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FOREWDRD

The research project concentrated on the study of the generation of runoff,
splutes and sediments under semi-arid conditions, Process studies where
streamflow events are rare, constituted a formidable task. Fora little
more than three years Dr. J.H. Hoolman was the research officer in charge of
the project and during this period be concentrated on the instrumentation
and collection of data in a subcatchment of the Ecca River. In his report
to the Water Research Cemmission 'Dats Collection for the Study of  Runoff,
Solute and Sediment Gensrating Processes in a Semi-arid Catchment,'
{Np.100/1/85) he presented his findings which nighlighted the effect of the
Jow rainfall on the soil-water status of the Ecca catchment.

Early in 1985 Dr. Monlman left the project to join the lecturing staff of
the University of Stellenbosch. Mr. C.B. Schultz was appointed to replace
him on the research project and 1t is to his credit that, with less than two
yedrs 10 the completion of the project, he was aple to familiarize himself
with the local conditions and further the research, emphasizing the
modelling aspects. Mr. S¢chultz has been responsible for the final report on
the research undertaken,

Tne project is the Tirst in South Africa which attempts to wunderstand the
natural salt producing mechanisms and the hydrological processes of  semi-
arid regions. The research has not been without its proplems and its
difficulties but 1t represents a contribution towards the greater under-
standing of matters relating to salinization. 1t is to be hoped that
nydrologists will benefit from the results presenied and be encouraged To
commit themselves to this challenging research field,

The research programoe was possible because of funding py the Hater Research
Commission and the facilities provided by Rhodes University to its
Depariment of Geography. My gratitude and appreciation is accordingly -
expressed to both organisations. 1 also wish to tnank the members of the
Steering Committee for their positive help on all cccasions, &s well as Or
A. Grgens for his foresight in initiating the project.

J.B.Mci. Daniel
(Professor, Head of Department and Project Leader)
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CHAPTER 1.
INTRODUCTION

Approximately two thirds of South Africa receive less than 500mm of rainfall
per annum, yet most of its hydrological research catchments are In the
remaining maist area of the country. The Ecca Research Catchments near
Grahamstown are an exception. These catchments were estabiished during 1974
and 1975 and have for the past decade been used by Rhodes University's
Hydrological Research Unit (HRU) to investigate nydrological responses in
semi-arid environments. Prior to 1882 the emphasis of the research was on
the ability of conceptual models to predict runoff ({Roberts, 1978,
Ghrgens, 1983). The associated data collected consisted primarily of

rainfall, runoff and evaporation. The menitoring networks were not geared
towards the gathering of information about the sediment and water quality
aspects of these catchments. Moreover, most of the parameters used in the
hydrological models studied by Roberts, (1978) and Gdrgens, (1983}, were

determined by calibration or optimization, rather than field or laboratory
measurement.

The scarclty of research catchments in the semi-arid environments of South
Africa, and the shortage of transferable information pertaining to factors
affecting the quantity and quality of streamflow, gave rise to the need to
extend the research approaches 1In the Ecca catchments to  incorporate
physically—based modelling techniques ard to investigate the processes
giving rise to the generation of runeff, solutes and sediments. A new
research project was therefore initiated in 1982 by the HRU and funded by
the Water Research Commission (WRC). The research concenirated on
Catchments B and F (Figure 2.1). The main objective of this five year
contract was to contribute towards overcoming the high degree of empiricism
in rainfall-runoff and hydrosalinity models currently used in South Africa.
its aims therefore included:

a} Tne collection of data on the principal processes associated with
ihe generation of runoff, solutes and sedimenis as dynamically
varying, distributed processes.
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b} The analysis and interpretation of the cellected data with a view
to acquiring an improved understsnding of relevant processes amd
their interrelationships.

¢} The further development of existing hydrosalinity models by
incorporating the knowledge gained about processes.

d) The development and testing oOf new models that could have a wider
range of applications such as the prediction of the effects of
changes 1in land use or catchment management strategies on the
quantity and guality of water.

The research has been presented in twe reports, namely an interim report by
Moolman {1985) and this report which concludes the research contract. While
much progress has been made towards achieving the researth objectives,
additional research is still required in order to substantially reduce the
level of empiricism in the hydrosalinity models currently wused in South
Africa and to develop new models for use in ungauged areas.

The interim report 'Data Collection for the Study of Runoff, Solute and
Sediment Generating Processes in a Semi-arid Catchment' {Moclman, 1985}
coverad the research cenducted during January 1982 to March 1985, The
emphasis of the report was on the establishment of instrumentation in
research catchments in the Ecca River Valley, data collection in the
catchment and the problems associated with the drought at the time. It also
outlined the instrumeniation failures, the in situ studies of the water
retention properties of the s0ils as well as the salt content of rainfall,
s0il water, and runcff. The main Ffindings of the report were that the south
and north facing siopes of Catchment F were distinctly different and
spatizlly heterogeneous with respect to their textural and s&lt contents.
Moolman {1985) concleded that the present knowledge, pertaining to the
generation of rupoff and the mobilization of solutes and sediments in these
semi-arid catchments, is still rather limited. He attributed this limited
knowledge to the frequent failures of electronic equipment and Tlow
recording devices at crucial times during runoff events, a5 well as a
limited number of events.

The above instrumentation problems were re-encountered during the subsequent
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research period April 1985 to October  {1986. At the project’s
Steering Committee meeting of 19 February, 1986 it was decided that the
emphasis of the research, during the remaining period of the project, should
concentrate on process based simulations of hydrological events and use the
sediment and solute data to interpret whether the simulated hydrological
processes were correctly distributed in space. The development and testing
of hydrosalinity meodels was to be omitted until more information was
availaole io describe adeguately the processes involved. Before discussing
the general format of this report a brief outline is given of the
philosophical aspects associated with the transition from empirically-based
1o process-based hydro-salinity models. It is the positioning of models
within this transition Tramework that reflect the degree to which empiricism
may be reduted. The extent to which this transition can be breached is
limited by knowledge, the financial and practical logistics of extensive
data collection and computational constraints, as well as numerous
complexities associated with spatial and temporal scale facters. Fleming
{1975) describes the transition between empirical and process based models
as being comprised of conceptual medels. Empirical modelling approaches
give minimal consideration to the relationships between parameters and
processes while conceptual approaches attempt to incorporate  model
components  representing  various  processes and  to describse  their
interrelationships. While no conceptual model can simulate all processes
exactly, the extent to which any conceptual model can be regarded as
process bhased is possibly related to the extent to which 1ts structure and
related equations reflect hydrological processes in time and space.

In order to represent the extent 1o which conceptual models are either
physically or empirically orientated, a classification system i{s presented
for conceptual models. The terminology of Fleming (1975}, BReven and
d'Connell (1982) and Schulze (1984) has been adapted and redefined to suit
the context of this report. The classification is based on a statement by
Da Coursey (1971) that hydrological predictions required for estimating the
cansequences of changes in land use are possible if the hydrological
processes are simulated using the laws of continuity and the conservation of
mass, energy and momentum. The extent to which a model fulfills the above
criteria determines its position in the following classification :-
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EMPIRICAL MDDELS The parameters and squaticns cf these models
do not fulfill any of the criferia for the classificaticn system.
The parameters used in the model must be calibrated and do not
reflect the catchment's characteristics nor the hydrological
processes involved, for example, the 'rational formula' {Mulvaney,
1850).

COMCEPTUAL-EMPIRICAL MOBRELS : These are mpdels whose structures do
reflect some aspects of hydrolegical processes but whose equaticns
are empirically based. The models attempt to preserve mass over
discrete time intervals, The parametars are not related to the
physical environment and must be calibrated. The models can be
lumped ar semi-distributed but not fully distributed since they do
not satisfy the laws associated with the preservation of momentum
and energy, for example, the model of Meilson & Hansen {1372).

CONCEPTUAL-FHYSICAL MODELS : These are similar to ihe conceptual -
emplrical models, except that most ar all of thelr paramefers can
be related to the physical envircnment of the catchment. Some
calibration should still be necessary because the models do not
conserve momentum and energy. However, same of these models are
assumed not to require calibration, ¥or example the ACRU made] of
Schuize (1984).

PHYSICALLY-BASED MODELS : These models have been developed by
researchers who have made & concerted effert to  incorporate
physically - based rather than empirical parameters into their
modals, but have not managed 1o exclude empirical relationships
entirely and therefaore parameter gptimisation Is not completely
avaided., The models attempt io consarve mass and mementum and are
therefore fully distributed. Energy is not necessarily canserved,
for example, the ANSWERS model of Beasley, Monke and Huggins (1977}
and the SHE model of Abbott, et al. (1982).
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E. PHYSICAL MODELS : These medels conserve perfectly all aspects cof
mass energy and momentum within the four dimensions of space and
time. Such models require no calibraticn and always prcduce exact
answars. These models presently exist as thegretical concepts cnly.

The suitability of models for application in ungauged situations can be
ranked from A to 0 in the above classification with models in categery O
being the most suitable. Inm practice, hydrolegists are often constrained in
their selecticn of models by the avaifability of data and consequently
madels in lower categories must be used. Models in categories A, Band
have been studied in detail in South Africa by Roberts (1978), GHrgens
{1983) and 5chulze (1984). Models in category D have been tested in the
Bethlehem district by Maaren (1985) and Schultz {1985) but they have nect
been tested in the semi-arid regians.

The present project therefore tests a hydrological model from category D in’
the semi-arid environment of the Ecca catchment. An attempt is made to
utilize the results of the research into the processes associsted with the
mobilization of salts and sediments, to verify the spatial distributicn of
simu)ated hydrclogical processes.

The first two chapters of this repert are of an introductory and descriptive
nature, dealing with aspects such as the research abjectives, the physical
and climatological aspects of the study area as well as the instrumentation
of the research catchments. The descripticns deal with the quantitative
information required for physically-based, hydrclogical modelling and
minimise repetition of the detailed gecgraphical descriptions, provided in
earlier reports by Roberts (1978), Gdrgens {1983) and Moolman (1984).

The third chapter deals with the sgil moisture regime of the catchments.
Attenticn is also given to the ability of a daily mocisture budgeting model
to simulate daily soil moisture variaticns wusing physically-besed para-
meters. These variations are relevant to the ressarch project in the sense
that they influence the redistributicn of salts in the soil and the
antecedent scil moisture conditions. Chapter four deals with runoff
generaticn and the simulaticn of single events using a physically-based,
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distributed, hydroicgical model. The emphasis of the chapter is on the
extent to which realistic simulations are passible using spatially
distributed parameter values that can be measured in the field or
labaratory. The transferability of non-physical parameters acress a nested
catchment cenfiguration is also discussed,

The fifth chapter discusses the spatial distribution of the physically-based
soll parameters which affect soil erosion. It illustrates the variations of
sediment lcads in response to runcf{ and the extent to which a single event,

physical ly-based, distributed, hydrological model is capable of predicting
sediment variations.

The sixth chapter deals with the generation of selutes in relaticn to  the
chemical properties of soils, the salt leads cf rainfall, the variaticns in
sail mgisture and runoff. An attempt is made to interpret which areas aof
the catchment and soil profiles contribute towards the solutes found in the
streamflow  hydrographs. From a hydrglegical point of view these
interpretations are considered relevant in verifying the spatial and
tempcral distribution of hydrological processes.

The final chapter reviews the project 8s a whole and makes recommendations
for future research.
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CHAPTER 2
THE RESEARCH CATCHMEKTS

The study area consists of two small catchments, F and B, which form part of
a group of six, nested catchments, situated in the Ecca River valley near
Grahamstown {Figure 2.1, Table 2.1). Initially it was hoped to conduct
detailed hydrological measurements in the smallest of these catchments, F
and o test the transferability of research results and findings to’ the
remaining larger £cca catchments. However, this has not been possiblé due
to the unforeseen decision in 1985 to construct an off-channel storage+ dam
t¢ augment the water supply to Grahamstown. This dam is to be linked, 'via a
tunnel, to the Fish River and a pipe line to Grahamstown. It is centrally
located within the Ecca research catchments. The main channel! of the Feca
river will be used to transfar water to a downstream .irrigated arsa. -

The effect of the dam and the associatad scheme is that the research-=area
has now oDeen reduced from six to two nested catchments, viz., F and B.
(Figure 2.1). The research area has been reduced from 73,1kaf to 9,1km* or
o 12,4 percent of iis former size. Catchments A, C, and D have been‘lost
as usable research entities, Although Catchment € will not be affected by
the dam, it is geographically displaced from Catchments F and B amd
incorporates geological owtcrops of the Cape Supergroup which are not Found
in Catchments B and F.  This geological difference gives rise to an aréa of
relatively flat terrain with soil textures which are not repeated in
catchments B and F, therefore making it non-compatible for hydrolaegical
parameter transfer study purposes. Consequently this report concentratés on

Catchments B and F and only makes minor references 1o the surrounding
catchments. '

Attention in this chapier is focussed on the available instrumentation,™ the
rainfall, geology, soils, vegetation and surface drainage of the: Two
catchments. The main purpose of this chapter is to present the spatial
distribution of pnysically-based parameters that can be used in hydrolagical

models. The models used in the project will be described in chapters three
and four. |
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Table 2.1 Sizes of the Ecca Catchments {after Gbrgens, 1983 and
Moolman, 1985)

Catchment : Arga (km? )
A 73.1
B 9,1
C 2,0
D 1.1
E 23.1
F 0,28
Instrumentation

The instrumentation of Catchment F has been described in detail in  Moolman
{1985). That report also evaluated the suitability of the instrumentation
used. The following sSection s essentially a summary of Moolman's
discussion and s expanded 1t¢ include Catchment B and some technical
meodifications that have been implemented.

Catchment F was instrumented to monitor the following:
{1} continuous stage heights ¢f streamflow
(if} dissolved and suspended sollds
{i1i) meteorological properties
a) air temperature
b} relative humidity
¢) wind speed and direction
d} net radiation
e} free surface evaporation
f) temporal/spatial distribution of rainfall
(iv) chemical composition of rainfall
(v} soil water content/depih (distribution at 6 sites)
{vi} chemical composition of soll water.

The positions of the instruments in Catchment F are presented in Figure 2.2.
The location of ralngauges with respect to Thiessen weighted, finite slement

-y
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configurations #or distributed hydrclogical modellinma, 1is given in Figure
2.3(A).

Instrumentation for Catchment B is less detailed than that of Catchment F.
Tie following aspects are monitored :
{i) continuous stage heights of streamflow
(i) periodic sampling of dissolved and suspended solids in streamflow
{iii) spatial/temporal distributions of rainfall (Figure 2.3(E)).

The major change since Moolman's report is that power supplies, originally
in the form of 12V motor car batteries, have been replaced by a new type of
battery which is purpose designed for exitended, low draw, current delivery.
This has resulted in a longer turnaround time for batteries and hopefully
will also lead to longer battery life. This does not however imply that
charging devices such as solar cells would not be of benefit. Their
introduction would complement the new batteries which are unsealed lead acid
batteries and therefore stil] present transportation problems under rough
conditions.

The coilection of meteorological data was disrupted by a breakdown of the
automatic weather station's data logger during Cctober 1585,  Attempis to

rectify the logger caused further data losses and eventually necessitated
its replacement.

The most reliable instrumentation has been the rainfall monitoring system,
the autographic stage recorders and the water sampling devices. The neutron
moisture probes have generally also been reliable. Some minor problems

encountered with the surfzce probe did not seriously disrupt the pattern of
data collection, -

A problem associated with streamflow measurement and water guality sampling
is the rapid rate of siltation in the stilling basins. This results in
difficulties in ensuring that the intazkes for the water guality samplers are
not buried by siit. The problem is not easily solved since sediment tends
to accumulate to heights in excess of the weir outlet. With the relatively
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small stage heights that are messured it is not possible to position the
sampler intake above the lowest point of the v-notch. Similar problems were
encountered at Catchment B,

fhe water gquality samplers also presented problems in that samples were
taken at preset, vregular intervals. The use of coarse time intervals
{hourly) prevented detailed sampling of stage variations during short
duration, convective thunderstorms bui enabled continued sampling during
prolonged rainfall events. The problem has Been partly overcome by the
installation of a radio-activated warning system to indicate the onset of
flow at Catchment B.  The system enables the use of shorter (2 minute) time
intervals during the initial stages of the streamflow hydrograph. The
sampler can accommodate a maximum of 28 samples, allowing the researchers
approximately 80 minutes to travel to the catchment, replace the sample
botties, select new sampling intervals, move the sampler intakes and
commence with in situ measurements of hydrological processes. The
positioning of the sediment sampler intakes within the stilling basins is
questionable in that the volume of water within the basins is mixed with the
incoming streamflow before samples are taken. This tends to supprass the
possibility of measuring rapid fluctuatiens in sedimeni and solute
concentrations.

1t has been observed that the sensistivity of the crump weir at catciment F
is not suitable for the observed flow ranges. The gradient of the weir's V-
notch is i:10. A sharper '"¥' angle in the notch profile would enhance the
sensitivity of the weir to the small flood peaks. The maximum flow rate
ever recorded is 92R/s with sustained flows of approximately @,1 /s to

0,2 B/s. These flow rates are not large enough, with respect to the weir
design, to epable representative measurements £o be made or to cause suffi-
ciemt scour for ithe removal of sedimermi from the stilling basin. In addition
the stilling basin Is too large to enable instantanegus meaningful measure-
ments of the electrical conductivity of the water on & temporal basis. The
volume of water retained is slowly mixed with incoming streamflow, resulting
In gradual dilution of variations in streamflow quality and a supression of
the measured variétinns. If the pool were shallower & higher throughflow
would result with less mixing effect and hence less smanthing_nf the elec-
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trical conductivity values. A modification of this nature might show up the
smaller fluctuations in electrical! conductivity and therefore salf loads
that would otherwise pe |pst through excessive dilution in the weir pool. It
is also recommended that a small H flume (USDA, 1968} be constructed on

the downstream side of the existing weir in order 10 aid in the measurement
of low flows (0-502/s5),

Rainfall Characteristics

Characteristics such as the spatial and temporal distributions of rainfall
in the Ecca catchments have been described in earlier reports by Roberts
{1978), Gbrgens [1983) and Moolman (1985). The following discussion is

therefore limited to a few detalls which reflect the magnitude of the
drought during the project pericd. The drought adversely affecied the
project's progress and limited its data base. It is described by comparing
the medan annual and monthly rainfall amounts for the project period (1982-
1986) with those of the previous five years {1577-1881} as well as the 12
year period {1975-1985). The data described are from catchment B and its
nested counterpart, caftchment F {Figure 2.3). Data for caichment F were
only included from July, 1882. The analyses include all data up to the end
of June 1985 ard are summarised in Figures 2.4 and 2.5.

The mean annua! precipitation {MAP) for the 12 year period was &411,imi. The
MAP for the project period was only 304.2mm as compared to ihe MAP of
498,%mm for the previous five year period. The average for the years 1382
0 1984 were all below the 12 year mean. The driest year was 1984 with a
total of 168.d4mm and a mean monthly rainfall of 14.0mm. In compariscon, the
iwelve year monthly mean is 34,3mm and the monthly mean for the period 1977~
1981 was 46,6mm. The most significant effect of this drought was that it
gave rise to dry antecedent soi] mojsture conditions which were wusually
followed by insufficient amounts of rainfall to cause rupoff. For dry
soils, Moolman (1985} estimated that 59,7mm and 92,2mm of water were needed
to wet, to field caspacity, the seil profiles at sites FMIL and FMIR
respecifully (Figure 2.2)}. During the initial three years of the project
{1982-1984) only 6 runoff producing events occurred. Of these, streamfiow
was only nbserved on two occasions in catchment F and on 3 - occasions in
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catchment B. The events were described in Moolman {1985)., The most
significant rainfall events that were recorded during the project eccurred
in the months of October, November and December of 1985, A total of 404,0mm
was measured. For catchment F the events gave rise to a period of
continuous streamflow which lasted from the beginning of November, 1985 to
the 10th January, 1986. The data are summarised in Appendix A, For
catchment B the streamflow continued until March 1986 but dug to excessive
sedimentation of the weir the results are unreliable and are therefore not
presented. The following sections describe the physical characteristics of
the study area.

Geology of Catchments B and F

Catchments F &nd B form part of the Karoo Supergroup with the Ecca group
being common to both B and F {Figure 2.6). The Dwyka Group outcrops in the
southern portion of catchment B. It occupies approximately 45 percent of
the area and is comprised largely of tillites. These tillites have surface
crusts aof silicrete which are less erodable than the steeply dipping {40°)
shales and graywackes of the Ecca Group. The resultant relief consists of a
relatively flat region in the southern section of catchmeni B which is
pregominantly tillite, while the remsinder of the catchment is comprised of
incised dip and scarp topography. The north Tacing slopes tend to follow
the dip of the straia and vary from £0° to 20° while the scarp slopes are
generally im excess of 40°. Figure 2.7 depicts the relief as analysed by
Roberts (i978).

Catchment F is nested within that portion of Caichmeni B which is comprised
of the Ecca Group. The rocks in this area consist of graywacke-sandstone and
shales. The dip of the strata is 25 NNE. The dip and strike directions
remain relatively constant with a gradual reduction in dip tfowards the
nerth. The shales and sandstones contain secondary fractures. Outcrops of
rock do gccur but mest of the catchmenti's surface consists of shallow soils
of irregular depth, mixed with fragments of weathered shales or greywackes.
Figure 2.8 presents the geclogy of Catchment F. O0f hydrological
significance is the manner in which this catchment is divided into two
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distinct portions. These sectors are separated by & river which with minor
deviations tends to follow the contact betwsen a sixty metre thick unit
of shales which overlies a layer of graywacke. In places the contact lies 4
metres above the river. The left bank or the northern section of the
catchment 1is steeply sloping (55 percent) with end-on ocutcrops of the shale
unit, The right bank or southern portion of the catchment has a slope of
approximately 37 percent, and iis surface geoclogy is  predominantly
graywacke, with a few lenses of interbedded shales. The continmuity of these
shale lenses is difficult to map because the gradient of the surface slope
is similar to that of the strata. Clusters of dense, thorny vegetation tend
o limit access to some gutcrops.

Graywackes adjacent fo the stream appear to have undergone slight burial
metamorphism. This iIs evideni by the presence of the mineral phrenite,
which tends to give the graywacke a white spotted appearance. Murray {1985)
found thai there is a gradual gradation +from slighily metamorphased
graywacke towards graywacke. This is relatable to distance amd altitudinal
inCreases in a southerly direction away from the stream bed. There appeared
to be very little benefii in attempting to ascertain changes in the chemical
composition of the graywacke in relation to metamorphism since the strata
were all derived from the same parent material. Any changes detected in the
surface geology would more likely be related to heterogenecus weathering.
From a hydrological point of view, there are more advantages in monitoring
the spaiial changes in water quality from samples exiracted within the
catchment {discussed in chapter 6}.

Murray {1985) was alsc of the opinion that the shales and graywackes consist
mostly of quartz, feldspar and clay minerals. The major difference betw=en
the stratgd is that the fine grained graywackes contain about 20 percent
matrix material while the shazles are composed almost entirely of matrix
material. These differences are possibly related to differences in the
transporiation abilities of the turbidity currents from which they were
ariginally deposited. Moolman {1985) felt that the textural differences
between the soils overlying the strata of left and right slopes are possibly
related io their geological origin. For example the mean silt plus clay
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content of the surface layer on the right slope is 27 percent compared with
that of 18 percent on the left siope. Rassiter (1983) showed that siope
angles alsc influenced the textural composition of the soils in the Ecca
catchments. Moolman (1985) was of the opinion that the dip of the strata
could also influence subsurface drainsge with that from the right slape
being directed towards the river while that of the left slope is directed
away from the channel. However, the presence of secondary fractures implies
that the general subsurface drainage through the strata need not necessarily
be in the same direction as the dip of the strata and could in fact be
vertically downwargs. Mo boreholes were present within Catchment F, but as
agreed by Hughes {1986}, no visible evidence of a permanent water table
exists which might influence the surface hydrology of this semi-arid
catchment. HWater reoccurring in the stream is possibly derived from either
the overland flow, interflow through the spils or through some form of near
surface lateral flow via secondary fractures in the weathered surface strata
{discussed in chapter 6).

Sotls

In an atiempt to contribuie towards an understanding of the spatial and
temporal variations of source areas contributing to the quantity and quality
of the streamflow, Moolman (1985) conducted a survey of the spatial
distribution of the chemical and hydraulic properties of the soils within
Catchment F. The study has since been expanded to include Catchment B.
Further, a distributed hydrological medel has been applied (Chapters 5 and
6] to these catchments in an attempt to ascertain whether the spatial
distribution of the simulated hydrological processes, as influenced by
facters such as soil properties, could Le verified from the solute
concentrations of the streamflow, analyses of water extractis from selected
soil sample sites and those of periedic soil moisture samples obtained
guring rainfall events. The sediment obssrved in the streamflow is also
used as an index of the spatial and temperal distribution of increased
overland flow rates, assuming that a physically-based distributed model
can De used to illustrate the regions of erosion and deposition within the
catchment, and provided that the soluie concentraiions also indicate that
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the associated flows could have been derived from the some areas. For this
purpose the scil surveys reported in this document are zimed at the spatial
distribution of these soil properties which can be used in conceptual-
physical or physically-based distributed models to predict the generation of
runoff, solutes and sediments.

In obtaining data for physically-based distributed models it is esseniial,
in terms of time and cost, to maintain some form of eractical balance
between the amount of physical data measured for ipput to the models and the
gxtent to which assumptions concerning the spatizl homogeneity of measured
data are tolerable. Generally the fundamental hypothesis used in physically-
based distributed hydrological models, such as the ANSWERS model of
Beasely, Monke and Huggins {1977) or the MODANSW model of Park and Mitchell
(1383} is that at every point within a catchment a functional relationship
exists between the rate of surface runoff, and the hydrological parameters
of rainfall intensity, infiltration, topography and so0il type. Furthermore,
these surface runoff rates can be utillzed in conjunction with appropriate
camponent relationships as the basis for modelling other transpori related
phenomenon such as soil erosion and chemical movement within that watershed.
Park and Mitchell {1983) emphasized that the hypothesis refers to a concept
of point-based relationships which must be relaxed in order to extend the
approach to a manageable practical scale in the fTorm of  elements
representing areas of the catchment within which all  hydrologically
significant parameters are uniform,

Cousens and Burney (1977) stated that the size of the eclements was related
to the areal extent over which hydrologically significant parameters were
uvniform.  Park and Mitchell {1983} were of-the opinion that the size of the
element was not critical provided that each element was small enough to
ddequately describe the response of a catchment to any arbitrary change in a
single element, as accounted for by an associated change in its parameter
values. No element can be regarded as being perfectly homogenecus in any
particular direction, Therefore attempts to accommodate the spectre of
spatial hetercgeneity must eventually lead to lumping assumptions within
each element (Simmers, 1985). The use of excessively large element sizes
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would require non-representative lumping assumptions whereas the use of
unnecessary small element sizes would require large amounts of dats
colleciion, computer storage and also cumputatiunal'proc25aing time. To
define an optimal size for an element requires the application of continuous
system simulations using distributed hydrological models (Schultz, 1985},
integrated with a combination of mapping and statistical techniques
(Simmers, 1985). The implementation of such an approach would require a
substantial ampunt of data and time, An alternative approach is to
establish element sizes which lie within the range of typical sizes which
have been vused satisfactorily by other scientists and with which reasonable
assumptions can be made from field observations concerning the homogeneity
of hydrological responses for the particuiar catchment. Cousens {1980} used
the latier approach by selecting relatively small element sizes which could
be nested within larger element sizes, should the need arise, 1o simplify
the data. For example, element sizes of 100m x 100m were initially chosen
for an 8km? catchment and elements of 1km x 1km were selected for a 380km?
catchment in the Orange Free State. Thereafter Schultz {198%) showed thai
the 100m x 100m element sizes could be relaxed to 500m x 500m without having

a significant influence on the abiliiy of a distribuied model o simulate
streamflow hydrographs . '

For practical purposes in defining spatially distributed inputs For
distributed hydrological model applications in this study, rectangular grid
systems were used (finite elements) to represent regions of assumed
homogeneity with respect to hydrological responses. The length of each
glement side selected for Catchment B was 400m while the elements of 50m x
S50m, demarcated for Catchment F by Mociman {1985), were maintained.

In describing the soils for catchments B and F in this report, emphasis will
be placed on the hydrologically relevant soils properties contained within
each element. Schulze {1984) defined hydrological properties for each of
the soil profiles listed in the classification system of Mc Vicar et al.,
{1977). Mooiman (1985) studied the soil properties of Catchment F and found
that soils in the lower regions of Catchment F, adjacent to the channel
belong to the Shorrocks {right slope) and to the Dundee serjes (left slope).
Further away from the channel the soils are predominantly of the Mispah
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series. However, he also found that the textural properties of the soils
were hjahly wvariable and concluded that it would be too risky to use the
properties of “so-called representative soil profiles for modelling
purposes" (Moolman, 1985, page D14). Therefore, in order to produce a set
of physically-based soils parameters which could be uwsed as inputs to
distributed hydrological models in the Ecca catchments, it was necessary to
devise a method whereby:-

i} The properties of the soils sampled in Catchment F could be
extrapclated to Catchment 8.

ii} The properties of soils not mapped by Moolman (1985} could be
measured in Catchment B and extrapolated back to Catchment F.

iii}) The data could be classified into sets of soils with similar
propercies in  order to redguce the computaticnal storage
constraints encountered in distributed hydrological modelling.

iv} The categories could be exirapolated to all slements of the catchments
and still reflect the variable nature of the s0il samples.

The main steps of the method used to achieve the above ohjective is outlined
below.

a) Mooclman's (1885} soil sampling network of 182 sites and associated
data werg used as the prime source of soils information for
Catchment F {(Figure 2.8). The data were sugmented by the results of
the plot studies also conducted by Mookman (1985).

b) A soil survey of Catchment P was conducted and samples were derived
from the points presented in Figure 2.7. it was assumed that the
spatial wvarfability of the hydrological properties of the soils in
Catchment B were similar to those of it's nested counterpart, F, and
consequently fewer samples (40) were used.

¢) The samples from LCatchment B (Figure 2.7} were analysed In a
laboratory in order to estimate the particle size distributions, the
approximate wiltina points (1500 Kpa}, the field capacities {10
Kpa), and the major cations and anions present at selected depths.
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Figure 2.9 The sampling netwark of Catchment F for studies of soil
textures, salt contents and infiltration rates {after
Moolman, 1985).
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The analyses of particle size distribution for Catchment F {Moolman
1985), were plotted onto trilinear diagrams of silt, clay and sand
proportions. Separate plots were produced for each of the following
assumed hydrological regimes :-

Left bank (Scarp slopes)
valley floor
mid slopas
top slopes

Right bank {dip siopes)
valley floor
mid slopes
top slopes.

The spatial variations in the hydrolegical properties of these soils
have been discussed in detail by Moclman {1985} who emphasised that
there is no statistically significant spatial trend for the samples
tollected wiihin each of the above regimes for Catchment F (Figure
2.1}

Step d was repeated for Catchmeni B using the particle size
distribiiions from the sample sites presented in Figure 2.10. The
results were added to the trilinear plois for Catchment F.

Deficiencies of certain types of s0ils information existed for
catchments B and F and it was therefore necessary to exchange
parameters between those scil samples whose textures and depths wers
similar, and which were located in similar hydrological regimes.
For example, infiltration parameters were transferred from Catchment
F to Catchment B, while soil moisture retention parameters were
transferred from B to F. The trilinear plots  were used to
ascertain which samples had similar textural configurations. dnly
the so0il samples from the surface horizons were considered for the
exchange of infiltration parameters., Data from the plat studies
{Moolman, 1985) were also used in the above procedure.
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Figure 2.10 The sampling network of Cstchment B for siudies of soil

taxtures, salt contents and soil water retention
properties.
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g) The information was then condensed for distributed modelling

purposes by classifying the soils according to their hydrological
regime, textural, hydraulic and water retenmtion properties, The
classification presented below is not based on existing systems
proposed by Mc Vicar et &l. (1977) or Schulze (1985), its purpose is
simply to minimize the size of the multi-dimensional array storages
required in distributed models such as the ANSWERS model of Beasely,
Monke and Huggins (1977). Further, the categories presented are
catchment  specific and  are essentislly swmaries of the
observed/measured soils information.

This classification was achieved by first ranking the data within
each hydrological regime according to its sorptivity amd then
subdividing the data into classes of similar magnitude. Sorptivity
is a coefficient used in the infiltration equation of Phillip
(1957):-

5tk 4 kt eq 2.1
cumulative infiltration

time

sorptivity

saturated hydraulic conductivity.

I

where

™ i et el
ik

n

Moolman (1985) envisaged that the equation could be used in a
numerical model to predict runoff.  Although the equation is not
used for modelling in this report, its coefficient served as a
useful index to group the data into sets of similar initial
infiltration rates. Sorptivity values were calculated by Moolman
(1985) from ip situ measurements of initfal infiltrstion rates which
he expressed as ratios of the depth of water infilirated after twe
minutes, to the square root of two minutes. Attention is drawn to
the fact that the above in situ measurements did not account for the
effects of surface slope on infiltration rates.

The classes of sorptivity were then further subdivided into subsets
of s01] samples with similar depth profiles, textural compositions,
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and water retenticn properties. Scil properties which were not
available from the laboratory or in situ field measurements were
augmented from the resulis of the plot studies conducted by Moolman
(1985) on the left and right banks of Catchment F. For example
values for steady state infiltration rates were assumed to be equal
to the saturated hydraulic conductivities measured in the plots.
The assumption may not necessarily be valid for all conditions
of soil moisture storages and rainfall intensities but is possibly
suitable for the catchments under consideratian. For example,
Moolman (1985) noticed that the rainfall events measured between
July 1983 and December 1984 only wetted the surface soils {  15¢cm)
with very little water percolating through to deeper layers. From
the plot stedies he also noted that an excess of 300mm of water
would be required to achieve field capacity at 0.8m below the
surface and was of the apinion that it was unlikely that complete
saturation would ever be achieved for soils in the Ecca catchments.
For event-based simulations the steady state infiltration rates can
be adjusted for different depths of seil saturation using the
saturated hydraulic conductivities, reflected far different deptis
in Table 2.2, as guideline indices. The saturation figures
presented in the table c¢an serve a5 substitutes for porasity or soil
moisture storage parameters in physically-based models. The soils
information as classified in the above procedure is presented in
Table 2.3. '

The first step in presenting the spatial distribution of the
sall categories invalved was to assign the category of each
sail sampie to the finite elements from which they wers collected.
If more than one point was sampled within an element, & point was
celected at random. The second step involved extrapclating the soil
categories to all the finite elements of the catchments.
Mogiman had  emphasised the lack of &  textural spatial
structure within the scils and therefore an attempt was made to
distribute the soil categories in a spatially heterogeneous
manner, while still preserving the statistical properties



TABLE 2.2 In situ sgil-water contents and hydravlic conductivities of twe
plots in catchment F (after Moolman, 1985).

Soil depth Infiltration Water content Sat. hydraulic
{mm) {mm) Saturation Field capacity conductivity
(ma.h~1)
Left slope
0~150 309+ ,232 0,162 10,42
-400 27 4%+ 0,179 0,127 0,80
-600 224 0,219 0,167 39,34
-800 186 0,178 0,133 13,26
0-800
Right slope
4-150 360* 0,355 0,250 {,268
-400 307%* 0,229 {0,204 - 0,169
-600 249 0,273 0,250 0,469
=800 195 {0,234 0,218 0,116
0-800
* = Observed
**

Calculated for the 160 - 800 mm depth layers
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Table 2.2 5pil categories for Catchments B and F

Seil  Slope Field Wilting Infiltration
type position capacity peint max i mum steady exponent$
mm/ mm/h
Right Bank
1RE B* .384 .2b0 930 AD A7
2R Mx¥ .340 .235 1650 AD 75
3R 8 .38 .200 2100 .40 T .73
4R TEM L3N .281 1300 .40 .56
SR Tx** .299 134 2100 -0 .58
6R BM 346 218 1350 .40 .68
7R B .323 180 2410 Al .65
8R TBH 269 .156 2610 LA .55
OR TH .3a3 .189 1980 A A48
10R TB .359 212 1650 .40 .60
Left Bank
11LEE T L340 L1519 1300 40.0 .55
12L T .298 182 1600 40.0 .50
13L B .45 .078 1800 10.0 A7
14L M 115 07 3100 2.0 43
15L B .113 .068 3050 2.0 40
1B6L MB .207 .095 1800 40.0 .60
17L MB .180 086 2150 40.0 57
18L BT .128 067 2050 13.3 45
181 M .220 07 2550 17.0 .55
£ R = Right
% | = left

* B = Boitom Slope

** M = Mid slope

#*%* T = Top slope

L = Exponent wused in the ANSWERS mode) to describe the relationship
between infiltration and soil water content. The values were
estimated from soil textures using procedures in Park and Mitchell,
1983. The relevant equation (4.1) will be described in Chapter 4.
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of each regime. This was achieved by defining the hydre-
logical regime in which each finite element occurred (f.e. dip
or scarp slope and subdivisions of upper, middle and channel banpk
slopes), and then identifying, for each regime, the three nearest
sample points to centre of sach of the unsampled finite slements.
The three points were then identified on the trilinear plots
(Figure 2.11) and a point was selected at random from the area
gnclosed by the three points. The finite element was then assigned
the so0il category to which the latter point belonged. The spatial
distribution of the soil categories used in Catchments B and F are
presented in Figures 2.12(A) and 2.12{B) respectively.

The distribution of the major cations and aniens in the soils will be
discussed in chapter §. The following section describes the wvegetation
of the catchments.

Yegetation

The vegetation found in the Ecca catchmert bas been caiegorized as valley
bushveld ({(Karoo and Karroid Bushveld types iv), Acocks, 1975. If consists
mastly of sub-succulent woodland which thins to low succulent scrub on the
flatter areas (Roberts, 1978), and is characterised by dense thickets of
succulent and thorny bushes, interspersed with low growing shrubs and grass.
The ravines in Catchaments B and F terd to be more densely vegetated than the
surrounding slopes. The South African names of the main species encountered
are speckboom (Portulacaria}, soetmoors {Euphorbia bothae}, noorsdoring

{Euphorbia pentagonia), boerboom (Schotia afra), wild olive {Qlea africana)
and the cabbage tree {Cussonia spicata). A number of endemic species in the
form of Euphorbias and crane flowers such as the Strelitzia reginae are
found throughout the area. According to Beater and Mayr, {1985) the effects
of overgrazing in the region are evident by the invasion of Acacla Karao
and the many Karroid shrubs.,

0f hydrological importance is the manner in which plants have adapted to the
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Figure 2.11 Trilipear diagrams illustrating the textural variations
of soils in the top,middle and foot slopes of the lefi
and right banks of Catchment F.
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semi-arid conditions and the shallow mispah soils. The main adaptations
include hardy .small leaves, thorns, succulent morphology and Stunted
growths. These adaptations possibly influence the amounts of interception,
transpiration and soil moisture. The irregular dispersion of species and
thickets would make it difficult to simulate the spatial distribution of
soil moisture variations. Further, Lubke (1986) claims that, unlike
agricultural crops, no research has been done in South Africa to ascertain
the moisture reguirements and transpirative rates of the natural flora
cccurring in the semi-arid environments.  Physically based simulations of
evapaotranspiration would be complicated by a lack of information pertaining
tc the amounts of moisture consumed during periods of rejuvenated growth
immediately after rainfall events. Also added to this are the uncertainties
relating 1o the amounts of moisture transpired on any particular day which
were derived from the soil as opposed to the amounts lost from moisture
stored in the plant tissues.

Some  research has been conducted 1o establish  vegetative growth
relationships between plant species and environmental factors. For example,
Palmer ({(1981) conducted phenological stedies of 51 plant species in the
Andries Vosloo Kudu Reserve which is in close proximity to the Ecca
catchments and also lies in the valley bushveld area demarcated by Acocks
(1975). The study related seasonal plant growth and reproductive rates to a
range of factors such as rainfall and soil type. It showed significant
correlations between the phenology of some plant species and weekly rainfall
amounts. From a hydrological paint of view much could be gained if
parameters ¢or potentizl interception and the dally moisture requirements
could be determined from simplified phenological relationships which could
be incorporated into models.  Such paramsters would be more reliable than
seasonal parameters (e.g. monthly crop factors) because of the irregular and
uncertain occurrences of rainfall events in semi-arid envircrments. It is
therefore recommended that additional research be conducted before any
physically-based model can be used to conduct continuous meisture budgeting
in the Ecca catchments without reguiring any form of calibration.

buring the project daily molisture budgeting was conducted by means of the
ACRU model, but contrary to the recommendation of Schulze (1984} not to
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calibrate the mede] but rather to modify its structure to suit the
environment, the vegetative components of the model were calibrated due to
the lack of information concerning the transpiration rates of the
heterogenous assortment of natural vegetation in the area.

For physically-based, single event distributed modelling the transpirational
requirements of the vegetation are perhaps less important than the influance
of the vegetstion on factors such as surface roughness and interception,
provided that the antecedent s¢i) moisture conditions are known. ' Roberts
(1978) mapped the vegetation of the Ecca catchment in order to provide an
indication of the relative spatial changes in the density of the canopy
cover and ground cover (Figure 2.13). Additional mapping was necessary In
order 10 provide detailed information for the S0m x 50m finitie elements of
Catchmant F. Figures 2Z.14{A) and 2.14(B) illustrate the vegetative
distribuiions for Catchmenis F and B as simplified on a finite elemeng
basis.

For each element, parameters for interception were defined. These
parameters as discussed below, were based on the input requirements for the
MODANSW model of Fark and Mitchell {1983).

Interception is the process whereby precipitation is retained on plant
surfaces (Ward, 1975) as temporary storage on the canppy cover and then
redistributed by either evaporation inte the atmosphere, absorption into
plant material or by throughfall to lower canopy covers or 1o the so0il
surface (Schulze 1983). OF importance to hydrological estimates s the
potential interception volume {(PIT) of moisture that ¢ould be removed 17 the
area is completely covered by a particular iype of vegetation and the
percentage of surface area (PER) that is actually covered by the vegetation
{Park and Mitchell, 1983}. These values can vary on a seasonal basis.

MO studies have been done in the Ecca catchments to measure interception
amounts. Schulze (198%) compiled a map of average interception values for
South Africa using data from De Villiers {1975). The figure indicated that
1,7mm/reinday could be intercepted by natural vegetation in the Grahamstown
district. Girgens {1983) used a value of 3.0mm/rainday as an interception
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parameter for & model by Pitman {1973). Gbrgens (1986) claims that the
latter value may be slightly inflated. Schulze's map presented a value of
0.5mm/day for the eastern poriion of the semi-arid Karoo region, The above
range of values was used as a guideline in weighting the imterception
ampunts for the various densities of vegetation encountered in the s&ai-arid
Ecca catchments. The formula applied to weight the values was

1= W(.336 + .67C) eq 2.2
where [ = interception {(mm/rainday)

@ = The density Index of the ground cover

C = The density index of the canopy cover

W = Weighting coefficient to alter interception amgunts on a

seasonal basis or during model calibration runs.

The relative vegetative density was mapped by Roberts (1978} whe subdivided
the canopy and ground covers of the vegetation into categories of sparse
{S), medium (M) and dense (D). Values of 0,5, 1,7 and 3,0 are assumed in
this report for the S, M and D categories and used in equation 2.2 to
cvovide spatial indices of interception in accordance with the categories of
koberts (1978}. The results are presented in Table 2.4 for using a value of
W=1,0 in equaticn 2.2.

TABLE 2.4 Interception amounts for the combined ground and canopy covers,

Ground {.336 Canopy 0.67C map code intercepiion
cover cover ground :surfacecover mm/rainday

5 0,47 S 0,33 55 0,5

5 0,17 M i,13 5M 1,3

S 0,17 D 2,00 S0 2,2

M 0,57 5 0,33 MS 0,8

M 0,57 M i.13 MY 1,7

M 0,57 D 2,00 MO 2.6

D 1.6 5 0,33 ps i.3

1} 1,0 M 1.13 DM 2,1

b 1,0 [l 2,00 oD 3,0

X=1,7
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The above table provided a guantitative means whersby the spatial
distribution of Interception could be accounted for in hydrological
simulations of the runoff in the Ecca catchments while the parameter W
provided a means of adjusting the data to account for seasonal differences
in interception or for parameter adjustments during mode] calibrations.
Since the indices reflect the average amount of interception per unit area,
rather than per plant, the values of | and W were used to replace the
parameters PIT and PER which are used in the MODANSW mode).

In implementing the above parameters in physically-based modzls it would bDe
incorrect to assume that the values are true representsticns of the exact
difference between the gross amount of rainfall that falls on a catchment
and the nett amount that actually reaches the surface. However, by virtue
of the need to make decisions, trans-scientific judgements such as those
implemented above, are unavaidable in the absence of concreie measurements
and must of necessity be made in order to implement physically-based models
in ungauged situations. Parameter values can often be calibrated in
research catchments but are seldom transferrable tc other catchments and
cannot be used to predict the effects of land-use changes within that
catchment..  In contrast, physically-based parameters, whether deduced from
regional average figures, tables of typical wvalues for assumed
representative conditions, in situ field measurements, laboratory analyses
or from vague criteria such as user experience for a particular mode], have
an advantage over calibrated parameters in thai they can be implemented
immediately in physically-based models to provide runoff estimates. The
question of whether or not such runoff estimates are in fact correct, will
be discussed in Chapter 5. The following section cutlines the approach used
to derive these physically-based parameters which are required for the
simulation of surface drainage rates.

Surface drainage

The general topography and drainage of the Ecca catchment has been described
in detail by Roberts (1978) and Gorgens (1983) and will therefore not be

repeated in this report. Rather, the emphasis is on providing guantitative
information required for those distributed hydrological models which utilise
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Manning's equation 10 estimate surface as well 1as ¢hannel flows. The
equation has the form

Vel R.EE?Sp,E
n eq 2.3
where v = the mean flow velocity
€ = unit dependant constant which is 1,0 for 51 units
ardd 1,49 for English Units.
R = pydraulic radius
S5 = siope of the energy grade ling
n = Manning's roughness coefficient.

When combined with the continuity equation to form a kinematic equation, it
provides a means whereby unsteady flow can be described from a coliection of
steady flows at successive small time intervals {Constantinides, 1983). The
appreach requires the assumption that the friction siope is equal to the bed
slope. In order to implement the approach on a spatially distributed basis
using finite elements, it is pecessary to determine the slope aspect,
gradient and surface roughness of each element, as well as the width,
drainagé direction, slope and roughness of the channel segments within each
element. Methodologies for getermining these values are given in Park and
Mitchell (1983). Figures 2.15(A) and 2.15{B) jiljustrate the slope aspects
and gradients of catchment A and F respectively.

for streamfiow estimates the widths of the stream channels as measured at
representative positions and categorised into 7 seis containing similar
roughness coefficients (n) and channel widths are presented in Figure 2.17

and Table 2.5. Some of the high values presented {0,107) are due to poorly
gefined channgls in rocky terrain.
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CHARNEL ROUERKESS

WIDTH COEFFICIINT
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— 0.9 0.072
~— 0.5 0.067
—ees 0.4 0. 305
--- 0.3 0.047
— 0.3 0.0%9
--- 0.2 0.025

Figure 2.17 ©Siresm classification béssd on the roughness :and
widih of the chznnel.
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Table 2.5 @ 5tream classes based on Manning's n and channel width.

Channel category Channel width {(m) . Manning‘s n
1 1,5m ,060
2 0,9m 072
3 0,5m 067
4 0.4® ,105
5 0, 3m 047
& 0,3m ,099
7 D,2m ,045

The above chapter has concentrated on providing information which is
required for physically-based hydrological simulations and the
interpretation of hydrological processes. The chapier therefore described
the instrumentation of the research catchments, their rainfall, vegetation,
scils, underlying geology and drainage., Quantitative parameters were
presenied for later use in s50il woisture budgeting and eveni-based runoff
simulation. The following chapter presents the simulation of daily soil
moisture amgunts.
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CHAPTER 3
SOIL MDISTURE

Soil moisture variations are of relevance to this study in the sense that
they affect runoff amounts, theé redistribution and concentrations of salts,
and provide an indication of plant moisture consumptions. They also
influence vegetation densities and thereby affect erosional rates. The
purpose of this chapter is to test whether it is possible to simulate soil
moisture variations in the Ecca catchmenis using physically-based modelling
approaches. The monitoring of soil moisture content was condected on a
weekly basis at six depth-distributed sites (Figure 2.2 and Appendix B).
Moolwan (1985) stated that the concentration of salts within soil moisture
is 1ncreased as s0il moisture amounts are depleted by evapotranspiration.
Moisture movements, by gravitational andfor capillary forces tend to
redistribute the salis. In order %0 be able to simulate the salt
concentrations and any chemical processes within the s0il horizons, it is
necessary to first simulate the moisture wmovements and amounts. In
addition, Schultz and Schulze (1983), and Schultz (1985), emphasized that a
knowledge of antecedent s50il motsture was necessary for event-based
simelatians of runoff. They also showed that such information couvld be
obtained from daily moisture budgeting simulations. However, the approach
was not tested in semi-arid environments. In selecting a suitable
physically - based model for simulating the soil moisture amount in the Ecca
catchment, It was necessary to take cognisance of the temporal and spatial
resolutions of the available information which could be used to verify the
model's results. The data from the six sites mentioned above, represent the
weekly variations of the soil molsture contemt and illustrate the
differences between the moisture contents of the left and right banks
(discussed in Moolman 1985). The spatial coarseness of the data does not
justify the application to distributed model)s since there would be no means
of verifying the results. Simijarly the weekly resolution precludes the
testing of fipe time Iinterval models such as MOISTRE which Integrates
mo1sture movements at intervals of less then 14.4 minvtes (Duit, Shaffer and
Moore, 1872). A lumped model such as ACRU {Schulze, 1984) is unsuitable for
representing complex moisture movements within the heterogeous soil
distributions of the catchmeni. It cowld however be modified to simulate
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daily variations at individual peints. Therefore the approach adopted was
1o locate a physically- based model from which the companents for daily,
moisture budgeting in a vertical dimension couid be extracied in order 1o
simulate the weekly observations of soil moisture amounts separately for
each of the s50il moisture monitoring points in the Ecca catchments. The
technigue did not account for horizontal movements of soil water. Mooiman
(1985} noted that he did not observe any horizontal movements of soil water
while conducting plot studies in Catchment F.

The ACRU moisture - budgeting component

The soil-moisture budgeting component of the ACRU model (Schulze 1984) was
selected to conduct daily simulations of the soil moisture amounts at
individual points in Catchment F, A comprehensive description of the model
is given in 5chulze {1984) and only a brief summary of the relevant
component is presented below.

The adopted component is @ physically-based. deterministic, site-specific,
vertical dimension. multi-soil layer. daily-moisture-budgeting Fortran
program which has been modified to output graphical plots and statistical
comparisons of abserved vs similated soil moisture amounts for two soil
horizons. It incorporates the soils parameters whose values can be user-
field related., Ideally the parameiers which relate to vegetation moisture
requirements and interception amounts should also be user-field relatabie,
but as discussed in Chapter 2. these parameters had to be calibrated because
of a lack of information concerning the rates of consumptive water use by
natural vegetation.

The program is essentially a compilation of cascading equations describing
the main bhydrological processes affecting daily soil moisture amounts and
their redisiributions in an azitempt to provide realistic hydrological
outputs from realistic inputs. The conceptual structure of the model Is
given in Figure 3.1. The site specific inputs include climatic data in the
form of daily rainfall, temperature and evaporation, soil parameters in the
form of s0il horizon depths, porosities, field capacities and wilting points
and monthly distributed vegetation details such as potential interception
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amounts, crop factors and root distribution fractions for each soil horizon.
For statistical and graphical piotting purposes the observed s0il moisture
values are also included. Appendix C.1 is an example of some of the input
parameters used for site FMiL of Figure 2.2. MNote that the abbreviation
FMIL can be explained as F = catchment name, M = {ype of measurement ({so0il
moisture), 1 = site number, L = lefi bank. The input files, containing
meteornlogical and hydrological data were compiled by means of a relatively
complex Fortran program "COLLATEY which was developed to conduct data
quality control, station sorting and the merging of separate files
containing streamilow, soil moisture, rainfall, temperature and evaparation
data into one Tile of site specific inputs for the ACRU moisture budgeting
component.  5chulze (1984) emphasized that an accurate estimation of
potential evaporation is essential for ACRU moisture-budgeting in the ACRU
model. A special feature of the program COLLATE is the manner in which
daily A-pan data were estimated {rom the auvtomatic weather station data,
weighted according to the weekly A-pan readings and in the event of missing
data from the automatic weather station, were distributed on a daily basis
using data from the nearest daily A-pan. Appendix C.2 is an example of some
of the output from program COLLATE which is used as input to the ACRU
moisture budgeting component. Before discussing any of the simulation
results, a digression is made io cutline the statistical approaches wused in
interpreting the model performance.

Statistical Considerations

Since one purpose of hydrological simulations 1s 1o reproduce, where
possible, the measured hydrolegical phenomena, the objective functiion
selected in this study is & measure of the one to one correspondsnce between
the observed and simulated data. The approach adopted is based on Aitken
{1973) and has frequently been used to evaluate the performance of
hydrological models inm South Africa (e.g. Roberts {1978}, Gorgens {1983),

Schulze (1984} and Schultz (1985)). Aitken (1973) caufioned against the
isolated use of the product moment correlation coefficient,r, as measure of
ore +to one correspondence because of the possible presence of systematic
errors.  These errors exist whenever the least squared regression lines for
ohserved and simulated data do not reflect a one to one correspondence
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between the wvalues. Under such conditions the ceefficient of model
efficiency, e. which is a measure of 1:1 correspondence, is less than the
coefficient of determination, rz, which is a measure of the correspondence

about the regression line.

The coefficient of model efficiency 1s calculated as:-
e = 1- E(G-SJE eq 3.1
3(0-0)
where

observegd value
mean of the observed value
simulated value

t oo
]

The coefficient of determination is calculated as:-

2 = 3(0-0)% - X{0-E)2

(0-0)% eq 3.2

where
E = regression estimate of the variate.

Both € and e have maximu values of 1,0. Model calibration is achieved by
minimising the difference between e and unity as well as thai between % and
e wherever re is greater than e. In addition the observed and simulated
data should ideally have the same cumulative totals and statistical
distributions. The above approaches were used in the following section to
test the performance of the ACRU model.

The ACRU soil-moisture simulations

The aim of simulating soil-moisture by means of the ACRU meodel is 1o
ascertain whether & conceptual-physical model is suitable for producing
realistic outputs of soil moisture variations in an uncultivated semi-arid
region and whether its parsmeters ¢an be transferred within such regions.
As mentioned earlier in this chapter. the vegetation parameters wused 1o
describe evapotranspiration in the model had to be calibrated. Thersfore
only the transfer of the latter parameters were tested while 2ll other
parameters were based on in situ observations. The simulations were based
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on data for the period June 1983 to December 1985,

Appendix C.3 presents the statistical results of the calibrated simulations
Tor the 0-15cm soil depth {referred to &% A-horizon below) and the 15-45cm
s0i1l depth (referred to as B-horizon below) for site FMIL., The coefficient
of efficiency, e, for the A-horizon was .703. while that of the B-horizon
was _409. I{ might have been possible te improve these model performances
by olso calibrating the soils properties, but this would not have been in
accordance with the purpose of ihe exercise which was to test the
transferability of the vegetation parameters. The laiter parameiers were
iransferred from site FMIL to sites FM2L, FM3L, FMIR., FMAR and FMSR. The
model performance (e) was a5 follows :-

Site name FMIL FM2L FM3L FM1R FMaR FM5R
A-horizon 703 245 021 -3.1B7 -1.,140 -1.735
B-horizon .409 KD ND -2.228 -3.035 -4.306
ND = No data

The resulis illustrate that the transfer of parametiers, over even relatively
short distances. within the semi-arid environment give rise to a significant
deterioration In model! performance. These decreases were largest for
parameter transfers from the left to right banks of the catchment. The main
reason for this deterioration Jis possibly due to the heterogeous
distribution of the natural vegetation and the associated root densities of
the plants at the monitoring points. Other ressons possibly include factors

such as differences in the soils and slope aspects of the left and right
banks.

Figure 3.2 shows the large differences in the cbserved soil moisiure regimes
of the left and right banks of the catchment for the period August 1985 to
July 1986, These differences are possibly related to factors such as the
different moisture retention abilities of the associated soils as well as
the - effects of slopes and slope aspects. The ACRU model was not able to
reproduce these differences accurately after parameter transfers. Schulze
{1984) stated that the ACRU model was undergoing continuous modification
and development. He therefore requested that model performances should be
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improved by modification of the model, rather than by calibration. However,
in the above transfer studies {f is pessible that the problems associated
with the model's performance might be related to wuncertainties associated
with the direct transfer of pre-calibrated parameters, such as the
proportions of plart rocts in the various soil horizons. One aspect of the
mogel whjch could be altered to accommodate natural vegetation is its
gvapotranspirative component. From studies of soil moisture variations if
appeared that evapoiranspiraticn was dependant upon the dynamic variations
in vegetation densities, in response to the infreguent occurrances of
rainfall, as well as on the seasonal variations in the vegetation.

From model tests It was observed that the use of a meonthly cropping
coefficlent {Cay) did not reflect the transpirative cunsumpticn' of the
yegetation in the semi-arid environment. Palmer (1981} described the
phenological responses of the natural vegetation in the Fish River area as
beihg sensitive to the occurrences of the rainfall events.

Green (1986) is of the opinion thai until more is kmnown about the
transpirational patterns of natural vegetation in semi-arid areas, more
representative estimates of evapotranspiration would be achieved for the
natural vegetation if the model used seasonal fixed daily amounts that were
related to the antecedent rainfall, rather than to the daily metecrological
conditjons. 1t is therefore recommended that research be conduecied in order
to establish the relationships between antecedent rainfall and the amounts
of water transpired by natural vegetation in semi-arid enviromments. Such
research would enable more representative applications of moisture budgeting
models 1o semi-arid regions.

The above section demonstrates the uncertainiies in soil moisture modelling
assoclated with natural vegetation and model parameter transfers over short
distances. The following chapter investigates the effects of parameter
transfers on event-based simulations of runoff from two nested catchments.
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CHAPTER 4
STREAMFLOW SIMULATIONS

A prerequisite to conducting physically-based/physico-chemical simulations
of sediment and solute concentrations in semi-arid environments, is the
simulation of associated hydrological processes. Similarly the hydrological
consequences of changes in land use can be predicted if active
hydrological processes are simulated. Such simulations are possible by
means of physically— based, deterministic models wusing the laws of
continuity, and the conservation of energy and momentum (De Coursey, 1971).
The spatially variable nature of the above processes necessitates the use of
distributed models. Therefore, as a first step towards lnvestigating the
possibility of conducting non-empirical simulations of the generaticn of
runoff, solutes and sedimenis, this chapter incorporates the implementation
of a physicaliy-bssed, distributed, hydroiogical model for the generation of
rundff. Because of the large amount of computer storage and processing time
required by distributed models (Nicks 1982}, it is preferable to conduct
event-based, rather than continuous, 1long term simulations., Hughes (1983)
stressed that it can be wasteful to run simtlations continuously over long
time periods and then extract a few flood events from the output. Park
(1981} and Schultz and Schulze (1983} used the approach of coupling two
separate models; a daily model for long term mojsture budgets and an event
based model For detailed hydrolegical simulations. The datly meisture
budgeting models provide the estimates of antecedent soil moisture required
by event based models, The approach enables a substantial savipg of
computer time. Schultz (1985) simulated antecedent catchment indices rather
than actual distributed soil moisture values because spatially djstributed
soil moisture measurements are seldom available to verify distributed
moisture bhudgeting techniques. '

For ihis project two separate sets of antecedent soil meisture indices were
simulated for the left and right banks of Catchment F using the ACRU
moisture budgeting component discussed in the previous chapter. The model
selected for the event based simulations s the MODANSM model (Park and
Mitchell, 1983}, It is a physically-based, single event, deterministic,
distributed-system, conceptual model which is the product of two decades of
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research involving numerous medifications and improvements to an earlier
madel by Huggins and Monke {1966). The latter model was tested under South
African conditions by {ousens and Burney (1977), who concluded that +For
small agricultural catchmenis the model could, with certain modifications,
"be an extremely sensitive and powerful tool for flood  hydrograph
prediction™. Perhaps one of the most significant enhancements to the wmodel
was ‘the development of the Areal Monpeint Source Watershed Environment
Response Simulation {ANSWERS) model by Beasley, Monke and Huggins (1977).
It provided a means of assessing the effects of changes in land use
management and agricultural practices on the quantity and quality of
streamflow. '

Park, Mitchell &and Scarborough (1982} introduced further changes to the
water quality components of the model and presented & modified ANSHERS
model. The MODANSH model {Park and Mitchell, 1983) was introduced to the
University of Natal by Mitchell (1982) and tested by Schultz and Schulze
(1983). sSchultz ({1985) introduced further modifications by incerporating
statistical and graph plotting subroutines and medifying its inputs 1to
accommodate separate raingauges for each finite element used in the model.
The model can accommodate a maximum of 696 finite elements, 20 different
soil types, 20 different vegetation and surface roughness combinations and

20 different channel types. A brief description of the model is given
below.

The MODANSW Model

HODANSW Incorporates those various hydrological components which affect a
surface flow system directly, such as intercepiion, retention, Infiltration,
dgrainage and flow routing, as well as components for eresionzl simulaticns
{(Park and Mitchell, 1983). The hydrological components are in essence the
same 85 those of the ANSWERS mogdel of Beasley et al. (i977). Based on
descriptions by Beasley et al. (1977), Dickey, Mitchell and Scarborough
{1979), Park (1981}, Park, Mitchell and Scarborough (1982) and Park and
Mitchell (1983), the hydrological simulation of MODANSH is submitted in ihe
following manner:-
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A rectangular grid system is used to represent a catchment. Each of these
Finite elements is assumed to be small enough so as to be hydrologically
homogenecus. A Kinematic approximation is used to define flow rates. The
composite hydrograph 1is simulated by starting at known initial conditions
and applying a continuity equation to determine hygrelogical conditions at
all elements one time increment laster. The interception component accounts
for the total volume of water removed from incoming rainfall by retention on
vegetal cover and by evaporation, This compenent has little influence on
the streamflow output. Infiltration rates are determined from an equation
described by Holtan (1961) and modified by Hurggins and Monke {1966).

The equation can be expressed as

f=FC+A [S-F}fTb]E eq 4.1
where
f = infiltration rate
FC = steady-state infiltration rate
A = maximum possible infiltration rate
$ = storage potential of soil within the infiltration contrel zone
f = volume of water in the contrgl zone
Tp= total porosity within the centrsl zone and
B = exponent relating rate of decrease in infiltration with

increasing soil moisture content.

At the start of an event, the initial valug of F s equal to the antecedent
moisture content which must be specified. The infiltration rate decreases
as the soil mpisture storage becomes more saturated. Subsurface drainage
occurs whenever the s0il moisture content of the control zone exceeds field
capacity. This rate increases as the moisture content increases until, at
saturation, the rate is equal to the steady state infiltration rate, The
drainage rate, Dr, is determined as ¥follows:-

B. = FC (1 - {vol/emc})P eq 4.2

where
Vol

unsaturated pore volume (total porosity minus moisture
content)

maximum volume of gravitational water content (total
porosity minvs field capacity) and

b = drainage exponent.

GWC



Table 4.1

Basic input data required by ANSWERS mudei'{Park, 1981).

Group tlydrological Yariable Parameter Descriptions
process name
Seils Infiltraticn TP Total porosity {percent volume)
FP Field capacity {percent saturation)
FC Steady state infiltration rate
{mmfh)
A Difference between steady state &
maximum infiltration rate {(mm/h)
B Exponent in infiltration eguation
ASM Antecedent soil moisiure content
{percent saturation}
OF Infiltration control zone depth
(mm)
Orainage Ed Drainage exponent
Crop & Interception PIT Potential interception volume {mm)
surface PER Percentage of surface covered by
condi- specific land use {percent}
tions
Depression RC Roughness coefficient
storage HU Maximum roughness height {mm)
Overland n Manning's roughness coefficient
flow routing
Channel flow Win Channel width {m)
routing
Topo- Flow routing S Slope steepness (1000 x m/m)
graphy ANG Direction of slope {degress}

Overland flow rates and channel flow rates are determined

equation

{eq. 2.5 of chaptier 2).

using Manning's

In its nydrograph simulations the model
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considers factors such as surface roughness, vééetatiun types, channel
properties, soil properties, topegraphy and, when applicable, tile drainage.
simulations. Table 4.1 presents the input parameters reguired by the
model's hydrological component (ANSWERS) as summarised by Park {1581).

MODANSH Streamflow Simulations

One of the problems in simulating streamflows in Catchments F and B is that
the accuracy of the observed data used in the calibrations are uncertain.
These problems were mentjoned in Chapter 2 and are due to  rapid
sedimeptation in the stilling basins. Further, the sensitivity of the
gauging structure for Catchment F is insufficient for accurate recordings of
the relatively low flow rates measured. The maximum peak flow ever recorded
at Catchment F was only 0,092m* /5. This event otccurred on the 15/4/83. Due
to instrument failures and sedimentation, its magnitude was esiimated from
debris stains on the gauging structure. The MODANSH mode]l was able tn
reproduce this peak as 0,094m’ /S. The event of 15/2/85 had a peak of
0,0104m* /S which was simulated as 0,0105m /S with a coefficient of
efficiency of 0,834. However, it is ungertain whether the stage discharge
relationships are sufficiently accurate to represent the relatively small
flow rates observed and therefore it can only be concluded that the MODANSH
model 1is capable of simulating flood events in Catchment F to orders of
magnitude whose goodness of fit statistics lies somewhere within the range
of uncertainties in the observed measurements. Other problems that were
encountered in the measurement procedures were that the relatively small and
gradual changes in stage heights wers not recorded smoothly due to the
friction of the recerding mechanism.  This phenomena was noticable as 3
series of sharp steps in the flood hydrographs for the months of November
and December, {1985 (Figure 4.1},

Although the MODANSW model is physically-based, some parameiers such as DF
and RC (Table 4.1) can be optimised in order to improve model performance.
The transferability of such parameters from Catchment F to B was tested.
In conducting the transfer of these parameters 11 was alsc assumed that the
methodologies described in chapter 2 to spatially extrapolate the results of
the detailed soil surveys for Catchment F and the less detailed soil surveys



60-

in Catchment B, were representative of the spatially heterogeneous soil
properties found in the catchments. The transter of parameters from F o B
was also associated with a change in scale factors. For example the finite
element sizes wused for Catchment F were 50m x 50m while those used for
Catchment B were 400m x 400m. Examples of the results of the WODANSH
streamflow simulations are given in Appendizx D. The coefficients of
efficiency (e), for simulations of Catchment B, which used parameters
transferred from Catchment F, were less thanm G.0. These results indicated
that assumptions concerning the spatial heterogeneity of parameters were not
transferable from a small {28ha) to & large (910ha} catchment where less
intensive sampling has been conducted and where different scale factors are
used in fully-distributed hydrological modelling.

gne of the main purposes of implementing the MODANSW model in this study was
to ascertain the spatial distributicn of hydrological processes in relation
10 observed sediment and soluie movements.  These aspects are discussed in
ihe following two chapters.
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CHAPTER 5
SEGIMENT SIMULATIONS

501l erosion and sediment transport processes in a catchment are caused by
hydrological /hydraulic processes (Park, Mitchell and Scarborcugh, 1983). In
this project an attempt is made to interpret the principal processes giving
rise to the natural generation, storage and transport of runoff, solutes and
sediments as dynamically varying, distributed processes. In praciice it is
extremely difficult to measure all the above Interactions in space and time.
One way of investigating them is to measure the catchments hydrological
outputs, to use physically-based distributed models to simulate the
processes on a spatial basis and then to attempi to ascertain, from chemical
and surface textural data, whether the simulated processes were in fact
correctly distributed in space. For example, one would expect that areas of
excessive surface erasion would be spatially distributed in a similar manner
to areas in which overland flow occurred and that eresion would be minimal
in regions where infiltration rates are high. Interpretations of the
spatial distribution of soil chemistry and erosion, in relation to the
catchment's solute and sediment output, could be used to further verify the
simulated spatial distribution of hydrological processes. This chapter
discusses the simulation of spatially distributed sediment processes by
means of the MODANSH model.

The MODANSW sedimeni component

A physically-based, deterministic, distributed system, event-based submodel
of sediment detachment, transport and depositicnal processes was developed
by Park {1981} and integrated with the hydrclogical components of the
ANSWERS model (Park, Mitchell and Scarborough, 1982). The following summary
of this fluvial component is based on descriptions by Park {1981},
Park ,Mitchell and Scarborough (1982} and Park and Mitchell {1983).

The main assumptions used in the fTluvial simulations are that -
i} erosion and transport processes do not affect hydrological
processses and Tlow hydraulics,
ii} the flow conditions are ane dimensional and
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iil} the effects of soil and surface conditions on erosion and sediment
transport are constant during a stiorm.

The continuity equation used for sediment discharge is
_ 986 o6 @ aX
=Tt B - (ﬂ) (% +'Eff) eq. 5.1

En = nett rate of erosion or deposition (mass/width/time)
= flow velocity {length/time)

flow rate {mass/time)

axis in direction of flow

the time .

sediment discharge (mass/time)

where

u
Q
X
1
G

n

The partitioning of the one dimensional flow between adjacent finite
elements is conducted in accordance with ithe flow roviing methods used in
the hydrological components {ANSWERS).

The nett rate of erosion depends upon thé sum of the rates of splash erosion
and flow erosion or deposition.

The splash erosion rate is caused by raindrop impact and is defined as
W = 01826 K€ (2.96(51n8)%7% 4 0.56)((1-p)1%4pC 1. ®) eq. 5.2
where

W, = splash erosion rate {Kg/m'/h)
p = S011 erodibility factor for splash erosion as defined for the USLE
K factor [Wischmeier and Smith, 1978)

-~
i

K, = water depth correction factor (Park, 1581)

Cp = crop mulch and subsurface incorporate factor (Wischmeier and
Smith, 1978}

p = proportion of area covered by canopy

C, = Crop canopy factor

1 = rainfall intensity {cm/h)

Ix = excess rainfzll intensity (excludes interception rate due 10

canopy (cm/h)
gradient of the surface (degrees)
the exponent.
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The flow erasion is determined as

We = 11.02KeCe eq. 5.3
where
Hf = flow erosion {(kg/m® /h)
Ke = flow erodibility factor (approximated from the USLE K factor)
Cf = crop factor for the combined effects of cancpy, mulch and surface
conditions (Wischmeier, 1975)
€; = an exponent

The flow erosion and deposition processes are assumed to interchange so that
no flow erosion can occur when deposition takes place. Deposition is
assumed o occur whenever the sediment load exceeds the transport capacity.
The nett deposition is therefore the difference between the load and the
transporit capacity at a given time. The transport capacity is defined from
Yalin's bedload egquation {Yalin, 1963}. The equation has alsc been used in
other physically-based models such as the medified USDAHL-74 (Yoo and
Molnau, 1978) and other recent versions of the ANSWERS model {Dillaha and
Beasley, 1983}. The equaticn incorporates details concerning the critical
shear stresses, particle size distributions and flow hydraulics. For
numerical convenience, Park (198%) utilized the Shield's diagram ({Mantz,
1977} 1o develop simplified empirical relationships for computing shear
stress {details in Park, 1981). The flow parameters are computed by the
ANSWERS hydrological component. The particle size distributions are
abtained from laboratory measurements. The model can accommodate a maximum
of 10 different categories of particle sizes.

The main computationzl procedures used to describe the sediment processes
within each Tinite element per time increment are summarised in Figure &.1.
The sedimentation occurring in the channel segments of the finite elements
are processed in & similar manner to sedimentatien within overland fiow,
except that splash erosion is ignored. The channel processes are tredied as
concentrated flows. Sediment processes on the channel floor are accounted
for but those fTactors giving rise to side slope instability are not
considered. Consequently the model is unsuitable for simulating the
development of gullies or streambank er¢sion. This disadvantage was assumed
negligible for Catchments F and 8 where no significant change in the
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Figure 5,1 Schematic presentation of sedimentation mode! formulation

(after Park, 1981}.
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channel and qully morphology was observed during the study period (no
qullies are present in Catchment F).

Table 5.1 Inpui parameters required in sedimentation simulation {Park, 1981}

Group Erosion Variable Descriptions
process name

Soil Splash EXPR Exponent of rainfall intensity term In
erosion splash erpsion mode!

SRR Soil coefficient for splash erosion model as
determined from the USLE spil erodibility
factors in English units

Fliow EXPF Exponent of shear stress term in flow
erosion erosion model

SFF Soil coefficient for flow erosion model as
detarmined from the USLE soil erodibility
factors in Epglish units

Crop Splash CRC Crop canopy effects for splash erosion
and erosion
surface CRM Crop mulching and subsurface condition for
condi- splash erpsion model
tion
Flow CRF Lrop coefficient effects dve to cancpy,
erosion mulching, and subsurface incorporates on flow
egrosion
Channel CFCH Ratio of channel surface condition factor to
erosion that of overland element surface conditions
Sedi- Sediment 56 Specific gravity of sediment
ment trans-
port DIA Sediment diameter
PG Fraction of sediment distribution in mass
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Table 5.1 describes the input parameters reguired for the sediment
simulation. The following section describes the simulated sediment
processes in relation to observed information.

MOCANSH - sediment simelation

The available sediment data consists of sediment concentrations at outlets
of Catchments B and F but no data were available to verify the spatially
distributed sediment loads. Therefore the approach involved in  comparing
sediment movements for different storms was to ensure that the simulated and
observed sedimentigraphs at each catchmenti's outlet were similar. Thereafter
the spatially distributed data for sediment loads were ranked and divided
into seven categories of similar sediment loads which were mapped as spatial
indices of sediment iosses.

Figures 5.2 and 5.3 show the variations in the distribution of sediment loss
indices for differemt storm evemis. An interesting feature of these
distributions is that the left bank slopes of Catchments B and F reflect low
sediment 1losses. This observation 15 in conflict with the intuitive
expectation that the left bank slopes should reflect higher sediment Josses
because of their steeper slopes. However, the soil parameters of the left
bank have higher measured infiliration rates and therefore the model
produces less overland flow on these slopes and hence less erosion. Field
inspections of the left bank provide evidence of regions of concentrated
flow and erosion on the left bank. Such features are less commen on the
right bank., A possible explanation is that crusting and the distribution of
rock outcrops on the [left bank could give rise to limited areas of
concentrated flow,

The 1rregular distribution of sediment loads in the catchment is possibly
related 1o the combined processes of rainfall distribution, 1ts timing, the
heterpgensous distribuiion of infiltration rates and the convergence of
overland flows in lower lying areas of the catchments. The {ollowing
chapter attempts to further interpret the spatial distribution of
hydrological preocesses by investigating the spatial distribution of solutes.
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CHAPTER &
HYCROSALIKITY STUDIES

The chemical character of water flowing in & river chaznnel reflects the
spatial and temporal inmtegration of a complex seguence of  pathways
interposed between precipitation inmputs into a catchment and its stireamflow
cutput, as well as the associated evolution of the water chemistry (Walling
and Webb, 19858). In order to attempt to interpret the above interactions in
catchment F, the aim of this chapter is tc investigate
- the chemical characteristics of the rainfall inputs
- the relative spatial distribution of available soluble salts within
the soils
- the temporal variations of solutes in the soil water
- the temporal variations of solutes in the streamilow
~ the variations in sclute contents in the streamflow along the
channel length
- the interrelationships between the sbove solute distributions as
indicators of hydrological pathways
- the extent to which simulated hydrolegical processes reflect the
above pathways.

The study focusses mostly on the rainfall events which occurred during the
last three months of 1985. As mentioned in chapter 2, 4034 mm of rainfall
were recorded during this peried, The amount is approximately the same as
the mean annual precipitation of 411 mm for the previous twelve years. The
investigation consisted of an extensive sampling effort during which
approximately 600 water samples were collected for laboratory analyses. The
samples consisted of rain water from one site in catchment F, soil water
collected in situ from two different depths on the left bank, and from three
different depths on the right bank, streamflow samples collected by an
automated pump sampler and numerous hand samples from selected positions
during rainfell events. The samples were collected on a weekly basis and
augmentied by samples obtazined during ad hoc field trips. The automated pump
samplers operated at present {ntervals of 20, 60 or 120 minutes, depending
upon the anticipated weather conditions. Details of the instrumentation and
sampling sites are given under instrumentation in Chapter 2 and also in
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Moolman (1985). As mentioned in Chapter 2, one of the major problems
encountered in the study is the fact that rapid rates of sediment deposition
occur in the stillimg basins of the stresmflow gauging structures in the
Ecca catchments. The sedimentation sometimes results in the burial of the
sampie intake pipes during periods of rapid flow. However, at Catchment F
the stilling basin is sufficiently small so that silt and debris <can be
removed manually within a short space of time. This enabled sampling to
continue during periods of sustzined flow but no data were collected during
periods of rapid flow.

The water samples were snalysed to ascertain their specific electirical
conductivity (ECe), and solubie salt conients as represented by the major
cations; Ca*t, Nat, Mg*t, K* and anions; C1°, HCO™ 5 and 5ﬂ=4. The results
were plotted onte graphs, Fiper diagrams and bar charts to represent the
individual as well as the interrelated chemical characteristics of water
from the rainfall, soils and In the river channels {Figures 6.1 throvgh to
6.8). These figures are presented in the following sections to discuss the
findings of the investigation in accordance with the aims listed at the
beginning of this chapter.

The chemical characteristics of the rainfall

Moolman (1985} estimated that the total salt load input into Catchment F by
wet fall-out was 25,7 Kg/ha for the period September 1983 to September 1984.
This resulted in increases of 3,6 and 2,4 percent of the salis contained in
the left and right slopes of the catchment, '

The formula
Load (kg/ha) = EC(mS/m) x rain{mm) x 0,064 eq. 6.1

was used in the above estimates. The study was repeated for the period
October 1885 to December 1986 (Table 6.1}. The total salt imput during this
latter period was 23,34 Kg/ha. The weekly varistions in fthe electrical
conductivity of the rainfall ranged from 0.55 to 1.1 m58/m (Figure 6.1).
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The relative proportions of the chemical constituents of the rainfall
indicate that %wo chemically distinct iypes of rainfall may occur in the
study area (Figure 6.2). The one group has high 50%, but low C1~ proportions
while the other has high C1” and low 507, proportions. Issar {1986) is of
the opinion that these differences may be related to synoptic situations,
however, additional research would be required to confirm this. The sample
for the week ending 8/1/88 is possibly a mixture of the above rainfall
groups. However, further investigations are reguired in crder to confirm
whether the laboratory procedures (Franson, 1980} used in the analyses of
sulphur were sufficiently accurate for the small concentrations involved,

Spatial variaticons of solutes in solil water

Meolman {i985) conducted a soil survey of Catchment F and collected 78
samples from depihs of 0-30 cm and a further 40 samples from 30-60 cm depths
(Figure 2.9). The saturation extracts of the samples were asnalysed to
ascertain the concentrations of the major cations and anions. Statistical
and geostatistical techniques wvsed by Moolman (¥985) showed that the
spatial distribution of the scluble salis was highly variable and that they
increased significantly upslope from the channel. The salt content along
traverses parallel to the channel were randomly distributed in space. The
respective true mean ECe values for the top, middle and channel siopes were
126, 97 and 99 aS/m for the right bank and 166, 101 and 71 mS/m for the left
bank. HMoolman (1985) speculated that these differences were related io the
geplogical structure of the catchment {discussed in Chapter 2). More water
percolates 1into the ground water regime below the left bank because of It
being a scarp slope. In contrast more water reaches the fopt-slope area of
right bank dip slopes causing it to remain wetter for longer time periods,
and because of the greater flux of water, to become more leached than the
upslope areas.

In light of the above, one would expect the mean ECe of the wetier and more
leached soils to be lower, i.e. that the ECe of the right banpk areas
adjacent to the channel would be lower than those of the left bank.
However, the true mean ECe on the left bank channel is 71 m5S/m as opposed io
94 mS/m for the right bank. This difference possibly confirms that
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additional salts are transporied towards the channel through laterzl surface
movements of water from the higher lying regicns of the right bank, while
thase of the left bank are lost due to downward percolation. Other factors
which could also have contributed towards the above differences include the
fact that the left bank is steeper and has shalleow soils which are more
easily drained than those of the right bank. Consequently a larger volume
of water is retained for longer perjods in the soils overlying the dip
slopes than in those overiying the scarp slopes. Typical values of soil
moisture at selected sites (Figure 2.2) on the left and right banks are
given in Appendix B. During the movement of soil water some solutes are
possibly mobilized more easily than others and therefore the following
section invesiigates the in situ distribution of the cations and anions.

The data used were extracied from the above mentioned soil survey of Moolman
{1985}.

The data were plotied onto diagrams of Catchment F and represented as
vertical bars indicating the concentration of each constituent iIn meq/Z.
The total dissolved salts {TDS) were plotted as cencentrations in mg/&.
Figure 6.3{A) illustrates the location of the sample points with respect to
the river channel, catchment boundary and the left and right banks. Figures
6.3{8) and 6.3(C) present the spatial distributions of the major anions and
cations Tor the 0-30 cm soil depths respectively. Figures 6.3(D) and 6.3{E}
present the distributions for the 30-60 cm soil depths.

The spatial distribution of the TOS, as presented in Figure 6.3(B},
illustrates the above mentioned variations along transectis parallel to the
river, the lower salt concentrations in the foot-slopes and the fact that
the concentrations of salts adjacent to the channel are slightly higher on
the pright bank than on the left bank. The diagram also confirms the
presence of anomalous pockets of high salt concentrations.  The presence of
such  pockets couvld complicate attempts to simulate hydro-salinity processes
on o spatially distributed basis. A comparison between the positions of
anomalous concentrations for different constituents (Figure 6.3(B) and
6.3{C)} inrdicates that not all of the anomalies occupy the same position .
This is possibly due io the fact that the chemical composition of the solute
censtituents is also spatially heterogeous along each of the transects.
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Figure 6.3

A} Explanation of the distribution of sample points in
Latchmant F for the data presented in figures 6.3 (B8),
6.3 (L), 6.3 (D) and 6.3 (E}. The points carrespond
with those presented in figure 2.9.
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Figure 6.3 €) The spatial distribution of Na®, Mo™, ca** and k¥ (meq/2)
for the 0-i5 cm spil layer.
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Some spatial differences in the solute trends betwesen the transects are
apparent. For example the HCD"3 concentrations are higher along the
channel banks than the mid and top slopes. This trend s oppositie to that
of the TDS concentrations and Is especially noticeable along the right bank.
The C1°, Sﬂ=4, ca*™, and to a lesser extent, Mg*t, tend to have similar
spatial distributions to that of the TDS. The Nat values tend to decrease in
the presence of high ta*™ values which is in keeping with the Ca-Ha exchange
reaction. The KV concentrations are generally low with fewer anomalous
values than the other elementis.

For the 30-60 ¢m soi) depths (Figure 6.3(D) and 6.3(E)} the presence of
larger amounis of solute removal along the channel bank regions is not as
apparent as for the surface soils. The TDS values are not as high and the
presence of anomalous pockets occur along the channel banks as well as in
the surrpunding areas. The HCD'3 and E.IIIJ:"IJr concentrations tend to increase
in the valley floor reglions.

The distributions discussed above indicate the heterogenecus nature of the
available salts in surface soils but provide no indications of their
temporal variations in response to so0il moisture mevements and amounts.

Temporal variations of solutes in the soil water

Solute levels vary through time in response to the dynamic processes which
generate streamflow and its dissolved content. These processes are
spatially distribvted and reflect the manner in which the water moves
thraugh the system of stores and transfer routes in response to
hydrometeoralogical inputs (Walling & Webb, 1985}. The temporal behavior of
soil water stores as sampled at two in situ sites, FMIL and FMIR {Figure
2.2), form the focus of attention for this section. Their role within the
runoff generating system is reflected in figures 6.1, 6.2 and throvgh 6.8.
The interrelationships reflected in these figures will only be discussed
after the temporal behavior patterns, From Figure 6.1 and Table 6.1 it can
be seen that the ECe of the solute contents on the left bank ({site FMIL}
decreased during the study period in response to the continuvous rainfall
while the values on the right bank (site FMIR} showed a gradual ‘increase.



Table 6.1 A comparison between the weekly ECe values of rainfall, streamflow and s50i1 water of Catchment F

RAINFALL STREAMFLOW S50IL WATER
R. Bank 0-15cm R. Bank 15-30cm L. Bank 0-15cm L. Bank 15-30cm

Week Depth EC load VYolume Median TD5  Load 0 EC Load 0 EC Load ¢ EC Load ] EC Load
ending i mfSa ka/ba W jweek - EC myg/R kgfha mism kg/ha afsm  kg/fha misn  kgfha m/Sm  kgiha
09-10-85 68,2 0,86 2,401 sk 181 , 160 114

i6-10-85 L142 453 624.3 i85 154 Z2¥3. 6 172 57,5 395 L0902 50,7 4.8
23-10-85 51,0 1,y 3,590 WD - HD

jo-10-85 82,8 0,9 4769 3629 as 544 .5 L3N 222 Wm0 227 189 10 541 571 26 50,7 613
D6-11-85% 12,4 0O.B* 0,67* 120 | 602 0,4 368 31 473 4 205 151 2972 162 47, 4 73} 27 600 73,3
13-11-85 - 315 ,207 J7e 004

20-11-B5 74,6 0.,B* 4,04 3G HD KD 30 ,217 152 3ie,b 215 208 28.7
27-11-85 48,4 OB 2,478 3273 KD HD 293 137 38,5 232 148 3296 ,197 127

05-12-8% 19,0 0.8 0,973 102 ND ND 241 154 3¥56,3 230 979 3864 129 W1 37,3 17 38 57,3
12-12-B% 4.6 0,9 0,265 a5 13 1239 1.9 ,386 71 633,7 ,225 28 47,0 092 284 2541 J0 2726 40,2
18-12-85 28,4 1,0 1,218 133 o 2432 11,6 L3378 1Bl 656,88 225 30% 6674 130 30,5 38,1 Jd06 24,8 27.6
24-12-B5 12,84 0,7 0,573 627 567  GZB.8 B1.3 ,JA61 190 _EEB,# L2114 292 5%9.9 1M 3E.4 35,3 098 2?8 26,2
Ji-i2-85 35,0 048 1,792 22 93 25t5,2 2.8 ,243 LE20 L1258 il

* estimated from mean EC for rainfall
HD - No data

R. - Right

L. - Left
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The initial high anomaious value for the 15cm samﬁle on the right bank is
possibly related to salt accumulations in the vicinity of the ceramic cup of
the soil-water sampier during former perieds of limited wetiing and drying.
Similar observations were recorded by Moolman (1985) for rainfzll events on
the 27/7/83 and 11/4/84.

Using the data from Table 6.1 the temporal changes in the salt amounts were
estimated for the 0-3Dcm soil horizons. The amounts on the week ending
16/10/85 were 897,8 kg/ha/30cm and 84,3 kg/ha/30cm for the right and left
banks respectively of Catchment F. From this date until the 31/12/85 a2
total of 334mm of rain was measured with an estimated salt input of 20,9
kg/ha, The salt loads at the end of this period were 1258,3 kg/ha/30cm and
60,5 kg/ha/30cm for the right and left banks respectively., The increase in
salt leads of the right bank was 1258,3 - 897,8B = 360,5 kg/ha/30cm of which
360,5 - 20,9 = 339 kg/ha/30cm or 94,2 per cent can be attributed to solute
processes such as lateral subsurface flow and capillary action. The balance
of 5.8 percent can be attributed to rainfall but the ampunt is possibly less
since some of the wet-fallout load may have contributed towards surface
runoff eor have percolated towards deeper soils and the groundwater system.
In contrast the salt loads of the left bank decreased by 84,3 - 60,5 = 23,8
kg/ha/30cm. Considering that 20,9 kg/ha/30cm had been input to the sysiem
by wet fallout, the maximum ]oad removed from the left bank was 43,7
kg/ha/30cm, These values could also have been overestimated since the
contributions of wet-fallout towards runoff and subsurface Tlow are unknown.

The temporal variations in the concentrations of the major cations and
anions are given in Figure 6.4. Moolman, 1985 stated that apart from
chemical processes, solute amounis tend to become concentrated by phenomena
such as evaporation and transpiration., The values can become diluied by
rainfall 1inputs. Im order to ascertain whether the ratios of the wvarious
cations and antons were changing on a temporal basis, their relative propor-
tions were plotted as well {Figure 6.2). From the latter figure it can be
seen that the solute proportions for the right bank 15¢m samples remained
reasonably constant during the period extending from &/11/85 to 31/12/85.
These valves are characterised by relative high HCO™, and low C17, 5D=4 and
Mat  proportions. These characteristics were repeated to a limited
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gxtent in the 30cm s0ils but with larger temporal varijations., The soil
moisture samples from the left bank differed from those of the right bank by
reflecting larger temporal variations, larger proportions of Cl and lower
propertions of K¥.  The 15cm samples of the left bank had @ characteristic
ranking of Ca**, Mg™*, Mat and k¥ which was not repeated on the right bank
and only fTeatured once in the 30cm scils of the left bank.

The above discussion jllustrated the dynamic temporal nature of soluie
copcentrations at selected sample poinis on the left and right banks of
Catchment F. As mentioned earlier in this chapter, the chemical
characteristics of the soil water Is spatially variable as well. Therefore
the following discussion attempis to ascertain whether there is any
association between the spatial distribution of the soil water chemistry
alang the channel banks ard that of the streamflow.

Chemical characteristics of streamflow along the channel length

Hand samples of streamflow were collected at various points along the
channel lengths stretching from tihe cutlet of Catchment B up to its
conflvence with the main channel from catchmenmt F and then towards the
source of Catchment F (Figure 6.5). The sampling was conducted during a
period of sustained flow on the 7/11/85. The results were plotted onto bar
charts (Figure 6.5), and compared with salt data from the so0il water
extracts analysed by Moolman (1985). The soil sawple positions of Moolman's
study are presented in Figure 2.9 and the results are given in Figure 6.6,

The comparison 1s based on percentages of itotal equivalents in order to
avold uncertainties caused by factors such as dilution. The main purpose of
the exercise was to ascertain whether there were any substantial differences
between the water quality in channels F and B and whether the sources of the
sustained flow could be ascertained from the scil samples. Only the channel
bank situations were considered.

From figure 6.5 it can be ssen that the chemical characteristics of the
sustained streamflow in the lower reaches of channels B and F are similar.
Samples 10 and 11 have dissimilar characteristics. Sample 11 is comparable
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to the soil sample RS of the 30-60cm soils on the right bank (Figure 6.6).
The high €17 proportions of sample 10 are not reflected in  the
characteristics of the adjacent soils. The characteristic ranking of the
cations {Ca*t Mgt* NaT K*) in most of the 0-30cm soil samples along the left
bank is not reflected in any of the streamflow samples. The characteristic
low Hg++ and Kt proportions of the right bank samples from the 0-30cm depths
js reflected in the streamflow samples. Howaver, the high Cl™ proportions
of the sireamflow are not reflected in all of the streamflow samples along
the right bank, and do occur in some soil samples along the left bank. The
stresmflow samples do not reflect the same degree of chemical vari{ability
along the channel length as that of the soil water extracts.

Fiper diagrams {Ward, 1975} were also used to compare the solute proportions
of the sustained flow on the 7/11/85 to those for the study period 1/10/85
to 31/12/85 in order to ascertain whether they were representative of this
perjod and further substantiate whether the sustained flows in channels B
and F were similar, Figures 6.7(A) and 6.7(8) show that the above
streamflow data occupy similar positions on the piper diagram and therefore
have similar solute characteristics.

Piper diagrams in Figures 6.,7(C) and 6.7(D} compare the chemiczl
characteristics of the sustained flows for Catchment F with those of the
s0il samples along the channel banks of the left and right slopes for the
respective soil depths of 0-30¢m ard 30-60cm. The latter diagrams are &
further aid in interpreting the resulis presented in Figures 6.5 and 6.6,
The plotting positions For the sustained flows in relation to the 0-30cm
s0il samples indicate very few soil samples occupying the same positions as
the streamflow samples,  The manner in which the plotting positions of the
soil samples surround those of the streamflow indicate that some form of
mixing oCcurred. The higher C1° and lower carbonate proportions of the
streamflow possibly indicates a higher residence time for the sustained
flows and the possible loss of some of the high carbonate proportions by
precipitation of caicium carbonate. Some of the soil water may have been
lost to the ground water system and some of the Cl1™ rich streamflow could
have been leached from the rock strata close to the surface. Issar (1986)
is of the opinion that high carbonate values shouvld be found in the foot
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Figure 6.7 A compsrison between the sustajned sireamfiow of Catchment F
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B} the channel Jength distributed samples for 7 Hovember 19E5.
C) 1he so1l water Ealt contents of the 0-30cm seil layers
in the chammel bank areas
D) the sai] weter s&lt contents of the 30-80cm soil layers
in the channel bank arezs,
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slope areas of the catchment as deposits along the chanrel banks in order to
substantiate the above mentioned deposition of calcium carbonate. This was
confirmed by in situ observations of such deposits while the data presented
in Figure 6.3(C) also indicated the relatively higher spatial concentrations
of total alkalinity in the channel bank areas. One weaskpess in the above
comparisons is that they do not account Tor iemporal variations in solute
concentrations. The following section therefore compares the temporal
variations in the chemical contents of the streamflow to thopse of rainfall
and the soil water.

The chemical characteristics of sustained flow in relation to rainfall and
s0il water

In order to ascertaln whether the sources of sustained streamflow could be
established from the chemistry of the rainfall and the spil water, the

ionic proportions of these variables were compared using the weekly data
presented in Figures 6.2 and 6.4, The resulis were plotted onto Piper
diagrams as well (Figures 6.8{A) and £.8{B)). The information is not easily
interpreted because of the wmixing of non-point sources, the possible
additions of water from regions of the catchment that were npot sampled and
the evolution of water chemistry along paths of movement. From Figure 6.1
and Table 6.1 i1 can be seen that the initial ECe values of the sireamflow
lie between those of the soil moisture values Tor the left and right banks.
This implies that the sustained streamflow could be a mixture of water from
the two banks, Thereafter the ECe values of the streamflow ingcrease with
time and coincide more ¢losely with those of the soji moisturs for the right
bank. The soil moisture ECe values of the right bank increase with depth,

implying that the anomalous £Ce values for 26/12/85 could come fFrom these
soils.

The chamical characteristics of the soil water sample for the 6/11/85 from
the 30cm depih of the left bank (Figures 6.2 and 6.4} are similar to those
of the initial base flows bul the concentraticns and relative salt propor-
tions for subsequent events are dissimilar, From Figure 6.2 the proportions
of 17 to HED"3 are nhot the same for the streamflow and soil moisture
configurations of the right bank for the period 11/12/85 +to 31/12/85.
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B} The soi) water hydrochemisiry of the 30-60cm s0ils &t sites
FHIL &nd FHIR.
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However, from Figure 6.4 it can be seen that the magnitude of the €17
concentrations in the 30cm and deeper soil of the right bank are comparable
to the concentrations in the stream, again coafirming the earlier mentioned
view of Issar (1986) that calcium carbonate is being deposited in the spil
ciose to the channel. The Piper diagrams (Figures 6.8{(A) and 6.8(8))
t1lustrate the large temporal variations of the scil water quality at. sample
sites FMIL and FMIR.  Attempts to define patterns of hysteresis in response
to the variations in solute levels during the study pericd were unsuccessful
angd are therefore not presented. Walling and Webb {1986} stressed that the
form and timing of solute responses could Dbe appreciably affected by
contrasis in the chemical concentration of surface and  subsurface fTlow
components and by ihe timing of these concentrations from the hillslope
system. It |5 possible that the 7 day sampling interval used io interpret
the solute changes within the soil horizons, is tno coarse for plotiing
patterns of hysteresis. The spatial variations in the icnic concentrations
of the sojls suggest that additional scil-water sample poeints will be
required inr further interpretstions of the hydro-salinity processes (Figure
6.3).

Issar (1986} has suggested that & series of linear transects of soil water
sampling sites would be more useful for interpreting future solute movements
within the catchments. These transects should be placed parallel to the
drainage directions of the slopes and also zlong the channel banks. He alsc
suggested that natural isotopes should be included in Tuture water quality
analyses in order top provide representative "fingerprints" of the non-point
sources of the streamflow. There is also a need to sample the quality of
the water that moves through the weathered and fractured strata underlying
the shzllow (0-60cm} soils of the catchment. The current sampling network
only considers the first 30cm of the soils on the left bank and 60cm of the
solls on the rignt bank.

The main benefit of the sojute studies is that the results which {ndicate
the spatial distribution of solute movements, are in agreement with the
spatial distribution of the MODANSH hydrological simulations {chapter 5)
thereby implying that the MODANSH model could possibly be adapted to
simulate solute movement as well,
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CHAPTER 7
SUMMARY, CONCLUSIONS AHD RECOMMENDAT 10MS

Introduction

Thi1s chapter presents the main findings, conclusions and recommendations of
the Water Research Commission funded project conducted at the Hydrolegical
Research Unit of the Department of Geocgraphy, Rhodes University, durinrg the
period 1982-1986. 11 also summerises the main aspects of this report and
includes, for purposes of completensss, 2 summary of the research presenied
in an earlier interim report (Moolman, 1985).

Mativation

The project was motivated because of the large degree of empiricise
associated with hydrosalinity mogels currently used in South Africa. Because
of the high tevel of empiricism any spplication of a model that assumes
reglistic parameter values and realistic sub-component interaction is &
hazardous procedure. Conseguently existing models are inadequate for
pradicting the influence of landuse changes, on both the hydrological and
salinity regimes, as well as the prediction of catchment management efiecis
on the yield and salinity of rupoff ¥rom catchments. FPredictions of

hydrosalinity responses in ungauged areas are uncertain when using empirical
modelling approaches.

Objective and aims

The main objective of the research project was 1o overcoms the high degree
of empiricism of rainfall-runoff and hydrosalinity models currenily in use
in Sputh Africa. in order to achieve itis objective the awms of the research
project, as staied in the original contract were ;-

1} The c¢ollection of data on the principal processes associated with
mineralisation, such as the natural generation, siorage and
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transport of rundff, sclutes ang sediments as dynsmically vérying,
distributed processes at suitable locations in uncultivated semi-
arig research catchments near Grahamstown.

ii} The analysis of the collected data with a view to test and improve

gxisting hypotheses and assumptions regarding the natural pracesses
listed in {i) and their Interrelationships.

iii} The improvement of existing hydrosalinity models incorporating the
improved knowledge of processes.

iv) The development and testing of new hydrosalinity meodels.

The research concentrated on the use of physically-based models as an
alternative to empirical modelling approaches. The application and
improvement of these models requires in situ measurements of the physical
characteristics of a catchment as well as a knowledge of the Interrelated
processes giving rise to the generation of runoff, solutes and sediments,
Consequently In  situ drainage studies and Intensive data collection were
conducted in a 2B ha catchment in the semi-arid enviropment of the
uncultivated Ecca River Ya)ley which drains into the Grest Fish River, This

hmant  is  nested within a 910ha catchment which was used to test the
transferability of physically-based mode] parameters.

Modification of aims by Steering Committes

The project was cenducted during a periogd of prolonged drought. The mean
annual precipitation for the project period {1982-1988) was only 304mm as
compared to  the previgus five year (1977-1981) maan of 499mm, The last
quarter of 1985 was a wetter periocd that yielded useful data. The drowghi
adversely affected the aguisition of sufficient data for model development
during the initial three and a half years of the project.  Thé problem was
compounded by  sedimentation in the streamfiow gauging structure and ihe
failure of electronic dats logging equipment at crucial times during scarce
events. Despite these limitations a large amount of in situ data were
colletted and numerous process studies were conducted. As a result of the
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drought the project's 5Steering Committee, at it’s meeting in February 1986,
recomnended that the modelling aspects of the project should
only concentrate on the testing of physically-based hydrological models.

The implications of this decision, in terms of the project's aims, were that
no new models were Lo be developed and no simulations of scluie processes
were to be gttempted. The committee also recomended that the available
solute data were to be used to interpret, where possible, the hydrosalinity
processes in the catchment., The overall objective of the research project
was not, however, altered

Major results and conclusions

The research results have been presented in the form of two reports, viz,,
an interim report by Moolman (1985) titled '"Data collection for the study of
runoff, solutes and sediment generating processes in a semi-arid catchment'
and a ¢coentluding report by Schultz (1987) titled 'Integrated studies of the

generation of runoff, soclutes and sediment in tributary catchments of the
Great Fish River'

a) The Interim Report

The interim report (Moolman, 1985} describes the research conducted during
the first three years of the project, The main topics presented were :

i) the instrumentation of the catchments,

1i} the results of extensive climatic, hydrolegical, sediment and
chemical data collection as well as

iii) the results of extensive soil surveys, in situ drainage studies and

laboratory analyses of the physical and chemical properties of
the catchment's soils,

The few runoff events that were monitored were mostly related to short
duration, high iniensity convective stoms.
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Conclusions of the interim report

i)

iii}

iv)

v}

With respect to instrumentation {t was found that the streamflow

gauging structure used In the study area could not accommodate the
large sediment loads produced in the semi-arid catchment.

The results of Intensive sc¢il surveys and laboratory analyses
showed that the soils in the research catchments were spatially
heterogeneous with respect to their depths, textural compesitiocns,
salt contents, s0il water retention properties, infiltration
properties and also their salt content. QDue tp the spatial
heterogeneity and the non-linearity of hydrosalinity responses it
was concluded that lumped averages should mot be wused as  input

parameters for physically-based hydrosalinity modelling in the Ecca
catchments.

In situ drainage Studies and geclogical investigations showed that
the underlying shales and greywackes were interbedded, steeply
dipping, weathered and fractured. Thess strata gave rise to a dip
and scarp topography. The subsurface drzinage of the dip slopes is
directed towards the channel while that of the scarp slopes is not.
The soils overlying the dip slopes are generally less permeable and
greater proportions of runoff and salt are derived from these
§lopes.

The generally dry antecedent soil moisture status of the catchments
is not condusive to the generation of runoff. In situ soil
meisture measurements indicated that as much as  92mm and S0mm  of
rainfall would be needed to raise the moisture contents of the
soil profiles on the dip and scarp slopes respectively to their
field capacities.

Ouring flash Tioods the peak salt concentrations occurred on the
rising limb of the flood hydrographs with marked decreases in
concentrations on the falling limb, Attempts to identify source
areas of salt concentrations indicated that the spatial
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distribution of salts in the catchment is highly varizble and log-
normally distributed. 1t was therefore concluded that arithmetic
means cculd not be used 1n hydrosalinity modelling.

The main conclusion ¢f the interim report was that the current
degree of knowledge assoclsted with the ogeneration of runoff,

solutes and sediments in semi-ar1d regions of South Africa is still
rather limited.

The main value of the interim report lay in the faci that it provided a
large amount of physically-based data that ¢am de incorporated directly into
physically-based, distributed mode)s or wused 1n further research into
hydrosalinity processes. It also served to pinpoint specific problems
concerning research 1n semi-3rid catchmenis.

b} The second or concivding report

The main aspects covered in the concluding report {Schultz, 1987) were:

1)

i1}

111)

The description and classification of spatially distributed,

physically-hased parameters for wuse in physically-based
nydralogical models.

The testing of physically-based nydrological models and  the
transferaoility of physically-based model parameters.

The interpretation of spatially distributed hydrological, chemica)
and sediment data.

Twe hydrological models were used ;-

1)

The ACRU model {Schulze, 1984) - moisture budgeting component of
this model was used to conduct physically-based, deterministic,
site specific, vertical dimension, two-50il layer simulations of
daily soil moisture amounis.
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The MODANSW model - the mode! was used to conduct physically-based,
deterministic, fully distributed simulations of sediment generation
and streamflow hydrographs.

Conclusions of the second report

i)

ii)

iii)

iv)

Almost all of the input parameters for the ACRU model (Schulze,
1984} were deterwmined from in situ measurements or laboratory
analyses. Exceptions were the parameters required for estimating
evapetranspiration. Attempis to calibrate soil moisture variations
indicated that the rejuvenated growih of natural vegetation after
prolonged dry periods, or irregular occurrences of rainfall events,
in  semi-arid regicns gave rise to problems in  simulating
evapoiranspiration.These problems were not easily accommodated
using fixed parameters such as monthly crop factors.

The evapotranspiration and vegetation parameters of the ACRU model
are not transferable over relatively short distances (less than
§0m) in uncultivated semi-arid regions where & diversity of species
gre heterogeneously distributed in space.

The uneven distribution of vegetation, soil textures and soil
depths gives rise to an uneven distribution of soil water content
during wet periods. Closely associated with these spatial
variations are heterogeneously distribwried pockets of high sait
content. From these variations amnd the non-linearity of
hydrosalinity responses it can be concluded that physically-based
and physico-chemical modelling approaches should noi be attempied
in uncultivated semi-arid regions using lumped or semi-distributed
modelling approaches unless ways can be found of overcoming the
problem of spatial heterogeneity.

Event-based simulations of flood hydrographs, for a 28ha catchment,
by means of the MODANSW model indicated that it i5 possible to
obtain representative hydrograph outputs using fully distributed.
physically-based inputs.
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A methodology was presented whereby the rspatial]y heterogeneous
hydrological and pedological data were classified into groups of
quantitative parameters for use in physically-based, distributed
nydrological models. The approach involved & random selection
procedure to spatially extrapelate the categorised data from
surrounding sample points to all finite elements in the catchment
The extrapolations were based on the results of analyses of
approximately 200 s0il samples and were aimed at preserving the
spatial heterogeneity of a 28ha catchment. It was assumed that a
surrounding 210ha catchment would have the same spatial variations
in its soil parameters. MODANSW model simulations indicated that
assumptions concerning the spatial heterogeneity of physically-
based parameters were not transferable from & small to 2 large
catchment where iess intensive sampling has been conducted and
where different scale factors are used in fully-distiributed
modeliing.

The MODANSW model was used to produce indices which showed the
relative amounts of sediment transporied from various parts of the
research catchments. The resulis were used to interpret the
spatial distribution of overland flow., 1t was found that more
runoff and sedimeni occurred on the dip siope than on the scarp
slope. This is possibly due to the higher infiliraticn rates on
the scarp slope.

A comparison between the chemical characteristics of rainfall, ihe
spatial distribution of the soil water chemistry, the temporal
varjgtions in soil moisture and the chemical characteristics of
streamflow, was undertaken in order to investigate the relationship
between the distribution of hydrological processes and salt
contenis. The results showed that :

a} The amount of salt contributed from rajnfall towards the
build up of salts In the soil was different on the dip and scarp
slopes due to differing amounts of soil water throughput. On the
dip slopes the salt content was increased by six percent during
1985, On the scarp slopes the permeability of the sqils [s higher
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and more salts are leached from the soils than the amount of salt,
inpgt from rainfall. Approximately 52 percent of the initial salt
contenis for 1985 were washed out of the scarp slepe.  However, 25
percent of the initial salt contenis were replaced by rainfall
thereby resulting in a nett loss of 28 percent.

B) The gpatial and temporal characteristics of salt
concentrations were highly variable within the catchment’s soils
and the regions in close proximity to the stream channpel had a
lower total dissolved salt content but larger proportions of
calcium carbonate than surrounding areas.

¢) In general the results indicated that the salts in the
streamflow are a mixture of salts from various non-point sources
and that the majority of salts are being derived from the dip
slope of the catchment. These findings were in agreement with the
spatislly distributed hydrological and sediment ocutputs produced by
ithe fully distributed, physically-based, MODANSH moie]l, The
implication of this is that the MODAMSK model could be adapted to
conduct simulations of spatially distributed solute processes.

Assessment of the research

The research #id help to 'overcome' elements of empiricism in hydrosalinity
models, but it can't be claimed that empiricism was eliminated altogether,
Qvercome’ implies a complete description of all spatially and temporally
integrated hydrasalinity processes operating within a catchment. ‘Compleie’
or 'total' descriptions of processes in natural enviromments are essentially
fdealistic research concepis. It is therefore doubtful whether empiricism
can ever be completely avoided in hydroszlinity modelling. Although the
idealistic objective of the research project remained unchanged <throughout
{ts duration, its aims had been modified by i{s stesring committez. The
dims were achieved and the results did Indicate that the element of
empiricism could be reduced in hydrosalinity models. The research
contributed towards this reduction by :-

i} Making & <concerted effort to show that physically-based
hydrological model ouvtputs were spatially distributed in a similar
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iii)
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manner to observed sources of solutes and 5édiment5, thereby paving
the way for the inclusion of suitable chemical components into a
physically-based hydrological model such as MODANSHM,

Describing the complexities of the spatial and temporal
distributions and interrelationships between processes giving rise
to the generation of runoff, solutes and sediment.

Identifying some of the practical problems encountered in

attempting to study and monitor hydresalinity processes in remote,
uncultivated catchments.

Recommendations for future research

For future hydroszlinity research based on work done in the Ecca catchments
it Is recommended that :

i)

i}

1ii)

iv)

Research should be conducted into the improvement of elecironic
data logging devices and the design of streamflow gauging
structures for wuse in a semi-arid environment where events are
scarce and sedimentation is high,

A longer record (+10 years) of hydresalinity data should be
obtained in  order to understand the solete  processes of
uncultivated semi-avid catchments.

As large a number of depth distributed soil water sampling sites as
possikle should be established [n order to gain a  bhetter
understanding of hydrosalinity processes. Intensive soil water
sampling showld be conducted at relatively short intervals during
wet periods in order to describe the dynamic nature of spatially
distributed salute processes. 0ata c¢ollection during dry periods
could be de-emphasised.

In  accordance with the recommendations of Prof. Issar of the Ben
Gurion University of the Wegev, Israsel {personal communication,



=102~
1986) water samples should be gnalysed for hatural isotopes as well
as their major cations and anions. Such analyses should aid ip
attempts 1o identify the source areas of salts and  their
hydrological pathways,

v} Hydrosalinity model development shou)d concentrate on uncultivated
5 well as cultivated areas of South Africa since both areas
contribute towards the saline pollution of South Africa's scarce
water resources.

vi) Optimal water resource and catchment management strategies are
vital for minimising factors such 25 saline pollution. For this
purpose a clearer understanding o7 hydrosalinity processes and the
continual development of hydrosalinity models s necessary.

.1} One of the most time consuming and labour Intensive aspects of the
research project was the aquisition of quantitative, physically-
based model parameters, In the light of this amd the uncertainties
associated with accommogating the spatial  heterogeneity of
physically-based parameters, 1t 1is suggested that continued
research into hydrosslipity models should concentrate on empirical
as well as physically-based and physicochemical modelling
approaches.

This project, which was the first of its kind in South Africa, has
contributed towards an undersianding of hydrosalinity processes fin small
unceltivated catchments. It is hoped that there will be continued research

.o the development of methods for predicting the hydrosalinity response of
urigauged aresas.
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LIST OF APPERDICES

Page no.
Yolumetric soil water content (Theta mm/mm) A=1
for the period July, 1983 to December, 1986
for Catchment F
Streamflow data for the period Qctober, 1985 B-1
to January, 1986
An example of some of the input parameters usad C.i-1

in the ACRU simulations of soil moisture variations
at site SMIL

An example of some of the output from program C.2-2
COLLATE which was used as input to the ACRU model

An example of some of the output from the ACRU £.3-3
s0il moisture simulations for the 0-15¢m (A-horizon)
and 15-45cm (B-horizon) soil depths at site FMIL of
Catchment F (see also Figure 2.2 of the main text).

Examples of streamflow simulations by means of the D=1
MOBANSH model
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APPENDIX A

Yolumetric soil water content,
Theta {mm/mm)} for the pericd July, 1983
to Decemper, 1586 for Catchment F.

(Note: The data are from the six, depih distributed, sites presented in
figure 2.2 of the main text.) '
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FHHHEEF VR RSN R A A R S RS A R R EF A R R R R FE 8 3 H 3 R F I H R FHE R R EH A L
158 & #,047 043 068 049 4,033 4,105 L0119 L1304 £.084 120 420 EOT] 104 @
165 §3 &, 047 035 047 e, 083 #,038 £,146 172 108 &, 117 117 118 £.092 L1101 &
877 20 5,000 .03% (065 000 #.000 000 L02¢ 110 GO0 Lils LAIF EQ0G L1LT
I3 2 £ 151 045 L07 HLTY E029 R27T L1 108 299 LIAT L1014 AH2 LN0E 4
179 27 #0138 045 000 w029 £, 240 5,250 137 (110 £, 221 147 (120 4140 709 4

SOIL-WATER COMTENT IVHETA, MM/t FOR MONTH 7 YEAR Bd
+ FAIL 1AL ML + FN2R ' FaR t FMSRE 4
JOAY DATE 2 150 X0 o0% ¢ 150 & 150 + 150 &50 750 ® 150 430 740 2 150 454 +
SEEFHH IS SO S PR F R FEFFEERFR BV £ B R LR F R B HE M HH EH I
IBA A #,072 047 007 £.08T B083 #1177 L1530 112 2,008 140 I 2036, 110 4
193 10 #0701 (043 (078 4,080 0,068 #0194 . 332 L1190 #1841 . 136 123 037 102 4
200 10 k06T (04T (0TI £.084 5,049 3,157 127 (104 H1E 134 (104 5013 L10% 4
207 25 4,078 .047 075 4,078 4.07b 2,216 125 101 V. 18G 120,109 1020 07 2

SOIL-WATER CONTENT [THETA,MA/NMY FOR MONTH B ,YEAR &4
i Pl #FRIL 4FNIL ¢ FHIR & FH4R t FEIR
JOAY TATE B 150 430 00 ¢ L3O # 150 # 150 450 750 # |50 450 Toi & 150 450 ¢
FEHEEFHEHHFFEH A RO P L R L B FHE R EE R LR E R R EEEEF PR EREFE R HE R B EE Y
241 w137 045 073 130 £.098 2,239 124 L 112 %092 L1027 LO07 RS G LLD 4
21 B #0584 043 0N £.077 £,030 £,175 (124 L1108 £,.125 L 125 L1L4 £00F G109 4
ZH 15 w054 L0410 070 BOA4 EL04F #1946 135 L §12 E114 127 L130 E004 L1124
235 22 #0859 (044 073 &0 030 8130 1B 10 E409 L 126 120 52095 L010 B
20 27 w090 L0 L 078 bO7T £, 000 w000 (119 G100 E,000 125 122 £.000 LDLL ¢
1

SOIL-WATER CONTENT (TREVA MNAWAY FOR HOMNTH 9% YEAR B4
P OFAIL $FL SFHAL & FK2R 1 FH4R t FNSR 19
JHY DATE & 150 450 A00 & 150 ¢ 150 £ 150 450 750 ¢ 150 430 T30 % IS0 430 +
HEEEHEES HEHFHH HEHHH B S R S S E P H
HT 5 6067 045 O7h E.075 €041 £.119 L1238 (116 2009 124 120 E00% LHIG 4
296 12 #0853 044 07T 4,058 £,027 1,007 L1202 104 4,006 119 115 £.079 110 ¢
I 13 4,085 041 ,07] £.065 3,025 £.001 125 109 £.088 121 (122 3,087 110 ¢
22 B 0L0 042 (072 %057 #0030 +.108 121 102 £.087 L1025 .10 RGBS LILC %



SOLL-NATER CONTENT(THETR, MN/AM) FOR MOMTH 10 (YEAR B4
+ FALL SFAZL HFRIL # FNZE t FI4R L FM3R ¥
JogY OATE € 190 430 00 & 1300+ 330 # 130 4% IO ¢ 150 450 750 ¢ IS0 450 %
R EF TR R R A R R R R R FEF A A P F A R A S R R A R A R A R R R R R R R R R LR E
27703 0079 040 072 5,069 4040 £,100 L0126 L1 4008 1M L100 H01 L H1T
264 10 X087 L0400 070 6089 £045 £133 LLET L0 4,020 123 1T £.102 L10% 6
M1 E0F 039 LO0TT &,.04% £,027 4087 123 112 w093 .52 118 0.08% 30T 4
98 M O M5 043 072 n 047 L02B FL09% 109 (104 BOTY LS 121 EOWR LN B
05 M £.051 042 (071 £.042 5,027 0088 171 100 4,087 (13 120 €087 107 %

SOIL-HATER DOWTENT (THETA M/NM) FOR WOMTH 11 ,YEAR 80
+  FHIL SFHAL SFNIL ¢ Fnze $ FAR + FMR ¢
JOAY HATE # 150 450 60D + )50 + 930 + 130 430 750 ¢ 150 450 T30 ¢ 150 430 9
FEHEFHF R I FO R FEH HE FF R H A HEH G H EHHH B HH
2T w041 033 071 037 000D 088 .12 . 002 £,071 120 (006 ROT4 U112 ¢
37 W 503 091 LOT1 R03T #0040 E.074 L0123 L000 000 L2092 2000 L109 &
320 21 4076 (042 L07) 008 034 £008 L0 L1080 K HLZ AN LS 10T (104 2
333 B w04 (042 071 £.033 5.00% 2,073 022 007 080 (100 11F w005 L1103

SOL-HATER COMTENT [THETA MS/MN) FOR HQMTH 12 ,YEAR B4
¥ FHIL sEMZL SFRIL 4 FrIR £ FH4R + FMSR »
JOAY DATE # L3¢ 430 400 ¢ 130 ¢ 150 # 150 450 750 # )50 450 750 ¢ 150 A4S0 =
FEHEE M EEEEH ARV ER R VRO R E R R ES RE L E R R ]
0 5 %09 044 073 E103 £.049 £,155 (121 L11T 6008 G120 L219 R 05D L0108 4
T 12 £,050 041 072 4,058 £.033 £.085 . 123 113 £,009 100 .LI8 .09 .10 %
|

SOIL-WATER CONTERTITHETK, /MM FOR MONTH 1 ,YEAR 85
+ FRLL £FA2L #FAIL 1 FN2R L FHAR + FNGR »
JOAY DATE & 139 450 400 # 150 ¢ 130 4 (30 430 750 ¢ |30 450 750 » 150 450 #
R EEHHH P R HEF P M R R B T A TR R § S R EES FLEY
PO n08) LOT7 LOIZ 2087 w035 €097 L L21 LLLO 4090 (BIT L LIT 8,103 L1008 £
l4 16 k144 047 07D 0,102 4,087 2,203 120 108 %212 123 (118 &, 7200 100 ¢
I3 3 503 092,072 £,030 #0308 +, 117 125 107 .12 123 116 +.0BL 109 ¢
1030 #0794 041 (O74 £.070 #.070 5,096 L4 130 2,403 122 L1320 #,087 .10% #

SOTL-WATER COWTEMT(THETA,MN/EM) FOR MONTH 2 ,YEAR BY
+  FAIL FA2L #FRIL + FAZR v FMR ¢ FIIR
JOAY BATE & 130 430 400 + 130 + 150 # |50 450 750 # {50 450 TS0 7 130 AM0 ¢
EH R EH HEHHE B H A T P R N
37 & % 145,000 075 £,108 2,084 &, 262 L125 .112 €227 028 122 £.200 113 ¢
4 13 w052 0R7 0% FGLG R000 1200 L 160 LD 233 0149 123 8237 120 4
31 20 053 .084 124 3,057 4,037 £,155 L 1BE 115 4,129 148 (106 4,148 132 ¢
50 27 w049 (OTE 139 2,040 B037 #9135 L 10% LI0B #0100 142 125 . 100 129 ¢

FOTL-WAVER COMTERT (THETA,#/NN) FOR WONTH 3 ,YEAR B3
t  FHIL AN HFRIL + FHIR # FAR E OFM5R ot
WY BABE £ 150 450 400 € 150 ¢ 150 # 150 450 730 4 150 A4S0 730 & 150 450 +
HHEHHE T FHEEFFHE H R FH R H R EHHEHH R
B3 b 4,057 075 137 5,047 4,027 0179 154 L008 1,102 139 021 6,056 (KI5 ¢
113 4,040 071 128 F.022 6043 4103 082 (105 2,000 L1 120 ROW (D2 6
M0 1071 (058 (125 w.0M £.033 £, 129 153 L10b €009 130 019 0108 (020 0
Bh 37 5,036 063 .MI8 FOLB E0LT 099 LAY 003 £.002 124 120 £.091 (117 #



A-6

SOIL-WATER CONTENT(THETA,MS/BM) FOX WONTH # ,YEAR B%
t FaL AL HFNOL § FHZR L FHag + FNIR ¢
JOAY DATE & 150 430 a00 £ 150 £ 150 # 150 450 750 ¢ 130 430 750 ¢ 150 450 ¢
FEEHEREF P R R T H T R A
%3 3 nOM 055 108 B012 #,000 £,0%4 .1457.115 7,080 .124 113 £.009 ({13 ¥
100 10 #,122 ,055 099 1,041 #,03) £,225 (142 130 9,092 121 123 %079 .120 ¢
107 17 1,062 ,038 098 1,022 5,021 #. 148 193 .17 .007 122 (122 &.004 110 4
114 34 #0107 ,057 095 +.057 +.044 #,192 180 104 0,059 125 118 &, 155 )17 ¢
1

SOIL-WATER CONTENT{THETA,MA/NM) FOR MONTH 5 ,\YEAR 435
t  FHIL HFNZL tFRIL ¢ FA2R t FM4R + FRE ¢
JOAY DATE ® 150 450 400 4 150 & 130 B 130 &30 750 # |30 430 V50 ¢ 150 43D
SRS REHE VR R A PR E R R PR BT AR R 1T R ERE R R R e L E TR B A
120 1 459,055 095 £.048 £.039 £.142 342 024 #1109 126 123 4. 108 144 @
128 0 #.059 053 (093 £.022 #0286 %037 043 10D £ 00D G024 926 F005 LT 4
135 15 &,084 053 .093 4,020 2, 00F £ 112 039 120 2,082 97 119 £007 NIT 4
147 B 4070 6% 087 2.00% #0008 w090 (140 11T e OTh 122 (120 40004 LA4 R
147 2% H0%5 043 083 4036 #.035 £.085 120 L 110 .24 123 G120 H.245 100 8

SOIL-WATER COMTERT{TRETA M) FOR NONEH & TEAR B35
LI 1 8 #FA2L FFNIL ¥ R * FMHR t FNSR
JOAT BATE » 150 450 &00 & 150 # 150 » 150 430 750 #150 430 730 & 150 430 ¢
FEHEF M P HEE P M E R LR M PP R Y H
13 5 #0353 .043 062 #,030 #.020 #,12 128 318 093 . 120 121 %097 (|15 4
163 12 £.07% 030 002 #.05] £.05% #,150 127 (9fA 3,126 120 119 £.0%2 107 4
170 1% 4,057 047 005 #0701 #.049 £,141 129 116 #.090 123 017 ®.0B4 013 3
177 26 4,142 .02 (084 124 £.098 £,273 (327 L1017 220 022 120 609 L1163

SOIL-NATER CORTEMTITHETA,MN/AM) FOR WONTH 7 (YEAR  HS
£ FuIL EFNL TFMIL ¢ FH2R ¥ FM4R ¥ FASR b
JOAY DATE # 130 450 o600 # 150 # 130 ¢ 13¢ 430 730 # 150 430 730 # 150 430 ¢
FLHEEH M R AR R HH P EEE BRI EEEE T 4 CHE RIS EER HHEEE R FER R MR E HE I H
193¢ 3 0B 049,079 1,100 K075 #.196 130 L LIS #3071 120 G120 &, 139 114 B
194 10 K087 .051 ,0B9 R.OBT %.095 £.0%1 (129 . L13 &.079 124 022 %078 . 110 ¢
198 17 w055 047 (0B2 B,044 045 ¥, 120 .132 L 11G 4,107 119 122 E097 LULS B
205 24 4,057 (048 0T 0,082 #,058 &, 124 124 109 4,108 122 117 £,000 114 ¢
AT 31 4056 .04 LOT7 #0563 +.043 %103 127 L H17 1090 117 021 £0%0 U124

SOTL-WATER COMTENTETHETA,MH/M) FOR MONTH B ,YEAR 85
1 FmL HHZL #FN3L ¢ 0¥ £ FiR r FAR ¢+
JOAY BATE £ 150 430 &00 v 130 + 150 &+ 150 430 730 =450 43D 350 ¢+ 1M 450 ¢+
FEHHHEHHH A FHHHH D FE I E A H R T M T E R P H R HErH R H
/Y7 5047 050 L070 £.05) E,037 EL095 129 L110 50005 L1322 LLE EO75 LMLV
23 14 £,053 000 000 #.04B 4,044 4,101 000 000 .08 .000 000 +.085 0 ¢
213 21 £,05 L043 079 +.049 #£,038 2,093,126 L0147 £.004 L122 (117 £,080 113 ¢
40 28 K04, 04% 090 8,033 £,028 077 L1020 L1012 075 G106 1F4 H048 LD ¥
1



A-7

SOIL-WATER CONTEMT(THETA MK/MN) FDR NONTH % ,YEAR 65
+  FHIL EFNIL 4FH3L % FHZR ' FidR + FAJR o+
JOAY DATE £ 150 430 400 & 130 # 150 ® 150 430 790 v I50 450 790 4 150 430 ¢
HAHHFHHHH S FH T B R R T H HH E R HH HHHHHH
A7 4 £.049 047 (OB €019 w038 4,093,126 L0110 &, 083 122 021 €073 (108 ¢
29 11 R04% (047 .07H B.041 053 4,081 L0127 112 078 109 LT EOFQ LU0T ¢
1 B £,055 (043,072 +.089 £,037 4,087 128 . 112 4,086 120 520 &7 L1010 ¢
260 23 £.047 (043 .OF3 #0360 4,030 w078 127 L0104 8,077 120 122 £,071 J100 ¢

SOIL-WATER COMTENTITHETASA/MM! FDR MONTH 10 ,YEAR HG
POFAIL AL HFRIL # FHIR # FRdR £ FMR @
JOAY BATE ¥ 150 450 00 + 150 £ 150 * 150 430 730 # ]3¢ 450 730 2 )50 430 ¢
FERRERFREREE R R R A S F PR R L L EF B TR R R FE L FT H Y
7S 2 E,043 040 .072 034 H.Q30 4,074 L3251 &,084 (117 L1019 4,065 . 108 £
02 % x046 043 070 %040 E.OT0 £075 128 L0112 0070 (11T 124 w089 LU07 &
0T 16 #.IAD L 114 09 #0043 £.14h €274 100 L0 £1I9 127 L004 £300 120 4
i 23 072 092 L1201 +.07F EO0E #1442 185 006 8034136 L1857 208 10 %
303 30 £.000 .00G 000 +,Q000 £.000 £.000 (000 .00 £.000 000 .00¢ +.000 000 &

SG1L-WATER CONTEMTC(THETA,An/mey FOE MOMTH 11 YEAR B3
£ FHIL tFIL PN FN2R t FN4E t PRt
JUAY BATE # 150 430 &0D # 150 # L350 & 150 450 730 ¢ 150 450 730 * 150 450 ¢
HHEHF R R A VR B R L R B E HH R
0 & w110 126 229 E.000 w000 3371 .277 206 1,317 (215,150 1.05% 2R 6
T 13 £.162 L1277 (E37 £.000 £.000 #.3568 205 ,114 £318 135 122 £.331 182 ¢
I 20 1078 099 102 2000 &, 000 E IS .207 (21) w200 J0Th 160 4125 .11 4
T 7 #5708 .29 519 1169 ©.310 207 L2530 £.310 (153 167 £.390 188 +

SOIL-MAVER COMTEMT[THETA Mo/nit: FOE RONTH 12 ,YEAR  BS
£ FHIL IFNY HFMEL FA7R t FHR t fOR Ot
JHAY BATE » 150 430 B0 » 150 » 150 # 150 450 750 # 150 450 730 % 150 450 »
HHHEHHEE A HHHHHHHHEHH A T H R FHH A e R SRR R R 2R F Rk kT b T
I 5 BT L1027 203 e 140 R1FT ORTUS L2I2 VM2 AR LIS .2 4,202 MG B
U 1) L1 (BT L2462 £, 134 4085 P00 230 239 08 LHE LHG 197 K5 e
352 18 £.092 1 230 90085 £.020 O3S (225,236 4,287 JA%A LT MG L1434
38 OH A 130 106,222 4000 &, 000 £.37B 225 233 4000 197 .227 4,280 .170 %
368 31 e 100 (09 100 #.000 B 000 #3501 204 (227 w250 (167 210 R.Z10 (150 %

SOIL-BATER CONTEMTUTHETA MN/MM} FOR MOKTH 1 ,YEAR 84
+ FAlL SFNZL HFNAL # FMIR r Fu4R + FNR &
JDAY DATE £ 150 430 500 £ 150 # 150 ¥ |50 450 J30 # 130 450 750 v IT0 450 #
ELHEEHH HEFFER R EEER P R EF FR R SRR F R T F B P R ER R MR R L A L F ERE TR HE
8 8 4,129 .09 196 €.097 067 £, 243 220 236 #.226 170 (197 %200 .15 ¢
15 15 #0082 1% 170 %,062 #,042 B, 153,247 223 &, 14D .955 ,1B6 #1156 137 &
27 21 4064 073 159 £,004 1,027 4,073 L2080 L2210 BL0T 1590147 4090 195 ¢
29 2 w198 .05% (102 &, 166 %122 4,258 215 . 227 B.2B1 L1063 LUT4 B 231 141 %



A-8

SOIL-WATER CONTENT{THETA MM/MN} FOR MONTH 2 ,YEAR B4
P FHiL EFNIL EFMIL 4 FN2R ' FH4R LA~
JBAY DATE ¢ 150 450 400 & 150 £ 150 # 150 430 750 # 130 430 736 ¢ 150 430 »
HE FH P EEHHEEEFH TR ER R R T B VT
36 3 EO0BF 059 100 &,045 £.045 £.151 202 .209 +, 147 ,04b 006 +,118 .05
13 12 +.049 .058 102 #.027 £.024¢ #0487 193 (203 +.0B7 .162 . 179 B.077 L1353 ¢
5 19 +.042 050 .098 €.04% H017 &, 088 (176 L1990 4,080 150 . 180 #.0BF 132 &
9 2 £,0080 .009 , 070 +,045 £.099 ¥, 160 . 163 (167 B L4Q L )51 177 8120 L0140 4

SOIL-WATER CONTEMTITHETA, NH/MR) FOR HONTH 3 \YEAR BS
£ FAlL $FNZL BFAIL & FAZR ¥ FRAR ¥ FNSR
JDAY DATE £ 150 430 400 # 150 ¢ 150 # 150 430 750 & 130 430 750 ¢ i50 450 ¢
FHHHHIHETH R B EH S PR H HH S H HH R R
b4 T #0456 ,095 003 +.040 4,030 £,099 149 173 €099 150 . 1bb £.0B9 120 &
7112 #1084 049 (084 #.100 4,105 £, 263 (146 186 4.298 143 ,120 .43 (13 #
78 19 5,081 .033 084 3,003 2,028 £,145 . 163 136 0,390 . 142 .153 0030 124 ¢
85 2% +.700 .03% (0% ¥,157 4.1B0 F.420 100 243 £3589 147 130 8,739 (130 ¢+

SOIL-WATER COWTENT(THETA,M/NN) FOR HOKTH 4 ,YEAR B
+ FHL HFAIL 3FMSL E P28 i FR4R v PR+
JOAY DATE € 1530 450 400 ® 150 ¢ 1530 # 150 450 T30 # |50 450 TS0+ 130 450 ¢
FEERRRREE AR 4 RN I T E A LA R R E A 3 A R R R R R HE R R A H IV R 1 144
%2 2 E,05Z 047 .084 :.013 .00 £,120 (193 (140 5,095 130 L0199 RI0G 120 %
100 19 507G 052 070 E.057 £,031 4,045 143 139 +, 103 120 139 +,107 130 ¢+
104 16 w046 .0AB 0B €£,033 £.004 £.107 2142 128 +,088 , 139 . 143 +,093 131 ¢
113 23 .04 .033 085 £.032 3,020 2,101 139 .133 +.091 .132 146 #.085 .131 +
120 30 £.043 .04% 087 %030 2,008 #,095 136 120 #.084 . 334 143 &.084 132 ¢

GOIL-WATER CONTENT{THETA.MN/MM} FOR BONTH 5 YEAR @b
+  FALL 2L SFHLL, 2 FH2R ] FH4R + FAR ¢
JOAY DATE £ 130 450 400 ® 130 # 100 # 150 450 720 + |H0 450 750 § 130 450 ¢
FEHHH R A H EH R R R R R R e R H LR
127 7 8,045 050 081 $.027 ¥.012 £,095 137 129 £,089 036 S04 600 (120 ¢
134 14 #0401 045 080 %033 #0012 5089 133 121 +,080 154 .1 E082 M ¢
191 21 w018 047 ,082 £.028 £.011 £.088 , 134 L 120 069 132 139 4,068 125 ¢
168 2B +.040 D42 077 +.020 &.015 +.090 132 (128 +,073 (131 127 ¥.075 42 ¥

SBIL-WATER COMTENTUTHETA,NN/MMI FOR SONTH & ,YEAR 8%
¥ FHIL FFAZL #FHIL % FH2R 1 FI4R ¥ FHIR +
JOAY DATE € 130 430 40D # 150 # 350 # 1530 450 700 # 150 450 750 5 150 430 £
FHPH R M R I E R R R A E L R E R F A A R A R e M S E M TR
135 4 %036 045 081 5.02% 1.010 £081 133 .121 4.073 .131 130 .06k .122 ¢
162 11 & 109 044 074 5,0BB #.088 +.238 137 ,123 ».094 132 149 5,087 126 +
&Y LB #.053 045 ,07b #.051 4,038 £.163 127 123 &,125 .128 537 #.084 124 &
177 26 #.078 .043 .0B3 £.051 3,045 +, 164 131 .12] +.143 124 135 £.124 128 ¢



A-%

SOIL-NATEK CONTENTCTHETA AN/ARY FOR RONFH 7 YEAR &S
+ FAIL sFHIL #FH3L MR ] FHaR r OFATE O
JDAY DATE € IS0 450 &00 ¢ 150 4 150 & 150 450 750 ¢ 150 450 750 ¢ |50 450 &
FEHH AR T A e R R A R R R R R R R P E R L A R
I8 2 054 048 L 079 088 1,035 &, 04F 035 024 4 109 L2917 4,004 L1706 #
190 7 a.00% 044 079 o, 000 ¥, 000 #,367 137 107 M0S7 L0129 140 £, 050,12 4
197 16 4,047 086 085 000 » 000 ¥, 186 132 119 ¥ 142 .)25 150 19 13 4
NE Y0 w047 08 079 2000 D00 4, [ 7h L U38 LIZ0 4, 12D 127 136 4. 105122 4

SDIL-WATER CONTENTITHETA,MMAMM) FDR NONTH B ,YEAR B
+  FHIL STH2L aFM3L ¢ FHZR # FiR t FHR ¢
IDAY DATE + 158 458 G0@ & 15B # 150 3 150 458 750 « 158 ASh 750« 158 i3k
HHHHEHHEEHH R H A R HHHEHH B H HH D H R WY
N0 & w045 047 000 +. 009 . 000 5. 177 133 020 1125 029 036 0006 L 120 3
225 )3 +.B4& 04T 070 #0200 5. 000 2000 L5133 J18b %135 029 14T RIB 126
230 6 w06 M5 87D £.000 £ 0E0 177 L9301 523 0008 L1207 .34 E030 L1074
252 2 £.B53 (837 .BB4 0.BOD v RRR 5077 133 L0119 4212 L1208 03] 1128 128 4
719 27 %.B51 .Mt D75 £ 000 #0008 £.19b (131 128 4149 L33 (137 +.133 128 &

SOIL-KATER CONTENT{THETA, MMM} FOR MONTH % ,YEAR Wb
L] FAIL 1FEN «FNIL FN2R ] FHAR T PSR &
JOAY DATE # J5@ 458 L@@ # I5A & 153 # 157 450 V5B 3 15B 450 Y5B & 158 AGA +
FHEH A H A R H R S R EF R P
My 03 LA70 LA 07T ELERE A ODR 2N L 0E9 L0120 RITE 02T LD3Z RGBS L1200
253 10 B3 MG 063 £ HN PR R 19F LI LTS 0TS L HIE LB3L E0ST LI20 4
B 17 £.049 (RA4 A7 4. REN R QAR 173 133 L00R 5157 109 LITR R LAY LIk
T M @50 4T LETT £ 0ED RBBR O LBI L LES LELT RIAY L L2E 127 REDS 20 6

SOIL=-WATER COMTENT{THETA WA/MNS FOR MONTH B ,YEAR B
+ AL FENL. SFR3L FKR ¥ FH4R ¢ FNR +#
JEY BATE # 150 450 408 F ISR 5 IR e A58 430 7S 2 150 450 7H A1 4
P H A HHH ST EEH P H B
274 1 &30 .50 (BT7 & 000 6. ROW E226 131 L507 4.332 926 127 1229 1K ¢
W8 wBBS M52 004 4,000 5 BBR #,273 .133 (127 M5 L0209 0T 200 120 4
268 §5 o, GRS (B&E (BUT S.80R 2000 5237 (14D L JAA £ T L14h L0147 .93 L10B ¢
%5 22 o019 (M7 (B0 000 4. 088 175 (132 . 017 LI L1 0T IR L1236
YOI el BB D52 £ P00 exeer 1033 (128 19 003D 123 L1324 AT) U004

SOIL-WATER COXTENT(THETA,MM/MN) FOR MDA 11 (YEAR @b
+ M FFMZL BFMIL ¢ FNIR 3 FMig t FHSR §
JOAY DATE & 158 458 SBO » 150 & 158 & ISM 458 758 @ 158 A58 7SR &+ 158 o508
HYFHHFHR P HH S R HHHHH HEH N HH U B HH A HHH
s 12 .M N7 TR BT D72 A S L1NX L HIT Y L TE L1 DA LT
IZ3 1% £.B55 D47 002 0,927 BRI A 079 132 L0550 854 (120,120 5,000 12D 4
IO A LB B77 02D B 316 1, BER 126 Y17 4.08T 921 129 E,135 (1R 4
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SDTL-WATER CONTENTITHETA,MN/WN] FOR NONTH 12 ,YEAR B
P FAL WAL #FNSL £ FHR ] FMLR ¥ FNSR ¢
JOAY DATE ¢ 138 4508 509 & 150 # 130 4 |50 45H 750 4 138 458 T8 & 15D 45E ¢
HHEFHFFH HH AP Y HE B H SR T HEEH T HE S S
337 3 &.045 ,B49 .BE? V029 4003 0872 331 .20 E.9BA 132 536 £.109 120
I RRZE LB 673 R 019 0 B4 062 L129 L0210 A 057 12D 12T LN9R 108 4
351 17 E.000 LGH0 600 «.DD9 o R0 9. 508 .DOD G0 L0500 BN 000 5000 .DOD ¢
J5B 24 ».025 (MY .077 v.005 %020 £.05% 025 100 0GR 1T 1R 0.9 LH1D 4
SILER N BRI YL N LS LN ST RN RIS RN IR
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APPENDIX B

Streamflow data for the period
October, 1985 to January, 1986
for Caichment F.



TOTA. DAILY FLOKS IH: 1ERTCH F
GATE BF EYENT 5TARY :
1 1a8s
DAY STARTS AT 0,08 HOWRS
1269
EVENT ZRY 1 DRIE 31 1B 65 .
HOURLY TOTALS ILITRES)

. e . el
. Bog . BRG
B2 -BOD
oL L
DAY TOTAL . BED

EVENT BAY 2 DRTE 1 31 &5
HOURLY TOTALS (L1TRES)

-BER -Egd

N ] .Bee

N[ N

J48.0ed 269, e

DAY TOTAL Jab7. 7R

EVEXRT DAY I DRTE 2 11 B3
AJELT TOTALS ILITRES)

517,560 J5B4, b0

56240, 180 17340, 500

13541, 108 111766, 508

112755, U8 102785, 700

DAY TBTAL 1963524, 400

EYEWT BAY 4 DATE 3 i1 83
HOUELY TDTALE IL]TRES)

13288, 609 27514, 502

LR e

27931, 5e) 26237, 708

Zie7p.BeR 1BE14. 528

DHY TOTAL BITL0Z. 100

EVEHT DAY 5 DRTE 4 1] 8%
HODRLY TOTALS GL)TRES)
15699, 100 12326 428

92346, 108 914,300
24318, 368 22184, 198
E2852, 6B 15778, 248
DAt TOTAL 454434, 120

EVEMT DAY & DARIE 3 1) B3
ROURLY TOTALS (LITRES!

17124,760 le&33. DRE
11255, 08 §9321, bl
BB4&. 1068 G470, B0
1480. 200 1345088

PRY THTRL 40571, 108

.0ee
. Bag
N
.o

. 2Ed
R
FERNL.
Jod. 00

7471, BB
88275, 2908
131353, 208
97148, 199

AL )
14413.380
24543, 000
1a10b,. 208

11228, 200
§bi50. bR
{9935, 60D
D487, 808

16836, 208
1E& 18, JED
B4, 2HN
7255, 400

B-2

.20e
.28
- DR
. BRB

N
N
1. )
Jsd.fee

971,108
1B25E8. Jee
§29%49. 088

FI971.200

o933, Ben
329Be. 190
22850, 1BR
17397.984

18528, 408
32494, 008
19868, B2
BI85, 408

H4877, 208
7998, 100
1118, 108
7135, 78

.eg
N.LL]
-bog
- BER

K.
L1
36D, HEH
Jod. 008

19341, 708
129287. 890
119159, 798

BESY4. 48

HoT4.BRE
1318, B2
21948, BRR
16929, B4

54678, 5B
26194, Bod
19694, 700
17054, BM

12958, 228
¥598. Sab
TiZo, dmh
5950, tAR

.bae
.Rae
B0
00

. bag
. bag
J69. BBG
3hb. A28

GE31h. 400
126479, 700
117728, BaR

88342, 500

45864, 388
29825, 268
2959, Bb2
16729, 888

7474, Bod
24855, 408
195350, 30D
174%0, b0

1ibds. 008
5213, 208
Thbh, 108
b545. LD



EVENT DAY T DATE & 11 82
HOURLY TOTALS FLITRES)
b124,%H S11%5.004
4028, 068 4410, 268
4588, Dol 2508. pbd
4217008 039,700
GRY TOTAL 119844.880
EVEWT BAY 8 DATE 7 11 33
HEURLY TOTALS (LETRES)
47,780 J387, kB
19437 prra iy
2348. 808 2307, Led
2898, 9t 1931. 208
DAY TOTAL 68744, 208
EVENT DAY 7 DATE 2 11 BT
HOUALY TOTALS (LITRES)
1E00. bag 1628 2ad
714.288 73l. 668
129,628 125, 808
.08 124.800
pAY TOTAML 1170508
EVENT 3a¥ 10 BATE 9 11 83
HIUREY TOTALS ILITRES)
720.080 720,600
~Th. 800 317,50
b eam 34H. AR
354. 00 3t9. goe
D&Y TOTAL 112e1.408
EYERT DAY 11 DATE 19 11 3%
HOURLY TOTALS {11TRES]
358, bR 3t.008
3b3. 88 J00.hod
363, BeR 308 EeR
4.0 60 KM
DAY TOVAE Db, o8
EVENT DAY 12 DATE 1! 1l B3
HOURLY TOTALS {LITRES!
SELN L a0, 000
360, 208 Sh, bae
RN R
b, 26h 360, BBE
DAY TOTAL LT )

EYERT DAY 13

MTE 12 31 B3

HOURLY TOTALS (L{TRES)

3o, PRl

Jbd. 208

JED. 28

2ok, 298
LAY TDTAL

150, Bad
340,288
368,008
148,99

5b49. B0G

SIBE, ED
4504, Y
4400, 208
3BT, abd

3351, Hed
2703. 508
2HE, 182
1898, pae

tege. pee
724,608
T20. 00
0. Kl

120,008
51,208
N
" 3bb.0800

308,000
350. M0
i, oan
150. KBS

J4b, fen
e, Mot
Ju5. fee
169, heg

140, 3D
J60. feN
169, ded
Job. 208

B-3

4865, 480
4508, 122
4056, 320
JL71. bbe

J272. 440
2383.904
2185, 200
1832, 408

1450, 888
129,089
T70. 208
TH.B0

178 h8N
399,104
3B, 0ed
09, Bde

360, 250
Shil. hed
JhE. B
L9000

360, pEd
hENCLL
J6B, BB
369088

sbh. 098
300, bag
368, B
o0, BB

588, dea
4450, BoR
4170, Bg
J3b4. 008

3183, a0
1841, 260
.
15@a, o

720,898
7280
1280
729, 088

494.0088
LR
348, 200
6. Y

360. 604
Jig. am
M N L)
Jub. eep

J6i, B0E
Sbb. Re
Jeh. tag
ML

39, b8
3. 6ER
3t9. 688
168, 93d

{ABE. BBE
4488, 204
4185, 100
Ji8¢. 490

IBat. 5ed
2430, o0k
2Bg6, 400
1248, 928

720,000
128,008
TH. 888
7700

£10.208
Ja0. 080
Jo0. 084
368000

Jbb. 000
Jth.0ee
Job.een
360, 0

Ib3. e
b8, 200
$h0. 200
360,602

368,800
Jbd. 208
3bd. 080
160,200



EVEHT DAY 14 BATE 13 11 85
HOUREY TOTALS {LITRES

366, 808 349,909
808 . Bl
. BDB 008
_ 888 998
DAY TTAL 1725. 10
TOTAL DAILY FLOWS IH: ICATCH F

OATE OF EVEHT STRRT ¢

ol DR
BaY GTARTS AT .80 HOURS
(AL
EVEMT DAY + DATE 23 11 B3
HOURLY TATALS (LITRES!
150, 080 Jai. 108
369, a0 360, Bae
348, bag 300,008
17941 900 14m.Tn
bAY TOTAL BEbab1. 508
EVERT D&Y 2 DRTE Zh il B5
WKLY TOTALS {LTTRES}
TR, Aol 9B, 020
4532308 9432¢.%08
73430, b0 91964, bB0
2424%.000 A3085. 508
BRY TOTAL 2173540, 200
EYEWT D&Y 3 BATE 27 1) 83
HOURLY TOTALS (LITRES)
77049, 680 TTGR0. ERN
255hA. JRR 2550, 838
24789080 25435, 108
23700808 PIMIE
bat I0TAL T M5, fed
EVENT DAY & DATE 2B 11 83
HRURLY TOTALS (LITRES)
18253, 288 1BHRg, 260
188308, bR 1eeee. daE
1BEAD. BBB 1BRED. R0Q
10898, Bl 19980, BeR
BAY TOTAL 268535, BB
EVENT DAY 3 DATE 29 1] B3
HDURLY TOTALS [LITRES}
7875, 26 T126. 208
Fabe. By EHLTAL
1418, b9B T351.208
5704, 400 &789.700
DAY TOTAL

£30454, B

348,008
. Bag
-
R

J6d. P
3th.f0d
350, BBD
74310, 200

9065, e
T2, e
71080 060
19757, 1R

103,53
23568, 000
M.
1906, 4R

17031, op@
1RR3d. 22N
10267, pes
1egeb. peY

9757, Eep
1568, 800
TI152. 780
(IR T

350, bag
N

. Bag

- hed

368, tgg
360,280
Balg. 798
320, 004

7M. 238
9532800
75000. KD
fet74.280

Ia188.984
23560, el
3999, 404
1908, B

LIDB!. 430
1BBEE, BaE
10203, bag
19979, 108

FLLL L
Tibe. 22
1332408
558, 229

280, 38
. BoR
D
N

e, b
34, sed
85553, 408
10973, 44

FI089. 060
a0
Floee. tan
Ba3sL. 14

FALFL ) )
23326, 488
FALLTN L]
Je)iB. ey

12100, BEB
16280, 208
12860, peb
18233, o2

1364, BBR
7326, 560
7147, 583
£407. 180

B
.Gog
N
. oag

348,280
364, 3l
VIR, aRR
TR0, e

FI000. B8P
FI513. 104
B371a2, e
ERLLN:

25sba. 000
003,004
23700, 008
559,600

| BEER, 338
108EQ. Bad
inese. a0l
9963, 788

Tiob. 208
1474, doe
1926, 102
8228,



EVERT BAY & DATE 1% 11 B3
HOURLY TOTALS (LITREZ)
£947. 589 SE74. LE@

5110. 308 1999. 384
30%h. 160 Tl
3004, R T4BD. 288
DT TOTAL 104052.880

EVEMT DAY 7 DAJE | 12 85
HOUALY TOTEE (LITRES)
MED. 404 1393, 800
675, 100 Ja34.000
2ECD. DD 2000, 00
1950, 0E3 1080, 88
B4Y TOTAL 72248, 108

EVERT GAY B DATE 2 12 B3
HOURLY TDTALS (LITRES!
Jels. BRD JgTL. 200

3410, 589 8N,
pr:r- AL Toud. Bo0
2608, 6o Z28E8. 688
bAY TOTAL 71159, 498

EVENT BAF 9 DATE 3 12 83
HOURLY TOTALS {LETRES]
Zbae. age 2080, 209
43200, QD 47303, beR
54305, 100 51409, 080
TATIT. OB ST, 900
0RY TOTAL T¥9riT. 108

EVENT DAY ]88 DATE 4 J2 @3
HOURLY TOTALS ILJTRES)
SHpHe. ek 56200, boR
SHEJN. BN 6060, 904
50202, 280 16813, 400
10455, B 375, 20
DAY TOTAL 1157573.708

EVENT DAY 31 DATE 5 421 8%
HOURLY TOTALS (L ITRES)
TIRT. e e e
17535, bl 11318, 388
13329.080 13320. 008
133Z¢. 00 13529, BB
BAT TOTAL §i7em). se0

EVENT BRY 32 DATE b 12 65
ROURLY TOTALS (LITRES)

r2844, &80 12648, 40%
11415, 400 11878, 808
1E{17. 080 17747, 00D

13812, 768 15398, 198
BAY TOTAEL 160433, YRR

J49%. 400
E17. 800
J4ER, BED
609, 008

3331, 500
M50
2008, B30
2998, 803

3135, 600
FoEr Iy L
2868, 200
1628, 002

2888, RE
49272, 168
583471402
aT4q7, tRR

Jetee.0m
SaMbE. 164
5572, 008
378Bb. 138

JBE4R. 738
12158, yad
13320, 008
13320, BB

12439, 60
14418, 700
17397, BED
14753, 28

oala, 30
A7h1. 000

98 00

35HN, BER

3276.100
915,180
2et0. 200
20bb. 200

3193, G
2913, 108
7849, goa
2608, 98a

2669, 8ed
g3, 2ed
59974, 708
70TT. B0

SEHGN, Bae
5134 10
44334, B89
30395, 63N

20859, 408
12999, 00
13329, 988
13519.100

12510, 208
19275, 584
17834, {ee
14549, 208

5357 TEd
4481.000
Shk. N
I5TH N

324, 1w
2028, GAR
2858 200
2094, 758

33278.7M9
2889, At
2604, Bpd
2088, 8RR

168, 708
484%h. 290
i9147.000
ShEad. g9e

S0, tle
af78]. b
31, 438
15507, ae0

20550, e
13328, 008
13310, pee
13284, B04

12848, T60
18037, 20
14848, 1B
14472, 208

138,888
1549, 500
1500 M4
33 a0

155,408
2g69.900
20p8. 2
295k, 588

3162, o2
Zege. 9Ed
2880, BRg
Z8g0. e84

739!, e
H0a37. B
Sgyoe. 288
J6dBd. eeg

55008, Enn
LELE IR ]
11750, 6
1T e

26258, ap0
13321. 998
13328 eem
13026, 6R@

117132, 489
18477, BRG
16226, 1 B2
14499 ang



EVENT DRY 13

GRTE 712 4%

HOWRLY TOTALS (LITRES)

14400, B8 14368, 289
13473, 980 148,488
12998 LBD 17595, 7
13197, 424 12923400
orY TOTAL 3B&126, 952
EVERT DAY 14 OAEE 8 12 8%
HOUELY TOTALS LLTRES)
L2402, Tod 11844, LA
13329, 809 13578, b9
13370, 0ed 132724, eed
13324, 804 13379, odd
LAY TOFAL 3170467, 289
EVENT DAY 15 DATE 9 12 83
HOURLY TOTARES (LETRES)
17870, 100 12697, 200
11218, 589 HETTY, 300
9718, EBD 4770, d8Q
Fi20. 4l §710.004
B TOTAL 2323561900
EVERT DAY 14 ORTE 1B L7 83
HOIALY TOTALS (LETREE!
L R 320,408
1731. 88 3%, b0
sifd. e 54BN 508
5408, BbG 54D, 904
DAY TOTAL 153895, 104
EVENT #4¥ 17 DATE 1] 12 33
MOURLT TOTALS ILTTRES)
S04, 029 2998, 68l
N0 .98
+ DB BoD
BRY TOTAL 1157008

14498. 300
127562, 908
1B&7T6. 700
12630, 598

13844, LGB
13520, 800
13320, 228
13327, 080

12521, 788
10374, 120
9170, 208
7720, 804

2205, 680
4964, 400
LU
S40D. 290

548D, 200

Qea

N1

14408, 290
12489.280

" tR4Rd. 128

12386, 708

13224, bR
13320, 998
1350, 288
£3528. 280

123432, baB
7954, 704
728, 0ee
7726.084

803, 13
S247. 008
SHRE, b)Y
5100, 408

4561, 200

L

14184, 209
12395, 189
18292, 4
13322, Do

13328, 9Eh
13328, 0080
13328, 280
3235, 480

17848, 998
7720, 884
728,00
pLYER

BHTT. AHR
5400 008
5460, des
S1EE. bR

190 060

N

13828, 508
12493, 628
10413, oR
12382.809

13329, Bid
£3320. 088
EI320. BHA
13254, 304

11439, 780
7110, 000
91, 10
9557 1M

B5b7. i
S0, 58
ARl o
S, e



TOTAL BAILY FLONS IM: ACATCH F
BATE QF EVENT START :
13 12 B
DAY STRRTS AT §.09 HDURS
157
EVEHT DAY § DATE 13 12 BS
HOURLY TOTALS (LITRES

78, 208 128, a6
1%, 080 120,004
729,089 121068
7:9, bag 79.aM
DAY TOTAL 17188, 008

EVENT [AY 2 DATE 14 12 1%
HEMRLY TATALS ELITRES!

124, 6el 18,088

721, &b 120, 050

N .o

N R

DAY TOTAL 7857.509

TOTAL DAILY FLOWS IN: ACATCH,F
DRTE OF EVENT STRRT
13 12 B3
AT STARTS &7 B.80 HOURS
it
EVEWT DAY 1 DATE 18 1% 33
HOURLY TOTALS [LTTRES)

3o, fHA 1nd, BB
Jad. h2g 340, Bpd
413.p8e §34. 768
oR2, 2 3i5.7M
BAY TOTAL 18377, %8G

EVERT 3&Y 3 DATE 19 12 83
HOURLY TDTALS (LITRES}

Sel.4ed 973,208
569, 600 415, Bt
.bag fee
N .aeg

DAY TOTAL 7123.08Q

120, e
724, B2R
1i0.088
120,280

729, BR
TH. 80
N
R::E

LN
349, 28
54D, 28R
321, HE

bR7, 586
LE L
e
A

14, &8
720,008
TIR. 008
729,009

119, ke
377,88
B0R
.hag

3bB.02e
MR
402,000
o41.E08

£21, b
704 284
.Bag
N

728,280
720. 088
720.1208
728, BIR

124, 820
. BEd
BB
R

248,800
394, 268
475,280
Gk, 268

435,428
RN
N[
Ny

V0. pae
727, 884
129, big
T, RER

129,008
N
e
B

308, kg
454. bBh
187, B0
5b}.B88

44B. &8
L
L1
R



TOTAL DAILY FLOWS IM: ICATCH F

BATE OF EVENT START :
i 12 8
D&Y STRRTS AT B.00 HOUNS
6
EVENT DAY | DATE 24 12 B3
HOURLY TOTALS LLITRESH

Jed. poe 34t eep
4157, o 1217482
g227. b LIRLN L
FET LN Tas, 18
bAY TATAL 123412, 380

EVENT DAY 2 DATE 25 12 85
MOURLY TOTALS (L{TRES}
4285, BBl 4760, 508

4400, e 5458, 4R
HE 10, ¥ 837480
5490, 6eR 400, 884
0AY TOTAL 145437, BB3

EVEWT BAY I BATE 26 1] @5
HOURLY TOTALS {LITRES)

—48d. Jed F09, 00g
097, 508 4978, bR
588, Jeg 4580, 2pd
4580, 600 fbER. BB
04T FOTAL 17348380

EVENT DAT 4 DATE 27 42 8%
DALY TOTHLS LITRES)
4580, M8 4580, 199

4050, 230 4480, B8d
4401, 82 4400, 08¢
A1T9. 4R 4359,790
DAY TOTAL tearls, 408

EVENT DRY 0 DATE 28 12 B3
HOURLY TOTALS (LITRES)
3960, 150 1050. 308

3012 4R 5%, 10
JoB0.ARR 4. AP
3744004 Jons5. 288
0AY TOTAL 0491, 780

EVENT BAY & DATE 27 12 B3
HOMRLY TOTALS {LITRES:

3818. 798 3754, 400
80, a8 =39, 10
J48. 980 3749, 004
3240, g0 248,008

BAY HITAL 81320, 408

360, peg
SR17, 008
BaRY. 180
7349, 409

bosl. 988
Li0g. bES
437, 18
Sith. 5

Sddd. gaR
4858, 28d
4489, oed
44B9. 299

4551, B8H
4438, B0
4480, 208
£139. 180

040 288
3691. 900
J680. 358
J962. 040

3699, GR8
2%70. 000
3149, BED
i24p, 209

B-B

Joe. Bee
3934, 609
T899, 389
1338, 780

6337.208
S48
ATT. 400
G180, 088

5408, 80
i742. 188
1:58. 280
4580, 380

44fH. 803
4489009
4400, BRR
1819, 428

968,000
3639, oD
3604, 289
.

3537, 008
Ji44, b0
3249009
3.0

Jeag. 1
3795, 202
770%. T8
14, 490

4460. 240
5379, 7l
e8. BN
3490, 20

3334, 38t
4630, 298
400, 298
4500, AR

Sefw. Bed
4:80. 882
1017, 708
1950, 5B

J934.18
Jeau, ey
3677. 004
3738, 48

1648, 628
3248. 980
4B, oM
3240268

{498,280
R
To19. 788
THRG, LAk

o450 4d
b9, e
5408, Bl
Ak Im

5215, 508
48R, 209
588, d0d
£haq. god

45883, #00
4680, 698
4497, 120
Sahe. Bk

3873, 60R
Junt. iR
JuBk. 400
77z

378!.008
3240, Bt
J24. BR
J2id. o0



EVENT DAY 7 DATE 39 12 81
HOURLY TOTALS {LITRES)

I24p.008 T24, oee
3240, 890 3140, 200
InB7. 708 226, 700
2648, 00 2060, 200
DAY FDTAL 11852, 780

EVENT DAY 8  DBATE 3112 85
HEE Y TOTALS iL)YRES) '
2735000 2470988

.nee L
50 N 1L
N N
BAY TOTAL 11818, 168

TOTAL DAILY FLOWS IN: SCATCH F
DATE BF TVEMT START ¢

§ 18
DAY STARTE AT 6.88 HOURS
114
EVENT DAY | DRTE 41 84
HBUALY TOTALS {LITRES!

9. e 142,280
SHB. oo 519,188
2o, e StQ. Bep
JeR.ped 360, 009
DAY TOTAL 9941, 200

EUEHT DAY 2 DATE 51 B
HOURLY TOTRLS (LITRES!

2.7 561,509

. mag i

-Bigh et

N} N

DAY TOTAL 2540, 04

TOTAL BARILY FLONS JH: ICATCH F
YATE OF EVEHY START :

718
Dit¥ STARTS AT B.98 HOURS
N3
EVERT TRY 1 DATE 71 84
HOURLY TOTALS [LITAES)

340,080 300, fe8
169, B 340, BaY
355, 308 531,008
1812, 568 1998, 188

DY TOTAL 1417%.008

Y249, 088
3248, 000
294, PP
Z6ge. 800

2b270. 08D

et

PLER
37,288
168, 960
308, M

522. 50
N ]

.
N ]

LN
&t 4D
108. 780
t163.708

B-9

3248, E01
3240, bad
2903408
2888, 18

25b]. 288
N L]
N ]
0o

957.c08
375 1608
368, BE
3ob.fed

602,108

bR, D98
36, bR
T63. 728
1240, 780

S48, 008
3212.1¢8
2858. 1M
2H%7. 5HN

tA1%. 730
-5l
N
N

d78. 388
Io0. e
I4B. 10
I8t i

1Bd.280
o) ]
-2t

Io@, 309
484, 128
848, 108
1354, 708

J24p. 008
3150, 823
20085, 2ER
27034

N ]

47, 608
att, peg
1:0. 66D
141,90

N

Ji3. 068
4719708
935, pod
1312300



EVENT Ba¥ 2 DATE B 5 Bb
HOURLY TOTALS (LETRES!

1448. 808 1544, B0
1684, BBE 1E14, b
1288, B 1271408
1004, ae 1288, 00¢
DAY TOTAL 32007.70Q

EVENT DRY I DBATE 9! B&
HOMLE TOTALS (LITRES)

AYEN L1457, 508
1752, 7 1170.008
71008 T20. 800
7. pdd 327.700
DAY TOTAL 25547, Loe

EVEWT R&Y 4 DRTE 19} 2
HOURLY TRTALS (EITRES)

¢35, 1ee 874,208
e, 120,969
.pad . BER
. 2ag ag

DAY TOTAL Bs3g. 200

1629, Y60
1344, 408
1147, 308
L0 N L

635, 5%
¥E7. 208
7240.0m
t8).708

417,288
70, ple
a0
. 3ol

8-10

1o%6, TER
1474, 09
11i07. 008
1188, 200

1734.5m
gul.7en
7. 088
1847, 600

156,000
14,888
. 368
280

iT13. 008
487, 428
1968, 308
1142, 198

tHIRA L
720,088
747,500
1853, B2@

720,500
621,982
N
N L)

1155, ang
134%. 19
1146, 18
1345, 288

153630
120.008
2er.3em
595, Ae

74, 6
all.lee
.2eg
N



C.1-1

APPENDIX €.1

An example of some of the {nput parameters
used in the ACRY simylations of
sail moisture variations at site FMIL.
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APPENDIX C.2

An example of some of the output from program COLLATE
which was used as input to ithe ACRU model
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APPENDIX C.3

An example of some of the output from the ACRU soil
moisture simulations for the O-15cm (A-herizon) and
15-45cm (B-horizon) scil depths at site FMIL of Catchment F
{see also Figure 2.2 of the main text).
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STATISTICS COF PEAFURMARCE GF ACRY

A A e o e e e o A -

f
! ' S5LiuLATED

FOR 4=HORIIGH

TATAL GESERVED PLISTURS = 1517.133
TS SIMULATEU DISTURE = 1437.40%
“EAH £F GESERYED 40ISTuRE = 15,684
4848 OF SIMUL:TEL hOISTUAE = 10,123
COARELATION COEFAICTERT » 556 .
ATUSENTS T daluz = EU.725
LEGIESSILN CLEFFiliZel . 532
5A3E CLNSTANT FOR AZGSEm. Eul, a 183
STANUirD EARGR OF SIMGLATEL MEOLSTuxE . 37.582
VARTAMCE 6F J8SERVED MulSTuRZ - 37,247
VARIANCE OF SIAULATED VaLVES " %2504
STanNOLRD DEVIZTION GF X 7ALUES x 5.103
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£.3-4

T3TAL CASERYED MITATLHEE = 5i32.550

ToTir SERMULAGTEDL MSISTURE = 5S337.55%
MSAM ZF $3STHRVIO MO1ETURE = I5.285
ATaN TF 3IMULaiED KOISTURS = 32,000
CORARILETIDN CGerFifIcaT = .Y
STJLsETS T‘viLLE = F.527
ATARESSIAN LOEFFECILIERT = =345
2a3T LOUSTLART FoR RTGRMN. EuiN. = 25,4884

STARCG2RT chRUA OF STInULLTED HTISTURES = 127.36%

VIRIAALS LF GESEAVID XMU13TURE = B55.5353
Y2AIARLE GF STAULATEL VALJZS = £id.vav

STANGa=D OcvWiaTIOH OF X VALUES = 23..57
STaNLARD DIVIATISN GF Y WALUES = 1a.5a7

PEACENTIRS DiFsSRENCE IN ETANDAZD OSviATION = F4.7240
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APPERDIX D

Examples of streamflow simulations
by means of the MODAMSW model
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0.3

il
-n

Catchment

Date

"

15/2/85

(nc parameter transfers involved)

w COREAR]BMM BF TINDLATED nMD DREERVID FLPR RBATES

FOR BIKGLE CYINT 1K L/5

TUK.TOT. CBELRY. FLON RAYES = .03
CUm TUT, EXMU, FLOR FATES £ BE AN
HkEH OF [RELRVED FLCKS z 1,358
FERR BF SIMULATED FLOES = 1408
ERRRELATION CREFFICIERT = LI
STUDENTS T VRILE = 484D
KEBRESSION COEFfICIENT = B4
ERSE CONSTAKT FUR ATERM. [EN. = 73
ETRMBAED LRRQR OF CiNULATED LN = b5
VARIRNCE OF ERSERVED FLDR z T
YREIRNCE OF SIMDLATED VRIUES = 8.3
STHHDARD BEVIATIDN OF f ValUIS E 2.7
STARDRRD DEVIATION OF ¥ YALUES = 2,549
FERCINTREE DYFFEREKCE 1M STAKBARD DEVIATION = 7,883
COLFFICIENT OF BETERMINATION Ll B4R

COEFFICIERT OF EFFICIERLY & B3R



D.4

(For catchment B using parameters transferred from catchment F}

STATISTICS BF PERFOARANCE OF MUDRHEX MODEL

k CORFARIGON OF SIMULATED AND §BSERVED SEDIMENT RATLS

FOE SIRSLE IVENT JH L4S

(UM 0T, DESIRV, SIDIMENT EATIS _ T163844,820
FUM,TRT, SIMY, SEDIRERT RATES 757383, 829
KEAW 8F OBSERVED SE9IMPNT z 370589
kAN OF SIMULATER SEDINENT = SH7.014
CCERELATION £4TFFICIERT R | |
STUDIRTS F YALUE : =119
RESRESEIDR COLFEIEIENT |
PRSE CENETANT FOR RIGRM, FoHl, z B3b6.57R
STARIEAD EXAER nf SJNULATED SERIRERT = 155%0.86%
VARIANCE OF URSLAVID SEDININT 213445458, 2
VARIKNCE OF SIMILATED VALUES +1B]97233.0
STANDAAD DEVIATION OF X $ALVES = Jobb,BR9
STANDEAD DEVIATION OF ¥ WRIUTS r 1193,279
PERCENTAGE DIFFERTNCE TN STANDAAD DEVIATION = 12,904
COCFFICIENT BF DETEEMIMATIEN z Ry
COEFFICIENT OF EFFICTENCY R I
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