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Introduction
Groundwater is an important resource influencing water availability in the Colorado River Basin. Users in many parts of the basin depend on groundwater for water supply because aquifers are more widely distributed and readily available than rivers or streams. Aquifers store water during periods of rainfall and snowmelt (aquifer recharge), providing a reliable source of often high-quality water.  Groundwater discharge to streams and wetlands also supports year round surface-water flows (baseflows) which sustains ecosystems and aquatic environments in the Colorado River Basin.   Compared to surface water, however, groundwater storage and flow are often difficult to measure, so that the groundwater components of the Colorado River Basin water budget are less well understood. The rate and spatial distribution of aquifer recharge, discharge, and use, in particular, are critical for understanding long-term water availability in the basin.
Groundwater is present in the UCRB in shallow alluvial aquifers, basin-fill aquifers and in sedimentary bedrock and fractured rock aquifers. Shallow alluvial aquifers are generally associated with stream and river flood plains and are composed of fluvial sediments.  Basin-fill aquifers have similar compositions being composed of unconsolidated clays, silts, sands and gravels (depending upon the depositional environment) but are much more extensive, filling in structural basins.  Groundwater also is widely distributed in the major sandstone and limestone sedimentary geologic units as well as the fractured rock aquifers of igneous and metamorphic origin (Freethy and Cordy, 1991; Geldon, 2003).   
In many areas, groundwater and surface water are hydraulically linked and can be considered a single resource (Winter and others, 1998).  Water moves between groundwater and surface water because of relative differences in hydraulic heads between aquifers and surface-water features. Where the necessary hydraulic connections and head gradients exist, surface water in the form of streams, rivers, lakes, or wetlands can receive groundwater discharging from adjacent aquifers (Winter and others, 1998) supporting surface-water flows during times of low precipitation or drought (base flow).  Alternatively, where head gradients are reversed, surface-water bodies can lose water to underlying aquifers and are an important source of groundwater recharge. Drought, climate change, and human manipulations (e.g. surface water regulation or groundwater withdrawals) can have a major impact on the linkage between groundwater and surface water resulting in changes in the direction and volumes of flow. Thus the groundwater source and flow paths for discharge to streams can be an important component of the water budget and can be a critical source for water availability in times of small surface water runoff.  Preliminary estimates suggest that groundwater discharge in the Colorado River Basin supplies an estimated 20 to 60 percent of the total annual surface-water discharge to upper basin stream in the watershed. (Michel, 1992; Rosenberry, 2008).  During the late summer in the UCRB, groundwater discharge maintains base flow in streams and is critical for stream ecosystems and for surface-water supplies.  Fundamental to understanding and managing water resources in the Colorado River Basin is an understanding of groundwater discharge in the basin (Rosenberry, 2008).  
The interaction of groundwater and surface water also affects water quality in streams and can have important effects on aquatic and riparian ecosystems (Winters and others, 1998; Winter, 1999; Woessner, 2000; Dahm and others, 2003).  Groundwater discharging to streams arrives at the stream interface via local, intermediate and regional groundwater flow paths (Freeze and Cherry, 1979; Winter and others, 1998, Stolp and others, 2010, Gardner and others, 2011) and is often a mix of water from multiple flow paths. The residence time and water/rock chemical interactions along these flow paths also affect the chemical composition, salinity, and redox potential of groundwater which in turn can affect the quality of surface waters available to associated ecosystems. During times of drought, surface water often has a greater component of discharge from regional groundwater flow paths with longer residence times and often differing geochemistry (Hornberger and others, 1998).  Effective management of water resources in support of ecosystem health requires an understanding of groundwater and surface-water interactions over a range of spatial and temporal scales. 
For understanding groundwater discharge at the scale of the UCRB, three components must be considered. First is a basic understanding of the quantity of groundwater discharge to watersheds in the UCRB; second, is identifying where this discharge occurs, from what aquifers, and how discharge varies temporally and spatially; and third, determining the groundwater flow paths to discharge points. Groundwater flow paths and residence times provide important information about vulnerability of water resources to natural and anthropogenic changes. For example, local groundwater flow systems generally have short flow paths and groundwater residence times. Discharge volumes in these types of flow systems, common in alluvial and some basin-fill aquifers, would be affected rapidly by drought and/or groundwater pumping. Local groundwater flow paths also are more immediately susceptible to water-quality impacts related to changing surface conditions and human activities.  Conversely, discharge volumes from regional flow systems with long groundwater flow paths and residence times of 1000s of years would respond much more slowly to short-term hydrologic or climate changes and surface-related influence (Tetzlaff and Soulsby, 2008; Gardner and others, 2011). Finally, surface water supplies, for the most part, are fully allocated in the UCRB, suggesting increased development of the regions groundwater resources in the future. Groundwater development has the potential to affect the groundwater/surface water exchange dynamics between aquifers and the river resulting in decreased surface-water base-flow during dry periods. This could greatly influence the annual average discharge in the river system putting additional pressure on an already stressed resource.
Goal and Objectives
The primary goal of the proposed study is to quantify and assess the spatial distribution of groundwater discharge to streams and watersheds in the Upper Colorado River Basin.  Specific objectives of the proposed study will be to:
1) Develop estimates of the volume of groundwater discharge to watersheds in the UCRB at the HUC 4/6 scale and estimate the total groundwater fraction of streamflow spatially and temporally. 
2) Identify where and from what aquifers groundwater is discharged to streams in the UCRB.
3) Determine relative age, residence time, and flow paths of groundwater discharging to watersheds in the UCRB, and
4) Classify and map watersheds that will be most affected by changes in groundwater discharge due to anthropogenic and natural change. 
Study Area  
The proposed study will investigate groundwater discharge to streams in the UCRB. Estimates of groundwater discharge to streams will be presented for intermediate size watersheds (HUC 4/6). Watersheds must have USGS streamgages and have a minimum of 10 years of record.  In addition, intermediate scale watersheds gages on main stem and main tributaries will be assessed in a nested analysis. 
Approach
[bookmark: _GoBack]The general approach of the proposed study is a hierarchical, nested approach applying multiple techniques and tracers to estimate groundwater discharge to watersheds in the UCRB.  Gardner and others (2011) note that studies that employ single methods are severely limited in their ability to estimate groundwater discharge and cannot distinguish groundwater of different ages and flow paths.  The study will have three significant components.  The first will develop estimates of groundwater discharge to streams for HUC 4/6 watersheds in the entire basin. The second component will identify locations where local groundwater discharge is likely to be a significant source of surface water in rivers and streams. The third component will determine groundwater ages, residence times and flow paths in selected steam reaches and will conduct a reconnaissance survey of main tributaries in areas identified as having groundwater discharge to streams.  
Watersheds in the UCRB are generally snowmelt dominated and the thus the stream hydrographs are characterized by a seasonal snowmelt peak followed by recession to base-flow conditions.  Hydrograph-separation analysis has been used to investigate streamflow and watershed characteristics beginning with Bossinesq (1877) (Hall, 1965; Tallaksen, 1995).  The analysis of snowmelt hydrographs has been used by Gardner and others (2011) to characterize the groundwater flow system in mountainous volcanic terrain. For the UCRB study a set of annual hydrographs will be analyzed by several different methods; for example Institute of Hydrology (1980), Rutledge, (1998) and Gardner and others (2011), to estimate groundwater discharge to streams.  In addition, simple metrics like the mean daily peak flow to low flow ratio will be used to classify watersheds and will be compared to estimated groundwater discharge. We also will investigate the use of existing chemical data of groundwater/surface-water mixing as a potential method of mass balance separation of these two components. Finally, a review of existing groundwater flow models could be helpful in specific areas.
Estimated in-place groundwater recharge and surface runoff from the Basin Characterization Model (BCM) (Flint and Flint, 2007) will be compared to estimated groundwater recharge and streamflow developed from hydrograph analysis methods.  Wolock (2003) calculated the Base Flow Index (BFI) (Institute of Hydrology, 1980) for gaging stations across the United States including stations in the UCRB. These BFI indices were used by Rosenberry (2008) to estimate base flow at gaging stations. Results of these studies will be incorporated into the proposed analysis.  Surface water storage, and diversions can affect the results of hydrograph analysis and these effects will require the scaling of the results. Estimates of surface-water storage will be compiled for each watershed. The influences of snowmelt and groundwater must also be partitioned from streamflow information from higher elevation gages in the basin, which can be facilitated by a comparison of streamflow across high and low snowpack years. Using multiple methods and comparing the results of methods will allow for the estimate of a likely range of estimated groundwater discharge and for discussion of the uncertainty of estimates.  Finally, results will be compared to groundwater discharge in stream reaches where measurements have been made (for example Rush and others, 1982; Ruddy, 2010). 
Groundwater discharge is not uniformly distributed in watersheds or along streams and rivers, but occurs in focused areas where higher elevation groundwater levels intersect the land surface. In headwaters, the locations of groundwater discharge determine the upstream extent of perennial flow for river networks. Lower down, the spatial arrangement of regional groundwater systems and river channels control the occurrence of groundwater discharge.  Groundwater discharge to streams can be focused by structural and stratigraphic controls where aquifers intersect streams or rivers transect topographic and or structural features (Konrad 2006). More diffuse groundwater discharge is associated with alluvial and basin-fill aquifers which may be hydraulically connected to streams and rivers. Maps of alluvial and basin-fill aquifers, and major hydrogeologic units will be compiled from previous studies (for example, Freethey and Cordy, 1991; Geldon, 2003; Glover, 1992, Freethey and others, 1988).  Regional potentiometric surface maps will be compared to land-surface elevations to estimate areas where groundwater may be discharging to streams and will be overlain with knowledge of the hydrogeologic framework to determine where groundwater can potentially discharge to watersheds.  These mapped discharge areas will again be compared to studies that have measured groundwater discharge to specific stream reaches. 
Groundwater discharging to a stream travels via local to regional scale flow paths where this water has a broad distribution of ages and residence times. (Cornaton and Perrochet, 2006a, 2006b;  Stolp and others, 2010; Gardner and others, 2011).  By sampling environmental tracers in both surface water and groundwater, the proportion of groundwater in the stream can be determined. Using the age distributions and residence times the components of flow from short or local flow paths and regional flow paths can be modeled (Gardner and others, 2011),.   Water samples from groundwater and surface water will be collected and analyzed for noble gases, CFCs,222 Rn, and 4He along with major ions in selected watersheds in the UCRB.  Watersheds will be selected to represent areas with groundwater discharge from different aquifers as identified in previous sections. In addition, a synoptic sampling of the main stems of the Colorado and Green Rivers will be conducted to identify the source of groundwater discharge and flow paths for main stem reaches. 
A 1-dimensional model of advective transport of a tracer in a stream with groundwater inflow, atmospheric exchange, hyporheic exchange, and decay within the river will be used to estimate the proportion of groundwater in the river and to determine groundwater flow paths discharging to the river. Cook and others (2006) discuss model derivation, assumptions and sensitivity and Gardner and others (2011) apply the model in a study similar to the work proposed in this study.  Modeling results will delineate the proportion of groundwater discharge from local and regional groundwater flow paths.  
To integrate these results, watersheds in the UCRB will be classified on the basis of the amount of groundwater discharge, source of groundwater and the flow path along which groundwater moves to streams. This mapping and classification will be used to delineate watersheds where there is little groundwater discharge and therefore will be affected by short-term climate variations and in particular, drought.  Watersheds with greater amounts of groundwater recharge but from local sources and flow paths will also be affected by short-term climate variations but will be more buffered.  Watersheds with substantial amounts of groundwater discharge to streams from regional groundwater flow systems will be least affected by short-term climate variations and effects of long-term climate change will be delayed. The results can be use by water-resource managers to assess the vulnerability of water resources in watersheds to short-term and long-term climate changes.  These results will also have important implications for managing and maintaining aquatic and riparian ecosystems and the prediction of how these systems will respond to drought and climate change.  Identifying watersheds most vulnerable to changes in climate and associated changes in groundwater discharge will allow the identification of ecosystems most vulnerable to change and thus, data could be used to prioritize resources for conservation of these ecosystems. 
Schedule/Budget
Study would be conducted over three years.  The first year would focus on components one and two and assessing the spatial distribution of groundwater discharge to streams. The second year and initial part of the third years will focus on estimating groundwater discharge to streams and determining flows and sources of discharge.  The majority of the field work and sampling will be conducted in the second year.  The remainder of the third year will be used to document and publish results with the expectation that a draft report will be complete by the end of the fiscal year and that publication and review will extend into the following year.  Should the study be funded a more specific schedule and work plan will be developed. 
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Budget 
1 FTE GS 11/12	Hydrologist	2.5 years	$125,000/yr (net salary/benefits) = $315,000
1 FTE GS 7/9 Hydrotech		.75 year		$54,000/ yr (net salary/benefits) = $40,500
1 FTE GS 9 GIS Physical scientist 0.5 year		$36,000/ yr (net salary/benefits)
Expendable supplies				$10,000
Analytical expenses				$95,000
Travel/vehicle					$40,000
Publications 					$25,000
Total Net Cost 										$575,000
Overhead										$230,000
Total Cost										$805,000
	Annual cost is estimated to be:
	Year 1: $205,000
	Year 2: $300,000
	Year 3: $250,000
	Year 4: $50,000 – These funds are reserved for publication/review costs that will extend into a 	fourth year. 	
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