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ABSTRACT

Land managers frequently need to assess the effects of B
 feorest cover removal on-water yield, pwater reg1me, and water
‘quallty They may also want to know what happens when forest
cover is dellberately removed, in a prescribed manner, for
the purpose of enhancing water supplies;.

One way of approaching these problems is to f1rst
"develop s1mulat10n models and then compare model resul*s
‘w1th those obtalned in. the f1eld Once the Va11d1ty of a
model has been establlshed 1t may be used to predlct the
impact of .a parthﬁlar forest harvestlng pattern on soil
water and streamflow, or to predlct pract1cal watershed
management prescr1ptlons to improve water y1eld1ng RN
characteristics of specified r1ver ba51ns. . \ .

Several phys}cally based watershed \}mulatlon models
have been developed for \thege purposes. Although they

adeguately simulate many hydrological processes, treatment

of the subsurface flow component is usually less than

)

/

satisfactory{
"This study is'an attempt to rectify the situation
through development of a phy51cally'based dlstrlbuted
‘subsurface flow finite element model (SUBFEM) in which
forest vegetation appears as an 1ntegra1 part. The model
simulates tge effects of different vegetatlon patterns on
soil water distribution and streamflow. Water w1thdrawal by
trees is simulated by means of sinks located at appropriate

néar- surface nodes within the finlte element mesh.
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In1t1al tests on the model for one- and -

two- d1mens1onal 1nf11trat1on 1nto orlg1nally unsaturated

.8

» , L ‘ e

s01l ‘produced results-that compare favourably with those £
«other 1nvestlgators. | lf(p

S]'ulatlons shoued that a smaller volume of ‘'soil is
affected by evapora%lon than by transplratlon for a flxed ‘
evaporatlon or transplratlon demand Potentlal gradlents are
‘greater dur1ng evaporation,

In another set lof 51mulat10ns evapotransplrat1on from
-ﬁloplng proflles was - examlned Trees wére assumed to occupy
dlfferent p051t10ns on the*slope..lower slope only, upper

\
slope only, completely forestedy.clearcut (no trees),'and

-"‘ - <

-

' patchcth
| Qu1te dlStlnCt patterns for both total potent1a1 and
“Vvolumetr1c water content were ‘obtained. They reflected the
.dlfferentlal drain on so1l water by trees and by
evaporation. " |

‘Time step size, mesh coarseness, and two model
parameters (initial conditions and saturated hydraulic
conductrv1ty) were subjected.to sensitivity analyses, The
conclusions drawn from these analyses are outlined below.
: Time step size, under certain conditions, is critical,
and will determine whether convergence to a solutron‘ls
possmble. Mesh-.coarseness can influence the time at whichb
outflow' from an originally unsaturated system begins.

Both the time at which outtlou\commences, and the
volume of flow from an originally unsaturated system, arex

¥

\'4
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affected by changes 1n 1n1t1al condltlons. The wetter the
_'1n1t1a1 condltlons, the earller outflow beglns. SUBFEM is’
;very responsive to changes in saturated hydraullc
‘conduct1v1ty. »

It is-felt that*the primary. usefulness of SUBFEM rests;
‘in its capability to simulate the processes oflinfiltration,'
‘transplratlon, and 1nterflow, It ‘can best. be used to study
—hydrologlc processes on vegetated or parklally vegetated
gfllsiopes. An example of this k1nd of. appllcatlon is the
SImulation of a plot study on Pernow Experimental Forest,

West Virginia. Data from the field study showed that; for an

input of 7.75 cm of rain over 12 hr, thg plot produced about

> X

0.4 cm of outflow. The 51mulatlon data 1nd1cated that the

'
entire volume of rain falling on the plot was gbsorbed by

5 N

the soil.
Suggestions for improving and applying the model are-

presented.

vi
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1. INTRODUCTION

*>

The eagtetn slopés of the Rocky Mountains in Alberta-
form the headwaters of the Athabasca anti SéskatcheWan River
systems. The Saskatchewan River, whicﬁ<ara&ns mounpains,
foothillé’and plains, is the primary source of water for the
Canadian Prairies, ané is therefore‘extremely impoftant to
thé economy of that area. A far greater proportion of the
Saskatchewan River's total annual flow is derived from thew

heavily forested mountains and foothills than from'the

. . o
plains. Conseqguently, water production is considered by some

to be the pkéme use of the East Slopes region. In the past;‘
management of the East Slopes watersheds has been
essentially protective in nature. Hoyéver, as -population
pressures incfease, the demands for good quality water also
increase and ways must be found to méet these demands. One
way of increasing the water‘suppiy is to r;move, in a
prescribed manner, some of the forest cover from the high
water-yielding portions of the watershed.

Industrial activity such as forestry, coal, oil, and
gas exploration is increasing on the East Slopes as the
search for; ané the exploitation of, additional natural
resources intensifies. It is important that land managers be
able to assess the effects of such activity on watér Yield,:
water'regime, and water guality since there is convincing
eviderice that rgmoving forest cover for wood production or

other industrial uses can result in an increase in stream



discharge from the cutover areas. A reductlon 1ikwater

quallty can also result 1f‘§ue consideration is nO& .given to
proper design of roads and water course CrOSSInggtnz

One way of approaching the kind of problemsméﬁtlined
above is to first develop.watershEd simulation hodelsfépd
then compare model results with those obtained in the Eisld.
Once the validity of a model has been established it may Be
used to-predict the impact of a particular forest harvesting

pattern on streamflow. Alternatively, it can be used to

predict practical watershed manaéement prescriptions to O 0,

. improve water yielding characteristics of specified river "

basins.ﬁ

The type of conceptual model envisaged here is ome in -

‘which the in ividual components or hydrologlc processes are

related to vatrious fotest stand parameters such as speC1es
comp051tlon,gage, stand den51ty (stems per hectare), basal

area (m? per hectare) and areal dlstrlbutlon When all

. v
trees are removed from an area, such as occurs dyring

clearcutting, all the stand parameters for that area become
equal to zero. ) |

For many hydrelogic processes, models based on these
kind of relationships and Wh7Ch produce satisfactory results
ate available. They are well documented in the literature.
For exémple; several models;@ave been developed which
simulate the effects of thetforeSt'and'forest harvesting on

snow accumulation, redistribution, and melt. Other processes

as related to forest.stanq parameters have not been so well

/



defined. Subsurface fldw,is ?erhaps the most complex of
thesg. | | L) |

Ideally, the preferred forest vegetation manipulation
watershed modél is one ﬁhicﬂ.is complefely'physically based
and whiéh isvcapable of predicting with a fair degree of
accuracy: a) the cutting pattern and amount of forest to be
rembved in order to obtain a hydrograph with specified}
characteristids, b) how a variety of land ses wili change -
‘the hydrographs of affecfed‘streams,"ahd c) the changes in
water gquality produced'g;-férestry and 6ther_industrial
operatiohs on the watershed. The model must be simple enough
that it can be applied by forest, l#nd, and water managers
to areas for which data is not extensive. A watershed model
possessing all these characferistf%s does not exist.

Although‘many watershed models are available, few are
designed to solve forést Waﬁershgd problems, and fewer still
contain a.physically based subﬁurface'flow component. Often,
this component is simulated, if at all, in a somewhat |
arbitrary manner. v

The purpose of this pfojecfvis to progress toWara the
idealized model described above, by developimg a physically
_ based subsyrface flow model which provides for simulation of
forést stands. The subsurface ﬁodel will: a) identify the
ﬁSin f{owjpaths Eaken by water through the porous media to

q

the'streéﬁQchannel\after it passes through the air-soil -

a

LR .
interface, and b) quantify the outflow from the seepage face
ane<

at the stream chanhéi,hso that streamflow response to

s,



Qatershed treatment and precipitatibn can be detgfmined.
It is felt that this purpoge can be best achieved by

pursuing the following objectives:

1. to develqp’from Darcy's Law and the continuity equation

| a mathematical model of two-dimensionai‘ﬁransient
unsagurafed and saturated flow through pérous media,
applicable under natural conditions; |

2. to incorporate .the matﬁematical model as part of a
physiéally based synthesis of the hydrologic cycle;

3. to use the synﬁhesized model to simulate behaviour of

hillslopes folloding treatment, and to check simulation

results against field data from treated hillslopes.



II. LITERATURE REVIEW

A, ﬁistory Of Forest Hydroiogy And Watershed Managemenf
Research

The‘interrelationships between forests and water have
long been recognlzed As early as 1215, Lofs VI of France
issued "The decree of®ater and forests. " In 1342, a
-communlty in Switzerland reserved the flrst protectlon
'forest as, a sageguard against avalanches (thtredge, 1948).
Since thatotlme many countries have taken similar and
additi;nal'measures such as reforestation and construction
of check dams to curtail erosion or to prevent ‘damage té
‘life and pfoperty by torrents and.avalanches -However, most
of the significant scientific and legal developments related
to forest-water interactions hawﬂloccurred’over the past 150
years.

During this périod the United States emerged as a
leader in the field of forest-water relations research and
many reports were published on the effects, deleterious or
otherwise} of forest cover  removal on climate, soil and _
water. In 1863 for example, G.P. Mérsh wrote a hook eniitléd

"Man and Nature", which was later revised and republished

several times under the title "The Earth as Modified by

Human Action”. This book created a national awareness toward
wvatershed management. Several years later Kihney (1900)
discussed the problems associated with water, forest fires,

and exploitation of forest lands in Southern California.



<

Such reports had a significant impact on U.S. land policy-
formulation  and on ensuing législation.
It is evideﬁt from the wording of legislation

authorizing the reservation of forested public lands that

- the water-controlling function of the forest was to be

regarded as equally important as its capacity to supply

timbér. Thus, one clause in the Act of June 4, 1897 reads

"...no public reservation shall be established
except to improve 'and protect the forest within the
, reservation or for the purpose iof securing favorable
- conditions of water flow and to furnish a continuous
supply of timber." (Kittredge, 1948).

Some of the more important pieces of U.S. Federal
legislation together with the names of the key people
involved have been summarized concisely by Hewlett and

Nutter (1969)

"A period of evaluation andyalarming descriptions
(Mar'sh's' book, 1863) led to the propaganda period
of forest influences (1877-1910). Forest influences
played a large-role in forestry, conservation and
public land policies. Fernow, Hough, Pinchot, Roth,
and Roosevelt helped to formulate policies which
produced many acts of Congress related to forests
and water: Weeks Law (1911); Forest Experiment
Stations authorized by McSweeny-McNary Act (1928);
New Deal of the 30's, including the CCC Program; The
Flood Control Act (1936); Soil Conservation Service
(1936). Public Law 566 (Small Watershed Act of 1954)
forced involvement of local people in watershed
management. The Senate Select Committee (1958-61)
found that training, planning, and pollution were
the greatest water problems. Since then a flood of
acts aimed at water resources planning, :
conservation, and development have been passed.
Several important ones were the Water Resources

' Marsh, G.P. 1863. Man and Nature. Scribner and Sons, New

York, NY. (Later titled Earth as Modified by Human Action).
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Research Act (1965), Water Pollution Control Act
(1964), and the Water Resources Planning Act
(1966)." - - ’

In‘Caﬁada, foréstfwater rsl?tions research has not
enjoyed the recognition accorded this field in the United
States. Nevertheless, itS'importance was recognized as early
as 1910 when legislation was passed to establish the Rocky
Mountains Forest Reserve in the Saskatchewan River
headwaters of Alberta as a wétershed,protectiqn‘zoné
(Alberta Energy and Natural Resourcgs, 1979),3'
Several collective terms havé béen.ﬁSed to describe

forest-water relations. In older literature, the term .

"forest influences” is used. Forest influences have: been

defined to include all effects resulting from the presence
of forest or brush upon climate, soil water, runoff,

~ 4 e . .
streamflow, floods, erosion, and soil prodpct1v1¢y

i

(Kittredge, 1948). It has been replaced by "fores

or

|

hydrology" which is -

"a branch of hydrology that deals with the effects
of forests and associated wildland vegetation on the
water cycle, including the effect on erosion, water
qual%ty, and the microclimate" (Hewlett and Nutter,
1969) . - _

" This term has been ysged interchargeably with "watershed

.Mmanagement”™ which has been defined as

"Application of business methods and technical
principles to the handling of all the renewable
resources in a watershed to assure maximum supplies
of useable water, desirable waterflow, prevention



and control of erosion, and the reductlon of flood
and sediment damages. (Socxety of American
Foresters, 1958).

An alternative definition of watershed managgmént is: "The
ﬁanagement of land for optimal production of water, with due
attention being given to soil stébility and to the other
resources of thelland." (Jéffréy, 1969).

Generally speaking, "forest hydrology" refers to the

scientific-téchnical basis for forest watershed management,

and "watershed management” refers to the management of land

for water production itself (Jeffrey, 1969). Other terms

such as "wildland hydrology"™ 3nd "land use hydrology" are
also used, but in the forest environment context they are

synonyméus with "forest hydfology".

Forest hydrology then can be considered as fhe study of
hydrolegit processes such as precipitation, inFerception,
overland flow, infiltration, evapotranspiration, grouﬁdwater
fléw, streamflow, erpsion, sedimentation and-ﬁater quali;y
in a forest setting. Its subject matter also includes study
of the side effects of.forestry operations (tiﬁber
harvesting, regeneration, tree planting, vegetatlon type
conversion, and the application of fertilizers and
rpesticides), fire and grazing on water supply, floods,
erosion, and wéfer qﬁality.

The scope of watershed management includes management
of the forest land for one or more of the following specific
objectives: optimum water yield{vméximum vater yield, flood

>



redﬁction, a;d maiﬁtaining water quélity2 by minimizing
erosion and stream sediméhtatioh. Typically such management
is conducted in high- to medipﬁ*water Yielding source or
headwaters éfeaé of river basins. Generally such areas are
located in mouhtainous‘or hilly terrain, and are subject to
greater precipitation than the plains beléw.

Forest hydrology and forest ﬁatershed.management
research have been pursued vigorously duri;; the twentieth
~century, particularly in the'Unitéd States. An excellent
summéry of Amefican e#perienée and results is provided by
Anderson gg al. (1976). several important textbooks have
been pubiished both in North Amefiéa (kiftredge, 1948; .
Colman, 1953;:Hewlétt and Nutter, 1969; and Satterlund,
1972) and in Europe (Geiger, 1950; Molchanow, 1960: and
Rakhmanov, 1962)." Several manuals (Food and Agriculture
Organization of the Unit;d Nations, 1976a, 1976b, 1877; U.S.
gorest Service, 1974)_were‘mad¢ évailable, to assist the
practicing forest manager. Two importahﬁ inferhétional'
symposia on forests and water were also held (Sopper and
Lull, 1967; Talat aﬁd Dunford, 1970). Several othef’symposia
were.oréanized at the local level (American Society -of |
Aérirnlturai Engineers and American Society of Civil‘
Engineers, 1970; Csallany et al., 1972; Krygier and Hall,

1971; Society of American Foresters and Oregon State

T e e - - —— —— = - —

* Maintaining water quality through erosion and sediment
control is an extremely important objective in watershed
management and is the primary function of many protection
watersheds. However, the subject matter is beyond the scope
of this paper and will not be discussed . in detail. i
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University; 1963, 1966). Another 1nternatlonal symp051um -
on the results of research on representatlve and -
exper1mental~bas1ns - was held in Wellington, New Zealand
(Ihternationai hssociation of Scientific Hydrology and
UNESCO 1970). Although it did not -deal exclu51vely with
forests/water problems, ‘the” subject m;tter of* the symp051um
was highly relevaht. \ _ ‘ i

Tables 1, 2 and 3 are taken'from Anderson e et _l (1976)

and from‘Hlbbert (19 7) and summarlze the results from much

of the researc

to above. Table 1 shows the
increases in water yield follow1ng ‘forest cutting in varrous
parts of the Unlted States and- 1n otheg,countrles.;
The Emmenthal watershed study begun in 1900 predates
the studies referred to in Table 1 and.ihvolved two small
"Watersheds in the Emmenthal Mountaihs of Switzerland. One
watershed was completely forested and the other mostly
pastureland The objective was to determlne the 1nfluence of
- the forest on the water balance. Although differences- (246
mm), in streamflow between the two watersheds.were detected
it was not poss1ble to attribute these differences to- the
influence of forest cover alone (Colman,,1953). However, the:
study'was‘the,firSt attempt to solve a fforest hydrology
_problem using entire watersheds and scientific methods.
The Wagon Wheel Gap experiment in Colorado (Table 1)
was begun in 1910 and is 51gn1f1cant because it was the
first time that the control (paired) watershed method ‘was

'used ThlS method requlres measurement of streamflow from a

& o abe
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control sub-watershed and from an adjacent to-be-treated

sub-watershed. Flow data are collected for a calibration

N

period of, prefeLably, 10 or more years, and a statistical

. . . 3 N
relationship obtained between the two sets of flow data. A

treatment such as commercial logging and associated fogd

construction is imposed on one sub-watershed. This marks the -

end of the‘calibration phase and the beéinning of the
post-treatment period. Flow data are obtained from both
sub-watersheds for some minimum period following treatment,
and a statistical relatioﬁship obtained. If the relationship
is significantly different from that determined for thé
calibration period datal then this is regarded as evidence
that the treatmérit has affegtéd streamflow. This method was
to be the basis for much of the forest hydrology research
that followed. For Wagon Wheel Gap, the investigators showed
conclusively (Fig. 1) that removing 100 percent of the aspen
and NDovalas fir resnlted in a measurable increase in water
vield.

Data (Table ') from two different watersheds will be
used to illustrate the great variability'ih results due to
geographic location, climatic and other factors. In 1946,
one subbasin nf the Coweeta watershed in North Carolina, 16
ha in extent and supporting mixed hardwoods, was 100 percent
clearcut, Tocated in the humid moﬁntain region of the United
States, it has a mean annual precipitation (all rain) of
1829 mm and a mean annual streamflow of 787 mm. During the

first five years follewing cutting, water yield increases
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were recorded as 366, 277, 277, 249, and 201 mm. The first
value repfeéents.a 66 percent and the last a 31 percent.
'.incfease.in water yield. Evidently, the effect diminishes as
regrowth occurs. The experiment was repeated .in 1962 aﬁa the
results for the first year following treatment were
fdentical to Fhe-correspondiné‘year of the earlier
'experiment (ﬁibbert[ 1?67). | . |

i_The Fraser watershed study in fhe highvelevatioh zone
of the Coléraao Rocky.Mountains_cbnsistssof Fool Creek and
East St. Louis Creek where the,}atter’sérves.as control.
‘Mean preéipitétion for the area (Table 1) is.7eé mm, 75
perceﬁt of which 0ccﬁrs as show. The mean ahnual streamflow
hwb§ ??9fm@;~Ihfﬂ954;/4O percent'of»the;lﬁggagqle pine,
spruce=fir forest on Fool éreek w§t§tSh¢d; wﬁiéﬁff§gzé§jﬁ;
}fiﬁiéréa;ﬁﬁaéfclearpﬁgk Aiternate clearcutfgtrips 20, 40, GQ,
’:éddf121‘m:wide were extended up andvdown‘slope‘ahd'Bounded
at the ends by contour roads. Thisltreatment préduced
increases in water yield of 84,-132, 94, 117, and 137 mm
during each of the next five years. These figures are
considerably lower than those froﬁ'Coweeta, but the highest
values for both Coweets and Fool Creek.are about 18 to 20
‘percent of mean annual pfecipitation. In the Colorado study
the smallest increase (32 pércent) in water yield occurred
during the “first year following cutting and the largest (71
percent) during the fifth year. The effect is not diminished
over a short time period as is the caﬁe in the Coweeta

experiment. In fact, increases in flow of 51 to 102 mm from
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éool Creek have been sustained for 17 years (Fig. 2); and
are expected to persist for considerably longer (Anderson et
al. 1956). The main factor at Fraser is the considerable
length of time requirea for coniferous subalpine forests to
grow to ﬁaturity; In contrast, at Coweeta where the inerease-
in water yield diminishee rapidly-witp time, the climate is
more favorable to rapid regrowth of forest cover.
’ The mechanism by which increased water yields are
generated differ between the two locatlons. 1In Coweeta extra
water becomes available through reduction 1n transplratlon
In Colorado, the primary cause for 1ncrease§,water ylelds
.from subalbine foreétébis:the combined actioo of snow .
redlstr1but10n and reduced evapotransplratlon (Leaf 1975)

"'Table, 2 spmmarlzes results from stud1es 1nvestlgat1ng
the effects of reforestat1on and afforestatlon (establ1sh1ng
a forest ‘where no forest existed before) In nearly every
case there is a reduction in water yield. The decreases
range from 0 to 277 mm and appear to be effective"for as
long as the new forest cover exists. Factors contributing to
‘water yield reduction may include: increased interception
and 1nf11trat10n rates, dlmlnlshed overland flow, 1ncreased
detention storage, and 1ncreased transp1rat10n..

v

Reforestation may also lead to reduction in peak flows
(Table 3) from a watershed. The reduction varies with the

type of cover that existed before conversion, the proportion

of the watershed planted, and with the season of the year.
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The effects of forest cover removal on peak flows are
'stlll unclear. Anderson et al (1976) glve detalls of many
ustddles where this factor has’peeh inbestigated and they‘are.
repeated here. Two examplesfare-taken from Coweeta. The
first is a 13vha, 100 percent clearcut watershed where no
'1ncrease.rnﬂmah1mom peak dlscharge was detedted. The second
- a 44 ‘ha watershed was aiso clearcut TOO percent and the
peak fléws- increased by 9 perc;nt 1

A study of commercial logg1ng on.watersheds in West

Virginia showed that the effegis on storm peaks depended on

the season. Elghty six. percent of the total wood volume was .

removed from a hardwood-forested watershed Instantaneous
peaks during the growing season increased by an average of
21 percent; in the.dormant'sEasonwthey'were apparently
reduced by 4 percent, In Japan; clearcutting a 2.4 ha

- watershed increased peak runoff from heavy rains by abeout 20
percent.

Both forest and ground cover were removed from the
Hubbard Brook’Experimental-Forest‘in'New Hampshire.. Summer
peah’fiows increased considerahly. For the six highest peak
flows durjng"Junevthroﬁgh,September,'1966 through 1969 the
peats for a 16 ha>denudédvw;tershed~aVeraged’double the
ehpected amount, with increases for the individual events
ranging from -19 to +250 percent. B

Clearcutting can either increase or decrease peak flow

rates when snowmelt is involved. In another experlment at.

Hubbard Brook, clearcuttlng a small watershed increased peak
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flows early in.the snowmelt season by a§ much as 35‘percent
-and decreased them as much as 66‘gercentjlateryin the
season.~ v \

At the H. J Andrews Experimental Forest in central
'Oregon durlng the 1965- 69 period, the peaks for 84 percent
:j@of the storms were greater in "the clearcut watershed than in

“the uncut control. Otner studies show that clearcutting
watersneas in'Oregon may groduce an indrease in peaks from
<fall.storms of Qb.percent and from winter storms of 28
i.gergent,_(ApderSOn!ggfgll;4976)V¢fl

At Eraser,'Coiorado the treatment referred to earlier
prodnced no significant change in the average peak flows
(Leaf, 1975), although peak digtnarges from_snowmelt were
greater than predicted,-increasing by 50 and 45 percent
during the first and third years following treatment,
respectively. The peak for the‘seCOnd year was 23 percent
less than had been expected. (Andetson et al. 1976)

'Given the results from tne investigations described
above together with results publlshed elsewhere it isv
possible to 1llustrate most of the facets of forest

hydrology and watershed management in the form of a

reversible quasi-equilibriumnequation;

-
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-
S
Impact. {1 Disaster - fire, insect, or disease
2 Harvest .
Manipulative 3 Watershed Management
S - “WATER

Processes
(Black box)

FOREST ~

4 Reforestation ~ plantlng, or natural
S5 Afforestation

s
The events shown above the equation'resuit in reduced forest
cover and increased water yield or a shift in equilibrium to
the right. For events listed below the equation, the reverse

is true.

It will be observed thatﬁthe watersheds referred to so
far are all quite small - only one exceeds. 500 ha 1n\area."
Therefore, the.resuwlts- to” be summarlzed are appllcable
primarily to small watersheds, It appears that removing
forest cover affects hydroiqgical processes in the fEllowi;:\M///
voys . . Lo
' vdecreaeee.iﬁterception (no forest canopy):

2. reduces transpiration (no trees);

3. ihcreases evaporationv(redUCed ground protection):

4. reduces s0il water def1c1ts (decreaseh draft on soil
water)

5. increases water yield, the absolute increase being

greater in humid than in dryer regions;

6. increases peak flows:
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7. ichanges ‘the aerodynamlc effect of the forest (wind flow
patterns and veloc1t1es are altered which has 1mportant
1mp11cat10ns for snow redlstrlbutlon) -

8. 1in areas where snow forms a 51gn1f1cant part of the
precipitation, increases snow accumulation in the open
areas and redyces it in the adjacent forest. (Snew in
‘the open is also subiect‘to increased sublimation. Under
.certain sheltered condltlo;s, snow tends to remain
longer in the openings than in the adjacent forest)

9. water yield increases are usually greatest durlng the
.f1r=r few years following forest cover removal .The
effect is reduced as the area becomes restocked With
trees. In humid areas where plants grow rapidly, the
increase in water yield may be#significantly reduced
withﬁn a few years after forest clearing. In areas where

snow is an important factor and where plant growth is

. | , &

slow, the affe-te may remain for more than 30 years. -

When reqvowth is establishad, or Qhen reforestation or s
afforestation are effected, the foregoing processes are
reversed. This is a generalization, but there are usually
iﬁcreases in intgrception, transpiration, infiltration rate,
and detention_storage, as well as_reductions{in'water yields
and peak flows. As the forest canopy becomes more unrform in

height the snow depth inder the canopy alsoc tends to become

more uniform.
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e Another 1mp9rtant flndang ‘from many studles 1s that

TR

Hortonlan overland flow is'not-a 51gn1f1cant prdcess on

L. o

forested watersheds except on ang in the v1c1n1ty of logg1ng.7

roads and exposed soils. Usually 1nf11tratlon;capacatyﬂof
soils under forest exceeds the rainfall intensity by a.
comfortable margin;

'ln spite‘of the progress made in the fields of forest
'hydrology and watershed management Amany problems remain.
Most 1mportant perhaps is the 1nsuff1c1ent attention paid to
the nece551ty of extrapolating results from small watersheds
to large oneslfor land management purposes. . The problem is
compounded by contradlctlons between results reported for'
"small watersheds and those obta1ned for large river ba51ns.
Russ1an 1nvestlgators (Rakhmanov, 1962, 1970a, 1970b° and
vBochkov, 1970) used statlstlcal procedures to show that -a
p051t1ve relatlon ‘exists between percent forest cover and
streamflow for large river basins. In the case of the Upper
Volga_Basin stud§ (Raknmanov,3l970b),this conclusion was
based on data (Fig. 3) from 53 baslns ranging’fn.size from
248 to 13, 528 km?. However, the p051t1ve relatlonshlp
‘dlscovered by- Rakhmanov and Bochkov exists because mdre
trees grow where water and climate are favorable; it does
‘not imply that water y§elds are reduced when forest cover is
decreased. - | |

There are two instances where results from large basins

have supported conclusions drawn from small watershed-

studies. The first concerns destruction of a forest by-

. g N
I ) %
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.insects - (Love, 1955) -dnd the secona 1nvolves long term

recovery of forest vegetatlon in the Sacandaga Rlver‘

»

dralnage,.New York. (Hibbert , 1967). An outbreak of Engelmann

27

. PPN

spruce beetle on the Whlte Rlver Plateau of western Colorado

kllled Engelmann spruce and lodgepole plne on 30 percent of

- -

a 1974 km2 dra1nage of the Whlte River. The 1ncrease in

‘yield of 196 mm.

average annual streamflow of 58 mm during the years
following the outbreak was attributed to reduced

interception of snow and reduced transpiration by

. beetle-killed trees (Love, 1955). Results from the New York

study’ (Hibbert, 1967) showed that increasing the forest
basal area from 17 to 28 m?/ha on the 1272 km® Sacandaga
River watershed.over 38 years caused a redUction in water
, ' i

Although a considerable amount Jk information is
available on the behavior of wateréﬁeds, it is a remarkable
fact that there are no examples of watersheds, large or
46;11 bern@‘managed for increased water production. Forest
watershed management today is almost exclusively protective
in nature, directed primarily to preventing erosion and
mainteining water quality. However, some estimates are
available on the>potential for increasing water yield in the
United States (Table 4).

From the foregoing discussion it is evident that

considerable research still remains to be done and should be

© directed to eolving the following problems:

1.~ develop extrapolation procedures so that results from
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small experimental wateftsheds can be applied to
a. similar basins in the same region,

b. basins with different characteristics,

W v o PN - e e

. C. large r1ver ba51ns'

T

:2.: in. the absence- of Hortonlan flow “‘obtain a better
unéerstandlng of subsurface flow as influenced by
geology, vegetation, landform, and other important
factors; |

3. develop 1mproved methods of routlng flow through the

:-«p‘., e,

»',r n'«;u‘s~>~:>"’"n"

"subgurface ﬁbrtlon "of the’ watershed

Watershed experiments are costly and time- consumlng

undertakxngs Because of this, and the availablility of
powerful computers, researchers are turning increasingly to
watershed simulation models for enswers to their watershed
problems. Nevertheless, gauged watersheds are still

necessary to provide field data aqaiﬁ;t which model outputs
can be cheeled.‘This thesis is an attempt to find solutions
to the subsurface flow problems described in 2 and‘3 above,
in the particular setting of a forested foothill or mouneain

.

watershed, using computer simulation models.

+
B. Development Of Forest Hydrology And Watershed Management

In Alberta
The Saskatchewan River system which rises on the east
?

slopes of the Rocky Mountains of Alberta is an important

source of water for the prairie region of Alberta,



o v ‘o v-‘r.- B

Saskatchewan and Manltoba. About 87 percent of the dra1nage

area is located on the‘pla1ns, the remalnder lies within the o

foothills and mountains. of Alberta. However, this smaller

1]

'=port&on'(13”percent) contains.the'uppen*headwaters‘of'the31~‘

Saskatchewan Rlver system and contrlbutes 87 percent of the
total annual flow (Hanson nﬂd.).

‘The importance of these forested headwaters was
recognized.as early as 1910 when the bomﬁnion Government;

. establlshed the Rocky Mounta1ns Forest Reserve, an area of

™

LIS LI

about 23150 km’ The Forest Reserve contalns most of the
Saskatchewan River headwaters area not included in the

National Parks (Fig. 4). )
.Later, discussions betneen the Canadian Go;ernmentiand

the Province of Alberta led to the formatlon in® 1947 of a

joint federal prov1nc1a1 agéncy, the Eastern Rockies Forest

Conservation Board, Its task was two fold ‘4 _ f ' i

1. to operate a program designed to ‘protect fotests‘from

fire, .insects, disease_andﬁother¥danage;,w

2. to conserve, develop and manage forests to ohtain the -
optimum flow of water (optimum quality, quantity and
timing) in”th; Saskatcewan River and its fributaries

(Alberta Energy and Natural Resources, 1979) .

After a decade of operation, the Board faced several
problems: its ability to function effectively was hampered
by lack of basic data from research, local water shortages

were becoming more common, and there were conflicts in
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Map showing Rocky Mountains Forest Reserve
maps puhlished bv the Alberta Government).
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In 1959 senior federal and prov1nc1al authorltles met

" to 'examing these problems. They- agreed thaa a special

’Q;A_Commlttee - the Techn1ca1 Adv1sory Cpmmlttee.- be’ formed to
g

.def1ne research and- management problems related to watershed

management on the east slope of the Rocky Mountains. This
Committee would carry out a research program which would

provide:

1. a‘Better"understanding of hydrologic processes bath

locally and in ‘the entire area;

2. evaluation of newly deveioped‘andfoid méthods of" -
protecting and maintaining watersheds while forests and
ofther resources-are belng utlllzed

3. means of restoring damaged watersheds'

4.,.methods of improving streamflow (quantity, quality, and

timing) from the watershed.

This program came to be known as the East Slapes
(Alberta) Watershed Research Program. It was also agreed
that most of the research should be carried out within the
Rocky Mountains Forest Reserve, and that small |
representative watersheds be selected for intensive study

(Redmond, 1964).
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Jefffey’ was perhaps the first'tO‘attempt a problem analjSis

h_;and to suggest methods by- whlch stated” research program

eobject1ves might. be attamned Subsequently, three o
u.representatlve ba51ns were selected- for study.: . Marmot Creek
'Ba51n (940 ha in area) wa's establlshed to study the
hydrology of spruce-fir forests Deer Creek Basin (544 ha)
was selected as representative of lodgepole pine forest, and
Streeter Basin (598 ha) was,chosen<for research into montane
aspen forest and associared grasslapds. These three
vegetation types comprise most of the Forest Reserve area
which lends itself to any type of vegetation‘manipulation
Afor‘thevpurpoee of aihering water yield ahd regime.

Deer Creek Basin was later withdrawn from the Watershed
Research Program because the commercial harvest objectives
aet Eor the 1odg;p51e'pide“basinvhad been realized elsewhera
on the Fast Slopes. Tt was established that harvesting
lodgepole pine and spruce-fir does jincrease streamf'nw
{Swanson, 1977; Swanson and Hillman. 1Q77).

During the decade 1960 to 1970 meteorological,
groundwater, hydrometric and other ihstrumentarion networks
for Phe three basins were completed (Jeffrey, '964, 1965:
Bast Slopes (Alberta) Watershed Resear~h Proqram, 1966). Tn
1969, when the Program was expanded to include the entire
province of Alberta, its name was changed to Alberta
Watershed Research Program (AWRP) (Swanson, 1977). The AWRP

= e v v - ————

*Jeffrey, W. W. 1961, Prerequ1s1tes and priorities for
watershed research in the Easterr Rockies, Alberta - a
tentative initial appraisal. Can Dep. Far.. Far. Reg. Ry _,
Calgary, Alberta. Unpuhl. rep.
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has become the prlmary vehicle for conducting and overseeing
“"forest watershed research in Alberta. It replaces the-
.Eastern‘Rociies Forest Conservatlon Board which ceased to
exist in 1973. .- ‘ ”

The eeéa;sibn introduced other'wetershed experiments,
located outside the Forest Reserve, into the program.
Tri*Cfeeks Basin for ex;mpie is being monitqred,td determihe
the impact of a pulp'timber herveeting operation on
lodgepole pine-foothills hydrology with‘special attention
being devoted to maintaining water quality and preéerving
fish habitat. Spring Creek projecg was established to
examine the hydrologic effects of converting'aspeh~sérhce
forest land fdr egricultural use.

The pranr1pa1 objectlveq for each basin are similar to
the objectives of the AWRP as a whole: to establish the
hydrology ~f the basin, to assess the effect of forest cnover
removal on water quality, yield and regime, and/or to
develop vegetation manipulating schemes which will produce
favorable changesrjn water quality. yield or regim? The
common procedure adopted to attain these objectivee is the
paired watershed approach described earlier. . T

The progrem’s first trearhent, a "rommercial” forest
harvest, was ~arried out on Cabin Creek Basin, a sithbagin nf
Marmot Creek. Another subbasin, Middle Creek Basin, which
adjoing Cabin Creek subbasin, serves as control. Logging
haul roads were constructed in Cabin Creek Rasin during

1971472, The ~nmmercial harveg+ itaelf Wa& not carried ~yt

~
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untiIu1974i Data for evaluating the effects of road
cohstruction_alone on sediment production in Cabin Creek
‘were obtained dﬁring‘thg intervening period. The commercial
harvest on Cabin Creek Basin was completed in October, 1974.
Six blocks representing 50'pef6ent#of the forested area in
the subbasin were clearcut.

In 1976, the vest subbgsin of Streéter Basin was
treated to improve range conditions for cattle and wildlife
while maintaining or prolonging streamflow during the summer
months. The hydrologic objectives were to be met by altering
the vegetation so that a) snow would be concentrated in
areas where sublimation and~me]t wvould be minimized, and b)
infiltration of snowmelt would be enhanced by reducing enow
3ccumulatiop in discharge areag and increaqing it in
rnrharge areas.

For this putpnse a tctal area of about 55 he~tares was
treated. Patches | 1/? to 2 tree heights in width and 60 *o
180 m in length were cut in the aspen stands. In shrub
stande, stripe of 2 t»n 5 m width ware rlearad (GRnalding,
1977).

A second treatment fof‘Marmnt Creek Basin commenced in
1977. Tn this case the objective is to alter the water
regime or, more spec{ficajly, to delay the time of peak
runoff and to prolong recession flow resulting from
snowmelt. Middle Creek suhbasin again serves as control.
Treatment was carried out on Twin Creek subbasinr and

roneiqted ~Ff r*uH*{ng 40 percaent ~f the frregted area in 2500
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circular opgnings. The size of openings ranged from about
5/é'to 1 1/2 times the height éf the adjacent trees
(Golding, 1977).'Treatmeﬁf"waé completed in late 1979.
.In. August 1978,'thé Oldman Rivér'Basih'Study Madagemgnt
Committee recommended that research areas be established in
the Oldman River Basin, Southern.Alberta to provide
convincing data on whether vegetative manipulation woﬁfﬁ
produce beneficial increases in water yiela (EnVﬁronmental
Council) of Alberta, 1979). Unlike the experiments described
previously, this study would be conducted over a large area
(> 260 km?). The recommendation calls for tests of three
different forest land management practices:
1. no yeqetationvmanipulation;
é.' harvesting using good commercial harvesting technimues
as approved by the Alberta Forest Service:
vegetation manipulation for the sole purpese of
increasing water yield. These practices would he

manitared on three representative auh brsine

The raecommendatian is an outcome of a report, prepared
for the Oldman River Basin Study Management Committee
(Northwest Hydraulics Censultants Ltd., Hyat Resource
Services Ltd., Edmonton, Alberta. 1977) which examined the
possibility of increasing water yields throngh watershed
management in *the upper Oldman River Basin. Thisg report is

one of several commissioned by the Committee, iﬁ"responSo te

water shortages in Trrigation Districte nf s~uthern Alberta,
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to investigate alternat1ves for increasing water yields in

o
the Oldman River Basin,

C. The Watershed System

Forest watershed maﬁagement and forest hydrology
studies are usually conducted on small watersheds that
provide flow during most of the year and are less than 25
km? in extent. The majin reason for selecting small
wjgtersheds is that travel time and channel storage durlnq
storm periods are\not the major factors in determining
volume of direct runoff. If they were, then the land-use
effects being mgasured would be masked by the channel
storage effect. . |

A watershed s?stem consists of the area contained
within topoaraphic divides, the precipitation falling on the
Area, water stored or defained by the watershed, and the
discharge from its exit print. Vertically; the system
extends high enough above tha vegetation canopy to includé
both total precipitation and the aerodynamic effects of the
canopy. It extends low enough to include all porous media
and subsurface water influencing or céntributing to‘channei
flow within the watershed. Usually, it is assumed that the
groundwater or phreatic divide coincides with the
topbgraphic divide, and that water enters the watershed as
precipitation and leaves it as channel flow or is returned

te the atmosphere. The second assumption implies that there

is no subsurface inflow and outflow i.e. the watershed does
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nof leak. Such assumptions must be verified by appropriatg
subsurface investigations.

The hydrolngical processes governing water movement
through a watershed are well documented. Many processes such
“as infiltration, flow throUgh}pdrous media, and open chaqnel
flow can be expressed in the form of one or more eanatiogs.
the deri&afion of wvhich is based on sound physical
Frinciples. Mosat hydrologists arcept the§e relations when
the proresses are considered in isolation, but often
disagree on how these processes should be integrated to
describe the watershed system. A prime example of such a
subject of disagreement is the movement nf water from the
lard surface to the stream channel.

Hydrologists have lonq recognized that water moving

om the ground surface to the stream channel follows three
routes ~f travel: overland flow, interflew, ang gr0nnd§ater
flow. Ovearlard flow or surface runnff ie that water which
travels over the around surface to the channel. Tnterflow i's
wafér which ihfiitrates the soil surface and moves laterally
through the upper soil layers. Groundwater flowf“aléé called
base flow ~r dry-weather flow, occurs'when the watéf table

: . ¥
intersects the stream channel. Usually, the total flow is
' ! 2

divided into two parts: storm,-.

) » runoff and base
Ry .

flow. Direct runoff consists of Ge&F

ymd flow and interflow,

STy .
and hraseflow isg groundwater. This distinction is Rased on

time of arrival in the stream channel rather than on the

" path f~llawed (Linsley et al., 1958). The relative

—
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importance of overland flow,‘interflow‘and'groundwater flow

" has been the subject of ‘much debate among hydrologlsts.

' The classical concepts of 1nf1ltratlon and owerland

~flow were flrst propounded_ by Horton . (1933 1936 1945)

"nearly 50 years ago. He developed a negatlve eXponential

'capac1ty as a ralnstorm progressed Sxmply put, Horton' s -

decay functlon which’ determ1ned the changes in 1nf11tratlon'
\V4 Lot

LN

theory states that if the ralnfall 1nten51ty exceeds the

infiltration capac1ty, then the excess’ ralnfall becomes
. L SR .
overland flow which.is the sole determinant in the stream.

- hydrograph peak. Owverland flowgis~asSumed;to occur over all

parts of the watershed as a thin film or sheet.
These concepts were not seriously questioned until the

1960's when several 1nvest1gators presented new - 1n51ghts

j1nto process and watershed behav1our. Hewlett (1961)

observed no overland flow on a forested watershed at

‘Coweeta, North Carollna. Further investigation also‘showed

an absence of any large groundwater system to prov1de

nonstorm streamflow. Using measurements of saturated and

_unsaturated flow through a steeply-lncllned tr0ugh Hewlett

(1961) showed that»unsaturated soil can serve ‘as main

storage or source for base flow.vHe concluded that°

v'up—slope rain charges the soil mantle in preparation for

succeeding days and weeks of base flow, whereas downslope

rain and channelvinterception-will furnish most- of- the

‘streamflow";'Thus'the‘areas_immediateiy'adjacent'to'small

streams.proégdeu through groundwater-drainage, a
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disprdportionate peroentage of stormflow relative to the
tota} area of the watershed. This implies that, contrary to
Horton's theory,‘only a small peroentage of a waterShed area
contributes storm runoff, and that this area is effectively
.an exten51on of the exlst1ng channel network. After the
storm has passed, the channel system eventually reverts to
_its original, perennial extent. Hewlett and Hibbert (1967)
referred to this idea of a shrinking'and;éxpanding souroe
area as the variabie source aréa concept.

Betson - (1964) developed a nonllnear’mathematlcal
infiltration capacity model to analytlcally equate the
~difference between rainfall and runoff to hydrologlc
varlables. Discrepancies between observed and predicted
‘results 1nd1cated that some 1mportant factor had been
omitted. during model development. Further 1nvestlgatlon
showed that .the problem centred around the assumption that

the total watershed area. contributed runoff The observed

-volume of runoff from the watershed had been converted to
-watershed inches using total dra1nage area. When adjustments
were made for smaller contributing, or partlal areas, the
ralnfall-runoff relation, occurred according to the
infiltration capacity concept. §ubsequently, it was
determined that contributing areas for different watersheds
supporting various cover types ranged'from 4.6 to 86
percent. The'"partial areas" idea'helps to e#plain why
infiltration capac1ty ‘of much of the watershed is seldom

exceeded durlng storms (Betson, 1964).
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Ragan (1968) investigated the concept of partial area g
; contribution'to storm hydrographs by collecting detailed

1nformatlon in the v1c1n1ty of a 189 m length of a second

"'order stream on a forested watershed Measured 1nputs to the

'channel 1nc1uded flow .entering the channel over an upstream
structure, channel prec1p1tatlon, baseflow prior to storms,
flow from seeps, and laté%al inflows'(overland flow,
interflow and groundwater f£low). Outflow from the channel
‘seotion was measured ry a downstream’control structure,.

' Ragan, too, found that-only a small portion of the
watershed contributed flow to the'storm hydrograph. The
contributing area,bwhioh is a function of storm duration and
intensity was very locaiized - occupying only 1.2 to 3
percent of the total watershed area.'During periods of low
rainfall intensity most.of the flow oame from channel
precipitation and rain falling on wet areas surrounding a
series of seepf. During a period of high rainfall intensity;
flow occurred as saturated porous media flow within the
lower zone of the forest lltter on hillsides, creating a
larger contributing area. Interflow through mineral soil did
not occur.

The idea that only a small portion of a watershed area
contributes direct runoff nas been supported.bf results from
other studies. Dickinson anddWhiteley (1970) computed tne
minimum contributing area"for several storms on the Blue
Springs Basin in southern Ontario and obtained yalues

ranging from 1 to 50 percent, with the majority being less
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than 10 percent. ‘ ‘ ‘ B

The two .concepts of contributing areas referredvto in
the preceding discussion differ in two ways. First, partial
'areas;aré considered to be more or less fixed in location on
the watershed,'whereas variable source areas expand and
contract. Second, partiai areas supply water to streams by
means oﬁ overland flow, whereas the extended channels in
Gariéble source areas are believed to be fed by subsurface
stormf low (Freezg, 1974).

Subsurface stormflqw which commonly occurs in forested
areas differs from true groundwater flow in that it flows to
the stream channel before reaching the general_g;oundwater
zone. It istmore likely to occur where: a) the land is
sloping, b) the surface soil is permeable, c) a

water~iﬁpeding layer is near the surface, and d) the soil is
'saturated (Whipkey, 1965). ‘

Forest hydrdlog'sts (Hewlett, 1961; Hewlett and
Hibbertp,1963, 1967;\H§w1ett and Nutter, 1970; Whipkey, 7,
1965) have studied the subsurface flow mechanism in some
detail.'They believe that the bulk of the average upland
hydrograph is-accounted for through this:process (Hewlett
and Nutter, 1970). To counﬁer the argument that flow
velocities are too small for sﬁbsurface flow to contribute a
significant volume to direct runoff, Hewlett and Hibbert
(1967) suggested the concept of'tfanslatory flow - a flow
producéd'by water displacement. This concept implies. that

"new"” water does not have to traverse the s0il mass between
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the péiﬁt of entry and the stream channel to produce "an
effect on streamflow. Instead, the water induces a "pulsé"
such as occhrs when water is added to a soil column drained
to field capacity. Water flows from the bottom (stream
channei)'almést immediately but it is not the same unit of
wgger added at the top (storage). The evolution of fhe
variable source area concept and subsurface stormflow theory
can be traced through a series of papers listed ih Hewlett
(1974) and Whipkey (1965) .

Dunne and Black (1970a,b) examined runoff-producing
mechanisms on three’héavily instrumented hillside plots on
the Sleepers River watershed, northeastern Vermont. They
concluded that thg major portion of storm runoff is produced
as overland flow 6n small-satﬁrated areas close to streams,f
a conclusion which éuppofts the partial-area concept of
storm runoff production. Subsurface .stormflow was not an
important contributor to total storm runoff. Freeze (1972b)
used a determiﬁistic mathematical model to investigate
mechanisms for generating streamflow. His conclusions, basad
on a number of simulations, were similar-to those of Dunne
and RBRlack (1970a,b5, Freeze also specified the conditions
under which subsurfacg stormflow becomes large enough to
contribute significant amounts to storm runoff, namely:
convex slopes feeding steeply incised changels, and high
soil permeabilities. . |

It appears then that there are two distinct schools of

thought regarding streamflow generation in upstream source
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areas of vegetated watersheds: one'supporting the theory of
overland flow from near-channel partial ‘areas, and the other
advocating the variable source area concept couﬁled with
subsurfaée flow. However, as Hewlett (1974) péints'out, if
one makes allowances for differeﬁces'in concepts and
terminology, the two ideas are essentially one and the same.
There 1is émple evidencgvin the more recent literature
thai’some or all of the mechanisms described preQiouslyxmay
be important in runoff generation. The relative dominance of
each process is governed by both meteorglogical and
watershed characteristics. Horténién overland flow, for
examplé,iﬁﬁg'the principal mechanism operating on a tropical
raiﬁforest watershed in Queensland, Australia (Bonéll and
Gilmour, 1978). H&gh intensity rainfalls frequéntly exceeded
the average resultant saturated hydraulic conductivities
below 20 cm depth, which resulted in a perched water table
and subsurface flow (includiqg-"pipe flow") within the top
2d ¢m of soil. Widespread éagﬁration overland flow occurred
when additional rain caused the ﬁerched water table to
emerge at the soil surface. In this case the variable source
arvea concept is not applicable (Bonell and Gilmour, 1978).
Certain soil conditiéns that prevailiprior to storms
and snowmelt may also be conducive to generation of
extensive overland flow. During a field study in Yorkshire,
England, Beven (1978) found that surface runoff occurred on
large areas of pdorly drained soils (which soon reached

saturati?n) during storms.
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In Canada, snow and ground frost are usually 1mportant
factors governing runoff Dunne et al. (1976) determlned the
runof £ from.hillside.plots under boreal forest and on tundra
in the Labrador su?arctic, near Schefferviile, Quebec. Thay
fouqd'no evidence of subsurface flow, in the trenches
preﬁared for this purpose, during the snowmelt period. The
soil had been rendered impermeable by concrete frost, and
runoff‘took place through the snowpack - primarily through a
‘saturated layer of snow at the base of the pack.

In contrast to studies which show overfland flow to be
the primary source of storm discﬁa;ge, there are other
studies which indicate that subsurface flow is the only
mechanism producing runoff (Beasley, 1976; Harr 1977;
Megahan, 1972: and Mosley, 1979). Beasley (1976) monitored
115 storms in nortﬁern Mississippi over a three year period
andafound that they produéed little ovefland flow and
subsurface flow above the B horizon. Subsurface flow over an
impermeable clay layer was as mach as 90 percent of rainfall
duridg a calendar quarter. It usually began Shortly after
rainfall commenced, even when there was nelther saturatlon
at the point of outflow nor ‘high antecedent soil m01sture..
Thus the translatorz flow concept of Hewlett and Hlbbert .
(1967) could not explain this'qUiCR responseL'Instead, the
response is attributed to the bresence of intercaﬂnected
channels through the soil formed by decayed roots and animal
burrows. Thls idea is shared by several other workers

i &
investigating subsurface flow phenomena (De Vries and Chow,
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1978; Mosley, 1979; and whipkey,"wgss). |
Mosley (1979) used aye tracer experiments on a forested .
watershed in New'zealand to show that water may move through
macrééores (root channels, pipes) at ragééltwb orders of
"magnitude greater than the saturated hydrauiic conduéfivity

of the soii. Subsurface flow through the mac?ﬁgores‘and S

- e

seepage zones in the soil was found to be the predominant
mechanism of channel stormflow generation. Mdsley also found
that subsurface flow from lower slopes contributed to
delayed flow. Runoff from partial and variable source areas
did not contribute sigﬁificadtiy to:stream discharge, and

ftfanslatory flow apparehﬁly was not an impo;tant runoff
generating process 6n this watershed.

No overland flow was observed during a study on a
sﬁeep, forested watershed in Oregon (Harr, 1977). Subsurface
flow an& channel inﬁerception accounted for 97 percent and 3
percent respectiveiy of total stormflow. The rapid respons .
to precipitation was attributed to translatory.flow (Hewletﬁ
and Hibbert, 1967). Results from stormflowg analyses showed
agreement with the variable source area.concept of runoff
production.

WeymAn (1973) measured saturated. and unsaturated
latefSl soil'water movement on. a convex hiilside in

' Somerset, Engiand..He found no overland flow and concluded
®&tHat saturated flow through non~¢apillary pore spaces
dominated hillslope hydrographs. Weyman suggested thét

saturated conditions must be generated within the organic .
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hofizons or within the non-capillary spaces of the lower
soil horlzons if léteral soil water flow is to prov1de storm
runoff to the stream Basef low was dominated by unsaturated
latéfal flow.

It is evident from the resﬁﬁts of many hillslope

hydrology stuglegy(chamberfgi 1972 De Vries and Chow,

1678; Mosley, 1979; Plamondon et al., T972- Weymah, 1973;
and Whipkey, 1965) that macropores or ‘non= caplllary spaces
B T =

in the "form of root channeld and" anngal gn;rows may be

- RS

"igportant factors iA storm runoff generatlon Plamondon et WL

AR o
al. (1972) used a water ‘balance procedure to determine

saturated flow th;ough macropores of the forest floor and
soil matrix on e'foreSted site in coastal British Columggg.
They discovered that usually between 50 and 80 percent of
the precipitation flowed ;hrOUQh the macropores during
storms. ,

In asother experiment on the same watershed De Vries
and Ehow (1978) measured the water potential field during
wetting and dralnage phases of 51mulated rainfall events.
Measuréments were repeated with the forest floor intact,
partly diSturbed, and totally removed. It was 1nferred ‘that
the flashy response of streams to rainfall events was |
related to rapid subsurface stormflow through ‘root channels.
Where the forest floor was d1sturbed there was a tendency
for less_ﬁater to md?e through the root channels, and more

water thfough the soil matrix. Conseguently, the rate of

subsurface flow was diminished. Tbis‘condition.probably
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resulted from closure of root channel openings dur1ng
dlsturbance to the forest floor.

If flow through macropores is indeed an important
process in storm runoff generatlon it is probablé that
.Darcy's Law for flow through a porous medium will not apply
in this case. Instead, the flow may be better described by
turbulent flow equations. Furthermore, Qhen~fiow ;;kés place
through the upper lﬂﬁers, including the litter layer, of the
forest floor, it also is more likely to occur as turbulent
rather than poréus media fiéw. Often it will not be readidy
=obserJ2d because it takes place below the visible coarse
matrix of the litter, but over the more compact portion of
the organic horizons,

- In hydrograph analysis groundwater is customarily
associated wifh base flow, but there is increasing evidence
that groundwater may élso contribute significanfly to storm
runoff égykell. Using ehvironmental tritium, Marﬁgnec (1978)
'demonstrated that a substantial part of snowmelt water did
not leave the basin, although a gquantitative water balance
was maintained. The proportionh of subsurface flow
céntributiﬁd to snowmelt dis¢harge exceeded 50 percehr.
Apparently snowmelt water 1nf11trated into the ground and

old" subsurface water appeared in the dlsrharge.’

Similar results have been obtained by Sklash and hi§
colleagues (Sklash et al., 1976; Sklash and Farvolden, 197Q)

14 .
using the Oxygen-18 isotope technique and specific

conductance methods. They found groundwater to be a major
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component ip'viftually all the runof§ events they examined.
Field observations and compyter simulations (Sklash and
Farvoldgn; 1979) suggest that very large and. rapid increases
in Hydfaulid head in the near-stream groundwater occur soon
after the onset of rain. Computer simulations show the
formation éf a groundvaté; ;idge adjacent to the stream in
response to a rain event with the lag time brief and
inverse;y'rela*ed to the near stream unsaturated =zone
rﬁ%cknese.

The same paper alsoc provides a theoretical basis to
explain the significant role of groundwater in storm and

snowmelt runoff geweration: .

"Along the perimeter of transient and perennial
discharge areas, the water table and its associated
capillary fringe lie very close to the ground
surface. Soon after a rain or snow-melt event
begins, infiltrating water readily converts the
near-surface tension-saturated capillary fringe int -
a.pressure-saturated zone or groundwater ridge
(Ragan, 1968). This groundwater ridge not only
provides the early increased impetus f the
displacement of the groundwater already in a
discharge position, but it also results in an
increase in the size of the groundwater discharge
area which is essential in producing large
groundwater contributions to the stream. The
response of the upland groundwater may become
important at later times in the runoff event but hae
little influence ingthe early part of the runoff
event, 3
The groundwdter may discharge directly into the
stream through the stream bed or it may issue from
the growing near-s*ream and/or remote seep areas an:?
flow as overland f.o2w to the stream (as in the
variable source area-overland flow theory).
Following periods of drought during which the water
table has fallen far below ground surface, intense
storms may result in surface saturation from above
and rain-like overland flow (partial area nverland
flow) befrre the water table ran emarqe, "
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Results from these. groundwater studigs\&qnd credence to

the translatory flow concept of Hewlett and Hibbert (1967).

=

As new developments of the type described above unfﬁiaf

it becomes necessary to make provision for them in field

studies and hydrological analyses. For example, the variable

source area concept is now widely accepted as a valid
mechanism for generating st:eamflow.‘kowever, technigues to
identify, map;'and predict variable source areas in the
field on a routine basis have vet to bé developed.

This problem is receiving increasing.éttention as is
evidenced from papers by Anderson and Burt (1978), Beven
(1978),&%nd Dunne et él. (1975). The first of fhese papers
(Anderson and Burt, 1978) deéc}ibes 3 field study in whf%h
an automatic tensiometer system'was used to monitor soil
vater botential on a single hillside hollow - a location
Usﬁally identified as a variable source area - and on an
adjacent ridge. Scil water potential maps and floynets
construrted from field data showed that, after a storm,
convergent flow into the hollow took place. They also
established that bollows are the major sources of glope
-diséharge while ridge 7~nes vere much lags impartant
~~ntributmrs.

While investigating comparative cbntributions of
sidesl~pre and headwate' areas tn stream discharge Beven
(1978) alen found that ronVergent hallows are importanf
sources of streamflow. These areas of surface soil

"aturatinng were aaccciated with ephemeral channels expanding

F

r
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,as variable éontributing areas of surface flow during storm
rainéall. The apparent saturated areas yere mapped by direct
observation in the‘field. Results from the study showed that
the headwater areas will usually provide higher and.earlier
peak flows per unit area, énd more total storm discharge
than the sideslope areas.

Dunne et al. (1975) consider repeateé field mapping to
be the bést metbod for determining the size, location, and‘
variation of the saturated zone both during and between
storms. This method should certainly be satisfactory for
rainstorms but will be impractical where extensive snowpacks
serve as the wvater supply. cher methods which can be used
include:

'. mapping the saturated areas on the Basis of soil
colouring where the colour ig indicative of wagerloqqed
soiis; |

relating saturated areas to areas of "poorly Arained”
soi)ls as shown on soil maps;

o £

3. using'plants as indicators of $gil wetness;

a2

t. relating baseflow, antecendent precipitation index, or

water tahle elevatjon to mapped extent of saturated

area. Ul

' S, bl
The authors, describing areas for future research, stress
L -
the need for more field observations relating subsurface
p 7
stormflow, return flow, and direct precipitation: on
. v

Raturated areas. The process of, and storage Opportunities
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for, saturation ove;land flow in runoff producing areas also
needs to be 1nves;igated. Techniques ape‘also required for
estimating the seasonal variation 6f saturated ‘areas.

To EOnclude this‘section on the watershed éYstem, it is
worth noting that several investigators th»featured
prominently“in the’develophent of the concepts outlinea
above have contributed to a book on hlllslope hydrology
(Kirkby, 1978) . Thls book prg;ldes a most comprehens1ve
description of the "state-of-the-art” of small watershed

hydrnlngy.

D. Watershed And Hvdrologic Modelling

Comprehensive field studies of watershed systems can be
expensive and time-consuming. Consequently, hydroloéic.and'
watersheé mode1§ are used to overcome these limitations and
fg s"pblemant fiéid studies. A watershed modél is really one
type or CIass of model within the spectrum of a multifude of
hydrologlc models. Clarke (1973) defines a mundel as a
simplified representatlon of a complex system being elther )
physical, analoq, or mathematlcal.~Along w1th the | |
development of hydrologic'models, a new vocabulary haé
evolved. In their .reviews of methods used in hydrolog1c
1nvestlgatlons, Amorocho and Hart (1964) and Clarke'(1973)
clarified the definitions of many terms used in hydrologic

modelling and data prbcessing. The definitions which follow

are taken from these two papers.
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Hydrologic studies may be grouped‘under.two areas of
research: physical hydrology and systEms‘investigations.
Pﬂysical hydrology ls concerned with physioal~processes suChf
aS'those involved*ln water or energy transfer‘ whereas
systems 1nvest1gatlons deal with establlshlng relatlonshlps B
’between varlables, without concern for the phy51cal |
mechanlsm inhvolved.

.- Systems inyestigations‘iall into two categories called
parametric hydrology and stochastic’ hydrology. Parametric
-hydrology is ‘the development of ‘relationships among phy51cal
parameters 1nvolved rn hydrologic events and the use of
these relat10nsh1ps to generate,.or synthes1ze, non- recorded_'
. hydrologic sequences. Examples of methods used in parametric
hydrology5include correlation'analysis, p5§t1a1 system
synthe51s with llnear analy51s, general system synthe51s and
general non-linear analy51s. Some knowledge of the phy51cal
system is regulred when the flrst‘three~methods are . ”
employed ‘ | | ‘ _'

Stochast1c hydrology is the use of stathtlcal
- characteristics of hydrolog;c var;ables to solve hydrologit
problems. A stochastic system differs from a probabilistic
system, in: that 1t is t1me dependent. There are two :
.1mportant methodologles in common use in stochastlc
g hydrology Monte Carlo methods, and the methods of
tran51tlon probability developed under the general theory ofd
Markov ,processes. The first group 1s valld for data wh1ch

are‘stat1st1cally independent, and the SeCOnd'IS appl;cable
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where the,statezof a system at“avparticular time depends on
previous states.'
‘The dlfferent methods of systems 1nvestlgat10ns share

two thlngs 1n common, a) their dependence on historical

\
!

. records of ‘'parameter values, and b) the assumptionaof time
invariance (stationarity) of the‘hydrologic systems. Both of
these‘characteriStics place definite theoretical limitations

«

on thé generallty of the solutions.
garametrlc hydro .ogy is usually associated with system
analyses ‘or "black box" methods in which relationships are
establ1shedrbetween measured input and measured output by
mathematlcal procedures. No. attempt is made to descrlbe the
internal mechanlsms of the system. In system synthe51s,_on
the other hand the investigator attempts to describe the
operation of the system by a llnkage or comb1nat1on of
components, whose presence 1s presumed to exist in the
system and whose funotions.are known'and‘predictable; The
linkage of components must’be madewin such a manner that the
correct output is produced whenever a speéified input is
- applied. System synthesis falls w1th1n the realm of physical
hydrology

The nature ofshydrologic or watershed models can be
described in several,wéYs. They may‘be‘"deterministic" or
"stochastic", "oonceptual" or "empirical". "lumpedi or
"distributed"' and "linear" or " "non- 11near If a model or

: process follows a def1n1te law of certalnty but not any law

of probab111ty, then it is descrlbed as determlnlstlc. 1f
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the concept of probébility((s involved, then the process or
model is considered to be stochastic or probabilistic. A
conceptual'model is one in which the mathematical functions
consider the physical processes actlng on the 1nput
: varlables to produce the output variables. If the model is
.based on observatlon and experlment rathern than on
theoret1ca1 con51deratlons, then 1t is empirical. A lumped
model is space- 1ndependent ihereas a‘dlstrlbuted_medel'
taiis into account the spatlei variability of input .
Vatiables or model parameters. ‘ |

The term Linearity_may-heve at least two ﬁeanihgs

-(Clarke,- 1973). In the systems theory sense, a model is

!

~

linear if the principle of superposition holds: that is,
given that y,(t), y2(t) are the outputs. corresponding to
-:inpUts;x1(t), xg(t), e model is linear if the’output
correspouding to input x,(t) + x,(t) is y1(t) + ya(t). ThlS
A*!lthe sense in whlch linearity is most widely .used in the
hydrologic l;terature. Alternat1vely, the model may be
.linear in the statistical remgression sense if it i%iliﬁé;r
in the parameters to aé‘estimated. — -

Improved computdi%kechnology and the;iuternational
Hydrological‘Decede (1965-1974) have prov}ﬂed the\stimulus
for a considerabie aﬁount of research in uetershed end
Lhyépologic modelling. SeVetal matheméticai'or‘digital :
‘watershed modelé were published'in the Sixties:and
seventies, the best known being the Qtanford ‘Watershed Model

(SwM) (Crawford and L1nsley, 1966). A flow chart for the SWM

‘ . .
LU B . :
N . ¢
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is shown in Fig. 5.

| This model, the parameters of which are optimized, can
be used to simulate MatersheatresponSe to weather
modification and urban development; to design
%ydfometeorélogical networks; and to predict streamflow from

ungauged watersheds. Streamflow is‘calculated at several

locations in the stream channel called flowpoints. The area

upstream from each flowpoint is diw}ded into segments so
that there are one or more segments for each recording rain
gauge. The model continuously calculates streamflow at each
flowpoinf from rainfall in each successi&e watershed ¢
segment, and from flows measured or calculated at upstream
flowpoints. |

Major data inﬁuts for the Stanford model are . ] \
precipitatioﬁ and potential evaﬁp;tanspiration. Further
ﬁeteorological data are required if the snowmelt subroutine
is used. Available moiSture and potential evapotranspiration
data inputs are used together with cumulative'frequency
aistribufions of infiltration.and evapotrenspiration
opportunity to determinekdefention; infiltration,
interflows, and evapotranspiration.

Three subsurface water storages are defined- the upper

zone, the lower zone, and groundwater storages. The upper

and 1ower zone storages. control overland flow, 1nf11trat10n,

interflow, and inflow to-groundwater storage. The upper zone

simulates the initial watershed response to rainfall and‘%§7//

of major importance for smaller storms and for the first few

>
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hours of larger storms. Tﬁe lower zone controls watershed
response to major storms by eontrOlling long term
infiltration. Base flow to stream chamnels is supplied from
‘grouhdwater storage. Non%’of the soil water storages have
fixed capacities, and evaporation and transpiration may
occur from any of them. Streamflow hydrographs are the most
1mportant outputs from the Stanford model which has been
tested u51ng data from over 300~ba51ns ranglng 1n size from
0.65 to 800 000 km* (Linsley, 1976). If reliable input data
and accurate streamflow records are available, agreement
between observed and simulated flow is good with annual flow
volumes within +5 percent.and peak*flows within +10 percent.
Another well-known hydrologlc model is the Streamflow
Synthe51s and Reservoir Requlation (SSARR) model (Rockwood,
1958, 1968; US Army Corps 'of»"&Engineers, 1971). SSARR is a
deterministic hydroloéic mathematical river system model
designed to simuiate'flows from large basins. It uses basin
storage routing procedures to convert precipitation excess
over the basin to represent streamfloﬁ. Soil moistdre,
evapotrahspiratioﬁ and base flow 1nd1ces, together with
emp1r1cally der1ved relationships, are used to determine
soil m01§ture 1ncreases,-501l moisture reductions, and
baseflow eontributions, respectively. The model also
contains snow accumulation and snowmelt éomponeﬁts;
Although SSARR is designed primarily tor streamflow
forecasting end reservoir regulation it can also be used in

the development of aesign floods, or in the extension of
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missing_or brbken records of streamflow. Examples. of
impdrtant applications of-SSARR include simulaﬁiqns of flow
lirom the Columbia River Basin in Western North America, and
from the Lower Mekong River in Southeast Asia.

In contrast to ﬁhe enginegring approach evident in the
Stanford and SSARR models, Freeze (5971) developed a |
completely physically based,vtheoretical hydrblogic response
hodel and used the entire set of equations of flow through
heterogeneous, anisotropic pprbus media to obtain solutions

"to the transient, saturated/unsaturated flow pr§blém for a
groundwater basin. |
| In this model, the watershed -or sideslopé is defined in

'~ terms of a block-centred nodal grid'(Fig. 6), and mesh
.-épacings whichﬁcan bé varied. Inflows such'aé rainfall and
- outflows such aé evaporation are simuiated at'specified
boundéry\flux nodes. At other boundary nodes, boundary
conditions may be imposed that spﬁ%ify hydraulic head or
no-flow coﬁditions. The basic information required to
dperate the model is related primarily to the properties of
water, soil and thg geologic formations, namely: the
compressibilitiéshof soil and water; porosity, specific
pefmeability, éensity of water, and water content. The laét
four variables‘are'functibns of pressure head.

The fundamental equation of flow for the model is a
nonlinear parabolic partial differgntial equation. An _
iterafive:numerical scheme thét employs ah implicit finite

‘difference formulation, and known as the line successive
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overrelaxation technique, was used to obtain solutions to
9 .

<«

the equation. Output takes the form of plots of pressure:
| head, total head, and moisture content fieids fof any cross
section at any time steﬁ. Base flow is determinéd from |
flownet ;halysis. |

Freeze (1972a) subsequently coupled his subsurface flow

' : . <
model with a one-dimensional, gradually varied, unsteady

thannel flow model to study the mechanism of base flow
generation and the nature of watershed response in Streams

dominated by base flow. The full 'set of nonlinear,

-~

hyperbolic partial differential eduations for sﬁallbw water
flow w;ré édlved‘using an expiicit~fini£e diffgrence o
technique known as the single step Lax¥Weﬁdroff method. The -
combined model ope?atés (Freeze; 1972a)%as foilqws:

"...internal coupling is carried out by using the °
stream depth as the convergence quantity. The-
subsurface model is solved at each time step by
using the stream depth from the previous time step-
as the specified head condition at the stream
"boundary. The calculated outflow from the subsur face
system becomes the lateral inflow to the streamflow
model for that time step, and a new stream depth
profile is calcdylated. This new profile replaces the
old to set the heads for a solution to second cycle
subsurface. This alternating cycle is continued
.until the stream depth and the specified head
-boundary values converge to within a predetermined -
tolerance.":

»
t

The uncoupled subsurfacezfléﬁ model was designed”
primarily as a research tooi and has been applied ‘to many
hypothetical hydrologic siguaéions. It has also been applied

4 .

to the real world conditions of Reynolds Creek watershed,
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e

Idaho (Stephenson and Freeze, 1974). Calibration of the .
model consisted of trial-and-error matching of computer
output with field measurementé of theck parameters, during‘a
series of simulations in which some of the input parameters
were varied. Results from the field study indicate that,
within the limitations of the model anhd data availability,
the modei adequately simulates natural conditions.‘Houever,
because of: its extreme complexity; its requirements for
large amounts of data, iimitations in theoretical |
development, constraints on calibration procedures, and
computer storage limitations, it cannot be considered

suitable for routine operational use. .

The. interaction between biblogicaliy ;éhtrollea and
phys1cally controlled hydrologic processes, parllcularly in
llnterceptlon throughfall evapotranspiration, snow
accumulation, Snowmelt, and.éoil water redistribution
simulations, features prominently in some watershed models.
Such models are'most'usefgl for investidating plant-water
relati&gships,.and fof simulating the effeclg of land use on
hydrologic processes for watersheds where vegetation is an
important consideration. _

fhe Uh%ted States Department of Agriculture‘Hydrograph
Laboratory model of watershed hfdrology, USDAHL-74 (letah
et al., 1975). was designed to sénve the needs of
agriculturai wétershed engineering. It employs plént"gro;th
1nd1ces in both evapotranspiration and 1nf11tratlon

~

51mulatxons and requires more detailed information on soil
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physical properties - particularly in the plant root zone -
than does either Stanford or SSARR models. Soils on each
watershed are grouped by land capability classes to form
hydrologic reépénse zones for computing infiltration,
.evapotranspiration, ana overland flow. Thrée'zones are
identified on a watershed: uplands, hillsidas, and
bottomlands, therefore the. model can be categorized as a
distributed one. Computatlons are based on the assumptlon
that some of the’ runoff. will cascade over successive zones,

The program calculatgs the extractions from a soil
.layer through avapotransbirafion-and.ffee drainage, and then
- records the resulting increase in available.storage during a
g}?en time interval. Reductions in availabie storage are
'coﬁputed when infiltration occurs from'SUtface depression
’sﬁofage, or following rainfall or overland flowa Wafer
inputs applied at rates in éxcess of the infiltration rate
are routed as overland flow. Cha%nel flows and subsurface
rekurn flows are routed by solving the contiauity equation
and a storage ?uncﬁfbh using recession flow analysis.

A very detailed biophysical hydrologié model has been
assembled by Huff and his colleagues from the Oak Rldge
“'Nat1onal Laboratory, Tennessee (Huff e% al. &@ 1977). 1t is
called the terrestrial ecosystem hydrology model (TEHM);'and
is esSent1ally a combination of two models that were
developed independently: the W1scon51n Hydrologlc Transport
Model and an atmospheré»soil~plant water flow model

(PROSPER) . Thé:first is based in part on the Stanford model.



64

In PROSPER a:water balance is applied to a stand of
vegetation on a layered 5011 The model, which is
one-dimensional, uses a combined energy balance-aerodynamic
‘method to derive an.equation for evapotranspiration as a
efunétion of a resistance to vapor transfer which is
characterlstlc of evapotranspiration surfaces. Because of
the close parallel between the. equatlons of flow for
electricity and those of water flux through a ‘
soileplant~atmosphere_contingpm, an electrical circuit J
analogy (Fig. 7) was developed so that etandard methods for
solving electrical c1rcu1t problems could be appl1ed

PROSPER has been used as a completely self-contained
model to s1mulate evapotranspiration and annual dra1nage
from @ mature hardwood fo;est at Coweeta inzthe southern
Appalachians.(SQiff;gg al., 1975). Because the movement of
water between 90 cm depth and the stream is not simulated in
PROSPER, the drainage term was equated to streamflow for
annual periods. Fer the hardweod forest; simulated annual'
drainage was within {.5 percent of meaeured;streamfléw.
Simulations were also performed for a 16-year old white pine
plantation and a 1-year old clearcut area. The model
estimated a reduetion in drainage 6f 20 cm for the .
plantation and an-increase of 36 cm for the clearcut. These
values correspond to measured anpyal streamflow changes of
~20 and +38 cm respectively. The results from'hhese

simulations also indicated that sSummer evapotranspiration

for hardwood and pine were identical, and that during winter

i

oo
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Schemaflic of PROSPER (After Huff et al., 1977).
By permission of the Oak Ridge National Laboratory,
operated by Union Carbide Corporation for the Department

of Energy. : _

Figure 7.



66

-

and early spring, losses due to evapotranspiration vere.
greater for pine. Simulations showed that'evapotranspiratioh
was considerably less, and soils much Qetter, on the
clearcut areas than on the forested areas.
The.subsufface;coﬁpoﬁent of the.TQHM takes into
EOnsideration the vafiable source area concept, by relating

subsurface dralnage rate and variable source area. runoff As

Huff et al. (1977) explain, when the root (or surface) zone

drainage rate exceeds A certain threshold value, the.: j' )///

fraction of source areas draining to the channel increases'

linearly with dra1nage rate until a spec1f1ed upper 11m1t 1s

LY

reached. This upper limit defines the full extent of
variable soUrce areas. The lower limit represents the
permanent part of the 'source areas that are linkedvto the -
stream in the basin, and will contribute subsurface drainage
through the layers below the root zone at all times. Beneath
the zones simulated in P§O$PE§,“5611 water transmission
zones are defined in which soil hydraulie éonductiviey is

related to -soil water content by the expression

0(0 8

K(8)=KS, 1<i<3 (2.1) 2
where
~+
K(6) phydraullc conductivity at water content 4,
KRS, saturated conductivity parameter,
a, curve fitting parameter,
8 \ water content, '
- 8, water content at saturation,
1

séction number of portion of K vs. & curve.



"Hydrograph separation‘techniquesxare used to determine
outflows from groundwater storage. |
The channel flow portlon of the model’ comblnes
simulated flow components such as dzrect channel
precipitation, 1mperV1ous area runoff runoff from permanent'
and varlable source areas, and groundwater 1nflow from each
port1on of the watershed It then generates hydrographs at
}‘ spec1fied po1nts in- the channel system.
) Output from the TEHM.consists of monthly and. annual
water balance summarles, ‘and dally values of selected
hydrologlc varlables for each watershed segment. Water flux
terms such as 1nf1ltratlon dlrect runoff dralnage to
Qeeper soils, evapotransp1ratxon, ‘lateral subsurface flow,
and net flux from the second to th1rd 5011 layer, as
calculated by PROSPER for each day are tabulated

\

- The monthly summary 1ncludes a "deep 5011 balance" term

. 3
in addltlon to the terms wh1ch normally appear in water

1
1

| budget equatlons. This term is related to storage changes 19
ﬂhe 5011 water transm1551on layers.-' -
v Four:summar1es appear in the annual summary- runoff
prec1p1tat1on/evapotransp1ratzon,'moasture status, and ‘water’
v:nbudget The m01sture status summary is 1ntended as ‘an 1ndex»“.
- to total water content of a vert1cal column extend1ng from
canopy to Bedrock but 1t is more ‘likely 1nd1cat1ve of
\Joverall water“Storage 1n.the unsaturated_sorl column'(Huff

t al., 1977). o



The TEHM has been tested usxng data. from ‘the Walker-
Brahch Watershed a 97 5 ha dralnage area located in the
R1dge and Valley prov1nce of east Tennessee. A predomlnantly
oak-hickory forest‘covers the ba51n._Dur1ng.sxmulatlons the
‘model generated hvdrographslfor»stornflov,'bﬁse flow-and
totalhﬁlow,.The.total_flowbdata were compared'with the
"observed hydrographs} while stormflow'and'baseflow~were

compared withiguickflow and’delayed flow, respectlvely

'_Qu1ckflow and delayed flow were calculated by the method of

Hewlett and Habbert (1967) In all cases good agreement ‘was
obtalned between 51mulated and observed results. Monthly and
'annual summarles were also prov1ded by the model

A spec1al feature of the terrestrxal ecosystem
hydrology model is that it can be used 1n env1ronmental
rchemlstry studles. For thls purpose TEHM is comb1ned with
subrout1nes for atmospherlc transport 5011 chemlstry,
exchange of heavy metals, a plant growth model ‘and a :
‘mineral uptake model |

A number of hydrologlc or watershed models have been
developed spec1f1cally to ‘meet the needs of’ forest
hydrologlsts or watershed _managers. Multlple'regression and'

covarlance analyses ‘are perhaps the earllest and szmplest

h-examples of such models. Anderson (1960) used regress;on

‘models to relate forest shade and rad1at1on to snow
accumulat1on and melt/ The results 1nd1cated that shade'

could be maxlmlzed and back.radlatlon m1n1m1zed by cuttlng

east- west strlps in the forest, w1th succe531ve cuts
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.proceeding_toward'the south. This idealized forest stand
structure, referred to by Anderson as a vall-andfstep”forest
(Fié, Bl,ewould maximize bogh snow accumulation and delay in
snowmeltf:and therefore“vould be favourable for v;ter"
\ production;- |

Leaf and Brink (1973a) developed a snowmelt szmulatlon
model for Colorado subalpine watersheds and used 1t (Leaf
and Br1nk, 1972, 1973a) to srmulate-the probableveffects of,
timber harvest1ng on snowmelt in the subalplne forest. The
model vas subsequently expanded (Leaf and’ Brink,. 1973b) to.
simulate the total,water balance on a cont1nuous, year-round
hasis. It was deslgued to simulate watershed mahadement
practices and.their-effects‘oh'hvdrologic systems.
| For simulation.purposes, the'study basln is divided'
into several hydrologlc response units. Hydrolog1c responses
are computed for'each unit, then welghted accordlng to the1r
’-respectlve areas and comblned to produce a composrte record
of hydrologlc system behav1our on-a watershed ‘basis. Input.
to the responSe system is derived from snowmelt‘and .
ralnfall Once. evapotransplratlon requ1rements have been
satlsfled, additional input satlsfles 5011 mantle recharge
”'requlrements. When field capaclty is reached res1dual input
.becomes water ava1lable for.streamflows. Excess water is not.
-‘routed through the soil mantle. |

—,

: For,th154model the structure and propert1es -of the ( '\\
. . /_\ . ‘»\ . .
'1mulatloﬂ

process (Leaf and Brink, 1973b). Forest cover den51ty, for ‘f"‘

forest stand-play an 1mportant role in the

—

®
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. PROGRESSIVE  CUTS

SOUTH - SLOPE

Wﬁll—and?step forest - a cutting pattern for improved water

K_y}eld'from snow zone forests (After Anderson, 1960).
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example, is used to determine the amount of snovw intercepted

by the foreSt'canopy,and vaporized from it. It is also

required to compute evaporation from the sndﬁpack)%eneath

the trees. Reflect1v1ty of the forest stand is a function of‘

forest den51ty, and is used to calculate evapotransplratlon

~ from forest and open areas. Cut blocks and other clearrngs

.are simulated by setting the forest cover density equal to
_ ' & . .

zero, C : )

The Colorado subalplne hydrologzc s1mulatxon or water

‘balance model serves as the core system of the Land Use

Model also developed by Leaf and Brink (1975). The latter

model was designed to estend'the'capabilities:of'the former

~ /
over a much longer time perlod - from a, few years t6 120

years or more : (the1rotatzon age of subalbzne forests) ‘The
package prov1des greater-flex1b1l1ty for s1mulating a
variety. of t1mber harvestlng and weather mod1f1cat10n
comblnatlons. e | ”

The 1nteractlons between tlmher management and
watershed management in the subalplne forests of Colorado

‘have also been s1mulated (Leaf and Alexander 1975) This

was accompllshed by linking timber" models for lodgepole p1nef

Zand spruce-fir forests to the water balance and land use -
2models. Llnkage was. achleved through the forest cover
den51ty var1able..PrOJected chanees in water yleld were
obta1ned for several different forest management practxces.-
" The 1nvestlgators concluded that this. method for project1ng

long term yields of. both wood and water shows that the

u«\&ﬁ
NS

2
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strategies for optimum water production are compatible with
the conversion of old growth forests to'managed stands for

timber productiorn. The major disadvantage of ‘both the land

use and the timber/water model is the inability to verify
the long-term projection during the short term.
Another model désigned to predlct long*term timber and

fwater y1elds from snow pack zones of lodgepole pine
X
subalpine watetsheds along the ColoradO'Rocky Mountain Front _

Range was developed by Betters (1975). The model operates on

an annual time scale and 1ncorporates several emp1r1cal

Loy

relat1onsh1ps to 51mulate forest growth and water production

)

on a watershed Prec1p1tatlon potentlal and actual forest
evapotransp1rat10n, soil water holdlng Capac1ty, and \b
proposed tzmber harvestlng’schedule are . the most 1mportant
variables and parameters used by the hydrolog1c submodel
Past reocords of t1mber 1nventory and- runoff values for

Little Beaver Creek and Fool Creek were used to test thé
b

model. Both watersheds have long term streamflow records.
Results from the tests 1nd1cated thaﬂ#fhe‘pred1cted timber
1nventory estlmate was 8 percent h1gher than/the actual

timber 1nventory est1mate On Beaver Creek -the observed

\

“-water yield exceeded the predlcted yleld by 13 percent. Two o

‘tlme perlods were: 51mulated fot Fool Creek r‘before harvest

and after hagvest Predlcted water y1elds excgeded observed :

\

5y 16 and 10 percent respectlvely.

L]
-

S1mulat1ons showed that on a per hectare ba51s, after

harvest thq water yleld from the uncut portlon of a subunxt
- . _ s s

'
BN .
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'decreages. The net reSult however, is an 1ncreased yleld
because the large increase in snowpack comblned with reduced
|evapotransp1ratlonvon éhe cut area erceeds the loss
p Sustained on the uncut portion (TabLe 5).

To date_there haye_beeh few attempts to simulate'thev
effect; of forest'succession on water yield. Forest
Succession is the gradual replacemeht of one forest tree

.species or plant community by another. Jaynes (1978)
deﬂe;oped-axlumped, deterministic‘bodel (ASPCON) to simulate
. he hydrologiC'impacts of forest succession in the Rocky
\v:;2ntain area of Utah. The model calculates weekly water 
h%g/gets throughout on& water year, u51ng 1nputs of
1prec1p1tat10n and’ a1r temperature.-The model predlcted
l(Table 6) a net loss of 8.6 cm in streamflow when aspen

-

assumed domlnadce over grass- forb‘ cover. An addltlonal loss
A

in streadi}gw of 11.7 cm w?s predicted when conlfers
rep%zted the aspen.'

-

% _— Attempts to incorporate relatlvely new hydrologlcal

v
- L4

%oncepts into hydrolog1c or watershed models are exempllfled
“by ‘the work of Beven and Klrkby {1979). They formulated a
phy51cally based detbrm1nlst1c model thét prov1ded for .

¥y

simulation of varlable source areas.rThe model was des1gned
50 predlct the hydrologlc response of ungauged g€51ns
'thhout resortlng to optlmxzat1on procedures._Only ‘
1nformatzon derlved d1rect1y from the ba51n 1tse1f wa§ used.

Appllcatlon of the model to an 8 km? watershed showed that

‘An herb' other than grass

.
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there was falrly close agreement between 51mu1at1on output

_and observed value%,

»

The variable source area concept has been incorporated
into other hydrologic: models —Amodels-designed speecifically

to evaluate the effects of forest land use on the hydrology

>

of an area (Troendle, 1979; Chanasyk, 1980)

Troendle s (1979) 51mulator conta1ns three main f10w
components. subsurface flow, channel 1nterceptlon, and
'1mperv1ous area overland flow. The simulation watershed is
part1t10ned into-a number of subbasins and each subba51n is
‘ subdlglded into segments and horlzons. The segments run from
ridge-top to stream channel and the hor1zons correspond to
5011 layers. After the system has been 1n1t1allzed an
| exp11c1t f1n1te dlfference scheme is used to determlne the -
volumetrlc water content of ea h element at regular time
intervals. Dur1ng each 1teratlon, a test 1s made for '
saturatlon in the surface layer beg1nn1ng with the first
"segment next to-the - stream channel, and then proceedlng
'upslope until an unsaturated element is. detected At this
'p01nt the saturated surface is considered to be part of the
..expandxng channel system and the rema1n1;g unsaturated
‘.popt1on of the slope 1s part1tqoned agaln for the next
1teratlon, A\reverse procedure is rused dur1ng storm
,rece551on s1mu1at10n, when-channel contractlon takes place.
Tests are made on prev1ously satnrated zones beglnnlng w1th
'.rldge top elements and proceedlng towards the channel. If an-

»
element is .unsaturated, it is added to the unsaturated slope

-

!

o
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which is re-partitioned for the next iteration. This concépt

of expanding and contracting channels is the central idea
. ¢
behind the variable source area model.

Troendle (1979) compared_fésultg from his simulator
~with data from a 38 ha watershed, in nortﬂ central West ;;
Virginia:-wifhout resoftingzto calibration. He found that
simﬁlated Storm response varied from 45 to 125 percent, and
averaged 89 percent of,fhe stfeamflow. The simulated time tb
peak was about 4 percent below thg'obsefved time to peak.

More than 90 percent of the simulated streamflow was of

-~

subsurface origin,
The idea of'gxpanding and céntraétihg stream channel
systems for low o}der\watersheds is also inconorated'intb
Chanasy&'s (1980) 1land psé hydrologic model. The model,
~called SLUICES (Soils and Land Use aff#cting»lnterflow and -
Créating Effects on Streamflow), uses a square eiement gfid

system, together with seven easily obtainable or optimized -'j

paragg§:rs.-The most E?nsi{‘ve of these parameterg are:

hydrau ic'conductivity, saturation moisture CQQ;fnt, field

capacity, Anderainage coefficient. The mbdel is~also

sensitive to antecedent soil moistx;é conditions and't0~
. [N to, I .
&' ’ 8

: ~ o
evdpotranspiration, Moégl.operation is based on the

)

ég%’;éﬁcé“of three storages: unsaturated flow storage,

i

saturated flow‘sto:age,,and ovgrland~£low_stor§ge. When the

‘MQUnsatuggﬁgd-storage is completely filled, it becomes

g, féﬁ”*' | I , '
. saturated storage., Additional water Creates overland flow
« copditions., = ..

- f{[ :

+

AN

:'»
[
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‘Chana5yk (1980) applied his medel to the‘Jamieson Creek
watershed, located near Vancouver,vBritish Columbia.
.Agreement betueenhrecorded and simulated discharge
:hydrographs for seven storms ranged’f}om'very good to fair -
'depending on whether the storms were"precedeg by wet or dry ‘
antecedent conditions |, respecrively. He found that
streamflow can be augmented by-logging , and that the e
increase uas proportiogal to.the area“clearcut.

It is evident fro; the preceding discussion that
hyurologic and“waterahed modelling has advanced considerably
during the bast two decades. Extremely sophisticated -
_mathema%ical models are currently available that can be used
to simulate fqrest.and watershed.management situations. It
is.also clear that the simulation of certain processes,
notably the subsutface‘flow combonents, needé"ro be'iﬁpreved

r}j the &3&% of creatin€~a completely physically based

hydrologic- or‘%atershed model is to be achleved Groundwater >
hydrologlsts, petroleum englneers, ané soil phy51c1sts have
paved the way to meetlng ‘this objectlve by: der1v1ng and
-solving the complicated mathematlcal expressions which

describe subsurface flow.

@



E. Deﬁelopment of Subsurface.Flow‘Equations And Metbods.For
 Obtaining Their Solutions |
U - o | | }_
Saturated flow . : ' -
The equat1on for groundwater flow developed by Darcy
(1856) from his experimentd on water flow through f1lter

4
sands may be considered as the forerunner of most of the

subsurface flow equatlons developed subsequently It can be .

written (Davis and DeWiest, 1966) as

o

Q=KA(H,-H, ) =-KAdH - - (2.2)
dl dl S L _
where
Q . flow .rate,
K hydraulic conductivity,
A . cross sectional area of flow,
H, energy per unit weight of £1u1d or hydrau11c head;
, " in the case of water = Z+P+arb1trary constant,
p .
Z . elevation gbove an arbitrary datum plane,
P ‘ pressure sustained by the fluid 1n the pores of
th'e medium,
v : ‘specific welght of the flu1d
dH/dl hydraulic gradlent. . T

L
— The Darcy equat1on is used together WIth the equat1on

of contlnulty (Jacob 194?) to obtain Laplace's equatlon for

steady, 1ncompre551ble flow

- -

o

+azH+a’Héo o - S .
Dy 2 a,z" : ' v

- s

2

o
»
Jm-

(2.3)

¢
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where H is the‘hydraulic head"'
This is an elliptic, second-order partlal d1fferent1al
equatlon. AR : - dr«. '

Fifty years after'DarCy's Law.was first fornulated
Th1em (1906) used Darcy s. Law in terms of polar coordlnates
to determine the cone of depress1on for groundwater in the .
V}Ginlty of a discharging well, HOWeber, it could be used
:only when steady ‘shape or equ111br1um cond1tlons prevalled.
. Later, Theis (1935) used the analOgy between ‘heat flow
'and groundwater flow to develop an equat{on appllcable under
nonsteady or- nonequ111br1um cond1t1ons. The txme varlable 15
introduced into the equation, and an analogy is drawnA
between sources and recharg1ng wells, and between 51nks and
discharging wells. The The1s equatlon oan ‘be used to
determine drawdown before equllxbrium cond1t10ns occur. The
same fundamental d1fferent1al equat1on bnd E&§w5°IUti°n vere

‘e .

obtained by Jacob (1940) from Dar

- urttrd,-the contmu1ty

three- dlmen51onal oy _fgeneral2differeﬁgial_eguation'e

\4 - .

‘-)ixa_-ag(nﬁ"a)_!i’ . . (2.4)
Kot K- 3t : . -,

~

for unstegdy
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the mid-fifties groundwater hydrologists have Béen turning

‘ o o - e R
‘where -
W3 S - : .
-H h hydraullc head : "
8 ~ storage coeff1c1ent ' L
‘K “hydraulic conduct1v1ty,
P - - fluid. densxty, S
g ‘gravitational constant o £
n ' _'porosity, . j\ E S
B “\\compre551b111ty of fluld =
a

compre551b111ty of medlum‘———‘

s

‘Thls 1s a. parabol1c part1al d1fferent1al equat1on. Cooper

(1966) was able to verlfy Jacob s der1vat1on and resolve

certaln contradlctlons by-cbns1der1ng the Z (vertical)

Wcoordlnate .as & deform1ng coordlnate.

¢
Before the 1ntroduct1on of sophlstlcated computers,

equat1ons (2. 3) and (2. 4) or the1r polar coord1nate
equ1valents were solved analyt1cally by the methods

developed by Th1em (19064 and Thels (1935) However, since

'1ncreas1ngly to numerxcal methods for. solut1ons to these
equat1ons.fFreeze and Wltherspoon (1966) used ‘both

'mathematlcal and finite d1fference technlques to solve the_

Laplace‘equatlon [equatlon (2. 3)1-for a three—dimens1onal

y]

nonhomogeneous, anlsotroplc reg1onal groundwater ba51n. They

compared the method of analyt1cal separatlon of varlables

‘i%and Fourler Serles technlque employed in part1al

.H\\'.,,

dlfferentlal equatlons theory w1th a numer1ca1 f1n1te

dlfference approach, and found the'numerlcal.method more

' versatlle,»mathematlcally simpler, and better su1ted to

computer§9t€ented methods of data storage.
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Laplace's.equation is the governing equation in the

t

problem of steady-seepage'through,a homogeneous'earth dam
.. and as such hasobeen solwed by meahs’of’fihite difference

-and relaxat1on methods (F1nnemore and - Perry, 1968)

’ 7Laplace s equatlon and a f1n1te d1fference techn1que have

also been used to - ‘predict the effect of a proposed reserv01r

',ion aqu1fer water levels (Remson et)al.,[{§655 - )

' Equation (2. 4) also has been solVed sxng numerlcal
methods. Plnder and Bredehoeft (1968) -used! an‘ :

alternatlng d1rectlon 1mpl1c1t techn;que to solve the
transient flow problem in the case of ap aqu1fer 1n‘hova'\(
’Scotla. Thelr calcuzated values comparéd favorably w1th the
analytlcal solutlons for homogeneous, 1sotrop1c aquifers of "
_51mple geometry.//he/same 1terat1we technzque.has been 'used -
to solve other practioal (Trescott'ggigl.;j1970)’ahd |

- theoretical (Bredehoeft_ahd Pinder, 1970) problems.

Unsaturated flow

e,

It Wlll be observed that no attempt has been made to ,;\\\
.deflne the saturated and unsaturated 'zones or the water o
table. The om1551on is dellberate 1nasmuch as we. wish to

pursue a. contlnuum approach to the subsurface flow problem. .'

t

. However, it is essential to d1fferent1ate between saturated

A
A

and unsaturated flow and to discuss factors related to th1s
dlfference. Thls can be achleved best by first dlsCUqung -

the concept of potentlal.

4
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. For ‘the equations discussed so fér(z.z tog?;4), the

ferm,'H"is referred to as hydraulic head. It is also called

_piezometric head. Because this term has the dimension of

ehérgy.per'unit weight, H may be regardéd_as_the potentiai

energy of water at a point (Jacgb, 1949),_Ac¢ording to

' Remson et al:'(1971)

"...The [total] pbtent;él at a point is a measure of
the work required to transport a test body of water

to that point from a specific reference state in a

soil-water system which is in'a state of rest. When

 described in terms of energy per unit weight of
water, potential ‘has the dimension length and is
referred.to as "head". The gradient of total
ipotential is proportional to the water-moving
forces..," -~ ‘. T

-

Evidently, the térmé: hydraulic head, piezometric head

tdtal ﬁd@entiai, anq pieibmétric~potential'can be used
_intefch nggaﬁly. This cbncepp/is.appiigable to both
saﬁuraé’ nand.unsaturéteﬁ.flow. ,- - F

The “%gtal boten ial (#) at a point can be written

_ARemson et aly

7) as

“Q=¢§+¢$4¢b;¢g+¢’+¢c

whgre'
»
V¢ [ . gravitational potential,
'/ _ hydrostatic pressure potential,
/8 - osmotic potential,
[ adsorption potential, }
/N thermal potential, . : ‘ ’

Ve, chemical potential. , s

r

P



~l The grav1tat1onal potent1a1 1s related to the posatxon of
)the po1nt and depends only upon 1ts he1ght above datum._Thus
it is 1dent1cal to the elevat1on head (z) of that po1nt..

~ The hydrostatlc pressure potent1al is’ con51dered to ‘be o
zero at the\water table where pressure 1s atmospherlc. ‘
Therefore all press&ges 1n subsurfac?twater are gauge
pressures. Below the water table at stat1c equlllbrlum,
hydrostatic pressure potentlal 1ncreases with 1ncrea51ng
depth In the case of unSaturated medla, the hydrostatlc
pressure potentlal is negatlve (1 e.'1t represents a-
| suction) bécause a suctlon must be applled in order to
wlthdraw water"., ‘

The” osmotlc potent1a1 is related to the effect of two
solutlons of unequal concentratlons be1ng in contact through
a semipermeable membrane ‘Water moves through the membrane
from the less concentrated to the - more concentrated
solutlon, thereby 1ncrea51ng the pressure in the more .
concentrated solution. Thas pressure 1s termed the osmotic -
pressure potential. ‘ |

Frequéhtly, cations become dissociatedlfrom soil.
partlcles of clay 51ze leav1ng the surface of the 5011
particle wi 8 negatlve charge. The attract1on of partxcles
having oppos1te electrlcal charge results in an 1ncreased
concentratlon of catlons in the V1c1n1ty of the negat1vely

Lo~

charged part1cles. It 1s thls increase in catlons Whlch
B . ‘ o X

—-———--——-——————_— hd

*This concept of treat1ng suction as a negatlve hydrostatlc
potential fonaunsaturated conditions - will be maintalned in
this study. . : .



Y

;.,

SR resuits in an osmotlc force mov1ng water 1nto the space

egtremely dry. . t' : | “ QF??

. A
betmeeg//he partxcles. The osmot1c pressure potentlal 1s

1mportant in soils that Shflnk upon dry1ng
. “-w~~ .
The adsorptlon potent1a1 1s due to the attractlve

(adsorptlve) forces between the matrlx water and the matrlx

part1c1es and are promlnent only when the soil becomes'

é‘!w

-

Thermal potentxal has apprec1able effect only in the
case of vapour dlffu51on or caplllarlty f{

Chem1ca1 potent1al is due to the osmotlc energy of ionS'
free in the - aqueous solutlon. Thls is dlstlnct from the
potent1a1 due to»the osmotlc energy descrjhed above.

3

1f we assume, isothermal conditions and uniform solute.

‘concentration, the total potential at alpoint becomes

bl e (2.8

In the case of saturated flow the. last two terms on the

right hand 51de (Vo and Vo) are d1sregarded For unsaturated

"flows, all the terms are retalned However, -for

:501l—mo1sture.rangeseusually encountered_in theAfield;-wq
, can be neglected. In soils that shrink on drying Yo, -assumes
 greater significance than Vpi in nonshrinking soils the

'reverse is true. Generally speaklng, the last three terms on

{

the right hand side of equation (2.6) cannot be evaluated

separately, so commonly they are lumped together and

referred to collect1ve1y as the cap111ary potential. The



:basic idea ofocapiiiary potential whiéh' together with
cap1llary conduct1v1ty,? forms the bas1s of modern soil
,water physics. was flrst set: forth by Buck1ngham (1907)

For the remainder of this treatlse, the followlng

-definlt;on of "total potential (¢), and notation, w1ll be, B

used
Beytz R L
. o . : ".‘ .
where
'l | hydrostatac pressure potent1a1 (or pressure head)
z grav1tat1ona1 potentlal (or elevat1on head).

' The exten51on of* Darcy s Law to unsaturated flow ‘was K

flrst proposed by Rfchards (1931) .who assumed that the .

conduct1v1ty §ﬁ as - ell as the water‘:BQtent could be

'treated as (non—hystfv c) functlons of: pressure potent1a1

,(w) If the soil water 1s assumed 1ncompress1ble, the

general eQUatlon for unsaturated unsteady flow can be

e SRt

written as

3_[K(v)2a21+d [K(y)aa] g_ x@w) ¢] _g o - (2.8)
| at o

ax Bx a9y 9y oz

”I

where

K(W):_ 7 hydraul1c conduct1V1ty as a funct1on of
. pressure potential (y);

¢ total potential, '

4 volumetric soil water content.

, 85,
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“Th1s eqnat1on, sometxmes referred to as the R1chards

equat1on, 1s h1ghly non11near..S1nce most of the solutlons

. Ffor unsaturated floﬁ problemsyhave been obtalned u51nj(the«_
one—dlmen51onal case, 1t is useful to wrlte the equat on for

veri'bal so1l water movement

' e . . k4 : T L ‘ .
2 [K(w)aéliae‘i o _ - (2.9)"
" ¥z az at~ : ' : _ ‘ ‘
. ’ ] » . i N ‘." ,-
‘Since f«@=w+z (equatlon 2 7), we can wr1te
| \'.V_a [x(w)a (w#z»] 3 . - ) (2.10)
: ' ‘ az. . az L t ’ - ‘ ' 3
s o | \‘ R | o :
o .
o [x(w)_ﬁ+x(w)l =28 L (2% 11)
@z Bz Bt ' ~ » |

Childs (1936) hypothesized'that water movement in the

'unsaturated zone is determined by. the moisture~concentration

‘_grad1ents, which 1mp11es that water moves accord1ng to a-
diffusion equation o ' : ' _ L~
 dc=-kd3c , - (2.12)
. 9t o0dx? . o .
\
where :
c © moisture concentratlon, R , -
-k - diffusion coefficient (constant) '

o _ weight of dry matter per un1t volume.
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When”w-and K are single-valued fuhctions_ofie,‘equation‘

(2.11) becomes

(D28+x(9)1=38 T 2an
z . ) -, .

’

where D=K(9)aw/39 or m01sture d1ffus1v1ty (Ch&lds and .
Collls George, 1950). ..« . §: |

~

: The term diffusivity and the’ sympol D are,used because the
1 form of the equat1on is the .8ame as that of Fick's Law of
d1ffus1on° there is no 1mp11catlon that molecular diffusion

is or is not involved as a mechanlsm (M1ller and Klute,

1967) Equatlon (2 13) is commonly used as an alternatlve to
equatlon (2. ). ‘ . o
. . ‘ ST .
. In order to 1ntroduce one further concept related to
, unsaturated flow, the right hand side of the fore901ng

equations wlll be wrltten as

63y o -~ | (2.14)
Vit | o | :

wlcu

The term 36/3y is defined as the specifie'moisture capacity
c(6) and represents‘the‘slope“of the water retention or
moisture charaeteristic.curve_(e vs ¥). ' o

It is evident from'the:preceding.discussion‘that the

main differencelbetweeh saturated and unsaturated flow is

* the dependence of K, ¥, and C on soil water centent in the

unsaturated case. At saturation, Yy is no longer a function

1

ey M b e g e
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oflé, K is a.constant, and C=0.

A basic feature of unsaturateg,é%ow problems is that K
and ¥ are not sxngleﬁvalued functions of X (although the -
'opp05122 assumption is often’ made) . Thle phenomenon 1a
termed 9hysteresis' and'implies that a Jetting soil will
have a character1st1c curve dlfferent from that of the same
soil when it is arylng Furthermore, there may be any number
of intermediate or scannlng curves which are governed by the
soil water content at Eheﬁtime when'change (from wetting to
drying, or from”drying to wettfhg) occurs. Usually the term
vcharaCterESELQfo&;ye' isvresereed'for7the limiting wetting
and rying curves. . l | = ‘

. The first serious attempt to solve the unsaturated flow
eguation appears: to be that\of‘Klute (1952). He use& ;n
iterative procedure to obtain moisture content distributions
in semi-infinite columns of sand and clay after varying time
intervals, in the case of horizontal flow. Philip (1957)
also used an iterative method to SOive‘the ohe—dimensionalJ
horizootai f}ow”equa;ion, and described a numérical. ]
procedure to solve the vertical, unsaturated floﬁ problem.

Hanks and Bowers (1962) were perhaps the flrst ‘to
1nvest1gate layered soils u51ng the unsaturated flow |
equation, which the¥ solved by means of the Crank-Nicolson
implicit finite difference techn1que.AThe effects of
continuous rainfall on soil water content' were examined by

Rubih and Steinhardt (1963). They used a linear

extrapolation-based linearization of the finite difference’

!
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equat1on to solve the Rlchards equation, and concluded that

'Apondlng at the surface results only if ra1n 1nten51ey
exceeds tne 5011 5 saturated hydraul;c conduct1v1ty. Whisler _
and Klute (1965) and Rub1n (1967) took hystere51s into »
;cons1deratlon when evaluatlng unsaturated flow problems;
This represented a 51gn1f1cant advance in’ unsaturated flow
analy51s *An ‘explicit- 1mp11c1t dlfference sch:me was used by
Wang and Lakshmlnarayana (1968) to 1nvestlgate unsteady so1l
water movement in .a nonhomogeneous unsaturated 5011

Freeze (1969) rev1e¥ed the more important papers A

dealing with appiic" of numerical methods to the '

unsaturated £low‘eqf pon, and tabulated tne‘significant

features of each paper. He presented a mathematical model
for‘one-dimensional 'Qertical unsteady 1nf11trat10n or. :’ -“K
evaporatlon above a recharglng or dlscharglng groundwater a
flow sytem. Freeze a!go used hypothet1cal cases to examine

the effects of soil type, ralnfall 1nten51ty and duration,
antecedent so11 water cond1t1ons, groundwater recharge or
dlscharge rate, depth to water table, and depth of pondlng,

on th;\saturated unsaturated flow system.

Hanks et al. (1969) used a modlflcatlon of ‘the
procedure developed by Hanks and Bowers (1962) to estlmate
one dimensional 1nf11trat1on, redlstrlbutlon, evaporat1on
and dralnage of water from 5011 - taking hysteres1s 1nto
account. They found good agreement between measured and

calculated values.
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Molz .et al. (1968) modell1ng the effect of a 51ngle
plant on water transfer,ﬁlntroduced”the concept of potential

soil-moisfure ava11ab111ty WhICh they defined as a measure

b
~ ) %

of the ac1ty of a soil to transmlt water to .a root 51te.d
They developed a- d1fferent1al equat1on descrlbing radlal
flow of soil water to a s1ngle vert1ca1 51nk or root..The
soxl m01sture flux was determlned from thlS equatlon u51ng. N
Euler® s method / . N

In contrast to the mlcroscoplc approach - descr1bed
above - of s1mu1at1ng the influence of plants on soil water
transfer (Molz - et al. 1968) there is the macroscopic
~approach (Molz and Remson 1?70, 1971). In this case water'
transfer and extraction from an entire root zone is
considered. Molz and Remson (1@70, 1971) introduced an
extraction term to the one-dimensional form ‘of Richards'
--equation and used the Douglas Jones predictor- corrector
f1n1te dlfference method to solve the modified equatlon.
Saturated and unsaturated flow in an integrated
subsurface flow system . |

Luthin and Day (1955) were among the first to model ;%5
. unsaturated and Saturated flow systems as a 51ngle entity.

They induced lateral flow through a sand-filled tank by

v.maintaining a small di{ference in head‘between constant
reserv01rs. Flow nets were obtarned by means of Laplace s
equatlon ~in which K=K(x,y), and which was solved by a

relaxation method of numerical analysis.
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The'integrated pproach to‘unsaturatedasaturated flow
systems was also us d by Bouwer and Lrttle (1959) “In. this

case solutions to the two d1men51onal steady flow problem g

hwere obtalned,by use of an electrical resistance network for

relaxing the system. "A - - S e

3

Freeze (1967 1969) used a mathematﬁcal model to

+

’4.
examlne the mechanlsms Which control the relatlons between

the unsaturated flow processes of’ 1nf11trat10n and

'evaporatlon andnthe saturated processes-of.recharge-and
;dischargee_One4dimensionalLVerticalh‘unsteady flow problems

4{1nvolv1ng saturated- unsaturated systems were solved by- means

s

of a numerlcal dlfference technlque.

The next important advance in the continuum approach
occurred when Rubln (1968) solved the Rlchards equatlon for
two dlmen51onal tran51ent flow in rectangular unsagurated or
partly unsaturated soil slabs. The equatlon was solved by.
means of. alternatlng dlrectlons, 1mp11c1t dlfference
methods. |

- Other workers who have féatured promlnently in the

development of the 1ntegrated saturated- unsaturated flow °

system concept include Taylor and Luthin’ (1969) Hornberger

Agt al. (1969), and Verma and Brutsaert (1970)

By .
The most comprehensive treatment of ‘the unsaturated and

saturated flow systems as a cont1nuum 1s undoubtedly that .of
Freeze (1971). He devised a three—d1mens1onal model that
simulated saturated-unsaturated transient flow in small

nonhomogeneous, anisotropic basins. The model can be
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’;gcollapsed to simulate two-d1mens1onal flow, and can also

'accommdate hystere51s. Solutlon of the Rlchards equatlon was

‘

 obta1ned u51ng an 1mp11c1t xteratlve method called the ‘line .

R 2

_ succe551ve overrelaxatlon (LSOR) technlque. Freeae s model

was dlscussed 1n some deta11 in the precedxng sectlon..

r

Details of many of the numerlcal methods referred to 1n

-

the foreg01ng d1s¢u551on can be found in Remson et al

LA
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° 1 '1'1. s'rm'rzcr ron uonm. DES IGN |
'uAs stated prev1ously, the primary object1ves of thls study
‘are: a) to develop a subsurface flow model in whlch
'vegetat1on appears as an 1ntegral part and b) to use the
“ﬂ,model to 51mulate the effects of a varlety of vegetatlon
1,patterns on’ soil water and streamflow '5??77'

N ‘The 51mplest approach is to con51der the subsurface
system as the core, and other process components,_such as
“1nf11tratlon, evapotransplrat1bn and seepage, as’ 1nputs and

:outputs of the hydrologic s1mulatlon model Inflows are :

.regarded as gains-or add1t1ons to, and outflows represent

lglosses from -the system. A schemat1c dlagram of the

'”tfconceptual model is shown 1n F1g 9 Th1s 51mple model must

'f:relate to the phy51cal watershed syst?m.;__ ; o ae

' leen the complexlty of 901;2 and geology of most |

". watersheds, a two d1mens1onal proflle prov1des ‘the best =/"
v{conflgurat1on for 51mulat1ng subsurface flow (F1g.‘10)
"Two dlmenSLOnallty 1mplles bhat a g;ven sect1on has un1t

width, say 1 m. A section so deflned for s1mulat1 g

subsurface flow is assumed to. supply generated streamflow to

j‘the adjacent 1m of stream channel runnlng perpendlcular ‘to
the sectlon. If ‘the sect1on 1s>expanded unlformly 1n the
'fth1rd dlmen51on, then the total"outflow from thlS unxform,-l
sl1ce 1s obta1ned by mult1ply1ng ‘the: outflow from the Un1t
.”sectlon by the length of channel adJacent to the sl1ce.'A“
_,srmple example 1s a long un1form Valley formed by .

escarpments (Flg :11), Thls geomorphlc pattern is often

~ [ BN
T . v . . . w0

J,"‘

-
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N

Uniform valley formed by escarpments.

Figure 11.

|
|
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encountered in the Front kanges of,the:Rocky Mountains.
| The process of extendlng a two- d1mens1ogal problem to
‘an entlre three dlmen51onal watershed 1s fraught with |
difficulties. Conceptually, though, 1t ‘is s1mple and
1nvolves four main steps'
- a) d1v1de the watershed into several sllces or segments
based on geology, SOllS, vegetation,
' prec1p1tatlon-elevatlon relatlonsh1ps, and other
factors~
b) carry. out subsurface flow s1mulat1ons u51ng the .‘

two- d1mens1ona1 un1t width representatldn (section),

-and generate' outflow~

-

\.

c) use results from b). to determ1ne the outflow to stream
' channel from each ent1re segment- |

d) route generated channel flows through the watershed
' u51ng a standard routlng-procedure;

Part a) can be read1ly accompllshed 1f sultable data
and detailed maps of the watershed to be 51mulated are
available. Part b), the successful completion of which forms
the main thrust of this thésis; is.the most difficult step °
~to resolve. It entalls a statement of assumptions concerning
the physical s1tuatlon, the der1vat10n and solution of the
equatlons of flow through porous medla- and the development
~of a mechan1sm for simulating outflow from the seepage face
- to the stream channel. |

The first necessary assumptions relate to deflning the
limits of the subsurface.flow system. A datum is selected to

- &
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coincide with a lower ﬁ\permeable boundary oi; ‘hasement (the
- P

‘x-axis AB in Fig. 10) across which no flow takes:place. The

.position of this boundary is determined pref.:aBiy, from

geologic maps. Vert1ca1 impermeable boundarles BC and DA .
(Fig. 10) define the upslope and downslope 11m1t5'og$the

subsurface system; The presence of a no-flow boundatyhathC
implies~that the phreatic divide coincides with the K

topoégaphio divide. If it is further assumed that.watérigoes

not move transversely (in the y-direction), then it is:m?

- evident that no p051t1ve or negative leakage can occur %E&o

~or out of the segment. All water leaving the ba51n does so

v1a the stream chapnel or the atmosphere. Water is free to

move across the upper-boundary (ground surface CDoln‘Fig.A >
10) in ei r direction._It can also be transferred from the cé,fj

system interior by means of plants, pumping wells, or tile o e

Plants, especially trees, consume 1arge guantities of
~&ate;; often the volume of’water that leaves a watershed as
evapotrans$piration exceeds the total tolume of streamflow.
'-During transpitation water does not cross the upper bonndary |
. directly, but is p1ped'xup the stems -and lost to the |
.atmosphere through the ¥eaves. For simulation purposes, 1t

is useful to draw an an logy between transp1r1ng trees and

pumping wells..In tHe latter case, water is withdrawn from
the saturated zone and/ discharged abové ground; the well is:
considered to be a sink in the system. Analytical methods

~are available to det rnine‘the effects offpumping wells or
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'sinks on the groundwater reservoir.

Plants extract water, usually from the‘unsaturated
zone, by means of an exten51ve root system. Research w1th
forest trees (Kramer, 1969) 1nd1cates that water may be
absorbed by trees at distances of several metres from their
stems. Veihmeyer and Hendr1ckson (1938 cited by Kramer ,
1969) found that water 6 or 7'm from fruit trees is
absorbed. The root1ng depth varies with plant species. In
most\gasps, the root zone is con51dered to be the upper 1 or
.2 m of ¥Woil, However, some phreatophytes such as salt cedar

(Tamarix chlnen51s Lour.) are capable of extractlng water

from depths of 6 m (Horton and Campbell 1974) while the

@

roots of mesquite (Prosopls Jpllflora) can penetrate .as deep

as 18 m 1nto alluv1um (Kearneywand Peebles, 1951' cited by
‘Horton and Campbell 1974).
~ In order‘to simulate water withdrawal.by trees, a

series of sinks is introduced {nto'theumodel near its upper
boundary. The'location of a sink in a finite element mesh
corresponds to a tree rooting deépth of 1 to 2 m in the
physical system. Each sink has a rate?of—withdrawal value
assigned to it and represents the influen¢e of a number of
trees op subsurface water. When trees are harvested,

.slmulat1on is achleved by deleting a su1table number of
f¥_51ﬁks ﬁrom apgroprlate locations. Conversely, when regrowth
,occurs\the sinks are restored However the

\

ra?e of“w1thdrawal value a551gned to sinks represent1ng the

_young trees will" be, less than that assxgned to 51nks
§\

M



external atmospherlc pressure (Freeze, 1971). The
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fepresenting mature trees before harvest. This method allows
for considerable flexibility since the diffetences in water
demand due to spec1es, age, and forest management practices
are 51mulated The basic assumptlon here is that trees -can
be s1mulated u51ng sinks in the manner descrlbed The main
llmltatlon is the lack of 1nformat1oy\regard1ng consumptlve
use by different tree species at dlfferent ages.

Although it is recognized that great differences in
prope—tles may eX1st within the same soil type or geologlc'
stratum 1t is extremely dlfflcult to map these spatial
variations. Consequently,'for simulation putpOSes, it is

assumed that each soil type or geologic stratum is

“homogeneous.

The rema1n1ng assumptions concernlng the model are
related to 1ts mathematical development. In the saturated

region, flow is laminar and Darc1an; inertia forces, -

‘_velocity heads, temperature'gradients, csmotic gradients,

chemical concentration gradients are all assumed@ to be-

negllglble. Water, the so;ls and geologic formations are

assumed to be 1ncompre551ble. In the unsaturated zone, it is

" assumed that the soils are ‘non- swellln and that the air
. 9y

‘phase 1s continuous and always in connectlon w1th constant

)

-implications of these assumptlons are alluded to in . the last

section (IIE) of the preceding chapter.
The general equation of flow through porous media

(equation 2.8) used in simulating water flow through a
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hallszde sectlon is usually solved by appllcatlon of

' numerlcal technlques._Such technlques involve a) ' ' \\\
.dlscret1zatlon of a continuous domain, and b) generation of \\\
a set of linear algebraic equations. Discretization is the
proceduze.whereby a continuous domain D is divided into a
number of subareas for the purpose of sdiplng ord1nary or
partial d;fferentléﬁ equat1ons. Approx1mat1ons to a
/coqplnuous solutlon may be defined at isolated points by

: . -

‘?inite differences or, alternatively, defined over’ the
entire domain by appllcatlon of the f1n1te element method
Thelsolutlon in this case is the pressure potentlal at each
point defined in the domain.

"The tesk'of obtaining solutions for the. parabolic <
“partial differentialiequation of flow through porous media
requires consideration of botublnltlal and boundary
cond1t1ons. The 1n1t1al condltlon is the value of the ‘
function for the posed problem at starting tlme, to. The
boundary conditions are either the value of thevfunction,

its normal derivative, or a linear combination of the » -
vfunction and its nogm@l‘derivetive'on the boundary (Rinder
and‘Gray} 1977). Whenfthe value'of the function;hsubhfas

‘oonstant pressure potential, is known,'the»boundary

condition is referred to as a Dirichlet“type boundary

condition. If the normal der1vat1ve of the functlon 1s

given, then the boundary cond1t1on*1s known as a Neumann.

type. Thus a vertical, impermeable or no-flow boundany

forming a watershed divide exemplifzes a Neumann type
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‘boundary condition since 3y/2x = 0, i.e.'the.hydraulic_

gradient in the x-direction is zero, so the flux acress the

~boundary is also zero. )
 since the equation of flow-for this'preblemvcannot‘be
solved easily by analytical meaﬁs, both the fiﬁfte‘element

-and finite difference methods‘wili be,employed to develop

‘and solve the necessary approximating equations during

simulation. The finite elemenr approximation ﬁill be applied

to the spatial aspect of the‘prbblem, while the'time
derivative will be replaced by‘a% appropriate finite
~difference representation. | )

The finite element method has severalvadvaptages over
finite difference technigues wheh”applied to a continuum

| (Desai and Abel,_1972; Remson et al, 1971; and Rodarte,

1978): | ‘

.  It is not neCeSSary to develop special expressions.to
d;fine the”boundarj conditions. Close agreement withl
complex real_pgundariee are obtained;

2. The'dimensiens of‘elementS'can be fixed arbitrarily.
Thus, large elements can be used where a function
changes éradually. When a:function changes rapidly, such
as in the near- surface regions of a simulated watershed
small elements are used. Irregular and complex
conf1gurat10ns can be analyzed or simulated qu1te*
ea51ly;

*

3. Anisotropy and hetereogeneity can be routinely

considered in the caiculations.
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4.~ It is possible to'set‘uprequations that produce
positive-definite matrices ;hich Can be reduced.to band .
form and solved w1th a minimum’ of storage and
i'computatlon time. ):,
Application of_the finite.element and flnite*difference
methods to the governlng.equat'ons should ‘yield solutions
for'simulatedrtime intervals o§\ say, one day (51nce we are
pr1mar1ly interested in snowmelt and ralnfall runoff events

and seasonal recession flows). The field of fressure

potential which constitutes the soluti at time, t, conveys

information about the dlrectlon of flo; w1th1n the profile,

- and the posltlon of the water table. An additional

algor1th1m is requ;red to prov1de‘values of outflow'
generated at the seepage face. For this purpose an 1terat1ve.
"scheme, developed by Neuman (1973) and described in the next
chapter will be used "

The definition and solution of.a”simulatedrwatershed
section problem requires information regarding the geometry -
of the watershed, the hydraulic properties of the media,
boundary fluxes, 51nks, and streamflow data against which
generated outflows can be comoared Thus, 1nput data for the
model will 1nclude some or all of the fol owing:

a) finite element mesh geometry of the egtire vertical
section, _ ' \ |
b) output from a snowmelt model.to provide positive upper

boundary fluxes during sprlng snowmelt perlods,

c) hydraullc propertles of so1l and geologic strata,
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d) amount, intensity, and duration of rainfall,

e) climate data requared to compute evaporatlon+

f) values of consumptlve use by trees, based on spec1es,
age and perhaps other factors such as d1ameter at breast

.:helght (dbh) crown cover den51ty,<or height;
consumptive use values'are assigned to sinks located‘at
near—surface points‘infthe finite element mesh

-

The forego1ng information prov1des both the initial and the

o boundary cond1tlons of the problem.

Output from'the model will consist of daily values of:
) pressure potentlal (w) at. po1nts deflﬁed throughout the
~entire domaln
'b) total potential (&),
c) volumetric water content (6),
d) water table position,

e)‘»outflow from seepage face (generated streamflow).



IV. MATHEMATICAL DEVELOPMENT - OF SUBSUREACE FLOW MODEL

A. Governing Equations : L.

The4fu11°generalve§uation for three-dimensional

transient, saturated-unsaturated flow through porous media

can be written (Freeze, 1971) as

MO xO W X

Q_jgp’(w)k.,(F,w)%£]+a [gp2 (¥)k,, (F,¥)ay]
© 00X u X -5; u ‘ oy
+3_[gp?(Y)k, . (F,¢) fag+1N ]

=[p(y)8(F W){a'(F)+e(F,¢)B'(F)}+p(¢)C(F,¢)]§£
- e(F, v , ' . ’ t

(4.1)

where.

Y, 2 coordinate directions, L:
pressure potential, L;
acceleration dpe to gravity, LT-?;
viscosity of water, FTL- *;
density of ‘water, FT3L-+; . ‘

- intrinsic, or specific permeability, L?;

' porosity, dimensionless; '
volumetric moisture content, dimensionless;
geologic formation or soil strata, dimensionless;

C=36/3y specific moisture capacity, L-';

a'=apg vertical compressibility of formation, L-' .
a ' - coefficient of vertical formation compressibility,
. i : L’F" " .o .
'=Bpg .compressibility of water, L-"
coefficient of water compressibility, L2F-°'
time, T. ' ~ :

RS -

14

If the foregoing expression is written in vector notation it

simplifies (Pinder and Gray, 1977) to

106 A
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V- [Kk, (Vy+K) 1=Cou+6S.3¢ | - (4.2)
ot e _at . g b

where '

-

K=pgk,,/u saturated hydraulic conduct1v1ty tensor, LT ';

Kew relative permeab111ty of water, dlmen51onless;
k unit vector in the vertical. dlrectxon-

S, specific storage, L-'.

B. Finjte Element Simulation

finite el ent method was peveloped in the 1950's

to solve con ctural englneerxng problems. Slnce that =
time 1t has been successfully applied to problems in: soil

-~ and rock mechanlcs, heat conductlon (Desa1 and Abel, 1972)
~surface and subsurface hydrology (Plnder and Gray, 1977) . Q.

and in 51mulat1ng water uptake by plants (Feddes et al,
1876). It has also been used to describe the geometry and
position of cells in fossil and living plants (Niklas, .

1877).

The fOllOWlng development of a f1n1te element model for\
51mulat1ng unsteaﬂy, saturated- unsaturated flow of a 51ngle--_
f1u1d through porous media is taken from Pinder and Gray
(1977) and from Neuman (1973). The ba51s for the f1n1te
@lement model 1s Galerkln S method%of weighted residuals. It
is essentlally a scheme,for solvlng d1fferent1a1 equatlons

u51ng 1ntegral approx1mat10ns. We first consider the t1me

1ndependent equatlon N

Lu = f. in B . Pinder & Gray, 1977 (4.3)

L3

where-u is an unknown function, f is a known -function, L is .—



the ope:atgr, and B is a bounded domaln. Let u be ; , ;

"approxlmated by a functxon u(x) whlch conszsts of a llnear

?‘Ffﬁcombrnatlon of su1table functlons and Satlsfles appropr1ate '

boundary cond1txons of - the boundary value problem. For

’*iexample, ve m1ght try

e e
- : jm2 T -

I,Bjnder'g Gray, 1977
where ¢1(x) is chosen to sat1sfy the essentlal boundary
cond1t1on and the coord1nate or’ basxs functlons ¢,(x) (also
.called bases) satisfy the: correspondlng homogeneous boundary
condltlon. Usually ¢1(x) is not written explicitly,. but 1s
1ncorporated in the serles B h
-A‘~ mo o .‘W. : ; P ’ . o
u(x)--;‘a,db,(x) . _' : : (4.5)
co w1 S o - Pinder & Gray, 1977 .. .
" | ‘ N . "
Let a residual R be defined by

=)

R(x)=Lo-£(x). S (4.6)

~
~

Pinder & Gray, 1977

Inserting the trial function, we have

LA,

R(x)=L[Za;¢;(x)])-£f(x) L . (4.7)
v =m o . Pinder § Gray, 1977

. The re51dua1 (or error) functlon R(x)~ w1ll be zero for the

exact solutlon, but not for the approx1mat1on. In the method

of welghted re51duals, the re51dual 1s m1n1mlzed by settlng



the 1nner product of ‘the resxdual functlon and a wezght1ng

'functlon w,, equal to zero:
!.ka);wldxéo C(i=T,2,..0 M) ' (4.8)

This equation can more conveniently be written as

L

<R(x),w,>=0 (i=1,2,...,M) - = . = (4.9)
' - Pinder & Gray, 1977

»

There are several welghted re51dual technlques whlch

X,

can be used to obtaln the solutlon to a set of dlfferentlal

equations. They 1nc1ude,the-collocat;on, subdomaln, least

ot .
[N

'sguares; and Galerkin's, methods; The ethodaselected-
governs'the choice_Of the neiéhtfng unction, ﬁ;;‘In,thela
Galerkln method whxch was selected f O this study, the
coord1nate functlons ¢,(x) also serve as the we1ght1ng

: functlons w.(x) When the coordlnate functions are 1nserted
S ‘».'
< tHR prev1ous equat1on becomes

&

T<R(x),$,5=0 " . (i=1,2,....M) . (4.10)

‘hn orderifor’the residual 8" be miniﬁlzed, R(x) must be
orthogonal to all the.fnnctions ¢.(x).

The pr1nc1ple of the f1n1te element method is that the ' N

coordlnate funct10ns, wh1ch are usually ﬁolyhomialsfﬂare *}~'° e

...m—a-<\~-.-'l-‘--t.,q‘~«\-.u--.puo- &P..&».an- -

Cle
-~

*»w Nodes are: located along the boundar1es of ‘each’ element and

- oL
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- each coordinate function is identified with a specific node .

i.e. ¢,(x) has a value of unity at node i, but ,goes to zero
at all other nodes. The elements may be one-, two-, or
three dimen51onal 11near,-quadrat1c<or_cuhic in space

and/or time; . rectangular, triangular or tetrahedrai in

~ shape. They may have either straight or curved sides. These

'examples'are only a few»fromha large.number of possible

felements.

The preferred element for this model is the linear
triangular element because it is well su1ted for use on_'\
1rregular boundaries and COncentrates coordinate functions
in those regions of the domain ‘where a rapidly varying »
solution is ant1c1pated Coordinate functions may be

formulated’'in terms of either.global or local coordinates.

For triangular finite elements the 1ocal (or area)

’coordinate system 1s used because element 1ntegrat10ns are

/

L

thereby greatly fac111tated ‘The development of coordinate

'fuctions u51ng area coordinates for triangular elements and

1ntegration of ‘the resulting expre551ons are described 1n///}

.Appendix A,

The general expression for coordinate functions for

linear triangular elements is

4

B T T - e hd - . P

¢.=a;+bix+c.y. »' . TR D (4 11)" vt "‘
el A Plnder 5 Gray, 1977 '“ '

- - P . “ o PRI -

where a.; b,, and ct are constants 1dent1f1ed with the ith

P -

node and the 1th coordinate function When they.are d'

> . re .
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expressed in terms of trlangular area coordlnates, L,, the

coordlnate functlons become ' - : T

¢.=L|-[(x,y.—xky,)+(y; Yu)x+(xk-x,)y]/2A (4.122)
=L =l (xey —x 174 ) + (3, ya)x+(x.—xk)yl/2A (4.128B)
¢k=Lk=[(x.y,—xLy.)+(y,-y,)x+(x,-xk)¥l/2A, '(4.12C)-
Pinder & Gra;, 1977
where A, is the element area. o "
The forego;ng procedures w1ll now be applled to the
governlng equat1on, 4.2. Let the pressure potentlal v, be
approxxmated by | |

;l-'l

y~p=2p, ()9, (x, o | (4.13)
?The two-dimensional form of equation 4.2 is

C(RK,, Ty, ¥)+T,, - (Rk,,, *K)- [c+es 1_g= (4.14)

and Galerkin's method requ1res that. the coeff1c1ents P be

determlned such that

C<EBieR0 L (st,2,..0M) 0 (4,18)
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o L

<v,‘y (Rk, -v,,Ep (t)¢,(x,y) ¢,>+<v,, (Rk,,, -k) 6>
—<[c+es }a(zp (t)¢,(x 7)), ¢.>-o | | (4.16)

e ]-l
Application of Green's theorem eliminates the second
derivative,vaﬁd reduces the governihg equations to the fdrm.

i

<K (a') vxypj¢jl xy¢l>+<[c+es ]¢de ¢!
‘ e dt

RR()-[F.,9%Kl00s - (a.17)

“where R'éikm,and i is an outwardly directed unit normal
vector on the surface, r.

This equation may also be expressed in matrix form as

[A]{P}+[B]{dP}={F} (4.18)
a& v
’ ) Pinder ¢ Gray, 1977
“ where the elements of matrices [A], [B], and {F} are

a; j=<R" ‘(&)"vxy¢j r'-v.x y®1>
‘b, ,=<'[C+155]¢1 1 ®0>
: e

£ =L A-K' (D) -[Vs,0+k)g,ds \
'in‘geﬁefal ~for the subsurface flow problem, [(a] is
,symmetrlc and [B] is a dlagonal matr1x
 The earller_assumptlon‘that the compressibilities of

water, soil, and geologic formations are equal to zero
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éauses the spécific étorage, S,, also to become* zero. Ihﬁs
b reduces to-'

by ;<[Cle,,¢,> - (4.»19),
Coﬁsideriﬁg'first,the Steady‘statg problem,'equation‘4.18'ﬁ

[Al{P}={F} . o ' (4.20)
When triangular finite_elements are used, the information
obtained from integration gver each element is stored in a

3x3 element coefficient mat:ix_as

p—

xx<__Q1:_Q.1>"‘Kyy<_21ra K:x<a_ﬁ1»rﬂ2>’+xyy<iﬁ1rg22>

ox 0x -3y ay ox 9x . y oy
xx<_ﬂ1r_23>+xyy<_£11_2_3
. ox ax 3y .
Kxx<222riﬁ1>+xyy<éi2'_a_ﬂ1> xx<_ﬂ2,_£2>+Kyy<__QZr_Qz
9x 0x 19y dy ox 0x oy
xx<_22 r__Q3>+Kyy<_Qz r_ﬁ: (4.21)
ax .6 ay | - }
Kxx<8¢, ,__Q1>+Kyy<_2:n__ﬁ1> xx<_Q3,_Qz>“'Kyy<_Q3r._‘lz>
y ax ox oy 9y : 9x 9x 3y 93y .
. h
Kxx<_a_23.r'_a_Q3>'."Kyy<-M:‘!"§£3> ‘,
- 3% 9x ’ dy 2y .4

i , . . o _' o

The components of these matrices are solved using the



7i5”1*follow1ng relat1ons R R A

TR
- Fii] ima -
Lm . . .
D g PN i . o O T Cta s

bl W e -

<24 ._m>+<_e. ._m>=1_ (¥ =y (7Sy 0+ (xesx 0%, =x3) ) (8.22)
ox 4A . o : :

and"“

<__Q|,__Q|>+<_£t,_9.|>= ((YJ"'Yk) +(xg-x1)2)"‘: .l('i."‘23‘) B

ox . 3y .

U

- The. next step is: to assemble the element 1nformat10n N

1nto a global matr1x [A], by summlng,.for a glven node,'thei'"

contr1but1ons to that node from each element coeff1c1ent

jmatrlx. If the. trans1ent problem 1s cons1dered tﬁe global

matrlx [B] must also be assembled Thls 15 done 1n much the :lni

same way as was matrlx [al. However, the element coeff1c1ent>

matrix in this case has the form

o <61,61> <¢,,0,> <¢i,03> ,
J<92,01> <92,62> <¢3,0,> (4.24)
<$3,01> <¢3;,02> <¢5,0:> '
The integrals are solved by means of the expressions
<¢l t¢l>‘Ae/6-' (l=iljlk) . (4.25)

and . ' : \

< #m>=0  (l=i,j,k), m=i,j,k; lfm (4.26)
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C. Appllcatlon Of Finite D1£fetence Approxxmatxons To Time.

‘po%axn

There are several methods avallable for replac1ng the
time der1vat1ve in equation 4.18 with a f;nlte_dlfference

approximation. The most general is the weighted average

approximation —_—
[A1(e{P}** &+ (1-e){P}*)+1 [B]({P}** at={p}*)
. | - C At : |
=e{F}U A (TEe){F}t (0ge<1) (4.27)

" where t is thé time, and At is the time step.
When e=0 ~an explicit f1n1te dlfference scheme results. This

-"ﬂ;methOG IS the 51mplest to solve but 15 only condltlonally o

stable. The expl1c1t scheme 15

T (AT [B]){P‘} +1 [a]{p}“A'-{F}' (4.28)"

"~ An hnconditionally stable,‘first-order correct scheme is

obtained when e=1, and equation 4.27 becomes

([Aal+1 [Bl){p}t+a-y [s]{p}'—m“m © (4.29)
At - At _

LR ) .
This scheme is usually referred to as the implicit or

backward.finite difference method.
A time-centred scheme results when e=1/2. Commoniy—

Yeferred to as the Crank-Nicolson implicit method, it is

.
PO P Y
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second—order'accurate and usually neutrally stable. It can

be mritten as

A[AT({P}** 2 +{P}*)+1 [B]({P}** & ={p}*)

2 ' - At -
=1({FYreanefRyyy (4.30)
.2 ' ' :

Because of the dependence of both K' and 6 on pressure
potent1a1 equatlon 4 18 is hlghly nonlinear, and the set of
nonlinear algebralc equatlons it represents must be solved
u51ng an 1terat1ve procedure. A solutlon may be obtalned by

comblnlng the flnlte element method wlth elther the

-
-

time-centred or the. backward dlfference scheme. In thls o
'~fcase, a backward dlfference scheme for t1me centred

coefficient matrices is used (Plnder and Gray, 1977?

f”;Neuman, 1973). It is. effectively an ‘under- relaxatlon

“technlque and has the advantage of damplng osc1llat10ns that
'frequently occur when solving hlghly nonlxnear systems. Thls
"iterative scheme also overcomes the problem of obtalnlng
solutions that arises when the specific storage; S,, is .,

zero. , S .

The fully 1mp11c1t backward dlfferenoe formula for th15~¢f-

problem is

([A]r*1/2 Br4y [Ble.i/zm){P}t.m
At, |

1 [B]“'”A‘{P}'*'{F}"'/ZA'; | (4.31)
At ‘ i

P



where t represents the time, and At is the time step.
Equation 4.3% may be exphessed as Lo S n
[G]to{/zAv {.P‘}‘(¢~A:t ,m.~1;{D}r.1-/--z.At +{FJt¥ 72 ' k4.32)
‘where e el )
§“ .i.\ L e R . .*" . -~ .
' [G]ut/zm_[A]u1/zA:+1 [B]toi/zm . _ J‘
. } At e - ) ‘-.v._l. }
{D}toi/ZAt=1 {B]tol/ZA!{P}!,
‘ ¢ At ’ ’
and m is the 1teratlon numhe:.l;'g,,f.c*'~“i-r~*'~*“ R

“Q',,-n

Several steps are. requrped to'ébmpfete the.iterative

procedure whlch‘prov1des the solutlon to. thls eguationw

4 per o - -

4.i.: The 1n1t1al condxtlons for the problem are descrlbed at
each node. They 1nc%udev;n1t1al vOlumetr;c water content
6=6(y), ané igitial pydrapiic conductivityiﬁ'=ﬁ'(¢).
Thus initi3l pfessure potential, v (and "{P}'), is also
prescribed. |

2.. An initial est1mate of pressure potent1a1 at the end of
the flrst tlme step, {P}“A‘, is obtalned by solv1ng the .

'expre851on'

| IVG_];'{P};‘”""?.{D}*+{F}"' S (4.33)

rather than soiving equation 4.32,

3. This estimate 'is used together with the relation
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{P}'f‘”ié‘?({p}'+{9}f‘A')/z  (4.38)

s - '

to determine {P}'*'/zﬁ;/;/ oo

4, The values of {P}'*'/2at éovern the values of K

6 which appear in coeff1c1ents 3 “and b, (equatmon..‘f~”

e % »,‘, . L

’ 4. 1§) New values of K C ande are‘determlned from

{P}“"’Af and the resultlng updated coeff1c1ent .

- el

. ’

value for {P}‘*A‘.

‘5., The 1terat1ve procedurei(steps 3 and 4) is repeated

untll the dlfﬁetence between successzve 1terat1ons is

OO

Fovie oD Wt

- w’th1n satlsfactory l1m1ts i.e.
Pt At me tip At M e g L (421,2, ., . N) (4.35)

where E is the specified difference criterion.
6. When this condition is met, {P}* is- updated to {P}“A‘
and the 1terat1ve cycle is 1n1t1ated once again for the

next tlme step, solv1ng fzrst for {P}“’A'gf._"”_wn

7.0 For constant 51zed time’ steps beyond the 1n1t1a1 time

. step,‘the jollow1ng relatlon is used to obta;n a flrst

estlmate of" {P}‘”"’A‘ }f“4'

PR RAE R 20 (Y A (al36)
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The matrices generated by using the finite element

. method are usually sparse and banded, & condition which

‘ »
permits considerable saving in core-storage and

'computatlonal effort (Plnder and Gray, -1977). There are

several’methods avallable for reduc1ng matr*ces to a form

‘1>Su%table for extractlng the 'solution, {P} The method

"5selected for this problem entalls column by column

decomp051t10n of the matrlces, and 1B referred to as the

Cholesky method The theory, procedure, and the algorlthms

.;_necessary to 1mplement the Cholesky method .are-given im Elwr»

and Murray (1977).

.

D. Treatment Of Boundary Co;ditions,-sinks; And Seepage

-

Faces

The boundary conditions are handled through the line.

.integral in {F}, This integral is non-zero only along the

_domain boundary;« ., where it. represents. the. component of"

.. - '

A flow normal to I'. For a no- flow boundary condition,’ {F} is

set to zero' at each of the relevant boundary nodes. If {P}

jnls known for a’ g1ven node (D1r1chlet type boundary

_,Tcondltlon) ‘then the equatlon for that node is condensed or

- ‘Tt appears that no prov151on for s;nks has been made in

‘equation 4.18. Strictly speaklng a term; {Q}, for sinks

should appear on the right hand side of the equation.

However, for computation purposes. {Q} has, in effect, been

absorhed by {F} such that
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(F}'={rletqy / (e.37)

Sincel{F}'is zero for all interior nodes, and {Q} has -

non‘zero'values only at Specifieo interior nodes, it is.
feasible to use {F} to def1ne both {Q} and {F} without

| changing the deflnltlons and assumptions related to the

vector, {F}.

Consideratlon must also be given to proper simulation
of outflow from seepage faces during iteration. For this
purpose, the approach devised by\Neuman (1973) will be used.
This method predicts the location of the seepage face at
time t““, given its position at t". It works as follows: at
time, t", the seepage face is defined and the pressure
potential P, is set to zero at all points along the seepage

face. At points where P<0, the inward- d;rected Lormal flux

Q,.1s prescrlbed as” Zero. The solutlon to the governing
equations should then yleld Q<0 (outflow) when P=0, and k{éL//<Z:
when Q—O If however results show Q>O at a po1nt where -

P=0, then Q 1s set equal to zero, and the p01nt treated as a
'ino flow portlon of the boundary Slmllarly, if P>0 where

Q=0, the correspondlng value of P is set to zero and the"

' point treated as a constant potential point during the next
iteration. Iteration is oontinu;d unt%& results dre

compatible.



V. SIMULATIONS: RESULTS AND DISCUSSION
A, Unsaturated Flow .~ =~ - ) .

Model validation.

The credlblllty of a phy51cally based mathematlcal
model should .be established before it is used to simulate
the complex dynamic systems of—the real world ~ systems in
which not one, but several-brocesses may be actiyevat the
same tide. One has first to ask'himself the question: "Is
the model resooodiﬁg correctly, in a qualitative way, to‘the
‘boundary and 1n1t1a1 condltlons 1mposed upon'lt 2" Applled~:
‘to a specific hydrologic process, ‘the questlon might be -
re- phrased as: "Does the model gespond with reduced water; W
content, lower potentials, and steep potential gradients,
near the ground surface ddting times of high evaporative.
demand ?7 Alternatlvely, one might pose the question: "Can .’i

P

functlon for infiltration rate, during infiltration ?" Such ,

the model show an advancing wetting front, and a decay

relatlonshlps were establlshed long ago (Horton 1933, for
example) through extensive field observations and laboratory:

experiments;, they are described in many soils and hydrology
text books. : < L
Once it has been determined that the physically based-

-mathematical model can, indeed, simulate isolated processes,

then it is feasible to use the model to examine such

A

processes_within the context of anvintegrated system, such

L)

121
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. as a watershed or a hlllslope. . [ﬁ.flw1~- -
- It i's the 1ntent 1n the folhpw;ng svmulatlons, to have

" P . [ o

e s

R

~the subsurfade flow problem evolve from a very 51mpledcase
d’”.

of 1nf11trat1on, evaporat1on, or transplratlon for a s1ng1e,;,W'“

.y |
‘,-,-r“ L, - s .

'unsaturated medium, to more compllcated 51tuatlons 1n which .

,saturated unsaturated flow systems, several medla, and the

.1seepage face are cons1dered

”One-d1mensxonal vertlcal 1nf11trat10n and evaporatxon
| The f1rst s1mulat10n concerns one- d1menslona1 flow‘
'ffthrough unsaturated clay 5011. ThlS problem was consxdered
,flrst because it is very 51mple. The volume of soil involved
_ is small enough that the usual assumptlons, that the so1l is
. homogeneous and has unzform propertzes, are probably correct
in th:s case. Furthermore, a solut1on to the problem has"'
"hbeen obtalned by other 1nvest1gators (Beven, 1975 Ph1l1p,_
1957). Ph1l1p solved the probfem using an analytlcal/
| technique, and Beven arr1ved at essentlally the same result
by means of a f1n1te element method
In each case, flow through Yolo nght Clay was
s1mulated ThlS soil,; which is an agrlculturalesoll in
- Cdllfornla, con51sts of 23.8 percent sand,'45 percent silt,
;vand 31.2: percent clay, w1th a pore'spacévof 50 percent
(Moore, 1939) The uﬂ'aturated hydraulic'conductgnity‘is'
“related'qO'pre55ure potential by-theﬂexpression R .
'K-O.b0463/(w’+400,0), wherehw is‘the*pressure potential

(Rubin, 1968). Thus, saturated K is 1.16 X 10-* cm/sec..
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A mesh of un1t w1dth w1th no flow boundarles on e1ther

51de (F1g. 12a) SUggested by Bevenn(1975), was constructed

w~fer:the»onerdlmenslonal groblem. No;e that z-coordinates, for

]

A S 2 e @ e oL .

W s w

all but two of the nodes are negatlve Thls has no effect on
. & » o . P % - - 4 T e i - w o . .

“thes total . potentaal“at one -node rebatlve to the total {}7u o
. 1potential at'cher"nodgs, _The -only” difference'betweenvf

results from a- p051t1ve coordlnate system, referenced from

the bottom of the 5011 column, and the results from thls

system 1s that the total potent1al at all nodes in . the
- ’ & T e .
nggatlve system is 10 cm’ hlgher than the potent1al at the
A RS e aran e LT T

“”nodes 1n the posltlve system. In1t1al pressure

wf,corfespond

Fpotentlals were set everywhere equar to -660 cm (6=0. 240)

except at the surface nodes where they were malntalned at

saturatlon (w-O-cm) These 1n1t1al and boundary cond1t10ns

. correspond to those of Beven and Phtllp |

The results produced by SUBFEM at the end of 10,000

dsec; using a t1me step of 500 sec (F1g 12b) compare
favorably w1th Beven s (1975) f1n1te element solution and '
Ph111p s (1957) analytlcal solution, ln all three cases.
water penetrated to a-depth'of'about 8 cm, Some differences

are 1nev1table since the functlonal relatlonshlp between 6
and v, and between K and ¢y, used in SUBFEM are different
from those used in Beven's and Philip'swsimulations.
However, the retentlon curves do have certaln—data p01nts 1n :
common.‘Convergence occurred fa1rly rapidly in the oo
one- dlmen51onal s1mulat1on - to a dlfference in potentlal of

0.01 cm after 4 to 8°* 1teratlons.

'
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- Analytical solution (Philip, 1957)
: " m=X=—Xx- Finite -"eljé'm‘en‘t solution (B‘e'\'lent, 1975)
26510 —o—o— SUBFEM solutién
Mt
Figure 12. ~'a) Finite element‘d.iscretization for one-dimensional #-

- infiltration into-Yolo Light Clay (After Beven,

b)

Comparison of SUBFEM solution with those obtain
by Philip (1957) and Beven (1975).

1975),
ed



125

C W = .
o - P

~THe 1sopotent1al 11nes for the SOll column, after

10 000 sec, are shown in Fig. 13a. The-h1ghest potent1a1 (0

cm) occurs at the upper boundary and the lowest (-650 cm) at
a depth of 10 cm. This conflrms that vertlcal 1nf11trat10n
is- taklng place, i. e..1n the d1rectlon of decrea51ng
potentlal The flow lines or streamlines run perpend1culari
to the isopotential lines |

Field capac1ty is defined as the water content of soil
~after gravity dralnage is complete, usually at a tension of
1/3 atmosphere,,or 7343 cm of watgér. After 10, 000 sec of
1nf11tratlon the soil column is at fleld capac1ty, or
wetter, down to a depth of about 6.7 cm. " The lowest point at
whioh‘ﬁaeld capacity is ‘attained is in the region~of~
Steepest potential gradients --between‘depths of 6 and 8 cm
(Fig.‘13al. It is also in the region where the greatest
changes in water’content:occur (Fig. '13b).

_‘'The. zone where water invades and advances into
or1g1nally dry soil 1s known as the wettlng front zone. It
1s ‘the zone in which the greatest water-mov1ng forces,
resulting from potent1a1 gradlents, arefproduced“(Hillel
1980) For thls problem, 1t corresponds to depths 6 to 8 cm,
where the 1sopotent1al llnes are close together and the
potentlal gradlent is 199 cm/cm (Fig. 13a). In contrast, the
" isopotential lines between Q and 6 cm depth are more widely
spaced, yielding a'potential‘gradient‘of'34 cm/cm.

In order to evaluate transient behav1our of the

¢

51mulated flow, ‘the pos1t1on of the wettlng front 1s plotted
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‘One—dimensional, vertical infiltration - total
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after 10,000 sec.
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over t1me (Flg. 14). Here, the wettlng f%ont 15‘defrned'4'iﬁﬁriﬂ
arb1trar11y as the depth at whlch the water content is- at |
field capac1ty The curve shows a smooth progre551on of the.
‘ wettlng front from the. surface at t= 0 sec, to a depth of
'”nearly 7 cm after 10 000 ‘sec. ThlS IS the advanclng wettrng u
- front” referred to earlier.. o .
If the flur'across the upper bbunaaéy'is‘plattéé’évér':
time, the - resultlng curve can be descrlbed by a decay |

funct1on (F1g. 14) Thls is the 1nf11trat1on capac1ty curve'

e - @ e @ e . w - o . . . u,

) ﬁor-the Boil] and theoretlcarly shouId become hOrrzontal~"~'
(constant) when the infiltration rate equals the saturated

. hydraullc conduct1v1ty of the 5011 (1. 16 X 10-° cm/sec).

| | A trans1ent one dlmen51ona1 evaporatron s1mulatzon‘was =
"also4rUn.-It differed from the«rn£1ltrat1onqrunrpnly_wlth

£l

respeCt to the boundary-conditions at ‘the surface’nodeslfk

e

negatlve flux correspondlng to an evaporatlon*rate of 5 a e

mm/day was spec1f1ed for these nodes, 1nstead of the

. ‘constant pressure potentlal (w=0) condit1on that applled

-

e » o

'durlng 1nf11trataon. The ch01ce of 5 mm/day is reasonable as
it is a rate commonly attalned on warm w1ndy days in-the -

" méuntains’ and ?oothllls~of Alberta. The 1n1t1alfcond1tlons

R

remalned the same as for the 1nfnltratlon problem,
At the beg1nn1ng of the 51mulation the water content
ranged from 0.496 (saturatlon) at the surface to 0 250 at.
0.5 cm depth For. the same . depth 1ncrement, the pressure
'ranged from 0 to -660 cm. This 1s equ1valent to a potentlal

gradient of 1320 cm/cm in the downward d1rect1on.

TR e
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.Consequently, when the 51mu1at1on proceeds, there should be

‘l""". ) * _, 9, - v

,‘. some ev1¢ence that dralnage 1s‘tak1ng place. u,';

¢ .«

b After 10, 000 SeC. “the comblned 1nfluence~of evaporatlon.;"ﬂ'

- e - e

and.dralnage.hadmproduced a, potentlal gqadlent in the upper |

. 129

-~ & oé‘

A1/2 cm- of - sozl of about 60 cm/cm downward (Flg.,15a) Thls;]

=%

i con51derably less than ‘the gradlent in the same depth

1ncrement at the start of the 51mulatlon. The gradlent s )

downward direction 1nd1cates that dralnage is the domlnant

proceSS'ln thxs case.

Both total potentlal (Flg 15a) and water content

.(Fxg 15b) show llttle change from 1n1t1al condlt1ons at

depths below 4 or'b cm ThlS 1s con51stent with. ileld

Ce

observations which show that water dra1n1ng from the

'surface,,wets progre551vely deeper layers with time.

At the beglnnlng of the 51mulatlon, water content was .

' uniform_thrOughout.the soil column,_except in the surface

'increment. After 10,000 sec; the water‘content in this

.1ncrement approached that of the rest of the column. For the

' 5011 column as a whole, the water content tends to decrease

‘slight;y with depth (Fig. 15b) It is not p0551b1e

case to discern the effects'due to evaporation.
Two~dimensional;-horizontal infiltration
The two-dimensional, infiltration problem was

because it, too, has been -solved by others (Beven,

‘Rubin, 1968). In this case horizontal infiltration’

‘in this

selected

19755

into a

10-cm high block of Yolo nght Clay was 51mulated The total

_hydraul1c potentlal (®) at the infiltration face: was "

-~
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T’igure 15. One- dlmensional evaporation - total potential (a)
and water content b) after 10 000 sec.
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.Imaintainedtat_r13 cm' while the rest of the block was

,alnltlally at w—-568 €m (Beven,_1975) The K vs ¢ relatlon,-»’

’ 1~and bhé water retentlon curve were the same.asufor the SRR

- Q
°

. ones dxmen51onal problem ‘A time perlod of approxlmately 6 -

hours (22 000 sec) was SlmUlated USlng Beven's (1975) finite .

element dlscretlzatlon (Flg 16), and a time step'of_1,000
sec, | N -
| 'Figure 17 shows the~total'pbtentielwfieid»fer this
prpbiem, obtained using Be?en's finite element model (Fig.
17a5, Rubinfshmethod (Fig. 17b), and SUBFEM (Fig. 17c).
Ruhin (-1968). employed the altefnatinéedirection' implicit
lefference technlque to obtaln hlS solutlon. The three
solut1ons shdw qu1te good agreement - the equ1potent1al
l;nes for each are almost vert1cal, and indicate horizontal
»flow from left to right. No”digficpltiesarelatedhto. .
_‘converéence end:nhmericel stability were encountered for
this problem. ‘ o
A comparision of the block's voiuﬁetric waterAcontent =
(Fig. 184-d\term1ned by Rubln (1968) and SUBFEM 1nd1cates
1that after 6 hours the water content is about 3 to 8 percent
higher for the SUBFEM 51mulat10n. The dlfference may.be
;attrlbuted to. the 8§ vs'¥ relatlon used in SUBFEM whlch 15
dlfferent from that used in Rubln s (1968) 51mulat10n.
Another factor could be the sllghtly-greater simulation
period (6 hours 7 minutes) used in SUBFEM, compared with 6
hours used hy Rubin, In SUBFEM,'the'volnmetric water content
corresponding to the initial pressure potential (-568 cm) Ls‘

Y
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<1F -23733 " ~53579)
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Figure .17.

potential after 6 hr.
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(Rubin, 1968)
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0.255, but in Rubin® s s:mulat1on 1t was 0. 238 It is also

I

possible thHat a lower limit for the convergence crlterlon in
' SUBFEM would have produced solptlonS'that were closer toj
those of Rubin. After 6 hours, water -had advanced about 13
cm into the block (Fié. 18).

- The soil is at field capacity at a horizohtal dfstance
of about 11 cm from the infiltration face (Fig. 18B% This .
gives us a reasonable indication of the positioh of the
wetting front. The potential gradient between 10 and 12 cm
is about 90 cm/cm, and between 0 and 10 cm, 29 cm/cm (Fig.
18c). This relation, or pattern, is very similiar to
conditions described for the vertical infiitration problem
which showed steep potential gradients in the vicinity of-
the wetting front, ahd,lower-gradients"near the infiltration
facei_ |

The advancing weteing front curve for.hOrizonfel
-infiltration (Fig. 19) is very simiiiar to that for vertical
infiltration (Fig. 14). After 10,000 sec, the wetting front
had advanced 6.7 cm into the vertical column. The
corresponding vaiUe for.horizchtal infiltratisn is 7.1 cm.

The infiltration capacity curve fof’horizohtal flow (Fig.

19) resembles the one. for vertlcal flow (Fig. 14) in that it

portrays a decay functlon.

e
- K s
‘The results obtained so fEgiFor vertzcal .and
. sw‘*:“ o
horizontal infiltration, suggest that SUBFEM cap simulate,
‘qualitatively at least, both isolated, and interacting

hydrologic processes such as intiltration and drainage. The
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sqlutlons are generally cons:stent w1th those obtained by
other 1nvest19ators and- also with observations from fiebd
and laboratory experiments. The other researchers employed
f1n1te element finite difference, and’ analytical techniques
.-bto achieve the same solution. On the ba51s of the forego1ng
”results, it would appear that .since. SUBFEM can 51mulate in
a limited way, real hydrologic conditions, its validlty has
been established in- part. Thus we can proceed w1th some

-measure of confidence,_to use the model to try and solve

more complicated problems.

,Evaporation and transpiration from a largerboahof'Soil

Evaporation ,'
A run ‘was performed to determine model response to

"evaporation 51mulation. ‘In this case, evaporation was .

- assumed to occur from Yolo nght Clay SOll contained in a

;large, open box or contalner 30 m long, 1. 8 m high and o;
:,arbitrary WIdth‘ The system mlght be con51dered as an
.extended ly51meter. A simple f1n1te element mesh. con51st1ng

_of 64 nodes and 90 elements, was used (Fig. 20) No~flow

-'Vboundaries exlst at x(z t)=0 Ex(z t)= 3000 and' z(x t)=0 cm.-

"Evaporation (negative flux) nodes are located at the

surface, and an evaporatlon rate of 5 mm/day was spec1f1ed
Initial conditlons were set so that w(x z, 0)=-500 cm
‘ (0=0 260). The problem was run for a. 51mulated time interval

,of 240 hr u51ng a time step of 12 hr.
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The results show (F1g. 21) that for this probiem, |
.'leffects of evaporat1on on the ‘'soil are- 11m1ted to the upper
560 or 70 cm. No changes were produced in the 1ower portlon
(he1ghts 0 to 110 cm) of the proflle. Pressure potent1a1 ,":'
'values after 10- days (F1g 21a) ranged from -3330 cm at the s
visurface to -500 cm at depth 70 cm below “the surface. At ‘the
‘. surface nodes, dlfferences between preSsure potentlals over
| onsecutlve tlmg steps tended to 1ncrease with time. o
Steep potentlal gradlents, up to 40 cm/cm, exist in the'
upper 70 cm of,sofl (F197121b). They ar;se-ln order-to
sustafn'the evaporation»rate'at's mm/day, cOmpensating fori“
. the reductlon invthe hydraullc conduct1v1ty which occurs as
" the 5011 drles out. The grad1ents are dlrected upward which
is con51stent with the d1rect1on of water movement in
response:to evaporatlon.
~"After.'lo'days of-evaporatioﬁi'the_watéffstatus;of the‘
25011 has changed ignificantly (Fié. 21c);’At the sut face,
the water contentﬁhas_been'reduced by iO'percent. Befgw the
'surface } reductlon in water'content decreases with‘depth
tifor about - 70 cm,’ below wh1ch po1nt uniform mo1sture
”condltlons (6=0. 260) preva1l h
The boundary condltlons, coupled with the fact that
evaporatlon was. not 1mposed'on the surface corner nodes,»:-'
:have a pronounced effect on: the shape of the 1sollnes (Fig.
21). The 1solxnes bend sharply near  the lateral boundar1es

_and 1ntersect the surface at: r1ght-angles. The total

potent1a1 llnes (Flg. 21b);1nd1cate,that water is drawn'away

—_—
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_from these boundar1es dur1ng evaporatlon._

| ‘The 1solznes shown in Fxgure 21 dlsplay a symmetrlc_
pattern about the 1500 cm horlzontal dlstance’mark.
Supplementary 51mulatlons suggest that 1f the box is
tllted thls symmetry dlsappears. P051tlons downslope from

the 1500 cm: mark then tend to be wetter, and. p051t1ons

'upslope dryer, ‘than the mid- slope p051tlons. These -

fsupplementary 51mulat1ons also revealed that the proptrtlon
of the prof1le affected by evaporatlon 1ncreases wlth
saturated hydraul1c conduct1v1ty If-Qhe-conduct1v1tY'1s‘
‘great enough water may be removed from the bottom of a .

_uproflle, even durlng the first tlme step

Transpiration'
For the purpose of 51mulat1ng transp1ratlon, it was
' assumed that trees are. planted in the. box used in the
prev1ous 51mulatlon, and that the box is otherw1se
.completely sealed to préVent 5011 evaporatlon. It was..
further assumed that the trees are of suff1¢1ent size and’
number to transplre 5 mm of vater per day '
A few changes only are requ1red to convert“the
‘s1mulat10n for the prev1ous run from -an evaporatlon to a
.transplrataon problem. Transplratlon is 51mulated by | |
actlvatlng 51nk nodes at depth 60 cm below the surface, and
a551gn1ng to them approprlate values that correspond to

transpzrat1on rates of 5 mm/day. Slnce no evaporatlon 15\‘

_occurr1ng,.fluxes at the surface nodes.are_set to zero.
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The resultshindicate~(Fig 2 .vat tran5p1rat10n

:affects a greater volume of 5011 than does evaporatlon (Flg:
21), under the same cond1t1ons. The volume affected extends
down to about 110 cm- below the surface.- The lower 70 cm are
‘not affected After . 10 days, the lowest total potentlal
(—1447 cm) was attalned at the 51nk nodes (trees) 60 cm |
below the surface. | o | \"
Because tree roots are'oompletely surrounded‘by mdist
soil; they have access to water in_every direction. In
‘ contrast,_evaporation isacontrolled,by shrface.conditions,
,and dater has to be extracted'from ever-increasing depths.
As theAsurface soil dries out, it transmlts vater: less
-readlly, even 1f water is avallable at lover depths.
,fConsequently, more water is removed from the surface layers.
~This is reflected 1n the low pressure potent1a1 (- 3330 cm) |
‘values at the surface for the evaporatlon problem. The
lowest pressure. potent1a1 achleved for the transplrat;on
problem was -1567 cm. D1fferences between the evaporatlon'
and transplratlon problems are further reflected 1n the
| potent1al gradlents. Evaporat1on produced grad1ents of up to

o

40 cm/cm - twice. the average gradlent (about 20 cm/cm) for
j N " , -~
the transp1ratlon ptoblem. i S e d.a

The 1sopotent1al llnes (Fig. 22a) are’ almost concentr1c4

"about .the row of 51nk nodes, uhlch 1mpl;es that water is.

drawn 1nwards from the surface, the lateral boundarles, and

".from the ;soil below. The potentlal grad1ents are sllghtly

'steeper (22 cm/cm)‘below,the srnkinodeS'thanjthey are aboye"~dﬁ
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TRANSPIRATION FROM A FLAT PROFILE {smm/day). = -

]
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Figure 22. Tranépifation from a flat profile - total potential (a)
and water content (b) after 240 hr. ‘
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them (18cm/cm)
Data for 1nd1v1dual t1me steps 1nd1cate that

transplratlon dld not affect the surface unt11 after about 3

hays. o L | -

e
»

_.?v,

After 10 days,‘the olumetrxc water content’ in the
;v1c1n1ty of . tﬁt sink nodes had decreased by about 6 percent
(Fig. 22b) The reductlon decreases away from the sznk nodes
etoward the lateral boundarlesxgig to depth of about 110 cm

below the surface. At these poxnﬂl Eﬁﬁ?@ is little or no

" % change from the 1n1t1a1 condltlons (V—0‘260).&There is al§0m‘

°

a reduction in water content above the sink nodes rang1ng
from 6 percent at the 51nk nodes to about 0.4 percenb at the
surface. These data suggest what is self- ev1dent 1n3ghe |
fleld that dur1ng transplratlon, trees remove water from

¢

~the soil surroundlng the1r roots.

Evaporation”plus transpiration = o -

The box descrlbed in the two prev1ous experlments is "~
opened up for this 51mulatlon to permlt evaporatlon and
transpiration to occur 51multaneously In eVery other
respect the three problems of evaporatlon, transpzratlon
and evaporatlon plus transplratlon are identical.

" Both the surface and the sink nodes are activated for
<the evaporatlon plus transp1rat1on 51mu1at1on. The & mm/day
water w1thdrawa1 rate used prev1ously is d1v1ded equally -

between evaporatlon and transpiration so that each occurs at

the rate of 2.5 mm/day.

- 144
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The plot of total potential for evapotranspiration
V(Fig.123a)'shows features that‘were evident ﬁhen‘evaporation
and-trahspiration were treated separately..Eor example, the
lowest total potentlal (-1690 cm) occurs at the surface
whlch was also the case in the evaporatlon szmulatlon (Flg
21b) The effects of evapotransp1rat1on extend to a depth of
:about 110 cm - the _same depth as for the.transplratlon
smmulatlon (Flg dﬂZa) ' : _ -

The potentlal gradlent produced by evapotransplratlon
h(11 cm/cm) is only 1/4 of the gradient result1ng from ™
: ev;;oratlon (Fig. 21b), and half the gradient resultlng from
transp1ratlon;(Flg.'22a)..The isopotentialuiines ihdicate ‘
that flow is:directed upward,_and away from the latetal
:bouhdaries; | | H
The redUction-in volumetric water content atithe
.surface is greater for evapotransp1ratlon (Fig. 23b) than
.for tr%nsp1rat1on (F1g 22b) but less than f&; evaporatlon
(Fig, 21c). The reduction decreases almost llnearly with .

depth.

.Evapotranspirationmfrom<510ping profiles
| If it were poss1b1e to tilt the box to, say, an angle
‘of 20“ and open the downslope end so that water 1s free to
iimove out, we would have a very crude representatlon of a’
two-dimensional, unsaturated flow system for a forested
hlllslope.‘ | '

These added complex1t1es can be accommodated w1th1n the

: +
‘context of the previous problem by 51mply changlng the
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- COMPLETELY FORESTED
Evaporation :2-5mm/day
Transpiration : 2-5mm/day
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Figuré 23. Evapotranspiration from a flat profile - total potential
(a) and water content (b) after 240 hr.
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z- coordlnates and redef1n1ng the downslopeW(left) no- flowm

boundary as a negative flux (evaporatlon) boundary

S
Ll s

Until now, for vertical and horlzontal ﬁlow, the same - -
-coordinate system has been'usedvto com;ute-thedsolution and
to plot the isolines. However, for sloping profiles the -
procedure is dlfferent. The orlglnal coordlnate system, in
which the nodes are stacked in vert1ca1 columns of four
(Fig. 20), is still ‘used to obtain the ‘solution, but is
modlfled for plottlng purposes. The z- coord1nates are
~effectively restored by transformation to those descrlblng a
flatﬁgroflle and the system is then rotated through the
slope angle. The columns of nodes are, subsequently, Qo
longer vertlcal (Fig. 24) - This change was instituted so
that the entlre plottlng space on the_AED 512 colour
.graphics termlnal could be utxllzed If the original'
coordlnate system is used £or plottlng, then the avallable
plottlng area is much reduced In all plots, the pronounced
vertlcal exaggeratlon results in’ some d1stort10n of
1sollnes, particularly near lateral boundarres.
The‘isopotentlallllnes for'the,sloping system (Fig
24a) indicate that flow patterns are’ gu1te dlfferent from
those in the horxzontal system (Fig. 23a). Although water
movement is d1rected prlmarlly toward the surface in-each
case, flow in the slop1ng proflle has a downward componena
as well. Throughout the slop1ng profile water moves.’ in . |

response to grav1tat1onal potentlal' near the surface and

downslope face, it moves also in response to forces produced
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"FORESTED SLOPE SIMULATION
Evaporation: 2-5mm/day
" . Transpiration : 2-5mm/day
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Figure 24. Evapotﬁahspixatibn from a sloping.profile ~ total .
o potential: (a) -and water content (b) after 240 hr.
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by evaporative'demand;c ' R .

'The sharp-breaks in the isopotential lines at a depth
of about 110 cm below the surface marks the 'limit of the
surface evaporatlon and transp1rat1on effects. Below th1s
~depth, flow toward the downslope face is 1nd1cated At the“
bottom of the proflle (0 to 30 cm) flow is toward the basaﬁ
boundary. ’ )

5011 wates depletlon patterns for the slop1ng (F1g
24b) -and horizontal systems (F1g 23b) are very similar. .In'
. both 51tuat10ns, the isolines are evenly spaced and parallel‘.
to the surface,rlndlcatlng that water content 1ncreases
uniformly with depth. At about 110 cm below the surface,'it»
remains unchanged at 26 percent.(Théhonly real differences
in water content bétween.the horizontal and inclined syStems
result from evaporat1on at the downslope face of the slop1ng'
profile. Water content was reduced. by about 10 percent at
the node where the downslope;face>301ns the surface
boundary. ‘ | R SR oo

Evapotransplratlon from the same profile over a 20 day
period, under the same conditions, was also 51mulated B
Results 1nd1cate (Fig. 25) that the effects of evaporatlonc
after 20 days are still conflned to the upper 110 cm of
5011 ‘However, movement of water above this depth is in a
dzrectlon almost perpendlcular toward the surface (Fig.
25a). Water content has. been reduced by‘an.additional 7

' percent at the surface, and by about another 5 percent at

depth 60 cm below the surface (Figs. 24b and 25b).



SRR

FOR ESTED SLOPE SlMULATION

Evopora’hon 2-5mmjday
Tronsplrohon 2: 5mm/doy
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"F‘igur'é f"25v Evapotranspiration from a sloping profile - total
' potential (a) and waxer content (b) after 480 hr.
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In the next four sets of exper1ments,vthe effects of |
,'locatlng trees on port1ons of the slope only will be
'examlned The 5011 1n1t1al cond1t1ons, boundary cond1tlons,

:t1me step s1ze, and sxmulatlon per1od w111 all remaln the

'same as before. An evaporatzon rate of 2 5 mm/day w111 agaln,:f

be assumed for the entlre slope. The only changlng 1nput

varlables w1ll be the number and placement of act1vated s;nkif-f

'nodes

|

-'only those s1nk nodes located below the mldslope p051t1on. -

Trees on- the lower slope are 51mulated by actlvatlng

v'The 10- day 51mulatlon 1n thls 1nstance produced quite .

\ dlst1nct1ve features in both the upslope and downslope_i

/

ureg1ons of the prof1le (Flg 26) Upslope, the effects of

v

’ evaporat1on are’ ev1dent down to a depth 70 cm below the

°

surface._Downslope,,the influence of evapotransp1rat1on 1s

manlfest down to 110 cm below the surface.

| The equ1potent1a1 11nes 51gn1fy that uph111 from thé
:mldslope p051t1on, water 1s mov1ng upward 1n ‘the top 70 cm L
.of 5011. Below thlS level it 1s mov1ng downslope {Fig. o
“26a) On the downhlll 51de of the mxdslope p051t1on,'waterv'
is moving upward. 1n<the top 110 cm of so11, and mov1ng
downslope below. -~ | |

| - After 10 days, the reductlon 1n 5011 water content 1s
greater downslope than it is upslope (Flg. 26b) At a depth ?"'
of 60 cm below the surface, for example,.the upslope water |

Wcontent rema1ns v1rtually unchanged from the 1n1t1al

condit1on of 26 percent The downslope water content at this

o
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| TREES ON LOWER SLOPE =
Evaporation: 2-5mm/day - .
‘Transpiration:2-5mm/day - ‘

o
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Figure 26.

’Ireés'dn lowerislope'Lftdtéi poténtial,(a) and water
- | content. (b) after 240 hr. R S
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vdepth however, has been reduced by 4 percent to 22 percent

o When data for thlS 51mulatlon (F1g 26) are: compared
with those for ¢he completely forested: slope (Flg. 24), the
‘most notlceable d1fference between themvls,the step—l;ke‘
chahoe?which_occurs at thejmidslope position when trees are
_ on the lower slope only. * .

| Results from the corresponding 20 day 51mulat1on (F1g.
~27a) show that, after 20 days, #low in the upper the portlon
'.of the proflle 1s almost perpendlcular to the slope. The
.reglons affected hy downslope evapotransplratlon and upslope
“evaporatlon (Fig. 27) remaln essentlally the same as for the *
10- day 51mulatlon (Fig, 26). |

‘_ Over the second 10 day perlod volumetrxc water content ;_
at .the surface has been reduced by -an add1t1onal 4 to 6 v
percent (F1g 27b) The reductlon downslope is greater than
upslope. Above the m1dslope poS1txon,-at ‘a depth of 60 cm
below the surface, reduct1on 1n water content 1s less than
one percent Downslope, at the same depth the decrease is 4 o
:percent ’ _ | |

. For the next’ s1mu1atlon, trees are 1ocated on the upper

'1_slope only ‘This effect is achxeved by act1vat1ng the 51nk

hnodes above the midslope- pOSltlon, and de- activat1ng them
| elsewhere. It is:evident from the total potent1a1 f1eld

' (Flg 28a) for thls system, that the: response 1s analogous
h to that of the prev1ous szmulat1on 1n whlch trees wegtjyfj

-located on the lower slope.

s
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‘TREES ON LOWER SLOPE = - o
$voporahon 2-5mm/day B
ranspiration : 2- 5mm/day _ a3

. S w00 200 T asoo
L hotizontal distance (cm) : '
Cen _{(a) TOTAL POTENTIAI. (cm)

s

rd

000 T e00 3600 ,
v ‘horizontal distance (cm) -
. (b) VOLUMETRlC WATER CONTENT (cm3/cm )

Figure 27.. ,Trees on rlower slope - total potential (a) and water
' content (b) after 480 hr. : :
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."TREES ON UPPER SLOPE .
- Evaporation: 2:5mm/day.
- Tronspnrahon 25mm/day

PR o w00 2000 T a0ho
. o ’_ horizontal distance (cm) ’

(a)TOTAL POTENTIAL (cm) |

. \e]
\_'Q'
\

.’ 20°. o
'J .1 TL " e —d : .

100 © . 2000 - 13000
onzonfol distance (cm)

(b)VOLUMETRIC WATER CONTENT(cm3/cm) .

Figure 28. Trees on upper slppe ~ total pqtential (a) and water
; ‘ content (b) after 240 hr :

. .
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" The effects~of eyapotranspiration"extend‘tofabout 0
.cm~be1ow the surface, whlle downslope evaporat1on affects
- only the top 70 cm of ‘'soil. In these reglons flow 1s
i -tdlrected upward toward the surface Below these affected
‘reg1ons, flow is dlrected downslope (Flg 28a)
Soal water content, after 10- days, is less uphlll from
the mldslope p051t10n than it is downh111 The dlfference is
~about 2 or 3 percent (Fig. 28b) _ At the surface, water
content has been reduced by about 7 5 percent at upslope -
‘locatlons, and by about 5.5 percent downslope. Lowest water 2\
content (0 165) occurs at the p01nt where the surface
"“““B‘undary Joins: the lower lateral boundary. |
: The step-llke change in data at the m1dslope pos1tlon
,whxch was observed ‘in the prev1ous sxmulatlon (Flgs. 26 and
27) 1s also present in thrs sxmulatxon {Fig.’ %8).‘In~th1s |
1nstance, however, the step 1s reversed.4 | - v»
The 1sopotent1al llnes ?%? the 20- day 51mulat10n (Flg.'ﬁ
-'29a) 1nd1cate that the 5011 reglons affected by evaporation.
and evapotransp1ratlon ‘are the same as for the 10- day
nslmulatlon (Flg. 28a) They 1nd1cate that flow in !hese

reglons ‘is upward and perpendicular tQ the slope' elsewhere

F]
+

flow is dxrected downslope.' |

Dur1ng the second 10- day per1od 5011 water content at;_

‘the surface is reduced by 6.5 percent in the ‘ . |
evapotransp1rat1on zone and by 4. 5 percent 1n the

}.evaporatlon zone (Fig. 29b). The net effect is a 4 percent;

difference in surface moisture'content,'betweennthe two
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TREES ON UPPER SLOPE -
Evaporation: 2 5mm/day
Trcmspnrahon 25mm/doy

e ) e
1000 < zdoo 3000 43{.

- horizontal distance (cm) -
(o) TOTAL POTENTIAL (cm)

2o°

00— |
| 1000 2000 3000

“horizontal distance (cm)

(b)VOLUME'I-'RiC WATER CONTENT (cm’/cm’)

- Figure 29.
' content (b)-after 480 hr.

Trees on upper slope - total potential (a) and water-
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. zones. At:depth.GO cm below the edrface the difference is 7
| Percent.it o | | : R <
When all the sinks for the slope are de actlvated a
-clearcut“ condltlon is created and transplratlon no longer
occurs. The resnlts,from this s1mulat10n, ‘shown in Fig. 30,
are similar in;some respectsvto those obtained for~the4flat
profile evaporation simulation (Fig; 21). In each case, h
after, .10 days, the effects of?evaporation ha?e/reached a’
~depth of 70“cm below~the surface;'ahove this-leVel flow is
dlrected upward toward the surface.~For the clearcut
condltlon on the. sloplng proflle, flow below the 70 cm depth

is d1rected downslope.
a

~\After lO~day§1 501l‘6ater_conte€t at the surface haé,”
decreased by about‘S percent (Fig. '38b). For most of the
vprofile, it,increasee'dniformly wlth.depthuto about. 70 cm
beloiﬂthe surface.‘Belon this”depth}dthe nater’content,
remaine nnchanéed. B ‘
'"Resﬂlt; for the 20-daf simulation (Fig. 31) ehow that
after 20 days, q\e effects of evaporatlon have not extended
'below the 70 cm depth Above th1s depth, flow’la
perpendlcular (upward) to the- slope. Below flow is still
directed downslope (Flg. 31a) The snrface sorl water:'

‘_content has been reduced further by about 4 percent

~bringing the total reductlon from 1n1t1al condltlons at the"}:

surface to 10 percent (Flg 3lb) A decllne ‘in SOll water
content below the surfaee so1l layer 1s also- apparent but

it decreases with depth.
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CLEARCUT SIMULATION
Evcporohon 2-:5mm/day -

'20“

' |boo 2000
honzontol dlstcnce {cm)

4’366611
" (a)TOTAL POTENTIAL‘(cm) -

< , ' : ‘A é‘-'
S

z. ) ‘ S

' 1000 - 2660 : ! ’ 30'06
' horizontal distance (cm) :
(b)VOLUMETRIC WATER CONTENT (cm/cm )

' Figure 30. Clearcut simulation - total potential (a) and water
L s cohtent (b) after 240 hr.
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‘CLEARCUT SIMULATION
Evaporation:'2-5mm/day

R T N 3000
horizontal dlsfcnce (cm)
(Q)TOTAL POTENTIAL (cm)
Vertical exag: x9
» @\c’é
J
\%0,0' /
ﬂé.
IRV e
v
<
.9
oy
T

o

20

o=t —t
0=~ L 1000 . : 2300 | :;doo
~ horizontdl distance { cmE)
(b)VOLUMETRlC WATER CONTENT (cm /cm3)

Figure 31. Clearcut simulation - total potential (a) a)'nd water
content (b) after 480 hr.

)
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The ptecedlng four sets of 51mulat10ns serve to
illustrate the poss1ble effects of three:dlfferent logging
patterns on soxl water flow and storage in a forested
fhlllslope. The Und1sturbed forest (Flgs. 24 and 25) can be
compared with logglng on the upper slope.ﬂF;gs. 26 and 27),
.logging on the lower slope (Figs. ZB,and"ZQX; and with
clearing of the entire slope (FfosQuBb and‘jll. The

simulations are very simplistic in that-they'contain fixed
evaporation 3nd-transpiration'rates for relativgly long '//h
periods of time. N6 attempt is made, either; to accomnodate
the 1ncrease in ground surface evaporatlon which usually
occurs when an area is cleared of trees. .

In spite. of these limitations, - the response for each
‘51mulat1on is dlstlnct %nd reflects 1n a reasonable way,u1
what happens 1n-the correspondlng fleld sxtuatlon. If soil
water content for clearcut condltlons (Fig." 30b) is compared,
with so1l water content for the completely forested slope
- (Figq. 24b) it is clear that removing the trees has resulted
'1n a reductlon in the dra1n on soil wateY Under forested
cond1t1ons, 501l’water content ‘is diminished down to a depth
of 110 cm below the surface. Under clearcut condltlons, only
the top 70 cm of soil is affected. In this reglqn, at
correspond1ng depths in the profile, soil water content is
hlgher for the clearcut ti;ﬁjfbr the forestedislope. These
simulations confirm, what'has‘often_beenpobserved in the
field, that.removing trees results in an increase in soil

water content. In some instances, especially where “high
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' ‘~water-tables are present, the increase may be so great that

ATl

it 15 difficult to restock ‘the cleared sites w1th new trees.

Patch logging and strap cutting are two methods which
have been used frequently in the past to provide a su1table
env1ronment for grow1ng ‘the next generat1on of trees at the‘
same'tlme as mature trees are removed Such methods are
character1zed by patches or strips of cleared or open areas
.alternatlng w1th strlps or patches of trees.-

. In order to 51mulate effectlvely the 1nfluence of these
logg1ng methods on soil water, the slope length used in
prev1ous s1mulat1ons must he 1ncreased By 1ncrea51ng the
length to 100 m, two cut strips, each 20 m w1de running
- across the slope and alternatzng w1th three forested strips -
also 20 m w1de, can be accommodated Thls conflguratlon
could be adapted qulte ea51ly to 51mu1ate the N
wall -and-step” forest 1llustrated in Flg. 8. Except for the
mesh 51ze, all other cond1t1ons remalnﬂthersame as before.
The finite element mesh for this slmulation contains 204
nodes and-300 elements.

The strip locations and the. effects of th1s
conflguratlon on flow patterns are. dlsplayed in F1§;‘32a.
- Below 120 cm from the surface, flow is everywhere parallel
to the slope..In the top 60 cm, flow 1s d1rected toward the |
surface. In this region under the- open str1ps, flow is
almost perpendicular (upward) to the slope, whereas under
forest it is 1ncl1ned at an-angle to the surface. Between

depths 60 and 120 cm, two fairly distinct flow patternS)are
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PATCHCUT SIMULATION

Evaporation:2-5mm /day
: Tronspirofion':2~5mm/dg§

o 0= o ,
' 20 h,orizt:ontal distg?\ce (m)
(a ) TOTAL POTENTIAL (cm

—t— . —4 - —+ : -
- 40 . 60 80 100
horizontal distance (m

20

R

( b) VOLUMETRIC WATER CONTENT (cni/cm®) -

Figure 32. Patchcut simulation (two cut strips and three forested.

strips - total potential (a) and water content (b)
‘after 240 hr. ’ R



Ef"slope, but tends to move upward beneath the trees. ThlS
v‘{result 1s con51stent w1th the fact that trees have a greater,lv
aj_effect.on water movement at depth, than ~does’ evaporat1on.
v So11 water deplet;on patterns for the patchcut VH
1']conf1gurat1on are qu1te pronounced (F1g.-32b), and are.f-
: con51stent w1th results obtalned for prev1ous slmulat1ons.
«Under the trees‘ SOll water 1s depleted to some extent downi
”dfto a - d’pth of 120 cm below the surface. For "the' cut strlps,A -
‘%é?'only the ‘top ; 60 cm is- affected (by evaporatlon) At the
Jf,ﬁésurface,~501l water content 1s 2 percent greater for the
’ “hopen than for the forested strlps.‘The reduct1on 1n water .
f‘ content decreases w1th depth for both 51tes At depth 60 cm
A_g, below the surface, 5011 water oontent is 25<percent under
' :f;the open and about 23 percent under,the forested strlps. '
| _ Comparxson of the plots shown‘1n F1gu§e 32 with the
F:_Jfor1g1nal data show that,.although they are accurate over
f_;fm-most of tée reg1on, the plots are not accurate 1n the 8 v’é.bl
“‘f;fiv1c1n1tyrof t,e,%aferal boundar1es. The d1screpency can’ be '
vji?attrlbuted £0. plot dlstortlon caused by the large vertlcal
\3h;exaggeratlon._‘ R _; o '_. -
| If the posztlons of the open and forested strlps are f

‘ife;changed so thatﬁthere are two forested and three open

,;_str1ps,«then thepflow patterns and water content f1elds are"
o X

':aISO exchanged_(F1gs. 32 and 33) The flow}patterns under' |

32a are the same as thoseﬁ,nder trees xn F1g..

8

trees 1n Flg.;

33a, even thp“h.the trees are on dszerent parts of the ff’

fev1dent Under the open strxps, water runs parallel to the nygf



 [PATCHCUT SIMULATION
.| Evaporation : 2-smm/day
: “.Transplrahon 2 5mm/day

Lo e e R honzonfol distance (m) SR
(a)TOTAL POTENTIAL (cm)

P

hOrlzomol dlsfgnce m)

(b) VOLUMETRIC WATER C@NTENT (cm:ycm ) '4;.}_

Figure 33 Patt:hcut simulatiﬁon (three cut strips‘ an'd two forested

strips) - total potential (a)- and water content (b) aTter
240’hr N R L A Lo

. ICJ‘_,Y
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} 'slope s1mulat1ons are used No-flow boundarzes are the same

%h‘of one cm/day is applxed to‘eac

766
slope The same . holds true for the open Str1ps. The o
51mllar1ty of effects 1s partlcularly str1k1ng when water

content f1elds are compared (F1gs. 32b and 33b) The

zsolznes, 1nd1cat1ng po1nts of equal 5011 water content

.} show 1dent1ca1 patterns under the trees,{Where they are .

concave up, and under the open strzps, where they are ’
concave down.;ff‘j"; - ‘gS'd;v S j,

The flow systems exam1ned so far are essentlally

; 1sotrop1c, homogeneous, unsaturated systems. Durzng these

51mu1at1ons, problems relatlng to convergence or numerlcal

stab111ty were not encountered Usually, less than 10

‘ 1teratlons were necessary to obtaln convergence. The

greatest number of 1teratlons were reallzed durlng the f1rst

- few t1me steps' for later t1me steps,,fewer 1terat10ns were

requlred §‘¥?“'

B. Combined Saturated-Unsaturated Flow

Raznfall S1mu1atxon

, The next 51mulat1on 1nvolves seepage resultlng from

Ny ralnfall, and 1ntroduces the effects of saturated flow 1nto
" the formerly unsaturated flow system. The Yolo Lxght Clay

’5011 and the 64-node 90—element mesh (F1g.,20) of earller

I

”lboundaryinode, thh the ;rfﬁhd"

exceptlon“of;the corner nodes,? longfthe:”pper surfa%e. This

as before, and a posit1ve fluk equxvalent to a ra1nfa11 rate:.;ﬁw
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rate is- sl1ghtly less than the saturated hydraullc,r'
'lconduct1V1ty,.or dralnage rate of the soll-- a 51tuatlon -i¥~¥-;;
hwh1ch 1mpl1es that overland flow w1ll not occur. The 1n1t1al
lpressure potentlal for- thls problem is set everywhere equal
" to -100 cm (0=0 428) A t1me step of 6 hr is used to e
m51mulate a 10 day perlod of ralnfall . A ‘.}) B
» The 1n1t1a1 51mulat1on is’ for ralnfall 1nto a ? 'e-f.:?v7 :
dhorazontal box of 3011 from whlch there 1s no outlet. ThlS f,.
_experlment allows us to determ1ne the change 1n so1l water'
storage, and to compare it w1th the total volume of water
added. ' _l “"“'n.;’ ,b., “' t ‘ | ‘ : : |
The s1mulatlon output (F1g. 34a) 1nd1cates that, after‘
10 days, total potent1al 1s hxghest at the Surface, and .
l"flowest at the bottom, of the prof1le.,Flow throughout most
vof the sectlon is vertlcally,downward Near the“lateral Jﬂ*'
"7boundar1es,,flow 1s d1rected toward: these boundarles as

'well

o After 10 days, 10 cm of raxn has fallen onto the
hilprolee. The entlre upper 120 cm of so11 'w1th the exception
'of ‘the reglons near the lateral boundarles, is. saturated
f:(6=0 496) (F1g 34b) ThlS represents an increase in. 5011
7¢water content of about 7 percent -or an add1tlon of 8 4 cm
'Zf(O 07x120 cm) of water to the tOp 120 ‘em of 5011 over 10 ‘
;!days. The balance, or 1 6 ‘cm’- of added water,:ls contalned 1n_}j
'fﬂthe bottom 60 e of SOIl. These results Are con51576nt w1th

; ,cond1t1ons that one m;ght encounter 1n the f1eld follow1ng ‘

7Pday ralnfall.l-

,,':'\“; _

P



“CLEARCUT _ SIMULATION
. '_Rci_hfc\!l,:_ 10mm/ day :

&
o
O

3

120 0j \

. HEIGHT fer)

- 60.04\

- =60

e - - ;"'l"

~. 1000 . 2000 - _
S “: - horizontal dnstonce (cm) . L
~ . TOTAL POTEN.T-'AL m)

| D498

/ s honzontai distance fem) -
VOLUMETRIC 'WATER CONTENT (cm’/cm’)

2600 BE ) R 3000 e

‘v"v

Figure 34 . Rainfall on a flat‘profile - total potential (a) and ”

water content (b) after 240 hr

R S
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The 64~ node, 90 element mesh for a’ slop1ng sect1on xs v”n

~;employed to. 51mulate outflow from the seepage face. In thlS

s1mple problem, nodes numbered two and three, located along,b
~-the downslope lateral boundary, are seepage face nodes. .The
:_only other dlfference between thls 51mulatzon and the
_precedrng ‘one 1s that, 1n thls problem, raanfall is applled B
fto the . corner node (#4) at the 1nterSect1on between the |
."lower lateral boundary and the upper surface,,xn add1t1on to o
'the ‘other ‘Surface nodes. L s ,»°;;' - 1_ i"~»f
| The total potentzal f1e1d that ex1sts‘at the end of the:
4i10 day’ perlod (Flg 35a) 1nd1cates that flow 1s dlrected
‘l:downslope toward the lower latéral boundary. The top 120 cm .
.";of sail is. saturated (6=0 496) except near the lateral Rb
d“boundarzes (Flg. 3Sb) l?vis not clear why there 1s a pocket
of unsaturated 5011 below seepage face node #3 at the 60 cm _}
-1depth On .would expect the'"saturatedl 1solzne to contlnue
,Lhalong 1ts path parallel w1th the slope, and term1naté ‘at a
'}depth of about 120 cm on the lower lateral boundary. Thls f,Lﬁ, —
“assumptxon is supported by ev1de9dér}rom F1g.,35a, where the. ‘
‘1sopotent1al 11nes show that flow is: d1rected toward the | f‘;}
}baSal portlon of the lower lateral boundary T f'&;[{/ﬂ_h_rd
. ‘ Outflow d1d not commence unt11 4 5 days after the raLn _
| started (F1g 36a). The hydrograph shows an abrupt rlse ;_9}.7‘ s
fdurzng th& fxrst two tlme steps after flowgstarted followed .
lby a somewhat errat1c, but generally steady,'1ncrease o~ér
'the rest of the 51mulat1on perlod. “Eyfifo@g,;'”' ‘
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CLEARCUT SIMUI.ATION
Ralnfoll IOmmldoy R

_ A - herizontal dustance (cm).
I T o (o) TOTAL POTENTIAL (cm)

' . i s o .y . . ’ (
" Nardl . ) .
| Vertical exagixs - i

e
o

o

.. “horizontal dlsfqnce (cm)
(b) VOLUMETRIC WATER CQNTENT (cm’/cm’)

' Figure35 : Rainfall on a slpping profile --total potential (a)
LT and water content, (b) after 240 hr...

. \
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Slnce.there is no phy51cal explgnatzon for the. apparent
anomaly of_an/tnsaturated pocket below the saturated zone at
the lower lateral-boundary,_addltlonal simulations were run
‘to(investigatelthe'problem'further.'It was hypothesized that
the anomaly‘was relateduto the'coarseness of the;mesh and to
insufficientvseepage face nodes. Accordingly,.the‘prOblem

o

'was rerun using a .mesh con51st1ng of. 217 nodes and 360
,elements In thlS case, the number of seepage face nodes{has
increased to fzve. | ; “ h "

'“ The results show (Flgs. 35a and 37a) ‘that- changlng the
mesh 51z£ ‘has l1ttle effect on flow patterns - the total
'potentlal fields are- almost 1dent1cal )

Theuchange does affect _the volumetric yater content of
'the profile. Saturatlon extends to sllghtly below the 120 cm
depth for the fine mesh (Fig. 37b) compared w1th saturatlon
to sllghtly ‘above the 120 cm depth for the coarse mesh (F1g
35b) Notlceable changes are apparent near the lateral
boundaries. At the upslope boundary in the f1ne mesh
| s1mulat10n, Saturatlon reaches a depth of about 100 cm (Flg
S‘b) In the coarse mesh 51mulat10n,‘saturat1on does ot
occur anywhere w1th1n 250 cm. of ‘the upper lateral boundary.

At the lower lateral boundary, for the.jlne mesh the
'unsaturg;ed pocket is more promlnent than before, and the .
.seepage face extends to a depth of only 40 cm, compared ‘with
.i70 cm for the coarse mesh. | | ' .

f When the hydrograph for the fipe mesh 81mulatxon (Flg.,
‘36b) is compared w1th that of the coarse mesh s1mulatygn

. s
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“CLEARCUT SIMULATION- g o .
! chnfoTl lOmm[day : ‘ .

e
2 3000
- S 4 hon;ontal dlsfonce (cm)
= (@) TOTAL POTENTlAL (cm) e

Vb{ﬁddl.éxqg:i9 o

00X T 000 s 3ooo -
horlzontal dlsfan (;:m) :

(b) VOLUMETRlC WATER CONTENT (cm’ycm“)

. Figufe;37 Rainfall on a sloping profile - total potential (a) and :
S o volumetric water content -(b) after 240 hr Q?tained
: using a 217—node 360—e1ement mesh. SR
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(Fig. 36a), it is clear that. the hydrograph is 1nfluenced by»
nmesh size. Qutflow from the seepage. face begins two days
~ear11er when the f1ne mesh 1s used It does so because the

ndflrst seepage face node 1s located at depth 30 cm, compared
with 60 cm in the coarse mesh . The hydrograph for the f1ne_
mesh is also much smoother - it - lacks the abrupt rise. and
1rregular1t1es that characterlze the coarse mesh hydrograph |
Maximum flow rate 1s greater for the coarse mesh
51mulatlon (5 8 cm’/hr) It would appear from the forego1ng

'results that more water is ass1gned to storage and less to
'seepage when a fine mesh is used The flne mesh simulation
<d1d ‘not prov1de any clues as to why an unsaturated region

‘ per51sts at the lower seepage face.

‘ S1nce the hydraullc conduct1v1ty of the soil. is

‘governed by soil wetness, the volume of outflow and ‘the t1me

" at which seepage commences must obv1ously be controlled by

s-the 1n1t1al condltlon of the soil, as well as by the amouﬁt
oﬂ’gnflow. Th1s f;fba<§:cularly true in the v1c1n1ty of the
seepage face. The effects of changlng the 1n1t1a1 condltlonsg
at the seebage face were egamzned in an ensuing f1ne mesh -

s
’ sxmulatlon. Only one change wair1mplemented - the 1n1t1a1

.

pressure potent1a1 at . the seepage face, formerly set at

AN

f?’ -f%O'cm, were re1n1t1a11zed to -59 cm.

-2

Ty

Th1s change in 1n1t1al cond1t1ons produced only a minor
changé in the response of the system, a change whxch was .

c%ﬁf1ned to the reg1on near the seepage face, It d1d not
Q-

ﬁ;a afﬁect the unsg}urated pocket Outflow began a’‘'day earlxer

/T
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(Fig..:36¢c) than before. The hydrograph is sllghtly hlgher
"than, and parallels that of, the prev1ous 31mulat1on (Figs.
36b and 36c). ' ' -
‘Another fine nesh simulation®, in which wetter initial
conditions at the seepage.facewnere assqged, was run.
Initial presSure-potentials-were set to -10 em at:the
_ seepage face, and to -50 cm at the adjacent nodes.w‘
| After 10 days, the modlfrcatlon produceddonf§_§—sllght-.
change in the total potent1al f1eld (Figs. 37a and 38a) but
it was suff1c1ent to cause complete saturatlon_at the
seepage'face (Fig. 38b). and'increased ontflow (Figf 36d) .
Only the'total‘potential'(Figs;A37a and 38a)*and‘water
content (Flgs. 37b and 38b) in ‘the v1c1n1ty of the seepage
.face were changed. | |
In1t1aL¢y¢ the hydrograph (Fig. 364d) is s1m111ar to’
dthos\\for the other f1ne mesh 51mulatlons (Flgs. 36b and
36c) Outgiow beglns at the one half day mark and for 34 e

time steps, fakes place through the uppermost portlon of the

seepage fate. After that tzme, the entire lower lateral
boundary rap1dly-becomes saturated resultIng ima
pronounced increase in outflow from the entire seepage face
(Flg. 36d) When these wetter cond1t1ons preva11 more
1terat10ns are requlred to obtaln convergence.
The 51mu1at1on was extended beyond the 10- day per1od
‘but it falled at time step 42 (day 11). Fallure was

'characterlzed by osc111at1ons whlch led ultlmately to
. R . R

divergence.

. . . .o t
N - . N .
. v . )
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Fi‘g__ure”38 Rainfall on a sloping profile with wi = —lO, <50, and
o -100 cm - ‘total tential (a)‘ and . volumettic water
_content (b) after 240 br.- “Fine mesh simulation t
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. Changxng boundary condxtlons .
Results from the ra1nfall 51mulat10ns suggest that

SUBFEM is sen51t1ve to mesh size and to 1n1t1al cond1t1ons.
Results from addltlonal exploratory test s1mulat1ons ' "~ +‘—;'
-suggest that the model is also hlghly sen51t1ve to changlng ﬂ_-.‘
boundary condztlons. Unt1l now, the boundary cond1t1ons for
each s1mulat1on rema;ned unchanged for the ent1re 51mulat1pn
-perlod Thls constra1nt allowed the behav1our of each
hydrologic process to be examlned in- 1solatlon. In the

followlng 51mulatlons the effects of éhang1ng boundary

cond1tlons are investigated. .

The. fxrst run 1nvolv1ng chang;ng boundary cond1t1ons
‘l51mulated 3 days of ralnfall followed by 10 days of kx
evaporat1on. Initial condltlons corresponded to those that

exlsted after 7 days, when the seepage face approached

saturatlon, in: the prev1ous 51mulation. {he

‘_! "\,

51mulatxon

; vmulatlon fa1led Oscxllatxon \:"r

v

_lumed that the problem vas %elated
. wi\

the time step size, vas . {-"

vytlmprovemenﬁk It was then hypothe51zeg§that e1ther there was

>

.q‘anfjrror in the program or that “the . changes in boundary
':idltxons were too’ abrupt to allow ‘a solutlon to be v
.obtalned The program was carefully checked fof\trrors but ’ %

.none were detected Consequently,‘1t was déc1ded that a

r .
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detailed investigatfon of changing,boundary_conditions.was
warranted. ’ g | ‘ | v} | |

Five s1mulat10ns were ruﬁpfor each of two changing
boundary cond1t1ons. the f1rst ‘in wh1ch rainfall changed
yrrom t0 mm, to 2 mm/day, and the second 1n/wh1ch rainfall
changed from 10 mm to 0 mm/day. Initial conditions were set
at the cond1t10ns whlch exlsted at the end of the\lo day
.ralnfall 51mulation for the Yolo Light Clay and. f1ne mesh.
(Figs. 36d and 38). Two time perlods were examlned ~ the \
first hour, and the, f1rst day fbllow1ng the’ t1me at whlch ﬁ?ﬂ
the boundary cond1t;on§ changed Tlme step sizes of 6, 3, 1,
0.1, and 0. 01 hr ‘were . used ‘ 3 '

When the rainfall rate was changed“from 10 mm to 2
mm/day}-there uas’a marked'drop:fn‘ougflow (Fig. 39) during.
:the first time step (At-0}01 hr) There was- no apprec1able
change in the water content field, but ‘there was\a ‘; A ‘J
51gn1f1cant change in pressure potent1a15'1n the saturated‘
'zone, partlcularly at the surface nodes. During the f1rst
time step after the boundary condltlons wene changed N
positive pressure potentlals at the surface nodes were
reduced from about 120 e& to 35 cm. This caused the 1sollnes
for totai potential to Lntersect the upper surface at an
_Jangle steeper than before. .

| The effects of time. step size oq’”he 51mu1at1on are
shown in Figs. 39 and 40. It is clear that, dur1ng the
:;atter part of the simulation, the same solutlon is obtalned

regardless of tlme step size, However, durlng the early part
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of @he 51mulatlon, 1mmed1ately follow;ng the change in.
boundary conditlons, tlme step S1ze is 1mportant. An _

\../ &
: *1mproved representatlon of the rece551on curve i's obta1ned

b

each time the step srze 1s reduced

The results obtagnéd for the 51mulatlons in whlch
ra1nfall ceased after 10 days (F1gs. 4 and’ 42) are 51mrlar
_ to those for 51mulat1ons in whlch ralnfall was reduced from
10 mm to 2 mm/day after 10 days (Flgs. 39 and 40) Each '
hydrograph shows a pronounced drOp 1mmed1ately follow1ng the
- change rn poundary condltlons. Where ralnfall pers1sts,
outflow continues beyond-the first day’(Fig. 46) when the -’
rain stops, outflow ceases 13 to 18 hr later (Flg 42)
At the end of the f1rst time. step follew1ng cessatlon
of ra1nfa11 the pressure ‘potential in’ much of the saturated
region is unlform, w1th a ' value of. 14 cm. ThlS is i
51gn1f}cantly lower than most of the p951t1ve preSsureA
potentials which existed at the beginnihgcof'the.time\step.
The drop in pressure potentlal causes the total 1sopotent1a1
lines in the upper 120 cm of 5011 to bend toward the
perpendlcular relative to the. surface boundary (Flgs. 38a
and 43). The water contentbfreld;;s not significantly
affected during the first time'step. ’ .

| Time step size -has the same effect on this simulation
as it n the simulation.in hhich rainfall was reduced
from 10 mm to 2 m;/day. Results differ for time steps
immediately following ‘changes in boundary conditions, but

-

the differepces diminish as the simulation proceeds (Figs.

Ve

- \
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Figure 43. Total potential at end -of first time step
- following cessation of 10 cm rainfall.
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41 and 42). Only two time steps were completed for the .

- * o~

-s1mulatlon in which At=1 hr. The s1mulat1on was term1nated
after 50 1teratlons_dur1ng the third time step, when -
convergence was very slow. ‘ )

Results from the foregolng 51mulatlons for comblned
saturated unsaturated flow illustrate the.cla551cal concept ..
of 1nterflow. As ralnfall continues, a saturated layer
develops over an unsaturated zone in the orlglnally
unsaturated 5011 Eventually, outflow issues from" the
downslope lateral boundary: Although the situation lacks the
' conventlonal prerequ151tes, such as macropores (root
’ohannels and” an1mal burrows), layered soil, and hardpaw
layer, to produce 51gn1f1cant_amounts of. 1nterflow there is
no questlon that 1nterflow is occurrlng The outflow cohes
directly from the upper saturateq layer, and not from’
overland, nor via a groundwater system at greater depth.

| It is evident from the simulations completed so far for
saturated-unsaturated flow that SUBFEM is sensitive. to mesh
size, time step size,‘initial conditions, and chahging
boundary conditions. In the next section, the effects of
changing some of these conditions, and the effects of_
| changing saturated hydraulio conductivzty will be,examined

in_some detail,



u - | O 186
Sensitivity analy§ps-l
‘Tiae,step size o ‘ ,

The problem seleeted £0r*§3hsitfvityxanalyses entails
simulation.of 5 days of evapotraaspirat}on (3 mm/day) ”
fallowed by 10 days of rainfall (10 mm/day). The,
evapotranspiration consists.of 1.5 ;m/day e&aporation'and

.5 mm/day transpiration. In theuflrst set of simulations,
_the effects of d1fferent tlme steps sizes are 1nvestlgated
For this purpose, the 64-node, 90- element mesh (Flg 20) and
Yolo Light Clay are used and the 1n1t1al pressure
. potent1als-are set everywhere equal to -100 cm (6¥0.428%.'
Five time steg.siaes: 1, 3, 6, 12, and 24 hr, are”simulatea.

- When data for different time stes sizes atpthe end.df
each day are compared,.it~ie fdund that, in éen%rai,‘the
pressure potential fields (and hence the total potential and’
water content ' fields) are very similar. Such differences
that occur are usually of the order of about 2 or 3 cm, and
appear after the first two or three days of simulation. -
Larger\aifferences (10 to 15 cm)i which’pccur,at some nodes
in the vicinity of the seepage face,” ordinarily arise as the
water content at the seepage face approaches saturation.
These dlfferences are sustained for some per1od following
saturat1on but subsequently diminish with time. The
comparison which showed the greatest differences was that of
At=1 hr and At=24 hr.

Discharge from the seepage face commenced 10 1/2 days:

. after the start of simulation (Fig, 44). This is true for
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&
51mu1at10n510f all tlme step sizes except perhaps, for the
"At=24 hr s1mulat10n. It is clear that with the exception of
the At 24 jr curve, there 1510ery little dlfference betgeen
plots f d1fferent time step-sizes, . beyond the beginning of
.day 11. However, it is qghally evident that the r1s1ng llmb
//of the hydrograph is strongly dependent on time step s1ze -

1ts slope 1ncreases as the step 51ze decreases

-

Mesh size |

Four mesh configurations are used to determine the
effects of mesh size on output Two have'already been
referred to - the 64- noder.90 element mesh and the 217- node,.
360- element mesh The first has a maximum of two, and.the
'second five seepage face nodes. Two other 1ntermedlat
mesh patterns are. 1ntroduced- they consist of 105 nodes on
160 elements, and 114 nodes on 172 elements. These two
meshes are 1dent1cal over much of the region belng
simulated. They dlfter only in the vicinity.of the seepage.
face, where the 105- ‘node mesh has 3 seepage face: nodes. In
contrast the 114-node mesh has 7 seepage face nodes. The
51mulatlons are done for At=3 hr and At= 24 hr. )

The results from thls -set of 51mulatlons indicate that‘
after 15, days, for each mesh configuration, the total |
“potent1al fleld obta%ped when At=3. hr "is almost identical to
that obtained when At=24 hr. D1fferences at any given
location in the simulated reglon are rarely greater than 3

or 4 cm.
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' When results for the same time step size and different
mesh sizes are compared some dxfferences 1n potent1al
f1e1ds are apparent, most notlceably 1n the prox1m1ty of the'
‘iseepage face. leferenCes in potential tend‘to be greater at
the bottom of the region than at the top. y

A point wh1ch is common to all mesh conflguratlons
“tends to have 51m11ar total potentlal values for d1fferemt
meshes. The 1sopotent1al lines are- dxfferent howeVer,
.because each ‘mesh contalns a dlfferent number of nodes or
data points. As this. number’ 1ncreases, ‘a greater deéree of .
1nterpolatlon‘w1th1n the reglon is possible. The result is a
more accurate representatlon of the isopotential lines;‘
Consequently, the mesh with the greatest ‘nodal density (the

217- node mesh) should provide the most- accurate solution for
‘a glven time step 51ze. i )

The two intermediate-sized meshes give identical
"results for the region 600 cm from the seepage face and
beyondt In the region between the seepage face and the 600
;. em horizontal distance markL dlfferences in total potentlal
between the two meshes tend to increase. as the dlstance from
the seepage face dlmlnlshes.

The time at which outflow commences from the seepage
face is governed bf the proximity to the surface of the
first seepage face node. The depths.to the first seepage

“face node for the 64-, 105-, 114-, and 217-node systems are

60, 45, 22.5, and 30 cm respectively.
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{ﬂ: \Results from the simulations shoW*(Figs. 48 and 46)

that outflow beglns soonest when the 114~ node 51mulatlon 1s

( H

" run, and latest when the, 64-node system is -used. Outflow

from each mesh’ commences in the order in which the f1rst
seepage face node is tapped The hydrographs for At=3 hr are'
qual1tat1ve1y 51m11ar to those for At=24 hr.._,
The data show (Flgs. 45 and 46) that the earl1er
outflow starts, the more gradual its 1ncrease afterwards. In K\\ :
con%rast, ‘the longer the delay before discharge begins;fthe‘ |
more abrupt is the initial increase in outflow likely to be;
These observations can be related todthe fact that if .
water cannot be'discharged from the.system, then it must be *
stored. Thus, inlthe _64-node system~ water will not be
discharged: until the first seepage face node (at depth 60
cm) reaches saturat1on. When thlS condltlon 1s attalned
some of the water stored in the saturated layer above is-
released 1mmed1ately When the 114 node - system is used, the
saturated layer has to be only 22.5 cm'thick before outflow

. begins. In thlS case, less wvater is dlscharged than when the

saturated 1ayer is 60 cm thick. -
‘ < | | ‘ .
Initial conditions o

. b,

The 114-node, 172-element mesh with 7 seepage face

~

' _nod%s was chosen to test mOdei’sensitivity to changes in
- . B -~ (J'. Lo ) °
,initial conditions, In this analySis, a 3-hr time step is

used and four initial cond1t10ns are compared At the

-

beglnn1ng»of the first s1mulatlon, the pressure potentlal 1s

hset everywhere equal to -100 cm- (9=0 428).
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In‘the'éther‘Simulaticns; the initial pressure

potential fields are not uniform. Instead, each of them
corresponds to an upper moist regron 45 cm deep overlying a
dryer reglon 135 cm deep. The m01st reglon extends downward
'along the seepage\face, so that there is a. unlformly moist
band extending 75 cm behlnd the face; W;thln both moist and.
dryer regions initial,presspre;potential is uniform., For
three separate simulaticns,?thehinitial pressure pctential
is set at -150 é; in the dryer region, and at -5, —10;'and
.-50 cm in the m01st reglon
The results from the 51mulatlons 1nd1cate (Flg 47)

of flow are fected when 1n1t1al condrtlons are changed

that both the  time at wh1ch outflow commences and the volume,
;

For a glven set of conditions, it is evident that the'

‘ greater the degree of surface saturation 1mposed at the

begﬁnnlng of the 51mulat1on, the earller seepage begins.

Thus, wher/ the 1n1t1a1 pressure potential is set at -5.0 cm

in the‘uéZ;r region and -150 cm in the lower region (y,=-5

cm/-150 .cm), the d1scharge from the seepage face begzns

durlng day 5 of the simulation. When the initial pressure

, potent1al 1s prescribed uniformly as -100 cm, outflow does
not begin until day 7. It also appears that greater initial
flows,. and greater flowszgenerally, are linked to early

"~ initiation of outflow. There is practlcally no dlfference
.between hydrographs obtained when v;=-10 cm/—150 cm and |
¢.=-5cm/150 cm [c) and d) in Fiq. 47] o
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Hydraulic conductivity

The effects of - chang1ng hydraullc conduct1v1ty were,
evaluated using a 3-hr time step, and the 114-node,,
172-element mesh with 7 seepage face'nodqs, Initial pressure
potentlals were set at -50 cm-alonglthe seepage face and
upper two rows of nodes,.and at *-150 cm elsewhere.

Elght 51mulat10ns were completed The first concerns
Yolc nght Clay whlch has a saturated hydraullc conduct1v1ty
of 0.04176 cm/hr (slow). This is the same simulation which
was used in the prev1ous experiment for initial condxtlons
ana1y51s (F1g 47b). It will now serve as the reference
51mulat10n for comparing the effects of changes in ‘
conduct1v1ty The hydrograph is repeated 1Fig. 48a) for this
purpose. -

In the second simulation( the saturatedhhydraulic
conductivlty is reduced by one-drder-or magnitude tc
0.004176 cm/hr (very slow). For this problem, the drainage 'f
, rate is now less thah the rainfall rate - a condition which
gives rise to overland flow.

The reduction in.conductivity causes less water to
" reach the lower regions of the profile &Fig.‘49b) than.
previously (Fig. 49a), and very little‘penetratesfbeyond
depth 135 cm. In both simulations,ua saturated (é=0.496)
layer together with positive pressure potentials develop in
the upper portion of the profile. However, the positive
pressure potentlals for the simulation w1th the lower

saturated conducﬂ1v1ty are much higher. This is a measure of
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YOLO LIGHT CLAY -

K¢= 0-04176 cmjhr -

20°

1 l —t
00% 1000 2000 3000 <©

horizontal distance (cm)
- (@) VOLUMETRIC WATER CONTENT (cm¥cm?)

Vertical exag: x9

Ks=0:004176 cmjhr
¥

’ | ' 20° . '
00— 1000 2000 3000~ Z -
horizontal distance (cm) .
a8 _‘\' . (b) VOLUMETRIC  WATER CONTENT (cm3/cm3)

“\\ Figure 49 ‘Water content in Yolo Light Clay after 10 days

A ‘ 3 of rainfall, for two values of saturated
( \ hyd_raulic conductivity (!( ).
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‘.the model's response when no prov151on is made for overland
flow. Since ralnfall in excese of the dralnage rate is not
removed_through‘an overland flow routine, the model tries to
accommodate the excess‘;ater in some other way - evidently
by generating high positive pressure potentials.

The‘tesults alao indicate that, for a glven set ot
conditions, a reductlon in saturated conductivity leads to a
thlnner saturated layer (Figs. 49a and b). Because of this,
and since less water is moving downward through‘the lower
regions of the profiie, one would expect more water to
appear at the seepagf‘face.'lnspethon of the hydrographs
for the two simulatious'(Figs. 48a and b) shows that this
is, indeed, the case..

For the third simulation, the reference conduct1v1ty 1s
doubled to 0, 08352 cm/hr (slow). When the results are
compared with output from the reference simulation, two main
trends emerge. First, more water is stored in the profile,
especially in the basal_pottion, aud second, outflow from it
through the seepage face is reduced (Figs. 48a and c).
Because the transmlttlng capablllty of the.501l has
‘1ncreased water has more rapld access to the unfilled
Storage capacity in the lower portion of“the profile.
Consequently, less water issues from the seepage face. The
saturated layer extends from the surface to a depth of about
70 cm. ST \

When the saturated conductivity i's increased one order

of magnitude above the reference conductivity to 0.4176

- | - /-
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cm/hr (moderate)k the entire ‘amount of rainfall is used to:
satlsfy avallable soil wate; storage. In thls case,‘
saturation is not_reached anywhere and outflow does not
occur.

Similar results are obtained when a simulation is
pergprmed on deta pertaining to reconstituted Halewood Sahdy
.Loam (Scholl and Hibbert, 1973). 'Thefaturated conductivity

i for this materjal is about 0.45 cmlhr (moderate) . '
Aniﬁsbqs eutflow is obﬁaihed when the problem is run using
a saturated conduetivity of 0.20 cm/hr (slow). Hawever, only
a sma11 region, in £he vicinity_of the seepgge face, reaches
’satﬁfation. Consequently, outflow is minimal and does not
begin_entiltnear the end of the simulation (Fig. 48d).

.The remaining two ¢onductivity simulations show that,

if inflow is adequate, large'paturated conduct1v1ty values
result in steady, saturated flow. The first of these
simulations concerns Calvin Silt Loam (Troendle, 1970) which
has a saturated conduct1v1ty of 20 cm/hr (rapid). The soii’
used in the other 51mulat10n is Bodine Silt ‘Loam (Huff et.
al, 1977) Whlch has a saturated conduct1v1ty of 60 cm/hr
(very rapid). ’ .

In both simulations, saturation occurs before“they are
completed. For fhe Calvin soil, saturation is attained <
during day 11 (Figq. 48e), and for the Bodine soil, during
day 13 (Figq. 48f). When saturation is reached all pressure

potentials are zero: or posxt1ve, and total outflow equals

total inflow. Thls condition is malntalned for the remainder

-



of the simulation (Figs. 48e and f). : : .
The time at which outflow from each soil begins is
related to thé available storage.capacitysof theroil. This

capacity, in turn, depends on the soil's*initial watef~ |
content and its total pofosity. Data used in ghe Bodine soil
simulatiﬁh indicate that, at the start of the 51mulat1on
thlS soil has the capacity to absorb about 6.5 cm of
additional water. The corresponding value for the Calvin
soil is about 9. 5 cm. Because water is being applied and
absorbed at a rate of 1 cm/day from day 6 on, one would
expect outflow to occur (at the inflow rate) from the Calvin
5011 6.5 days later( and from the Bodine 5011 S. 5 days
later. The s1mulat1on results (F;g§. 48e and f) are
consistent with these expectations.

A - . ' ' ‘ R
C. Model Versus‘Protofype

Attempts wefe made to simulate a field experiment which

was carried out on the Ffrnow Experimenﬁal Forest, West
6&rgini$, during the late sixties. The field experiment
(prototype)flends itself to simhlation‘using SUBFEM because
it’is two-dimensional and because date from it are quite

comprehedsive.
’ The field study was conducted on a fairly uniform
north-facing slope with a gradient of about 19°. The' soil is
’ predomlnantly deep Calvin Silt Loam, w1th inclusions of
Dekalb loam, overlying Catskill sandstone and shale. Forest

vegetation consists of oaks, sugar -maple, yellow poplar,
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black cherry, and beech. . The plot extends from the rldge to'
a horizontal distance downslope of 53.3 m. At the lower end o
of the plot, a collection trench 15.2 m wide and ahout 1.8 m
deep was excavated along the contour perpendicular to the
slope, to 1ntercept 501h moisture draining downslope 3
(Troendle, 1970) | '

Backfilling and;sealing of the trench was designed so |
‘that a wall of-pea—siied gravel impinoed onfthe upsiope face
of the trench, and all water issuing from thlS face was
collected in a trough at the bottom of the trench The water
was then transferred from the trough 1nto an HS flume.

To prevent lateral movement of water out of the plot,
its lateral boundarles were trenched to bedrock and

backfllled with a mlxture of Bentonite clay and soil.
| Instrumentatlon was 1nstalled to measure soil water content
- and to monitor perched water tables. ,: ' |

For the purpo;e of simulation, it-has assumed that the
basal boundary of the h11151de c01nc1ded with the bedrock at
depth 1.8 m. It was further assumed that thlS boundary ran

parallel with the surface from the\r1dge to the trench.
Another, vert1ca1 1mpermeab1e boundary was presumed to
exist at the topographic divide; or‘ridge.

.Sotil descriptions for the plot‘indicate.a multi-layered
profile. For simulation purpoees, however, only two layers
are considered. - the upper, which extends from the-surtace
to a depth of 62.5.cm, and the lower, which lies between

depths 62.5 and 175 cm. Since saturated conductivity values
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for the upper hdrizons are not given, value of 170 cm/hr
for the upper layer is ‘assumed. Tb{s/f§>an order of
magnltude greater than the saturated conduct1v1ty for the
lower layer. Each layer is considered to be isotropic and.
»homggeneous. |

The simulated event concerned a rainstorm which
occurred on'B*Q'August;1969. During this storms7.75 cm of
rain fell, in less than 12 hr, onto an orlglnally dry soil.
The 51mulat10n was accompl1shed\u51ng a 272- node,'
462—element<mesh.

_The'distributidn of“rainfall for the storm is given as: -
0.38., 1.02,A1;27, 0'6'3 0.51, and 0.13 cm/hr These rates,
whlch are applied over 2 hr 1ncrements for a total of 12 hr,
represent the boundary conditions of the problem On August
6, volumetric .soil water content was about 18 percent in the7
lower layer. and between 79 (upslope) and 24 (downslope)
percent in the upper layer. The water contents define,the
initial conditions of the problem. A time period of 12 hr
was simuiated.using a time step of 0,1 hr.

Of the total,amcunt”of precipitatfon.that fell during
the August storm, only 5.5 percent appeared'asfcutflou from
theiplot, the rest recharged the soil (Troendle,1970); In
the simulation , no point on the hillsiope reached
saturation, and no outflow was obtained.

A further simulation of the August storm was carried

out. It differed from the precedlng one in that initial

water contents for the surface soil layer were prescr1bed as

,a
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26 and 28 percent, instead of 19 and 24 percent.

' The results- from this simulation, also, indicated
'unsaturated‘conditions and a complete lack of outflow from
the‘niilslope for the duration of the 12-hr period.
Evidently, the entire 7.75 cm of rainfall was absorbed by e
the soil. Simulated water content data showed that, by tned
end of the 12-hr period, water content in both'layers had-‘
increased by about 4.5 percent, or by a total of -
approximately 8.0 cm - a f}gure somevhat higher than the
original 7.75 cm of rain.

' The data for each time step show that, at the bottom of
‘the profile, no appreciable change in water content occurred
until after time step 60 is hr’. During that time, atfthe
~surface, the downslopejpressure potential increased from
-4944 to -371 cm, and‘the upslope p;essure increased from
-7210 to about —405 cm. Thus after ¢ hr, soil water content
at the surface was. close to field capac1ty (¢=-339 cm).

A fairly steady pattern was eV1dent for the period
between 6 and 10 hr. At depth 25 cm, pressure potentlal d1d
‘not ‘change Very much - rema1n1ng at about ~616 to -620 cm.
Below depth 25 cm, soll water content 1ncreased'at all
depths. Above depth 25 ém, the pressure potentlal and water
content decreased slightly. -

After 10 hr, when the rainfall rate was reduced to 0?13
em/hr, the pressure'potential at the surface decreased more
rapidly, 1nd1cat1ng that the upper soil layer was dralnlng

at a rate faster than the supply rate.

fr
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It is not clear why there was outflow from the

h prototype system, yet none from the model system Some‘

p0551b1e explanations are offered below- .

1. In the- s1mulat1on each SOll layer was cons1dered to be

vhomogeneous, thus its ‘spatial Varlabzllty was not taken

.into account If the layers are not homogeneous, then
the, g1ven p01nt measurements of’ saturated hydraullc

'conduct1v1ty may not be applxcable over the entire

) hxllslope~ o . .

2. EBEach 5011 layer was assumed to be 1sotrop:c for
51mulat10n purposes. ThlS may not be the case for the
prototype. If the horlzontal conduct1v1ty exceeds the
vertical conductivity, water w1ll tend to move downslope

. N . * .
toward the seepage  face faster than it will vertically.

19
1

The model simulates only flow tirough porous media. It
is p0551ble that a different mechanism is operatlng to
'produce outflow from the prototype, e.g. turbulent flow

through macropores such as root holes and anlmal
burrows. ‘

The simulation just descrlbed was the largest. attempted
durlng this study. Runping the problem using the 272 node,
'462 element mesh and 120 time steps entailed 8 mlnutes of

CPU t1me and 1996 page-mifutes of virtual memory' The 1nput

data f11es for thi= rroblem are dlsplayed in Appendlx D.



D

" VI. SUMMARY AND CONCLUSIONS

"~ A. Suimary \

Y physically oased, distributed,.subsurface flow finite
element model (SUBFEM), in which vegetation appears as a‘
.integrai part, was developed to simulate the effects of
different yegetat1on patterns on soil- water distribution and
streamflow. Water withdrawal by trees was simulated by'means
of sinks located at appropr1ate near- surface nodes w1th1n
the f1n1te eﬂement mesh Each sink’ may represent the
act1v1ty of a s1ngle tree or groups of trees. In thls study
each sink represented water w1thdrawal by a group of trees..
| Data requ1red to drive the model 1nclude sectlon
geometry and, for each soil or rock layer, saturated |

hydraul1c cbnduct1v1ty and the relatlon between volumetrlc
water content and_pressure potentlal. Rainfall (or
showmelt),~evaporation, and -.transpiration rates‘oyer time
aregaiso required. For:each time step the program prints out
the pressure potential field and boundary fluxes. Boundary
fluxes occur'atzthe upper boundary (gnound s%rface)_and at
tne_seepage‘face. The program’also prints out the pressure
'potential the total potentiai and the volumetr1c water
content f1elds, together w1th the boundary fluxes, that
" exist at the end of the s1mulatlon.

Initial tests ‘on the model, for one-dimensional and

two-d1men51onal 1nf11tratlon into or1glnally unsaturated

‘5011, produced results that compared favourably with those -

® o '
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of other investigators who.had simulated the same'problems.
fThese tesis also successfully demonstrated the concepts of
:advanc1ng wettlng front and 1nf11tratlon capac1ty

'~ A serles of_51mulat1on5~were completed to determine the
effects'of transpiration and evaporation, both separately
and ‘combined, on water distribution in a large box of soil.
.The‘simulationsarevealed.that-a smaller volume of scil ‘is,
affected by evaporation than by transpiration for a fixed
evaporation or transpiration demand. Potentlal gradients, on
the*other hand are greater dur1ng evaporation.

The next set of experlments conCerned
evapotransplratlon,'over 10~ and ZQ—day periods, from
_rsloping profiles. In these 51mulat1ons, trees were assumed

to occupy d1fferent positions on the slope° lower slope
"~ only, upper slope only,. completely forested cleaccut (no
trees), and patchcut.

Quite dlstlnct patterns for both total potent1al and

o

volumetrlc water content were obtalned They reflected the

Al

differential draln on soll'water by trees and by

evaporat1on. Soil water content was. less, and the volume of.

soil affected greater under trees than under open -

condrtlons: The isopotential l1ne5‘1nd1cated that when
evaporatlon or transplratlon occurs, flow is dlrected up

toward the surface in the upper port1on of the prof1le, and
'downslope at. lower depths. " “td}w:-t'u~¢;a-.;au--o We -

.- - - e - . -

The first. s&mulat;on in yhlch saturated flow was

....;.-‘-4\-.. - tm.. “—-Q]-’yl“_-‘.a -P'-"-‘ﬁ‘w, A\-_a—--—-‘ e
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which there'was no outlet The 1ncrease in 5011 water
content over the 10 day ralnfall perlod closely, -approximated
the.total amount of ralnfall. ‘

In a subseguent problem, ra1nfa11 over a 10- day period

onto a slop1ng proflle was simulated. ThlS t1me outflow was

'permltted Although the 51mulatlon involved porous media

flow only, results from it lllustrated the classxcal concept

of 1nterflow. A saturated layer developed over an

unsaturated zone 1n an. orlg1nally unsaturated soil, and

seepage eventually emerged from the upper portlon of the
downslope face. )
Slmulat1on was used in an attempt to reproduce results
from a field exper1ment conducted on the Fernow Exper1mental
Forest, West Virginia, durlng the late sixties, A 51ngle

storm event in wh1ch 7 75 cm of rain fell onto an

'or1g1nally dry 5011 in less than 12 hr, was simulated.

F1eld data showed that 5 percent of the prec1p1tat10n

. appeared as outflow from the plot The-s&mulat;on data

N

v1nd1cated that no outflow:occurred during or following the

storm, and that the.entire contribution from the storm-was:

retained in the soil.

Cow
- T - 3

B. Conclusions- - ~5-*'i f"“'f'. SR f" Cm e

-« oL .
- 1"‘“"’ -- : .-l.

The conc1u51ons that follow are based*on 51mulat1ons of

A}

-

‘-‘flow through 1sotrop1c”rhomogeneous porous media. Results -
"from the5e 51mulatlons suggest that the prlmary usefulness

"of SUBFEM rests 1n 1ts capab111ty to s1muI§te, qualltatlvely

[
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at least, the processes of-infiltratiOn, evaporation,
transpiration, and interflow. Eecause of,thls, and since it
is two-dimensional, it can best be used to study hydrologic
processes'on vegetated or partially vegetated hillslopes.
The simulation of the plot study on Fernow Experlmental
Forest exempl1f1es this type of appl1cat10n.

" The data requirements of the model are considered to be
one ' of its main limitations. For example, transplratlon
rates for different tree species under different cl1mat1c
cond1t10ns are dlfflcult to obtain and . generally, are not
avallable. Asslgnlng suitable saturated conduot1v1ty values
" to soil strata is also a problem. |

Experience shows that SUBFEM can easily cope with
large, unsaturated flow systems. For these 51mulat1ons, few
iterations per tlme\step are required, and only rarely are
problems encountered that relate to convergence or numerlcal
1nstab111ty Some dlfflcultles arise when B
‘saturated- unsaturated flow systems are 51hulated - notaply
following certain changes in boundary conditions.

Time step siie, under certain conditions,‘is critical

and will determlne whether convergence to a solution is

L.

. -

Mesh cbarseness;can influence the time; at. which'outflow ,
- from an orlgrnally unsaturated system beglns. Sen51t1v1ty of
”nesponse, én thls case, 1s related to the number and
ﬂp051tlon of nodes at the seepage face. For 1nf11trat10n

problems, the more nodes there are at the seepage face, the
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earlier oetflbW‘hegihs;

The>sensitivity,of.two model parameters were examined:
.initial conditions and saturated hydraulic conducti?ity. of
~the two, saturatedihydraulic,conductivitj.proved to be the
most sensitive. |

Both the time at which outflow commences and the volume
of flow from an or1g1nally unsaturated system are affected
by changes in 1n1t1al condltlons. If the reglon in the
vicinity of the seepage face, and the upper portlon of soil
are wetter than the soil below, then tOgether they serve as
a conduit for additional water that enters the system. In
general, the wetter the initial conditions, the earlier
outflow begins,

SUBFEM is_very responsive to changes in saturated
hydraulic eonductivity..If the value of this parameter is
high enough, and the-pbrods materialTis homogeneous and
_isqtropic, the entire profile may be recharged before
outflow occurs - at either the saturated or 1nflow rate,
whichever is lower. Afterwards, if the same inflow rate is
| malntalhed, steady state conditions prevail.

Although the moﬂel is designed primarily to simulate
forest site conditions under which soil absorbs ralnfall at
most 1ntens1t1es, it was establ1shed that, if the’ rainfall
‘rate exceeds the saturated conduct1v1ty, provision must be
-made 1n_the model to route excess water.as overland flow.
There are indications that provision should also be made to

simulate flow processes other than porous media flow, i.e.

A
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turbulent flow through macropores such as root holes and

animal burroTs.

C.. Suggestions For Further Research

-

SUBFEM shoulgibe subjected to more rigorous testing—

by compar1ng output for a given field s1tuat1on w1th

observed data from a well- 1nstrumented site. .

The subsurface flow model may prove to be a useful

D
tool for determlnzng average saturated hydraul1c

L4

conductivity values for hlllslopes.‘ .

It may be worth investigating a_number‘of features,

notably the treatment of anisotropy and

multi- layered soils, within the model that have not

.yet,been fully tested.

An algor1thm which varies the time step size shOuld.
be 1ncorporated 1nto SUBFEM It would reduce the
time 1ncrement durlng intervals when convergence to
a solutlon is expected to be a problem, such as the
period 1mmedxately,follow1ngvchanges in boundary
conditions. The time step.siae would be increased
when the numerical system is stable.

The computing eff1c1ency of SUBFEM could be 1mproved
by incorporating the substructure method of analysis
(Elwi and Murray, 1217) into the model. In this"’
approach, a hillSlope is partitioned into several
subunits, each of which is considered to be a large

finite element. Each subunit in turn is divided into
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Stlll sﬁ“ﬁler elements .The larger elements are

assembled alpng 1nter boundary nodes. Solutions are

PSR

obtained first for the 1nter~boundary nodes, -and.

thep for nodes contained w1th1n the 1nternal T

structure of the large’ elements. The procedure 1s

e

particularlykeffic1ent 1f several'large elements are

-

1dent1cal

In many analyses of subsurface flow problems, the _

,1nvestigator is interested not in ‘the 1nternal

structure of the system, but in conditions at 1ts

\_Method (Brebbia, 1978) may be a,more.efﬁacaentvq T .

boundaries 1 e. at the seepage face or at- the flux

boundaries. For these problems, the Boundary Element

‘technique. It has the advantage that much smaller SR

*systems of equations are’ generated and muchlleSS"

-data are’ requ1red to. obtain solutions, when compared

to finite element and finite difference methods. The

potential application of this method to solving

subsurface flow'problems should be investigated.

Over the long term, as computer capabilities
increase.and computing costs diminish, it may be’
possible to expand the model to the .
three-dimensional form and, at low cost, ‘use it to

simulate problems involving entire watersheds.
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A Appendlx A. Develbpment“of Coordzqate Funct1ons Us1ng

- !

4

A:ea~Coord1natéS‘For Trrangular Elements And Integrat;on

- Of Resu1t1ng Expressxons
Flgure Al is a trlangular finite element of area A,

with nodes at i, j, and k.
’ Y

-
: RS
Iy

-

Figure Al. Linear triangular finite element- and development
: of area coordinates

Point P(x,y), which can be any-point in the ttiangle, marks
_the apices of three subtrlangles of areas A, A,, and A,
such that A;+A;+A,=A. The tflangular area coordinates of
P(x,y) are defined as Li=A,/A, L,=AJ/AL,Lk;Ak/A, and
consequently L,+L;+L,=1, Furthermore at node i, L;=1 ande )
L;=L,=0. Similar oroperties hold at nodes j and k also and
meet the requirements for definingfcootdihate functions.
The area of a triangle can bé defined_as half the

cross-product of two adjacent sides. Consequently, it can be .

expressed intterms of the triangular cOordinateS as a



determinant of a 3x3 matrix

" 2A=

1 X, Y
T x; ¥y
' 1 Xy Yk

. ©

-~

)

2A=x1y*'xkii+3ﬁ(YJ‘Y«)+Yr(xk“xj)'“"
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R

-(xﬁYi:ﬁLY;);iYi“YJ)X?+(kg‘xJ)Y1

(a1)

a3 Similarly, the areas of the subtriangles may be written

or

Since L, =A,; /A, L,—A /A, and Lk=Ak/A

. (proceeding in -a counterclockwise direction) as

- - “

oo x oyt ' TIQ vy
2A|= 1 x, Y) H 2A3= 1 Xy Y« 2Ak=
T X, Y

1 X Y

281 = (X, ¥ -Xuy ) ¥x(y -y ) ¥y (x,5x )

.251=(ka1‘xiYu)+x(ykfy.)+y(x{—xkf

2Ak=(x;YJ—XJY|)+X(Y)“Y})+YKXJ_X|)

2.

, coordlnates become

Ly:[(xjyk—kaJ)+X(y;_Y&)+YKXk;x;5]/2A~

Lj“[(XuY|'X|Yu)+X'(Yk‘Y‘s )"'Y(’hit‘xk)’]/ZA

L*’[(xiYJ‘XJY')+X(YI'YL)*Y(XJ‘XI)]/ZA'

(A2,1)

(A2.2)
(A2.3)

the trianqular

(A3.1)
(A3.2)

(A3.3)
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" Theseé . expre551ons may also be obtalned by - generatlng
coord1nate functlons u51ng global coordinates. One equatlon
- which descrlbes a plane over a linear triangular element is

L -

¢1=a,tb,x+cy -~ (A4)

- where a,, b,, and ¢, are constants identified with the ith
coordihete function. Given this defihitidn of a coordinate
function, fogether ﬁith the prescribed cohstraints, the

following set of equations for the ith coordinate fgnction'

is obtained

L5

¢ (x,,y:) ".1 1 ox, vy} (a,
¢J(x‘erJ) =¢(0)=1[1 > e b|
_ ;¢u(xk,yk-) 0 41 X.k ¥ C i

t

~The determinant of the 3x3 matrix is
(xly*kaYJ)+(YJ;Yk)xx*(Xk‘X])Yi

which,vas stated earlier, is equal to 2A. The solutions a,,

b,, and c, are derived from the expressions .

1 X, Y

2ha, = |0 x, Y =(ijk”quJ)
lek Y g :
- 11y,
2Ab,= 1 0 yf =(y;-y.)
1.0 yu
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2Ac ‘i =

1_X| 1 - . ‘ ’
1 X, 0 ‘=(xk-x,) I/

Thus equation a4 becomes

¢|=[(XJYk-kaj)+(YJ—Yk)X+(xk—x])y]/zA

. ) L]
which is identical to equation A3,1. Simélar identities hold

betwéen ¢, and L,, and between ¢ and L,.
Having established the relationship'between ¢ and L,'we

- can proceed to the integration problem-
IA;f(¢lr¢—jl¢k)dA=.IAf(L(,Lj‘,Lk)dA : ”(AS)
The integfation on the right hand side is easily.performed

if dA is expressed in local coordinates. This can be.
accomplished by uéinthhe relatibon

where |J| is the déterminant of the Jacobian matrix

‘[J]= BL,/ax aLJ/Bx = (yl-yk)/zA(yk"Y|)/2A
oL, /3y 9L,/dy (xe~x;)/2A (x%,~%,)/2A|

Therefore |J| is /

~

[Oy =y ) O =% = (% =%, ) (yu~y,) 1 /2a2
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=[(XJyk kaj)+xl(Yj Yk)+Y|(xk"x )]/4Az'1/2A and

dA=2AdL, dL,

4

Equation A5 can now be written as

I E(e, ,¢,')dA=2A!L’

Lj=0

L, £(¢:,0,)dL,dL,

=2A1000 S “f(L L,)dL,dL,

and it is a relatiVely,simple matter to compute the six

- types of iq{fgrals that‘appear in the simulation model

s fuLyLmdA

fa 3L, , 3L, dA
9x 0x :

[y 3L, ,3L,dA
dy 3y .

JA .a_&‘ 'QLJdA‘
dx dy ‘

Sa3L,,3L dA
ox dy

Appendice A adapted from Pinder & Gray, 1977,

(1=1i,5,k)

(l=i,5,k;

/

d

m=i,j,k;

. N

l#m)

- (A6,
(A6,

(A6

(a6.

(A6

- (a6.

0

1)
2)
.3)

4)

:5)

6)
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B. Appendix B. Program SUBFEM - User's Manual ’

The model developed to meét the objectives.of this
study is called the Subéurface Flow Finite Element Medel
(SUBFEM) . The computer.program, élsq‘galled SUBFEM, is
written in.FORTRAN and is run on the Amdahl 470V/8 coqputer
at the University of Alberta. Metric units are used .
throughout. The computer code is listed in Appendix C.

The fifst step toward solving the subsurface flow
problem is to define it. Since the model is limited to
two-dimensional systems, we are restricted to profides such‘
as those illustrated in figuré 10, and must consider the
factors outlined in Chaptér IIT of this ﬁreatise;

A triangular, finite element mesh_is'constructed to fit
thé profile. It‘may'be regular (Qith elements of the same
size) except near some boundaries, or it may be designed so.
that sbélier elements are located in regions where marked.
changes in water content and pressure potentlal are llkely
to occur, i.e. near the upper boundary and the seepage f;ce.
Conversely, large elements can be used where such changes
are expected to be miﬁimal e.g. in the v1c1n1ty of the
baSai, no-flow boundary. Once the mesh has been constructed,
the nodes are automatically dgﬁlngd since they are located

at the vertices of"fhe t

AT

numbered 1n;the direction oﬁ? bortest side..In'mést
. ' Co . : . @ .
hillslope simulations, this will be in the vertical

direction, since the profile being simulated is usually much



u o . l' '- » . . ,“-”. | .
S . - , 233

[} : . - .
Twie ,o’r o

' ) ‘,'.‘l
longer bhan it is deep. Several examples of flnfte element

hd v

.\gr1ds are glven in Chapter V D .. N

In1t1al and boundary cond1t1ons must also be spec1f1ed
Initially, some assumed or glven pressure potent:al values
are a551gned to’ each node, thereby establlshlﬁg‘1n1t1al
cond1t1ons Three boundary cond1t1ons are con51dered in
’ SUBFEM- no-flow flux, and seepage face. The no-flow boundary
-conditions are appl1cab1e to the 1mpermeable boundar1es,
‘while the flux boundary cond1t10ns are usually restr1cted tor
- the upper boundary P051t1ve fluxes such as ralnfall and o
snowmelt and negative fluxes such as evaporat1on, are'
treated in the same ‘manner.- Fluk vaIUes are calculated and
~assigned to Jindividual flux boundary nodes (F1g A2).

It is also necessary to. spec1f; the maximum extent of
the seepage ‘face, even though- an unsaturated flow problem is
~being 51mulated, or though the extent of the seepage face at
the beglnnxng of the 51mulat1on is less than maximum. ‘l -

Water wzthdrawal through transplrat1on is computed as a
rate, u51ng the ‘same method employed to compute the fluxes.i
Here, however, the values are a551gned to subsurface 51nk
nodes, rather than to b0undary nodes._ﬁ%' |

Informatlon is required on each 5011 or other mater1a1
Jthat appears 1n the s1mulat1on. Flrst, the saturated
hydraulic conduct1v1ty as obtalned in the fleld or-in the
laboratory, and secondly, the relatlon.between volumetric

soil,waterpcontent'and.pressure potential In the latter

case,}afsingle-VaIued, rather than a hysteret1c, funct1on is-
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assumed. | |

Input data are read in by f1ve subroutlnes-'INPUT1
HYCOND INPUT3 INPUT4 and BOUND The 1nput data requ1red
for each of these subrout1nes, together with the'
I1dent1f1catlon of var1able and parameter names, and the
spec1f1ed FORMATS, are descrlbed below. | 2

~Input data for cards A to L ‘are stored in a f1le
ass1gned to log1cal unit #5; they are read in subroutznes
INPUT1, HYCOND, IN99T3 and INPOT4.

Subroutine INPUT1 reads control data (cards A and BJ for the
_system.

A. Heading Card(1 card)

HED ‘
FORMAT(20A4)
HED -Tttle of the problem.

‘B. System Card (1 card) _ 4
’NSUB MXND NUMNST, MASTR MBEL IDRY,NS, NG, DELT NTRANS
FORMAT(814 F10.5,14) -

NSUB -Total number of subsystems. (Insert 1)

MXND ¢ :Maximum, number of -inter- boundary nodes

N - 'in any subsystem. (Insert 0) ' :
NUMNST :Total number of nodes in the master system.
MASTR® - :Flag for master matrix. (Insert 1)

MBEL ¢ :Total number of external boundary elements
. . attached to master system. (Insert 0)

IDRY* :If 1, this js a dry run, (Insert 1)

:If 0, this is a productxon run.

- NS . °Number of mater1als (5011 types, Qeologlcal{

‘Redundan; A L - - E -,&g
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, _ formatlons, etc.).
. NC ¢:Number of 1ncremented pore classes used to
' . compute hydraulac conduct1v1ty ‘and spec1f1c
" moisture capac1ty.
DELT :Time step 51ze. ‘
NTRANS :If 1, this 1s a transient problem.
: -~ If 0, this 1s a Steady state problem.

L3

Subroutine HYCOND_reads'in cards C to G.

C. Matetial geScription Ca:d-(1 card)
ST,ST1,ST2,5T3,ST4,ST5,S?6;ST7,ST8,ST9

FORMAT (10A8) B | |
ST1,ST2,...ST9.:Neﬁe df_material (soil, rock, or till type).
. - , - , _ , ‘
D.lmaterial‘Prbberties'Cafd (1 card)

INP, TMAX, SCON, SCONR, RESWAT . B

FORMAT(I5,F10.4, 2E15.5,F5.3).

INP ~ :Number of 1nput data p01nts for the water

content/pressure (characteristic) curve -
limited to 20 points with.present format.

"TMAX :Maximum water content (dimensionless)

SCON . -Exper1mentally obtained saturated ' 2,
B ‘hydraulic conductivity (cm/unit time)

SCONR :Ratfo of saturated horizontal hydraulic

conductivity to saturated vertical hydraulic
. - conductivity (dimensionless).
RESWAT = :Estimate of residual (1mmob11e) water
' {dimensionless).

"E. Watef Properties Card (1 card)
-SURTEN DENWAT VISWAT TEMP GRAVTY
FORMAT(F10 6 F10 3,F12. 8 2F5. 1)

_SURTEN :Surface tension of water (dynes/cm)
- DENWAT :Density of water (g/cm®). .
~ VISWAT :Viscosity of water (dyne sec/cm? )

TEMP - tWater temperature (c).
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- GRAVTY :Gravitational constant (cm/sec?).

T F. Characteristic Curve (Water Content) Card (1 card)
THETA (1) ,THETA(2),... ..., THETA(IND)
FORMAT(20F4.3) :
- THETA(1) :Data point with lowest water content
: : N (dimensionless). . ‘ ‘
THETA(INP) :Data point with highest water content
- (dimensionless). S . .

¥

L

G. Characteristic Curve (Pressure) Card(s) (1 to 3 cards)

DP(1),DP(2),.. ..., DP(INP) |

FORMAT(8F10.2)

. DP(1) :Pressure potential that corrésponds to THETA (1),
- and which has the highest absolute value (cm).

DP(INP) :Pressure potential that corresponds to

THETA(INP), and which has the lowest absolute
value (cm). S

A set of cards C to G must bé>inéluded for each of 'NS

materials (soils or geologic strata).

Subroutine INPUT3 reads additional control data for the

system, -

H. Control Data Card (1 card)
IS,NNODE,NEL,NSTEP,iMAx,E,SLOPE,NFIBN,NIBNS,ﬁSEEP
FORMAT(514,2E12.5,314) - | |

IS :Subsystem number. ‘
NNODE ~  :Number of nodes in the system.
NEL :Number. of elements in the system.
- NSTEP :Number of time steps. o

IMAX tMaximum number of itprations per time step.
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E " .°Spec1f1ed dlfference crlterlon for

' : iterations (cm). = -

SLOPE tHillside slope. (degrees) '

NFIBN*® :Local number of first inter- boundary node.
NIBNS® - :Number of inter- boundary nodes.

NSEEP :Number of seepage face nodes.

-
]

Subroutine INPUT4 reads and writes the nodal and element

' data{ together'with'initial pressure potential.

f’

-

I. 'Nodal Geometry Cards (1 card per node)
N,R(N),Z(N) . ' | h N

' FORMAT(16,2F12.2)

N :Node.number.'
X(N) :X coordinate of node.
Z(N) 12 coordinate of node."

o

. Nété@&»

K. Materlal Identlty ‘Card (1 or more cards)

1)Nodal data cards must be entered in numer1cal order. If
nodes are omitted then ‘the program generates coordlnates for
intermediate nodal points.

2)For constant pressure potential nodes, pressure
potential(y) values are known, and the matrices are
partitioned so that equations for these nodes are
eliminated. Boundary condition information related to these.'
nodes is transferred to the known matrix. :

o 5
n\“r

J. Initial Pressure Potential Card (1 or more cards)
H(1),H(2),... .., H(NNODE) . '
FORMAT(10F8.2)

L]

H(1) :Initiairpressure potential at node I

o

MATL(1),MATL(2),...'...,MATL(NNODE)
FORMAT(4012)
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MATL(I) :Code number for material (soil} till, sandstone,

etc.) at node I.

L. Element Data Cards (1 card per element)
M;Np(1,M),Né(2,M),Np(a,m)
FORMAT(416)

M ,.Element number.
NP(I,M) :Nodal point numbers at the three corners of
the triangular element in counterclockwise order.

Note:
Element cards must be 1n“order. If element numbers are

omitted, the program generates the 1ntermed1ate element
- data. . 4

Data for cards M to V are stored in a f1le a551gned to

log1cal unit #7 they are read in subroutine BOUND

M. New Boundary Conditions Card (1 card)
'NEWBC |
'FORMAT(13)

NEWBC :Number. of times boundéry.conditions change.

N. Boundary Conditions;-Timeeoféchenge Card (1 card)

'KSTNO1) ,KSTNO(2), ., % ..,KSTNO(NEWBC)
FORMAT(2513)  « -

V1 : . . -~
H .

KSTNO(1) ~  :Number of time step during which flrst
: ..~ change in-boundary conditions occurs.
KSTNO(NEWBC) :Number of time step during which last .
B ' change in boundary cond1t1ons occurs.

O. Segpage Face Nodes Card (1 card) -

- .
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240

_NSPF(1),NSPF(2),... ..., NSPF(NSEEP)
FORMAT(2513)

NSPF(i) ~ :Nodal number of first seepage face node.
NSPF (NSEEP) 'Nodal number of last seepage face node

].

1f there is no outflow ‘at the beéinning of a simulation,
thls card is omitted. c

P. Specialized Nodes Identlfxcatlon Card (1 card)

NEUM, NFLUZ, NSINK NDIR

FORMAT(4IS)

NEUM :Total number of no-flow boundary nodes.

- NFLUX :Total number of flux boundary nodes.

NSINK = :Total number .of sinks. - _
NDIR . ~ :Total number of Dirichlet (constant pressure

potential) boundary nodes.

) Q. Boundary Cond1t1ons and Sinks Card#1 (1 to 3 cards)
BYCD(1) BYCD(Z) ...,BYCD(ZO)

FORMAT(8E10.3) ,

BYCD(1),... ...,BYCD(S):Fiuk values to be assigned tv lux

" boundary nodes?

BYCD(6),... .:.,BYCb(10) W1thdrawal rates to be . asszgned to
sink nodes’.

BYCD(11),... ..+,BYCD(20) : Pressure potentlal values to be.
assigned to constant pressure potentlal (D1r1chlet) nodes’,

Note:

fOne BYCD value may be assigned .to several boundary (or sink)
nodes. A - '

'R Boundary Cond1t10ns and Sinks Card#2 (1 card)
'NBC(1) 'NBC(2),... ...,NBC(20)

’Ident1f1ed on: cards T through V.

s
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FORMAT(2014)

’
NBC(KZ) Cumulatlve number of nodes to which’ values BYCD(KZ)
must be a551gned . , g
NBC(1) NBC(S) Flux nodes. :
(6), ;..,NBC(10) Sink nodes.

NB (11),... ©+.,NBC(20):Constant pressure potentlal
(D1r1chlet) nodes.'

mxample' If BYCD(1)=20.0, ﬁBYCD(2)=40 0, BYCD(3)=50.0,

and NBC(1)=5 NBC(Z).3§_and NBC(3)=18

then the vi¥te 20.0 i adsigned to' the first 5

flux nodes, - the value 40.0 to the next 3 (8 minus 5)

flux nodes, and the value 50. 0 to the next 10 (18 minus 8)"
flux nodes. S, ; -

"..v,.":,.,,.,jA ‘ ?ﬁy'ﬁr“ ‘ e S L
P

L et A

* .8, No- flow Boundary Nodes - rd@htxgr%atlon Cards (1 or mq;e
;J,-“"." ,‘1 . v ‘.- B3N
Y ) . ‘a,

o

NBOUND( 1) ,NBOUND(2), ... ...,NBOUND(NEUM)

cards)

"FORMAT(2014).

'NBOUND(1) - :Number of first no-flow boundary nodt?
NBOUND ( NEUM) :Number: of last no- flow boundary node.

ra

T Flux Nodes - Identlflcatlon Cards (1 or more cards)

NBOUND( 1), NBOUND(2), ... ...,NBOUND(NFLUX) AN
FQRMAT(2014)' | | N
NBOUND( 1) °Number of first flux boundary ‘node.

NBOUND (NFLUX). ~Number of last flux boundary node.

U Sank nodes - Identification Cards (1 or more cards)
NBOUND(1) NBOUND(2),...~...,NBOUND(NSINK)~
FORMAT(2074) - ‘

'NBOUND( 1) :Number of first sink node.
NBOUND(NSINK) :Number .of last sink node.
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V. Dirichlet.(Constant Pressure Potential) Nodes -

.ldentification Cards (1 or more cards) |

'NBOUND(1) ,NBOUND(2) , . . . .+ » ,NBOUND (NDIR)

FORMAT (2014) | |

‘NBOUﬁ5(1)  :Number of first Dirichlet boundary node..
- NBOUND(NDIR) :Number of last Dirichlet boundary node.

.ﬂ' . L T “"
‘An example of a tomplete set of 1nput data ﬁpr SUBFEM is

. & “

l1sted in Appendlx D.

Subroutines HYCOND and TABLOK are used.to compute
pydraullc conduct1v1ty and spec1f1c moisture capac1ty, as a
function of pressure potentlal for each‘materlal in the
system. The hydraulic conductivity is;calculated.using a

. prdgram developed by Green ‘and. Corey (1971). This
computational procedure ‘is based on knowledge of saturated
hydraullc conduct1v1ty, and on the relat1on between
unsaturated hydraul1c conduct1v1ty and pore size
dlstrlbutlon TABLOK is adapted from the su%%outlne of the
same name used in the TEHM model‘(Huff et al, 1977).

.Subroutine‘GMATx solves the integral'equations and
.forms tbe eledent matrioes. It subsequently assembles
?ubonttlbutions E;om each element'matrix into the global
ﬂ'matriCesi[A] and [B]/At. Flnally it produces the terms a
[(A]+[B]l/At and [B]{P}/At.
The boundary conditions are handled by subroutine

BOUND. It assigns values to the flux and sink nodes, and-

partltﬁons from the global matrix the equations for the
¢ - ’ .

+
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constant:- pressure potentlal nodes.

Subrout:ne SKYLIN locates the flrst.non Zero element in
each column of the global matrix,and eliminates all the zero
elements above that element. This procedute improves Stotage

’ eff1c1ency SKYLIN also keeps account of column lengths and

the locatlons of the diagonal elements in the mod1f1ed

>
¢ -

matrix array...

& N

,tDecomposgtion of theﬂclcbal matrix using Cholesky's
meéhod is instituted in subroutine DECOMP. Backsubstitution

@% ~ to obtain the solutions to the spec1f1ed problem is carr1ed
out ih subrouﬂlne BKSB1.

- Fluxes are computed in subroutlne FLUX ThlS subroutine v
also determraes the extent of. the seepage face and the -
outflow from 1t. » - : : i o v

Subroutine ITERAT controls the 1terat10n process and
prints out the results at the end of each tlme step. Results
include the fluxes, the pressure potential f{ield, the number

"of iterations completed during the time step, and'a'measu;e(
of convergence. . d

Subroutine XPLOT stores into a file.(essigned to
logical unit #8) for plotting purposes, informatign
pertaining to the final timeistep. Data Stored_for each node
include: the coordinstes, pressure potential,vtotal
potential, volnmetric water content, and the hfdtaulic
conductivity. | |

vPlotting is done on the AED 512 colour.graphics

v

terminal, using the IGPLSD integrated grapﬁics subroutine.



$ 244

[}

;Th1s arrangement permlts three-dlmen51onal display of data,

@

and fac111tates data manipulation for p&otthg purposes,

A}

Hardcopy is obtained from the Unlver51ty “of Alberta's: m,;,j"a? :

[On)
\o( o

CalComp 925/1036 plotter.. L l  - L
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C. -Appenaix C. Program SUBFEM ~ Computer Code

,-‘ »
SUBFEM
1 C SUBSYSTEM ANALYSIS OF FLOW THROUGH PDROUS MEDIA,
2 C-.THE EQUATION SOLVER IS OF SKYLINE IN-CORE TYPE.
3 c."o..t.p-ttotatt.toototttttto.tt.t"tttttttt“.ottot*‘t‘tt‘.t.‘
4 IMPLICIT REAL*8(A-H,0-2) )
S REAL*8 NAMES : "
6 . C o - ,
7 COMMON /MASTIA/ NNN(1000) .
8 COMMON /MASTRA/ BBB(1000) : .
9 COMMON /SUBIA/ MMM(3500) .
10 COMMON /SUBRA/ AAA(85000) *
11 LOMMON /SUBSR/ ¢CC(4000)
12 COMMON /DIMCOM/ L1,L2,L3,L4,L5 MXDM, NAMES(S 20),1PT(5,21),
13 *ICOM(S)
14 c
15 Icom( 1) =1000
16 1COM(2) = 1000
17 ICOM(3)=85000
18 I1GOM(4) 23500 "~
19 I1COM(S) =4000
20 c
21 CALL MAINMG
22 c .
23. . END
24 c '
25 c .
. 26 c
27 c
28 c
29 - SUBROUTINE MAINMG 4
30 c THIS SUBROUTINE MANAGES THE READING, THE FORMULATION,
31 c AND THE SOLUTION OF THE PROBLEM.
3 c :
3§ ct‘tttt“t‘.t-l‘-‘ttt‘..ttt'tt.ttttttt""tttt'ii!t.ttt’i.‘tt‘.o‘tt.t
34 IMPLICIT REAL*8(A-H,0-2) :
35" : REAL*8 NAMES NAME KZZ KRATIO-
36 c ,
a7 COMMON  /BORDER/ NEUM,NDIR,KFLAG,NBOUND(60)
38 COMMON  /HILL/ SLOPE,COS1,C0SZ,SINT,SIN2 -
39 COMMON /MASTIV/ NSUB,MXND,NUMNST, MASTR MBEL , IDRY IN, IO, DELT, NTRANS
40 . COMMON. /MASTIA/ NNN(iOOO)
41 COMMON '/MASTRA/ BBB(1000),
42 COMMON /SUBIV/ 1S,NNODE, L ITTER NEBEL ,NFIBN, NIBNS NSEEP NTEMP
43 COMMON /SUBIA/ MMM(3500) -t
44 COMMON /SUBRA/ AAA(BS5000)
45 COMMON /SUBSR/ CCC(4000)
46 COMMON/HOOKUP /NS . NC,RESWAT. .
47 COMMON /DIMCOM/ LA1,LA2,LA3, LAA LAS L MXDIM, NAMES(S.:O). .
a8 *IPT(5,21),1COM(S)
49 c . : .
50 | Ctt“itt‘..‘t.t‘t“t“t“‘mg .tt.titlttttlttt.ttt.‘t.‘.‘t..t‘tt‘.‘t‘
~5% IN=5 %
52 10=6 5. 22
53 REWIND 1 ﬁ% ,g'
54 ND=1 . g
55 . NST={ oy
56 ITTER=O e
57 KFLAG=O 5 - ‘

58 NEW=0 : =

// ' ' “v. ».b\ . ) - V»

v

o
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85 f

-
O
w

ooo0o

C
113 Cc
. C

e e s s ey

READ SYSTEM CONTROL VARIABLES ) -
CALL INPUTH

(RIS TR

S ewrp s woamebon oty

CALCULATE HYDRAULIC CONDUCTIVITY AND SPECIFIC MOISTURE CAPACITY ’

AS A FUNCTION OF PRESSURE HEAD
I1= ISPAC%GHWATCON NS*NC, 1)
12=1SPAC{SHSLPOT NS*NC, 1)
13=1SPAC(SHSLCON,NS*NC, 1)
14=TSPAC(5HSLCAP ,NS*NC, 1)
15= ISPAC(GHKRATIO NS, 1)

CALL HVCOND(BBB(I1) BBB(IT) 888(13) BB8B(14), QBB(!S))

READ CONTROL DATA ' A
30 GALL INPUT3(NSTEP, IMAX, E)

READ' SYSTEM GEOMETRY,
K1=ISPAC( 1HX ,NNODE, 3)
K2=1SPAC(1HZ ;NNODE, 3)
.K3=ISPAC(1HH,NNODE.3)
K4=1ISPAC(3HPSI NNQODE, 3)
KS= ISPAC(4HPSIP NNODE, 3)
K6=ISPAC(5HTHETA NNODE, 3)
'K7=1SPAC(3HKZZ, K NNODE, 3)
K8=1SPAC(2HCA, NNODE, 3)
K9= lSPAC(dHGMAT NNODE * (NNODE+1)/2,3)
K10=ISPAC(4HBMAT NNODE*(NNODE+1)/2 3)
K11=1SPAC(3HRHS ,NNODE ,3) . ,
Ki2= ISPAC(AHQRHS NNODE 3), T
K13=ISPAC(4HSINT.NNODE.3)
K14=1SPAC(SHSINT2,NNODE, 3)

- K15=ISPAC(4HDIFF ,NNODE, 3)
-+ K16=1SPAC( 1HQ ,NNODE [3)
K17=ISPAC(4HTPOT ,NNODE,3)
«L:1=ISPAC(2HNP ,NEL*3,4) .
L2=ISPAC(4HMATL.NNODE,4)
L3=ISPAC(2HLD,NNODE, 4) ,
L4=1SPAC(3HLDQ,NNODE ,4)
L5=1SPAC(4HKODE, NNODE 4) ‘
LE6=ISPAC(4HNSPF ,NNODE, 4)
L7= ISPAC(BHKOLHT NNODE, 4)

.

°

ELEMENT CONNECTIVITY AND PROPERTIES

CALL INPUTA(AAA(KIT), AAA(K2), AAA(K3) , ARA(K4),

MMM(L 1), MMM(L27)

READ PRESSURE POTENTIALS ‘WATER CONTENTS,

AND CAPACITIES FROM TABLES

‘4

t

cowoucrxvleeél

85 CALL TABLOK(AAA(K3),AAA(K4),AAA(KE), AAA(K7) AAA(KB)

‘«BBB(I1),8BB(T2),. 8BB(13), BBB(Id) MMM(L2))
a

-

IF(NST.LE.NSTEP) GO 1O .150

CALL XPLOT(AAA(K1), AAA(K2), AAA(K3) AAA(KG) AAA(KT),

*AAA(K17))

FORM SYSTEM MATRIX FROM ELEMENT, MATRICES

150 CALL GMATX(AAA(K{),AAA(K2) AAA(K3), AAA(KT), AAA(KB) AAA(KD),
*AAA(KIO)  AAB(KIT) ARA(K12) , MMM(L 1) MMM(L2) , MMM(L3) . MMM(L4) |

*BBB(15)) s

.



119
120
121
122
123
124 -
125
126
1%7-
128
129 '
- 130 -
131
132
133 .
134
135
136
137
.. 138 -
139
140
149
L 142
149
144
145, . -
146
147
148
149 -
1506
151 -
152
153
154
155
156
157
158
;o189 7
160
164
162 .
163
164
165
166
167
168 .
169
170
171
172
173
174 -
175 .
176
177
178

oo obdo

(e X2 K2 K3)

0O 0 o oooono oboo

000

~

C  DEFINE BOUNDARY CONDITIONS
'CALL BOUND(AAA(K9), AAA(K Y1), ARA(K12), AAA(K13),
*AAA(K14), MMM(La) MMM(L'S) ,MMM(L6) .NSTEP,NST,NEW) '

F( RM DIAGONAL ADDRESSING ARRAV AND
COMPUTE COLUMN HEIGHTS.
CALL SKVLIN(AAA(KS) MMM{L3), MMM(L7))

CHOL ESKY DECOMPOSITION
CALL ‘DECOMP(AAA(KS),AAA(K13), MMM(L?) MMM(La))
CALL BKSBi(AAA(KS) AAA(K13) MMM(L3)) .

CARRY OUT ITERATIONS . ' ' ) :

CALL ITERAT(AAA(K1),AAA(K2),AAA(K3), AAA(K4), AAA(KS) , AAA(KIO),
*AAA(KT1) AAA(K12) ,AAA(K13),AAA(K1S), AAA(K16) AAA(K17) MMM(Ld)
*MMM(LS) ,MMM(L6) , IMAX ,E, NST ,NSTEP)

GO TO 85 -

100 RETURN

END -

6 .

SUBROUTINE BKSB1(GMAT,SINT LD) ° ’
BACKSUBSTITUTION ALGORITHM: SOLVES THE PROBLEM
D*L(T)*U=R FOR MASTER SYSTEM (EITHER BOUNDARY
NODES- MATRIX, OR UNSUBSTRUCTURED SYSTEM)

‘tt"“t‘t#‘!O‘ttttt-‘l‘tlt‘.'i‘ittt“t‘tl*it‘ttt‘.“tt‘tttt't“‘t‘..
f

IMPLICIT REAL-a(A H,0-2) ‘
'common /MASTIV/ NSUB, MXND, NUMNST MASTR MBEL IDRY IN,10,DELT, NTRANS
common /SUBIV/ 1s, NNDDE NEL, ITTER NEBEL, NFIBN NIBNS NSEEP . NTEMP
DIMENSION GMAT( 1), SINT(1) LD(1)

COMPUTE D(-i)‘R
IF(MASTR) 250 250, 100 o L
100 INTNOD=NTEMP '

c ’ WRITE(6,500)

500 FORMAT(//, 10X, 'POTENTIAL FIELD AND SURFACE INTEGRALS "FOR.
*MASTER SYSTEM’,//)

) DO 200 JG=1,INTNOD ~ ~
 L#LD(UG)
. SINT{JUG)= SINT(JG)/GMAT(L)
200 CONTINUE ‘ e . .
el ] 70 s0 : T

c. .
C - BACKSUBSTITUTION U'L(T)(—i)*R
(o
C

250 INTNOD= NFIBN T L . P
© WRITE(6,600). - ’ » AT .
600 FORMAT(//, 10X, ‘GMAT AND puessuns HE%D FIELD’. /7)) e
50 DO 300 JG=2, lNTNGD



179
180
181
182

' 183
184"

. 185

" 186
187
188
189
190
191
192/
193
194
195
196
197
198
199

200 -

201
202
203
‘204
205
206
207

208

209

210

211
212
213
214
215

~216 |

217
218
219
220
221

1222

. 223

. 224

228
226
-227
228
228
230
231

1232

233
234
23S
236
237
238

0

248

© N=INTNOD-JG+2 :
© KL=LD(N-1)3+1 o
KU=LD(N)-1
IF(KL.GT..KU) GO TO 3oo
K=KL-LD(N)+N _ ..

DO 350 KK=KL ' KU
SINT(K)=SINT(K) GMAT(KK)'SINT(N)

350 K=K+{

300 CONTINUE '
IALL=LD(INTNOD) :

c - WRITE(6,700). (Gmnr(x) pEEN IALL)

700 FORMAT(10E 12.4)
c WRITE(6,700) (SINT(1), 1-1 INTNOD)
RETURN. }
END
c
c -
c AN
C : .
. BLOCK DATA
c o :
REAL*8 NAME NAMES
c
COMMON /01Mcam/ LAST1 LASTz LAST3 LAST4 LASTS,MAXDIM, ,
*NAMES(5,20),IPT(5,21), Icom(S)
c
. DATA LAST1 LAST2, LAST3 LAST4 LASTS MAXDIM IPT{1,1), xpr(z 1),
*1PT(3.1), IPT(4 1) IPT(5 1)/5*0 20,5*1/ <.
_END" '
c .
C - ' hd .H
. C
c ° )
SUBROUTINE BOUND(GMAT ,RHS; QRHS SlNT SINTz LD; xbne -
*NSPF, NSTEP NST . NEW)
[ ! _ e
c THIS SUBROUTINE DEFINES THE BOUNDARY CONDITIONS FOR THE L B
C. SYSTEM , 'ASSIGNS VALUES TO THE SURFACE INTEGRALS.AND R
C. DELE?ES EOUATIONS .FOR THE CONSTANT HEAD NODES - : e
pt . _ L
C . ‘ttt\ttt!tlttt‘ttttttrt.*ttt‘tl*.v*tkttttt‘tt‘##‘ttttttvttttt"
' IMPLICIT REAL*8(A-H,0-2) - J. R
, COMMON /aonosa/ NEUM, NDIR KFLAG, NBOUND (60)
C .
..COMMON /MASTIV/ NSUB MXND NUMNST MASTR,MBEL , IDRY 1~ 10,DELT , NFRANS,
c
: COMMON /SUBIV/ 18, NNODE  NEL, ITTER NEBEL, NF!BN NIBNS NSEEP ,NTEMP
c
DIMENSION GMAT(i) SINT(1) KGDE( 1), LD(1) NSPF(1) RHS( 1),
*SINT2(1),BYCD(20),NBC(20), QRHS(1) KSTNO(SO)
. TALL =NNODE * (NNODE+ 1) /2 ,
NTEMP=NNODE . : - >
c WRITE(10, 1300) . N
c . WRITE(10,200) (GMAT(1) ,I=1, IALL)

1300 FORMAT,(//.SX.,” THE GLOBAL' (G) MATRIX IS‘ /7)
IF(NST.EQ.1.AND. ITTER. £Q.0) GO TO 65

C  IF BOUNDARY CONDITIONS REMA]N UNCHANGED REASSIGN ORIGINAL VALUES,
c 70 suRFAce INTEGRAL ARRAY SINT(!)
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239
240
241
242

243

244

245
246

247

249 7

248

250
251
252

‘253

254
258
256

T 257

258
259
260
261
262
263

264

265
266

267

268
269

.270

272

273 .
274
27s

276

277 .-
- 278
279

280
281
282
283
284
285
286
287

- 288
289
- 290

291
292
293
294
295
296

297

298

(s XeNeKel

c
. (o]0} 150 KL« 1 NNODE
‘150 SINT(KL)'S*NT2(KL)
- IF(1TTER.EQ.O0) GO 7O 75
IF(NDIR.EQ.O) GO TO. 700
. K=4 . ' . : S
NEND=NDIR :
GO TO 95.
- READ AND WRITE . "INITIAL CONDITIONS (NUMBER OF NO FLOW, FLUX,
SINK CONSTANT-HEAD, SEEPAGE’ "NODES .ETC)
65 . NpLus-1
READ(7.,750) NEwac
. READ(7.22) (KSTNO(KBC),KBC=1,NEWBC).
i WRITE(10,22) - (KSTNO(KBC) KBC=1,NEWBC).
1F(NSEEP.EQ.0) GO TO 4000
READ(7,22) (NSPF(L),L=1,6NSEEP)
, WRITE(I10,22). (NSPF (L), L=1 .NSEEP).
- 4000 READ(7;50) NEUM: NFLUX , NSINK,NDIR o
WRITE(10,50) NEUM, NFLUX,NSINK, NDIR '
DO SO I=1,NNODE .
90" KODE(I)=0 :
- K=y
NEND=NEUM
- KA=1 .
By KB=6
GO TO 85

c\ DETERMINE IF New BOUNDARY VALUES - ARE TO BE READ IN
c
N\ 78 ~5w=~sr KSTNO(NPLUS)
' 1F(NEW) 220,221,221
220 FF(NDIR.EQ: o) GO TO 7oo
K=q4 -
MNEND=NDIR
"GO TO 95
'224.N9Lus-NPLus+1 ,
c .. .

' 85.00 905 I= 1,NNODE , .

905 SINT(1)=0.0 *. DR .
READ(7,33) (BYCD(KY),KY=1, 20) CoL.
WRITE(10,33), (BYCD(KV) KY=1,20) N
READ(7,100) (NBC(KZ),KZ=1, 20) .

WRITE(IO, 100) (NBC(KZ) KZ=1, 20) 2
IF(NST.EQ.1) GO TO 400 . ' ©-
GO TO 810 ' LE
400 "READ( 7, 100) (NBOUND(I) I=1 NEND)
© WRITE(IO, 100) (NBOUND(I) I=1, NEND)
©1F (NST €Q. 1) $0 TO 95 o e

C
C  ASSIGN. NEW'aounnAnv VALUES TO sounoanv NODESS .
c =

810 IA=0
1B=95

_ KH=6 . ST s
- DO, 3500 J=1,NNODE - - - o B

q-

. - . . C .
PR e o v

c’ READ AND WRITE INITIAL OR NEW BOUNDARY VALUES : [
Cc ]

249



J o e . 250

o
» - .
299 IF(KODE(J)-11) 3500,3600,3700
300 © 3600 IA=IA+1
301 v " IF(IA-NBC(KA)) 1,1.,2
302 ‘ 2. KA=KA+1 i
303 .. 1 SINT(J)=BYCD(KA)
304 . GO TO 3500
305 3700 IB=1IB+1 , : ,
306 ' IF{1B-NBC(K8B)) 5.5.,6 : ‘ -
307 6 KB=KB+1 : S .
-308 8 S!NT(d)=BYCD(KB)
1309 3500 CONTINUE
310 K=4
311 : NEND*NDIR
312 . ¢ L A
313 C  ASSIGN INrTIAL VALUES TO BOUNDARY NODES
314 - C ' :
315 95 KC=11 .
*316 - DO 600 I=1, NEND 4
317 u=~eou~o(1)
318 ' GO TO (10,20,30,40),K : :
319 10 KODE(J) =1 . ¢
320 IF(I.NE.NEND) GO TO 600
321 NEND=NFLUX
322 K=2 . . /
323. IF(NEND) 15,15,650"
324 20 IF(I-NBC(KA)) 3800, 1900, 2000
325 2000 KA=KA+1 -
326 1900 SINT(J) =BYCD(KA)
327 KODE(J) =11
328 - IF(I1.NE.NEND) GO TO eoo
329 GO TO 15
330 30 IF(I-NBC(KB)) 2100 2100, 2200
331 2200 KB=KB+1
332 - 2100 SINT(J)=BYCD(KB) , . \
333 KODE(J) =12 ’
334 IF(1.NE.NEND) GO To 600 fd
335 GO TO 80 .
336 15 NEND-NSINK
337 ‘ K=3
. 338, . - IF(NEND) 80, ao 650
339 ™™™ 80 NEND=NDIR .
240 - - K=4 . ‘
341 1F (NEND) 140, 140,650
342 ) 40 IF(NEW.LT.0) GO TO 2400
343 IF(ITTER.GT.0.0R.1.GT.1) GO TO 2400
344 7 _ 140 DO 1000 MN=1 NTEMP
©-.348 1000 sxnrz(mn)-sxnr(mn)
346 IF(NDIR.EQ.O) GO Yo 700
. 347 . 2400 IF(I-NBC(KC)) 1400, 1400, 1800
348 1800 KC=KC+1
3a9 1400 KODE (U) =10\ -
350 c
354 c CONDENSE MATRIX BY ELIMINATING EQUATIONS FOR CONSTANT HEAD NODES .
352 c
353 JCUR=y- 1+1 _ .
3s4 o JU=JCUR-1 . A .
355 A IF(dd) 500, 500, 800 : ' ' ’
356 € ¢ '
as7 - ¢ TRANSFER CONSTANT HEAD TERMS TO RIGHT HAND SIDE OF EQUATIDNS
358 c

AND DELETE EOUATIONS FOR CONSTANT HEAD. NODES

/ 0

N



359
360

361
- 362
363

364
365
366
367
368
369
370
371
372
373
374
375

-376
377
-378

379
380
381
382
383
384
385
386
387

‘388
. 389

'390
391

392

393

394

39§
3ge

397

398
399

401
402
403
404
408
406

407

408
409

410

a1

412
‘413
414
415
416
417
418

800
60
500

300

70

251

00 60 KL*=1,JJ
KK=LD(JCUR) = JCUR+KL
RHS(KL)=RHS(KL)—Bvco(Kc)-qMAT(KK):
NN=JyCUR+ 1

DO 300 LL=NN,NTEMP
‘MM=LD(LL)-LL+JUCUR
RHS(LL)=RHS(LL)- evco(xc)acnnr(uu)
RHS(LL-1)=RHS(LL)
SINT(LL-1)=SINT(LL)
KIN=LD(JCUR)+1{
IALL=NTEMP*(NTEMP+1) /2

DO 70 II=KIN,IALL \
GMAT(II-JUCUR)=GMAT(I1)
‘NCOLS=NTEMP-JCUR

D0 110 KI=1t,NCOLS

- LINSLD(JCUR+KI-1{)+1

- 120
110

600
- 650

700
C1100
5000

5500

-

1100’

800

o

1500

[sNeNe}

1600

ocoa

2500

o000 O

LA=LD(JCUR+KI) -1

DD 120 II=LIN,LA - , )
GMAT(II-KI)=GMAT(II) -

GONT INUE ) L

NTEMP=NTEMP- {

IF(I1.EQ.NEND) GO TO 700

CONT INUE o .
CONTINUE ‘ ,
GO TO 400 '
TALL=NTEMP* (NTEMP+1)/2 _

WRITE(10,5000) '

FORMAT(//.SX, *THE SINT TERMS (BO) ARE:*,//)

WRITE(1IO, 200) (SINT(1A), 1A-1 LNTEMP)

WRITE(10,5500) - -

FORMAT(//.5X,’'THE RHS TERMS (80) ARE:’.//)

WRITE(I0,200) (RHS(IB),IB=1,NTEMP) .

DO ‘900 MN=1,NTEMP _ - :
SINT(MN)-SINT(MN)*RHS(MN) . ) '
WRITE(IO, 1500) ’
FORMAT(//.5X, *THE CONDENSED GLOBAL (G) MATRIX 1S:’,//)
WRITE(I0,200) (GMAT(I),I={ IALL)

WRITE(10, 1600)

WRITE(10,200) (RHS(I), I=1, NTEMP) .

FORMAT(//,5X,’THE CONDENSED RIGHT.HAND SIDE 1S:’,//)
“WRITE(10,200) (SINT(I),I=1,NTEMP)

WRITE(IO,100) (KODE(I), 1;1 NTEMP) . -
WRITE(10,2500)

FORMAT(///, ' THE BOUNDARY CONDITIONS ron THE NEXT ITERATION ARE
1//)

WRITE(IO, 2Q0) (SINT2(MN), MN= 1. NNODE)

RETURN S

o

FORMAT STATEMENTS

FORMAT(2513)
FORMAT (8E10.3)
FORMAT(415)
FORMAT(2014) N
FORMAT (10E12.4) el

FORMAT(13) . w :

END _ . e -

./
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420
421
422
423

- 424
. 425,

426
427
428
429
430

431
. 432

. 433
434
435

437
.438
439
440
441
442
443
444
44s
446

447
' 448
449
450
asy

452 -

453
. 454

45§ -

‘456

- 457
458

. 459
460
461
462
463
464
465
466
467
468

. 469

470
4719
472
479
474
475
476

477

478

c
c
c
c
c
C
c
c

oo

c

c
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" SUBROUT INE DECOMP (GMAT , SINT ,KOLHT,LD)
. ¢ .

CHOL ESKY DSSOMPOSITION--ALCGRITHM TO COMRUTE G(I,J), L(T)
AND.D IN T L(T) =0 DECOMPOSITION,IT ALSO COMPUTES THE
RI* VECTOR AND PROVIDES FOR SKVLINE CONF IGURATION

-+

s

“"-‘..‘.‘.“....‘O..".“'.““‘.“.‘.....“.‘.‘."..."‘.‘.“’
. .

IMPLICIT REAL*B(A-H,0-2)
COMMON /MASTIV/ANSUB MXND , NUMNST, MASTR MBEL‘IDRY IN,10,DELT ,NTRANS
COMMON /SUBIV/ IS ‘NNODE , NEL , ITTER NEBEL NFIBN,NIBNS, NSEEP,NTEMP

DIMENSION GMAT (1) ,SENT(1) ,KOLHT( 1)}, LD(1)
TALL=L,D(NTEMP) -
WRITE(IO,300) (GMAT(I),T=1, IALL) - o o
WRITE(I0,300) (SINT(1),Is1,NTEMP) ° :
'IF(KOLHT(z) EQ.1) 60 .10 50 . _
GMAT(2)=GMAT(2)/GMAT(1) - .
" SINT(2)=SINT(2)= GMAT(2)'SINT(1) .
,GMAT(a)-GMAT(a) (GMAI(1)‘GMAT(2)“2)

_FORM ELEMENTS or GMATRIX
50 IF(MASTR) 100. 100" 200 ke
200 INTNOD=NTEMP
.. NNODE =NUMNST
60 70 150 .
100 INTNOD=NF IBN- 1
150.D0 400 JG=3, INTNOD
IF(KOLHT(JG) EQ.1) GO TO .400
MJ=yG- KOLHT(ua)}t
IF(MJ+1.GT. uG- GO TO 550
MJ1=MJ+1
JG1=yG-1 _
DO 500 1G=MJ1,JG1
MI=1G- KOLHT(IG)+1 .
: IF(MU-MI) 220 220,230
230 MI=My
220 SUMPR=0.0
1G1=1G-1. : -
- DO 600 1GS=MI,IG1
"M1=LD(IG)-IG+IGS
M2=LD(JG) -UG+1IGS:
: SUMPR-SUMPR+GMAT(M1)'GMAT(Mz)
600 CONTINUE
- MM=LD(JG)-JUG+1G
’ -GMAT(MM)-GMAT(MM) SUMPR

. SOOVCONTINUE

Cc

.C

(o4

FORM ELEMENTS 'FOR L(T) ‘MATRIX AND COMPUTE ‘RIs’ VECTOR

550 SUMPR=0.0" - : ' .
"JG1 =JG-1
DO 650 1G=MJ, JUG1
L=LD(IG).
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-

479 . MM=LD(JG)~-JUG+1G

480 - GMAT (MM) =GMAT.(MM) /GMAT (L)

481 . ' 650 SUMPR=SUMPR+GMAT(MM)*SINT(IG)

482 . ' SINT(UG)=SINT(UG) -SUMPR ’ T

483" ¢ - : ;

484 c FORM DIAGONAL ELEMENTS

485 © C ‘ . oL

486 ' SUMPR=0.0

487 JG1=uG-1 - »

488 - DO 700 I1GS=MJ,uGH

489 "LL=LD(1GS) . ,

490 S MD=LD(JG) - UG+IGS .

‘491 . SUMPR=SUMPR+GMAT (LL ) *GMAT (MD) **2

492 700 CONTINUE

493 . MD=LD(uUG)

494 GMAT (MD) =GMAT (MD ) - SUMPR

495 400 CONTINUE , ' _

486 Cc. WRITE(I0,300) (SINT(I),I=1,NTEMP)

497 IALL=LD(NTEMP)

498 C  WRITE(I0,300) (GMAT(I),I=1,IALL)

499 RETURN ‘ ' '

500 c : . o

501 C -FORMAT STATEMENTS , o

502 300 FORMAT(10E12.4) : .

503 END . . '
~504 °~ ¢ -

505 c ,

506 ¢ -

507 c - > , : ) :

508 _ SUBROUT INE FLUX(X,Z,PSI,BMAT,QRHS,SINT.O.TPOT;LDO.KODE.NSPF)

509 C ' . o T

510 C . THIS SUBROUTINE COMPUTES FLUXES, DETERMINES  THE EXTENT OF THE

511 C  SEEPAGE FACE, AND THE OUTFLOW FROM IT e

512 c .

513 C'.tt‘ttttitﬁﬁtltni‘.ftttOt‘t..ttt"ttttttil“‘t‘t‘tt.““tt‘t.tt‘#ﬂ‘l.t.tt

514 " IMPLICIT REAL*8(A-H,0-Z) : : .

515 . COMMON /BORDER/ NEUM,NDIR,KFLAG,NBOUND(60) _ ' .

516 : " COMMON /SUBIV/ IS,NNODE.NEL.ITTER.NEBEL,NFIBN,NIBNS.NSEEP.NTEMP_
. 517 DIMENSION PS:L;);BMAT(1).51NT(1),0(1).Loo(1).kooE(t). o
. 518 -x(1).2(1).rpor(1),oRH5(1).NSPF(1) _ J

519 c e
. 820 - . ¢ INITIALIZE Q ARRAY AND GQQPUTE HYDRAULIC HEAD

521 . c :

522 . . KFLAG=Q

523 D0. 110 I=1,NNODE |

524 " C TPOT(I)=Z(1)+PSI(I) »

525 110 0(1)=0.0 o .-

526 c WRITE(8,850) NNODE t .

527 c WRITE(6,300) o

528 C ‘ : , : N -

529 € COMPUTE .FLUXES A

530 c . ’

531 . . DO 1600 I=1,NNODE ’ : '

5§32 KOLT=L0Q(1)-1I : : '

533 « KDIAG=LDQ(1) = .

534 DO -500 J=1,NNODE 0

535 e KOUNT =KOL T+y. , :

536 IF(KOUNT.GT. . KDIAG) GO TO 650

537 ' Q(I)=Q(1)+BMAT(KOUNT)*PSI(J)
538 . - G0 TO 500 .
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UM=y-1

KROW=LDQ(uJUM)+1
O(I)'Q(I)+8MAT(KROW)‘PSI(J)
CONT INUE

Q(I)=Q(I)-QRHS(I) :
WRITE(8,950) I.X(1), Z(I) PSI(I) TRPOT(1)
CONTINUE -
WRITE(6, 100) tPSI(I) I=9, NNODE )
WRITE(6,200) .

WRITE(6, 100). (0(1) 1-1 , NNODE )
WRITE(6,2000).

FORMAT(//.5X, ' THE QRHS TERMS (FL) ARE './/)
WRITE(6,.100) (QRHS(I) I=1 NNODE) .
WRITE(6,50)

.

IF(NSEEP.EQ.0) GO TO 1000 ' .
DO 600 MI=1,NSEEP
I=NSPF(MI) -

- IF(KFLAG). 900, 800, 800

IDENTIFY CONSTANT HEAD BOUNDARY NODES

900

IF(KODE(I). Eo 1) GO TO 750. .
IF(Q(I) LE.O. 0000001) GO TO 600

: MAKE NODE A "NO-FLOW" BbUNDARY NOODE

800

IF(KODE(1).EQ.1) GO To 750"
Q(1)=0.0
L KODE(I) =1 : .
NEUM=NEUM= 1

'NDIR=NDIR-1 .

750

700

600

250
1000

REDEFINE SEEPACE FACE

KFLAG=1 ' hd
WRITE(6,150) I .KODE(I),PSI(I), Q(I),NEUM, NDIR
GO TO 600 .

IF(PSI(I) LT.0.0) GO TO 800 .

MAKE NODEX? CONSTANT HEAD BOUNDARY NODE

PSI(1)=0.0 K : St
KODE(1)=10 . .
NDIR=NDIR+}$
NEUM=NEUM- 1

" WRITE(s, 150) I, KODE(I) PSI(I) Q(1).NEUM,NDIR
8

CONTINUE -~ ;

JU=0 - ' o

‘DO 250 u=t, NNODE

IF (KODE(u) .NE . 10) éo T0 250
JumgUH

. NBOUND(UJ) =y "

CONT INUE - :
CONTINUE .
RETURN

FORMAT STATEMENTS

254
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255

599 c

600 - 50.FORMAT(//, 10X, ‘NODE * , 10X, ' KODE * , 10X, ' PRESSURE’ , 14X, FFLUX*,//) ~
601 ~ 100 FORMAT(10E12.4) .

€02 150 FORMAT(10X,14,10X,14,8X,E12.5,8X,E12.5,215)

603 . 200 FORMAT(//.5X,'THE COMPUTED FLUXES ARE‘,//) °
- 604 300 FORMAT(//,SX,"THE PRESSURE HEAD FIELD 1S:7,//)

605 850 FORMAT{14) ‘ : .

606 M. . 950 FORMAT(I4,4F12.1) ’
€07 END .

€08 c :

609 c

610 c

611 SUBROUT INE GMATX(X,Z, H KZZ,CA, GMAT BMAT , RHS, QRHS NP ,MATL,

612 - - *LD,LDQ,KRATIO)

613 c

614 c THIS ROUTINE FORMS THE ELEMENT Mnrnlcgp FOR EACH TRIANGULAR ELEMENT,
615 C SOLVES THE INTEGRAL EQUATIONS,AND ASSEMBLES THE CONTRIBUTIONS
616 c FROM EACH ELEMENT COEFFICTENT MATRIX TO FORM THE GLOBAL MATRICES.
617 C.

618 C tttt.tttt‘t‘.‘!‘t‘.--tt“tt".‘t‘t.t‘t‘t‘tt“t‘tt‘ttt‘lttt“tttt.t"t
619 ‘ IMPLICIT REAL*8 (A-H,0-2) . .

620 . "'REAL*8 KRATIO, KZZ

621 : . COMMON /suaxv/ 1S,NNDDE ,NEL , ITTER, NEBEL NFIBN,NIBNS. NSEEP ,NTEMP
622 COMMON /MASTIV/ NSUB,MXND,NUMNST MASTR,MBEL, IDRY, IN, 10, DELT NTRANS
623 ; COMMON /HILL/. SLOPE,COS1,C0OS2,SINt,SIN2

624 DIMENSION ELMAT(3,3), A(s) B(3) XL(5),ZL(5).AL(3).BL(3).GMAT(1),
625 s *KZZ(1),CAL1),X(1),Z(1).H(1) .NP(3,1) KRATIO(1),

626 *MATL(1),LD(1),CELMAT{3,3), BMAT (1), RHS( 1), LDO(1) ORHS(i)

627 C WRITE(6,2153) . .

628 2153 FORMAT(//,13X, ‘ELEM AVK (VERT.) AVCA’,//)-
629 c . : ‘
630 c J

631 - C INITIALIZE GLOBAL MATRICES <

632 c : ¢

633 c

634 MUP =NNODE * (NNODE+ 1) /2 :

635 DO 3 IG=1,MUP '

€36 . GMAT(1G)=0.0

637 3 BMAT(1G)=0.0

€38 c S

639 C v _

640 - .C . FORM DIAGONAL ADDRESSING ARRAY

C N

642 L. C )

643 L=0

644 DO 410 N-1 NNODE

€4S L=L+ _ . :

646 410 LD(N) : e .

647 " DO 300 M=1 NEL - P

648 c .o ’

649 c FORM UPPER TRIANGULAR ELEMENT MATRIX

650 c .

€51 DO 200 I=1,3 ' ‘ . o

652 . B0 200 J=1,3 ' '

€53 ELMAT(I,J)=0.0. - :

654 200 CELMAT(I,J)=0: o - ' e ;
655 I=NP(1, M) , :

656 J=NP(2,M) .

657 " KeNP(3,M) -

‘658 . C COMPUTE AVERAGE CONDUCTIVITY COMPONENTS" FOR EACH ELEMENT
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665
666
- 667
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€9Q
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. 694

695
696

697
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699 .

700
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708
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716 -

717
718

(s NoNeN s

C

c

40
10

20

30

50

o000

AVKXX=0.0
AVKZZ=0.0

AVKXZ=0.0

NKOUNT = 4

IF(NKOUNT-2) 10,20, 30

TA=MATL(I)

RO-KRATIO(IA)

NUM=T"

GO TO SO

IA=MATL(J)

RQ=KRATIO(IA)

NUM=

GO TO SO

IA=MATL (K)

RQ=KRATIO(IA)

NUM=K
AVKxx-Avxxx+(cosz'no+51N2)OKzz(NUM)
AVKZZ=AVKZZ+(SIN2*RQ+COS2)*KZZ(NUM)
AVKXZ=AVKXZ+COS1*SIN1*KZZ(NUM) *(RQ-1)
AVCA=2+CA(1)+CA(JU)+CA(K)
AVC2=CA(1)+2*CA(U)+CA(K) . )
AVC3=CA(I)+CA(JU)+2*CA(K)

NKOUNT =NKOUNT + 1 .

IF(NKOUNT.LE.3) GO TO 40
AVKXX=AVKXX/3.0 . ’
AVKZZ=AVKZ22/3.0

AVKX2=AVKXZ/3.0

FORM ELEMENT DIMENSIONS

AC1)=X(K)-X(J) .
A(2)=X(1)-X(K) :
A(3)=Xx(J)-Xx(1)

’B(l)-Zﬁd)-Z(K)

2152

1000

1001

B(2)=2(K)-2(1)
B(3)=2(1)-2(u) _
AREA2=A(3)*B(2)- A(2)‘B(3)

CARRY ouT INTEGRATIONSA

WRITE(6,2152) M, AVKXX,AVKZZ, AVKXZ
FORMAT (10X, 16, 3E20. 4)
DEN=2. *AREA2

WRITE(6, 1008) M

v

FORMAT(//. 10X, 20HTHE DEN FOR ELEMENT,13,3HIS:,//)

WRITE(6, 1001) DEN
FORMAT (10X ,E15.6)
XL(1)=x(1)
XL(2)=Xx(J)

TXL(3)=X(K)

226

ZL(1)»2(1)
ZL(2)=2(v)
ZL(3)=2(K)

DO 245 I=1,3

DO 246 y=1,3
IF(1-v) 226 225, 246
K=(6-1-J)

CAL( 1) =XL(K)-XL(y)

AL(2)=XL(1)~XL(K)-

256
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BL(1)=ZL(J)-2L(K)
BL(2)=ZL(K)-2L(1)
ELMAT(I,J)= (AVKzz'AL(1)'AL(2)+Avxxx~BL(1)-8L(2))/oe~
. IF (SLOPE.EQ. 0.0) GO TO 60 . .
ELMAT(I, d)=ELMAT(I u)+(AVKXz-(AL(2)'BL(1)+3L(2)*AL(1)))/oEN
60 co~71~u5 ' ) .
GO TO 255
225 IF (I-2) 230,235,240
235 XL{I+2)=xL(1).
2L{1+2)=2L(1)
AVCA=AVC2
GO TO 230

240 XL{I+2)=xL(2)

ZL{1+2)=20(2)
AVCA=AVC3

230 ELMAT(I,J)= (AVKZZ‘((XL(I+1) xL(1+2))--2)+Avxxx'((2L(x+1) ZL(1+2))-
1‘2))/DEN .
IF(SLOPE.EG.0.0) GO TO 70
ELMAT(I; u)-sLMAr(I Jy+(2. O'AVKXZ‘BL(1)‘AL(1))/DEN

.70 CONTINUE - o

" "IF(NTRANS) 260, 255 260 .

260 CELMAT(1I, u)xAVCA'&EEAz/za o

]

FORM. UPPER TRIANGULAR GLOBAL MATRICES (A) AND (B)

255 IF(I- -2) 305,310,315

© 305 IG=NP(1,M)

AO0OO000 000

GO TO 320 r N
310 IG=NP(2,M) — . :
GO TO 320 .
315 IG=NP(3.M) :
320 I1F(u-2) 325,330,335
325. JG=NP(1,M)
GO TO 340 o : -
330 UG=NP(2.M) ) '
GO YO 340
335 JUG=NP(3 M)
340 IF(IG-UG) 405, 41. 425
425 11G=16G
11J=JG . .
JG=11G B
CIG=IIy
405 MM=LD(JG)-UG+1G
GMAT(MM)=GMAT(MM)+ELMAT(I J) :
"GO TO 246 . . o '
415 MM=LD(JUG)-UG+I1G ‘ Cor
]rGMAT(MM)=GMAT(MM)+ELMAT(x J) '
~ BMAT(MM)=8MAT(MM)+CELMAF(I J) . .
246 CONTINUE 4 , 5
24S CONTINUE '
WRITE(G, 110) M
WRITE(6,250) ((ELMAT(I,J),Jd=1,3), 1=1,3)
WRITE(6,250) ((CELMAT(I u) N 3) I=Hﬁp)
CONTINUE
WRITE(6, 345)
WRITE(6.354) (GMAT(MM) MM=1, uup)
WRITE(6,355)
WRITE(6,354) (BMAT(MM) A MM=1{ MUP)

8
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830
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832
833
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838
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00

FORM (G) MATRIX

AND RHS

IF(NTRANS) 2100, 2000,2100

2100 DO 450 N=1,NNO
MM=LD(N)
.. GMAT(MM)=GMAT(
450 RHS(N)=0.0

DE

¢

MM) +BMAT (MM) /DELT

DO 600 I=1,NNODE

KOLT=LD(I)-I .
KDIAG=LD(1)
DO 500 J=1,NNO
KOUNT=KOLT+J
IF(KOUNT .GT.KD
RHS(I)=RHS(1)+
GO TO 500

650 UM=y-~1

T KROW=LO(JM)+I

DE -

IAG) GO TO 650 '
BMAT (KOUNT ) *H(J) /DELT

RHS(1)=RHS(1)+BMAT(KROW) *H(J)/DELT

500 CONT INUE
600 CONTINUE
G0 TO 555

" 2000 DO 455 KS=1,NNODE

ncoononoon

¢

s NeReNe]

(s ReNeNeNe]

455 RHS(KS)=0.0
555 DO 900 L=1,MUP
900 BMAT(L)=GMAT(L

)

DO 950 M=1,NNODE L ‘

QRHS (M) =RHS (M)
. 950 LDQ(M)=LD(M)

WRITE(6,348)
WRITE(G,354) (
WRITE(6,352)

WRITE(6,360)

RETURN
110 FORMAT(//, 10X,
250 FORMAT(20X,3E2
345 FORMAT(//.10X,
348 FORMAT(//.10X,
352 FORMAT(//.10X,
354 FORMAT(10E12.4
355 FORMAT(//, 10X,
360 FORMAT(//, 10X,

END

SUBROUTINE HYC
THIS SUBROUTINE
MOISTURE CAPACIT

ADAPTED FROM THE
RIVER LABORATDRY

PRINT. OUT Ganit MATRICES

GMAT(MM) ,MM=1{ MUP)

wnxrs(s,ssa)_(H(I).I=1,NNODES.

WRITE(6,354) (RHS(I),I=1,NNODE)

22HMATRIX FOR ELEMENT NO.,12./) -
5.8) '

17HGLOBAL (A) MATRIX,/)

17HGLOBAL (G) MATRIX,/) .

31HTHE INITIAL SOLUTION, VECTOR 1S:,//)

) ' . .

17HGLOBAL (B) MATRIX,/) N .
34HTHE RHS VECTOR (1/DELT*(B)*(H) 1S:.//)

OND(NATCON(SLPOT,SLCON.SLCAP.KRATIO)

CALCULATES HYDRAULIC CONDUCTIVITY AND SPECIFIC
Y AS A FUNCTION OF PRESSURE POTENTIAL.IT IS

Mﬂﬂ&_ﬂi«?REEN AND COREY (1971) AT THE SAVANNAH
- CALCULATIONS ARE BASED ON PAPERS BY MARSHALL

258



259

>

v

* AND MILLINGTON-QUIRK. THIS IS A VARIATION OF A PROGRAM DEVELOPED BY

839 [ ,
840 c DR. RAY KUNZE TO CALCULATE HYDRAULIC CONDUCTIVITY OF POROUS SOL1IDS
841 C'  FROM WATER RETENTION DATA. .
842 c SEE: ,
843 c GREEN, R. E. AND J. €. COREY. 1971. SOIL SCI. SOC. AM.
844 c PROC. 35(1):3-8. ,
‘845 (o4 : : .
846 Cttttttt..t‘“ttt“t#“t.t't‘tt‘.“t."O‘t’t““tt‘“.t’o“ai‘.t.‘
. 847 C INPUT VARIABLES
848 [} i : . -
849 c THETA=WATER CONTENT FOR EACH INPUT POINT (CM**3/CM*+3)
850 c INP=NUMBER OF INPUT DATA POINTS (IN IS LIMITED TO 20 WITH
851 c PRESENT ' FORMAT)" : , '
852 . c NC=NUMBER OF INCREMENTED PORE CLASSES CHOSEN FOR CALCULATING
853 € DATA (NC IS LIMITED TO. 25) o
854. ° C TMAX=MAXIMUM WATER CONTENT (CM**3/CM*+3)
855 c SCON=EXPERIMENTALLY OBTAINED SATURATED CONDUCTIVITY (CM/UNIT TIME)
856 . c SCONR=KRATIO:RATIO OF HORIZONTAL TO VERTICAL HYDRAULIC
857 c CONDUCTIVITY (PRINCIPAL DIRECTIONS OF PERMEABILITY)
. 858 c DP=DESORPTION PRESSURE (CM OF WATER) i
859 c RESWAT=ESTIMATE OF RESIDUAL(IMMOBILE) ‘WATER
860 c .
861 C INTERMEDIATE CALCULATED VARIABLES
862 c . L : '
863 - c STDINC=STANDARD WATER CONTENT INCREMENT FOR CALCULATED
864 c VALUES(CM**3/CM**3)" o
865 c TINC=INCREMENTED THETA (CM*%3/CM%+%3) ..
. 866 c DPI=INCREMENTED DP FOR RESPECTIVE TINC (CM OF WATER)
- 867 c CLS=SQUARED RECIPROCAL OF ‘NUMBER OF WATER CONTENT CLASSES
868 o] (KL) . T
869 c PCH=INTERMEDIATE SUM OF PRODUCTS OF COEFFICIENTS AND
870 C HEADS IN CONDUCTIVITY EQUATION
871 c SPCH=F INAL SUM OF PRODUCTS ‘ .
872 c ACF=CONVERSIDON FACTOR THAT TAKES INTO ACCOUNT TEMPERATURE
873 c AND GRAVITY INFLUENCES '
874 (o] ., ®4*1440*60* (SURFACE TENSION)*%$2/(B8*DYN. VISCOSITY®*
875 c - DENSITY*GRAVITY) .
876 o] UNITS FOR VARIABLES IN ACF
877 (o} 1440=MIN/DAY .
878 c 60=SEC/MIN o~
879 c SURTEN=NEWTON/M :
880 o] VISWAT=PASCAL*SEC
881 c DENWAT=G/CM*»3
882 c “GRAVITY=CM/SEC**2
883 c
884 C OUTPUT VARIABLES
885 c . . L ‘
886 c CCAL=CALCULATED CONDUCTIVITY (CM/UNIT TIME),CALLED, ‘CALCULATED K *
887 c MATF =CONDUCTIVITY (CM/UNIT TIME) MATCHED WITH SATURATION VALUE,
8ss c CALLED 'SAT MATCH’ . o
8as c FACTOR=EXPERIMENTALLY MEASURED SATURATED CONDUCTIVITY
890 c . DIVIDED BY CALCULATED SATURATED CONDUCTIVITY'
891 c THETA=WATER CONTENT AT UPPER END OF
892 c INCREMENT (CM**3/CM*=*3) _
893 ¢ PRESSURE=DESORPTION PRESSURE (CM.OF.WATER)
894 IMPLICIT REAL*8 (A-H,0-2) ' ‘
895 : REAL*8 MATF,KRATIO . -
896 COMMON/HOOKUP /NS ,NC , RESWAT
897 DIMENSION VATCON(NS,1).SLPOT(NS,1).SLCON(NS,1J,SLCAP(NS.1),

898 ‘TINC(S1).CCAL(51),THETA(Si).DP(S').SPCH(S!).DPI(51).MATF(51).

S
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®

*KRATIO(NS)

LS=t -
READ INPUT PARAMATERS AND ‘VARIABLES -
READ(S,1114) ST,ST!.ST2.$T3.STA,ST5.STG,ST7.ST8,ST9
FORMAT ( 10A8) .
READ(S5, 1116) INP, TMAX, SCON, SCONR, RESWAT
FORMAT(15,F10.4,2€15.5,F5.3)
READ(S, 1120) SURTEN,DENWAT ,VISWAT , TEMP , GRAVTY
FORMAT(F10.6,F10.3,F12.8,2FS. 1) ) .
NOTE ORDER OF.INPUT DATA= . . S

THETA( 1)} =LOWEST WATER. CONTENT

DP(1)-HIGHEST¢PRESSURE (ABSOLUTE VALUE)
READ(S/1117)(THETA(J),u=1, INP) P : )
FORMAT(20F4.3) ‘ ) RTINS ~
READ(S, 1119) (DP(J),uy=1, INP) \ R ‘
FORMAT(BF 10.2) - ) . .
KRATIO(LS)=SCONR ,
CALCULATE CONVERSION FACTOR _ L
Acr=ao.-SURTENt-z/(vxswAr-DsnwArfdhAvrv) U .
ACF=ACF*1440. oo
CALCULATE INCREMENT SI1ZE S
RNC=NC-.
STDINC=(TMAX-THETA(1))}/RNC
INITIALIZE TINC AND DPI ARRAYS
TINC(1)=THETA(1) . 2
DPI(1)=DP(1)
NCP1=NC+t _
INDEX I REFERS TO INCREMENTED VARIABLES
INDEX J REFERS TO INPUT DATA
CALCULATE THETA INCREMENT LIMITS
DO 1003 I=2,NCP1 )
TINC(I)=TINC(I-1)+STDINC . ~

o
‘

00. 1004 u~1, INP -
JO=y. ‘ . )
LF(THETA(J) .GE.TINC(1))GO TO 1005
CONTINVE =~ = -
DPI(I)=((TlNC(I)—THETA(uo—1))/(THETA(QO)—THETA(JO—1)))'(DP(do)
1-DP(J0-~1))+0P(U0-1) ) :

CONTINUE

- CALCULATE PRESSURE INCREMENT LIMITS

ADJUST DPI TO GIVE VALUES AT MIDPOINT OF INCREMENT

DPI(NCP1)=0.0

DO 1178 I=1,NC L

DPI(32)=(DPI(1)+DPI(I+1))*0.5

CONTINUE ' .

CALCULATE ADJUUSTED NUMBER OF CLASSES (ANC) CORRESPONDING TO TOTAL
WATER CONTENT b ’ : ] :
ANC=(TMAX~0.0)/STDINC

CALCULATE SQUARED RECIPROCAL OF ’ANC’

CLS=(1.0/ANC)**2 o .

CALCULATE PRODUCT OF COEFFICIENT AND ‘HEAD’ TERMS FOR
EACH PORE.CLASS . :
KL=NC - :

DO 1176 J=1,NC

NL=NCP1-y

PCH=0.0 ; S .

DO 1175 I=y,NC : A
PCH=PCH+(2%1+1-2%J)*(1./DPI(NL))**2

NL=NL -1

SPCH(KL ) =PCH

:
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960

T 961"

862
. 963
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967
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972

978 ..

974
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1001
1002,
1003
' 1004
1005
1006
1007
1008
1009
1010

1011
. 1012,
1013

1014

1015

1016
1047
18

_I

-

’

noa o

. -

" .. COTINC=TINC(NCP1)-RESWAT

¢ CALCLATE K FOR A GIVEN WATER CONTENT. AND PRESSURE

CCAL(KL)-SPCH(KL)‘ACF‘COTINC“2‘CLS
KL =KL - 1

" 1176 CONTINUE

CALCULATE MATCHING FACTOR .
FACTOR=SCON/CCAL (NC) o

FOR PLOTTINGAND CALCULATE MATCHED CONDUCTIVITY AT
EACH WATER CONTENT

‘DO 1178 I=1,NC : - : .
-71~c(1)-11~c(1+1) ) -

. OPI(I)=(DPI(I)+DPI(I+1))%0. 5 - -
1179"MATF(T)=FACTOR*CCAL(I) °

BPI(NC)=0.0

c PRINT OQUTPUT -
- 1400 -PRINT 1090,ST, sT1, ST2 ST3 ST4, STS ST6, ST7 ST8, 5T9

1090 FORMAT(-1H1, 20X, 1OA8/)
PRINT 11BO,INP, TMAX SCON, FACTDR SCONR

1180 FORMAT(Tl"OINP- 13 T35, 'TMAX- v F5.4, T30 ' SCON=

+/FACTOR= ‘,1PE10.3,T70,’SCONR= ‘, {PE10. 3) N
PRINT 1121,SURTEN, DENWAT, VISUAT RESN!T JEMP

1121 FORMAT(iX 'SURTEN-’ F10.6,’ DENWAT=’, F1O 2 "VISWAT-‘,

+RESWAT=’ F5.3,2X,’ TEMP= ‘WF4.1,0 c /)
PRINT 1406,GRAVTY, ACF - i
1406 FORMAT( " GRAVITY-" FS.1,’ Aqr- '.1PEAO.3V'
. PRINT 1403 i ' S
1403 FORMAT(’OCLASS’,

'

.

L]

‘¢ CORRECT POROSITY TERM WITH COTINC FUNCTION (CORRECTIDN §
‘€ - NEEDED ONLY WHEN LIMITED THETA RANGE IS USED) .

ADJUST TINC AND OPI. VACbES ‘AT UPPER LIMIT UF INCREMENTS

'PRESSURE' 6X, 'THETA; 7X, *CALCULATED K’

F12.8,'

6X,

261

,1PE10.3,T50,

'SAT

+ MATCH*/2X, ’(I)’ 3X '(CM WATER)' ax,’ (8y VOL)’ 7X, ’(CM/TIME)’ 8X

+(CM/TIME) )

PRINT. 1404,(1,D I(I) TINC(I) CCAL(I) MATF(I) I=1 NC)

:1404 FORMAT(’" ’,13,3 ,OPF10. 2,6X,0PF5.3,7X, 1PE10.3,7X; "RE10. 3)

. PRINT 1125,(J, THETA(d) DP(J) J=1, INP)

1125  FORMAT( ‘0O’ , T2, " INPUT DATA fOR THE 'ABOVE; OUTPUT’ //1X T4,°d", T1d

1*THETA’ ,T20, 'PRESSURE'//(iX T2 13,710, 4 3,T19,F10. 2))

c SET UP STORED DATA ARRAYS “
DO 1185 1=1,NC . EU - ‘
-~ WATCON(LS; x)-rrnc(x) T . .
- SLPOT(LS,1)=DPI(I) ° ) : :
SLCON(LS.I)= MATF(r) . b .

. 1185 CONTINUE
9 LS=LS+1

IF(LS.GT.NS) GO TO 2 _
GO TO 1086 S _' :
* -2 CONTINUE ’ L '
c. COMPUTE SPECIFIC MOISTURE CAPACITY .
- - ":DO 800 I=1.NS

‘D0 800 JU=1,NC. ' o : ,' 5,". .

CIF(J..NE. 1) GO TO %00 . R
. 950 SLCAP(1,Y)=0.0 - .

~ 'G0-TO 800 . K
800 '1E (J .EQ. NC) 60" To 950/

800 CONTINUE s . “
o0 CPRINT 1500 ‘
"1500 FORMAT ( “OCLASS’, 3X. 'PRESSURE' ,6
' “**(CM WATER)‘,5X, '(1/cu) )
DO . 2000: K= 4 Ns o o . “

A

>

Xz’pAPACITY{/ng!(I)f,ax

>

SLCAP(I J)= (wATcoN(I u+1)—ﬁATc0N(l d))/(SLPOT(I u) SLPOT(I u+1))
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-
1019 " WRITE(6,2050) K , N
1020 2050 FORMAT (//,3X,‘SOIL NO.’,12./) :
1021 ' DO 2000 L-1;Nc
1022 . WRITE (6.2075) L,SLPOT(K,L),SLCAP(K.L) ) '
1023 | 2075 FORMAT(2X,13,3X.E10.3, 4x 510 3) : :
1024 2000 CONTINUE .[-
1025 - . RETURN : .
1026 END -
1027 ¢ < )
1028 (o}
1029 c ' : o

1030 ‘ SUBROUTINE INPUT ¢ ot
1031 c
1032 ‘C THIS suenourxns READS CONTROL DATA OF MASTER svsrzm
1 o :

1833 c"tt‘thlttt‘i..‘t‘.-“‘l‘tttlt#.tt‘ttbi“.lli.t.t“““‘#‘tttt‘t#‘t‘tt‘
1035 . IMPLICIT REAL*8(A-H,0-Z)— . :
1036 c

1037 ° . COMMON /MASTIV/ NSUB, MXND NUMNST, MASTR MBEL, xonv IN, 10, DELT NTRANS
1038 COMMOQ/HDOKUP/NS NC,RESWAT _

1038 . - C - _' - C

1040, - DIMENSION HED(20) - -

10illy ¢ - el

1042° ~  READ(IN; 1000) HED

1043, . WRITE (10, 2000) HED . '
1044 READ(IN, 1100) NSUB,MXND,NUMNST, MASTR MBEL , IDRY ,NS,NC,DELT,NTRANS
1045 : ,iwnrrs(lo 21oo) "NSUB, MXND NUMNST MASTR,MBEL, IDRY NS, NC DELT,NTRANS -
1046 c .

1047 : neruRN

1048 c

1049 c FORMAT STATEMENTS :

1050 T et

1051 " 1000 FORMAT(20A4) . .
1052 . .~ 1100 FORMAT(814,F10.5,14) . ’

1053 ' 2000 FORMAT(20X, 20A4/f/) :

1054 ' .- 2100 FORMAT(“MASTER SYSTEM CONTROL VARIABLES 1/, .

- 10585 * 'NUMBER OF - SUBSYSTEMS " - , =,14//,
1056 . . . *’MAXIMUM NUMBER OF INTER- -BOUNDARY NODES‘/ .
1057 . **NODES. IN ANY SUBSYSTEM : = 14//, .
1058 . . _*‘NUMBER OF NODES IN MASTER SVSTEM ‘ 14//. :
1059 *'FLAG FOR MASTER MATRIX - 1a//,
1060 */NUMBER OF GLOBAL E}TERNAL BDUNDARV conolrxons w'.14//.
1061 *'DRY RUN FLAG .14//,

-1062 ¢ **NUMBER OF MAIERIALS C ’ =, 18//,

1063 - © “*’NUMBER ‘OF PORE CLASSES . L . =",14//,

‘1064 ' *'TIME STEP SIZE " e =’ F{0. s// .
1065 £ *'PROBLEM TYPE (sTEADv-o TRANSIENT-i) S -;.14//) '
1066 . € - . o7 . v
1067, . . “END ‘A- X ) ‘.

1068 ' C e ' : ' , "
1069 .. C . : .

1070 ¢ . N o

1074 3 ) i

1072 c .

1073 ¢

1074 B

10718 . Cc :
076 [ € ) L X ‘
1T imrotting B snsen ix by - . .

1078 . - .. SUBROUTINE INPUT3(NSTEP,IMAX,E) ~



1078
1080
1081
1082
1083

1084
1088 -

. 1088 "
. 1087
" 1088
. 1089

" 1090 -

109'1
1092
1093
1094
1095
1096

1097
1098
1099
1100

1101+

1102°
1103’
1104
1105
11086
1107
. 1108

© 1109
1110

1111
1112
1113
1114
1115
1116
1117
1118

1119 -

"1120
1121;
" 1122
1123
1124
1125
1126

1127

1128
1129

1130 .

1131

1132 .

1133
1134
1135
1136

1137 °

" 1138

0.0 0. 000NO0 00006 .

o
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Cc
C THIS SUBROUTINE READS CONTROL DATA FOR EACH SUBSYSTCM

Cc
Ctttwt‘tdtoitt#‘tttt#ttpt“ﬁ‘.tttt‘tt‘*ﬁtttt‘tl‘ttﬁ:ttt‘ttttttttttt

IMPLICIT REAL®8(A-H, 0- Z)

COMMON /MASTIV/ NSUB MXND NUMNST MASTR MBEL IDRY,IN, 10, DELT NTRANS
COMMON- /HILL/ SLOPE, COS1 COS2 SIN{, SIN2

' COMMON /SUBIV/ 1S5,NNODE, NEL ITTER, NEBEL NFIBN NIBNS NSEEP NTEMP

READ(IN, ¥000) IS, NNODE NEL, NSTEP IMAX, E SLOPE NFPBN
'NIBNS NSEEP ‘
wRITE(IO 200Q) 18, NNODE NEL NSTEP IMAX E, SLOPE NFIBN
*NIBNS,NSEEP _ _ . D
PI=3.141592653589793D0 , - ' E -t
ANGLE=P1*SLOPE/180.0 ST Ce .
COS 1=DCOS (ANGLE) N
C0S2=C0S1**2
SIN1=DSIN(ANGLEY
SIN2=SIN{**2 "
RETURN
c : ! ’ : ..
c : B o . L . . . .
c FORMAT STATEMENTS . : ' oo S
C . .
1ooo FORMAT(514 2512 5 314) T o
2000 FORMAT(”4’, ‘T30, suasvsrem NUMBER ‘15 '

.*//.'NUMBER OF NODES - . j R N -
*//.’NUMBER OF ELEMENTS - _. AR B IS
*//.’NUMBER OF TIME STEPS - . =18

*//. ' MAXIMUN" NUMBEE OF. ITERATIONS PER TIME 'STEP ".15
*//,’SPECIFIED DIFFERENGE . CRITERION FOR ITERATIONS +E10.5

. *//."HILLSIDE SLOPE (DEGREES) . .F10.5
-~ */].”LOCAL NUMBER OF - nsr INTER—BOUNDARV NODE - - ,I5
© . *//.’NUMBER OF INTER-BOUNDARY NODES . 15
: *//. NUMBER OF SEEPAGE XCE NDDES T 4; 15/()
Ce SRR _ o ., SR i
END
i
. . \\.
SUBROUTINE INPUTd(X z H, PSI NP ,MATL)
THIS SEGMENT READS AND' HRITES,THE NODAL 'AND ELEMENT DATA,
TOGETHER WITH INITIAL PRESSURE :POTENTIAL )
t“.t‘t“t““"tt‘tit'.‘lt‘t‘.".t.*ttt‘tt“‘bt“.#tit‘tt“tttt‘t‘.
IMPLICIT REAL*8(A-H,0-~ z)
comnon /MASTIV/ NSUB , MXND., NUMNST , MASTR, MBEL, IDRY IN 10, DELT .NTRANS
comuou /SUBIV/ 15, ~~oos NEL ITTER NEBEL NFIBN, NIBNS ~seep NTEMP
DIMENSION . X(1)., z(1) H(i) PSI(1). ‘
NP3, 1), RATL(1) " kS
READ ' PRELTIMINARY INFORMATIDN ‘

WRITE(10.101) - oo R . e
WRITE(10,115) ° , ﬁ o S Lol

.

73



1139
1140
1141
1142
1143

1144
1145,

1146
1147

1148 -

1149
21150
1151
1152
1153
1154
‘1155
1156

1457,

1158
1159
1160
1161
1162
1163

1164
1165
1166 .
1167
1168

1169

1170
1171
1172

1973

L1174
1178
1176
1177
1178
1179
1180
1181
1182

1183

1184

1185
. 1186
1187

1188
1189
1190

119¢

1192
1193
1194

1196

1196
Co1197
1198

C READ AND WRITE ELEMENT DATA

c.

" 60
" IF(ML1.EQ.M) co TO 25

.30 -

15

50

10

20

150

139

Lat .
READ(IN, 104) N,X(N), Z(N)

GO.TO 4

READ(IN, 104) N,X(N), Z(N)

DN=N-L

DX=(X(N)- x(L))/DN
DZ=(2(N)-Z(L))/ON

L=L+1
IF(N-L)

10,4,.50.

X(L)=X(L-1)+DX
Z(L)=Z(L-1)+0Z
MATL(L)=MATL(L-1)

GO 70 15

WRITE(I0,104) N,X(N).Z(N)

.1F (NNODE-N) 10,20,30
-WRITE(IO,105) N

CALL EXIT

READ(IN, 120) (H(N) /N=1, NNODE)
READ(IN, 130) (MATL(N) N= § NNODE) g
DO 150 N=1,NNODE

PSI(N)=H(N)

“WRITE(I0, 106)

WRITE(ID, 102)

WRITE(IO 180) (N.X(N), Z(N) H(N) MATL(N) N-1 NNODE)

WRITE(10, 107)
 WRITE(IO, 108)

TML=O "

JIF(ML.GE. NEL) GO:-TP 40 S
. READ(IN, 113)" M"NP(i M), NP(2 M) NP(3 M)
‘VRITE(IO 113) M, NP(1 M) NP(2 M), NP(3 M)

MM=ML+1

IF(MM.EQ.M) GO T0 25

ML 1=ML+1

- ML2=ML+2

55
56

25

. 40

c .
‘C
B

45

FORMAT STATEMENTS

. 33 FQRMAT(2F10}4r
100 FORMAT(313) T o
101 FORMAT(’ 1’ ,5X, 'OUTPUT OF INPUT NODAL.DATA’) .

o

© MLM3=ML-1 :
CIF(MLM?. LE. 0)" 6o TO 45

DO 55 I=1,3 :
NP(T, ML1)=NP(1 MLM1)*1pf
IF(ML2.EQ.M)-GQ. TO .2§" ?
D0O.56 I=1,3 b
NP(E, ML2)=NP(I ML)+1

ML=ML2
GO TO 60
ML=M

GO TO 397,
CONTINUE =~ ™
WRITE(10, 110)
WRITE(10,113) . (M (NP(u M) u-1 3).M=1 NEL)
WRITE(IO, 114 ).

RETURN

A

P
o

» .

\

.
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1199
1200

1201 - -

1202

1203

1204
1205
1206
© 1207
© 1208

1209
1210°
12114

1212
1213
1214

. 1218

1216
1217

1218 -

1219
1220
1221
1222
1223
1224
1225
1226
1227

1228
1229 -
1230 ..
4231

1232
1233
1234

1235 |
1236 -

1237
1238
1239

1240

1241
1242
1243
1244

1245,

1246
1247
1248
1249
1250

1251

. 1252
1253
1254
1255
1256
1257
1258

c
G
C

C
c
Cc
Cc
Cc
C

oao

Toeao

‘ttt‘tt.‘lﬁl‘tt-‘titt.t.'tt#t!“"‘tt.“t"t

102 FORMAT(///. 1ox 19H NODAL POINT QUTPUT ///53H NODE

1 Z COORD INIT. HEAD MATL.///)
104 FORMAT(16,2F12. 2), .
105 FORMAT( 1HO, 28HERROR- IN ‘NODAL DATA NODE =, 14)

A1OGmF0RMAT(’1’ 5X., “OUTPUT OF COMPLETE. NOS*L DATA )
D

107 FORMAT(’1’,5X, 'OUTPUT OF INPUT ELEME ATA 7))
108 FORMAT(///; 10X, 13H ELEMENT DATA///
124H ELEM I J 'K) ‘
110 FORMAT(“1’,5X, ‘OUTPUT OF COMPLETE ELEMENT OATA’ A7)
111 FORMAT{( IMLMA IS LESS THAN OR EQUAL. TO zeno )
420 FORMAT(F8.2,4F8.4, 313)
113 FORMAT(416) o .
115 FORMAT(///.10X, 19H NODAL POINT-OUTPUT;///’ © NODE
1 Z COORD, MATL' ///) L . :
120 FORMAT(iOFB 2)
130 FORMAT(4012) : :
180 FORMAT(1I6,2F12 39;14.234x,13)
‘END -

€ FUNCTION~ISPAC(NAME LENGTH K) o

265

"X COORD

© X COORD

A SIMPLE MANAGER WHICH WORKS WITH 5 FIXED LENGTH COMMON BLOCKS

A 5- COLUMN NAME DIRECTORY AND /POINTER DIRECTORY.

REAL*8 NAMES', NAME

. ~COMMON /DIMCOM/ LAST1 LAST2 LAST3 LAST4, LASTS MAQDIM
‘NAMES(S 20) IPT(S 21), ICOM(S) .

: g
CHECK® IF NAME ALREADY EXISTS :
ISPACE =L OCOM(NAME , K)
IF(ISPACE. EQ. o) GD T0 10
GO TO- 100
ENTER New-NAué JIN DIRECTGRY.. -
. 10 GO -70 (20, 3o 40,50, so) K . A
20. LAST#PLAST1+1 : ‘
LAST=LASTY .
Go T0 70 - . -
30 LAST2=LAST2+1 '
- LASTLAST2

GO 10 70 .

40 LAST3I=LASTa+1

"LAST=LAST3
GO. 70 70

© 50 LAST43LAST4+1

“LAST=LAST4
GO TO 70

SO'LAST5=LAST5+1

‘LAST”LASTS

70 LF(LAST.GT. MAXDIM) GO TO0 2oo
T NAMES (K, LAST)=sNAME -
ISPACE = IPT(K LAST)

-f.,  ;jé_:ﬂ;“‘» Fl o Ai;i:.:

V.
.tt-#vtt*&‘;t?ttt.tt.‘



1259
1260
1261
1262
1263
1264
1265

1266 . .

1267
‘1268
1269
1270

© 1271

‘1272
1273
274
1275

© 1276

1277

1278 .

1279

1280 .
1281 .

1282
1283
1284

1285 .

1286

1287 -

1288
1289

1290~
1291.

1292

1293

1294

1298

1296

11297,
1298

1299

' 1300
1301t
1302
1303 -
1304

13085

- 1306
1307 -

1308

1309 .

1310

1343
1314
1315
1316

1347

S~

1311
To13t2

coao o

nnnnnh

o sanocno

a0 o

100

1000
7 200

2000

. 300

3000
400
o4

0o

EXITS RESULTING FROM DIAGNOSED ERRORS

t#‘.‘#t-“t"“.t“t

‘0RHS(1) LDQ(1),Q(1) NSPF

-IPT(K LAST+1)-15PACE+LENGTH

xr((xpr(k LAST+1) 1). GT xcou(x)) GO JO 3oo
ISPAC~ISPACE

RETURN

i

wnITE(s 1000) NAME . :
FORMAT (22H* * *NAME ALREADY EXISTS, -10X,A8)

6Q TO 400

WRITE(6,2000) NAME, K

FORMAT ( {7H***TABLE ovERFLow 1ox AB 14)
GO TO 400 :

WRITE(6,3000) NAME, K, IPT(K, LAST). LENGTH

-FORMAT(23H"'COMMON AREA OVERFLOV . A8, 314)

CALL. EXIT

END - [ T

.

\
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SUBROUT INE ITERAT(X Z H BSI PSIP BMAT ,RHS , ORHS , SINT,DIFF.Q, TPOT

*LDO, KuoE NSPF IMAX, E, NST NSTEP)

Iﬁit ‘l
IMPLICIT REAL‘B(A H o- Z)
COMMON  /BORDER/ NEUM NDIR,KFLAG, NBOUND(GO)

v

THIS SUBROUTINEvcoNTRQLS THE ITERATION CYCLE.

a

\. :"f,

'comuou /suarv/ IS.NNODE NEL  ITTER, NEBEL, NFIBN NIBNS NSEEP NTEMP

"th‘b)i.‘."ﬁ.‘.‘t.t‘“t#‘it*‘tti“tt“t‘t‘
N . WP -

.

DIMENSION H(i) PSI(1),PSIP(1), SINT(1) DlFF(!) xoo£(1) BMAT(!).

iy IF(ITTER) 90,95,90

95

10

DO 110 I=1, NNODE
PSI(I)=0.0 :
PsrP(I)=0.0. =

o S

Do 600 . I-1 NNODE

‘ IF(KDDE(I) EQ. 1o) GO TO /600 °

1230

Jmy+d

| PSIP(I)#SINT(J) IR :
PSI(I)= (H(1)+SINT(J))/2 o] o
CONT INye -

WRITE (S, 1000) L
WRITE(e,105) (Ps:n(x) x-1 ~~ooe) :
WRITE (5, 100)

. WRITE(§, 101) | -

WRITE(G, 105) (Psx(l) I=1 NNODE) T
WRITE(6, 1230) A
FORMAT(//., 56X, ' THE RHS TERMS ARE (IT )it 4/)

WRITE(s 105) (RHS(1), 1=1 NNODE
ITTER=y . - . 5
GO TO as .

(1), x(1) z(1) TPOT(i) RHS(1)

‘FORMAT(// ‘FIRST ESTIMATE of p(x+1/2 Y
b

-.“:.I‘

_sj'



1319
1320
1324
1322

e 1323

1324
1325

105
-90

350

1326

. 1327
' 1328

1329 .

1380
1331
1332
1333
1334
11335
1336
. 1337

© 1338
1339. -

e 1340
13414

1342 °
N\ 1343 -

1344
~". 1345 -

1346
' 1347
- 1348

)1349

1351

1352
1353
1354
1355

356

« Yas7'
+358.

1358

1360. -
v 1361

v . 1362
" 1363
.1364

650
.C

1

FORMAT(10512 4y
TEST=0.0 . S

00 3s0 1-1wNNODE . o e
PSI(I1)=0.0 o L :

J=0 . oo ‘ "".;

DO 650 =1.NNODE .
IF(KODE(1) .EQ. 10) GO 'TO 650,
JEd+t
pSI(I)-SINT(J)
CONT INUE

N

c couPure FLUXES

.C

%

c .
140

e

C1500;

1700
700

800

850

150

50

2100

N 1365

1366

1367
1368
1368
1370

s 43T
1372 -

1374

1378
’ " 1376

1378

60

" 500 -

300

1400

‘o000 o

‘PSXP(!)rPSi(I) 1

400-

CALL‘FLUX(X Z PSI BMAT ORHS, SINT Q, TPOT LDO KDDE NSPF)

DO. 140 I=t, NNODE
DIFF(x)-PSI(I) PSIP(I) .

- TEST=DMAX1(TEST, DABS(DIFF(I)))

CONTINUE
IF(ITTER.EQ.1) GO T4 17Q0
CHGE=TEST-CHEK

I1F(CHGE) 1500, 2000, 2ooo -
IF(CHGE.GE.-0.001) GO TO 2000

‘CHEK=TEST - o _‘
" WRITE(6,700) ITTER,TEST : ‘ '

FORMAT("ITTER=',13,5X, ‘TEST=",€12.5) ,
WRITE(6,800) . - B .

,FoaMAT&// 5X; OIFF - . PSI’,//)
. ' Do 75Q i ‘
. ¢ 150

Tay NNODE
WRITE(E, sso) DIFF(I), PSI(I)
FQRMAT (5X ;2E +2.5) -

‘IF(TEST.LT.E) GO YO 50

ITTER=ITTER+1

TF(ITFER.GE . IMAX). GO TO 190
DO 150 1=1,NNODE, | .
PSI(1)=(H(I)+PSI(1))/2°0". o _ : -
GO 10O 8% , a R , :
CONTINUE - - - - " R
WRITE(6,120) | '

WRITE(6, 105) (PSI(I) 1-1 NNODE)

WRITE(G 3000) . L
WRITE(6, 105) (o(I) x 1 NNODE) : ,

ITTER=Q -
DO 60 I=1,NNODE .

psxP(I)=H(I) .
H(1)=PSI(B) .

PSI(L)= PS!(I)*(PSI(:) PSIP(I))/z o

RITE(S, S00) - NST ' .

ORMAT(/, 10X, ' END' OF TIME srep' 15, //)
WR1TE(6.300)

FORMAT(//.* INITIAL . Pnessuns POTENTIA& - NEXT TIME STEP’. //)
WRITE(€,400) -(H(1), 1=1 NNODE) T

. WRITEYE, 1400)

FORMAT(//,*TOTAL HYDRAULIC POTENTIAL’ //)
WRITE(6,400) (TPOT(:) I=t, NNODE)
FORMAT(10F42.1) = - -

WRITE(E,3000) . o o
WRITE(6, 105) (o(I) I= 1 NNODE) "'1
IF(NST -NE", NSTEP) Go 10 2200 e ol

267
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1379

1380

1381
1382
1383
1384
1385

1386
1387

1388
1389

1390

1391
- 1392
. 1393
1394
1395
1396

1397
1398

1399
"1400
1401

1402 -

1403
1404

1405

1406

1407 .
1408 *

1409

1410.

1411

1412

1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425

1426
1427

1428
1429
1430

a3t

1432

' 1433 -

1434

1435 .

1436
1437
- 1438

2000

190
200
1600,
. 85

1000

101
120

12050
"*5X., ‘THE LATEST CHANGE IS:‘,F10.3,//):

a|ooo FORMAT(// SX.'THE COMPUTED FLUXES ARE’, /"

Q- a000 0000

‘i‘..l."‘.t“‘t‘.-.t“it“‘t“tt"'.#"."“"‘.t.“""‘.‘

10

20 4
. GO .TO 60 ' S

30

40

50

60

WRITE(S, 960) NNDDE ‘L
FORMAT(14) .

DO 950 I'=1,NNODE’
JPOT(I)'H(I)*Z(I)
WRITE(8,900) I.X(1).2(1), H(I) TPOT(I)
FORMAT(14,4F 12, 1) . )
ITTER=Q-

NST=NST+1

TF(NST. GT.NSTEP) GO .TO 1600
‘G0 TO 85 .
WRITE(6,2050) CHGE

GO TO 1600

WRITE(6,200) . ' '
FORMAT(//, * IMAX_ EXCEEDED" . /1)
CALL EXIT:

CONT.INUE

RETURN

FORMAT(//, 10X, "P{K+1/2)=" //)
FORMAT(//.5X,'LATEST ESTIMATE OF P(K+1):

FORMAT(//, 'FIRST ESTIMATE or P(x+1) . 17)

11

268

FORMAT(//.5X, ‘THE SOLUTION FOR THIS PROBLEM DOES NOT CONVERGE’,//.

END

PUNCTION LOCOM(NAME.K) ~ .. °

LdCATEs’iNDEx OF 'A GIVEN:NAME IN NAMES DIRECTORY.

REAL‘B NAME NAMES

COMMON /DIMCOM/ LAST! LAST2 LAST3, LAST4 LASTS, MAXDIN

‘NAMES(S 20),1PT(S, 21) Icou(s)

GO TG (10,20, 30,40.50), K
LAST=LAST '

GO 10 60 . . ‘
LAST=LAST2 » (

LASTSLAST3 . =
GO 70.60
LAST=LAST4
GO’ TO 60

LAST=LASTS

] :
1F(LAST.EQ.0) GO TO 200
DO- 100 MsY LAST .

. TF(NAMES(K,M) .NE.NAME) . GO Jo 100

- 200

LOCOM=M .
"RETURN - . )A»
CONTINUE "-\
Locou-o . R

RETURN . = , o \\

;t.".t‘
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1440
1441
1442

1443

1444
1445
446
1447

1448

1448

1450. .

14514

1452 -

1453

-3

1456

1457

. 1458

1459
1460
1461
1462
1463
1464
1465
1466
1467

‘1468

1469
1470

1471

1472
1473
1474

1475

1478
1477
1478

1479

1480
1481
1482
1483
1484
1488

86’
&?7
1438

1489
1480
14919
1492
1493
1494
1495
1496
1497

1498

(s N el

T
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~ SUBROUTINE XPLOT(X, E'H THETA,KZZ,TPOT)

C

c THIS SUBROUTINE ENTERS APPROP!ATE DATA INTO A FILE

C FOR SUBSEQUENT PLOTTING ON THE AE0512 INTEGRATED GRAPHICS
o FACILITY

c

C -

s

950 WRITE(8,900) I,Xx(1), Z(I) H(I) TPOT(I) THETA(I) KZZ(1).

900
960

.IMPLICIT REAL*8(A-H,0-2)
REAL*B KZZ

'cttt‘.t‘ti“t..t..“...t't.‘.‘t‘.‘t.‘..‘.‘...‘t‘.“‘.'ttt...“.“t.

N

COMMON /SUBIV/ 1S,NNOOE,NEL, ITTER, NEBEL 'NFIBN ,NIBNS , NSEEP, NTEMP
DIMENSION X(1), Z(!) H(1) THETA(i) KZZ(1) TPOT(1)

WRITE(8,960) NNODE
D0 950 I=1,NNODE
TPOT(1)=H(1)+2(I)

FORMAT(14 4F12.1,F12.4, E15 5)
F0RMAT(14)

, CALL. EXIT f

" RETURN

END

SUBROUTINE SKYLTN(GMKT,LD,KOLHT)

A

[}

THIS suskdurluz“ronms ‘AND ‘STORES GLOBAL MATRIX IN ONE-

SKYLINE

Cc
[
Cc
c DIMENSIONAL ARRAY,
C
Cc
c

COMPUTES -COLUMN LENGTHS AND ADJUUSTS FOR .
IT ALSO IDENTIFIES NEW LOCATIONS OF DIAGONAL ELEMENTS

"‘t‘.ﬁ“t..t‘.t.ttt..l“.t‘t.t."t“.‘tt“t"i.“‘l“.‘.“‘t‘.‘.‘.“

c
Cc
Cc
c

c

320

3285

IMPLICIT REAL*8(A-H,0-2)

COMMON /MASTIV/ NSUB,MXNQ,NUMNST;MASTR,MBEL;]DRY.INin.DELT.NTRANS

COMMON /SUBIV/ IS ,NNODE ,NEL, ITTER NEBEL ,NFIBN,NIBNS, NSEEP NTEMP

DIMENSION GMAT(1),LD(1), KOLHT(1)

Cc COMPUTE COLUMN LENGTHS AND ADdUST FOR SKYLINE

KK=1{
MUM= 1 )
MSUM=0 ¥
IF (GMAT(MUM) .EQ.0) GO TO 316
KOLHT (KK ) =L D (KK ) -MUM+ 1
LENG=KOLHT (KK)
KL=LD{KK)-KOLHT (KK)

DO 325 1I=1{,LENG
GMAT(MSUM#II)-GMAT(KL*IX)
MUM=LD(KK)+1
MSUM-MSUM+KOLHT(KK)

LD (KK) =MSUM

© KKeKK+{

315

egR30

1F (NNODE-KK) ‘330,320,320
MUM » MUM+ 1

GO TO 320

CONT INUE -

WRITE(IO,500)

WRITE(I10,354) (LD(I),I=1,NNODE)

N



1499

1500
1501

1502

1603
1504
150%
15

1507

1508

1509
1510
1541

"1512

1513
1514

1555
1556
1557
1558

c
[

. C

c.
-C
C

OO0

cnoonoonoan

00000000 NO

0. N o0oo0o

355

F
50Q

600
354

w

<
S

+
L
*
L

100

300.

c

. 200

P
"WRITE(10,600) ' .
WRITE(10,354) (KOLHT(I),I=1,KNNODE)
"TALL =L D(NNODE) s
WRITE(10,355) (GMAT(1),I=1,1ALL)
FORMAT( 10X, 10E10. 4)

RETURN °

ORMAT STATEMENTS

[

FORMAT ( 10X, 2SHDIAGONAL ADDRESSING ARRAY", //)

FORMAT ( 10X, 20HCOLUMN HEIGHTS ARRAY,//)

_FORMAT-( 10X", 1015)
- END » \

o

- SUBROUT INE TABLOK(H;PSI.THETA.KZZ.CA.

*SLCAP MATL) :

TABLOK 1S ADAPTED FROM THE SUBROUTINE

THE “TEHM”" MODEL .
SEE:

HUFF, D. D.,'R. J. LUXMORE, J. B.

WATCON, SLPOT, SLCON, "

OF THE SAME NAME USED IN

v

MANKIN, AND C. L. BEGOVITCH.

1877. TEHM: A TERRESTRIAL ECOSYSTEM HYDROLOGY MODEL. DAK RIDGE

NAT. LAB: ENVIRON. SCI. DIV., A

RIDGE, TENNESSEE. PUBL. -

"1019. EDFB/IBP-7G/8Z—0RNL/NSF/EATC?27.

ATCON IS THE'TABLE OF WATER CONTENTS

LCON 1S THE TABLE OR CONDUCTIVITIES .

L

SLPOT- IS THE TABLE OF PRESSURE POTENTIALS v

CAP 1S THE TABLE OF \SPECIFIC MOISTURE CAPACITIES

#
»
*
*
k2
»
*
*
*
*
»
»
*
)
*
4
*
*
L}
*
*
*
*
*
-
*
»
*
*
B
*
.
*
L 4
*
-
*
*
*
*
*
L 3
*
*
»
*
*
®
*
»
*
-
»
*
L}
]
*
*
*
*
*
&

IMPLICIT REAL*8(A-H,0-2)
_REAL*8 K22 ,
COMMON/HOOKUP /NS , NC . RESWAT

COMMON - /suBIv/ IS;NNQDE.NEL.ITTEk.NEBEL.NFjBN,NIBNS.NSEEP.NTEMP
DIMENSION H(tl.rHEIa(i).PSI(1).KZZ(1)_CA(t).MATL(1),

*wATcON(Ns,1).SLP07(~5.1).5Lcon1~s.1),

SLCAP(NS ., 1)

WRITE(E, 100) ((WATCON(Ih(kL);SLbOT(IL,KL),SLCbN(fL;KL).' -

'SLCAP(IL.KL).KL!1.NC),1L=1.NS)-s
FORMAT(//,FS.3;F10a2,510.3.3X,E10‘3)
‘WRITE(S,200) NS,NC,NNODE,RESWAT

WRITE(6,300) (PSI(IM), IMe1, NNODE)
FORMAT(//.Fi14.2) : - :
WRITE(6,63)

. DO 60 'N= 1, NNODE

J=MATL{N) . ot
IF(PSI(N).GE.0.Q) GO TO 72

DO 61 K={,NC -
1=K o » )
IF(DABS(PSI;(N)).. GE.SLPOT(UJ, 1)) Go TO

Y
\

4

FORMAT(//,'NS=* .14 “NC=’ 14, 'NNODE=" ,

e
14.”RESWAT=' F5.3) .



1559
1560
156 1
1562
1563
1564
1565

1566

1567
1568
1569

- 1570

1571
1572
1573
1574

- 1575

1576

1577

1578

1579

1580 -

1581
1582
1583,
- 1584
1585

61 CONTINUE : ' ’ ¢
GO 10 60
70 IF(1.LT.2) GO TO 71 .

VALUES WITHLN TABLE RANGE.
PROPTN=(DABS(PSI(N))-SLPOT(U, I))/(SLPOT(J 1-1)- SLPDT(J 1))
THETA(N)=WATCON(J, 1)~ (WATCDN(J I)-WATCON(J,I-1))*PROPTN.
KZZ(N)=SLCON(J,I)Y-(SLCON(J,1)-SLCON(J,I-1))*PROPTN
CA(N)=SLCAP(J,I)=-(SLCAP(J,1)-SLCAP(U, I~ f))‘PROPTN
GO TO 60 .

VALUES AT DRY END OUTSIDE TABLE RANGE

71 PROPTN=(DABS(PSI(N))-SLPOT(V,1))/(15000-SLPOT(Y,1))
THETA(N)=WATCON(J, I)-(WATGON(UJ,1)-RESWAT) *PROPTN
KZZ(N)-SLCON(J 1) (SLCON(J 1) *PROPTN) :
CA(N)=0:0 .

GO TO 60

VALUES AT SATURATION

72 THETA(N)=WATCON(J,NC)

KZZ(N)=SLCON{(J,NC)
CA(N)=0.0 s

60 CONTINUE

60 WRITE(6,65) N, MATL(N) PSI(N), THETA(N)(KZZ(N) CA(N)
RETURN

-

63 FORMAT(// 11X, ‘N MATL PSI THETA : K2z’
.. CaP’,//)

65  FORMAT(10X,213,4E15.5) .
END

L}

27t
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~

D Appendxx D. Example of Input Data Set Requu’ed To Run

.

SUBFEM . - ' : . )
FERNOW. . -
1 PROTOTYPE SIMULATION: FERNOW EXPT. FOREST, W. VIRGINIA
2 1 0 272 1 0 1. 2 25  o.1 1 ) -
3 CALVIN SILT LOAM - UPPER "HORIZONS® (TO 60 cm) ' .
4 3 0. 455 1.70E+02 1.000E+00 0.0 :
5 73.49 0.999 0.011380 . 15.0980.0
6 .235.318.455 . : v
7 10300.00 339.0 0.0 '
8 CALVIN SILT LOAM - LOWER HORIZONS (BELOW €0 cm) o o
9 , 3 0.280 1.70E+01 1.000E+00 0.0 R
10 73.49 0.999 0.011380 15.0980.0 . / »
11 .175.240.280 . '
12 7210.00 - 339.0 0.0 .
13 - 1 272 462 120 75 - 5. 0£-02 19.0+00 © 0 &
14 A 0.0 0.0 :
15 8 0.0 " 17S.
16 ) 9 " 150. . 60.6
17 16 . 150. © 235.6 ‘
18 17 .+ 300. 121.2
19 24 300. '296.2 .
20 25 450, " 181.8
21 32 450. 356.8
22 ~ .33 €00. . 242.4 ’
23 40 600. 417 .4
24 41 750. 303.0
25 48 750. 478.0
26 49 900 363.6
27 56 '800. 538.6
28 . 97 1050. 424 .2
29 64 1050. , 599.2
30 65 1200. 484 .8
31 72 1200. 659.8 .
32 73 . 1350. 545 .4
33 80 m 1350, 720.4 -+ ) o
k] 81 1500. ] 606.0 L o ‘ s 3 ’
35 88 1500. 781.0 : . .
a:\\\ ag’ 1650. €66.6
37 6 1650. 841.6 ’ roo-
38 . 97 1800. Co727.2°
39 - 104 1800. 902.2 5 3
40 - 108 . 1850. 787.9 B}
a9 112 "1950... T 962.9 >
42 113. 2100., 848.5 N
43 20 2100. 1023.5% .
44 121 2250. 909.1°
45 128 2250. 1084 . 1 -
46 129 2400. : 969.7
47 136 2400. 1144.7
48 137 2589. 1030.3 -
49 144 2550. 1205.3 v
50 . 148 2700. 1090.9 . .
51 152 2700 1265.9 . R
52 153 ' 2850, 1151.8
53 - 160 2850. 1326.5
54 . 161 3000: * 1212. ¢ . .
S5 " 1e8. 3000.. 1387.1 N '
56 169 3150. 1272.7
57 176 3150. 1447.7 !
3

58 177 3300. 1333.

.,
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July 5, 1983

Mr. Graham R. Hillman r's
10424-35A Avenue-

Edmonton, Alberta- , ,
Canada T6J 2H2 AR ’

Dear Mr. Hillman:
I am pleased to grant to youzmy permission to reproduce in
your Ph.D. dissertation an adapted version of the Green and
- Corey hydraulic conductivity computation code, :
Sincerely,

J. C. Corey, \Research Manager
Environmental Sciences Division’
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Mr. G. R. Hillman
10424 -~ 35Aa Avenue .
Edmeonton, Alberta )
CANADA  T6J2H2

Dear Mr. Hillman: ®
Thank you for writing concernlng your use of the computer code
- for the hydrauilc conductivity calculation. I am pleased that you
have found this procedure useful in your work; feel free to use the

program in yolir thesis.

I will appreciate receiving an abstract of your dlssertatlon

when it is completed. - I will be back in Hawaii by ‘September 1983

SO0 you could send it there; I am currently on sabbat1ca1 leave in

Athens, Georgia.
=l
. Sincerely yours,
VS P —
e : °
R Rich§rd E. Green
) Technology Development &
- _ Applications Branch

cc: J. C. Corey
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" Division of Environmental Mechanics ) T ' ‘A*k'm of the Institute of Physical Sciences .
Black Mountain, Canberra, A.C.T. : ' L '

Chiet ' ; ' P.O. Box 821, Canberra, A.C.T. 2601 - )
JR Phillp, DSc FAA FRS .. .. Telephone (062) 46 5645 Telex 62861 v Lo
‘ ‘ 1.0 t2 Y

| . 7
AIRM;A}D .
June 3, 1983,

.- *
Mr. G.R. Hillman, L 1 ‘ -
10424-35A Avenue, , : ' o o J
EDMONTON ~Alberta, o ‘ o
CANADA _T6J 2H2. ) e O
' . Ny . : q ‘ o .
Dear Mr. Hillman, - . £
. . ' ' : o . . g
With reference to your letter of May 26, I am happy to grant you :
permission to make use of part of Figure 2 of my paper, Soil Sci. o ’ ®
83:345-357 (1957) in your Ph.D. thesis. ‘ - b
Should you be able to send ‘me a compreheﬁsible extract from your thesis
which.gives the context of your use of the figure, I should be interested
and grateful. ' ' ' o
‘/

Sincerely,

J

John Philip.,

-\

Commonwealth Scientiic and Industrial Research Organization, Australia
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Tectonophysics.’ Pianetology, Solar-Planetary Relationships
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.o Request for Permission to Reprint from Society Publjcations

Dear Mr. Hillman: A
As raequested in your letter dated { » Wwe are pleased to grant you non- -
exclusive permission. to reproduce the materiai Tisted on-the-reverse side of this ‘sheet. ,
This permission applies to (1) —___ the English language, (2) x ' all languages, or ’
//5}) —__ the language(s) specified only ¢ :

Permission to quote applies to (1) . fhe United States  of America and its territorial
passessions, (2) _  the Dominion of Canada, (3) y worMwide, or (4) __- countries as.
specified __ - B - :

" In accordance With'youn request, this reproduction is to appear in (name of your
work) Pph, D, dissertation, University of Alberta

~ .

~ The name and"address of the publisher is nbne'

FORM OF CREDIT:

Each figure, table, and quotation used'ﬁﬂst be aécompanied-by a credit 11né'stating,

" "Reproduced .from (name of publication - volume or edition - page(s) - year)

—S0IL SCIENCE SOCIETY OF AMERICA PROCEEDINGS, Volume 32, 1968, pages 607-615 I R
_ : . by permission of the (publisher) o , B | |
_Soil Science Society of America e - . *
fhis material may be reproduced and?or dist;ibutéd only in the ‘original outlet stated

above and, if the outlet is a book, its subsequent editions ‘and only by the publisher named
_above. Any other usé shall require the expressed written permission of this Society. -

This agreement will become valid when both parties have signed and the Society has
received a fee of ... in U.S.A. dollars. :

We hope that this arr&ngement is satisfactory with you. If éécepted, please sign below
to this effect, return one copy and retain the other for your file. A complimentary copy of
the __ djssertation would be appreciated when printed. ' ‘ ‘ )

DMK:rmm . | |

David M. Kral ‘
Assistant Executive Vice. President

"I "agree to the above ;onditions." ' (::> L ‘&gk’fL: B .
G R R M, ' - ,Q;EF? ¥ ~\IKJ. e

Print _ Sign -

overe. | —— 2
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Comp]ete Reference to Mater1a1 (Vol s year, ett ) Vo]ume 32, 1968 pages 607 615 |

Authon(s) or Ed1tor(s) d Bubln . o . .
Fiqure(s) Needed: meu¢ 42 ' pageNo. el
Table(s) Needed:'  Table No. - - 'Page No.
| K4 . . , .t ) . . o ‘ ' ‘, . . v
¢ ’ \
Quotation(S)fDesired:- (1) pPage No. -. =~ . " Line
Beginning Word S o _ : Endihg Word, |
) . (2).Page No. __ B Line
Beginning Word o _ Ending Word |
| | (3) PageMo. . " -\ - iine
Beginning Word L ___Ending. Word |
Tota]'Article or Chaptef Desired: (1) Tit]e:. i
B Pages ‘Invelved:
(2) Title: ° L
: = ——
Pages ihYo1ve¢e' _ : S | .
. (3) Title:

.Pages Involved: .~ = -

OTHER:
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- Forest Serv1ce on a similar type of model and would ‘enjoy comparin

'OAK RIDGE NATIONAL LABORATORY
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. ./ POST OFFICE BOX X
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] ' : e P
ot ' . May 5, 1983

Mr. Graham R. Hillman . ,

10424~-35A Avenue

.Edmonton, Albérta

CANADA T6J 2H2 . oo
Deaé Mr. Hillman:

Permission is granted to use ORNL-DWG 72—2621 and also to use suQFoutlne
TABLOK from Environmental, Sciences Division. Publicatien 1019 with the
- following st1pulatlons'

l. . An appropriate credit line be given to the Oak Ridge Nat10na1 ,
dﬁ”‘ 'Laboratory, operated by Union Carblde Corporatlon for the Department
‘of Energy.. : :
2. By acceptance of this material, the publlsher or. rec1p1ent
© - acknowledges the U.S. Government 8 right to retain & non-exclusive

royalty~free 11cense in and to any copyright covering the mater1a1
used. W,

) = I would also apprec1ate being included in a distribution list for - any

publlcataons or: articles that arise from the work and would be interested

..1n any- summary 1nformat10n ¢bdbncerning your thesis that you: would be
: w1111ng tosend. I have been working with C. A, Troendle of the Ués.
notes.
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