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The amount of water on Earth is finite and relatively constant. Thus, the problem of water 
availability is not about the disappearance of water from the planet. Rather, it is about climate 
variability and change, redistribution of finite resources, and degradation of water quality 
(National Science and Technology Council 2007). This paper discusses the components of the 
water cycle and how they intersect in Minnesota, presents common water quantity assessment 
methodologies and considerations, and provides results of analysis of three broad-scale 
investigations into Minnesota’s water budget.  

Water constantly moves through the oceans, atmosphere, and land (Minnesota DNR 2010a). 
During this cycling, it makes its way through any of a variety of reservoirs via multiple 
pathways. Sometimes water may remain many years or millennia in one storage area; other 
times, water may move rapidly between reservoirs. Oceans contain most of Earth’s water at any 
given time (~96.5%). Water is also found in the polar ice caps and glaciers (1.74%), groundwater 
(1.7%, both fresh and saline), permafrost (0.022%), lakes (0.013%, fresh and saline), soil 
(0.001%), atmosphere (0.001%), swamps (0.0008%), rivers (0.0002%), and organisms 
(0.0001%) (USGS 2010a).  

 A water budget can be used to describe the amount of water within any one reservoir, be it a 
lake, watershed, glacier, or organism. The basic water budget equation is:  

Inflow – Outflow = Change in Storage 

In Minnesota, “storage” generally refers to groundwater, soil moisture, or surface water storage 
in lakes. Changes in storage can include changes in aquifer storage as reflected in water table 
elevations, or changes in surface water storage as reflected in lake levels. Inflows include surface 
water inflow from rivers, streams, and wastewater treatment facilities; precipitation; infiltration; 
overland flow; base flow to streams; leakage to aquifers; and flow between aquifers. Outflows 
include surface water outflow, seepage, evapotranspiration, human withdrawals, and flow 
between aquifers.  

Expanded forms of the water budget equation can elaborate upon inflows, outflows, and storage. 
A typical equation for a surface water budget might be: 

Direct Precipitation + Surface Inflows + Base Flow + Runoff – Surface Outflows – Withdrawals 
– Evapotranspiration – Infiltration to Groundwater = Change in Storage 

When a change occurs in one component of the water budget, the change is balanced by a change 
in another component or components (Reilly et al. 2008, Minnesota DNR 2005a). In the long 
term, changes are typically balanced by changes in inflows or outflows rather than by changes in 
storage due to the tendency for systems to reach a steady state. The steady-state level may be 
different than it was before the increased withdrawal, however, and it can take some time for the 
new equilibrium to be achieved (Alley et al. 1999, Winter et al. 1998, USGS 2002). Thus, the 
fact that an effect on a particular component is not immediately observed following a change 
does not mean one will not arise in the future. Additionally, changing a component in the water 
budget of one area may also entail a change in an adjacent area’s water budget. For example, a 
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withdrawal from aquifer A may result in water movement from aquifer B to aquifer A over a 
long time. Figure 1 shows common components of the water budget and how they interconnect. 

A. Water Budget Components 
 
1. Inflows/Outflows 

a. Surface Water. 
Minnesota receives 
little surface water 
inflow (Minnesota 
DNR 2000, 2010b), 
with only two rivers 
receiving out-of-state 
water: The 
Minnesota River 
receives inflow from 
South Dakota, with a 
mean daily flow of 
about 184 cubic feet 
per second (cfs), or 
43.3 billion gallons 
per year, from the 
Little Minnesota, 
Whetstone, and 
Yellow Bank rivers; and the Blue Earth River receives water from Iowa, with a 
mean daily flow near Rapidan, Minn., of 1,100 cfs, or 260 billion gallons per year 
(USGS 2008a-e). In contrast, precipitation accounts for most of the inflow to the 
state, averaging around 40 trillion gallons per year, based on normal average 
precipitation of 27.29 inches (M. Seeley, pers. com. 2010).  

 
The state is the headwaters of three major continental outflows. Two of the three 
North American continental divides meet near Hibbing, with a resultant routing of 
surface water into three separate drainage areas: the Hudson Bay/Arctic Ocean, the 
Great Lakes/Atlantic Ocean, and the Mississippi River/Gulf of Mexico. Examples 
of the largest single outflows are the Red River, with an average daily flow near 
Drayton, N. Dak., of 4,510 cfs, or 1.06 trillion gallons per year; and the Mississippi 
River, with an average daily flow near Winona of 29,560 cfs (6.98 trillion gallons 
per year) (USGS 2008). The USGS estimated that Minnesota’s total surface water 
outflow in 1985 was almost 8.5 trillion gallons (USGS 1987).  

 
b. Precipitation. Precipitation is the release of water from clouds in the form of rain, 

freezing rain, sleet, snow, or hail. It is the primary way in which atmospheric water 
is delivered to Earth (USGS 2010b). Precipitation may fall directly onto a surface 
water body, or it may fall onto land. On land, precipitated water may evaporate, 
pond, flow across the surface to a surface water body, or infiltrate into the soil, 

Figure 1. The hydrologic cycle.  
(USGS 2010a.) 
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where it may be taken up by organisms, reside as soil moisture, migrate to surface 
water, or recharge groundwater. Figures 2–4 illustrate the variability of 
precipitation across Minnesota and over time. Most of the state’s precipitation 
comes from tropical maritime air from the south and southeast. The spatial 
variation in normal annual precipitation across Minnesota is a function of 
proximity to air masses coming from the Gulf of Mexico (Minnesota DNR 2000). 

 
It should be emphasized that “normal” simply refers to a mathematical average 
(Minnesota DNR 2010b). One possible effect of climate change and variability is 
altered precipitation patterns (Alley et al. 1999, USEPA 2010a). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c. Evapotranspiration. Evapotranspiration refers to the sum of evaporation and 
transpiration in the hydrologic cycle. Evaporation occurs from both land and 
surface water bodies. Transpiration, the loss of water through the stomata of plants, 
can draw from surface water, soil moisture, or groundwater supplies. The rate of 
evapotranspiration is largely controlled by temperature, humidity, wind speed, 
vegetative type and coverage, and water availability (Pidwirny 2009). The 

Figure 2. Normal annual precipitation for Minnesota.  
(Minnesota DNR 2010b.) 

Figure 3. 2007–2008 water year (Oct. 1–Sept. 30) 
precipitation for Minnesota.  
(Minnesota DNR 2010b.)  
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difference between precipitation and evapotranspiration represents the amount of 
water available for natural recharge to the groundwater system (Reilly et al. 2008) 
and to surface waters. Measurement of evapotranspiration, which requires 
measurement of a region’s plant transpiration on a daily, weekly, seasonal, or 
annual basis, is quite difficult. Estimation methods are used, but there is no 
consensus on the best method or the accuracy of the estimates (Carter et al. 1996). 

 
2. Storage 

The storage component of the water budget includes surface water and groundwater. 

a. Surface Water. Minnesota has about 13.1 million acres of wetlands and lakes, 
63,000 miles of natural rivers and streams, and 23,000 miles of drainage ditches and 
channelized watercourses. There are more than 20,000 “protected water bodies” 
(waters over which DNR has regulatory authority) and 870,000 wetlands in the 
state. Less than half of Minnesota’s predevelopment wetland acreage remains 
(Minnesota DNR 2000).  
 

 

 

Surface waters function as water storage units, conduits of flow, habitat for aquatic 
and other organisms, recipients of wastewater effluent, and more. As a result, 
indicators of surface water availability include measures of streamflow, surface-
water storage, and suitability (quality) of the water for various needs and uses 
(National Science and Technology Council 2007, USGS 2002). Surface waters 
provide for offstream and instream human uses as well as support biological 
communities (Minnesota DNR 2000, Carter et al. 1996, O’Shea 2000). Ecological 

Figure 4. Average annual precipitation in Minnesota. Dots are yearly average; 
solid line indicates seven-year moving average.  

(Minnesota DNR 2010b.) 
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functions of wetlands include flood storage, maintenance of water chemistry, 
erosion control, and sediment reduction (Carter et al. 1996). To assess availability 
and management in support of human use, we must choose scales that address both 
long- and short-term demand and availability while accounting for ecological needs. 
To accommodate ecological needs and protect aquatic life, scales of assessment 
must take into account the variable needs of the biota throughout a region and 
through time (National Science and Technology Council 2007, O’Shea 2000). Each 
surface water feature has associated storage or flow characteristics that affect 
aquatic life.  

Lake and wetland levels and the amount and availability of streamflows depend on 
the amount of precipitation remaining after evapotranspiration, human consumptive 
use, and replenishment of storage in lakes, wetlands, soil, and groundwater 
(Minnesota DNR 2000). Streamflow can be reduced by factors such as reduced base 
flow from groundwater, reduction in precipitation, or increases in human 
consumption. 

(1) Watersheds/Basins. Watersheds and basins are the units of assessment for 
surface water. A watershed is the area of land drained by a given stream 
network (Minnesota DNR 2010c). Just as a small stream network can be a 
component of a larger network, so can a watershed be a part of a larger 
watershed.  
 

i. The DNR and the U.S. Geological Survey (USGS) delineate watershed 
levels to manage surface waters (Minnesota DNR 2010c, 2010d). USGS 
divides the nation into 21 regions. Minnesota contains parts of four of 
these (figure 5): the Upper Mississippi (pink), the Souris-Red-Rainy 
(green), the Great Lakes (blue), and the Missouri (orange).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Subregions of Minnesota.  
(Minnesota DNR 2010a.) 

Figure 6. Major basins (colored areas) and 
watersheds (numbered areas) of Minnesota. 

 (Minnesota DNR 2000.) 
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ii. USGS’s 21 national regions (level 1) are divided into 221 subregions 

(level 2, see delineations in figure 5), which in turn are divided into 378 
hydrologic accounting units or basins (level 3), and again into 2,264 
cataloging units or subbasins (level 4). Minnesota has parts of 13 
subregions and 16 basins. A 1979 DNR watershed mapping project 
identified 81 “major watersheds” (figure 6) that were consistent with the 
USGS level 4 subbasins at that time. The DNR project also identified 
5,600 “minor watersheds” that comprised the major watersheds. While 
the USGS and DNR classification systems are similar, there are some 
differences, such as DNR’s inclusion of “minor watershed” and 
“hydrologic unit” classes as seen in table 1. DNR’s Web site notes that 
its current lakeshed mapping project will make the delineations more 
consistent with the federal approach while maintaining the intent of the 
original watershed mapping project (Minnesota DNR 2010d).  

 
(2) Surface Water Considerations. Minnesota’s surface waters are subject to a 

number of protections:  
 

• Minnesota has a “no net loss of wetlands” policy regulated under 
Minnesota Rules, chapter 8420. 

 
 
 
 
 
  

Table 1. The hydrologic unit system hierarchy. 
Examples for each hierarchical level, as defined by the USGS watershed boundary dataset 
and the integrated DNR watershed hierarchy levels. Grayed rows are levels DNR has added. 
(Minnesota DNR 2010b.) 
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• Calcareous fens, which are among the rarest natural communities in the 
United States, require persistent upwelling of groundwater rich in 
calcium carbonates, and are home to a number of endangered or 
threatened plant species, are protected by Minnesota Statutes, section 
103G.223, from being filled, drained, or otherwise degraded, wholly or 
partially, by any activity (Minnesota DNR 2000).  

• Trout streams, as designated by Minnesota Rules, part 6264.0050, 
subpart 4, are protected under Minnesota Statutes, section 103G.285, 
subd. 5, and Minnesota Rules, part 6115.0670, subpart 3 item B. Only 
temporary water appropriations during high-flow periods are allowable.  

• DNR is charged with maintaining natural flows and water levels 
(Minnesota DNR 2000).  

• Interbasin transfers (Minnesota Statutes, section 103G.265), 
appropriations from watercourses during low-flow periods (Minnesota 
Statutes, section 103G.265), and appropriations from basins less than 
500 acres (Minnesota Statutes, section 103G.265) are all subject to 
specific management or permitting requirements.  

• Statutes and rules also designate water use priorities in order to protect 
higher priority surface water and groundwater users from interference 
by other users (Minnesota DNR 2000). As described in Minnesota 
Statutes, section 103G.261, they are: 

 
(1) domestic water supply, excluding industrial and commercial uses 

of municipal water supply, and use for power production that 
meets the contingency planning provisions of section 103G.285, 
subd. 6 

 
(2) use of water that involves consumption of less than 10,000 gallons 

of water per day 
 
(3) agricultural irrigation and processing of agricultural products 

involving consumption in excess of 10,000 gallons per day 
 
(4) power production in excess of the use provided for in the 

contingency plan developed under section 103G.285, subd. 6 
 
(5) uses other than agricultural irrigation, processing of agricultural 

products, and power production involving consumption in excess 
of 10,000 gallons per day 

 
(6) nonessential uses 

 
b. Groundwater. Groundwater, “the Nation’s principle reserve of freshwater,” 

(Alley et al. 1999) is a major contributor to flow in many streams and has a strong 
influence on river and wetland habitats (USGS 2010b). Although a groundwater 
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resource may appear ample, only a part may be withdrawn in an economic matter 
and without adverse consequences (Alley et al. 1999).  

Groundwater occurs nearly everywhere beneath the land surface. However, 
variations in grain size, porosity, connectivity, extent, and other aspects of 
geologic materials result in varying degrees of storage and transmissibility of 
groundwater within different geologic features. 
 
(1) Recharge. The water table is the top of the groundwater body. It is generally 

below the land surface, and fluctuates seasonally and from year to year in 
response to changes in 
recharge from precipitation 
and surface water, 
discharge to surface water, 
and human withdrawals. 
Areal recharge (recharge 
per unit area) is a function of 
land cover and of climate 
components such as 
precipitation, temperature, and 
humidity (Reilly et al. 2008, 
Delin and Falteisek 2007). 
Estimated areal recharge for the 
state is depicted in figure 7. 
Diffuse recharge refers to the 
movement of water from the 
land surface to the water table 
as precipitation infiltrates 
through the unsaturated zone 
over large areas. Localized 
recharge refers to the 
movement of water from 
surface-water bodies to the 
groundwater and is less 
uniform in space than diffuse 
recharge (Reilly et al. 2008). Regional recharge estimates are generally esti-
mates of diffuse recharge, and do not account for local recharge, since local 
recharge depends much more on fine-scale ground and surface-water inter-
actions (Reilly et al. 2008). Only a small portion of infiltrated water actually 
becomes recharge (Delin and Falteisek 2007); most infiltrated water returns to 
the atmosphere via evapotranspiration. Subsurface storage characteristics, and 
thus the availability of infiltrated water for human withdrawal, vary 
throughout Minnesota (D. Setterholm, pers. com. 2009). 
 

Figure 7. Average annual recharge in Minnesota, 
1971–2000 
As estimated using the regional regression 
recharge method. (Delin and Falteisek 2007.) 
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(2) Minnesota’s Groundwater. The DNR notes that “groundwater is everywhere 
beneath Minnesota’s land surface, but it is not necessarily available for use 
everywhere” (Minnesota DNR 2005b). Aquifers are geologic units underlying 
the land surface that are capable of yielding significant water to wells.  

Inflows to groundwater systems include recharge through the unsaturated 
zone, recharge from surface water bodies, and flow from other aquifers. 
Outflows include flows to other aquifers, base flow to surface waters, human 
withdrawals, and transpiration by plants with roots that penetrate the water 
table (Alley et al. 1999).  

The sediment and rock under the land surface in an area determine whether 
any aquifers are present from which to pump groundwater, and whether an 
aquifer is capable of supporting large withdrawals. Both bedrock and 
Quaternary geologic features determine an area’s characteristic groundwater 
quality and quantity (Minnesota DNR 2005b).  

(3) Bedrock hydrogeology refers to the water-bearing characteristics of the 
unweathered, consolidated rock formations that underlie an area. Map A1 in 

Formation Characteristic well yields, in gallons per minute (gpm),  
and quality 

Quaternary Deposits:  
Surficial-drift aquifers low to high, variable yields (25–500 gpm); susceptible to 

contamination 
Area of possible buried  
drift aquifers 

spatially intermittent yields; strong interaction with local  
surface water 

Bedrock Formations:  
Cretaceous low to moderate yields; mostly mineralized (>1,000 ppm), 

except northeast of Minnesota River 
Upper Carbonate moderate, variable yields (200–500gpm at individual wells); 

good quality 
Red River–Winnipeg Low to moderate yields; saline quality (>5,000 ppm) 
St. Peter Sandstone and  
Prairie Du Chien–Jordan 

moderate to high yields (<500–1,000 gpm); good quality 

Ironton-Galesville and Mt. 
Simon-Hinckley 

moderate to high yields (250–700 gpm); good quality 

North Shore volcanics Low, variable yields (1–25 gpm); variable quality 
Sioux Quartzite Low, variable yields (1–25 gpm); good quality 
Proterozoic metasedimentary Low, variable yields (1–25 gpm); mostly good quality 
Biwabik Iron-Formation Moderate yields (250–500 gpm); mostly good quality 
Precambrian  
undifferentiated rocks  

Generally not an aquifer, except in faulted and fractured zones 

Table 2. Major Quaternary and bedrock aquifer systems of Minnesota.  
(Data from USGS 1986, Kanivetsky 1978, Kanivetsky 1979.) 
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figure 8 illustrates the extent of various bedrock aquifer systems in Minnesota. 
Table 2 describes the characteristics of major bedrock systems shown in 
figure 8. 

Large areas of the state are underlain by crystalline igneous and metamorphic 
rocks, which are generally poor in water-bearing characteristics and not 
regarded as aquifers, although water is found locally where these rocks are 
strongly fractured (USGS 1986, Kanivetsky 1978). These formations are 
depicted in the “crystalline rocks” category in figure 8.  

 
Figure 8. Bedrock (A1) and Quaternary (A2) aquifer systems in Minnesota.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The “unconsolidated glacial drift” category in A2 refers to Quaternary 
deposits that may be useful as aquifers. The “sedimentary rocks” category in 
A1 refers to bedrock formations that are generally useful as aquifers. The 
“crystalline rocks” category in A1 refers to bedrock formations that are 
generally not useful as aquifers, except in certain locales where the rocks are 
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highly fractured. Image B depicts the vertical cross-section A-A’ of image A1 
(USGS 1987). 

 
Much of eastern and southeastern Minnesota is underlain by sedimentary 
sandstone, dolomite, or limestone (“sedimentary rocks” in figure 8). These 
types of formations can often support large withdrawals because of their 
porosity and the connectivity of their pore spaces. Aquifers in these areas 
provide significant water for public supply, industrial, and agricultural uses 
(USGS 1986).  

(4) Quaternary hydrogeology refers to the water-bearing characteristics of glacial 
drift and postglacial sediments, which lie between the land surface and 
bedrock in most of Minnesota and may be as thick as 150 meters (Kanivetsky 
1979). Map A2 in figure 8 illustrates the extent of Minnesota’s Quaternary 
hydrogeologic areas. Table 2 describes the characteristics of the buried and 
surficial Quaternary aquifer systems shown in figure 8. 

Bedrock throughout most of the state is covered with unconsolidated 
sedimentary glacial and fluvial (riverine) deposits, which are major 
groundwater sources in many areas (USGS 1986, Kanivetsky 1978). Buried 
Quaternary aquifers are systems of this type that are overlain by a confining 
layer of less permeable deposits. Surficial Quaternary aquifers have no such 
layer.  

Northwestern and southwestern Minnesota generally have clayey Quaternary 
deposits, whereas central Minnesota tends to have sandy Quaternary deposits 
(Minnesota DNR 2005b). In the northeast and southeast, sediment overlying 
the bedrock is thin or absent.  

 
(5) Groundwater provinces. The DNR has used knowledge of the regionally 

variable bedrock and Quaternary hydrogeologic characteristics to identify six 
groundwater provinces in Minnesota. While there is intra-area variability, the 
provinces provide a useful tool for describing regional groundwater. Figures 9 
and 10 and tables 3 and 4 illustrate the groundwater provinces and describe 
the general groundwater supply issues associated with each. Southeastern 
Minnesota generally has good bedrock sources of groundwater, while much of 
central Minnesota has groundwater available from surficial and buried sand 
and gravel aquifers. In the northwest and southwest, groundwater is less 
available and comes mainly from localized surficial aquifers. In the northeast, 
groundwater supplies are limited. 
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Table 3. Groundwater availability by province.  
(Minnesota DNR 2005.) 
 
 

 

 
 
Table 4. Characteristics and groundwater supply issues of Minnesota’s groundwater provinces.  
(Minnesota DNR 2005.) 

 

 

 

 

 
 

(6) Quantifying Groundwater. Minnesota’s geology is well characterized in a 
broad sense. However, there is great variability in the thickness of bedrock 
aquifers and the composition, thickness, and presence of Quaternary 
sediments, especially where Quaternary deposits constitute the main sources 

Figure 10 (right). 
Groundwater provinces 
in Minnesota.  

(Minnesota DNR 2005.) 
 

Figure 9 (left). Bedrock 
and glacial sediment 
(Quaternary) 
hydrogeologic features 
were used to designate 
Minnesota’s 
groundwater provinces.  
(Minnesota DNR 2005.) 
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of groundwater (D. Setterholm, pers. com. 2009). In some aquifer systems, 
water-bearing lenses may be dispersed throughout deposits that are of 
otherwise low water productivity. Thus, while regional characteristics can be 
used to predict the likelihood of obtaining groundwater from a site, the 
accuracy of the prediction can vary within small areas (Kanivetsky 1978). 

 
Data from numerous well logs are needed to accurately characterize aquifers 
(D. Setterholm pers. com. 2009). When possible, existing well logs are used, 
since the cost of drilling many wells in order to characterize hydrogeology can 
be great (D. Setterholm pers. com. 2009, D. Luthe and G. Knuse pers. com. 
2009). Due to the financial and staffing requirements of drilling the number of 
wells that would be needed to characterize entire areas, Minnesota does not 
have the data needed to comprehensively describe regional or smaller-scale 
hydrogeology throughout the state (D. Setterholm pers. com. 2009).  

A study of the aquifer systems in the Red River of the North basin 
approximated storage based on aquifer area, saturated thickness, and porosity. 
This study noted that the volume of groundwater that can be pumped without 
adverse consequences is a small percentage of the estimated storage volume 
(Reppe 2005). This is because withdrawals that constitute a significant portion 
of an aquifer’s storage can result in changes to that aquifer’s water budget that 
increase the likelihood of some of the consequences described in the 
“Groundwater Considerations” and “Groundwater–Surface Water 
Interactions” sections below. 
 
Other assessments of groundwater availability have used estimates of recharge 
rather than storage to estimate sustainable yield of aquifers (Neiber et al. 
2010, VanBuren 2007). This is based on the notion that sustainable yield is a 
function of the water being replenished to the system (renewable) rather than 
the volume in storage (reserve) (D. Setterholm pers. com. 2009).  
 

(7) Groundwater Considerations. Drawdowns—lowering the water table by 
pumping—tend to be larger in confined aquifers than in unconfined aquifers 
when pumping rates and other aquifer properties are similar (Reilly et al. 
2008). Drawdown can decrease storage, increase leakage through overlying 
confining beds, result in well interference (reduction of available water to a 
neighboring well), contaminate wells, increase pumping costs, reduce water 
levels in streams and lakes by reducing base flow to streams, degrade water 
quality, cause saltwater intrusion, and, in extreme cases, result in land 
subsidence (lowering of the land surface) or compaction of drained sediments 
such that the aquifer’s ability to store and transmit water is reduced (Alley et 
al. 1999). 

 
The lack of a confining layer can render surficial aquifers more susceptible 
than buried aquifers to infiltration of contamination due to ease of transport 
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from the land surface. While this is true, the converse, that deeper, confined 
aquifers are likely protected from contamination, is not. Sometimes it is 
presumed that aquifers with very old water will be less subject to 
contamination than aquifers with newer water due to the time it has 
historically taken for water to recharge them. However, the age of an aquifer’s 
water does not necessarily correlate with the time it will take for contaminants 
to immigrate, because withdrawals can create a hydraulic gradient that will 
facilitate flow from the surface (Alley et al. 1999, D. Setterholm pers. com. 
2009). Increased recharge from excess irrigation and agricultural drainage can 
also increase transport of contaminants such as fertilizers and pesticides from 
the land to groundwater (Alley et al. 1999).  

Reilly et al. (2008) noted that groundwater level has been identified as one of 
the 10 highest priority data gaps that must be addressed to improve our ability 
to report on ecosystem conditions and water use and to make sound policy and 
management decisions. Although noting that a comprehensive data set 
regarding groundwater levels in the United States does not exist, these authors 
prepared maps showing regions and wells that have measured water level 
declines in excess of 25 feet in an unconfined aquifer or 40 feet in a confined 
aquifer or well (figure 11).  

 

B. Groundwater–Surface Water Interactions  
 
Traditional water resources 
management has focused on 
surface water and groundwater 
as if they were separate 
phenomena. Experience has 
shown that nearly all surface 
water features interact with 
groundwater in all types of 
landscapes. Effective policies 
and management practices must 
be founded upon recognition 
that surface water and 
groundwater are but two forms 
of a “single, integrated 
resource” (Winter et al. 1998).  
 
Groundwater pumping can 
result in reduced flows or water 
levels in rivers, lakes, and 
wetlands, which can lead to 
associated concerns about 

Figure 11. Areas and wells known to have had water table 
declines or drawdown since predevelopment.  

Red regions are areas of at least 500 square miles that have 
water table declines in excess of 40 feet in at least one 
confined aquifer or in excess of 25 feet in at least one 
unconfined aquifer. Blue dots are wells in the USGS 
National Water Information System database with a 
measured drawdown of at least 40 feet. (Reilly et al. 2008.) 
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drinking-water supplies and riparian and aquatic habitats (Alley et al. 1999). Decreases in water 
levels as a result of pumping probably indicate not only that aquifer storage is changing, but also 
that water is being “captured” from a neighboring surface water source (Reilly et al. 2008). This 
interaction sometimes necessitates decisions about how to provide for human use without 
negative impacts (Minnesota DNR 2000, D. Luth and G. Knuse pers. com. 2009). For instance, 
the cities of Burnsville and Savage are restricted in drilling new groundwater wells near 
protected calcareous fens (City of Burnsville 2010). To meet increasing needs while adhering to 
this restriction, the cities have entered into a state-approved arrangement whereby they treat and 
reuse discharge from quarry dewatering to augment their supply (Minnesota Department of 
Health 2008). 

Changing one component of the water budget may have any of a variety of effects on 
groundwater–surface water interactions, depending on the surface water and groundwater 
features of an area. Small-scale geologic features such as sediment grain size, shape, and 
orientation affect groundwater seepage into surface waters (Winter et al. 1998). Alley and 
colleagues (1999) note that “from a sustainability perspective, the key point is that pumping 
decisions today will affect surface water availability; however, these effects may not be fully 
realized for many years.” Often groundwater withdrawal is effectively “captured” from 
neighboring surface water (Reilly et al. 2008). A USGS study of 54 streams found that 
groundwater contributed an average of 52% of total streamflow from 1961 through 1990, with 
individual streams receiving 14% to 90% of their total flow from groundwater (Winter et al. 
1998). The DNR reports similar values, stating that groundwater flow contributes an average of 
40% to 50% of total flow in small and medium-sized streams (Minnesota DNR 2005a).  

Depending on the terrain and the position of the water table relative to surface water levels, 
surface waters can be gaining (receiving groundwater discharges), losing (discharging to 
groundwater), or both. For instance, it is common for lakes and wetlands underlain by highly 
permeable deposits to receive groundwater seepage into one side and discharge to groundwater 
via seepage on the other (Winter et al. 1998).  

Human activities such as tilling, drain tiling, deforestation, and installation of impervious 
surfaces can affect groundwater–surface water interactions through alteration of 
evapotranspiration as well as the infiltration and runoff dynamics of the land surface. Effects of 
these practices include changes in recharge and contaminant transport to groundwater, delivery 
of water and sediment to surface waters, and evapotranspiration (Winter et al. 1998). One noted 
effect of irrigation is increased recharge from water not taken up by crops. Irrigation recharge is 
often large relative to recharge due to precipitation (Winter et al. 1998). Excess irrigation water 
withdrawn from deep, confined aquifers can infiltrate the soil to recharge shallower aquifers, 
raising the water table to levels that can waterlog crops’ roots. Even if the water recharges the 
same aquifer from which it was withdrawn, localized recharge can cause a rise in the water table 
in that area. For this reason, drainage systems are installed to maintain the water level below the 
root level of the crops. The drainage systems discharge to surface waters, effectively resulting in 
increased outflows of groundwater from the irrigation area (Winter et al. 1998).  

  



Minnesota Water Sustainability Framework 
Minnesota Water Supply and Availability 
January 2011 
 

18 
 

Different types of surface water–groundwater connections can result in different area-specific 
considerations. For example:  

• Contaminants on land and in surface waters can migrate to groundwater, and 
contaminants in groundwater can be discharged to surface waters, depending on regional 
hydrologic characteristics. In Minnesota, the southeastern and the central karstic areas are 
particularly susceptible to groundwater contamination due to the high hydraulic 
conductivity of the underlying sand and gravel aquifers (Porcher 1989).  

• Surface waters that receive significant inflows from groundwater containing carbonate 
can be more resistant to the effects of acidic precipitation than waters that do not receive 
much groundwater, due to the buffering capacity of carbonate ions.  

• Surficial aquifers have been observed to be more sensitive than buried Quaternary or 
bedrock aquifers to climatic variation, so interactions between these aquifers and surface 
waters is likely to be more affected by climate change (Winter et al. 1998). 
 

1. Water Withdrawal 
 

Because (1) water budgets need to re-equilibrate after a change, (2) re-equilibration takes 
time, and (3) human withdrawal is one of the newer components of the water cycle, 
anthropogenic changes in flow patterns may have set in motion rebalancing effects that have 
not yet been manifested. Additionally, a historical lack of comprehensive monitoring has 
resulted in our having overlooked many effects until well after they occurred. An 
understanding of human water use as a component of the hydrologic cycle is of major 
importance if we are to understand and effectively manage water resources.  

Human water withdrawals can be small compared to storage, average flow, or recharge in an 
area, often on the order of a few percent (Repp 2005, VanBuren 2007). However, we lack 
quantitative knowledge regarding how much of the renewable flows in a system are needed 
to maintain aquatic and riparian life and habitat (National Science and Technology Council 
2007, VanBuren 2007). While noting that each surficial aquifer is unique, and citing results 
of a North Dakota study that suggest that 1% to 8% of stored groundwater may be available 
for withdrawal without adverse consequences (Ripley 1992), Reppe states that the amount 
of groundwater in the Red River of the North basin’s surficial aquifers that is available 
without adverse effects is likely a small percentage of the estimated storage volume (Reppe 
2005). Figures 12 and 13 show withdrawals according to use for Minnesota’s surface water 
basins and major aquifer systems. 

Humans have modified the water cycle by withdrawing water for use, changing flow 
patterns through irrigation and urban development, altering vegetation, and other activities 
(Alley et al. 1999). These alterations must be offset by more water entering the system, less 
water leaving the system, removal of water from storage, or some combination of the three 
(Alley et al. 1999).  

One possible adverse effect of withdrawal is reduced provisioning of water for instream 
uses. The timing and magnitude of flow and the physical and chemical qualities of water are 
essential for maintaining aquatic ecosystems (National Science and Technology Council 
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2007, USGS 2002, O’Shea 2000). We know ecosystems play a key role in cleaning and 
storing water and in providing other ecosystem services, but considerable uncertainty 
remains. Despite progress in ecohydrology, we have not quantified the processes, values, 
and other aspects of these services, nor the water required to maintain them (National 
Science and Technology Council 2007).  

  

Figure 12. Surface 
water withdrawals 
by type around 
Minnesota.  

Self-supplied 
domestic (e.g. rural 
residential) and self-
supplied commercial 
uses were combined 
into one category 
(yellow in charts) in 
this assessment, as 
were mining and 
industrial uses 
(orange in charts) 
and irrigation and 
livestock (as 
“agriculture,” teal in 
charts).  
(USGS 1986.) 

Figure 13. 
Groundwater 
withdrawals by 
type in major 
Minnesota 
aquifers.  

(USGS 1986.) 
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C. Assessing Availability 
 

How much water is available for human use? Given the complexity of the water cycle, the 
variability across time and space, and the challenges of accurate measurement and estimation, it 
is hard to quantify what is actually occurring, let alone confidently predict the cascading effects 
of human-induced change.  

While some water-cycle components, such as precipitation and stream flows, can be relatively 
easy to measure or estimate accurately, others, such as transpiration and recharge, are much more 
difficult (Winter et al. 1998, Carter et al. 1996). USGS (2002) suggested a need to improve 
measurement methods. The USGS has also discussed parameters that need to be assessed in 
order to develop regional and national pictures of water availability. In most cases, the 
boundaries of major aquifer systems do not coincide with the hydrologic accounting units used 
for surface water assessments, because groundwater and surface water drainage divides do not 
coincide (Winter et al. 1998, USGS 2002). It has been suggested that groundwater variables be 
reported by major aquifer system, and that surface water variables be reported by hydrologic 
accounting unit. What is not clear is how to treat groundwater–surface water interactions that 
transcend these boundaries (USGS 2002). Yet groundwater–surface water interactions have been 
identified as key to furthering our understanding of water availability issues (Alley et al. 1999, 
Winter et al. 1998, VanBuren 2007).  

Reilly and colleagues (2008) noted that regional groundwater budgets are fundamental to 
understanding the inflows to a groundwater system and the impact of water withdrawals on flow 
components of the hydrologic cycle. They argued that groundwater systems need to be 
monitored regularly to assess availability and consequences of development and climate change. 
Activities and outputs would include current and historic quantification of water budget 
components, modeling of regional groundwater systems, assessment of regional hydrogeology, 
evaluation of existing monitoring networks, and testing and evaluation of new approaches to 
assessing regional hydrogeology (Reilly et al. 2008).  

Reppe and colleagues (2005) stated that knowledge of groundwater recharge, discharge, and 
storage is fundamental to understanding groundwater availability. However, Alley and 
colleagues (1999) suggested that we don’t need to quantify groundwater storage to understand 
what water is available to humans without adverse consequences for aquatic and riparian life or 
future human needs because (1) most groundwater systems eventually equilibrate to a new 
steady-state storage level in response to pumping; and (2) in a steady-state system, changes to 
inflow or outflow tend to be balanced by other changes to inflow and outflow rather than by 
changes to storage (Alley et al. 1999, D. Setterholm pers. com. 2009). They recommend 
monitoring groundwater levels to ensure that significant depletion is not occurring and focusing 
availability estimates on assessing changes to inflows and outflows in response to human use, 
quantifying and describing environmental effects of these changes, and identifying what the 
public defines as undesirable effects on the environment (Alley et al. 1999). 
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1. Measurement Methods 

A number of methods are available for measuring various components of the water cycle.  

a. Groundwater Storage. One promising technique for assessing changes in 
groundwater storage is the use of microgravity measurements. In this approach, 
gravity measurements from space or land networks are compared over time. 
Changes relate to changes in mass due to drainage of underground storage. Thus, 
integration of gravity changes over the study area can be used to estimate changes 
in storage (National Science and Technology Council 2007).  

 
b. Aquifer Recharge. Aquifer recharge can be estimated at local, basin, and regional 

scales using methods at the surface or in the unsaturated or saturated zone (Delin 
and Falteisek 2007, Water Resources Center 2009).  

Local-scale methods include (Delin and Falteisek 2007, Water Resources Center 
2009): 

• Lysimeter—provides estimate of “potential recharge”; limited by expense 
and difficulty of constructing and maintaining lysimeters 

• Unsaturated zone modeling—uses measured soil moisture, water pressure 
profiles, and known surface fluxes; limited to point estimation 

• Seepage meter—measures seepage to or from groundwater using a cylinder 
at the groundwater–surface water interface at the bottom of a water body; 
inexpensive, but many measurements may be needed because they are point 
estimates 

• Darcy’s Law—estimates recharge based on estimated hydraulic gradients 
and conductivities  

• Chemical tracer—measures the rate of migration of known environmental, 
accidental (e.g., contaminant spills) or intentional (e.g. bromide, dyes, or 

tritium) pulses; can be used to estimate recharge rates 
• Zero-flux plane—estimates recharge rates by equating them with the rate of 

change of storage below the zero-flux plane, which separates upward 
(evapotranspirative) from downward (drainage) water movement, through 
the use of soil matric-potential and soil moisture measurements  

• Heat tracer—uses temperature measurements and modeling to estimate 
hydraulic conductivity of sediments; if hydraulic head is measured, can be 
used to estimate percolation rates 

• Water table fluctuation—uses water table fluctuations and the average 
specific yield of the aquifer material to assess recharge; limited by accuracy 
of specific yield determination and frequency and accuracy of water-level 
measurements 

• Soil water balance—considers land use, topography, soils, and climate in 
recharge estimation 
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Basin-scale methods include: 
 

• Base-flow—uses base flow measured or obtained by computer analysis to 
approximate the recharge of the watershed that contributes to the streamflow 

• Watershed modeling—calibrates a model to match surface water fluxes in 
streams and find the recharge rate that best explains the fluxes 

• Watershed characterization—undertakes a systems analysis of water fluxes 
and uses the water balance analysis to estimate renewable flux at multiple 
scales 

• Groundwater modeling—calibrates the model with water table or 
piezometric head measurements; can estimate areal recharge, water levels, 
and contaminant transport throughout a modeled area and compare multiple 
scenarios 

• Chemical tracer—uses environmental, historical, or applied tracers, as above 
• Heat tracers—use temperature measurements as described above 
• Regional-scale methods include: 
• Water balance—calculates recharge as the residual (difference over time) of 

the water balance; can be conducted at local or basin scales with appropriate 
data 

• Regional regression recharge—uses base-flow recession assessment to 
estimate recharge; relates this to areal precipitation, growing degree days, 
and specific yield of the soil overlying the aquifer 

 
2. Minnesota Examples  

 
Water availability, recharge, and other water cycle components have been assessed in 
Minnesota at the state, regional, and watershed level. 

 
• USGS scientists compared estimates of recharge using five methods: (1) percentage 

of precipitation, (2) automated analysis of stream-flow recession displacements, (3) 
graphical analysis of groundwater fluctuations, (4) age dating of shallow 
groundwater, and (5) statistical analysis of groundwater characteristics (Ruhl et al. 
2002).  

• USGS scientists conducted a water availability assessment of the Red River of the 
North (Reppe 2005). They used information on aquifer area, saturated thickness, 
and porosity to estimate aquifer storage. They also estimated water budgets for each 
aquifer system using results from steady-state aquifer simulations; published water-
budget estimates based on precipitation data, hydrograph analysis, and infiltration 
capacities of soils; and published recharge and discharge components (Reppe 2005). 

• Nieber and colleagues (2010) developed and used a watershed characteristics 
method to estimate renewable water flux at multiple scales. The method analyzes 
water as a unified surface and groundwater resource. Potential availability is 
assessed based on runoff measurements and characteristics in concert with 
landscape and subsurface components and characteristics relevant to the hydrologic 
cycle at the scale of interest. 
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• The Environmental Quality Board compared present and projected estimates of 
water use and supply (VanBuren 2007). Supply was estimated by taking the mean 
of the middle three values obtained from: (1) the regional regression recharge 
method (two values, from USGS), (2) watershed characteristics method, (3) net 
available precipitation, and (4) fractional precipitation deemed available for 
recharge. Demand estimates were based on average reported county per capita use, 
estimates of nonpermitted uses, and projected population changes. Current and 
future demand as a percentage of supply was estimated for each Minnesota county. 

• The Metropolitan Council used population forecasts, DNR water use data, and 
projections of increased efficiency and reduced demand for certain uses to project 
metropolitan water demand to 2030 and 2050 (Metropolitan Council 2004).  

 
D. Minnesota Water Budget Examples 

 
1. USGS Hydrologic Investigations 

USGS published a series of 39 atlases in the 1960s and 1970s of water resources in 
Minnesota (figure 14). The units of assessment were 39 “watershed units” established by the 
DNR (USGS 1965–1976). Each atlas contains a description of the watershed unit’s water 
budget.  

The assessments assumed that no changes in storage occurred. 
Underflow (equal to net groundwater flow into or out of the 
system) was either assumed to be minimal, or assessed and 
reported as 0.1 inches per year or less. Streamflow gages in each 
watershed were used to measure surface water inflows and 
outflows. The difference between the two was determined to be 
the surface runoff for the watershed. Precipitation was measured 
using rain gages and compared with other estimation methods to 
extrapolate across each area. Evapotranspiration was reported as 
the difference between precipitation and runoff for each area. 
Human withdrawals were not included in the water budget 
equations. Most of the atlases contain average annual 
calculations or estimates of these components over 20-plus years 
between 1935 and 1969. Of the 39 atlases, 28 covered 25 or 
more years, with the years 1940–1964 in common. Five of the 
atlases covered fewer than 15 years.  

 
To estimate statewide water budget components over that time period, I multiplied each 
watershed unit’s components by the watershed’s area and summed over the entire state. For 
example, runoff values for atlases 1–39 were calculated by each atlas’s area of reference and 
summed to get runoff for the state. The data used for this estimation are contained in the 
appendix. The total watershed area reported is 86,857 square miles, which covers most of 
Minnesota’s 86,943 square miles. In a few watersheds, only a part of the watershed’s 
drainage area was analyzed.  

Figure 14. Cover of a USGS 
hydrologic investigation atlas.  
(U.S. Geological Survey  
1965–1976.) 
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By this method, average annual runoff was estimated to be 7.4 trillion gallons per year. 
Precipitation was calculated as 38.9 trillion gallons per year, and evapotranspiration was 
31.4 trillion gallons per year. Since changes in storage and underflow were assumed to be 
negligible, the water budget can be written (all values in trillions of gallons): 

 38.9 (P) – 31.4 (ET) – 7.4 (runoff) – 0 (underflow) = 0 (change in storage). 

2. USGS Water Year Data Summary 1987 

Figure 15 depicts a water budget for Minnesota published by the USGS using 1985 data 
(USGS 1987). For the following discussion, the numbers have been converted to gallons per 
year. This water budget, converted to trillions of gallons per year, is:  

38.0 (P) – 30.5 (ET) + 1.3 (SWI) – 8.5 (SWO) – 0.3 (CU) = 0.0 (change in storage) 

 
 

 
 
 
 
 
 

3. Flux Estimates 
 
 

3. Flux Estimates 
 

Neiber and colleagues (2010) have used a watershed characteristics methodology to develop 
estimates of renewable flux at various scales across Minnesota. Hydrologic variables are 
related to landscape parameters such as surface cover and underlying geology in order to 
estimate flux at a given area. Multiplication of broad-scale flux estimates (figure 16) by the 
area of each region and summation of the products yields an estimated average annual flux 
of 7.18 trillion gallons in Minnesota.  
 
4. Comparison of Historical Water Budget Components and Data 

 
Comparison of the water budget components derived from the USGS hydrologic 
investigations, those of the USGS 1987 national water summary, and the flux calculated by 
Neiber and colleagues’ method may provide some insight into how Minnesota’s water 
budget has changed since the publication of the USGS hydrologic investigation atlases, and 
may also provide some evidence regarding the validity of the associated water budget 
estimates. Although both of the USGS budgets are based on dated information and may not 
have a consistent scale of assessment, they may be a useful starting point for discussion. In 
order to make an applicable comparison, assume that “runoff = P – ET” for the 1987 
national water summary, as USGS did in its earlier hydrologic investigations. We can then 

ET = evapotranspiration, P = precipitation, SWO = 
surface water outflow, BRF = boundary river flow, 
SWI = surface water inflow, CU = consumptive use. 
(U.S. Geological Survey 1987.) 

 

Figure 15. Minnesota water budget in million 
gallons per day (MGD).  
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calculate an analogous “runoff” estimate for 
1985: 38.0 trillion gallons (P) – 30.5 trillion 
gallons (ET) = 7.5 trillion gallons runoff for 
1985. This number is remarkably similar to the 
runoff estimate of 7.4 trillion gallons per year 

for the earlier hydrologic investigations. 

The statewide flux calculated from Nieber 
and colleagues’ results (7.18 trillion gallons 
per year) is also very close to the two USGS 
runoff estimates. This flux estimate is 
analogous to P – ET (“runoff”) in the two 
USGS estimates in that the flux is defined as 
the precipitation falling onto the landscape 
that is not lost to evapotranspiration, and 
assumes that no change in groundwater 
storage occurs.  

Historical precipitation and temperature data 
for Minnesota are shown in figure 17. 
Average temperature and precipitation in 
Minnesota for 1940–1964 was 40.9°F and 
26.2 inches. For 1985–2009 these values 
were 41.9°F and 27.8 inches. One-way 
analysis of variance (ANOVA, see table 5) 
indicates that the mean 1940–1964 
temperature differs significantly from that of 

1985–2009 at the 0.05 α-level (p = 0.030); mean precipitation between these two time 
periods was not significantly different (p = 0.080). This climatic change, as well as changes 
in land cover, should be considered in any comparison of historical water budget data. Note 
also that the 1985 annual statewide precipitation was 30.77 inches, which is more than one 
standard deviation greater than the period of the USGS hydrologic investigations (1940–
1964 mean = 26.2 inches, S.D. = 2.8 inches). The average statewide temperature in 1985 
was 39.0 °F, which is lower by more than one standard deviation than the 1940–64 mean 
(40.9 °F, S.D. = 1.3 °F). This information may be useful in assessing differences between 
the two USGS water budgets. 

 

 

 

 

 

Figure 16. Mean and interquartile annual and 
February flux by watershed characteristics 
method in Minnesota.  
(Neiber et al. 2010.) 
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Table 5. One-way ANOVA statistics for comparison of temperature and precipitation  
between 1940–1964 and 1985–2009.  

(M. Seeley, pers. com. 2010.) 
 

 

 

 

Although water availability assessments raise issues of scale and of the need to quantify 
ecosystem water needs, a statewide water budget is useful in getting a handle on water 
availability for Minnesota. In the example of the USGS Hydrologic Investigations, comparison 
of each watershed’s historic and current use versus historically available runoff could be helpful 
in examining regional availability issues. It is interesting to note that Minnesota’s estimated 2005 
water use was approximately 1.52 trillion gallons (Kenny et al. 2009), which is a significant 
portion (20% to 21%) of the above runoff estimates (7.18, 7.4, and 7.5 trillion gallons). Note that 
the USGS Hydrologic Investigations did not include human withdrawals in the water budget 
estimations, while the 1987 USGS National Water Summary did include consumptive use 
(defined as the water withdrawn that is not immediately returned to the same source) in its water 
budget. In 1990, Minnesota’s consumptive use was estimated at about 27% of total use. Thus, an 
assessment of the portion of human withdrawals that are consumptive and an appropriate 
inclusion of this factor into the water budget would be important. 

  

 Average 
Temperature 

Variance/ 
Std. Deviation 

p Average 
Precipitation 

Variance/Std. 
Deviation 

p 

1940–
1964 

40.9 1.7/1.3 0.030 26.15 7.65/2.77 0.080 

1985–
2009 

41.9 3.50/1.9  27.77 11.1/3.33  

Figure 17. Annual statewide average temperature and precipitation in Minnesota  

(M. Seeley, pers. com. 2010.) 
 

Year

Annual Statewide Precipitation and Temperature 
in Minnesota, 1940-2009

Temperature (°F)

Precipitation (in.)



Minnesota Water Sustainability Framework 
Minnesota Water Supply and Availability 
January 2011 
 

27 
 

E. Sustainable Supply Considerations 
 
Sustainable management must incorporate public opinion as to acceptable consequences of 
management decisions. Any water use entails a change to the environment; thus, the decision is 
not whether to affect the environment, but what level of change is acceptable (Alley et al. 1999).  
Water supply depends on factors such as the locations of surface waters and aquifers, sustainable 
withdrawals, and water quality. Sustainable use implies withdrawals within the amount nature 
provides, meaning precipitation minus evapotranspiration, runoff, and necessary discharges for 
water-dependent features, ecosystems, and biological communities (D. Setterholm pers. com. 
2009, Water Resources Center 2009). 

The Subcommittee on Water Availability and Quality (SWAQ) of the National Science and 
Technology Council’s Committee on Environment and Natural Resources noted that “available 
water” is a function of both quantity and quality. SWAQ has promoted replacement of the phrase 
“water availability” with “water availability and quality” in order to further this idea (National 
Science and Technology Council 2007).  
 

1. Assessment Needs 

Optimal water management cannot be achieved without adequate surface and groundwater 
supply assessments at appropriate scales. Improved knowledge of the size, distribution, and 
trends is necessary to allow more efficient, sustainable, and equitable allocation of this life-
sustaining resource (National Science and Technology Council 2007). 

a. Minnesota Strategies. Sufficient, comprehensive mapping of groundwater systems 
combined with withdrawal information and careful observation can enable reliable 
predictive modeling and informed management (Water Resources Center 2009). 
Although such mapping can ensure best management, availability also depends upon 
climate, so any availability assessment must incorporate climate factors (D. Setterholm 
pers. com. 2009). 

A groundwater sustainability workshop sponsored by the University of Minnesota Water 
Resources Center and the Freshwater Society produced a guiding conceptual framework 
for development of groundwater management plans (Water Resources Center 2009). 
While many of the recommendations are specific to groundwater, many of the concepts 
also apply to management across surface-water and groundwater resources. It was noted 
that in order to achieve sustainability, an integrated and comprehensive systems approach 
is needed that recognizes groundwater–surface water interactions and considers both 
quantity and quality. 

In response to questions regarding needed data and tools, effects of external drivers on 
groundwater, and obstacles to sustainable management, workshop participants noted the 
following barriers to progress:  

• a general perception of abundance, even though there are some major limitations 
to groundwater supply 
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• a lack of a sense of urgency and public understanding of groundwater issues 
• a lack of professional consensus on management and assessment strategies, such 

as whether sustainability assessments should include storage or focus solely on 
flux, how to address ecosystem needs, and how to determine acceptable tradeoffs 

• limited access to climatic, land use, long-term water, and other data 
• limitations of the legal and government structures 
• the fractured nature of water science and management in Minnesota 
• the failure to internalize costs—because the only internalized costs are of 

operation and management of retrieval systems, people do not realize the real 
value of water 

Participants’ input was used to develop a document for guiding development of 
sustainable management plans. Key elements include: 

i. Involve Stakeholders. Bring stakeholders together at the outset to define 
management or protection goals. Develop a process for ongoing engagement, 
collaboration, and communication with and among stakeholders. 

 
ii. Develop a Conceptual Model. Create a conceptual model of the hydrologic 

system. This can start basic and be augmented and adapted as data are 
gathered and understanding increases. 

 
iii. Define a Management Area. Base appropriate areas on hydrologic no-flow 

boundaries as much as possible; where this is not practical, designate 
boundaries conducive to flow measurements. These boundaries can be 
adapted as new knowledge emerges. 

 
iv. Collect the Necessary Data. A key sustainability challenge is to predict the 

hydrologic effects of alternative scenarios so appropriate decisions can be 
made. This requires sufficient data and tools, such as topographical and 
subsurface maps and ongoing data regarding chemistry, biology, and 
ecosystems. 

 
v. Determine the Tools and Methods Appropriate for the Questions and the 

Data. Different assessment tools are appropriate for different data types, 
management goals, financial resources, risks, and time frames.  

 
vi. Consider Policy. Since no single policy guides groundwater allocations, a 

suggested process would include allocating existing uses, determining future 
desired uses, developing consensus on availability, and prioritizing present 
and future uses. Consideration of which groundwater resources to draw upon 
is also important. 

 
vii. Apply and Analyze Results. When the information gathered is compared to 

policy considerations and goals, appropriate and sustainable allocations and 



Minnesota Water Sustainability Framework 
Minnesota Water Supply and Availability 
January 2011 
 

29 
 

management strategies can be determined. These strategies should identify 
resource protection thresholds that protect water resources and ecosystems; 
use appropriate tools to predict the effects of projected use on systems; 
consider the effects of external drivers; develop threshold monitoring and 
mitigation plans; and reevaluate allocations, thresholds, and mitigation 
measures as new information becomes available. 

 
viii. Implement Ongoing Improvement and Feedback to Management Plan. The 

management plan should be a living document and allow for improvement 
through incorporation of feedback and adaptation. Data collection strategies 
should be strategic and comprehensive, and data collected by all jurisdictions 
should be accessible and integrable (Water Resources Center 2009). 

b. USGS Strategies. USGS authors have stated that “a key starting point for assuring 
a sustainable future for any groundwater system is development of a 
comprehensive hydrogeological data base over time.” Data would include 
thicknesses of hydrogeological units, water level measurements over time, 
groundwater sampling, and simultaneous measurements of stream flow and quality 
during low flows to indicate possible groundwater contributions to surface water 
quality issues (Alley et al. 1999). 

Noting that a “nationwide assessment of water availability does not exist, or, at 
best, is several decades old,” USGS (2002) proposed an assessment that would 
report on indicators of status and trends in storage, flows, and uses of water 
nationwide. Regional information on recharge, evapotranspiration, interbasin 
transfers, and other water cycle components would also be maintained. USGS has 
emphasized partnering with all relevant agencies and use of these data alongside 
water-quality information to provide a more complete picture of water availability 
(USGS 2002). Importance is placed on measurement and reporting on indicators at 
time scales useful for management decisions and trend identification; development 
of methods to report on certain indicators and components; and reporting 
availability and use data at state, regional, and hydrologic accounting unit scales to 
inform management decisions.  

Reilly and colleagues (2008) state that regional-scale information and models 
should support a regional framework for more detailed studies and models to 
support local management decisions. Indicators of availability include parameters 
such as annual and periodic streamflow, reservoir and other surface storage, 
groundwater level indices, changes in groundwater storage, and numbers and 
capacities of wells and recharge facilities. They suggest that water use and water 
quality indicators should also be included, since water use, quality, and availability 
are inextricably intertwined and one cannot accurately assess availability without 
understanding demand and quality.  

Alley and colleagues (1999) suggest types of data and compilations needed for 
analysis of groundwater systems. These include: 
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i. characterization of the physical framework via topographic maps that include 
surface water features, relevant cultural or structural features, geologic maps, 
and various types of hydrogeologic maps  

ii. indicators of hydrological stresses and budgets, such as data on precipitation, 
evaporation, streamflow, spring discharge, interbasin diversions, consumption, 
groundwater discharge to streams, pumping rates in aquifers, and locations and 
estimates of recharge 

iii. information on chemical components, such as aerial geochemical 
characteristics, spatial distribution of water, contaminant sources and types, 
maps of land cover at relevant scales, and temporal patterns or changes in 
streamflow quality and groundwater quality 

 
F. Next Steps 
 
Many effective water monitoring and assessment programs underway, but current quantitative 
knowledge of the national water supply is inadequate (National Science and Technology Council 
2007, U.S. General Accounting Office 2004).  
 
U.S. population grew from 5.3 million in 1800, to 179 million in 1959, to 300 million in 2006 
(National Science and Technology Council 2007). Regional population growth, developments in 
the agricultural and energy sectors, climate change and variability, pollution, and competition for 
water all will influence the future availability of water (National Science and Technology 
Council 2007).  

Noting that “abundant supplies of clean, fresh water can no longer be taken for granted,” SWAQ 
(National Science and Technology Council 2007) identified three major national challenges to 
ensure adequate water supply:  

1. measure and account for water  

2. develop methods that will allow expansion of freshwater supplies while using existing 
supplies more efficiently 

3. develop and improve predictive management tools 

Measurement and accounting of quality and quantity “requires a systems approach” that builds 
upon the existing monitoring programs maintained by water management authorities, states, and 
federal government agencies to ensure that regional and national water resources are measured 
accurately (National Science and Technology Council 2007).  

SWAQ noted that data and information should be widely available, should integrate the physical 
and social sciences, and should be relevant to all pertinent decision makers and stakeholders. It 
also noted that we should understand the role of ecosystems in maintaining water quality and 
quantity. Observing that past water management focused solely on meeting society’s needs and 
often paid little heed to water required to maintain healthy ecosystems, SWAQ emphasized 
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important processes of healthy aquatic and riparian ecosystems, such as nutrient cycling, water 
purification, flood control, recreation, and maintenance of biodiversity, and the dependence of 
human water availability on ecosystems’ roles in the natural water infrastructure. It also made 
the point that appropriate use and treatment of marginal or impaired waters can bolster the water 
supply. Technological developments can reduce water demand in various sectors. Economists 
and social scientists may identify ways to improve acceptance or implementation of innovations 
in water use and water markets that will facilitate more efficient use of existing supply. SWAQ 
also emphasized the need for both short- and long-term predictive methods. These methods, 
which should include models and other forecasting tools supported by sound data, should be 
communicable to stakeholders and decision makers. They are important not only to effective 
management of water resources and infrastructure, but also to protection of public health and 
aquatic life, and can inform long-term policy and planning. A “critical action” is to link 
hydrologic models to climate models to simulate the water cycle over broad spatiotemporal 
scales. 

SWAQ proposes seven actions to address broad national challenges: 

1. implement a national water census 
 

2. develop a new generation of water monitoring techniques 
 

3. develop and expand technologies for enhancing reliable water supply 
 

4. develop innovative water use technologies and tools to enhance public acceptance of 
them 

 
5. develop collaborative tools and processes for U.S. water solutions 

 
6. improve understanding of water-related ecosystem services and ecosystem needs for 

water 
 

7. improve hydrologic prediction models and their applications 
 
These actions, if taken, could provide valuable insights for water management in Minnesota.  
 
Development of a national water census (http://water.usgs.gov/wsi) is one of USGS’s seven 
major strategic directions for 2007–2017 (USGS 2007). Acknowledging that state and local 
governments are responsible for water management, USGS notes that needed hydrologic 
knowledge transcends state boundaries. To that end, a stated USGS goal is to provide technical 
information and tools to stakeholders to evaluate water availability and inform decision making 
(National Water Census 2010). Perhaps some of these tools will help us to answer the question, 
“How much water can the people of Minnesota sustainably use?” 
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Appendix A 
 
Key to abbreviations: P=precipitation, ET=evapotranspiration, R= runoff, SWI=surface water inflow, 
SWO=surface water outflow, CU=consumptive use, BRF= boundary river flow 

 
USGS Hydrologic Unit Investigations 

atlas # 

# in 
Series 
(of 
39) 

Total Areal 
Runoff  

Total Areal 
Precip 

Total Areal 
ET 

P (meas. 
In/yr) 

ET 
(in/yr) 

Runof
f 
(in/yr) 

Total 
Areal 
Underfl
ow Underflow 

Change 
in 
Storage 

Area 
(sq. 
mi) 

Years of 
Record 

ha-201 One 2437.2 40620 38182.8 20 18.8 1.2 0 0 0 2031 1959 
ha-278 15 37743.12 179032.44 141218.64 25.33 19.98 5.34 70.68 0.01 0 7068 1886-1964 
ha-346 11 13728 116160 102432 22 19.4 2.6 0 0 0 5280 1902-1965 
ha-269 22 1380.6 17257.5 15876.9 22.5 20.7 1.8 0 0 0 767 1930-1964 
ha-339 10 4680 55120 50440 21.2 19.4 1.8 0 0 0 2600 1931-1964 
ha-307 9 2366 31603 29237 18.7 17.3 1.4 0 0 0 1690 1931-1965 
ha-556 3 44100 126450 82350 28.1 18.3 9.8 0 0 0 4500 1931-1970 
ha-551 4 15170 49025 33855 26.5 18.3 8.2 0 0 0 1850 1931-1970 
ha-544 34 17400 66700 49300 23 17 6 0 0 0 2900 1931-1970 
ha-586 1 35405 100375 64605 27.5 17.7 9.7 0 0 0 3650 1931-1974 
ha-549 5 13390 51706 38110 25.1 18.5 6.5 206 0.1 0 2060 1931-70 
ha-380 16 14664 99264 84600 26.4 22.5 3.9 0 0 0 3760 1934-1967 
ha-345 25 1478 17440.4 15962.4 23.6 21.6 2 0 0 0 739 1935-1965 

 
6 or 
12 39866 175460 135594 28.3 21.87 6.43 0 0 0 6200 1935-1969 

a-220 21 1367.8 23252.6 21884.8 23.8 22.4 1.4 0 0 0 977 1936-1963 
ha-320 24 2247 26750 24503 25 22.9 2.1 0 0 0 1070 1936-1965 
ha-286 23 3952 52416 48464 25.2 23.3 1.9 0 0 0 2080 1938-1965 
ha-466 26 5640 47752 42112 25.4 22.4 3 0 0 0 1880 1938-1969 
ha-437 30 14915 43803 28888 27.9 18.4 9.5 0 0 0 1570 1939-1966 
ha-528 17 9108 76176 66792 27.6 24.2 3.3 276 0.1 0 2760 1939-1968 
ha-509 18 9610 43710 33945 28.2 21.9 6.2 155 0.1 0 1550 1939-1968 
ha-534 19 17116 103474 86358 26.6 22.2 4.4 0 0 0 3890 1939-1968 
ha-488 31 8670 29478 20808 28.9 20.4 8.5 0 0 0 1020 1939-1968 
ha-490 32 6045 26226 20181 28.2 21.7 6.5 0 0 0 930 1939-1968 
ha-525 27 14908.8 90695.2 75786.4 29.2 24.4 4.8 0 0 0 3106 1940-1969 
ha-526 29 9022.5 57744 48721.5 28.8 24.3 4.5 0 0 0 2005 1940-1969 
ha-548 36 18504 75815 57311 29.5 22.3 7.2 0 0 0 2570 1940-1969 
ha-552 37 7103.6 36481.2 29377.6 30.3 24.4 5.9 0 0 0 1204 1940-1969 
ha-553 38 5890 41385 35495 26.7 22.9 3.8 0 0 0 1550 1940-1969 
ha-555 39 5425 45150 39725 25.8 22.7 3.1 0 0 0 1750 1940-1969 
ha-543 35 10894 47263.2 36369.2 28.2 21.7 6.5 0 0 0 1676 1940-1969 
ha-522 34 7103.6 36481.2 29136.8 30.3 24.2 5.9 0 0 0 1204 1940-1969 
ha-582 2 3900 8400 4500 28 15 13 0 0 0 300 1941-1970 
ha-391 28 3993.3 40524.6 36679.2 27.4 24.8 2.7 0 0 0 1479 1942-1966 
ha-296 8 3840 46848 43008 24.4 22.4 2 0 0 0 1920 1943-1965 
ha-213 20 825 12870 12045 23.4 21.9 1.5 0 0 0 550 1945-1962 

ha-272 7 800.24 32152.5 28494.26 22.5 19.94 0.56 0 0 0 1429 

1956 
(“near-
normal”) 

ha-237 13 4065.6 24640 20451.2 20 16.6 3.3 0 0 0 1232 

average of 
1947, 1950, 
1952 

ha-241 14 4944 40170 35226 19.5 17.1 2.4 0 0 0 2060 

averaged 
1956, 53, 
61 
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  423698.36 2235870.84 1808025.7 
<<in*sq.
mi/yr   707.68   86857  

               area of MN reported 
                 

  
22597245.8

7 
119246444.

8 
96428037.3

3 
<<in ac-
ft/yr   

37742.
93333     

  
7.36334E+1

2 
3.88566E+1

3 
3.14212E+1

3 
<<gallon
s/yr   

122985
88761     

  
7.36334485

7 
38.8566244

4 
31.4212137

6 

<<trillion 
gallons/y
r   

0.0122
98589 trillion gallons per year   

                 

  

Average 
Annual 
Runoff 

Average 
Annual 
Precip 

Average 
Annual ET         

 

Extra Calculations for Above Areas and for USGS 1987 National Water Summary 

Area 13   p 20 USGS says average is 

average of 1947,1950,1952  et 16.56666667  121000 

    r 3.333333333   2268.75 

Area 14 average 1956, 1953, 1961       

  r 2.4     

  pp 19.46666667     

  et 17.5       

Area One   calculated stats based on USGS narrative of “average years”  

   2437.5    

p 20 2031.25    

et 18.8     

r 1.2         

      

numbers from 1987 national water summary     

P 104000 MGD 37.98496     

ET 83400 MGD 30.461016     

P-ET 20600 MGD 7.523944 trillion gallons per year 

SWO 23300 MGY 8.510092     

CU 768   0.28050432     

BRF 847   0.30935828     

SWI 3430   1.2527732     

 




