Surface and Groundwater Impact Indices

Water consumption impact assessment is a relatively new area of study and there is no general consensus on how it should be performed.  Pfister et al. (2009) survey different methods, from the very simple water stress index, to more complex, black box-type metrics such as aggregated eco-indicator-99 damage factors.  While the water stress index, which compares freshwater consumption against total freshwater availability by watershed, is more transparent and less data-intensive, it also ignores such impacts as human health damage due to potable water shortages and ecosystem damage.  More complex metrics are also problematic in that they require a large amount of data and can be near impossible to calculate without arbitrary assumptions and/or poor quality input data.  Impact assessment can become so cumbersome that many researchers choose to stop at the life-cycle inventory stage or plug their inventory results into existing impact assessment tools without fully understanding the built-in assumptions and resulting uncertainty.  

According to ISO 14044, a proper life-cycle impact assessment (LCIA) consists of four crucial steps: identification of the category endpoint(s), definition of the category indicator for each endpoint, identification of the LCI results that should be assigned to each impact category, and identification of the characterization model and factors.  For example, a number of pollutants that are carcinogenic to humans could be normalized as benzene-equivalents.  In contrast, GREET 1.8c adjusts its inventory results, not by the impact on health, but rather by estimated exposure, breaking total emissions for each pollutant into “urban” and “rural” emissions.  However, neither of these methods alone provides true estimates of life-cycle impacts.  To develop a complete picture, the researcher should measure not only pollutant releases, but also the resulting impact on the affected population, which in turn requires information about the population itself (how many people are exposed and in what quantity, how sensitive is the population, etc.)  Clearly there is a major difference between simply normalizing a set of inventory results to gauge potential environmental impacts and carrying out a complete LCIA to the point of increased risk for some adverse affect such as cancer, or even converting the increased risk into a dollar value for the purpose of cost-benefit analyses.  Given the wide range of approaches, determining what qualifies as a true impact assessment is a difficult task.  

In this research, a simple approach is taken, similar to the GREET 1.8c approach, which is essentially a weighted inventory, providing total emissions and the fraction of those emissions that occur in densely populated areas.  Because human health risk due to water shortages is not as relevant in the U.S. as in less developed countries the focus of the weighting scheme is surface water shortages and groundwater overpumping impacts, such as aquifer depletion and ground subsidence.  It should be noted that ecosystem damage, although important, is not incorporated into this weighting scheme.  There are two categories: drought vulnerability and groundwater overpumping vulnerability, where counties are either determined to be vulnerable or not vulnerable.  Because the life-cycle inventory of water use is broken into groundwater use and surface water use, these county-level totals are then matched up with the ground and surface water vulnerability data, respectively.  

To determine areas where surface water is vulnerable, county-level drought incidence data spanning 1895 to 1995 are used (UNL 2010).  Any counties that spent 10% or more of 1895-1995 in a state of severe, extreme, or exceptional drought (Palmer Index ( -3) are considered to be drought-prone.  Table 1 shows how the Palmer Index is defined.  While this categorization captures surface water vulnerability due to variability in rainfall, it does not capture ongoing shortages.  For example, Southern California does not have enough local freshwater to support its population regardless of whether drought conditions exist.  Secondly, this assumes that only surface water is subject to drought.  Although groundwater levels do not vary as dramatically with rainfall, drought can affect groundwater levels, particularly unconfined aquifers.  Thirdly, using 100-year historical data is not necessarily relevant for short-term vulnerabilities.  Weekly up-to-date drought information is, however, available and can be used to gauge which areas are likely to experience water stress in the near future.  
	Category
	Description
	Palmer Index
	Possible Impacts

	D0
	Abnormally Dry
	-1.0 to -1.9
	Going into drought: short term dryness slowing planting, growth of crops, or pastures.  Coming out of drought: some lingering water deficits; pastures or crops not fully recovered

	D1
	Moderate Drought
	-2.0 to -2.9
	Some damage to crops, pastures; streams, reservoirs, or wells low, some water shortages developing or imminent; voluntary water-use restrictions requested

	D2
	Severe Drought
	-3.0 to -3.9
	Crop and pasture losses likely; water shortages common; water restrictions imposed

	D3
	Extreme Drought
	-4.0 to -4.9
	Major crop/pasture losses; widespread water shortages or restrictions

	D4
	Exceptional Drought
	-5.0 or less
	Exceptional and widespread crop/pasture losses; shortages of water in reservoirs, streams, and wells creating water emergencies


Table 1: Palmer Drought Index Descriptions (adapted from: UNL (2010))

The method by which groundwater vulnerability is identified is significantly less exact.  Groundwater datasets for the U.S. are scarce and usually specific to one geographical region or a particular aquifer, meaning only some of the country’s groundwater sources are well documented.  Additionally, groundwater withdrawn in one location can have impact elsewhere.  For example, Nebraska uses large amounts of water from the Ogallala Aquifer, but Kansas experiences the bulk of the effects of Nebraska’s overpumping (Peck 2007).  Although groundwater monitoring is improving, comprehensive U.S. datasets on changes in aquifer water levels appear to be a long way off.  In the absence of such data, this study identifies 27 states that experience either subsidence, saltwater intrusion, lowered water table, or some combination of these impacts as a result of overpumping.  The impacted states are listed in Table 2, with the specific effects including, but not necessarily limited to, those listed in the second column.  The list of states experiencing subsidence is derived from Galloway et al. (2000) and those experiencing all other impacts were identified using Bartolino and Cunningham (2003) and Peck (2007).  The strategy of identifying entire states rather than individual counties as being prone to overpumping impacts means that the fraction of the U.S. with vulnerable groundwater is likely to be overestimated.  Hopefully as data availability improves, the current list can be replaced with one that is more spatially disaggregated and complete.  

	State
	Examples of Impacts from Groundwater Overpumping

	AR
	Lowered water table

	AZ
	Lowered water table, subsidence

	CA
	Lowered water table, subsidence

	CO
	Lowered water table, subsidence

	DE
	Lowered water table, subsidence

	FL
	Saltwater intrusion, subsidence

	GA
	Saltwater intrusion, subsidence

	ID
	Lowered water table, subsidence

	IL
	Lowered water table

	KS
	Lowered water table

	KY
	Lowered water table

	LA
	Lowered water table, saltwater intrusion

	MA
	Reduction in surface water flows

	MS
	Lowered water table

	NE
	Overpumping, contributing to lowered water table in KS

	NJ

	Saltwater intrusion, subsidence

	NM
	Lowered water table, subsidence

	NV
	Lowered water table, subsidence

	NY
	Lowered water table, reduction or elimination of stream base flows, decrease in length of perennial streams, inland movement of saline groundwater

	OR
	Lowered water table

	SC
	Saltwater intrusion

	TN
	Lowered water table

	TX
	Lowered water table, subsidence, increased susceptibility to flooding

	UT
	Lowered water table

	VA
	Lowered water table, subsidence

	WA
	Lowered water table

	WI
	Lowered water table


Table 2: Groundwater Pumping Impacts (based on information from Galloway et al. (2000), Bartolino and Cunningham (2003), and Peck (2007))
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