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211 Global water cycle

The global water cycle depicted in Figure 2.2
emphasizes the importance of the transfer of
atmospheric moisture from sea to land. Oceans
receive 79% of global precipitation and contrib-
ute 88% of global ET (Dingman 2002). Precipita-
tion on the earth’s land surfaces exceeds ET by
40,000 km?, and this is balanced by an equal
amount that is runoff from land to sea. The
annual runoff of 40,000 km? is the total amount
of water potentially available for all human uses,
including drinking and other municipal needs,
for industry, and for irrigated agriculture (non-
irrigated agriculture is fed by rain and returns
most of this water to the atmosphere as ET
over land). However, only about 12,500 km? of
runoff is truly accessible, because the majority
occurs in lightly populated areas or in seasonal
floods that are only partly captured (Postel et al.
1996).

21.2 Water balance of a catchment

For any catchment or region, a water balance
equation can be written as follows:

P+ G — (Q+ ET + Goy) = AS Q.1
Where P is precipitation, Gy, is groundwater
inflow to the area, Q is stream outflow, ET is
water loss by evapotranspiration, G, is ground-
water outflow, and AS refers to change in stor-
age (Dingman 2002). When averaged over a
period of years with no significant climate trends
or anthropogenic influences, changes in storage
can be assumed to be zero (but this is not true
over short time intervals), and so we can rewrite
this equation as;

P Gin — Q -+ ET + Guul (2.2)
Runoff includes both surface flow and ground-
water outflow, but the latter is usually small and
unmeasured, and so the two terms are not al-
ways distinguished in common use.
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If groundwater inflows and outflows are
roughly in balance or small enough to ignore,
then precipitation leaves the system as stream-
flow and ET. These terms vary both spatially and
temporally, and thus are primarily responsible
for the variability in streamflow that we shall
discuss at length later in this chapter. First, it
will be helpful to describe each term in more
detail.

Precipitation includes rain and snow. Its rate
varies more on hourly and daily timescales than
over months or years, and we are all familiar
with patterns in the average values of the latter,
recognized as wet and dry months, and from
annual mean values that help define the climate
of a region and cause us to remark on unusually
wet or dry years. Rain infiltrates the land surface
or runs off rapidly, but snow is stored on the
earth’s surface for hours to months before melt-
ing. In many areas snow is the main source of
surface water supply and groundwater recharge,
and melt water is influential in spring flood
cycles and in maintaining summer base flows.
In the High Sierras of the western United States,
gradual warming since the 1950s has reduced
the winter storage of precipitation as ice and
snow, and shifted the peak of snowmelt runoff
to earlier in the spring (Service 2004). Because
winter storage acts as a natural reservoir, melting
gradually to provision spring and summer river
flows, some have suggested the need for new
reservoirs to replace the storage capacity former-
ly afforded by the snowpack.

ET includes all processes by which water at or
near the land surface is returned to the atmo-
sphere (Dingman 2002). Mainly, it includes evap-
oration from land surfaces and water lost by
plants during the exchange of carbon dioxide
(CO3) and oxygen for photosynthesis. Globally,
about 62% of precipitation that falls on land
becomes ET, and ET exceeds runoff for most
rivers and for all continents except Antarctica
(Table 2.1). Water loss by plant transpiration
constitutes a major flux back to the atmosphere.
When an experimental forest in New Hampshire
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was clear-cut and subsequent regrowth was sup-
pressed with herbicides, stream runoff increased
40% on an annual basis, and 400% during sum-
mer (Likens and Bormann 1995). This repre-
sented the water that would have returned to
the atmosphere primarily via transpiration in an
intact forest. Subsequently, when herbicide treat-
ment was suspended, the forest rapidly regener-
ated with species with high transpiration rates,
and streamflow declined to levels below that of
the mature forest.

Seasonal variation in ET, due to the combined
effects of temperature and water demand by
plants, often is greater than seasonal variation
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in precipitation. This can be seen in compari-
sons of monthly averages for precipitation and
runoff for a series of North American rivers (Fig-
ure 2.3), in which ET can be inferred as the
difference. In Mediterranean climates, both ET
and precipitation can show marked seasonal
declines during summer months, creating large
precipitation deficits that virtually eliminate
groundwater recharge and base flow. In cold
climates ET is reduced and so a larger fraction
of precipitation leaves the catchment as runoff,
as Figure 2.4 illustrates for rivers along the
Atlantic Coast from Canada to the southeastern
United States.
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FIGURE 2.3 Patterns of precipitation and runoff for rivers from a diversity of regions in North America. Porcupine
River, Alaska, showing snowmelt peak of runoff during low precipitation. Moisie River, Quebec, showing snowmelt
peak of runoff. Umpqua River, Oregon, showing runoff peak following seasonal precipitation. Ogeechee River,
Georgia, showing runoff pattern caused by seasonal changes in evapotranspiration. Virgin River, Utah, Nevada,
Arizona, showing very low runoff due to low precipitation and high evapotranspiration. Savannah River, Georgia and
South Carolina, showing flattened runoff pattern due to regulation (compare to Ogeechee). (Reproduced from Benke
and Cushing 2005.)
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FIGURE 2.4 Annual runoff as a percentage of precipita-
tion versus mean annual air temperature for rivers drain-
ing into the Atlantic Ocean from Canada to the
southeastern United States. (Reproduced from Allan
and Benke 2005.)

213 Surface versus groundwater pathways

Precipitation destined to become runoff travels
by a number of pathways that are influenced by
gradient, vegetation cover, soil properties, and
antecedent moisture conditions. Some rainwater
evaporates from the surface of vegetation imme-
diately during and after a rainstorm, never reach-
ing the ground or being absorbed by plants. This
is referred to as interception and is included
within ET. Some rainfall passes through spaces
in the canopy (throughfall), some runs down
stems and trunks (stemflow), and some inter-
cepted water later falls to the ground (canopy
drip). The latter two pathways may play a role in
nutrient transfers, and will be discussed later.
Once rain or melt water encounters the
ground, it follows several pathways in reaching
a stream channel or groundwater (Figure 2.5).
Approximately three fourths of land-area precip-
itation infiltrates into the soil. In unsaturated,

Precipitation

Water table

FIGURE 2.5 Pathways of water moving downhill. Overland flow (1) occurs when precipitation exceeds the infiltra-
tion capacity of the soil. Water that enters the soil adds to groundwater flow (2) and usually reaches streams, lakes, or
the oceans. A relatively impermeable layer will cause water to move laterally through the soil (3) as shallow
subsurface stormflow. Saturation of the soil can force subsurface water to rise to the surface where, along with
direct precipitation, it forms saturation overland flow (4). The stippled area is relatively permeable topsoil. (Repro-

duced from Dunne and Leopold 1978.)
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porous soils, water infiltrates at some maximum
rate, termed the infiltration capacity. This capac-
ity declines during a rain event, normally
approaching a constant some 0.5-2 h into
the storm (Free et al. 1940). The downward
percolation of water results in a series of hydro-
logic horizons. The unsaturated (vadose) zone
lies above the saturated (groundwater, phreatic)
zone whose upper limit is the water table sur-
face. Soil moisture usually is least in the rooted
zone, which is the uppermost horizon of the
unsaturated zone, due to evaporation, plant up-
take, and downward infiltration. The water table
is the fluctuating upper boundary of the ground-
water zone. These horizons fluctuate seasonally
depending on rainfall, and generally rise at the
end of the growing season when ET is low. Soil
moisture thus varies with prior rainfall and sea-
son, and the degree of soil saturation influences
whether new moisture percolates downward to
recharge groundwater, moves laterally through
the soil, or rises vertically above the soil surface.

Rain that reaches the groundwater will dis-
charge to the stream slowly and over a long peri-
od of time. Base flow or dry-weather flow in a
river is due to groundwater entering the stream
channel from the saturated zone. Above the
saturated zone, some infiltrated water will move
downslope as interflow, which is subsurface run-
off in response to a storm event (Figure 2.5).
Interflow is lowest in unsaturated soils and
when grain size (and thus pore size) is small; it
can reach 11 m day~' through sandy loam on a
steep hill (Linsley etal. 1958). Rainfall in excess of
infiltration capacity accumulates on the surface,
and any surface water in excess of depression
storage capacity will move as an irregular sheet
of overland flow. In extreme cases, 50-100% of
the rainfall can travel as overland flow (Horton
1945), attaining velocities of 10-500 m h™'.
Overland flow tends to occur in semiarid to arid
regions, where human activities have created
impervious surfaces or compacted the soil,
when the surface is frozen, and over smoother
surfaces and steeper slopes (Dingman 2002).

However, overland flow rarely occurs in undis-
turbed humid regions because their soils have
high infiltration capacities. Lastly, when there is
a large rainstorm or a shallow water table, the
water table may rise to the ground surface, caus-
ing subsurface water to escape from the saturated
soil as saturation overland flow. This is composed
of return flow forced up from the soil and direct
precipitation onto the saturated soil (Dunne and
Leopold 1978). Velocities are similar to the lower
range of Horton overland flow.

Most rivers continue to flow during periods of
little rainfall. These are perennial, as opposed to
intermittent, and most of the water in the chan-
nel comes from groundwater. In humid regions
the water table slopes toward the stream chan-
nel, with the consequence that groundwater dis-
charges into the channel. Discharge from the
water table into the stream accounts for base
flow during periods without precipitation, and
also explains why base flow increases as one
proceeds downstream, even without tributary
input. Such streams are called gaining or effluent
(Figure 2.6a). Streams originating at high eleva-
tion sometimes flow into drier areas where the
local water table is below the bottom of the
stream channel. Depending upon permeability
of materials underlying the streambed, the
stream may lose water into the ground. This is
referred to as a losing or influent stream (Figure
2.6b). The same stream can shift between gain-
ing and losing conditions along its course due to
changes in underlying lithology and local cli-
mate, or temporally due to alternation of base
flow and stormflow conditions. The exchange of
water between the channel and groundwater
will turn out to be important to the dynamics
of nutrients and the ecology of the biota that
dwells within the substrate of the streambed.

2.2 Streamflow

The volume of flow moving past a point over
some time interval is referred to interchangeably
as discharge or flow. Usually it is calculated from
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measurements of width (w), depth (d), and
current velocity (), and expressed in m* s™! or

ft> s (cfs).

O = wdv

(2.3)

(b)

FIGURE 2.6 (a) Cross section of a gaining stream, typical
of humid regions, where groundwater recharges the
stream. (b) Cross section of a losing stream, typical of
arid regions, where streams can recharge groundwater.
(Reproduced from Fetter 1988.)
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In practice, discharge is estimated by dividing
the stream cross section into segments, measur-
ing area and velocity for each, and summing the
discharge estimates for the segments (Figure 2.7).

0=> aw

Velocity is measured at the midpoint of the seg-
ment and (in shallow streams) at 0.6 depth
below the surface. At least ten subsections are
required, and none should have more than 10%
of the total flow (Whiting 2003).

Current velocity varies considerably within a
stream’s cross section owing to friction with the
bottom and sides, and to sinuosity and obstruc-
tions. Highest velocities are found where friction
is least, generally at or near the surface and near
the center of the channel. In shallow streams,
velocity is greatest at the surface due to attenua-
tion of friction with the bed, and in deeper
rivers, it is greatest just below the surface be-
cause of friction with the atmosphere (Gordon
et al. 2004). Velocity then decreases as a func-
tion of the logarithm of depth (Figure 2.8),
approaching zero at the substrate surface. In
streams with logarithmic velocity profiles, one
can obtain an average value fairly easily by mea-
suring current speed at 0.6 of the depth from
the surface to the bottom. At depths >0.75 m,
velocities measured at 0.2 and 0.8 beneath the
surface can be averaged, and in very turbulent
water it may be necessary to measure velocity
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FIGURE 2.7 Estimation of discharge from the integration of point measurements of velocity and associated area of
flow in subsections of the channel cross section. Velocity is measured at 0.6 depth from the surface in shallow

streams. (Reproduced from Whiting 2003.)
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FIGURE 2.8 Current velocity as a function of depth in an
open channel. Mean velocity is obtained at a depth of 0.6
from the surface when depth is <0.75m, and from the
average of measurements at 0.2 and 0.8 depth in deeper
rivers.

at 0.1 depth intervals. In the absence of an
appropriate current meter, floats give a rough
measure of surface velocity, which when multi-
plied by 0.8-0.9 provides an estimate of mean
velocity.

Methods of discharge estimation are numer-
ous, but the integration of point measurements
of velocity and associated areas of flow is most
common (Whiting 2003). Many rivers have per-
manent gauges consisting of a well on the stream
bank, which is connected by a horizontal pipe to
the deepest part of the channel to measure river
height, or stage. Discharge is then estimated from
Equation 2.3 for a range of flow conditions, and a
stage-discharge rating curve is constructed for
that location. Thereafter, discharge is estimated
hourly or continuously by monitoring stage.

Discharge varies over all timescales, from
hourly and daily responses to a storm event,
through seasonal, annual, and decadal intervals,
as well as over historic and geologic time. It
usually increases along a stream network due to
inputs from tributaries and groundwater. Over a
stream reach of a few hundred meters, assuming

that inputs from tributaries and groundwater are
negligible, discharge should be the same at any
of several transects, even though the channel
shape and water velocity vary from transect
to transect. This is known as the continuity
relationship.

221 The hydrograph

A continuous record of discharge plotted against
time is called a hydrograph. It can depict in detail
the passage of a flood event over several days
(Figure 2.9), or the discharge pattern over a year
or more. A hydrograph has a number of charac-
teristics that reflect the pathways and rapidity
with which precipitation inputs reach the stream
or river. Base flow represents groundwater input
to river flow. Rainstorms result in increases above
base flow, called stormflow or quickflow. The
rising limb will be steepest when overland and
shallow subsurface flows predominate, and more
gradual when water reaches the stream through
deeper pathways. The magnitude of the hydro-
graph peak is influenced by the severity of the
storm and the relative importance of various
pathways by which rainwater enters the stream
(Figure 2.5). The lag to peak measures the time
between the center of mass of rainfall and the
peak of the hydrograph. The recession limb
describes the return to base flow conditions.
Hydrographs exhibit wide variation over all
timescales, from small stream to large river,
and among geographic regions, influenced by
the amount and distribution of precipitation
throughout the year, its storage as snow, the
size and topography of the basin, and soil and
vegetation characteristics. Substantial overland
flow causes a rapid and pronounced rising limb
to the hydrograph and can result in significant
sediment erosion from the land surface. Such
streams are called “flashy”; arid-land streams
often are good examples. Since little or no over-
land flow occurred in a humid New Hampshire
forest even after deforestation (Likens and
Bormann 1995), it is clear that soil permeability,
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FIGURE 2.9 Streamflow hydrograph resulting from a rainstorm. (Reproduced from Dunne and Leopold 1978.)

enhanced by litter, other organic matter, and
root structure, provides an infiltration capacity
that rarely is exceeded in forested catchments of
humid areas. Because flow is slower in subsur-
face pathways, this should result in a less pro-
nounced rising limb of the hydrograph.
Furthermore, the likelihood of sediment trans-
port from the landscape is reduced, while the
transport of dissolved materials is enhanced.
Another general pattern is for flood hydro-
graphs to become broader and less sharp as
a river gathers tributaries in a downstream
direction. This is due to differences among trib-
utary subbasins in the amount and intensity of
precipitation received, causing the sum of tribu-
tary inputs to a larger river to be less well de-
fined than the individual events. In addition, a
flood peak attenuates as it travels downstream
owing to friction and temporary storage. This
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attenuation will be greatest when a river is
connected to its floodplain and has natural
bends and channel roughness. However, when
a river is straightened and separated from its
flood plain by levees, floods will pass very
quickly downstream, where they may cause
significant damage. The Upper Mississippi expe-
rienced a major flood in 1993 in response to a
1-in-200 year rainfall, with an orientation along
the river channel that favored the convergence
of flood waters, and that occurred during a peri-
od of above-normal soil moisture conditions and
below-normal ET (Kunkel et al. 1994).

2.3 Flow Variation

The characterization of streamflow has practical
application for the design of flood-control
structures, evaluation of channel stability, and
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in determining whether sufficient water is avail-
able at the appropriate time to meet the needs of
both people and the ecosystem. Abundant data
often are available for gauged sites - as much as a
century of continuous monitoring - and meth-
ods exist that allow extrapolation to ungauged
sites. This has led to a great deal of hydrologic
analysis of the spatial and temporal variation in
streamflow.

Ecologists stress that one must consider five
elements of streamflow to ensure that the needs
of the stream ecosystem are met. These include
the magnitude of flow, its frequency of occur-
rence, duration and timing of the event, and the
rate of rise and fall (Richter et al. 1996). Because
these five components are determined by natu-
ral variation in climate, vegetation, geology, and
terrain, it is argued that rivers of a region have a
characteristic flow regime, much like a region
has a characteristic climate.

2.31 The likelihood of extreme events

Often we wish to know how frequently a flow of
a given magnitude is exceeded in an average year,
or the likelihood of an extreme annual flood such
as one that we might characterize as a 10- or 50-
year event. Several methods are available for esti-
mating the probability of extreme events, wheth-
er flood or drought. The magnitude of events is
inversely related to their frequency (or probabili-
ty) of occurrence, a relationship captured in a
flow-duration curve. These typically are con-
structed using daily streamflows over many
years, so they include both seasonal and interan-
nual variability. A flow-duration curve plots the
cumulative frequency of daily records that equal
or exceed a given value of average daily discharge
against flow magnitude (Figure 2.10). Low flows
are equaled or exceeded on most days, whereas
high flows are equaled or exceeded only a small
percentage of the time.

Several useful metrics are easily obtained from
a flow duration graph. The median flow (Qg.50)
is that exceeded 50% of the time. Because of the

influence of a few large floods on the mean
value, in humid regions the mean is exceeded
only on 20-30% of the days (Dingman 2002).
The Qg5 is a streamflow exceeded only 5% of
the time (18 days in an average year), so is a
reasonable value for high flows that occur infre-
quently. Similarly Q.95 is a streamflow exceeded
95% of the time. This value indicates how much
water is available most of the time, and also
provides a threshold below which we can iden-
tify extremely low flows. The flow-duration
method is an excellent indicator of water avail-
ability, but does not by itself provide information
on the timing of high and low flows, which may
be ecologically significant.

If one wishes to compare among streams, it
is usual to normalize flow to drainage area by
plotting flow divided by drainage area. Such
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FIGURE 2.10 Flow duration curves for two rivers in
Michigan, showing the high flow discharge (Qys) that
is exceeded only 5% of the time, and the low flow
discharge (Qg9s) that is exceeded 95% of the time.
Because the two watersheds are of similar area, dis-
charge was not normalized to drainage area. Graphs
were constructed from daily records for 1990-2000.
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comparisons distinguish “flashy” from stable
streams, as Figure 2.10 illustrates for locations in
Michigan. The relatively flat curve of the Au Sable
River indicates stable flow throughout the year
compared to the much more variable Black River.

Estimating the probability of an extreme an-
nual flood, such as one that might occur on
average once in 10 or 50 years, also is useful.
Typically one estimates the probability of a “1-in-
N-year” flood event of a given size or larger.
Thus, a 1-in-100-year flood has a 1% likelihood
of occurring in any year and the average recur-
rence interval is 100 years between two floods
of that magnitude or larger. Flood probability
(P) and average recurrence (T') are reciprocals:

P= (2.5)

1
T
Given a record of annual maximum flows or
other measures of flood events, a number of
methods can be used to estimate P and T (Gor-
don et al. 2004). One begins with a list of
the single highest flow of each year, preferably
based on the peak of the flood hydrograph rath-
er than average daily discharge. This is especially
important in small rivers where the peak flow
passes in hours and will be underestimated by
the daily average, although this may not be criti-
cal for large rivers. By fitting a probability distri-
bution to the data set, it is possible to predict the
average recurrence interval for floods of a given
magnitude or, conversely, the magnitude of the
flood that occurs with a given frequency. The
recurrence interval (T') for an individual flood is
calculated as:

n+1
m

T = 2.6)

where n =years of record and m = rank magni-
tude of that flood. The largest event is scored as
m = 1, Figure 2.11 illustrates flood-frequency
curves for Sycamore Creek, Arizona, which
experiences irregular flash floods, and for the
upper reaches of the Colorado River, with a
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highly repeatable, snowmelt-driven flow regime.
The recurrence interval for floods of a given
magnitude is read directly from the graph. One
can also determine the likelihood (1/7) that the
annual maximum flood for a given year will
equal or exceed the value of a 10-year, 20-year,
or 50-year flood event.

Flood-frequency analysis can also be used to
estimate the flood magnitude that has a 1- to
2-year recurrence. This is often considered to be
an estimate of the flood that just overtops the
banks, the bankfull discharge (Qpkr), Which in
turn is a surrogate for the effective discharge,
the flow that is considered most influential in
maintaining channel form (discussed further in
Chapter 3).

Estimating the likelihood of rare events obvi-
ously is risky, and becomes more so when only a
short hydrologic record is available for analysis.
In addition to the possibility that any given string
of years can include an individual flood whose
true recurrence interval is actually much longer
than the record, changes in land use or climate
can result in a heterogeneous data set. For in-
stance, the flood-frequency curves for a river
before and after construction of a major dam,
large-scale deforestation, or urbanization likely
will be very different.

2.32 Effect of land use on streamflow

Human alteration of land use can have major
effects on streamflow by altering the balance
between ET and runoff, and by altering runoff
pathways. In extreme circumstances land-use
change can even alter precipitation, as when
deforestation reduces ET over a large area, thus
lowering atmospheric moisture (of concern for
the Amazon Basin, Lean and Warrilow 1989).
Owing to their extensive canopy coverage and
deeper roots relative to the majority of shorter
vegetation, interception and transpiration of
water by forests is near maximal. Thus defore-
station usually increases streamflow, especially
dry-season flow, as noted earlier for Hubbard
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FIGURE 2.11 Example of a flood-frequency analysis for two rivers, based on annual peak instantaneous flows from a
20-plus year gauge record. The bankfull flood (Qny) is estimated using T = 1.5 years, and the probability or
recurrence interval for more extreme events (e.g., 20- and 50-year floods) can be read from the graph. Lines are
fitted by eye. (a) Sycamore Creek, Arizona, is an arid land stream subject to flash floods. (b) The Colorado River in its
upper reaches, near Grand Lake, Colorado, has a highly regular snowmelt-driven hydrograph. Note the steeper slope

of the graph for Sycamore Creek.

Brook. Where agriculture replaces forest with
crops, it tends to increase average flow, dry-sea-
son flow, and peak flows for smaller floods but
has little effect on larger floods (Dingman 2002).
Development of drainage systems, such as tiles
buried beneath the soil surface, and channel
deepening and straightening for flow convey-
ance, have the further effects of speeding sub-
surface flows and downstream routing of a rain
event. Conversion of wetlands into agricultural
usage may also contribute to river flooding,
since wetlands naturally are locations of surface
storage and frequently of groundwater recharge
as well.

Urbanization can have a very strong influence
on streamflows (Dingman 2002). Replacement
of vegetation with pavement and buildings
reduces transpiration and infiltration, and these
impervious surfaces substantially increase the

amount of runoff that travels by rapid overland
flow. Storm sewers and roadways transport
water quickly, and so may require the construc-
tion of retention ponds in an effort to retard the
flood peak. Runoff approximately doubles when
impervious surface area is 10-20% of catchment
area and triples at 35-50% impervious surface
area (Arnold and Gibbons 1996) (Figure 2.12).
Flood peaks increase, time to peak shortens, and
the peak becomes narrower (Paul and Meyer
2001). Because a greater fraction of the water
is exported as runoff, less recharge of ground-
water occurs, and so base flows are reduced
as well.

2.3.3 The flow regime

Characterization of the spatial and temporal
variability of streamflow identifies a limited
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FIGURE 2.12 Changes in hydrologic flows with increasing impervious surface cover in urbanizing catchments.
(Reproduced from Paul and Meyer 2001, after Arnold and Gibbons 1996.)

number of flow regimes that show some geo-
graphic clustering, referred to as a “hydroclima-
tology” or “hydrogeography.” Based on a large
number of descriptors of flow variability and
predictability, Poff and Ward (1989) identified
ten distinctive flow regimes within the United
States, including seven permanent and three in-
termittent stream types. Examples include the
highly predictable snowmelt regime of the
Upper Colorado River; the stable flows of
groundwater-fed Augusta Creek, Michigan; the
winter rainy hydrograph of McKenzie Creek,
Oregon; and the relatively continuously variable
Satilla River, Georgia (Figure 2.13). Further anal-
ysis using 420 stream gauges distributed across
the coterminous United States and selected to
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represent minimal human modification of
streamflow documented a regional clustering
indicative of differences in climatic and geologic
features (Poff 1996). In a separate analysis of
559 gages for the period 1941-1988, Lins
(1997) identified 11 distinct regional streamflow
regimes. Interestingly, these did not correspond
well to the 18 hydrologic accounting units
(HUCs, see Table 1.3) within the United States.
Although the characterization of flow regimes
into regionally distinct groups may continue to
be refined, the concept that each individual river
has a natural flow regime upon which its ecolog-
ical integrity depends has become firmly estab-
lished (Poff et al. 1997) (Figure 2.14). The
magnitude of flow is the volume of water




