Ground Water and Surface Water – Equal Treatment
Introduction

Early philosopher’s theorized that water occurred in the form of subterranean reservoirs that supplied rivers, seas, springs and wells.  The treatment of ground water and surface water as equals came with the eventual understanding the two differ only in the “form” that water takes as it travels through the hydrologic cycle.  The hydrologic cycle may be described as the continuous movement of water above, below and on the Earth’s surface corresponding to (1) atmospheric moisture and precipitation, (2) ground water, and (3) lakes, streams and wetlands.  Described another way, today’s precipitation becomes tomorrow’s ground water, which in turn becomes the next day’s surface water.
Water Budget
Understanding the interaction between ground water and surface water necessitates an understanding of the hydrologic cycle and water budgets (Alley et. al, 1999).  All ground water systems can be described as a mass of water flowing through the pores and cracks of the Earth’s surface.  Water is constantly entering the system as precipitation and constantly leaving as discharge to surface water features.  Some also leaves the ground water system as evapotranspiration (uptake/consumption by plants).  Although ground water systems may be unique relative to their recharge, storage and discharge, all ground water systems have in common the fact that the amount of water entering the system is always equal to the amount leaving.  A simple diagram depicting the water budget concept follows:
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(Diagram adopted from Sustainability of Ground-Water Resources, Alley et al, 1999)
C.V. Theis (1940) authored a landmark paper related to the withdrawal of water from wells, ground water – surface water interactions and the water budget.  Theis characterized the withdrawal of water from a well as a new stress superimposed on a previously stable system.  Adhering to the water budget concept, the unstressed ground water system was described as a balance between recharge to the ground water system and the movement of the same water through the ground water system (which possesses its own fixed volume of stored water) to a point of natural discharge to hydrologic features such as springs and surface waters.  The withdrawal of water from a well acts as a new stress imposed on the system that must be balanced by an increase in recharge to the ground water system, a change in the volume of stored water within the system, a reduction in the original natural discharge, or a combination of the three until the system attains a new equilibrium.  The system at this “stressed” stage of equilibrium can be represented by the following:
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(Diagram adopted from Sustainability of Ground-Water Resources, Alley et al, 1999)
Since the publication by Theis, various authors have theorized on the ability to meet the stress of a ground water withdrawal through a combination of increased recharge and a reduction in natural discharge, the combination of which are often times referred to as “capture.”  In an editorial for Ground Water, Bredehoeft (1997) spoke to the issue of meeting a stress on the ground water system through the balance between recharge, storage and discharge.  Bredehoeft noted “induced recharge” is at best difficult to quantify, while further pointing out recharge is fixed by rainfall and does not change with development.  The importance in focusing on discharge, and more specifically the change in discharge, is emphasized since a new equilibrium is most often reached by a reduction in natural discharge equal to the ground water withdrawal from the well.
Stream Flow and the Ground Water Component
Streams interact with the ground water system in a variety of landscapes dependent upon the elevation of the water within the ground water system relative to the elevation of water in the stream.  Where the elevation of water in the ground water system is higher, streams act as the terminus for discharge gaining water from the ground water system as inflow (i.e. – gaining streams).  In instances where the stream elevation is higher, a stream may lose water to the ground water system as outflow through the streambed (i.e. - losing streams).  Over a long enough distance there may be instances where streams gain water in some reaches and lose water in others.  Periods of high or low flow within streams may even cause a single reach to be losing water to the ground water system or gaining water from the ground water system at different times.

Stream flow is not solely determined on the basis of stream interaction with the ground water system.  Precipitation falls on the land surface within the “drainage basin” of a stream.  A portion of the precipitation percolates into the ground ultimately reaching the saturated zone and recharging the ground water system.  Once in the ground water system the water migrates, as ground water, through the pore space of the soil (or rock) and discharges to the stream.  The remaining portion that does not infiltrate due to factors such as saturation of the soil or rejection from impervious surfaces becomes overland flow or runoff.  The portion of total stream flow derived from the ground water discharging to the stream is termed “base flow.”  The water occurring as overland flow drains to the stream and becomes part of the total stream flow.
Base flow, the ground water component of stream flow, varies widely across various geographic, climatic and geologic settings.  As an example, stream flows were analyzed in 24 regions across the United States where interactions of the ground water system with surface water were considered similar.  The analyses provided base flow as a percentage of total stream flow for the 24 regions.  The base flow component was found to range from 14 to 90 percent of total flow, with a median of 55 percent (Winter et. al, 1999).  As a rule, where soils are comprised of clay or similarly low permeability material the ground water contribution to streams as a percentage of total flow tends to be low.  Conversely, streams in areas where the soils are comprised predominantly of sand or similarly high permeability material tend to possess a high base flow contribution to total flow.
Estimates of base flow at selected gaging stations in the Great Lakes Basin suggest an average for the ground water component of 67.3 percent.  Representative data from the same report, Indirect Ground-Water Discharge to the Great Lakes, (Holtschlag and Nicholas, 1998) has been reproduced in the table below to demonstrate the importance of the ground water contribution to stream flow in some Michigan rivers:
Table 1: Representative Flow Data for Michigan Rivers
	River / Location
	Drainage Area

(sq. miles)
	Years

of

Record
	Average Flow

(ft3/sec)
	Base Flow  (ft3/sec)
	Base Flow as Percent

	E. Br. Ontonagon River / Mass
	272
	36
	257
	194
	75.6

	Sturgeon River / Nahma Junction
	183
	31
	196
	170
	86.9

	Ford River / Hyde
	450
	43
	378
	294
	77.8

	Portage River / Vicksburg
	68.2
	15
	59.9
	57.1
	95.2

	Macatawa River / Zeeland
	65.8
	37
	72.1
	26
	36.0

	Grand River / Jackson
	174
	62
	128
	106
	82.6

	Red Cedar River / East Lansing
	355
	65
	215
	154
	71.6

	Manistee River / Grayling
	159
	31
	184
	179
	97.0

	 S. Branch Au Sable / Luzerne
	401
	28
	229
	213
	93.0

	Swartz Creek / Flint
	115
	14
	77.0
	53.2
	69.1

	Cass River / Cass City
	359
	49
	231
	116
	50.4

	Black River / Jeddo
	464
	52
	306
	126
	41.3

	Clinton River / Fraser
	444
	49
	390
	283
	72.4

	River Rouge / Detroit
	187
	67
	125
	68.4
	54.8

	Huron River / Hamburg
	308
	46
	222
	202
	91.0

	River Raisin / Adrian
	463
	37
	345
	261
	75.6


For a majority of rivers and streams in Michigan the high base flow as a percentage of total flow emphasizes the importance of ground water’s contribution to sustaining stream flows.
As is the case with stream flow, the ground water component of flow can vary widely with season.  Generally, the maximum is observed in March or April and the minimum anytime from August to February (Holtschlag and Nicholas, 1998).  The plot below depicts the seasonal variability for four rivers in Michigan, three of which (the Sturgeon, S. Branch Au Sable and Black rivers) are also represented in Table 1 above.
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Figure 1: Average Monthly Baseflow for Selected Rivers in Michigan

(Plot provided by Brian P Neff, Water Resources Division, USGS, Lansing, Michigan)
A comparison of the minimum monthly base flow with the maximum monthly base flow in Figure 1 indicates that base flow in the St. Joseph River, S. Branch of Au Sable River, Black River and Sturgeon River varied seasonally by 350, 175, 800 and 450 percent, respectively.  The peak in base flow for all four streams occurred in March or April, while the minimum base flow was observed in August or September.
An important aspect to ground water – surface water interactions is that they are not just restricted to ground water – river interactions.  Lakes and wetlands may also exchange water with the ground water system.  Lakes and wetlands may receive ground water throughout the entire bottom, may experience seepage loss throughout the entire bottom, or possess areas of inflow and areas of outflow (Alley et al, 1999).  Often a lake or wetland is nothing more than a “surface reflection” of the unseen ground water system.  The importance of ground water to the hydrology of lakes is exemplified by the percentage of flow in the Great Lakes attributed to ground water.  Estimates of the ground water contribution, either direct or indirect, to the Great Lakes range from a low of 48 percent for Lake Erie to a high of 79 percent for Lake Michigan (Holtschlag and Nicholas, 1998)
The Water Budget and Consumption
Alley and others, (1999) note that when assessing the effect of a withdrawal it is critical to recognize that not all water pumped gets “consumed.”  In fact, with a majority of uses, a portion of the water pumped is not consumed but returned to the ground water (or surface water) system from which it came.
An example can be made of the use of water by public water supply systems.  Urbanization is often credited with creating serious hydrologic impacts due to the heavy use of water in such areas.  In reality, most municipal water is returned to the hydrologic system, rather than being lost through evapotranspiration as is the case with irrigation.  Accordingly, the efficient domestic and industrial use of water consumes less of the resource than agricultural use to irrigate crops.  Even irrigation of crops can have a portion of the used water return to the ground water or surface water system.  The efficient irrigation of crops is generally considered to be a highly consumptive use.   However, water applied to crops in excess of what the irrigated crop consumes through evapotranspiration, may return to the ground water system as infiltration, or to a surface water system as runoff and overland flow (Kendy, 2003).
Summary

The forward in the United States Geologic Survey, Circular 1139, Ground Water and Surface Water, A Single Resource (1999) best summaries the interaction between ground water and surface water:

“Traditionally, management of water resources has focused on surface water or ground water as if they were separate entities.  As development of land and water resources increases, it is apparent that development of either of these resources affects the quantity and quality of the other.  Nearly all surface water features (streams, lakes reservoirs, wetlands, and estuaries) interact with ground water.  These interactions take many forms.  In many situations, surface water bodies gain water and solutes from ground water systems and in others the surface water body is a source of ground water recharge and causes changes in ground water quality.  As a result, withdrawal of water from streams can deplete ground water or conversely, pumpage of ground water can deplete water in streams, lakes or wetlands.”

The above citation underscores the importance of the ground water – surface water interaction wherein withdrawals from surface water features can impact the ground water just as ground water withdrawals can impact surface water features.  The intimate connection between the two underscores the necessity of treating ground water and surface water as equals under the law.
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