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Foreword 

Groundwater provides drinking water for millions of Americans and is the primary source of 
water to irrigate cropland in many of the Nation’s most productive agricultural regions. With-
drawals in many aquifers throughout the United States have led to significant groundwater-level 
declines, resulting in growing concerns about sustainability and higher pumping costs. The U.S. 
Geological Survey’s (USGS) Groundwater Resources Program has been instrumental in docu-
menting groundwater declines and in developing groundwater-flow models for use in sustain-
ably managing withdrawals.

Groundwater withdrawals also can lead to a reduction in streamflow, affecting both human uses 
and ecosystems. The first clear articulation of the effects of groundwater pumping on surface 
water was by the well-known USGS hydrologist C.V. Theis. In a paper published in 1940 entitled 
"The Source of Water Derived from Wells," Theis pointed out that pumped groundwater initially 
comes from reductions in aquifer storage. As pumping continues, the effects of groundwater 
withdrawals can spread to distant connected streams, lakes, and wetlands through decreased 
rates of discharge from the aquifer to these surface-water systems. In some settings, increased 
rates of aquifer recharge also occur in response to pumping, including recharge from the con-
nected surface-water features. Associated with this decrease in groundwater discharge to 
surface waters is an increased rate of aquifer recharge. Pumping-induced increased inflow to 
and decreased outflow from an aquifer is now called "streamflow depletion" or "capture."

Groundwater discharge is a significant component of streamflow, with groundwater contribut-
ing as much as 90 percent of annual streamflow volume in some parts of the country. In order 
to effectively manage the entire water resource for multiple competing uses, hydrologists and 
resource managers must understand the effects (magnitude, timing, and locations) of ground-
water pumping on rivers, streams, springs, wetlands, and groundwater-dependent vegetation.

This circular, developed as part of the USGS Groundwater Resources Program, presents con-
cepts relating to streamflow depletion, methods for quantifying depletion, and common mis-
conceptions regarding depletion. Approaches for monitoring, understanding, and managing 
streamflow depletion also are described. The report is written for a wide audience interested in 
the development, management, and protection of the Nation's water resources.

The Groundwater Resources Program provides objective scientific information and develops the 
interdisciplinary understanding necessary to assess and quantify the availability of the Nation's 
groundwater resources. Detailed assessments of regional aquifers have been completed in 
seven of the Nation’s major aquifers, with several additional assessments ongoing or planned. 
The research and understanding developed through this program for issues such as streamflow 
depletion can provide the Nation’s water-resource managers with the tools and information 
needed to manage this important natural resource.

Jerad D. Bales 
Associate Director for Water (Acting) 

U.S. Geological Survey
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cubic foot per second per mile 

[(ft3/s)/mi]
cubic foot per second per square 

mile [(ft3/s)/mi2]
foot per second (ft/s)
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foot per day per foot [(ft/d)/ft]
foot squared per day (ft2/d) 
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gallon per minute (gal/min)
million gallons per day (Mgal/d)

0.001233
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 0.02832
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1
0.09290

25.4
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 0.04381
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The following additional conversions for acre-foot per year (acre-ft/yr) are based on 365.25 days 
per year:

1 cubic foot per second (ft3/s) is equal to 724.5 acre-ft/yr

1 million gallons per day (Mgal/d) is equal to 1,121.0 acre-ft/yr

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: 
°F=(1.8×°C)+32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows: 
°C=(°F–32)/1.8

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times 
foot of aquifer thickness [(ft3/d)/ft2]ft. In this report, the mathematically reduced form, foot 
squared per day (ft2/d), is used for convenience. 

Altitude, as used in this report, refers to distance above the vertical datum.



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

By Paul M. Barlow and Stanley A. Leake

Introduction
Groundwater is an important source of water for many 

human needs, including public supply, agriculture, and 
industry. With the development of any natural resource, 
however, adverse consequences may be associated with its 
use. One of the primary concerns related to the development of 
groundwater resources is the effect of groundwater pumping 
on streamflow. Groundwater and surface-water systems are 
connected, and groundwater discharge is often a substantial 
component of the total flow of a stream. Groundwater 
pumping reduces the amount of groundwater that flows to 
streams and, in some cases, can draw streamflow into the 
underlying groundwater system. Streamflow reductions (or 
depletions) caused by pumping have become an important 
water-resource management issue because of the negative 
impacts that reduced flows can have on aquatic ecosystems, 

the availability of surface water, and the quality and aesthetic 
value of streams and rivers.

Scientific research over the past seven decades has 
made important contributions to the basic understanding of 
the processes and factors that affect streamflow depletion 
by wells. Moreover, advances in methods for simulating 
groundwater systems with computer models provide powerful 
tools for estimating the rates, locations, and timing of 
streamflow depletion in response to groundwater pumping 
and for evaluating alternative approaches for managing 
streamflow depletion. The primary objective of this report is to 
summarize these scientific insights and to describe the various 
field methods and modeling approaches that can be used to 
understand and manage streamflow depletion. A secondary 
objective is to highlight several misconceptions concerning 
streamflow depletion and to explain why these misconceptions 
are incorrect.

Lower Colorado River and adjacent farmland in the Yuma, Arizona, area. Diversion structure in upper right is Morelos Dam, the main 
point of delivery of water to Mexico. The “Law of the River” recognizes that water can be withdrawn from the Colorado River by 
“underground pumping.” (Photograph by Andy Pernick, Bureau of Reclamation)
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Characteristics of Groundwater 
Systems and Groundwater Interactions 
with Streamflow

This section provides brief descriptions of several terms 
and concepts that contribute to an understanding of streamflow 
depletion by wells. For a more extensive discussion of these 
concepts, the reader is referred to texts on groundwater, 
hydrogeology, and hydrology by Freeze and Cherry (1979), 
Linsley and others (1982), Heath (1983), Domenico and 
Schwartz (1990), and Fetter (2001). 

Aquifers and Groundwater Flow

The pores, fractures, and other voids that are present in 
the sediments and rocks that lie close to the Earth’s surface 
are partially to completely filled with water. In most locations, 
an unsaturated zone in which both water and air fill the voids 
exists immediately beneath the land surface (fig. 1). At greater 
depths, the voids become fully saturated with water. The top 
of the saturated zone is referred to as the water table, and the 
water within the saturated zone is groundwater.

Although voids beneath the water table are filled with 
water, the ability of subsurface materials to store and trans-
mit water varies substantially. The term aquifer refers to 
subsurface deposits and geologic formations that are capable 
of yielding usable quantities of water to a well or spring, 
whereas a confining layer (or confining bed, such as illustrated 
in figure 1) refers to a low-permeability deposit or geologic 
formation that restricts the movement of groundwater (Heath, 
1983). An aquifer can refer to a single geologic layer (or unit), 

a complete geologic formation, or groups of geologic forma-
tions (Freeze and Cherry, 1979). 

Most aquifers are classified as either confined or uncon-
fined. A confined aquifer is one that lies between two confin-
ing layers, whereas an unconfined aquifer is one in which the 
uppermost boundary is the water table (fig. 1). Unconfined 
aquifers are often referred to as water-table aquifers, and both 
terms are used interchangeably in this report. As illustrated in 
figure 1, unconfined aquifers typically are located near land 
surface and confined aquifers are located at depth. Because of 
their proximity to land surface and associated surface waters, 
unconfined aquifers are often of interest in problems concern-
ing streamflow depletion by wells; however, pumping from 
confined aquifers also can cause depletion. The fact that flow 
paths exist from deep confined aquifers upward to shallow 
aquifers means that changes in water levels from pumping 
(that is, drawdown) in deep confined aquifers also propagate to 
shallow aquifers with connected streams. An additional term, 
“leaky aquifer,” is sometimes used to refer to an aquifer that 
receives inflow from adjacent low-permeability beds, although 
it is actually the adjacent beds that leak water to the aquifer 
(Freeze and Cherry, 1979).

In many areas of the United States, groundwater systems 
are composed of a vertical sequence of aquifers in which an 
upper, unconfined aquifer is underlain by a series of one or 
more confining beds and confined aquifers, such as is illus-
trated in figure 1. In many other areas, however, the ground-
water system consists of a single, often unconfined, aquifer 
underlain by geologic formations, such as crystalline rock, 
whose permeabilities are so low that the formation can be 
assumed to be impermeable to groundwater flow. Aquifers of 
this type are used throughout the report to illustrate many of 
the factors that affect streamflow depletion by wells.

Unsaturated
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Recharge area
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Figure 1. Groundwater 
flow paths in a multi-aquifer 
groundwater system. 
Groundwater flows from 
recharge areas at the water 
table to discharge locations 
at the stream and well. The 
residence time of groundwater 
can range from days to 
millennia (modified from Winter 
and others, 1998).
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Figure 2. Distribution of hydraulic-head contours (groundwater levels) showing groundwater-flow directions in a vertical section of a 
hypothetical water-table aquifer. Groundwater levels are measured in piezometers, which are a type of observation well having a very 
short, open interval to the aquifer at the bottom of the well. The head measurements at the group of three piezometers completed at 
different depths at location C indicate downward groundwater flow at that location, whereas head measurements at the piezometers at 
locations B and A indicate lateral and upward flow at those locations, respectively (modified from Winter and others, 1998). 

Groundwater moves continuously through aquifers from 
areas of groundwater recharge to areas of groundwater dis-
charge. Such flow is illustrated by the flow paths in figure 1. 
The upper, unconfined aquifer shown in figure 1 is recharged 
by water that infiltrates across the land surface and then moves 
downward through the unsaturated zone to the water table to 
become groundwater. The source of groundwater recharge 
typically is precipitation (rain or melted snow) but can also 
originate from anthropogenic sources such as infiltration 
of irrigation return flow and septic-system wastewater. The 
accretion of water at the top of the saturated zone causes the 
water table to rise, and as a result, the saturated thickness 
of the unconfined aquifer increases. As recharge diminishes 
or ceases, the water table will decline and the saturated 
thickness decrease. 

Groundwater commonly discharges to streams and wells, 
as illustrated in figure 1, but it can also discharge to springs, 
lakes, and ponds; to estuaries and directly to oceans; and by 
evaporation and plant transpiration in low-lying areas where 
the water table lies close to land surface, such as in wetlands 
or near streams. The residence time of water in a groundwater 
system can range from days to a few years for water recharged 
close to discharge boundaries, to millennia for water that trav-
els along deep flow paths through low-permeability materials.

Directions of groundwater flow are determined from 
measurements of the altitude of groundwater levels made 
in wells. The water-level altitudes must be determined rela-
tive to a common datum plane, such as the National Geodetic 
Vertical Datum of 1929 (commonly referred to as “sea level;” 
Heath, 1983). Groundwater levels are equivalent to hydraulic 
heads and reflect the total potential energy of the groundwater 
system at the point of measurement. In a manner similar to 
flow in other potential fields (such as in electrical or thermal 
systems), groundwater flows from locations of higher potential 
energy to locations of lower potential energy and, therefore, in 
the direction of decreasing hydraulic head (fig. 2). 

The rate of groundwater flow in a particular direction is 
dependent on the hydraulic conductivity of the aquifer, which 
is described in the next section, and the gradient of the hydrau-
lic head in the direction of interest. The hydraulic gradient, 
which is equal to the change in head over a unit distance, can 
be determined from pairs of water-level measurements or 
from water-level contours drawn for a horizontal or verti-
cal section of an aquifer. The hydraulic gradient between the 
130 and 120 feet (ft) contours shown in figure 2, for example, 
is approximately 10 feet per mile, as determined by the 
change in hydraulic head between the two contours divided 
by the approximate distance between the contours along the 
flow line.



Groundwater systems are referred to as being in either 
a steady-state or a transient condition (fig. 3). A steady-state 
system is one in which groundwater levels and flow rates 
within and along the boundaries of the system are constant 
with time, and the rate of storage change within the flow 
system is zero. A transient system is one in which groundwater 
levels and flow rates change with time and are accompanied 
by changes in groundwater storage. Transient conditions occur 
in response to changes in flow rates along the boundaries 
of a groundwater system, such as short-term and long-term 
fluctuations in recharge rates, or changes in flow rates at points 
within a groundwater system, such as fluctuations in pumping 
rates. Although steady-state flow conditions, such as illustrated 
in figure 3A, rarely occur for real-world hydrologic conditions, 
it is often acceptable to assume that steady-state conditions 
exist if the fluctuations in water levels and storage changes 
are relatively small or if there is an interest in an evaluation 
of the long-term average condition of the flow system. 
Many studies of regional aquifer systems, for example, are 
conducted with the assumption that steady-state conditions 
occurred prior to large-scale groundwater development. 
During the predevelopment period, average rates of natural 
recharge and discharge to the aquifers are assumed to have 

been in long-term balance. Another term that is sometimes 
used to refer to the state of a groundwater system is dynamic 
equilibrium (or steady-oscillatory; Maddock and Vionnet, 
1998), in which water levels and flow rates are variable over a 
period of time (such as a year) but vary in a pattern that is the 
same from one period to the next (fig. 3C).

Hydraulic Properties of Aquifers, Confining Layers, and 
Streambed Sediments

The flow and storage of water in a groundwater system 
depend strongly on the hydraulic properties of the aquifers 
and confining layers that make up the system. These proper-
ties, which are summarized in table 1, also affect the timing, 
locations, and rates of streamflow depletion.

Hydraulic conductivity, often denoted by the symbol K, is 
a property that describes the rate of flow of a volume of water 
through a unit area of aquifer under a unit gradient of hydrau-
lic head (Heath, 1983). The measurement units of K are length 
per time, such as feet per day (ft/d). The value of hydraulic 
conductivity at a particular location depends on the character-
istics of the porous material, such as the size and arrangement 
of the pores and fractures, and the density and viscosity of 
the water within the porous material. Hydraulic-conductivity 
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Figure 3. Hydrologic conditions at a hypothetical observation well at which groundwater-level measurements indicate the state of 
the groundwater system. A, Steady-state system: Groundwater levels at the well do not change during the 10-year period. B, Transient 
system: Groundwater levels fluctuate with time, with the highest water levels generally occurring in the early spring and lowest water 
levels in the late summer and fall. C, System in dynamic equilibrium: Groundwater levels fluctuate throughout the year but in a pattern 
that is the same from one year to the next.
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Table 1. Aquifer properties that influence the timing of streamflow depletion.

Aquifer property
Symbol 

used
Units Definition Application

Saturated thickness b Length The vertical thickness of the sediments in which 
pores are fully saturated Any aquifer system

Hydraulic conductivity K Length/time Rate of groundwater flow per unit area under a unit 
hydraulic gradient Any aquifer system

Transmissivity T Length2/time Rate of groundwater flow per unit width under a 
unit hydraulic gradient ( T = K × b)

Aquifer systems dominated 
by horizontal flow

Volume of water released from or taken into storage 
Specific storage Ss 1/length per unit volume of aquifer per unit change in Confined aquifers

head 

Volume of water released from or taken into storage 
Storage coefficient S Dimensionless per unit surface area of aquifer per unit change in Confined aquifers

head normal to that surface ( S = S  × b)s

Ratio of volume of water drainable by gravity from 
Specific yield Sy Dimensionless saturated aquifer material to the total volume of 

that material
Unconfined aquifers

Hydraulic diffusivity D Length2/time Ratio of the transmissivity to the storage properties 
of an aquifer: T/S, K/S , or T/Ss y

Aquifer systems dominated 
by horizontal flow

values have a range of more than 12 to 13 orders of magnitude 
and are relatively large (~1 to 10,000 ft/d) for the unconsoli-
dated sands and gravels and karstic limestones that typically 
constitute aquifers and relatively small (~1 × 10–8 to 0.1 ft/d) 
for clays, silts, and shales that typically constitute confining 
layers (Freeze and Cherry, 1979; Heath, 1983).

An aquifer in which the values of hydraulic conductivity 
differ from one location to another is said to be heterogeneous, 
whereas one in which the hydraulic conductivity is every-
where the same is said to be homogeneous. Although no natu-
ral aquifer is strictly homogeneous with respect to K, aquifer 
response to stress may in some cases be represented using a 
homogeneous equivalent K. For example, alluvial aquifers 
commonly include discontinuous beds of clay of low K dis-
tributed within sand of higher K. Even though the contrast in 
the hydraulic conductivity between the clay and sand may be 
orders of magnitude, the response to pumping may be approxi-
mated using a homogeneous K if the distribution of clay beds 
is uniform throughout the aquifer. 

Unless specified differently, K refers to hydraulic con-
ductivity in the horizontal direction. A more specific designa-
tion of horizontal hydraulic conductivity is Kh, and, similarly, 
vertical hydraulic conductivity commonly is designated as 
Kv. Because of the presence of low-permeability interbeds 

can be expressed as the product of the hydraulic conductivity 
and saturated thickness at that location: . Because 
the water table of an unconfined aquifer rises and falls in 
response to hydraulic stresses, such as recharge and pump-
ing, the saturated thickness and transmissivity also vary in 
response to the changing water table. This complication is 
often of little consequence for thick aquifers where water-
table fluctuations are relatively small, but may be important 
near pumping wells where water-table declines are a signifi-
cant fraction of the initial saturated thickness. In such situa-
tions, and also in the case where pumping wells draw water 
from deep within an unconfined aquifer, vertical components 
of groundwater flow may be too large to ignore and the 
concept of transmissivity less useful.

The dominant process by which water is released from 
storage differs substantially between confined and unconfined 
systems (Heath, 1983). In confined aquifers and confining 
layers, water is released from storage by compression of 
the matrix of solid materials that form the deposit and by 
expansion of the water contained within the pores of the 
deposit. The storage capacities of confined aquifers and 
confining units are described by the hydraulic properties 
of specific storage (Ss ) and storage coefficient (S), which 
are related by saturated thickness: . The storage 
properties of confined aquifers and confining units are 
relatively small; typical values of the storage coefficient of 
confined aquifers range from 5 × 10–5 to 5 × 10–3 (Freeze and 
Cherry, 1979). In contrast, the primary component of storage 

T K b= ×

in many aquifers, Kh can be greater than Kv by a factor of 
10 or more.

For groundwater systems that are dominated by horizon-
tal flow, the transmissivity (T) at each location in an aquifer 

S S bs= ×
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in an unconfined aquifer (or a confining layer that contains 
a water table) is drainage of water stored in the pores of the 
aquifer that is released as the water table declines. Water is 
also released from unconfined aquifers by compression of the 
aquifer matrix and expansion of the water, but these sources 
of stored water are small compared to drainage at the water 
table and typically are ignored. The storage capacity of an 
unconfined aquifer is described by its specific yield (Sy ). The 
specific yields of unconfined aquifers are much larger than the 
storage coefficients of confined aquifers, typically between 
0.01 and 0.30 (Freeze and Cherry, 1979).

Another hydraulic property that is not widely used 
in groundwater studies but has relevance to streamflow 
depletion is aquifer hydraulic diffusivity (D), which relates the 
transmissive and storage properties of an aquifer. Because of 
its importance to the timing and rates of streamflow depletion, 
it is described in detail in Box A.

Hydraulic properties of streambed and streambank mate-
rials may be different from those of the underlying aquifer or 
confining layer. The properties that are most important to the 
flow of water across the streambed and streambank materials 
are the hydraulic conductivity (Ks ) and thickness (ds ) of the 
streambed sediments. In most analyses, the storage properties 
of these sediments are considered to be negligible.

Groundwater and Streamflow

Streams and rivers are commonly the primary locations 
of groundwater discharge, and groundwater discharge is 
often the primary component of streamflow. Groundwater 
is discharged through saturated streambed and streambank 
sediments, or permeable bedrock adjacent to the stream, where 
the altitude of the water table is greater than the altitude of 
the stream surface (fig. 4A). Conversely, streamflow seeps 
into the underlying groundwater system where the altitude of 
the stream surface is greater than the altitude of the adjoining 
water table (fig. 4B). Stream reaches that receive groundwater 
discharge are called gaining reaches and those that lose water 
to the underlying aquifer are called losing reaches. The rate 
at which water flows between a stream and adjoining aquifer 
depends on the hydraulic gradient between the two water 
bodies and also on the hydraulic conductivity of geologic 
materials that may be located at the groundwater/surface-water 
interface. A thick, silty streambed, for example, will tend to 
reduce the rate of flow between a stream and aquifer compared 
to a thin, sandy or gravelly streambed. In some cases, 
however, discharge from the aquifer to the stream is controlled 
by the rate at which groundwater must leave the aquifer. In 
this situation, the presence of a thick, silty streambed will 
tend to increase the hydraulic gradient between a stream and 
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EXPLANATION

C.  Gaining and losing reaches

Figure 4. A, Gaining stream reaches receive water from the groundwater system, whereas, B, losing reaches lose water to the 
groundwater system. C, Streamflow increases along the gaining reaches of a river and streamflow decreases along the losing reaches 
of a river when there is no direct surface-water runoff to the river (parts A and B modified from Winter and others, 1998).



A

B
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Figure 5. Disconnected stream reaches are separated from the 
groundwater system by an unsaturated zone. In A, streamflow is a 
source of recharge to the underlying groundwater system, but in 
B, streamflow and groundwater recharge have ceased (modified 
from Winter and others, 1998).

aquifer compared to the presence of a thin, sandy or gravelly 
bed, but will not affect the total amount of groundwater that is 
discharged to the stream. 

The graph in figure 4C illustrates the effects of gaining 
and losing conditions on streamflow during a period of no 
direct surface-water runoff to the river. The graph shows that 
the rate of streamflow increases along gaining reaches and 
decreases along losing reaches. The graph also demonstrates 
that a stream can have both gaining and losing reaches 
simultaneously. Moreover, because precipitation rates, 
pumping rates, and other hydrologic stresses vary with 
time, it is possible for a particular stream reach to switch 
from a gaining to a losing condition or from a losing to a 
gaining condition from one period of time to the next. 

Losing reaches occur under conditions in which the 
underlying sediments are fully saturated, as shown in 
figure 4B, or for conditions in which the sediments are 
unsaturated, as shown in figure 5A. A losing stream reach 
that is underlain by an unsaturated zone is said to be discon-
nected from the underlying aquifer (Winter and others, 1998). 
Some stream reaches are ephemeral (that is, they periodically 
become dry), and, as a consequence, flows between the stream 
and underlying aquifer may periodically cease (fig. 5B).

The sources of water to streams are generally recognized 
to result from four processes (Linsley and others, 1982): 
precipitation that falls directly onto a stream, which is a 
relatively small component of total streamflow; surface 
runoff (or overland flow) that travels over the land surface 
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Groundwater discharge from a basaltic-rock aquifer adjacent to the Metolius River, Deschutes River Basin, Oregon.  
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  Box A: Hydraulic Diffusivity

Two of the most important factors that control the timing 
and rates of streamflow depletion are distance of the pump-
ing well from connected surface waters and the hydraulic 
diffusivity of the aquifer. Distance to surface waters is easily 
understood, but hydraulic diffusivity is a less familiar prop-
erty. Hydraulic diffusivity, D, is defined for confined aquifers 
as D = T/S, where T and S are the more familiar properties of 
transmissivity and storage coefficient, respectively. 

The concept of aquifer diffusivity is strictly applicable to 
settings where water-level declines (drawdowns) from ground-
water pumping propagate horizontally—but not vertically—
to connected streams and other surface-water features. This 
condition implies that the saturated thickness of the aquifer 
remains constant over time, which is not the case for uncon-
fined aquifers where the water table falls in response to pump-
ing. Nevertheless, it is often acceptable to assume that changes 
in saturated thickness caused by pumping are relatively small 
(for example, less than 10 percent of the predevelopment 
saturated thickness) and that vertical groundwater-flow com-
ponents within the aquifer are small compared to horizontal 
components. Under these assumptions, the hydraulic diffusiv-
ity of an unconfined aquifer is defined with respect to specific 
yield, Sy, as D = T/Sy .

Hydraulic stresses propagate faster through aquifers with 
higher values of hydraulic diffusivity than through aqui-
fers with lower values of hydraulic diffusivity. It is impor-
tant to understand that it is the ratio of T and S (or Sy ) that 
controls the timing of depletion and not the values of T and S 
individually. For example, the rate of depletion at any given 
time caused by a pumping well in a system with a transmis-
sivity of 10,000 feet squared per day (ft2/d) and a storage 
coefficient of 0.01 would be the same as in a system with a 

transmissivity of 1,000 ft2/d and a storage coefficient of 0.001, 
assuming all other factors are equal. As illustrated in table A–1 
for representative confined and unconfined aquifers with equal 
transmissivity, the hydraulic diffusivity of confined aquifers 
is typically several orders of magnitude greater than that for 
unconfined aquifers. This difference results from the much 
larger storage capacity of the unconfined aquifer (as repre-
sented by the value of specific yield) compared to that of the 
confined aquifer (as represented by the storage coefficient). 

Higher values of hydraulic diffusivity increase the speed 
at which responses to stresses such as pumping propagate 
through an aquifer to connected streams. Streamflow deple-
tion therefore generally will occur much more rapidly in 
confined aquifers than in unconfined aquifers (fig. A–1). Each 
of the responses shown in figure A–1 illustrates the slower and 
damped response to a pumping stress in an unconfined aquifer 
with a relatively low hydraulic diffusivity compared to the 
faster response to the same stress in a confined aquifer with 
a relatively high hydraulic diffusivity. The responses shown 
in the figure are characteristic of streamflow depletion from 
pumping, but hydraulic diffusivity similarly affects ground-
water-level responses to stresses other than pumping, such as 
recharge and changes in surface-water stage.

A final point concerning the propagation of hydraulic 
stresses within an aquifer is that the rate of propagation of 
a hydraulic perturbation is not the same as the velocity with 
which a volume of groundwater actually travels through an 
aquifer or the associated residence time of groundwater in the 
aquifer. Groundwater movement is nearly always substantially 
slower than the propagation of hydraulic stresses through most 
types of aquifers, particularly those that are the source of most 
large-scale groundwater withdrawals. 

Table A–1. Example transmissivity, storage property, and resulting hydraulic diffusivity of a confined and unconfined aquifer. 

[Saturated thickness (b) of both aquifers is 100 feet, hydraulic conductivity (K) is 100 feet per day, and specific storage (Ss  ) is 1 × 10–6 feet–1; –, not applicable]

Aquifer type
Transmissivity 

(K × b) 
[feet squared per day]

Storage coefficient 
(Ss × b) 

[dimensionless]

Specific yield  
[dimensionless]

Hydraulic diffusivity 
[feet squared per day]

Confined 10,000 0.0001 – 1 × 108 

Unconfined 10,000 –1 0.1 1 × 105

1Although storage changes related to the product of Ss and b apply in unconfined aquifers, this property can be ignored in analyses of responses to 
pumping if the product is much smaller than specific yield.
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  Box A: Hydraulic Diffusivity
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Figure A–1. Groundwater-system response to different types of stresses for two values of hydraulic diffusivity—a 
relatively large value representative of confined aquifers and a relatively small value representative of unconfined aquifers. 
Stresses to the aquifer could be pumping at a well or recharge to an aquifer. The responses shown are characteristic 
streamflow-depletion responses to pumping, but also could be water-level responses to pumping or recharge. For the 
hypothetical situation shown, the pumping stresses and streamflow-depletion responses would be in units of volume per 
time (such as cubic feet per second). Other types of stresses and resulting responses could have different measurement 
units; for example, recharge rates typically are reported in units of length per time (such as inches per year) and water 
levels in units of length (such as feet). [Rates of streamflow depletion were calculated by using a computer program 
described in Reeves (2008); hydraulic diffusivity of confined and unconfined aquifers are 100,000 and 10,000 feet squared per 
day, respectively.]
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Figure 6. Total streamflow and the estimated base-flow component of streamflow for the Hunt River near East Greenwich, Rhode 
Island, 2001. Temporally varying rates of precipitation, evaporation, and plant transpiration within the watershed result in highly variable 
rates of daily and seasonal streamflow conditions. During periods of streamflow decline, such as occurred from mid April to mid May, 
streamflow consists nearly entirely of base flow. The direct-runoff component of streamflow is the difference between total streamflow 
and base flow. (Data available from U.S. Geological Survey National Water Information System Web Interface, http://waterdata.usgs.
gov/nwis; base flow estimated by the PART computer program documented in Rutledge, 1998.)

to a stream channel; interflow (or subsurface storm flow) 
that moves through the upper soil layers to a stream channel; 
and groundwater discharge, which is commonly referred 
to as base flow. Surface runoff and interflow are important 
during storm events, and their contributions typically 
are combined into a single term called the direct-runoff 
component of streamflow. Groundwater on the other hand 
is most important for sustaining the flow of a stream during 
periods between storms and during dry times of the year.

The proportion of streamflow that is contributed by 
groundwater discharge varies across physiographic and 
climatic settings (Winter and others, 1998). Base-flow 
contributions can be estimated for some streams by analysis 
of streamflow hydrographs, such as is illustrated for the Hunt 

River in Rhode Island (fig. 6). During periods of streamflow 
decline (recession) that follow storms, streamflow in the 
river consists nearly entirely of groundwater discharge, but 
groundwater discharge also contributes to streamflow during 
and shortly after periods of high flow. The average long-term 
base-flow component of the Hunt River was estimated to be 
nearly 81 percent of the total flow in the river (Barlow and 
Dickerman, 2001). This large contribution of groundwater 
discharge is typical for rivers of the Northeastern United 
States that are underlain by highly permeable sand and gravel 
deposits that facilitate high rates of groundwater recharge and 
low rates of direct runoff. The contribution of groundwater 
discharge to streamflow is lower for basins underlain by less-
permeable materials.



Streamflow Response to Groundwater 
Pumping

This section describes the fundamental processes and fac-
tors that affect the timing, rates, and locations of streamflow 
depletion. Unless otherwise stated, two important assumptions 
are made throughout this discussion—first, that the stream and 
underlying aquifer remain hydraulically connected by a con-
tinuous saturated zone, and second, that the stream does not 
become dry. These assumptions may not be valid for extreme 
cases of large-scale groundwater development and limited 
streamflow where groundwater levels have been drawn down 
below the bottom of the streambed. When the stream cannot 
supply the quantity of water pumped, the stream may eventu-
ally lose all of its water to the aquifer and become ephemeral. 
Even if flow remains in the stream, once groundwater lev-
els decrease below the streambed, an unsaturated zone may 
develop near the locations of pumping that disconnects the 
groundwater and surface-water systems, at which time the 
flow rate between the groundwater and surface-water sys-
tems in the affected areas will no longer respond to pumping. 
Brunner and others (2011) provide a summary of several of 
the issues related to disconnected systems and the factors that 
influence the dynamics of disconnection; Su and others (2007) 
and Zhang and others (2011) provide examples of the effects 
of pumping on the formation of disconnected systems. 

Time Response of Streamflow Depletion During 
Pumping

As stated by Theis (1940) in his seminal work on the 
source of water derived from wells, knowledge of the influ-
ence of time is fundamental to understanding the effects 

of groundwater development on aquifers and hydraulically 
connected surface waters. When a well begins to pump water 
from an aquifer, groundwater levels around the well decline, 
creating what is called a “cone of depression” in the water 
levels around the well. These water-level declines are largest 
at the well and decrease to effectively zero decline at some 
radial distance from the well (fig. 7). The hydraulic gradi-
ent that is established within the cone of depression forces 
water to move from the aquifer into the well. Initially, all of 
the water pumped by the well comes from water stored in 
the aquifer. The cone of depression generally deepens and 
expands laterally with increased pumping time. Because the 
hydraulic diffusivity of confined aquifers is relatively large, 
the cone of depression that forms around a well in a confined 
aquifer expands rapidly away from a well. In contrast, because 
the hydraulic diffusivity of unconfined aquifers is relatively 
small, the cone of depression around a well pumping from an 
unconfined aquifer expands slowly outward from the well.

The release of water from aquifer storage continues 
to be the only source of water to the well until the cone of 
depression reaches one or more areas of the aquifer from 
which water can be captured. Captured water consists of two 
possible sources—a reduction in the natural discharge (or 
outflow) rate of groundwater from the aquifer or an increase in 
the natural or artificial recharge (or inflow) rate to the aquifer. 
The primary sources of captured discharge are groundwater 
that would otherwise have flowed to streams, drains, lakes, or 
oceans, as well as reductions in groundwater evapotranspira-
tion in low-lying areas such as riparian zones and wetlands. 
Figure 7C illustrates the capture of groundwater that would 
otherwise have discharged to the bounding stream. Ground-
water discharge to the stream is reduced because groundwater 
levels at the stream-aquifer boundary have been lowered 
by pumping, which reduces the hydraulic gradient from the 
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Groundwater pumped for 
flood irrigation of a rice field. 
Groundwater withdrawals from 
the Mississippi River alluvial 
aquifer to support agriculture 
in the Mississippi Delta region 
have resulted in groundwater-
level declines and reductions 
in groundwater discharge to 
many Delta streams (Barlow 
and Clark, 2011). 
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Figure 7. Effects of pumping from a hypothetical water-table aquifer that discharges to a stream. A, Under 
natural conditions, recharge at the water table is equal to discharge at the stream. B, Soon after pumping 
begins, all of the water pumped by the well is derived from water released from groundwater storage. C, As 
the cone of depression expands outward from the well, the well begins to capture groundwater that would 
otherwise have discharged to the stream. D, In some circumstances, the pumping rate of the well may be 
large enough to cause water to flow from the stream to the aquifer, a process called induced infiltration 
of streamflow. Streamflow depletion is equal to the sum of captured groundwater discharge and induced 
infiltration (modified from Heath, 1983; Alley and others, 1999). [Q, pumping rate at well]



Streamflow Response to Groundwater Pumping  13

EXPLANATION

Streamflow without pumping

Streamflow with pumping

0

5

10

15

20

25

30

35

40

45

0 30 60 90 120 150 180

St
re

am
flo

w
, i

n 
cu

bi
c 

fe
et

 p
er

 s
ec

on
d

Time, in days

Figure 8. Effects of groundwater pumping on a hypothetical streamflow hydrograph. Top curve shows daily streamflow without 
pumping at a nearby well. Lower curve shows daily streamflow with pumping from a well located near the stream at a rate of 2.0 million 
gallons per day (about 3.1 cubic feet per second) beginning at day 30. After about day 60, the total decrease in streamflow each day is 
equal to the pumping rate of the well. 

aquifer to the stream; however, there is no reversal in the 
gradient toward the stream, and the stream remains gaining. 
An example of captured recharge is induced leakage from 
streams, drains, or lakes. For example, if the reductions in 
groundwater levels near a hydraulically connected stream 
are large enough, the hydraulic gradient at the stream-aquifer 
interface will be reversed, and streamflow will be induced to 
flow into the aquifer toward the well (fig. 7D). This process 
is referred to as induced infiltration of streamflow and results 
in the stream becoming losing within the reach of stream in 
which the gradient has been reversed. Captured groundwater 
discharge to streams and induced infiltration of streamflow 
both result in reductions in the total amount of streamflow; as 
a result, the two processes are combined into the single term 
streamflow depletion. Reductions in streamflow that result 
from pumping at a hypothetical well are illustrated for a repre-
sentative streamflow hydrograph in figure 8. The lower curve 
on the graph illustrates that streamflow continues to rise and 
fall in response to precipitation events, but the rates of stream-
flow are lower than those that would occur in the absence of 
pumping. For the hypothetical conditions shown, the amount 
of streamflow reduction at any point in time is equal to the 
pumping rate of the well after about 60 days of pumping.

The time response of the sources of water to a hypo-
thetical well is illustrated by the curves in figure 9. For this 
example aquifer, the only sources of water to the well are 
groundwater released from aquifer storage and streamflow 
depletion in a nearby stream. Groundwater storage is the 
primary source of water to the well soon after pumping 
begins, but its contribution to the well’s withdrawal declines 
with time. The time at which more than half of the pumping 

rate of the well is supplied by streamflow depletion is desig-
nated on the figure as the time to reach a depletion-dominated 
supply (tdds  ). If the well pumps for an extended period of time, 
the source of water pumped by the well will be entirely from 
depletion, with no further contributions from groundwater 
storage. When this occurs, water levels no longer decline in 
response to pumping, the cone of depression does not expand 
any further, and the aquifer is in a new state of equilibrium in 
which the pumping rate of the well is equal to the amount of 
streamflow depletion. The time that is required for a new state 
of equilibrium to be attained has been called the “time to full 
capture” and can range from a matter of days to decades and 
even centuries (Bredehoeft and Durbin, 2009; Walton, 2010). 
In some aquifers, however, a new equilibrium may never be 
reached if the total pumping rate from the aquifer exceeds the 
rate at which water can be captured. In other aquifers, the time 
to reach full capture, as expressed as 100 percent of the pump-
ing rate of the well, is so long that for practical purposes it is 
not meaningful. In those cases, it may be preferable to define 
full capture as a value somewhat less than 100 percent, such as 
99 percent or 95 percent.

The factors that control the time response of streamflow 
depletion to pumping are the geologic structure, dimensions, 
and hydraulic properties of the groundwater system; the loca-
tions and hydrologic conditions along the boundaries of the 
groundwater system, including the streams; and the horizontal 
and vertical distances of wells from the streams. The effects 
of these factors will be illustrated in different ways throughout 
this report, beginning with a discussion of two of the most 
important variables—the distance of a pumping well from 
a nearby stream and the hydraulic diffusivity of an aquifer. 
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Figure 9. Relation of storage 
change and streamflow 
depletion as sources of 
pumped groundwater through 
time for a hypothetical well. 
Initially, the source of water 
(or supply) to the well is 
dominated by reductions 
in aquifer storage. At later 
times, streamflow depletion 
is the dominant source of 
supply. The condition of more 
than half of the pumping rate 
coming from streamflow 
depletion is designated as 
depletion-dominated supply, 
and variable tdds is the time 
to reach the condition of 
depletion-dominated supply for 
a particular pumping location.

Jenkins (1968a, b) introduced a term that is widely applied in 
streamflow-depletion problems called the “stream depletion 
factor” (or SDF) to quantify the relation between these two 
variables. The stream depletion factor for a well pumping at a 
particular location in an aquifer is defined as

where d is the shortest distance between the pumped well and 
nearby stream, and D is the hydraulic diffusivity of the aquifer. 
Values of SDF have units of time.   

For a given pumping location, the value of SDF is a rela-
tive measure of how rapidly streamflow depletion occurs in 
response to a new pumping stress. Streamflow depletion will 
occur relatively quickly in response to pumping from wells 
with a low value of SDF and relatively slowly in response 
to wells with a high value of SDF. A high value of hydraulic 
diffusivity, for example, will result in a relatively low value 
of SDF and, as described and illustrated in Box A, a relatively 
fast response of streamflow depletion to pumping. The effects 
of well distance on streamflow depletion are illustrated in 
figure 10 for two hypothetical wells pumping from the same 
aquifer. Because well A is located much farther from the 
stream than well B, the time necessary for the cone of depres-
sion formed by pumping at well A to reach the stream is much 
longer than that for well B, and as a result, groundwater-
storage depletion is a source of water to the well for a longer 
period of time. In contrast, the cone of depression formed by 
pumping at well B reaches the stream much sooner than that 

,SDF d
D

=
2

for well A, and streamflow depletion becomes the primary 
source of water to the well much sooner than for well A.  

The presence of streambed and streambank sediments 
that impede the flow of water at the stream-aquifer interface 
also can affect the response of streamflow to pumping 
(fig. 11). These bed sediments often consist of fine-grained 
deposits and organic materials that have a lower hydraulic 
conductivity (permeability) than the surrounding aquifer 
materials. The effect of these sediments is to extend the time to 
full capture and to reduce the amount of streamflow depletion 
that occurs at any given time relative to a condition in which 
the low-permeability sediments are absent. For example, for 
the simulated conditions shown in the graph in figure 11, 
65 percent of the water withdrawn by the well after 60 days 
of pumping consists of streamflow depletion for the condition 
with no resistance to flow at the stream-aquifer interface, 
whereas only 53 percent of the well’s withdrawal rate consists 
of streamflow depletion after 60 days of pumping for the 
condition in which streambed and streambank materials with 
lower permeability than the aquifer are present at the stream-
aquifer interface.

Conditions that do not affect the timing of depletion also 
are worth noting. First, in most aquifer systems, the timing 
of streamflow depletion is independent of the pumping rate 
at the well. If the pumping does not cause system changes 
such as large reductions in aquifer thickness or the drying 
up of streams or wetlands, depletion at any given time is 
proportional to the pumping rate. Depletion, therefore, can 
be expressed as a fraction (or percentage) of the pumping 
rate at a well, as described in Box B. Moreover, the fraction 




