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1. Abstract
The Fremont River in Utah provides water for wildlife, riparian habitats, and irrigation for approximately 16,000 acres of agricultural lands, which includes the historic orchards and pastures maintained by Capitol Reef National Park. Annual snowmelt is recognized as the primary water source within the Fremont River Basin. However, the predictions of seasonal water availability within the basin from in situ snowpack measurements have proven unreliable in the past. For this reason, a more robust method was required to provide accurate estimates. For better predictions of annual water resources from snowmelt, the team utilized daily Normalized Difference Snow Index (NDSI) snow cover data and daily Land Surface Temperature (LST) data from the Terra Moderate Resolution Imaging Spectroradiometer (MODIS). The team also integrated daily precipitation data from the Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks - Climate Data Record (PERSIANN - CDR). These datasets were incorporated into the SNowmelt Observational Watershed Model (SNOW-M) with in situ data, creating two graphical outputs that reveal the changes in snowmelt between 2000 and 2017. These graphical outputs included the actual flow versus the simulated water flow per annum and the snow covered area per annum. Furthermore, this model simulated the projected water flow for three months based on snow covered areas. Complementing the SNOW-M, monthly Terra MODIS NDSI snow cover data were utilized to produce maps displaying the change in snow cover extent. Capitol Reef National Park will employ these products to further predict the seasonal water availability for irrigation.
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[bookmark: _Toc334198720]2. Introduction
2.1 [bookmark: _Toc334198721]Background Information
The Fremont Watershed, containing 1900 square miles of a mountainous landscape, flows through Capitol Reef National Park (CARE), as well as the southern Utah cities of Bicknell Bottoms, Caineville, and Hanksville (Figure 1). Beginning at Thousand Lake Mountain, the Fremont River collects in Fish Lake, Johnson Valley Reservoir, and Mill Meadow Reservoir for irrigation purposes (National Park Service, 2004). Transitioning from an elevation of 11,000 feet to the low deserts at 5,000 feet, the Fremont River flows eastwards for 95 miles, from the Johnson Valley Reservoir to the Dirty Devil River (Provo Area Office, 2017), and later converges with the Colorado River. These reservoirs contain the bulk of annual snowmelt for agricultural irrigation (EPA, 2016).
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Figure 1. Fremont River watershed in southern Utah
The Fremont River irrigates approximately 16,000 acres of agricultural land in southern Utah (Utah Department of Environmental Quality, 2002). Throughout CARE, several perennial rivers and streams provide water for wildlife, riparian habitats, livestock, and the historic apple, peach, and apricot orchards maintained by CARE (National Park Service U.S. Department of the Interior, 2004). Because of low percolation to recharge groundwater springs in the semi-arid environment, the Fremont River persists primarily on surface water (Fisk, 2018). Though rapidly melting snow poses flooding risks, this snowpack stores large amounts of valuable water throughout the winter season (Kuter, Akyurek, & Weber, 2018).

Globally, semi-arid environments depend on the annual snowmelt for yearly water resources (Rodriguez, Ohlanders, & McPhee, 2014). In semi-arid Chilean streams, direct snow runoff contributed up to 30 percent of groundwater discharge and 25 percent of seasonal river flow in a study by Rodriguez et. al. (2014). In the western United States, snow composes approximately 50 percent of the annual precipitation (Jin & Miller, 2007). In Utah, contributions to this valuable source of water from annual precipitation has decreased and snow has been melting earlier in the season over the past 50 years (EPA, 2016). The declining snowpack has the potential to affect the ecosystem, recreation, and landowners as water availability becomes increasingly restricted (EPA, 2016). A continued reduction in water availability will cause ranches and irrigated farms to suffer significantly, which accounts for 80 percent of water usage in the state of Utah (EPA, 2016). Previous research shows the feasibility of modeled streamflow within snow dominant water systems based on this annual snowmelt in high elevation environments, such as the Sierra Nevada mountains (Choi, 2015). To assess water availability in the Fremont River Basin the team modeled surface water and snowmelt within the basin from 2000 - 2017.

2.2 [bookmark: _Toc334198726]Project Partners & Objectives
The NASA DEVELOP Fremont River Basin Water Resources Team partnered with the National Park Service (NPS) Northern Colorado Plateau Network and the National Park Service Capitol Reef National Park. CARE currently relies on Snow Telemetry (SNOTEL) data to monitor snowpack and snowmelt runoff. There are two SNOTEL sites located at similar elevations within the basin, and because of their similar elevations they do not provide data for the amount of snow the basin acquired at higher and lower elevations. Thus, the data from the SNOTEL monitoring stations in the Fremont River Basin alone do not provide accurate enough information to produce well informed decisions on the expected snowmelt. State offices currently do not manage the Fremont River Basin; however, the Utah Division of Water Rights ensures water allotments reaching the Dirty Devil River downstream are achieved. The Utah Division of Water Rights will request reductions in irrigation to assure the required water allotments are met during years with lower water flow. To better plan irrigation amounts and to more accurately predict annual snowmelt into the Fremont River Basin, CARE requested a snowmelt runoff modeling tool.
3. Methodology
3.1 Data Acquisition 
This project acquired data from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor, aboard the Terra satellite, and Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks- Climate Data Record (PERSIANN-CDR) (Table 1). MODIS and PERSIANN-CDR daily data were downloaded for years 2000 - 2017. MODIS Normalized Difference Snow Index (NDSI) snow cover data were collected for the detection of frozen water reservoirs and snow cover throughout the year. To determine the temperature lapse rate, we collected MODIS Land Surface Temperature (LST) data. Landsat 8 Operational Land Imager (OLI) Land Surface Reflectance data were collected for NDSI comparison and validation with MODIS NDSI values to ensure MODIS adequately characterized snow cover in the Fremont River Basin. A ⅓ arc-second resolution LiDAR derived Digital Elevation Model (DEM) was acquired from the USGS National Elevation Dataset (NED) 3D Elevation Program (3DEP). The LiDAR derived DEM was applied due to the high spatial resolution of about 10 meters. Stream gage data were downloaded from the USGS website for the gages within the Fremont River Basin (Table 2). Temperature and precipitation in situ measurements from the SNOTEL sites 348 - Black Flat and 1149 - Fish Lake were collected.

Table 1.
Remote Sensing Data including NASA Earth Observations
	Satellite
	Sensor
	Data
	Version
	Source

	Terra
	MODIS
	Normalized Difference Snow Index (NDSI)
	MOD10A1 MODIS/Terra Snow Cover Daily L3 Global 500m SIN Grid V006
	https://search.earthdata.nasa.gov/search

	Terra
	MODIS
	Land Surface Temperature (LST)
	MOD11A1 MODIS/Terra Land Surface Temperature/Emissivity Daily L3 Global 1km SIN Grid V006
	https://search.earthdata.nasa.gov/search

	N/A
	N/A
	PERSIANN-CDR
	N/A
	https://www.ncei.noaa.gov/data/precipitation-persiann/access/

	Landsat 8 
	OLI
	Land Surface Reflectance data, WRS path 37, rows 33 and 34
	Collection 1 Level 2
	https://earthexplorer.usgs.gov/



Table 2.
Stream Gauge Data
	Stream Gauge
	Dates Active Within Study Time Frame

	USGS 09330230 Fremont River Near Caineville, UT
	01/01/2000 - 09/29/2011

	USGS 09329050 Seven Mile Creek Near Fish Lake, UT
	05/09/2008 - 12/31/2017

	USGS 09330000 Fremont River Near Bicknell, UT
	01/01/2000 - 12/31/2017



3.2 Data Processing
We derived the SNowmelt Observational Watershed Model (SNOW-M) from the Modified Snowmelt-Runoff Model (M-SRM) to perform snowmelt analysis. The Chile Water Resources teams of NASA DEVELOP’s fall 2013 and spring 2014 terms developed M-SRM, which had not undergone any additional updates prior to this project. SNOW-M updated the base and code structure of M-SRM to be compatible with current software packages and for application in the Fremont River Basin. 

SNOW-M depends upon the creation of several input files for the program to run properly. For the extent of the Fremont River Basin, we acquired multiple LiDAR derived DEM tiles. We joined and reprojected these tiles to the WGS 1984 UTM projected coordinate system. The ArcGIS plugin for the Soil and Water Assessment Tool (ArcSWAT) delineated the watershed and corresponding sub-basins based on elevation gradients and subsequent flow regimes. Landsat 8 data were joined, reprojected, and clipped to the Fremont River Basin extent. We employed Landsat 8 data to calculate NDSI values to compare with MODIS snow cover data to ensure the resolution of MODIS data sufficiently represented the study area. Level 3 MODIS snow cover data only needed to be reprojected and clipped for the comparison. The NDSI formula divides the difference of the Green and Shortwave Infrared (SWIR) bands by the sum of the Green and SWIR bands (Equation 1):

[bookmark: _Hlk509849963]					        (1)

ArcSWAT identified the study area by calculating the watershed boundary, which SNOW-M requires as an input. Additionally, a created shapefile delineates the range of in situ precipitation data along with a raster dataset divided into elevation zones with unique snowpack and vegetation patterns. This step ensures the model calculates discharge values consistent with the characteristics of each distinct area within the basin. 

Processing in situ data, we calculated degree day factor and runoff coefficients. We implemented the MODIS land surface temperature data to calculate the temperature lapse rate. We used these administered temperature and snow cover references to estimate snowpack accumulation and volume entering the watershed as overland flow. Zonal statistics were calculated from the MODIS land surface temperature, in situ data, and PERSIANN-CDR data, which produced comma-separated values for input within the model.
MODIS snow cover data were extracted, projected, and clipped in preparation for resampling and utilization of the model. PERSIANN-CDR data assisted basin characteristics in the determination of precipitation behavior in the area. The PERSIANN-CDR data files were extracted and reformatted for processing.

3.3 Data Modeling
SNOW-M applies the mathematical equation behind the Modified Snowmelt Runoff Model to quantify runoff estimates for a specified basin (Equation 2). This equation requires several datasets to successfully determine discharge simulations. These parameters include measured average daily discharge (Q), precipitation (P), average daily temperature (T), area of elevation zone (A), snow covered area (S), degree-day factor (𝞪), rain runoff coefficient (Cr), snow runoff coefficient (Cs), and recession coefficient (k). The 2013 fall NASA DEVELOP Chile Water Resources Project technical paper provides a more extensive explanation of model parameters.

			 (2)

A Graphical User Interface (GUI) within MATLAB allows for in-experienced user interaction with SNOW-M. The user has the ability to select years between several different basins and further process basin-specific data. The GUI assists by processing both daily MODIS NDSI snow cover data and in situ data, including discharge, temperature, and precipitation. Processing the in situ data requires the extraction of daily values from a spreadsheet format and averaging across all stations within the specified basin to produce an average daily value. Areal calculations and temporal cloud filtering performed on MODIS data produced output files assigning fractional daily snow cover values for each elevation zone from 0 to 1, where 1 is 100 percent snow cover. These processed data, along with the pre-defined basin characteristics and the NASA precipitation data, were compiled into a master file for a given year, which the model calls upon for calculations.

SNOW-M is capable of taking several basin-specific tuning parameters accessed through the GUI. These parameters include base flow, precipitation lag, and basin runoff coefficients. Base flow characterizes the water input into the basin from groundwater flow. The precipitation lag and runoff coefficients together characterize how long it takes for precipitation to reach the outlet of the basin and what percentage of the precipitation is available for overland flow. Available precipitation varies based on this parameter due to soil moisture content, where dry soil has a sponge effect, reducing the water available for runoff (Penna, Tromp-van Meerveld, Gobbi, Borga, & Dalla Fontana, 2011).

3.4 Snow cover detection
For the detection of changing fractional snow cover, we utilized Terra MODIS NDSI monthly data from 2000 - 2017. These maps indicated the fractional snow cover of each pixel within the study area, with 100 percent representing total ground coverage. To illustrate errors in snow detection caused by cloud cover, the monthly NDSI snow cover pixels are assigned values larger than 100. After grouping these data into water years, running from October 1st to September 30th of the following year, each water year was averaged across the study area utilizing the Cell Statistics tool within ArcMap. This process was repeated to obtain the maximum values for each water year to detect cloud presence. To correct for cloud cover, each pixel above 100 percent was reclassified to null values. Then, using Raster Calculator in ArcMap, the true values of these pixels were approximated from the average fractional snow cover values given by those pixels during the month before and after the discrepancy. The average of each water year was again taken using Cell Statistics within ArcMap after the removing data discrepancies. 

We created a map of percent change for the 2016 - 2017 water year from the average during 2000 - 2010. Using Cell Statistics, each image from the beginning of the 2000 - 2001 water year to the end of the 2009 - 2010 water year was averaged per pixels, thus indicating the timeframe’s average fractional snow cover per pixel. By subtracting this image from the 2016 - 2017 water year average, this map indicated where the 2016 - 2017 year displayed higher or lower snow cover than the ten year average.
[bookmark: _Toc334198730]4. Results & Discussion
4.1 Analysis of Results
This simulation was set with a base flow of 2000 L/s and all other variables at default. The Actual vs. Simulated Flow graph shows a 25 percent error in the simulated value compared to the actual value within the projection zone. In addition, the Precipitation vs. in situ Temperature graph indicates the PERSIANN data was recording larger estimates of precipitation compared to the in situ SNOTEL stations. This may be due to the limited number of stations within the basin, possibly under-estimating actual precipitation in the basin. The last graph shows the fractional snow covered area within the basin (Figure 2).
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Figure 2. Simulations based on the default simulation setting and 2000 L/s base flow
The 2016 - 2017 water year experienced less snow cover than the average observed from 2000 – 2010 (Figure 3). High elevations revealed increases in snow cover, such as around Johnson Reservoir and Fish Lake. At its highest, this change indicated a 6.32 percent increase in snow cover percentage. This aligns with SNOTEL data recording the annual snowpack at 100 to 110 percent of the normal average in these high elevations for the 2016 - 2017 water year. However, low elevation exhibited a decrease in percentage snow cover. Overall, the 2016 - 2017 water year experience a 2.37 percent decrease in snow cover. This is not suggesting a trend in the area, only showing a possible explanation for why less water flowed during the 2016 - 2017 water year. 
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[bookmark: _Toc334198734]Figure 3. Percent difference between the average snow cover between 2000 - 2010 and the 2016 - 2017 water year based on monthly MODIS snow cover data.

4.2 Future Work
Currently, the model is written to analyze each calendar year. This was appropriate when the study region was in the southern hemisphere, however, for studying basins in the United States, the model will be updated to follow the USGS prescribed water year, from October 1st to September 30th. This time period would capture the total snowfall during the winter season, contributing to the snowmelt the following spring. 

SNOW-M still utilizes the Chilean format for in situ stream gauge, temperature, and precipitation data. The model will be updated to allow for a more user-friendly file input system which tolerates variations between data. The in situ file formats should be updated to align more seamlessly with USGS stream gauge data and USDA SNOTEL monitoring station data. Further tuning is needed for simulating water flow, as previously discussed. The second term of the project will also continue to update the code for further water basin flexibility. SNOW-M will be more adaptable from basin to basin for our partner’s future implementation in other water basins. The model would benefit from the addition of irrigation logs, showing the amount of water being pulled for irrigation purposes. This information can be employed in conjunction with the stream gauge data to better determine the amount of water available each season as a comparison to the simulated water flow from SNOW-M.

Additionally, our project partners primarily work in R and no longer have access to MATLAB. For the model to be a long-term tool for our partners, it should be updated to be in R. Additionally, since R is an open source software, this update will make the model more accessible to future end users.

As the MODIS sensors will eventually be phased out, the second term of this project should adjust SNOW-M to accept the snow indices and land surface temperature data from Suomi NPP VIIRS for the longevity of this tool for our partners. We have also suggested the second term incorporate the precipitation data from Global Precipitation Measurement (GPM), because it has a better spatial resolution at 0.1 degrees than the current precipitations data set from PERSIANN at 0.25 degrees. The data for the VIIRS snow indices and the GPM precipitation data both began collection in 2014.
[bookmark: _Toc334198735]5. Conclusions
For the initial study, we compared 2016 - 2017 snow cover with the average snow cover for 2000 - 2010. We found a decrease in snow cover at lower elevations, and increased snow cover at higher elevations for 2016 - 2017 compared to the historic baseline. Despite increased snow cover in the higher elevations, the overall snow cover in the Fremont River Basin during the 2016 - 2017 water year was less than what was observed in the ten year average for 2000 - 2010. Though this does not provide enough information to suggest a trend within the basin, it may give better insight to decreases in water availability during the 2016 - 2017 water year despite snowpack data observed by the SNOTEL stations. 
We noted the model precipitation results disagreed with available reference data, though the latter was in short supply and may not be synoptically relevant for the region at large. Next term will further analyze this through the model, with respect to the water year as opposed to calendar year. SNOW-M was adapted and updated for the Fremont River Basin from the previously made M-SRM. SNOW-M has the potential to model streamflow within the Fremont River Basin, though more research is required before accurate predictions can be made within the basin.
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[bookmark: _Toc334198737]7. Glossary
ArcSWAT - Soil and Water Assessment Tool ArcMAP extension
CARE - Acronym for Capitol Reef National Park
Dirty Devil River - The Fremont River feeds into the Dirty Devil River and part of the Dirty Devil Watershed
Earth observations – Satellites and sensors, which collect information about the Earth’s physical, chemical, and biological systems over space and time
M-SRM - Modified Snowmelt-Runoff Model, modified in 2013 by DEVELOP from WinSRM (USDA)
MODIS - MODerate resolution Imaging Spectroradiometer
PERSIANN-CDR - Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks- Climate Data Record
Riparian Habitats - the habitat found between a stream and land
Snow cover - the area of land covered by snow
SNOW-M - SNowmelt Observational Watershed Model
Snowmelt - surface runoff produced from melting snow
Snowpack - persistent accumulated snow
Suomi NPP VIIRS - Suomi National Polar-orbiting Partnership Visible Infrared Imaging Radiometer Suite 
Terra MODIS - Terra Moderate Resolution Imaging Spectroradiometer
TRMM - Tropical Rainfall Measuring Mission
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Actual flow vs Simulated Flow:2017
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