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DRAFT

Water Budget Components
Understanding water budget components is crucial for making decisions regarding water availability.  Water availability in a region depends on several key factors including: (1) hydrology and natural water budget, (2) basin properties including hydrogeology and surface storage, (3) water quality, (4) existing human water use, and (5) constraints for in-stream flow related to recreation, transportation, maintenance of water quality, and ecological function.  The National Water Census will provide data and analysis on these five factors at scales relevant for water-resources assessment.
The water budget for an area with arbitrary boundaries (boundaries that do not necessarily align with natural hydrologic boundaries) is determined by both natural and 
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Figure 1. The water budget components of a bounded hydrologic unit. GWin and GWout, groundwater inflows and outflows; SWin and SWout, surface-water inflows and outflows; Hin and Hout, human inflows (return flows) and outflows (withdrawals); dS/dt, change in storage in both shallow and deep groundwater systems; P, precipitation; ET, evapotranspiration; double arrows indicate exchange (from Weiskel and others, 2007).
human-influenced components (Figure 1).  Water is introduced to the system through precipitation, surface-water or groundwater inflow, and human return flow (for example waste water returned to a stream through a waste-water treatment plant).  Water is removed from the system by evaporation and transpiration (evapotranspiration), surface-water and groundwater flows, and withdrawals from surface water and groundwater.  These components may be linked in complex ways.  For example, groundwater withdrawn from a deep aquifer system may be returned to the land surface for irrigation.  Part of the irrigation water may infiltrate to the shallow groundwater system and either be discharged to a stream or return to the deep aquifer system, some may be removed from the system through evapotranspiration, and the rest may be incorporated into crops.  Often systems are characterized by the net loss or gains of water compared to either net or predevelopment flows through the system, but this characterization based on net flows alone may obscure important dynamics of the system (Weiskel and others, 2007).  Water availability and the resilience of the system to change depends on the internal dynamics of the system necessitating an understanding of both the water budget components and processes governing their behavior (Bredehoeft, 2002; Healy and others, 2007).  
Features of the Program
The National Water Census will include several important features designed to provide timely and accurate water budget information to decision makers and the public.  These features include appropriate definition of the spatial and temporal scales for the data and analysis provided, timely analysis and reporting of water budget component status and trends, and defining the role of uncertainty in data, analysis, and projections and the importance of understanding this uncertainty on water resources decision making.  
For many reasons, it is imperative that the United States quantify and assess both the occurrence and distribution of the Nation’s water resources to insure there are sufficient and dependable supplies to meet the expanding human and environmental demands now and in the future. Total water withdrawals have more than doubled between 1950 and 2005. Eighty-six percent of the U.S. population obtains their drinking water from public suppliers. In 2005, the remaining 42.9 million people (14 percent of the population) were self-supplied. About 42 percent of irrigation withdrawals, 33 percent of the withdrawals for public supply, and 98 percent of self-supplied withdrawals were from groundwater. (Kenny and others, 2009).  The potential effects of these withdrawals and return flows, and the effects of shifting water-use patterns on local water budgets will be studied in the National Water Census.
Scales: time and space
The National Water Census recognizes the needs to provide accurate information that is relevant to decision makers and to do so in a timely manner.  Ultimately, the program seeks to provide a comprehensive set of indicators of water availability and use at a local scale for the entire nation. Site specific information, which may be needed for some water availability decisions, is beyond the scope of a national program, and collection of such information remains a local responsibility.  National or regional water budget estimates may not provide the information necessary to make local decisions, but these regional estimates provide an important framework for decision making.  A full understanding of national water resources issues begins at the national scale and then proceeds to regional and local scales.  Ultimately local issues will be addressed using local data that may be collected outside of the national program.  Local data collection and decision making, however, can benefit significantly from the hydrologic framework developed through the national program.  A second feature of the hydrologic framework will be the provision of timely information regarding the status and trends of water budget components.
Some indicators, such as precipitation, are easily measured or estimated, while others, such as changes in groundwater storage, require considerable effort to estimate.  In addition, some indicators vary over short time scales while others remain essentially constant over time (for example, aquifer properties).  Consequently, the program will initially provide detailed spatial and temporal coverage for some indicators and generalized coverage for others (see Table A).  Therefore, the program will refine the spatial resolution of the national datasets and maps, and will provide timely estimates of indicators that change over short time scales.  One of the challenges for the program will be development of technologies that provide timely estimates for a large number of indicators that vary over time, and to insure that those estimates are accurate.
The National Water Census recognizes the need to provide information on all aspects of the hydrologic cycle, including the overall water balance at spatial scales that are relevant to decision makers.  Development of an accurate hydrologic budget is more complex than estimation of the individual components of that budget because errors in estimation of individual components can be additive, thus leading to uncertainty in the accuracy of the overall budget.  Development of accurate budgets will likely require development of hydrologic models for major stream basins and aquifer systems.  Initially, the program will develop hydrologic models and budgets for relatively large water-resources regions, facilitating nationwide coverage in a fairly short period of time.  Subsequently, the program will develop models and budgets for smaller areas.  This strategy will allow the program to effectively manage the financial resources available for the program.
Status and Trends
Management decisions regarding water resources depend on the status of the resource for example, how much water currently exists in different storage components such as lakes, reservoirs, streams, and aquifers—and on past and projected trends in both the flow and storage components of the water budget—how have these components changed with time and how are they expected to change in the future.  Historical trends and variations in historical water availability help us put current availability into perspective and helps us predict future availability. Water availability is dependent on both the quantity and quality of water that exists in different water-budget components. Water quantity and quality can be affected by natural variability and by human-induced changes such as urbanization and water use. The influence of climate change on U.S. water resources is discussed in Chapter 1. 2  [section of report on program integration]. Human water use in the U.S. is discussed in Chapter 2. 2  .
The USGS has collected daily streamflow data at many locations in the U.S. for more than 50 years and some locations for more than 100 years. This wealth of information allows us to see how river water availability has changed over time. For example, Lins and Slack (2005) found that low and moderate streamflows increased in the central two-thirds of the U.S. during the latter part of the 20th century. USGS groundwater information is important for defining past and current groundwater availability (Reilly and others, 2008). Groundwater levels in the Middle Rio Grande Basin in New Mexico, for example, have declined more than 160 feet since 1945 in some areas (Bartolino and Cole, 2002). USGS streamflow and groundwater data have been recognized for their national importance as indicators of ecosystem health (for example, The H. John Heinz III Center for Science, Economics, and the Environment, 2008).
Until recently, past water availability was assumed to be representative of future availability for relatively natural systems; this assumption is now being challenged (Milly and others, 2008). Future changes cannot be defined or understood if water-budget components are not monitored to understand how these components are changing. Also, models used to project future water availability need to be calibrated with existing data. A national water availability and use assessment is crucial for understanding the water challenges that resource managers will face in all regions of the United States.
Uncertainty
Beven (2009) recently outlined the importance of providing uncertainty analysis, summarized a variety of approaches to estimate uncertainty for environmental analysis, and argued that communication of the uncertainty in environmental data and analysis (including environmental modeling) is both needed and expected by decision makers.  Uncertainty in water budget components may arise from several sources: measurement error, estimation uncertainty caused by the use of either statistical or process-based models at unmeasured locations, and uncertainty arising from inadequate understanding of how water is used to derive goods and services.  These uncertainties primarily arise in the areas of ecological response and ecosystem services where the functional relations between hydrologic indicators and ecological responses are poorly quantified. Projections of future conditions through either statistical or process-based models are inherently uncertain. The National Water Census will seek to quantify and communicate uncertainty in water budget components and will support the development of techniques and methods to improve our ability to quantify uncertainty and to effectively communicate this uncertainty.
USGS Capabilities and Issues
Do we need a section outlining USGS capabilities to respond to the previous sections, and outlining the research issues/challenges for the national program that will be addressed in the next section?
Research Challenges
Understanding the groundwater and surface-water components of the water budget, communicating these components to decision makers and the public, and reconciling disparate spatial and temporal scales relevant for groundwater and surface-water systems are challenges to be faced by the National Water Census program with integration and input from other USGS programs.  The movement of water in the atmosphere and on the land surface (hydrologic cycle) is conceptually easier to visualize than the movement of groundwater. Groundwater is a three-dimensional resource, including the depth dimension. Moreover, groundwater occurrence and flow is both ubiquitous and poorly understood by most of the general public.  The science of hydrology is able to define the flow and movement of this invisible resource but there remains a real need to quantify the limits of that resource to be able to address concerns related to its sustainability. Figure 2 illustrates how groundwater moves along flow paths of varying lengths from areas of recharge to areas of discharge. The construction of water budgets will be a major focus/task used in the assessment of water availability in major watersheds and principal aquifers. Water budgets require improved understanding and measurement of changes in water entering, being stored, and leaving a system. It is well known these components are hydraulically connected but the interactions are difficult to observe and measure. Moreover, effects of human activities on the quantity and quality of water resources are felt over a wide range of space and time scales.  These facts should not deter the USGS from developing better understanding of the interconnected character of the resource that will directly influence management and policy decisions. Groundwater and surface water constitute a single resource in most cases (Winter and others, 1998), and as such should be studied and characterized using a systems approach at scales that make hydrologic sense for the question being posed.
Additional reasons for evaluating water availability using a holistic approach include the following:
· Understanding the interactions of groundwater and surface water is fundamental to development of effective water resources management and policy. 
· Groundwater systems can be a perennial source of water supply to stream, lakes, and estuaries, therefore a direct influence on surface water and ecosystem health. 
· The dynamic nature of the groundwater reservoir can also moderate the variability inherent in surface-water supplies.
· Groundwater and surface water systems operate at distinctly different temporal and spatial scales which complicates their integrated analysis (Alley and others, 2002).
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Figure 2. Groundwater flow paths vary greatly in length, depth, and travel time from points of recharge to points of discharge in the groundwater flow system (Winter and others, 1998).


Ecological issues driven by surface-water availability require attention at time scales (seasonal and even daily) that are generally much shorter than those of groundwater, and at spatial scales that are often quite local.  Serious consideration, however, should be given to assessing groundwater resources at the scale of Principal Aquifers to provide a subregional context for water resource needs. Knowledge gained can provide explanations for observed trends, facilitate extrapolation to nested, smaller-scale areas, and take advantage of regional models to forecast system responses to human and environmental stresses. Any assessment of the Nation’s water resources should be representative of the variety of conditions that exist and provide a national perspective on sources, flows, and storage components of the total resource (groundwater and surface water).
Uncertainties in defining ecological flows present a challenge to understanding and resolving trade-offs among potential water uses.  Although robust methods exist to quantify departures from natural flow regimes (Richter and others, 1996; Henriksen and others, 2006; Poff and others, 2009), the ecological effects of those departures are much less well understood.  In a recent compilation of data from 165 studies, Poff and Zimmerman (2009) documented that flow alteration was consistently associated with qualitative measures of alteration to aquatic and riparian biotic metrics; these relations, however, were highly variable and were rarely sufficiently robust to define quantitative response functions.   The authors concluded that the existing literature does not document general, quantitative relations between indicators of flow alteration and ecological responses, and that river-specific assessments may be necessary to develop response functions (Poff and Zimmerman, 2009).   
Equally elusive are relations between flow alterations and ecological functions that contribute to socially recognized good and services, or so-called ecosystem services.  Ecosystem services that may be quantitatively altered by changing flow regime include the capacity for floodplains to mitigate floods, the capacity for channels and floodplains to sequester or cycle nutrients and contaminants, and myriad recreational benefits associated with rivers (de Groot and others, 2002).   
Quantitative understanding of ecological and ecosystem-service responses to flow alterations are likely necessary to allow decision makers to address tradeoffs between traditional socio-economic water uses and ecological water uses (Jacobson and Galat, 2008).  Additional research is needed to define ecological indicators that are robust and sensitive to flow alterations, and that can be determined with an acceptable benefit:cost ratio.  Such indicators may range from fundamental ecological processes (such as residence time of transported carbon) to more socially recognized metrics, like fish community diversity.


Products and delivery

I have included the latest draft of Chapter 4: Information Management and Products 



	Table A.  Potential indicators of terrestrial water availability
	
	

	
	
	
	

	
	
	
	

	Hydroclimatic indicators
	Definition
	Units
	Range

	   Precipitation,   P
	P
	L / t (1)
	    > 0 

	   Potential Evapotranspiration, PET
	PET
	L / t
	    > 0

	   Evapotranspiration, ET
	ET 
	L / t
	    > 0 

	   Local runoff, R
	P - ET
	L / t 
	    > 0 

	   Runoff Ratio, RR
	1 - ET/P
	dimensionless
	    0 to 1

	   ET Ratio, ETR
	ET/P
	dimensionless
	    0 to 1

	   Aridity Index,  AI
	PET / P
	dimensionless
	    0 to 1

	   Snowpack and timing of snowmelt, Snp
	Snp, Jul. Day
	L,  Julian Day
	    > 0 

	
	
	
	

	Groundwater indicators
	
	
	

	   Recharge rate, Rgw  
	 Rgw
	L / t
	    > 0 

	   Total groundwater storage, Sgw
	 Sgw
	L 
	    > 0 

	   Seasonal change in storage, dS/dt
	dS/dt
	L / t
	pos. or negative value

	   Longterm change in storage, dS/dt
	dS/dt
	L / t
	pos. or negative value

	   Baseflow and baseflow timing, SW-base
	SW-base
	L / t
	    > 0

	   Proportion of resource with water quality above human-health benchmark(s)
	     ----
	dimensionless
	0 to 1

	
	
	
	

	Surface-water indicators
	
	
	

	   Streamflow (SWout)
	SWout
	L3 / t
	    > 0 

	   Total SW storage (glaciers, snowpack, surface water)
	Ssw
	L 
	    > 0 

	   Seasonal changes in storage
	dS/dt
	L / t
	pos. or negative value

	   Longterm change in storage
	dS/dt
	L / t
	pos. or negative value

	   Streamflow characteristics (ie. IHA, HIP/HAT)
	varies
	variable units
	    ----

	   Streamflow timing, river ice, ice-out
	varies 
	Julian Day
	    ----

	   Streamflow characteristics relative to thresholds of ecological function
	Varies
	
	

	   Proportion of resource with water quality above human-health benchmark(s)
	     ----
	dimensionless
	0 to 1

	   Proportion of resource with water quality above native biota benchmarks
	
	dimensionless
	0 to 1

	
	
	
	

	Water-Use indicators
	
	
	

	    Withdrawals (for local use & export, by category)
	Hout
	L / t
	    > 0 

	    Return flows (from local use & imports, by category)
	Hin
	L / t
	    > 0 

	    Consumptive use (by category)
	Hout - Hin
	L / t
	    > 0 

	    Relative Net Demand 
	(Hin - Hout) / SWout
	dimensionless
	    > -1

	    Water-use Intensity 
	(Hin + Hout) / SWout
	dimensionless
	    > 0 

	
	
	
	

	Notes
	
	
	

	1. L/t indicators are actually L3 / L2 / t, and L  is L3 / L2, where the L2 refers to area of the hydrologic unit.
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Figure 1. The water balance of a bounded hydrologic unit. P and ET, precipitation and evapotranspiration;
SWin and SWout, stream inflows and outflows; GWin and GWout, groundwater inflows and outflows through
a regional aquifer system (confined in this case); Hin and Hout, human inflows (return flows) and outflows
(withdrawals). Small blue arrows show exchanges between deep and shallow aquifer systems, between

the shallow aquifer and surface-water, and flows induced by groundwater pumping. Changes in water storage
(soil moisture, groundwater, surface water, snowpack) are not shown.




