, this method often overlooks areas prone to micro-level droughts. To address this issue, alternative drought monitoring methods using NASA Earth observation data are investigated. Drought indices, including the Normalized Multi-band Drought Index (NMDI), the Land Surface Temperature (LST) - Normalized Difference Vegetation Index (NDVI) ratio (LST/NDVI), and the Vegetation Health Index (VHI), are calculated using Terra’s Moderate Resolution Imaging Spectroradiometer (MODIS). Groundwater withdrawals are also estimated using the Gravity Recovery and Climate Experiment (GRACE) instrument. Additionally, the drought indices are cross-checked with water stress values from the Grid Decision Support System for Agrotechnology Transfer (GriDSSAT) crop model. The drought indices investigated in this project can be used to create an easily accessible model that will serve as a decision support tool for water monitoring agencies such as the United States Geological Survey (USGS). This tool will ultimately improve knowledge of drought conditions which will lead to more reliable water usage management practices and agricultural planning.


Keywords
Water Resources, Agriculture, Southeast, Irrigation, Drought Indices, Remote Sensing
[bookmark: h.gjdgxs]1. Introduction
There are many crops that are crucial for the United States grown in the Southeast United States, such as corn, cotton, peanuts, and soybeans. However, many farmers struggle satisfactory yields due to droughts. In the early 20th century, many farms in the Southeast lost a majority of their crops due to droughts and lack of irrigation. The Midwest has also lost many of their crops due to lack of rain. For the Southeast to be able to be a top provider of crops again, tools must be developed to withstand the drought.


Project Objectives
The objective of this project is to develop alternative drought monitoring methods for the Southeast United States. Alternative drought indices and groundwater storage estimates will be derived using NASA Earth Observations and compared to both the GriDSSAT model and water withdrawal data. The end results will be used by agencies such as the USGS to create an easily accessible model that will aid in monitoring water resources.

Study Area

	The specific study area of interest of this project consists of two locations within the Southeast. First, USGS water meter data was provided for southern Georgia. Second, GriDSSAT model data was considered for Limestone and Madison County in northern Alabama.
[image: southeast.jpg]
Figure 1 - The study area includes both Georgia and Alabama.

Study Period
The primary study period included the months of April through October, 2012. Additional data was considered for the years 2008 – 2011.



National Applications Addressed

	The primary national applications addressed in this project are water resources and agriculture. The project’s main focus is to determine the ability of satellite-derived drought indices to detect water withdrawals for agriculture. 

Partners/Collaborators

	Partners for this project include the United States Geological Survey (USGS) Georgia Water Science Center and the University of Alabama in Huntsville Earth System Science Center (ESSC). The USGS (Mr. Lynn Torak) provided the irrigation water meter data while the ESSC (Mr. Cameron Handyside) provided the water stress data from the GriDSSAT model. The USGS Georgia Water Science Center is interested in establishing a link between remotely sensed drought indicators and water use for agricultural purposes. Currently, the USGS Georgia Water Science Center does minimal work with remotely sensed data but the Center is looking to incorporate more Earth observation data into their monitoring system. 
[bookmark: h.3dy6vkm]2. Methodology
[bookmark: h.qjddz113l7xw]
[bookmark: h.r3pycv5j7t9e]Data Acquisition
[bookmark: h.a4j4epwiijjo]
[bookmark: h.iykodzh095fv]MODIS
[bookmark: h.d87j46sgjrtb]MODIS Level 1B data for the study period was downloaded from the Land Processes Distributed Active Archive Center (LP DAAC, 2014). Images with minimal cloud cover were accepted for this study to minimize errors in image processing. 
[bookmark: h.b5qx6alzoup2]
[bookmark: h.hyi6qpth5dsu]GRACE JPL Release Level 05 Data
[bookmark: h.cvpshinrf37v]GRACE JPL Release Level 05 products were downloaded from the JPL GRACE Tellius page (JPL, 2014).  Level 05 GRACE products are processed to remove both changes in continental ice and atmospheric mass. The final level 05 data displays changes in equivalent water thickness in centimeters on a monthly grid.  
[bookmark: h.2zh4vbsrd6mm]
[bookmark: h.imol1tf446xn]USGS Meter Data
[bookmark: h.y1wfb4he6zvd]	Agricultural irrigation data were provided by Mr. Lynn Torak from the USGS Georgia Water Science Center.  The data were provided in Microsoft Excel file format for the years 2010 - 2012. Monthly data was also provided for 2012. 
[bookmark: h.y91us8l7jxr3]
[bookmark: h.i9i0axrc5jew]
GriDSSAT
[bookmark: h.bwbcflmgaf42]Water stress values which were derived from the GriDSSAT model were provided for the months April through August for 2009 and for 2012.	The temporal resolution of the data is daily and the spatial resolution of the data is 4 km by 4 km. Daily files were downloaded as ASCII and Excel files.
[bookmark: h.mhx7qcfspbts]
[bookmark: h.m3shataenzzu]USDA Cropscape
[bookmark: h.9jo4e3m76682]Available crop data layers were downloaded from the National Agricultural Statistics Service (NASS), a division of the United States Department of Agriculture, via the CropScape online data portal (USDA, 2014). The crop data was downloaded as shapefiles to be used in ESRI’s ArcGIS.
[bookmark: h.ogjqqm8vo6q0]
[bookmark: h.til7nul7vf2r][bookmark: h.dqz6qh2affs5][bookmark: h.hgaa809ub6lu][bookmark: h.gi2lvq7lfu0]Data Processing & Analysis

[bookmark: h.zg6liq1v88vl]Land Surface Temperature/Normalized Difference Vegetation Index Ratio [LST/NDVI]
[bookmark: h.sz13k5w4bv1o]The LST/NDVI ratio consists of two parameters: surface temperature and the NDVI parameter which is derived from reflectance bands. The ratio-LST/NDVI increases during times of drought. Land Surface Temperature (LST) can be represented by emissive band 32 on MODIS. The temperature is recorded in Celsius (centigrade). LST represents energy distribution on the Earth’s surface in the area of interest. NDVI was describes as “the most successful of many attempts to simplify and quickly identify vegetated areas and their condition, and it remains the most well-known and used index to detect live green plant canopies in multispectral remote sensing data” (ONTEL 2012). NDVI is defined by the following formula: 
[bookmark: h.7hs676j5adws]
[bookmark: h.2z686yz31hfi]NDVI = 
[bookmark: h.1pkf9huv36ul]
[bookmark: h.mxbi9mpud54q]where NIR indicated the Near Infrared band and red indicates the red band. NDVI values range from -1.0 to +1.0. Higher values represent denser vegetation while negative values represent water, clouds, and snow. Near zero values typically rock and bare soil, moderate values typically represent shrub and grassland, while higher values are usually temperate and tropical rainforest (ESRI 2014).
[image: ]
Figure 2 - An image created from the LST/NDVI ratio methodology.
[bookmark: h.m86o4110lhdf]
[bookmark: h.hiz55qragjtw]Normalized Multiband Drought Index [NMDI]
[bookmark: h.j0cqbpj3p0ee]NMDI provides information both on vegetative and soil drought conditions. MODIS solar reflective bands 2 (0.84 - 0.876μm), 6 (1.628 - 1.652μm), and 7 (2.105 - 2.155μm) are used to calculate the value of NDMI (Wang 2008).
[bookmark: h.hlywth8cj5aw]NMDI for vegetation can be calculated by the following method:
[bookmark: h.4zrwaoh19ao0]
= 
[bookmark: h.fxm2mo73pe8m]
[bookmark: h.q7mgiiczdbvm]The NMDI vegetation values theoretically range from 0.0 to 1.0 with 0.0 indicating extremely dry conditions while 1.0 indicates extremely wet conditions.
[bookmark: h.jpy1w0ujc9bg]NMDI for soil can be calculated by the following method:
[bookmark: h.rrt2wcqnq848]
= 0.9 - 
[bookmark: h.iatn2lkdh9q1]
[bookmark: h.v8iicznw35on]The NMDI soil values range from 0.0 to 0.9. Values approaching 0.9 indicate dry soil conditions while values approaching zero indicate wet soil conditions. NMDI for both vegetation and soil were computed using the raster calculator tool in ArcGIS 10.2.1.
[image: ]
Figure 3 - An image created from the NMDI soil methodology.
[bookmark: h.bp7cbvhry8p8]
[bookmark: h.fz9s56vhu954]Vegetation Health Index [VHI]
[bookmark: h.mvkpye3qok0m]The VHI is a drought assessment index created by using the Vegetation Condition Index (VCI) and the Temperature Condition Index (TCI). The VCI is based on the NDVI and is calculated using the following equation:
[bookmark: h.h25mjum8gc02]
[bookmark: h.597wueay4i92]VCI = 100 * 
[bookmark: h.x68zb358mynf]
[bookmark: h.8kjdhi142vye]“where is the smoothed weekly NDVI, and and are absolute maximum and minimum NDVI, respectively, calculated for each pixel and week during the period [...] of the smoothed NDVI” (Rojas 2010). For our VHI images, the absolute maximum and minimum NDVI were calculated for each of the days which were included in the project. The TCI uses brightness temperatures based off of thermal infrared data. It is calculated using the equation:
[bookmark: h.4yaeekodh9k7]TCI = 100 * 
[bookmark: h.m8c1kxd48m6i]
[bookmark: h.s6bqleinbk39]where T is the brightness temperature. The VHI combines these indices with the equation:
[bookmark: h.e3eqxxzgk3ax]
[bookmark: h.brz73vzenbfw]VHI = (*VCI) + (*TCI)
[bookmark: h.z8z8iah9ltsh]
[bookmark: h.gf7swsmy8o6d]where and are coefficients for assigning weights to the VCI and TCI. The VHI has values ranging from 0 - 100, where locations with values under 40 represent areas with vegetative stress and predicted crop losses whereas locations with values about 60 represent favorable crop conditions.
[bookmark: h.bxc4w07n9630][image: ]
Figure 4 - An image created from the VHI methodology.
[bookmark: h.48ak1tl7y6oh][bookmark: h.yc4x58jvuvm3]GRACE
[bookmark: h.7mjs06kah5tc]GRACE observations are related to changes in the hydrological cycle by the following equation:
[bookmark: h.fat58l11oyq1]GWα = TWSα,GRACE – ( SWα + SMα + SPα )
[bookmark: h.nh591viue6bc]Where:
[bookmark: h.ogjbj0k42ipp]GWα = groundwater storage anomaly
[bookmark: h.gzmeu1hmm9sw]TWSα = total water storage anomaly
[bookmark: h.5ocoaiawht9d]SWα = surface water storage anomaly
[bookmark: h.ck6u2aibi995]SMα = soil moisture storage anomaly
[bookmark: h.7drhxedy7hu8]SPα = snowpack storage anomaly


[bookmark: h.363murk6yjso]Changes in snowpack storage were assumed to be zero due to the climatological nature of the study area. Net changes in surface water and soil moisture storage were also assumed to be negligible. Therefore, a simple relationship between changes in total water storage anomalies and groundwater storage anomalies was investigated. Monthly changes as detected by GRACE were combined for Georgia’s growing season. These monthly changes were then compared with groundwater withdrawal rates for the growing season.	
[bookmark: h.bxom6qwd9dmk][image: ]
Figure 5 - An image illustrating the total changes in gravitational anomalies measured by GRACE for Georgia during the growing season of 2012.
[bookmark: h.z1xkwwdujecf]3. Results & Discussion
[bookmark: h.ot7jumyrtreq]These graphs (shown below) show the comparisons between the drought indices and the USGS Water Meter Data, measured in acre-inches. The average of each drought index for the days of April 8th, May 10th, and June 27th in 2012 were used for the comparison. The graphs show no linear correlation between the vegetation health values and the water usage values. The graphs do show that the irrigation spots mostly had moderate health, possibly demonstrating that the irrigation systems were being used to keep the crops healthy enough to survive during the drought period.




Drought Indices Comparison with Annual USGS Water Meter Data

[image: ]
[bookmark: h.xkyqzi4jmknf]
[bookmark: h.u3c2yaoe77pq]
[bookmark: h.cpsa21xfw6wu]
[bookmark: h.gb3r2lvevpk]
[bookmark: h.49kr4otk73ab]
[bookmark: h.oyhu5xfjsu0w]
[bookmark: h.73pfah4biqwr]
[bookmark: h.puvarpohe28y]
[bookmark: h.z6w0i2bcq9hv]
[bookmark: h.uj1eicck1yp]
[bookmark: h.8rtxcqvz7rmp]
[bookmark: h.8q39sconaurk][bookmark: h.3dhrvhs1809w][bookmark: h.bfo37ligi8vc][bookmark: h.h4340ceq47m2][bookmark: h.q8rk8xmvo0wt][bookmark: h.6jbblj8w9fvl][bookmark: h.11o679dnxx7i][bookmark: h.dmz2bxqcl27w][bookmark: h.568p5fq0cin9][bookmark: h.cg6cq87q08by][bookmark: h.usibqxwmmqcl][bookmark: h.xycd4ypayp19][bookmark: h.95qonmeqzea][bookmark: h.drhsiu63lpdm]
[bookmark: h.cfa4s04i0zwm][bookmark: h.bnmdw39dax7r][bookmark: h.v4n9xpmj0qdg]Drought Indices Comparison with USGS Water Meter Data for June 2012
[bookmark: h.8dt2mm6vpqgk]
[bookmark: h.gc1ghofrrwcn]
[bookmark: h.iwmqc3244gf0]
[bookmark: h.thf6b5wsk8is]

[bookmark: h.hyy49yjjc7j]
[bookmark: h.eiw9djfy1x4n]
[bookmark: h.uocoy4frt0a4]     
[bookmark: h.yir6pranrc3l]
[bookmark: h.magha5srvahf]
[bookmark: h.7dz3d46zudww]
[bookmark: h.ump8thlkum0o]
[bookmark: h.apx060xe0onn]
[bookmark: h.1u3x6yilbaaa]
[bookmark: h.5tffwafvh066]
[bookmark: h.lbas0khp06le]
[bookmark: h.48ko6y4m53yh]
[bookmark: h.6qszhq9gspmo]
[bookmark: h.764tv5gf3rwx]
[bookmark: h.992c9dajzpbw]
[bookmark: h.4ibvtvjentos]
[bookmark: h.r7fkqbwk40io][bookmark: h.rr85gdu3ier4]These graphs (shown below)show the comparisons between the drought indices and the USGS Water Meter Data, for just the month of June of 2012. The graphs also show no linear correlation between the vegetation health values and the water usage values.
[bookmark: h.dv0nw8i8hewc]
[bookmark: h.a4elgtag0091]Drought Indices Comparison with GriDSSAT Water Stress Values 
[bookmark: h.mvc4z2mdecph][bookmark: h.np55ukgmdnn]
[bookmark: h.4k9cmhqfmmm]
[bookmark: h.lbc4165lexqm]
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These graphs (shown below)show the comparisons between the drought indices and the GriDSSAT Water Stress Values for June 27, 2012. The graphs show no linear correlation between the vegetation health values and the water stress values.
[bookmark: h.aecp29e6m497]
[bookmark: h.iuj3zzv0c3ty]
[bookmark: h.gy8wdk6h1ejt]





[bookmark: h.v4drcs8gjzd9][bookmark: h.5epnfglh4ru4][bookmark: h.m0ypfsbdcbuv][bookmark: h.ve07qejzk8uh]GRACE Groundwater Calculation Comparison with USGS Water Withdrawal Data
[bookmark: h.eposbi2xe22b]
[bookmark: h.5zfgm5jc0vt4]
[bookmark: h.mi9ddkho6x0a][bookmark: h.kkol3as20934][bookmark: h.mnoy34i7g6rh][bookmark: h.cm1zs22au5f][bookmark: h.miha59fm7x26][bookmark: h.2d22mjsmnwbf]
[bookmark: h.mwmm426tvsrd]
[bookmark: h.bnot9zg2pu1g][bookmark: h.3i02hloim7n6]The gravitational anomalies for 2012 were compared to the USGS groundwater meter data. Due to the coarseness of the GRACE data, a simple linear interpolation was used to calculate groundwater changes. The comparison between the GRACE data and the groundwater withdrawal data shows no linear correlation.
[bookmark: h.y5zmmsbfnww4]
[bookmark: h.u6wcjtojtk5p]Errors & Uncertainty
[bookmark: h.fnyx9tug08g0]The results of the comparison between satellite-derived drought indices and the USGS water meter data do not exhibit a linear trend due to several factors. First, the coarse 1km spatial resolution of the MODIS sensor may limit the ability of the drought indices to reflect what is actually happening in the vegetation. Second, cloud cover greatly affected the amount of images available for image processing for this project. A larger sample size of imagery might improve the correlation between the drought indices and the water use. In addition, the temporal nature of the USGS data was also a limiting factor. Yearly and monthly water usage data was available from the USGS. Since the drought indices were derived from daily images, daily water usage data would perhaps be more useful for establishing a correlation between the two factors. Finally, the relatively small sampling size of the USGS monthly data as compared to the yearly data was also a limiting factor to accuracy.
[bookmark: h.6j58wbsyixxx]
[bookmark: h.ryr2ggg7wdtm]The results of the comparison between the satellite-derived drought indices and the GriDSSAT water stress values were also most likely limited by the coarse spatial resolution of the MODIS sensor. Since water stress values from the GriDSSAT model are based solely on corn, it was necessary to clip the drought indices images down to only include corn crops. 
[bookmark: h.apcfph4x98q6]
[bookmark: h.nnywv89dh02i][bookmark: h.lnxbz9]Errors in the comparison between groundwater withdrawals and GRACE data stem from several factors. First, due to the lack of data, soil moisture conditions were not included in the water budget calculations. This led to inaccurate results in calculating the groundwater changes. Second, the groundwater withdrawal data provided by the USGS was also limited to yearly files. Finally, GRACE data is limited both temporally and spatially. GRACE data is available in 30 day increments with a spatial resolution of 100 km. 
[bookmark: h.35nkun2]4. Conclusions
The goal of the project was to come up alternative ways to monitor both drought and groundwater storage change, but a close look at the results calls for a more in depth study and the upgrade in the technology used in the process.  Another goal of this project was that the results and methodology will be used to proof an alternative drought and water withdraw monitoring system and create an easily accessible model/interface for the Georgia Water Science Center to use in hope to assist in near real-time water withdraw estimates to better manage the water for irrigation. One last goal of this project was to help improve the GriDSSAT model by estimating irrigated crop area by using Terra’s MODIS.

Although LST/NDVI, NMDI, and VHI do not have a linear correlation between the USGS water meter data and GriDSSAT Water Stress Values, the drought indices do indicate that irrigation is effective in reducing the effects of drought. The irrigation methods keep the vegetation at a moderate health level. However, drought indices also suggest that crop yields could be increased. 

Future work could include creating buffered zones around irrigation points and extracting the average derived drought index values within the surrounding area. Also, comparing the drought indices with irrigated as well as non-irrigated crop fields could yield important information concerning the effectiveness of remotely sensed indices to detect drought conditions. GRACE’s gravity anomaly data could be downscaled to provide more accurate groundwater measurements. Future work in this area could use new tools, like Soil Moisture Active Passive (SMAP) satellite and unmanned aerial vehicles, to improve knowledge on the variability of within-field soil moisture. Also, using data that has a higher spatial resolution may help the drought indices show more of a change in the vegetation when there is a drought, for example, Landsat 8 data. 
[bookmark: h.swka77i285kz]Acknowledgments
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