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PREFACE

In recent years increasing attention has been given to the application
of multivariate statistical techniques ta hydrological problems. One of
the research ohjectives of the Zululand Hydrology Project is to develop
physiographically based models to calculate runoff from small catchments.
The potentially large number of physiographical variables which need to
be investigated in this study resulted in multivariate statistical techniques
being selected as the suitable statistical approach ta identify wvariables
which are related ta catchment runoff, Dr, E. Seyhan of the Institute
of Earth Sciences, Free University, Amsterdam, was invited to spend
seven weeks in South Africa as puest of the Zululand Project, this
scientist having extensive experience in applying multivariate statistical
techniques to hydrological problems, During his stay in Sauth Africa,
Dr Seyhan presented a number of lectures on this topic and assisted in
laying the foundation for future studies of the Zululand Project hased on

multivariate technigues.

Although the development of physicgraphically based equations to cal-
culate runoff was the major research objective during Dr Seyhan's visit,
this report also deals with two additional hydrological stucdies which included
multivariate procedures. The three studies may be regarded as preliminary
investigations which were intended to illustrate the use of these statistical
procedures in hydrological analyses. This report containg three papers
which emanated from the research conducted while Dr Seyhan was in South
Africa. These papers have heen submitted to scientific journals for pub-

lication.

Mast of the research presented in this report was conducted at the

University of Natal in the Department of Agricultural Engineering and



thapks are due to Professor P. Meiring for placing the facilities of the
Department at the authors’ disposal. The funding of Dr Sevhan's
vigit to South Africa by the Water Research Commission is also gratefully

acknowledged.
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CALCULATING RUNOFF FROM CATCHMENT PHYSICGRAPHY

IN SOUTH AFRICA

E. Seyhan and A.5. Hope

ABSTRACT

.Multivariate statistical techniques and regression analysis are used
to develop runoff equations for small catchments { < 1I20.lqn2} in two en-
vironmentally different regions of Sonth Africa, the winter rainfall
region and the summer rainfall region east of the 800 mm ischyet. Four-
teen physiographical and three rainfall variables are selected as indepen-
dent variables while the dependent runoff variables are the mean annual
runoff, mean annual flood and 10-year return period flood. The statis-
tical procedures are described and results are presented and discussed,
The catchments of the two regions are shown to be physiographically
and hydromorphometrically distinet. Regression eguations for these two
regions are also notably dilferent and despite inadequacies in the runofi

data are considered to be highly satisfactory.

INTRODUCTION

Conventional methods of collecting data for hydrological studies are
generally time consuming and costly. In recent decades hydrologists
have turned increasingly to mathematical and statistical techniques in
order to reduce to a minimum the petentially large number of variables
which may ke required for a particular investigation (Seyhan and Keet,
1981). Greater use'is now being made of multivariate statistical tech-
niques to study multidimensional hydrological problems and to develop

uncorrelated components which are able to define the given multivariate



population in a more simplified styueture, Numerous multivariate statis-
tical techniques exist along with a wide variety of solution procedures and

similarity measures which may be used in these procedures.

Some of the most widely used multivariate techniques are factor analysis,
principal! components analysis, <lusier analysis, canonical correlation analy-
sis and discriminant analysis while examples of solution procedures are
principal components, principal factors, centroid and maximum-likelihood.
Similarity measures which are adepted in most analyses are square Euclidean
distance, product-moment correlation coefficient, wvariance, matching co-
efficient and average distance, A description of these multivariate statis-

lical techniques is given by Seyhan (1%981a),

Runofi from a catchment is largely a function of catchment variables
which operate on the primary input, rainfall, In attempting to develop
empirical equations to calculate catchment runolf the first step is to iden-
tify and quantify those climate and catchment variables which influence
runoff. Since these variables are generally highly interrelated it is

necessary to establish the underlying dimensions of interrclatedness.

The first thorough quantitative atudy of river systems in a catchment
was undertaken by Horton (1945},  Fellowing Horton, pioneering work in
the field of quantitative geomorphclogy directed at the formulation of catch-
ment variables was conducted by, inier alia, Miller {1963), Schumm {1956},
Strahler (1957, Morisowa (1958) and Maxwell (1960). These early works
showed that the catchment variablea which are most significantly related to
runoff are : climate, catchment area, mean catchment altitude above the
cutlet, mean distance to the outlet, c¢hannel slope, catchment lag, surface
storage, vegetation and soil. However, nene of these authors made any
attempt to study the interdependency of the varlables in their muliiple

regression analyses.



Research conducted by Hope (1979} on small catchments ( <100 km?)
in Natal, South Africa indicated that readily measurable physiographical
and climatic variables could be used to calculate selected runoff charac-
teristics, such as the mean annual runoff, of these catchments. The
purpose of this investigation is to extend the research initiated by Hope
{1979} to include a larger sample of catchments, catchments from differ-
ent enviranmental regions and to incorporate multivariate statistical

techniques in the development of predictive equations.

AIMS AND PROCEDURES

The mean annual runcff, mean annual flood and 10-year return
period flood are runcff characteristics which are widely used in the desipn
of water storage and control structures in small caichments. This study
had, as its central aim, the objective of developing physiographically
baszed regression cquations to caleulate these three runoff variables for
catchments in two regions of Scouth Africa, The two selected regions were
the winter rainfall region of the South-West Cape and summer rainfall region
cast of the 800 mm isohyet (Figure 1), Background information to these

two regions is given in Table 1.

In order to achieve the objective of this study three specific aims were
defined, wiz., to
a) determine whether the catchments of the winter and summer
rainfall regions differed in terms of the measured runoff,
rainfall and physiographical variables {{J-mode analysis),
b) establish the underlying dimensions and interrelationships of
the catchment variables in the two regions (R-mode analysis) and
¢} screen and select independent physiographical and rainfall

variables to be included in regression equations for calculating

the selected runoff characteristics.
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Figure 1 : Study calchments in the summer and wintler rainfall regions
of Scuth Africa
Table 1 : Background information to the winter rainfall region and summer

rainfall region

Geology

Sandstone, guartzite,
uncensolidated super-
ficial deposits

Variable Rainfall Region
Winter Summer
Mean Annual Rainfall {mm) 300 - 1000 600 - 1000
Mezn Daily Temperature (*C)| 15,0~ 17.5 12,5 - 22.5
Free Water Evaporative < 1250 - 1600 1250 - 1750
Losses {mm{yr}
Major Natural Vegetation Mediterranean Temperate Forest, Sub-

Tropical Coeastzl Forest,
Temperate Grasses

Shale, mudstone, sandstonc
limestone, tillite, granite




STATISTICAL PROCEDURES

The selection of suitable multivariate statistical techniques for analys-
ing a given body of data is not determined by set rulez, Generslly, such
a selection is based on the past experience of the investigator who should
take cognisance of the sampling procedures applied, measurement errors
and the statistical assumptions involved as well as the statistical and mathe-

ratical structure of the selected multivariate techniques. .

Factor analysis is the most widely used multivariate statistical method
ith hydrology. The primary objective of this technique is to represent a
given group of variables in terms of several factors (Hotelling, 1933;
Kaiser, 1958; Barman, 1968 and Seyhan, 198la}. In factor analysis an
attewpl is made to reduce the original group of variables to 2 smaller
number of factors which will account for the observed variance in the
given data. Various types of factor analysis exist and are described by
Seyhan (1981a)}. These methods differ in terms of the format of the input
dafa matrix, Lhe procedure for extracting the initial factors, the type of
rotation applied to eslablished factors and the method of computing factor

scores (Seyhan, 198lz),

In order to determine whether the selected catchments {er this study
could be classified into two significantly distinct groups {Q-mede analysis),
linear discriminant analysis was selected as fhe required statistical proce-
dure. Discriminant analysis provides a numerical criterion for classifying
the cases {catchments} into two or more statistically distinguishable groups
(categories or classes), Discriminant analysis may be regarded as a special
type of factor analysis that extracts orthogonal factors to show the differ-
ences asmong several groups. Mathematically, discriminant analysis can
be viewed as the development of discriminant functions {of the discriminant

axes) that best saparate the multivariate samples (Nie, Hull, Jenkins,

Steinbrenner and Bent, 1975).



Identification of the independent underlying dimensions in the physio-

. graphical and hydromorphometrical data of the selected catchments (R-mode
analysis) was made using principal components factor analysis, The selec-
tion of this statistical technigue was based on the findings of Seyhan and
Keet (1981} who found it to be an appropriate technique for R-mode analysis
of data from catchments in Italy. Principal components factor analysis was
applied to the correlation matrix of the input data {(using Pearson's product-

moment correlation coefficients} with variance ¢rthogonal rotation criterion

{Seyhan, 1981a}.

The procedural steps by which the R-mode and Q-mode apalysis were
conducted arepresented in Figure 2. As illustrated in Figure 2 allowance
had to be made for positive or negative interpretation of the results. In
the case of a negalive or meaningless interpretation the statistical selection
of significant catchment variables could have been repeated with different
selection criteria. Alternatively additional ¢atchment variabies may have

had to be selected and the analysis repeated.

STUDY CATCHMENTS AND DATA

Forty-eight catchments were selected for this study, 25 from the sum-
- mar rainfall region and 23 from the winter rainfall region, Cafchment sel-
ection was based on a number of eriteria, viz, @

a} Only catchments with areas in the range four to 100 km?* were
considered. These limits ensured that all the required physio-
graphical information could be derived from 1:50 000 scale maps
and hence siandardise the source of this information.

b} A minimum of 10 years of corresponding rainfall and runoff
data were required for each catchment.

d) No substantial hydraulic structures or diversions were within

the catchments. -



d} The catchmenis were not underlain by complex geclogical
fealures such as large scale faulting or karstification,
Most of the potentially suitable catchments for this study were rejected

on the basis of the quality or duraticn of the runocff recerd.

RAINFALL DATA

CATCHMENT
SELECTION

- RUNOFF DATA

PHYSIOCRAPHIC DATA

3

* SCLECTION OF CATCHMENT VARIADLES

4

PREFPARATION OF RAW DATA MATRIX w

R-MODE PRINCIPAL COMPONENTS FACTOR ANALYSIS
1 }

SELECTION OF SICHIFICANT
CATCHMENT YARIARLES s

1 i

CORRELATION AND Q-MODE
RECRESEION ANALYSIS LINEAR GISCRIMINANT AMALYSIS

4 + i

SELECTION AND
INTERPRETATION INTERPRETATION

f T t

1 NECATIVE FOSITIVE MEGATIVE o

¥

EMD QF
ANALYSIS

Figure 2 : Procedural steps for R-mode and O-mode analyses



Numerous variables in a catchment may influence, directly or in-
directly, the transfer of rainfall to runoff, Some of these variables,
such as catchment areaz, determing the petentjal volume of runcff while
others, such as land-use or solls, medify the cutput. Attempts to
relate long term runoff characteristics to catchment and climatic vari-
ables by authors such as Seyhan (1976), Hope (1979), Seyhan (1981b}
and Seyhan and Keet (1981) have revealed that in most areas physio-
graphical variables have the best association with the runoff variables.
The selection of independent variables for this study was based on these
earlier findings and were of two types, namely, rainfall variables and
physiographical variables, The dependent variables were the mean annual
runcff, mean annual flood and the 1l0-year return period flood. The in-
dependent and dependent variables tesled in this study are given in Table

2,

Procedures for calculaling the physiographical variables are described
by inter alia Seyhan (1976), Seyhan (1977} and Seyhan and Keet (1981}.
Mean annual precipitation values were obtained from the standard 1: 250 000
rainfall maps of Scuth Africa published by the Government Printer while the
2,33-years, 24 hour duration rainfall and 1G-years, 24 hour duration rain-
fall were obtained from maps published by Schulze {1982). Runoff variables
were caiculated from data obtained from the Department of the Environment,
Dir&ctnrafe of Water Affairs, Pretioria. The mean and standard deviaticn
values for each of the rainfall, physiographical and runoff variables for
the two regions selected catchments are given in Table 3. Analyses were
conducted using linear data and then repeated using logarithmically trans~

formed data.



Table 2 : Selected dependent and independent variables

Runofi variables:

MAR = mean annual discharge l::lc'.l.l'.'tlEII m s_l}

MAF = mean annual fAeod {m3 5_1}

MA10 = Jl0-year return period fleod l:m3 s_l}
Physiagraphical variables:

A = area of catchment {lem?)

585 = mean slope of main channel by 85-10 slope factor {m km_l}

D = drainage density (km~1}

P = drainage perimeter {km)

W = width of watershed {km}

LB = main channel length (ko}

HM = maximum basin relief {m)

T = topographic factor l:km3 m-l}

RH = Schumm's reliel ratio {m km-]‘)

RHP = Melton's relief ratio {(m km 1}

RF = form factor {-)

RC = circularity ratio (-)

RE = elongation ratio {-)

G = compactness ratio {-)

Rain{all variables:

MAP = mean annual precipitation {(m)
12,33 = intensity aof 2,23-years 24 hour duration rainfall {mm day_l}
110G = intensity of 10-years 24 hour duration rainfall {mm daw_,r-l}
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Tabkle 3 : Mean {;:} and standard deviation (s} wvalues of runoff,
physiographical and rainfall variables for catchmentis in
the winter rainfall region (N = 23) and summer rainfall
region (N = 25}

Winter Rainfall Region [Summer Rainfall Region
Yariable - —
x 5 x 8

MAR 23,306 36,854 11,625 12,306
MAF 30,493 59,229 14,464 22, 246
MALD 58,029 92,514 51,982 96,973
A 2%, 114 17,583 45,026 31,628
585 86, 795 60, 485 43,412 44, 187
P 2,248 {, 805 2,07 0, 663
D 26,032 10, 7646 29,776 13,779
W 2,856 1,088 3,426 1,251
LE 9,951 49,004 12,035 6,331
HM 1041, 755 417,935 664,912 190, 615
T 1,458 0,971 2,528 1, 782
RH 102,377 55,371 52,956 36,191
RHP 43,199 21,374 " 25,946 1B, 705
RF 0,319 9,140 0,348 0,188
RC 0,565 0,174 0,602 0,126
RE 0,622 0,143 0,645 0,161
C 1,403 0,336 1,209 0,138
MAP 0,976 {1, 563 0,915 0,195
12,33 40,217 22,711 73,726 13,183
110 94,000 36,692 115, 040D 27,388
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RESULTS AND DISCUSSION

In all anzlyses where linear data were used the results were markedly
poorer than the resulis obtained using logarithmic data. This observabion
Was in keeping with the findings reported by Seyhan and Keet (1981) and
Seyhan and Keet {1982). Only the resulis of analysis conducted using

logarithmic data are presented.

{J-mode linear discriminant analysis

Linear discriminant analysis was used to determine whether the catch-
ments of the winter rainfall region and summer rainfall region could be con-
sidered as statistically different in terms of (i) physiography and (ii) hydro-
morphomelry.  Fourtecn physiographical varjables {Table 2} were uscd

for the {irst analysis and the resulls of the discriminant analysis are given

in Figure 3.

The histograms presented in Figure 3 illustrate the number of catch-
ments classified into either group 1 (winter rainfzll region) or group 2
{summer rainfall region} according to the discriminant {function developed
for catchments from these twe regions using 14 physiographical variables
(Table 2). The hisiogram presenied in Figure 3a indicates that the dis-
criminant function for the winter rainfall region predicted correctly the
group membership of 82, 6% of the catchments in this region. The propor-
tion of catchments from the summer rainfall reglon which were classified
correctly was B9,0% {(Figure 3b). The minimal cverilap in the hi‘stngrams
of Figure 3 reveals that the catchments in.the two regions are, on the

basis of physiography. two distinct groups.
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The inclusion of rainfall and runeff variables (Table 2) in the dis~
criminant analysis also resulted in a distinct hydromorphometrical classi-
fication of the catchments into thé winter and summer rainfall regions
{Figure 4), Eighty seven percent of the catchments of the winter rainfall
region and 88% of the catchments in the summer rainfall region were classi-
fied correctly by the discriminant functions for these two region. The
results {rom both lhese analyses thus substantiated the hypothesis that
the underlying physiographical and hydromorphometrical dimensions of
catchments in the two reglons were different and that they should be con-

stdered independently in developing runoff equations.

R-mode prine¢ipal components faclor analysis

The R-made principal components factor analysis {Seyhan, 1981a) was
adopied to analyse the interrclationghips between the selected independent
and depcndent variables, Analyses were conducied using linear data and
then repeated using data with a logarithmic transformation. For each of
these raw data matrices 2 symmetiical correlation matrix of Pearson's preduct-
moment correlation coefficients was developed. Factor identification was
based on this correlation matrix, these factors explaining the variance of
the input data. The degree of assoclation between an individual variable
gnd other varisbles centained in a factor is given by the factor loadings
with the sign indicating a direct {+) or inverse {-) relationship. These
factor lpadings may be taken as having a meaning similar to that of 2 corre-
lation cpefficient in a worrelation matrizx., Aceording to Seyhan {1981a)
it is difficult {o interpret a facior mairix which ¢oniains all the factor
loadings. Thus, an arbitrary factor lcading is selected and only wvariables
having loadings greater than or less than this value are considered. The

selection of this critical factor loading is, to a large extent, based on the
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experience of the researcher. However, in most analyses, there is a
sharp transition between variables having high factor loadings and those

having low loadings which assists in the selection of the threshold value.

The results of each analysis includes the eigenvalue {explained vari-
ance) for each factor as well as the cumulative percentage of total explained
variance. The communality, hi"’, gives the percentage of variance of

the ith variable in the matrix of m factors.

The simplified rotated matrix for the physiographical data of catchments
in. the winter rainfall region is given in Table 4. This analysis reveals
that there are three major physiographical dimensions which may be identi-
fied for catchments of this region. These dimensions are catchment shape
(RD, RC, RE and C), length {A, F, W and LB} and relief (585, HM, RH
and RHP), Only factors with eigenvalues greater than one were included
in Table 4, an arbitrary decision recommendced by Seyhan {198la). This
practice was adopled to simplify the results since, theoretically, the total

number of factors is equal to the number of variables.

Although drainage density (D) was not reflected as a factor in Table 4,
there was evidence to suggest that D alse constituted an independent factor.
The three factors given in Table 4 explain a mere 23, 2% of the variance of
I} {communalily} with the rest of the variance being explained by the re-

maining factors.

By including the rainfall and runeff variables in the factor analysis
for the winter rainfall region, the same independent physiographical
dimensions are identified zs in the preceding analysis viz. shape, length, -
relief and drainage density (Table 5). Two additional factors are included
in Table 5, these being the dimensions of rainfall (MAP, 12,33 and I10)

and runoff (MAR, MAF and MA10), Together, thess five factors explain
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Table 4 ; Simplified rotated factor matrix of physiographical
data from catchments in the winter rainfall region
(N'= 23, factor loadings 20,70 and 5 -0, 70 retained)
Factors
Variables hf[ %)
1 1I I11

A 8,982 96,83

585 0, 748 80,43

D 23,27

P 0,834 9,M

W 0,817 96,55

LB 0,775 95,34

HM 0,832 90,80

T 59,90

RH 0,753 72,87

RHP 0,682 89,45

R¥ -0,971 95,22

RC -0,875 82, 66

RE ~0,971 95,22

C 0,715 54, 58
Eigenvalue 5,30 3,57 2,28
Explained
Variance
(Cumulative 37,85 63,35 79,65

)




1%

Table 5 : Simplified rotated factor matrix of hydromorphometrical

data from catchments in the winter rainfall region (N = 23,
factor leadings > 0,65 and < -0,65 retained)

Factors
Varizbles h, % %)
I 11 111 v v 1

MAR 0,656 72,83
MAF 0,854 95,97
MA L0 0,838 96,00
A 0,949 99,35
585 0,%20 89,11
D' 0,81% 72,86
P 0,821 98, 56
W 0, M8 99,11
LB {0,733 97,67
HM -0,771 95, 00
T 93 8D
EH =0, 771 80, 58
RHP -0, 949 91,17
RF -0,97 36, 60
RC ~0,890 89,%9
RE ~-0,97 96,62
c 0,888 89,90
MAP 0,779 69,53
12,33 0,514 05,95
I10 0,907 89,37

Eigenvalue 7,00 4,59 3,74 1,71 1,06

Explained

Variance

{Cumulative| 35,01 57,58 Th, 66 85,19 90, 50

)
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most of the variance contained in the correlation matrix (90,5%). Since
drainage density is included in factor ¥ (Table 5}, it may be concluded
that this is the most important independent variable associated with runoff

in these c¢atchments,

The factor analysis of physiographical data frnm catechments in the
summer rainfall region isolates the same three principal dimensions as re-
ported for the winter rainfall region (Table 6). However, in comparing
the resulis of Table 4 with those of Table &, two major differences ara
notable. First, drainage density (D) is correlated dirvectly with the
relief factor (1I) in the summer rainfall region and secondly the order of
the three factors for this region differs to the order in the winter rainfall
region. This lailer finding indicates ihat the rclative importance of these
factors in explaining the variance in the correlation matrix differs in thesc
two regions. This is also evident in comparing the cumulative percentages
of explained variance for each facior in the twe regions, Furthermeore,
ithe three factors identified explain more variance in the physiographigal
datz of the summer rainfall region {90, 72%) than they do for the correspen-

ding data of the winter rainfall region (79, 64%).

Factor analysis of the hydromorphometrical variables (physiographical,
rainfall and runoff) from catchments in the summer rainfall region (Table 7)
resulted in a different classification to that for catchments in the winter
rainfall region (Table 5). Factor I in Table 7 reflects the intercorrelation
of runoff (MAR, MAF and MA10), catchment size (A, LB and P), shape
{REF, RC, RE and C) and the topographical factor {T). Factor Il defines
the association of catchment relief (585, HM, RH and RHP), length (W)
and drainage density (D)., The independent dimensions of rainfall intensity
{12,33 and 110) and mean annual precipitation (MAP) are revealed in factors

1 and IV respectively. The four factors identified for the hydromorpho-
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Table 6 : Simplified roiated factor mairix of physiographical data
from catchments in the summer rainfall region (N = 25,
factor loadings 2 0,70 and ¢ -0,70 retzined)

Factors
Variables . I 1 hi {2y
A 0,899 98,10
585 0,890 B4,69
D 0, 73 70, 71
P 0,870 99,85
W 0,951 99,60
LB 0,711 96,77
HM 0, 787 " 93,35
T 95,22
RH 0,868 88, 52
RHP 0,876 93,37
RF 0,972 %4, 20
RC {r, 752 74,82
RE 0,971 96, 20
P =0, 750 78,75

Eigenvalue 6,90 4,48 1,32

Explained

Varijance 19, 27 B1,26 90,72

[Cu%';m]ative
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Table 7 : Simplified factor matrix of hydromorphometrical data from

catchments in the summer rainfall region (N = 25, factor

loadings 20,63 and ¢ -0, 43 retained)

Factors
Variables 7 - - - hi 2%
MAR 0, 706 89,01
MAF 0,636 79, 76
MALD 0,638 80, 26
A 0,832 91,35
585 0, 846 76,92
D 9, 766 7,86
P 0,833 93,45
W ~0, 689 70,01
LB 0,951 96. 50
HM 0,741 93,56
T 0, 782 94,17
RH 0, 841 85, 28
RHP 0,958 92,87
RF -0,886 86,94
RC ~-0,910 82,91
RE -0,882 87,15
c 0,909 82,81
MAP 0,770 68,61
12,33 0,943 92,55
I10 {, 868 86,38
Eigenvalue 8,85 5,15 1,66 1,36
Explained
(Comtative| 425 69,95 8,2 85,08
%)
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metrical data of catchments in the summer rainfall region are, however,

not as clearly definable as those described for the winter rainfall region.

Having identified the major physlographical and hydrumorﬁhumetrical
dimensions of the catchments in the twe selecied regions, attention is now

turned to developing runcff equations for these two regions.

Regression analysis

The results of the )-mode analysis indicated that the catchments of
the winter rainfall region could be considered to be physiographically and
hydromorphometrically distinct from the catchments of the summer rainfall
region. Furthermore, the major hydromorphometrical faciors established
using factor analysis were also found to be different for these two regions.
In view of these findings separate regressicn analyses were conducted lor

the winter and summer rainfall regions,

A fundamental requirement of regression analysis is that the indepen-
dent variables should be completely independent. This constraint was
satisfied by referring to the factors identified in the R-mode analysis and
gelecting a single independent variable from each factor. Using correlation
analysis, multiple linear regression and step-wise multiple linear regression,
a suite of equations was developed to calculate the mean annual runcff {MAR),
mean annual flood (MAF) and 10 year return period flood (MA10) for catch-
ments in the two regions, The standard error of estimate {Sy] and multiple
correlation coefficient (r) for each eguation was determined. The signifi-
cance of the regression coefficients (El-,r} was determined using Student's
t-test while the sipnificance of the multiple correlation coefficient was cal-

culated using an F-test {Snedecor and Cochran, 1972}).

The significant runoff equations for the winter rainfall region are given
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in Table 8. The most significant equations for this region are for the
mean annual flood (MAF) and 10-year return period flood (MAT0O). These
peak discharges are principally a function of drainage density, catchment
shape and rainfall intensity (Table B). The multiple correlation coeffi=
cienis of these peak discharge equations are all in eXcess of 99% signifi=
cance and the significance of the regression ceefficients is greater than
05%. However, the standard error of estimate values range from 34,1% to

54,5%.

The selected regression equations for the summer rainfall region are
notably different to those of the winter rainfall region (Table 9)}. While
Ehe equations For calculating mean annual runcff are less significant than
equations for calculating mean anmual cunoff are le=s sigificant than
equations 6 and 7 in Table 9 For calculating peak discharges, the peak
discharge equationa have markedly higher standard errors of estimate than
mean annual cunoff equations 2 and 3 in Table 9. In this region MAR is
expressed as a function of catchment shape, area, relief and mean annual
precipitation and the more significant pesk discharge equations sxpress the

dependent variable as & function of catchment area slone.

In developing equations to calculate runoff Crom catchmeni physiographi-
cal and rainfall variables, the results of this study have revealad differences
in the variables controlling the runcff of catchments in the winter and summer
rainfall regions of South Africa. This finding may be attributable to a
number of factors. Firstly, the two regions have distinctly different climatic
-and geological characteristics (Table 1). Secondly, the catchments selected
for the winter rainfall region were spread over a considerably smaller areas
than those selected for the summer rainfall region. Thus, greakter geologica
amnd climatological homogeneity existed for catcheents of tbe winter rainfall
region. Finally, the data obtained for catchments in the summer rainfall
region were less reliable Lthan Lhose of the winter rainfall region, particularly

for peak discharges. This latter point way account for the poor equations
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Regression equatlons and associated statistics

Table 8

far catchments of the winter rainfsll region

(N = 23)
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Regression equations and associated statistics

Table 9

for catchments of the summer rainfall region
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which were developed Lo calculate peak discharges in the summer rainfall
region.

In both regions equzations which did not include rainfall variables were
not notably less significant than those eguations which inciuded these
variables (Table 8 =nd Table 9). This finding suggests that physiographical
variables are mor important than rainfall variables in explaining the
variance in runoff variables. The factor analysis also indicated that physio-

graphical variables accounted for most of the variance in the correlation

matrix.

CONCLUSIONS

The results of the three related analyses have been presented and
discussed, namely, (-mode analysis, R-mode analysis and regression
analysis. From these analyses a number of conclusions may be drawn
and summarised as follows :

{i} The catchments ¢f the winter and summer rainfall regions
are physiographically and hydromorphometrically distinct.

{ii) in both regions the major physiographical dimensions are
catchment shape, rclief, length and drainage density.

(ii) Physiographical variables sppeer to be mye important than rainfall
variables in explaining the variance in the runoff variables.
This observation is true for both the winter and summer
rainfall regions and may be taken to indicate that the physic-
graphy of the catchments reflects, amongst ether things,
the climate which acted on them.

() The equations developed to calculate peak discharges (MAF
and MA1D) in the winter rainfall region are more significant
than the equations developed to calculate the mean annual
discharge (MAR). The reverse is true in the summer rainfall

region,
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While this study was conducted using a limited number of catchments
and in some cases, peor quality runoff data, the results obfained are
considered to be highly satisfactery, The analyses have shown that

L]

multivariate technigues may be used beneficially to regionalise catchmentis

and to assist in developing runoff equations. Finally, it may be concluded
that the development of equations using physiographical and rainfall data

could be a viable undertaking for other regions in South Africa.
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ESTIMATION OF SURFACE SOIL MGQISTURE

IN THE SIAYA CATCHMENT



ESTIMATION OF SURFACE SOIL  MOISTURE CONTENT IN

THE SIAYA CATCHMENT

A.5. Hope, E. Seyhan and G.J., Mulder

ABSTRACT

Regression equations are developed to calculate surface soil moisture
of bare lands in the Siaya catchment which is localed on the coastal belt
of Zululand. Soil moisture was measured at depths of 25 mm and 75 mm
along with 15 soil and terrain variables at each site, Six representative
sites were selected and five samples of cach depth were collected. At
the time of the cxperiment colour and infra-red aerial photographs of the
catchment were taken with the intention of relating, at a later date,
digitised images Lo variations in measured and calculated soil moisture.
Factor analysis, corrclation analysis and regression analysecs were used
to develop the equalions. These equations were found to be unsatisfac-
tory predictors of soil meisture content, particularly at 7 mm. The poor
regression results were atiributed to the extremely dry soil moisture con-

ditions on the day of the study,

BACKGROUND

Soil moisture has long been ascribed a prominent wile in the hydrological
cycle (Henninger, Petersen and Engman, 1976). The major dynamic storage
component of a catchment is the soil matrix and generally soil moisture
variations need to be considered in both time and space for hydreological
-modlelling. Temporal variations in soll meisture at different depths in the
s50il horizon are controlled by different mechanisms. 'I:ischendurf {1969)

concluded that the deeper soll moisture changes were related {o season



while resezrchers such as Carlson, Reinhart and Horton {1956 found soil
- moisture in the surface 300 mm te depend primarily on the sequence of
ra;infa]l amounts, findings which have been substantiated’in South Africa
by Hope and Schulze (1979). The depth to which daily fluctuations in
evapotranspiration affect soil moisture is determined by the rooting depth
of the vegetation (e.g. Grindley, 1947 and Jones, 1976). Research find-
ings, particularly in the United States of America, generally attribute
spatiat differences in soil moisture to one or more of the following :
climate, soils, wvegetation and topographical position {e.g. Wild and
Schelz, 1930; Platt, 1955; Kowner, 1955; Stoeckeler and Curtis, 1960;

Whipkey, 1965; Tischendarf, 1969 and Helvey, 1971).

The measurement of calchment soil moisture is time consuming and at
best point readings are made at selected sites. In view of the highly
variazble nature of soil moisture in 2 catchment estimates of total scil mois-
ture content are usually crude even when numerous point samples are
taken {Blyth, 1981). Ower the past decade much attention has been given
to remote sensing techniques for the estimation of soil moisture {e.g.
Schmugpe, Meneely, Rango and Nefl, 1977; Schmugge, Blanchard,
Anderson and Wang, 1978; Price, 1%50; Newton, 15-331 and Heilman and
Moore, 1981). Reflectances in the green-yellow band (0, 5}1 -0, Eq.,.] and
near infra-red hand (GJBP“ 0,91_1] have been found to be correlated with
surface soil moisture conditions of bare land {Morris, Blyth and Clarke,

1980; Hardy, 1980 and Marcolongo, 1980).

An aerial survey of the Siaya catchment is made annually in order ta
monitor land-use changes in the catchment. This survey includes beoth
calour and infra-red photography and attempts are to be made at relating
digitised multispectral images to the surface soil moisture of bare lands in

this area., Thus, surface soil moisture measurements at representative



sites in the catchments are required at the time of the photography. This
study was designed to provide information on the surface soil moisture of
bare soil in the Siaya catchment on August 30, 1982 when aerial photographs

of the catchments were being taken.

AIMS AND DATA

In order to relate remotely sensed data to surface secil moisture con-
ditions it is necessary 1c sample soil moisture at sites which represent the
variety of conditions found in the study area. Data from these control
sites may then be used to establish a relationship between the appropriate
spe'r‘:tral signature {combination of wavelengths) and surface soil moisture.
Should such a relationship be found then the soil moisture of other bare

fiedds in the caichment could be classified from the remciely senscd data.

The principal aim of this investipation was to develop regression
equationz from readily measurable soil and terrain variables which could
be used at a later date to calculate surface s0il moisbure conditions
which prevailed at the time of the flipht. Estimates of surface soil
moisture could then be made in areas of the catchment which were not
included in the original sampling and assist in the interpretation of the

aerial photographs.

An initial consideration in this study was to select siyx sites which
were representative of the physical characteristics of the Siaya catchument
and then to determine the surface s0il moisture of each site at the time of

the aerial data collection (between 11h00 and 13hH00).

The Siaya catchment is located on the northern coastal beli of Zululand
and covers an area of 15,32 {Fipure 1}. Altitudes range from 90 m in
the west to sea lewvel at the gutlet of the caibchment. Mean anpnual rain-

fal} for the area is approximately 1350 mm and most of the catchment is
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Figure 1 : The Siaya catchment and location of sampling sites

covered by sugar cane. The selection of sites for this study was restricted
by the localion of [allow fields, however, an attempt was made to select
sites which were representalive of the soils, silopes and aspects found in
the catchment. Furthermore, attention was given to providing a good
spatial cover within the catchment which would include sites at various alti-
tudes and distances from the sea. The localions of the selected sites are

glven in Figure 1.

At each site five sampliﬁg points were selected and samples of the
soil at depths of 25 mm and 75 mm were taken. The five individual samp-
ling points were located at least 75 m apart so as to represent the local
features of each site such as topographical position, soil and altitude.
At least 100 g of scil was collecied for zach sample and place in an air-
tight bag and scil moisture {percent by mass} was dstermined by gravi-
" matric analysis in a laboratory. Besides expressing scoil molsture as a
percent by mass, the variable was also converted to a relative value as

is defined in the following expression :



RSM = {1)

5}!‘11. LR A R

where
RSM = relative soil moisture (-),
Sl'u'Iij = soil moisture at the i'th sample point at site j (3} and
SM; = the lowest soil moisture value for any sample peint for

the chosen depth (%),

The concept of relative soil moisture was introduced so that the relat-
tionship between catchlment variables, soll varishles and the relative
difference in soil moisture on the selected day could be evaluated, In-
dependent wvariables were correlated with the variations in s6il moisture

rather than absoluie so0ll moisture values,

Fifteen independent variables were measured at each sampling point
for possible inclusion in the regression cquations Lo calculale soil mois-
ture at the two sclected depths.  Althouph not included in the regression
analysis, soil temperature was measured at 25 mm {TEMP1} and 75 mm
{TELP2Z) to determine whether aspect and slope affected the temperatures

at these depths.

Antccedent rainfall was not included as an independent variable in
this study since no rain had been recorded for fifteen days prior to the
day of the flight, Furthermore, Hope and Mulder (1979} have established
that rainfall amounts in this region are correlated highly with altitude and
distance from the sea, both these varizbles being recorded at each sample
point. Since the six selected sites were all located in ploughed fields,
soil texture and organic matter were found to he very similar. Textural
analyses were thus conducted using the combined samples from the two
depths. A summary of zil the ~ariables used in this study is given in
Tahble 1 while the mean, standard deviation and coefficient of variation

of each variable is presented in Table 2,



Table 1 ¢ Selected independent and dependent variables

a_Lll Independent Variables

Variable Description

CSAC coarse send (%)

CSAM medium sand { %)

CSAF fine sand (%)

CSI silt {%)

ce day (%) TEXTURE

{551 sand + clay (%)

C51C silt + elay (%)

cO organic matter (%)

58 soil surface slope {deg.)

H heipht above nearest drainage channel (m)
L distance t¢ nearest drainage channel {(m)
AL altitude read from topographical map (m) TERRAIN
ALB altitude determined by barometer (m)

DS distance from sea {km)

AZ azimuth {2N)

b) Dependent Variables

Variable Description
EM1 soil moisture at 25 mm (%)

SM2 soil moisture at 75 mm {%)

R5M1 relative soil moisture at 25 mm {-)
RSM2 relative soil moisture at 75 mm (~)




Table 2 : Means (x}, standard deviations (s) and coefficients
of variation (CV) of selected independent and
dependent variables

Variahle x 8 V(v
GSAC (%) 34,945 11, 754 33,6
CSAM (%) 47, 225 11,018 23,3
CSAF (%) 9,314 3,613 38,8
CS5L (%) 3,271 3,218 98, 4
CC (%) 5, 304 4,271 50,5
CSSI (%) 94,755 4,319 4,6
csIC (%) 8,575 7,139 83,3
co (%) 2,010 1,633 81,4
5B (deg.) 5, 068 2,312 45, 6
H {m) 5, 603 6,149 109, 7
L {m) 169,883 62,866 59,9
AL (m) 45, 057 16,243 36,0
ALB  {m) 55, 087 18,977 34, 4
DS  {km} 2,226 0,957 43,0
AZ (oM} 144, 967 91, 848 £5,7
SM1 (%) 1,055 0, 808 76, 6
SM2 (%) 6,188 3,796 61,3
RSML (-) 1, 681 1,981 117,8
RSM2 (-) 1,242 1,375 110,7

ANALYTICAL PROCEDURES

A fundamental principle of regression analysis is that the indepandent
variables contained in a regression equation should not be intercorrelated.
The application of principal components factor analysis to hydrological
problems iz described by Seyhan (1981) and this procedure was adopted to
identify the underlying independent dimensions or factors which explain the

variance in the 21 selected variables measured for this study {Tabie 1}.



in examinaiion of the correlation matrix used for the principal components
factor analysis may reveal some association bebtween variables included in
different factors. This would also be seen if the Factor matrix were presented
without simplification. However, each factor would contzin those wvariables
which are least related te variables in other factors and are, for practical
purposes, btaken as independent of variables in these Caciors.

The degree of asanciation hetwsaen a single variable and the other varizbles
in a Factor is given bythe factor loading. This loading may be taken to
have a similar meaning bto that of a correlation coefficient in a correlatio
matrix. Since it is difficult te interpret a factor matrix which contains
all the factor loadings, it is necessary to retain only those variahles
having a2 loading greater op less than a set value (Seyhan, 1981). The szelsc-
tion of this threshold value is arbitrary and depends largely on kthe
experience of the investigator. However, in many analyses there is a sharp
transition between Lthe group of bigh/low factor loadings and the group of
high/low factor loadings and the group of values close to zetro which assists
in the selection of the critical value. For each factor the cumulative
eigenvalue is given which represents the cumulative amount of variance
explained by successive factors. The communality, hiz, gives the percentage
of variance for the ith variable in the matrix of m factors.

The factor analysis in this study was based on a symmetrical correlation
matrix {of Pearson's product-moment corrclation ccefficients) with variance
orthogenal rotalion eriterion (Seyhan, 1981). Following the identification
of independent factors, correlation, multiple linear regression and step-
wise multiple linear regression analyses were used to develop the regression
equations with only a single variable from each factor being permitted to
enter each eguation. All data were transformed logarithmically since,
according to Seyhan (1981}, the transformation generally results in a
better approximation of the porma.'[ distribution, this distribution being

assumed in all the statistical procedures adopted for this study.

A flow chart of the data collection procedure, analytical steps and

intended remote sensing applications is given in Figure 2.
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Figure 2 : Flow chart of data collection procedure, analytical stepa

and intended remote sensing application

The flow chart in Figure 2 gives an indication of the constraints under
which such an investigation is invariable conducted, namely, availability

of manpower, time and instruments for data collected at the reguired time,

RESULTS AND DISCUSSION

The surface soils of bare fields in the Siaya catchment were found to
be excepticnally dry on the day of the study with the mean soll molsture

content at depths of 25 mm and 75 mm being 1,055% and 6, 188% respectively
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(Table 2}. The greater soil moisture content at 75 mm - may have been
expes¢ted since losges occur from above and rainfall had not cccurred for
15 days. The coefficient of variation for soil moisture in the upper zone
was 76, 6% whiie that for the lower zone was 61,3%. These differences in
variability suggest that localised factors, such as microtopography, have
a mora pronounced effect on soil moisture closer to the surface., Quanti-
fication of factors affecting soil moisture could thus be expected to be
more difficult for the shallower depth. The two relative soil moisture
indices, RSML and R5MZ2, also reflect the greater relative variabllity in
soil moisture at 25 mm. However, the coefficients of variation for both
indices are markedly higher than the associated values for soil moisture

conlent {R5M1 : CV = ]17,8%; RSM2 : CV = 110, 7%).

The simplified rotated factor matrixz of the 2! selected variables
{Table 1) is given in Table 3. Six underlying dimensions or factors were
identified and zccounied for B4, B% of the wvariance in the correlation matrix,
Factor I is clearly the most important dimension explaining 31,9% of the
variance. This factor represents the strong relationship belween soil lex-
ture and distance io the nearest drainage channel (L). The negative sign
associated with L indicates that there is an inverse relationship between this
variable and the silt content (CSI), clay content (CC) and organic matier
content {CO) of the soils. Since these {ine particles are generally trans-
ported downslopae by the movement of water, a grealer concentration in

each of these fractions would be expected closer to the drainage channels.

Factor II is a dimension which may be broadly described as the altitude
factor. The variables included in this factor are elther direct measures
of altitude (AL, ALB) or related to altitude {H, DS}. The coarse, medium

and fine sand textural camponents constitute an independsnt dimension,
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Table 3 : Simplified rotated factor matrix of scil, terrain and soil

moisture variables (factor leadings 20, 65 and = -0, 65 retained)

Factors

Yariables . hia'{%]

1 I III Iv v VI
CS5AC - 0,945 90,18
CEAM 0,873 B4, 54
CSAF ~0, 930 94,33
€5l 0, 650 48,03
cc 0,883 89,59
CS81 -0,934 95,18
CSI1C 0,937 93, 60
Co 0,805 93,89
sB -0,809 85,44
£l 0,813 B8, 69
L -0,808 87, 94
AL -0, 967 03,98
ALB -0,954 95,93
D5 -0, 930 _ 96,23
AZ 74, 36
SM1 0, 690 82,42
SM2 0, 794 79,64
R5M1 0,804 79,31
RSM2 0,871 80, 66
TEMP1 ~0, 635 g2,00
TEME 2 -0, 799 64,81
Eigenvalug 6, 7 3,68 3,50 1,40 1,39 1,18
Explained
Variance |31,90 49, 48 66,15 72,82 79,18 84,80
{Cu. %)




12

factor I1I. Factor IV is the independent dimension of soil moisture con-
taining soil meisture content and relative soil moisture for the two depths.
The high positive factor loadings in factor IV indicate that soil moisture
at the two depths is highly related. . Soil temperatures, TEMP1 and
TEMP2, were included in a single factor (V) and did not include azimuth
(AZ) or slope SB as was expected. Finally, the soil surface siope (SB)
was 1ound to be an independent factor (VI) which accounted for 10,61%

of the observed variance in the correlation matrix.

Following the correlation, multiple linear regression and stepwise

- multiple lincar regression analyses two equations were developed for cal-

4

culating seil moisture content at & depth of 25 mm (BM1), +iz.

5M1 = ﬂ.53'1 {CD}GJEB&] r==ﬂ,5ﬁ3 N IR {2}
and
sMi = 0,038 (CO} B3 ceam® ™, raa g 63 L. (3

These equalions indicate that organic tontent {C0) has the greatest
association withmoisture content in the upper zone accounting for 56,3%

of the chserved variance in 5M1 (Equalti-:m 2}, By including the fine sand
content (CSAF) in the equation the explained variance increases by less
than seven percent fo 63,1 percent. Since the standard error of estimate
for both equations was greater than 30 percent and the explained variances
were low, the eguations were nol regarded as satisfactory models for

calculating S5M1.

A single equation was developad for soil moisture content at the depth
of 75 mm (SM2) and took the following form :

0,497

SMZ2 = 0,232 {CQ) r2=0,430 L. (4)

The standard error of estimate for this equation zlso exceeded 30 percent

and 2 mere 43 percent of the observed varjance in SM2 was explzined by
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the model {Equation 4). These statistics were not improved by including
additional independent variahles and Equation 4 was also considered un-

satisfactory for calculating soil moisture content.

The importance of organic matter (CO} in retaining moisture in the
sail under dry cenditions was illustrated in this regression analysis, being
important at both depths., Gencrally, adsocrptive [orces are important in
retaining soil moisture under dry conditions and despite the greater specific
surface associaled with silt and clay, fine sand was the only textural com-
ponent included in the regression equations, Contrary to expectations,

the equationg developed for SM1 were better than the equation for SM2,

Attemptis ¢ develop regression equations for relative soil moisture at
ihe two depths {RSM1, RSM2) were not successful, The best equation
was for RSM] and was of the form :

3,221 2,11%&
HE S

RSM1 = {0,13 x 1u'4)(co} {ALB)

Besides the low cocfficient of determination (r? = 0,429) ithe standard
error exceeded 30 percent, It may thus be congluded that the relative
soil moisture as defined by these indices had a limited relationship with
the independent variables measured. However, organic malter (CO)} was

alsc a significant independent variable in this equation at the 99% level,

CONCLUSIONS

Soil molsture contents determined for the 30 sample points on bare land
and at two depths in the Siaya catchment revealed that the soil moisture
conditions for the selected day were particularly dry. The major findings
of this investigation may be summarised as follows :

{i) Soil moisture contents at the depth of 175 mm were markedly higher

than those at the depth of 25 mm and exhibited less variability.
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{ii) The 2} variables measured in this study were reduced, successfully,
to six independent dimensions using principal components factor
analysis.

(iii} Organic matter was found te be the mest impdrtant independent
variable affecting soil moisture contents at both depths investigated,

(iv) Regression equalions for calculating surface soil moisture were not
satisfactory, particularly for estimates at a depth of 75 mm. These
eretions were characterised by poor coefficients of determination {r?}
and high values of the standard error of esiimate.

{v) Expressing soil moisture as a quantity relative to the lowest recorded
value resulted’in weaker regression eguaiions and could not be related

successfully te the selected independent variables,

The resulis and conclusions of this investigation were dominated by
the dry scil moisiure conditions on the day of the study. Different resulls
may he found under wetter condilions where factors such as antecedent
rainfall could be included in the analysis. Furthermore, independent
variables which were found to be unimportant in this study could be signi-
ficant under wetter conditions and may result in more accurate predictive
equations. The results of the regression analysis for these dry conditions
are inadeguate for the proposed application to remote sensing. However,
the measured values of the 30 sample points could be used as a training
sample for digitised images. The precedures adopted in this investipation
were considered to be satisfactory and suitable for repeated analyses of

this nature.
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ABSTRACT

Recession hydrographs from a small research catchment (0,67 km %}
in Zululand exhibit diurnal fluctuations in streamflow which are super-
imposed on the genera! rocession trend. The daily additional reduction
in flow is assumed to be the result of greater evapotranspirational losses
in the riparian zene during the day time. This reduction in flow is cal-
culated for 76 days and an attempt is made to relate these values to
hydrometeorological variables which could be expected to correlate with
evapotranspirational losses. Facter analysis, correlation analysis and
regression analysis are used to develop equaticns to eslimate the daily
additional reduction in streamflow, These equations were found to be
satisfactory with hydropraph stage being the most imporiant independent

variables,

INTRODUCTION

Five nested research catchments on the northern coastal belt of Natal
are monitored by the Hydrological Research Unit of the University of Zulu-
land. Rainfall, runcff and cther hydrometeorological variakles are
measured continuously in these catchments which range in area from 0,67
km? to 85 kkm?. In dry periods, when the rate of discharge recedes over
a number of days, consistent diurnal fluctuations in streamflow, super-
impesed on the long-term trend of the hydrograph recession, have besn

observed, These fluctuations are most evident in the swallest of the five



catchments, namely, catchment WIMI1T,

Such divurnal fluctuations in the recession hydrograph of small catch-
ments have been reported by numerous researchers, for example,
Troxell {1936), Croft (1948), Todd (1959}, Meyboom {1%66), Ninni (1972},
Weisman (1977) and Burt {1979). These authors generally attribute such
fluctuations tc the diurnal variations in evaporative water losses in the
riparian zone of the stream. Vapour losses are at a maximum when the
solar enerpy load is at its greatest and tend to zero at night time. Evapo-
transpiration in the ripai-ian zone is assumed to interrupt the supply of soil

water and water frem the groundwater aquifer to the stream.

Additional daily water loss {rom the riparian zone may be expected to
be related lo daily pan evaporation, temperature and the water available
for evapotranspiration, This hypothesis is gxamined using dala from

catchment WIML7T.

STUDY CATCHMENT, AIMS AND DATA

Catchment WIM17 has an area of 0,67 km 2 of which 10 percent is
marshland {Figure 1). These marshlands are adjacent to the river channels
and are covered by phreatophytic grasses {Hope and Mulder, 1979). Catch-
ment WIML17 is located at 31°46'E and 28°50'S, is underlain by biotite and
granite-gneiss and most of the area is covered by grassland. Mean annual
precipitation for the region is 1450 mm and mean annual runoif is approxi-

mately 31% of this total (Hope and Mulder, 1979).

Two specific aims are embodied in this study, nzmely,
{i) to determine whether the daily excess water loss from the
recession hydrographs of catchiment W1M17 can be related
to daily pan evaporation, temperature and hydrograph

stage and
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Figure 1 : The sclected study catchment, WIM17

(ii} to develop regression equations from the above variables

in order to establish daily additional water loss,
ER {m3da~_.r' L,

Seven independent variables were defined and included in the
analyses, mnamely,

HS = hydrograph stage {m),

1

EA ).

A-pan evaporation {mm day

1l

EAl

A-pan evaporation for the preceding day {mm dajrul},
ES = S-pan evaporation {mm da*_,r"]'}*
ES1 = GS-pan evaporation for the preceding day (mm dajr-lj.

AVT

daily average temperature {°C) &nd

AVT1

average temperature for the preceding day (°C).



Evaporation and temperature variables for the preceding day werc included
to represent any lag phenomena or residual effect which may affect the
losses of the next day. Daily evaporation and temperature data were
measured at a meteorological station 13 km from the siudy catchment. This

station is also 130 m lower in elevation than the outlet of the catchment.

Siream discharge records for the period February 1980 to March 1982
were analysed for this study. A typical recession hydrograph illustrating
the diurnal fluctualions superimposed on the general recession trend of

the hydrograph is shown in Figure 2.

~— — — Tangent
“™—~ Deplelion curve

+ Centre of gravily

Additional waler lossg

Stage (rn]

1 2 3
Time ({days)

Fliguru 2 : Flow depletion curve and additicnal water loss
The rate of discharge which may be assumed to occur without these daily
fluctuations was taken to be 2 straight line drawn tangential to the points
where additional losses begin., Total additional water loss for any day is
. the difference in discharge between this line and the actual recession
curve., Since there is clearly a time lag in the onset and termination of
the daily reduction in flow, ealeulated loss for any one day ends at the

start of additional loss for the next day. Hydrograph stage, HS, was



taken to be the centre of gravity of the area enclosed by the tangential

line and recorded recession curve (Figure 2).

Seventiy-six observations were recorded for the period under investi-
gation. The means and standard deviations for the dependent and in-~
dependent variables are given in Table 1.

Table 1 : Means and siandard deviations of the independent and

dependent veriables using linear and logarithmic data {N = 74}

Variable . Mean Standard Deviatlon

Lingar Log Linear Log

ER : Addilional water loss (m?) 73,30 1,792 45, 2% 0, 256
HE : Hydrograph state {m} 11,71 1,055 3,03 0,110
EA  : A-Pan evaporation (mm day-l} 579 0,71% 2,29 0.213
EAl : EA-preceding day {mm day"¥) | 5,85 0,724 | 2,30 0,213
ES : S—pan cvaporation {mm day_lj 4,80 0,605 2,10 0,375
ES1 : ES-precedding day {mm cla'y_ll. 4,856 0,611 2,11 0,375
AVT : Average temperature {°C) 22,97 1,357 3,31 0,065
AVT]1 : Average temperaturefday (°C) 23,08 1,359 3,24 0,063

ANALYTICAL PROCEDURES

Since the observations for this investipation were collected over a
pericg of two years, the first analytical step was to test whether the
collected data exhibited any climatic non-homogeneity or whether they
could be considered part of the same population. This initial test was
undertaken using linear discriminant analysis described in detail by
Seyhan (1981). Data for this and subsequent analyses were transformed

logarithmically to approximate the normal distribution better. The



distribution is a fundamental assumption in all the statistical procedures

adopted.

In order to develop regression equations to calculate additional
diurnal water losses (ER} it is necessary to select 'truly’ independent
variables for any one equation. Principal components factor analysis was
used to jdentify independent dimensions or factors which would explain
the variance in the observed data. Highly interrelated variables are
groupcd inte a single factor and one variable from each factor may be
chosen for the regression eguation, The factor analysis was based on a
syml:netrica] correlation matrix (of Pearson's product-moment correlation

coeflicicnts) with variance orthogonal rotation criterion {Seyhan, 1981}.

The degree of association between a variable and other wvarjables in a
factor is given by the {actor loading of that variable. These loadings
have a similar meaning to that of a correlation coefficient in a correlation
matrix. Since it is difficult fo interpret a factor matrix which contains
all ithe {factor loadings, it is necessary to retain only those variables
having a loading greater or legs than a set value {Seyhan,1981). The
selection of this threshold value is arbitrary and depends largely on the
experience of the investigator. However, in many analyses there is a
sharp transition beiween a group of highflow factor loadings and a group
of values which are close to zero, thus assisting in the selection of the
eritical value. For each factor the cumulative eigenvalue is given which
represenis the cumulative amount of variance explained by successive
factors. The commnality, hiz. gives the percentage of variance of

the ith wvariable in the matrix of m factors.

Step-wise multiple linear regression was used to develop regression
equations to ealculate ER, The selection of truly independent variables

was based on the results of the principal components factor analysis,



RESULTS AND DISCUSSION

The null hypothesis that the data for the 76 observations was drawn
from different populations was rejected at the 0,1% level of significance.
Thus it was concluded that there was no climatic non-homogenceity in the

data and that stratification of the sample was not necessary.

The simplified rotated factor matrix produced by the principal com~
ponents factor analysis of the six independent and one dependent variable

is presented in Table 2,

Table 2 : Simplilied rotated factor matrix of independent and dependent
variables {factor loads 2 0,6 and £ -0,6

Factor loads
Variable

I 11 i hf{%]
Additional water load {ER) 0,940 . 90,5
Hydrograph stage (HS) 0,904 89,1
A-Pan Evaporation (EA) . 0,838 73,5
A-Pan Evaporationfday-1(EAL) 0,744 74,0
S5-Pan Ewvaporation (ES) 0, 801 69,9
S-Pan Evaporationfday-1{E51) 0,894 80,13
Average temperature (AVT) 0, HB5 6b, b
Averaga temperaturefday-1 (AVT]) G, 602 67,7
Eigenvalue 3,35 1,66 1,06
Cumulative % of total
explained variance .84 62,62 75,82

Three independent factors were identified and which together explained
75,82% of. the variance in the original data. The first factor, which

explained 41,84% of the variance, is clearly the most important dimension.



This factor defines the intercorrelation between pan evaporation and
temperature and unexpectedly includes the average temperature of the
preceding day. Factor Il gives a clear indication of the strong relat-
jonship between ER and HS (stage) while factor III reflects the associa-

tion of the A-pan and S-pan evaporation depths for the preceding day.

Seven significant regression equations to calculate ER were developed
and are presented along with selected stalistics in Table 3.
Table 3 : Regression equations of additiona! water loss (ER) with the

muliiple correlatlon coefficient (r}, standard error of

estimate (SY} and significance of the regression coefficient {c)

Equation r Sylf m3) el %
ER = 0,983 (us)l 706 0,729 1,500 99, 95
ER = 0,018 (05) 1 M5avT)y? 125 | 0,778 1, 455 99,95
ER = 0,77 (1sy!’ "18(p5)0:10° 0, 745 1,493 97, 50
ER = 0,451 (15)L 844 pa)0 267 0, 760 1,476 99, 50
ER = 0,702 (uS)Y T08ps1)0: 137 2, 756 1,479 99,00
ER = 0,372 (us) 8% pan 8310 0,77 1,462 99, 95
ER = 0,063 (HS) ¥ avTy 78 | 5, 1m0 1,186 99, 00

Each of the regression equations includes HS since, as was peinted out
previously, this variable has a strong association with ER. The equation
which was developed using HS alone has a correlation coefficient (r) of
0,729, thus accounting for 53,1% of the variance, However, by including
any of the other variables in the equation variances increased slightly

{Table 3) to a maximum of 60,5% {r = 0, 778).



The strong relationship between HS and ER in this analysis may be
explained in terms of the water which was available for evapotranspiration
in the riparian zone. When discharge from catchment WIM17 is high (i.e.
high value of HS) the groundwater aquifer and soil moisture of the catch-
 ment and riparian zone ;'nay be assumed to be greater than at times when
HS is low. Under sach wet conditions evapotranspiralion is likely to be
at the potential rate and not restricted by the avzilability of water. When
evapotranspiration is limited by the availability of water (low HS) then
lpsses are presumed at a rate less than the potential rate and ER is reduced
proportionately. However, in an attempt to improve the regression egua-
tion'sl, actual evapotranspiration in the riparian one was estmated for ecach
day using a soil moisture budgeting procedure described by Schulze {1982},
These values were used in place of pan evaporation, but failed to improve

the results.

CONCLUSICNS

The regression equalions developed to caleulate ER may., on the basis
of the minimal standard errors of estimate {< 10 percent), be regarded as
satisfactiory. The low percentage of variance accounted for by these egua-
tions may be attributed to one or more facters, First, the temperature
and evaporation measurements were made at a2 point some 13 km from catch-
-ment WIM17 and at an altltude 180 m below that of the catchment. Secondly,
the assumption thai the uninterrupted recession curve could be approximated
by straight tangential lines may have introduced slight additional error.
Finally, the processes conirolling the magnitnde of ER losses may be different
to those hypothesised in this study. Factors such as air pressure may have

an effect on fluctuations in the recession hydrographs,



10

This preliminary study has indicated that the diurnal fluctuations in
the recession hydrograph from a small catchment may be related success—
fully to selected. variables. However, a better understanding of the
processes involved and variables which need to be measured is required.
An extension of this study to include additional catchments, more obser-
vations and additional independent variables may help towards this

undersianding.
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