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PREFACE

In recent years increasing attention has been given to the application

of multivariate statistical techniques to hydrological problems. One of

the research objectives of the Zululand Hydrology Project is to develop

physiographically based models to calculate runoff from small catchments.

The potentially large number of physio graphical variables which need to

be investigated in this study resulted in multivariate statistical techniques

being selected as the suitable statistical approach to identify variables

which are related to catchment runoff. Dr, E. Seyhan of the Institute

of Earth Sciences, Free University, Amsterdam, was invited to spend

seven weeks in South Africa as guest of the Zululand Project, this

scientist having extensive experience in applying multivariate statistical

techniques to hydrological problems. During his stay in South Africa,

Dr Seyhan presented a number of lectures on this topic and assisted in

laying the foundation for future studies of the Zululand Project based on

multivariate techniques.

Although the development of physiographically based equations to cal-

culate runoff was the major research objective during Dr Seyhan's visit,

this report also deals with two additional hydrological studies 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 contains three papers

which emanated from the research conducted while Dr Seyhan was in South

Africa. These papers have been submitted to scientific journals for pub-

lication .

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

University of Natal in the Department of Agricultural Engineering and



thanks are due to Professor P. Meiring for placing the facilities of the

Department at the authors' disposal. The funding of Dr Seyhan's

visit to South Africa by the Water Research Commission is also gratefully

acknowledged.
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CALCULATING RUNOFF FROM CATCHMENT PHYSIOGRAPHY

IN SOUTH AFRICA

E. Seyhan and A . S . Hope

ABSTRACT

Multivariate statistical techniques and regression analysis are used
2

to develop runoff equations for small catchments ( < 100 km ) in two en-

vironmentally different regions of South Africa, the winter rainfall

region and the summer rainfall region east of the 800 mm isohyet. 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 distinct. Regression equations for these two

regions are also notably different and despite inadequacies in the runoff

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 potentially large number of variables

which may be 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 structure. 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, cluster 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 adopted in most analyses are square Euclidean

distance, product-moment correlation coefficient, variance, matching co-

efficient and average distance. A description of these multivariate statis-

tical techniques is given by Seyhan (1981a).

Runoff 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 runoff 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 interrelatedness.

The first thorough quantitative study of river systems in a catchment

was undertaken by Horton (1945). Following Horton, pioneering work in

the field of quantitative geomorphology directed at the formulation of catch-

ment variables was conducted by, inter alia, Miller (1953), Schumm (1956),

Strahler (1957), Morisowa (1958) and Maxwell (1960). These early works

showed that the catchment variables which are most significantly related to

runoff are : climate, catchment area, mean catchment altitude above the

outlet, mean distance to the outlet, channel slope, catchment lag, surface

storage, vegetation and soil. However, none of these authors made any

attempt to study the inter dependency of the variables in their multiple

regression analyses.



Research conducted by Hope (1979) on small catchments ( <100 km2)

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 environmental regions and to incorporate multivariate statistical

techniques in the development of predictive equations.

AIMS AND PROCEDURES

The mean annual runoff, mean annual flood and 10-year return

period flood are runoff characteristics which are widely used in the design

of water storage and control structures in small catchments. This study

had, as its central aim, the objective of developing physiographically

based regression equations to calculate these three runoff variables for

catchments in two regions of South Africa. The two selected regions were

the winter rainfall region of the South-West Cape and summer rainfall region

east 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, viz., to

a) determine whether the catchments of the winter and summer

rainfall regions differed in terms of the measured runoff,

rainfall and physiographical variables (Q-mode analysis),

b) establish the underlying dimensions and interrelationships of

the catchment variables in the two regions (R-mode analysis) and

c) 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 catchments in the summer and winter rainfall regions

of South Africa

Table 1 : Background information to the winter rainfall region and summer

rainfall region

Variable

Mean Annual Rainfall (mm)

Mean Daily Temperature (°C)

Free Water Evaporative
Losses (mm/yr)

Major Natural Vegetation

Geology

Rainfall Region

Winter

300 - 1000

15,0 - 17,5

< 1250 - 1600

Mediterranean

Sandstone, quartzite,
unconsolidated super-
ficial deposits

Summer

600 - 1000

12,5 - 22.5

<1250 - 1750

Temperate Forest, Sub-
Tropical Coastal Forest,
Temperate Grasses

Shale, mudstone, sandstone
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 rules. Generally, 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-

matical structure of the selected multivariate techniques. .

Factor analysis is the most widely used multivariate statistical method

in hydrology. The primary objective of this technique is to represent a

given group of variables in terms of several factors (Hotelling, 1933;

Kaiser, 1958; Harman, 1968 and Seyhan, 1981a). In factor analysis an

attempt is made to reduce the original group of variables to a 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

data matrix, the procedure for extracting the initial factors, the type of

rotation applied to established factors and the method of computing factor

scores (Seyhan, 1981a).

In order to determine whether the selected catchments for this study

could be classified into two significantly distinct groups (Q-mode analysis) ,

linear discriminant analysis was selected as the 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 among several groups. Mathematically, discriminant analysis can

be viewed as the development of discriminant functions (of the discriminant

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

Steinbrenner and Bent, 19 75) .



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 technique 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 orthogonal rotation criterion

(Seyhan, 1981a).

The procedural steps by which the R-mode and Q-mode analysis 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 negative or meaningless interpretation the statistical selection

of significant catchment variables could have been repeated with different

selection criteria. Alternatively additional catchment variables 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-

mer rainfall region and 23 from the winter rainfall region. Catchment sel-

ection was based on a number of criteria, viz. :

a) Only catchments with areas in the range four to 100 kmz were

considered. These limits ensured that all the required physio-

graphical information could be derived from 1:50 000 scale maps

and hence standardise 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 catchments were not underlain by complex geological

features 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 duration of the runoff record.

CATCHMENT

SELECTION

RAINFALL DATA

RUNOFF DATA

PHYSIOGRAPHIC DATA

SELECTION OF CATCHMENT VARIABLES

PREPARATION OF RAW DATA MATRIX

R-MODE PRINCIPAL COMPONENTS FACTOR ANALYSIS

SELECTION OF SIGNIFICANT

CATCHMENT VARIABLES

CORRELATION AND

REGRESSION ANALYSIS

Q-MODE

LINEAR DISCRIMINANT ANALYSIS

SELECTION AND

INTERPRETATION

NEGATIVE

INTERPRETATION

POSITIVE NEGATIVE

END OF

ANALYSIS

Figure 2 : Procedural steps for R-mode and Q-mode analyses
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Numerous variables in a catchment may influence, directly or in-

directly, the transfer of rainfall to runoff. Some of these variables,

such as catchment area, determine the potential volume of runoff while

others, such as land-use or soils, modify the output. 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

runoff, mean annual flood and the 10-year return period flood. The in-

dependent and dependent variables tested in this study are given in Table

2.

Procedures for calculating 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 South Africa published by the Government Printer while the

2,33-years, 24 hour duration rainfall and 10-years, 24 hour duration rain-

fall were obtained from maps published by Schulze (1982) . Runoff variables

were calculated from data obtained from the Department of the Environment,

Directorate of Water Affairs, Pretoria. The mean and standard deviation

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 r

formed data.



Table 2 : Selected dependent and independent variables

Runoff variables:

MAR = mean annual discharge (xlO m s )

MAF = mean annual flood (m s )

3 -1MA10 = 10-year return period flood (m s )

Physiographical variables:

A = area of catchment (km 2)

S85 = mean slope of main channel by 85-10 slope factor (m km )

D = drainage density (km~l)

P = drainage perimeter (km)

V/ = width of w a t e r s h e d (km)

LB = main channe l l e n g t h (km)

HM = maximum bas in relief (m)

T = t o p o g r a p h i c fac tor (km m )

RH = Schumm's relief ra t io (m km )

RHP = Melton 's relief r a t io (m km" 1 )

RF = form factor (-)

RC = circularity ratio (-)

RE = elongation ratio (-)

C = compactness ratio (-)

Rainfall variables :

MAP = mean annual precipitation (m)

12,33 = intensity of 2,33-years 24 hour duration rainfall (mm day )

110 = intensity of 10-years 24 hour duration rainfall (mm day )
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Table 3 : Mean (x) and s t anda rd deviation (s) values of runoff,

physiographical and rainfall var iables for catchments in

the winter rainfall region (N = 23) and summer rainfall

region (N = 25)

Variable

MAR

MAF

MA 10

A

S85

P •'

D

W

LB

HM

T

RH

RHP

RF

RC

RE

C

MAP

12,33

110

Winter Rainfall

X

23,306

30,493

58,029

29,114

86,795

2,248

26,032

2,856

9,951

1041,755
1,458

102,377

43,199

0,319
0,565

0,622

1,403

0,976

60,217
94,000

Region

5

36,854

59,229
92,514

17,583

60,485

0,805

10,766

1,088

4,004

417,935

0,971

55,371

21,374

0,140

0,174

0,143

0,336

0,563

22,711

36,692

Summer Rainfall

X

11,625

14,464

51,982

45,026

43,412

2,073

29,778

3,426

12,035

664,912

2,528

52,966

' 25,966

0,348

0,602

0,645

1,309

0,915

73,720

115,040

Region

s

12,306
22,246

96,978

31,628

40,187

0,663

13,779
1,251

6,331

390,615

1,782

36,191
18,705

0,188

0,126

0,161

0,138

0,195

13,183

27,388
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RESULTS AND DISCUSSION

In all analyses where linear data were used the results were markedly

poorer than the results obtained using logarithmic data. This observation

was in keeping with the findings reported by Seyhan and Keet {1981) and

Seyhan and Keet (1982). Only the results of analysis conducted using

logarithmic data are presented.

Q-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-

morphometry. Fourteen physiographical variables (Table 2) were used

for the first analysis and the results 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 rainfall region) or group 2

(summer rainfall region) according to the discriminant function developed

for catchments from these two regions using 14 physiographical variables

(Table 2), The histogram presented 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 region which were classified

correctly was 89,0% (Figure 3b). The minimal overlap in the histograms

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 runoff variables (Table 2) in the dis-

criminant analysis also resulted in a distinct hydromorphometrical classi-

fication of the catchments into the 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 from both these analyses thus substantiated the hypothesis that

the underlying physiographical and hydromorphometrical dimensions of

catchments in the two regions were different and that they should be con-

sidered independently in developing runoff equations.

R-mode principal components factor analysis

The R-nrjode principal components factor analysis (Seyhan, 1981a) was

adopted to analyse the interrelationships between the selected independent

and dependent variables. Analyses were conducted using linear data and

then repeated using data with a logarithmic transformation. For each of

these raw data matrices a symmetrical correlation matrix of Pearson's product-

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 association between an individual variable

and other variables contained in a factor is given by the factor loadings

with the sign indicating a direct (+) or inverse (-) relationship. These

factor loadings may be taken as having a meaning similar to that of a corre-

lation coefficient in a icorrelation matrix. According to Seyhan (1981a)

it is difficult to interpret a factor matrix which contains all the factor

loadings. Thus, an arbitrary factor loading is selected and only variables

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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the a) winter and b) summer rainfall regions using
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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, h.2, 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, P, W and LB) and relief (SS5, HM, RH

and RHP). Only factors with eigenvalues greater than one were included

in Table 4, an arbitrary decision recommended by Seyhan (1981a). This

practice was adopted 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 also constituted an independent factor.

The three factors given in Table 4 explain a mere 23,2% of the variance of

D (communality) with the rest of the variance being explained by the re-

maining factors.

By including the rainfall and runoff variables in the factor analysis

for the winter rainfall region, the same independent physiographical

dimensions are identified as 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 110)

and runoff (MAR, MAF and MA10) . Together, these 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 £ 0, 70 and £-0,70 retained)

Variables

A

S85

D

P

W

LB

HM

T

RH

RHP

RF

RC

RE

C

Eigenvalue

Explained
Variance
(Cumulative

I

- o ,
- o ,
- o ,

0,

5,

37,

971

875

971

715

30

85

Factors

I I

0,982

0,836

0,817

0,775

3,57

63,35

III

0,748

0,83 2

0,753

0,682

2,28

79,65

Y<D

96,83

80,43

23,27

91,79

96,55
95,34

90,80

59,90

72,87

89,45

95,22

82,66

95,22

54,58



17

Table 5 : Simplified rotated factor matrix of hydromorphometrical

data from catchments in the winter rainfall region (N = 23,

factor loadings > 0,65 and < -0 ,65 retained)

Variables

MAR

MAF

MA10

A

S85

D-'

P

W

LB

HM

T

RH

RHP

RF

RC

RE

C

MAP

12,33

110

Eigenvalue

Explained
Variance
(Cumulative

%)

I

-0,976

-0,890

-0 ,9 76

0,888

7,00

35,01

II

0,779

0,914

0,907

4,59

57,98

Factors

I I I

0,920

-0,771

-0,771

-0,949

3,74

76,66

IV

0,949

0,821

0,798

0,733

1,71

85,19

V

0,656

0,854

0,838

0,819

1,06

90,50

h.2(%)
I

72,83

95,97

96,00

99,35

89,11

72,86

98,56

99,11

97,67

95,00

93,80

80,58

91,17

96,60

89,99

96,62

89,90

69,53

95,95

89,37



18

most of the variance contained in the correlation matrix (90,5%). Since

drainage density is included in factor V (Table 5), it may be concluded

that this is the most important independent variable associated with runoff

in these catchments.

The factor analysis of physiographical data from catchments 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 results of Table 4 with those of Table 6, two major differences are

notable. First, drainage density (D) is correlated directly with the

relief factor (II) 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 latter finding indicates that the relative importance of these

factors in explaining the variance in the correlation matrix differs in these

two regions. This is also evident in comparing the cumulative percentages

of explained variance for each factor in the two regions. Furthermore,

the three factors identified explain more variance in the physiographical

data of the summer rainfall region (90,72%) than they do for the correspon-

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 II defines

the association of catchment relief (S85, 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

HI and IV respectively. The four factors identified for the hydromorpho-
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Table 6 : Simplified rotated factor matrix of physiographical data

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

factor loadings > 0,70 and < -0,70 retained)

Variables

A
S85

D

P

W

LB

HM

T

RH

RHP

RF

RC

RE

C

Eigenvalue

Explained
Variance
(Cumulative

%)

I

0,899

0,870

0,951

0,711

6,90

49,27

Factors

II

0,890

0, 763

0, 787

0,868

0,876

4,48

81,26

II I

0,972

0,752

0,971

-0,750

1,32

90,72

h.2(%)

98,10

84,69

70,71

99,85

99,60

96,77

' 93,35

95,22

88,52

93,37

96,20

78,82

96,20

78,75
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Table 7 : Simplified factor matrix of hydromorphometrical data from

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

loadings > 0,63 and < -0,63 retained)

Variables

MAR

MAF

MA10

A

S85

D

P

W

LB

HM

T

RH

RHP

RF

RC

RE

C

MAP

12,33

110

Eigenvalue

Explained
Variance
(Cumulative

I

0,706

0,636
0,638

0,832

0,833

0,954

0,782

-0,886

-0,910

-0,882

0,909

8,85

44,25

Factors

I I

0,846

0,766

-0,689

0,741

0,841

0,958

5,15

69,95

in

•

0,943

0,888

1,66

78,26

IV

0,770

1,36

85,08

V ( % )

89,01

79,76

80,26

91,35

76,92

71,86

93,65
70,01

96,50

93,56

94,17

85,28

92,87

86,94

82,91

87,15

82,81

68,61

92,55
86,38
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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 physiographical and hydromorphometrical

dimensions of the catchments in the two selected regions, attention is now

turned to developing runoff equations for these two regions.

Regression analysis

The results of the Q-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 factors established

using factor analysis were also found to be different for these two regions.

In view of these findings separate regression analyses were conducted for

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

selecting 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 runoff (MAR),

mean annual flood (MAF) and 10 year return period flood (MA 10) for catch-

ments in the two regions. The standard error of estimate (S ) and multiple

correlation coefficient (r) for each equation was determined. The signifi-

cance of the regression coefficients (3-j ) was determined using Student's

t-test while the significance 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 (MA10). These

peak discharges are principally a function of drainage density, catchment

shape and rainfall intensity (Table 8). The multiple correlation coeffi=

cients of these peak discharge equations are all in excess of 99% signifi=

cance and the significance of the regression coefficients is greater than

95%. 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

the equations for calculating mean annual runoff are less significant than

equations for calculating mean annual runoff are less significant than

equations 6 and 7 in Table 9 for calculating peak discharges, the peak

discharge equations have markedly higher standard errors of estimate than

mean annual runoff 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 peak discharge equations express the

dependent variable as a function of catchment area alone-

In developing equations to calculate runoff from catchment physiographi-

cal and rainfall variables, the results of this study have revealed differences

in the variables controlling the runoff 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 area

than those selected for the summer rainfall region. Thus, greater geologica

and climatological homogeneity existed for catchments of the winter rainfall

region. Finally, the data obtained for catchments in the summer rainfall

region were less reliable than those of the winter rainfall region, particularly

for peak discharges. This latter point may account for the poor equations
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Table 8 : Regression equations and associated statistics

for catchments of the winter rainfall region

(N = 23)
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Table 9 : Regression equations and associated statistics

for catchments of the summer rainfall region

(N = 25)
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which were developed to calculate peak discharges in the summer rainfall

region.

In both regions equations which did not include rainfall variables were

not notably less significant than those equations which included these

variables (Table 8 and 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, Q-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 of the winter and summer rainfall regions

are physiographically and hydromorphometrically distinct,

(ii) In both regions the major physiographical dimensions are

catchment shape, relief, length and drainage density,

(iii) Physiographical variables appear to be mere 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 physio-

graphy of the catchments reflects, amongst other things,

the climate which acted on them.

(iv) The equations developed to calculate peak discharges (MAF

and MA10) 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, poor quality runoff data, the results obtained are

considered to be highly satisfactory. The analyses have shown that

multivariate techniques may be used beneficially to regionalise catchments

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 MOISTURE

IN THE SIAYA CATCHMENT



ESTIMATION OF SURFACE SOIL MOISTURE CONTENT IN

THE SIAYA CATCHMENT

A . S . 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 located 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 each depth were collected. At

the time of the experiment colour and infra-red aerial photographs of the

catchment were taken with the intention of relating, at a later date,

digitised images to variations in measured and calculated soil moisture.

Factor analysis, correlation analysis and regression analyses were used

to develop the equations. These equations were found to be unsatisfac-

tory predictors of soil moisture content, particularly at 75 mm. The poor

regression results were attributed to the extremely dry soil moisture con-

ditions on the day of the study.

BACKGROUND

Soil moisture has long been ascribed a prominent role 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 hydrological

• modelling. Temporal variations in soil moisture at different depths in the

soil horizon are controlled by different mechanisms. Tischendorf (1969)

concluded that the deeper soil moisture changes were related to season



while researchers such as Carlson, Reinhart and Horton (1956) found soil

moisture in the surface 300 mm to depend primarily on the sequence of

rainfall 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, 1967 and Jones, 1976). Research find-

ings, particularly in the United States of America, generally attribute

spatial differences in soil moisture to one or more of the following :

climate, soils, vegetation and topographical position (e.g. Wild and

Scholz, 1930; Flatt, 1955; Kovner, 1955; Stoeckeler and Curtis, 1960;

Whipkey, 1965; Tischendorf, 1969 and Hclvey, 1971).

The measurement of catchment soil moisture is time consuming and at

best point readings are made at selected sites. In view of the highly

variable nature of soil moisture in a catchment estimates of total soil mois-

ture content are usually crude even when numerous point samples are

taken (Blyth, 1981). Over the past decade much attention has been given

to remote sensing techniques for the estimation of soil moisture (e.g.

Schmugge, Meneely, Rango and Neff, 1977; Schmugge, Blanchard,

Anderson and Wang, 1978; Price, 1980; Newton, 1981 and Heilman and

Moore, 1981). Reflectances in the green-yellow band (0,5p - 0,6]j) and

near infra-red band (0,8y- 0,9y) 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 to

monitor land-use changes in the catchment. This survey includes both

colour 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 soil moisture con-

ditions it is necessary to 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

spectral signature (combination of wavelengths) and surface soil moisture.

Should such a relationship be found then the soil moisture of other bare

fields in the catchment could be classified from the remotely sensed data.

The principal aim of this investigation was to develop regression

equations from readily measurable soil and terrain variables which could

be used at a later date to calculate surface soil moisture conditions

which prevailed at the time of the flight. 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 six sites which

were representative of the physical characteristics of the Siaya catchment

and then to determine the surface soil moisture of each site at the time of

the aerial data collection (between ilhOO and 13h00).

The Siaya catchment is located on the northern coastal belt of Zululand

2
and covers an area of 15,3 (Figure 1). Altitudes range from 90 ra in

the west to sea level at the outlet of the catchment. Mean annual rain-

fall 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 location of fallow fields, however, an attempt was made to select

sites which were representative of the soils, slopes 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 locations of the selected sites are

given in Figure 1.

At each site five sampling 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 soil was collected for each sample and place in an air-

tight bag and soil moisture (percent by mass) was determined by gravi-

rratric analysis in a laboratory. Besides expressing soil moisture as a

percent by mass, the variable was also converted to a relative value as

is defined in the following expression :



SM. - SKLRSM = V "V
where

RSM = relative soil moisture {-),

SM.. = soil moisture at the i'th sample point at site j (%) and

SMT = the lowest soil moisture value for any sample point for

the chosen depth (%).

The concept of relative soil moisture was introduced so that the relat-

tionship between catchment variables, soil variables and the relative

difference in soil moisture on the selected day could be evaluated. In-

dependent variables were correlated with the variations in soil moisture

rather than absolute soil moisture values.

Fifteen independent variables were measured at each sampling point

for possible inclusion in the regression equations to calculate soil mois-

ture at the two selected depths. Although not included in the regression

analysis, soil temperature was measured at 25 mm (TEMPI) and 75 mm

(TEMP2) to determine whether aspect and slope affected the temperatures

at these depths.

Antecedent 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 variables 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 be very similar. Textural

analyses were thus conducted using the combined samples from the two

depths. A summary of all the variables used in this study is given in

Table 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) Independent Variables

Variable

CSAC

CSAM

CSAF

CSI

cc
CSSI

CSIC
1

CO

SB

H

L

AL

ALB

DS

AZ

Description

coarse sand ( %)

medium sand ( %)

fine sand ( %)

silt (%)

clay (%)

sand + clay (%)

silt + clay (%)

TEXTURE

J
organic matter ( %)

soil surface slope (dcg.)

height above nearest drainage channel (m)

distance to nearest drainage channel (m)

altitude read from topographical map (m)

altitude determined by barometer (m)

distance from sea (km)

azimuth (°N)

> TERRAIN

b) Dependent Variables

Variable Description

SMI

SM2

RSM1

RSM2

soil moisture at 25 mm (%)

soil moisture at 75 mm (%)

relative soil moisture at 25 mm {-)

relative soil moisture at 75 mm (-)



Table 2 : Means (x) , standard deviations (s) and coefficients

of variation (CV) of selected independent and

dependent variables

Variable

CSAC

CSAM

CSAF

CSL

CC

CSSI

CSIC

CO

SB

H

L

AL

ALB

DS

AZ

SMI

SM2

RSM1

RSM2

(%)

(%)

(%)

(%)

(%)

(%)

(%)

<%)

(deg.)

(m)

(m)

(m)

(m)

(km)

(°N)

{%)

(%)

( - )

(-)

X

34,945

47,225

9,314

3,271

5,304

94,755

8,575

2,010

5,068

5,603

109,883

45,057

55,087

2,226

164,967

1,055

6,188

1,681

1,242

s

11,754

11,018

3,613

3,218

4,271

4,319

7,139

1,633

2,312

6,149

62,866

16,243

18,977

0,957

91,848

0,808

3,796

1,981

1,375

CV(%)

33,6

23,3

38,8

98,4

80,5

4,6

83,3

81,4

45,6

109,7

59,9

36,0

34,4

43,0

55,7

76,6

61,3

117,8

110,7

ANALYTICAL PROCEDURES

A fundamental principle of regression analysis is that the independent

variables contained in a regression equation should not be intercorrelated.

The application of principal components factor analysis to hydrological

problems is 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 (Table 1).
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An examination of the correlation matrix used for the principal components

factor analysis may reveal some association between variables included in

different factors. This would also be seen if the factor matrix were presented

without simplification. However, each factor would contain those variables

which are least related to variables in other factors and are, for practical

purposes, taken as independent of variables in these factors.

The degree of association between a single variable and the other variables

in a factor is given bythe factor loading. This loading may be taken to

have a similar meaning to that of a correlation coefficient in a correlatio

matrix. Since it is difficult to interpret a factor matrix which contains

all the factor loadings, it is necessary to retain only those variables

having a loading greater or less than a set value (Seyhan, 1981). The selec-

tion of this threshold value is arbitrary and depends largely on the

experience of the investigator. However, in many analyses there is a sharp

transition between the group of high/low factor loadings and the group of

high/low factor loadings and the group of values close to zero which assists

in the selection of the critical value. For each factor the cumulative

eigenvalue is given which represents the cumulative amount of variance

2
explained by successive factors. The communality, h. , 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 correlation coefficients) with variance

orthogonal rotation criterion (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 equation. All data were transformed logarithmically since,

according to Seyhan (1981), the transformation generally results in a

better approximation of the normal 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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REMAPPING

Figure 2 : Flow chart of data collection procedure, analytical steps

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 required time.

RESULTS AND DISCUSSION

The surface soils of bare fields in the Siaya catchment were found to

be exceptionally dry on the day of the study with the mean soil moisture

content at depths of 25 mm and 75 mm being 1,055% and 6,188% respectively



10

(Table 2) . The greater soil moisture content at 75 mm • may have been

expected since losses occur from above and rainfall had not occurred for

15 days. The coefficient of variation for soil moisture in the upper zone

was 76,6% while that for the lower zone was 61,3%. These differences in

variability suggest that localised factors, such as microtopography, have

a more 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, RSM1 and RSM2, also reflect the greater relative variability in

soil moisture at 25 mm. However, the coefficients of variation for both

indices are markedly higher than the associated values for soil moisture

content (RSM1 : CV = 117,8%; RSM2 : CV - 110,7%).

The simplified rotated factor matrix of the 21 selected variables

(Table 1) is given in Table 3. Six underlying dimensions or factors were

identified and accounted for 84,8% of the variance in the correlation matrix.

Factor I is clearly the most important dimension explaining 31,9% of the

variance. This factor represents the strong relationship between soil tex-

ture and distance to 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 matter

content (CO) of the soils. Since these fine particles are generally trans-

ported downslope by the movement of water, a greater 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 either direct measures

of altitude (AL, ALB) or related to altitude (H, DS) . The coarse, medium

and fine sand textural components constitute an independent dimension,
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Table 3 : Simplified rotated factor matrix of soil, terrain and soil

moisture variables (factor loadings >0, 65 and < -0,65 retained)

Variables

CSAC

CSAM

CSAF

CSI

cc
CSSI

CSIC

CO

SB

H

L

AL

ALB

DS

AZ

SMI

SM2

RSM1

RSM2

TEMPI

TEMP 2

Eigenvalue

Explained
Variance
(Cu. %)

o,
o

-o,
o,
o

-o,

6

31

I

650

883

934

937

805

808

,79

,90

II

0,

- o ,
- o ,
- 0 ,

3,

49,

813

967

954

930

69

48

Factors

III

• 0 ,

0,

- 0 ,

3

66

945

873

930

50

15

0

0

0

0

x<

72,

IV

,690

,794

,806

,871

40

82

V

-0,635

-0,799

1,39

79,18

VI

-0,809

1,18

84,80

i (%)

90,18

84,54

94,33

48,03

89,59

95,18

93,60

93,89

85,44

88,69

87,94

93,98

95,93

96,23

74,36

82,42

79,64

79,31

80,66

82,00

64,81
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factor III. Factor IV is the independent dimension of soil moisture con-

taining soil moisture 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, TEMPI 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 lound 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 linear regression analyses two equations were developed for cal-

culating soil moisture content at a depth of 25 mm (SMI), viz.

SMI = 0,534 (CO)0 '8 8 6 ; r 2 = 0,563 (2)

and

SMI = 0,038 (CO)° )834(CSAF)0 '759; r2 = 0,631 (3)

These equations indicate that organic content (CO) has the greatest

association with moisture content in the upper zone accounting for 56,3%

of the observed variance in SMI (Equation 2) . By including the fine sand

content (CSAF) in the equation the explained variance increases by less

than seven percent to 63,1 percent. Since the standard error of estimate

for both equations was greater than 30 percent and the explained variances

were low, the equations were not regarded as satisfactory models for

calculating SMI.

A single equation was developed for soil moisture content at the depth

of 75 mm (SM2) and took the following form :

0 4Q7
SM2 = 0,232 (CO) ' ; r 2 = 0,430 (4)

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

and a mere 43 percent of the observed variance in SM2 was explained by
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the model (Equation 4) . These statistics were not improved by including

additional independent variables and Equation 4 was also considered un-

satisfactory for calculating soil moisture content.

The importance of organic matter (CO) in retaining moisture in the

soil under dry conditions was illustrated in this regression analysis, being

important at both depths. Generally, adsorptive forces are important in

retaining soil moisture under dry conditions and despite the greater specific

surface associated with silt and clay, fine sand was the only textural com-

ponent included in the regression equations. Contrary to expectations,

the equations developed for SMI were better than the equation for SM2,

Attempts to develop regression equations for relative soil moisture at

the two depths (RSM1, RSM2) were not successful. The best equation

was for RSM1 and was of the form :

RSM1 = (0,13 x 10"4) (CO)3' 221(ALB)2 '116; r2 = 0,429 (5)

Besides the low coefficient of determination (r 2 = 0,429) the standard

error exceeded 30 percent. It may thus be concluded that the relative

soil moisture as defined by these indices had a limited relationship with

the independent variables measured. However, organic matter (CO) was

also a significant independent variable in this equation at the 95% level.

CONCLUSIONS

Soil moisture contents determined for the 3 0 sample points on bare land

and at tv/o 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 ofi75 mm were markedly higher

than those at the depth of 25 mm and exhibited less variability.
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(ii) The 21 variables measured in this study were reduced, successfully,

to six independent dimensions using principal components factor

analysis,

(iii) Organic matter was found to be the most important independent

variable affecting soil moisture contents at both depths investigated.

(iv) Regression equations for calculating surface soil moisture were not

satisfactory, particularly for estimates at a depth of 75 mm. These

equations were characterised by poor coefficients of determination (r2)

and high values of the standard error of estimate,

(v) Expressing soil moisture as a quantity relative to the lowest recorded

value resulted7in weaker regression equations and could not be related

successfully to the selected independent variables.

The results and conclusions of this investigation were dominated by

the dry soil moisture conditions on the day of the study. Different results

may be found under wetter conditions 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 inadequate 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 procedures adopted in this investigation

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 km2)

in Zululand exhibit diurnal fluctuations in streamflow which are super-

imposed on the general recession trend. The daily additional reduction

in flow is assumed to be the result of greater evapotranspirational losses

in the riparian zone 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. Factor analysis, correlation analysis and

regression analysis are used to develop equations to estimate the daily

additional reduction in streamflow. These equations were found to be

satisfactory with hydrograph stage being the most important 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, runoff and other hydrometeorological variables are

measured continuously in these catchments which range in area from 0,67

km2 to 85 km2. In dry periods, when the rate of discharge recedes over

a number of days, consistent diurnal fluctuations in streamflow, super-

imposed on the long-term trend of the hydrograph recession, have been

observed. These fluctuations are most evident in the smallest of the five



catchments, namely, catchment W1M17.

Such diurnal fluctuations in the recession hydrograph of small catch-

ments have been reported by numerous researchers, for example,

Troxell (1936), Croft (1948), Todd(1959), Meyboom (1966), Nanni(19 72),

Weisman (1977) and Burt (1979). These authors generally attribute such

fluctuations to the diurnal variations in evaporative water losses in the

riparian zone of the stream. Vapour losses are at a maximum when the

solar energy load is at its greatest and tend to zero at night time. Evapo-

transpiration in the riparian zone is assumed to interrupt the supply of soil

water and water from the groundwater aquifer to the stream.

Additional daily water loss from the riparian zone may be expected to

be related to daily pan evaporation, temperature and the water available

for evapotranspiration. This hypothesis is examined using data from

catchment W1M17.

STUDY CATCHMENT, AIMS AND DATA

Catchment W1M17 has an area of 0,67 km2 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 W1M17 is located at 31°46'E and 28°501S, 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 runoff is approxi-

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

Two specific aims are embodied in this study, namely,

(i) to determine whether the daily excess water loss from the

recession hydrographs of catchment W1M17 can be related

to daily pan evaporation, temperature and hydrograph

stage and
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Figure 1 : The selected study catchment, W1M17

(ii) to develop regression equations from the above variables

in order to establish daily additional water loss,

ER (m3day"1) .

Seven independent variables were defined and included in the

analyses, namely,

HS = hydrograph stage (m),

EA = A-pan evaporation (mm day ),

EA1 = A-pan evaporation for the preceding day (mm day ),

ES = S-pan evaporation (mm day ),

ESI = S-pan evaporation for the preceding day (mm day ),

AVT = daily average temperature (°C) and

AVT1 = average temperature for the preceding day (°C).



Evaporation and temperature variables for the preceding day were 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 study catchment. This

station is also 180 m lower in elevation than the outlet of the catchment.

Stream discharge records for the period February 1980 to March 1982

were analysed for this study. A typical recession hydrograph illustrating

the diurnal fluctuations superimposed on the general recession trend of

the hydrograph is shown in Figure 2.

Tangent
r~>»—' Depletion

+ Centre of gravity

Additional water loss

Time (days)

Figure 2 : Flow depletion curve and additional water loss

The rate of discharge which may be assumed to occur without these daily

fluctuations was taken to be a 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, calculated 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) .

Seventy-six observations were recorded for the period under investi-

gation. The means and standard deviations for the dependent and in-

dependent variables arc given in Table 1.

Table 1 ; Means and s tandard deviations of the independent and

dependent variables using linear and logarithmic data (N = 76)

Variable

ER

HS

EA

EA1

ES

E S I

AVT

AVT1

Additional water loss (m3)

Hydrograph state (m)

A-Pan evaporation (mm day )

EA-prcceding day (mm day )

S-pan evaporation (mm day )

KS-preecding day (mm day ).

Average temperature (°C)

Average temperature/day (°C)

Mean

Linear

73,30

11,71

5,79

5,85

4,80

4,86

22,97

23,08

L o B

1,792

1,055

0,719

0,724

0,605

0,611

1,357

1,359

Standard

Linear

45,23

3,03

2,29

2,30

2,10

2,11

3,31

3,24

Deviation

Log

0,256

0,110

0,213

0,213

0,375

0,375

0,065

0,063

ANALYTICAL PROCEDURES

Since the observations for this investigation were collected over a

period 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 identify independent dimensions or factors which would explain

the variance in the observed data. Highly interrelated variables are

grouped into a single factor and one variable from each factor may be

chosen for the regression equation. The factor analysis was based on a

symmetrical correlation matrix (of Pearson's product-moment correlation

coefficients) with variance orthogonal rotation criterion {Seyhan, 1981) .

The degree of association between a variable and other variables in a

factor is given by the factor loading of that variable. These loadings

have a similar meaning to that of a correlation coefficient in a correlation

matrix. Since it is difficult to interpret a factor matrix which contains

all the factor loadings, it is necessary to retain only those variables

having a loading greater or less 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 between a group of high/low factor loadings and a group

of values which are close to zero, thus assisting 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, h.2, gives the percentage of variance of

the ith variable in the matrix of in factors.

Step-wise multiple linear regression was used to develop regression

equations to calculate 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-homogeneity 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 : Simplified rotated factor matrix of independent and dependent

variables (factor loads > 0,6 and < -0,6)

Variable

Additional water load (ER)

Hydrograph stage (HS)

A-Pan Evaporation (EA)

A-Pan Evaporation/day-1(EA1)

S-Pan Evaporation (ES)

S-Pan Evaporation/day-1( ES 1)

Average temperature (AVT)

Average temperature/day-1 (AVT1)

Eigenvalue

Cumulative % of total

explained variance

Factor loads

I

0,838

0,801

0,685

0,602

3,35

41,84

II

0,940

0,904

1,66

62,62

III

0,744

0,894

1,06

75,82

90,5

89,1

73,5

74,0

69,9

80,3

66,6

67,7

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.
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This factor defines the intercorrelation between pan evaporation and

temperature and unexpectedly includes the average temperature of the

preceding day. Factor II gives a clear indication of the strong relat-

ionship 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 statistics in Table 3.

Table 3 : Regression equations of additional water loss (ER) with the

multiple correlation coefficient ( r ) , standard error of

estimate (S ) and significance of the regression coefficient (c)

ER =

ER =

ER =

ER =

ER =

ER =

ER =

Equation

0,983 ( H S ) 1 ' 7 0 6

0,018 (HS) 1 ' 9 1 5 (AVT) 1 ' 1 2 5

0,767 ( H S ) 1 ' 7 4 8 ^ ) 0 ' 1 0 5

0,451 ( H S ) 1 ' 8 4 4 ^ ) 0 ' 2 6 7

0,702 (HS) 1 ' 7 6 6 (ES1) 0 ' 1 3 7

0,372 ( H S ) 1 > 8 8 9 ( E A 1 ) ° I 3 1 6

0,063 ( H S ) 1 ' 8 5 6 ( A V T 1 ) 0 ' 7 6 1

r

0,729

0,778

0,745

0,760

0,756

0,771

0,750

1,500

1,455

1,493

1,476

1,479

1,462

1,486

= ( »

99,95

99,95

97,50

99,50

99,00

99,95

99,00

Each of the regression equations includes HS since, as was pointed 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 W1M17 is high (i.e.

high value of HS) the groundwater aquifer and soil moisture of the catch-

• ment and riparian zone may be assumed to be greater than at times when

HS is low. Under such wet conditions evapotranspiration is likely to be

at the potential rate and not restricted by the availability of water. When

evapotranspiration is limited by the availability of water (low HS) then

losses are presumed at a rate less than the potential rate and ER is reduced

proportionately. However, in an attempt to improve the regression equa-

tions, actual evapotranspiration in the riparian zone was estimated for each

day using a soil moisture budgeting procedure described by Schulze (1932),

These values were used in place of pan evaporation, but failed to improve

the results.

CONCLUSIONS

The regression equations developed to calculate ER may, on the basis

of the minimal standard errors of estimate (< 10 percent), be regarded as

satisfactory. The low percentage of variance accounted for by these equa-

tions may be attributed to one or more factors. First, the temperature

and evaporation measurements were made at a point some 13 km from catch-

• ment W1M17 and at an altitude 180 m below that of the catchment. Secondly,

the assumption that the uninterrupted recession curve could be approximated

by straight tangential lines may have introduced slight additional error.

Finally, the processes controlling the magnitude 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.
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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

understanding.
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