WATER RESOURCES SYMPOSIUM
40th ANZAAS CONGRESS

PROCEEDINGS - PART 1

lincoln papers




WATER RESOURCES SYMPOSIUM

LOth ANZAAS CONGRESS

P g






WATER RESOURCES SYMPOSIUM
40th ANZAAS CONGRESS
PROCEEDINGS PART 1

Lincoln Papers in
Water Resources -

No. 1, April 1968.

Research Publication R/2 of the New Zealand
Agricultural Engineering Institute, Lincoln

College, Canterbury, new Zealand,






FOREWORD

Lincoln College, the College of Agriculture of the University
of Canterbury, sponsors an active research and teaching programme
in hydrology, soil conservation and water resources development.
The purpose of these Papers is to communicate research results and
new developments in these fields as rapidly as possible, and
particularly to report the results of projects undertaken in con-
junction by the Department of Agricultural Engineering and the
New Zealand Agricultural Engineering Institute. From time to time
the opportunity will be taken to publish material originating
elsewhere in New Zealand with which the College is associated and
which could not otherwise be made available.

The Lincoln Papers in Water Resources are published by the
New Zealand Agricultural Engineering Institute and printed by the
Lincoln College Press. All enquiries should be addressed to the
Information Officer, New Zealand Agricultural Engineering Institute,
Lincoln College Post Office, Canterbury, New Zealand.






PREFACE

VYolumes 1 and 2 of the Lincoln Papers in Water Resources
comprise the papers presented at a Symposium on Water Resources
Development which was arranged by the Engineering Section of the
LOth ANZAAS Congress and organised by Lincoln College Staff.

The full programme for the Symposium was as follows:

Thursday 25th January

Chairman: F.M. Henderson, University of Canterbury

(a) The Atmospheric Phase

1. Hydrometeorological contribution to the development and
control of water resources - D.N., Body, Commonwealth Bureau

of Meteoroclogy.

2. Estimating the probable maximum precipitation in remote
areas - C.J. Wiesner, University of New South Wales.

3, Rainfall variability and reliability in New Zealand -~
J. Coulter, N.Z. Meteorological Service.

Chairmsn: J.R. Burton, Lincoln College

{(v) The Land Use Phase

b, Effects of agricultural land use on water quality -
K. O'Connor, D.S.I.R., Lincoln.

5. Watershed management - problems and possibilities -
J.F. Holloway, N.Z. Forest Service

6@ Tvaluation of changes in the land-use regime - W.C. Bouo'htong
=] (]
Lincoln College.

Friday, 26th January

Chairman: J.R. Burton, Lincoln College
(¢) The Control Phasc

7 Theory and practice in water resource system design -
D.T. Howell, University of New Scuth Wales.

8. The Tongariro Power project - H. James, Ministry of Works.

9. Irrigation development in the New Zealand environment -
R. Lobb, N.Z, Department of Agriculture.

vii



PREFACE (Contd)

Chairman: T.D.J. Leech, Cooma, New South ¥al
(d) The Socio-Economic Phase

10, Economic evaluation for water resocources
R. Jensen, Lincoln College.

:LOPMENT -

11, Legislation for water resources develod
Ministry of Werks,

12. EBducatioa for water resources development - J.R. Burton,
Lincoln College.
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Mr, D.N. Body
Uyorome:eoro;egl
Bureau of Meteorol

Hydrometeorology can be sonsidered to be the study of the
occurrence and movement of water from the time it appears as pre-
cipitation until it is lost to sither the ocecan, groundwater
storage or back to the atmosphere. It is during this phase of the
hydrologic cycle that most use is made and the greatest control can
be exercised on the water resource provided by precipitation.

If the water resocurce is to be used efficiently, both in terms
of development and control, it will be essential for close co-opera-
tion to be maintained beitween meteorologists, hydrologists and
agriculturalists.

Increased capacity for data collection and analysis and the
introduction of numerical methods can be expected to lead to an
improvement in objective forecasting techniques. Future research
should also lead to a better understanding of precipitation produc-
ing mechanisms from which more adequate methods for providing
hydrologic design criteria can be expected to emerge.

The paper describes the current situation in these fields and
examines likely future developments.

ESTIMATING THE PROBABLE MAXIMUM
~PRECIPITATION TN REMOTE AREAS3

Mr, C.J. Wiesner
Senior Lecturer, Schoo: of Civil fnginsering,
University of New South Wales, Australia.

-~

As part of the assessment of the curces of a region
the probable maximum flocod is required. A rational method of eotlm-
ating this is through evaluations of the Probable Maximum Precipita-

tion (P.M.P.)

In remote areas where data is absent, scanty, or poorly docu-
mented, it is possible to estimate the P.M.P. by using the data of
other regions appropriately adjusted. ESocme of this data is given
and described,

The temporal pattefns of the probable maximum storms ars
discussed,



AND RELIABILITY
NEW ZEALAND

A knowledge of the variability of rainfali in space and time
is needed in planning water supply undertakings. Monthly rainfall
variability in space and time and the variations of seasonal rain-
falls from year to year are discussed using data from New Zealand
rainfall stations.

EFFECTS OF AGRICULTURAL LAND USE ON
WATER QUALITY

Dr. K.F. O*Connor,
Grassiands DlJ.Sionq D.8.I.R,., Lincolin.

The quality of water as a resource for decvelopment may be
aff@c*sd by agriculture. This is seen in changes in discharge

pat ns of sireams because of changes in runoff and 1nflltra ion
characteristics, and in addition of materials tc water bodies,
either as soiids in suspension or in solution. Additions to water
may arise from erosion of soil, leaching or direct additions of
agricultural chemicals, products or residues. Gome of the principal
dimensions of these phenomena are outliined for New Zealand in
particular, Their significance for integrated water resource
development and agricultural water use planning is discussed.

WATERSHED MA!AGFVFNT - PROBLEMS
ND POSSIBILITI

Mr. J.T7. Holloway,
New Zesaland Torest Service

Wherever the principal objective of watershed management is

P
river control, action must primarily centre on the lands that
pro&uca the most water and/or the most sediment. In New Zealand,
these are mountain lands.

Problems in New Zealand are those common to all high-rainfalil,

mountainous countries, compounded by the fréquen' oscurrence of

infertile soils of low erosion resistance and of strongly shattered

bed-rock. by arn ﬁXf{ut’Jdally rapid worsening of climate with alti-
ace

tude gain, by frequent essibility and by strict limitations

o
P

of finance and manpower,

In these circumstances a severely realistic attitude is

ri idering possible manageme pilans. The immediate
task is to preve t further damage to watersheds. This must come
Fr ntrol of fire and better control of introduced
¢ animals.
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Restoration of an adequate vegetation cover to lands already
denuded will not be practicable without a much greater investment
in research. Manipulation of vegetation to control water yield, as
pposed to erosion control, is so far a theoretical possibility

EVALUATION OF CHANGES IN THE
LAND-USE REGIME

Mr. W.C. Boughton,
Senior Lecturer,; Agricultural Engineering
Department, Lincoln College.

Hydrologic evaluation of land-use changes encompasses a broad

field of agricultural, forestry, and engineering activity. Because
of the complexity of the hydrologic process, it is difficult to
distinguich the effects of such changes from natural variations in
quality, gquantity, peak rates and other characteristics of runoff.

A variety of experimental methods ranging from the very simple
to the very complex have been used in attempting to evaluate these
effects. The variety of methods reflects the variety of prcblems
encompassed and the number of different disciplines concerned with
the problems,

The use of plots, experimental catchments, barometer water-
sheds, representative basins, benchmark and vigil networks and
other methods for the collection of data, and methods of data
analysis ranging from simple graphical correlations to multi-
variate analysis and mathematical catchment models are reviewed.
Current use of catchment models as an experimental method is
described and possible future developments of {these models are
explored. The need for integrated planning of data collection and
data analysis is emphasised.



HYDROMETECROLOGICAL CONTRIBUTICN TO THE DEVELOPMINT
\ND CONTROL OF WATER RESOURCES
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Dealin y with the aspect of the gpillway design {lood,
modern prac pts the concept of th@ estimated extreme precipi-
tation as % for the determinati s design parameter,
Such a proc based upcon the assum at storms producing
maju? raﬁn* 80 because of h,gh that had the
air ir i

ooiﬂf then
produced, a
1n W ch provi the ralnfall pattern produ

; ted orography, the storms are moved
under considera: from other localities.

The major ocedure have been itls
reliance on pericd c¢f synoptic record
and the digf' titative effects of orography
in the ocbsery o which transposition is
required. B csented to the Institution
of Engineers’ that, so far as tropical
cyclones were act whi ant

in regard to the rain prcducing capacity of
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Australia, should lead to th evelopment of cedures which will
allow orocgraphically produced rainfall fto be ntified and separated
from that produced by the dyrnamics of ¢t 5 ¢ mechanism. The
successful separation of the rainfsl1l i the&e two sources will
enable a much more realistic applicati the branspositiOJ par®
of the theory for the estimation of ipitation.
There ig another aspect of the p estimates of

extreme precipitation which is becomi gly important with
the construction of dams with large s and small spillways
U“Ver such conditions desi floods of up to 10 days
are required. To provide i to defin
' { 1 th
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an initial condition in which a major rain is inherent, and enable
the study of the possibilities associated with the synoptic sequence
following such an event.

The other phase involved in the design of engineering develop-
ment of water resources is that of des gnlnm the capacity of the
reservoir to serve the demand or perhaps to design the development
to be based upon a given safe draft. This process 1s now generally
recognised as being basically statistical rather than empirical.

In Fig. 1 the connection between the panels detailing a catch-
ent runoff model and streamflow time series has been shown as

dotted indicating that design of reservoir capacity does not necess-
arily involve a catchment model. However, it is interesting to
speculate just how far any design can proceed using the historical
streamflow record alone. As the reservoir will be required to
supply demand in the future, then it is the future inflow sequence
which is of interest. Two panels indicate possible modifications
in the future which would be expected fo produce variations in the
streamflow regime and would need to be taken into account in any
reservoir yield studies. These are precipitation modification and
the change in evapotranspiration caused by changes in land use. A
third medifying factor is the use of water upstream of the reservoir
for pumped irrigation or perhaps in another reservoir.

It appears that the only satisfactory way in which the effects
of the modifying influences can be established is to use a catch-
ment runoff model to produce an estimate of the future streamflow
time series on which to base the design.

OPERATION ASPECTS OF ENGINEERING DEVELOPMENTS IN WATER RESOURCES
UTILIZATION

Forecasts of future precipitation and the consequent changes
in streamflow would obviously be of very great assistance in the
management of water resources. In the forecast content it is con-
venient to subdivide the problem into two categories based on the
period of the forecast. Short-term forecasts relate to a period
up to 10 days in the future while long-term forecasts are for
periods beyond this time.

Fig.2 ssts out possible sequences of events which could
follow adeguate forecasts of precipitation and runoff. In the
he main interest is in flood flows while in the longer

short-term
term pericds of less than normal rainfall assume the major importance.

m o

Much of the consequent action to the issue of flood forecasts
has already been developed successfully in many countries. In
- atrall» engineering authorities responsible for the operation cof
rVOLrS have been singularly reluctant to accept forecasts as a
for operating the dam as a flood control structure. However,
ere is no doubt that procedures are already available to allow
equate forecasts to be made, based upon observed rainfall, and
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precipitation forecasts giving some hours lcad time are withirn sight.

» workers have identified areas of precipitation and general
quantities up to four days ahead with sufficient accuracy to allow
emergency services to be alerted, The possibilities of this approach
being adopted in the southern hemisphere would seem to be iimited

by the lazk of observing sites with presently available instrumenta-
tion. TFuture developments will undoubtedly provide the opporiunity
of reaching a similar level of confidence in this hemisphers,

In regard to the longer term forecasts, there is no obvious
method which at this time would lead one to prophesy that specific
quantitative forecasts of precipitation could be given for periods
covering a sufficient time in the future, to make it worthwhile for
long term planning in the agricultural and pastoral sphere. While
it is doubtful whether specific forecasts cculd be achieved, there
does seem to be a possibility that an outlock based upon a probability
approach could be given, which would be of assistance in the lon
term planning of water resources management in these important
fields.

AGRICULTURAL AND PASTORAL PLANNING FOR WATER RESOURCES UTILIZATION

As alrcady stated the response time for planning in agriculiure
and pastoral industries is such as to make the possibilities of
specific quantitative forecasting rather remotz. However, recognis-
ing that a major proporticn of Australia’s water resource is used
by vegetation where it falls as prec lU;tau+0n~ the Bureau of
Metecorology has prepared con behalf of the Au Water Rasources
Council a publication which sets out detsils h
monthly reinfall and evaporation. A sample of the
tion used to display the rainfall data is given in
of the marked skewness associated with monthly rai
are presented in the form of percentiles with
being accepted as the "normal' rainfail. The
of these tabulations, from the point of view
planning, is Part B of Fig.3. This gives the
50th and 90th percentile rainfalls for runs
This allows rainfall statistics to be read di
uocus sequence of months.

F-4

An lustraticon of the use to which this form data can be put
is the of the iaﬁa for the months November Lo March inelusive
to prov an indication of the probability that the severe drought
in weste Vistoria and Scuth-east South Australis might break
before Autumn of 1968. TFig. 4 shows the isohyets for the median

rainfall for these five months while Fig., 5 shows the isohyeis of
the 10th percentile rainfall,

Jsing the aversasge svaporation for cach of these months the
amount of rainfall required to promote and uctai growth was deter-
mined using the approach of Prescott et al. (1948). Isohyets of
this rainfall are shown in Fig. 6. By using Figs. 4 and 5 it was



possible to superimpose on this figure the areas in which there is
at least a 50 per cent chance of achieving the required rainfall
and the area where there is a 90 per cent chance. On the basis of
this work 1t was possible for the Government to take steps to
arrange continuing drought relief in the western district and for
the movement of valuable stock to the eastern regions where the
probability of receiving sufficient rainfall was higher.

This work does not mean that the drought will not break in
western Vistoria or that there will not be a drought in eastern
Victoria but it does provide an objective basis on which to base
decisions, N

Another project which may be mentioned under this heading is
one which will be of assistance to farmers and all householders
who rely for their domestic water supply on the runoff from the
house roof. In its minor way it has all the essentials which are
involved in the problem of designing a reservoir to meet a given
demand.

For a selected daily demand it is possible to determine the
basic impervious area which would be required to just meet this
demand from the average annual rainfall if it is assumed that
there is sufficient storage to damp out all variations from year to
year. Fig.7 gives this relationship in graphical form.

In order to provide for periods when there is no rain and to
make the most use of the rain when it falls, it is necessary to have
some storage and to have an impervious area somewhat greater than
the basic area given by this graph. Fig.7 is applicable in all
regions as it depends only upon the average annual rainfall, but
to determine the combination of storage and impervious area to meet
the chosen demand for a given probability of providing full supply.
it is necessary to consider the time distribution of the rain at
the particular site.

Fig.8 shows the relationship between storage, impervious area
5 > 9

and probability of providing full supply for Meekatharra in Western
Australia where the mean annual rainfall is 8.28 inches.

For example, let us assume that the householder wishes to be
assured cof a daily demand of 20 gallons. Then for Meekatharra from
Fig.7 the basic impervious area would be 1800 square feet. If our
householder accepted a 95 per cent probability of full supply, then
from Fig. 8 it can be seen that he has a number of combinations of
storage and impervious area which will meet this level of guaranteed
supply. If his roof area is twice the basic area of 1800 square
feet, & large house, he can achieve his design performance with a
storage of 120 times his chosen daily demand, i.e. 2400 gallons.

The interesting aspect of this apparently simple problem is
that at any given combination of storage and impervious area, the
probability of full supply is dependent upon the time sequence in
which the rainfall occurs. As it is impossible to forecast this



segquence, the values of the probabilities given in Fig, 8 are
themselves subject to a probability distribution. In fact, a com=-
bination of storage and impervious area chosen from Fig.8 has a

85 per cent probability that it will reach the indicated level of
performance. This probability is established by constructing from
the existing historical record a series of new samples by a random
selection of monthly rainfalls.

CONCLUSIONS

With the increasing understanding of the atmospheric processes
which cause major rainfells and ths development of soundly based
catchment runcff models, there 1s reason to believe that the design
criteria for the engineering structures associated with the utiliza-
tion of water resources will become more soundly based. This will
apply to both the spillway design flood aspect and the yield problem.

The awareness that the vast majority of Australia's water
resource is unavailable for control by engineering structures is
expected to lead to a change in emphasis in hydrometeorciogical
investigations. In this change, the problem of forecasting, or at
least indicating the probabilities associated with seasonal rainfall,
will assume greater importance.




Brunt, A.T. 1667

T.A, and

19L8

Institution of Engineers,

Hydrology Symposium (in press)

@

cc. Royal Geographical Society of
Australia, South Australian Branch,
Vol. 50,
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Note Boxes with double edging indicate those activities in which
hydrometeorologists would make a major contribution.

Fig. 1

Planning water resources utilization. The design process.
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PRECIPITATION
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LONG TERM
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/\
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MODEL AND PASTORAL
PLANNING
STREAMFLOW
FORECASTS
R
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ALLOCATION OF
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RELEASES FOR
PARTICULAR USES

Note: Boxes with double edging indicate those activities in which
hydrometeorologists would make a major contribution.

Fig. 2
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RAINFALL PERCENTILE INFORMATION IN POINTS

(100 points =1 inch)

DRAINAGE DIVISION

SOUTK AUSTYOALlaN GILF (V)
CATCHMENT (2 EYRE PFNINSULA

STATION ITEM JAN FEB MAR APR MAY JUNE JULY AUG SEPT ocT NOV DEC YEAR
LOW 0 9 [} 3 53 30 76 KL 51 15 4 - 1144
YORT LINCILN o 4 10 4 1 8 3 152 11 159 13¢ 81 39 14 . 1489 PART A
LATITUDE 34 44 S 30 16 14 34 74 155 LA 2% 185 123 ah AL] 28 1473
LONGITUDE 135°52' E 50 32 44 54 111 2ne | 242 290 262 182 124 71 an 1848
1866-1965 100 YEARS 70 60 77 Lk} 181 249 154 313 AUL] 238 187 145 87 2nsn
STATION NO. 18070 90 115 142 153 268 372 497 479 18R 3354 269 287 st 2428
HIGH 473 377 495 452 573 7718 727 732 4Ré 498 311 29 2999
DETAILS OF RAINFALL EXPERIENCE IN CONSECUTIVE MONTHS
COMMENCING WITH THE MONTH INDICATED
NUMBER
OF JAN FEB MAR APR MAY JUNE JULY AUG SEPT ocT NOV DEC
MONTHS
1 4 1 5 32 102 111 1%9 131 a1 30 14 L}
2 18 38 LF 178 275 330 334 264 173 192 51 31
3 60 112 24 42" 5S40 52« 512 Ian 220 127 b4 ] 57
4 158 304 454 454 759 723 6%9 LY ¥ 294 151 107 9
H 337 505 675 agt 911 LIF 771 494 440 ‘90 145 191
10TH PERCENTILE VALUE 6 545 739 347 | 172> | 10%2 942 782 540 554 24 260 374
7 755 922 1633 1191 1149 971 811 587 423 174 %2 aCY
8 945 1127 1243 1255 1178 1012 831 (Y ¥ 550 598 718 LX)
9 1139 | 1332 | 1304 1719 1198 | 1n4? 849 742 753 LF1] 919 130
10 1328 1368 1343 | g8z 1257 | 10948 10n8 94y 976 1782 | 1117 1231
1 1405 1437 1412 1402 13%4 1258 1238 116% 1218 132* 1316 1v2*
12 1469 1467 1433 1457 1452 147% 16470 1477 1463 1474 1482 1458
1 32 44 5a 11t 206 28> 290 262 182 12n 71 s
2 96 138 196 352 514 591 558 447 326 2nS 153 104
3 174 24% 4413 471 813 847 741 577 416 299 197 152
4 282 473 723 962 1081 1019 348 ASe 492 152 244 219
S 520 778 ] 1026 | 31235 | 1226 | 1136 981 734 541 394 322 151
SOTH PERCENTILE VALUE 6 810 | 1085 | 129¢ | 1373 | 1348 | 1224 | 1035 [(TH) 590 455 asq 54% PART B
(MEDIAN) 7 1136 1351 1467 1500 1446 1341 1082 R6e 644 AqR [L1] R7S
8 1390 1543 | 1589 | 1960 1566 | 1372 | 1145 918 772 LF3} 974 119¢
9 1597 | 1430 | 1654 1649 1637 1430 1271 1043 1035 | 1119 1379 1432
10 1706 172% § 1744 | 1499 1674 | 1935 1328 1270 1339 | 1422 | 1553 1474
13 1807 | 1787 | 1805 .| 178% { 1721 | 1644 1554 1378 1628 1878 | 1793 1787
12 1848 1859 1880 1964 1882 13914 1898 187 1897 1909 1873 1868
1 115 142 193 268 372 497 479 Jer 334 28? 217 15%
2 214 251 497 57% 814 91?2 785 837 are 399 296 227
3 358 454 647 962 1177 1187 1047 784 587 472 368 321
; 3:; 727 1079 1%4¢ 14R6 1458 1212 92n 67% s8é 454 487
1115 1419 1727 1798 1608 1254 977 777 A30 585 AbY
8OTH PERCENTILE VALUE 6 1233 | 1529 | 1878 | 1919 | 1899 | 170r | 1328 | 1059 871 745 778 ar9
7 1586 1849 1973 | 2r67 1984 | 1804 1459 1182 996 92A 1078 1283
8 1909 2C0% 2145 2177 20R4 1911 1547 1240 1148 1158 1392 1808
9 2050 215R 2309 2239 2176 198n 16n6 1399 1409 1938 1778 1921
10 2188 | 2339 | 23563 | 2336 1 2243 | 1984 | 1807 | 1893 | 1710 | 198 | 2098 | 2n9s
1" 2373 2404 24%e 2%59 2280 2147 2082 1986 2033 215R 29188 2284
12 2425 2440 2435 2407 2444 2394 23903 236R 72318 229% 2324 2413

Fig. 3 Sample tabulation of rainfall statistics published in Review of Australia’s
er Resources, Monthly Rainfail and Evaporation.
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BASIC IMPERVIOUS AREA - Sq. feet
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ESTIMATING THE PROBABLE MAXTMUM
PRECIPITATION IN REMOTE AREAS

C.J. Wiesner,
University of New South Wales,
Australia.

INTRODUCTION

One of the features of the water resources of a region is its
flood potential. This may be defined by estimates of floods of speci-
fied recurrence intervals and the probable maximum flood. These
estimates are used in the design of water ways, dam spillways, river
diversions, drainage works, and flood mitigation projects. The tech-
niques used in estimating these floods are an important section of
hydrology and are described in textbooks and their associated
references.

A rational method of estimating the probable maximum flood makes
use of the probable maximum precipitation (P.}M.P,) This can be defined
as that depth of precipitation, which, for a given area and duration,
can be reached but not exceeded, under known meteorological conditions

The estimation of the P.M.P. is one of the concerns of Hydro-
meteorology, defined in the restrictive sense as that study of the
atmospheric processes which affect the water resources of the earth.
P.M.P, is briefly discussed in the texts (1. 2. 3) and in more detail
in the publications of the Hydrometeorological Branch of the U.S.
Weather Bureau, and in numerous articles (4, 5, 6),

MAXIMUM DEPTH DURATION AREA DATA.

The methods of hydrometeoroclogy reguire large amounts cf data
which must be processed and analysed. These are beot handled by
specialised groups of engineers and meteorclogists combining in a hydro-
meteorological section. A successful method considers the intense

storms which have occurred within a meteorciogically homogen@ﬁas zone

and expresses them in terms of the maximum depths of rainfall experiencesd
over various areas. This is the storm's depnth duration area \DQDQAD)
data. (7.8). The conditions under which these storms can be transposed
and maximized are determined. Information is needed on the properties

of the air masses involved in the storm and region, the space-time
relationships of pre-'“ipi*ation,9 the storm mechanism and the storm's move-
ments. It may then be possible to transpose and maximize the storms to
the project basin and obtain estimates of the probable maximum precipita-
tion. Thus a comprehensive observational network needs to be maintained
for a considerable length of time to adﬂq{avcly document some of the

more intense storms which are likely to occur. This and the lack of
skilled staff 1limit the application of the method. It has been most
thoroughly applied in the United States where the major storms have beszun
anailysed. The maximum depths achieved in these U.S. storms for the
various durations and areas are given in Table 1. n other countries
sterms have approached but not exceeded these values which are taken as
world maximum D.D.A. data.

o
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MAXTIMUM RAINGAUGE FALLS

The distinction between rain gauge falls or "point" rainfall and
depth duration data is well known and both have their uses in engineer-
ing design. Ralngauge figures lend themselves to statistical analysis
and the cstimation of rainfall of various return periods. Depth-
duration-grea data allow for the space variation of precipitation and
are adapted to the determination of the probable maximum precipitation.
The maximum depth-duration-area data are given in table 1 and it is as
well to consider the world's maximum point rainfalls. These have
recently been revicwed by PAULHAUS (1965)9., who fitted the equation
P = 16.6D-"75 where P is the raingauge precipitation in inches over
duration D in hours. TFrom this equation the probable maximum raingauge
depths or cloudburst rainfalls may be estimated and are given in table 2.

Table 2. Probable maximum cloudburst rainfall

Duration Min. Depth in. Duration (hr) | Depth in.
5 k.76 1 6.6
10 6.8 2 234
15 8.3 3 28.7
20 9.6 b 33,2
20 11.8 5 37.0
Ls 1h. kL 6 Lo.6

The extreme rainburst falls or cloudbursts are due to a combination
of extraordinary circumstances. For example, air of very high moisture
content flows into an efficient storm aided by favourable topography to
give high rainfall at perhaps only one gauge of a network. Also, short
duration cloudbursts can result when the liquid water, accumulated over
a small area is suddenly released due to the collapse of the vertical
supporting current.

e cloudburst rginfall is decidedly local and table 2 refers to
raingaugs depths. However, a detailed examination of cloudbursts in
the U.S. has established an approximate relationship between the rain-
-fall at a point and small areas. This is shown in figure 1 and can be
used to extrapolate the intense point rainfalls to larger areas.

Th
au
o

As table 2 is based on world figures, each of which is associated
with peculiar conditions, it represents an overall upper 1limit to point
rainfalls of the given duration. The amounts are so vastly greater
than anything most people have experienced that the probability of their
occurrence must be considered remote. However, the figures indicate an
overall maximum and the only Jjustification of using them in design is
when the exceptional conditions described might occur in the project

.
basin.

THE PROBLEM OF THE BASIN WITHCUT DATA

The problem of inadequate data is all too frequent in Hydrology
as water projects are often planned in the isolated and unsettled
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portions of river valleys. Furthermore, in the under-developed and liess
sophisticated countries there is an urgent need for water conservation
projects and data has not been coliected in the past. It follows that
it is necessary to consider the data which can be transposed and the
conditions governing its use. In particular, tables 1 and 2 will be
examined to see what parts of them can be used tc estimate the P.M,P.

in remote areas.

Earlier reporis and papers (10, 11, 12) have made use of maximum
D.D.A. data up to 1949, but these values were revised by the occurrenc
of the Yankeetown storm of September 3, 7, 1950. No higher values hamﬁ

been reported since. The generalised diagrams, maps, and formulae pro-
duced in the early reports are valuable but the direct transposition
and maximization of the basic data is preferred as it eliminates smooth-
ing errors and is applicable to all sites.

In order to know which parts of table 1 c¢an be used the storms con-
tributing to it must be examined and classified. This has been done by
the Hydromet. Branch of U.S. Weather Bureau in their numerous reports
(10, 13), and by the Corps of Engineers, (14).

THE STRUCTURE OF THE INTENSE STORMS

)

The storm mechanisms involved in table 7 were not simple and were
particularly complicated in the long duration and large area storms.
Quite often a number of storm models were involived,; the topographical
one being significant and unique to the area concerned. However, some
generalisations can be made about the lower duration, small area storms.
These were found to be predominantly of the convergenﬁ type described
by the U.S. Weather Bureau 12 and Paulhaus and Gilman® (1953). 1In this
model inflow occurs in the lower layers with high moisture inflow and
outflow at high levels wherec temperatures and moisture contents are
very low. This is the most efficient of the storm models and produces
heavy rain over small areas and for short durations. The thunderstorm
is a particular example of the model. This type of mechanism, which is
independent of topography or latitude, can occur in all areas but not
with the same intensity. The rainfall intensity has been successfully
related to the moisturc content of the inflowing air (L4, 10, 12), and
these efficient convergent models may thus be transposed into most
areas with the necessary adjustment for moisture content of the air mass
expected in the new site. > molsture factor is best expressed as the
precipitable water zbove bthe storm base; thus the D.D.A. data of the
efficient convergent storms can be maximized and transposed to most
areas to obtain the P.M.P. The adjustment is -

Storm depth for max.precipitabie water above basin
€

P.M.P. =

[
S

Area and duration actual precipitable water above

< A
storm
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DETERMINATION OF THE PRECIPITABLE WATER

The precipitable water, or perhaps, more correctly, the liguid
equivalent of an air mass, is defined as the equivalent linear depth of
water within a column if all the water vapcur is condensed over the
base azrea of the column., It can be determined from its vertical temp-
erature and humidity structure. 15 In a storm situation when the air
may be expected to be saturated the precipitable water may be estimate
from a knowledge of thc surface dew point and the assumed saturated

] rate. A sultable nomogram for this purpose is

pseudo adiabatic la
given in the texts . 2, %) and is reproduced as figure 2.

C)

pe
/
\

%

It follows that to transpose and maximize a storm, the representa-
tive storm dew point and the maximum dew point at the project site are
significant and must be carefully determined. In the United States,
the dew point which persists for 12 hours is taken as representative
of the air mass which flows into the storm or basin. It is quoted in
terms of its 1000 mb eguivalent for the sake of comparison and to give
a base for adjustment.

In some countries the dew point persisting for other durations is
used. An empirical relatloguh*p has been established to adjust these
to the 12 hour dew point. For example, if the precipitable water
at the 12 hour dew point is represented by 1.00 then the correspdnding
fraction for a 6 hr dew point is 1.04 and for a 24 hr dew point is .95.

It is sometimes necessary to convert the dew point at a given
height to the equivalent dew point at a different height assuming the
air is saturated and the lapse rate is pseudo adiabatic. The appropriate
pseudo adiabatic lapse rates in degrees F per thousand ft are 2.1° at
789, 2.2% at 75°, 2,49 at 65°, and 2.6° at 60°.

USE OF THE U.S. MAXIMUM D.D.A. DATA IN REMOTE AREAS.

If, as stated in paragraph 5, the short duration (less than 24 hr)
and small area (below 1000 sq. mi) storms are convergent types which can
be transposed into all locations, then the United States maximum D.D.A.
data for under 24 hr and less than 1000 sq. mi. may be used in other
countries, There is controversy regarding the size and duration of the
transposable storms and some workers restrict these to storms of area
less than 500 sq. mi. gnd duration under 12 hr. A more conservative
practice limits the transposable U.S. storms to durations below 6 hr and
areas less than 200 sq. mi. and states that they should only be used on

coastal strip where high dew point air masses can be expected.
However; there is little doubt that the U.S. D.D.A. values represent
upper limits for the small area, short duration storms and can form a
base for estimating P.M.P. in areas where there is no other data,

Appropriate adjustments are made for the precipitable water
expected at the project site to the representative amount appropriate
to the storms of table 1. In this way it is possible to obtain general-
ised estimates of P.M,P. for small areas and short durations. This has
been done by the Hydrometeorological Branch of the U.S. Weather Bureau,
10, 13 and by Walpole in Australia. 11 Many studies have made use of
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this type of storm which is sometimes referred to as the thunderstorm

model., It is doubted whether the high efficiency of these sterms can

be exceeded, and, therefore, the only adjustment required in new loca

tions is that of inflowing moisture or the precivitable water of the
C

significant alr mass.

To determine the P.M.P. at a remote catchment it is necessary to
selact from table 1 the depths appropriate to the area of the catchment,
interpoiating where necessary. Depths for the durations significan+ to
the catchment are taken so that a depth duration curve may be consiructed
for the area of the catchuent. FEach depth is multipiied by an adjust-
ment factor as mentioned in paragraph 5., That is P.M.P. = depth for
catchment area and duration from table 1, multipiied by the maximum
sxpected precipitable water above the catchment divided by the actual

precipitable water in the sftorm selected from tabie 1.

It will *te noted that the storms of table 1 have OCCurred at diff-

erent 1000 mb dew points. IT it is assumed that the maximum dew point
o o . YO .
which may be experienced is 78°F (12 hr) then the figures of tab"e 1

may be adjusted to the dew point of 78°F. This has been done in table
Table 3 - Maximum Depth Duration Area Values for the U.3. adjusted to
12 hr 1000 mb dew point of 78°F

Ares Duration hr.
Sq. Mi 7 3 6 12 18 N
10 9.% 15,8 30,0 21.3 4o, o 2,6
100 6.3 15.5 20.6 29,0 35.8 38.8
200 5.8 1h,2 18.8 28.2 zh 6 37,3
500 4,9 12,4 6.2 271 2.7 26,0
1001 b 10.5 14,1 2h,9 30,2 32,3
MAXIMUM D.D.A. VALUES FTOR SHORT DURATION gR)
Table 1 has nc maxipum valumﬁ below 1 and 3 h“ vai”»;

ts concerning
data. The

te wi L;l A%

may be su
i . method 51
:torms and wel ght
storm movement or its areal
burst of 15 mins as
rgent cell which
sxtent of the cell, its
of rainfall with ftime

tchmcntn Without know*ng the

speed and

within the " 55e: aximum depth which would
ocour over sl t pe time. LExtremely densc
piluviograph i ely time “hronised instruments would
be necessary yrm for aneous time periods. Ths

maximum 75 min, &cp h R area is a fTunction of the c¢ells history
and movement in relation to that area. No comprehensive analysis of
this type is known. The rapid and lccal variations in rainfall intensiti

23



are evidence of the quick fluctuations in moisture flow and vertical
velocities common in convective cells and extremely hard to pin point.

In spite of the limitations mentioned above there is a need for
maximum D.D.A. values for low durations and until better techniques and
observational procedures are developed the values of table 1 for 1 and
%3 hr will be accepted and values for lower durations estimated from the
point mass curves of rainfall. A U.S. Weather Bureau report 17 gives a
basis for estimation and it is concluded that for areas of from 10-200
sq. mi., and a 1000 mb dew point of 780F, table 4 gives maximum D,D.A.
values for durations less than 1 hr.

Table 4. Maximum D.D.A. values for U.S. storms adjusted to a 1000 mb
dew point of 7389

Area Duration - min.

Sq. Mi. 15 30 55 60
10 4,1 6.2 8.0 9.3
100 2.4 2.8 5.8 6.3
200 1.9 3.3 S 5.8

These values may be used and adjusted for water content of the
prevailing ailr mass in the same way as the data of table 1.

THE TEMPCRAL PATTERN OF THE P.M.P.

The movement of a storm cell over a catchment can give almost any
time distribution of the precipitation dependent on the storm's direc-
tion of movement and speed in relation to the catchment. Thus it is
reasonable to impose that time pattern to the maximum precipitation as
would produce a maximum flood provided the time pattern is not meteoroc-
logically impossible. In fact, in their proceduresy; the Corps of
Engineers propose that the most critical rainfall pattern be used.
However, a few generalisations can be made from studies of high intensity
storms.

The mass curve of rainfall at a point does not necessarily represent
the effect of 5 storm of known size and duration moving over a catchment
of specified area. The type of storm, its size; movement and time varia-
tions in relation to catchment features such as shape, orientation and
size are all significant and the net result might be obtained by trans-
lating a defined storm over a known catchment. This effect could be
found in a practical way by using maps of simultaneous rainfall during
small intervals of time. The effect of area is generally to damp out
the point rainfall pattern and to give greater uniformity to the rain-
fall intensity. Also, as heavier storms occur, a more uniform pattern
is to be expected,

Mass curves of 1 hr thunderstorms of varying intensities have been
determined 13 and are shown in figure 3. These curves are similar to

2k



the maximunm depth duration curve. Mass curves of
have also been examined ﬁgﬂ and the average pattern
12, 18 and 2% hr duration is shown in figure 3.
to the third quarter in the storm of duration greate:
3 may be therefore used to estimate the mass curv
relation to its intensity and duration

The translation of storms over a 375 =g9. mi.
and a temporal pattern of the rainfall over the
was established. This is shown in figure L
effect of area upon the thunderstorm patiern.

and demonstrates

The

examin
catchment during 6 hr

catchment was

the 4

Where data is available the time pattern of the P.M.P, should b=
p

similar to the intense storms which have occurred in the catchment,
Where there is no data one of the patterns mentioned above can be
adcpted.
CONCLUSIONS

The P.M.P. may be estimated 1n remote arsas by 7 United
States maximum depth, duration, area data for durations less than 12
hours and areas below 500 sg. mi., and by maeking an appropriate adjus
ment using figure 2 for the maximum depth of precipitable water in th
remote area compared to that experienced in the storm chosen,

temporal
storms experienced in the area. I
e then sz suitable temporal pattern may be
eavy thunderstorms and general storms given
adjustments for area, rainfsll intensity an

Qu
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Table 1, Maximum Depth, Duration, Area data for the United States (1960)
1
Area Duration,, hr.
Sq. mi.
1 3 6 12 18 2h 36 48 72
10 8.8 18.8b 2k.7a 29.8b 36, 3¢ 38.7¢ 41,8¢ k3.1¢ ks, 2¢
100 6,0b 14, 7p 19.6b 26.3¢ 32.5c 35.2¢ 37.9¢ 38.9¢ Lo.,6c
200 5,5b 13.5b 17.9b 25.6¢ 31, be 34, 2¢ 36.7c 37.7¢ 39,2¢
500 L,7p 11.8b 15.41b 2k . 6¢c 29.7¢ 32.7¢ 35,0¢ 36,0¢ 37.3¢
1000 3,9b 10.0b 13.4b 22.6¢ 27.be 30.2¢ 32.9¢ 33.7¢ 24 . 9¢
2000 11.,2b 17.7¢ 22,5¢ 24, 8¢ 27.3¢ 28 ke 29.7¢
5000 8.1bd 11.7b 14,1p 15.5¢ 18, 7e 20, 7e 2k he
10000 5.7d 7.9f 10.1g 12.1g 15.1e 17.be 21.3e
20000 4,04 6.0f 7.9g 9.6g 11.6e 13.8e 17.6e
50000 2,5gh 4,21 5.3g 6.3g 7.9¢g 8.9g 11.53
100000 1.7h 2.5hk 3.5g L.3g 5.6g 6.6 8.9
Storm Date Location. Dew Pt,
a July 17-18, 1942 Smethport, Pa 74
b September 8-10, 1921 Thrall, Tex. 77
c September 3-7, 1950 Yankeetown, Fla. 76
d June 27 - July 4, 1936 Bebe, Tex, 78
e June 27- July 1, 1899 Hearne, Tex. 75
T April 12 - 16, 1927 Jefferson, Parish La. 72
g March 13 - 15, 1929 Elba, Ala 67
h May 22 - 26, 1908 Chattanooga, Okla. 74
i April 15 - 18, 1900 Eutaw, Ala. 66
3j July 5 = 10, 1916 Bonifay, Fla. 76
k November 19 - 22, 1934 Millry, Ala 69
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PERCENTAGE OF STORM PRECIPITATION
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ON RAINFALL VARTIATIONS IN NEW ZEALAND

J. D. Coulter

N.Z. Meteorological
Service

5t year's ANZAAS conference in Melbourne, drought was the
ubject of at least one paper. In several others the effects
s of water shortages during periods of low rainfall were
discussed, Drought was then, as now, a matter of great concern in
Australis. In parts of the southeast, unusually deficient ra1nfa11
for several years has had serious economic consequenceso

In New Zealand, too, droughts and dry spells are important in
the consideration of water resources, although on a shorter time
scale., Here, except in the limited areas of lowest average rainfall,
yearly rainfall totals are seldom much less than the annual water
needs of vegetation. Thus, in New Zealand, for the most part, the
dry periods of economic consequence for agriculture or engineering
have durations of a few weeks or a few months.

Most rain in New Zealand is associated with relatively large
scale weather systems -~ depressions or frontal low pressure troughs -
which characteristically give one or more days of rain over large
parts of the country. The intervening high pressure systems usually
give severzl days without much rain. The obvious coherence in rain-
fall distribution associsted with these moving systems is reflected
in the statistical presistence found in daily rainfalls (see
Finkelstein ?967) Dry and wet spells of longer duration appear to
arise virtually at random, although Seelye (1946) demonstrated a
small degree of persistence in monthly rainfall. (The probablllty
of 2 drier than averdg» month following a dry month was 0.59).
During a typical drought the troughs and centres of low pressure
are weak, or pass far from the areas concerned, and they come
between persiste trong anticyclones. Thus apparently by chance
& season occdsionslly occcurs with very persistent or very widespread
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low rainfall, Suc season was experiecnced, for example, in 1963-64
when "drought disaster" was officially declared in a number of
districts from Ncrtklapd to Otago (Tablé¢ 1), lasting from spring

<

1963 in some areas through the winter and spring of 1964 in others.
(Fig. 1), ’
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Table 1

Districts and seasons in which 'Drought Disaster'
was declared, 1963 - 1964

District Season

Northland Spring (1963), Summer, Autumn, Winter
Thames (Auckland) Summer, Autumn
Rotorua - Bay of Plenty - Spring (1963), Summer

Taupo
Yairoa (East Coast, N.I.) Summer, Autumn, Winter
Hawkés Bay ’ | , Summer
Wairarapa Summer

Ashburton County (Canterbury) Autumn, Winter
Mackenzie Country(Canterbury) Summer, Autumn, Winter

North-Central Otago finter, Spring (1964)

‘Rainfall records from a large number of stations in New
Zealand are available for water resource studies. In the Meteorol-
ogical Service recent work on rainfall has been concerned firstly
with the distribution of seasonal rainfall over New Zealand, and
secondly with the space relations of rainfall, on a monthly,
seasonal and annual basis,

. The first of these topics was chosen partly because the season
of three calendar months is the order of duration of many of the
major reccorded droughts and the great mass of rainfall data is as
yet available for electronic processing only as monthly totals, It
was considered useful to prepare maps of average seasonal rainfall,
and to determine the variability, and examine the frequency distribu-~
tions of scasonal rainfall. This work is to be reported in more
detail {Coulter and Finkelstein, in preparation), but some results
are briefly outlined below.

The second is an attempted step towards answering the questions:
How extensive are New Zealand droughts? If one district has a
drought of specified severity, which other districts are likely to
be affected, and which are likely to be having a wet or a normal
season? If quantitative answers to such questions can be found they
should have implications for economic planning, e.g. concerning
stock movements and feed reserves required for optimum agricultural
production.

SEASONAL RAINFALL DISTRIBUTION

The distributions of rainfall totals in the calendar seasons
(Summer: Dec. Jan. Feb., etc.) have been studied to supplement
previous work on monthly and annuasl rainfall. It may be desirable
in fufture to extend to other groupings of months as well as to work

34



with shorter time intervals. However, the seasons are for some
purposes a convenient unit, and they are commonly used for
compariscns.

The geographical distribution of average rainfall in New
Zegland is well known, e.g. Fig. 2(a) shows average summer rain-
fall totals., These vary from more than 60 inches in Fiordland and
the Alps to less than five inches in Central Otago. They are less
than ten inches in most of Southland, Otage, Canterbury, Marlborough,
the Wellington Province and Hawkes Bay, and in areas near Gisborne,
Hamilton and Auckland. As the potential evapotranspiration total
for summer is approximately 10 - 11 ‘inches in most of these areas,
an average summer rainfall, even if well distributed over the season,
will provide less than full plant water needs, and 1little or no
water will be available for runoff. Even a relatively small rain-
fall deficiency can then have significant effects on agricultural
production. ‘

ainfall are found in

Somewhat similar patterns of average
the other seasons. TFigures 2(b) and 2(¢) show the season of highest
and lowest average rainfall, with the relevant percentage of the
annual total shown where this exceeds 30 per cent or is less than
20 per cent. No season anywhere gets very much more or less than
a quarter of the annual rainfall on average. Some extremes are:

16% in Central Otago in winter;

more than 30% in the north and east of
the North Island and in Banks Peninsula
in winter;

more than 30% in Central and North Otago
in summer.

Uinter rainfall predominates in the North Island and in the north
of the South Island and about Banks Peninsula, In the remainder of
the South Island summer or autumn rainfall predominates. (At many
of the stations used in preparing these maps, 35 to 50 years of
record were available., Another sample of similar length would not
give precisely the same values. The probable sampling errors will
e discussed in the paper on 3easonal Rainfall.)

iation of the seasonzl rainfalls gives a
measu r in individual scascnal totals. (Its value
tends where the average is greatest.) The ratio of
stand o the mean, or coefficient of variation, (v),
ig sh for summer and winter. It is generally
great cf the country {and in the north in summef)
excee ew places; and lowest in the south and west
where 58 than 0.2, There.are seasonal differences
Excﬁac t ng and winter ’ava generally the lowest values.
This buti broadly similar tco that of monthly varigbility
(Seelye 1940) For comparison, valufm of seasonal variabilit;

index (the ratio of the average of departures from the mean without
egard to sign, to the mean) have a maximum of approximately 40 per
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cent in summer and autumn in Hawkes Bay and Northland, and a
minimum of 15 to 17 per cent on the west coast of the South Island
in winter and spring. The range in monthly variability is from

18 per cent at Puysegur Point in May to 77 per cent at Waimarama
in Hawkes Bay in January.

TREQUENCY DISTRIBUTION OF SEASONAL RAINFALL

Seasonal rainfall is not normally distributed, as the distribu-
tions are zero bounded but include occasional very large values.
Histograms of the distributions at representative long period
stations whose records are considered to be relatively reliable
show a varying degree of positive skewness. They show also that
even with 50 - 60 years of record there are large irregularities
in the observed frequency distributions for a single station. The
irregularities could be largely eliminated if the separate station
data were combined into a single composite series,; but this would
obliterate any geographical differences which might exist.

Fitting of a theoretical curve has some value in that it can
provide a compact representation of a large mass of data, and as
it enables smoothed interpolations of quantile values to be made
objectively. The theoretical "gamma" distribution (Thom 1958) has
been found to give good fit to precipitation climatological series
(Thom 1966). Applied to New Zealand seasonal rainfall series it
appears to fit the actual distributions satisfactorily.

The gamma freguency distribution is defined by its probability
density function
-1 -X

x _ep

- / ,
<) = BY 7 (%)

where B is a scale parameter, ¥ is a shape parameter and /—I(K) is
the ordinary gamma function of & .

Estimates of the parameters may be obtained as follows
m .
(Thom 1966): X - 1O +1/1 + k) g 8 - %«/\_

Ix 3
where A = 1n x - 2{ 1n x /N, M is the mean value of the variate x,
and N the number of terms in the sample.
X
The distribution function G(x) = "f 3(2‘.) dt Pearsons's
(1951) "Tables of the Incomplete /J~ - function'" gives g (u,p)
where u = x and p = ¥ —1.

BYVY

The gamma distribution is zero bounded. For¥>1 it is bell
shaped with mode at B(¥~1) . With increasing ¥ the distribution
becomes more symmetrical and slowly approaches the normal distribu-
tion. If the variate is expressed in terms of the mean (x! = x/M ),
¥ is unchanged and the mode becomes 1-% . In the gamma distribu-
tion the coefficient of variation (v) and the skewness parameter
(‘ng ) are determined by the value of gamma as follows:
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Two examples of observed and theoretical distributicns, for
Naper, summer and Ross, spring, are illustrated in figure 4. They
were chosen as representing near extremes in the character of the
distributionsa The histogram gives the observed frequenciesg the

carly symmetrical ( K

Figure 5 gives the distribution function (cumulative probabii-
ity curves) for selected values of ¥ for the variate x'. It may
be used (by interpolating for ¥ ) instead of the tables, from
which it was constructed, to derive approximate values of the
probability for the values of ¥ likely to be encountered with
scasonal rainfalls in New Zealand.

Figure 6 shows for summer and winter the distribution of the
gamma parameter found for some 135 stations in New Zealand. Of
these 66 had records of at least 50 years while most of the
remainder were of at least 30 years. The distribution of & over
the country shows, as expected, a rough correlation with the
coefficient of variation. The isopleths have been smoothed to some
extent, and as with other isopleths drawn on this scale they do not
necessarily apply to areas of high elevation. The value of &
ranges from approximately 3.0 in a few places near Napier and East
Cape in summer and autumn tc more than 20 in western areas in winter
and spring.

With values of X taken from these maps, and values of seasonal
ralnfmll (from, for example, maps such as Fig. 3a, or from average
monthly rainfall tabulations), approximate quantiles of seasonal
rainfall can be derived. For example, at places where 4 = 9, the
20-percentile value (that excceded foar years out of five) is 72
percent of the mean,

SPACE CORRELATIONS OF RATNFALL

The spatial relationships of rainfall in New Zealand are deter-
mined by the interaction of fopography and the various weather
systems experienced. They are complex and it is not obviocus how
they can be subjected to statistical analysis that will be sufficie
discriminating b

<
ut not so elaborate as to be unmanageable or to
»es to an unacceptable level.

Geographical patterns of rainfall anomzlies found in individual
months, are illustrated for three recent months in figure 7.
October 1967 was a dry month in many places, especially in the north.
The two driest areas, near Kaitaia and near Auckland, had less than
25 percent of the average rainfall for the month. The areas wers
about a hundred miles in extent, and about the same distance apa-+c
November was wetter than average in most of the country especially
in middle areas of the South Island where rainfall exceeded 400 perc
of average. Again the major anomaly elements cover half an island
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cr more, but some features are on a smaller scale. In December
the North TIsland was again largely wet, and the South Island
variable, Major anomalies again cover about half an island.
Details of the patterns are quite irregular and there is little
apparent consistency in them from month to month.

As a first step in the statistical analysis, to seek broad
relationships and their extent, correlation coefficients (r) have
been calculated between monthly, seasonal, and annual rainfalls
at a number of reference stations and at selected stations, mostly
in the same province as the reference station in question.

Figures 8 and 9 show some of the results, for Auckland and
Christchurch as reference stations. Separate maps are given for
annual totals, summer, January, and July. In all correlations the
number of pairs was at least 30 and in most cases was more than 50.
The shaded area is for r > 0.7 thus including areas where at least
half the variance was in common with the reference station.
Hatching indicates schematically the areas where correlation
coefficients were less than the limiting significant value

(at P = 0.05). The inset diagram shows confidence limits of r for
50 pairs.

In brief, the main features of these maps are as follows:-

The correlations fall off fairly rapidly with distance reach-
ing 0.7 at distances of 15 to 140 miles from Auckland, and of 20
to 100 miles from Christchurch.

The area of high correlation is greatest for summer and summer
months, lowest for annual and winter months.

The isopleths of r are roughly elliptical, with long axis
parallel to the axis of the country, i.e. NW-SE at Auckland, NE-SW
at Christchurch. The ellipses are roughly 2-3 times as long as
broad.

With a few exceptions neighbouring stations give similar
correlations, and the isopleths of r form reasonably consistent
patterns which are related to topography. Although statistical
confidence limits are wide (e.g. for N = 30, r = 70, the limits are
0.55 and 0.83 for P = 0.05) it is unlikely that this consistency is
merely due to chance. It is not implied, however, that another
sample of years would give exactly the same pattern.

In some few cases, mostly with Christchurch as reference
station, statistically significant negative correlations were

found.

CONCLUSIONS

later resources planning is likely to be more concerned with
the incidence of water shortage in times of deficient rainfall than
with the occurrence of a surplus over a period of a month or more.
Although the natural sequence of rainfall is measurable on a time
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scale of days at most, and although significant agricultural water
shortage can arise in a shorter time than a month, useful informa-
tion can be derived from rainfall statistics for months or seasons.
The characteristics of point rainfall in New Zealand are by now
reasonably documented for most of the country, both as to average
amounts (N.Z. Met.,S. unpublished maps and tabulations) and as to
the variability and probability levels. (e.g. Seelye 1940, 1946),
and also in relation to water needs of vegetation (e.pg. Gabites
1956, Rickard 1960, Coulter 1966) chiefly for the month and lonser
groupings of months.

The associations from place to place of rainfall anomaly are
less well known. The simple correlations between rainfall amounts
now being evaluated provide some useful background for this problem.
They also contain material for speculation on climatic differentia-
tion within the country, and will need to be considered in terms of
synoptic climatology. Further work on specific drought periods of
the past record is clearly necessary, especially with regard to the
area affected. If feasible it would be desirable to assess probabili-
ties of drought for specified areas. TFinally, one should mention
the ultimate aim of long-term forecasting of rainfall anomalies in
periods of a month or more. Although some hopeful signs are emerging
from the theoretical study of the general atmospheric circulations
in the light of improving global observations, there is as yet no
indication that accurate long range forecasting will be realised
in the very near future.
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THE ROLE OF AGRICULTURAL LAND USE

IN AFFECTING WATER QUALITY

Dr. K.F, O'Connor,
Grasslands Division,
D. S. I, R.; Lincoln.

o om oo o oo

The purpose of this paper is to attempt a brief but integrated
review of the deleterious and beneficial role that agricultural
land use may have in affecting the quality of water in streams,
lakes and other bodies. The viewpoint from which I shall attempt
this integration is both biological and cultural - biological in
that I shall take account of life processes in agriculture and of
related natural forces which potentially affect water quality-
cultural in that I show the ways in which these processes and forces
can be mcdified by the actions on the environment of the responsible
human community. My remarks are chiefly concerned with the New
Zealand scene and they are designed to clarify the nature of the
agricultural influences, highlight the significant aspects and leave
the discussion of the details of water pollution and its treatment
to those better qualified in the later symposium,

Any water user knows what water quality is, but most people
know it only in a subjective sense. Like beauty, quality is in the
eye of the beholder. Developing from Kliein's (1962) definition of
pollution, we might define water quality as the condition of water
affecting adversely or beneficially any use or uses to which the:-
water may be put. It is my thesis that agricultural land use may
have substantial effects in pollution or decontamination of water.
It is an integral part of water development to ensure that such
effects are in community interest.

Effects on quality through effects on water quantity

As it is widely acknowledged by authorities on water quality,
€.g. Phelps (1944), Lein (1962), Camp (1963), that dilution is an
important factor in controlling water pollution, I shall first
consider some of the implications of agricultural land use to
quantities of water in water bodies., Diversion of water for
irrigation is an obvious example. At the present time about half of
the total fresh water use in the United States of America is for
irrigation. Detailed information on the New Zealand scene is
presented by Lobb (1968) in this symposium. If we consider the
regional and seasonal implications of supplemental and full irriga-
tion developed tc potential, then we in New Zealand might appreciate
the viewpoint of those Australians who are accustomed to regard some’
rivers as lines on a map rather than as bodies of flowing water,

The implications of concentration of subsequently added wastes are
clear. Disposal of wastes in rivers, at present a marginally safe
practice in some low flow conditions, could become hgzardous to
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downstream users if irrigation demand reduced South Canterbury
rivers to the summer proportions of the Selwyn at the main highway
bridge.,

Intensification of agriculture can have some positive value
for summer flow conditions, especially by development of alluvial
lands bordering rivers for crops with lower consumptive use than
hydrophytes and preatophytes (Lee, 1942, Fletcher and Elmendorf,
1955). The potential magnitude of losses from consumptive use by
wild land vegetation is indicated by the estimate that '"fully 50
per cent of the water supplied by Lakes Victoria, Albert and Edward
and other sources never reaches the main stream of the Nile, being
consumed in the papyrus swamps of the Sudd region covering over
3,200 square miles" (Lee, 1942). Waterspreading as an agricultural
engineering device to recharge overdrawn groundwaters is of quanti-
tative significance in several parts of the United States (Muckel
and Schiff, 1955, Klein, 1962). When as in the pilot program at
Pennsylvania State University it is using treated sewage effluent
to recharge depleted groundwater and nourish productive ecosystems,
then it has not only a quantitative effect, but a direct qualitative
effect of enormous potential magnitude. Beneficial effects of such
programs of sewage farming will be measured in the purity of the
ground water replenishment They are dependent on the effectiveness
of new production systems in taking up nutrients from applied water.
In the ordinary practice of irrigation agriculture, it is commonly
found that there is a substantial salt concentration increase in
irrigation return flow (Sylvester and Seabloom, 1963).

Traditionally, considerable attention has been given to the
influence of agricultural land use on particular aspects of water
quantity, infiltration and runoff. The nature of changes in infil-
tration conditions arising from soil and vegetation changes has been
debated at length, deduced at often greater length and occasionally
measured. Infiltration behaviour may in particular circumstances
affect water quality. Soils of low infilitration capacity, especially
on landscapes with low depression storage, may give rise to acceler=-
ated overland flow and to accelerated stream flow. Rill erosion
and bank erosion may develop with resulting increase in transported
sediment and reduction in water quality for many uses. Management
can control rilling in fields by using vegetation, furrows and
other structures to reduce concentration, velocity and turbulence,
Water rarely moves as a sheet over much of the soil surface hecause
of lack of smoothness and uniformity. Such unconcentrated overland
flow lacks the energy to detach soil particles even though it may
transport them. The influences of infiltration behaviour on trans-
ported sediment are therefore governed by the subsequent conditions
of micro- and macro-channel flow., If, therefore, agricultural land
use is associated with a marked deterioration in infiltration
behaviour it becomes all the more important for those responsible
for water resources development to guard against the formation of
unprotected micro-channels and also to protect stream banks themselves,
Outstanding examples of such conditions are found in Central North
Island pumice country. Table 1 is compiled from records obtained
with the North Fork Infiltrometer by officers of the Soil Conserva=
tion and Rivers Control Council. The magnitude of the reduction in
infiltration rate following agricultural development of scrublands
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and fernlands is indicated. The consequences of surface water flow
in gully cutting, erosion and deposition have been observed by
Blong (1966) and have been described in a wider context by Selby
(1966).

The preliminary investigations of Nordbye and Campbell (1951)
indicated a similar change in infiltration conditions with clearing
and grassing in beech forest zones in Marlborough. As Nordbye and
Campbell also suggested, the impact of pastoral use with increased
grazing pressure and animal treading load is not irreversible,
Figure 1 is compiled from Soil Conservation and Rivers Control
Council records. I have reconstructed a cultural sequence on a
range of slopes of Wither silt loam near Blenheim. As depletion of
the Poa Caespitosa grassland has proceeded with increasing grazing
pressure and reduced plant cover infiltration has apparently
declined to low levels, With pasture improvement there is
apparently some compensation, probably associated with higher
biological activity.

As stock numbers are increased on our grasslands as they are
improved and as treading loads are accordingly increased, it is
commonly expected that infiltration will suffer, Increased live-
stock numbers are not without compensation. Sears and Evans (1953)
have demonstrated the effects of full return of dung and urine from
clover-grass pasture in increased soil organic matter,; in high
percentage of water-stable aggregates and in weight of earthworms.
All of these factors tend to compensate for the increased treading
load., Vegetation itself cushions the effects of treading on infil-
tration., This phenomenon is illustrated in Figure 2 which is
derived from an animal treading experiment on Fulton silty clay
loam in New York State (O'Connor, 1956). The data illustrated are
from paddocks mown every four weeks. Treading with dairy cows was
experimentally applied at these intervals at two levels, The high
level which is illustrated here was equivalent to double that
involved in intensive break-grazing. Relative infiltration was
estimated after 20 weeks' treatment by using tubes. 36 2-in.
diam, tubes per treatment were inserted into the soil to a depth of
2 in. and the rate at which water diminished in the tube from an
initial head of ten inches was measured. While it is clear that
treading of the freshly mown sward greatly altered the distribution
of samples among infiltration classes,; very little influence of the
same treading was detected when mowing of the sward was delayed
until the treading was completed. Further differences in infiltra-
tion were found to be attributable to moisture at treading time.
Areas mown and watered before treading were found to be more seriously
affected in infiltration than areas simply mown, even though there
was no difference between moisture classes in bulk density induced
by treading. This appeared to be due to puddling at the soil surface
by hoof slipping rather than to compaction. Analagous effect of
different moisture conditions have been described for New Zealand
by Edmond (1958) and Scott (1963). It is indicated that the potent-
iaily massive adverse effects on infiltration of treading by both
animals and machines are amenable to management, by avoiding tread-
ing unprotected soil, especially when it is wet and by ensuring
that the whole life system is maintained in vigorous condition. It
may be noted in passing that as soil physical conditions are dynamic,
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studies at one point in time of otherwise comparable pastures, one
having just been hard grazed, the other having been spelled for
several weeks, may not be true comparisons of the average condition
of such pastures. More likely, they may be measures of the range in
infiltration in a normal course of partial pugging and structural
restoration by biological agencies, ;

The attention given here to treading as a factor affecting
infiltration and consequent water quality does not mean that it is
the only factor affecting these phenomena in agricultural land use.
Changes in soil physical conditions can be brought about by other
agencies such as cultivation., As Sherman and Musgrave (1942)
commented: "The commonly observed higher infiltration and lower
runoff for virgin soils, native grass, forest, or rotated=crop land,
in contrast to low infiltration and high runoff for intensively
cultivated land is fully in harmony with the known effects of these
practices upon soil structure." If, however, we analyse the factors
involved in such structure-reducing practices as row-crop farming we
find that the reduction in protective cover is probably of primary
importance. There is a widespread tendency to regard accelerated
erosion as a mechanical consequence of runoff. It might be nearer
the mark to regard accelerated runoff as a physical consequence of
primary erosion, soil detachment by raindrop impact. As soil
detachment is not only a major cause of reduced infiltration but
also the primary source of themajor pollutant of the world's water-
ways - sediment, let us consider the influence of agriculture on
water-transported sediment.

Influence of agriculture on transported sediment

Just as the role of vegetation in protecting the soil is seen
in the reduction of treading damage and in overland flow, so alsc it
is seen in protection of soil from erosive forces. Examples of such
forces are needle ice and solifluction, wind especially involving
saltation by sand particles; and above all, raindrop splash. The
familiar progression of sheet erosion and consequent forms increasing
from dense swards, to open swards, to row crops, to bare fallow is
a progression of increased exposure., As Osborn's (1955) review
indicates, compensating protections against soil splash take the
form of reducing the detaching energy of raindrops or reducing the
detachability of the soil particles. There can be little doubt
that the detachment of soil particles by raindrop impact is the
largest and most widespread agency affecting water quality. Sus-
pended sediment is the greatest enemy of so many water users from
electric power design engineers to weekend fishermen. Suspended
sediment is chiefly caused by water erosion, prlnﬁlpally associated
with agricultural land use. Suspended sediment can be reduced to
negligible proportions by positive cultural land use by ensuring
protection of soil against detachment by raindrop splash and other
agencies,

Influence of agricultural land use on dissolved solids in water

Erosion of agricultural and pastoral land contributes more than
sediment to water. Soluble components are also eroded. Erosion is
not, however, the only mechanism by which solutes are delivered to
water bodies., Others arrive in solution following leaching and by
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overland flow. From the point of view of agricultural loss as well
as from the point of view of water quality for subsequent users
perhaps the two most important elements involved are nitrogen and
phosphorus. Table 2 is compiled from a recently published report

of a United States Task Group investigating sources of nitrogen and
phosphorus in water supplies. The group concluded that agricultural
runoff (in the broad sense) is the greatest single contributor of
nitrogen and phosphorus to water supplies. They estimated that
about 5,000 million 1b of nitrogen and 1,000 million 1b of phosphorus
reach United States water ﬁupplies each year,  If this were distrib-
uted through the 4.5 x 107 gallons of annual stream flow the
average concentration would be 1.35 mg N/1 and 0.27 mg P/1, an order
of magnitude above those cited as limiting for algal growth,

What of the New Zealand scene? There is a dearth of published
information of nitrogen and phosphorus contents of waters not sub-
ject to domestic sewage or industria pollution but there are many
data from work in progress which implicate current agricultural
practice. Matthews (1967) reported phosphorus concentrations of
from 0,006 ppm P to 0,07 ppm P in waters from various types of
watersheds contributing to Lake Rotorua where the concentration was
0,004 ppm P, TFish (1963) stated that regular analyses during 1962
of the waters of Lakes Okaro and Ngapouri showed the presence of up
to 0.2 ppm of free phosphate, especially in the hypolimnion of the
two lakes. Fish implicated the recent history of land development
and aerial topdressing with superphosphate in the land surrounding
these lakes in their observed eutrophication and poorer thrift of
trout in contrast with the neighbouring undisturbed and oligotrophic
Lake Okataina. TFish and Will (1966) found that FElodea canadensis
had significantly lower contents of nitrogen and phosphorus when
sampled from Lake Okataina than when sampled from Lake Rotorua. A
progress report on research on the Ceratophyllum demersum weed
problem in the Waikato hydro-lake Ohakuri (Hill, 1967) indicated
that tributary streams such as the Whirinaki in a zone of new land
development contained phosphate at frequently five times the level
of the lake proper. Phosphate contents further up the Waikato
river to Taupoc were negligible. Hill had not obtained clear
evidence of further increase in phosphate level below Ohakuri where
land settlement was longer established but he did find evidence of
increasing nitrate from Taupo (0.05 mg) down the Waikato chain to
0.5 mg at Karapiro and Meremere., In current research in Canterbury
lakes (D.J. Hogan and L., Wilkinscn, 1968, pers. comm.) generally
low levels of free phosphate and mineral nitrogen are found in
mountain lakes whereas nitrate nitrogen in waters closer to the
coast and subject to agricultural influence may approach 1 ppm.
Drainage waters at the commence of late autumn flow from grazed
pastures in the Manawatu have been found to hawve as much as 20 ppm
of nitrate (G.W. Butler, 1967, pers., comm.). Thompson and Coup (1943)
have reported rapid nitrification of NH,=N at levels of 600 ppm in
O -« 3 in, horizon in urine patches. Downward movement of nitrate
and its disappearance would be expected with heavy rain. Wilkinson
(1964) reported on the nitrogen transformations in the Avon-Heathcote
estuary enriched with nitrogen from agricultural, industrial and
domestic sources (Hogan and Wilkinson, 1959) and drew attention to
the evidence that nitrogenous material from fertile farms may be
increasing the productivity of onshore waters of the west coast of
the North Island, 56




It is clear that much more research is called for in this topic
but there is sufficient information now available in New Zealand and
overseas to allow useful interpretation of the overall pattern,
Surface runoff may involve losses of nutrients depending on their
abundance at the surface. There is some evidence in New Zealand
(R.C. Dixie, pers. comm.) that with heavy rain substantial losses
of freshly applied superphosphate may occur from steep slopes under
pasture. Where soil erosion accompanies runoff then nutrients may
be lost in the soil. Machenthum (1965) cites annual losses of
18 1b/A of nitrogen and 0.5 1b/A of phosphorus from plantings of
corn on 8 percent slope, increasing to 38 1b and 1.8 1lb respectively
on 20 percent slope. Fippin (1945) recorded average losses in silt
and water for 1939 for row crops in the Tennessee River system as
23,8 1b N/A and 13 1b P50 /A, with much higher losses of Ca0, MgO
and K,0. It is not alwayg easy to distinguish whether losses from
soil ﬁave occurred as a result of leaching of solutes or from wash-
ing over the surface or into field drains of solids, especially as
colloids, It is known that soils differ greatly in their ability
to retain phosphorus, but in many agricultural conditions and
especially in New Zealand it is unlikely that much phosphorus will
be lost from soils by leaching. So long as nitrogen in soil is in
the ammonium form or in organic forms it is unlikely to be leached
in large quantities from soils with medium to fine textures,
Nitrate, however, is gradually diluted out of the topsoil when rain-
fall is sufficient to percolate through the soil profile (Allison,
1966). During very wet periods, water may move most of the nitrate
from topsoil to lower layers where it can either accumulate as in
northern Australia (Wetselaar, 1961) or be lost in drainage or
suffer denitrification. Drainage losses are likely to be most
serious in soils which are well drained naturally or artificially
and which are at least periodically well furnished with nitrate.
Table 3 is derived from Sylvester's (1961) data from irrigation
return flow drains in the Takima River Basin in comparison with
streams from areas under forestry with some logging in Washington
State., It indicates the preponderance of nitrate losses in drainage
from irrigated areas. The lowest proportion of soluble phosphorus
occurred in streams from forested areas. Between irrigation drains,
surface drains, which had the higher concentration of total phos-
phorus, had a lower proportion of soluble phosphorus. Table &
compiled from the data of Sylvester and Seabloom (1963) shows some
of the anionic contribution to return flow from an irrigated area
of 375,280 acres. Again nitrate dominates over phosphate in leaching
losses. Such loss of anions from soil implies not only enrichment
of the receiving water but also the depletion of bases K, Ca, Mg and
Na from soil.

The story of water enrichment from agricultural land may well
be summarised as follows. Infertile soils may contribute little
nutrients of themselves except by way of erosion. Their days of
giving are over. Younger, fertile soils may lose phosphorus and
nitrogen as well as other ions if the leaching of the wasting regime
(Taylor and Pohlen, 1962) is not counteracted by effective plant
uptake in a vigorous organic regime. They may lose nitrogen and
phosphorus and other elements by the erosion of fertile topsoils
arising from bad management. From steeper soils in particular
nutrients may be lost from applied fertiliser, probably while still

57



in particulate form. Fertilisers may also be lost by erosion. As
infertile soils undergo development, as in New Zealand and Australia,
by topdressing with superphosphate, phosphate losses to water may
accompany runoff and erosion, especially where the land is cleared
and cultivated. From soils with high phosphate retention such as

on the pumice lands, losses of phosphorus by leaching are not likely
but losses of sulphate probably occur on many such soils of high
porosity. As land development proceeds and the nitrogen deficiencies
of the system are corrected by vigorous clover growth, symbiotic
fixation and return of dung and urine by livestock, the likelihood
increases of nitrogen losses by leaching of nitrate, especially
following dry summers and on limed soils. As leaching of nitrate
increases so too will losses of bases especially potash, magnesium
and calcium. If irrigation is applied, losses of nutrients in
leachates from a particular soil will depend on the levels of iomns
available for leaching and on the volume of through-flow. If
fertilisers are applied to achieve very high fertility levels in
soil, the risk of nutrient leaching will increase both from irriga=
tion and from natural precipitation. It becomes difficult to have
highly fertile land drained by infertile rivers. A chronosequence
may be expected in waters following their enrichment with phosphate
only, similar to that observed in land development. Nitrogen fixing
organisms such as blue-green algae would initially dominate, parallel
to clover dominance in pastures. If waters are directly enriched
with nitrogen as well as phosphate then rapid eutophication may be

" expected with a wider range of plant forms, parallel to application
of nitrogen fertiliser bringing about strong growth in pastures.

Influence of agriculture on organic pollution

Klein (1962) outlines some of the sources in agriculture of
organic pollution. Among them are pea vining and silage drainage
with very high biochemical oxygen demand; waste liquors from washing
cattle sheds and piggeries which may be 10-20 times as strong as
ordinary sewage; spent liquors from sheep dips which may be highly
poisonous and grossly polluting. Some estimates of these kinds of
potential pollutants have been made in New Zealand (Interdepartmental
Committee; 1951). The trend to larger herds in the dairy industry
and the use of loafing platforms is causing concentration of animals
and their manure. Disposal of such residues into groundwater or
into drainage ways involves large nutrient losses as well as water
pollution. Beyond the farm gate some of the most important localised
pollution problems of New Zealand arise from disposal of cannery,
tannery, dairy factory, abbatoir and wool scouring primary wastes.
Rapid increases in scale characterise these agriculturally based
industries. Most of these organic pollutants not only have fairly
high B.0.D. but they also contribute markedly to enrichment with
nitrogren and phosphorus. Continuing developments are being made
to fully utilize their by-products to avoid stream abuse by pollution.

In recent years a new form of organic pollution has develocped.
The most important biocides of 20 years ago were arsenic or copper
compounds or natural organic materials, such as pyrethrum and
nicotine., New synthetic organics used as insecticides or herbicides
include many which are poisonous to fish, birds and mammals. When
they enter water, whether as a result of heavy rain or by careless-
ness or accident, they may soon disappear but some of the chlorinated
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hydrocarbons being fat-soluble are accumulated and pass through food
chains. In water, such agents are potential or actual hazards to
water users.

Conclusion

The main features of the outline I have given of the role of
agriculture in affecting water quality can be summed up under six
headings - concentration, infiltration, sediment, enrichment,
organics and poisons. An enlightened community of water users will
summarily object to poisons. It will also wish to see that infil-
tration is promoted to ensure more manageable waterflows in streams.
It will want sediment reduced to low levels because it represents a
waste of soil as well as a cost, a nuisance, and an ugliness to
water users. It will also recognize that if the use of water for
agriculture induces concentration and increases the problem of
stream sanitation, then agriculture itself should be expected to
control enrichment with nitrogen, phosphorus and other nutrients
and eliminate the addition to water of obnoxious or hazardous
organic residues. The motivation for the agricultural industry to
take up this challenge lies above all in nutrient economy. This
will call for new perspectives in plant breeding and management,
animal management, water control in irrigation and drainage and
above all in the understanding and management of soil biology.
Those who would plan the development of water resources in the
midst of agriculture must first ensure that the agricultural
industry is enabled to work with them, not left aside to work against
them. The alternatives are silent springs, silted dams, triffids,
dead fish and some very obnoxious effluvia,
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TABLE 1 Mean infiltration rates in undeveloped and developed pumice lands

(Inches per hour)

Undeveloped (Scrub and fern)

Developed (5 yr old pasture)

Taupo ash Rotomahana
shower (21°) mud (189)

Kaharoa ash
shower (15% 20)

3.7 6.8
1.8 1.9

k.5

0.8
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TABLE 2 Estimates of nutrient concentrations in discharges (mq/1)

Nitrogen Phosphorus
Domestic waste 18 - 20 3.5 =9
Agricultural runoff 1 - 70 0.05 - 1.1

Other rural runoff 0,1 = 0,5 0.04 -~ 0.2
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TABLE 3 Mean nutrient concentrations (mgq/1) in some Washington State Drainage

Forestry streams

Irrigated agriculture subsurface
drains

Surface drains

Phosphorus Nitrogen
Soluble Total Sol.% NOBaN Total NO3%
. 007 . 069 10 0,130 <204 64
. 184 .216 85 2,690 2.862 oL
162 251 65 1.250 1.455 86




TABLE 4 Contribution of some anions from irrigated area during irrigaticon and

non-irrigation seasons in Yakima River Basin, Washington.

(1v/A)
HCO 1 o
C 3 C NO3 Sol Poq
Irrigation season 6 mos. 575 37 33 1
Non-irr. season 6 mos. 715 63 35 1.2




WATERSHED MANAGEMENT - PROBLEMS AND POSSIBILITIES

J.T. Holloway
N.Z. Forest Service,

INTRODUCTION

Watershed management is currently a fasionable subject. As such,
it attracts a full quota of faddists, extremists, do-gooders and
hangers-on. In recent years, in both scientific¢ and lay circles,
more impractical nonsense has been poured forth on this topic than
on any other. Grandiose schemes and counter schemes, utterly
divoiced from reality, have been concocted and propounded ad nauseum.

This is not good enough. The subject is too important to be left
abandoned in a morass of loose talk and woolly thinking. The
immediate and urgent need is the dispassionate appraisal of problems
and possibilities in order that available technical and financial
resources can be intelligently directed and applied with a minimum
of wild-goosing around problem peripheries.

When we look at the broad field of watershed management in New
Zealand, we can all place a finger on localities that are seasonally
water deficient and that cry out for better catchment management
aimed at improvement of dry-season water yields or more effective
on-the-spot use of what water there is. Similarly, we can all
point to localities where the better regulation of hili-couniry run-
off is essential if problems of soil loss and local ficoding are to
be overcome. Or, again, we are all increasingly aware of the threat
of water polliution and can name localities where we teeter on the

rink of real pollution trouble. Nevertheless,; these are all local
or regional problems. They demand attention, scmetimes urgent
attention, but they must be seen in true perspective, There is a
constant danger that, because they are often right on our deersteps,
we will permit them to occupy so much of ocur time and zonsume such &
disproportionately large share of our technical a financial
resources that only token effort can be applied =isewvhere,

This elsewhere, in our case, is the mountain countvry. The
national water problem is control of the major mountain-derived
rivers. The national watershed management problem is the management,
the maintenance in or the restoration to a satisfactory condition,

of the mountainous upper catchments of these rivers,

The area of land involved is approximately one=third of the
total land area of New Zealand. It receives, in all probability, in
excess of two-thirds of the total rainfall, Tcpographically and
climatically it is inhospitable country that, except from the air or
from the few transalpine highways, remains a terra incognita to most

New Zealanders.,
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KEY PROBLEMS IN MOUNTAIN-LAND MANAGEMENT

The mountain=-lands, particularly the very-high-rainfall wild-
lands beyond the limits of pastoral occupation, are unguestionably
our most important water-source flood-source lands. The paradox is
that, despite frequent expressions of opinion to the contrary, these
are the lands for which we have least need for accurate information
concerning the effects of land management operations on water yield
or stream flow, Under the prevailing rainfall conditions, depletion
or destruction of the vegetation may or may not adversely affect the
yield or season of yield of water or result in heightened flcod
peaks but, under the prevailing topographic, geological and
pedological conditions it does, without question, result in the
significant acceleration of the processes of normal mountain-land
erosiocn and consequently in the aggradation of stream channels.

Examples of spectacular accelerated erosion accompanied by
dramatic stream-channel aggradation are, unfortunately, all too
many., This sets the course of action we must take., Our first task
is control of the agents of depletion and destruction, notably control
of the many species of grazing and browsing animals that have been
introduced, And our second task is the planned restoration of an
adequate cover of vegetation to critically eroded areas that are
unlikely to heal as a result of animal control alone., Both tasks
must be undertaken primarily for erosion control, not water yield
regulation. Both are far from accomplishment.

Populations of introduced game animals have been reduced in
selected river catchments to the point where recovery of the vegeta-
tion, at least cn the most favourable sites, is slowly becoming
apparent; but the maintenance of this level of control, whilst con-
currently seeking its achievement over wider areas, presents many
difficulties. Indications are that control must be maintained for
very long periods of time if there is to be a significant reversal
of downward trends in the condition of forests at or near to the
timberline. Once forests at this altitude have been reduced to an
enpty shell devoid of undergrowth, very few animals are sufficient
to keep them in this condition.

The removal of domestic animals, mainly sheep, frcocm the erosion-
prone uplands is, at first sight, a much simpler matter. They can
be mustered off. For valid political, sociological and economic
reasons, however, this is not something that can be accomplished
overnight or with a wave of a dictatorial wand. Any such major
change in the system of land-use has manifold and far-reaching
repercussions far beyond the area immediately concerned. In
general it is not practicable to withdraw the high alpine grasslands
from pastoral use unless and until equivalent grazing can be provided
elsewhere, This means that the route to withdrawal must be through
research into pasture development, pasture management and stock
management, and into supplementary winter feed production, at lower
levelss, The revolution must be a slow and quiet one, neither drastic
nor impetuous. It is well under way.



The most difficult problem is that of restoring an adequate
cover of vegetation to critically eroded areas., The classical
techniques of mountain-land restoration employed in western Europe,
modified to suit local soil and climate conditions, would undoubt-
edly work well but we coult not afford to employ them. They demand
the mechanical stabilisation of slopes,. the reduction of torrent
profiles, gully plugging, and similar engineering works as a pre-
requisite to revegetation measures. But if we threw our total
resources into work of this nature we could not treat one per cent
of the areas requiring treatment over the next one hundred years.

Our solution must, in fact, be a wholly indigenous one that,
if we are to overcome the acute problems of difficult access and
labour shortage, makes the maximum possible use of aircraft. In
lieu of slope stabilisation by mechanical means, we must discover
how, where and to what extent we can induce a sufficient degree of
site stability, by the application of fertilisers and direct
seeding, to provide a firm base for the re-establishment of a
permanent soil cover. The key factor will be speed: the speed of
establishment of the pioneer cover, the speed with which a good
mulch of litter is formed, the speed of accumulation of soil
organic matter, and the speed with which an effective nitrogen
cycle is reconstituted.

Research along these lines is in progress. It may not be long
before firm recommendations can be made relative to the treatment
of eroded sites at altitudes up to, approximately; 3000-3500 ft,
But it is likely to be many years before the effective treatment of
critical debris-source areas at high altitudes is possible. In the
meantime we must avoid the expenditure of effort on the development
of techniques that, because of their cost, stand a negligible chance
of practical application,

HYDROLOGICAL RESEARCH NEEDS

It has frequently been suggested that we need hydrological data
if we are to determine accurately the levels to which populations of
introduced animals should be reduced. The proponents of this notion
have clearly, however, given little if any thought to the problems
involved in the conduct of the required research., Populations of

wild animals, or even of free-ranging merino sheep, cannot be manip-
ulated and controlled in the necessary manner. Small catchment
studies using fenced animals would, for example, be so completely
artificial that data extrapolation would be even more dangerous than
usual.

Similarly, it has frequently been suggested that hydrological
data, relative to the probable effect upon water yield of the various
classes of vegetation, should be obtained before we decided whether
to establish a forest, shrubland or grassland cover on denuded areas.
This, however, is putting the cart well in front of the horse. We
do not yet know how to re-establish any class of cover on a practical
scale at reasonable cost. Comparative studies cannot be initiated
until a choice is available. Even then, the cost factor will be the
critical one. If we can provide an effective soil cover, any class
of cover, at a price the country can afford, our great grandsons can
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moedify this in line with the water control needs of their time. We
will have done our job in leaving them something capable of modifica-
ticn. Proposals that existing stable grassland should be converted
to forest azre, of course; patently absurd., A forest cover might be
preferable, hydrologically speaking, but the operation would have
to be a very large-scale one to mean anything at all in terms of
river control., The cost could not be justified while there are s
many other things to do that are far more urgent. If there is to be
such a replacement, 1t must be justified on the purely economic
grounds of timber production versus pastoral production.

C-\

Finally, it has been suggested that pasture development work in
the high country should proceed with the utmost caution pending full
evaluation of the possible hydrological consequences of work of this
type. This is nonsense., The urgent need is the withdrawal of stock
from the highealtitude, high-rainfall, high-erosion-risk alpine and
subalpine grasslands to lower levels where rainfall is generally
less and erosion risks are comparatively negligible, By raising the
carrying capacity of these lower-level grasslands in order to permit
this withdrawal, we may, conceivably, adversely influence their
hydrological characteristics but the alternative is even less
acceptable., A moderate loss in the hydrological efficiency of the
valley grasslands will be a very small price to pay for the retire-
ment of the real problem country.

In all these respects it may be said, therefore, that hydro-
logical research, though theoretically desirable, is not essential.
Realistic land management objectives can be set without it. It may
be added that it is very fortunate indeed that this is so because,
if we did need the data, I doubt very much that we could obtain it.
Thus I doubt that, for the New Zealand mountain country proper, we
can measure either the input water in the form of rain or, especially,
snow, or the output as streamflow, with sufficient accuracy to
pretend to be able to evaluate the effects on water yield of land
management operations. The one real hydrological research need isy
in fact, the development and testing of research techniques for use
when the time is opportume. I would suggest that effort in land-
use hydrology can, in the meantime, be most profitably directed
toward solution of the local and regional problems already mentioned.
For soiution of these problems, currently available techniques should
prove adequate, The only exception that I would make 1s that we
should proceed, as vigorously as possible, with the collection of
mountain-land c¢limate data, especially precipitation data. It willi
be too late to initiate this work, on the required scale, when we do
have both the need and the technical ability to undertake purposeful
research in mountain=land hydrology.

CONCLUSION

I do not propose to attempt a summary of this already over-
brief account. But if there is one point above everything else that
I have tried to make, it is this: that there is much in common
between watershed management and politics. Both can be defined as
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the art of the possible. It is right and proper that we should have
ideals: in the case of watershed management the ideal is that the
land should be managed in such a way as to ensure the best possible
control of water. But we must, at the same time, be hard-headed
realists, The goals we set ourselves should be attainable ones.
Fresh objectives can readily be set whenimmediate tasks are completed.,
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A REVIEW

In the U.S.A., the two agencies most directly concerned with evaluz-
tion of changes in the land use regime are the Bureau of Reclamation of
the Department of the Interior and the Soil Conservation Service of the
Department of Agriculture. The Bureau of Reclamation is concerned with
estimating streamflow changes that may result from land treatment
because of the need to determine availability of a firm water supply for
its projects. The Soil Conservation Service has similar responsibilities
for the development of water use projects for both irrigation use and
municipal water supply.

In 1957, these two agencies and the Agricultural Research Service
of the Department of Agriculture jointly formed the Cooperative Water
Yield Procedures Study for the primary purpose of developing and testing
procedures for evaluating the effects of watershed treatment on the
yield of streamflow., Watershed treatment included land treatment
measures such as changed land use, strip cropping, terracing and contour
farming, and structural measures such as retention and retardation
reservoirs and water spreading systems. Watershed studies ranged from
the very small upstream watersheds to major river basins.

The two-year Progress Report preparcd by Sharp, Owen and Gibbs
(1959) is impressive for the effort applied in this project to the
problem, but is discouraging for the lack of success which is reported.
The following is quoted from the Summary and Conclusions of the Report:

"In its first two years of effort Cooperative Water Yield
Procedures Study has not been able to conclusively demonstrate that
water yielded by streamflow is significantly affected by the conserva-
tion use and treatment of land, except for some areas where research data
are available from small watersheds. Since decreases in streamflow of
river basins by conservation treatment have not been found significantly
measurable, the objective of Cooperative Water Yield Procedures Study,
to develop methodology for estimating such effects, has not been
attained. This does not mean that there are no such effects. Nor does
it mean there are., It simply demonstrates that the limitations of the
data and methodology are such that the cffects,; if any, have not been
depicted."

A more recent review of the problem was provided in 1965 at the
International Symposium on Experimental and Representative Catchments
held in Budapest (International Association of Scientific Hydrology, 1965).
In the 75 papers given at this symposium, more detailed descriptions were
given of individual aspects such as criteria for the selection and loca-
tion of experimental and representative watersheds, newer developments
such as multiple-watershed experiments, and the use of more sophisticated
analytical techniques such as factor analysis.

These papers provide a wider review of the problem than given by
Sharp, Owen and Gibbs, and describe the experimental activities then
current (1965) in many parts of the world.

Immediately following the Budapest symposium, an International
Symposium on Forest Hydrology was held in Pennsylvania, U.3.A., at which
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85 papers dealing with many aspects of forest hydrology were presented.
The proceedings of this symposium were recently published with
discussion, the editors being Sopper and Lull (1967). This publication
provides the most up-to-date and complete review of forestry aspects cf
land use changes and the endeavours to evaluate the hydrological effects
involved.

In September, 1967, the Coordinating Council of the International
Hydrological Decade at its 3rd session (UNESCO, 1967) reported on two
important publications. The Council was presented with the final draft
of the "Guide for Research in Representative and Experimental Basins"
to be published in English, French and Spanish. In addition, the
Council received the 1st edition of the "World Catalogue of Representa-

ive and Experimental Basins" which had just been prepared. Copies of
the Catalogue were to be forwarded to all National Committees for the
THD.

There are a number of national catalogues and inventories of
hydrological experiments which supplement the World Catalogue, The
predominance of American activities in water research is evidenced by
the massive Catalogue of Water Resources Research (U.S. Dept. of the
Interior, 1967). The 3905 research projects listed in this publication
include many directed towards land use studies. The American Geophysical
Union (1965) has published an inventory of representative and experi-
mental watershed studies conducted in the United States, and Rothacher
(1965) lists the experimental watersheds used for research by the U.S.
Forest Service, ' '

The Australian Water Resources Council has published (1965) an
Inventory of Research into Water Resources and Directly Related Matters.
Section 1 of this Inventory lists projects dealing with catchment
behaviour and characteristics, and this includes land use studies.

New Zealand activities have been summarised by Toebes (1965) and
current work and results are reported periodically by the N.Z. National
Committee for the IHD (1965).

There is a profusion of individual papers and reports dealing with
the hydrological effects of land use changes. Generally, these are

THE METHODS

In the hydrological literature related to land use studies, there
is a profusion of methods and technigques, both for the collection of
data and for the analysis of data. Land use studies have included
collection of data from fractional-acre plots, unit source areas, small
sxperimental catchments, large representative basins, and such others
as barometer watersheds, vigil networks, and benchmark catchments.

Data analysis ranges from simple graphical technigues relying on visuszl
examination of plotted data to the most sophisticated of statistical
procedures., '
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The literature dealing with studies of hydrological effects from
changes in land use lacks a systematic classification of the different
methods used. Some ordering of the methods is desirable in corder to
sege cach method in perspective and to make comparisons. Existing
classifications do not seem adequate. TFor example, the American
Geophysical Union (1965) classes watersheds used in research studies
into two principal categories:- experimental watersheds and
representative watersheds. They state -

"an experimental watershed is one that has been checsen and instru-
mented for study of hydrologic phenomena; a representative watershed
is one that has been chosen and instrumented to represent a broad area
in lieu of making measurements on all watersheds."

The Director of the Office of Water Resources Research of the U.S.
Department of the Interior (Renne, 1967) quotes this classification
and comments that -

"studies using experimental watersheds imply a search for
principles, relationships, and factors for prediction schemes; studies
using representative watersheds imply that data are transferred quite
directly to other watersheds where similar measurements are not available.™

This classification has some weaknesses. Apart from being very
broad, it is not well defined. Some groups of representative basins
are specifically intended for study of basic relationships, for example,
the Australian system of representative basins is being selected '"for
detailed study, particularly of rainfall-runoff relationships."
{(Australian Water Resources Council, 1967, p.h4).

The following classification system, which encompasses both
methods of data collection and methods of data analysis, is proposed

as an alternative.
Plots

Unit Source Areas

Barometer Watersheds
Observational Representative Basins
Methods . . .
Vigil Basins

Benchmark Basins

Collection
of data Calibrated Catchments
Experimental s A
Me thods Paired Catchments
Multiple-catchment
experiments
Graphical Analysis
‘ Statistical Single-variable analysis
Analysis Multi-variable analysis
of data
‘ Physical Catchment Models
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principally for the review of past studies which is made here, but is
n the most suitable approach to planning of land use experiments.
egrated studies where collection of datza is planned in conjunction
th analysis of data are described later in this paper.

COLLECTION OF DATA - OBSERVATIONAL METHODS.

A variety of methods of data collection have been used in experi-
ments and projects to evaluate land use effects. The methods range
from the purely passive, or cobservational, to the active, or experi-
mental, approach. This distinction between observational and experi-
mental is adopted as a primary separation in the classification of
methods of data collection.

With observational methods, the observer plays a passive role by
observing the behaviour of different catchments, and attempting to
deduce by analysis the influence of catchment characteristics or land
use on the observed variable, usually runoff or sediment yield. With
experimental methods, the experimenter introduces a deliberate change
to some part of the catchment system, and then attempts to monitor
the effects produced by that change.

Observational methods encompass both large complex situations as
in representative basins and smaller, mcre¢ homogeneous situations as
in runoff and soil loss plots. Unit source areas are between these
extremes in both size and homogeneity. Expocrimental methods include
"before and after' studies of a single catchment, comparisons of
different catchments in paired-catchment studies, and multiple-
watershed experiments in which many catchments and many treatments are
involved. These methods are described in the following sections.

Plots

The two basic ideas behind the use of small plots for hydrologic
studies are firstly that, being small, it should be possible to select
different sites with variation in only one factor (such as slope, soil
type, land use, etc.), and, secondly, being cheap, sufficient replica~
tions could be made to ensure statistical significance of the resultis.
Rarely, if ever, are these ideals attained or even adequately pursued
in practice.

Haywood (1967a and 1967b) has made a comprehensive review of plot
experiments, particularly those directed ftowards soil loss. This
study has shown the wide range of plots which have been used, ranging
from a few square feet to several thousand square feet in area,

This review has also shown up two major weaknesses which typify
most plot studies -~ lack of statistical ign and analysis of the
experiments, and, more specifically, disregard for any bias created by
the boundaries of the plot. Fractional-acre plots in particular are

so small that boundary effects can completely dominate natural effects.,
Interference with the natural overland flow pattern and wind blow of

rain and soil particles into the collecting gutters can create quite
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considerable errors in the data collected from plots. The need to
allow for such effects in plot experiments has beem set out elsewhere,
(Boughton, 1967b).

There are few results from plot studies related to land-use
evaluation which are valid, quantitative, and statistically significant.
In addition, the study by Minshall and Jameson (1965) shows clearly
the differences which can occur between watershed runoff and runoff
from plots within the watershed due to both interflow and transmission
losses. The problems of bias interent in the collection of data from
plots are thus compounded by the problems of extrapolation from the
plot to the whole watershed.

Before plots could be used with confidence for land-use evaluation
studies, some basic investigations of the following would be needed:=-

(a) to establish the degree of bias to data caused by the nature
of the plot construction.

(b) to establish the variance within so-called homogeneous areas
which plots are used to sample.

(¢) to clarify the differences between plot runoff and watershed
runoff due to interflow and transmission losses,

Unit Source Areas

The unit source area is an approach to isolation of the factors
affecting runoff and soil loss which is intermediate between plots and
large catchments,

A unit source area is presumed to have relatively homogeneous
soils and vegetation cover, uniform precipitation, and geologic
influences on the surface outflow which are areally representative
(Kincaid et al, 1966). Amerman (1965) defines a unit source area as
"a subdivision of a complex watershed which, ideally, has a single
cover, a single soil type, and is otherwise physically homogeneous."

The underlying concept is that complex watershed runoff is
essentially a summation of the runoff contributions from its component
unit source areas., Unit source areas that are sufficiently alike are
assumed to react in a similar manner hydrologically when they are
subject to storms that are alike. Amerman says:-

"by prediction and combination of unit source area runoff, it
should be possible to predict runoff from ungauged complex watersheds.
In this manner, the integrated effects on runoff of various combinations
of land use changes on a complex watershed may be calculated without
actually measuring the evaluating runoff from other complex watersheds
to which the several plans have been applied."

The runoff computed from unit source areas at Coshocton did not
agree with observed runoff in the examples quoted by Amerman, but
linear regression equations between computed and observed data gave
correlation coefficients of 0.98 for a 76 acre watershed and 0,99 for
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a 7.4 acre watershed. Amerman suggests that the disagreement in
direct comparison may be due to:-

(1) interflow

(2) partial area runoff

(3) 4influence of runoff from upslope areas upon runoff
production on downslope unit source areas,

Amerman and McGuinness (1966) discuss this problem of extending
from small areas to large complex watersheds. These authors give the
following definition of unit source watersheds:-

"Unit source watersheds are defined as all research watersheds,
plots included, whose data are to be applied directly to larger
watersheds.,"

Robins, Kelly and Hamon (1965) propose the use of unit source
watersheds as a basis for hydrologic study of a 93-sq.mile experimental
catchment in Idaho, but this report and the others cited omit any
detailed specification for delineating unit source types and for
classifying sub-areas of catchments into these types. Amerman (1965)
also cites unit source studies by Rowe (1943) and Allis (1962). Doty
and Carter (1965) use unit source areas for study of the rates and
particle size distributions in soil erosion.

A Unit Source Watershed Conference was held at St. Louis, Mo.,
U.S.A., in February 1965, indicating the American interest in this
method of research; however, unit source methods are virtually
unknown in Australia and New Zealand. While the concept is attractive
because of its relative simplicity, the following apparent weaknesses
require some resolution before the method would be satisfactory for
land use studies:~-

(a) the present lack of specifications for classifying and
identifying unit source areas.

(b) the lack of data on differences in the response of unit
source areas of the same type, i.e. the within-type
variation which will determine the significance of between-
type variation.

(¢) the unknown effects of interflow, partial area runoff, and
transmission loss in extrapolation from unit source areas

to whole catchments.

Barometer Watersheds

Dortignac and Beattie (1965) describe a catchment unit that seems
to be a special type of representative basin. These watersheds, used
by the U.S. Forest Service, are termed '"barometer watersheds'" and are
stated to be "50,000 to 150,000 acres in area (80 sq. miles to 240 sq.
miles) selected to represent a broad climatic-physiographic region."

These catchments are surveyed in detail with measurements of water
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storage capacities of soil and rock, vegetative composition,; ground
cover, etc, Sampling techniques are applied to the measurements to
ensure accuracy. The data obtained are combined in a water balance
analysis which accounts completely for the disposition of precipitation
from the moment snow or rain strikes water surface, soil, rock or vege-
tation, through all of the runoff or percclation processes until the
precipitation is accounted for as runoff past the gauging station or

as deep percolation.

Parameters in this analysis are adjusted (not stated how) until
hydrographs are reproduced '"with reasonable accuracy" whence the water-
shed is "adequately characterised or calibrated'". Extrapolation to
other areas is not clearly explained.

The approach described in the paper by Dortignac and Beattie
could be sound. The problem in reviewing the concept of 'barometer
watersheds'" is that insufficient information is available on two
important fundamental aspects:-

(a) how parameters in the water balance model are adjusted in
order to calibrate the catchment

(b) what criteria and methods are used to extrapolate the
results from one watershed to other areas.

Representative Basins

The concept of a representative basin arises from the fact that
the land surface of the earth contains a number of recognisably diff-
erent landscapes, i.e. types of country as determined by geology, topo-
graphy, land-use etc., and that within each landscape a catchment or
catchments may be selected which are representative of the catchments
which form the landscape. Hydrological similarity among the catchments
of the region is presumed.

Generally, the boundaries of such regions are determined by
climatic zones, lithology, and landform, The region need not be in a
virgin condition and, usually, virgin-condition catchments of a repres-
entative nature are treated separately as Benchmark or Vigil Basins
(see later sections). However, a representative basin should be devel-
oped to the same extent as, and have the same land-use, as the region
in general.

Representative basins form the other extreme in size and complexity
to plots in the range of observational methods used in land-use studies
in hydrology. The concept of a representative basin may have preceded
the International Hydrological Decade (I.H.D.) but it was the I.H.D.
programme in which this terminology was formalised. Descriptions con-
tained in I.H.D. reports give a wide range of sizes of representative
basins, recently given as generally from 1 to 250 sq. km. and rarely
in excess of 1000 sq. km.

In countries where a network of representative basins is to be
gauged, data will be recorded from a wide range of catchments, and it
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is probable that data will be obtained from some landscapes that other-
wise may not have been included in the national network. However, the
scientific merit of representative basins is not at all clear and the
value of the data collected; beyond routine assessment of national
water resources, is open to question.

The underlying concept that repeating units in a landscape are
hydrologically identical, or at least sufficiently similar for one
catchment to be representative of the group, has never been established.
The few studies which have examined catchments on a regional basis
and examined the differences between regions, for example Sopper and
Lull (1965) or Ivanov and Romanov (1965), give the impression that
there is as much hydrological variation among the catchments in a
region as there is between different regions.

It would be wrong to condemn the collection of data from catch-
ments in such diverse landscapes as will be included in representative
basin networks. Indeed, there is still a great need for collection of
data on many such catchments in Australia and New Zealand. However,
there could be danger in use of the term '"representative'" if it is
allowed to convey the impression that hydrological similarity of catch-
ments in a region is a proven fact, and that data from one such catch-
ment may be extrapolated directly to other catchments in the same region.

The greater danger is that, if such an impression became estab-
lished without argument to the contrary, there could be increasing
difficulty in obtaining funds for some basic research in hydrology,
particularly research which is needed to check the very concept which
is being adopted.

The report of the 1st Session of the Coordinating Council of the
I.H.D. held in Paris in May 1965, mentions Decade Stations, Benchmark
Basins, and Vigil Basins in addition to Representative Basins.

Decade Stations describe the minimum essential stream gauging
network, i.e. the stations of major significance for defining the water
resources of a country, or stations which are established to assess the
resources of an area which is under special examination for development
purposes. It seems that this class of station is of more concern to
countries with stream gauging networks less developed than in Australia
and New Zealand. Benchmark and Vigil Basins are more related to the
topic of this paper and are described separately in the following
sections.

Benchmark Basins

The following is quoted from the Report of the 1st Session of the
Coordinating Council of the I.H.D. :=-

"By exploitation of resources; man's mark upon his own environment
becomes ever deeper and more drastic. On the other hand, changes in
climatic patterns, through their effects on the hydrological cycle, on
soil, and on vegetation can produce results remarkably similar to those
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caused by the works of man. Among natural phenomena, the most pervas-
ive and probably the most important are the slow and subtle changes in
land, vegetation and water which result directly or indirectly from
variations in climate. Over periods of time, pulsations in precipita-
tion and temperature regimes cause changes in evapotranspiration, in
soil-moisture recharge, in groundwater recharge, and in streamflow,
Climatic variations also cause changes in patterns of erosicn, of
which spectacular consequences can be observed in arid areas,

Hydrologic benchmarks are basins and associated stations estab-
lished to provide simple measures of time trends in the secular march
of hydrologic events unaffected by the works of man. Beyond simple
measurements, however, they provide the means for more sophisticated
uses such as direct comparison with other records. For example,
records of streamflow at a regular gauging station may show a downward
trend relative to flow at a nearby hydrologic benchmark, In suitable
circumstances, this would be direct evidence of streamflow depletion.

Hydrologic benchmarks would help unravel the interrelations among
climatic and hydrologic variables with confidence that the results are
not biased by effects of human activity. The interrelations thus
demonstrated could provide the base or datum for distinguishing
natural from artificial phenomena elsewhere,"

This quotation illustrates the concept behind benchmark basins

for use in land-use studies. Their use is not sufficiently widespread
or well-established to give much indication of their value at this time.

Vigil Basins

The following is quoted from the Report of the 1st Session of the
Coordinating Council of the I.H.D. -

"The purpose of (the Vigil) network is to establish stations and
make observations generally similar to those established for the bench-
mark networks,; but with no attempt either to protect the station from
artificial changes or to deliberately introduce special changes, Vigil
basins may be regarded as a special type of representative basin.

The purpose of the vigil basins is to collect data that will
clarify relations between man, the land and the hydrological cycle,
The network will include areas, therefore, that are subject to such
uses as farming, grazing, deforestation, afforestation, community
development, and other activities of man."

The Coordinating Council of the I.H.D. recognised Vigil Basins as
a special type of catchment for data collection, but did not recommend
special attention to this form of catchment during the I.H.D,

Even with the description given, the concept and exact purpose of
Vigil Basins are somewhat vague, and their relation to benchmark and
representative basins also cloudy. The proposals given by Slaymaker
and Chorley (1964) for establishment of a Vigil Network in Great
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Britain give the impression that these basins are intended wholly for
geomorphological studies, but this may have been just the special
interest of these authors.

Vigil Basins appear to be midway in size between unit source
areas and representative basins. They are about the same size as
catchments generally used in experimental studies, but are an observa-
tional type of catchment. They complete a series, arranged in order
of size, of plots - unit source areas, vigil basins, representative
basins - general streamgauging networks.

COLLECTION OF DATA - EXPERIMENTAL METHODS

With experimental methods, as distinct from the observational
methods described earlier, the experimenter observes a catchment
during a calibration period until he is satisfied that he is able to
determine the '"mormal'" response of the catchment under given conditions
of rainfall and evaporation, either by comparison with the behaviour
of another catchment nearby or from some relationship with rainfall,
evaporation, etc., established during the calibration period.

The experimental catchment is then treated in the required manner
and the runoff or sediment yield observed after treatment is compared
with estimates of the normal or without-treatment behaviour of the
catchment obtained from the earlier comparisons or calibrations.

The basic experimental methods used are -
(1) Calibration of Single Catchment

(ii) Paired Catchments
(iidi) Multiple Catchment experiments,

Calibration method

This method is also referred to as "Before and After" technique,
"Single Basin'" technique and by some other titles. Essentially, a
single catchment is calibrated for a number of years until its behav-
iour can be predicted from its past performances. A treatment is
imposed and its effect is measured in terms of the deviation from th
expected behaviour.

Success or failure of this method depends wholly on the ability
to predict the behaviour of the catchment from climatic varisbles,
usually rainfall and evaporation. The two approaches to relating run-
off to climatic variables are by linear regression (for example, see
Reigner, 1964) or by use of a catchment model.

Reigner describes the single watershed approach as -
", ..less costly because no control is involved, and the analysis
is more informative because it relates streamflow to the factors that

influence it rather than to streamflow from another watershed only.
Its principle disadvantage is its complexity; considerably more
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tabulation and analysis of data are required than with the control
watershed system,"

However, the single watershed approach is not well regarded
generally. Sharp, Owen and Gibb (1959) conclude "... it is not believed
this method of testing effects of land use and treatment changes on
water yield is either logical or practical, hence, although it has
been tried, is not being used by this project,!

Paired Catchments

This method involves the use of an untreated control catchment
(sometimes more than one) in conjunction with the experimental catch~
ment which is to be treated. This method is also called "Comparative
Basins'" technique, "Control Watershed" method, etc., but all names
refer to the same concept and method.

Two catchments are selected for their similarity in size, shape,
topography, plant cover, land=use, climate, and general location.
First, they are calibrated for a period of years to establish the
response of each to a variety of storm conditions. The period of
calibration is long enough that the behaviour of one can be predicted
from the behaviour of the other., Criteria and methods for determining
the required length of calibration have been proposed by Wilm (1949),
Kovner and Evans (1954), Bethlahmy (1963) and Reinhart (1965). The
period appears to range from about 3 to 10 years.

Following the calibration, a treatment is applied to one catchment
while the other is left as a control. The effects of the treatment
are measured as departures from the predicted behaviour of the catch=-
ment., The predictions of expected behaviour are based on the control
catchment, but may be supported by predictions based on the period of
calibration. If the climatic conditions are the same for the treatment
and calibration periods, and the characteristics of the control catch-
ment have remained unaltered, then changes in the characteristics of
streamflow or sediment yield are attributed to the treatment.

This technique was first used in the Wagon Wheel Gap study of
1911 (Bates and Henry, 1928). Hibbert (1965) lists 32 paired-
catchment studies of the effect of forest treatments on water yield.

The most comprehensive study of this method has been made by
Sharp, Owen and Gibbs (1959). They found that the ratio of flow on one
catchment to flow on another was not constant during periods of cali-
bration before any treatments had been applied. They reported that
"the reactions of small watersheds ... are so erratic that direct
comparisons are not safe'.

Ivanov and Romanov (1965) also give examples to show that the use
of comparisons between catchments can be meaningless. They used
various pairs of catchments to illustrate the relative evaporation
rates from swamps and swampless areas, Three pairs of catchments were
uged in the example, and, according to the authors, '"each pair of
comparative basins is selected within a homogeneous physiographical
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region which is homogeneous not only in climatic conditions but also
in relief, geologic structure and some other characteristics. The
selection was performed on the basis of usual qualitative areal des-
criptions without any quantitative measures of relief and other
characteristics."

Comparison of the second pair of catchments showed that normal
annual evaporation from swamps is greater than from swampless areas,
comparison of the third pair of catchments showed that it is less,
while comparison of the first pair showed that normal annual evapora-
tion from swamps was a negative amount.

Multiple Catchment Experiments.

Wicht (1965) describes multiple catchment experiments in South
Africa designed to overcome the deficiencies of paired catchment
experiments. These are afforestation experiments on a group of 6
catchments, designed to compare the hydrological effects of deliberate
controlled burning in spring, summer and autumn on 4 to 12-year cycles,
and indefinite protection of the scrub.

An integrated pattern of treatments is applied to the complex of
watersheds, in which the components are closely comparable in geology,
topography, and initial vegetal cover,; and simultaneously subject to
the same or related uncontrolled, extraneous, climatic influences,
Related treatments on related watersheds are expected to produce
related effects.

The experiments are designed for a major rotation cycle of 40
years and, on the 6 watersheds included, an 8-year secondary planting-
cycle permits the progressive development of a complete series of age
classes. The burning experiments are designed to include indefinite
protection with which burning can be compared.

The comparison of identically treated watersheds and of diversely
treated watersheds with two or more under the original treatment will
be used to test whether discharge relationships have changes due to
influences other than that of the treatment. The treatments are
replicated and the results checked by repeated comparison of different
watersheds variously treated.

Striffler (1965) describes experimental work on forested catch-
ments in the central and southern United States where the effects of
disturbances, such as roading and strip mining, on water yield and
water quality, is evaluated by the multiple catchment technique. Data
from a large number of catchments are analysed statistically to
determine the influence of the disturbances.

In New Zealand, Yates (1962) describes a series of multiple catch-
ment experiments (called "comparative catchment studies'") designed to
assess the effects of grazing, oversowing and topdressing, and cultiva-
tion and conservation structures (such as pasture furrows and graded
banks) on runoff and soil loss. These experiments were planned by the
Department of Agriculture, to be undertaken on groups of catchments at
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Makara and Moutere., At Makara, eight catchments were to be combined
in a 2 x 2 factorial experiment, and similar experiments were proposed
for the 16 catchments at Moutere,

These examples portend the development of more complex experimental

methods in hydrology, beyond the traditional calibration and paired
catchment techniques.

ANALYSTS OF DATA

The variables used as criteria to illustrate the effects of land-
use changes are numerous, For example, a few of the variables used
in simple comparison studies of runoff (neglecting the many variables
in catchment models, and sediment yield variables) are:-

volume of runoff

peak rate of runoff
coefficients of runoff

seasonal distribution of ruﬂoff
half-flow time

flow duration distribution
groundwater recession constant

There are also ratios of runoff from one catchment to runoff from
control catchments,; residuals of rainfall minus runoff, etc. To simplify
the profusion of wvariables used as these criteria, the following classifi-
cation is proposed for methods of analysis:

1. Statistical

(i) Graphical Methods
(ii) Single variable analysis
(1iii) Multi-variable analysis

2. Physical

(i) Catchment models

Statistical methods treat the data as abstract variables without
concern for cause and effect relationships. The emphasis is on testing
the significance of differences between data obtained after change in
land use from data obtained before the change. The major abuse of
statistical methods occurs when attempts are made to use the results
from an arbitrarily selected model (e.g. multiple linear regression)
from which wild speculations about physical behaviour of the variates
are made.

Physical methods, on the other hand, begin from known or postulated
cause and effect relationships and are generally used to demonstrate
that the proposed physical relationships reproduce observed hydrologi-
cal behaviour to a satisfactory degree. Statistical and physical
methods are described in more detail in the following sections.
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ANALYSIS OF DATA - STATISTICAL METHODS

Graphical

The use of graphical methods of analysis such as double-mass
plots (plotting cumulative runoff from one catchment against cumula-
tive runoff from another catchment) is common in land use studies.
Graphs are used both to find and to illustrate the changes thought to
be caused by the change in land use.

Graphical methods have a place in preliminary analyses and for
illustration of results after more comprehensive analyses. However,
graphical methods only supplement the final statistical analysis of
data and are not an alternative. It is unfortunate that graphical
methods are often proposed as the sole analysis of data that may have
taken 10 or more years to collect.

Most graphical methods have a statistical equivalent from which
numerical values can be given to the variations detected on a graph.
This can be illustrated by considering the common graphical method of
plotting cumulative runoff from one catchment against cumulative run-
off from a second catchment, This method is usually associated with
paired catchment experiments and involves two assumptions:

(a) the ratio of runoff from one catchment tc runoff from the
second catchment is relatively constant and so the cumulative plotting
results in a relatively straight line.

(b) following treatment of one catchment (or change in its land
use) the ratic of runoff will still be relatively constant but at a
different value, the difference appearing as a different slope on the
graph, and being due to the treatment,

In reality, the runoff ratio before treatment is not a single
value but will have a distribution of values about a mean value. After
treatment, there will still be a scatter or distribution of wvalues of
the runoff ratio, but the hypothesis to be tested is that the mean has
changed to a different value,

This resolves into a simple exercise in statistics. There are
two groups of values for the runoff ratio (before treatment and after
treatment) and we can test the probability that both groups are drawn
from the same population, i.e. the difference between them is due to
chance fluctuation and not conclusively attributable to the change in
land use, If the Student'st test shows that the probability of the two
groups being drawn from the same population is very small, then the
hypothesis that the difference in mean value is due to the treatment
is substantiated. The difference between the means of the two groups
of values nay then be accepted as the difference produced by the
treatment or change in land-use.

However, fluctuations in runoff due to differences in rainfall

can be significant, and statistical checking of the homogeneity of the
climate before and after treatment should be made to avoid introduction
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of such errors. Unfortunately, there is no established methodology
for analyses such as these,

Another method of graphical analysis which has been used is to
plot flow duration curves for both before and after treatment and to
attribute differences in the curves to the treatment. This also
ignores natural variations in flow durations on untreated catchments
and can allow natural variations to be interpreted as being due to the
applied treatment. A conversion to a statistical equivalent may be
made by examining the differences between the before treatment distribu-
tion and the after treatment distribution using the chi-square test of
significance.

Single Variable Analysis

The most important aspect of data analysis is to take account of
natural variations and to ensure that other variations, which are to
be attributed to change in land use, are significantly different from
the natural fluctuations. Not all of the variables which are encountered
in these studies are constant from storm to storm or from year to year.
Volumes and peak rates of runoff; coefficients of runoff and distribu-
tion of runoff throughout the year, etc., all show differences from one
period of record to another., It is human nature that the fluctuations
which veer towards the direction we hope for are accepted as proof of
our hypothesis while fluctuations which veer away from the desired
direction are discarded as errors in measurement.

Simple statistical techniques are available to help distinguish
variations caused by change in land use from natural variations in the
variable being analysed. The two techniques which are most useful for
the tests of significance needed in these studies are the Student's t
test and the Chi-square test,

In records collected over a number of years, a variable such as
the date when half of the yearly flow has passed (half-flow date) will
have a mean value and a standard deviation of the values. Following
a change in land use; a new mean value 1s observed. The Student's t
test will give a test of significance of the difference in the mean
values. Half-flow date was proposed by Court (1962) for studying
possible changes in streamflow regime caused by watershed management
practices, especially vegetational manipulation aimed at increasing
snowpack and delaying snowmelt.

The problem of significant differences in distributions such as
change in a flow duration distribution, is more readily examined
using the Chi-square test. Changes in flow duration curves have been
used by Reinhart (1965) and others, '

Knisel (1963) and Brown (1965) used the slope of the recession
curve as an indicator variable, while Schneider (1965) uses a low flow
index defined as the "average annual minimum daily flow". There are a
multitude of coefficients based on the ratio of runoff to rainfall;
for example, Dunin (1965) uses 3 yield coefficients - on an annual
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basis, on a storm basis and on a rate of flow basis - in analysis of
a peired-catchment experiment in Vig¢toria.

Hewlett znd Hibbert (1965) define two

describe the ratio of surface runoff to ftoctal
plus groundvate low) and the ratio of sur’:
tion, > asures are meant to indicate
ameli flows from a catchment,

Th cxamples

e :
oy a more

Multivarisble Analysis

>

Multivariable analysis is most commen in anzlysis of observational-=
type experimenits., Datz are recorded from a number of varﬁabLuu, and
the data are analysed to determine what correlations exist amcng the
variables. An illustration is the equation used by Musgrave (1947)
for predicting soil loss:

1.35 0,35 175
E = I.R.8. oL °P30
whers E = so0il loss in acre inches
I = dinherent erodibility of soil in inches
R = a cover factor
S = degree of slope in percent
L = 1length of slope in feet
P = maximum 30 minute rainfall amount for a two year

frequency, in inches,

The most popular method used for multiveriable analysis is mul=
tiple linear regression., It has increased in popularity since the
introduction of digital computers, undoubtedly due te the prepare
regression programs which are now available at most computer installa-
tions and the szase with which they can be used,

]

]
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SX

e

Multiple non=linear regression is not commo pt for logarith-
mic transformation of a linear regression, which results in ecquations
of the type illustrated in the soil loss equation sbove., Graphical
multivariasble non-linear correlations are not common but graphical
methods are flexible to use., The accuracy obtainablie with graphical
methods is frequently equal to the accuracy of the data used.

Multiple regressions are useful in deriving prediction eguations
where the value of one variable, e.g. soill loss, can be predicted from
values of other wvariables, e.g. slope, cover, etc,, based on past
relationships of the variables. However, much confusion arises when
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attempts are made to interpret these prediction equations as cause
and effect relationships.

As an example of the difference, it might be observed that the
sale of blankets in Canada rises when weather in England is very cold.
Given data for a number of years, a regression equation could be
derived to estimate sales of blankets in Canada from temperatures in
England., Now, it would be absurd to postulate a cause and effect
relationship that Canadians buy blankets because Englishmen are cold.
Yet because cold weather in England is highly correlated with cold
weather in Canada, the prediction equation could give good results,

While this example may show clearly the difference between pre-
diction equations and causal relationships, the difference becomes
clouded in land use hydrology where the physical process is complex
and not well understood. A recent example (Taylor, 1967) illustrates
the absurd misinterpretations that can occur with indiscriminate use
of multiple linear regression., By attempting to correlate mean annual
discharge in cusecs with mean annual rainfall and catchment area as
independent variables, Taylor found that rainfall was not a significant
factor in causing runoff. To quote:

"Rainfall emerges as a significant factor only when the effect of
area is incorporated in the dependent variable as a runoff/area ratio;
the mean annual rainfall then becomes of prime importance. To a large
extent, however, the effects of catchment size overrule the effects of
local c¢limatic variations."

A little reasoning in advance should have dictated that the
volume of runoff should have been correlated with the volume of input,
i.e. the product of rainfall and area, and not with rainfall and area
as independent factors. Misuses of multiple linear regression such as
this have resulted in many hydrologists discarding the method altogether.

In an endeavour to find a statistical method by which causal
relationships might be established, some hydrologists have turned to
factor analysis (Snyder, 1962, Wong, 1963, Eiselstein 1966). In mul-
tiple regression, the contribution of a number of predictor variables
to the variance of the dependent variable is expressed in the predic-
tion equation, In factor analysis, principle components are found
which describe the variance of all of the variables. The principle
components or factors are the eigenvectors of the correlation matrix
of the variables,

Unfortunately, there is no direct physical significance of the
eigenvectors. To quote from Eiselstein:-

"The interpretation of the eigenvectors is somewhat subjective
and consists of determining which of the original independent variables
are primary contributors to each eigenvector and from this information
deciding which quantities of variance each eigenvector is mainly con-
cerned with."

It is this subjective interpretation that is the major weakness
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of factor analysis. This method, therefore, offers no more information
on physical relationships than does multiple linear regression. Both
methods can establish that there is some correlation between the
variables but neither can determine whether this is spurious (e.g.
Canadian blankets and English weather) or causal.

ANALYSIS OF DATA - CATCHMENT MODELS

The difference between mathematical catchment models and the
previously described statistical methods of analysis is one of the most
important distinctions in modern hydrological analysis. Catchment
models are deterministic instead of probabilistic, parametric instead
of stochastic, and are based on a specified structure of physical
processes rather than on a manipulation of independent and abstract
data sets.

The purpose of a catchment model is to simulate the physical pro-
cesses of the land phase of the hydrological cycle, from input of rain
and snow to final disposition as runoff, evapotranspiration loss,; deep
drainage, or change in the moisture storage of the catchment.

In essence, a catchment model may be regarded as having two major
components - one to carry forward a sequential water balance and so
determine what losses occur when rain falls; and the second to rout
the excess rainfall after losses through surface and channels storages
to determine the shape of the outflow hydrograph.

Sequential water balances to determine volumes of runoff are not
new, Many attempts have been made to determine annual yield as the
residual of annual precipitation minus annual evapotranspiration loss,
However, differences in the carryover of catchment storage from year
to year can produce substantial errors, and even with monthly water
balances, the errors can be very high, particularly in areas of water
deficient summers.

For accurate estimates of runoff, it is necessary to use daily
increments of time. Chapman (1963) demonstrated the use of a daily
water balance involving only a single moisture store to represent
catchment storage, in a study of runoff from the Upper Goulburn River
catchment. In order to simulate the variation of infiltration rate
during a storm, and the action of interflow and similar processes,; it
is necessary to have a more complex representation of the moisture
holding capacity of a catchment than a single moisture store. 1In
addition, to simulate these processes with any accuracy, it is
necessary to use time increments in the order of one hour or less.

The water balance components of a typical modern catchment model
will probably contain about four moisture stores with the movement of
water into, out of, and between the stores specified by operating rules.
Calculation of rainfall excess during storms for determining the shape
of the runoff hydrograph may use time increments as small as 15
minutes but more likely one hour. Between storms,; simulation of drying
and drainage will probably revert to a daily basis,
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(i) The land phase of the hydrologic cycle is too complex. It
will never be possible to achieve a worthwhile definition
of all the physical processes occurring in a catchment.

(ii) ©Even if it were possible to define sufficient of the
physical processes for an adequate approximation to be made,
the amount of calculation involved would still make it
impossible to answer realistic problems.,

(iii) Bven if arguments (i) and (ii) could be overcome, the cost
of collecting sufficient data on all of the variables con-
cerned would be prohibitive,; and sufficient replications of
the experiments for valid statistical significance could
not be afforded.

The application of second generation digital computers to hydro-
logical problems became common about 1960. It was about this time
that Crawford and Linsley (1960) introduced the concept of watershed
models and digital simulation of the land phase of the hydrological
cycle. Third generation computers now provide even faster calculating
facilities and still higher speeds seem imminent. The use of catchment
models has developed with the development in computers and there is no
longer any doubt that we now have adequate computational facilities to
handle the simulation of very complex watershed models,

In addition, experimental methods in hydrology have developed
beyond the traditional paired-catchment, graphical analysis concepts.,
Multiple-catchment experiments are already under way in South Africa.
and the U.S.A. as described earlier. These experiments are approach-
ing a stage equal to the randomised block design of experiments that
are common in agricultural science,; and indicate that resources are
available for satisfactory experimentation in hydrology once a valid
methodology is clearly established.

Experimental hydrology is a neglected field in Australia, except
for some soil conservation work in Victoria and New South Wales, but
is more developed in New Zealand. The 16 small catchments which have
been gauged at Moutere since 1959, 6 catchments at Taita gauged since
1955, and others, indicate that the resources currently available here,
if correctly applied, could be sufficient for valid statistical design
of experiments of some changes in land use.

The argument which has not yet been adequately answered is that
we do not have sufficient knowledge of the physics of the problem to
design experiments correctly or to set up a simulation model of a
catchment that can reproduce the effects of change in land use. It
is the lack of understanding of the physical processes involved that
at present provides the limit to our abilities, not money or ability
to handle the computations.

THE FUTURE

As the author has served on national committees dealing with the



However, it has been demonstrated (Boughton, 1967¢) that catchment
models can contain compensating parameters where, for example, change
in the value of a moisture storage capacity can be compensated by
change in value of the infiltration parameters to give nearly similar
output. Change in value of a moisture storage capacity from 10 inches
to 20 inches with small change in output was demonstrated. The oppor-
tunities for misinterpretation, where small wvariations in output are
sought among wide natural fluctuations, are obvious,

One urgent need at the present time is for collection of inter-
mediate data between rainfall and runoff, particularly soil moisture
and groundwater storage, in order to obtain a firmer basis for design
of model structures. Although some data collecting programs, such as
the experimental catchment program in New Zealand, include measure-
ments of soil moisture and groundwater storage, there is no integration
of data collection with data analysis, i.e. the selection of data to
be recorded is made quite independently of how the data will be
analysed. Pious hopes of the future development of improved methods
of analysis abound in hydrology.

Catchment models are still very new and their full potential and
best uses are still unknown. It will be some little time yet before
the opportunities for analysis presented by digital simulation are
formulated into a systematic methodology and can be reviewed with
assurance.

THE PRESENT SITUATION

Ackermann (1965) draws an interesting analogy between watershed
research and weather modification programs. To quote from his report:

"The history of watershed studies is quite parallel with our
efforts in the field of weather modification in which we have attempted
operational programs and field experiments before we understood the
basic cloud physics and mechanisms of drop coalescence, As a con-
sequence, the results of most cloud seeding applications have been
clouded by the inherent natural variability. Much controversy and
lost motion has resulted in the rush to achieve effects, but in the
end we will need to understand the mechanisms before we can success=
fully modify them to our advantage."

This could be summarised in a catch-phrase '"Physics first,
statistics second'". Farly statistical analyses of land use experiments
are clouded by misinterpretation and doubts of wvalidity,; due to doubts
about the nature of the problem. If this is to be avoided in future,

a much fuller understanding of the physics of the problem must be
achieved,

Three arguments have often been used to justify short-cut

empiricism and an ad hoc approach to this problem of change in land
use, These are:
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planning of catchment studies in two countries (The Australian Water
Resources Council's Advisory Panel on Representative Basins and the
New Zealand Sub-Committee on Hydrological Decade Experimental Basins)
the urge to speculate idealistically about what ought to be done is
tempered by thoughts about what might actually be achieved,

In Australia, there is an obvious lack of interest at adminis-
trative level in hydrologic effects of land use changes, and little
understanding of the depth of the problem of evaluating the effects,
The streamgauging networks, operated by the State and Federal
Governments, are engineering-dominant and orientated towards the
major water supply works. Land use hydrology is studied in a small
way by Scil Conservation, Forestry and Agricultural authorities who
operate a few experimental catchments.,

The Australian Water Resources Council has initiated some studies
of runoff estimation for farm dam design, effects of soil conservaticn
works on catchment yield, and the selection of 50 to 100 representative
basins., These studies have progressed very slowly, even by standards
of inter-department government committees, and it would be extremely
optimistic to predict that any significant increase in Australian
activity in experimental land use hydrology will be initiated in the
foreseeable future.

In New Zealand, problems of soil conservation are more severe, and
interest in watershed management covers a wide range of disciplines.
Experimental catchment studies within the national International
Hydrological Decade program are accorded more importance and attention
than representative basins, but both are included. The series of
experimental catchment studies which have been initiated to date are
specifically designed to evaluate effects of changes in land use, and
these studies reflect the interest of conservationists, agricultural-
ists, and foresters in the problem.

The major criticism which might be made of the New Zealand pro-
gram is that the emphasis is very much towards empirical studies, such
as paired catchment experiments with scant planning of the study of
basic processes. While a number of individual workers are undertaking
fundamental investigations, there is no coordinated program of such
work, Current experiments appear to be based on principles of data
collection similar to earlier overseas studies which have not produced
expected results in other countries., While interest is being shown in
the use of mathematical catchment models for analysis of data, there
is little experience in the use of such techniques, and the collection
of data does not appear to be well integrated with propocsed methods of
data analysis.

Planning of a program of fundamental hydrologic research involving
experimental catchments is a major task. The specification of what
fundamental studies of physical processes should be made, in what order
of priority, how each study should be undertaken, etc.; are questions
that form a research program by themselves, Planning of the program,
collection of data, and analysis of data, should be allocated equal
shares of the available resources, rather than the predominant allcca-
tion to data collection as at present.
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The principal problems in land use hydrology are usually concerned
with the short term pattern of flood runoff,; or the long term pattern
of yield, or the quality of runoff, the latter including sediment
problems. As an example of the type of study and type of planning
mentioned above,; consider how a study te improve current models of
flood hydrograph production (unit hydrograph, runoff routing, kinetic
wave, and conservation-momentum) might be planned.

The original concept might be for additional streamflow gauges to
be installed within a catchment to examine the sources of runoff, to
collect data for hydraulic computation of build-up of the hydrograph,
and to study those measures of channel storage which could be used to
extrapolate the results to other catchments.

Such a study would involve collection of data for several years,
and considerable cost for equipment and labour in installation and data
handling. It seems reasonable that this and similar proposals would be
given detailed study before a decision is made to proceed (perhaps 6
to 12 months full-time investigation). In this planning stage, the
objectives of the study would be defined in precise detail, the data
to be collected and how it is to be analysed would be set out, com=-
parisons made of alternative means of collecting the data and the
optimal method selected, and the coordination of the study with other
parts of the overall research program worked out.

Data collection must be fully integrated with data analysis, and
it is in the planning stage that this integration should be ensured.
In no other science is the tradition of data collection without set
purpose so ingrained as in hydrology.

It must be recognised that the problem of evaluating changes in
the land use regime is an extremely complex one and more attention
must be given to fundamental studies of physical processes than is done
at present., Planning of what studies to undertake, and how they should
be undertaken; is a full research project in itself, as should be
evident by the scope of existing methods and techniques covered in
this paper. Yet, the method of planning which has been chosen in both
Australia and New Zealand is to set up committees. To repeat what has
been said many, many times before, research by committee is futile and
ridiculous.

In the U.S.A., the three government agencies participating in the
Cooperative Water Yield Procedures Study each provided a technical
expert full time for two years to investigate and report on how to
study the effects of land treatment on water yield. The difference
between the time allocated to this planning and the time allocated to
similar planning in New Zealand and Australia is most marked.
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