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ABSTRACT

°

Hydrologic modelling allows watershed mz;nage-rs_ to predict
the hydrologic response to watershed land use changes. ‘before
they a-reéenact,ed. Despite the fact that ',mimerous n}c;dels currently
cxist,’ few, are c;'ipabl'e' of . handling the._ distributed nature of
such _éhanges; in additign, existing models ‘cannot be riﬁgorously
applied to forested, mountainous _w‘atersheds which ;fo;m the
head-waters of most rivers, ‘.becauSe’ of the emp’iricai.treatmen_t in
these models ‘~ of sﬁbsurfac'e, fiov:r, which is@ the dominant flow,
process inﬂ,..esuch wate;'sheds. ‘

‘Th.e objective of this tr,e;tise is to develop andito aésess a
'hyd“fologic model that is simple..i-n struciﬁre, that emphasiz;es the
dominance of Iéubsﬁrface flow and that is capable of predicting
the effects of land 'use.manipulations,‘ épecifically logging, on
streamflow from forested,. mountainous watersheds. D";ve'lopment of
suclg a model requires a novel approééh sinceh‘tli'le demanding set
* of objectives require that t};’é model be. able tb handle the water
retention .and water 7 transmission characteristics ofA the soil
profile; " and also be» diétributed in order to simulate a wide
variety of possible land use man’ipulations. which are often

imposed on only a small portion of the watershed. A model cailed

. the ‘SLUICES (an acronyfn for Soils and Land Use affecting

_I’ntérﬂow and 'Creéting Effects on Streamflow) model is developed

' using .this approach. The model is simple in structure, . having
only seven easily obtainable or optimized parameters and using

' .a.square element grid system 'to incorporate the distributed

iv
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nature of watershed characteristics. Choice of element size is
- flexible.

o \

Simulation results for a iheoretic‘al hillslope, \'ﬁNbr various’
slope | sh_apés ! a.nd_ - gradients, compared favorably ~with’ thosep
obtained by FreéZe with his more- compllex, more ‘data de'mandi_ng
mﬁodel.'.B‘oth models had é soil conductir\'/it.y'"coefficiénﬁ as “the
most important param’eter_\'and both médels.showecyl interflovg to .‘b‘e o
most _»s{gnifiéant ‘on. con"vex’; slopeﬁ; : o o » |

‘The ‘]arkniesor'lv Cr;eek, ’ .w,vaters.hed o néaf 4 Varicouvc;_r; |
British Columbia was chosen for field- célib:étion and validation
of the SLUICES model,f Research.s_t{zdi‘es on thisfkwate/rshedA have

shown tﬁ?t*'\_interflo‘y is the major contributor fo stréém.flnév)\.'.T'hé s
model” provided ‘satisfact'ory simulatiorns‘ of ‘\ me‘-as_d‘re‘d . disg_harg;e.s .
for seven -test. storms. Results for simulated ',‘_‘watersh‘e:d
. ma.ni_pulations (logging) showed _tha.t' the " per | cént‘.in'c‘r.eés;’e ;n
streamflow was diréc;tlyl, proportional tc'a'la_rea clegrclut,r as éhown )

Al

/_,_%y field studies ' elsewhere. = Simulations with various

evapotranspiration v-1¢_ye’[s’ explain the wide range of streamflow -

inéreasés' ,_repbrtea t;hz_'ogg‘hout,*th'e' literatu‘zje'.‘" The ~model showed
vt‘hat furthér‘ sug:céss in" médelli_ﬁg- such land use ‘;changesy_dep_ends
primariiy " on the _za‘ccura.te‘v ass"ggsmer.lt’ 6f e‘valz’)otrar’lspi.raﬁon,"
particuiaply in the post-héfVest éériod..h. ’ o
,_Siml.‘ﬂations’ for the ]amiésoﬁ Creek ,,wa-térshed clearly\y’ show-
. the very dynamic; exp-ei‘h‘c‘:linjg émd cé}itraéting»nature_-o‘f_watershéd
areasexhibitihg saturated spils ci‘uring ‘the course of a storm; as_ -
"sugges_ted by'th§ contributing area~-‘c6ﬁ<§ept. The‘ simulations also

N

show 'the upstream progression of .soil. profile saturation during a
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_Stdl‘lﬁ. Stream' lengths and drainage densities are.,evalﬁafed for -

the  Jamieson Creek watershed .as  variables depending on

cumulative antecedent precipitation and ‘cumulative volume of

‘disc,harge.f R o - S e R
Because of its structuret and ' its distributed nature, ‘the.
ry o! i \ - L . ‘ - “ -

SLUICES model .is flexible and rcah ‘have a wide range of.

hydro}ogic applicatiéﬁs. All of its capab111t1es have not been

fully utlhzed because of data hmltatlons, but the potentlal of

7 /

" the SLUICES _ model 1s ; clearly demonstrated Other poss1b1e

a’pplicatmns of the model are d1scussed and recommendatlons for

Q

model 1mprovement should allow modellers to extend the model s

.

use further. - ' R ‘ L

-

‘

{
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CHAPTEHR 1
LAND USE AND STREAMFLOW 'AUCMELTATION
With the rather -paradoxical situation of having to face

floods in- some parts of the world and ‘water.shOrta}g'es in others,
. P cs

man has finally begun to realize the trﬂ_emirl:ly's potential

influence of land use and land use changes on t
‘rivers. That land wuse has an effect had been recognized
RS P 2

“thousands of years ago, as indicated by the following statement

by Plato, made about AOO B.C.

'There are mountains in Attica which can now keep nothing

more than bees, but which were clothed not so very long -

ago with fine trees, producing timber suitable for roofing
the largest buildings; the roofs hewn from this timber are
still in existence. There were also many lofty cultivated
trees, while - the country produced bountiful pastures for
cattle. The annual supply of rainfall was then not lost, as
it is at present, through being allowed to flow over a
denuded surface to the sea. It was received by the country
in all its abundance, stord in the impervious potter's
earth, and so was able to discharge the drainage of the
hills into the hollows in the form of springs or rivers with
an abundant volume and a wide distribution. The shrines
that survive to the present day on the sites of extinct
water supplies are evidence for the correctness of my
hypothesis.' , , Lo o

However, it has only been in. ‘fdthe very recent past that
man has made a dehberate attempt to favorably manipulate the
environment through 1and use pract1ces. Modern technology is
placing new and increasing demands on‘ the environment,

particularly on land and water resources. As a - result,

1 .
Univ. Press. pp. 25 - 26.

behaviour of‘

H. C. Pereira. 1973. Land use and water resources. Cambridge




watersheds are being subjected to many types of modificat.ion's,
both minop- ‘and méjor‘, for a variety of reasons. Some
modii.ficatuions are designed to change the = water resource
c;apabilitiés of the: basin, for e,xample/,- to  increase the
\;,atecsshed's water Vy‘ield, to, reduce flood peaks ’and_ change their
timing, or to ipc.r.e:ase - the rechafge _ to aq_uifet_:s. Other
modifications ma;\“ﬁbe_ carried__{ out for Opufposes not di;ectly
‘.rélated to water; butv -with >pr"obab1e hydrologic side ‘effects.
These ‘may -include the optimizati’c!)n‘r of agricultural'csr forest
production, attempts to increase recfeat‘ional opportunities or to

l

préserve wildlife. Larsen (1971) has delineated eighteen possible

watershed modifications due to man's interference in the’

environment. aﬁd denotes which of six possible hydrologic effects
wouid" be.causﬁsﬁ by each of.the modificétions.

Mu_c‘h scientific Work has been dcae in an attempt to
quantify thé "effects ovf deliberate manipulations of land use in

many parts of the world. Work of this kind has been reported in

. °

journals suth -as those of the American Society of C.i;'/-il
Engineers, the American Society of Agricultural Engineers, the
Journal of Foréstry‘ ‘and the Journal of Soil and Water
—Cohserr‘\)atic;n (which bears the motto "to advance the ziz:t“ and
science of. good land use').

There ié,no question of the benefits of conservation, as
aliuded to ""by 'Piato and eﬁergetically pi‘omoted by the 5011
Conservatioh' Society of America. However, man is now beginning
to face a dilemma in this regard: the dilemma ~of . conservation

versus collection. The majority of mankind lives in areas where

.
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bpotential evaporation exceeds rainfall. Increased success -of
conservation ,practices in combatting soil erosion (generally by

'reducing the rate of runoff from fields) has rgsulted in reduced
étreamf‘low, which conflicts with ~the ever increasing demands for
.water downstream.

In areas Ablessed‘ with more bountiful supplies of water,
much ;:'an ‘'be done in the manipulati;n of vegetation for changing
_streamflows. In view of ‘the fact that almost all of the
headwatérs of the major rivers are located in forested areas, it
seems logicél that _fof the p:n'pose‘ of streamflow augmentation,
attention should be concentrated in these areas. Foresfed areas

i . - . .
are uniqﬁ% in that they are essentially wild lands which do not
receive the frequent, more intensive treatments given to

cropiands and .gra.zi\ng lands. They produce crops that are

harvested at long intervals and usually it is -orvlly. during

harvesting that the land is subjected to deliberate disturbances.

This disturbance can have profound effects upon streamflow. Th¢
net effect of forest timbef removal is generally an increase in
water yield. . = . o . |
Research in' forest management has dealt f;ar' many years
with the effects of fire upon both tree growth and soil erosion.

The effects of logging practices and  land clearing have also
been studied. More recently it has been recognized that forested
lands present ﬁnique opportunities for the managemént of water,

as well as timber, as a crop. The following example will serve

to demonstrate the /potent‘ia_l thdt timber removal might tave -in

this regard. In November, 1933 a fo'resth ire denuded about 18

N
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sqL'lare kilometres of chappa%al—covered mountain land in southerpn
California. On January 1, 1934 a cyclonic storm passed AQ\'/er this
area. Streamflow emanating from %he burned out area"during; the
storm was estimated .at between 5.5 and 11 m‘3/sec/km»2 and
caused extensi\;e damage. Meanwhile two ' similar but unburned
w'%}tersheds nearby, which experienced ?he same storm, had.“flows
of only 0.56 and 0.64 ms/sec/kmz. Examinations of the wa‘tershed
after the storm. left little doubt that the denudation. of _Athe4
landscape I{ad caused the flood (Kréebel, 1934) .

Apparently the effect of vegetation upon streamflow can be
profound and the ‘manipulation of vegetation will result in _the
alteration of water resoufces. "Though" the evidence 1is quite

conclusive, 'merely knowing the direction of the change in

streamflow is not ‘enough for watershed managers and water

-

resource planners. Other questions follow: How will the magnitude

of ‘the peak flow be affected? Will the timing of the peak flow
— S~
change, and if so, how? Will the volume of flow change? How

much ofv the vegetatioﬁ will "have to be manipulated to maximize

the benefits? D\ées the 1ocation:,-‘;:gf the ménipu}ation matter? Will
. N

‘the treatments havé -to be continued on an annual basis? The list

is long. Na‘turally managers and planners would feel much more

cbnfidént in their_ decisions if these questions could bé answered.

The requirement - for an a’ priori decision. rules out a 'wait and

see' attitude, while envirfonmental concerns rule out an 'act and

see' attitude. Ever increasing public ﬁressure demands that the
environmental effects of any modificatio?‘s be predicted, or at

least assesséd, before such modifications are undertaken in order



~that wundesirable effects can be minimized. These . assessments
have become- i{nown as = environmental impact assessr;le'nts..
Obviously it is of compelling importance that there be‘.,a
technique‘ for evaluat‘ing the most iikely effects of various 1and-
"use and water managemerit schemes, if,t‘he hydrolog'ie effects - of
. the modifieations to the. wate'fsﬁed are to be predicted. /Simple
correlations whlch deal with smgle use management of relatlvely
simple systems, ‘or -‘1ntu1t1‘on, Lcan no longer cope with the
simultaneous changes of a large number of interac ing components
in the environment.

ForILfnately an apbroach has been developed  WVhich has the

potential for providing the answers to  the .questions posed by
.~managers anel planners and a'llows the evaluation of alternative
plans. This approach is called hydrologic mocielling. Hydrologic
modellir}g, in the’ context used -here, refers to the application of
mathematical modelling techniques to h‘ydfologic pfoblems,ywith
“the aid of a ‘computer. As poirnted out by Cooper ‘(197(\5)
hydrologic' modelling is a 'vehicle for quantifying mah?s impact
“‘on the env1ronment' The usefulness of" hydrologlc modelhng is
attested to by the great prohferatlon of models available for use
today. Fleming (1975), in his book on sim;alationvtechniques,
~ describes ainefeen suchy medels, with perhaps the best known
being the Stanford Watershed Model and' the U S. Army Corps of
Engineers Streamflow Synthesis ar};& Reservoir Regulanon (SSARR)
' Model. o . o .

Emphasis must be .placed on the . fac;c ‘that h);dfologic-«

mod'ellin-g has - the 'potential’ Ifor"analyzin\g the hydrologic effects



of deliberate land use manipulations for the Vpurpos-e', of

streamflow augmentation. If the effects\of any such modifications -

~

to watersheds are to be predicted, the hydrqlggic model utilized
must be based on an’un;erstanding of the f%nd’améntal physical
processes -ihfluer}cing.\the disposition of 'w‘ate‘r in 'the watershed
an;l be capable of expressing qﬁantitatively thesé processes as
they occur in the watershed. .In .spite of the fact that many
hydrologic models currently e;dst, ‘most are inappropriate for
predicting - the effects of proposed land use xg’a,r;iéulations because
they either do not incorporate the- :fundarnental, ‘physical

processes occurring in the watershed, or because the nature of

the model is"such that it is insensitive to land use changes.
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later as baseflow. The dominant

' i / , ,
that the dW’patm}uXd diffgr. |

"CHAPTER 2

©

'FLOW PROCESSES IN THE HYDROLOGIC CYCLE

2.1 ~ Examination of Possible Flo,w Paths

The land phase of the hydrolégic cycle is ol’t_en thought. of
. ‘ ¥,
as an open-ended system with precipitation forming the input

I*s

and streamflow the o"u'tput. Between the point of entry and the

point of exit from a catchment, however, water can follow a .

[§

variety of rou'tes. The’ hydrograph of runoff from a‘basin is
conveniently divided iﬁto four components which recognize these
differenti flow paths: (a) surfa%e (overland) flow, (b) subsurface
flow (iﬁterflow), (c) base (groundwater) flow, aﬁd (d) 'c'hannel
interception. Figure 1 depicts the first three of thes','e compoﬁents.

Infiltration separates rainfall intop‘.vsurf‘ace or subsurface
flow. Watér failing to infiltra%e in_to. the soil -férms overland
flow.‘Water that 'in‘filtrates in;co the soil becomes subsurfaece
flo’w.v If it flows laterally ?h’rﬁfg\k{\ tbe uppervs,oil horizons it is

) i

called intefflow, but if it percofates deeper into the soil it

becomes: part of the groundwater \flow syétem and may appear

path by which a portion -bf
water reaches a fsg;?am depe such fagtors as climate,

geology, topography, V\so>1 charactetistics, vegetat on and land

use. In various parts of the, world,\ thérefore, one .

J

ight expect:

&
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"2.1.1 Channel Interception ' A -

Channel. interception is that portion of rainfall falling
. :

directly on "the stream. If the total stream area is small,
channel interception would form a reiatively small portion of i;che
to:_‘talvflow.

. Q\‘
-2.1.2V Baseflow

True groundwater flow (baseflow) is seldom the cause of
major runoff during storms. Its primafy role 1is 1in sustaining

streams. during the low flow periods between precipitation.

a

2.1.3 Overland Flow

Consideraﬁle attention .in hydrologic ;ré_search has been paid
to overland flow. The work of R. E. Eiortén ="(l§33) with- its*
emiahaéis 'on the rblg of_ surface i.nf_iltration has had E-i profour'l‘d
influence on hycirology. Its imp.licétiori.' is that ‘there is: a sharp

J
. demarcation between the .rainfall that infiltrates the surface and

>

‘the .'r:ainfé,ll- i”n; excess of infiltration capacits;, which as overland
flow is responsible for all immediate rﬁ‘ﬁéﬁ’.‘ The Horton modél
‘assumes that, for ‘a' prolohged - storm o‘fb constarit intens,i-tf,i a
continuoﬁs decpease 1”.of inAfil‘tgatiqn_' capa}city occ;ﬁ;:s _i.mtill' a
constant low ' value “is reéched. When the infiltration capacity
falIUS "below. thér rainfail ihtensi'ty: ove;jiand flow? b\e ins. This
‘'model has received widespread recognitien throughout _}jj}droiogy

5

‘and * this concept " of ovei‘land flow is widely-v-a'(_:cepted and is

indeed A\llal'ic_i for many watersheds.

Aoy



+

2.1.4 Interflow

Where soils are pervious, where' there  is abundant

vegetanon and espec1a11y where there is a humus or 11tter cover,

as in forested areas, the infiltration capac1ty is. hlgh ‘and little

. g : .
direct surface runoff occurs. _ ‘ &
' \

The suggestion that subsurface flow ‘is the prlmary source

of stormflow in. forested areas was made by Lowdermilk (1934),

-Hursh (1936), -and Barnes (1939). The interflow process has: been

examined in much greater detail more recently in the field of

forest hf);drology under the 1eader‘(ship~_of- Hewlett. En spite‘of the
fact ﬁﬁat' the importancé of inierﬂo;v had been sho'Wn at about
the same t1me as Horton was postulanng h1s theory, the process
has been largely ignored. This fact can be 1arge1y attrlbuted to
the uncertainty -~ about the ‘interflow process. Much ‘of this
uncerta.inty is due to the Iack.‘ >of a precise, widely 'accepte-d

definition for interflow even to this day. Hursh - (1936‘):-first

called it subsurface stormflow or st‘orin-seepage and _define'd~ it as -

the -stermfl’ow ’which ‘infiltrates - into the surface soil but. moves
away from the area through the upper soﬂlhorlzons at a rate
rﬁuch in excess of normal ground water seepage Barnes (1939)
accepted the term and extended the det’mtlon to include~ water
- which  had penetrated»only the upper 'soil ‘layers during a
rainstorm or a thaw and:has filtered more or iessl horiiont;ally
throug;h the soil to discharge into_tﬁe stream system b.y seepage.
”’It'ap'pears that it v«(as'Barnes v'{h'o, recognizing the confusion

“surrounding this. particular flow process, proposed the - term

10
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interflow, « which is a fairly widely accepted term appearing in
most hydrology textbooks. Another term "which is sometimes used

~synonymously  with interflow is throughflow. Freeze (1972b)

’

defined subsurface flow (interflow, throughflow) as that part of

”

lateral flowA ‘that infiltrates the soil surface 'and moves laterally
through the upper soil horizons toward the stream channel as
unsaturated flow or as shallow, pérched saturated flow above the
main groundwater table. ’

Thére are two commoﬁ features to th¢ three defihitiéns
pr‘esen‘tedd above: (1) Interflow results from water that has

-

infiltrqted- into the soil, and (2) Interflow is mainly a lateral

flow process in the upper soil horizons. These similarities miéht )

: (
suggest * a universal: agreement - among  researchers, but

examination of the litera'ture suggests that controversy arises
when the importance of interflow is assessed in relation to other
flow processes. Mis‘interpretati‘on is largely due to the lack of an
appreciation of the nature of the interflow process and to the
assumption that interflow is water that moves towards the stream
.and discharges there completely independently of eithér surface
runoff or groundwater flow: that is, there. never -is any
interaction between the processes. This possible intermingling of

flows’ has important repercussions on the assessment of the role

of interflow. If intermingling does occur, discharge of water that

. began- :as interflow could be of the overland flow type at thek‘l

.stfeam, Though the contribution of interflow would be masked, it

could nonetheless be important. A definition that takes account
o : R

of ‘this was proposed by Gray (1970): ‘Interflow 1is water

11



infiltrating the soil surface and moving laterally through the.

upper soil’ horizons until it is intercepted in its course by a
stream channel or returns to the surface’ (at' some point
downslope from its point of  infiltration) to flow to the stream as

surface runoff. This definition will be adopted.
2.1.5 Discharge Hydrographs

The particular flow processes exvperienced on a wate‘rshed
are reflected in the discharge hydrogr‘aph. ~ Differences in
hydrograph shape are largely due to the dramatic ciifferences
among the velocities of flow of the. proces.ses. VOverlandflow
occurs at’ the~quicke;t rate w‘ith groundwater flow Being
extremely slow, the two rates differing. by as much as several
borde':rs éf magnitudé. Interflow occurs. at a rate ‘somev‘vhere
" between t}'}ose of overland'flov} an‘él gréundwater ‘fl'ow. Overland
flow produces a ‘hydrograph whose form is largely detet;r'r;ined by
the duration of the storm, the variation in itgiint.er_}sity and by
the stofagé Acharacter‘istics‘ of the stream channel. The
hydrograph of interflow displays a. flattened peék al;ld a much
more gradtlxal recession ‘than that of ov?rland f1§w, 'b’ut can show
rapid response. Its shape ‘depends -mostiy on the near surface
soil characteristics of the wateréhed. The hydrograph of baseflow
always shows .a.}very conspicuous time lag between thé storm and
the rise in flow, wit_h the recession being vefy grladual.

Figure 2 (Freeze, 1972b) depicts thé ‘v‘ariety of hydrograph
shapes that might be .co_rr_lmo'riiy _ekperienced; Hydrograph (a)

would most cilgsely represent the response to Hortonian overland

12
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flow as it represents the discharge from an asphalt parking lot.

Hydrograph (b) 1is the ‘result of subsurface flow since it was
recorderi for a storm in which no overland flow was observed.
Hydrograph (c) depicts the great sensitivity of cha‘nnel‘ discharge
to rainfall intensrty. Measurements at the site did not confirm
whe_ther or not the prominent recession limb was_clue_ to _later

\
subsurface contributions. Because hydrograph (d) was taken from

-

a watershed in Alaska where a thick ‘peat moss layer overlays a

relatively impermeable silt Iayer; it would represent a slow

subsurface storm response. Hydrograph (e) shows a secondary - -

peak caused by base flow. This type of respense is generally

quite rare.

2.2° The Role of Interflow

2.2.1 The Importance of Interflow

In the past fifteen- years interflovr has been shown to be a
major, if not the dominant component of:ntotal‘ stormflow from
vegetated drainages (Whipkey, 1965, 1969; Kirkby and Chorley,
1967; Hewlett and Hibbert; 1967). '

Whipkey (1965) suggested that interflow occurs esi)ecially
where: (1) the land is sloping, (2)4 the surface soil is
permeable, ‘(3)7 a water impeding layer is -near the surface, and
(4) the 5011 is saturated A 51gn1f1cant presence of 1nterflow in
certain watersheds has been demonstrated by 1sotope techmques
with the proport1on of subsurface flow found to exceed 50% in

field experiments (Dincer et al., 1970, ‘Martinec, 1975; . and

14



Holocek and Noujaim, 1975). The importance of Subsurface. flow
was also confirmed by a field ‘stuvdy in a, well-instrumented area
by Stephensoh and Freeze (1974). | |

Quic.k watershed response has usually been attributed to
the classical concept of streams being fed by overland flow
génerated_-on partiali areas of the basin. Stephensgn_ and Freeze
(1974) boint out that this mechanism 1is rarer il(a;%ag\th time and
space than had previously been ‘supposed. Hewlett é\;\d Hibbert
(1967) suggest that for forested land the most logical approach
is to assume tl;lat all flow is subsﬁrfacé until there is evidence

to the contrary.
2.2.2 Field Studies of Interflow

" Numerous fieldl experiments ha‘ve been undertaken to gain
an under-standing of interflow, . particularly ¢n .sloping land.
Several of these studies, for the f)eriod 194%4-1977 are reviewed
below. The works of Hewlett (1961)," Hewlett awd Hibbert (1963),
and Nutter (1975) were excluded from the revigw because of the

homogeneity of the artificial soil mass that they |considered.

2.2.2.1— Hursh@arfd Hoover (1941) utilized a -field installation in

the southern Appalachians for measuring storm water mgvement at

various depths in a forest soil profile (see Appendix I for soil"

profile characterization). The installation invqglved digging a
2.4 m by 2.4 m pit on a 20% slope and then placing horizontal
catch troughs across the exposed soil profile face. One trough

was set ‘at the soil surface, another at a depth| of 30 cm (more

15



significantly at the bottom of the A horizon) and another at the

base of the . pit approximately 90 cm down. Storm runoff

measurements from the plot were taken after the plot had been

brought up to field capacity. Results from 1 cm of precipitation

over a 15 minute period showed that 2 1/2% of the precipitation

occurred as surface runoff, 12% moved below the surface in the A°

"horizon, with the rest being accounted for below this level.

2.2.2.2 'I':\;an't Woudt (1954) studied interflow iﬁ volcanic ash
soils iﬁ New Zeaiand on a 17 m long ‘virgin country site under
shrub, with an average slope of 62%,_ The soil exhibited -both an
A horizon and a B horizon, the 1atfer extending to" a depth of

1 m at the foot. of the slope. The investigation involved . using

¢

small lysimeters, placed in the soil at depths ranging from 15 to
60 cm, c’;long the lengt'h of the slope which were capable of
trapping water flowing laterally from higﬁer ground. Interflow
was found to take place as a result of the obstruction 6f
percolating water and took place through a ;elatively thin layer
of v'vett.ed soiyl‘ at the surface. The lower infiltration capacity of
the B horizon in comparison to that of the A horizon, by a
factor of 2, caused a buildup of moisture in the A horizon,
resulting in .lateral flow through the layer. A similar type of
moisture buildup aﬁd lateral flow wd§ caused by soil layering in‘

, ,
cases where a fine-textured soil overlays a coarse-textured soil.

2.2.2.3 Whipkey (1965) utilized -a site in eést—ceritr_al Ohio

having a sandy loam soil and a slope of 28%. The vegetative

cover of the study area was a mixed oak stand and the plot was

RS

16



covered with a 5 to 10 cr;/'l depth of mixed hardwood léaf litter.

The soil was very permeal?le'down to a depth of 90 cm, showing

a slight decrease in vertical hydraulic conductivity at 56 cm.

The plot itself was 17 m long, 2.44 m wide and was oriented

down the slope. 'Troughs to collect seepage’ water from the slope
face were located at the surface .and_' at depths of 56, 90" 120
and 150 cm (essentially at the separation points of the méjor
soil layers). Suction head _measurements wef’e_ made using
tensiometers and moisture conte‘r'lt‘ measurements were made with a
neutron probe. Results for all storms showed that 64% of all flow
came from the 56 -~ 90 cm layer (the layer above the flow
impeding layer) | with approximately equal amourjts passing
through the 0 - 56 cm layer and" the 90 - 120 cm layer (16%).
The deepest layer, 120 - 150 cm, showed only slight flow (3%)
and surface runoff was even less, accountmg for only 1% of the
flow. Tens1ometer readings showed that a saturated layer existed

above the plane of the wettlng_front.

2.2.2.4 Dunne and Black (1970) chose a 0.24 ha hillside in
north-eastern Vermont as their gtudy -area. At the time of the
study, the hiilslope was in pasturé, but had been covered by a

pine forest unt11 fire destroyed it some thirty years prior to the

study. The hillside had a southerly aspect with thé slope~

varying from 30 to 100%, with a relief of 18 m. It was divided
into three plots: one with a convex p’rofile and an area of 0.05

ha, one with a concave profile and an area of 0.12 ha, and one

whose profile was straight with an area of 0.07 ha. The soil

-
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texture of the slope was gene ISI sandy loam. Ruhnoff was
intercepted by drains in a loryg trench spanning the three plots

and running adjacent to the stréamy. The trench was 1.5 to 3 m

in depth, 'depending upon the depth of the till material. Runoff
was collected "at the soil surfacé, the base of the root zone
(30 - 75 cm) and at the groundwater seepage level. Soil moisture
was measured with a neutron probe. Water tabyle’ fluctuations

were also noted. Both artificial and natural storms. were studied

on only the concave and the straight slopes. Hortonian overland

flow was not expe_riencéd at- anytime on the study area as the
infiltration capacity exceeded rainfall intensity at all times.
However, overland flow was mea.sured. This flow was caused .by
a combination of water emerging from the saturated soil and
-rainfall that had falleﬁ directly onto this saturated area. The
authors noted that overland flow of this type originated on a
smalll concave portion of the hillside, comprising 5 to 10% of the
~con§ave- and straight plot areas.

They concluded that c¥n1y when water was released from the
damping effect of unsatura;ted flow by emerging at the ground
sdrfaée could it contribute to chénnél runoff at a significant
fgte. They considered subsurface flow from the hiliside as - being
réflatively unimpo.rtant,f con'tfib.uting only a small 'part of the
watervcz‘iusin”g the stream hydrograph peak. They rationalize by
Vstat\ing, that the return flow would have velocities 100 to 500
‘times greater than‘tho.se of subsurface flow, ailowing more water
to 'lér-a\'/el from a la?ger contributing area in the time'availablé.

The .authors concluded that the- importance of a hi\lﬂlside as a
o .
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produéer of storm runoff dépends upon its ability to generate

overland flow.

2.2.2.5 Weyman (1973) studied a hillslope in Great Britain

670 m long, convex in profile with a relief of 50 m. The slope

<&

shape was _complex: ranging from 42% at vthe ~base to 27% at

midsection to 3% near the divide. Four soil lavers were
, Yy

<

identified, 'the boundaries of which were located at depths of 10,

25, 40 and 60 d¢m. Discharge was measured from each of four

%
layers, for a width of 1 m, wusing lateral troughs. Results

‘'showed that no overland flow occurred. All runoff from the
hillslope was subsurface flow, confined entireﬁly to the two 1owAest
soil horizons, the B and 'the B/C horizons. Weymaﬁ suggesr_é'd
that water leaves the soil through a zone of -permanent stil
saturation at. the slope base and that during the course of a
storm, this zone of saturation grows upslopé and . up the soil
profile in the form of an expanding wédge. He noted that t>his
saturated zone i~s fed by water mox}ing out of the unsa{turated
zone lyiné. above and upslope of the séturated zone. He
’/postulated that the unsaturated pvercélation following substantial
raliﬁfall overloads the lateral unsaturated flow system of the B/C

horizop, causing water to accumulate at the.profile base until

saturated conditions are produced. Under hé'avy infiltration, this

. L 4
- process could initially’ occur at the base of the B horizon,

resulting in a ‘temporary perched saturated zone overlying an

unsaturated zone. Discharge might then occur from the B horizon

" before it occurred frbm the B/C horizon.
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Weyman noted that the initiation of saturated lateral flow .

is dependent upon some break in the vertical hydraulic

conductivity profile of the soil, which in this case occurred both -

a£ the base of the B-horizon and at the soil profile base. Thus
the primary controls on hillside response were 'the depth to suc_h
changes 'in the vertical hydraulic conductivity of the soil and
the wvelocity of lateral flow. Weyman, in con@,;ljﬂ'sion,l doubted
whether subsurface flow, considering the slowness of this type of

flow, could significantly contribute to actual stormflow ~and

suggested that overland flow would still dominate the storm

response of most drainage basins. ‘He did point out, however, .

that subsurface flow would form a very important element of base

-

response during the hydrograph recession.

2.2.2.6 Hafr (1977) studied- subsurface flow in a forest soil on
a 10.23 ha watershed in“Oregon.‘ The study area was located on
~a stream to ridge portion of the watershed, with a slightly
convex, complex slope ranging from 50% nea.r: the r_idge to 110%
adjacent to.‘ the stream. The total relief was 'approximately
105 m. Only slightly more than 1’ ' m of poorly developea-soil
existed above 2 - 7 m of subsoil. Notable changes in saturated
hydraulic ;onductiyity values Qccu.r_red at depths of 70 and
130 gm. Results showed that channel inter_ception and'subsurface
flow averaged 38% of gross precipitation, ranging from 23 to
5I%. Channel interception was never more than 4% ofﬂtotal flow.

- Interflow was therefore the- major -contributor to storm runoff.

' Piezometer data showed that saturated - zones expanded upslope
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and laterally as rainfallrcontin'ued. There was no. evidence .to

suggest that overland.'flow on we§ zones near the stream had

ever .occurred. The dominance of “interflow can be explained by

the high 5011 hydrauhc conductivities and steep, convex slopes,

which would be . conducive to interflow ‘and the fact that
saturated zones frequently occurred at the 5011 sub5011 bound,ary

at midslope to upslope 1ocations.

2.2.2.7 Summary

The above review of six experimental field studies  of

o

interflow on hillslopes has shown that interflow can be an

important flow process. However, - controversy about the
. -

importance of interflow relative to the other flow processes, most

notably overland flow, is evident.  Any study that attempts to
investigate the effects of land wuse changes on streamflow in

small - forested watersheds must first quantitatively assess the

L

role that interflow plays in generating streamflow - in ‘these

watersheds. Thie assessment should be Dbased ofn a clear

understanding of interflow as a physical‘proceS‘s, how it forms

and  how = quickly it can respond to precipitation. This
. understanding requires knowledge of the soil's water storage and

, water transmissive capabilities.
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CHAPTER 3

-

ATHE SOIL PROFILE AS A RESERVOIR

5 AND A CONVEYOR OF WATER

3.1 Water Storége Characteristics of the Soil

k2

&

Soil has two basic , components: solid :soil grains and void
space. The void space of the. soil can be occupled by elther air
or water and is characterlzed by por051ty The amount of water

occupying the voids can be conveniently. expressed as a wolume
. AL ° N J :
" . w
percentage moisture content, which is the ratio of the volume of

“~

water to the totdl soil volume. Three main ty‘pes" of soil water

can be identified: -hygroscopic water, plant available water and

gravity water. Hygroscopic water is the water remaining below
wilting point; .plant available water is that water held between

field capacity and wilting point; and gravity water exists when

the m01sture content exceeds field capacity and can be drained -

by the. force of gravity. W11t1ng point represents the point below

which plants cannot extract water. Field capacity is th&mmsture
content of the soil after gravitational dralnage of soil water has
significantly decreased. In principle, pa_rticulafl'y in soil with a

high clay content, fhe amount of hygr:oScopic water may be

appreciable. However, it is generally’ dlsregarded because it- iS

unavailable for plant .use or for dramage. 'Thus, practicaluly,
the water content bétween W11t1ng point and saturation is most

important.

- 22
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L4
g‘The‘velumes of solid material and the total void space will
vary from. soil to soil, depending wupon soil texture and

structure. The typical compositions of sand and a clay soil show

A

~-.striking differences:

(1) A elay soil generally has a greater total porosity
: than a sandy 5011

*2) A clay 5011 has a much greater amount of hygroscopic
‘ water. . .
| (3) »A sandy soil k{as a larger portlon of gravity water.

(4) - The ratlo of plant available water to. gravity water is
u,sually greater for a clay soil than for a 'sandy soil.

'Theé magnitudes of water content at the saturation level,
S , S

field cap‘acituy and. wilting point are important, but the difference

i

be'tween the-vaiues s ‘of greater consequenee in ‘determining the .
mob111ty of. the 5011 war,,er. This is verified by the fact that, in
spite of havmg lower porosit.fe‘s ‘(1owef overall water storage
ablil.ity),.'?sandy soils can supply ‘greater volumes of drainagev
‘water.v\.becausekrtheir gravity water component is greater than that
fop. a’ ’clay-‘ soil. Thus, in splte of the fact that porosny)s__(\
indicative of the water storage potent1a1 ‘of the 5011 by itself it
gives no indication of the water available for drainage or fo‘r' )
plant wuse. Therefore, it ie im?,optar;t-f_ subd1v‘1de/ the total

storage - into the three types of soil water. ThlS can be done by

specifying the values of fieid capacity and wilting point. o
. I - .

If the premise ‘that the major zone of ﬁydrologic activity
lies vabeve socme. depth‘ which ' controls profile’ dfainage is’

accepted, the' storage volumes assoc1ated with the various water

types can be calculated. This control‘ depth ise usually‘



* characterized by a sharp increase" ir bulk density and a.

»

decrease in porosity. The storage potential of the soil profile,
after the start of precipitation, ‘is reduced by infiltrated volumes

of water. During periods of no precipitation; there. is a recovery

of available storage through the drainage of gravity water and
the evapotranspi.rat_ion of plant available water. For practical.

purposes, dra1nage and evapotransplratlon are assumed to become~

neghg;lble at field capacity and wilting point respectlvely In
watershed management, these water storage volumes are of
. o, v
importance because the 'evapotranspiration by 'vegetefion plays. a
very impertant role ink determining "antecedent condiéions and
thus the amount of runef;from t.he watershed. T}’.ne‘ water holding
.capac1t1es of solls‘can be approx1mated from information on soxl
texture. Commonly the range of values normally experlenced for
any given texture is rather narrow.

England (1970) presented “the’ following - values for the

~ respective soil moisture storages for various soil textures:

Soil .Texture C Gravity Water . Available Water
(cm/m) ‘ (cm/m)
coarse sandy .loam ©15.8 - (8.7
sand - . -~ 19.0 13.3
loamy sand = 26.9 . 10.1
sandy loam . : 18.6 .. 12.3
fine sandy loam 23.5 _ 13.1
loam C 144 ' 15:6
silt loam ‘ - 11.4 . 19.9
“sandy clay loam 13.4 . " 11.9
clay loam o ' 13.0 v  12.7
silt loam : 8.4 14.9
sandy clay . 11.6 7.8 .
silty clay : - 9.1 12.3
clay 7.3 11.5
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Use of -this table ‘would allow -one to estimate soil moisture

storages based only on information about soil texture.

3.2 Water Conductive’ Properties of the Soil

.Darcy's law states that the veloc1:ty_ of flow of a fluid
through a poroiis medium, expressed as discharge divided by
gross area, is. proportional to the hydraulic gradi‘ent causing the
flow, with the proportionality factor being the hydraulic
conductivity of the medium. Because for giVEI;l fluid properties,
hyd'rauh;_c coﬁductivity is a charac~ter.istic physical property of

the medium, it should be related to measurable properties of the

soil pore geometry. The Hageh—Poiseuille e.quation., describing

laminar flow t_hrough a - capillary tube, demonstrates . the
importance of capillary (i)orf:‘)_ size to flow. Thus, the hydraulic
conducﬁvi?y of a pofo-t‘xs medium depends noét only onh the total
pore space éf the soil but also on the ' size and shape of the
pores, q.s well as the viscésiiy ual"ld' dehéity of the liquid vflowing
through™ the soil. |

Thé value of hydraulic cdnductivity varies w~ith moisture

content. It is ‘a maximum when the soil is saturated and declines

to near zero in dry soil. When the soil is saturated, essentially

all of the pores are filled _.and conduc/{ing fluid. When the soil -

is unsaturated, some of .the pores are air-filled, and the
conductive portion of the soil's cross-sectional area is decreased.

Furthermore, as moisture content decreases, the first pares to

e

‘empty are the largest ones. This forces the water to flow-

thurough the smaller pores, 'w'hich» ‘are much less conductive. For
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these reasons, the transition from a .saturated to an. unsaturated
medlum causes a steep decline in hydraulic conductivity, usually
several orders of magmtude, as moisture content decreases. At

saturation the most conductive 'soils are those in which large

and continuous pores constitute most of the overall pore volume.-

Thus, a sandy soil exh1b1ts a higher hydraulic conduct1v1ty than

a clayey soil at saturatlon. However, the very opposite may be

true when the soils are unsaturated. In a soil with small pores,

such as a clay,. many of the pores will remain conductive even
at low moisture contents so that the hydraulic conductivity does

not decrease as steeply as ‘it would in a sandy soil as moisture

content decreases. Hydraulic conductivity may actually be greéter_

for the . clayey soil- than - for a sandy soil, _under theee
unsaturated conditions. . ‘ |

‘Because of this complex behav1our,’ there. -is no, reliable
" way of 'predlctmg hydrauhc conductivity from intrinsic soil
propertles. it must be measured experlmentally However, it may

-

not ‘be always adv15ab1e to determine the hydrauhc condtfctlvuy

of the soil in question 1in  the laboratory wusing artificially °

_repacked ' samples or undisturbed cores’ and then lto_;_estimate

moisture movement in the field using these values of hydraulic -

3

conductivity. Also the wvalues of hydraulic conductivity

determined for small samples in the 1aboratory may not be
'representdtive of larger masses 'of soil in the field, where
fissures and cracks may -have a significant effect on water

transmission. Field techniques, though probably prov1d1ng the

best value of hydrauhc conduct1v1ty. remain tedious and time

*
.

.
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consuming. The problem of representativeness of field samples
must also be reckongd with. Hence, interpreta.tion of experimental
measurements can pqge many, problems.. However, because of the
importance of Vsuc‘h finterpretations; reported values ‘of hydraulic
‘cénductivity from var“ous sources should be compared. |
Whipkey (1965) reported £he following results for a site at

the Central States Forest Experiment Station at Columbus, Ohio: )

Soil Depth Textural Class . Density " Hydraulic
o : ‘3 ' Conductivity
(cm) ' : (g/cm) o (cm/h)
0 - 56 '~ Sandy Loam ) 1.33 -
56 - 90 Sandy Loam - 1.41 ' 28.6
90 - 120 " Lloam ‘ 1.78 1.7
120 - 150 Clay Loam 1.80 0.2

An impeding layer appears to begin at a depth of 90 cm. At this

level, the bulk‘ densityv increases suddenly and the hydraulic
conductivity dec;:eésés. The ger.le,‘rall trend of &ecreasing hydraulic
conductivity with increasing depth .in the soil profile is also
‘evident. ' . | |

Harr (197@ reported the following ‘r’esul'ts for a field site

with a-clay loam soil profile:

Depth - Bulk Porosity ~ Saturated
o (cm) density hydraulic
SR 3. + _ conductivity .
(g/cm*) (%) " (em/h)
10 0.807 60.8 352
30 - 0.897 63.8 412
70 ©1.015 . 60.3 163
110 0.981 , 63.1 . » 175
130 1.080 i 55.4 16
57.6 22 -

150 1.053
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The soil profile was 1 m in depth. Harr sugges.ts that differences
in soil aggregation most'v likely account for differences in
thdraulic conductivity.

bunne' (1978) 'presented a compilation of measured values of
'saturated hydraulic conductivity of ~.soils in which iﬁterfiow has

been measured. This compilation is presented in Table 1.

3.3 Effects of the Nonhomogeneity of the Soil Profile

Undisturbed forest soil 1is .-generally covered by an organic

litter that protects the soil surface and keeps it permeable to

. water infiltration. In addition, the A and B horizons of forest -

soils ar.e interlaced with roots, animal burrows, and structural
channels that p-rovide a highiy permeable ‘medi'um for the rapid
movemen_t of wafer.in all directions.

There are few soills in the field which have uniqum texture
and structure fhroughou_t t'}‘;e ."profile. The physical properties"of
the - respective hotizons within a given prefile can vary
tremendously. The contrast between horizons in forest soils can
-be dramatic. and the horiions, particularly the ‘B horizon, may
be thici(er on ‘.1"eve1 land or at the foot of the slope than on
-‘slbpiné land or at. the crest of a slobe. In nature, however,
sharp -co'ntrasts’ in sOi} properties yare unusuai with. gradual
changes ,'t_)meihg”a more normal feature. The no_tmal s;equence of
soil horizons down from the surface, from litter to the partly
organic A horizon to the B horizon is characterized by .e

<

decrease in porosity and often’b an increase. in clay content.
P y , y

Bulk density commonly increases with depth asy well. This is a
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" reflection of the decreasing porosity of the soil and wilAl cause a
decrease in hydraulic conductivity with -depth. Because - the soil
water must move through the pore space of the soil, arly change
in texture or structure .will result in a chanvge in the water
tranSpért' and storage properties'of the soit. |

The moisture retained in a soil is determined by the

-

characteristics of the whole brofile, which may include several

distinct horizons. The texture of underlying layers can also play

an important role in this regard. In general, if the wetting

front encounters a layer in- which most of the pores are either

larger ‘or smaller -than those through which it is moving, an

<

effect on 'therrate of flow will be observed.

When a wetting front contacts a material with finer pores

tldan that in w_hich -1t hz;s.been moving, the fine pores begin to
fill rapidly -becau'se of their greater attraction for water. As the
wetting front advances into the material, water must be
transmitted through the fine poree which have filled with -w.ater.
If the material has extremely ’fine pores, such as those found in
clayey soils, r‘esi_s'tance vto flow because of the fineness of the

pores may be so great that flow is markedly reduced. Colloidal

swelling Wthh occurs in many fine matenals may further reduce

the size  of the transmitting pores, and decrease flow. This
reduction in flow rate can result in the formation of a saturated
layer in the more' pervmus layer. Figure 3a shows the theoretlcal

pressure dlstrlbunon with depth for a two layer soil profile with

the hydraulic conductivity of the first iayer exceeding that of.

the second. - 'Note the buildup of pos'itive pressures at the
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Perched wvoler surfoce.

—— e X

Figure 3a Theoretical pressure diagram for a

two-layered system (Zaslavsky,

1964)

7
"

- - -
&

Here parmashie
wppor layor (y

4 1aws shaw relative
subserface flow in oppot
and lower layors

Figure 3b Formation of a saturated layer at
' an impeding layer (Whipkey and
Kirkby, 1978)- - : '
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interface of the first an'd second " layers. The' formation of a
perched water surface in the uppermost layer indicates that the
secondrlayer is acting .as a flow impeding layer. Figure 3b
shows ‘a hillslope characterized by a permea<ble upper | layer
underlain by a less permeable layer. A wetting front (saturated

layer) is shown moving into the second layer. This front would

advance Qertically -downwards as well as laterally. The saturated .

Z

layer in the upper more permeable layer will create interflow’

due to the slope of the layers. Thi.s flow will be predominantly

in a lateral, downslope direction.

Data reported . by Day and Luthin (1953) . support "this

theoretical derivation for the formation of a saturated layer at a

profile discontvinuit:y: A layered column consisting of a highly .

permeable stratum (Yolo very fine sandy loam) overlying a less

\

permeable stratum (Yolo loam) was examined. Water was added to

the surface and maintained at a constant -headv while the water

was allowed to escape out “the bottom. The resulting rglatidnship

between pressure and depth is shown in Figure 4, demonstrating

the formation of a positive pressure zone <{saturated layer) at

the interface. The pressure increased steadily with depth from

the surface to a maximum value near the contact plané and -

decreased thereafter to atmospheric pressure at the outflow point.

o

When a wetting front mo>ving in a soil characterized by

.relatively fine pores contacts material «with larger pores, the

3.3

volume of pores in 'this latter layer capable of holding Wate;‘

under the same pressure conditions decreases. Before the wetting

front can advance -these larger pores must fill with water. The
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| 1 T

Yolo. loam

'DEPTH,cm

Figure' 4 Experimental verification of pressure buildup at a soil .

discontinuity (Day and Luthin, 1953).
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time delay for equilibrium to be reached causes a restriction in

the advance of the wetting front and lowers the flow rate. Thus

a coarse-textured layer underlying a fine-textured layer can

increase the stofage capacity of the finer layer (Alway and

McDole, 1917). This water could then form interflow.

Because a sgil p‘rofile is made up of several horizons,
opportunities for ~f10w impediment a"nd ‘thus soil saturlation exist
at each horizon - horizon interfa.c_e. Whipkey and Kirkby (1978)
suggest that_in a multi-—layered soil the most critical layer with
respect. to water. transmission is the one with the lowest

saturated hydraulic conductivity in the soil profile. The second

most critical Iéyer’. is the layer which -has the next lowest

hydraulic conductivity and lies above the most critical layer,

[

and so on. In this way, a sequence of critical soil layers may -

be established., Each ‘layer could potentially act as an impeding

layer if the percolation rate of the layer above"” it exceeds its

s}atu_rated hydrauliﬁ -conductivity.. There are many variations of
profiles which have less per—meab_le subsoils. Slowly permeable
subsoil layers may have formed in place or may‘ have resulted
from an earlief depositivon of soil ﬁxaterial, such as lacustrine
deposits that f_iave later- been covered.\;vith windblown soil. An
extreme case is soil »undérlain by unfractured bedrock.

The data presented by Harr  (1>977),‘ discussed earlier,
provides an 'ech:ellent dem.oristration. of fhe : ;:oncepAt- of ‘the
impeding stratum. Note partlcularly the changes in porosuy-'and

saturated hydrauhc conductivity at depths of 30 and 110 cm. The

rather distinct changes suggest important  horizonation at two

et
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levels. Since the change 1in saturated hydraulic conductivity

between depths' of 110 and 130 cm is so dramatic (mdre than an

order of magnitude), one could ¢onclude that the impeding layer
. .
lies at a depth of 110 cm. The change ‘ip saturated hydraulic

conductivity_' at this depth would prove to be an impediment to -

moisture flow. Beke (1969), in a. study of the .s'oils of Marmot
Creek ‘Ba.sin in >A1berta, foend that mosfc‘ of the soils .had' an
iméleding lavyer within 30 cm of the minerel surfice, with this
layer -generally being characterized by an increase in clay
content:
‘ Good approximations .» for the depth to the flow impeding
horizon can generally be o;)tained from a soil profile descriptibn.
Abrupt changes‘. i{1 texture, coneisteney or 's_tructure are genefally
indicative of changes in water transmissibility: Refined estimates
to  the depth of"‘ the irﬁpeding layer can be obtained from
41abore‘1tory determinations of bulk den51ty | |

The saturated_ layer of water that forms.éboVe a flow
impeding layer may be receiving not only percolatmg water from
“the soil surface, but if the 5011 is on a 'slope, from upslope as
well. If the influx of water to a zone having a saturated layer
.contin:_ues. at a suff{cient rate for long en,ough theA,saturated
iayer me/y‘" Build up to the soil surface. If the whole . profile
becomes Satﬁrated overland flow w111 ‘be produced. The ~ability
vof the profile to become saturated wﬂl depend on the depth to

. the impeding layer as well as the water holding capab111t1es of

the soil above this horizon.
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CHAPTER 4

 THE MATHEMATICAL CHARACTERIZATION OF INTERFLOW

. Darcy's law gives -the relationship between- velocity of :flow
in a " porous medium and the hydraulic gradient. This law,”
though originally conceived for saturated . flow,' was extended by

Richards (1931)' to unsaturated flow, recognizing that the

hydraulic conductivity becomes a functlon of mo1st content.

=y

Usmg Darcy's law and tfme continuity

following generalized equation of flow in three ensi

derived (Frééze; 1969) :

) ahy
% Pk vy, z, h LSS+ IQK(x Y, Z, h’s) y] -
| =2 3hy | 38,4 2
+ 37_ .[DK (x! Y Zv ht') az] P t + 8 t
with x, y = horizontal coordinates, 3

z = vertical coordinate ,
p = density of the fluid,
K = hydraulic conductlvuty,
ht- suction head,
h = hydraulic head 2
8 = volumetric mo!sture content,
t = time.

As Freeze suggests, this equation can be used - to "develop the

one-, two- or three-dimensional forms of the steady or unsteady .

equation, the

s can be

flow equations for saturated or unsaturated flow of a -

;
[

compressible or incompressible fluid through a homogeneous“ or

nonhomogeneous medium. - For a particular characterization. of

AS)

fluid . flow in porous media, certain assumptions can be made to
Q . - A



simplify'thig gen.era/_l,‘ ‘but com:plex; equation. For example, if the
fluid is,_ asSumed to be inccmpressible and the medium to be
. homogeéneous and isotropic, the well—kno'\avnﬂ_Laplace equatioh can
”be Adel‘ivved from the ‘above equation. Unfortu_nately, the presence
of s_oil‘ horjzons, suggests that tbe Laplace e-quatioﬁ would not be

‘applicable 1o. most field soils, which by’ their inherent nature

are both noﬂhOmogeneOUS and :an{sotropic.

a

4.1 , . ‘Study Disciplines

Quaﬁt"i'ﬁative studies of, the movement of water in saturated

. f;.‘
or unsaturated so115 have been made in various disciplines, such

as 5011 5C1ence, c1v11 and petroleum " engineering and

hydrogeology, but have deve10ped largely 1ndependent1y

4.1.1  Soil Sgience o . ‘, ?u- =
Soil gcientists, bemg-. concerned with .the’availa“bilit':'y of

 watefr to plants,w‘have worﬁed pr1mar11y in the unsaturated zone.

R

Usu‘ally.“,.the . water table  is 'assf}lmed to be at a ' deepy

—

'irisignificant" depth, thus. a,voiding_..the possib‘le contributions of a

cap111ary ffmge emanating from it.” A few broad categories of

®
study mr-lude water movement' below the rogt zone, water uptake,

~evap0tran5p11‘at10n and’ 1nf11trat10n. Due . to th& relatwe flatness'

of agrlcultul‘al 1andr the flow* . processes undev’ consideration are
. K4
e_ssentlally . one dimensional, verncally Thls S1mphf1es the flow

_equatlon " considerably, though’ problems of nonhomogenelty and

hysteresis . (the change of phys1ca1 propernes dependmg jupon. the

%o

"w.etting “and drying’ “history of the ‘soil) ‘st111 remain. F.or"'y

»
—_—
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unsaturated, unsteady ‘incompressible flow the general equation
reduces to:
38 o \
_ [K(h ) 37 az Y3 : '
Philip (1957) developed a humeri_cal proce‘glure which enables

~solution of this equation for vertical infiltration - into a

_homogeneous semi-infinite medium with a constant initial moisture .
= . .

| content. Hanks and ‘Bowers (1962) resented a numerical solution,
\ P .

using finite difference techniques, to the cases of vertical and’

Al

horizontal infiltrdtion. The solution technique requires, in

addition to a knowledge of the 1n1t1a1 and boundary cond1t1ons

of the specific problem, a known relanonsmp between mo1sture’

TN
content and suction head as well as 01}g,pbetween moisture content
\ -

and hydrauhc conductivity.A The technique has distinct.

advantages in tha‘t it. does not reQui(r,:e that the soil be
homogeneous or semi—ir;finite,lb that‘gravit_y be nqglectéd or that
the initial moi'stt;lre content "be uniform. Complications due to
Hysteresis would” still limit‘ application," of - the technique to

problems where ‘the relationship between moisture content and

suction head are khowq. A noteworthy conclusion of the authors'*
" g P - . . '. ) . ~/ '
layered expkriments was that vertical infiltration was governed

by the least permeable layer, once the wetting front reached' this’

-layer.

3

The more general multl—dlmensmnal flow problems have not

as yet undergone as comparable an extenswe treatment as have

the umdlmenswnal ones, even though ‘the former ~are of
,‘ . . . c . i -

»

considerable importance . in hydrology. The ~introduc‘tio'n ‘of the
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. computer has allowed ‘the' use of numerical methods, including

finite difference and finite element techniques in the solution of

problems that more closely simulate field conditions, but which, -

because of soil heterogeneity - and anisotropy, will be very

‘complex.

4.1.2 Geo'tec“hni.caly Engineering

-

Investigations of flow through porous,media in ‘the field of"

1

geotechnical ‘engineering have been ~mainly in the saturated
realm. Applicatién of Darcy's law ig widespread in these
investigations, which include the consolidation of clays, and

seepage through soils and ~ rocks  with heterogeneous and

anisotrobic conditions. - ‘Muskat  (1937), Taylor (1948), and

Leonards (1962) review the role played by Darcy's law in these

investigations.

.

4.1:3. Hydrégeology

% . : -

rGroundwater movement is governed by Darcy's law. Freeze -

and Witherspoon (1966) developed a = mathematical model to
describe the two—diménsiqnal flow pa‘tterﬁ-' for a - heterogeneous
groundwater Abasin with 'any water‘ table éo}nfiguration.i The
authors utilized finite difference techniques to solve the
‘equations of th'eif model and‘ exam.ihed the effects of changes'"in
the water table configuration and_ geolggical'fofhations on the
flgﬁw péttern. The box_mdary con;iition's -_for the_ solution of the
equation were that the g‘rou-nvdwate'r basin was bo,ﬁnded“ on the

‘bott'om by an impermeable léyef, on t_he" vt(:g by the water table,

- 39
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and on all sides by imaginary boundaries that simulated the

groundwater divides. Freeze (1969) attempted to couple the
' saturated and uﬁsatufated flow processes. He Sugggsted that the
unsaturated flow ‘processes of infiltration and evaporation were
in physical and mathematical continuity ‘with the parallel

processes in the saturated realm of recharge and discharge.

. 4.2' Validity of Darcy's Law

\. All of the disciplines of study just reviewed utilize Darcy's

law fYor the quantification of water movement through porous
media. ‘\However, ‘an é_xamination of the range of wvalidity of
Darcy's law should be made before it is applied "to -flow in

forest soils.
velocity of fluid flow and’ thg hyéraulic_ -gradient is & linear
one. The validit of this law_ ;eq'uires that thé‘ flow be laminar.
For larger ”..pore izes' and flow velocities, flow «can become
tu;)'bulent. For ,:;'suéh |éflows _the" yelocity ‘— hydraulic gradient

relationship becomes non—linea:r and Darcy's law dves not apply.

" The Reynolds number of flow is used as a criterion for dec'iding'_

whether flow is lamfnar or _turbulent. In -straight ‘tubes, the
critical value of Reynolds number is_in the range of 1000 - 2200.
However, the criti;cal Re'ynolds' number at.which the flow becomes

turbulent is reduced when the 'path is tortuous. For flow in

.pofous media, it is generally -assumed that the velocity remains

linearly related to the hydraulic gradierit only if the 'Ré‘yholgis

number is ‘smaller than ten. Klute (1965). stated that l-éniiné.r

flow prevails in .finer materials for any commonly occurring

Darcy"s law states that the relationship between the
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hydraulic gradients found in n’atuﬁé. Only in coarse sands and
gravels would nonlaminar flow conditions’ exist.

However, another consideration seems to be important in the
surface layer of forest‘ soils. "Several rés'earchers have exp‘ressed
doubt about the formerly widespréad belief- that it is the bulk
soil. matrix that is servirig‘as the primary conductive medium .in
undisturbed forest soils.‘ ?easley (1976) comments that the
response of subsurface flow ‘to rainfall cannot be expléined
solely on .'thé' basis of saturated flow thrgugh the main soil
mass. A comparison of the rather low .saturated hydraulic

conductivities of the bulk matri‘cés of wvarious-  textures of soil

with those required to explain rapid response of interflow, has

‘led researchers to speculate on other means by which water

-

could move through the soif. As early as 1941, Hursh and Hoover

" postulated that the‘decay‘ of roots and the chahr_xel-ling by °
\micro'organi_SmS/i and -small _insects' creaté'd/ relatively. large -

- continuous openings that could serve as hydraulic pathways for

the fapid movement bf water. Hursh and Fletcher ('191‘2) observed
that gravitational Qéter md-st be tfansmitted at a rate much
faster than_‘had been o:iginally' considered to occixr. Gaiser
(1952) studied vertical® and lateral channels formed by decayed
‘root systems and asserted that the .roots channels could /.become
ﬁathwva}"S-”foz; the "r‘ap\id_ movément of free »wat'er because ‘they

contain materials more permeable to water ‘than the surrounding

soil mass. Whipkey (1969) conclyded from observation§ on a field
soil pit- that latefal flow was not moving as a mass 'intertzlow-

through the general soil matrix but rather through cracks and -

-~

e

y

41



channéls in layered fine:textured soils.

."Hoyever, the mere presence of cracks. or channels does not
ensure their conductive ability. Two important physical criteria
must be met before these cracks and channels ~can bgcﬁe. water
conducting pathways. The first is that the water surrounding the
crack or channel must be at a pbsitive pressure before . it will
enter the crack or channell.‘ One way this can be accomplished is
for the .channels to be open tb the atmosphere with a positive
head of water ;existing at the openings. Beasley (1976) stated

that depressions, such as those formed by the uprodted trees or

'deéayegl stumps provide ideal locations for water to concentrate. -

He also suggested that decayed roots which may radiate outwards

from the depressions provide mnatural pathways for water to

concentrate. The pressure must remain p.ositiveh‘ all along'the
flowpathq.-_or.‘.-ei.se the Qater will-. mo‘v'e out of this pathway. The
‘.seCond criterion ‘for the successful establishment of this tybe of
subsurface flow 1is that these pathw‘aysf, which are probably

decayed root channels emanating from different sources, must all

_be interconnected. If at any location the continuity is broken,

.then the hydraylic conductivity of the soil matrix will become

P o v .
the limiting factor in the rate of flow. Whipkey . (1969) seemed

rather confident, based on his field observations, that the

inter-connection between macro-channels and cracks, at least -in

the forest soil he ob'served,l did exist.
These observations raise several questions. One. pertains to
the validity of hydraulic condactivity values  obtained by

laboratory 'm'easurements.‘fConsidéring the importance 'of the

A

1%
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interconnection of the root channels, ¢ it is doubtful that

laboratory measurements, even on ~undisturbed samples, would

offer much more than an estimate of the possible field value of,

hydrdu_lie conductivity. In this regard, use of the term hydraulic
conductivity can Dbe confuéing. Since the term can often be
interpreted to_be a measure of flow 'primarily: through the bulk
soil tnatrix, a more generel- alternate term, confductivity

coefficient is suggested as the term to be used to represent the

transmission rate of soils contammg craetks or channels. This

term would include all other possible sources of water conduction .

besides just the soil pore space.

The comblnatlon of subsurface water condueting channels

and high hydrauhc gradients, which could be expected on

A

mountainous watersheds, would most likely foster very rapid flow

through the soil. Turbulent flow appears _possibie and has been

observed at open soil faces (Whipkey',‘ 1967)..-. Thus, use of

Darcy's law to quantify the flow of water in . these 'instances

might be questionable.

6.3 o Extensions of Darcy's Law

v .-

Some researehers' have }vies;red Darcy's law as being a
specific case of a more general equatmn which states that the
flux is- proportmnal to the hydrauhc gradient ra1sed to a powez:.
For Darcian flow, the exponent would be unity. Unfortunately the
- magnitude of this exponent varies unexplamably with variations
Cin the flow regime,. dependent ‘on the chameter of the partlcles of

-

the medium.

.
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Several researchers have attempted to derive equations to

quantify turbulent flow in porous media. Muskat (1949) suggested

. the addition of a second order term and his proposed equat1on

| took the form:

N

bv?

=5

.U
QO
<
+

with 3%’ pressure drop per unit length,

= macroscopic velocity,
constants of the fluid and porous medium.

[+}]
-»
o<
[]

Ward (1964) applied the equation to six different kinds of porous

.t

‘media which included glass .beads, sand- and gravel and

specified approximate \values nf' Reynold's' number for sepatrating
1aminar and turbnlent flow‘J'rgg.imes:He presented the following
equation of flow . claiming it..was \}al'id for both laminér and
turbulent flow m porous media: _ -

“dp _ pv . 0.55pv2
.E%"t—* k -

with p, 1 and v as in Muskat's equation, .
and u = absolute wiscosity of the fluid,
k = permeabilTty of the porous mednum,
; : p = denszty of the fluid.

Unfortunately, pf‘o‘blems would ‘arise /in the application of this

equation to ~field conditions. Soil. ~temperature can be extremely

variable, due to 5011 heterogene1ty, and thus effects on v1sc051ty
3

and in turn hydrauhc conduct1v1ty rwould be 51gn1f1cant. As a

result, the application of - this équation . to “the apparently

turbulent flow in forest soﬂs would not provide any more certam

calculatmns of fluid flow in’ a field snuatxon than wquld the -

/

.
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application of Darcy'é law, which has. already been shbyn to be
widely applied 1in several ‘different study disciplines and

certainly offers the advantage of ease of application.

4.4 T Flow in.Layered Soils

The discussion on flow through porous media "to this point
has concentre}ted on homogeneéus porous media. Most -commoniy,
léoil}- profiles are characterized by horizons having - varying
degrees of expression. Dﬁifference's‘ Between horizons are often

reflected in the water flow patterns fhrough the 'soil profile.
4L.4.1 Flow at the Boundary Between Two Soil Layers

Consider a soil having two distinct, isotrocpic layers with

hydrai.,ilic conductivities Kl and K2 with‘layer 1 o'verl'ying' and

beiﬁg more permeable than layer 2. At every point along the’
interface of the two 1éyers, _since the suction heads and

elevation heads .are equal on either side of the boundary, the’

hydraulic heads - and hydraulic'- gradients must also be equal. Let
t represent the direction! tangential to the interface and n

represent the direction normal to the interface. Let the flow

fmake an angle B1 ‘with the normal in layer 1 and angle.Bz_ in _'

layer 2. The requirement for continuity in the. direction normal

to the interface, at the interface, suggests that, from Darcy's '

law:

Kolnz = Kyl S C

where i represénts the hydraulic gradient. Also since:
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' itl/i‘nl = tan B1 and it24n2 = tan BZ’

then tan Bz/tan B1 = 1(2/1(l

Therefore, upon passing from a pervious layer to a less pervious

layer, the flow streamlines intersecting the 'bo(mdary are
refracted towards the normal, with the refraction becoming more

pronounced the larger Kl is™relative to K2. As BJ. appreaches

 90%, * the refracted streamline within the less pervious layer

shows a greater and greater lateral component (Bear et al.,

1968).

Zaslavsky (1964) noted thaf when flow is almost horizontal

(parallel to the layers), a ten—fold reduction in the hydraulic
conductivity from one layer to the next may be considered as the
formation of an impermeable ‘layer. If large 'hydraulic ‘gra,dients

exist, in a -downslope direction, "lateral flow could become

significant under these conditions.
4L.4.2 Flow in Layered Isotropic Soils
4.4.2.1 Flow Parallel to the Layers

-

Consider a three-layered soil gprofile comprised of three

layers of thickness dl’ d2, and d3- respectively and havir’ig\

Hydraulic-_ cohductivities -of Kl’ Kz and K3 respectivel)&ﬂ(Figure
5a). For flow.parallel to the layers, the loss of head H- elong a
corﬂmon length L and the ‘hydraulic gradient H/L are the, same
for all layers. The total rate ‘of flow is then given by: -

Q = (l(ld1 + K2d_2 + vK3d3) H/L

The same flux Q would be produced 'in a hc;mogeneous' soil of the
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i
d Ky — 'q1 '

d2 K2 - q2

ds K3 = g3 |
B L

Figure 5a Flow"'pzlirailel to l'aYers '(Be_ar et al., 1968)

d K1
' -h
d2 K q
) ,2. h2
ds - K3 {
Bk X X X X X X x % x x x 2 o x lx‘x.!llx!xllllk!h3

Figure 5b° .Flow normal to layers (Bear et al., 1968)
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s'ame total thickness and hydraulic gradient if it had an '

,\

hydrauhc conduct1v1ty of:

Kldt + Kyd, + K3d3

K' =

+,d.

d 3

1+d

(Bear et al., 1968).

2

This equation can be useldt to show that one highly pervious
layer renders the entire system’ pervious.paravl‘lel to the layers.
Selim et al. (1975) presented .an analytical solution for a
two‘—dimerieional multi-—léyered hillside seepage problem.. The flow
medium is. assumed to be water saturated to the soil surface,
bounded below by an 1mpermeab1e barrier at infihite’ depth. The
authors suggest that the soil geometry would be that of seepage

from a sloping soil to a creek. Results worthy of note ‘here are

those pertalnmg to the effect of hydrautlic conduct1v1ty vartation

A

on the flow-pattern For the two-layered case exammed with the

upper hydrauhc conduct1v1ty being 10 tlmes that- of. the lower,
90% of the flow occurred in the upper -layer. In a three—layered
5011 . with  the = upper - and lower layers having hydraulic
conducti’vity values. 10 times that "ofkthe' middle laYer, the ‘upper
and lower 1ayers accounted for over 70% and 20% .of they" flow
‘respectlvely Both results show that a, permeable. layer near the
surface will carry the bulk of the flow, when underlain’ by a

less permeable layer.

£

4.'4.2;2 Flow Normal to the Layers

Consider the same three layered soil prof11e ‘but now with

flow in the normal dtrectlon (thure 5b). The flux through each
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layer has a different partial head loss and. a different hydraulic

g?adient. The resistance to flow of- a “single layer can be

~~ .
specified as r, = di/Ki' For the “three ‘layer system the total
resistonce is given by:

R = dl/Kl + d2/K2 + d3/K3

The specific flux q ‘is given by:'

= WR = H/(A)/K) + dyp/Ky s dy/Ky)

3

The same specific flux could be produced in a homogeneous soil
under the same conditions ff it had an equivalent hydraulic
conducti.vity of:

‘ d, + d, +d
K": 1 2 3

- dl/Kl + d2/K2 + c13‘/K3

(Bear et al., 1968). This equatwn can be,used to ow that one

1mperv1ous layer renders the ent1re flow syst‘em imperwious in the
normal direction.
Com‘parisori of - the equations for X' _and K", for given

values of K and -d, will- show that- the equivailent hydraulic

R

conduct1v1ty parallel to the stratlflcatlon is always greater than

»

the -equivalent hydrauhc conductivity perpendlcular to” the

1

stratification.

:_4.5. _ " The Effects of Anisotropy on Flow

The preceding discussion oo flo'w - in layered ~soils

‘consider'ed.\ the Honhomogeneous effects of soil - layering, showing

that a 1aycere:d‘soii sy:stem can be réplaced- by dan' equivale'n,t‘

L

homogeneous one. In add1t10n, often the hydraulié conduct1v1ty of

a. soil at a pomt has different values in different d1rect1ons due.
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te sedimentation, cracks, rootholes or a preferentially oriented
arrangement of soil particles! Such ‘soils are said to be

anisotropic with respect to.- hydrauhc conduct1v1ty When the flow

problem mvolves‘ components of flow along more than one’

direction’ anisotropy can be - taken into account by a

transformation of the coordinates . in such: a way that the system

becomes an isotropic medium. _Maa\slanq (1957) showed that this

B \

equivalenf homogeneous isotropic  medium . has an hydi‘aulic
conductivity given by: . -

0‘ _ 1/2 ‘ ) -

K = (KxKyKZ/KO) ,? K
 where Ko is an arbitrary constant and Kx’ Ky and KZ are the

hydraulic.. conductivities along the pri_ncipal directions of . the
anisotropic medium. "

Infiltration is usually assumed to be vertical unsaturated
L%

flow into the soil. However_, t‘he actual direction of this flow into

=y

a soil bslvope is. highly wvariable, depending upon the degree of

anisotropy . of the soil layers, the slope 1tself and changes in

shape along it. The hydrauhc ﬁonductwu‘.y parallel to the 5011“
horlzons is always larger than tfge conductivity normal to these
hor1zons (Bear et al., 1968) : The effect of anisotropy is that

flow does not necesSarlly occur in the direction of . the max1mum’

hydrauhc grad1ent. In an amsotrop1c soil, where the horizontal

hydrauhc conduct1V1ty generally exceeds the verucal hydrauhc
-

conduct1v1ty, ‘the direction of flow will be along a line- closer to .

.the horlzontal axis. I‘f ‘a force deV1ates to one side of t_;l;e

'_d1rect10n normal to the 9011 layers, the flux vector will deV1ate
A

even further away from the normal on the same side. In a

«
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'sloping -s“'oil the combined‘ forcé " of gravity and pressure
(hydraulic head) will usually dev1ate away from the normal in a
downslope dlsectton. Therefore, under these conditions, one would
~always expe¢t, in addition to the‘ flowncomponent,nor-mal tothe
soil .horizons, a lateral flow component ‘parallel to .the soil -
_layers 1n !a downslope dlrectlon. The relatlve magnltude of the
lateral flow component and the normal flow component depends on
.'/the degree of anlsotropy of the 5011 that is,, the ratio of the

hydrauhc conduct1v1ty in the lateral direction to that in the

-normal direction. .

4.6 ' The Effects of Slape on Interflow

If the usoil © is :homogeneous, the _‘effeéts‘; of At:lo'w a'nisotropy :

will be more prondu.nced on the l-‘steepe'r slopes. The flow'dir-ection'
L i/\ ‘s

of the 1nf11trat1ng water: w1ll be d1verted further and further

downslope as the steepness of the slope increases. Convergence

o

i J .
- or d1vergence of st-reamhnes will. ‘occur as a result of the

. 1nteract10ns of amsotropy and slope shape changes. When slopes

. . »

are’ almost level, streamlmes converge slowly to a pomt deep

S beneath the surface.‘ As. curvature 1ncreases and slopes steepen,_

- i

streamlme convergence occurs at shallower ~depths. 1In general,
once . here is some proflle d1fferent1at10n, the infiltration

streamlmes WIH tend ‘to. d1verge' on the convex portxons of the -

landscape and to. .convergew on‘ the concave ‘portions of the

landscape.;., - - -

o The ~abbve discussion h;s .shown 'that _the- amsotrbp}c
. »pi'opert'ies,' of a Soi'l- _'profile as well as .ﬂslope shape can be



i-nstr_umental in- the establishment of a lateral flow component to

infiltrating water. However, these factors in ~themselves would

- not create lateral flow of°any great significance. Slope gradient
' provides the chief dr1vmg force for lateral flow, primarily
determining - the. quantity of mterflow that will prevail, with

 steeper gradients causing larger flows. Forested watersheds

located in the headwaters of most r1vers " offen exhibit such steepy

+ &

grad1ents. As they also usually have SOme sort o‘ vertical flow
impediment, _an excellent opportumty for lateral flow in' these
watersheds exists. In nature the s1tuat1on is furt er comphcated
‘by the fact’ that soils tend to vary conststen ly with slope

gradient W1th1n a catchment. The most usual relatlonshlp is for

50115 to be ‘more permeable -on steep 'slopes, so that subsurface -

flow veloc1t1es are increased in them. On gentle sl opes in humid

*

regions slow dramage may lead to the development of peaty A

AL

hortzons, whbch can hold large quant1t1es of- water and also

impede lateral flow because of thexr low hydrauhc conduct1v1t1es.

.[\

Soils also tend to be thxcker on’ gentle slopes, thereby mcrefasmg '

thelr water hold‘mg capac1ty -and thus partlally\ counteractlng
' \

e

“ their tendency to saturation. On a concave slope, the converglng
of 1nterflow cau%es the saturated layer to become thlcker, -and

: thls may extend saturated condltlons to the surface. l-lol(ows are

| "examples of such concave slopes arnd tend “to be the most dynamlc

-1n thelr response to storm. prec1p1tat10n. Slope convexit permits

. l f.
- the vsaturated flow. velocv.tiy' to -increase downlepe_ due to

/

"mcreasmg s‘lope gradlent' In t'hls case, the downslope d1 charge -

w1ll 1ncrease w1thout an mcrease in saturatlon depth which

t
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could bring the saturated layer to the soil surface.

4.7 Other Factors Affecting Interflow . \

0

g Vegetation cover . d1rect1y affects the maintenance of
'lnflltratlon capac1ty and the condlttomng effect of orgamc matter
on soil structure an\d~por051ty The most noteworthy effects of
cover are found in undisturbed forest . ‘stands (Galser, 1952;
Chamberlin, 1'9725. Under’ these conditions decaying root systems
create important channels for free water conduction. Fine

textured or well-layered soils have their saturafed ‘hydraulic

conductivities increased by the presence of -these channels as

N

well. ]
Land 'use, highly ‘interrelated with\\iﬁﬁtative cover,
commonly has the greatest effe 'on ipfiltration and as a

result, affec:ts the amounts of prec1p1tatlon occurrlng as overland

o

flow and subsurface flow.

Climate acts directly "‘through »rainfall intensity amd in

conJunctton w1th vegetation on the rates of evapotransplratmn to

~ L4

determme the antecedent conditions of the watershed through the
'soil mmsture' reglme. Where "deep soils ‘have 5011 * moisture

thoroughly depleted by dense vegetattve cover durlng the growing

»

season, interflow w111 not occur until soil moisture defec1ts are

'sat1sf1ed through mmsture 1nf11tratlon. These defecits will be -a
. 2 '
maximum when evapotransglratlon is at a maximum.
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CHAPTER 5
ASSESSMENT OF THE ROLE OF INTERFLOW

An assessment .of the role of interflow in_ any given -
watershed can proceed in one of two ways: (1) A technique using

hydrograph aﬁalysis wﬁereby a hydrograph is used as input and
. . -8 :
inferences are drawn about the flow processes from -its analysis,

\

or (2) a modelling technique whereby the precipitation is used

- &
as the input and. the outflow is simulated. Modellihg represents

the hydrologic cycle, or some portion of -it, ‘and agreement
. between ‘the simulated and actual’ outputs implies that - the

‘modelled flow processe§ may have.been correctly de(scribed.'

5.1 ' " * Hydrograph Analysis

s

. Use of this. techniqhe /implies’ tha.t gigen the. ‘dischat_'ge
hydrograph wnhich .is svome-- combir"la.tion‘ of the various flnox;
_processes,. one can mdeed spht the hydrograph in a quantltatwe
A'fa.shl_on “-1nto the respectlve flow processes comprising - it.
vGenerallyl the hydrograph . is divided ~into "two component;s

baseflow and  direct runqff, which includes 6ver»1and flow and.'

interflow. Butler .('1957) states that ' subéurface flow . may be

ai'bitr;;arily mcluded m the direct surface flow and ba w- or
~estimated sepatatély 'from ‘ expe.r:ience. Chow (196 takes ah
mtermedlate positlon, _dividing" mtenflow into two . parts: prompt

"L

.mterflow which is added “to du'ect runoff and delay‘ed mterflow»
i which - is adcjle‘d‘ : to ,b_aseﬂow. This division is" qualitative and a

Fd
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quantitative interpretétion is rather difficult. Unfortunately this
lumping teehnique suggests ‘that overland flow and interflow are
. .very similar flow processes ‘and can rbe‘ combined. As a result,
this lumping technique offers littie information about interflow.

Barnes (1939) -suggested a technique for separating the
hydrog'L\'aph into three components. This teehnique 'appeats in
most standard texts on hydrology and is as follows: |

(1) Plot the hydrjzf on semﬂogarlthmlc paper.

(2) Approx1matef 'groundwater recession by a straight

line exti:;féd back under the hydrograph

(3). Plot"’-t‘tre e51duals (surface runoff and interflow).

(4) Fit a stratght 11ne to.the recession’ of this curve and

extend under the hydrograph
(5)  Plot the residuals as surface runoff

In this ana1y51s, the  rising . hmb of the" groundwater and
Ve 4

-‘mtérflow hydrographs must be. approxlmated Step (2) has -the

*

..inherent assumption. that the values con51dered on the' recession
limb :are those taken after - a su_fficiently long time so that
stot‘age from interflow and surface runoff have been released.

Problems can arise becaﬁse nelther the pos1t1on of the peak of

'each flow component nor the shape of the rising 11mb of theA

dlscharge hydrograph‘ is well def;ned, Chow (1964) assumed,

£ . ’ -

- quite arbitrarily, that the peaks of interflow and baseflow fall
under the inflettion.point .of the recession hydrogr:i'tph
Success‘_ with’ Barhes' method for hydrograph ana1y51s is not

'w1de1y reported In fact _the opposlte _i;s true. Linsley and

Ackermann (1942) claim they were unable to 1dent1fy the mterﬂow'

- . -~
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component using -the technique. Kulandaiéwam-y and Seethareman
. (1969) were extremely »critical of Vthe technique.

~Thus a sir.nple,‘ yet reasonably accurate hydrograph
separation = technique _is' - still  unavailable. Judging by the
comments of various re.searchers, developme‘nt of such a technique
Amay‘ never come. Snyder (1955) and Freeze (1973) were both
.rather- critt ‘of the continuing use of h&ldrograph separation
and imply that \the exercise is -a ,frix‘itle'ss e.r1e.k_rNe'i'.nec2;(1972)
summed 4u.p the} technique ' of hydrograph separation quite
succintly: "...the select’ien of ~ the methéod (of hydrograph
vs'eparjdtion)' is quite arbitrary. Simple methods, are, however,
recommended since ' the precisior; of‘ the separation . is very

dubious by any method." - \/ |
I (l . N - -

[y . . i B

5.2 . Hydrologic I:'iodelling

.
One must therefore attempt to gam 1nformat10n ‘about the

" flow processes that created the hydrograph Research for this

purpose has been of two types: ~ field ,vmeasiJrement in

representative experimental dreinage basins and = theoretical

'sthdies using mathematical hydrologic models.” Most of the fi’eld”

B

research , has' been based on instrumentation . in units . much

_smaller ‘than full watersheds,y ofien on. individual slopes that

‘-feed short reaches of small tr1butary streams. Invevaluatmg'

/

effects of Zland use, one requires an overall view of the basin

rather thqn a small portlon. Thus hydrologlc modelhng of the

2].. Nem_ec._' 1972. “Engi:rxeeri'r;_g 'hydroIo'gyJ. McGraw Hill, p. 240.
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entire basin must be attempted. Concentration in this study will

be made on small watersheds where the land flow processes are

more dominant thah the channel flow. ' In addition, these

watersheds are probably the ones most 11ke1y to have the shape -

»of thelr hydrographs 51gn1f1canty affected by land use changes.
Th;s emphas1s‘wou1d also correspond to the concentration on- the

area surrounding -a first order stream in large watersheds.

Hewlett (1974) comments that no one has vyet provided. a

-

physically valid model for the first order stream.

In this techmque of before-the—fact analysis, "abv model of
then watershed is ~chosen‘ or built with all relevant physical
parameters included. The model is. 'tuned' untiil the si\mulated
hydrograph appro.ximatesl the actual‘vo‘ne. In this way information
can be véained about. the'.phySical flow éroce’s'ses that are

contnbutmg to the hydrograph of the watershed in questmn

,_Howev_er,~ before a decision can- be made as to whethgr an

appropriate model can be chosen or must be built, background

information about the philosophy of modelling and the criteria ..

for ‘model selection ‘should be examined.

5.2.1 Choosing a Model
'y : . < 3

‘ L N ‘ . : -
Many hydrologic models are avdilable’ for use today. They

can . be” categorized as _two - main types:' \stochas'tic -or

deter‘minis’tic. Stochastic models are those . wh1ch using the
stanstlcal propertles of exfstmg records and probabihty laws,
generate future hydrologic - events-, mamly bec-ause in many »cases

.hydroldgic data for ‘extrer;n_e events may be lacking. Deterministic

; ‘,/)(‘y(\;s
- 57



7

models attempt to specify the hydrologic processes through |

mathematical functions. 'In deterministic models, when thé input
data, boundary conditions ax‘id initial conditions are specified

the output is known with certamty D1scussmn~ W111 hereafter be

limited .to deterministic models. Models can be broken down 1nto‘

two &&tier  classes: conceptual and ‘physical. ,Conceptual
.determiniskic models treat the actual physical 'proeesses in

generally a  superficial way. This is in sharp _contrast to-pure

physical determ1mst1c models where parameters are selected that

have a phy51ca1 meaning ‘and can be physu:ally measured or

-

' estlmated from phy51ca1 data.

A watershed manager would 1like to. predict what 'ef.'fec':t‘*

changing some watershed | parameter 'will have . on watet‘shed.

i

output. Theoretically this can be done with physical determiriistic,’_-

.

‘models since the parameters are related to'p.hysi‘c:at,.quantities, .

~

but not so easily for conceptual models since there is. no way of .

relating “the change in watershed ~ characteristics “to  the

paraxﬁeters “of - the model. 'Conceptual models whlch ha”ve the1r :

'parameters opt1m1zed using a cahbratlon perlod are part1cu1arly
sdsceptl.ble to  this- prob(ler_n.. Despite -the adva»ntage of physica‘l
'eXist, mainly dde’ to the limited knmﬂedge sc.i'entists.j have
‘ac.:quired | about ‘indicvidualv \p‘r:ocesses that take place in " the
watershed. Empiricism ran 1\)e_ foupd' 1n the quantlﬁcatlon of
,many o'fﬂ _ the- processes .‘avndv vem‘pi.r;cism_ "can' ~only ii‘pply

conceptualism.

deterministic models in ‘this regard, few "tr'u‘ly physical models

. The final categorization of models’ separates them . into

o
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lumped or distributed models. In lutnped _parameter models.

precipitation, topographic features, vegetation and soils are all

considered to be homogeneous over the watershed. There are,

r

however, very -few instances’ m nature where this would hold

.

true. For example, ‘the spat1a1 variation of soils is generally the

‘rule in nature. Distributed _models attegipt to incorporate these

w
spatial" variations, retaining the positional uniqueness of them.
Obviously, these models would be most valuable in predicting the
¢ . S
effects of vegetation manipulations on water yield, since, for

example, parnal clearcuttmg of végetatlon can only be handled

by a dlstrtbuted model.
Dlstrtbuted -models also ‘possess the inherent ability to

'model cond1t10ns at several (all) pomts within the watershed

-

'v'51mu1t,aneou§1y, oﬁf"ermg the freedom of multiple checks upon the

results if seve'ral sub—basms exist within the watershed These

v

models also offer the opportumty 1n<:orporate relatlonshtps

developed on small scale plot—-stze studies because of the smaller

.subareas considered. This mcorporatlon would not require -the

P

,use of a "s'caling factor' - whtch would have to be used for .

-

lumped models if results from small plots were to be extrapolated

to much larger. and most likely, more nonhomogeneous areas.

The_ primary disadvantage' of a distributed model as

comp~ared' to a lumped model is . _t‘he- addi'tional burden " of

_computattonal requu‘ements that tend to - increase as- catchment

size increases. With the advent of more so;ﬁstlcated computers,
this added burden need not be a severe one. Only through ‘the

- use of dlstrl-buted models can hydrologists hope to account for

A
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the ._ many intricacies of as complex a system as the hydrologic
cycle.

\Hug.gins et al. (1973) point. out that the poteﬁtial for
accurate modelling of..any catchment is far _greater'v;rith a
.c'listributed model tﬁah wit? a lumped model -because of the
flexibility "for considering a'n almost unlitited range ;f spatially
"varying condition;. Thi§ potential is only realized if the model
is \designed to. take advantage of all the additional ‘informat.ion
that can be offéred‘ in a charactevization of the watershed: The

basic premise of lumped models is that, in spite of the

recognized spatial -variability of these factors, they have %

non-significant effect on the water yield., On the other hand,

distributed models are designed to account for what is believed

.

to be significant vagiability.

5.2.2 Review of Existing Distribdted-Hydrologié Models.

=5

A review of the types of existing' hydrologic mbdels re;vea_ls

that few of them are distributed models (Fleming; 1975). .Two

models considered as beiu’g d(sgributed_are those- of Huggins and

Monke and Schultz. These models will be rev'ivewed,i as will the

e ' ¥
Kozak model, a partially distributed model.

el

5.2.2.1 Hugg{nS' and Monke

The Huggins and Monke model (Huggins and Monke, 1967) is
a specific purpose 'nfocll’él ‘corlicerned primaril'y with surface runoff.-

A flow chart for the model is pré'senfed in Figure 6. This model

- . P

~
&
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' Figure 6 Huggins and Monke model ‘structure (Fleming, 1975)



Is not a complete representation of the hydrologic cycle since it

- neglects the subsurface components of flow and
. evapotranspiration. The most noteworthy feature of the model is

the concept of finite elements to represent land surface features.

An element is defined by the authors ‘as an "area within which

all  hydrological parametets . are. uniform. The catchment is

subdivided into a grid of square elements, each of which is

specified* with a surface slope, s‘lop’e direction and soil type -

number. - The response of each element 1is described by

deterministic equations which characterize infiltrations, surface

detention, interception and surface runoff. The entire watershed .

response to a.’ given storm is analyzed by integrating the
continuity of mass equation over the entire catchment.
The primary ‘inadequacies of the model are (Huggins et al.,

197‘6) : _ | : . T

(1) 1nability to- specify non-uniform vegetal cover and
hydraulic ‘roughness‘,'
(2) No means of designating channel flow roughness,

(3) Assumption of negligible interflow and groundwater

- contribution to runoff,

(4) No provision  to h_ahdle non-uniform  rainfall

. distributions. =~ . o~

As the authors suggeSt, inadequacies (1) .and (2) can be fairly

easily removed. Inadequacy (1) would have to be removed before

vegetation rﬁanipulation simulations could be attempted while

- inadequacy (2) would have to be removed for applications to

large watersheds where channel flow would play ‘a progressively .

/ A

1 : v e
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more important role. The assumption specified in inadequacy (3)

can ° be limiting, partiéularly in applications to forested"

watersheds where interflow dominates the flow process. In the
model, evapotranspiration 1is not calculated and thus one’ may
question the validity of the soil moisture storage values, which

are important in the calculation of infiltration. This is

particularly critical since the model utilizes the Holtan equation

for infiltration, which relates the amount of infiltration to. the

available storage remaining for infiltrating water. However, the
- model could still give 'reasonable' results for surface runoff
because an unusually high 'drainage contribution to groundwater

would result in soil moisture \s‘torage values comparable to those

caused - by more realistic lower values of groundwater recharge

coupled with evapotranspiration losses.,' Since infiltration is

4essentia11y regarded as a loss (water becomes unavailable for

surface runoff) a more realistic apportionment; of infiltrating

water may be unnecessary if the mod,el is used spec1f71ca11y for

surface runoff prediction. -

a

Huggin's ﬂ,'-il_' (1973), using two watersheds having areas =

" of 33 and 18 ha in size, found ‘the, model to be partieularly

sensitive to changés in the values of the roughness coefficient

-

(affeeted the runoff peak), antecedent soil m01sture and surface'

retention depth coeff1c1ent (affected . the volume and ‘ghe f1rst of °

double peaks in the flow) The 1ntercept10n parameter for ‘high

runoff producing storms became a relatlvely minor contributor -

but the underestimation of the recession 'limb of the hydrograph

<

vsuggested that- perhaps mterflow was ot a neg11g1b1e component ‘
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in the two- watersheds.

5.'2.2.2 'Thetf Schultz Model

“

>
-

Schultz «(1968) u‘tilized a linear d'istributed. syétem for flood
hydrograph synthesis in Germany. The model (HYREUN) utilized

- as i:'rlput nformatjon rainfall ‘data according to a temporal and

spatial distributiorl. For appfication of the HYREUN model (see

o

Figure 7 for  its flowchart) _js_ochrones, lines of equal travel

times, were -first constructed by determining the - time . of

concentration for the individual .reaches using the -Soil

Conservation Service nomogram which ~were then divided nto

~ convenient equal time intervals (1/2 hour increments for medium

©

sized catchments). Corresponding to the choice of the isochrone

\ N - . " - ;.‘ N
time intervals, the catchment was: subdivided into "a grid of

‘elemental areas, in propbrtion to the magnitude of the time
elements To ‘each element of area was a551gned a 1ag determmed

. by the 1sochrones

. The time d15tr1but1on graph of total prec1p1tat1on was used
R .
to derlve " the time d15tr1but1on of prec1p1tat1on w1th1n the

elemental areas with. the t1me pattern assumed to apply w1th1n

the_ Thlessen polygon formed around each recordmg rain gauge.

The_ model was -des1gned spec1f1ca11y for  flood " hydrograph -

synthe51s and is- 1ncomp1ete as a land use model smce it does

not 1nc1ude ground water flow, 1nterflow or evaporatlon.'

5.2.2.3 The Kozak quel -« ' R v

The Kozak Model (see Figure 8 for the flowchart) can bé":”

C g
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"7 Model - (WATBAL) a. Snowmelt model the PROSPER model an

;;;;;

~.

-

considered to be partially distributed because the catchment .

surface is subdivided into a large number of homogeneous units,.

each allocated ten parameters defining its characteristics (Kozak,

1968). Since the model- represents_ basically only the overland

flow and'channef flow -components of the hydrologic cycle, most

. TR .
of the parameters are related to these processes.
5.2.2.4 Summary

These three hydrologic models,. reviewed because of their

67

potentlal appropriateness due to their. dlstrlbuted nature, can be

»

seen to be process spec1f1c (generally overland flow oriented)

,and are actually 1ncomp1ete models of the hydrologic cycle. Thus

LQ

they would be of little value in attempts at modelhng subsurface

-

flow.

5.2.3 - Examinationi.‘of the treatment of subsurfaCe flow
by currently used hydrologic models

-

~

. aimed- at the evalua‘t‘ion of the hydrologic "‘impacts‘ of "forestry )

activities. Three such models are the Subalpme Water Balance”'

S .,

3

evapotranratwn modeL, and the Leaf and Brink® Model’ which“

'

Several hydrologic“ niodels. are currently available “that are

concentrates on snow accumulation and snowmelt in. subalpme;‘-‘ )

¥ :
none of these mcludes any subsurface flow routing Thus these_’

»

‘f models . will “be- eliminated from further consideration. B

There are other models available which are general purpose_'-."; -

watersheds (Troendle, 1979, Leaf and Br1nk 1973) Unfortunately-: S

hydrologic models but yet are not distributed They are wor‘thy-'{:_};
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%
of examination here because they do make an attempt to i'n'c‘lude
.subsur‘f'ace flow. Three such' hydrologic models ;Iill be’ briefly
‘reviewed in »'an atternpt' to analyze their quantitative treatment of
subsurface . fl'ow: The three models to be examined are the SSARR -

model, the Stanford model,” both lumped models, and the USDAHL
: mbdel wh1ch concentrates ‘mainly’ on 1and flow processes (smaller : )

watersheds) The Stanford model can theoretlcally be used for/

x

both large and small watersheds. - The SSARR -model' and the

bl
Stanford models are rev1ewed because “of thelr umversal -use -and
v ¢

- the USDAHL mpdel because of its physwally correct deplctlon of

-

the soil hydrologtc propertles. : S e

5.2.3;1 The~S$ARR Model T . - .
, The - SSARR medel essentially d1v1des ral’nf(all into input

o : -

available for surface. subsurface ’or:' baseflow runoff and

computes these .w1th emptncal‘ relationships between " runoff

fpercentage (ROP) and the 5011 mmsture mdex (SMI) whlch 'is‘; a

- r

measure of relatwe so1l wetness, being zero  at the w1lt1ng péint

- A - -

and . at its maximum value at f1eld capacxty ‘The total generated y,-”

vrunoff (RGP) for a gwen perlod is calculated ‘by:.

- P
L

'RGP'= ROP.X WP [.j_]', <
w1th ROP runoff percentage, and :

-3 WP, we1ght.ed prec1p1tation for the perlod. o

':"A SM'I value ‘is calculated at the end of each period by._

. -

SMI SMI % (WP = RGP) - (PH/24 X KE - X ETI) »
with SMII - SM’I at the begi’nning of the 'P T 6

SMIZ 3 SMI at the end Of the period’ -

D E AT LN

“
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~ ¢ .
| PH = period length, 7
ET1 = evapotranspiration lndek,
KE = factor reducing ETI on rainy days.
When no preclpitation occu’r_‘s,ds KE = '1._(.)‘ and SMI will"be reduced

by the constant factor PH/24 X ETI. SM1 will increase when
(WP - RGP), which represents rainfall not contributing to runoff,

" exceeds the adjusted evapotranspiration factor.

A , portion  of 'run'off ekcess contributes to the ‘baseflow -

co ponent (BFP) and 1s_used as 'mput as a function of }R

¢

baseflow mflltratton index (BI1) w1th a. prescnbed relatlonshlp_‘

(table of wvalues). ABIl is’ computed for each’ perlod accordmg to .

.an -equation 1nclud1ng RG, the runoff rate (RG = RGP/PH).
eagg |

Knowing  BII, the spec1f1ed table 'is enterecl, to get -the.,

Aap‘propriate value = of BFP, whlch When multiplied by RGP

-sp\olfles ‘the amount of .. baseflow.v vThe 'i'nput to 'surfac'e. and

,subsurface runoff (RGS) is then computed by: s

v

RGS - RG X (1 - BFP)

~

‘w1th RG defmed as above. Resxdual total runoff is d1v1ded into

N

.‘_»surface runoff and subsurface runoff through the use - of ar{other

: table specrﬁed for the particular basm, g1v1ng surface runoff as

|
av functlon_ __.of _RGS Subsurface. flow can then be calculated by .

. subtraction.‘ Each of- the computed compdnent mflows are’ then.

4,

) routed through a specxfied number of increments of reservoir type -

'storages 'to, obtam streamflow (U S Army Corps of Engineers,l

1971).-
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upper zone is calculated

- ‘dependent upon the rano “of LZS/LZSN wh1ch forms the basis for

E the equation.
. | "!‘ T
“equa'tionr: . ’ e Lo
et LZS/LZSN ST

- where K is a coefficient. Water from inxerﬂow storage is assumed

rate obtained from - an analysis f,~ recorded streamﬂow

-'f:-i:';f‘:h?drésraph?-=f,. s

4‘0

5.2.3.2 The Stanford Model

-

Crawford and Linsley (1966) consider. two soil zones in .

their Stszord Model The upper zone can be consi‘det‘ed to

represent the upper few centimeters of 5011 Wthh react quickly

to rainfall and cont_rol overland flow, while thewlower zone
' represents the soil moisture storage capacity. When' rainfall
oceufs, moisture is divided between surface detention and

‘infiltrationl based on -Holtan's equation. Pez’ooletion from the

'

on the basis of the following equation:

.

D_= 0.1 X INF X UZSN X (UZS/UZSN.X LZS/LZSN)

witn' Dr = drainage fro_tn the upper . zone,
INF = parameter,

s UZs actual upper ‘zone s'tox;a‘ge,-,

UZSN normal upper _2one storage, .

LZS

1

actual lower zone storage, and

normal lower zone storage. '

1}

LZSN

-

"The ~amount of water- entermg “the groundwater zone from the

lower zone. is, calculated usmg one of a sertes ‘of equatlons, .

La

"-Tﬁé ;‘Afatt"-l"': available .-_fof:-‘..intetff_low‘. is. ’caIC\}‘l‘eted,_ by “the

e,

. e

..NKXZ

».

* R

_to enter the stream channel a.t a rate based on the recession

‘- PR .
,',7..' T

Y :

-~

70




(1.0 - (IRC~)1/96)"‘X SRGX

©
1]

with Q, = interflow volume,

IRC

daily recession rate of interflow, and

- SRGX = volume of "intefﬂow storage.

5.2.3.3 The USDAHL Model
" “In - this model, soils on each 'watershebd ~are grouped

accordlng to land capablhty classes to form hydrologlc response

!

zones, typifying .the p_hysmgraphlc sequen_ce, ,suc_h as uplands,.

&

‘hillsides, and bottom lands in these areas. Water that infiltrates

.is proportioned. to evapotranspiration, to*downward Eeepage or to

lateral return"flow in eac-h-flb;} regime. Channel fIOWS and'

-’

of 'the contmmty equanon and a storage function. Storagev

,coeff1c1ents are obtamed by the evaluanon of the flow recessmn
LN

curve ~ for .»a given wat‘er_shed. Flow from .each‘ urhtv 1s'routed_

.

- separately ‘th'_t'dugh_ watershed ‘storagej‘ éndjtv.h‘en all are summed to

obtéin wateréh‘edvontflow (Holvtan et al:., 1975)

Several regimes Tof . subsurface flow are’ delmeated ‘based on-

hydrograph separation. , Increments of downward seepage to the

]

'present. ) . . ’ e . v i‘,. . .F\ ."

o

"-,;»Q AtXCX(G-SA)/G

Q =. water paésing downward to next: regime,_»_*"".j. o

:1‘ ”‘)

At 2. time increment. G e
e C = rate of dowr(ward seepage,
S !;v D ' » :‘;. & ~ ::‘.

subsurface return flows are routed by the 51mu1taneous solutlon"

. next. reglme are "computed as .a functmn of the gravuy water- o

71
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.

The potential rate.of outflow from a regime is given by:

. 2 Al . g 2m_- At
2° Tom ey &t "h TIm v st

SR , § -
v with q = rate. of outflpw, ‘ : ot

Al = inflow volume,
m = routing coefficient, -

A't = time increment, and

H

" 1'and 2 beéinning and end of A t.

- 5.2.3.4 Summary - . ' -

(&)

'Distributed‘models have been shown to possess Vattribu’tes
that would fac111tate the assessment of mterflow and u1t1mate1y

m thev pred1ct10n of .- the effects of land use mampulatlons on

‘strealmflew.‘ Unfortunately few curre_nt‘ hydrologlc‘ models ';are,

v.dlstrtbuted -nature and thdse_ that are, are- exceedmgly

:‘:deflctent in representlng the hydrctoglc cycle Furthermore, the.

'treatment of 1nterffow by three other well known models was

"igshown to be' rather empu'lcal An nature and would thus offer

s

: - 11tt1e ~behefit ~in the'. qonsideratton of mterflow and watershed :

mampulanon. i' LT L'

Ev1dence ‘frem B expenmental studles. has already been, R

|

:_present:ed':showmg that a. saturated layer of Water 1s fOrmed.
v'within the 511 due to a flow 1mped1ng,,subsurface layer. and'
i“"vthat due to latg\e gradients, the water m _this layer would flowgv‘f'

1atera11y. forming interflow. _ A hydrologic model being developed_.»:

72

for assessing interflow should be premised on these conditicns.‘“

.

B i}:’i"_.‘l‘he simulatton of the saturated layer and the formatiod ot’ thei'.'._,




5 .

. oo * - T
ke . )

iN]

lateral flow ¢omponent‘ \.within the model should be physmally

based, takmg into account the water. holdmg and transm1sswe

propertles of . the ‘soil.
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© | CHAPTER 6

J S .

DEVELOPMENT OF A HYDROLOGIC MODEL

A search of the literature has shown that e)tisting
hydrologic models 'cannAo‘t *be suitably adapted to evaluate the
hydrologic responses of watersheds to_‘land use manipulations;

- - - 'y ’ :
with -interflow being the dominant flow. This suggests that a new

"model: mus‘t' be developed to achieve this objective. |

6.1 _ ' . .General Attributes .

A ‘hydrologic model designed to ‘evaluate land use effects

should have the following attributes:

(1) Realistic. and r’ep’resenfativg: ' The | model- must be a:'.ble‘

to describe correctly the soil profile as a water

B

_4 reservoir in order  that plar}t use and subsurface flow
simulations can closely depict those actually occurring

in nature. _ e ‘
(2) Flex1b1e The model should be able to chargcterlze the -

~

IR ,‘spatlal var1at10n of - watershed charactemstlcs such as
"-__'slope,, vegetative cover, soil d‘epth-' and water holding '
"capacny, as well as_ be able to handle the spanal

and temporal va!riation of prec1p1tation. -

_('3") .;_‘Slmple. The model must be able meon

f&minimum of required input, -hopefully w1th data that

v _.are not difficult or costly to obtain. T L
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 6.2.1 Type. of Model

(4) Sensitive: The model must be able to respond to and
) - . f

show changes in soil moisture (affected by plant use)

as -well as in subsurface flow in order that the

response must also occur within a range of parameter =

values that would be found in the field.

(5) Accurate: The model should produce results W1th1n an
| acceptable degree of accuracy s0 that some credance
can be placed in” the model when. it is used . for
predlctlng effects of land use changes Accuracy'could
- be assessed by applymgi the model to a real-life
situation with known outputs for giuen inputs, for-
example, c‘ompar.in_g recorded strearhflow - \’/alues ‘w,ithl

51mulated ohes.

‘effects of land .use changes can be evaluated. The/ .

\

(6) Adaptable: The model must ‘be easily adaptable to any_ :

type of watershed or part thereof, - for example,,'

sub-b‘asin or hillslope.

-

6.2 R A Specifi¢' Attributes

-

< -

The model developed and dlscussed in thlS treattse offers a"

dlstrlbuted feature whlch con51ders the spatlal.‘ var1at10ns~ of

watershed ‘parameters by d1v1d1ng the’"'-w‘atershed 'i’jnto . small,,v'

/

.'homogeneous units, -hereafter called elements, of equal area

v

i

Cra

P
o

through the use of a grid systems Since the complete set of-“‘
;'wafershed parameters can be varied from element 1o element,. the

model should be easily adapta.ble to any watershed. The model" .
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.dev'elo‘ped herein will’ be called the SLUICES model (an acronym

for Soils :and Land Use .affecting Interflow and Creating Effects
on Streamflow).

.~ The square element technique has been utilized by other

researchers. “Kouwen (1972) utilized a square element systemb

utilizi/ng an element size of 1 km X 1 km. Huggins et al. (1973)
used the concept of finite elements of land surface in thelr model

and applied it to two watersheds of size 18.4 ha and 33.2 ha
hN

_using element sizes that{ varied from 45.7 to 91.5 m. Charbonneau

L4

ﬂg_'g_ al. (1975) utilized a simildr type of square element grid
system. Their. element size was 10 km X <10 &m, corresponding to

the. UTM grid, ' apd " they applied their CEQUEAU  model to

watersheds of very flat slope. - | <

6.2.2 ‘Model Parameters and Operation

Because of the im'por}t‘ant role that the  soil,. being the

. <
r . o

conductive medi.um, piayv‘s‘ in subsurface.’flow,' importance will be
attached to the appropriate modellmg of the sOil profile as a
water,reservou:. This Wlll be accomphshed through the use of

the commonly ac:cepted soil parameters of saturation, wilting

-pomt and field capacxty, ali of »whic-h re'fer'to moisture’c'ontent_
errcentages. Th.e effects of various soil types w111 be reflectedb

in: the changmg values of these three parameters. Water between_

saturatlon . and w11tmg point makes 'up -total storage a-nd is

-—

-and field capacity 1s sﬁb]ect to drainage. The depth of the soxl'

B \.

B profile 1s another parameter with the conductive propertles of the

-

.-

'subject to evapotranspiration loss while water between saturation-

5
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soil proflle belng characterized by-a conduct1v1ty coeff1c1ent

Model . operatlon hmges on the presence of. ‘horizons¢ of -

different natural permeablllty~ m the soil‘ pr’ofile ., causing

1

‘infiltrating water to be delayed in i “downward‘ percolation

.slopes, coupled . with high soil conduct1v1ty coefficients_,-_ ca’n:

forming a saturated layer of water at the top of a horlzon with

lower permeabthty Formation of th1s saturated layer due to the

'Apresence of an impeding soil horizoen has been well established

t

through numerous field - studies (Harr, 1977; Beasley, 1976;

Weyman, # 1973; Betson et al., 1968;. and Whipkey, 19655. .-Sﬁteehp

cause the. water to flow laterally, forming- mterflow

Additions to the soil moisture reservoir can be in the form

of precipitation as well as inputs from aejacent elements either

;as subsurface and/or Ooy_erland flow. ‘Depletions take the form of

]

.depth Should the net addttion of wate?" .be large \enough it 15_'_

evapotranspiration, loss throttgh subsurface “flow to adjacent

elements or to deep percolat1on Should field c‘apacity\ " be
exceeded due to a net gatn of water, then the mo1sture in- the
proflle is red1str1buted to glve two d15t1nct zones W1th1n the soil
proflle a zone havmg a moxsture content .at f1eld capac1ty and

8 saturated zone, formmg at or above -the 1ess permeable layer. ,‘

(
The depth of the saturated layer will be dependent upon the

: amount of water above fteld capactty whlch can be- used to br1ng
the motsture content of a portlon 'of the‘ sml profile’ up to

e saturatlon. In all cases, the depth of ‘the saturated zorie plus

77

the depth of ‘the unsaturated zone must equal the total proftle'.-‘_'

’ posstble for the complete profile to become saturated from below; '

‘In thlS case an overland flovg component will -form. After an,

», .
v o
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appreciable _post-storm perJod the soil profile”-wﬂl revert _to

being a completely unsaturated profile with an overall mmstune

" content less than field capactty,‘ at whxch time the model’

A51mu1ates a. soil moisture budget. ' B
¥ ' ; :
Model - operation is based on the deline \tion~ of three
) N , ‘\. ’ . ) T
storages: ov'erland flow -’storage, unsat_urated flow' storage, and

saturated flow storage. However, all three storages ‘cannot exist

simultaneously. Ex1stence of- the unsaturated sto'rage indicates
/

that at least some portlon of the soil profilF is unsaturated As

.soon  as. field capac1ty for the 5011 profile is exceeded, saturated

o

" flow storage' is »created . at the expense . of- part of the

unsaturated storage,v 1nd1cat1ng that a portion of . the .soil. profile

1

is unsaturated and a portion is saturated. 1f just enough water
£

. ’ded to the profile to completely saturate it, then thé profile '

(209

’al e : overland flow will occur. ,Af the suppl_y- of water . is
curtailed while ‘evapotranspiration and = outflow - continues,
overland flow ~storage will be depleted first. At some 'b"oint

_enough wa,ter wﬂl have been depleted from the sox’ profile so’

' that unsaturated flow storai will be created and w1ll co—-ex1st »

with 'the~ satu__rated flow s rage. .- As evapotranspiration and:
B ,

: Subsurface. flow continue with - ho"additmns "o_f’_- water, the_"

1

saturated storage w111 be depleted and only the unsaturated flow
storage will be left, depicﬁng an uns&turated 5011 prd'(ile agam. ‘

Be51de the evapotranspiration output, each of the model

L

'storages can have both a lateral and vertical mput as well .as

4').

a l&teral and verttcagl output (see Figure 9) Overland flow

% cons1st of only the saturated flow storage.. If more water is
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over'fan_cl;:‘flow from adjacent elements (Q

" lateral saturated flow (Q_.) énd increased by lateral flow (Q )
‘ si: . y

S
storage has preéipitatidn as an input as well as possible
ovi) and is depleted 1by

lateral - outflow (Q ). The unsaturated storage can be decreased
ovo _ g

by lateral unsaturated ' flow from adjacent elements (Qui) and b_y

N
uo

out of the element. Saturated storage is increased by lateral
_safufated flow (Qsi)_ and unsaturated flow v(Qui)- frorAn’ adjacent*
eie\ments and decreased by‘i‘outflow,of “this type (Qso). Outflow i‘n‘
the form of deep.percjolation out of the sétuf.at‘ed f.low‘-‘st‘ora‘ge is
also considere;d, representing the advance of a ,wet“ting front, ii;to
thé less permeable layer. | | | "

. The arﬁounf of ~water in each storége is de,fihéd- r‘t‘)y ak

dépth. Depth of . water 'in overland flow storage. denotes the depth

of water that is available for overland flow while the depth for

the other two storages' denotes depth of soil. Let Yu represent
t.he depth of unsat’urateia soil and Ys the depth of saturated‘lsoil.
These two depths '-cha‘racterize the soil pi:ofilek since qnly a
certain portion (porosity) of the soil can. hold water. Since an
infinite nurﬁber of Combinations of air and’wa_té'r can r‘nake, up
porosit;;, an infinite number of saturated and unsatura't.ed Aepths
can r;lake up the total profile depth. If no portion ,-Of the prdfi'le
in the grid element is ksatAufa’ted. (.the moistufe content isb'léss
than field capacity), then Y, equals. zero ‘andf;chus. Y, equ’alls,'.Y,
the total Erofile depth. How__eVer, iﬂf‘tlﬁle moisture content is
b_rought.above field éapacity, a saturated layer will> be formed,

decreasing Yu'. When thé _profile is éompletely saturated, Ys

s

_equals Y and-'Yu equals zero. Any increased input to a saturated -
o :

80



profile creates overland flow, which is quantified by a depth of

water.

.6.2.3 Calculation of Flow Quantitiés

6.2.3.1 Interflow .

‘Calculation of. thé lateral, saturated flow quantity from .
any g‘iven grid element ‘(QSC) is based on Ddrcy's law:
<3 b}

Qsc = Conductivity Coefficient X Gradient X Depth X Width
" X Time Interval - -

EEEEN

The width of the element is fised when ‘the choice of element size
is mJadé. .The hydra\ulic gradient is considered to be the
diffefence in ‘elevation betWeen the top of the sat.urated- storages
in adjacent elements divide-dA by tﬁe distance between them.- This
gradient is thus largely a.ffected' by watershed topography. The
elevation of the saturafed layer is the sum of the base

elevations for the elements in question and the saturated depths

ez;c'h time this flow

for these elements. A check must be mad
calculation is undertaken to ensure that the quantity of« flow
capable of being transmitted does not exceed\ that which’ exists

in saturated storage. The amount of water in st rage, Qs‘p’ is:

Qsp = (Saturation - Field Capacity) X Depth| X Area
with the area equal to the width of the element squared since

\
i

the elements are ‘square. This equation recognizes' th;at safgér_‘ated'

| 7N
A

flow will depleté the soil water storage only to the level of field

A

capacity. If Qsc exceeds .Qsp‘then the saturated layer is

depleted, discharge during the time 'interval from the elements is

‘set equal to the volume of Wwater in storage and the moisture



AN K
content is set at field capacity. If QSC does mot exceed Qs
then the dischAarge equals QSC and then the saturated layer is
reduced by an amount corresponding to the quotient of QSC and
the area of the element. IAnherent in these discussione is the

assumption of .a specified time interval. This interval will be

di_scdssed in greater detail later.
6.2.3.2 Overland Flow

When saturation of the soil profile "and the subsequent
formation of an overland _flow'layef occurs, the depth of this
‘layer is. assumed to be wuniform- over the entire element.

T

Calculation of the overland flow component is based on Manning's

.equation:

o - Dept_hl'67

ove X Width X Slopeo'5 X Time Interval/Mannmg s n

The slope 1is calculated by dividing the difference in su;rface
elevation (sum of the base elevations and ptj*'cafile depths) Abetween
adjaéent‘ elemedts by the distance between elemental centers. The
depth of overland flow would generally “be very small relative ‘to
the base elevations under consideration.

A check must be rzxade to ensure that the quantit qf flow
capable of flowing out in the selected time interval 3etording to
Manning.'s equation (Q‘ ) does not exceed the al@nt in storage
(Qovp)' Th1s 1atter storage 1is the product of thé depth of flow
and the area of the element. If Q ‘exceeds Q ovp’ then the
storage is depleted and the overland flow dlscharge during the
' time interval is set equal to the quantity of water in storage. If

Q

does not‘exceed.Q » then the overland  flow depth is
ovc - Sovp _ _

82



\

O

reduced by an. amount correspondlng to the puotlent of Qovc and

the area of the element ‘and the dlscharge equals Q ) .

o : ‘\
6.2.4 . Flow Direction - " '

Prior to the actual calculation'of "'eit'her ovet'land flow ‘or

Ainterflo,_w, a subrout’me of the model determlnes, for the elemebrt

f

_in questlon, which ad]acent element to use for the calculatton of

o

hydrauhc gradlent for 1nterflow and slope for overland flow. The.

choice .of the adJacent element for slope and gradrent calculatlons,

- v - -

'is based ~on an assumed lepe dlrectton . of the element in-

T

tqnestion, based on _an _examination of a topographic map of the

, b

watershed.

Once an element size has been .chosen, “a grld system made -

4

; up of th1s element size is overlam on a topographlc map of the‘

©§

watershedan questlon. E,leVatlons are assessed to each element

found vwithm‘ the. watershed.'?-As'summg “flow oe-cti"tjs perpendi‘cu,lar

Vo

"to  the® elevat1on contours, one dec1des, fo: ‘each_ ‘élement, to

whlch other: element the slope is . the steepest. This decision is .

_translated to the model, 'as  an angle bétween .0° and 360°.

Consider the four ~elements a,;.:ranged as follows, with element A

bemg the /elemenf in questlon. e

K
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For »example, 1f the slope from element' A lw‘ere"vlsteepest 't’o -eleme'nt
- . D, ‘then lispec‘i_ficat"ion of an angle",_:_, X\,S"fot:_ ele‘ment A .of petween '
292.5 'and 337 5° :Would' re“s.ult" ‘ln the 'elévati-on' bofh element D«being
Used for the calculatlon of the slope for overland flow and the o

grad1enlt for 1nterflow for element A lf_,1nste-ad,, the slope from

1

~element A ,wae ‘steepest to . eleme_nt, B,ﬁ;‘v-thén an_. angle hetween
337 5.~ 360% or 0 - - 22.5° ‘would result in the elevation of
element B belng used in the flow calculatlons These angle's need

konly "be spec1f1ed as multlples of 45 B 51nce .no 51gn1f1cance

ajtaéhed 'to', the ma»gmtude of-' the angle,- ‘other thanv in the

v 7 - . —_

general way 'described h abo;'vei.
.On‘ce\ .‘t'he‘.‘ g’fadient,; ‘and_' slope  (if = nec‘essary) “and
"conseq/uently- the outflow amounts are calculated the outflow is
" r_o'uted‘to_v ad]acent _elements .The model routes. water only to those‘
: ‘adjacent elements "that’ are on the sam_el row ’a.nd/or ‘column of the
‘ glrid, a'sl the _element("‘ln ‘quesvtion’; ln"‘ the abou’e d:iagram “-outf:low
wo'uld‘ be' ro'_uted _‘to',element‘s B .and C but .not o D‘.AA Water could
“.r]e__acih "elemen"t D indirectly through elements B or C ﬁ'or. both
however The proportlonmg of “the calculated outflow th;t goes to-"
. eithe_t; B . or»- C isv dependent upon \'the' relatlve slope ~(A - B)
ve'rsus _(A - C) The exact proport1on 'of - the total flow to e1ther

- . -

lelement is calculated by - compar1ng the pernnent slope (A - B)

or. (A - C)) ‘a ratio to the sum of the slopes (A - B) and
(A - C) For example, : if the slope (A -~ B) was. 0. 20 and slope'

(A = C) @as 0.30, then AO% ( 20/.50) of the calculated flow from |

element“A would be sent to element B while the remammg 60%

would go to element C. ' N
. S :
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If the angle descrlbed above for - spec1fy1ng the element to

be used for grad1ent and/or slope calculatlons was O or 360

element ~B would recelve Call Iof ~ the. 0utflou{ .. from 'element A
. L C : P ° . ) .. -
 whéFeas - if the angle were 270 - element- C would. receive all of

the outflow ° from element Al T.hese two cases.«ar‘e the extremes:.
v .

w1th an 1nf1n1te number 'lof" comb1nat10ns lymg - in bet‘\)'ve’.en\,
dependlng on the slopes (A - B) and (A - C)

Thls techmque 1s employed for all the elements proceedlng

row by row, column by column, unttl the complete grtd has been'

Lo -
' ¢

covered.
6.2.5 Model Parameters - ' o R e .

The model involves the follow'i'ng' rparameters:

(1) Saturation: moisture - content  at -which all’ the soil

pores are kfull corresponds to 5011 poros1ty,‘_“v‘ :
(2) AFteld capaCity mmsture\ content whlch _se’parates

dratnage water from plant ava1lable water,

¢3)  Wilting po1nt mmSture content\\at wh1ch plants can no

longer extract water from the so\l

(4. Proflle- depth: depth of soil from the soil “surface to
: L, oF ( A R

the impeding layer,

-,

(5) 'Dralnage coe}flment determines the proportion of -the

-

saturated layer that .as a wettmg front passes into

the less permeable layer, and is no longer considered,

TE, it}

(6) Conduct1v1ty coeff1c1ent the rate at- which water moves

through the soil in a lateral direction, denotes

.Y

responses at’ the outflow to an input at the inflow

85 -
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point, , ' 2

(7) _‘Man'nivng's n: -roughness‘ coefficient ,in the overland

flow: component calculation. Y

. . rs N
Estimates of ‘the first four of -the above parameters can be
) 4

‘obtained from research studies. As with any other model, initial -

i
i

moisture conditions must eithér be known or assumed for each

simulation run.

! . . ®

6.2.6 Effect of the Time Step - | I

Basic' to the operation of the model is' the assumption of a
time interﬁval. This choice is based largely upon the frequency of

meteorological data recordings which are usually. made on an

hourly or a’ daily basis. Con51derat10ns of evapotransp1rat1on on’

a time mterv‘al of less than one day are generally inaccurate.

However, cons1deratlon of interflow or overland flow on such a:

large time int‘erval would be equally inaccurate, part1cularly for
overland flow, which is - characterlzed by large flow veloc1t1es.
Water would move -great distances in that large a time interval’.
To determine the most approprlate t1me step (wlnch is the
number of . ‘equal increments that the time 1nterval can be broken
up 1nto) computer prograbms were wrltten to examine the effect
on calculated outflow for both 1nterflow and’ overland flow of
changes in parameters’ affecting these/ flows, on a hxllslope
2000 m . long and 400 m w1de In_ «each case a comblnatlon of

w

factors was examlned 1that would limit the acguracy of the

i

result. A data input time interval of one hour ‘was assumed.
-
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6.2.6.1 - Overland Flow

“The factors which could’ conceivably ‘affect the éhoice-c)f a .

time step for overland flow are the depth of flow, width of the.

element, slope ~and Manning's n. The last two factors are
characteristic of . the particular element of. the basin being
considered va_nd thus the ratio of slopeO'S/Manning's n (hereafter

called the slope/ﬁ ,ratio) ‘was considered as. one factor. A

maximum and minimum value,. for  each were considered, thus

bounding. the concegivable range over which the ratio co.uld vary.
Slope - was allowed to vary between 0.4 and 0.01 v}hilg ‘n -was
"varied between. 0.03 and O.QO, ~giving the slope/n ratio a range

of values from a maximum of 20 to a minimum of 1. Flow depths

—a

©of 0.001, 0.005, 0.010, 0.050, 0.10 and 0.15 m were examined for-

element widths of 50, 100, 200, and 400 m. Another factor, the

'n‘umbervof time steps was introduced. Values of 1, 2, 6,12, 30,

60, énd 120 were used. For exémple, use of 60 time s,teps' would

mean that the time scale of 1 hour would be broken up into 60

equal increments, implying tha't.._.the calculation of ‘6yer1and flow -

1s actually made on a one minute basis. One must recall that

o

the potential amount of ‘overland flow capable of occurring °

cannot exceed the amount of water in overland storage (depth of

<

‘fl_ow ti_me§ ~element area). Thus any, or all, factors tending to
m.a.'ximize the: upote_ntial overland flow would 1ike1y affect the
choic_e'of the time step; One might é»xpe_ct the choice of the tim;a
step to Be most critical for the combin;ltion .of factors that are
-m;xim_um, for example, a depth of 0.15 m;, element width of

. 400 m, and a‘slope-/n ratio of 20. Because one can control the
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size of ‘ the grid element' the ‘choic'e'of time step will be a .

'function of element size The other two factors of Hepth .and
;slope/n I‘atIOYWIll depend upon the\ location of the element under
o con51deration within the basin as well as the.storm intenSity and
'duration These factors .eannot. be controlled The chotrce'of an

1t

appropriate “time step\ wi-ll be, based on the outflow value

»-'becoming a constant thus 1mply1ng that time step is no longer a -

factor 1n the calculations (which it should not be).
.k .
The results of this analy51s on- the effect of time step show’

r S \ :
~ that ‘use of: a smgle time step can cause errorS\ in the

|
] . - .
\ . -t

.."ca_lculation : of_outflow by as ,much “as 29%. This .errllorl is a
maximum and would be experienced in elements characte‘rized by

low slope,' large n, large elemental ‘width and 1arge depths of

.flow Time steps of 60. —90 appear adequate under these -

condition‘s.. Use of these time steps  would correspond to
calculating overland flow every 1 minute - 40 seconds for a time
I

scale of 1 hour. The results also show that these requ~irements

can be relaxed if "the elemental size is .reduced. ‘For .an

. elemental size of 100 m X lOO m or less, little benefit 1s gained
by using time steps exceeding 60. . ‘ |
If greater flexibility in programming is desired, the time
‘step to be used could also be made a function of the depth.of‘
Aflow. -D‘epths of flow greater than 0.10 m require a time- step of

" 60 or more.but depths of 1ess_ than 0.05 m require time steps of

less than 30. This -variation - of the time step could prove

beneficial, since .use of a larger number of tirg_e steps causes the.

e

computer simulation to be more expensive because more iterative
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calculations are needed. A
6.2.6.2 Interflow

The effect of the choice of time step , was also examined for

— . -

interflow, in a fashion identical to that for overland flow. The.

. factors affecting the magnitude of"interflo.w are condu'ct-ivity
cvoefficient,, saturated - depth, hydrauiie gr'adient and‘h eiement
width. 'The difference between saturated moisture content and
field capacity must als‘ov be consid')er‘ed,since this d‘ifference will
deterin‘ine the amount of water actually available for interflow,

’smce water held at moisture contents less than- field capacity is
A}

not available for interflow. Saturated flow depths'con51dered.

varied from 1.0 m to 0.0l m, with intermediate values of 0.56
and 0.10 m. Condu)cti‘vity'cbefficient values examined were 1, 5Q,
100», and 500 m/hr as were hydrauhc gradlents of 0.10 and 0. 50
Element w1dths of 50, 100, 200, and 400 m and saturatmn f1e1d
capacity differences of 5, 10 and 20% were utilized. Time steps

of 1, 6, 12, 30, 60,-90 and 120 were considered.‘v

Element width, as suggested in the discussion of overland

'

flow, is a parameter which can bejudiciously@ chosen by the -

.modelle'r, Similar to the . results for the overland flow analys1s,
results'for interflow showed that the .time step becOmes most
critical for the. larger element sizes, with the error.as's'ociated
.with' a time step of 1,  as opposed;:_‘:tO' a time step of 60, ﬂbeing‘ a
maximum value of 29%, with flow values ’f'or time steps of 60, ‘9(-)
and 120 showmg very little difference. Results usmg an elem/ent
size of 50 m X 50 m were very similar, no matter what the/}nme

step. ' ' \
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capacity is not.a limiting factor.

El

Other results indicate that for ‘interflow, a'g'reate'r\ number’

of factors must be considered but that for element “sizes g'réate_f
than 100 m, hydraulic gradients steeper. that FO.2‘O, conductivity
coefficients greater than SIOF m/h, satur‘ati‘on—‘field capacity
differences of 0.10 or.larg:r and saturated dépths greaf_é:r ‘than

0.5 m, use of a time step of 60 _should provide adequate results.

e

6.2.7 Inherent Assumptions Made in Model Development |

-

Certain assumptions were made in model development that
were meant to simplify the model.” The two major ones relate to

infiltration a'nd_ un'saturated;flow.
6.2.7.1 Infiltration ' -

Since the model Qwill be applied to forested watersheds that

have infiltration rates which exceed- even the most intense

storms, an assumption: will be made that all the rainfall that-

reaches the soil surface infiltrates it. Beke (1969), in ‘his study
of the soils of three watersheds in Aiberta, found that the mean
minimum infiltration rates of the soils were generally higher

than the maximum rainfall intensities ‘reported, wsuggesting that

the assumption should not be a iimiting one. Many research

papers relative to forest hydrology mention the absence of

overland flow and by_.nécessity; this implies that infiltration

(S}

6.2.7. 2 Unsaturated Flow

~

The conductivity coefficient can be expected to be a strong
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. - . . . - T g . .
function of moisture content, decreasing dramaticalfgl as moisture

content ‘decreases, usually over several orders of magnitude. The

result is the - occurrence of very low flow velocities and

A S

consequently low flow qnantities "as moisture .content decréases
from saturation. For this rea&son, ,Ander,son and 'Burt : (.19.77)'r
suggested that unsaturated flow is un11ke1y to be of any great"
consequence relanve Vto the other flow processes be1ng cons1dered
Based on thls’ behef, unsatunated flow was arssnmed to " be

negllglble, with saturated mterflow‘and overland flow belng the’

two flow processes modelled. - ] s o
6.2.7.3° Moisture Redistribution

Once 'water "is added to the 's'oill‘profile, it is assumed to
be red15tr1buted over the .whole 5011 profile 1nstantaneously In
actuahty, the 1nf1ux of water would proceed as a- wettlng frent
down the 5011 profile. This redistri_bution would tak\e a finite
amount of time. However, con.sidelring'the ’ra’vther_ shaljlowApro‘files
being con‘sidered b(les's than 1 m in depth), the amount of  time

“involved here, relative to the time required to travel the much

greater lateral distances, is of 'minor importance. |

The soil -moisture redistribution process in -nature is
continuous.  Its rate décreases constantly and equilibrium is

reached only after .very long periods of time. Thus one ‘has -
difficulty in. determining - when. redi’stribution - has ceased. The
presumed moisture content' at wh1ch 1nterna1 d~réiina'ge ceases

(field capacity) is thus a rather subJectlve and flctltlous term.

2

g

.However, .the field vcap_acny :concept_ is most_@ienable ‘for

o
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“coarse-textured soils since hydraulic conductivity drops very'

steeply with decreases in moisture content and flow becomes slow

-

relatively quickly. 'Despit'e its many shortcomings the field

+

capacity concept is still a useful and practical criterion for the

upper limit of soil . water content before drainage 'occurS,
suggesting that water held below a certain moisture content isg

not available for redistribution. . . ~
. » \
' L

6.2.8 " Logistics of the Model

To facilitate the understanding ~of the "logistics of the
model, a generalized flow chart of tl}e model 1is presented in

Appendix 11.” The model has two general ‘sections: one . to ._
v . : v .
éalculate storage potential for 5011 moisture, depth of the

saturated layer and overland flow, and the second to ealculate

. !
- . /

the actual' outflow. and to decrement the relevant sforages. Input
.to 'Vthe .model \'consists - of precipitatiOn ‘and 'Eotentiel
evapotranspiration. Watershed ‘parameters which are initialized
for each element are the sva'turated depth and/or moisture content.

Characterist/'ms\ of the elements of the watershed that are 1npUt

~.
mto thef model are the elevatlon of each element and the angle

v
/

for each element (which was used to calculate the element(s) to

- N

'receivgv\ the outflow). Model parameters “to be gtven initial values
: . ,
include 'the . six 5011 parameters of satu\kranon, field 'qapacity,
,yilting point, conduct\1V1ty goeff1c1ent, drail?age coefficient,” and

N

depth of prof1le. These parameters. may or may not differ from
element to element The grid elements are taken to be homzontal

and. square. Output information mcludes soil moisture percentage, »



%

)

7

saturatad depth, actual evapotranspiratior{, drainage and the

pertingnt outflows from .each of the elements.
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CHAPTETR "7

RESPONSE OF THE MODEL

7.1 Sensitivity . Analysis of Model Parameters

Sensitivity of any model is a: ‘very important characteri_stic‘
o — BRY _
of that model. One can imagine that, a model could be developed
that would be .acceptable since it met all of thg bo/t'hér criteria
‘-previously outlined, but yet would not '.be sensitiv;e to changes; in
parameters that correspond to land use manipulations. Such a
modei could not be ‘used for predictive purposes relatéd to land
use manipulationé.

Of course, the term sensitivity is subjective and thus it is
used in a ge_n‘_eral sense. -Implication of the térm ig®.that the
mod»elwshoulfdtrbeact in a cértain way, and within a certain
rangé, to changes which have been shown to, ..or are suépected
of showing, a ceftain effect.. For exarﬁple, foxf tk.le case of
cléaarcuttirig_—'\in forestry, it has been shown fha.t such an action
‘Tesults in increased peak discharge and total volume of flow.
.-Any model wused for this purpose w_hich would not show these
t;énds wo.uld “have been ineffective. Accuracy must also be
cdnsi_dered, -since if ‘the model is sensitiveé to a .given change,
but in an amoun't"less than the accurac'y-c;f the: corresponding
physical measurement of that parameter, use of that model is

o .

without justification.

Therefore, it is of prime importance that the effect upon
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output dbufe to changeé in the parameters of "the proposed model
‘be investiggted. Suc;? an investigation helps to. understand how
the model operates and what its.mosf important parameters are.
In this way a fair asses.sment of the sensitivity and thus the
-suitability of the model can be made. One might expect that the
three storage parameters chéracfe_rjiing the soil moisture
reservoir should play an important role in “determining the
proportion of rainfall input that will be stored as soil moisture
and the proportion that will occur as outflow. Other parameters
will also play an impo‘rtant role in determining this proportion.
One of th.ese is the c-onductivity coefficient o'f the soil profile. A
hi:gh coefficient would- enable a -large portion of the saturated

zone to be depleted during a given time period and would cause

this zone to be depleted much " more quickly than one

éharacterized by a low cc-fficient which would .tend to .keep more

moisture 1in storage. Another important parameter in this' regard -

is the drainage coefficient whi;:h allows a downward flow
éomponént of moisture- out of the saturated z‘oné. A  large
coefficient would tend to cause the’ saturated zone to be depleted
more quickly than would a nlew one. This unvdoubtédly would have

an effect on the shape of the recession limb of the hydrograph. i

' Another parameter to be considered is the profile depth.. A

deeper soil profile - would mean that, because the moisture
reservoir is larger, precipitation input would form a lesser
proportion of the overall moisture in storage as opposed  to that

for a shallower profile, ‘and thus, for the same given amount of

precipitation -in each case, . outflow would begin sooner in the
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case of a shallower profile, other things remdining equal. Also

profile saturation would occur sooner, allowing the outflow to

become at least partly overland flow sooner. This could have-

dfamatic effects upon the hydrograph peak and shape.
A general discussion about the nature of the model
parameters has been presented but a sensitivity study c:sf.the

given parameters must be undertaken to be able to quantitatively

assess the effects each can have on the output. This “study

generally involves varying one parameter while all others are
kept constant. Because all of the aforementioned parameters have

physical meaning, the range over which ‘they should vary is

limited by the range of the values normally experienced. Such a

sensitivity st;udy was ' conducted . using the range of values

deemed appropriate for the individual parameter. A 'watershed'
slope was considered for the sensitivity study and consisted of a

column of /.5 grid élements, each of size 400 m X 400 m. At -this

stage only a slope was modelled to ensure that’ idiosyncrasies of

element to element water routing were not affecting the results.

By choosing a slope, “the water could be routed in a straight

'

" line. The particular grid size was - chosen because it

corresponded to the size of commercial cut-blocks used in forestry .

operations 1in Alberta. ‘The watershed slope was assigned a

uniform, straight slope of 20% and a trial period of 31 days was

used with c;utflow calculated on a daily basis. The meteordlogical

conditions for the simulation trials were  as follows:
evapotranspiration for a period of seven days, two days of

consecutive rainfall inputs of 25 mm each, on the eighth ahd‘
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ninth days, and thepn evapotréanspiration for the remaining: 22

days. Potential evapotranspiration values were taken from

evaporation ‘pan daté from Marmot Creek Basin, Alberta.’ In ‘the
sensitivity study evapo,transpirétion was modified by’ mbi‘stu're
~ content only.. Evapétransp‘iration \‘vas : reduced linearly from
potential evapotranspiration (obtained from pan evaporation dafa)

to Zero as moisture content dropped from field ‘capacity to

wilting point. For moisture contents at  field capacity

‘evapotranspiration proceeded at the potential rate. The first
seven days were used to check on the budgeting of the model
and to represent antecedent conditions since: the soil moisture

was initialized at field capacity. The last 24 days were used to

evaluate the shape of the outflow hydrograph. Each of the

parameters was subjected to a sensitivity study to eValuadte the

consequences on the outflow hydrograph of changing their values. ~

The parameter values used .in the sensitivity study were as
follows:

(1) Sa.turatio'n moisture content: 0.60, 0.55, 0.50,

(2)’ Wilting point moisture content: O."?.O, O'.15,.0.10,

(3) Dfainage coefficient: 0.00, 0.05, 0.10,

(4) Cbnductivity coefficient: 4, 22, 40 m/h,v. and

(5) Profile depth: 1.0, 5.0, and-9.0 m.
Each of'“thé.‘ "_vparam‘et‘er values was kept‘ within a range that could
normally. bél_eXpec{ed witb\in the field.

T‘wc}. primary effects on Ihé foutflow hydrogréph were
examiin,ed:: th;e peak ‘va-lue and the value after 31 days which was

used t_o"'characte'rize the recession limb of the hydrograph.

n
3
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Values were compared to show the trend established when the
parameters were changed and just how sensitive the outpuf is to
changes in these parameters.

The results can be summarized as follows:

(1) A decrease ih the saturation moisture content causes a

significant increase in peak éutflow and the outflow
- aftér 31 days.

(2) A decrease in the wilting poilnt moisture content
causes an extremely modest decrease in both ‘the peak
outflow and outflow’ after 31 days (both effects
probably ate not significant).

(3) A decrease in the drainage coefficient has no efféct
on the initial discharge but céuses' é'-significant
decrease in the disc(&arge after 31 days.

(4) A decrease in the conductivity coefficient causes a
significant decrease in 4botv.h the peak outflow and the
outflow after 31 days. g |

(5) An increase in p_'rofil-e Lie;pth >cause§_ a very modest
~decrease in both _thé peak discha'rgeg_aNnd discharge
after 31 days. o o |

As_sessmen-t of the effects. upon »disc}/larfgﬂe of vafying field

capacity cannot. be. carried out. ma ma.n‘ner similar to that used
for the preceding 5 p;r'ameters bécaus;e the initial moisture
1con£en‘,t had .beé;x set»-e;qual to. field capacity. For the‘.analysis of -
each of the preceding 5 parameters, the initial moisture content
was - set ati field capacity. Initial. moisture content cannot rioQ be

set at field capacity because, since field capacity Vii‘tsélf R

13
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-varyin.g_, ~then  initial moisture content would also vary,
complicating the analysis due to, the variation of two parameters

instead .of one. 'A choice exists as to whether initial moisture

content should be set above or below - field capacity. It should.

be recalled that a moisture content above field capacity is,

according to the model, equivalent to a portion of the soil

profile at field capacity and a portion saturated, with the total’

amount of water:,. being conserved. Therefore, if field 'cﬂapacity
were to be varied from -0.30 to .0.40 with an initial moisture

content of 0.40, the profile having a field caparcity of 0.30

~ would begin with a 'saturate'c‘l layer whereas the profile with a

field capacity of 0.40 would begin right at field capécity with

‘no saturated layer. Rather than introduce this complication, a

choice of a low initial mojsture content seems more appropriate.
| o | . ,
If an initial moisture content of 0.30 were used instead for a

pmfilé whose field capacity was being varied from 0.30 to 0.40,.

the: pi‘ofile" with a value .of 0.30° would begin at field capacity

~

but the one With a field capacity of 0.40 would start at

somewhat less than field capacity, but in both cases each would

begin with exactly the same amount of water with neither

experiencing a saturated layer due to initial input of water.

Thus the ‘ihi’tial moisture content” was set at 0.30 for the
'sensitivity‘tr‘ials on ‘field capacity.

Uhfértunately, howeQer, if ﬁhis value of initial moisture
- content is used along with the meteoroiogical data used for the

analysis of the preceding five parameters for varying field
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capacity of 0.30, 0.35 and 0.40, cﬁ‘utflow would not be .

experienced for profiles having field capacities of 0.35 and 0.40.

Outflow does not occur because . all of ~the -precipitation

'experiénced (2 storms of 25 mm each) would be used to “satisfy

soil moisture. It should be noted that four storms of 25 mm each

would be required just tovbring the soil profile with a- field

capac‘ity of 0.40 up to field cépacity from the "initial moisture
content of 0.30, for a .profile depth of 1.00 m". Unfortunately this
would not give any qualitative information ~about the runoff

. v I - .
hydrograph"s for the “upper two values of " field capacity.

Therefore, the meteorological data were rearrah'ged to introduce

¢ T L '
six- storms of 25 mm each, but using essentially the same
evapotranspiration data as before. Results showed that fhe

i)rofile with the »4lowest field capacity experienced the highest

discharge rate 'throu“g_hout the thirty-one day period. Also

discharge occurred soonest in the profile with the lowest field

capacity, because not as much precipitation was being. used to . °

restore soil moisture defecits. This suggesté that - the péak

\diséhérgé wduld occur sodner for profiles with  low field

capacities compared to profiles . with hig.her field capacities.

However, the exact nature of .the response of a particular soil

‘qp.,rofile depends ¢ upon the value of the saturation coefficiem;', as
well. .

. The ‘sensitivit.y study was subsequently repeated on a 10 '\‘

element 'ivatershed. divided into a grid that consisted of 4 rows
and 3 columns with the dpp‘er 2 corner elements e&luded' from
‘ §

the watershed. Each element had v din’iénsic@s of 400 Mm% 400 m.

Y
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Elevations for the elements were taken from a topographic map of ..

Marmot Creek Basin in the Rocky Mountains in an. attempt to
~utilize elevations, and thus slopes, that were: character1st1c of a
mountain watershed. These slopes varied from 9% to AA%. “The

purpose of .this exercise - was to investigate whether or not

routi['_ng of the outflow through a non-straight path might have -

some hidden effect on the results. Such was not the case and the

effects of the sen51t1v1ty study reported for the .5 element slope

are pract1ca11y identical to those experienced for the 10 element

watershed.
Another important factor besides discharge rate that should

be considered is soil moisture, mainly because of its availability

or nonavailability for plant use. It also is a meastxrement -often

made in the field and thus can also be used as a check on the

accuracy of most models of the hydrologic cycle. Since the value

of soil moisture content would be\ greatly dependent upon the °

location of the element in question within the watershed, each of

the elements of the watershed being modelled should be.‘

considered. Results obtained for a short term discharge period

for the 10 element \i/atershed showed the actual variation in

moisture content between elements was ‘rather small. This was

probably due to the following reasons: (1) the short time period
belng considered (31 days), and .(2) consideration of similar
evapotranspiration for all elements that is dependent only upon
soil moisture. Hot'lever,}c theA diff_erertces 1r1 the saturated depths

between‘ elements were marked. Those elements with the lowest

grad1ents expertenced the highest saturated depths’ wh11e elements

-
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which "'were characterized by the - highest .elevations and the
highest gradients " experienced the lowest soil - moisture content
and the lowest saturated depth.

Also of interest are changes - in soil moisture due to

changes in parameters. One case is chosen to represent the

.

.tre_nd.; establ_ished'in moisture c‘onten't‘ changes c.lu.e to parameter
va;iatiéns. This case is the/ variation of éaturation percen-tage
from 0.60 . to _0;50. Recall that tfli_s change in. saturdfcion
percentage resulted in. a significant- increase in peak 'd(ischarge.
Difference‘s,’ in  soil rﬁoisture were minimal but the saturated
depths for ua usaturlation percentage of 0.60 were consistently‘
\higher thaﬁ those for é saturation peréentége of 0.50. This
éuggests that the h.igher peak discharges occurred at the expehse
of the saturated layer. This seems logical since the saturated
l.ayer is the Asource of the disch;rgéi:,//'Aiso for a figlci vcapacit}.r of

e
- “so0il profile with a saturation

0.40, a saturated layer in a

percentage of 0.60 would release twice as much draina@ water

“ El .
as would an equivalent saturated layer in a .soil profile with a |

saturated percentalige of O.SO_, This fact accounts for the greater
"amount of -moisture in storage in the saturated layer -under a
saturation percentage of 0.60 suggesting that the recession of the

discharge hydrogréph woﬁld be much more gradual under these

conditions.:

7.2 Effect of Varying Element Size

Another important consideration which must be made in the

use of the model is the choice of element size. Obviously, for a
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given slope or watershed, an infinite number of choices of
element size is available. To investigate the effects of element

size on hydrograph shape, modelling of a slope- 2000 m slong and

400 m "wide ° was undertaken, with the ‘same meteorological

conditions as used in the: sensitivity 'study. A .uniform slope of
20% :Mas chosen. Considering elements lengths (distance in the
direction of flow) of: 400, 200\ 160 and 50 m and widths

(distance perpendlcular to the flow) of the same magnitude, a
\ : o ' “
“total of " 16 possible- combinations of \t\he above lengths and widths
, . \ : .
are possible. Each of these combiﬁations was modelled. The
\

results showed that the width of the el\ement had no effeet on the -

\
L

routflow Thls feans that the outflow ?f a slope of 400 m in

. N
width could also be obtained by the sum of the outflow from two

200 m wide slopes, four 100 m slopes or eight 50 m slopes.
However, the length .of the element had a most noticeable effect.

The differences among the hydrbgraphs for the four slope lengths

are evident from Fig‘u're 10, with the' greatest effect being .shown

on the recession limb of the hydrograph A larger element length
, causes a delayed recesswn compared to that of a smaller length
However, the principle of d1m1msh1ng returns sets in and the

hydrograph obtamed using an element length of 100 m is not

51gn1f1cant1y'd‘1fferent from that using lengths of 50 m. One.

should keep in mind that the choice of element length of 50 m
, requires tw1ce as many elements -as does the choice of a 100 m
length to_cover the same area.

In the modelling of a watershed, water would routinely be

routed to adjacent elements, both along the same row and the

4
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samé column as " the element in question. - Therefore, ' the

definitions of length and width as given above wouldinot hold

true. However, the conclusion that element size ':should be made'

as small as is fea51bly p0551ble would st1ll apply Use of square

elements would ensure - that the .effects of both length and w1dth

are accounted for.

The result :that element size can affect the shape -of the

.

.hydrograph should come as no surprise. The principle is ‘similar

to the evaluation of an integral using, 'say the trapezoidal rule,

and finding that as the number of subdivisions is. increased, a-

3

better approximation of the value of the integral is achleved.:

This effect also manifests .itself in ‘thue model, in the choice. of the

. time ‘i‘nterval. It has been shown that a .more accurate result can"

be",achieved by 1ncrea51ng the number of the time intervals but

that the principle, of diminishing returns also sets in g1v1ng

little increased advantage to further incre_'asing the number of

time intervals. . Again practicality in the modelling will" help

decide the time interval to be used much as it will the ‘element

size. : , ' S T T ayo

.~
LN ~

The . results of changing element size ]ust dlscussed suggest

. an 1important conclus1on the ‘structure of the model places a

significant llmltat1on on the choice of element size. The "results

b':.suggest that a modeller _using the model should use. an element

-

size as small as feasibly p0551ble, keeping in mlnd that an
increase in. the number of elements in the gr1d system w1ll result
in an- increase in the computational burden on ‘the model. The

decision on. element size cannot, therefore be based entirely on
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physical char.a.cteristics of the area being modelled. For example,

S

a large homogeneous area should still _be described by a grid .

system using relatively small elements. However, in view of the

fact that the model was developed for mountainous watersheds,

large homogeneous areas ‘are undoubtedly an exception rather

than the rule. Thus, use of a srﬁall element size 'woqld pro'bably.

. be advisable from a topographic. ipbint of view. In addition, if

one is considering numerous watershed <characteristics, for

° example, topogfaphy, soils, vegetation, etc., homogeneous units.

would be of rather s'mélil are‘a a‘nyway; In addition, the handling
of distribluted'inputs t.o °the. model,- such as f)recipitati'oﬁ or
‘moi.sture content, would be‘; facilitafed if‘ tﬁe : grid. elements were
smaller. . | .

Howe‘vef_, ~this is not. to  suggest " that, since modern

computers .can ‘handle extra computational burden with' .relative

-

ease and bﬁly slight added cost, a .modeller is not limited by

how small the eleme{xts" can be made. One_ must remember that

‘each individual element must have an\‘el‘evation, obtained from a

tbpographic map, specified .for it. As. a reguit, the scale of the

e ST
Ty ey

topographic map must. be considered. It is  pointless trying to

obtain elevations for individual elements from a. topographic map’

whose scale 1is too small, relative to . element size, to allow the
specification of reasonably accurate _elevations. ‘Thus the
topographic map used for specifying ‘elevations -must be. the

©

. . “ 4
.ultimate source of limitation to element size. Therefore;~ element

size should be made as small as phy;siéally pbs—s_.s-ible, based on-

the largest scale of topographic map available for 'the. wétershed

being studied.. - o
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CHAPTETR 8

"VALIDATION OF THE éLUICES MODEL

‘i'l AN,

A sensitifrity study is important in the assessment %ﬁ how a
model responds to changes 'in its variables. Validation, another

important step in the assessment of any model, is an attempt to

see -if the model- can provide known outputs for given known"

inputs. For this reason, model validation can' said to be an

assessment of t'he truth of the model. -

8.1 ' _ Comparative Validation

One technique of - model validation is the comparison of
results from the model under investigation .to one ' that has

_already been recognized. -

8.1.1 The Freeze Model

A  suitable model for ‘comparison. pufposes is that develbped»

by R. A. Freeze which coupled unsaturated flow with saturated
flow utilizing the generalized .partial differential equations for

each respective flow system lfand a numerfcal finite difference

method for problem “solution. Functional 'fel‘aﬁqnship_s between :

hydraulic conductivity, specific moisture capacity, moisture

. content and pressure ‘head were used as input using tables of
* values to -represent the wetting and drying cycles included in
hysteresis. Needless / td say, the model required a great

~abundance of data. (For greater detail, éee‘ Freeze, 1972b).
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Freeze's a'lpp_l_ication of his model to an inyestiga-;ion of the
role of subsurface flow in gene'ratir‘lg runoff in upstream areas is
of interest here. He attempted, using the model to answer the
questions: "Is subsurface stormflow important quantitatively?'" '"Is
it simply a controlling mechanism on wetland areas?" or "-is it
unimportant in all contexts?" | |

In his modgl simulations, Freeze examined thef effects of
variations - in' certain physical parameters on runoff generation on
a rectangular  hillslope 120 m long X 33.5 m wide. The
para‘met‘ers (suitable" for comparison in- this discussio-n) that were
inyestigated and the range over which they were allowed to vary
were as follows: | | \

(1) Saturated hydrailic conductivity  (0.44 - 0.00044
v,cm/sec), |
(2) Soil thickness (20 - 200 cm),
. (3) Hillside slope (Gross slope - 7.5 and 15%), and
(4) Shapé of the slope (Convex a‘nd concave).
The conclusions drawn by Freeze using ‘His model are
noteworthy and several are exémined beléw:

(1) A necessary condition for thé dominance | of the

subsurface flow mechanism is a convex hill‘slépe.

(2) The saturated hydraulic conducti\}ity of the soil exérts

a greater _influence on the runoff gen.erating system
‘than does the soil-slope configﬁra.tion.
(3)- For any soil—slc;pe configuration there is a thres‘l:old

saturated hydraulic conductivity value below which

subsurface stormflow is not a feasible mechanism of
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runoff generat‘ion.

(4) Changes ‘in soil thickness do not affect fhe hydrograph
significantly. .

(5) The steeper sloped hillslopes produce higher downslopé
-hydraul‘ic gradjents in the soil but this tendency
towards larger outflow is offset by the need to
recharge the lower moisture contents that exist in the
steeper slopes under static initial condition‘s.

(6) Considerable evideﬁce 'to> shﬁport the claim that

i horizons of shallow -surface  soil of‘.high hydraulic
conductivity are a common. occurrence in bothv forested
and agric\’illtural watersheds exists, but such soil
“conditions do not _ guarantee the eventuality of

subsurface stormflow. (Freeze, -1972b). ’
8.1.2 The SLUICES Model

In an effort to compare results with Freeze's model, slopes
of various shapes and degrees were examined with the SLUICES

model. The slope shapes investigated were concave, straight and

convex.. Degrees of ‘slope investigated were 10, 20 .and 40% (all

gross slopes). The. slope consisted of 5 elements in a row, each

400 m X 400 m in size. All other parameters were set to those

corresponding to initial conditions 1in the 'sensitivity study

discussed earlier. These parameters were the same for each

element. The same meteorological conditions and time span were

used for this study as for the sensiiivity study.
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8.1.3 Comparison of Results

The conclusions which can be drawn through the use of the

SLUICES mbdeél for, this theoretical hillslope compare very

favorably with those drawn by Freeze using his model. These

similarities can be summariZéd as:

(1) Both r‘ﬁodels » demonstrate  that - the hydraulic
conductivity = (conductivity cpéfficient). is the most
important parameter affecting interflow and that low
vdlues of this parameter cause interflow to become
insignificant.

(2) Both models .show that soil thickness does .’not affect
the hydrégraph significantly.

(3) Both models show that interflow is most dominant on

convex slopes and rather insignificant_ on. concave

slopes.
8.1.3.1 Hydraulic Conductivity

The conclusion—that must be considered central to the

discussion of the role of interflow is the - one that saturated -

|

hydraulic conductivity is the parameter having the greafest

influevnce on inte;f_low. Both models support this lconcl_usion.
However,. Freeze disregards the 1argest‘ value of; satu.rated
hydraulic conductivity that he utilized (380’ m/day) a's”'being
unrealistic for two reasons: (1) Use of this saturated . hydraulic

conductivity value causes almost 100% of the precipitation to be

delivered 'to the channel and discounts this “runoff event as
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s -/’ . . :
being unrealistic, and (2) sdturated hydraulic conductivity

values of this order of magnitude have yet to be supported by

field evidence. His second justification for their exclusion is the.

one most subject to controversy. Freeze discusses laboratory

measurements of saturated hydraulic conductivity in support of

- his view. The stand has already been taken in the developm’ent.

of .the SLUICES model that the conductive properties of the soil

will be characterized by a coefficient which includes not only

-the transmission properties of the soil matrix (usually measured "

in the laboratory). but also those.properties which result from

: -~
the presence

of animal burrows and root chz_innels and tend to
increase the transmission rate dramatically. Forest hydrologists
are cognizant of this fact even though they a.re willing to
.concede that it is difficult to lmeasure a representative
transmission rate in the field considering the likely dramatic
spatial variations of‘such propert.ies.v,

Hewlett (1974) éonsidered Freeze's remarks about ‘saturated
hyd.raulic conductivity 'unsettled' since, as he points out, Freeze
has assumed that the average ana range of hydraulié
conduttivity values that would r;ormalfy be measured in field
soils woﬁld bemédequate 1“ to characterize the saturated'values of
surface soils and stream ‘bank matericiils.A Hewlett sdggests that

- J N
channel banks would have hydraulic conductivity values that

°
tend towards the highest limits set by Freeze. Data obtained by

d [

several researchers have shown that values for the. conductivity
as high as 4 m/h may not be unreasonable. For example, Harr

(1977) reports saturated hydraulic conductivity values of
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352 cm/h -and 412 cm/h for the uppermost tlwoa soil layers in his

study watershed in Oregon. .'Chamberlin (1972) working 1in a

forested watershed in British Columbia found a° hydraulic”

conductivity of 35 cm/}.l' for -the safurated “basal zones, a
hydré’mlic conductivity of 0.3 - 1.7 cm/h for the unsaturated B
horizon but a tot.al profile hydraulic c_‘ornductivity of up to
200 cm/h. Beasley (1976) in an attempt to. rationalize subsurface
“flows that peaked within one hour after rainfall' began, surmises
that flow velocities must have exceeded 33 m/h. He postulates
that .water travelled through macrochaﬁnels formed by decayed
roots (a common occurrence in_forested watersheas) and concludes
that these macréqhanne}s fofméd pathways for raﬁid movement of
water. He suggésts that any estimate of hydraulié cqnducti\'?ituy
~would ‘Bé in serious error unless sorﬁe .allowance is made for the
effects of decayed root channels. Therefore, the apparently high
values of saturated hy'd‘rauli‘c c‘onductivity use& 0by Freeze should
be considered as plausible, and not unconditionally rejected.

One must remember th'at the conductivity coefficient referred
to above is actually an average value for the entire profile.
Thus the extreme upper soil layers (and forest litter) might
requ\i}ré é-ve;'l higl:er _yélugs of the coefficient to compensate for
the . lower Fones characteri‘st.ic of then more dense' mineral - soil
below. The range of 4\ values experienced. for the i overall
conductivity would obviously dépeAnd 6_n the‘depth of profile

. considered.
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8.1.3.2 Depth of Profile

One other conclusion which requires comment is that the-

profile depth was found_not to be a significant parameter in the

Asensitivity study. Even at shallow depths, profile depth had

very - little effect upon outflow, as simulated by the SLUICES.

model. One should recall that in the sensitivity study, deliberate
attempts+ were "made to ensure that overland flow, resulting f.rom
profile saturation, .did not occur in order to avoid comparison of
overland flow and éubsurface flow, or a combination of the two
flows. Thus at no time was the profile sataurated since all
precipitation could be handled by storage in the soil profile.
Profile -depth ‘would however become sibgnifi;:ant in profile‘
‘saturation. A shallow _profile has less total water storage
available tha~n does a deepver f)rofi_'le, and.as ;Ei result, a shallow
profile would become) saturated sooner .(and thus overland flow

would. occur sooner) than would a deeper one, if enough

precipitatioﬁ occurs to saturate at least the shallow profile.

Betson and Marius -(1969) present results which support this . -

‘view. They suggest that when an upper soil horizon is. thin and

the percolation rate of the next lower soil horizon is ‘limited,

saturation can readily occur, with saturated interflow occurring.:

~ where the A. hori'zon is' the shallowest. The agritulturai
watershed (1.88 ha) in North Carolina that they studied had

areas within it that had A horizons less then 7.5 cm in depth.

Most watersheds would be. éharacteri'ze‘:d by ~Vvariabl_e‘ soil profile -

depths throughout ;Vith the shallow soil profiles being located on
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the ridges and deeper ones -in the low-lyirig areas. The
hydrologic im?lication of this general trend is that.even though
the low lying areas tend to receive water input both in the form
of precipitation and subsurface flow, they are | generally
characterized by deeper‘ soil profiles which are capable of

storing more water before saturation of the entire profile occurs.

8.1.3.3 Slope Shape

‘.

Through the wuse of concave and convex slopes in his
. model, Freeze drew several conclusions in regards to interflow.
These, are:

(1) As saturated  hydraulic conductivity decreases,

subsurface stormflow decreases, and the rate of growth

and the maximum size of the near channel saturated

wetlands increases. .

(2) Subsurface stormflow is quantitatively insignigicant for
all but the most,pérmeable soil verieex;s. On conéave
slopes direct runoff from iransient-wetlands adjacent
to channels dominates the hydrogiaph.

(3) Subsurface stormflow is also ineffective in raising the

water table levels that control the size of the wetland

areas. Surface saturation occurs because of wvertical

infilfration to the very shallow water tables rather

than by downslope subsurface feeding. i

- Using the SLUICES model, three ‘slope shabes, convex,

straight, and concave, were investigated. BecausJ convex and

-

concave slopes, for a given gross slope, can také on different

{
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degrees of slope, care was taken to ensure that the steepest
poftion of the slope did not exceed 40%, considered to be an
average mountain slope. Results of the simulation for the slope
shapes revealéd that the convex slopeas had the highest discharge
while the concave had the l_owest. Concave slopes were
characterized by elements near the outflow point that had
exceeding low slopes whereas convex slopes would be
characterized by much higher values. Because lof this, convex
slopes had the higi’xest outflow wvalues and concave the lowest
ones. However, concave slopes would also be characterized by
water being retained .for a longer period of time in the elements
near the outflow point than would convex ~slopes. As a result,
for any subsequent storm, less precipitation  input would be
required to recharge 1.ower moisture contents on concave slopes

and discharge may actually begin sooner on the concaveAslopes.

8.1.4 Summary

In view of the extremely _dive.rgent, independent approaches
taken in the development of each of the two models and the
rather  dissimilar data requirements of each model, the
quélzitatiVé’ sup?ort that the Freeze mo11e1 ~gives the SLUICES
modei must’ be :considere'd significant. Considering the attention
"g_ivéﬁ ‘to the Freeze model and the su;:cess he repgrt; in using
it, one . éhould be able té use the SLUICES‘ model with some
.l degree of confidence. |

. .As has been mertioned previously,‘ one- important criterion

. in model sele'cti'o_n must be simplicity. The model being developed,
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| ¢ A
while showing results very similar to those given by the Freeze
model, \is much more simply .sfructured than the Freeze model.
Freeze admits that because of -the limitations imposed by compﬁter
.stor}age‘ and time and by the‘limited availabi.lity of the necessary
data, the routine use of models like }@s,would not come to pass

in the foreseeable future, certainly not for field applications.

Thus any model such as the one described herein, which can

show results similar to those derived from more complex models,.

must be considered a welcome tool. S

8.2 Watershed Simulation

One other technique for model validation is the dipect
application of the m;Jdel to an 1instrumented watershed and },the
comparison between predicted and actual odtputs for known
specified inputs. The output most ofteﬁ utiliéed for comparison
purposes is streémflow. .Another output 'that can“be used Ifor
validation purposes -is soil 'moisture, if suitable data for its
utﬂization are available.

In the validation procedure, itr is important to apply the
modél to avwatershed that is character-ized ‘by the fléw processes
,,_9f' primary interest. For example, the SSA»RRrrﬁodel 1s best suited
to larger watchershecis with 'a’ well devéloped stream cl;lannel
sygtem. The" SLUICES model was developed for use on basically
first' order watersheds whose flow processes are dominated by

interflow. These watersheds are generally small, steep, forested

ones. Since ‘the model is based on the theory that it is

predominantly lateral flow, caused by a flow impeding horizon,
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that is the basis for interflow, validation of fhe model should be

attempted on a watershed for whiéh researc‘}% has shown that
interflow does indeed exist. Anomalies in re;&lts can be much
more easAily explained if complicating factors c'an be minimized.
Such factors include variations in precipitation, particularly
snow. Because of the wide vafiations in. 'streamflow that. can be
created Dby vatliations in ‘snow accumulation ‘patterns and

snowmelt rate, storms. in the . form of . snow or rain-snow
) Qe

combination should be left for later analysis, after the model's °

treatment of the interflow process has been validated.

8.2.1 Test Watershed Description

~

Keeping the above criteria “in mind, "the Jamieson Creek
watershed " located' in the Seymour River Basin near Vancouver,

British Columbia, was selected for validation purposes (see

Figures 11 .and ,12). This watershed, 3 km2 in area, éxterids from.

300 to 1300 m above sea level, has a southeasterly aspect and

-

an average slope of 48%. Due to the proximity of the Pacific

Ocean, the climate is typically maritime. 'The wettest months are
generally ch.ober, November and December while the driest ones
are June, July and August (Figure 13 depicts the precipi'taiion
'ciistribution for Jamieson C:_eek). Rainfall accounts for about 90%
of the 3910.mm of mean annuaAl precipitation. Rainfalllintensities
rarely exceed 25 mm/h but storms are generally of a long
.dﬁration,' sometimes lasting sevgral' days. Snowfall, - accounting
for the remaining 10% of the precipitation, usually occurs from

late November to mid-March (Cheng et al., 1977).
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Zeman (1973) described ]am.ieson Créek as a topographically -

well-defined watershed with relatively wgtertight bedrock and an

undisturbed coniferous foresét ecosystem. Jamieson Creek watershed

is entirely covered by mature and over mature coniferous forest.

Below an elevation of 900 m, in the Coastal Western Hemlock

zone, the most productlve trees are Douglas fir, western hemlock,

western red cedar, sitka spruce and Pacific silver fir. Above_

900 m" the subalpine ;nountain hemlock zone begins with the main
treeﬂ species being mountajn hemlockb and Pacific silver fir
(Zeman, 1973). : !

A relatively. irnpervion‘s_ basal till is commonly enconntered
at depths of 0.5 to 1.2 m ‘below the ground surface. Genera_uy

loamy sands with a high stone” content predominate in the tills.

The texture in the B horizon is finer as a result of weathering .

and gravelly sandy loams . are generally common (Lewis, 1973).

Depth of the surficial material to bedrock is largely controlled

by topography. The till has mostly been removed by colluvial

actlon from the’ steep upper valley slopes whereas it remains on

the gentler slopes of the lower valley walls. Soils of'the area

are generally gravelly_ sandy loams derived from glacial till and
are  usually covered with a layer of thick perous .fore{st‘floor

(Plamondon’ et al., 1972). The experimental sfte‘examined by the

euthers was charecterized~by a 30 cm secil profile. The forest.

floor was 17 cm-“thick, with the L horizon being 1 cm thick, F

being 7 cm thick and H being .9 cm thick. Bulk densities ranged

from 0.09 . g/cm3 near the surface to 0 18 g/cm3 for the H portlon'

of the litter layer. An eluviated-horizon (Ae),_ 3 to 5 cm thick,
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underlay‘s> the forest floor, Aand contains many discontinuities
caused -by roots, stones and organic matter. The soil profilé was
developed on compacted glacial.till. |
Chamberlin's (1972) experimental site was located at an
elevation of 700 m on a 30° slo;;e. The soil‘s‘ in the area were
generally Podsols, with thick organic layers (10 - 30 cm) in a

well developed Ae horizon and a B horizon O - 1 m in depth.

Lewis and Lavkulich {1972) examined some shallow

well-drained organic sdil (Folisols) in the Vancouver area. They

found that these soils were associated with steeply' sloping

bedrock and deeper mineral soils (Ferro-Humic Podsols). One site

theyr examined on Mount Seymour was 1bcated "at an elevation of
850 m on a long continuous steep (35%) slope with a south
aspect. The 63.5+ cm ﬁr_‘ofile was dominated by an organic; LFH
layer with a 1 cm‘ 16amy sand Ae horizoﬁ underlain b.y massive

quartz - diorite bedrock. The authors described several typical

soil sequences that could be found in  Jamieson Creek and

reported the loss of élements such Aas.‘calcium, magnesium and
potassium to drainage water because of thé frequent rapid
fli‘gshing of the 'soil causec\i by the high permeability of the
. mineral éoil, steep slopes and high annual preciﬁitation in the
watershed.

Willi‘rig'ton (1971) considéred the root zone to.l;‘,e in the
0 - 60 cm de"pthu range and the drainage zone in the 60 -.90 cm

ran‘ge'. ‘He found that the increasing bulk density. below 60 cm of

soil depth formed a barrier to the downward progression . of roots

and suggested a maximum rootihg{depth of 75 ecm with the
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maximum root density occurring between 30 and 60 cm. .

Zeman - (1973) distinguished the following three broad .

categories in the watershed, primarily on the basis of parent
materials, depth over bedrock, profile development and drainage
pattern from an hydrologic point of view:

(a) Shallow well-drained soils, usually in the upper part

of the watershed, which developed on bedrock and are:

dominated by: poorly_ to well decomposed organic matter

, horizons. The L, F, ahd H horizons are often in
direct 'contact_ with the bedrock..'

- (b) Soils which deﬂvelope‘dAon imperfectly drained sites and

havé formed in weathered basal till o

uaneathered basal .till’fo‘r bedrogk .under the influence

of seépage wdter. These

waterlogged .and occupy lower slopes, midslope'benc)h'es
\ :

and drainage depressiduns.‘ They have shallow F

and H horizons underlain by a gleyed and stony Bhf
horizon. _ ‘ o " S

(¢) Soils which developed in till and/or colluvium under
well-drained cbn.ditions. These soils show goéd horizon

development.

3

The low intensity rainfall, in = combination ‘with the

permeable soils, suggest that overland . flow as a flow process

rarely 'occurs. Cheng et al. (1975) speculated that the overall

pérmeal/)ility of - the soil_é of

i

than 200 mm/h. O'Loughlin (1972) estimated ‘that the saturated

hydraulic conducti\;ity for a field soil in Jamieson "Cregk

soils are periodically”

Jamieson Creek should be greater
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containing channels might be as high as 670 - 2000 mm/h. Zeman
(1973) stated that the very permeable soils, steep slopes and

great annual precipitation result in frequent flushing of the

soil. Feller (1975), 1n a- study of five watersheds in the UBC

Rersearch Forest at ﬁaney, B. C., described the response to
preci‘pit'a‘tio_n as fairly rapid and hypothesized that stormflow
arose mainly from -the flow of wéter through macrochan'nels in
the soil. |

This watershed is well-suited for model' validation purposes

because of the belief that interflow plays a dominant role in

discharge from the watershed (Cheng, 1975). All the above
information about the "watershed would seem to support that
belief. As .well the watershed suppofts a virgin stand of

merchantable timber and, at the present time, -is being logged

for streamflow augmentation purposes by the Greater Vancouver

Water District, under the- guidance of the Faculty of Forestry at
the University of British Columbia. Thus validation of the model

at Jamieson Creek adds further relevance to it.
8.2.2 Model Preparation
8.2.2.1 Grid System

Za map of the Jamieson Creek watershed - (scale 1" = 400,

contour interval 25') was overlain with. a grid system having

-

square elements of size 100 m X 100 m. The grid system required

was a matrix 15 rows dee‘p and 32 ‘columns wide. The number of

-

elements included within the watershed was 300, giving an
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overall grid area of 3 kmz, which is the actual watershed area.

| A topographic map of Jamieson Creek is shown in Figure
14. On it are marked the 100 m contour intervals as well as the
100 m X 100 m grid system utilized .to divide the watershed into
elements. From the topographic map of the waterehed, five
elevations, ’arranged as in the number five on a dice, were
_obtained for each element. For the 300 element gria system
(100 m X 100 m elements), these five elevations were averaged ‘to
give the representative elevation for that eleméﬁt. Two other
grid systems with different element sizes were then derived from

the 100 m grid .system. A grid system with element size

200 m X 200 m was obtained by combining four elements of the

100.m X 100 m size together. This grid system had 75 elements.

Another grid system having element size 50 m X 50 m was
obtained by dividing the . 100 m X 100 m grid systerﬁ 'innto
quarters giving 1200 elements to cover the entire watershed. For
the 7-5 element griud system, the twenty elevations from four
‘adjacent elements we;‘e a\_/ereged to obtain the elevation for the

given element. For the 1200 element grid system, each of the

four outside elevations, of the initial five, were specified as’

representing an elemen.t and the céntral elevetioﬁ was ignored.
Flow direction angles were specified for each Telement for
all grid systems. Thes\e were’ dec{ded uper} by consideration of a
topographic’ mep and the elevatio’n'conteur 1ihe's on it. (Recall
that the engle determined the element- that was to be used in
.slope and\\.gradient ealci;latioris.) All «anggles were specified - to

the nearest 45°. Figures 15a, 15b arid 152 depict the three grid
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systems from least to most intense detail with the flow- arrows
shown on each. Increasingly more topogrvaphic detail can be seen

to be derived through the use of égmaller elements.
. 8.2.2.2 Data Base

Streamflow is measured by. a 120° V notch we;r'at the
mouth  of Jamieson Creek and storm rainfall wa's‘averaged from 6
recording precipitat'io_n gauges located within the watershed. _
Cher;g (‘1975) analyzed disocharge‘recc;rds for 41 stormgthat
occurred between 1970 and 1974 on the Jamieson Creek. watershed.
“During‘this. perfogﬁ the fainfall amount per storm ev.evn‘t,_ varied
from 5 to 330 ;m, with the majority “of".t‘,h'e storm dura_tions
~ranging from 20 ’tQ.6(5 hour.s. The prqportién of storm /r»ainfall
that appeared as str;amfiowivaried- from 2.5 to 81%, averal'ging
© 44%. Instantaneous peak flows fé.nged from 100 to a;fproxi,matély
15,000 m?’/h. |

~Of the 41 storms, seven were'chosen for simulation. Table 2°
presents inf'ormation»\abo'ut the .s‘even storms tha't were to be
simulated. These particular storms were chosen- to givé a range
of storm rﬁagnitudes for simulation. ‘1."0, gain_an indicagbn of the
antecedent precip{tation conditions for ‘each of the storms, daily
precipitation data for the‘ Seymour Falls recording .station, 12
‘kilometers to the south of ]amiesoh Creek were“exa"mined and are
presented in Table 3. Information c;n the timing of the individual
storms that were simulated and their antecedent 'i’szonditions can
be obtained'usihg Tables 2 and 3. The data re/’veal, that .the

ses ) "mp : / .
antecedent conditions for storms 35, 36 and 37 were the driest
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"Table 2% Simulation Storm Data

. Antecedent Peak .
Storm _ Date .: Baseflow Flow Precipitation . Discharge
m3/h _ h@/h mm ' ~ o mm
2- Novenber 10, 1970 " 435 2831 51 12
4 September 4, 1971° 330 3217 38 14
8  October 3, 1971 512 - 8983 79 49
11 October 24, 1971 773 9217 76 . 42
35 October 20, 1974 56 397 15 1
36 . October 27, 1974 59 2552 36 8
. o . “
37 November 5, 1974 86 8400 80 .32

* Adapted from Cheng (1975)
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while those for étorms 8 ‘and 11 were the wettest.

The six precipitation measuring gauges, as shown in Figure

16, are fairly’ "well distributed througho{)t the watershed. One

gauge is ‘Iocated (\at an_ elevation of 42‘7,{r-1, two are at an
~elevation of 6ZO&m, two are at 853 m,; and one is at 1189 m. To

check '.'the possible distributed nature of the storms being

simulated,  plots of cumulative - precipitation versus time were

made: for storms 35, 36 c:md 37. The cumulative - totals differed

insignificantly;-suggestmg that an average value of prec1p1tat10n
could be Yused over the entire watershed with confldence A plot

of cumulatlve prec1p1tat10n versus gauge elevation also revealed

insignificant differences.

1 8.2.2.3 Parameter Optimizatién & : C .

Storm 11, which occurred on October 24 - 25, 1971, was

chosen as the parameter optimization storm, because antecedent

conditions. for this  storm ~suggested that moisture conditions on‘

the watershed were most likely - very near field capac1ty at the
.start of the storm; thereby reducrng the‘ uncertainty of initial
moisture conditions. The " parameter optimizing “simulations rwere
conducted on an'hourly basis using ~the 75 element gr1d system.
The five most sensitive model parameters (saturatwn, field
capacity, vr‘cor;dﬁctivity coefficient, prof11e depth, and dramage
coefficient) were varied over their expected range and the effects
on the outflow hydrograph were noted. Figures 17a ‘to 17e
mcluswe present the results of the.optimization' trials fvor." the

S

various ,parameters and show the relative ’ effects on the
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dischargé hydrograph due to- changes.- in .them. Note that
saturation and field capacity values are presented in combination
and that Manning's 'n is i‘ncluded in the optimization. These
figures cleafly demons“trate the sensitivity of .the 'modél
pararﬁ'eters. The conclusions arawn after numerous optimizétion
trials for a peak of 9260 rﬁS/h were:
(1) Use of a saturated coefficient of 0.60 caﬁsgd a peak
that was too low in 'magnitude and too late in time.
_ Reduction of the cée,_ffitient to 0._50' improved the
agreement for-both magnitude and‘timing..

(2) Use of a field capacity value of 0.40 provided

reasonable agreement between simulated and actual

peak discharge. Increasing the field capacity. fgi:m E

0.40 to".O.l.S raised. the peék to an unacceptably. h{égh
value and decreased thé, ‘recession value after 35
hours.

(3) A drainagé coefficient of zero caused a peakl discharge

that was too high. Use of a coefficién\t of 0.10 lowered

the peak to. a value ' below. that measured énd:

significantly reduced the value after .35 hours. A"

value of 0.05 was S’ubseqiiently found to give the best
results. ' |

.(4) Reduction of the profilé depth from 1.0 to 0.50 m
increased the magni‘t-ude of the flows oﬁ the rising
limb, increas‘ed' the magnitude I‘ of the peak, and
lowered the vaiﬁes on the recession limb.

(5) A value for the conductiyity coefficient of 250 m/h

140



was required to provide a reasonable peak value as
well as ‘a recession value after 35 hours.
-Conclusion: The optimum set of parameter values for storm 11" are
saturation ~= 0.50, field capacity = 0.40, drainage coefficient =
0.05, depth of profile =A1.O m, . anci conductivity coefficient = 250

m/h.
8.2.2.3.1 Correlation of Opﬁmized and Measured Parameters

As a check to see if the optimized parameter values
correspond to literature reported ‘values, estimates of the

parameter values for the soil moisture storagés coefficients were

"obtained from Cheng (1975). Figure 18 is a laboratory-derived:

!

water characteristic curve for three soil layers of a Strachan

N

gravelly sandy loam from Jamieson Creek. The volumetric moisture

content at zero tension corresponds to the saturation moisture

~

content while the volumetic moisture content at 100 cm tension

corresponds to field- capacity. Figure 18 reveals that the

saturation occurs at . a moisture content -of .0.50 while field
AN . . .

. el v . i
capacity occurs at 0.20. The optimized saturation value is

identical to the measured one but the optimized field capacity is

considerably higher than the ‘'measured'. value. The agreement

€

for  saturation is extremely encouraging, because the coefficient

has definite, measurable physical singnificance. The 1lack of

agreement for field capacity can possibly be Iexpla.ihéd as a_

matter of interpretation.  Field  capacity is supposedly —the

_moisture content that results when. the free drainage of* water

ceases. However, a sharp break in the moisture content versus
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time curve for any soil as suggested by this concept, does not

exist. Therefore, field capacity, since it can be a useful

concept, has to be defined otherwise to facilitate laboratory .
j measyrement. In the case of the sandy loams of Jamieson Creek,

it w-lould be definefi as the moisture content that would exist at
.a tension of 100 cm. Since this parame\zter is, arbitrarily set, thé
disagreement between model optimizea and 'measured' values of
field capacity is not surpri'sing... The higher optim&ied value
suggests that actually less water is .very active in sussui‘face

flow than the concept of field capacity would indicate. Figure

‘17b displays an extremely low peak and very flat hydrograph if

saturation is set at 0.50 and field capacity at 0.20; as measured

by the laboratory techniques. This suggests that o‘ptimized_values
for field capacity may ﬂot correspond to thé labératory \measured
values for it. The same‘.conclusion .would probably apply to
wilting point lsince similar problems of interpfetatién 'may exist.

| In view of the discussion concerning the reliability of

laboratory 'measured hydraulic conductivities, a comparison of

laboratory measured and optimized values for hydraulic‘
. 2 .

conductivity is meaningless. A soil profile depth of 1.0 m seems _

quite reasonable based on information from 'Chen\g (1975) and
Willington (1971). The drainage coefficient as defined . here is
extremely difficult to measure in the field and thus the value of

0.05 will be accepted.

' v
»

8.2.2.3.2 Effect of Storm Selection on Paraneter Optimization .

To ensure  that the parameter optimization just described’

was . not storm selection dependent, the entire optimization -
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proceduré WE‘ts' repeated for storm 2. The optimized values for
saturation,. field capacity, profiie depth and drainage coefficient
based on this  storm Wer@; identical to those optimized for
storm.11l. The conduétivity cgikfgicient showed a minor c‘hangﬂe in
optimized value ‘with 200 m/h giving the best results. This
difference ' in - 'optimized Yalues is not considered to b_e
signifi‘cant. The fact that the conauctivity coefficient should be
changed’ slightly should come 4s no surprise s;{nc‘e this parameter
is the most sensiti've.' The dptimizétion results reveal that thke

¥

opt‘imization procedure was not- storm selection dependent.
8.2.2.3.3 Effect of Grid Size on Parameter Optimization

To evaluate the effect that grid size might have upon the\\
‘optimized parameters, the"entirez,' optimization proced’u_re was now //
repeated for the watershed using the 300 ‘elem.eht (10_0 nyJX/

100. m)  grid. Conclué‘ions about the effe‘cts on <‘>ptimlized
'parameters were founci to be iden;ical for those discussed above
for the 75 element grid, for storms 2 and .1_1, with one notable
efception._ ‘A‘ conductivity coefficient of 250~r;1/h pr]oducedv a. peak
dischérge higher than the recorded one. Reduction of | the
coefficient to 150 mZh produced closer agreement between the

]

simulated "and the actual peaks. This reduction may have
’ B

occurred as a result of the increase in topographic - detail
obtained through the use of more grid elements, allowing for the
formation of more saturated elements. This -would rcause a larger

-portion of the outflow to occur as overland flow.

Further optimization trials -were conducted for the 1200
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element (50 m X 50 m) grid. All parameters were optimized at
values ideptical to those for the two coarser grids, ‘with the
exception 'of the conductivity coefficient,‘ .whi‘ch required a
decréase to 100 m/h, from 150 m/h. One possible explanation for
this decréase' in conductivity coefficient is that the increased .
detail in topographic features has -affected the flow p‘ath‘é’ and.l
thus the FCOl’ldl‘.lCtiVity coefficient, ‘in a fashion similar to the’one

discussed previously for the 300 element grid.
'8.2.2.4 Distributed Soil Properties |

The assumption of uniform, éoil properties throughout the
watershed is an unrealistic one. In néture, homogeneity is the
'except.io.n rathéf than 'the rule. Soil profile ‘depth could be
“expected to vary along any given slope, with the deepest profiie.
a_t.the ‘toe of the- slope‘ and the shallowe-st at the ridge. As well,
drainage coefficients might also be expécted to be d.capendént on_ _
slope position.

In order té'implement the more ;atural variation in these
soil properties, __slopé cross_—sectioﬁs were "\drgwn along grid
columns lof.the watershed. Low-lying .elements were assessed soil
profile depths of 1.0 m, midslope elements 0.75 m and near ridge
elements = 0.50 m. Low-lying eleménts were assessed drainage
coefficients of 0.00 while and all other elements 0.0S."Sivmu'lati'on
\_fgr ‘storm 11 was repeatéd usin’g,these distributed _‘"soil parameters’

for the 300 element grid with all éther. parameters held at their‘

optimized values. Results showed that all simulated discharges

were now higher, with the peak appfoximaf.ely 25% - higher.

NS



‘l
- Further simulations revealed that the conductivity coefficient

could be reduced to 50.m/h to. match the measured discharge

"peak and simulated one. Again the decrease in the opttmized

conductivity coefficient should come as no surprise since ‘the

decrease in profile depths at higher elevations means reduced
water holding capacities in these areas. The result is higher

interflow volumes~tg the low.lying areas which become saturated

more quickly resulting in transmission of flow by overland routes

rather than by subsdrface ,rcgutes. The actual shape of the
hydrograph remained’ very similar to the one for ;he 75 element
grid.
| ’8.2.2.5 Simulation R_ésults

Simulation results for all sev:en vstor.'ms \for all three grid
systems are presented in'v Figures 19a to 19g inclusive. Note that
ohl}l the 300 element grid has dilstri.butegl properties of soil
profile and drainage céefficient. 'Regall that the 75 element
simulations required a conductivity coefficient 6f 250 m/h, the
300 element ones 50 m/h and the 1200 elements ones 100 .m/h.
Peaks for the 3OQ element grid.are g;enerally slightly higher
than those for either the 75 or the 1200 element grid. -The 75
element simulations show rather subdued'peaks for stor_mé 4 and
36. ‘The 1200 elément simulation p~eaks\ appear to be delayed a

few hours in:several instances.

Examination of the simulation results for storms 8 and' .11

suggest. that the 300 element grid provides the B'est results of

the three options, with the excellent agreement on the recession
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timb hei'ng most noticeable. One maust recall that the 1200 element
grid requires considerably more topographic data input and
storage space than did the 300 element grid; simulation results

do not indicate that the extra effort in using more elements is
‘ )

1

. justified. Consequently, the 300 element grid will be used for all

further investigations. .

8.2.2.6' Initial Conditiohs

¢

One very noticeable feature about the comparison between

the simulated and actual discharge values is the dlscrepancy

~during the first half of the * rlsmg limb of the hydrograph The.

recorded hydrograph shows a gradual increase in discharge

while the 51mu1ated one remains at a low value and. then rises-

rather abruptly, giving the simulated hydrograph ‘a rather
unnatural appearance. This, it ‘was _felt, was due to the
assumption .of uniform moisture throughout the basin; ‘required

are distributed moisture -contents throughout the watershed.

To examme ~the effects of initial m01sture conditions on the.

simulated discharge hydrographs, storm 11 -was run twice to
simulate -two storms in success1on, the first or 'dummy storm

being used, only to 1rut1ahze mms(ﬁre conditions for the second
\

N, v

vstorm. The |, time space between the “two storms_ was varied to .

examine the efﬁects of wvariable .tnoistu're contents. The second
storm wa.s begun when -the simulated " flow. using _the "dummy'
storm was at levels of 2241, 794 and 53 m3/h. .These flows

occurred ' 35, 46, and.129'hours after the start of the "dummy’

storm respectively. These different levels of flow would reflect

i
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different moisture conditions in the watershed. .‘Sim‘ulf'ition results
are shown in Figure 20 and demonstrate the rather dramatic
effect of the initial conditions in thew water‘shed‘ upon the
discharge hydrograpk;. However these'effects, evén for a wide
range of initial condi'ti'on.s,. persist for only a very short‘ time.
In the simulations, by the eighteenth hour of simulation, va~1ues
of discharge for all three cases are equival'ent., : |

To ensure that the results of the use of a partl{cular
'"dummy' storm for initializing. purposes were not storm ,selecfion
dependent, the simulations were repeated now usirig storm 8 .as
the ,'durﬁmy' storm and storm 11 as the second storrf;. The
resulting discharge hYergraph for the second storm was
practiéally identical to tha/t‘ using storm 11‘ as the 'dﬁmmy'

storm. This result suggests that the hydrogflapl"l will .not depend

upon the particular storm used for initializing_'purposes._ This

conclusion is very encouraging. Even though the total amounts of

precipitation for the two storms 8 and 11 are almost identical,

the distribution of precipitation for the two storms is actually

‘quite _different (compare Figures 2lc and 21d), suggesti‘ng'.the

-

choice of storm for initializing conditions does not limit nor does

it _significantly affect the simulation of an ensuing storm in an

'ui_ldesirable way. Storms 8 and.1ll were chosen  initially because
‘the 'rel'ativ‘ely Kigh amount of precipitation in either case should

- have wetted the "watershed th;ro,ughout and *created saturated

~

layers. in the low;lying areas.

As a ‘resul_t', the problem of initializing. conditions _ for -

simulation ”Canﬂ‘ be 'e‘a'sily '_solvedv fhr_ough thg use of a "dpn;my'

- . -
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storm which need only. be large enough to have wet the
watershed tl'iroughout, preferably"rqsulting in a saturated layer
in each element sometime during the course of simulation ‘using

the 'dummy' storm. This solution is particularly suitable ift view

of the distributed npature of the model .and- the vléi‘ge number of

elements to be initialized.

8.2.2.7 Goodness of Fit

Simulations were now rerun for all seven simulation storms

.7

using storm 11 for the. purpose of. initializing moisture contents
o

(as opposed to the previous practice of assuming & . uniform
moisture content of field capacity for all elements) to demonstrate
the degree of agreement between the simulated . and recorded

© results fo® the seven storms. These simulations are shown 1in

Fig/ure_ 2la through- 21g. Storms 2, 4, 8, and 11 all showed a

beneficial effect on the rising limb of the hydrograph due to

this .. technique of moisture initialization -with storm 11 now
 showing .very good "agreement between . recorded:: and simulated

discharges on the risil{lg _I{mg. Storms 35, 36 and 37, however,

- showed nfgligible changes in hydrograph shape through the use

of 'a 'dummy' storm as opposed to initialization at field
capacity. Low antecedent baseflows were recorded for ‘these
storms (see Table 2)  and apparently the moisture conditions for

-these storms may‘ have been such tl}lat the assumption. of a

-

uniform moisture content throughout the watershed was not

. 4
particularly limiting. Results suggest, however, that agreement

-

between recor'clieclO -and ‘simulated discharge values on the rising -
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limb» of the hydrograph may be improved .in cer»tain instances
mgh the use’ of a 'dummy storm for 'initializinﬂg purpoSes’.
Companson of the recorded and simulated results usmg the_
300 element grid indicates that agreement ranges’ from qu1te good
for . storm 4 to poor for storm 37. 'I'he 51mulated peaks for storms
2, 4, 36, and 37 indicate that the optimized conduct1v1ty

ions

-coeffici'ent, mlght be too high. The simul for storm ,8/'

revealed that the model was respondmg to a seco vd’ burst of .

rainfall "but that it was respondmg too qu1ckly (at a time when
' thhe. simulated discharge ‘was too high). A similar 's'1tuat10n
occurred in storm 36 but the recorded results ‘did not show any
response to this second burst of ramfall This 1s in contrast to‘
storm 37, wh1ch ‘had the actual results showmg a double peak but

for which the simulated résalts did. not respond to the first peak |

\

. at all.

The results suggest that the model d1d a much better 30b

of s1mula,taon for storms with wet’ antecedent condlnons than for

th’ose with" :dny antecedent cond1t1ons. Thls' result to be

. expected' since- the model has been shown to be'sen51t1ve to :
. . Lo G- -

antece‘dent moisture condlttons. .For _ storms 8 and 11 ere the

P

antecedent condltlons were moist; ~a - small change in m01sture"

content would not ‘be as crxttcal as 1t would be for storms 35. 36:\
: or %7 wheg: the antecedent c°nd1twns were dry. A small error

' in mttiahzmg mmsture content would affeot 'the simulated
discharge hydrograph much more for these storms.. The simulated : 5
results for storms 36 and . 37, particularly on the ristng limbs of

“

the hydrographs.‘ suggest that the initializedf moisture contents'f._".-';7.'4:-_;-,.’




r

-

‘the start of the?fgstorm.

for both storms were possibly too low and, as a result, too .much

of the  initial rainfall was being used to satisfy soil moisture

. resulting m,a' delayed rise in the simulated hydrograph relative

~

to the recorded one. The. simulations for these storms were
initiated at their recorded baseflows, which were very low (see

Table 2)‘, suggesting that problems could be expected for the

‘initializing of moisture contents for storms of low antecedent

 baseflow because’ of -the sensitive response to moisture changes at

~

8.2.2.8 .A Cdntinuous Simula’tion ‘

1

Until this pobi‘nt, the capabilities of the model in regards to

'th‘e simulation of specific’ storms  have been” discussed. ‘This was
done deliberately . in- an '~ attempt to _ assess the physu:al.

'correctness' of the’ model w1th respect to modelhng of subsurface |

\

' flow.

K
o~

Howev;r,' hydrologlc models are mor commonliy used on" a
‘longer term basls, usual‘ly for an entlreC

attempt to, assess the capablhtles of the model an a contmuous

- basis, hourly 51mu1at1ons were’ made for the per1ods October 20 -

»

| November 7, 1974 and September 13 - 28, 1972 Pan evaporatlon )

""‘/dat,h_  not- avalla’ble for the watershed SO cﬁuly potential_

AN

eﬁap’otransplratlon data “was mput- s .a " constant value “of

6.06§S'mm‘/h. Thls value corresponds to- an evapotranspu'ation

rowmg seasof. 1}5 an

value . of 1. 5 mm/day. av v}a}ue obtained from Black et al (1973) T

k]

for th.e months' of October and November for the study area.

Potential evapotranspiration was arbitrarily,zréduced to half the

-~ . . . Ll
9 L .o R L e o e L PRI B - B

4. B TP U T SRR L Je OR
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2

input value if precipitati‘on exceeded 2.5 mm/h and was’ reduced

to zero if  precipitation - exceeded 4.5 mm/h. Actual’

evapotranspiration ~was linearly reduced from +the potential value
to zero as moisture content ‘varied from field capacity to wilting

point.

Comparison of the simulated discharges and the recorded

'

instantaneous.‘discharges for the. period Oc"tober,ZO - November 7,

1974 is shown in,Figure 22. The agreement is fa1r1y good with

. w‘
_the except1on of the double peaked storm 37, which occurred on -

November 5 - 6. Agreement between storm recessions is very

good. A 51m11ar compar1son for the perlod September 13 - 28,

1972 s shown in Figure 23 (note the change in scale between

"

dates). Again the agreement between the simulated and recorded

) discharges"for the . recessmn perlod (September 22 - 28) ,is

,

excellent. Agreement for the one ma]or storm of the per1od which

| occurred on September 20 - 21, is poor with the 51mu1ated peaks
bemg almost three times the recorded one Con31der1ng the large

amount of prec1p1tat1on whlch had . occurred unt11 the tlme_of_

-~

- peak d1scharge (78. mm), .the recorded _peak seems low, even for

dry antecedent condltlons. Furthermore, the . recorded dlw '

~hydrograph seems - uncharacterlstically h\(t. It may be p0551b1e~

>

error. In general the model demonstrated 1ts ablhty to, slmulate‘ ;

’ d1scharge on a contmuous basis qulte adequately~

..n_

T

‘that the recorded measurements durmg peak discharge were in.
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CHAPTER 9
APPLICATIONS OF THE SLUICES MODEL

9.1 , Apph,canon of the SLUICES Model
' To Watershed Management

The importance of Qat_ershed managers having a tpoli to
-predic't. the hydr»_o-log"}c‘:l”f:response of a watershed due to'watershed
management' practiees has  been 'previ.ou'sly_ discussed: The
c’ap‘a_bilit‘iesf,of. the*,r”QLLUICES‘ mbdel in this ?egarcri will now. be

examined.

'
J

9.1.1 Vegetat'ion and , Watershed Managevr'n.‘ent <. o

The role of wetetshed ‘management wit.h respect‘ to __water
lies in improvih’g the quantity and “tivming'.‘,of water y‘iﬂelds.. The -
ultimate aimv;'of watershed management m this regafel “is th
{naint_ai'n d more. cb'nsis’tent. ’st;eamfiow. throughc;lit. the ,yeer' by

.- reducing strearhflow dur‘ing .’periods ch ‘excessive " rainfall "and
inc“reesing it duringj periods . of :'low_» rainfall. ' Vegetation is.
beneficial on .wate"rshed's because .it maintaihs.w'conditions in the
soil that are favotable for ihfiltratien af\ql“: water eto'i:age _and
Lprevehts -erosion, bht may ‘he .undesirable because it removes ‘

T : ~ . . ‘

\ “\water from the soil there))y mcreasmg the'amount of ramfall‘

required to wet the soil back up to the mo1sture content where it
will - begin. t_o \d,lscharge \:\ra.tez@?{I Therefore.~_ the _u}sefulnees,. of
ve‘getatio_n is :’g‘eherally; :‘determined. ,by.'-'thé relvativev\ deme'nd 'fof‘

a .
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waltet_',' weighed against the Hazards of floods and erosion.

"The first well-documented, deliberate expei\in.lent i-‘.of ~

changing land use in order to quantify "the effects on streamflow

¥

1910 - 1920's. Hibbert . (1967) r’evp_qrted_ results for, thir.ty—nine

studies of- thé" effect ‘of . alterlng forest’ cover on v'rate::-yi‘eld,

'carried out since that time. Collectwely these results reveal that

forest. reduction’ increases water yield and that reforestation

. decreases yield. In humid regions, streamflow™ response is

proportional to,‘,the‘ reduction in forest cover. As the forest

regrows g_ollowing treatment, increases in streamflow decline. As

precipitation occurs, whenever _.water enters, it w111

€ . ) P

‘was undertaken at: Wagor{ - Wheel® Gap in Colorado- during the |

well, the .seasonal distribution of streamflow response to °

.. treatment is variable depending upon climate, soils, topography,

5 etc.

l,-

If the soil is pefmeatec} by roots of transpiring Aplan'ts,'

water is ‘remov-ed_ until the wilting p&int is app;oaéhed. The soil

must ‘then . be :yetted to field capacity before it will begin to

fet)

discharge subsurface flow. 1f a so1l, is at f1e1d capac1ty when '

' ’release an

2

eqhivalent a'mount . intx the ' ‘subsurface - flow system. . ‘Since y

vegetation caq remove pr cncally a11 the read11y ava11ab1e water

o] . :
‘to- " a depth of ‘the root system, prec1p1tat1on is required  to

Areplenlsh th1s water before substannal fléw wi_l;l .\occuri'-—vln the

/-

,‘absence ~of vegetatlon-,. a' smaller 1oss,~‘of 'wAt;er n\yould ,oecur"

because ‘in most ‘soils: the loss by evaporatlon ‘dccurs 1a'rge1y .f-roml.

the surface so11 ’horlzon*"-hence, a smaller _amount of ramfall

O
woul# ‘be requu‘ed to recharge the sml “to - f1e1d capacny. If I;ess :

EE . - . . - "9 o S TSI
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“water 1is depleted from a clearcut: area than from a nonlogged
one, then less water is required to return the soil mass to field

P

capacity and consequently \a; greater portion of . precipitation

S

< becomes ~ available for gtrealmflow. The ‘W%’R}ount that

~

-

evapotranspiration .can be ired'u'ced and streamvfliow increased by
waterf,hed' '_ma?nagemen.t': depends wupon the ména’gement practice
employed and” {he amount ~ of  water a'vai_la.‘bge for
evapotranspiration. Most * investigators répor’g that ﬂw_ell—stocked
forest vegetation appears to use water at about the same rate
regardless ‘of species and ti’lus the kind of species plays a lesser o
role. The hydrologic 'réspo;pse to _fbrest v_treatment\depénds on the
physicals characteristics of the watershed, includi.ng ~-the. soils
and the post-tréatment r‘ecovery of the .. treated area. Changes in
;végetati.vet derisity by modifying " the a'réa. of the transp.iring'
surface affect evapotéénspiration rates from forest stahds. )
: Reducing' stand density reduces e\vrapotran‘spiratfon and = the
gre‘atér _the density reduction, the greater the evapotranspiration
reduction (Bethlahmy, 1962; Douglass, 1960; McClurkin, 1961; and
Zahner, 1958). o ‘ P

| Roots‘ of fuily Qstocked stands' are approximately evenly
distri‘Q:rJted horizqntally. When trees or groups ;>f trees are
removed, the uniform pattern of réoting is intérrupted, roots are .
concentrated - near trees and few r‘oot‘s: occur  in . openings.
Continui'rllg season soil moisture accrefio;'l will 'vthen, occur in the
thinned éfand:

The plant, soil, and atmosphere are all- integral parts of a

single dynamic system which .transfers water from the soil to the

1
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atmosphere. Trimble et al. (1963) describe three  possible
Combinations of these factors. Where g'rowing season rainfall is

sufficient in amount. and time to supply the evapotranépirathion

need without much soil drying, heavy cutting can result in a

~large increase in water vyield (Case 1). If the growing ‘season

rainfall 1is low, evépoti‘anspiratiOn in the uncut stand.  will be

limited by a drier soily "and the cutting of the trees will

produce_ little increase in water yield since the limited rainfall

can do -little more.than satisfy the evaporation loss from the soil
-(C.ase I1). ‘U;lder an intermediate condition of rainfa}l, after
cutting, evaporation uses only a part of the soil moisture that
would be evapotranspired gnder a full cover. The resultant
higher level of soil moisture at the end of the g;owing 'season
willL result in én increaseb in water yieldﬁ be;:ause less rainfall
from subsequent storms will be needed to satisfy the soil
moisture defecit (Case 111). |

Thus, maximum gains from forest cutting can be expected

where year-round conditions of full potential evapotranspiration
& . P . )

»pfevail, i.e. .where precipitation results in maximﬁm moisture
svtored. . Where water éupiﬂy cannot meet .-t'he full potven'tial
evapotranspiration reql.lxireme'nt, ~ there wil’l be decreased
"opportvuniities for evapotranspiration savings; But clear-—cutt‘ing a
forest )does not save all the wa.ter which would otherwise be
transpired. Evaporation ‘from' bare soil and litte; will still

continue, but at a fraction of the amount evapotranspired -under

" a full cover. - e

Trimble ﬁzﬂ. (1963) also made note of the importance of

177
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- ,. * . . : . . ‘
soil depth, since the soil represents a reservoir to be filled

before rainfall can contrfbute to water yield. Within limits,

under a rainfall - situation as described in Case 111, the deeper

the soil, the greater the possibility of increasing streémflow_.vlf
the soil is wet, as in the Case 1, differencés in soil depth will
have 1ittie or no effect du.le, to cutting since the soil is*’—‘élready
near field czihpacity‘. ‘

U:nc.ier certain con%itions “ of rainfall, the depth c;f ‘the soil

may - determine  whether cutting - produces any increase  of

streamflow at all. With a shallow soil (and therefore low soil

moisture storage capacity), ~evaporation potential might not be

satisfied even after cutting and there would be no increase in

- 8

wdter yield. With the same rainfall but deeper soil (therefore

more stored soil moisture), the evapotranspiration demand might
Pl

be satisfied and Case 'I11 would exist. Soil profile depth also

influences ‘the length of time that -increases in water' yield due

to cutting will ‘persist. The deeper the soii, the longer it takes

roots of new growth or the expandivng root systems of the .

remaining plants to occupy the entire soil mantle. When the soil

profile is reoccupied, transpiration reaches maximum levels again

and increases in streamflow disappear.

Commercial clear—cutti-ng‘ of entire watersftgds % rare.
IS :

Usually only certain portions of the watershed are deforested at

,a>ny one time, resulting in a checkerboard pattern on the

watershed. The  size of the clearcut area varies, depending on

the treatment. Rational management of forested watersheds for the

enhancement of water yield requ_ires. that the hydrologic

178



consequences of any giveﬁ treatment be predi;ta'ble," and
modelling has been shoym to be a useful tool in this regard.
F‘Partly distributed m‘odels based on areal éveragirﬁg of alternate
forested and clearcut- areas/_must inherently assume that the
relative location of tge-ycleércut blocks within the watershed does
’jriot matter. Based on the earlier diséussion on soil properties,
~the éssumption seems a poor'one. A distributed model 1is not
limited by such an assumption. The SI.:‘UICES model is ideall‘y
suited for. .th'e investigation of the effects of partial clearcdt‘ting
“on soil ,:ﬂloisture and streamflow because it is xdistribtite‘d in
nature and has been shown‘to be sensitive to moisture content
changes.

The measurement of evapotranspiration from a .,f-ore.st iAs\
difficult and thus this pdrameter ig most - often ° estimated
Aindirectly - from the difference ’bet\&“’é"‘en, p.récipitation and
‘sotreémf.low dﬁring selected time periods, estimated from a water
budget developed from periodic r’neasurement-s of soil water and
precipita‘ftion of esti‘mated from aerodyhamic or energy budgets.

The amount of water évapofranspiréd fr.om mgdture forests
also depep,ds on the amount of moisture avai te in. the soil,
which in turn 1is largely a function of soi‘l texturé~and sdﬂ
profilé depgh.

Estimation ot:' evaporation from ‘clear-cut areas . is very
difficult. The nature of the forest treatment in the. removal of
trees can> play a. very important role in de‘tefmining the. rate of

e\‘}aporation‘ in the clear-cut area. - Anderson et al. (1976)

presented a data compilation on increases in water yield

179
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following forest cutting for several geographlc 1ocanons, forest

types and types of cutting. Data from" Western Oregon (s1m11ar
general locality as Jamieson Creek) show that for' .a 96 ha
watershed, ;a first year increase in water yyield of 462 mm ‘wa's
7 »
experienced - when the watershed was clearcut. - Since mean
precipitation was 2286 mm and streamflow was 1.;448.mm;-‘posvt—

harvest evaporation  was 45% "of the pre-harvest

eévapotranspiration level. When a 101 .ha watershed in- the 'samel

area was 30% clearcut, a first year water yield increase. of

150 mm was \_experienced. Thus evaporation on the clearcut area

0

was 40% of that which remained forested Based on these flgure&,.

an 1initial value for clear—cut evaporation that is 45% of t‘he

forested evapotranspiration will be used.
: i
9.1.1.1 Effects of Watershed Managenjent on Soil Moisture

° To test the ability o{' ‘the.SLUI_CES ~hdde1 to evaluate the
effects of clear—cutgirig on- soil moisture and étreamflow,
simula)t.i‘on runs .were made using meteerdlogical data from
‘]afnieson, Creek watershed for thev peried Oetober_ - Novemb'er;
’1974. Daily“ potential evapotranspiration data was input ‘at a
constant value of 0.0625 mm/h as discussed prev1ously in Section
8.2.2.8. Model s1mu1at10n was carried out for 720 hours' and the
time period. included storms 35, 36 and 37. A dummy storm was
used to 1n1t1a112e the moisture - condltlons on the watershed. Two
sirpulations were run: one with the = watershed = trees
evapotranspiri“ng at a’ rate discussed above and the other with

all ‘the trees removed and the evapotranspiration rate set at a

\
<

&*

av}
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"val'ue of 45% of t‘he evapotran»svf)ira"ti‘on'vfate that would exist if
v‘t_t“e‘es were. preéent;' Moisture' contents for all elements were
examined 358 hours mto the actual s1mu1atwn (53 hours after the»
end of _storm - 36). The mo1sture content: of each element for the
"treed™ s1mu1at1on was theh compared to the moisture content of'
Athe ~same  element under the 'no trees' 51mu1atlon. Results’of the
compamson are shown in Flgure ZZH Note that each data pomt
.may actually ‘rei)resent several elements. The 45° 1line indicates
cases of no change in moisture content due to clearcuttmg The
mmsture contents for all elements under the 'no trees' simulation
“Can be seen to be consis_tently higher ‘than those under the
"treed’ simulatioh. 'Althou'gh t-he cli'ff’efenées lih-mo‘i‘sture content
arem_lvery' srhall the rhodel' 51mu1at10ns are eq\couragmg,:

: con51der1ng the rather short time span -of 51mu1at10n S,ubsequent

increases in st‘reamflow could be expected

1

-

9.1.1.2 Effects of- Watershed Mahagement" on Streamfléw

To investig_ate -whether in fact the ' SLUICES model was
capable of» showing" exi)ected increaees_ in streamflow - due’ to
clearcuttmg, seven different 51mu1at10ns were run with a rahge
1n. percent area clearcut from 0 to 100% ~with intermediate values
at. ¥3.7, 48.3, 24.3, 11.0 and 4.3% with complete clearcutting and
no clearchtting-options also simul'a;ted. Precipitation data were
synthesizedv from - that for ]arhieSOn' Creek with the total
precipitatien for the 30 days of - simulation c'ensidered being
308 mm. This = value would correspond to  an average month1_y

} o
precipitation total lying between the values for September and

«
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Moisture content “(no trees)
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Figu,pé“Zl; Soil moisture status:. Trees versus no trees
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October, as-v reperteci for .Seymou,r. "Fal'ls. (see \ Figure 13).
- Evapotranspiration was incorporated 1n the simulatione in the
same manner as discussed previ“eusly., 4with the same. re'duction
.for clearcutting; 'beingrused“. Sirnula't_{:ons v{ere,rnn for 960 hours .
but tbe” first 50 _houre we‘r_e Vno.t included in the analysis to allow '
for -inivtializ.ing C moisture conditiens (storm 11 waS'bused).?’\
Beginning with the 5lst hour (diecnarge about 610 m3/h), the
simulations were ‘then broken into thirty 24 hour periods. To e
examine the effect of elea'rcu?ting on‘ discharge, hourly
dis/&harges were summec'l -to givew.daily values and then these
were snmmed for a thirty day period. The 30 dny to'tal_'volumec'
for the simulation in‘ question _‘ wa‘$ compared with ‘the
corresponding "rotal fer‘_the completely treed watershed s(imulati'o‘n‘
and recorded' as a 'percent increase. .Resulﬁts are shown in Figqre"
25. The poi_nt,s' fer ;(ué;s.tream areas are fOr.'clearcut areas at the
'uppe'rr'nos.t. poin?s‘sof_ t_he‘/ waters_hed and ‘working '.systematically o
downslope bb'y colu’rnAne. The results s'nggels't that for the given
thirty day pe'riod,--a ”7.7% increase .in overall discharge volume
would r'esulit. 1f, under the glvenw meteorologmal conditions, ghe‘
.watersvhe_cl were clearcut. For‘clearcut areas smaller than the
total basin area,' the percent rncrease 15‘ reduced.proportlonately
The results were very con51s~tent Lln that every: treatment on
every day, gave h1gher da11y d1scharge voLumes when compared
,_.Athe completely treed ~simulation. »‘The per cent_ increase in
- daily discharge, as,comparevd to‘t.he'completely tre_ed_' stimulatiobn,
varied from 1.3% to 184%,'~.with an. average ‘“increase in daily

" discharge of 20.1%.
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In an- effort to’ assess the ef.feetAof' clearcut locdtion
'streamflow increase,'.ar.eas of '75.7, ‘47.3, 23.0, and 10.3% were

clearcut but_‘the ‘areas now originated at the outflow poift. The

results are also _sho'wh'v in ’Figure 25.. If fghe shght difference in

. areas ' were to 'bAe conside'red the overall effect of ' 10 ation would

be neghg1b1e. ‘This may be largely ‘due to the smgall 51ze of the

'watershed Examination of the daily’ dlscharge totals showed that
! -

' the downstream clearcut areas showed_shght- quicker response

' to ‘rainfall than did an equivalent upstfe m clearcut 'area but

the trends were not always clear singe “daily ratios of.‘_‘

comparable d1scharges, upstream and d. wnstream, var1ed on both

51des of equlvalence.

©.9.1.2 -The Importance of'Evap.otran'spi(lation Levelagy

evapotranspiration, clearcuttin'g‘ simulations - were repeated using

a daily value of 5 mm/day, up from 1.5 mm/day This value was

taken to represent a‘n‘.upper ‘level of evapotransprration for,

Jamieson Creek ar;dA 'Woiﬂd' be charact'eristic of this Qatershed
during the months of June, ]uly and August (Black et al. 1973).
Results of the simulation 1nd1cated that, for a daily
evapotranspirati.n rate .of 5 mm/day, ‘c_leare‘utting of the entire
waters':*.ed‘, for a 30 day pe_rioé of simulatiori;. using the same
meteczelogical conditions as -discussed .earli'e“r, resulted in 'an
increase 1in total volume of discharge of 36%, as c"‘ompared to
7.7% with -an evapotranspxratlon rate ofel 5 mm/h. Also ‘of

»
interest is the fact that the total 30- day volume of dlscharge for

-an evapotransplratlon rate of § mm/day for an entirely treed |

To assess the sensitivity ‘of the results to the level of |

s T TRRERNPIEY B
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watershed was only 69% of that for an evapotranspiration rate of

1.5 mtn/day for the treed watershed .The k‘rtotal volume of”

\ &
]

‘dlscharg,e for the clearcut watershed for. an evapotransplratlon
. rate of § mm/day was 87% of that for similar condtttons except

for an'evapotransptranon‘ rate,of 15 mm/day These results

¥

1nd1cate the greatest percentage increase in vditime of dtscharge

due to clearcuttlng would be felt on watersheds where the
. O :

evapotranspiration rate- is high. This ~ also suggests that, for

]amiesor1 Creek, for comparable storms, a greater increase in

dlscharge would oceur -during the summer onths than in the fall

. Another -evapotr_a;nsptration..'factor_ which must be éon'sidered
~.is the proportion of completely.treed watershed evapotransp‘iration
that occurs after clearcuttmg Until this pomt a factor of 0.45
(45% of completely treed evapotransplratton occurrmg in clearcut
_areas) ihas been wused. - Factors of O 25 and 065 were also
exammed'w1th 51mulat10ns for complete clearcuttmg be1r1g 'made

using a da1ly evapotransp1ratton rate of 5 mm/day * The

‘percentage»mcrease in total volume of dlscharge for a 30 day‘

_perlod for factors of 0. 25 O 45 and 0. 65 were 49%, 364, and 23%‘_

respectlvely,;. 1nd1.cat_1ng ‘that - the gre_ater the‘ reductlon " in
evapotransplration after clearcuttihg',- ~the greater will be ‘the

increase in volume of dlscharge experienced. Th1s conclus1on is
\

P

‘based on the assumptton that clearcuttmg does not disturb the

_soil's wate‘r—holdmg», -transmitting or 1nf11trat10n propert1es in -

any way. These results reflect the often reported fmdmg that

the per cent mcreases in yleld cannot be sustamed at its f1rst

year level without some form' of’ growth'retarding measure. The .-

\
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- values for evapotranspir.ation"reductlon of 0.25, 0.45 and Q. 65
reflect these effects of the stages of regrowth on the hydrologlc»
response 'and‘ shovlr -~ that the amount of evapotransp1rat1on
reduction can 51gn1f1cantly affect the. hydrologlc response of the

watershed.
9.1.3 Effects of Watershed Management on Storm Hydrographs

- To gain . information about. the magnitude of storm
hydrograph most affected by clearcutt1ng, hydrographs for the i
total 37 day per1od “of 51mulat1on ‘were plotted and are shown in
Figures 26 and 27. Storm peak 1ncreases due to clearcuttmg are
more evident for an evapotransplratlon rate of 5 mm/day than
for a rate of 1.5 mm/day. Two storms were exammed_ more
closel-y. 'The first 'storm occn‘rred on the elghteenth _day of-
simulation and -the other on the thu‘ty—seventh (see Figures 26m
and 27). Total storm precipitation for - the two storms ‘was 29 and
96 mm respectwely The storm w1th lower pret1p1t_at1on‘had /
antecedent flowsl approx1mately one third those'of the larger/ |
storm. Hydrographs for the two storms for the two management
options of entirely treed and clearcut for two evapotransp1rat1on.

rates of 1.5 and _

in F1gures 28 and 29 Note

Af -time

the change pect to the prekus‘two

figures. T not1ceable effects'on the dlscharge hydrographs

due to cleég ting are ev1dent for the smaller storm W1th the

higher evapotransplratlon rate showing a more 51gn1f1cant change
in dlscharge The hydrograph for the larger - storm, regardless of

the optlon con51dered varied littlé, with only a slight effect
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_shown on the rising limb. The results suggesf that the effects of

clearcutting will be felt most for the small to intermediate size

storms, while the effect on discharge from large storms would be

minor. These. simulated results’ corréspond to what Jne would

~expect to happen | in nature. Of prime. ifnportancg in this regard
is the proportion of Precipit»ation that must be wused to satis-fy\
. ) : .

-soil moisture before storm discharge can begin. 'For the small to

intermediate size storms, this proportion can be significant, and

a management practice; such as <clearcutting, can increase

discharge: However, for large amounts of precipitation, the’

-~

proportion of it used to satisfy soil moisture defecits is small;’

and thus, even‘thbugh clearc.utting increasés the soil moisture,
.the decfe.ased proportion of precipitation L:equired to satisfy soil
moisture is not significant enough toJ 'markedl}i "affect the
hydrograph or the total volume of discharge.
9..1.4 Comparison of. Simulated Results-

with Literature Reported Results

Numerous s.tudies of the effects of forest clearcutting on
streamflow have been conductéd in North America since the
initiz.ﬂ study was conducted by Bates and . Henry in the 1920's.
Hibbert (196.7) reporte-d the results of thirty-nine studies aimed
specifically at evaluating the effects of fovrest‘cover manipulation
on water yield. His- generalization fror.ni the studies was tﬁat
reduction of forest cover inc;easgs water yield but that the
respo.nse to treatment was highly variablé, and for the most

part, unpredictable. Anderson et él. (1976) remarked that the

e . . . A
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size -of the area clearcut and the proportion of the watershed
clearcut have a ‘great influence on the hydrologic response to

forest treatment. Rich and Thompson (1974) found that removing

‘mixed conifer forest vegetation in Arizona increased water yields

approximately . in proportion to the percent® of area in cleared

openings ‘and in proportion to the amount of precipitation during

the year. Hibbert (1967) plotted first year streamflow 'increases
for forest treatments at-Coweéta‘, North Car.:olina and Fernow,
West Virginié, versus reduction‘ in forest cover and showed that
a linear relation between area cut and amount of yield in‘c‘rease

existed. The simulation results for Jamieson Creek plotted "in

Figure 25 showed this linear relationship as well with the

additional result that the relationship was directly‘proportioqal,
i.e. doubling the area treated doubled the water yield increase.
. The résults presented by Hibbert for. Coweeta watershécis with
northerly aspects demonsfra_te “a similar, 'directly proportional

<

. relationship. ' -~

More difficult to- compare is the magnitude of the overall

'

increase 1in streamflow due to forest treatment because ofl' the
many ‘facférs'which affect the result.r‘ i?esults from 10 watersheds,
presented .in_ Table 4, show that the average rafio of percent
precibitation as annual .streamﬂow on clearcut ‘areas to percent
- precipitation as annual streamflow on uncut areas varied from
109 to 1.82. 1f only thé Coweeta aﬁd Fernow ‘wa‘t.ersheds are
considered, the range for the same ratio .iis from 1.09 to 1.49

with an average of .1.22 for a variety of per cent area clearcut.

If a similar analysis is done for - the simulation results for

193
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]arﬁ_ieson Creek the above ratio for 100% elearcutting' for an
evapo‘transp\rationv factor of 045 would be 1.08 for a daily
evapotranspiration urate of 1.5 mm and 1.36 for .a‘ daily
evat—)otranspiration: rate ‘of 5.0 mm. These results compare
favorably with others reported in Jthe- literat'ure. However, in
view of the fact that at Seymour Falls six monthly preci»pitation
totals are higher than the one‘used in- the simulation and six
are lower, one cannot safely say whether the s1mu1ater1 results

would be representative of the annual effect at.]amleson_ Creevk

watershed or not. A long term per cent increase in flow due to

L d

‘clearcutting can only be obtained through the simulation of

several years of data for jamleson Creek

9.1.5 Sumrﬁary |

The results just d1scu§sed show that the SLUICES model can .

successfull simulate observattons of h drolo ic res onse re orted
y Yy 24 P P

in- the literdature. The results for- Jamieson _ Creek show that;-

streamflow‘can be augmented through clearcuttmg amd that the
amount of increase in flow is d1rect1y proportwnal to the area
elearcut. Oof slgnlflcant 1mportanee,. was the copclusion that the
evapotranspiretioh 1évé1' had‘“la very significant .effect on the
increase in streamflow ex_perienced, with a'.-greeter_ increaee tn

streamflow  being experienced from areas with a“ »higher

evapotranspiration level. Also the amount of evapotran5p1ratlon

reductlon on clearcut ‘areas versus treed areas was shOWn to be
a 51gn1f1cant factor in determmmg the amount of mcrease in

‘streamflow. Inclusion of various magnitudes of this factor would

195,
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allow for the simulation of the regrowth stages of clearcutting

and the resulting  reduction in streamflow. Sim'ulation results
showed .that the greatest increases in discharge hydrographs

' wé“'i“e shown for the smaller sized storms.

Considering the simulations for clearcutting on Jamieson -

Creek wusing the SLUICES model, one\can easily see why Hibb_e_rt
(1967) - would - conclude that, based on a review of thirty-nine

studies of timber harvest effects on streamflow throughout the

world, the response to treatment was. highly variable and -

basically unpredictable. These extreme variations in results can

be rationalized considering the sensitivity of the results to the

initial moistﬁre content. and the level of evapotranspiration, as
sho/wri by model '-sim'ulations, as well as the probable wide
-variations in ' the physical charccteristics of the watersheds
studied; '

9.2 '~ _Examination of the Contributing Area Concept
Using the SLUICES Model

Because of its structure, its distributed nature, and its

concentration on subsurface flow, the SLUICES, model can have

4

inurAneroﬁs hydrologic applications. One such _'ap'plyic'a.tign is the
A‘e_xaminatiorlu of -the ééntributing _Area éoncept. "I’his concept'}{as
essentially not been .verified in .t'he field ‘becausﬂe'“ of the large
extent of . instrumentation required for such a vefification. The
'S.LUI'CES modél, "because of its distr_ibuted‘ ‘nature, routinely
simulates the status 'of soil moisture in each element during the
" progress of. a storm. .Th'us it ._should be ‘ideally suited for

examining t'hg: storm runoff process and some of the accepted

196
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aspects of the contributing area concepf.
2 9.2.1 Contributing Area

-Traditionallvy infiltration apfn_roaéhes -s'imil'ar | to that
suggested '_by Horton impliegi that ».srurface runoff is précﬁmed by
rainfall excess which occurs'.at' the gro@@d surface when the
rainfall’ intensitvy ‘—'exce.eds. | the soil's infiltration capacity.’
However, suc.h‘techniques have not been foﬁnd, to be applicable
on vegetated.watersheds wheré overland flow is genexlally' not
expefiehced bec\:ause the infilﬁfation‘capa'city exceeds the rain'f'alAl
intensity. The absence of.overland flow has silggested that storm‘
runoff follows a subsurface route. However, this suggestion .hqq&'
‘create_d a dilemr;la_ to many hydroldgists who could not ra‘tionaliz.e
the lack of overland flow and rapid. hydrograph response on one
hand ahd their belief in very .slow su.b-surface floQ, which

obviously was occurring, on the other. Many current hydrologic

models are sfill based og_jthe assumption that t}}e watershed is a
lumped hydraulic system with streamflow being“_generat’ed by
processe.s- which occur uriiformly over the watershed.surface; This
sug_gests-v.tha‘t the source‘.a_tre_ea is equal fo the watershed area.
 Hewlett (19.61.) reported’ that the lower p.'ortionsi of ¥ a
watershed ndrmally. exhibit ﬁigher moisture levels than upsiope
portions ‘and would contribute to runoff earlier in a storm.
Betson (1964) indiéa‘ted thatistoxjm runoff usually originates from
a small, - 'relativevly ‘consistent part of the catchment. The
Tennessee Valley Authority (1965) v'“’sugggsted that the watershed
co;ntribﬁting area was a dynamic one and could var& in size

during the course of a storm. bRagan (1967), showed that only a
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4,

smﬂall but varial.ale portion of the. watershed ever .contributed'flow
to the'éto_rm hydrograph. bunne and Biack (1970) found that the
importance of a hillslope as a producér :_of storm runoff depended
Amrlargely on its ability to generate overland flow, a.lso s&ggesting
;hat storm runoff is g—e’n'erated on only a small-portioh of - a
watershed.

| As ra result of these research - fiﬁdings, ‘a . new - I‘U.l"lOff‘
concept was. suggested: - that  of contributing areg; The concept
.hypothesized' therein has been referred to as either variable
source area,‘ parfial area, or dynam@c watershed concept.lnThis
concept hypothesizes fhat only a relatively small portion of most
_ watershed areas contributes'hdirect runoff. The contributing area
of a particular yatershed is believed fo be dynamic in nature
'a:l;ld the properties of the contributing areas would vary from
watérshed to- watersﬁed according fo topograpﬁy, soil properties
and vegetation. Furthermore, the contributing area would change
‘with ;ime within a "w.atefshed due to variable soil moisture
\conditiOns pr.io-r' to and during storm events.

" Dickinson ana  Whiteley ’(1970). introduced the concept of
minimum contributing -area, defined as thé miniml;lm area, thch
contributing 100% of the ‘effective rainfall, would yielc‘i"the
measured bdire'ct &rL‘uioff. ‘They found the .range of values ‘to be °
extreme, ranging-from 1 to 50% However, the authors themselves
- wondered about thé meaningful;les.s‘ of the term in relation to the
écfual physical processes that occur on a watershed.

: &

Riddle (1969) summarized values of contributing area found

inthe literature. These, are presented in Table 5.
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9.2.2 Formation of Contributing Areas

Return flow (water returning from beneath .the soil to the

ground surface) occurs whenever subsurface flow is unable to

remove all the inflow. The consequent increase in.the amount of

water stored in the soil raises the level of saturation to :the soil

surface. Subsurface water can then emerge from the soil. surface

cx

as return flow and proceed by an overland® route. This concept

~is often used to help rationalize quick hydro.gr_*"aph respénse and

apparent low subsurface velocities.

o

Overland flow causes the expansion“ of the perennial

channel system. Subsurface - flow, augmentgd by rain falling

directly on .the wetted area,- feeds the expanding channel from

3 .

below. The water table rises to the soil surface over "an

expanding area as rainfall"pfogresses. This expansion of the

channels takes place not only by the headward extension of the

channelsﬁ, but also by laterallu éxpanéion up the contiguous
hillslopes. 'I;he saturated areas are generélly located in valley
bottoms and extend up slope 'duriné thé Qef;est time of the year.
Thejrgrc.aatest prc;babilit}‘l. of developing a s’aturafcéd.aréa exis’ts on

low-lying or concave areas with a considerable drainage area

o

above it to supply seepage during a given storm. After the end

of a storm, this saturated area contracts-” slowly as the soil

drains and the channel shrinks back to its perennial length, -at

L=

a rate depehdentupoh topographic and soil conditions.

200
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9.2.3 Location of Contributing Area

kntral to the contrlbutlng ared concept is t‘he belief that

certai

hydrogr h wh11e other ‘areas act as recharge or storage dreas.

Whether an grea contrlbutes to . runoff depends on its physicalv
p051t10n with respect to the channel, its soil propert1es -and the "
storm character15t1cs. Generally valley bottoms are con51dered to-'
be the: areas that contribute .to s,treamflow while ridge 'tops’

constitute recharge -areas. The - areas in between; often referred

to as the d}}namic zone, may be either ,contribut'ing or

recharging, depending upon the storm  size - and.  temporé#l

O

‘characteristics, ' antecedent soil moisture conterits  ‘and  -soil

hydrologic properties. Figure 30a is a schmetic diagram, of jthe
concept as presented by TVA, while Figure,30b ‘is a comparable
one by Hewlett and Hibbert‘. )

* There are several reasons for wantlng to know which - 8reas

of a basin yiéld saturation overland flow. The source of runoff

is an 1mportant control of water quahty Knowledge of the - areas
.that produce overland flow would permit the’ delineation of

non-point ' sources areas of various contaminants, Better methods

of predicting the location, magnitude and frequency of ground
. .'-»'_\_\- . . 3 -

saturation at ) ariods‘_-times of the year would also improve land

use plans which must),take these areas into consideration.- The
: /

watershed manager 1s faced with the need to identify the areas

which have tly/greatest potent1a1 for hydrologlc response to

\\—/

treatment. Thus, for flood prediction, Water- quality management

v

eglons w1th1n a watershed contribute runoff to the storm

>
Y
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and land use planning, routine methode for recognizing and
qua:ntifyiog the ‘'during -storm' and seasonal ‘variation of the
sa'turva'ted, run.off producing areas _mu"st be developed/.”

The nonhomogeneity of r‘unofflrespon‘é‘e in a watershed can
~be attributed to variations L,i‘n wetersheo soils, for example,
~ variations in soil profile depth can cause a heterogeneous runoff

pattern. As’ a result, projecting runoff data from one area to
another is generally unsuccessful. No matter how ‘similar two
a‘reas may appear, variations in the composition and depth of
the various soil horizoﬁs can occur thet méy' markedly influence
. o " “ )
how any parti"ct;jlair area within .the watershed will contribute to
etorm runoff.‘ Clear.l»y these soil variations must be con51dered

-

before runoff data ‘can .be meamngfully projected.-

9.2.4 Extent of Contributing Areas.
"

Prediction of thd extent of tbﬁe variable source ‘area is 'not'
an ea..sy‘ task however, because'of -'the "-spatial and temporal
variations displayed by it. Instrumemttiﬁon requirements are
extremely demandlng for thg mon1tor1ng of such areas on even'
the srr/lglzlest of subba51ns. |

5011 morphology can be useful in 1nd:cat1ng .the dlstrlbutlon
of saturated areas:"in a watershed Soils subjected to seasonall
waterloggmg show greyvbrowrl motthng or gleymg However,‘fc‘in
saturated areas which exist for only a short _Pe_riod’",r- ,g‘uley
morphology is unlikely‘. to | be very distinct in vthese zones.

- Variations in vegetative cover and land use practices  may also

comolicate the effects on the water regime due to the morphology

/



of the &urface horizons:

In some regions, it may be possible to use plants as
general indicators of soil drainage and runoff producing zones.
Unfortunatély howevef, plants reflect only broad reg1mes of . soil
moisture and cannot glve specific values at a partlculawtr' season

of the year.

At the present time there is no routine method for
: 8

calculating the expansion of the saturated zone during a storm

or of calculating the runoff produced by t'h‘é processes ciies,cribed‘

o

earlier.' Detection of surface soil sat-uration seems to be the best
criterion for identifying the source area of runoff. The SLUICES
model automatlcally monitors the soil moisture statua of each and
every element of the watershed and thus is ideal; for reveal‘i‘;}"lg,
at any given time, which of the elements of the watershed have
becoma saturated. Because ch its distributed nature, the model is

ideally suited for examination of the contributing area concept.

9.2.4.1 Extension and Contractlon of the Channel Network During

a Storm

-

Central‘ to the contributing. area concept is the expansion
of the stream channel system to 1ts maximud® length at the time
of the hydrograph peak and then a gradual recession in length.
To investigate whether in fact model simulation showed that this
ivas happening, -the prdgress of the saturated area during the

) ,

course of a storm given was followed. Storms 4, 8 and 11 were

used for this purpose.

Figﬁres 3la, 31b and 3lc show which - elements of the
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watershed grid were saturated at various times during the storm.
The results demonstrate quite clearly the expansion and recession

of the saturated areas. Storms 8 and 11 resulted in similar peak
. , :

discharges and display similar saturated area - extent under -

simulation. Storm 4, of much lesser magniiude, displaysn only a
modest extension of the saturated area. A}l trends are as one
might expect but which one would have difficulty in quantlfylng
Tre soil moisture status of each of the 300 elements in the
Jamieson Creek watershed grid was exammed at the time of peak
flow fpr storms 11 and 4. The discharges were 8920 and
38’75-m3/h' respectively.v Figures 32a and 32b present the results
for categorized soil moisture status rfor each of the elemenfs.
Caeegories for soil moisture status were set arbitrarily. As might
be expected, phe' soil moistufe status for the watershed was
higher at the -t1me of peak flow for storm 11 than for storm 4.

At the time of peak d1sch&rge for storm 11, 42 elements or 14% of

-~ f N

the watershed was saturated while at a similar time for storm 4,

only 29 elements or 10% of the basin was saturated. Note as well

that at the time of peak discharge, for both storms, every

‘element showed some degree of soil profile saturation. Note that

for storm 11, the g;reates; number of elements were in the '

20 - 49% class while._-the'greatest number of elements were in the

P2
0 - 19% class for storm 4, agam reflecting the wetter n%re of
: =
the watershed at the ~time of peak - dlscharge for storm 11 as

compared to storm 4. o
The contributing area concept also suggests a shrinkage of

saturated areas, during storm recession. Figure 33 shows the soil
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moisture status of the watershed twenty hours after the peak for
“storm 11. (Compare with Figure 32a.) Twenty-seven elements or
9% of the watershed was saturated while ‘only 21 elements showed
any  significant (1% or greater)  soil profile satur&tion.
'_Compa‘risor'x éf this figure with Figure 32a shows how the extent
of the saturated. are;as in row 5 of the grid has shortened - in
length and how Ehe 'éhannel' in .col.uAmn 8 1s no longer presen‘t.
Thus model  simulations agree quite well v‘w.i,th what  the
contributing area concept sugéests happens -during storm

recession.
9.2.4.2 Upslope Expansion of Saturated Areas

- To investigate the distributed nature of soil moisture along
a slope during é«stor.r’n, Wateréhed‘ column transects across the
watershed were examined. Per cgﬁt . soil profilev ‘saturation  .was
" then plotted for various slope Positioﬁs -on- the transects for

storms 4 and 11 at the time of peak diééharge. The results are’

plotted in Figures 34a and 34b and certainly confirm the:

conceptual model of contfibuting area as p'r‘es,ented by TVA (see
Figure 14 for transect location).‘Gener.ally gpeaking, at_the'tirﬁg
- of peak 'dischar'ge, pef centlfsoﬁ profile saturation decreases as
one proceeds upstopé from ‘the 1ow—1yingv areas. As well, per cent

saturation‘ was lower for all elements considered at the time of

peak discharge for storm 4 as$ compared to storm 11.

(4

9.2.4.3 ' Prediction of the Extent of Satura‘ted Areas;_ : ' -

In the introductory discussion on contributing area, the

’
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routine estimation of the saturated areas and their’ 1ocat10n was’

shown to be extreme{y desirable in -the work of a variety of
peop}e., The c'apabilities' of the model to -predi'ct rdutinely fhe
location of the saturated areas has jds't been ishc‘)w.n.’ In the
‘estimation of the actual amount of saturated area, the ' soil

- -

moisture status fozj‘all elements was evaluated at various- times

during. the discharge hydrographs for storms 4, 8 and 11. The

number of saturated elements at given times were counted and

the per. cent saturated area was then compared against two

easily . obtamable ‘hydrologic -parameters: cumulative precipitation
from the start of the storm fill ghe time in =qu'estion and the
cumulative volume of d1scharge t111 the time in quesuon. Figures
35 and 36 show the relat1onsh1p between the simulated per cent
saturated area and cumulative precipitatign and per cent
saturated . area and cumulatlve volume of d1scharge respect1vely
The former relatlonsh1p is excellent, and, the latter relationship
is -very good. These relatlonshlps show that, for this particular
watershed, the per. c.:ent-saturated"area’.,l ~as simdlated, can be
estimated from either ~cumule‘tive precipitation. or eumulative
volume of discharge du’ring the time‘ of increasing disc‘rha“rge.

The va}ues for satur?}ed area range from epproAx‘irnetely 7%
to  14% of total watershed area. Unfortunately, as has been
discussed p.reviously, field verification dof‘ the results is an
enormous task. F‘urt‘hermore.‘, comparison of the.reéults from é)ther

‘watersheds, no matter how similar they appear to be, is of little

value. However, the per cent saturated area values seem S

reasonable considering the physical nature of the watershed.
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9.2.5 Stream Chaﬁnel Delineation

~

In the discussion of saturated overland flow, the formation
of stream charmels must aléo be considered. Leopold and Miller
(1956) described three 'types éf naturél channels:. o

(1) the perennial stream: carries some flow all of the time,

(2} the intermittent stream: at low flow, dry reaches

alternate wi'gh flowing ones along the stream 1'epgth,
and, |

(3) the ephemeral stream:, carries water .or;ly during

storms.
This- éategorization takes into account the dynamic nature of the
watershéd as perceived by the contributing area conéept. An
ﬁydro_logic index commonly used to describe a 'parficular stream
network is drainage density, .w.hicl'.l is defingd as the total
length of stream channels per unit area-lof‘wate‘x)'shed_. Its
reciprocal (called the constant of channel maintenance by
Schumm, 1956) gives an indication of the aVeragg distance
between channels. Drainager density can be a 'us'evful index of the
. basin characteristics affecting the magnitude of streéfnflowf_rom

a drainage watershed. The - relationship of actual discharge to

. -drainage density, representing all types of flow, was shown to

be of the form Q a Dd2 (Gregory and Walling, 1968). The fact
that drainage density varies -with discharge in | a particular
watershed - means that when drainage density and streamflow are

related for different watersheds, consideration must be given to

the level . of streamflow and to the method uéed to, '\derive the

drainage density values. . Because of, the expanding and
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contracting natufe_of the -stream ch‘armel, drainége density
within a particular watershed "is not a static value. It is
important to Kknow
density values, as derived from topographic maps, really relate.
Map scale further introduces a problem as there are ve;'riations

in the density of watercourses indicated on .maps of - various

scales.

Two methods are presently being used for the determination .

of stream lengths and drainage density when data are obtained

from topographic maps (Morisawa, 1957):
(1) Direct delineation of the streams - on fhe map at the
‘time of it-é making, or
(2) 4 insertion of a - stream into a drainage net: wheﬁe’vér

the V-shaped contours indicate a channel is present.

Thus, the usefulness of drainage density as a pérameter is .

necessarily limited by the method used to delimit  the drainage
net . and .by the n{ap's upon which the net is based. Langbeiri
(1947) pointed out that the ‘number of small headwatér' strea"ms
shown on map's (séale of 1:62;500) would vary with the season,
wetness of the “year in which- .th'e si;rveyv .was. made, as well as

the judgment' of the topographep and cartographer.  Morisawa

(1957) suggesfed that measuring stream lengths as printed on

topographic  ‘maps is ‘inaccurate and should not be used in’

quantitative work for watersheds of less than a\pproximately 700

"ha of drainage area. Schneider (1961) ‘concluded that. neither
method of computing stream lengtr'h,v and - subsequently drainage

o S v - L . .
density, from topographic maps gives reliable 7estimates of the

10 .whic.h discharge wvalues' the drainage
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true values as determined by field measurements.
9.2.5.1 Stream Channel Simulation

Since there should be ‘a close agreement bétween' saturated
areas and stream "location, ‘re'sults from the model"s simulations
were investigated to gain information about channel 1engthsC€iﬁ‘d
drainage densities. From the simulation runs for storms 4, 8,
‘and 11, at a' particular given discharge, the channel length was
calculated by considering those élements which were safurated at
that given. discharge and summing their 1engths./R’e‘§n\§ are
given in Figure 37. The»1‘re’/1ationship Milar to that
reported by Gregory and -Walling (’}/Q): with the exception that
their relationship did not .show fwo separate sections. The upper
segment ofl the relationship displ‘ayeci in Figu're/:}l is tlhe result
of a channel branch 'fotmin‘g\ in column 8 of the watershed srid

3 y

beginning at a discharge ofVZ.ZOQ - 4500>m3/h$_
.Drainage . densities were calculated using the _above
calculated ‘channel - lengths and - the watershed area. The
relationship between discharge dividedi-by area and drainage
density is _Ag‘hown in Figure 38. The relationship agaiﬁ ‘shows a
,similér shape to the one discussed above and is similar to that
rep?rtéd by Grégory and galiing'(l968). The formation of the
channel‘ branch occurs at a drainage ‘density of épproximately 1.
The 'calcul‘ated draiﬁage dehsity values are quite low
(\}arying from 0.87,‘ to 1.23) as. compared to the values (1.2. to

10.5) reported by Gregory and Walling (1968).

As' an aid in assessing whether or not the simulated
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channel lengths are meanAingful, channel ‘lengths were scaled

from a topographic map of Jamieson Creek, scale 1" = 400'. The

stream channfel pattern is shown in Figure 39 'and_the stream

lengths are listed for the various segments. The dotted lines

correspond to intermittent channel sections. Note that stream

channel sections (A - D)  inclusive are . 3020 m long,

approximately the maximum length of simulated channel for
dischargés less than 4200 m3/h. To check if simulated saturated

areas correspond to near-stream channel areas, saturated

elements . as simulated at the time of peak discharge for storm -

11, were overlain oﬁ the stream channel network as depicted on
the tolpographic. _mép (Figure 40). The agreement ‘between
simulated and actual channel areas is “quite éood. The close
proximity of channel sections (C - D), (C - C), (G - H) and

(G - 1) has resulted in the entire area being saturated under

simulation (see Figure 39). Channel section (B - L) did not

appear in simulation. Examination of the grid elevations revealed

that based on the input elevations, no channel could form there.
Thus the absence of segment (B - L) 1is probably due to the

inaccuracies of the input -elevations (grid size too large) rather

than model operation. Similar comments apply to the disagreement'

~of part of the stream channel segment (A - B) and the simulated

one.

.
A
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CHAPTER 10
SUMMATTION
10.1 ' \ Summarx

A distributed hydrologicwr‘nodel,':the SLUICES model, was

“developed for the pui’pose of pyredvictking thebhydrologic response
to land use manipﬁlations, specifically timber  harvesting. The

‘model was developed for/'r'nountainous, forested watersheds where

interflow  plays an important role in stream discharge, where
= ’ i

infiltration is not limiting 'artd “where a subsurface soil horizon
impedes flow . and, in conjunction with steep gradients, causes

2

lateral flow. The soil profile was _mo.d'e'llied in its ‘classical,

physical waterholding ahd transmitting sense and flow was

- calculated using Darcy's law. - Overland flow oecurred in

instances where the soil profile became saturated from below.

The distributed nature of the model was achieved through the

: use of a grid system having square elements, with the size of

element being chosen by the rhodeliér,’_'

Model operation c;n i)e summarized as follows:

(1) . Model deQelopment emph_asized that simulation of soil
moisture storage%‘and‘ withdr@wal was realistic and
fepi'esentative. ._

(2) Thex‘ model Qas able to represent watershed.
characteristics such as soil profile depthh on a

. distributed. basis.. The m&'lel has the capability of
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incorporating other soil properties, vegetat.ive cover

and precipitation on a, distributed basis.

(3) Model structure ‘was simple, containing only seven\,‘/\
parameters. A sensitivity study revealed that the four

. mVOSt sensitive parameters were conductivity coefficient,
saturétion moiéture content, field 'capacity,. and .
d?ainage ‘ coefficient. Other param;aters,‘ such as.
w“iflting point and roughness coe‘fficient,.Were less

- important. | 4 |

(4) The model was applied to béth a theoretical hillsllope '
and én ac:ual watefshed.

(5) The model proved to bef_sensitive to antecedent soii
moisture conditions and to evapotranspiration, both of
which markedly influenced the hydrologic responsé to
forest clearcutting of timber.

Qualita‘tive conchisions drawn from _s.imulatéd results for <«
hypothetical hillslope com;.)ar‘ed favorably with those réported by
Freeze_ for his model. These “conclusions 'pertained not only to
proée'ss;‘ parameters byt also to slope shape. One must_ note,
however,” that the SLUICES model is structured more simply than
Freéze's gnodel', but yet is capable of producing similar
co_ncluSionsA with much less data input required.

The SLUICES .model was calibrated and validated for the
Jamieson Creek' watershed.' Seven storms were used for simulatibnl
to assess the performance of the model on an individual storm
basis. A 'dﬁmmy' storm was ﬁsgd to initialize antecedent soil

moisture and streamflow conditions. Agreement between the



recorded avnd' simulated discharge hydrographs for the seven -

storms tested Qas accéptable-.ranging from very good for storms
with wet anteéedent conditions  to fair f;ar storms with dry
ante‘cedent-conditions._ Thii‘ty,‘ day simulations were then attempted
with glood‘ reéuits being obtained.

The mcsdel" routinely simuiates soil’ moistu‘re for all
elements. Results at the time of storm peaks showed that
saturation of fhé soil profile, proceeding upstream, was indeed
occqrririg. This result concurs with the contributing area
concept.: Also, 'becéusev of- its soil moisture simulation, the model
can routinely show which elements had 'Become. saturated.
Simlulated results wergé compared with the mapéed stream channel
network of Jamieson Creek ~and again the agreement was most
favorable. The" éxpansion and contraction of the saturated areas
was easﬂy followed duxl'ing the course of a storm and could be

‘easily compared to other storms.

The predictiveAcapabili‘ties of the model with respect to

~watershed management for streamflow augmeﬁtation were assessed

for different sized areas clearcut. 'The model showed that, based

on the - information available and the assumptions made,

streamflow on Jamieson Creek could be increased by timber

]

removal, with the amount of increase being proportional to the

! . ] o
area clearcut. Because of its inherent structure, the model is

also .cap.able of providing predictions’ for the p'ost—harve_s't
response;«df a watershed as well. Accuracy of the predictions in
~ :

this regard .will be dependent on the availability of data for

evapotranspiration levels during, the regrowth period.
B t 7

\
1
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Conclusions
Lonclusions

The model itself was shown to be the wultimate

w

limitation on the largeness of element size. Because of

its nature, the model requires small elements for .

accurate results and the smaller the element size, the
better - the results. The smallness of element size,

however, would be limited by the largest scale of

* topographic map\: available for the watershed. The

influence of element size on the model operation should

not prove to be limiting. Considering the basic

nonhomogeneous nature of the watersheds for which. the

model was intendéd, large homogeneous areas would

[

|
probably be. the exception rather '{han the ‘rule and

therefore the choice of a smaller eiTéYlgnt size would

be made anyway. ' /

Model parameters were found .té be easily optimized
within a range of . physical possibilities. Only” the
optimized saturétion value turned out to be identical

to a measured value. The need for optimization of

.some model parameters, for exapple, field‘ capacity

and conductivity coefficient, is disappointing in view

. of the supposed physical nature of these parameters.

™

The necessity for ‘optimization for these soil -

parameters, however, can be due as much to the

'looseness' of _the physbicavl megning - of . these

parameters as to the idiosyncrasies of the model. The

5 .
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<

(1)

optimized value for field capacity was, however, still
well within phy51ca11y acceptableP 11m1ts o

The most sens1t1ve model parameter was found to be

the _conductivity coefficient: This finding parallels

that of Freeze for his model. Conductivity coefficients

e

equal to laboratory measured values of hydraulic

conductivity were found to give uncharacteristically -

low hydrogrdph ‘peebks during optirriization for Jamieson

Creek. Argumqents' " have already  been presented .
explaining - the dangers of applymg laboratory'

measured hydraulic conduct1v1tly measurements to fleld

situations. i =

: i
-t

N
el

The <SLUICES . model  provided _ reasonably good -

simulation ‘results’ for “both specific’ storms and ‘for

continuous simulations of the discharge hydro‘graph “for

the Jamieson . Creek watershed and proved capable of

51mu1at1ng the theoretical chydrologlc response of forest

clearcutting as reported exten51ve1y in the 11terature

L@

Suggested Model Refinements .

Because of ' the effect that model" structure has  on

simulation results, further 'examination . of the.
significance of the cho1ce of grid size and . t1me step -
‘is  required before recommendatlons "about such a

~ choice can be made. " Information “of this- nature would

be useful in the'.application of the SLUICES model to

-

other watersheds, particularly those for which larger

P

230



element size may be desirable.
a

Further testing of the model ‘for watersheds in.

-different ‘geographical locations . will be hecessary to

evaluate the universality of application_ of the SLUICES
model, which has been deverlope& for rather specific

conditions. Two groupings of test watersheds can be

made in this respect. The first incluggs‘fwatérsheds

o~

for which available physical data. strongly suggest.

that interflow is the dominant flow, as in
Jamieson Creek. Simulations on such watersheds would

help establish the uniﬁuéness or similarity of

- Jamieson Creek - compared to other* watérsheds tested.

- The model should also._g'be.' testqd fo'r watersheds where

the physical /charact_eristiés of the watérshed suggest

that\interflow should be the dominant flow but for

~which annual _precipitatioh is much 1lower than : for

~

~ Jamieson Creek. T>hese simulations would help establish

the relative ~importance of interflow in  such

'w‘a.'tersheds. The second grouping:uw0dld include those

watersheds for. which interflow m.ay not be the

‘dominant flow. i)rocess or those for which not enough

physical vdata are available to heip _‘asses's the

relative impoftanc_:e of interflow. All_ - of .these

applications of the SLUICES' model would als,o“ provide -

information about the range of values of model!

° on

parameters required  for ‘successful modelling of o_tliér

watersheds.
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(6)

(7)

Because the model elements were developed‘. with - a

\

- planimetric view, it may be advantageous (and more

v

realistic) to calculate the flow path lengths with . the
slope between elements being considered. This
consideration would make modkel structure more complex
and simulation more costly, but sdcvh calculations méy
ir'hprove simulation results. |

A more sophisticated technique of calculating actual
evapotranspiration from potential evapotranspiration
which includes plant factors as- well as soil factors
rAay be desirable if the model is to be applied to
watersheds ,with a variety of c:bver t.y_pe.

A .m/ore detailed treatment of drainage water passing
out of the soil profile would be required if the model
was used .in a study concerned ‘with low st‘feam:flows.

This treatment would probably involve formation of a
‘ i

deeper groundwater reservoir(MVcorresponding

'hydraul'ic conductivity in the model to route the-water

.

. ! o
that had drained out of the soil profile to the stream

~

¥

channel.
An extension of - the model to include multiple soil

horizons rather ‘than considgration of an ave{rage soil

“'profﬂ\e might be useful. - This would ‘allow  for

consideration of the litter layer in gréater detail but

would require characterization of parameters for each

layer .as well as drainage coefficients between layers.

If simulations are to be made on an® annual basis,

)
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10.4

estimates of interception will have to be made and a ‘

technique of including "it in the model will have to be

devised.

. General Research Knowledge Deficiencies
as Shown by Model Use

.

By its vefy nature, development of any hydr'ologig: model

will call upon the knowledge of a variety of " scientists and

engineers. Development of the SLUICES model demonstrated, several

deficiencies in general hydrologic knowledge whose removal wo§11d

233

make modelling easier. and more meaningful. ,Soine of these -

deficiencies are:

(1)

’

An  acceptance that the outright application  of

. laboratory measurements of hydraulic conductivity to

field = applications, particularly in nonhomogeneous
soils such ‘as forest soils,.can be extremely misleading

and that these values should be used only as first

estimates. Mosley (1979), usiﬁg tracer  studies, has

- shown that actual flow rates can be at least two

orders of magnitude higher, due to the inclusion of
root channels and animal burrows. The ‘resulting flow

pattern does not ‘fit into the pattern associated with

“the ‘class'Aical definition of hydraulie..conduétivity. More

research is re'quired on this type of flow as is an

evaluation of how limiting "a Darcian type aﬁproach to

this type of flo‘wvc'alcula"tion can be. Present equations

for turbulent flow are too rigorous for field

a'pplieation'. Emphasis should be placed on. the

I



deyglopment of a simple formula which might account
for non-Darcian flow but yet would be based on. easily
mea.sured parémeters in the field.

(2) Data on the magnitude of evapo‘tran.spiration reduction
in, partial clearcut areas within completely forested
areas are crucial to proper médelling of hydrologic
response; Yyet, in many studies evapotransPifation is
calculated as a residual term in a water I;-udget or.is
luniped in a 'loss' tefr-n. Direct me.asuremen'ts, of
evapotranspiration are costly to obtain in the field
but reliable estimates of water yield incréases cannot

- be made until such data are available.

10.5 Research Areas for Further Model Application

Because of its . distributed nature and its emphasis on
o ‘

subsurface flow, the SLUICES model may be useful in locating

watershed areas where slopevsta_tbil-ity may bécqfne a problém if
' vegetation ‘in those areas is removed.

. Similarly, the tﬁodgl may be useful as a tool for assessing
forest site indices and delineating areas which wouldf become
saturated as a result of vege’tétion removal causiﬁg subsequent
vegetation growth problems.
| The full exfent of the capabilities of the SLUICES model,
"offéred by its distributed nature, were not utilized‘-du‘e. to a
lack of detailed extensive surficial geology ant s’oil's"informatiqn
for the watershed used for model wvalidation. Howeve_r, even‘in

instances where relatively little data is available, the model can
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be instructive in comparing theoretical results for proposed

management practices on a relative basis. The model could also,

. in these instances, be used to guide field research work.

" Watersheds expefiencing markedly .distributed precipitation

patterns could be easily modelled if suitable data on these

- patterns were available.

—equétions similar to the type devised by Holtan “and based on

ot

The SLUICES model could Be applied to watersheds which

have a significant portion of their precipitation @s snowfall if a

snowmelt subroutine were added to the mod.el. A snowmelt
subroutiﬁe si_mii-ar to that- utilized by Leaf _arvld Brink (1973)
could be incorporated. The distributed nature‘ of the model would
prove most‘approp‘riate for those watersheds '4which have only
small clearcut blocks tp help in snow 'entrapment.

| The SLUICES -model ,coulci‘, also be applied to agricultural

watersheds with the addition of an infiltration function, as

soil water étorage could be -guite easily incorporated into the
model. _Soii moi;ture redistribution could be quantified through
the» use of a conductivity coefficient whici’l is a 'functi;)n of soil
moisture. The distri}butéd nature of the model wéuid allow it to

o

handle areas of different infiltration capacities due to soil or
Y

vegetation differen'ces.: Non-uniform cover types, usually found in

agricultural wa;ersheds,“ could be handled as well. For example,
combinations of - cultivated- areas, grassland and forest cover
could all be included.

The concept of contributing area is one often discussed in

the literature but for which little quantitative information is

5
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available. Application of the model to an area where soil
saturation could be monitored would help assess its épparent
ability to predict the expansion qf';heseiareas.i /

Application of the rﬁodel.to watersheds that have .been
clearcut, such as those v»of Coweeta or Fernow would be desjrable‘5
to assess quantitaltively the capabilities . of the model for
p.rgdicting.w‘ater yield incréase due to clearcutting. Changes in .
infiltration capacity and/or water: Holding ‘capacity of t.he'soil
due.\ to harvesting Vtechniques may n.ov;r h‘ave to be ‘considered to
achieve better simulations. These changes would probably occur
on a 'distributed basis as well, but could be easily, handi'ed by

the SLUICES model.
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APPENDIX 1 o
_SOIL PROFILE CHARACTERIZATION = ¥

Soil is defined as the ‘naturally occurring unconsolidate_d'
- mineral or organic matter, at least 10 cm thick, that occurs at
the earth's surfacel and is capable of supporting plant growth.
Soil is a collection of naturally occurring three—dimenswnal
~bodies with vague limits that differs from geological materials as
a result of soil forming processes (Canada Soﬂ,Survey). When an-
exposed cross-section, as in road cuts or excavations, is viewed,

one or' more soilllayers are usvually'.evident These layers often
_parallel t),;;e earth's surfayce and are. called horizons. Horizons
differ from each other in properties such as color,. structure,
texture and chemlcal, biological and -miner'alo“'gical composition.
The wvertical sequence of- horizons which is observed for any soil
1s termed the soil profile.

The maJor mineral horizons are des1gnated ‘as A, B, and C
and the major organic horizons are L, F, and H (main'[y forest
"litter at various stages of decomposition) ‘and -0 (derived mainly
-from‘ bog v_and' swamp vegetation). Subdivisions of‘horizons are

labelled by adding lower case suffixes to‘some of the major :

horizon symbols, for example, Ah or

€, and further characterize
,the respective horizon. General descri, ions of the major horizons

follow: " '

L (1) Surface - organic . 1ayers: In forest soﬂs these‘ layers

' comprise ' the surface accumulations of foliage and
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other plant debris. They can often be separated into

zones, vertically, according to the degree of

decomposition. Three layers are usually specified:

L : slightly decomposed material, readily identifiable as to

origin, . e ——

F : partially decomposed material, o’rigi.n difficult’ to
ascertain, '

H : origin unidentifiable and the lower portion mixed in
: with the- mineral soil. \ ‘ o T

(2) A Horizon: ’I‘hﬁis‘is a mineral layer found at or neaf

the surface, in the zone of leaching or eluviation of

materials in solution or suspension or of maximum in
situ  accumulation of organic matter or both. The

accumulation of organic mattl;er is' usually expressed

n‘:orphological-ly By the darkening of che soil éurface

(Ah) and.conversely the removal of ‘organic matter is

exﬁressedﬁ by a liéhten‘ing of the soil color ~usuélly in

.the upper pai‘t .‘o'f the profile (Ae). The removal of

clay from t}h,e; upper_e horizon results in a coarse'n: soil
‘texture relati\;e to t-he imderl&ipg subsoil Aiayers.

(3) B Horizon: A mineral “horizon beldow (1) and (2)

characterized by the accumﬁ}atiqn of one or more of

: silic}a'tej clay, - iron, aluminum, or hum.us." élay

accumulation is indicated -by. finer soil texture and by

clay coating Vpeds and ltn'ivng pores (Bt). ~Soil .

structure with coatings .or ‘stainings  and significahg

~amounts oY exchangeable sodium is designated Bn with

other changes in structure from that. of the parent

- material Bm.
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Y4) C  Horizon: A mineral horizon = exhibiting an
accumulation' of carbonates and "soluble salts and
characterized by cementation. This horizon »usuallny'

-

overlies consolidateq bedrock.



‘LFH
\

A

" AB

BC:

“carbonates (Ck) and soluble salts (Cry,

o - 256

Organic horizon, which may be subdivided inte: L (raw organic
matier). F (panially docomposed organic matter), and H {devorh-
escd organic matter). .. .

"A mincral horizon at or ncar the surface. It may he a dark<olored

horizon in which there is an accumulation of humus (Ah), or a
lightcolored horizon from which dlay. iron. and humus hawe heen
leached (Ac). .

Transition horizon.

Mincral horizans that (1) may hawe an cnrichmient of clay (Bt), iron -

(B, or arganic manier (Bh): or (2) may he chanterized by a

" eolumnar sructure and a significant amount of cachangeahie s

dium (Bn): or (3) may be alwered o give a change in” color or
structure (Bm). Usually lime and sadts have been leached out of this
horizon. (4) The symbol (j) is used with the abave suffixes to denote
a failurc 10 meet the specificd limits of the suffix.

Transition horizon.

.
Mincral horizon comparatively. unaffected by ‘the soil-forming
process operative in the A and B harizons except for the process of

gleying (Cg) and the accumulation’ of calium and/or magncsium

~

Schematic diagrom of a soil pfoﬁle sﬁq?wing various horizons.
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Initialize Parameters
For Each Element

: ' . Calculate o
: . Drainage - : ‘ 7 o o

T

.Add' Inputs From.
Adjacent Elements

‘3. i;L

' Adgkﬁrécigitatioﬁ : ) '
Decrement Evapotranspiration | - - ' T
Caltulé?;‘ . :
Overland Flow . , —
fiL . _ Subroutine
. Direct
Calculate ~
Interflow
Define.Elements . : . Subroutine
To Receive Flow | I Where
) Proportion Flows . ! Subroutine :
To Proper Elements, . ~ Propor. | . .
 Print Flow : o - T
Datr_a___;\- _ N ‘ ;
General Flow Chart for SLUICES Model
. i v "
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