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EXECUTI VE SUMVARY

The term Basefl ow Augrmentation by Streanmbank Storage is used in this report to refer
to the tenporary storage of subsurface water in floodplains, streansides,

st reanbanks and/or streanbottom during the wet season, either by natural or
artificial means, for later release during the dry season to increase the magnitude

and permanence of |ow fl ows.

Basef | ow augmentation is intrinsically related to the type of streanflow regine,

whet her epheneral, internmittent, or perennial, and to the characteristics of the
stream aqui fer system whether effluent or influent. Sustainable anbunts of |ow flow
appear to be possible only in streans that can remain effluent throughout the dry
season. In order for the streamto remain effluent, the aquifer feeding the stream
shoul d be: (1) replenished seasonally with adequate anounts of nmoisture, (2) shallow
enough to be intersected by the streambottom and (3) of sufficient size and

sui tabl e drai nage characteristics.

Adequat e aquifer replenishnent |eads to shallow groundwater tables, which, in

aqui fers of sufficient size and suitable drainage characteristics, can cause a
streamto flow year-round. \Wile aquifer replenishment is generally subject to
managenment, the hydraulic properties of aquifers are largely determ ned by nature,
with little or no human intervention. Therefore, it should be possible to acconplish
basef | ow augnmentation with a managenent strategy focused on adequate seasona
repl eni shment of sel ected aquifers. The aquifer's size and hydraulic properties can
be used to identify those which can be readily nanaged for basefl ow augnmentation

t he vegetative aspects of basefl ow augnmentation should al so be taken into account.
Vegetation aids in aquifer replenishment and in raising stream base | evels, thereby

hel ping to create an environnent conducive to basefl ow augnmentation

Four case studi es of basefl ow augnentation were reviewed for this report: Canp Creek
(Oregon), Sheep Creek (Utah), Alkali Creek (Col orado), and Trout Creek (Col orado).

These experiences have shown that it is possible to acconplish basefl ow augnmentation
with a broad range of |and and water nanagenment strategies. At Canp Creek, basefl ow

augnment ation was primarily the
i



result of livestock grazing exclusion. At Sheep Creek, sedinment accunul ated behind a
| arge barrier dam and created an artificial aquifer. To this date, this dam and
aqui fer capture and store water during the high flow season, and release it during
the I ow fl ow season. The Al kali Creek and Trout Creek watershed rehabilitation
projects showed that basefl ow augnentation can be counted as the byproduct of

structural and nonstructural watershed treatnments for the control of gully erosion.

Managenment strategies for basefl ow augnmentation fall under one of the follow ng five
categories: (1) rangel and managenent, (2) upland vegetati on managenent, (3) riparian
veget ati on managenent, (4) upland runoff detention and retention, and (5) the use of
i nstream structures. Wen properly designed and inplenmented, any of these strategies
or a conbination thereof can lead to basefl ow augnentation, given the proper

t opogr aphi ¢, geol ogi c, hydrogeol ogic, and climtic setting.

This literature review has shown that the physical nechani sns and rel ated processes
governi ng basefl ow augnentati on by streambank storage are reasonably wel

under st ood. Moreover, the Iimted field experience reviewed for this report has
clearly shown the wi de-rangi ng benefits to be derived froma managenent strategy
focused on basefl ow augnment ati on. However, additional research is needed on how to
successfully integrate the concept of basefl ow augmentation w thin conprehensive
resource managenent strategies, given the econonic, political, and institutiona

constraints.

Proj ect Manager: DonnaSLindquist

Research Director: JohnW. |canberry



"When forests are destroyed (as they are everywhere in America by
t he European planters), the springs dry up entirely or become |ess
abundant. The river beds, remmining dry during part of the year
are converted into torrents whenever great rains fall onto the

adj acent mountains. The sward and noss di sappearing with the
brushwood fromthe sides of the nmountains, the waters collecting
fromthe rain are no longer inpeded in their course; and instead of
slowy augnmenting the levels of the rivers by progressive
filtration, they furrow during heavy showers the sides of the
hills, bear down the | oosened soil, and create those sudden

i nundati ons that devastate the country. Hence it results that the
destruction of forests, the want of permanent springs, and the
occurrence of floods, are three phenonena closely connected

t oget her. "
— Al exander von Hunbol dt

Personal Narrative of Travels

to the Equi noctial Regions
of the New Conti nent
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| NTRODUCTI ON

This report contains a literature revi ew and annotated bi bli ography on the subject
Basef | ow Augrmentation by Streanmbank Storage. This refers to the tenporary storage of
subsurface water in floodplains, streansides, streanbanks and/or streanbottom during
the wet season, either by natural or artificial neans, for |later rel ease during the
dry season to increase the magnitude and permanence of |ow flows. The

streanfl owregul ati ng nechani sm of streanbank storage can shave fl ood peaks and | ead
to net increases in sunmer flows. The latter can be used to augnent the output of

hydr opower pl ants.

The purpose of the report is to review the state of know edge on the subject. It is
elected that the review will serve to identify areas in need of further research

devel opnent, and denonstration

This report is organized into three parts and an appendi x. Bart A contains an

Anal ysi s and Di scussion of the pertinent literature reviewed for this report. Part B
contai ns Annotated Abstracts of references that were deened to deal directly with

t he subj ect under investigation. Part C contains a conplete listing of the

Bi bl i ography identified in the course of this study, including a

bi bl i ogr aphy- by-subj ect section. The appendi x contains a |ist of experts enployed by
the federal and state governments, universities, and those in private practi ce,

contacted by the principal investigator in the process of producing this report.

Conput er searches and ot her conventional neans were used to identify
literature sources suitable for inclusion in this report. This effort led to 138

journal papers, research and technical reports, and other published and unpublished
articles and reports. References were sought in the follow ng general areas:

1. Basefl ow augnentati on and/or nodification

2. Water yield augnmentation by vegetation managenent
3. Streanmbank and streanbottom storage

1



4. Instream storage using structures

5. Riparian area water quantity hydrol ogy
6. Riparian area water quality hydrol ogy
7. Riparian area nanagenent

8. Streanmbank surface-subsurface flow anal ysis and/ or neasurenent
9. Streanbank surface-subsurface flow nodeling.

Al references identified in this study are listed in Part C under the section
Bi bl i ography. In addition, the followi ng four specific areas were identified for

listing under the headi ng Bibliography by Subject included in Part C
1. Basefl ow augnentation
2. Streanbank storage

3. Riparian area nanagenent
4. Surface-subsurface flow anal ysis.

Thirty-two of the references reviewed for this report were selected for inclusion in
Part B: Annotated Abstracts. Papers and reports selected for Part B were deened to
be of sufficient inportance to the topic under investigation to warrant abstracting

for ready reference. An al phabetic |list of abstracts is included in Part B

This report is submitted in fulfillnment of Task 2, Contract No. Z-19-0-893-88,
Change Order No. |, between Pacific Gas and El ectric Conpany and the Trustees of the
California State University. The principal investigator is Dr. Victor M Ponce. Dr.
Ponce was assisted by M. Jeff Reagan, San Diego State University civil engineering
student. Technical nmanagers are Ms. Donna S. Lindquist and M. Korbin D. Creek,
Pacific Gas and El ectric Conpany, Departnment of Research and Devel opnent, San Ranon,

Cal i fornia.



A. ANALYSI S AND DI SCUSSI ON

Aliterature review was performed on the subject Basefl ow Augnmentation by Streanbank
Storage. Part A contains an analysis and di scussion arising fromthe literature
review. Part B contains annotated abstracts for ready reference. Part Clists al

references reviewed in the course of this study.
BASEFLOW AUGVENTATI ON BY STREAMBANK STORAGE

General Aspects

Al t hough the subject of basefl ow augnmentation by streanmbank storage is not new

(Al exander von Hunmbol dt wrote about it in 1819), interest in it is relatively
recent. This literature review was able to identify only a few references which
dealt directly with the subject (see Bart C. Bibliography by Subject: Basefl ow
Augnentation). In this report, Baseflow Augnentation by Streanbank Storage is used
to refer to the tenporary storage of subsurface water in floodplains, streansides,
st reanbanks and/or streanmbottom during the wet season, either by natural or
artificial means, for later release during the dry season to increase the magnitude
and pernmanence of low flows. This type of storage can also be used to effect a
change in the hydrol ogic character of a stream fromone that flows intermttently

(i.e., seasonally) to one that flows perennially (year-round).

In an effort to avoid repetition, and unless specifically stated otherwise, in this
report the term'streanbank storage' will be used to refer to fl oodpl ain,

streansi de, streanbank, and/or streamnmbottom (or streanbed) storage.

The i nportance of streanmbank storage and its effect on stream hydrol ogy, ecol ogy,
and geonor phol ogy i s now becom ng i ncreasingly apparent to a broad spectrum of
scientists and professionals, including biologists, ecologists, hydrol ogists,
hydraul i c and environnental engineers, and natural resource nanagers. The tenporary
storage of precipitation in subsurface soil strata adjacent to streans, for later
rel ease during the dry sumer nonths, can directly benefit many stream uses and
users. Anong the perceived benefits of basefl ow augnmentation by streanbank storage

are:



1. An increase in the magnitude and duration of low flows to benefit
di ver se downstream uses.

2. The mai ntenance of instreamflows and water tenperatures necessary for
t he sustenance of adequate and diverse fish Regul ations.

3. The devel opnent of a noist year-round environment suitable for the
establ i shnent and grow h of riparian vegetation. The latter can be rel ated
to increased channel and bank stability, decreased erosion and sedi nent
transport, inproved water quality, enhanced wildlife habitats, additiona
stream shadi ng, | ower streamtenperatures, and inproved stream aestheti cs.

Thus, the benefits of basefl ow augnmentation by streanbank storage are many and
varied, cutting across several know edge areas. The following is a conprehensive

list of disciplines inpacted by basefl ow augnentati on by streanbank storage:
1. Surface water hydrol ogy
2. Groundwat er hydrol ogy and hydraulics
3. Hydrogeol ogy
4. Stream hydraul i cs/ mechanics
5. Water quality hydrol ogy
6. Fluvial geonorphol ogy
7. Riparian botany
8. Riparian biol ogy
9. Riparian and stream ecol ogy
10. Fisheries biol ogy
11. WAt ershed managenent
12. Natural resources managenent
13. Public | and managenent
14. Forest and range hydrol ogy
15. Water supply
16. Hydropower generation

17. Surface water |aw

18. Groundwater | aw.



Hydr ol ogi ¢ Aspects

The flow of water and noisture under the |and surface occurs in two distinct forms
or phases: (1) unsaturated, and (2) saturated. Unsaturated fl ow occurs beneath the

| and surface and above the groundwater table. The groundwater table fornms the
boundary between unsaturated subsurface flow (above it) and saturated subsurface
flow (below it). In the unsaturated zone the preferred path of novement of npisture
is vertical, by percolation, toward the saturated zone. In the saturated zone the
preferred path of novenment of noisture is horizontal, toward aquifer discharge areas

[Mull, 1986].

Sustainable low flows in streans are largely due to aquifer discharge as basefl ow
Therefore, the subject of baseflow augnentation can be readily redefined as that of
t he conversion of epheneral and intermttent streans into perennial streans.
Ephenmeral streans are those that flow only in response to direct runoff, during and
i mediately following a major storm Intermttent streans are those that flow during
the wet season and dry up during the dry season (sunnier in the U S. southwest).

Perenni al streans are those that flow year-round.

The behavi or of ephemeral, intermttent, and perennial streams can be explained in
terms of the relative contributions of direct and indirect runoff. Direct runoff is
that which flows on the | and surface, is characterized by relatively short response
times, and can lead to high peak flows. Indirect runoff is that which flows bel ow
the I and surface, features |onger response tines than those of direct runoff, and

correspondi ngly | ower peak fl ows.

I ndi rect runoff consists of two conponents: (1) interflow, and (2) groundwater flow.
Interflow occurs in the soil layers inmediately below the | and surface, either as

unsaturated flow or as isolated pockets of saturated flow nmoving in a predom nantly
lateral direction. Groundwater flow occurs below the watertable, driven by potentia

gradients which tend to follow the natural topography in a subdued way.



Ephenmeral streans are influent; that is, they serve as aquifer recharge areas.
Conversely, perennial streanms are |largely effluent, serving as aquifer discharge
areas. Intermttent streans are those that can change fromeffluent to influent,
dependi ng on the season. During the wet season, an intermttent streamis effluent,
di schargi ng subsurface water into the stream As subsurface water and noisture are
depl eted, the streamgradually charges its character, fromeffluent to influent,

| osing water to the subsurface and eventually drying up

G ven the proper topography and lithology, it nay be possible for unsaturated fl ow
to contribute to streanflow. In general, however, sustainable amounts of |ow flow
appear to be possible only in streans that can remain effluent throughout the dry
season. To assure that the streamremains effluent, the followi ng conditions are

necessary:

1. The draining aqui fer should be repl eni shed seasonally with adequate

amounts of noisture originating in natural and/or artificial sources.
2. The watertable should be shallow enough to be intersected by the stream

bottom creating an effective aquifer discharge area.

3. The geonetric and hydraulic properties of the aquifer should be
conduci ve to the mai ntenance of neasurable |ow flows throughout the dry
season.

The first two conditions are related. Generally speaking, adequate aquifer
repl eni shnent | eads to shall ow groundwater tables. In turn, shallow water-tables
lead to effluent, i.e., perennial, streanms. Therefore, adequate aquifer

repl eni shment shoul d cause streanms to flow year-round

Aqui fer replenishment is a very broad subject, enconpassing several disciplines,

i ncl udi ng groundwat er hydrol ogy and hydrogeol ogy, forest and range hydrol ogy, and
wat er shed managenent, to name a few. Furthernore, the spatial and tenporal diversity
of aquifer properties, the distributed nature of subsurface water use, and various
other institutional and |legal constraints contribute to increase the conplexity of
the subject. Notwi thstanding this conplexity, it has been wi dely recognized for sone
time that aquifer replenishnent is directly related to the conservation of

precipitation



[Horton, 1937; U.S. Dept. of Agriculture, 1940]. For a given climate, the larger the
fraction of precipitation that is allowed to infiltrate into the ground, the nore
likely it is that the infiltrated water will eventually go on to replenish the |oca
groundwat er reservoirs [ Stephens and Knowi ton, 1986]. Conversely, if nost of the
precipitation is kept frominfiltrating into the ground, aquifer repleni shment may
be sl owed down. In extreme cases, a |ack of adequate seasonal aquifer replenishnment
can cause a lowering of the watertable and the associ ated depl etion of groundwater

resources.

Water that does not infiltrate into the soil not only does not replenish
groundwat er, but al so beconmes avail able for surface runoff. In surface soils of |ow
permeability, whether natural or human-induced, increased quantities of surface
runof f invariably lead to floods and fl ood damages to individuals and property.
Furthernmore, increased amounts of surface runoff substantially enhance the flow s
conpetence to entrain and transport sediment, resulting in negative inpacts to water
quantity (by reservoir sediment deposition) and water quality (nonpoint-source

pol | ution).

VWi | e aqui fer replenishment is subject to nmanagenent, the hydraulic properties of
aquifers are largely determ ned by nature, with little or no human intervention.
Therefore, it is possible to acconplish basefl ow augnentation with a nanagenent
strategy focused on effective and adequate seasonal aquifer replenishnent. Moreover,
the aquifer's size and hydraulic properties can be used to identify those which can
be readily managed for basefl ow augnentation. In general, large and relatively

sl owdrai ni ng aqui fers are good candi dates for basefl ow augnentati on. On the other
hand, small and relatively fast-draining aquifers are not very pronising candi dates

for basefl ow augmentati on.

Hydraul i c Aspects

G ven adequate aquifer replenishment, basefl ow augnmentati on hi nges upon the
characteristics of the aquifer, including its geonetric and hydraulic properties.
The aquifer's geonetric features help establish its type, size, and boundari es,

i ncluding the presence of constraining aquicludes. The
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hydraulic properties help establish the rate of drainage, which in turn determn nes
whet her or not the aquifer can continue to drain throughout the sumrer.

Aliterature review on the subject of surface-subsurface flow analysis led to the
references listed in part C under Bibliography by Subject. The interaction between
surface and subsurface flow near streanbanks is characterized by the rate of
basefl ow recession. In finite-width aquifers drained by intersecting streans, the
recessi on of basefl ow can be shown to follow an exponential decay curve [ Cooper and

Ror abaugh] :

Q=0 e &)

in which Qis the baseflow at time t after Q, and a is a recession constant equa
to:

L
I

)

2
4 S L

in which T =transnmissivity, S = coefficient of storage, and L = aquifer w dth.

In groundwat er hydraulics, the ratio of transmissivity T to coefficient of storage S
is referred to as aquifer diffusivity. Therefore, the rate of aquifer drainage
increases with aquifer diffusivity (T/S) and decreases with the square of aquifer
width (L). In theory, the smaller the aquifer diffusivity and the |arger the aquifer
wi dth (nmeasured in a direction perpendicular to the streamalignment), the snmaller
the rate of aquifer drainage and the greater the likelihood that the stream wil|

remai n effluent throughout the year



For practical applications, the recession constant a can be obtained from Eq.
usi ng basefl ow recessi on data. Mreover, given an estimate of aquifer width L
coefficient of storage S, and transmissivity T, Eq. 2 can be used to solve for the
recessi on constant a. Wth the aquifer paraneters either known, estimated, or
obt ai ned by calibration using streanflow data, Eq. | can be used in a predictive

node to cal cul ate basefl ow recessi on curves.

I n anot her study, Rorabaugh (1963) has shown that the aquifer response to an

i nst ant aneous water table increase (i.e., an aquifer recharge) can be related to the
aqui fer properties (see Part B). These anal yses have shown that it is possible to
predi ct basefl ow response on the basis of aquifer hydraulic characteristics, which
can be either estimated or determined fromfield tests. Notw thstanding current

know edge, the literature is inconclusive as to the behavior of conplex

stream aqui fer systems which can be effluent at one time and influent at another
VWi | e the governing physical processes appear to be the sane, the initial and/or
boundary conditions are likely to be different. Additional research is needed in

this area of groundwater hydrol ogy and hydrauli cs.

Veget ati ve Aspects

The vegetative aspects of basefl ow augnentati on are now begi nning to receive w de
attention. This has closely followed a renewed public interest in riparian areas,

t heir hydrol ogy, ecol ogy, and nanagenment, the literature of the |ast decade contains
many studies reporting on all aspects of riparian area nanagenment. See Part C

Bi bl i ography by Subject: Riparian Area Managenment, for a list of key references

identified in this study.

Ri pari an zones or areas are the often narrow strips of |and that border creeks,
rivers, and other bodies of water (El nore and Beschta, 1987). Riparian areas usually
have varying anmounts and diversity of riparian vegetation. In arid and senmiarid
regions, the latter are typically phreatcphytes, or well plants, i.e., plants that
are able to survive the dry sumrer nonths by drawi ng noisture fromthe subsurface

and groundwater [Meinzer, 1927].



Up to the early 1970s, riparian vegetation was |argely regarded as a nui sance,
consum ng | arge anobunts of valuable water, particularly in the arid and sem arid
regi ons of the western United States. The | ast decade, however, has seen a gradua
change in the public's perception of the role of riparian areas [U S. Genera
Accounting Ofice, 1988]. Riparian areas are now broadly perceived as benefici al
positively inmpacting a wi de range of stream functions, including water and sedi nent
control, channel and streambank stability, fish and wildlife habitat, stream
tenmperature, water quality, and stream aesthetics. Riparian vegetation serves as the
catal yst for the storage of |arge ambunts of water in streanbanks and streanbottons,
generally storing nore water than it consumes. The anmpunt of water consuned by
riparian vegetation is seen as a snmall price to pay for the nultiple benefits that

can accrue from healthy riparian areas.

The rel ati onshi p between basefl ow augnentation and riparian vegetation is unclear at
the tine of this witing, despite the many efforts to docunment the |ink between them
[ Heede, 1977; Stabler, 1985; Elnore and Beschta, 1987]. A plausible scenario
supported by field observation appears to be the follow ng: |Increased anounts of
subsurface noisture in streanbanks, resulting fromnatural and/or artificial aquifer
repl eni shment, encourage the establishment and growth of riparian vegetation and
assure its survival fromyear to year. In turn, once established, the riparian
vegetati on acts to encourage sedi ment deposition, increase soil infiltrability and
soi |l -noi sture retention capacity, and reduce streamvelocity, thereby further

i ncreasing the rate of subsurface npisture replenishnent during high flaws [Horton
1937; U.S. Department of Agriculture, 1940]. Effective subsurface noisture
repl eni shment then | eads to saturated groundwater flow and to groundwater accretion
and rai ses the watertabl e near the streambank. Wth an aquifer of the proper
geonetric and hydraulic properties, the rise of the watertabl e near the streanbanks
can change the character of the adjoining streamfrominternittent to perennial

Mor eover, the magnitude and duration of sumrer streanflows is a function of the

aqui fer properties and of the effectiveness and anobunt of aquifer replenishnent.

Mbst experts agree that sound riparian area nanagenment is the key to restoring
degraded streanms to their original (or pre-inpact) conditions [El nore and
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Beschta, 1987; U.S. CGeneral Accounting O fice, 1988; DeBano and Schmidt, in press].
In the field of riparian area managenment, basefl ow augnmentation is perceived as a
predi ctabl e byproduct, to be counted as an additional benefit of the treatnent.
Experience has shown tine and again that degraded streans can | ose their perennia
character and become intermittent, while sound riparian restoration practices can
hel p degraded streans regain their perennial character in tine [Heede, 1977; El nore

and Beschta, 1987].

Irrigation return Flow and Artificial Recharge

Irrigation return flowis that fraction of the flow diverted froma streamor river
to irrigate neighboring agricultural |ands, which is in excess of that consuned by
the crops and which is eventually returned to the nearby streamor river, either

t hrough surface or subsurface flow. Artificial recharge refers to the managenment of
surface water with the aimof converting increased anmounts of it to subsurface and
groundwat er, thereby replenishing |ocal aquifers. Both irrigation return flow and

artificial recharge can eventually |lead to basefl ow i ncreases.

For a given site, irrigation return flow amounts vary with the cropping patterns,
node of irrigation, and crop water application techniques [Brosz, 1986]. these
amounts tend to fluctuate widely in a random manner and are, therefore, not readily
subj ect to managenent. For this reason, irrigation return flowis not generally

perceived to be a viable strategy for basefl ow augnmentation

Artificial recharge enconpasses the methods and practices whose objective is to
increase soil infiltrability, ponding time, and/or total infiltration. Methods of
artificial recharge are varied, ranging frommechanical to structural practices

[ Hel weg and Snith, 1978; Mtts and O Brien, 1981]. The literature on artificia
recharge focuses on nechani cal nethods or other nmeans of repl eni shing groundwat er
reservoirs, primarily to increase the yield of neighboring wells. Thus, the subjects
of artificial recharge and basefl ow augnmentation are intrinsically related. Recharge

nmet hods are discussed in nore detail in Sections 3.4 and 3.5 of this report.
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