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[bookmark: _Toc334198720]1. Abstract
Over the past decade, drought in Alabama had a major impact on agriculture causing crop yields to fall well below normal levels. High resolution satellite remote sensing can enhance current drought monitoring practices led by the Alabama Office of the State Climatologist (AOSC). The AOSC monitors drought using a myriad of data types and sources and compiles the information into a weekly drought-monitoring map, the United States Drought Monitor (USDM). This project explored using two vegetation indices, Green Normalized Difference Vegetation Index (GNDVI), Normalized Difference Vegetation Index (NDVI), and one water index, the Normalized Difference Water Index (NDWI), from high-resolution satellites, Landsat 5 TM, Landsat 8 OLI, and Sentinel 2 MSI to increase the level of detail in drought depiction for the USDM. Additionally, the project considered whether farms with center pivot irrigation fared better than farms relying solely on precipitation during the 2011 and 2016 drought using data provided by the Earth System Science Center (ESSC) at University of Alabama in Huntsville. The results were compared to the USDM output and the crop’s water stress index, which was provided by the ESSC’s Gridded Decision Support System for Agrotechnology Transfer (GriDSSAT) crop model. The project resolved that although higher resolution satellites do provide information on when a crop is under vegetative stress before the USDM depicts drought conditions, the resolution of Landsat 5 and Landsat 8 was not high enough to analyze crops at a field level scale.
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2. Introduction
2.1 [bookmark: _30j0zll]Background Information
According to the most current agricultural census led by the United States Department of Agriculture National Agricultural Statistics Service (USDA NASS) (2012), in the state of Alabama, of the 21,283 farms with harvested cropland, only 1,584 farms (7.44 percent) were irrigated. This leaves most crops vulnerable to impacts from drought conditions. Depending on the duration and type of drought, impacts can range from significant crop yield loss, impacted local and global economies, lower reservoir levels, and depleted groundwater levels (Otkin et al., 2013).

The current drought monitoring system that policymakers and the media use to allocate drought relief is the U.S. Drought Monitor (USDM). This is a weekly map of drought conditions for the entire country at a county level (National Drought Mitigation Center (NDMC), 2017). The USDM is a composite index that uses both quantitative and qualitative data, including community observations, from over 350 contributors. Eleven authors take two-week shifts to compile several datasets using GIS software (Luebehusen, 2014). 

The following datasets and models are typically used: Advanced Hydrological Prediction Service (AHPS), a gridded precipitation dataset; the United States Geological Survey (USGS) 7-day average streamflow; North-American Land Data Assimilation Systems (NLDAS) Soil Moisture; the Natural Resources Conservation Service (NRCS) SNOwpack TELemetry (SNOTEL) snow-water equivalent; and other remote-sensing data, such as the vegetation health index (Luebehusen, 2014). This project focuses on the incorporation of additional remote sensing indices in order to add value to the United States Drought Monitor.

The incorporation of remotely sensed data in the USDM is useful for monitoring drought because it provides complete, up-to-date, and comprehensive coverage of drought conditions (Peters et al., 2002). In particular, this project uses 30m Landsat 5 Thematic Mapper (TM), 30m Landsat 8 Operational Land Imager (OLI), and 10m Sentinel-2 MultiSpectral Instrument (MSI) to complete the assessment. Two vegetation indices—the Normalized Difference Vegetation Index (NDVI) (Equation 1), Green Normalized Difference Vegetation Index (GNDVI) (Equation 2), and one water index— the Normalized Difference Water Index (NDWI) (Equation 3), were used to provide near-real time vegetation drought assessments. 






2.2 Indices Used
NDVI is widely used for remote sensing of vegetative health (Gao, 1996) and drought monitoring (Rhee et al., 2010); (Gu et al., 2007). NDVI measures changes in chlorophyll content and in spongy mesophyll within vegetation and is useful for monitoring purposes because the data is available to be displayed in a time series (Gu et al., 2007). NDVI has been used as means to monitor vegetative health using the Advanced Very High Resolution Radiometer (AVHRR) sensor since 1981; however, in terms of drought monitoring, there is an apparent lag between rainfall and NDVI response (Gu et al., 2007).  
 
GNDVI is a modified version of the NDVI intended to be more sensitive to variation in chlorophyll content in crops. It is useful in assessing variation of biomass and is used as an indicator of stress or late maturity stage (Gitelson et al. 1996).

NDWI has important applications in agriculture because it indicates the liquid water content of vegetation. It is less sensitive to atmospheric scattering effects than NDVI (Gao, 1996), but does not completely remove the soil background. Gu et al. (2007) studied grassland and found that NDWI responds more quickly to drought than NDVI. Since this project focuses on crops, and soil likely affects the spectral reflectance, it is used as a complement to NDVI, but not as a replacement (Gao, 1996).

2.3 Study Area & Study Period 
The study area was chosen based on the high density of farms located in the Northern counties of Alabama within the HUC-8 watershed and the Landsat tile Path 21, Row 36 (Figure 1). 
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Figure 1: Project study area: the HUC-8 watershed

Based on the USDM Statistics Graph for the State of Alabama, the project focused on two drought periods, 2011 and 2016, and used 2009 data as a non-drought baseline for comparison. The focal months of the study are March-September, which accounts for Alabama’s varying growing season. Alabama’s growing season varies for numerous reasons, such as temperature, crop type, fertilizer application, irrigation, and/or a farmer’s cropping system. For example, in Madison County corn should be planted April-May and harvested June-August (The Old Farmer’s Almanac, 2017). On the other hand, cotton is typically planted in March or April (Phillps and Roberts, 2016); therefore, March-September encompasses the varying growing season of our study area.

2.4 Objectives 
The objectives were to determine relevant indices for monitoring drought in Alabama, create a time series for the indices selected, assess suitability of Landsat satellite for monitoring drought conditions, and qualitatively compare the indices to ESSC’s GriDSSAT crop model.

2.5 Project Partners 
The Alabama Agriculture Team collaborated with the Alabama Office of the State Climatologist (AOSC) and the Earth System Science Center (ESSC) at University of Alabama in Huntsville. The AOSC is responsible for creating the USDM for the state of Alabama and is interested in this project because this research may provide an enhanced understanding for the output of drought conditions, allowing farmers, policymakers, and the media to have a more accurate and thorough understanding of droughts and their impact on the state.

Additionally, the ESSC releases a daily product, called the Gridded Decision Support System for Agrotechnology Transfer (GriDSSAT) that provides information on a crop’s water stress level for Alabama, Florida, Georgia, and South Carolina. The project’s remotely sensed indices are compared to GriDSSAT’s output to determine the accumulated vegetative stress in crops and to potentially add value to GriDSSAT’s daily output.

3. Methodology
3.1 Data Acquisition
NASA Earth observations acquired for this study were Landsat 5 TM and Landsat 8 OLI. The data were downloaded from United States Geological Survey’s (USGS) EarthExplorer. For the years 2009, 2012, and 2016, from March-September each year as well as 2016 Sentinal-2 data, and the following products were obtained: Crop data for the state of Alabama were obtained from the USDA and the NASS through CropScape. CropScape provided the Cropland Data Layer (CDL), which is a crop-specific land cover data. The ground resolution is 30 m and the layer was created from Landsat 8 OLI, United Kingdom Disaster Monitoring Constellation 2 (UK-DMC2), and DEIMOS-1 sensors during the growing season. The crops selected were corn, soybeans, and cotton, as these crops are included in the GriDSSAT crop model created by the ESSC.

Additionally, the project partner from the ESSC at UAH, Dr. Cameron Handyside, provided a shapefile that contained manually surveyed crop circles representing center pivot irrigation for 2009, 2011, and 2013, as well as the Hydrologic Unit Code (HUC)-8 watershed shapefiles for Alabama. The 2013 center pivot irrigation file was used as a proxy for 2016. 











[bookmark: _Toc334198730]3.2 Data Processing
This project used ArcMap to process all data. Before any processing of data began, the proper projection was selected. The projection used was North American Datum (NAD) 83 Universal Transverse Mercator (UTM) Zone 16N.

First, all data in Table 1 and Table 2 in Appendix A were projected into NAD 83 UTM Zone 16N. Then, all data were clipped to the study area.

	Earth Observations

	Platform & Sensors 
	Product /Year/ Resolution / Band
	Data Source

	Landsat 5 TM
	Surface reflectance / 2009 / 2011 / 30m /4, 5, 6
	United States Geological Survey (USGS) EarthExplorer

	Landsat 8 OLI
	Surface reflectance / 2016 / 30m / 3, 4, 5
	USGS EarthExplorer

	Sentinel- 2 MSI
	Surface reflectance / 2016 / 10m / 8, 4
	 USGS EarthExplorer

	MODIS TERRA
	NDVI / 2016 / 250m / NA
	USGS EarthExplorer


Table 1: NASA Earth Observations and their respective sources

The CropScape data had thousands of overlapping polygons which represented each type of crop. The file required reclassification in order to simplify the crop data for analysis. First, the corn, cotton, and soybeans attributes were selected and isolated using the Select by Attribute tool. Next, the Field Calculator tool was used to calculate the area of each polygon. The Select by Attributes tool was again used to identify and isolate crop polygons with an area greater than or equal to 10,000 acres. To further simplify the crop data, the Dissolve tool was used on the crops leaving only corn, cotton, and soybean crops with an area of greater than or equal to 10,000 acres. The resultant shapefile data layer was then exported as a new layer and renamed Row_Crop_09, Row_Crop_11, and Row_Crop_16, respectively.

In order to minimize potential sources of error and maintain the consistent variables of the study, the Intersect tool was used on Row_Crop_09 and Row_Crop_11 to ensure that only the fields that grew corn, cotton, and soybeans for both 2009 and 2011 were compared. The same process was used on Row_Crop_09 and Row_Crop_16.

The final step of processing before analysis was separating the irrigated crops from the non-irrigated crops. To do this, the Intersect tool was used to ensure that only center pivots with corn, cotton, or soybean crops were used. The intersected center pivot shapefiles were renamed Center_Pivot_(year).  This file was used to analyze center pivot or irrigated crops in the study area. For the non-irrigated crops, the Erase tool was used on the Row_Crops_(year) files to remove the area of the crops that overlapped the Center_Pivot_(year) crops. This file was renamed Rain_Fed_Crops_(year).
    
3.3 Data Analysis
[bookmark: _1fob9te]NDVI, GNDVI, and NDWI were computed from Landsat 5 TM and Landsat 8 OLI. A time series of the indices were created for the 2009, 2011, and 2016 growing seasons. These time series indices were then reviewed and compared to one another.
4. Results & Discussion
4.1 Analysis of Results 
Samples of the NDVI, GNDVI, and NDWI calculations for April 2016 are shown below in Figures 2, 3, and 4, respectively. NDVI, the most well known and most commonly used vegetation index, was found to be the most effective for quantifying green vegetation. GNDVI proved that it indicates where water isolation occurs or varies throughout a field. Finally, NDWI determined the vegetation and water content based on physical principles. 
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Figure 2: NDVI of April 20126
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Figure 3: GNDVI of April 2016
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Figure 4: NDWI of April 2016
Below in Figure 5, it shows the results of the time series of the indices over 2011 and 2016 for irrigated and rainfed crops. It was expected for there to be less variability under pivots, which can be seen on the 2016 crops. Also on the 2016 graphs, one can identify the drastic decline in water over the rainfed areas whereas it remains positive under the pivots due to irrigation practices.
a)
b)
c)
d)













Figure 5: a) 2011 time series of the indices under pivots 2011, b) 2011 time series of indices rainfed, c) 2016 time series of indices under pivots, and d) 2016 time series of indices rainfed 
One of the other objectives of this project was to assess the suitability of Landsat to monitor drought conditions. Figure 6 shows three different NDVI calculations (MODIS, Landsat 8, and Sentinel-2) along with the National Agriculture Imagery Program (NAIP) data. NDVI is very sensitive to exposed soil and tends to oversaturate lush forests. Both of those factors can be seen clearly in the NAIP imagery. Both can skew the range of the NDVI values when high-resolution data is not used. Lower resolution data may not pick up the small soil patches. Additionally many farms in Alabama are adjacent to forested areas, which is the pixel values are included in the lower resolution, MODIS, data under the center pivot crop circle. These reasons are why it can be difficult to tell the difference between a healthy and unhealthy crop in Alabama; therefore, it is concluded that at this scale, a higher resolution sensor is needed.

Figure 6: MODIS NDVI (top left), Landsat 8 NDVI (top right), Sentinel-2 NDVI (bottom left) and NAIP true color imagery (bottom right)
4.2 Errors and Uncertainties
Over the course of the project, several challenges and uncertainties were discovered that potentially affected the project’s conclusions. The first challenge was derived from selecting Landsat as the source for satellite imagery. The 16-day temporal resolution of Landsat coupled with the frequency of cloud cover during the growing season made it difficult to obtain usable data over a large area that aligned with the research. The 30m spatial resolution impeded the ability to identify crop health, as row crops typically have a larger amount of visible barren soil that affects the amount of green per pixel. Additionally, the coniferous vegetation surrounding agricultural fields remain green year round—despite dry seasons, which skew the appearance of fields. 

The second challenge arose from uncertainties with correctly identifying fields and crop types. CropScape uses the maximum likelihood classifier using an in-house software package, as well as ground truth surveying to classify crops (NASS, 2017). While being reliable at a large scale for identifying general crop types, at a smaller scale, assumptions were made for specific crop fields that potentially negatively impacted results.

Thirdly, due to the limited data available, the Center Pivot Irrigation Survey provided by the ESSC became the sole identifier to classifying a field as irrigated or non-irrigated. This possibly resulted in a misclassification of crops because other forms of irrigation exist. Finally, the planting and harvesting times of the crops were not precisely known, which might have affected the indices values as well. 

[bookmark: _Toc334198735]4.3 Future Work 
Additional research on this topic includes adding evapotranspiration remote sensing indices to the USDM weekly map. The Evaporative Stress Index (ESI) or the Evaporative Demand Drought Index (EDDI) would be useful to incorporate because both indices provide early warning of drought impacts (Otkin et al., 2013); (McEvoy et al., 2016). Additionally, the Soil Moisture Active Passive (SMAP) and WorldView-2 satellites would provide soil moisture data and higher temporal and spatial resolution that leads to further developed conclusions. 
[bookmark: _Toc334198736]5. Conclusions
Project results showed that the NDVI and GNDVI both had similar values and are useful in indicating vegetative stress in row crops before the USDM depicts drought. The NDWI also provided useful registration of water-stressed crops before the USDM. The intention of creating a time times of each index with and without center pivot irrigation was to determine the variability of vegetative health between the two types of farms. However, the results were inconclusive because data acquisition of Landsat was limited by the temporal resolution and a statistically significant trend could not be determined. Further, during analysis, the spatial resolution of Landsat was determined to be too coarse to characterize the difference between high-density coniferous vegetation and farm plots. Finally, the remote sensing indices’ values were qualitatively compared to GriDSSAT’s water stress index and USDM’s categorical drought severity index to find that all three indices were depicting stressed crops appropriately.
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[bookmark: _Toc334198737]7. Glossary
Define acronyms and field specific terms. These should be terms unfamiliar to a general audience

AHPS  – Advanced Hydrological Prediction Service 
AOSC – Alabama Office of the State Climatologist
AVHRR – Advanced Very High Resolution Radiometer 
CDL – Cropland Data Layer
DMC – Disaster Monitoring Constellation 
EDDI  – Evaporative Demand Drought Index
ESI – Evaporative Stress Index
ESSC – Earth Systems Science Center
GIS  – Geographic Information System
GNDVI  – Green Normalized Difference Vegetation Index
GriDSSAT - Gridded Decision Support System for Agrotechnology Transfer
HUC – Hydrologic Unit Code 
MSI – MultiSpectral Instrument
NAD – North American Datum 
NASS  – National Agricultural Statistics Service 
NDMC  – National Drought Mitigation Center
NDVI – Normalized Difference Vegetation Index
NDWI – Normalized Difference Water Index 
NLDAS  – North-American Land Data Assimilation Systems 
NRCS  – Natural Resources Conservation Service 
OLI  – Operational Land Imager
SNOTEL  – SNOpack TELemetry 
SMAP – Soil Moisture Active Passive 
TM  – Thematic Mapper 
UAH – University of Alabama - Huntsville
USDA  – United States Department of Agriculture 
USDM – United States Drought Monitor
USGS  – United States Geological Survey
UTM – Universal Transverse Mercator 
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9. Appendices
Appendix A – Tables 
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Figure 1: Project study area: the HUC-8 watershed
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Figure 2: NDVI of April 20126
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Figure 3: GNDVI of April 2016
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Figure 4: NDWI of April 2016a)
b)
c)
d)













Figure 5: a) 2011 time series of the indices under pivots 2011, b) 2011 time series of indices rainfed, c) 2016 time series of indices under pivots, and d) 2016 time series of indices rainfed

Figure 6: MODIS NDVI (top left), Landsat 8 NDVI (top right), Sentinel-2 NDVI (bottom left) and NAIP true color imagery (bottom right)
	Earth Observations

	Platform & Sensors 
	Product /Year/ Resolution / Band
	Data Source

	Landsat 5 TM
	Surface reflectance / 2009 / 2011 / 30m /4, 5, 6
	United States Geological Survey (USGS) EarthExplorer

	Landsat 8 OLI
	Surface reflectance / 2016 / 30m / 3, 4, 5
	USGS EarthExplorer

	Sentinel- 2 MSI
	Surface reflectance / 2016 / 10m / 8, 4
	 USGS EarthExplorer

	MODIS TERRA
	NDVI / 2016 / 250m / NA
	USGS EarthExplorer


Table 1: NASA Earth Observations and their respective sources

	Data Type
	Data Source

	Center Pivot Survey 
	ESSC, UAH Office 

	Cropland Data Layer (CDL)
	United States Department of Agriculture (USDA) National Agricultural Statistics Service (NASS) 

	Drought Area & Severity data
	United States Drought Monitor (USDM)

	GriDDSAT data
	ESSC, UAH Office

	National Agricultural Imagery Program (NAIP)
	USDA Farm Service Agency 

	Hydrologic Unit Code 
	ESSC, UAH Office 


Table 2: Ancillary data types and their respective sources
2016 Indices Under Pivots
GNDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.367456	0.37717899999999999	0.35764000000000001	0.350906	0.39080799999999999	0.32710600000000001	0.28696300000000002	NDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.37204300000000001	0.39062999999999998	0.34087200000000001	0.33166800000000002	0.38267899999999999	0.35019699999999998	0.30894100000000002	NDWI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.13991799999999999	0.22764499999999999	0.13775299999999999	5.0505000000000001E-2	0.170594	0.109031	4.9414E-2	
2016 Indices Rainfed
GNDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.38463700000000001	0.35900799999999999	0.35853800000000002	0.38548199999999999	0.39376100000000003	0.27459699999999998	0.26829900000000001	NDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.41746100000000003	0.36412499999999998	0.36367899999999997	0.41746299999999997	0.42895899999999998	0.28526200000000002	0.23839399999999999	NDWI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.19087000000000001	0.15309200000000001	0.108153	0.13159699999999999	0.17776400000000001	-2.699E-2	-8.5790000000000005E-2	
2011 Indices Under Pivots
GNDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.29126299999999999	0	0.38839699999999999	0.40882400000000002	0.49509999999999998	0.55501500000000004	0.33230100000000001	NDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.21274100000000001	0	0.34418300000000002	0.390818	0.51524199999999998	0.58797089999999996	0.32533099999999998	NDWI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	-0.26998308399999998	0	-0.18866242	3.5586089999999999E-3	7.2989801000000007E-2	7.0178782999999995E-2	-5.2688575000000001E-2	
2011 Indices Rainfed
GNDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.444575	0	0.36263400000000001	0.33516400000000002	0.53694699999999995	0.55639300000000003	3.7081999999999997E-2	NDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.46053899999999998	0	0.31531199999999998	0.27490145100000002	0.58276799999999995	0.59776899999999999	0.362705	NDWI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	8.6639999999999998E-3	0	-0.20508999999999999	-0.20229862100000001	0.13745099999999999	0.116105524	-0.17024177200000001	
2016 Indices Under Pivots
GNDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.367456	0.37717899999999999	0.35764000000000001	0.350906	0.39080799999999999	0.32710600000000001	0.28696300000000002	NDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.37204300000000001	0.39062999999999998	0.34087200000000001	0.33166800000000002	0.38267899999999999	0.35019699999999998	0.30894100000000002	NDWI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.13991799999999999	0.22764499999999999	0.13775299999999999	5.0505000000000001E-2	0.170594	0.109031	4.9414E-2	
2016 Indices Rainfed
GNDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.38463700000000001	0.35900799999999999	0.35853800000000002	0.38548199999999999	0.39376100000000003	0.27459699999999998	0.26829900000000001	NDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.41746100000000003	0.36412499999999998	0.36367899999999997	0.41746299999999997	0.42895899999999998	0.28526200000000002	0.23839399999999999	NDWI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.19087000000000001	0.15309200000000001	0.108153	0.13159699999999999	0.17776400000000001	-2.699E-2	-8.5790000000000005E-2	
2011 Indices Under Pivots
GNDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.29126299999999999	0	0.38839699999999999	0.40882400000000002	0.49509999999999998	0.55501500000000004	0.33230100000000001	NDVI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	0.21274100000000001	0	0.34418300000000002	0.390818	0.51524199999999998	0.58797089999999996	0.32533099999999998	NDWI	MAR	APR	MAY	JUN	JUL	AUG	SEPT	-0.26998308399999998	0	-0.18866242	3.5586089999999999E-3	7.2989801000000007E-2	7.0178782999999995E-2	-5.2688575000000001E-2	
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