STORM HYDROGRAPH COVPARI SONS OF SUBSURFACE
Pl PE AND STREAM CHANNEL DI SCHARGE I N A

SMALL, FORESTED WATERSHED | N NORTHERN CALI FORNI A

by

Jeffrey S. Albright

A Thesi s
Presented to

The Faculty of Hunmbol dt State University

In Partial Fulfillnment
of the Requirenment for the Degree

Mast er of Science

Decenber, 1991



STORM HYDROGRAPH COVPARI SONS OF SUBSURFACE
Pl PE AND STREAM CHANNEL DI SCHARGE I N A

SMALL, FORESTED WATERSHED | N NORTHERN CALI FORNI A

by
Jeffrey S. Albright

Approved by the Master's Project Conmittee

2/ 20/ 92
Carlton S. Yee , Chairnman Dat e

2/ 20/ 92
Robert R Ziener Dat e

2/ 20/ 92
Robert B. Thomas Dat e

Feb 21, 1992
Director, Natural Resources Gaduate Program Date

91/ WM 232/ 12/ 20
Nat ural Resources Graduate Program Number

Approved by the Dean of Graduate Studies

Susan H. Bicknell Dat e



ABSTRACT

The term pi pi ng has been used to describe subsurface erosion
processes and concentrated subsurface water discharge. Physica
features created by piping have been terned pipes. Piping can occur
in natural |andscapes due to individual or conbined effects of
mechani cal (e.g., corrasion), chemcal (e.g., soil dispersion), or
biotic (e.g., animal burrowing) forces normally occurring in
subsurface environnents.

Pi pi ng has been observed for many climatic and geol ogic
regi mes, and under various vegetative and | and use conditions. Piping
has been nmeasured or reasoned to be inportant to geonorphic processes
and hyrol ogi c response in various site-specific circunstances, though
the general applicability of these results has not been determ ned.

Pi pe di scharge, stream discharge, and rainfall were neasured
for three winter stormseasons in a snall forested watershed in
north-coastal California. Conparisons of pipe discharge and stream
di scharge for 22 stormevents indicated that pipes respond dynamcally
to rainfall inputs. This was particularly noted for storm conditions
that included high-intensity rainfall and wetter soil conditions at
time of rainfall. Pipe discharge peaks occurred |ater, and were nore
subdued on a unit-area basis, than peaks observed at the stream
channel . Pipe runoff nmeasured at three study swal es averaged 50 to 68
percent in conparison to runoff neasured at a surface channel. Pipes
appeared to be a substantial source of runoff from study swal es.
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I NTRODUCT! ON

Ter i nol ogy

Subsurface erosion has been described through nunerous terms
and definitions. H ggins (1984) classified subsurface erosion into two
general categories; "erosion by shallow throughflow or outflow of soi
wat er (piping) and erosion by outflow of groundwater (sapping)." The
term "pi pi ng" has been used to broadly reference subsurface erosion
i nvol ving "the formation of natural pipes in soil or other
unconsol i dat ed deposits by eluviation or other processes of
differential erosion" (Chorley 1978). Eluviation is the transport of
smal | particles in suspension through the soil matrix (Hausenbuiller
1978).

"Tunneling" is a termthat has been applied to erosion
initiated by water that infiltrates surface cracks and then erodes
al ong a hydraulic gradient, though it has been used to reference other
ki nds of subsurface erosion as well (Crouch et al. 1986). The term
"boiling", first applied by engineers to describe a cause of dam
failure (Terzaghi and Peck 1948), has al so been used in natura
| andscapes to describe conditions where hydraulic pressure pronotes
eluviation within the phreatic zone or soil heave in near-surface
zones (Crouch et al. 1986). Subsurface erosion in non-cal careous
materials resulting in surface features simlar to karst topography
has been termed "pseudokarst” (Parker 1964). The term "suffosion"

1
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initially introduced to describe nechanical renoval of |oose particles,
has been used by sonme authors to refer to erosion caused by
physi o-chenical interactions within the subsurface environnent (Jones
1981).

Features formed by subsurface erosion processes are variously
naned as well. In addition to pipe and tunnel, the term "nacropore" is
commonly used. A macropore is "any |large pore, cavity, passage way,
channel, tunnel or void in the soil, through which water usually
drains by gravity" (Aubertin 1971). Beven and Gernmann (1982)
suggested the used of the terms "preferential pathway" and
"macrochannel” in an effort to enphasize the inportance of soi
structure on subsurface flow hydraulics. O her names used in reference
to pipe-like features are "biotic holes" and "structural openings"

(Whi pkey 1969), "noncapillary pore spaces" and "l arge voi ds"
(Hursh and Hoover 1941), "natural hydraulic pathways" (Hursh 1944),
and "biol ogical and structural channels" (Arnett 1974).

Jones (1981) has provided the npbst conprehensive review of
literature on subsurface erosion in natural |andscapes. Consi stent
with literature reviewed by Jones, "piping" pertains to concentrated
subsurface erosion and water transport that is characterized by flow
hydraul ics nore indicative of channelized surface or pressurized
conduit discharge than of |am nar transport in honogeneous subsurface
matri x. "Pipe" pertains to erosion pathways that extend for sone
di stance within the shall ow subsurface environnent as either
continuous features or as a system of inter-connected features that
form extensive, branched networks. These features or networks may

connect to the surface environnment at one or nore |ocations, but are
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entirely contained within the subsurface environnent for nost of their
| engt h.

In this study, the terns piping and pi pe are predom nantly
used. Unl ess otherw se indicated, their use should be interpreted
according to the definitions that have been presented for these two

terns.

Geographic Distribution

Recognition of the possibility of concentrated subsurface flow
or erosion through pipe-like features dates at least to the 1880's,
when Schunmacher (1864, cited through Baver 1938) introduced the
concept of capillary versus noncapillary porosity and indicated that
wat er woul d nove nore rapidly through the latter. Von Richthofen
(1886, cited through Jones 1981) briefly speculated on the hydrol ogic
and geonorphic role of large soil pores in a |oess | andscape, and
Cussen (1888, cited through Jones 1981) referred to caverns and
underground streanms forned by erosive action of water infiltrating
al luvi al depressions in New Zeal and. Piping has since been identified
or studied in highly varied settings, including arid to hum d regions
with greatly different geol ogic and vegetative conditions. Piping has
been identified in Europe, Africa, China, the Southeast Pacific
region, the British Isles and North America (Hansen 1989, Jones 1981
Baillie 1975). Piping has been docunented in |oessal, alluvial, and
glacial-drift derived soils, as well as others having sharp textura
changes between the A and B horizons or very clayey conditions

t hroughout (Crouch et al. 1986, Baillie 1975).



Resear ch Chronol ogy

Pi pi ng has been nost thoroughly documented and studied in
dryl and regions. Even so, conprehensive analysis and classification of
dryl and pi ping according to physical and chem cal characteristics now
consi dered inportant did not occur until the late 1940's and early
1950's when the USDA Soil Conservation Service sponsored piping
research in the southwestern United States (Jones 1981).

The earliest and nost conplete serious study of pipe hydrol ogy
is associated with upland catchnents in the United Ki ngdom and
i ncl udes work done in the 1970's as referenced by Jones (1981, 1987),
Jones and Crane (1984), WIlson and Snmart (1984), and McCaig (1983).

Supporting the prenise that general awareness of piping in
natural | andscapes has only recently been recogni zed, Parker (1964)
stated that piping was not nentioned in any of a nunber of technica
text books reviewed at that tine, and Jones (1981) indicated that
i nterdi sciplinary communi cati on about piping and the establishnent of
a body of literature did not begin until the 1960's. Jones al so stated
that the earliest English textbooks to include piping processes in
geonor phi ¢ and hydrol ogi ¢ nodel s may have been Carson and Kirkby's

Hi |l sl ope Form and Process, published in 1972, and G egory and

Wal ling's Drai nage Basin Form and Process, published in 1973.

Causes

Fletcher et al. (1954) provided a list of five factors

they reasoned to be necessary for piping to occur



1. there nust be a source of water;

2. the surface infiltration rate nust exceed the

perneability rate of sone subsurface |ayer

3. there nust be an erodi ble layer inmredi ately above the

retardi ng | ayer;

4. the water above the retarding | ayer nmust be under a

hydraul i c gradient;

5. there must be an outlet for the lateral flow

Sone or all of these factors are usually nentioned by
other researchers (Goldsmith and Snmith 1985, Baillie et al. 1986).
These factors are briefly described in the foll ow ng paragraphs to
illustrate their role in pipe devel opnent.

(1) Stormevent precipitation that rapidly enters and noves
through the subsurface environment typically serves as the water
source. Jones (1981) reports that high intensity rainfall events are
frequently associated with conditions where piping occurs, though
ground water can al so serve as a water source through sapping.

(2) Reduced perneability can result from an inperneabl e base
| ayer, or any other material discontinuity that pronmotes concentrated
|ateral flow through the overlying layer. Sloan and Moore (1984) and
Freeze (1972) indicate that large hydraulic conductivity with
i nperneability at sone depth, or any perneability reduction at very
shal | ow depths is a common occurrence in subsurface environnents. In
general, change in perneability with depth can be due to textural or
structural characteristics associated with soil horizons

(Hausenbui | 1 er 1978).



(3) Erodibility of the overlying layer is usually referenced
in terms of dispersibility, which is primarily associated with high
concentrations of expandable clay, especially nontrorillonite (Parker
1964), or hi gh exchangeabl e sodi um concentrations in the overlying
| ayer (Heede 1971). Dispersion is effective when three conditions are
met: porosity is substantial, inter-particular bonds are weakened, and
an adequat e di splacenment force is applied (Jones 1987).

(4) Hydraulic gradient causes water novenent through the
subsurface environnment. A large hydraulic gradient can pronote
el uviation where fine sedinments lay within or adjacent to zones of
predoni nantly coarser material, or corrasion where pipes have al ready
been initiated and turbul ent energy causes material to be abraded from
pi pe wal ls. Parker (1964) points out that the hydraulic gradient
adequate to cause erosion in one type of naterial |layer may not be
adequate in anot her type.

(5) Pipe flow outlets are inportant to naintain steep
hydraulic gradients and for ultimte renoval of material from
t he subsurface environnent (Baillie et al. 1986).

O her factors have been cited as inportant to pi pe devel oprment
and are described in the following cooments. These additional factors
can have a significant role in formation or subsequent devel opment of
pi pes, but are generally listed as inportant only to the extent that
they influence the five factors just described.

Susceptibility for cracking is often considered to be
i mportant (Parker 1964). Cracking is npost pronounced in high-clay
content materials where conditions of seasonally dry climte and

poor ground cover also occur, serving to periodically dessiccate the



shal | ow subsurface environment and weaken soil structure (Brown
1962). Cracking can also be inportant in humd regions due to nass
movenent activity (Jones 1979). The inportance of dessiccation or
mass nmovenent cracking to pipe formation is nmobst pronounced in upper
soil horizons (Crouch et al. 1986). Though it is not specifically
presented as a soil cracking phenomenon, Aubertin (1971) nmentions
freeze-thaw as a process that opens up soil layers, and al so

i ncreases water delivery along concentrated pat hways.

Biotic factors are frequently cited as inmportant in initiating
pi pes and increasing the connectivity between existing pipes (Jones
1981). Biotic factors are nobst strongly associated with the vadose
zone, where biotic activity is greatest (Seven and Gernann 1982).

Ani mal burrow ng and root decay have been considered to be inportant
causes of pipe formation since sone of the earliest field studies of

pi ping in humd regions (Hursh and Hoover 1941, Gaiser 1952). Mre
recently, \Wipkey (1969), Arnett (1974), Beasley (1976) and especially
Aubertin (1971) have al so enphasi zed the role of biotic activity in
their field settings. Biotic activity cited by these authors include
decayed root channels and tunneling or burrowi ng by insects, worns and
ani mal s.

Aubertin (1971) particularly enphasized the role of rooting
activity in form ng or connecting pipes and di scussed the inportance
of the particular tree species involved. Different species have
varying lateral and vertical root systempatterns and different
decay rates, resulting in differing influences on pipe devel opnent.
Aubertin (1971), Wi pkey (1969), and Gai ser (1952) each suggested that

decayed taproots and stunps or aninmal activity can cause surface



depressions or otherwise result in |localized high-permeability zones
for surface water to concentrate in--or nore rapidly infiltrate
t hr ough- -t her eby pronoting pi pe devel oprent .

Jones (1971) acknow edges the associ ation between biotic
factors and pi pe devel opnent, but considers that biotic factors are of
secondary inportance conpared to physical factors such as those
previously listed. At a later date, Jones (1981) stated that a nore
current literature review supported the same concl usion

Land managenent activities may al so influence pipe
devel opment. Rempval of vegetative cover has been considered to
pronot e pi ping and subsequent gully formation since it contributes to
breakdown of surface-layer soil structure, resulting in dessication
cracki ng through drying of surface |ayers during warm peri ods and
i ncreased surface runoff during wet periods (Parker 1964).
Overgrazing is the nost frequently cited activity in ternms of
vegetative reduction | eading to pi pe devel opment (Brown 1962). These
| and managenent effects are primarily cited in relation to dryland
regi ons.

Al ternatively, |and managenent in humid regi ons has been
considered to inhibit pipe devel opment. Cultivation or other intensive
| and use can disturb continuity of pipe networks established prior to
the I and use activity (Nelson and Baver 1940). Burch et al. (1987)
surm sed that conversion from forest to grassliand resulted in
reducti on of macropores at a study site in Australia. In addition to
reduci ng the connectivity or nunber of pipes, |and managenent
activities that disturb the soil surface can also result in bl ocked

pi pe inlets (Msley 1982).



Geonor phi ¢ Significance

Piping is known to be inportant in dryland regions, where it
has been docunented as an inportant contributor to gully formation
and evol uti on of badl ands geonor phol ogy (Parker 1964, Heede 1971).

Al t hough pi pi ng has not been adequately studied to allow any
concl usi ons about its geonorphic significance in hum d regions,
Baillie et al. (1986) contend that piping research has al ready

provi ded a body of know edge that suggests piping-related erosion is
active in hunmid regions. In one of the few studies to directly
qgquantify sedi nent di scharge through pipes, Jones (1987) neasured
sedi ment exiting pipe outlets at a study site in Wales. He concl uded
that sedi nent yields fromhigh discharge pipes was well-correlated to
estimati ons nade for pipe length and contributing drai nage area, and
t hat sedi nent di scharged from pipes to the stream course accounted
for as nmuch as 15 percent of the streaml s annual sedi nent | oad.

In sone cases, pipes may develop to a quasi-stable condition
that persists for many years (Jones 1971). For exanple, Beven and
Germann (1982) reported on pipe networks that appear to be 50 to 100
years old, associated with root decay in high-clay soils. They al so
cite research to indicate that pipe networks regul ated by biotic
activity can be maintained in a stable condition for many years. The
long terminplication of piping suggested by nost research, however,
is enlargenent and ultimate coll apse of pipe features (Jones 1981).
In addition to gullying, piping effects include ground subsi dence

(Rubey 1967) and extension or initiation of surface channels (Jones
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1971). In sone cases, collapsed pi pe networks have denonstrated a
dendritic pattern sinilar to surface channel networks (Jones 1987).

A rel ationship between piping and nass-failure events in

soils or unconsolidated sediments nmay al so exist: Failures could be
triggered by increased hydraulic pressures associated with pipes that
are di scontinuous (Sidle 1986) or blocked (Tsukambto et al. 1982).
This seems reasonabl e, based on research suggesting that pipes often
initiate as discontinuous, individual features which gradually
i nter-connect due to seepage pressures (Msley 1982), and it is
| ogi cal to assune that a continuous pipe can becone bl ocked as

mat eri al sloughs fromthe pipe roof and walls.

Hydr ol ogi c Significance

Pi pe hydrol ogy has not been studied extensively, but npst of
the work that has been done is in humd regions (Jones 1981). Early
| aboratory studies that exam ned piping-like processes and inferred
their inportance to soil conditions in humd regions include Baver's
(1938) research that related high perneability with non-capillary
pores and Nel son and Baver's (1940) consideration of the inportance
of size, volune, shape and continuity of non-capillary pores in
pronmoting rapid infiltration. Hursh (1944) considered individua
bi ol ogi cal channels as potentially inportant as other characteristics
of the soil matrix to water drainage in upper soil-horizons.

One of the first field studies to consider the hydrologic role
of piping in a humd region setting was conducted by Hursh and Hoover

(1941). They exam ned surface runoff and subsurface flow through
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trench faces for a undisturbed and di sturbed surface | ayer under
forested conditions and for a fornmerly forested area that had been
converted to cultivated crops at a study site in the southern
Appal achi ans. Pi pe di scharge was not directly observed, but the
aut hors reasoned that reduced subsurface flow observed in the latter
two cases was due to reduced perneability, which in turn was due to
fewer continuous noncapillary pore spaces. They surm sed that
di scharge through biol ogical channels and conti nuous macropores
related to soil structure was of "first inportance" to the hydrol ogic
characteristics of the soil and suggested that di scharge through
these features contributed to streanflow since this water was only
"tenporarily detained" as it noved vertically and laterally through
the soil profile.

Anot her early field study was conducted by Gaiser (1952), who
excavated trenches in a forested soil in southeastern Chio to docunent
an extensive and highly inter-connected network of decayed root
channel s. Gai ser conjectured that these channels m ght serve an
i mportant function in vertical and lateral novenent of free water
t hrough the soil environnent, though he did not collect any hydrol ogic
data to support this idea

Increased interest in pipe hydrology in hunmid regions during
the last two decades has largely focused on the possible inportance of
pipes in generating stormrunoff. Prior to considering the inportance
of pipe discharge in this regard, a discussion of conventiona
hypot heses of runoff generation in hum d regi ons woul d be useful

For many years prior to the 1960's, stormrunoff through

surface channel s was assuned to be governed by production of Horton
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overland fl ow according to the soil infiltration-liniting concept
outlined by Horton (1933). However, field study subsequent to genera
acceptance of Horton's concept indicated that, for npbst natura
| andscapes of humid regions, infiltration capacities were only rarely
limting--with the greatest share of runoff during stormevents
seem ngly generated by only small portions of watersheds rather than
from basi n-wi de overland flow. The vari abl e source concept,

i ntroduced during the 1960's, incorporated this idea and pronoted the
rol e of the subsurface environment in stormrunoff generation (Hew ett
and Hi bbert 1967, Harr 1977, Dunne 1978).

Consistent with ideas outlined by the variabl e source concept,
the mechani sms now consi dered i nportant for stormrunoff generation in
wel | -vegetated humi d | andscapes are saturation overland flow (direct
precipitation and return flow in saturated zones near surface
channel s) and subsurface flow (saturated and partly-saturated
subsurface flow that directly inputs to surface channels) (Pearce and
McKerchar 1979). According to Dunne (1983), saturation overland fl ow
is typically nore inportant under conditions that include | ess steep
terrain, thin soils, and I ow to high subsurface perneability;
subsurface flowis typically nore inportant under conditions that
i nclude steeper terrain with convergent topography and very perneabl e
soils that have perneability restrictions at sone depth.

In nost humid region forests with a deep litter layer and
stratified soil conditions, many researchers consider the najor
portion of stormrunoff to be derived from subsurface pathways (Jelde
et al. 1986, Tanaka 1982, Bernier 1985). Beven (1981) reviewed field

and theoretical studies to conclude that subsurface fl ow domn nates
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stormrunoff where conditions include steep hydraulic gradient and
soils with high perneability. The volunme and tim ng of the subsurface
contribution depends on depth to inperneabl e base horizons, hydraulic
conditions in the unsaturated zone at the beginning of stormevents,
and rainfall rate and duration during stormevents (Beven 1981
Whi pkey 1969). Dunne et al. (1975) al so have stressed the inportance
of antecedent soil noisture status as a control on volume and tining
of storm runoff.

QO her researchers consider saturation overland flowto
generally be the dom nant mechani sm of stormrunoff in humid regions
(Freeze 1972, Dunne 1983). Freeze stated that he doubted subsurface
pat hways coul d provide the quantity of water observed as storm
runof f in surface channels. Dunne indicates that even where
subsurface flow doni nates stormrunoff volume, saturation overland
fl ow may determn ne the magnitude of runoff peaks.

Sone of the first work to consider the inportance of piping
to subsurface water transport subsequent to the devel opnent of the
vari abl e source concept was done by Wi pkey (1967, 1969) and Aubertin
(1971). Both of these authors studied piping in the
Al | egheny- Cunber| and Pl ateau region in the east-central United
States. Wi pkey and Aubertin both concluded that piping raised the
overall hydraulic conductivity of soils, and that macropores rapidly
intercepted and routed subsurface water. Neither author attenpted to
directly quantify pipe discharge contribution to stormrunoff
response of surface channel s downsl ope.

The hydrol ogi ¢ significance of pipe discharge to stormrunoff

generation in any natural |andscape depends on the inportance of
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different flowpaths in generating runoff, as well as spatial and
nmor phol ogi cal characteristics of the existing pipe network (Jones
1981). In recognition of differences in spatial characteristics and
hydrol ogi ¢ function of pipes and pi pe networks, Jones (1979)
classified pipes into two major categories: "disjunct", where pipes
di scharge onto hollows or side slopes; and those "linked to the
channel net", where pipes discharge directly into, or in close
proximty to, active stream channels. Considering differences in
nmor phol ogy and connectivity of pipes, which strongly influence pipe
hydr ol ogi ¢ function, Jones and Crane (1984) noted two groups of
pi pes, those that denonstrated a flashy response and those that
respond in a nore subdued manner during stormevents. Jones (1979)
observed anot her characteristic of pipe discharge that is presuned to
be strongly related to spatial characteristics of pipe networks: sone
pi pes at a given site may di scharge perennially, others seasonally,
and yet others ephenerally.

Jones (1979) and W/l son and Smart (1984) contend that pipes
can serve an inportant hydrol ogic function regardl ess of which of the
two maj or runoff generation nmechani sns predonminates in a particular
natural |andscape. |In cases where subsurface stornflowis nore
i mportant, they suggest that pipes or pipe networks that are effective
at intercepting subsurface flow and rapidly transporting it to zones
adj acent to surface channels can significantly contribute to runoff
peaks.

Where saturation overland flowis inportant, Jones (1979) and
Wl son and Smart (1984) expect piping to play an inportant role if

pi pes are di scontinuous or constrict near their outlets, creating
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reservoirs of subsurface water under a pressure head and thereby
resulting in quicker saturation of |ower slope profiles than would
ot herwi se be expected. They reason that piping can also contribute to
saturation overland fl ow where pi pes discharge to the surface at sone
di stance from surface channel s, hastening saturation of |ower slope
profiles or transmtting appreciable anbunts of saturated overland
flow across already saturated areas to stream channel s.

A few researchers have attenpted to quantify the portion of
stormrunoff that is attributable to pipe discharge. Jones and Crane
(1984) conducted one of the first direct nonitoring progranms of pipe
di scharge. They concl uded that pipes discharging in streansi de zones
(i.e., those linked to the channel net) provided approxi mately 46
percent of all streanflow in peatland soils at their study site in
the United Kingdom WIson and Snart (1984) consi dered genera
characteristics of surface channel and subsurface water discharge--at
a | ocation near Jones and Cranes' (1984) study area, but with
gl acially-derived soils--for a case where pipes were known to be
hydrol ogi cally active. They qualitatively estimted that about 50
percent of all stormrunoff in their study area was derived from
pi pes, and theorized that pipes were capable of delivering five tines
the volune of water that was transported as either surface runoff or
saturated throughflow. MCaig (1983) used conductivity measurements
for pipe and near-channel saturated zones to estinmate that flow from
"pi ped areas" contributed up to 90 percent of instantaneous runoff
and approxi mately 10 percent of total stormrunoff.

Tsukanoto et al. (1982) determ ned that pipes provided al nost

100 percent of discharge nonitored in an excavated trench in a smnal
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forested basin in Japan. Mosley (1979, 1982) applied water to forested
hill sl opes in New Zeal and and neasured timng and vol une of response
at exposed soil faces downsl ope. Mosley interpreted subsurface
di scharge to be the nost inportant source of runoff for all but
smal | er events, and concl uded that pipe discharge was an inportant
conmponent of subsurface discharge. In the latter effort, Mosley
reported that macropore networks rapidly conveyed up to 40 percent of
the water applied upslope of the soil faces.

observations of pipe and matrix discharge in the exanpl es just
cited have, in alnost all cases, utilized trench excavations as a
part of the experinental design. Though this technique is the nopst
practical for intercepting and neasuring pipe and matrix di scharge,
it does create an artificial face that disrupts normal subsurface
di scharge patterns (JeJe et al. 1986). Atkinson (1978) discussed this
situation, indicating that the consequence of creating a free face is
the reduction of unsaturated throughflow and the artificial buildup
of a saturated wedge. It is not clear to what extent the neasurenent
bias introduced by this technique affects concl usions that m ght be
drawn about the inportance of pipe discharge relative to other storm
runof f fl owpat hs.

For pipe discharge to be an inportant conponent of storm
runof f, pipes rmust not only capture a substantial amunt of storm
precipitation, but nust also be capable of rapidly routing captured
wat er downsl ope. Jones (1981, 1987) reports that pipe velocities
measured by various researchers averaged 0.1 m's, and ranged as high
as 0.8 nms. These velocities equal or exceed overland fl ow

velocities, and are nuch faster than matri x velocities, which Jones
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reports as typically on the order of 0.00006 to 0.025 ml's (Jones
1981).

In a simlar nmanner as previously noted for general storm
runof f processes, volunme and tining of pipe discharge appears to
be related to antecedent soil noisure status at the onset of any
additional precipitation (Beven and Germann 1982, Jones 1979, WI son
and Smart 1984). Studi es of pipe hydrol ogy have identified thresholds
of precipitation and/or soil noisture status required before pipes
initiate a discharge response (Jones 1987, MCaig 1983), or begin to
discharge in a manner linearly related to additional rainfall inputs
(Wlson and Smart 1984). Al so, different pipes at the sanme
measur enent | ocation may respond differently under any given
ant ecedent condition, and the di scharge fromany particul ar pipe (or
pi pe network) will vary fromstormto storm (Jones 1979).

Conbi ned ant ecedent soil noisture and storm event
precipitation thresholds may reflect a requirenent for saturation of
subsurface materials surrounding pipes in order to trigger appreciable
pi pe di scharge (Dunne 1978, Jones 1981). MCaig (1983) points out
that this threshold represents a lag factor that depends on 1)
infiltration processes, 2) raising the water table to a critical |eve
where water can freely enter pipe cavities, and 3) allow ng
transm ssion tinme through pipes to efflux points (especially for
smal | er pipes).

McCaig is vague in interpreting the "critical level" which is
required for pipe discharge to occur. In fact, he states that pipe
di scharge can occur wi thout saturated conditions, and Wi pkey (1969)

and Aubertin (1971) claimto have observed pi pe discharge through
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zones of unsaturated materials. One possible explanation for this is
that once water enters a pipe through an interface with saturated
materials, high transport velocities and | ower-perneability pipe
wal I s along the I ength of the pipe could conbine to mninze seepage
back into the surrounding, unsaturated matrix. Consistent with this,
Aubertin observed that many old root channels at his study site were
lined with woody remmants and that sone were lined with an inpervious
| ayer of deconposed organi cs and deposited clay particles.

Whet her or not pipes require saturated conditions to deliver
appr eci abl e amounts of water downsl ope, those studying pipe hydrol ogy
seemto concur that pipes have the potential to generate substantial
stormrunoff, especially where precipitation is conmbined with wetter
soi|l moisture conditions. However, sone of these authors have noted a
limting aspect of pipe discharge contribution to stormrunoff. In
| arge stormevents, or where antecedent soil npisture conditions are
high at the onset of a stormevent, pipe discharge can becone | ess
i mportant to overall runoff response as other runoff generating
mechani sms becone active (Jones and Crane 1984, Jones 1987).

O her authors have al together questioned the hydrol ogic
i mportance of pipe discharge to stormrunoff generation in hunmid
regi ons. Researchers studying throughflow di scharge in an area near
Mosl ey's (1979, 1982) field site questioned his interpretation of the
signi ficance of pipe discharge (Sklash et al. 1986, Pearce et al
1986). They used hydronetric and natural tracer techniques to exanine
runof f contributions from"new' water (that associated with the storm
event triggering surface runoff) versus "old" water (pre-event

subsurface water nobilized by additional inputs of soil water). The
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concept that new water passes through the subsurface environment |ike
a wave, displacing old water which is then pushed ahead to rapidly
becone surface discharge, was first described by Hewl ett and Hi bbert
(1967) and ternmed "translatory flow "

Reporting on different aspects of the same research, Sklash et
al . (1986) and Pearce et al. (1986) concluded that old water provided
60 to 70 percent of surface runoff fromhilltop ridges and 90 percent
of surface runoff fromvalley areas at their study |ocation. Since
pi pe discharge is often described as a potentially rapid and efficient
runof f routing system they concluded that the | ack of new water
del i very downsl ope signifies that pipes are not operating in a
hydrol ogi cal |l y i mportant manner. The question as to whether pipe
di scharge could al so serve as a conveyance systemfor old water as
wel |l as new water was not addressed by the researchers.

A simlar, yet separate phenonenon by which old water is
considered potentially inportant in triggering a rapid runoff response
is termed "transient flow " Transient flow is generated when
water--stored in the capillary fringe under tension, but at
near-saturated conditions--is suddenly rel eased after addition of a
smal | amount of new water (G 1l ham 1984). According to Gllham this
can result in a rapid and substantial rise in the water table,
especially under conditions where the capillary fringe prior to the
storm event extends nearly to the ground surface. The generation of
transient flow could result in old water being directly converted to
runof f, or could cause old water to saturate streamnsi de zones so that
new wat er rapidly becones runoff through saturated overland flow

Bernier (1985) cites results fromseveral tracer studies to suggest
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that old water can provide 50 to 80 percent of peak storm discharge
and runoff vol une.

Though G Ilam (1984) does not address the issue, it is
possi bl e that transient flow rather than piping is responsible for
rapi d subsurface discharge in some cases. However, where transient
flowis an inportant mechanism Reven and Gernann (1982) contend that
rapi d downward novenent of stormwater as pipe discharge (ahead of the
wetting front in the surrounding matrix) could result in a nore rapid
transient flow response than woul d ot herw se occur

Under st andi ng the i nportance of pipe discharge to hillslope
runof f generation will ultimately require accurate conceptual arid
guantitative nodels of pipe hydrology. As previously nmentioned, Carson
and Kirkby (1972) and Gregory and Walling (1973) provided early
attenpts at constructing conceptual nodels. WIlson and Snart (1984)
and Jones (1987) presented conceptual nodels of pipe hydrol ogy for
their study sites. Jones also attenpted to quantify transfer process
and storage reservoir nodel conponents based on data collected at his
field site. Dunne (1983) concurred that pipe discharge needs to be,

i ncorporated into theories of stormrunoff generation, but indicated
that nmore know edge through field experience is required before this
can happen. Consistent with this, MCaig (1983) reports that few
attenpts at nodeling pipe discharge have been undertaken

Runof f prediction nodels currently used for hunmid regi ons nmay
not be appropriate for cases where pipe discharge is an inportant
conmponent of stormrunoff. Some of the commonly used nodel s are based
on Horton's (1933) early concept of runoff generation (e.g., the

Rati onal Met hod), though these are generally inadequate in explaining



21
the dynam cs of runoff generation (Dunne 1983, Bernier 1985). O her
nodel s attenpt a nore realistic portrayal of runoff dynamics by using
an adaptation of Darcy's Law to nodel transient flow through
saturat ed-unsaturated zones in the subsurface environnent (Bernier
1985, Dunne 1983).

The latter nodeling approach can provi de reasonable results
where subsurface di scharge occurs primarily through the soil nmatrix,
but has been denonstrated to be inaccurate in field and | aboratory
experinments when pipe di scharge occurs (Seven and Gernmann 1982).
There are two prinary reasons why pipe discharge can not be
wel | -represented using a nodel based on Darcy's Law. First, pipe
di scharge is often turbulent due to flow channelization and the
typically irregular nature of pipe shape and direction al ong the.
course of travel (Jones 1981). Contrary to this, Darcy's Law assunes
| am nar di ffuse flow (Whi pkey 1967). Second, piping creates a
condition of variable perneability, with pipes usually having nuch
hi gher hydraulic conductivity than the surrounding matrix. Darcy's
Law assunes uni form perneability, or at |east, requires a val ue
representative of overall conditions (Sl oan and Moore 1984).

Wher e pipes occur extensively and are hydrol ogically active
in a natural. |andscape, the useful ness of Darcy's Law for nodeling
subsurface water transport nmaybe conpronised. In such cases, water
rapi dly nmoving through pipes could cause an earlier and flashier
runof f peak than m ght otherw se be expected, and total vol unme of
stormrunoff generated by the subsurface environnent could be greater

t han expect ed.
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Study Obj ectives

Pi pes that are presumed to be of naturally occurring origin
exi st within headwater-positioned swales in the North Fork Caspar
Creek wat ershed near Fort Bragg, California. During three storm
seasons, discharge was neasured from pi pes at outlets in excavated
trenches or headwal s of gully features at a single transeet across
each of three swales. Rainfall and surface channel discharge data are
avail abl e for the same study area, and over the sane. tine period and
with simlar time resolution, as data collected for pipe discharge.

No overland flow was observed in swal e axes above transact
| ocations during the study period, indicating that subsurface runoff
was probably the only stormrunoff mechanismactive in the study
swal es during this tinme. A prelimnary review of pipe discharge data
suggested a flashy and | arge magni tude response visually simlar to
that obtained for stream channel MJIN

A conparison of concentrated subsurface (pipe) versus surface
channel di scharge magnitude and timng characteristics was consi dered
to be useful. If there was a general simlarity, subsurface discharge
coul d be considered being concentrated and rapidly routed by
mechani sns nore consistent with nodels of channelized surface
di scharge than nodel s of conventional (matrix) subsurface discharge.
Simlarly, if a uniformy applied runoff-neasurenent technique
i ndi cates that pipe and surface channel runoff are of simlar
magni t ude during stormevents, it would then be reasonable to
interpret pipe runoff as an inportant source of stormrunoff fromthe

study swal es.
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The anal ysis was conducted by conparing, for the sane storm
events, hydrographs representing the sumof all neasured pipe
di scharge at each study transact (i.e., pipe transect discharge
relative to the hydrograph of surface channel discharge generated from
a smal|l watershed that contains one of the swales and is located in
close proximty to the other two. In particular, the hydrograph
compari sons were based on timng, instantaneous unit-area discharge,
and unit-area runoff characteristics ,for the three pipe transacts and

the conpari son stream channel



STUDY AREA

The general study area has been descri bed by Keppel er (1987),
and some of the specific study sites have been described by Z emer and
Al bright (1987). Miuch of the discussion in this section is taken from
these two sources.

The study area is the 508-ha North Fork Caspar Creek
Experi mental Watershed in the Jackson Denonstration State Forest near
Fort Bragg, California (Figure 1). The area has yout hful topography,
consisting of uplifted marine terraces that date to the late Tertiary
and Quaternary periods (Kilbourne |9%6). Hillslopes are noderate,
rangi ng from approximtely 20 to 80 percent, with el evation of the
North Fork watershed ranging from 37 to 320 neters.

The study sites are located in the uppernost portion of the
Nort h Fork Caspar Creek watershed (Figure 1), where evidence of piping
is conmon. Evidence of piping includes: |ocations along swal e axes
where the ground surface has collapsed i nto what appears to have been
i ntact and hydrol ogically active pipes; discontinuous gully ("blow
out”) features that are connected by pipes routing through
i nternedi ate | and bridges; pipe outlets positioned in gully headwal | s
or in the banks of perennial and epheneral channels; pipe outlets
positioned along the floor of headwater swal e axes (but upslope of
est abl i shed surface channels). Pipe outlets sonetimes have sedi nment
aprons near the point of efflux, and a nunber of pipe outlets have

24
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Figure 1. General Location of Pipe Discharge Study Sites (After
Ziemer & Al bright, 1987).
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been observed to discharge appreci abl e anounts of water and sedi nment
during rain events when soil conditions were at | east noderately wet.

Overstory vegetation in the Caspar Creek Experinental
Wat ershed is domi nated by stands of second-growth Dougl as-fir

(Pseudot suga nmenziesii (Mrb.) Franco) and coast redwood (Sequoia

senpervirens (D.Don) Endl.) having an average density of 700 nt/ ha.

Understory vegetation includes brush species such as evergreen

huckl eberry (Vacci num ovatum Pursh), Pacific rhododendron

(Rhododendron nmacrophyl | um D. Don) and sword fern (Pol ysti chum nmunitum

(Kaul f.) Presl.). Mst of the original old-growth was renoved by
clearcut |ogging operations in the late 1800's. Since that tine, the
Nort h Fork watershed has remined | argely undi sturbed.

The clinmate of the study area is characterized by
lowintensity rainfall and prol onged cloudy periods in w nter and
relatively dry sumers with cool coastal fog. Mean annua
precipitation at Caspar Creek is approximately 1190 nm with 90
percent of this annual precipitation occurring between the nonths of
Cctober and April. Snowfall is rare in the study area. Tenperatures
are mld due to the noderating effect of the Pacific Ccean.

The three piping study swales (M, K1, K2) are snall
zero-order basins |located in headwater-positions in the North Fork
Caspar watershed (Figure 1). The swal es have sl opes rangi ng from 30
to 70 percent, and are located in an el evation range of 100 to 320
meters (Figures 2, 3, 4). The soil at the study swales is classified
as the Vandanme soil series, derived fromsedinentary rocks of the
Cretaceous Age (primarily Franci scan graywacke sandstone). The depth

to paralithic contact is generally 100 to 150 cmwith soil particles
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Ewale Systen M1

Conkour Interwval
2 matars

Figure 2. Study Site ML: (a) Swal e System (b) Cross Section of Pipe
Di scharge Measurenent Location (After Zienmer &
Al bright, 1987).
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- (a) Swale System K1

Contour Interval
2 meters

Cross Section of Site K1

Figure 3. Study Site Kl1: (a) Swale System (b) Cross Section of Pipe
D scharge Measurenment Location (After Ziemer &
Al bright, 1980.
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Contour Interval
2 meters

Figure 4. Study Site K2: (a) Swale System (b) Cross Section of Pipe
Di scharge Measurenent Locati on.
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ranging from35 to 45 percent clay and O to 10 percent gravel. The
Vandame soil series is characterized as having very slowinfiltration
rates and noderately slow subsurface transm ssion rates.

The three study swales are in close proximty to each other
(Figure 1). One neasurenent transect was devel oped for each of the
study swal es at a |l ocation where pipe discharge already exited to the
ground surface, and where no appreciabl e openi ng (breakthrough) of the
pi pe feature to the ground surface could be detected upslope of the
transect. Each transect was created by excavating material to create
an exposed soil face across the axis of the swale, though the
excavations did not conpletely cut across the swale floors.

Pi pes exposed in the excavated headwal | s did not occur at any
consistent |level or position, but all were within the approxi nately
two neter deep soil profile. Pipe dianeters ranged from1l to 60 cm
Pi pe di scharges neasured at the three sites varied from steady
dripping to a peak of over 500 I/mn froma single pipe during storm
runof f.

The ML pi pe di scharge neasurenment |ocation (Figure 2) is
located in the central axis of the 1.14-ha ML study swale, at the
upper end of a gully that marks the begi nning of channelized surface
di scharge. Pipe discharge neasured at this transact includes pipe
MLO6, an approxi mately 80 cm (height) by 60 cm (w de) pipe at its
exposure in the trench face, and which provides at |east 90 percent of
pi pe di scharge fromthe swale during stormrunoff. MLO6 is a
perenni al ly di scharging pi pe, though sunmer baseflow often drops to
less than 1.0 I/mn. The base of pipe M0O6 is nearly 2 m deep, the

base of the pipe also representing the interface between the upper
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soil material and a | ower gleyed-clay layer. Also at transact M, a
cluster of snmall (2 to 4 cnm) pipes in close proxinty, all 0.5 mor
| ess bel ow the ground surface, were collectively neasured as pipe
ML90. Finally, at the ML transact, netal flashing arid discharge
measuri ng equi pnent were installed to separately nonitor matrix
seepage through a colluvial wedge and overl and surface channel fl ow

The K1 pi pe di scharge neasurenent |ocation (Figure 3) is
| ocated al ong one side of the 1.0-ha K1 study swale axis, at a
previously existing gully headwall with three natural terraces.
Hydrol ogically active pipes occur along the upper two terrace |evels.
Pipes at this transact include K101, a flashy, epheneral pipe about
1.5 mdeep in the soil profile on the mddle terrace (data from K101
was not used in this study due to repeated instrumentation probl ens),
and K102, the |argest discharging pipe at transact K1, |ocated on the
sanme terrace as, and i medi ately adjacent to, K101l. Like ML0O6, K102
mai nt ai ns a basefl ow during nuch of the winter rainy season, though
K102 ceases di scharging |ong before MLO6 during dry periods. Pipes
K105 and K107, located within 0.5 m of the ground surface on the
upper terrace, are epheneral pipes with flashy response during storm
events. Ot her pipes at transact KL were not neasured on a regul ar
basi s, but did not appear to provide significant storm discharge
during the 3-year study period. Al of the pipes at this transact are
between 10 to 20 cmin dianeter.

The K2 pipe di scharge neasurenment |ocation (Figure 4) is
| ocated along the axis of the 0.85 ha K2 study swal e axis. A bl ow out
feature previously existed al ong one side of the swale axis, but the

pi pes exposed at this transact continued downsl ope through a | and
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bri dge before energi ng as surface channel discharge about 10 m
downsl ope. Other than at the blowout, the 2 mdeep trench excavated
across the swale at this transact exposed a previously undi sturbed
swal e floor. There are three pipes at the K2 transact. K201 is the
| argest pipe, simlar to MIO6 and K102 in that it maintains a
basefl ow for sone tine during dry periods. Wien K201 basefl ow does
cease, it is usually after K102 dries up, but before MLO6 dries up
K201 is approximately 50 cmin dianeter, and is |ocated about 1.0 to
1.5 mbel ow the ground surface. A mxed clay arid broken shale |ayer
is evidenced within 0.5 mbelow the outlet of K201 in the trench
face. K202 is a pipe adjacent to K201, at about the sane el evation
but approxi mately one-half the size, that yields a subdued response
during stormevents and maintains a trickle base flow during nuch of
the tine that K201 al so maintains a baseflow Finally, KLO3 is a
15-cm di ameter pipe within 0.5 mof the ground surface that is
epheneral , but very flashy during stormevents.

The wat ershed used to provide di scharge conparisons with the
pi pe transacts consists of an established stream gagi ng point (station
MUN) that neasures discharge froma 17 ha area that contains the M
swale and is in close proxinity to the KL and K2 study swal es.
Topographi ¢ and vegetative cover conditions in the MUN wat ershed are

very conparable to conditions in the three piping study swal es.
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Study Tinme Frane

The ML transect was equi pped for data collection in late
January, 1986, the K1 transect in early February, 1986, and the K2
transect in late March, 1986. Due to start up problens with site
instrumentation, only partial data were collected for ML and K1
during winter, 1986, and no data was collected for K2 until the start
of winter, 1987. Partial or conplete data was obtained for all three
sites for storns during the period of winter, 1987, thru w nter,
1988. A total of 22 storns were examined during the three-year

peri od.

Fi el d Techni ques

Di scharge fromindividual pipes was captured at pipe outlets
in excavated trench walls, then routed through a plunbing network
into calibrated containers (acting as weirs) that all owed di scharge
neasurenents to be nade

Wat er was captured at pipe outlets using angul ar or
circular-shaped netal flashing driven into the soil wall around the
pi pe. The netal flashing was secured using a concrete m xture applied
to a chicken wire franework that surrounded the flashing and was
pinned to the trench wall. Water was conveyed fromthe flashing using
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conbi nations of large dianeter plastic and flexible netal pipes to a
connection at the top end of calibrated containers (one container per
nmoni tored pipe). At the top end of each container, a screen pouch was
inserted to capture coarse sedinent particles and organic debris, and
a deflector baffle was also inserted to m ninize splashing and
pressure waves in the calibrated container due to water freely
spilling in at the top

The contai ners, constructed of PVC pipe, were 15 cmin
di ameter and 100 cmtall. Containers were nmounted upright with the
base capped and the upper end open and with hol es and/or slots placed
in a lengthwi se pattern along the side. Containers were calibrated in
the | aboratory (with additional calibration points taken in the field)
to allow derivation of separate stage-discharge rel ationships for each
cont ai ner.

Under field conditions, pipe stage (discharge) was nonitored
usi ng pressure transducers mounted in the containers and a data | ogger
whi ch interrogated the transducers at 10-minute intervals.

Stream di scharge at the MJUN site was obtained using a Parshal
flume and digital stage recording equi pment operating at 10-m nute
intervals. However, the resulting electronic stream di scharge record
does not have data points at 10-minute intervals--only data points
deviating fromthe |ast recorded data point by nore than a threshold
amount were recorded. Rainfall data were recorded as 5-mnute depth
totals at a location very close to the piping study swal es using a

ti ppi ng bucket raingage connected to an event recorder
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Dat a Reducti on Procedures

Al'l electronic data received from pi ping study transects and fromthe
stream and raingage sites were plotted for review Rainfall and stream
di scharge data were conpared to simlar data fromother stations in
the North Fork watershed, and sone portions of the records flagged as

"suspicious."” Only mnor nodifications were necessary to reconstruct
rainfal |l data.

Most nodifications of MUN data were mnor. However, MJN data
required a potentially significant reconstruction for 13 storms
(Storns 6-11 and Storns 16-22). in order to estimate timng and
di scharge for start of stormrunoff. This information had to be
reconstructed for cases where tinme gaps occurred in the data record.
Tinme gaps resulted fromsoftware | ogic that was designed to save data
menory during non-storm periods, or any other period when stream stage
mai ntained a simlar rate of increasing or decreasing stage.

The consequence of this was to create noderate-to-long tine
gaps (approximately 0.1 to 1 day for this study's data), especially
during periods of relatively steady basefl ow recession. The recorded
data points that signaled an end to tine gaps were often the first
evi dence of stormrunoff as well. In many cases, runoff had commenced
at some previous tine, and from sonme | esser discharge, but was
undet ected due to software | ogic.

Reconstruction was done for cases where MJN hydrographs, in
conpari son with hydrographs for other nearby stream stations, |ooked
suspi cious at the period around start of runoff. For these cases,

start of runoff was assuned to occur 10-m nutes prior to the first
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evi dence of MUN rise. This approach was used because HUM appeared to
be flashy at start of runoff for many events. It was assuned that the
typical overestimate of start tine in the original data record may
have been on the order of nminutes, rather than hours. Di scharge used
for start of runoff was the |last recorded discharge prior to the tine
gap which preceded evidence of a rise. This value was al ways | ower
than the val ue neasured at the evidence of a rise, but certainly
hi gher than the actual discharge at start of runoff.

Pi pe di scharge data was conpared to discharge data collected
for the sane event at other pipes as well as at stream stations.

I ndi vi dual pipe discharge data flagged as suspici ous were revi ewed
nore carefully. Questionable data which could not be reconstructed or
reasonably interpreted fromthe existing record were onmtted from
anal ysis. Significant data reconstruction issues are discussed |ater
in this section.

After review and reconstruction of individual pipe discharge
hydr ogr aphs, di scharge neasurenments taken for all pipes at each
transect were summed produci ng hydrographs that represented total pipe
di scharge neasured at each transect for each stormevent.

Data for the ML and K1 transects had the foll owi ng genera
probl ems during winter, 1986. Hydrograph traces produced for pipes at
both sites displayed excessive "noise" caused by splashing and
pressure waves in the calibrated containers. A data snmoothing routine
(3-point running average wei ghted to favor the point being snoot hed)
was used to reduce noise. Even so, additional data snmoothing had to
be done by plotting the hydrograph traces,. drawi ng visual best-fit

lines through the traces, then interpreting timng, instantaneous
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di scharge, and runoff volumes directly fromthe plot using a
pl ani neter and a t-square. Al so, the maxi num peak di scharge for Storm
2 for both ML and K1 transect hydrographs were reconstructed by
ext endi ng the recorded hydrograph linbs with dashed lines (Figures 7
and 8). These reconstructions were not used to provide data for
maxi mum peak di scharge, but were used to calculate total stormrunoff,
whi ch was fudged to be | ess sensitive to inprecise reconstruction

Data for all three piping transects had an ongoi ng probl em
t hroughout wi nter, 1987. The probl em was caused by an operating error
in the data |l oggers and resulted in irregular timng of data
acquisition by the devices. The data | oggers, which normally acquire
data points at 10-minute intervals, failed to collect data for every
interval during certain operating periods. An individual operating
period is represented by the tine between downl oadi ng of data from
data |l oggers. Data processing identified periods having an inconplete
data record, and also indicated the total nunber of missed intervals.
However, the electronic file format output by data | oggers made it
i mpossible to determ ne where individual (or sequences) of m ssing
data points occurred. Visual conparisons of plotted data for these
periods indicated that the time-shift errors introduced by this
probl em were probably mnor for nost cases. No data were onmitted from
anal ysis for this reason.

Data for one pipe at each of the three pipe transects had an
ongoi ng probl em throughout wi nter, 1988. The probl em was caused by a
different type of data | ogger nmal function and resulted in a
transformati on of the signal received fromthe transducer before

val ues were recorded by the data | oggers. The recorded stage
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(di scharge) values were thereby shifted fromtheir actual value by a
substantial anmount. Conparison of discharge data for these three
pi pes with other pipe and stream di scharge data consi dered of good
quality clearly identified the periods when the mal function occurred.
Fortunately, a |large nunber of manual discharge nmeasurenents were
made during storm periods for the affected pipes. These manual
nmeasur enents provided a basis for reconstructing these file periods.
Data for part of one stormat one site (Storm21 at Site K1) was
omtted fromanalysis for this reason

Thr oughout the entire period of the study various probl ens
occurred on an irregular basis that were related either to equi pnent
design deficiencies, errors by field technicians, or outright
equi prent mal function. Probl enms experienced during collection of
field data include:

1. disruption of plunbing connections resulting in an

under neasur enept of pi pe discharge;

2. mal functions at the location of the calibrated containers,

i ncl udi ng- -

a. sediment or organic debris clogging at the top of the
cont ai ner, causing outsplashing and resulting in
under neasur ement ,

b. pluggi ng of container discharge holes and slots by
debris, resulting in artificially high container stages
and hence overneasurenent of di scharge,

c. use of a container designed for |ow discharges during
| arge storm events, causing overtopping of the container

and resulting in underneasurenent;
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3. pressure transducer problens which include,

a. long-termdrift, reducing accuracy by introduci ng noise
or shifting data val ues,
b. electrical shorting, causing conplete |oss of data.
These problens were addressed as identified, and the affected data
were reconstructed. The nbst serious occurrences of these problens
caused data to be elimnated fromthe record.

Finally, discharge from pi pe K101 (a flashy, epheneral pipe
that provided 15 to 30 percent of total discharge at the Kl site
during peak storm periods) was not included in the summation of K1l
transact discharge for the entire period of study due to repeated
i nstrunentation problens associated with this pipe.

Pl ots indicating stream di scharge, pipe transact discharge,
and cumul ative rainfall and rainfall intensity are attached as
appendi xes. Plots for Storms 1 to 3 are included as Appendi x A
(Figures 6-9), Storns 4 to 6 as Appendix B (Figures 10-14), Storms 7
to 10 as Appendix C (Figures 15-19), Storns 11 to 14 as Appendix D
(Figures 20-24), Storms 15 to 19 as Appendi x E (Figures 25-29), and
Storns 19 to 22 as Appendix F (Figures 30-34). Periods of data
elimnated fromdata files prior to analysis appear as gaps in the

pl otted records.

Anal yti cal Procedures

The objectives of this study are: 1) to deternmine if pipe
(concentrated subsurface) di scharge at study swal es occurs with

simlar nmagnitude and timng as discharge at a nearby surface channel



40
and 2) interpret whether pipe runoff provides an inmportant source of
runof f fromthe study swal es. The anal ytical approach to neet these
obj ectives involves .a direct conparison of measured pipe and surface
channel discharge and other runoff characteristics during storm
events.

The anal yti cal approach was devel oped through the foll ow ng
reasoni ng. Pipe runoff neasured at the excavated transects was
treated as an (conservative) estimate of the magnitude and duration
of total stormrunoff fromthe study swales. This is reasonabl e since
there was no evidence of overland flow in swal e axes above transect
| ocations in the study swal es, or evidence of appreciable matrix
seepage fromthe excavated trench faces during the three storm
seasons included in this study. Surface channel runoff nmeasured at
station MUN is also a neasure of total stormrunoff fromthe study
area, but at a larger spatial scale. Surface runoff measured at MJN
probably includes contributions fromboth subsurface and saturation
overl and fl ow mechani sns.

A prelimnary review of pipe discharge data suggests a flashy
and | arge magni tude response visually simlar to that obtained for
stream channel MUN. It would be useful to determine if these
responses are indeed sinlar in formand (or) timng. If they are,
subsurface runoff is being concentrated and rapidly routed by
nmechani sns nore consistent with nodel s of channelized surface
di scharge than nodel s of conventional (matrix) subsurface discharge.
Simlarly, if a uniformy applied runoff-neasurenent technique
i ndi cates that pipe and surface channel runoff are of simlar

magni t ude during stormevents, it would then be reasonable to
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interpret pipe runoff as an inportant source of stormrunoff fromthe
study swal es.

Hydr ographs of pipe transect and surface channel discharge for
the three-year period of the study were inspected for sinlarities. A
total of 22 storns during this period were included in the analysis
based on the presence of a runoff response and acceptable data quality
for the streamdi scharge site and at |east two of the three pipe
transects. However, not all data was used for each site for all 22
storns. Most of the data omi ssions were due to problenms with pipe
di scharge data as previously reported, but data for portions of
i ndi vidual storns were not used due to inconpatibility issues. For
exanpl e, maxi mum peak di scharge conparisons were not made for Storm
6. This stormwas a conplex event that had a conparably different
peak at MUN relative to two of the pipe transects. MJN data is coded
as "mssing" for this case.

Hydr ograph characteristics were neasured to all ow conpari son
of pipe transect and stream di scharge response in four categories:
timng, duration, instantaneous discharge, and cumul ative runoff.
Three timng characteristics (hereafter terned "paraneters") were
sel ected for each storm hydrograph: tinme at start of stormrunoff,
time at maxi mum peak di scharge during stormrunoff, and tine at end
of stormrunoff. Al of these were expressed as lag tines relative to
anal ogous rainfall hyetograph tinmes (explained below). Two duration
paranmeters were selected for each storm hydrograph, these being tine
fromstart of runoff to maxi mum peak di scharge and tine fromstart of
runof f to end of stormrunoff. Three instantaneous discharge

paranmeters were selected. These were unit-area discharge at each of
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the start of stormrunoff, naxi mum peak di scharge, and end of storm
runof f. Two runoff paraneters were selected for each storm
hydr ograph. These were cunul ative unit-area quickflow runoff from
start of stormrunoff to maxi num peak storm di scharge, and from start
of stormrunoff to the end of storm quickflow runoff.

Determination of time at end of stormrunoff, as well as
vol ume of stormrunoff was done using Fortran 77 prograns that
i ncorporated the Hewl ett and Hi bbert (1967) hydrograph separation
techni que. This technique, hereafter referred to as the "H H net hod"
is commonly used in hydrographic analysis. The H H nethod provides an
arbitrary, but consistent, basis to separate storm qui ckfl ow runof f
and del ayed fl ow (basefl ow) using a separation line (the "H-H line").
G ven a plotted storm hydrograph, the HH line begins at the start of
a stormrunoff response, then rises during the stormperiod at a rate
of 7.87 |/ mn/ha/day. The end of the stormrunoff period is
determned as the point where the HHIline intercepts the recession
l'inb of the hydrograph. Quickflow runoff values are interpreted as
the area (volune) of runoff bel ow the hydrograph trace but above the
HHline and baseflow is represented by the area below the HH Iine.

This HHIline rising rate was selected to be consistent with
the value initially proposed by Hew ett and Hi bbert (1967) and used
since by other researchers in various settings. This sane rate of
rise was also used in previous work done at the Caspar Greek study
area (Thomas 1986). Inspection of data used in this study indicates
that, for nost stormevents at all study sites, the HHIline contacts
t he hydrograph recession linb in the vicinity of the inflection point

that signals a decreasing rate-of-decay of the recession |linb. Mst
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of the runoff associated with the rainfall event has occurred by this
time. For two of the 22 study stormevents (Stornms 11 and 17), end of
storm paranet er conpari sons were not possible because the HHline did
not intersect the conparable recession linb for all sites.

Rai nfal | data was al so sunmarized for each storm event.
Rainfall timng data was used as a basis to calculate lag tine
paraneters for the pipe transect and stream di scharge sites. Rainfal
data used in this regard were: tine at start of sustained rainfal
(prior to start of runoff), tine at nedian rainfall (the tine
associated with the mdpoint of cunulative rainfall for each storm
event), and tine at end of sustained rainfall (the tine of the |ast
sustained rainfall prior to the end of the runoff event for at |east
nmost or all of the discharge neasurenent sites). Qther rainfall data
were sumari zed and reported, but ultimately were not used in the
anal ysis. These data were: duration fromstart of sustained rainfal
to each of tine at nedian rainfall and time at end of sustained
rainfall, and curmulative rainfall fromstart of sustained rainfall to
each of time of median rainfall and tine of end of sustained
rainfall. Rainfall data was |argely hand-cal cul ated based on cl ose
i nspection of rainfall data files.

Figure 5 provides a graphical representation of how rainfal
dat a and hydrograph paranmeters were derived. The use of the HH
nethod to calculate time at end of stormrunoff and vol une of
qui ckfl ow runoff is also represented in Figure 5. In addition, plots
for all stornms used in this study (Appendi xes A-F) show an
approxi mation of the HHIline for each storm These |lines were placed

to be representative only. As previously indicated, the actual HH
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line intercepts and cal cul ati ons were done by conputer nani pul ati on of
electronic files. The HH line is not represented in the data plots
for cases where the stormhydrograph is plotted at a very snmall scale.

Par anmet er val ues were tabulated for all stormevents at each

site and organized into data sets. Every paranmeter was represented by
three data sets. Each data set for a paraneter contained the sane
values for MUN as well as values for one of the three pipe discharge
transects for the 22 stormevents. Data val ues that were missing or
could not be reconstructed were coded as '*'.

Data treatnents were applied to all three data sets for each

paraneter. The data treatnents were

1) taking the difference between the val ues obtained for
the pipe transact and those at the streamsite for al
eases (storms) where point observations existed in the
data set;

2) taking the difference between the |og-transformed val ues
at the pipe transect and the |og-transfornmed val ues
obtained at the streamsite for all cases where joint
observations existed in the data set;

3) calculating the ratio of the val ues obtained for the
pi pe transect relative to those val ues obtained at the
streamsite for all cases where point observations
existed in the data set.

Each treatnent of a data set produced an array of val ues.

Each array of values is ternmed a "variable" in this study. Since
there were three data treatnents applied to each of three data sets

for each of 10 paraneters, a total of 90 variables were produced.
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The first data treatment reflects the underlying assunption
that the responses at the pipe transects and the streamsite should
be directly conparable, and that parameter values for each site
shoul d reflect a linear response over the range of observed storm
events. The second data treatment reflects the underlying assunption
that while the responses at the pipe transects and the streamsite
shoul d be directly conparable, the paraneter values for all sites
shoul d reflect an exponential response over the range of observed
stormevents. The third data treatnent reflects the underlying
assunption that the responses at pipe transects and the streamsite
are not conparable on a sinple linear-additive scale, but rather that
the relative change in paraneter val ue response over the range of
observed stormevents is directly conparable.

The spread and distribution of values contained in each
vari abl e was then exam ned using dotplots, which are horizontal data
di splays simlar to histogranms. |Individual dots along ,the horizontal
axis of the plots represent single values of data. Dotplots for the
vari abl es selected for hypothesis testing are attached as Appendix G
The variabl e that denponstrated the best symetrical - appeari ng
distribution for each paranmeter was selected for hypothesis testing.

Hypot heses testing used a formof the t-test for
pai red- conpari sons. A total of 30 t-tests were conducted. Each
t-test evaluated a single variable. Thus, the tests were inplenmented
as one-way t-tests. Calculation of test statistic values used the
f or nul a:

T:M \Nhere;
sd

(n-1)
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X = sanpl e nean,
sd= standard devi ati on of the sanple,
n= sanpl e size,
p = hypot heti cal popul ati on nean.

The val ue of the hypothetical population nmean was deterni ned
by the variable selected for testing. For paraneters where the
vari abl e was constructed using Data Treatnment 1 or 2, the hypothetica
mean had a val ue of zero. For paranmeters using Data Treatnent 3, the
hypot heti cal nean was equal to one. For each test, the hypothesis was
that there was no significant difference in observed or treated data
for one of the pipe transects | ess the conparabl e observed or treated
data for stream channel MJIN

The study goals and nmet hods were organi zed as a genera
i nvestigation of the simlarity of concentrated subsurface and surface
channel runoff and ot her discharge characteristics. Therefore, pipe
transect data fromall three study swal es for a conmpbn paraneter-were
considered as a "famly" of related "statements" in the context of
term nol ogy and net hodol ogy described by MIler (1981). Since there
are 10 study paraneters, this resulted in 10 famlies of statements.

This influenced the interpretation of significance val ues
obtai ned for each test result. Significance was determ ned using the
Bonferroni nultiple conmparison nmethod applied to fanilies containing
three tests each, with a fanily error rate for determ nation of
significance set at the five percent level (MIler 1981). Each famly

conpares MUN to pipe transects M, K1, and K2 for a single paraneter
using a significance level of 0.05/3 = 0.0167 = al pha(;) for each

i ndi vidual test. Setting the determ nation of significance for each
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statenment(;) in a famly at this level provides, for the
consideration of the famly as a whole, an expected Type
experinental error rate of no greater than five percent. That is, the

procedure limts to five percent the probability of rejecting at |east

one of the three null hypotheses in a famly given that all are true.



RESULTS
St udy Dat a

I nst ant aneous di scharge and tinmi ng paraneter data for pipe
transects and MUN at start of runoff events are reported in Table 1.
Data for the sauce paraneters at maxi num peak di scharge during runoff
events are reported in Table 2, and at end of stormrunoff in Table
3. Rainfall data used to develop tinm ng paraneters are also reported
for start of storm (Table 1), nmedian of cunul ative stormrainfal
(Table 2), and end of storm (Table 3).

Duration paraneter data for pipe transects and MJUN are
reported in Table 4. These include data for duration fromstart of
runof f to maxi mum peak di scharge, and for duration fromstart of
runoff to end of runoff. Duration data for each site is referenced to
time at start of runoff at that site. The values reported in Table 4
are calculated fromtimng data reported in Table 1, Table 2, and
Table 3. Duration information for stormrainfall is also reported in
Table 4, though this information was not used in the analysis.

Cumul ative unit-area quickflow runoff for pipe transects and
MUN are reported in Table 5. These include cunul ative runoff from
start of runoff to nmaxi mum peak di scharge, and for start of runoff
to end of runoff at each site. Cunulative rainfall information is
al so given in Table 5, though this information was not used in the

anal ysi s.



Tabl e 1. Starting Data for Storm Events, Including Rainfal
Begi nning of Rainfall to Beginning of Runoff at Study Sites,
Begi nni ng of Runoff at Study Sites.
Rai nf al | MUN ML

Storm Ti me Lag Di scharge Lag Di scharge Lag

Nurber Dat e (hhnm) (mn) (L/ m n/ ha) (mn) (L/ m n/ ha) (mn)
1 02/ 13/ 86 1850 330 10.6 310 10. 4 175
2 03/ 06/ 86 2350 390 7.0 460 4.2 685
3 03/ 14/ 86 1800 490 52.9 735 47.2 855
4 12/ 19/ 86 815 114 1.0 145 1.2 165
5 01/ 01/ 87 255 155 0.2 275 1.4 345
6 01/ 02/ 87 2105 325 12.7 285 6.2 445
7 01/ 23/ 87 1935 405 0.8 265 0.7 495
8 01/ 27/ 87 1455 135 18.8 155 9.0 395
9 02/ 01/ 87 2140 250 33.9 90 9.9 280
10 02/ 12/ 87 805 433 7.0 525 4.2 565
11 03/ 02/ 87 1620 250 10.6 220 1.7 420
12 03/ 04/ 87 1645 345 28.2 365 7.1 395
13 03/ 11/ 87 1840 530 24. 7 480 6.5 480
14 03/ 20/ 87 1900 460 17.6 320 7.3 420
15 11/ 20/ 87 615 75 3.5 145 0.3 *
16 11/ 30/ 87 105 195 3.5 215 0.9 395
17 11/ 30/ 87 2115 445 3.5 695 0.3 445
18 12/ 06/ 87 225 175 45. 8 135 45. 2 175
19 12/ 07/ 87 2205 315 42.3 165 43.1 265
20 01/ 02/ 88 335 1515 7.0 1725 4.5 1935
21 01/ 08/ 88 1250 1130 36. 3 580 19.4 820
22 01/ 14/ 88 1715 245 24. 7 185 17.0 295

Note: An '*' Denotes Mssing or Questionable Data Not Used in Analysis

Begi nni ng Date and Ti ne,

Lag Tinme from
and Unit-area Discharge at

K1 K2

Di schar ge Lag Di scharge

(L/mn/ha) (mn) (L/ m n/ ha)
10.0 * *
1.0 * *
28.0 * *
0.9 105 0.8
1.1 265 1.6
4.7 435 7.4
0.9 265 2.9
9.9 155 9.3
7.4 220 10.3
1.2 505 4.5
1.0 590 5.2
7.2 365 7.9
3.7 * *
4.7 720 11.2
* 25 0.3
0.7 205 1.0
1.1 435 3.4
14.3 85 14.6
17. 4 335 20.5
4.3 2055 3.5
19.6 810 20.1
11.2 205 43.0



Table 2. Mddle of StormData for Storm Events, Including Date and Tinme for Rainfall Median, Lag
Time from Rai nfall Median to Maxi num Peak Di scharge at Study Sites, and Maxi mum Peak
Di scharge at Study Sites.

Rai nf al | MUN ML K1 K2
Storm Ti me Lag Di schar ge Lag Di scharge Lag Di scharge Lag Di scharge
Nunber Dat e (hhnm) (min) (L/ m n/ ha) (mn) (L/ m n/ ha) (mn) (L/ m n/ ha) (mn) (L/ m n/ ha)
1 R S S S * * * * * *
2 R S R S * * * * * *
3 03/ 15/ 86 855 605 173 1040 139 725 92.0
4 12/ 19/ 86 1035 216 17.6 85 12.0 125 7.1 365 11.8
5 01/01/ 86 745 235 63.5 285 27.8 355 32.9 375 34.7
6 01/ 03/ 87 615 * * 1545 36.8 1585 38.9 1645 56.9
7 01/ 24/ 87 235 325 71.2 425 21.9 425 29.3 485 44.2
8 01/ 27/ 87 1730 740 60.0 1360 31.6 1150 43.1 950 43.3
9 02/ 02/ 87 225 245 157 895 88.7 575 85.2 945 100
10 02/ 12/ 87 1915 295 247 435 64.7 465 147. 7 465 126
11 03/ 02/ 87 2020 610 38.8 440 6.7 1320 9.9 860 11.8
12 03/ 05/ 87 110 640 236 980 124.7 680 147. 2 610 135
13 03/ 12/ 87 1110 220 258 570 145 290 167.2 * *
14 03/ 20/ 87 2315 215 31.8 255 9.3 1615 16.9 945 17.3
15 11/ 20/ 87 740 10 7.1 350 5.0 * * 250 2.4
16 11/ 30/ 87 525 215 28.2 * * 225 8.0 75 13.6
17 12/ 02/ 87 750 3020 420 3040 316 2980 226.7 2940 324
18 12/ 06/ 87 500 200 173 770 94.2 470 111.9 360 126
19 12/ 09/ 87 1215 1125 416 1415 388 1155 206.1 * *
20 01/ 03/ 88 1640 440 190 990 90. 3 620 103.9 500 78.7
21 01/ 09/ 88 1635 1745 141 2505 117 * * * *
22 01/ 14/ 88 2220 240 116 1030 72.8 660 75.8 860 116
Note: An '*' Denotes Mssing or Questionable Data Not Used in Analysis; '--' Indicates Data Not

Measured Since Al Corresponding Pipe Data Was M ssing



Tabl e 3. Ending Data for Storm Events, Including Rainfall End Date and Tinme, Lag Tinme from End of
Rainfall to End of Runoff at Study Sites, and Discharge at End of Runoff at Study Sites.

Rainfal | MUN M K1 K2
Storm Ti me Lag Di scharge Lag Di scharge Lag Di scharge Lag Di scharge
Nunber Dat e (hhmm) (mn) (L/ m n/ ha) (mn) (L/ m n/ ha) (mn) (L/ m n/ ha) (mn) (L/ m n/ ha)
1 02/ 20/ 86 850 1577 106 1675 69. 4 55 61.0 * *
2 03/ 13/ 86 1000 1084 63.5 660 55.6 - 600 44. 0 * *
3 03/ 15/ 86 1645 1767 67.0 2145 62.5 1920 41.0 * *
4 12/ 19/ 86 1330 828 7.0 587 5.4 499 4.5 765 6.2
5 01/ 01/ 87 1320 1812 12.7 1096 9.3 1262 9.5 1437 11.5
6 01/ 04/ 87 340 1690 30.2 1442 22.6 1438 20.1 1407 22.8
7 01/ 25/ 87 1210 1313 19.1 214 13.8 268 13.0 22 14.1
8 01/ 28/ 87 800 3315 42.3 1777 23.5 1563 21.9 1686 23.3
9 02/ 02/ 87 1420 2287 50.5 2283 27.4 2150 23.1 2387 27.6
10 02/ 14/ 87 2345 2761 42.3 813 26.7 281 20.5 678 26.3
11 03/ 03/ 87 55 ++ ++ 622 6.7 1523 9.9 1040 10.5
12 03/ 05/ 87 1035 2176 45.9 3115 27.9 2338 23.6 2672 26.4
13 03/ 14/ 87 1550 2094 56.5 2391 39.6 1812 33.7 * *
14 03/ 21/ 87 255 1611 24.7 213 9.3 1908 15. 4 1324 17.0
15 11/ 20/ 87 1205 128 3.5 336 3.3 * * 31 2.4
16 11/ 30/ 87 725 830 7.0 182 2.8 550 3.6 603 5.3
17 12/ 04/ 87 1135 ++ ++ ++ ++ 1479 35.1 1582 38.2
18 12/ 06/ 87 900 1316 52.9 1650 55.6 1688 24.8 1967 27.0
19 12/ 10/ 87 755 1802 67.0 1954 71.8 2148 46. 6 2251 50.0
20 01/ 04/ 88 625 2652 31.8 2980 28.0 2264 22.8 2983 25.3
21 01/ 11/ 88 150 1853 60. 2 2423 49.5 1563 43.6 3125 52.8
22 01/ 16/ 88 850 2510 49. 4 2304 41.5 1994 33.5 1917 65. 4

Note: An '*' Denotes Mssing or Questionable Data Not Used in Analysis; '++ [Indicates Data Not
Measured Since End OQccurred After Start of Next Event



Tabl e 4.

Storm

Nunber

00 ~NO O WNER

Not e

Duration Data for
of Rainfall
Time from Start

Rai n-
fall
(nin)

895
140
290
550
420
155
285
670
240
505
990
255
85
260
2075
155
2290
2225
1665
305

to Rainfall

St orm Event s,

of

Start of Stormto

M ddl e of Storm

280
4650
180
3100
1150
2280
300

(min)

1200
80
300
1810
580
1360
1090
580
460
1120
1080
190
290

4420

790
3540
1490
3590
1150

K1
(min)

765
100
300
1690
350
910
580
570
1140
790
800
1450

90
4610
450
3180
910

670

Runof f

K2
(min)

400
400
1760
490
950
1010
630
510
750

480
310
130
4580
430

670

960

Including Time from Start
Medi an and End of Rainfall, and
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to Maxi mum Peak Discharge and
End of Runoff at Study Sites.

Rai n-
fall
(nin)

9480
9250
1365
315
625
1835
2435
1025
1000
3820
515
1070
4150
475
350
380
5180
395
3470
3050
3660
2375

Start of Stormto
End of Storm

MUN
(min)

10727 1
9944
2642
1029
2292
3208
3345
4205
3037
6148

++
2901

5714

1626

403
1015
++
1536

4957
4187
4363
4640

ML
m n)

0845
9450
2775
757
1446
2992
2384
2647
3193
4108
917
3820
6061
368
541
347
++
1910
5259
4305
5503
4494

An ‘*’ Denotes Mssing or Questionable Data Not Used in Analysis;

Data Not Measured Since All

Correspondi ng Pipe Data was M ssing;

Data Not Measured Since End Occurred After Start of Next Event

K1 K2
(mn) (mn)
9360 *
7965 *
2430 *
649 975

Cgp

1542 1797
2828 2807
2208 2942
2193 2556
2870 3167

3536 3993
1618 965
3013 3377
5482 *
1963 1079

* 356
535 778

6214 6327
1908 2277
5353 5386
3379 3978
4383 5975
4074 4087

I ndi cat es
I ndi cat es



Tabl e 5.

Rai n-
Storm
Nunber

O~NT A WN PR

fal

Cumul ati ve Rainfall
and End of Storm and Cunul ative Quickfl ow Runoff from
Start of Runoff to Maxi num Peak Di scharge and End of Runoff
at Study Sites.

(rm)

24.
13.
19.
27.
26.
16.
25.

36.
19.
29.
44.

17.
24.
99.
15.
47.
29.
26.
24.

NP OUOONMUUIOONUUONOUOOND

Start of Stormto
Mddle of Storm

15

.49
26
94

31
70
63
89
08
24
20
007
006
48
22
70
55
57
78
65

w
POUORUOO0O®®XERRERE *¥OOM!

[

ML

(mm

*

= N
WRPFPO *OORNORLWRERONOOO® *

=
w B

00
03
38
49
49
12
79
52
05
08
68
01
04

36
99
51
83
06
03

K1
(mm

*

20
02
45
52
50
34
05
11
30
67
13
34

04
02
87
99
86

=

-
N *FPWRENO *OWAROWNEOWOON *

00

fromStart of Stormto Rainfall

Rai n

K2

(mm

*

P r*O NP OOO ¥WOWOREOMOO * *

20
56
46
73
11
72
29
11
95

12
01
02
97
02

94

31

fall
(m)

194.
48.
26.
39.
55.
53.
32.
51.
73.
38.
59.
89.
19.
34.
48.

199.
31.
95.
58.
52.
49.

An ‘*’ Denotes M ssing or Questionable Data Not

Data Not Measured Since All

‘++ I ndicates Data Not

Start of Stormto

End of Storm

NUN

86. 11
12.51
0. 87
5.39
11.25
7.51
6.22
15.10
29.57

.58
33.42
1.32
0.11
1.45

7.84
40. 38
27.48
17.26
20.81

WOWOONOWUORF, OMONDMNORL, ©OSNODLE
N
N

(mm

63.
.50
.38
.41
.07
. 0b
.19
.61
.09
.11
.57
.04
.02
.07
.27

40

.20
. 86
. 96
.59
.59

Used in Anal ysis;

Measured Since End Cccurred After

K1
(rm)

*

=
ISl

14.
19.

29.

27

11.

10.

©wwanoNo

K2

(nm)

*

60 *
20 *
20 0.
Ob 2.
22 6.
38 3.
42 3.
87 14.
93 17
35 0
61 16
79 *
. 45 0
0

.19 0
59 43
. 87 11
.05 39
23 11
31

48 16

‘--‘Indicates
Correspondi ng Pi pe Transact Data M ssing;

Start of Next Event

a7
46
55
00
70
02

.99
.20
.42

.23
.01
.38
.23
.51
.30
. 85
.19
.03

54

Medi an
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Ti m ng Conpari sons

The cal cul ati on of variables for timng paraneters used Data
Treatment 1. Results of t-tests for individual comparisons, and
significance determnations for this paranmeter category are listed in
Tabl e 6. Variable nean and standard devi ation values are al so
reported in Table 6. No significant difference was detected for any
of the transects conpared to MUN for tinme at start of runoff. For
time at maxi mum peak di scharge, all three sites denonstrated a
significant difference in comparison to the stream channel. Tinme at
end of runoff was; significantly different for KL conpared to MJUN
but no significant difference was detected for the other two sites in
conparison to MUN

Dur ati on Conpari sons

Hypot heses tests for duration paraneters were al so based on
vari ables created by Data Treatnment 1. The results obtained for the
two paranmeters in this category are given in Table 7. Variable mean
and standard deviation values are also reported in Table 7.

Results indicate a significant difference between ML and MUN
for time fromstart of runoff to maxi num peak di scharge. Kl and K2
conparisons with MUN did not denonstrate a significant difference
with regard to this paraneter.

The second duration parameter was time fromstart of runoff

to end of runoff. This also resulted in one deternination of no



Tabl e 6.

Pai red
Compari son

ML | MUN

K1 | MUN

K2 | MUN

Note: t =

sd =

Results of T-tests for Tinming Paraneters at
and K2 Conpared to Stream Channe

ML, K1,

at Start

Runof f

0.29
22
0.77
10.5
169
2.32
21
0.031
86. 6
171
1.02
18
0.32
45.2
188

Tinme at Maxi num

Peak Di scharge

t= 4. 54
n= 18
p= 0.0000*
X= 319

sd= 298

2.88
17
0.011
250
358

3. 26
15

0. 0057
223
265.

t-test val ue obtained for paired conparison
n sanpl e size of paired conparison

p = probability (significance is at the 0.05/3=0.0167 | evel)
X mean for paired conparison (m nutes)

standard devi ati on for paired conparison (m nutes)
significance probability [ess than 0.00005
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Pi pe Transects

VUN.

Tinme at End
of Runof f

- 1.52
20
0.15

- 258
761

- 2.91
19

0. 0093
- 536
801

- 1.05
16
0.31

- 227
863



Table 7. Results of T-tests for Duration Paraneters at Pipe
ML, K1, and K2 Conpared to Stream Channel MJN

Pai r ed Time from Start of Runoff Time from Start of Runoff
Conpari son to Maxi mum St or m Di schar ge to End of Storm Runof f
ML | MUN t= 3. 65 t= - 1.32
n= 18 n= 20
p= 0. 0020 p= 0.20
X= 339 X= - 236
sd= 394 sd= 799
K1 | MUN 1.51 - 3.18
17 19
0. 15 0. 0052
145 - 623
397 855
K2 | MUN 1.88 - 1.16
15 16
0. 081 0. 26
152 - 266
312 917

Note: t= t-test value obtained for paired conparison
n= sanpl e size of paired conparison
p= probability (significance is at the 0.05/3=0.0167 |evel)
x= nmean for paired conparison (m nutes)
sd= standard deviation for paired conparison (ninutes)
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significant difference, but in this case the significance pertained to

KL in ,conparison to MUN

Di scharge Conpari sons

The results obtained from hypot heses tests for this category
of parameters are reported in Table 8. Variable nean and standard
devi ation values are also reported in Table 8. Comparison tests for
this group used, the variable created by Data Treatnment 2. Al but
one conparison in this entire group denonstrated a highly significant
difference for pipe relative to MIUN. The exception was the
conparison of K2 and MUN for the | og-transformation of discharge at

the start of runoff.

Runof f Conpari sons

The hypot heses for the two runoff paraneters utilized Data
Treatnment 2 to construct variables for testing. Results for these
tests are displayed in Table 9. Variable nean and standard devi ation
val ues are also reported in Table 9. None of the three pipe tested
as significantly different than MUIN in terms of the |og-transforned
val ues ,for cumulative unit-area runoff fromstart of stormto
maxi mum peak di scharge. The results were exactly opposite for
conparisons pertaining to |l og-transforned unit-area runoff val ues
fromstar to end of events. Al conparisons indicated a highly

significant difference in this regard
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Tabl e 8. Results of T-tests for Discharge Paraneters at Pipe
ML, K1, and K2 Conpared to Stream Channel MJN

Pai red Di scharge at Start Maxi mum Di scharge at End
Conpari son of Runof f Peak Di scharge of Runof f
ML | MUN t= - 3.32 t= - 6.35 t= - 5.25
n= 22 n= 18 n= 20
p= 0.0032 p= 0. 0010 p= 0. 0010
z= - 0.68 z= - 0.67 z= - 0.33
sd= 0. 96 sd= 0. 45 sd= 0. 28
K1 | MUN - 4.81 - 9.78 -13.85
21 17 19
0. 0000* 0. 0010 0. 0010
- 0.93 - 0.68 - 0.50
0.89 0.28 0.16
K2 | MUN - 1.95 - 7.01 - 5.38
18 15 16
0. 068 0. 0010 0. 0010
- 0.46 - 0.57 - 0.32
0.99 0. 32 0.24

Note: t= t-test value obtained for paired conparison
n= sanpl e size of paired conparison
p= probability (significance is at the 0.05/3 = 0.0167 |evel)
z= nmean for paired conparison (natural-1og of L/mn/ha)
sd= standard deviation for paired conparison (natural-log of
L/ m n/ ha)
"*'= gignificance probability | ess than 0.00005
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Tabl e 9. Results of T-tests for Runoff Paraneters at Pipe
ML, K1, and K2 Conpared to Stream Channel MJN

Currul ative Unit-area Cumul ative Unit-area
Pai r ed Runoff From Start of Storm Runoff from Start of Storm
Conparison to Maxi mum Storm Di scharge to End of Storm
ML | MUN t= - 1.37 t= - 3.49
n= 19 n= 19
p= 0.19 p= 0. 0026
x= - 0.35 x= - 0.78
sd= 1.1 sd= 0.97
Ki1 | MUN - 1.54 - 6.98
18 17
0.14 0. 0000*
- 0.49 - 0.78
1.3 0. 46
1.4
K2 | MUN - 0.88 - 3.29
16 16
0. 39 0. 0049
- 0.31 - 0.62
1.4 0.75

Note: t= t-test value obtained for paired conparison
n= sanpl e size of paired conparison
p= probability (significance is at the 0.05/3 = 0.0167 |evel)
x= nean for paired conparison (natural-log of nmm
sd= standard deviation for paired conparison (natural-log of M)
"*'= gignificance probability | ess than 0.00005



DI SCUSSI ON

St orm Condi ti ons

The events exanmined in this study represent a diverse sanple
of precipitation events. This is evidenced by rainfall data reported
in Tables 4 and 5. Total stormrainfall ranged from approxi nately 19
to 280 mm (nean = 64.4 M), with duration ranging fromapproximtely 5
to 160 hrs (nmean = 42.6 hr). The average rainfall intensity for,these
events ranged fromO0.87 to 7.6 mm hr (nean of average intensities =
2.8 mihr).- Stormduration prior to time of median rainfall ranged
fromapproximately 13 to 73 percent of total stormlength (nmean = 40.3
percent); Average rainfall intensity prior to nedian rainfall ranged
from0.78 to 12 mi hr (nmean = 4.0 m hr).

This diversity contributed to a highly variable runoff
response at the-study sites. Sinmilar anounts of rainfall, distributed
dissimlarly during different events, can result in hydrograph forns
that are either single-peaked (Storm9) or nulti-peaked (Storm 21).
Rainfall timng influence on hydrograph formwas al so apparent for
Storns 10 and 19. These storns were of sinmilar |length and generally
comparable for total rainfall amount, and produced conparabl e amounts
of runoff. However, the timng of rainfall delivery was different,
causing An early and flashy peak for storm 10, and a nuch later, but

simlarly flashy peak for storm 19

61
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Even where rainfall characteristics were simlar during
di fferent events, the magnitude of runoff response was strongly
i nfl uenced by antecedent conditions. For exanple, Storms 4 and 18
were simlar in terns of length and anbunt of rainfall, but storm 18
occurred during wetter conditions and resulted in substantially nore

runoff at all sites.

Timn

Study results suggested a general sinilarity between pipe
transects and MUN for tine at start of runoff. An exanmination of the
data supports this finding, at least for certain types of storm
conditions. Asimlar |ag was observed for four storms where
ant ecedent conditions were relatively dry and initial rainfall was
relatively intense (Stornms 8, 9, 15, 16). In these cases, transect
runof f was measured to precede MJUN, or lag MUN by no nore than one
hour, for at |east two transects. For one stormevent, all transects
may, have preceded MUN in runoff response. This storm (Storm 21) was
characterized by less-intense initial rainfall and relativel y-wet
ant ecedent conditions. Although all three transects were measured as
preceding MUN for storm 21, the term nology "nmay have" is used because
of two data quality issues discussed bel ow.

Contrary to these cases, all pipe-transects were observed to
greatly lag MUN for one storm where antecedent conditions were
relatively-dry and initial rainfall intensities were exeptionally |ow

(Storm 20).
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In sone cases, the simlarity denonstrated between pipe
transects and MUN for tine at start of runoff nmay be affected by a
reconstruction applied to MUN data for sone storms. The reason and
net hod used for this reconstruction is described in METHODS
Reconstruction was primarily intended to provide a better estimate of
di scharge at start of runoff. Reconstructed tines-are sinply 10
mnutes earlier than the first conclusive evidence of runoff at MJUN
MUN data used in the analysis overestimates MIN lag tinme in at |east
sone cases; whether the resulting bias is typically on the order of
m nutes or hours is not known. Simlar timng was indicated for sone
of the stormy where MUN data was not reconstructed (storns 1, 12, 13,
14). For each of these events, data for at |least two transects
i ndi cated an earlier response than for MUN, or | agged MJUN by no nore
t han one hour. Moderate to wet antecedent conditions were associated
wi th each of these events.

Al'l pipe transects tested as significantly different than MUN
for tine of maxi num peak. In fact, transects |agged MUN with regard
to time of maxi mum peak di scharge for 44 of the 50 individua
conparisons. Mean lag-tinme differences for this paraneter, reported
in Table 6, ranged from 223 to 319 minutes. Standard devi ations
obt ai ned for these conparisons (Table 6) were relatively |arge,
ranging ,from 265 to 358 minutes. The |arge standard devi ati ons may.
refl ect general errors associated with data collection during storm
events (see METHODS). It nay also reflect local differences in
rainfall intensity during stormevents, or differences anong swal es

with regard to pi pe network norphol ogy.



64

Four of 13 events having time-at-maxi mum peak data for al
study sites indicated a consistent peak tinme anong transects relative
to MUIN (Stornms 5, 7, 10, 17): For each of these cases, characterized
by peaks that resulted fromvery concentrated periods of rainfall, al
transects peaked within 100 m nutes of each other. For storns
associated with dry to noderate wetness conditions, the three
transects lagged M 1rT peak by an average of 103 minutes for Stormb5,
120 minutes for Storm7, and 160 minutes for storm10. Storm 17 was a
compl ex event with a | ate-event maxi mum peak. For this storm
representing very wet conditions, the average lag tinme at the
transects preceded MJUN peak by 33 m nutes.

Al though tine at end of runoff events tested as not
significantly different far two of the transects conpared to MJUN
relatively |large standard devi ati ons were obtained (Table 6). To sone
extent, these differences reflect a weakness of the study methodol ogy
for deternmining end tines. End of runoff tinmes were deternined by
application of the HH Iline to storm hydrographs. Differing
sensitivity anmong study sites to |l ate-event rainfall may have
i nfluenced determ nation of this paranmeters values in some cases.

End of runoff at transects was often substantially earlier
than at MUN. Storms 7, 8, and 10 all indicated a large difference in
this respect. Each of these storns evidenced concentrated rainfal
early in the event. and greatly reduced amount and intensity of
rainfall near the end of events. In these cases, MJN appeared nore
responsi ve than transects to | ate-event rainfall

Contrary to these events, Storms 12, 18, 19 had a much | arger

concentration of rainfall near the end of events. For these storns,
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whi ch had end-of-stormdata for all study sites, runoff at al
three transects | asted | onger than at MJN

Results for each of the two duration parameters indicated no

significant difference for two transects relative to MUN. A different
transect pair was indicated for each paraneter. The suggesti ons, of
general similarity are of limted useful ness due to relatively high
standard deviations (Table 7). An examination of the nean differences
does suggest that all transects are nore likely to have | onger
duration to peak than MUN, but that MUNis nore likely to have | onger
duration to end of runoff than all transects. Dotplots for the
duration-to-peak variable (Figure 7) suggest that, on average,

transect ML takes longer to peak than all other sites.

Di scharge and Runof f

Test results indicate significant differences for two of the
three transects with regard to MUN for log-transformed unit-area
di scharge at start of runoff. Results for the K2 conparison
indicated as not significantly different, were partially influenced
by data reported for Storm 22. This data pair, which suggested that
K2 had al nost twice the starting discharge as MIN, may have been in
error. Data for K2 during this period was affected by an
over - measur enent issue di scussed in METHODS. Reconstruction may not
have adequately corrected this error

Typically, nmuch nore discharge was neasured at MJUN conpared to
all transects at the onset of events. This is intuitively reasonable.

MUN recei ves basefl ow contributions froman area nuch |arger than the
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study swal es. The notable aspect of this difference is that it also
appears to apply to wetter conditions, represented by cases where
successive storms were closely spaced. This interpretation may al so
be i nfluenced by reconstruction of MIN data for start of storm

Reconstructed data used the |ast discharge neasured prior to
data-record tinme gaps. These neasurenents were collected 2.5 to 24
hours (nean = 10 hours) prior to the tines ultinmtely used as start
of stormrunoff. Discharge was declining during each tinme gap,
therefore the values used in the study were overestimtes of actua
di scharge at MUN. An exam nation of tine gaps, and their associ ated
rates of decline, would allow a nore accurate determ nation of MJIN
di scharge at start of runoff. It is unlikely that this would change
t he basic findings of significant difference, since |large differences
wer e observed in nost cases.

The significant differences neasured for all transects
relative to MUN for nmaxi mum peak unit-area di scharge were based on
| og-transforned data (Data Treatnment 2). Contributing area for
transect di scharge was assuned to be the sanme as contributing area
measured for the surface swal es containing the pipe transects. On
this basis, MIN unit-area discharge was |arger than transect discharge
in every ease. Although Data Treatment 2 was used to construct the
variable for testing, dotplots for the variable constructed by Data
Treatment 3 denonstrated a simlar distribution. In fact, these two
data treatnents are sinmlar: Data Treatnent 2 is a |log-transformation
of the algorithmused to construct Data Treatnent 3. The use of Data

Treatment 3 woul d not have changed hypot heses results, but does
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provide a nore interesting perspective on the differences observed
bet ween pi pe transects and MUN

For Data Treatnent 3, nean and nedian ratios were sinilar for
each variable. The standard devi ations were noderately |large, but the
consi stency of results anong transects was good. The nean ratio and
standard devi ati on obtained for each variable was: 0.56 and 0. 21
| /mn/ha for M, 0.53 and 0.13 |/min/ha for K1, and 0.59 and 0. 18
I /min/ha for K2, where each transect was conpared to MIN. The
consistency inplied by these results warrants further exami nation as
part of another study. In particular, it is possible that a sinple,
physi cal | y-based nodel could serve to interpret differences between
pi pe transect and MJN peak di scharge.

The conparisons of |og-transformed unit-area runoff from start
of runoff to nmaxi num peak di scharge indicated no significant
di fference between any of the pipe transects and MUN. However,
interpretation of this paranmeter is problematic. As indicated in the
di scussion for tine at maxi mum peak di scharge, transect peaks
generally lag MIN peak by nore than 200 m nutes. Study data indicate
that substantial rainfall sonetines follows MJIN peak but precedes
transect peak. This occurs, for exanple, during Storms 18 and 20. In
t hese cases, paraneter values are conparing runoff for different
peri ods of tine associated with different amounts of rainfall.
Therefore, study results for this parameter can not be construed as
indicating a strong simlarity between transects and MJUN

Results indicated significant differences for all pipe
transect and MUN conparsions for |og-transforned unit-area di scharge

at end of runoff. To sone extent, these differences are due to the
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use of the HH line for determning tinme and di scharge at end of
runof f. As previously discussed for ending tine, ending discharge
determ nati on can be influenced by different sensitivity anong sites
to |ate-event precipitation. This paraneter used Data Treatnent 2
but once again, Data Treatment 3 provides a nore interesting
perspective for conparisons.

Data Treatnent 3 produces variables having simlar nean and
medi an ratios, and standard devi ati ons were noderately |large. Two of
the three transects showed consistency with respect this paraneter.
The respective nmean rati o and standard devi ati on obtai ned for each
transect conpared to MUN was: 0.74 and 0.19 for M, 0.62 and 0.09 for
K1, and for K2, 0.74 and 0.20. Conbined with the interpretation for
maxi mum peak di scharge, this information nay be useful for additiona
study. If peak discharge at transects can be successfully nodel ed,
then transect recession rates from peak di scharge to end of runoff
may al so follow a very predictable formin conparison to MUN

For all pipe transects, total unit-area quickflow runoff
comparisons indicated a significant difference relative to MJUN
regardl ess of data treatnent selection. These conparisons al so used
| og-transforned values. MUN had nore total runoff in nearly al
cases. Using Data Treatnent 3 for this paraneter would have resulted
in simlar nmean and nedian ratios, though standard devi ati ons were
relatively high. In particular, mean ratio and standard devi ati on
results for each transect conpared to MUN were: 0.59 and 0.31 for M

0.50 and 0.20 for K1, and for K2, 0.68 and 0. 45.
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Eval uation of Study Objectives

The first study objective was to deterni ne whether concentrated
subsurface (pipe transect) discharge characteristics were neasurably
simlar to surface channel discharge for the events observed. The
test results indicate sone very generalized simlarities as well as
significant differences.

The data denopnstrate that pipes can capture and convey storm
runof f at start of events as rapidly as the study surface channel
provided that certain stormconditions exist. Those conditions
include: intense initial stormrainfall, even when conbined wth
relatively-dry antecedent conditions; and | ess-intense initial
rainfall combined with relatively-wet antecedent conditions. Pipe
transect response at maxi mum storm peak, even under wetter conditions,
is generally not as flashy as the surface channel response. The
surface channel peaks earlier, and with |arger nmagnitude than pipe
transects. Pipe response is very dynam ¢ under wet conditions, but
once rainfall inputs cease, transect response falls off nore quickly
than for the surface channel. Consequently, runoff events at the
surface channel generally |ast |onger

Fl ashi er peaks and | onger duration at the surface channe
results in the finding that the surface channel transports nore runoff
during stormevents. The form of pipe transect hydrographs, at |east
fromthe tine of maxi num peak to end of runoff, nay have a predictable
relationsip conpared to the surface channel

In summary, it appears that pipe transect runoff is probably

sonmewher e between a surface channel response and a matrix throughflow
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response in terns of timng and nagnitude characteristics. This is
consistent with prelimnary findings presented by Ziemer and Rice
(1990), who exam ned peak response tines for individual pipe, surface
channel , and pi ezoneter data at this same study area.

The interaction of antecedent conditions and rainfal
intensity nay be the nost inportant influence determ ni ng whet her
pi pe response is simlar to surface channel response for timng. Two
recent studi es have al so enphasi zed the inportance of antecedent
conditions and rainfall intensity, though neither study was conparing
pi pe and stream response characteristics.

Ziemer and Al bright (1987) exanined a subset of the data
used in this study to determnmine that the nagnitude of storm peaks
and troughs for some individual pipes were correlated with
ant ecedent precipitation conditions. Jones (1988) conducted a study
of pipe runoff characteristics in Wales. Jones determn ned that
initial rainfall intensity prior to pipe response was nore inportant
t han ant ecedent conditions for determining the lag tine at start of
runof f.

The typically larger storm peaks observed for the surface channe
may be an indication of the inportance of saturation overland flow
mechani snms in the study area. The definition of saturation overland
flow precludes the possibility that these nechanisns contribute to
pi pe runoff, though they may be a conponent of channelized surface
runof f. However, saturation overland flow was not identified during
the storms neasured during the study period.

It is probable that transect discharge is concentrated and

routed froman area different in size than the surface swal es that
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contain them Gven the limted nunber of pipes identified during
transect excavation, it seens nore likely that the true contributing
area for neasured pipe discharge is smaller, not larger, than the
surface swales. If this is the case, unit-area based cal cul ati ons of
transect di scharge and runoff reported in this study underestimate the
actual efficiency of pipe networks for routing stormprecipitation in
the study setting.

The second objective was to determne if pipes were an
i mportant source of stormrunoff from study swal es. Here again, the
test results do not provide a statistically-sound basis to address the
obj ective. The cal cul ated nean of transect runoff at the three study
swal es represented 50-68 percent as much runoff as was measured at the
surface channel. The percentages observed here are conparable to the
anount of surface channel discharge attributed to pipeflow by Jones
and Crane (1984) and WIlson and Smart (1984) at their study sites in
the United Kingdom However, Tsukanoto et al. (1982) reported 100
percent runoff from swal es; Swanson et al. (1989), nearly 70 percent
in a 50-ha drai nage.

In this study setting, it is considered unlikely that the
| arger watershed has as |large a concentration of pipes as was
evidenced in the study swal es. Therefore, pipeflow contribution to
channel i zed runoff is expected to be sonething | ess than 50 percent
at this study site. How rmuch less is not deterninable at present.

The study results relied on consistent application of a
si ngl e hydrograph separation technique. Oher techniques would yield
different results. However, the responsiveness of pipe discharge to

rainfall inputs, and the volunme of runoff neasured, provide a



72
reasonabl e basis to characterize pipe runoff-as an inportant source
of runoff fromthe study swales. How inportant it is in conparison to
runof f produced by subsurface matri x discharge is not known at

present.

Recomrendat i ons

Several factors limted the useful ness of study results. The variety
of storm conditions and variable nature of pipe response, comnbined
with small sanple sizes for conparisons, reduced the effectiveness
of the conparisons for evaluating the strength of simlarities and
differences. In addition, a nunber of biases and randomerrors were
carried in the data records. These problens acted to dilute the
strength of study results.

A steeper rate-of-rise for the HH Iline-wuld have created a
| arger sanple size for conparisons by converting sonme single
mut | i - peaked events into separate events for analysis. Use of an
alternative HH line rate-of-rise should be done in a manner that
enphasi zes comon rainfall inputs--and results in conparable
hydrograph features--for all study sites.

The selection and definition of runoff characteristics for
conpari son should be reconsi dered. For exanple, Jones (1988)
identified anbunt and intensity of rainfall prior to runoff reponse as
i nportant determi nants of lag time at start of runoff. Each of these
m ght serve as useful paraneters for conparisons at this study site.

Unfortunately, Jones’ paper was not identified until all analysis for
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this study had been conpleted. Therefore, a parallel investigation
whi ch woul d have provided useful information, was not possible.

The nodels (data treatnents) used for conparison should be
devel oped in a nore rigorous fashion. For exanple, it night be useful
to devel op physically-based nodels for runoff characteristics--as
suggested earlier in this study for maxi num peak di scharge--then use
nodel results as a basis for conparisons. Rainfall intensity and an
ant ecedent precipitation index, such as that used by Ziener and
Al bright (1987), would be useful components to incorporate in nodels.
FI owpat h-1 engt h neasurenments or estimates, as used by Zienmer and Rice
(1990) and Jones (1988) may al so serve as useful nodel conponents. In
some cases, nodels could be used to transform pi pe di scharge data for
conparison with streamdi scharge, which is generally a nore accurate
estimate of total runoff. Were nodels are intended as a theoretica
construct of subsurface flow dynamcs, it nmay be nore reasonable to
directly test nodel output against neasured pipe runoff
characteristics. The hypotheses testing procedure used in this study

could serve as a useful analysis tool for either approach
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Appendi x A. Stream Di scharge, Pipe Transect Di scharge, Cumul ative

Rainfall, and Rainfall Intensity Data for Storms 1-3.
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Appendi x B. Stream Di scharge, Pipe Transect Di scharge, Cunul ative

Rainfall, and Rainfall Intensity Data for Storms 4-6.
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Appendi x C. Stream Di scharge, Pipe Transect Di scharge, Cumul ative

Rainfall, and Rainfall Intensity Data for Storns 7-10.
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Appendi x D. Stream Di scharge, Pipe Transect Di scharge, Cumul ative

Rainfall, and Rainfall Intensity Data for Storns 11-14.
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Appendi x E. Stream Di scharge, Pipe Transect Discharge, Cumul ative

Rainfall, and Rainfall Intensity Data for Stornms 15-19.
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Appendi x F. Stream Di scharge, Pipe Transect Discharge, Cunulative

Rainfall, and Rainfall Intensity Data for Storns 20-22.
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Figure F-34. Cumulative Rainfall and Rainfall Intensity for Storms 20-22, Covering Period 12/31/87 to

114

01/21/88.



Appendix G Dotplots Indicating Spread and Distribution for

Vari abl es Used in T-tests.

a) Time at Start of Runoff
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Figure G 35. Dotplots for Timng Paraneters.
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Appendix G Dotplots Indication Spread and Distribution for
Variabl es Used in T-tests (continued).
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Figure G 36. Dotplots for Duration Paraneters
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Appendix G Dotplots Indicating Spread and Distribution for
Variables Used in T-tests (continued).
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Figure G 37. Dotplots for Discharge Paraneters.
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Appendix G Dotplots Indicating Spread and Distribution for
Variables Used in T-tests (continued).

a} Gumulative Runoff from Start of Runoff to Maximum Peak Discharge
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Figure G 38. Dotplots for Runoff Paraneters.



