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Pumped Wells and Recharge Wells

The practice of artificial recharge of water into aquifers 
is becoming an increasingly important component of many 
water-resource management programs. Artificial recharge 
is used as an alternative to surface-water reservoirs to store 
excess surface water and as a means to augment stream-
flows. Methods for artificially recharging an aquifer include 
direct injection by wells and infiltration by gravity in basins 
or ponds at the land surface. When water is injected into an 

aquifer at a recharge well, groundwater levels near the well 
increase, and groundwater flows outward from the result-
ing area of mounded water. If the aquifer is bounded by a 
stream, the rate of groundwater discharge to the stream will 
increase, and the timing and rate of streamflow accretion 
will be equal, but opposite in sign, to the timing and rate of 
streamflow depletion caused by pumping at the same loca-
tion and rate (as long as the system responds linearly to 
pumping, which is discussed in the section on “Superposi-
tion Models”). This scenario is illustrated by the first two 
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C.  Pumping followed by recharge
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Figure 26. Injection of water into a recharge well increases streamflow, and the timing and rates of streamflow accretion are equal, 
but opposite in sign, to those of streamflow depletion caused by pumping. A, A well located 500 feet from a stream is pumped at a rate 
of 250 gallons per minute (0.56 cubic foot per second) for 720 days. B, The same well is recharged at a rate of 250 gallons per minute for 
720 days. C, The well is pumped for 120 days, followed by a 120-day period of recharge. [Rates of streamflow depletion and accretion 
were calculated by using a computer program described in Reeves (2008).]

graphs in figure 26, which contrast streamflow depletion 
caused by pumping at a well located 500 ft from a stream 
at a rate of 250 gallons per minute (gal/min; fig. 26A) with 
streamflow accretion caused by recharging the aquifer at the 
same well at a rate of 250 gal/min (fig. 26B). The shape of 
the streamflow-depletion and streamflow-accretion curves 
are mirror images of one another, and each curve tends 
asymptotically toward the pumping or recharge rate of the 
well (±0.56 ft3/s or ±250 gal/min). Because depletion has 
been represented as a positive quantity throughout this report, 
streamflow accretion is shown as a negative quantity in the 
figure, although it should be apparent that artificial recharge 
has a positive effect on streamflow. The results shown in the 
figure are based on the important assumption that the mound 

of groundwater that is formed by injection at the recharge 
well remains below land surface; should the mound reach land 
surface, surface-water runoff may occur, resulting in less water 
available for groundwater discharge to the stream.

Graph C in figure 26 illustrates the effects of a 120-day 
pumping period followed by a 120-day recharge period at 
the same well. As described in the previous section of the 
report for the case of multiple wells pumping from an aquifer, 
the combined effects of the pumping and recharge cycle on 
streamflow are additive. As a result, the period of streamflow 
depletion caused by pumping is followed by a period of 
streamflow accretion caused by recharge; ultimately, sometime 
after recharge ends, the effects of pumping and recharge at the 
well diminish to zero. 



Streamflow Response to Groundwater Pumping  35

Streamflow Depletion and Water Quality

One of the important concerns associated with 
streamflow depletion by wells is the effect of reduced 
groundwater discharge on the quality of affected surface 
waters. Groundwater discharge affects the chemistry of 
surface water and plays an important role in regulating 
stream temperature, which is a critical water-quality property 
in determining the overall health of an aquatic ecosystem 
(Baron and others, 2002; Hayashi and Rosenberry, 2002; 
Stonestrom and Constantz, 2003; Risley and others, 2010). 
Because groundwater-temperature fluctuations are 
relatively small compared to daily and seasonal streamflow-
temperature fluctuations, groundwater discharge at a 
nearly constant temperature provides a stable-temperature 
environment for fish and other aquatic organisms. Average 
shallow groundwater temperature at a particular location is 
approximately equal to mean annual air temperature, and, 
as a result, groundwater discharge is typically warmer than 
the receiving streamflow during the winter and cooler than 
the receiving streamflow during the summer. Groundwater 
discharge provides cool-water environments that protect 
fish from excessively warm stream temperatures during 
the summer, and conversely, relatively warm groundwater 
discharge can protect against freezing of the water during 
the winter (Hayashi and Rosenberry, 2002). Stark and others 
(1994) and Risley and others (2010) provide examples of 
the effects of pumping on stream temperatures. The work of 
Risley and others (2010) illustrates how reductions in the rates 
of groundwater discharge to streams caused by pumping can 
warm stream temperatures during the summer and cool stream 
temperatures during the winter.

For many issues related to the quantity of streamflow 
depletion, such as water-rights administration and instream-
flow needs to sustain aquatic habitats, the distinction between 
the two components of depletion—captured groundwater 
discharge and induced infiltration of streamflow—is generally 
not of interest. For water-quality concerns, however, the 
relative contribution of captured groundwater discharge 
and induced infiltration have important implications to the 
resulting quality of the streamflow, groundwater, and pumped 
water. Where groundwater pumping is large enough to cause 
induced infiltration of streamflow, the quality of the induced 
surface water will affect the quality of water in the underlying 
aquifer and possibly that of the pumped wells themselves. 
Infiltrated surface water that has been contaminated by 
chemical pollutants or biological constituents such as Giardia 

lamblia and Cryptosporidium, therefore, can be a source of 
contamination to a groundwater system, potentially having 
adverse effects to the health of people ingesting water 
from the contaminated groundwater supply. The amount of 
surface-water contamination entering a water-supply well 
will depend on several factors, including the natural ability 
of the streambank and aquifer materials to filter contaminants 
from the polluted water (Bourg and Bertin, 1993; Macler, 
1995). Natural “bank filtration” of surface-water contaminants 
as they move from a stream to a pumped well involves 
geochemical and biological processes that remove nutrients, 
organic carbon, and microbes from the contaminated water 
(National Research Council, 2008; Farnsworth and Hering, 
2011). Numerous field studies of the distribution, transport, 
and fate of chemical and biological constituents within 
contaminated and uncontaminated aquifers have been done 
to establish hydraulic connections between surface-water 
sources and pumped groundwater and to test the effectiveness 
of bank filtration and other natural processes for reducing 
contaminant concentrations. Examples of these types of 
studies are available for many areas of Europe and the United 
States (Farnsworth and Hering, 2011), including Ohio (Sheets 
and others, 2002), Missouri (Kelly, 2002; Kelly and Rydlund, 
2006), and Oregon (McCarthy and others, 1992).

Groundwater-temperature measurements can be an 
effective method to demonstrate the hydraulic connection 
that exists between groundwater and surface-water systems 
and to trace surface-water infiltration in groundwater systems 
(Stonestrom and Constantz, 2003; Anderson, 2005; Constantz, 
2008). An example of the use of temperature measurements 
to demonstrate a hydraulic connection between surface 
water and pumped wells is provided by the results of a 
study conducted in 1960–61 along the Mohawk River near 
Schenectady, New York (fig. 27), where the aquifer consists 
of highly permeable sand and gravel deposits. Groundwater 
pumped from two well fields near the river averaged about 
20 Mgal/d during the study period, with about 90 percent 
of the pumping occurring from the well field furthest from 
the river (Winslow, 1962). The temperature of the river on 
the measurement date (September 7, 1961) was 77 degrees 
Fahrenheit (°F), which was nearly 30 °F warmer than the 
average temperature of the groundwater in areas unaffected by 
induced infiltration. The warm river water, which was drawn 
into the aquifer by pumping at the production wells, became 
progressively cooler with distance from the river as it mixed 
with the cold groundwater. 
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Figure 27. Groundwater-temperature contours in the vicinity of two well fields near the Mohawk River, New York, on September 7, 
1961. Contours are based on measurements of groundwater temperature made at 60 observation wells. Temperature of the river on that 
date was 77 degrees Fahrenheit (modified from Winslow, 1962).

Some of the factors that affect the relative contributions 
of captured groundwater discharge and induced infiltration 
can be illustrated by one of the hypothetical stream-aquifer 
systems described previously and shown in figure 14. Sev-
eral steady-state and transient simulations were done with 
the numerical model of the stream-aquifer system for pump-
ing at a rate of 1.0 Mgal/d at wells located 100 ft, 300 ft, 
700 ft, and 1,400 ft from the stream. Steady-state conditions 
were simulated to illustrate the maximum effects of pump-
ing on streamflow. The long-term average recharge rate to the 
aquifer of 26.0 inches per year (in/yr) also was varied in these 
simulations to include a 25-percent increase in the recharge 
rate (32.5 in/yr) and a 25-percent decrease in the recharge rate 
(19.5 in/yr). For each simulation, the resulting rates of total 
streamflow depletion, captured groundwater discharge, and 
induced infiltration were determined at the outflow point of 

the basin (that is, the most downstream location on the stream 
in figure 14). 

Results for the steady-state simulations are shown in 
figure 28. As shown by the uppermost curve in the figure, the 
total amount of streamflow depletion at the outflow point of 
the basin is the same for all of the simulations (and equal to 
the 1.0 Mgal/d pumping rate at each of the wells), regard-
less of either the distance of the well from the stream or the 
recharge rate to the aquifer. This results from the fact that at 
equilibrium, when aquifer storage is no longer a source of 
water to the wells, all of the water pumped by the wells must 
result in decreased streamflow, either by captured groundwater 
discharge or by induced infiltration. In contrast, the relative 
contributions of captured discharge and induced infiltration 
are a function of both the distance of the well from the stream 
and the recharge rate to the aquifer. As the well distance 
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Figure 28. Rates of streamflow depletion, captured groundwater discharge, and induced infiltration at the outflow point of a basin for 
steady-state pumping conditions at wells located 100, 300, 700, and 1,400 feet from a stream. Each well is pumped independently of the 
others at a rate of 1.0 million gallons per day in 12 separate simulations. Three rates of recharge were simulated: a high recharge rate 
(32.5 inches per year), a moderate recharge rate (26.0 inches per year), and a low recharge rate (19.5 inches per year). Total streamflow 
depletion is equal to the sum of captured discharge and induced infiltration. As shown by the results along the top (pink) curve, at steady 
state, the total rate of streamflow depletion at the basin outflow point is equal to the pumping rate of each well and is independent of 
both the distance of each well from the stream and the recharge rate to the aquifer. Rates of captured groundwater discharge (middle 
three curves) and induced infiltration (bottom three curves), however, are a function of both well distance from the stream and recharge 
rate to the aquifer. (Results from numerical model shown in figure 14 of this report and documented in Barlow, 1997.)

from the stream increases, the proportion of induced infiltra-
tion decreases. Similarly, as the recharge rate to the aquifer 
increases, the proportion of induced infiltration also decreases. 
Note that at a well distance of 1,400 ft, the rate of induced 
infiltration for all recharge rates is essentially zero. These 
results illustrate that for some stream-aquifer systems, such as 
the extensive systems found in the Midwestern and Western 
United States in which pumping occurs miles from a stream, 
induced infiltration may not occur, and the water-quality con-
cerns associated with streamflow depletion will be focused on 
the effects of reduced groundwater discharge on the thermal 
and water-quality conditions of the receiving streams. The 
results of additional simulations for transient-flow conditions 
were consistent with the steady-state simulations; specifi-
cally, the rate of recharge affects the relative contributions of 

captured discharge and induced infiltration but does not affect 
the total rate of streamflow depletion.

Other factors also affect the relative proportion of cap-
tured discharge and induced infiltration. These factors include 
the pumping rate of the well (with greater rates of induced 
infiltration occurring for higher pumping rates), the direc-
tion of groundwater flow in the aquifer prior to pumping, the 
distribution of aquifer boundaries near the well (including 
the presence of impermeable boundaries and other streams), 
the hydraulic properties of the aquifer and streambank materi-
als, and the penetration depths of the pumped well and stream 
into the aquifer (Newsom and Wilson, 1988; Morrissey, 1989; 
Wilson, 1993; Conrad and Beljin, 1996; Chen, 2001; Chen and 
Yin, 2001; Chen and Shu, 2002; Chen and Chen, 2003; Chen 
and Yin, 2004; Gannett and Lite, 2004). 
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Figure 29. Pumping at the well located 300 feet from the stream at a rate of 1.0 million gallons per day 
causes induced infiltration of streamflow. More than 80 percent of the induced streamflow is captured 
by the well, but some of the induced streamflow returns to the stream through a zone of “induced 
throughflow” (Newsom and Wilson, 1988; model results from Barlow, 1997).

Several of these factors also affect the proportion of 
induced infiltration that actually flows to and is discharged 
by a well. Figure 29 shows the flow paths of water particles 
that have been drawn into the aquifer by pumping at the well 
300 ft from the stream at the steady-state rate of 1.0 Mgal/d 
(for the average recharge rate of 26.0 in/yr). As shown by the 
flow paths, some of the water that has been drawn into the 
aquifer actually returns to the stream downgradient from the 
well and does not reach the well. Newsom and Wilson (1988) 
refer to the area in which induced infiltration flows back to 
the stream as the “zone of induced throughflow.” The figure 
illustrates that the rate of stream infiltration is not the same 
as the rate of infiltrated streamflow that is actually pumped 

at the well. The ability to quantify the relative contributions 
of captured discharge and induced infiltration to the source 
of water pumped by a well, or the concentrations of chemi-
cal constituents in the well or adjoining aquifer, requires 
analysis techniques that are more advanced than those used 
to quantify streamflow-depletion rates only. These techniques 
include computer programs that track water particles through 
a simulated aquifer, such as illustrated by the flow paths 
shown in figure 29 that were calculated by use of MOD-
PATH (Pollock, 1994), or solute-transport codes that simulate 
movement of chemical constituents within a groundwater-
flow system (for example, the computer programs documented 
by Konikow and others, 1996, or Zheng and Wang, 1999).
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Common Misconceptions about 
Streamflow Depletion

An understanding of the basic concepts of streamflow 
depletion is needed to properly assess the effects of ground-
water withdrawals on connected surface water and areas of 
evapotranspiration. Important concepts relating to depletion 
are available throughout this report and also in other literature, 
beginning with the paper, “The Source of Water Derived from 
Wells,” by Theis (1940). In spite of these sources of informa-
tion, misconceptions regarding factors controlling depletion 
are sometimes evident in analyses of depletion. This discus-
sion highlights the following common misconceptions related 
to streamflow depletion.
Misconception 1. Total development of groundwater 

resources from an aquifer system is 
“safe” or “sustainable” at rates up to the 
average rate of recharge.

Misconception 2. Depletion is dependent on the rate and 
direction of water movement in the 
aquifer.

Misconception 3. Depletion stops when pumping ceases.

Misconception 4.  Pumping groundwater exclusively below 
a confining layer will eliminate the 
possibility of depletion of surface water 
connected to the overlying groundwater 
system.

Although most of the concepts needed to clear up these mis-
conceptions are presented in other sections, further discussion 
and examples are given here. 

Aquifer Recharge and Development of Water 
Resources

There has been a tendency in parts of the United States to 
view groundwater development in an aquifer to be “sustain-
able” or “safe” when the overall rate of groundwater extraction 
does not exceed the long-term average rate of recharge to the 
aquifer. Conversely, development is considered to be unsus-
tainable or unsafe when groundwater extraction rates exceed 
the average recharge rate. The rationale behind this concept is 
that long-term extraction beyond the average recharge rate will 
result in ongoing net depletions in storage that will eventually 
deplete the aquifer to the extent that continued pumping is no 
longer feasible. These views of sustainability, however, do not 
directly recognize the effects of withdrawals on outflow from 
an aquifer, which often occur through groundwater discharge 
to surface-water features and through evapotranspiration.

In the paper “Groundwater—The Water-Budget Myth,” 
Bredehoeft and others (1982) explained that in an undeveloped 
aquifer, long-term average natural recharge is balanced by 
long-term average natural discharge. They show that if water 

is pumped from the aquifer at a given rate, that rate will be 
offset by the sum of an increase in the rate of recharge to the 
aquifer, decrease in the rate of discharge from the aquifer, 
and increase in the rate of removal of water from storage 
in the aquifer. With time, the rate of removal of water from 
storage change diminishes and the pumping rate is balanced 
by the sum of pumping-induced increased recharge and 
decreased discharge.

Most recharge to aquifers occurs through percolation of 
a portion of precipitation from the land surface, through an 
unsaturated zone, to the water table. In more humid areas, this 
recharge can be widely distributed over the surface area of an 
aquifer, and in more arid areas, this recharge can be focused 
in locations such as beneath arroyos where infrequent runoff 
events cause a movement of water through the unsaturated 
zone. In either case, however, the process of natural recharge 
through the unsaturated zone is unaffected by a pumped well. 
On the contrary, one situation in which pumping can increase 
recharge occurs in areas in which the water table is at the 
land surface (fig. 30A). Drawdown from pumping can result 
in infiltration and recharge that would have otherwise run off 
because of a lack of available space for storage beneath the 
land surface (fig. 30B). Another situation in which pumping 
can increase recharge is when recharge occurs from direct 
movement of water from surface-water bodies to the aquifer, 
such as for a naturally losing stream; this type of increased 
recharge is a form of induced infiltration.

Discharge from aquifers, on the other hand, commonly 
occurs through direct movement of groundwater into surface-
water bodies and through evaporation and transpiration by 
plants that use groundwater. Groundwater pumping reduces 
the movement of water into surface-water features by decreas-
ing the natural hydraulic gradients to these features. Pumping 
furthermore reduces evaporation and transpiration by lowering 
the water table below the land surface and roots of plants that 
use groundwater.

In spite of several possible cases in which pumping can 
increase recharge to an aquifer, most recharge is unaffected 
by pumping. Therefore, increases in recharge from pumping 
often can be considered to be small or zero. In this case, the 
pumping rate eventually will be approximately balanced by 
decreases in discharge. For this reason, Bredehoeft and others 
(1982) concluded that the magnitude of sustained groundwater 
pumping generally depends only on how much of the natural 
discharge can be captured. Although there may be physi-
cal limits to the amount of water that can be captured, lower 
limits to capture may exist for other reasons. For example, 
certain levels of instream flow may be required to sustain 
aquatic ecosystems, and capture or depletion of surface water 
that diminishes flow below those limits may not be permit-
ted under some regulatory systems. Similarly, depletion that 
reduces the availability of surface-water flow for holders of 
surface-water rights may not be permitted in some areas. For 
further discussions of sustainability of groundwater resources, 
see Alley and others (1999), Alley and Leake (2004), and 
Gleeson and others (2012).
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Figure 30. One way in which groundwater pumping can increase recharge to an aquifer. A, If the water table is at land surface, 
surface runoff cannot infiltrate because of a lack of available subsurface storage space. B, The addition of a pumped well that lowers 
the water table allows runoff to infiltrate and recharge the aquifer.

Depletion and the Rates and Directions of 
Groundwater Flow

A common misunderstanding regarding streamflow 
depletion is that the rates, locations, and timing of depletion 
are dependent on the pre-pumping rates and directions of 
groundwater flow in an aquifer. As indicated previously, 
depletion is the sum of pumping-induced increased inflow to 
the aquifer and decreased outflow from the aquifer. Provided 
that sufficient surface water is available to meet the pumping 
demand, a new steady-state condition will eventually be 
reached in which the rate of storage change is zero and the 
entire pumping rate can be accounted for as increased recharge 
and decreased discharge. It is important to understand that 
depletion is independent of the natural, pre-pumping rates of 
recharge and discharge. The concept that the rate of recharge 
does not affect the rate of depletion was demonstrated 
previously (fig. 28), where it was also noted that the recharge 
rate does affect the individual components of depletion—
captured groundwater discharge and induced infiltration. 
Maddock and Vionnet (1998) extended these concepts to show 
that even with seasonally varying recharge and discharge, 
temporal patterns of recharge and discharge do not enter into 
calculations of depletion. 

Timing and locations of depletion are affected, however, 
by aquifer properties and system geometry. In a system with 
predominantly horizontal flow, the progression from a storage-
dominated to a depletion-dominated supply of pumped water 

is controlled by hydraulic diffusivity (Box A) and distance 
between pumping locations and connected surface-water and 
groundwater-evapotranspiration areas or other groundwater-
discharge areas. In settings in which vertical components of 
groundwater flow are important, distributions of vertical and 
horizontal hydraulic conductivity, specific storage, specific 
yield, and aquifer thickness, in addition to well distance from 
the stream, are the key properties that control the timing 
of depletion.

As long as aquifer transmissivity and storage properties 
are the same in each case, total depletion (in contrast to the 
individual components of captured discharge and induced 
infiltration) at any given time would be the same for cases 
with natural pre-pumping flow from the stream to the aquifer 
(fig. 31A), from the aquifer to the stream (fig. 31B), or 
with no flow between the aquifer and the stream (fig. 31C). 
Furthermore, relative amounts of depletion in multiple streams 
are the same regardless of the existence of a divide between 
the streams (fig. 31D), natural flow from one stream to another 
(fig. 31E), or with no flow between the streams (fig. 31F).

The independence of depletion and rates and directions 
of groundwater flow in most systems allows calculation of 
depletion by a number of different methods. These methods 
include analytical solutions, superposition models, and 
groundwater-flow models (see “Analytical and Numerical 
Modeling” section). In using either analytical solutions or 
superposition models, the natural rates and directions of 
groundwater flow are ignored.
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Figure 31. Position of a pumped well in relation to a stream or streams for configurations of various pre-pumping groundwater-
flow patterns. As long as aquifer properties are the same in each case, depletion of the steam by the pumping well would be the 
same with, A, pre-pumping flow away from the stream; B, pre-pumping flow toward the stream; or, C, no pre-pumping flow. Similarly, 
relative amounts of depletion in adjacent streams are unaffected by a groundwater divide with, D, pre-pumping flow toward each 
stream; E, pre-pumping flow from one stream to the other; or, F, no flow between streams. 



42  Streamflow Depletion by Wells—Understanding and Managing the Effects of Groundwater Pumping on Streamflow

Depletion after Pumping Stops

When a well begins to pump, water is removed from 
storage around the well, creating a cone of depression. As 
discussed previously, the cone of depression expands and can 
increase recharge to and discharge from the aquifer. If a well 
pumps groundwater for a period of time and then pumping 
ceases, groundwater levels will begin to recover and the cone 
of depression created by the pumping will gradually fill, with 

water levels eventually reaching positions that existed before 
pumping started (fig. 32). During the time that the cone of 
depression is filling, groundwater that otherwise would have 
flowed to streams instead goes into aquifer storage; thus, 
streamflow depletion is ongoing, even though pumping has 
ceased. The factors that control the rate of recovery are the 
same as those that affect the rate of groundwater-level declines 
in response to pumping—the geology, dimensions, and 
hydraulic properties of the groundwater system; the locations 
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Figure 32. Residual effects of streamflow depletion after pumping stops. A, Prior to the well being shut down, the pumping rate at the 
well is balanced by decreases in aquifer storage and by streamflow depletion, which consists of captured groundwater discharge and 
induced infiltration of streamflow. B, After pumping stops, groundwater levels begin to recover, and water flows into aquifer storage to 
refill the cone of depression created by the previous pumping stress. C, Eventually, the system may return to its pre-pumping condition 
with no additional changes in aquifer storage or streamflow depletion. [Q, pumping rate at well]
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and hydrologic conditions along the boundaries of the 
groundwater system, including the streams; and the horizontal 
and vertical distance of the well from the stream.

Some key points relating to depletion from a well or 
wells that pump and then stop pumping are as follows:
1. Maximum depletion can occur after pumping stops, 

particularly for aquifers with low diffusivity or for large 
distances between pumping locations and the stream.

2. Over the time interval from when pumping starts until the 
water table recovers to original pre-pumping levels, the 
volume of depletion will equal the volume pumped.

3. Higher aquifer diffusivity and smaller distances between 
the pumping location and the stream increase the 
maximum rate of depletion that occurs through time, 
but decrease the time interval until water levels are fully 
recovered after pumping stops.

4. Lower aquifer diffusivity and larger distances between the 
pumping location and the stream decrease the maximum 
rate of depletion that occurs through time, but increase the 
time interval until water levels are fully recovered after 
pumping stops.

5. Low-permeability streambed sediments, such as those 
illustrated in figure 11, can extend the period of time 
during which depletion occurs after pumping stops.

6. In many cases, the time from cessation of pumping until 
full recovery can be longer than the time that the well 
was pumped.
Most of these concepts are illustrated by a hypothetical 

example of pumping in a desert basin with a through-flowing 
river (fig. 33). The basin is 20 mi wide and 40 mi long with 
a well-connected river entering the basin at the northeast 
corner, running along the east side of the basin, and exiting 
at the southeast corner of the basin. Mountain-front recharge 
of 500 acre-ft/yr is uniformly distributed along the western 
boundary of the basin. Hydraulic conductivity is 50 ft/d and 
aquifer thickness is about 500 ft, resulting in a transmissiv-
ity of about 25,000 ft2/d. Specific yield is 0.2. The effects 
of pumping at two possible well locations are shown in 
figure 34—well 1 is 5 mi from the river, and well 2 is 10 mi 
from the river. Pumping at either well is at a rate of 600 acre-
ft/yr for a period of 50 years, after which pumping ceases. The 
purpose of this analysis is to better understand the effects of 
pumping at these locations individually, not simultaneously.

Depletion was calculated by using a groundwater-
flow model. The U.S. Geological Survey (USGS) computer 
program MODFLOW–2005 (Harbaugh, 2005) was used with 
a single layer with 40 rows and 40 columns of finite-difference 
cells. Cell dimensions in the east-west direction are 2,640 ft 
and in the north-south direction are 5,280 ft. A steady-state 
solution was run prior to simulating pumping. In that solu-
tion, the gradient of the river resulted in inflow to the aquifer 
at a rate of 1,795 acre-ft/yr from the upper part of the river. 
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Figure 33. Hypothetical desert-basin aquifer with a through-
flowing river along the east side of the basin. In separate 
analyses, water is pumped at locations of well 1 and well 2 at a 
rate of 600 acre-feet per year for 50 years.

That inflow, plus 500 acre-ft/yr of mountain-front recharge 
resulted in 2,295 acre-ft/yr of outflow from the aquifer to the 
lower part of the river. With this flow pattern, pumping at 
either location will increase the inflow from the river to the 
aquifer and decrease the outflow from the aquifer to the river. 
Pumping cannot, however, increase the specified amount of 
mountain-front recharge. For cases of pumping at each well 
location, 50 years of pumping was followed by 100 years 
of recovery.

Results for pumping at the location of well 1 are shown 
in the upper three graphs in figure 34. Pumping causes inflow 
from the river to increase from 1,795 acre-ft/yr to a maximum 
of 2,009 acre-ft/yr at a time of 50 years. In the 100 years 
that follow, inflow from the river gradually decreases to 
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Figure 34. Inflow from the river, outflow to the river, and total depletion rate with well 1 pumping (upper three graphs) and with well 2 
pumping (lower three graphs). Well locations in relation to the river are shown in figure 33.
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1,813 acre-ft/yr. Additional time would be required to a 
full recovery of an inflow value of 1,795 acre-ft/yr. Simi-
larly, pumping causes outflow to the river to decline from 
2,295 acre-ft/yr to 2,090 acre-ft/yr at a time of 50 years. In the 
100 years that follow with no pumping, outflow increases to 
2,270 acre-ft/yr. For any given time, the sum of the increase 
in inflow from the river and decrease in outflow to the river is 
the total depletion from pumping. That value begins at zero, 
reaches a maximum of 419 acre-ft/yr at 50 years, and dimin-
ishes to 43 acre-ft/yr at 150 years.

Results for pumping at the location of well 2 are shown 
in the lower three graphs in figure 34. Pumping causes inflow 
from the river to increase from 1,795 acre-ft/yr to a maximum 
of 1,908 acre-ft/yr at a time of 54 years (4 years after pump-
ing stops). In the 96 years that follow, inflow from the river 
gradually decreases to 1,828 acre-ft/yr. Similarly, pumping 
causes outflow to the river to decline from 2,295 acre-ft/yr 
to 2,131 acre-ft/yr at a time of 53 years. In the 97 years that 
follow with no pumping, outflow increases to 2,250 acre-ft/
yr. Total depletion increases from zero to a maximum of 
278 acre-ft/yr at 53 years and diminishes to 78 acre-ft/yr at 
150 years.

In pumping at either location, 30,000 acre-ft of water 
is pumped over the 50-year period of pumping (fig. 35). 
For pumping at the location of well 1, total depletion in 
the 50-year period of pumping was 15,412 acre-ft, which 

means that nearly half of the total volume of depletion 
(30,000 acre-ft) will occur after pumping stops. In contrast, 
the total volume depleted in 50 years from pumping at the 
location of well 2 is 7,390 acre-ft, which means that about 
three-fourths of the total volume of depletion will occur after 
pumping stops. For pumping at either location, ultimate deple-
tion of 30,000 acre-ft has not occurred in the 150-year period 
shown (fig. 35), but the trend in the depletion-volume curves 
is toward that ultimate value.

Most of the six key points listed previously are illus-
trated by this example. For pumping at the location of well 2, 
the maximum depletion rate occurred 3 years after pump-
ing stopped. The time interval between the end of pumping 
and the time of maximum depletion rate will increase with 
increasing distance between pumping location and connected 
surface-water features. In the case of the C-aquifer analysis 
presented previously in the report (figs. 17–19), pumped wells 
were more than 20 mi from connected surface-water features. 
Maximum depletion in that analysis was computed to occur 
about 44 years after pumping stopped (fig. 19; Leake and oth-
ers, 2005). In addition, the example in this section shows that 
pumping at either location can both increase inflow from the 
river and decrease outflow to the river. The sum of these two 
components is depletion, which represents the total reduction 
in surface-water flow at any given time.
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Figure 35. Cumulative volume pumped and cumulative volume of streamflow depletion for pumping at wells 1 and 2. Well locations in 
relation to the river are shown in figure 33. 
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Effects of Confining Layers on Depletion

Various geologic features that act as conduits or barriers 
to groundwater flow can affect the timing of depletion from 
groundwater pumping and also can affect which streams are 
affected by the pumping. Confining layers within or adjacent 
to aquifers are the most common type of geologic feature 
that potentially affect timing and locations of depletion. 
Here the term “confining layers” is used to refer to horizontal 
or nearly horizontal beds of clay, silt, or other geologic strata 
that have substantially lower hydraulic conductivity than 
adjacent aquifer material. In unconsolidated sediments that 
typically are a part of stream-aquifer systems, aquifer material 
generally consists of sand and gravel, and confining material 

generally consists of silt and clay. Confining layers may be 
laterally discontinuous or they may form laterally extensive 
barriers that separate adjacent aquifers. Drawdown from 
a pumped well propagates more rapidly in coarse-grained 
aquifer material than in confining layers, and in most cases 
confining layers between pumping locations and streams 
slow down the progression of depletion in comparison to 
equivalent aquifer systems without confining layers. It is 
not reasonable, however, to expect that pumping beneath an 
extensive confining layer will eliminate depletion. Water does 
move vertically from one aquifer to another through confining 
layers, and drawdown from pumping can propagate through 
confining layers as well. Also, the effective storage coefficient 
in confined aquifers (beneath confining layers) commonly 

Groundwater from aquifers 
beneath the Colorado Plateau 
is shown discharging at Fossil 
Springs in north-central 
Arizona. 
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is 2–4 orders of magnitude less than in shallow unconfined 
aquifers with storage properties dominated by specific yield. 
Smaller storage coefficients result in faster lateral propagation 
of drawdown from pumping locations to distant edges of 
confining layers or locations where drawdown can more easily 
propagate upward. The argument that pumping beneath a 
confining layer eliminates the possibility of depletion implies 
that the pumped aquifer is without any vertical or lateral 
connection to aquifer material that is connected to surface 
water. The existence of gradients of water levels in confined 
aquifers, however, is evidence that the aquifers receive water 
from and discharge water to vertically adjacent aquifers. 
Drawdown from pumping also can propagate to these adjacent 
aquifers. The timing of depletion in systems with extensive 
confining layers is best understood using numerical models of 
groundwater flow.

 Discontinuous confining layers between pumping 
locations and connected streams can either slow down or 
speed up the progression of depletion, depending on the 
configurations of the confining layers in relation to connected 
streams and pumping locations. These effects are illustrated 
using a finite-difference model of the hypothetical basin-
fill aquifer shown in figure 36. The aquifer is 30 mi wide, 
45 mi long, and 600 ft thick. A river connected to the upper 
part of the aquifer is present along the center of the basin. 
Horizontal and vertical hydraulic conductivity, specific yield, 
and specific storage for coarse sediments and confining clay 
layers (fig. 36D) are within ranges of values for these types of 
sediments in real aquifer systems. The larger storage property, 
specific yield, applies only at the upper boundary of the 
system where lowering of the water table causes pore spaces 
to drain. In the aquifer below the water table, a much smaller 
storage property consisting of the product of specific storage 
and aquifer thickness accounts for storage changes from 
compressibility of water and the matrix of solids that makes up 
the aquifer. Three cases with different configurations of clay 
layers in the aquifer are shown in figure 36B. In Cases 2 and 3, 
clay layers are 5 percent of the total aquifer thickness and are 
near the vertical center of the aquifer.

Horizontal dimensions of finite-difference cells were 
1,575 ft in each direction, resulting in 101 columns and 
151 rows to simulate the basin width and length, respectively. 
Twenty layers, each with a thickness of 30 ft, were used to 
simulate the entire aquifer thickness. Depletion fractions 
from pumping at four locations in section A–A' at a rate of 

1,000 ft3/d for 25 years were computed using the super-
position modeling approach with MODFLOW–2005 
(Harbaugh, 2005).

Comparison of depletion curves for the three cases and 
four pumping locations (fig. 37) yields some insights into the 
range of effects of clay layers on depletion. The first result 
to note is that even with no clay layer present, depletion 
from pumping at depth in some locations progresses faster 
than depletion from pumping near the top of the aquifer. 
For example, with no clay layer, depletion progresses slightly 
faster from pumping at depth (fig. 37B) than from pumping 
nearer to the water table (fig. 37A). This difference occurs 
because vertical hydraulic conductivity is much lower than the 
horizontal hydraulic conductivity. Drawdown from pumping 
at depth can propagate more easily laterally toward the river 
location than to the overlying water table where the specific 
yield value can result in large storage-change values that slow 
the propagation of the cone of depression. 

The existence of a clay layer under the river (Case 2) 
greatly slows depletion for the deep pumping location nearer 
to the river (fig. 37D). The clay layer restricts direct 
propagation of drawdown upwards to the river. Drawdown 
must propagate laterally around the edge of the clay layer and 
then back to the river. This case is similar to the situation in 
the Upper San Pedro Basin in Arizona, where a silt and clay 
layer underlies the stream at most locations (fig. 13).

 The existence of clay layers along the margins of the 
valley (Case 3) substantially speeds up the depletion for the 
pumping location beneath that layer (fig. 37B). The clay 
layer speeds up depletion from underlying pumping because 
it creates a confined aquifer zone that restricts propagation 
of drawdown to the water table and, with a small storage 
coefficient, allows relatively rapid propagation of drawdown 
to the edge of the clay layer. 

In summary, confining layers and other geologic features 
are complexities that can affect the timing of depletion from 
groundwater pumping. If features have a lower hydraulic 
conductivity than that of aquifer material, the feature can 
slow down the progress of depletion through time. In some 
cases, such as is shown in figure 37B, the feature may speed 
up the progress of depletion. For systems with multiple 
aquifers separated by confining layers, or for aquifers with 
discontinuous confining layers and other heterogeneities, 
numerical flow modeling approaches are needed to better 
understand the timing of depletion.
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Figure 36. A, Hypothetical basin-fill aquifer used to illustrate possible effects of discontinuous clay layers on timing of depletion 
in the river as a function of vertical and horizontal locations of pumping. B, Configurations of clay layers are shown for three cases. 
C, Depletion in vertical section A–A’ is shown in figure 37 for pumping locations A, B, C, and D. D, Aquifer properties are within the range 
of values typical of basin-fill aquifers, with a horizontal-to-vertical hydraulic conductivity ratio of 100 :1. Clay layers in Cases 2 and 3 
increase restrictions to vertical flow in parts of the aquifer.
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Figure 37. Computed depletion at pumping locations A, B, C, and D in vertical section A–A’ shown in figure 36C. For A, shallow distant 
pumping location A, either configuration of clay layers slows depletion in comparison to case 1. For B, deep distant pumping location B, 
pumping below the clay layer at the valley margins (Case 3) produces substantially more rapid depletion than in the case with no clay 
layers. For C, shallow close pumping location C, configurations of clay layers change depletion from the case of no clay layer by a minor 
amount. For D, deep close pumping location D, the clay layer beneath the river (Case 2) substantially slows the process of depletion.
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Approaches for Monitoring, 
Understanding, and Managing 
Streamflow Depletion by Wells

This section describes approaches for determining the 
effects of pumping on streamflow. These approaches fall into 
two broad categories: collection and analysis of field data and 
analytical and numerical modeling. Additionally, this section 
describes approaches that are used for managing stream-
flow depletion, which build on both an understanding of the 
underlying processes that affect the response of streamflow to 
pumping as well as the application of techniques for modeling 
these processes.

Field Techniques

Quantification of streamflow depletion using field-
measurement techniques first requires that changes in flow 
between the stream and aquifer can be measured or estimated. 
The measurement technique must have the capability to 
resolve changes in streamflow that occur over a stream reach 
that may be affected by a well or wells. Such changes can 
most likely be detected when groundwater pumping is a 
substantial fraction of the available streamflow and when 
enough time has elapsed since pumping began for depletion 
to occur. A second requirement is that there must be a way 
to separate pumping-induced changes in streamflow from 
changes in flow caused by other stresses such as climate-
driven variations in recharge and stream stage. Changes in 
groundwater/surface-water interactions not related to pumping 
can be as large as or larger than pumping-induced changes. 
Separating pumping-driven effects from other effects in field 
data may require comprehensive analysis of the coupled 
groundwater/surface-water system. 

Field techniques for determination of streamflow 
depletion can be grouped into the following general 
approaches, which are described in greater detail by 
Stonestrom and Constantz (2003), Rosenberry and LaBaugh 
(2008), and Constantz (2008): 
1. Direct measurement of streamflow,

2. Point measurements of flow across the streambed, or

3. Measurement of other types of data that indicate the 
direction or quantity of flow between a stream and 
adjoining aquifer. 

The second approach includes seepage meters placed at 
specific points in the stream channel (Rosenberry and 
LaBaugh, 2008). Many of the additional data types in the 
third approach also focus on specific point measurements in a 
stream channel but also include methods that monitor larger 
areas of a stream reach. These approaches employ water levels 
measured at observation wells or streambed piezometers, 
measurements of temperature in the stream and streambed, 

analysis of geochemical constituents or tracers, and geophysi-
cal studies of the stream-aquifer system. Field methods that 
detect changes in flow between an aquifer and a stream over 
a long reach are more likely to be successful in detecting 
depletion from pumping than methods that focus on specific 
locations along a stream channel. For that reason, this discus-
sion will be limited to direct measurement of streamflow to 
detect depletion. 

Direct measurements of streamflow are used to determine 
streamflow changes that occur either at a particular stream 
location over time or at a particular time at two or more loca-
tions along a stream. Repeated streamflow measurements at a 
single site such as a streamgaging station can detect changes 
in flow over time that are driven by all processes, including 
depletion by groundwater pumping. Streamflow measurements 
made simultaneously at two or more sites along a stream are 
known as “seepage runs” and are indicative of streamflow 
gains or losses in the reaches between measurement loca-
tions. Detection of depletion using seepage runs requires that 
two or more measurements be made during a period in which 
substantial streamflow depletion may occur. 

The identification of streamflow depletion from stream-
flow measurements is complicated by a number of factors. 
First, the rate of depletion must be large enough to be detected 
by the streamgaging instrumentation, and significantly 
greater than the accuracy of the streamflow measurement. 
Each streamflow measurement made by USGS personnel, for 
example, is given a rating of “excellent,” “good,” “fair,” or 
“poor,” depending on the hydrologic and hydraulic conditions 
in which the measurement was made (Turnipseed and Sauer, 
2010). As defined by the USGS, an “excellent” rating is one in 
which the accuracy of the measurement is judged to be ±2 per-
cent of the measured flow, a “good” rating is one with an accu-
racy of ±5 percent, a “fair” rating ±8 percent, and a “poor” 
rating greater than ±8 percent. As an example of the effects 
of streamflow-measurement accuracy, a streamflow-depletion 
rate of 1.6 ft3/s (1.0 Mgal/d) could not be accurately detected 
using the USGS rating system for a stream with a measured 
flow of 100 ft3/s, even if the streamflow measurement had 
been rated as “excellent.” This is because the depletion rate of 
1.6 ft3/s is less than the 2.0 ft3/s accuracy of the measurement. 

A related complicating factor is the effect that the aquifer 
has on delaying the time of arrival and on damping the range 
of streamflow-depletion rates caused by pumping at a well. 
Many of the examples provided in previous sections of this 
report, such as that for the Upper San Pedro Basin of Arizona 
(fig. 13), have demonstrated that it may take several years, if 
not decades, for a pumping stress to be manifested in a stream. 
The propensity of the aquifer to delay and damp a particular 
pumping stress can make it extremely challenging, if not 
impossible, to monitor streamflow depletion in some field set-
tings or to differentiate streamflow depletion caused by pump-
ing at a particular well or well field from depletion caused by 
other short-term or long-term stresses to the aquifer (Zlotnik, 
2004; Bredehoeft, 2011b).
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Left, streamgage on the Snake 
River, near Moran, Wyoming. 
(Photograph from U.S. 
Geological Survey files) 

Above, seepage meters and in-stream piezometers deployed in 
the Shingobee River, Minnesota, to understand directions and 
rates of water movement between the stream and the underlying 
groundwater system. (Photograph by Donald O. Rosenberry, U.S. 
Geological Survey) 

Streamflow measurement on Fish Creek, Teton County, Wyoming. 
(Photograph by Jerrod D. Wheeler, U.S. Geological Survey)
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In light of these challenges, techniques for monitoring 
streamflow depletion have been limited to two general 
approaches. In the first, short-term field tests lasting several 
hours to several months are done to determine local-scale 
effects of pumping from a specific well or well field on 
streams that are in relatively close proximity to the location 
of withdrawal. In the second, evaluations are made of 
hydrologic and climatic data collected over a period of many 
years to determine whether changing streamflow conditions 
can be correlated to long-term, basinwide development 
of groundwater resources (Wahl and Tortorelli, 1997; 
Sophocleous, 2000; Fleckenstein and others, 2004; and 
Prudic and others, 2006). Analyses of this type typically use 
statistical techniques to identify and explain long-term trends 
in streamflow conditions. 

Short-term tests to determine local-scale effects of 
pumping are done for two primary purposes. The first is to 
determine the effects of an existing production well (or well 
field) on specific stream reaches or, conversely, to determine 
the quantity (and often the quality) of surface water captured 
by a well. Examples of these types of studies are provided by 
Myers and others (1996) for a site in Kansas and Dudley and 
Stewart (2006) for a site in Maine, and by several studies cited 
previously related to bank filtration. The second purpose is to 

Figure 38. Location of the Beaver–North Canadian River Basin, western Oklahoma (modified from Wahl and Tortorelli, 1997). 

improve the general scientific understanding of the geologic 
and hydrogeologic controls on streamflow depletion or to test 
the predictive ability of analytical and numerical models to 
determine streamflow depletion under actual field conditions. 
Field studies such as these typically make use of multiple 
data types to provide a comprehensive picture of how stream-
aquifer systems respond to pumping. Experimental studies of 
this type include those described by Sophocleous and others 
(1988), Christensen (2000), Hunt and others (2001), Nyholm 
and others (2002, 2003), Hunt (2003b), Kollet and Zlotnik 
(2003), Fox (2004), and Lough and Hunt (2006).

An example of a study in which long-term changes in 
streamflow were correlated with groundwater development 
is provided for the Beaver–North Canadian River Basin of 
western Oklahoma (fig. 38). The basin is underlain by the 
High Plains aquifer, which is one of the most productive 
aquifer systems of the United States. Groundwater levels 
have declined in many parts of the High Plains aquifer in 
response to large-scale development of groundwater for 
irrigation that began in the 1940s (McGuire and others, 2003). 
These declines are illustrated by water levels measured in 
an observation well in western Oklahoma since the 1950s 
(fig. 39A). The study was undertaken in response to concerns 
about streamflow reductions that seemed to be occurring in the 
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Figure 39. Long-term hydrologic data for the Beaver–North Canadian River Basin, western Oklahoma. A, Groundwater levels in 
an observation well in Texas County (1956–95). B, Total annual volume of streamflow and, C, base flow for the Beaver River near 
Guymon, Oklahoma (1938–93; modified from Wahl and Tortorelli, 1997). Location of observation well and streamgaging station shown 
in figure 38. 

North Canadian River, which at the time of the study was the 
source of about half of the public-water supply for Oklahoma 
City (Wahl and Tortorelli, 1997). 

Several sources of hydrologic and climatic data were 
analyzed as part of the study, including the measured volume 
of annual streamflow and estimated volume of annual base 
flow at several USGS streamgaging stations in the basin. 
The data were divided into an “early” period (ending in 
1971), representing conditions before groundwater levels 
had declined substantially, and a “recent” period (1978–94), 
reflecting the condition of declining groundwater levels 
(Wahl and Tortorelli, 1997). Statistical tests of the data showed 

that the total volume of annual streamflow measured at most 
of the streamgaging stations in the basin had decreased from 
the early to recent periods, even though precipitation records 
for the area showed no corresponding changes. Groundwater 
discharge to streams in the basin had also undergone 
significant changes, with substantial reductions documented 
at some of the streamgaging stations. These trends are 
illustrated by streamflow data and base-flow estimates for 
the Beaver River at Guymon, Oklahoma (fig. 39B and C). 
Overall, the observed reductions in streamflow throughout the 
basin correlated well with long-term declines in groundwater 
levels that occurred in response to increased pumping 
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for irrigation, although other factors such as changes in 
farming and conservation practices in the basin also may 
have had an effect on the changes in streamflow (Wahl 
and Tortorelli, 1997). 

Statistical studies such as these can be used in general 
to evaluate the large-scale effects of basinwide pumping on 
streamflow reductions. They cannot, however, account for the 
specific effects of pumping at individual wells, nor can they 
help with understanding how specific management actions 
might affect future depletion. Such analyses require the use of 
analytical or numerical models.

Analytical and Numerical Modeling

Analytical and numerical modeling methods are the 
most widely applied approaches for estimating the effects of 
groundwater pumping on streamflow. The two approaches 
use different mathematical techniques to solve the partial 
differential equation of groundwater flow (or change 
in groundwater flow). The groundwater-flow equation 
mathematically describes the distribution of hydraulic heads 
(or drawdowns) throughout a groundwater system over time. 
Analytical models are limited to the analysis of idealized 
conditions in which many of the complexities of the real 
groundwater system are either ignored or approximated 
by use of simplifying assumptions. These simplifications 
typically include representation of the three-dimensional 
flow system by a one- or two-dimensional system, idealized 
boundary conditions such as perfectly straight streams, and 
homogeneous aquifer materials. In contrast, numerical models 
are capable of simulating fully three-dimensional flow in 
groundwater systems that are horizontally and vertically 
heterogeneous and have complex boundary conditions. 

Although both modeling approaches have been widely 
used, numerical models provide the most robust approach 
for determining the rates, locations, and timing of stream-
flow depletion by wells. Nevertheless, because analytical 
models have received substantial application and continue 
to be the subject of much research, a brief review of the 
history and scope of analytical solutions for analysis of 
streamflow depletion is provided. Different approaches for 
numerical-modeling analyses of streamflow depletion also 
are described and provide background for the discussions on 
streamflow-depletion response functions, capture maps, and 
management approaches. 

Analytical Models of Streamflow Depletion 
by Wells 

Several analytical solutions to the groundwater-flow 
equation have been developed to determine time-varying 
rates of streamflow depletion caused by pumping. Analytical 
solutions are based on highly simplified representations of 

field conditions that are necessary to develop mathematical 
solutions to the groundwater-flow equation. Although these 
solutions are highly simplified representations of real-world 
field conditions, they can provide insight into the several 
factors that affect streamflow depletion and can be used as an 
initial estimate of the effects of a particular well on a nearby 
stream. Partly because they require less site-specific data to 
implement than do numerical models, analytical models have 
been used by a number of States as the basis for making water-
management regulatory decisions (Sophocleous and others, 
1995; Miller and others, 2007; Reeves and others, 2009). 

Figure 40A illustrates a hypothetical stream-aquifer 
system that is representative of many river-valley aquifers 
of the United States. A single well pumps from the aquifer 
and captures streamflow from the adjoining major stream 
and perhaps also from tributaries to the stream. The aquifer 
is underlain by sediments having a lower permeability 
than the aquifer (such as glacial till) and then by relatively 
impermeable bedrock.

Many, if not most, streams penetrate only a small fraction 
of the saturated thickness of the adjoining aquifer, such as 
illustrated for the stream in figure 40A. This condition is 
referred to as a partially penetrating stream, and both the 
stream and the well in figure 40A partially penetrate the 
aquifer. Partially penetrating streams and pumped wells can 
create complicated three-dimensional flow patterns in the 
vicinity of the wells and streams and can result in water being 
captured by the wells from parts of the aquifer that are on the 
opposite side of the streams from the wells. 

A simplified representation of the hypothetical river-
valley aquifer is shown in figure 40B. The conceptualization 
of the stream-aquifer-well system forms the basis for the 
development of the simplest and most widely applied 
analytical solution of streamflow depletion, which was 
developed independently and in somewhat different forms 
by Theis (1941) and Glover and Balmer (1954) and later 
implemented in a set of tables and graphs by Jenkins (1968a). 
The solution is based on several assumptions, including 
representation of the partially penetrating stream by one 
that fully penetrates the aquifer. Other assumptions are that 
(1) the aquifer is confined, homogeneous, underlain by an 
impermeable boundary, and extends to infinity in all directions 
away from the stream; (2) the aquifer is bounded by a single 
stream that is straight and in perfect hydraulic connection with 
the aquifer (that is, there are no resistive streambed sediments 
at the stream-aquifer interface); and (3) a single well pumps 
from the full saturated thickness of the aquifer. The solution 
is frequently applied to unconfined aquifers (as in figure 40) 
when it can be assumed that drawdowns caused by pumping 
at a well are small compared to the initial saturated thickness 
of the aquifer. The solution is sometimes referred to as the 
“Glover solution” or “Jenkins’ approach” and, because it has 
been so widely applied, is discussed in more detail in Box C.
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Figure 40. A, Hypothetical river-valley aquifer with a single pumping well. B, Simplified conceptualization of the same river-valley 
aquifer for the Glover analytical solution. [d is distance from well to nearest stream and Qw is pumping rate at well]
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  Box C: Glover’s Analytical Solution and Jenkins’ Stream Depletion Factor (SDF)

1. The aquifer is homogeneous, isotropic, and extends to infinity away from the stream. 

2. The aquifer is confined, and the transmissivity and saturated thickness of the aquifer do not change with time. 
The solution is also applied to water-table aquifers when it can be assumed that drawdown caused by pumping is small 
compared to the initial saturated thickness of the aquifer.

3. Water is released instantaneously from storage (and there are no delayed-drainage effects characteristic of 
water-table aquifers).

4. The stream that forms a boundary with the aquifer is straight, fully penetrates the thickness of the aquifer, is infinitely 
long, remains flowing at all times, and is in perfect hydraulic connection with the aquifer (that is, no streambed and 
streambed sediments impede flow between the stream and aquifer).

5. The temperature of the stream and aquifer are the same and do not change with time. This assumption is necessary 
because variations in temperature affect the hydraulic conductivity of streambed and aquifer sediments.

6. The well pumps from the full saturated thickness of the aquifer at a constant rate.

The most widely applied analytical solution for determining the effects of pumping on streamflow is one that was devel-
oped by Glover and Balmer (1954) that has become known as the Glover solution. The solution is based on a highly simplified 
stream-aquifer-well system illustrated in figure 40B. The full set of assumptions on which the solution is based can be summa-
rized as follows (Jenkins, 1968a):

The assumption that the aquifer is confined (or that the drawdown in a water-table aquifer is small compared to the initial 
saturated thickness of the aquifer) in conjunction with the two assumptions that the stream and well penetrate the full saturated 
thickness of the aquifer imply that groundwater flow in the aquifer is horizontal.

The Glover solution provides an expression for the total rate of streamflow depletion as a function of time (defined math-
ematically as Qs ), and is equal to the product of the pumping rate of the well, Qw, and a mathematical function referred to as the 
complementary error function, erfc z( ): 

 Q Q erfc zs w= ( ) . (C1)

Variable z in this equation is equal to ( ) ( )d S Tt2 4 , in which d is the shortest distance of the well to the stream, S is the 
storage coefficient of the aquifer (or specific yield, for water-table aquifers), T is the transmissivity of the aquifer, and t is the 
time. Note that the ratio S T  is the inverse of the hydraulic diffusivity of the aquifer (D T S= ). The solution is illustrated in 
figure C–1A for two wells pumping from an aquifer having a hydraulic diffusivity of 10,000 feet squared per day.

As noted previously in the report, Jenkins (1968a and 1968b) defined the quantity d D2 , which is equivalent to ( ) ( )d S T2

in equation C1, as the “stream depletion factor,” or “SDF.” Jenkins’ SDF has the units of time, such as seconds or days, 
depending on the units of time used to express T. Although Jenkins named the constant the stream depletion factor, it might 
alternatively be called a “streamflow-depletion response-time factor” because of its similarity to other types of hydraulic 
response-time constants that have been defined for groundwater systems (Domenico and Schwartz, 1990; Alley and others, 
2002; Sophocleous, 2012). 

For the two wells illustrated in figure C–1C, the SDF of well A is 6.25 days and that of well B is 25 days. Note that as 
either the distance of the well from the stream increases or the hydraulic diffusivity of the aquifer decreases, rates of streamflow 
depletion increase more slowly. Jenkins also noted that for the stream-aquifer conditions modeled by equation C1, the stream 
depletion factor is equal to the time at which streamflow depletion is equal to 28 percent of the volume pumped for a given 
location. This can be seen graphically in figure C–1B, in which the total volume of streamflow depletion for pumping at wells A 
and B is 28 percent (that is, a fraction of 0.28) of the volume pumped at 6.25 days and 25 days, respectively.
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  Box C: Glover’s Analytical Solution and Jenkins’ Stream Depletion Factor (SDF)

An important aspect of the SDF is that it can be calculated for every location in an aquifer. Wells pumping at the same 
rate and with the same pumping schedule at any location having a particular SDF value will have an equal effect on stream-
flow depletion, assuming that the conditions for which equation C1 were derived are met. Figure C–1C illustrates a map of 
stream depletion factors for the simplified stream-aquifer system that meets the assumptions underlying equation C1. As an 
example use of the map, any well pumped at a constant rate along the SDF contour equal to 25.0 days will result in a stream-
flow-depletion rate of about 57 percent of the pumping rate of the well after 40 days of pumping (from figure C–1A, well B 
curve) and a total volume of streamflow depletion equal to about 37 percent of the total volume of water pumped to that time 
(figure C–1B, well B curve).

In many field settings, the conditions required for application of the Glover solution and Jenkins’ SDF mapping approach 
are not fully met, such as for aquifers that are bounded laterally by low-permeability rocks or sediments. In such cases, methods 
have been developed to determine modified SDF values that account for the specific conditions of the particular field setting 
(for example, Jenkins 1968b and 1968c; Hurr, Schneider, and others, 1972; Burns, 1983; and Miller and others, 2007). More 
recently, alternative approaches to the SDF methodology have been developed to map aquifer locations having equal effect on 
streamflow depletion, such as response-function and capture maps.
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Figure C–1. A, Rate and, B, cumulative volume of streamflow depletion caused by pumping at two wells located 250 feet (well A) and 
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Figure 41. Alternate conceptualizations of stream-aquifer systems for which analytical solutions have been developed. A, Single-
layer aquifer with a partially penetrating stream. B, Leaky-aquifer system with flow through a low-permeability confining layer from an 
underlying aquifer. C, Leaky-aquifer system with flow from an overlying confining layer (modified from Reeves and others, 2009). [Qw  is 
pumping rate at well]

Since the initial work of Theis and of Glover and Balmer, 
many additional solutions have been derived to represent more 
realistic field conditions. Glover (1974) presented a solution to 
compute streamflow depletion from a well pumping between 
a stream and a lateral impermeable boundary that is parallel 
to the stream. Such an approach would be needed to represent 
the well pumping between the stream and the impermeable 
edge of the valley shown in figure 40A. Other solutions have 
focused on incorporating the effects of field conditions such as 
are shown in figure 41.

Several authors have demonstrated that the assump-
tions that a stream is in perfect hydraulic connection with the 
aquifer and extends over the full thickness of the aquifer can 

lead to significant errors in the determination of the timing and 
rates of streamflow depletion (Spalding and Khaleel, 1991; 
Sophocleous and others, 1995; Conrad and Beljin, 1996). 
Hantush (1965) was the first to develop a solution that 
accounted for resistance to flow at the stream-aquifer bound-
ary due to streambed materials having a lower hydraulic con-
ductivity than the adjacent aquifer, although his solution was 
based on a conceptualization of a fully penetrating stream. 
Hunt (1999), Butler and others (2001), Fox and others (2002), 
and Singh (2003) later extended the work of Hantush to 
allow both streambed resistance and partial penetration of the 
stream into the aquifer (fig. 41A). Simulating the stream as 
partially penetrating the aquifer allows for the propagation of 



drawdown under the stream and resulting groundwater-storage 
changes on the side of the stream opposite to the well. An 
important assumption common to all of these approaches is 
that the groundwater level in the aquifer at the stream remains 
above the streambed, such that the stream does not become 
disconnected from the underlying aquifer. 

Additional solutions have been developed to address 
flow conditions along the lower and upper boundaries of the 
aquifer. Zlotnik (2004), Butler and others (2007), and Zlotnik 
and Tartakovsky (2008) developed solutions for leaky-aquifer 
systems in which the pumped aquifer is underlain by a low-
permeability confining layer that restricts flow between the 
pumped aquifer and an underlying high-permeability aquifer 
(fig. 41B). In a separate set of papers, Hunt (2003a, 2008) 
developed analytical solutions for the condition in which the 
affected stream is located within an overlying confining layer 
that provides a source of leakage to the underlying pumped 
aquifer during the early stages of withdrawal (fig. 41C). 
At equilibrium, however, streamflow depletion is the only 
source of water to the well.

Although much work has been done to extend the 
applicability of analytical solutions to conditions that 
are typically found in the field, these solutions remain 
unable to address many of the complicating factors that 
affect streamflow depletion by wells, such as aquifer 
heterogeneity (Sophocleous and others, 1995; Kollet and 
Zlotnik, 2003) and the presence of meandering streams that 
have multiple tributaries. Moreover, even solutions that have 
been developed to represent aquifers having a finite width 
(that is, aquifers bounded laterally by low-permeability 
materials such as shown in figure 40A) are difficult to apply 
because of irregular geometry of lateral boundaries. It is 
the authors’ experience that these three factors—aquifer 
heterogeneity, multiple streams and (or) complex stream 
geometry, and finite-width aquifers with complex geometry—
can have substantial effects on streamflow depletion that limit 
the use of analytical solutions for many practical applications, 
particularly basinwide analyses in which multiple wells pump 
simultaneously. For these conditions, numerical-modeling 
methods are needed. 
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Winding channel of the Washita River between Anadarko and Chickasha, Oklahoma. 
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