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ABSTRACT

A hydrological study was undertaken to investigate precipitation,
evapotranspiration and runoff in the Browney basin, north-east Eungland
The areal and seasonal distribution of precipitation during the period
1968-1972 were analysed and frequency analysis were carried out on the
amounL of rainfall and the number of raindays per month during the
period 1939-1973 at Durham Observatory. There was a high correlation
between yearly precipitation and altitude October and September were
the driest months of the year while February was the wettest month.

The relatively high intensity rainfall in the late summer months gave
evidence {or the occurrence of convectional rain during this time of the
year A wide range i1n the amount of rainfall and in the number of rain-

days for any given month at Durham Observatory was observed

To measure evapotransplration two sets of evapotranspirometers
were 1nstalled at two locations just cutside the extreme eastern ana
western margins of the catchment  Other methods for measurement or
estimation of evapolranspiration in the catchment were also used These
werce the Penman and Thornthvuaite formulae, the catchment water balance
meLhod and simple hydraulic lysimeters The results of measured eva-
potranspiration at the two localLions indicated greater evapotranspiration
at the higher elevation  The use of simple hydraulic lysimeters for
the measurement of actual evapotranspiration was discarded because of
significant diff-rences 1n the results of tvo replicates A comparison
of the catchwent water balance evapotranspiration with the results from
the other mathods revealed that there was some moisture deficit in the

catchment especially duriug the late summer months

Studies of runoff data [rom the catchment showed significant varia-
tions i1n the yearly, seasonal and short term patterns These differences
were explained by the differences in the anount and distribution of pre-~

cipitation, evapotranspiration and antecedent soil moisture conditions

The cverall hvdrology of the catchment was studied by the simulation
of the flow records during the period 1969-1973, using the Stanford
Watershed Model 1V  The results obtained revealed high correlations
betveen the monthly recorded and simulated flows The mean monthly re-
corded flow during the five year period exceeded the simulated flow by
2 per cent The actual evapotranspiratlon and grounduvater components

of the hydrologic cycle rere also studied using the results of the

simulation method
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INTRODUCTION

This thesis atterpts to study a number of aspects of the hydrology
of the Browney basil, north-east England The main cmphasis, however,
1s on the study of evapotranspiration and the digital simulation of stream
discharge using the Stanford Watershed Model IV

In the first chapter, the catchment characteriscics are briefly
explained The characteristics considered are geology, soil, land use,
topography, shape and drainage net The hydiological importance of each
of these factors 1s also mentioned

1n the second chapter, the spatial and temporal variations of pre-
cipitation within the catchment are discussed For this purpose, the
available nrecimitation dara from the seven raingauges inside or close
to Lhe basin are used The effect of altitude on precipitation 1s then
investigated and the results are presented

Tn view of the availability of long Lerm precipitation data at
Durham Observatory, a 35 year study of daily rainfall amounts greater
than or equal to 0 2 wm, 1 mm, 2 mm, 5 mm and 10 mm 1s made From the
results obtained, frequency curves of the number of days per month with
different rainfall amounts over the period 1939-1973 are plotted., Fre-
quency curves of yearly rainfall, annual 24 hr wmaximum rainfall and
monthly rainfall are also presented. Later in chapter two, the intensity
of hourly rainfall in the catchment 1s studied For this purpose the
avallable recording charts from the Casella recording raingauge at Durham
Observatory over the period 1969-1974 are used. The hourly rainfall da:ta
are also grouped into four classes, greater than or equal to 0.2 mm,
1 mm, 2 mm, 5 mmn and 10 mm From these data frequency curves of the monthly
percentage of hours with precipitation of different amounts are drawn.
Evidence for the occuirence of convective precipitation during the late

surmmer months 1s given by a study of hourly precipitation data




Evapotranspiration, the methods of 1ts measurement in the Browney
basin and the results obtained are discussed in chapters three to five

Thus, the third chapter starts with a definition of the evapo-
transpiration process and then the effects of different climatic, soil
and plant factors upon 1t are briefly explained Later in this chapter,
the theoietical, empirical and water balance meLhods for measurement
of evapotranspiration are cxplained and the matLhematical derivation of
the formulae are pLesented

In chapter four, the methods applied to measure evapotranspiration
1n the Browney basin are outlined ana the procedures followed are dis-
cussed 1n detail These methods are divided into two groups. Those
employed to measure or estimate evapolranspiralion under unlimited
moisture supply conditions (Potential Evapotranspiration), and those to
measure or estlmate evapotransplration under prevailing soil moisture
conditions 1n the field (Actual Evapotranspiration)

In chapter five, the results of the evapotranspiration study are
shown The presentation of the results commences with those of potenlLial
evapotranspiration at the two different locations, Durham and Honey Hill
Variations of potential evapotranspiration over a ten year period are
then studied Finally the results of the actual evapotranspiration
study are discussed

In chapter six, variations of yearly, monthly and mean daily run-
oft are studied and the distribution of runoff resulting {rom two similar
storms during the winter and summer seasons 1n the catchment are dis-
cussed The duration curves of yearly and monthly runoff during the
period October 1956 to September 1973 and the mean daily flows during
selected periods are also presented The available data are then used

to estimate the 100-year drought and the 100-year flood for the catchment



The overall hydrology of the basin 1s studied by simulation
modelling, using the Stanford Watershed Model IV. This model had been
progressively developed at the Department of Civ:il Engineering, Univer-
si1ty of Stanford, U S A. The final report of this pioneering work was
reported 1n 1966 Since then the model has been appiied to many water-
sheds i1n the U S A and elsewhere In the United Kingdom, the application
of the Stanford Watershed Model 1s limited to studies on the River Clyde
in Scotland (Fleming, 1970, Bunny,1973), One of the reasons for the
limited use of the model may be the large amount of data which the
model requires for proper simulation of a river Another reason for the
lack of widespread use of the model 1s explained by the difficulty which
1s often experienced in optimizing a relativelv large number of para-
meters by manual or automatic optimization methods The Stanford Water-
shed Midel IV was originally developed for the prediction of runoff from
ungauged basins and the extension of short term streamflow records in
gauged basins However, 1t has been successfully used in catchment wvater
balance studies and i1n studies of the effects of artificial changes of
land use on the hydrology of a catchment.

In this study therc are two main objectives in the application
of the Stanford Watershed Model IV to the Browney basin

1, - To test the applicability of this model 1in simulating hydro-
graphs of British rivers, using the Browney river as a case study

2 - To study the water balance equation of the Browney catchment,
1n particular the groundwater component of the total runoff and actual
evapotranspiration

Thus, the section on simulation starts in chapter seven with a
review of some of the methods for studying and predicting runoff prior to
the devclopment of the Stanford Watershed Model IV

In the following chapter, the application of the Stanford Watershed

Model 1V 1s discussed, i1ts differenL parameters are defined and the de-




4.

rivation of these parameters (measured and fitted ones) are explained
in detail.

In chapter nine, the sensitivity of a parameter 1s defined and
the process of optimization is discussed., The results of sensitivity
tests of fitted paramec.ers as applied to the Browney basin are then pre-
sented and the optimized values ultimately used in Lhe simulation of the
basin are shown,

The results of simulation modelling for the five year period comm-
encing January 1969 and ending September 1973 are presented in chapter ten
Later in this chapter the monthly and yearly variations of ground-
water flow and actual evapotranspiration, as determined by this model,
are studied. SubsequentLly the i1mpa tance of accurate input potential
evapolranspiration data in the model are investigated. For this purpose,
the variations 1in the yearly, monthly and daily runoff resulting from
two different sets of potential evapolranspiralion data (Penman evapo-
ration and evapotranspiration) are studied

In the last chapter of this Lhesis, the major conclusions reached
as the result of this study are presented.

It should be mentioned that throughout thuis study the term ‘water
year’ 1s used Lo denote Lhe year starting October of the preceding
year and ending September of the current year. Thus water year 1972
refers to the year starting October 1971 and ending September 1972

It has been attempted to express the results of this study 1in
terms of metric system of units. However 1in the section on simulation,
since all the input and output data of the Stanford Watershed Model IV
are 1n English units, the diagrams in this section are expressed in
English units also. In the text, on the other hand, the equivaleunt metric
values are included 1n parenthesis Similar procedure 1s followed 1n
the first chapter where some map i1nformation 1s in terms of English

system of units.



CHAPTER ONE

CATCIIMENT CHARACTERISTICS

The Brovmey River 1s a tributary of the River Wear in County Durham,
north-east England (Figs 1 and 2) It rises in the Pennine Uplands
(Alston Block) and joins the River Wear in the Wear Lowlands. The
Alston Block 1s composed of a rigid block of sediment in the western
part of the County. It falls gradually in height 1in an easterly direction,
until at around 120 m, 1t merges into the Wear Lowlands (Beaumont,

1970) .

The Browney River with 1its tributary, the Dcerness, drains an area
of 69.7 m12 (178 km2) in an easterly direction The area was determined
bv planimetering on a 1 25000 0.S map, using Lhe topographic boundary
as the basis of separation of the catchment fiom 1ts adjacenL ones
It has been assumed that Lhe watershed and the groundwater boundaries
coincide. ,

The Brovmey River rises on the moors near Burn Hill (082 444,
sheet 84), while the Decrness rises at Tow Law (122 392, sheet 84),
(Calvert, 1884 as reported by Smithp?972). The catchment 1s 9 8 mi
(15 8 km) long and 1ts average width 1s about 7 1 mr (11 4 km)

Geology. The geology of Durham County, of which the Browney catchment
is a part, 1s the result of tectonic activity causing fracturing and
folding rocks which has brought themr to their present position. These
rocks range from Carboniferous to Jurassic 1in age The oldest rocks
outcrop in the western hill margin and dip eastward under a progressively
younger roch cover Much of the solid rock, particularly in the lowland
zone 1s covered by deposits of glacial drift (Cairney et al, 1970).

The thickness of the drift cover differs even within relatively short
distances and the thickness 1s appreciable below a height of 150 m.

This fact was confirmed by Francis (1970) who stated that drift cover

on the ridges 1s generally thin and impersiscent He thus concluded
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that the principal drift deposits are situated along the Jines of the
major valleys.

The glacial deposiLb Lave 1n fact buried the valleys associated
with the present rivers aund according to Beaumont (1970), the most
widespread of these drift deposits 1s the lower boulder clay which nearly
always rests upon solid rock. This till 1s a stiff dark grey or grey-
brown sandy clay and in the Wear lowlands contains much Carboniferous
material In many places, 1t 1s compact and tough with large boulders

The Carboniferous rocks forming the solid geology of the Browney
catchment belong to the Coal Measures Group. The term Coal Measures 1is
given to a series of sedimentary cycles each composed of the gcneral
sequence -~ shale - siltstone - sandstone - seatearth - coal -~ in
ascending order (Johnson, 1970). The Coal Measures are divided 1into
Lower, Middle and Upper divisions, The Lower Coal Measures are a sandy
series with mainly thin coal seams in the west of Durham  The Middle
Coal Measures contain thick coal seams., The Upper Coal Measures are
mostly shaly and are not represented in the 3rowney area (SmithpM972)
The Lower and Middle Coal Measures which are represented 1n the study
area are shown diagrammatically in Appendix 1.

The geology of a catchment affects the hydrologic cycle by con-
trolling the baseflow component of runoff. If the rocks are of high
storage capacity, then the baseflos contribution 1s high. If the rocks
are not porous, then there will not be any substantial baseflow and,
therefore, the yearly hydrograph would be more peaked and the river would
be flashy

For the Browney basin the rocks are not the best for the storage
of groundwater. However due to coal mining large cavities have been
created 1n some of the aquifers which can store large volumes of water.
Some of the water thus stored i1n the mining cevities 1s being pumped ou.

into the river.



Soi1l The soils, and 1n particular cheir physical properLies are a very
important factor affecting the hydrology of a catchment So1l texture
and sorl structure determine the rate of infiltration, and thus affect
gunoff volume and runoff distribution with respect to time They also
determine the capacity of the soil to store moisture. Soil moisture
storage affects actual evapotranspiration during dry periods. It also
1s considered as an index of flood potential.

In the area under study the major soil type 1s formed by the
heavy grey till of the Carboniferous rocks, though Lhere are soil types
which are developed on alluvium, fluvio-glacial deposits and sandstones.
The principle characteristics of the soil of the County of which the
catchment 1s a part, consist of a grey-brown sandy loam or loam surface
horizon, a mottled yellow-brown sandy clay loam B horizon, which overlies
a grey sandy clay lecam or clay loam till (Stevens and Atkinson, 1970)

The reconnaissance map of Durham by the Soil Survey of England
classifies the so1l of the district under three main series (Jarvis
and Stevens, 1969, quoted by Smith, 1972)

1. Newburn Series

Type sandy loam, loamy sand

Topography high ridges

Site drainage seasonal drought

Profile drainage excessive to free

Parent material Coal Measures,sandstone

Profile 0-17.5 cm, vyellowish brown, few stones, nutty structure,
porous 17.5 cm, bright yellowish brown micacious sandy brash Wea-

thering rock.

2., Improved Croxdale Scries

Type loamy, sandy loam

Topography rolling slopes

Site drainage seasonally wet
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Profile drainage imperfect
Parent material Coal Measure till
Profile 0-25 4 cm, dark brown to brown, stony, crumb structure,

-

porous and friable.

25.4-53.3 cm, bright yellowish-brown loam to sandy loam, very strong, fine
cloddy structure, slightly compact, mottles, occasional Mno2
53 3 cm, yellow-brown Lrue sandy clay loam with greyish tinge, numerous
boulders, cloddly structure, compact Mn02, mottling and grey coating on
faces of structural elements,

3. Croxdale Series

Type sandy loam, loam

Topography undulating

Site drainage seasonally wet

Profile drainage impeded

Parent material Coal Measure till

Profile 0-20 3 cm, dark grey-brown, stoneless, fine cloddy structure,
compact, much rusty mottle

20.3-30.5 cm, dark grey-brpwn loamy sand similar to above layer,

30.5-61 cm, yellerish-brown coarse sandy clay loam with grey marbling,
many stones, prismatic structure, fissures and tenacious rust and MnO2
mottling

61 cm, dark brown clay loam with grey marbling, many stones and occasional
boulders.

The soils of about twenty square mcies (51 km2) of the Browney-
Deerness valley were studied in detail by Smltﬁ)?1972). According to the
results of this study, the soils of the region are divided 1nto seven
series, namely Esh, Broom, Opencast, Ushaw, Witton and Gilbert,

Browney and Deerness. Three of these series e.g Esh, Broom and Opencast
are derived from Carboniferous rocks or clay parent material with a

heavy to moderately finec textured soil Tnese soils have impeded or im-
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perfect drainage and they occur mostly on slopes of varying steepness and
on the interfluves

The soils of the Ushaw series are developed on sandstone parent
material and occur on the ridge tops They are of limited extent and
have free drainage

The soils of Witton and Gilbert scries are developed on fluvio-
glacial gravels. Generally the amount of clay presentL in the profile
18 low resulting i1n free drainage. These soils occur along valley bottoms.

The soils of the Browney Deeirness series are developed on alluvium
and they provide the deepest rooting zones in the area. They are of
moderately coarse texture with sandy loam predominating.

The dominant soils in the area of Smith’s detalled survey are Lhe
Esh and Broom series which cover more than 60% of the soils studies.
These two soi1l series are very similar to Lhose of the improved Croxdale
and Croxdale Series, mentioned earlier
Ef Curve One of the most important physical properties of a soil 1s
1ts capacity for holding moisture and 1n particular the moisture within
the range between field capacity and permanent wilting point The amount
of moisture in this range is called available water and is used by crops
and vegetation during a drought period

In view of this 1mportance of soil moisture content, an attempt
was made to prepare molsturc retention curves of thc soils atL Durham
Observatory (267 415) and Honey Hill (052 468) (F1g.3). These are the
locations at which evapotranspiration diia were collected.

The so1il moisture retention curve (pf curve as suggested by
Schofield 1n 1935 for ease 1n graphical representation and tabulation)
shows the relation between moisture tension and water content in the
moisture range associated with plant growth  To construct the curve, a
pressure membrdane apparatus was employed (Richard,b1952) Nine moistutre

content values corsresponding to nine tensions arplicd wvere determined,
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For each determination two samples from each location were used,

Tables 1 and 2 show the results of moisture retention curve and
textural analysis (Hydrometer method) of the soils from Durham Observatory
and Honey Hill. These results show that the total available water for
the Durham Observatory soil 1s 13 2 per cent, while that for the Honey
Hill so1] 1s 11.3 per cent

These figures were obtained by deducting

the values of the permanent wilting point, (corresponding to 15 atmospheres)

Table 1 pf values and the corresponding moilsture content
of soils at Durham and Honey Hill
pl values 10 1.7 2 0 2.5 28| 30 3.4 3.8] 4.2
Atmosc Eqv 1/100 5/100| 1/10 1/3 2/3 1 2 5] 6.4]15.0
% molsture content of soils
Durham Obs.| 45 5 40.6 36 5 29 3 24,2 122 0|19 0] 17.1 |16.1
Honey H1ll | 36 3 32 4 30.1 24 9 21 2118 6}16 0| 14 7|13 6
from those of field capacity (corresponding to 1/3 atmosphere). Thus

the maximum available water at Durham Observatory would be 132 mm per

metre of soil, while at Honey Hill, the corresponding figure 1s 113 mm
per metre of soii The difference in the amount of available water at
Durham and Honey Hill 1s explained by the textural differences of the
sol1ls. The so1l at Honey Hill 1s lighter 1in texture, sandy clay loam,
compared with clay loam at Durham It has a lower capacity for holding
moisture and, therefore, during a drought period. the Honey H1ill soil

can support the water need of the crops fur shorter periods than the soil

from Durham Observatory.

Table 2 Results of textural analysis of soils at Durham
and Honey H1ll
So1ls % sand % silt % clay texture
Durham 33.0 315 355 clay loam
Honey Hill G0 5 15.0 24 5 sandy clay loam
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Land Use Land use or land management is another factor significantly
affecting runoff from a catchment. A vegetation cover lowers the velocity
of rain drops striking the soil surface It also improves the structure
of the soil and 1ncreases the infiltration capacity. Therefore runoff
will be lower from a suil under vegetation than from a soil with no plant
cover. Other effecls of land use on the hydrology of a catchment are due
to processes of interception and evapotranspiration, e.g. as the per-
centage of vegetation increases, the volume of water stored by inter-
ception and used by evapotranspiration increases.

In the Browney catchment, the main land use 1s agriculture,
though there are some portions of the area taken by woodland, settlement,
mine working or derelict land. The percentage of these dififerent factors
of land use f{for about twenty square miles (51 km2) of the Browrey Deerness

valley 1s given by Smith (1972) as follaws

Agriculture 713%
Forestry plarfation 7.25%
Settlement 1including roads 15%
Recreation areas 1.4%
Mining and 1ts legacy 2.6%
Industrial land 0.75%

For the catchment as a whole the area of settlement 1s 7.0 per-
cent as determined by planimetering on a 1 25000 0 S map, while the
total area of forestry plantation and agriculture 1s higher than in
the sample study,

Shape The shape of a catchment governs the form of the hydrograph

and the peak flow rate. Long narrow catchments would be expected to
have attenuated flood discharge periods, whereas round basins would be
expected to have sharply peaked hydrographs. 1In spite of the difficulty
of expressing shape numerically, several indices have been suggested

and used. Wisler and Brater (1959) refer to two i1ndices given by

Cravelius (1914) The first, termed the compactness coefficient, is



15

the ratio of the perimeter of the watershed to the circumference of a
circle whose area 1s equal to that of the drainage basin. This co-
efficient 1s a measure of its flood potential The closer the index 1s
to unity, the greater 1s the circularity of the basin and the more sus-
ceptibilaity to flooding The valuc of this index for the Browney catch-
ment 1s calculated as kp = P/2 A = 1 45 (P 1s the perimeter with the
value of 43 0 miles (69 2 km) and A 1s area which 1s 69 7 m2 (178 km2))
The second index also proposed to Gravelius in 1914, 1s the form factor
derived by dividing the average widih of the catchment by 1ts axial
length  The axial length 1s the length measured from the outlet to the
most remote point 1n the catchment The value of the form factor for
a compact catchment 1s close to unity, while a long narrov catchment has
a low form factor value. Comparing two catchments of similar size, the
one with a lower form factor, generally yields a lower peak runoff,
since 4 heavy rainfall 1s lese likely to fall simultaneously over the
entire area Tor the Browney, the form factor is 7'1/9 g = 0.72

A third index of shape 1s Miller’s circularity ratio (Rodda, 1971)

A

represented by Rc = XE in which Ab 1s the area of the basin, and Ac
c

1s the area of tlizc circle with the same length as the perimeter of the
drainage basin Miller’s index 1s unity for a circular basin, and for
two basins of equal size the flood potential would be greatest for the
one with the smallest AC value. Miller found that the circularity ratio
remained remarkably uniform in the range O 6 to 0 7 for first and second
order basins 1n homogeneous shales and dolomites, indicating the tendency
of small drainage basins 1n homogeneous geologic material to preserve
geometrical similarity (Strahler, 1964) Miller’s index was employed 1in
analysing the flow from a number of Appalachian basins, but 1t was found
to have a low correlation with peak discharge (Rodda, 1971). The value

69 7
of Miller’s index for the Browney hasin 1sii$~T— = 0 47
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Elevation. For an analysis of the elevation characteristics of the
basin, the area-elevation distribution was determined by analysis of
contour information from ; 1 63360 0 S map (Fig.4) The area lying
between successive 100 ft (30.5 m) contour intervals was measured. The
percentage of the total that each of these areas forw was then com-
puted and the percentage of the‘total area lying above and below each
different contour was obtained by summation (Table 3 and Fig.5)

Table 3 The percentage of area above or below the i1ndicated

elevations
Contour elevation Area between % of total| % total % total lowe:
contours 1n km area over then upper
f 8 e

150-20C (£5.7 - 6¢ 9} 1.8 1¢ 10C.0 1.0
200 300 (60 9 - 91 4) 9 4 5.2 99 0 6 2
300-400 (91 4 - 121.9) 19 8 11.0 93.8 17 2
400-500 | (121 9 -~ 152.4) 21 2 12.0 82 8 29 2
500-600 | (152 4 - 182 9) 24.3 13 8 70 8 43,0
600-700 | (182 9 - 213.4) 26.6 151 57 0 58.1
700-800 | (213.4 - 243 9) 28 1 15.9 41.9 74 0
800-900 | (243 9 - 274 4) 21.6 12.1 26 0 86 1
900-1000 | (274.4 - 304.9) 12 9 7.2 13.9 93.3
100C-1100 | (304.9 - 335 4) 7.7 4.3 6.7 97 6
1100-100 | (335.4 - 365 9) 2 3 1.2 2.4 98.8
1200-1250 { (365 9 - 381 1) 23 1.2 12 100 0

In the Browney catchment elevation ranges from 150 fL (45.7 m)
at Low Burn Hall (252 384) to about 1,250 ft (381.1 m) near Moss Hole
Corner (056 447), Honey Hill The mean elevation of the catchment was

obtained using the formula E =Eée/A in which

a - 1s the fraction of area between successive contours,
e - 1s the mean elevation of contours and
A - 1s the total area of the basin

The mean elevation of the catchment from the above formula 1s 642 ft

(195 7 m).
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As for the effect of elevation upon the hydrology of a catchment,
1t is clear that an increase 1in elevation results 1n a decrease 1in
temperature and an increase 1in precipitation depth The effect of
elevation upon precipitat.on depth 1s very large within the Browney
basin and their relationship will be studied in the following chapter.
Elevation also affects the precipitation form. However 1ts effect upon
the‘evapotransplratlon process 1S not well understood This has also
been 1nvestigated in this study and the results are presented in the
chapter on evapotransplration
Slope The following procedure was adopted to determine the slope of
the catchment (Nash,1966),.

At the intersection poinLs of the grid lines on a 1 25000 0 S,
map of the catchment, the distances between adjacent 25 ft (7 6 m) con-
tours were measured. These distances were then used to take the slope
at each point. An analysis of the frequency distribution of these slope

values was made and the results are tabulated in Table 4 and shown 1in

Fig.6. The number of intersection points was 152,

Table 4 Pcrcentage of area with slopes above the indicated

values
limit of % slope Area 1n % of total % of area over
sq mls  (km") lower limit
0-5 18.5 (47 2) 26.50 100.0
5-10 35.7 (91 2) 51.20 73.5
10-15 10.5 (26.8) 15.10 22,3
15-20 4.1 (10 5) 5.90 72
20- 0.9 (2 3) 1 30 1.3

The mean slope of the catchment 1s 5 9%, while thc median slope
1s 6.4% The importance of the slope of a catchment 1s on 1ts control
over the time of overland flowv and 1Ls 1indirect effect on infiltration

and runoff magnitude, In other words wicth aun incredase in slope, the
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velocity of overland flow increcases. Thus, the time during whaich
molsture can i1nfiltrate into the soil decreases, and as a result, runoff

magnitude 1ncreases.

Drainage network The drainage network 1s described by the order of the

streams, length of tributaries, stream density, drairnage density and
length of overland flow The drainage-network governs the shape of the
hydfograph and the efficiency of the drainage system For example, the
larger the number of branches and segments of each branch, the more
attenuated are the flood discharge periods and vice versa.

Strear: order It 1s this index which reflects the branching or bi-

fur Cation 1n the basin. Horton (1945) (Wisler and Brater,1959) has
classified stream order by assigning 1 to the small unbranched, finger
tip tributaries, 2 to those streams with two brarches of [irst order,

3 to those with two branches of second order, etc.- Strahler (1964)
adopting this system considers the unbranched tributaries as order one,
where two branches of first order meet, that forms a second order and
where two second order branches, third order 1s formed.

Shreve (1966) suggested another ordering method in vhich the
value of any order reflects the number of firs! crder streams feeding
into 1t.

In this study the Strahler system of classification has been applied
to the Browney River using a 1 25000 0.S. map which 1s the basis of any
large scale investigation The results of this analysis are presented
in Table 5.

It 1s shown that with an increase i1n stream order, the number of
segments decrease. The plot of the number of segments versus order on
a semi-logarithmic paper gives an approxlmate straight line relationship
(F1g.7) The antilog of the regression coefficient, known as the bi-
furication ratio 1s the index for the degree of branching (3 20) and is

important sin concrolling che peakedness vf the runoflf bydrograph.
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Table 5 Stream order, number of segments in each order,
total length and mecan length of segments of each
order for the Browney River

Stream order | Number of segments |Total length |Mean lcngth of segments

in each order mi1les (km) | miles (km)

1 327 83 44 (134 2) 25 (0 40)

2 66 43 76 (69 9) .66 (1.1)

‘3 16 29 56 (47 6) 1 84 (2.9)

4 4 20.60 (33 1) 515 (8.3)

5 15.56 (25 o 778 (12 5)

6 1 3.96 (6 4) 3 96 (6 &)

Chorley (1971) states that "The bifurCation ratio for a given density

of drainage lines 1s very much controlled by basin shape and shows very
little variation (ranging between 3 and 5) in homogencous bed rock from
one area to anothecr  Where structural ecffects causc basin elongation,
however, this value may increase appreciably” For the Browney catchment
the bifurfcation ratio 1s 3.20 which means that on the average there

are 3,20 times as many channel segments of any given ordcr as of the

next higher order.

Length of streams The length of tributary streams 1s a function of the

order of tributaries., When the mean lengths of tributaries are plotted
versus their orders on semi-logarithmic paper, aun approximate straight
line results and the antilog of the regression coefficient 1s the length
ratio. The value of length ratio for the Browney catchment 1s 1.89,(Fig 8)
It should be stated that the above mentioned lav has not been
fully applicable to the Browney River, and that the mcan length of the
two f1fth order streams has been higher than that of order 6 (Table 5).
The importance of the length of tributaries 1s ascribed to their
1ndication of the degree of drainage and the steepness of drainage basin
Steep well drained areds usually have numerous small tributaries, wheireas

In plain regions where the soills are deep and permeable, only relatively
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long tributaries are maintained as perennial streams (Wisler and Brater,

1959).

Drainage Density. This 1s the average length of streams per unit area

L where L 1s the total length of streams

within the basin 1 e. D = A

in the basin and A 1s the drainage area Drainage densities vary from
well below 1 mile/sq. mile (0 63 km/ka) 1n poorly drained basins to
more‘than 5 mile/sq mile (3 2 km/ka) 1n exceptionally well drained
basins (Linsley et al, 1949). 1In general low drainage densities are
found in regions of highly permeable subsoil material under densc veg-
etation cover and where relief 1s low High drainage densities occur
1n regions of impermeable subsurface materials, sparse vegetation and
mountainous realief.

The value of drainage density 1s 2 82 m1/m12 (1 73 km/ka) for the
Browney catchment The drainage map of the basin (Fig.2) shows that
the drainage density i1s highest in the hecadwater section of the catchment.

Length of overland flow This parameter 1s a measure of stream spacling

or the degree of disscction and 1s determined from the formula

S
L = 1/2D 1-( c/Sy)2 in which

g

Lg - 18 length of overland flow

D - 1s drainage density

Sc - 1s channel slope

Sy -~ 1s the average ground slope (Horton, 1945, Strahler, 1964)

The value of this parameter for the Browney River 1s 0.177 miles (0.285 km).

Longitudinal profile of the stream channel The stream profile 1s a

plot of horizontal distance alorg the stream versus elevation The slope
of a stream between any two points 1s taken as the fall between the
points, divided by the stream length If the segments of a given order
are combined into a single average segmenL, then the average slope of

the channcl segments of that order 1s the average vertical fall over the

mean horizontal lengtn  This procedure has been followed for finding
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the slopes of different orders of the Browney River and the composite
profile is plotted in Fig 9. It 1s shown that the average slope for a
given order is more than that of a higher order and less than a lower
one This relationship 1s known as the law of stream slopes and 1is
similar to that of stream slopes (Horton,1945, Stral.ler 1964) The
plot of mean stream slopes in ft/mile versus stream order 1s given 1in

.
Fig.l0.

As observed from Fig 9 the profile of the Browney River has got an

exponential shape with a marked concavity.
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CHAPTER TWO

PRECLPITATION

Precipitation refers to all forms of moisture falling to the
ground. The necessary conditions for precipitation to occur are
1. A sufficient supply of water vapour in the atmosphere
2, Lifting of the water vapour to higher altitudes
.
This second factor results in cooling with subsequent condensation of
the vapour Condensation occurs at the dew point of the temperature at
which saturation occurs 1f air 1s cooled aL constant pressure.
Precipitation 1s divided into three types, depending on the means
of uplift of the water vapour These types are
1. cycloric
2. convectional
3 orographic
Cyclonic precipitation 1s classified into non-frontal and frontal
precipitation. In Lhe non-frontal type,lifting of air 1s caused by con-
vergence of air sireams towards a low pressure region, Frontal precipit-
ation occurs as " result of lifting of warm air over cold air. This
occurs 1n varm or cold fronts In the warm front, warm alr moves up-
wards over a wedge of cold air In the cold {ront, however, warm air
1s replaced by moving cold air and therefore 1t rises Warm {ront pre-
cipitation 1s of lower intensity than cold front precipitation
Convectional rains are caused by thz differential heating of the
air at the surface As a result the warmer air rises and cools adia-
batically It, therefore. causes condensation and precipitation This
type of precipitation 1s spotty in terms of areal distribution and
usually of high intensity

Orographic precipitaticen 1s that which results from cooling of

molsture laden air masses by the mechanical 1:3fting of mountain barriers
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This type of precipitation 1is usually more pronounced on the windward
side of mountains than on the leeward.

Within the Browney basin, precipitation 1s due to all the three
types mentioned above Swmith (1970) mentions that most of the precip-
i1tation over the County Durham 1s ultimately cyclonic. However, as will
be shown, the effect of orographic lifting 1s quite apparent when the
relatlonshlp between precipitation and altitude i1s considered, Evidence
for the existence of convectional precipitation during the summer season

18 shown by the analysis of rainfall intensities later in this chapter

Measurement of precipitation within the Browney Basin

One of the problems associated vith the accurate estimation of
mean precipitation over a catchment 1s the density and distribution of
the raingauges A number of workers have discussed the accuracy re-
quired for the measurement of precipitation within a catchment and Ward
(1971) refers to some of them

Clearly the density of raingauges required for measuring rainfall
with a certain accuracy varies with catchment characteristics The
number of gauges 1n an area with steep slopes should probably be different
from an area of flat terrain Under conditions with fLrequent occurrence
of convectional precipitation, more raingauges are needed than when
precipitation 1s mostly of cyclonic type This 1s explained by Lhe
fact that cyclonic precipitation might 1n some cases be uniform over a
radius of 25 kmz, whereas convectional precipitation can vary widely
over a short distance.

Thus Hershfield (1967) noted that in major summer storms 1n re-
latively flat areas, it was not unusual for the isohyetal patiLern to
show gradients of 2 inches or more per mile (32 mm per km)and that 1t
was not unreasonable to expect storm precipitacion differences of about
1 inch (25.4 mm) between riingauges scparated by distances of only 0.1

mile (0 16 km) (Ward,1971b)
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For the Browney basin, precipitation 1s measured by an autographic
raingauge and eight daily gauges The locations of these gauges are shown
in Fig 11 and their National Grid References, altitudes and the dates
since the records were available are given in Table 6. The records from
Ushaw raingauge which were available for this study date back to 1971.
This station, therefore, has not been included in the estimation of mean
catchment rainfall because of 1ts limited available data.

Thus the density of raingauges whose records have been employed
in this study 1s about one per 10 mlz (25 5 ka) Six of the rain-
gauges are distributed within the altitude range of 336-741 feet (102-
226 m) The other raingauge 1s at an elevation of 1,179 feet (359 m)
However, 1t 1s located outside the catchment In view of the high degree
of association between altitude and rainfall, as will be shown 1in a
later section, 1t can be stated that additional raingauges in the catch-
ment within the elevation range of 800 to 1,250 feet (244 to 381 m)
would probably have given a more representative picture of precipitation
at the higher elevation. Therefore the accuracy of estimation of mean
areal precipitation could have been 1increased

Description of daily and autographic raingauges

The daily raingauges which are used to measure rainfall are the
Meteorological Office Mark IT gauges These have a collecting funnel
aperture 5 inches (127 mm) 1in diameter and more than 4 inches (101 mm)
deep The funnel leads down to a glass bottle placed either in an inner
can or 1in the base 1tself. The gauge 1s set with its rim 12 inches
(30.5 cm) above the ground level,

The autographic raingauge, which 1s situated at the Durham Obser-
vatory was installed in 1962. The autographic raingauge 1s an electrical
one designed to record total rainfall at a distance from the rain re-
ceiver and so obviate the nccessiry of frequent outdoor visits for chang-

ing the charts The rain 1s received in an eperture defined by an 8 inch
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Table 6 National Grid Reference,altitude of the raingauge
stations and the date since vhen the records were
available for the Browney Basin in this study

Location of raingauge| National Grid| Elevation Record available
Reference fL (m) since
Durham NZ 267415 336 (102) 1886
Consett NZ 125504 710 (216) 1967
Edmondsley NZ 232488 500 (152) 1968
Lanchester NZ 175482 680 (207) 1968
Satley NZ 117437 741 (226) 1961
Waskerley NZ 022444 1179 (359) 1895
Waterhouses NZ 189412 438 (133) 1960
Ushaw NZ 219436 597 (182) 1971
(203 mm) diameter brass rim It 1s then fed down by a funnel into one

half of a bucket, which when 1t 1s full, tilts and empties 1tself, so
allowing the other half of the bucket to fill until the process 1s re-
peated. Each measurement of the bucket is transmitted electrically to

a moving chart so that the rainfall record consists of a number of steps
of 0.02 inches or 0 5 mm of rainfall VWhen two inches or 51 mm of rain-
fall has fallen, the recording pen reaches the top of the chart and then
automatically returns to the baseline.

There are several objections to the use of such records. The main
objection 1s that rainfall less than the capacity of the bucket 1s not
recorded. AnoLher objection 1s that any rain falling during the tilting
of the bucket 1s also not measured. The instrument, however, has the
advantage of not being damaged by the frost. It also records rainfall

at a distance from the rain receiver which i1s an advantage in adverse

weather conditions

Estimation of mean areal rainfall

Mean precipitation over the Browney basin was determined by three

methods

1. Arithmetic method
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2, Thiessen polygon method

3. 1Isohyetal method

1. Arithmetic method In this method, the values of precipitation from

all the seven gauges were added togeLher and the total thus obtained was

divided by the number of raingauges e g. P = Pl + P2 + P3 oo 'P7

H

7
1n which P 1s the mean areal precipication and Pl’ P2 . .. and P7 are
the precipitation depths at each station. The mean areal precipitation

over the catchment for each of the five years during the period 1968-

1972, and the five year average for the same period 1s shown in Table 9.

2. Thiessen polygon method This method was devised by Thiessen (1911)
to determine the mean depth of precipitation over a given area. The
fundamental principle followed to accomplish this purpose consists in
welghting the precipitation value of each station by a suvitable pro-
portion of the area for which that station value 1s considered to be
representative

To determine the weighting factor for each station in the Browne;
basin, the geographical location of each station was plotted on a map
of the basin The adjacent stations were joirued by straight lines. The
perpendicular bisectors were then drawn from the mid-points of each line
These perpendicular bisectors formed the boundaries of a number of poly-
gons, except where the area was limited by the boundary of the catchmenL
(Fig.1l1). Each of the polygons represented the area surrounding one
rainfall station. It was assumed that the rainfall at each station was
the same as any other location within the polygon surrounding 1t The
area of each polygon was then measured and was expressed as a percentage
of the total area of the drainage basin. These dimensionless ratios
forred the weights given to the rainfall stations and they are shown in
Table 7.

The mean areal precipitation for each period (year and month) wa:
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obtained by multiplying the depth of precipitation by the dimensionless

ratios for each gauge and summing these values e g

- A A A A
P (mean precipitation) = /A P1 + 2/A P2 + 3/A P3 + 4/A P4 +
Az
. /A P7
Table 7
Raingauge stations and their Thiessen 1indices
Durham QObservatory 11 94
Waterhouses 23 55
Edmondsley 6 07
Lanchester 13 81
Congett 13 87
Satley 29 89
Waskerley 0.87

3. Isohyetal method Mean precipitation over the basin was also deter-
mined by the isohyetal method Isohyets are lines joining points of
equal precipitation To draw the isohyetal map for any basin, the pre-
cipitation depth ~ver any period of time at each station 1s plotted at
1ts corresponding geographical location Points with elevations equal
to those of selected isohyets are then fixed, and lines drawn through
points of equal elevation represent the i1schyets.

To determine the mean areal precipitation by this method, the area
between any two successive isohyets 1s meacured and expressed as a per-
centage of the to'al area. The value thus obtained 1s multiplied by
the mean values of the two 1sohyets The products are then summed and
the result 1s a weighted mean depth of precipitation

This procedure was followed to determine the mean depth of pre-
cipitation for ecach year of the period 1968 to 1972 and for the mean monthly

values over the same period The calculation used for the estimation of mean
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precipirtation for the year 1972 1s shown 1in Table 8.

Table 8 Calculation of mean areal precipitation by the
i1sohyetal method for the Browney basin during
the year 1972

Isohyetal Isohyetal Columns 1+2 Ratio of Columns 3x4
value, value, 2 enclosed
upper lower mm arca to mm
limit mm, limit mm, total
550 541 545.5 0.00129 0.70
575 550 562.5 0.01488 8.37
600 575 587.5 0.04398 25.84
625 600 612.5 0.06145 37.64
650 625 637.5 0.12095 77.11
675 650 662 5 0.18110 119.99
700 675 687.5 0.25220 173.43
72k ce 712,58 0 27040 192 &4
750 725 735.5 0.02520 18 60
775 750 762 5 0 02134 16.27
800 775 787.5 0.00711 5.60
TOTAL 676.19

Yearly mean rainfall of the catchment

The values of mean areal precipitation of the catchment for each
of the five years, 1968 to 1972 and the five year average 1s shown 1in
Table 9. From this table 1t can be observed that arithmetic mean pre-
cipitation exceeds the values obtained by both the 1sohyetal and the
Thiessen methods The Thiessen method also reveals a lower estimate
than the i1sohyetal method The difference in the five year average
values between the 1sohyetal and Thiesscn 1s less than one per cent,
vhereas that of the arithmetic method exceeds the 1sohyetal and Thiessen
methods by 2 2 and 3.1 per cent respectively. The relatively high value
of the arithmetic mean precipitation 1s due to the i1nclusion of the
Waskerley raingauge in the estimation of mean areal rainfall This

gauge 18 located outside the Browney basin at an elevation of 1,179 ft

(359 m) and LlLe rainfall at this station 1s the highest of all the
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gauges. This therefore, results i1n an overestimation of mean rainfall
by the arithmetic method In the Thiessen method, the weight given to
this station 1s only O 87 per cent (e g., the precipitation at this
station 1s representative of only 0 87 per cent of the area) whereas 1in
the arithmetic method, 1ts weight 1s equal to that ¢f any other gauge,
or 1s about 14 3 per cent,

Table 9 Mean areal precipitation of the catchment,
1968-1972 1n mm

Year Arithmetic Thiessen Isohyetal
1968 856.1 829 0 835.5
1969 901 3 872 7 872.8
1970 685 3 653.6 669.1
1971 b45 b 024 0 628 &
1972 676.3 667 5 676.2
Average 752.9 729.4 736.5

Consiaering the application of these different methods for the
estimation of mean areal rainfall, the arithmetic method 1s the simplest.
It could possibly be used for basins 1n which the density of raingauges
1s rather high and where the distribution of the gauges closcly follows
the physiography of the catchments For the Browney basin, however,
since the density of the gauges 18 about 1 per 10 m12 (25.5 km2) and
the distribution of gauges 1s rather less at higher elevations, the
resultls obtained by the arithmetic method overestimate those of the
Thiessen aud 1sohyetal methods.

The Thiessen method 1s an objective method because 1t gives weight-
ing factors to each of the gauges. The weights once obtained can be
applied for any number of computations. It 1s, therefore, easy to use
and because of this reason when a large number of means are to be deter-
mined for the same area and when eatreme accuracy 1s not required, the

Thiessen mcthod vould be suitable




The 1sohyetal method 1s considered to be the most accurate method

of the three if drawn accurately

them all

shows the pattern of the rainfall
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However, 1t 1s the most tedious of
One of the advantages of the i1sohyetal method 1s that it

However, since the rainfall pattern

varies from storm to storm, a new isohyetal map should be drawn for

each storm

Mean monthly precipitation over the catchment

The average areal value of mean mwouthly precipitation using the

1sohyetal and Thiessen methods are shown in Table 10

Table 10 Average areal values of mean monthly rainfall
by the 1sohyetal and Thiessen methods in mm
Month
MeLho J F M A|M J A S 0 N D |Total
Isohyetal [ 76 5|60 8|61 8{50 0[63 4|61 8161 0|74 5|53 6|33 0|78 3|61 8| /36 5
Thiessen 76 8160.1159 6(49 6163 3162 2}62 5|73 3i52 131 3|77.6|61 0 729 4

~

Thiessen method during nine months

It can be seen that the 1sohyetal values exceed those of the

In January, Junc and July, the

Thiessen values are more than those of the isohyetal method.

November,

January and August are respectively the months with the highest pre-

cipitation amounts, while QOctober, 1s the month with lowest precipitation

Precipitation pattern over the catchment

(a) Yearly pattern,

A study of the yearly isohyetal maps (Fig 12) shows

that 1n general there are three different rainfall zones in the Browney

basin.

1. A westerly and north westerly zone of rapidly increasing rainfall,

2. An caslerly and south-easterly zone of declining rainfall,

3. A central area with relatively uniform precipitation

The first zone 1s characterized by high elevations and steep slopes

The clevation in this zone 1s almost everywhere above 700 feet (213 m).
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ISOHYETAL MAPS OF THE YEARLY RAINFALL(mm) IN THE BROWNEY BASIN CURING 1968-1972
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In view of the great influence of topography on precipitation in this
area, therefore, precipitation amounts are highest in this part of the
catchment The precipitation gradient in this zone averaged about 35 mm
per mile (22 mm per km) as judged by the five year 1sohyetal map
The second rainfall zone 1s characterized by low elevations and
low slopes The altitude in this zone 1s mostly below 500 feet (152 m)
The precipitation gradient 1s less in this zone than in the first zone
The third zone is the zone with relatively uniform precipitation
as judged by the five year average 1sohyetal map However, when the
yearly 1sohyetal maps are considered, 1t 1s observed thal precipitation
for some years e g 1968, decreases from north to south with a relatively
modest gradient of about 15 mm per mile (9 4 wm per km) The trend for
the year 1972, however, changes During this year precipitation increases
from north to south. This lack of consistency might be due to the chang-
1ng directions of the depression or random fluctuations

(b) Seasonal pattern of precipitation Isohyetal maps of tLhe winter and

summer seasons are shown in Fig 13 It can be observed that the preci-

pitation patterns of the two seasons are identical in having increasing

westerly and decrrasing easterly components. llowever, during the winter
season, there 1s a decreasing precipirtation from north to south, though

such a decrease 1s not obvious during the summer season

(¢) Monthly pattern of precipitation The pattern of precipitation for

the three months of September, November and December 1s more or less
similar to that of the winter season Focr the particular month of Nov-
ember, there 1s no easterly gradient of rainfall, but the decline of
rainfall from north to south 1s quite sharp

The rainfall pattcrns for other months show a decreasing rainfall
depth from west to east, with the gradient being steeper for the months

of January, March and August These gradients range from a maximum of
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5 mm per mile (3 mm per km) 1n the western part of the catchment during
March to about 1 mm per mile (O 6 mm per km) i1n the central part of the
catchment in August. For the months of February, April, May, June,

July and October, the gradient of precipitation from east to west 1s low,
and i1n some places 1s less than O 1 mm/mile (O 06 mn,/km) (Figsl4 and 15).

Precipitation versus altitude

Throughout the previous sections 1L has been emphasized how the
elevation influences the distribution of precipitation within the catch-
ment. In order to study this relationship more clearly, regression equ-
ations of precipitation versus altitude were derived for each year in
the period 1968-1972 as well as the mean of the five year period The
equations derived are of the form

P a + bh i1n which

P - 1s the precipitation depth,
h - 1s the height in feet,
a - 1s the ordinate’s intercept and,
b - 1s the coefficient of regression
The equations thus obtained are shown in Table 11,

Table 11 Yearly regression equations of precipitation
versus elevation

-

Year Regression Equation
1968 P = 588.7 + 0 4084 h
1969 P = 653.3 4 0.3784 h
1970 P = 418.8 + 0 4069 h
1971 P = 483 9 + 0 2622 h
1972 P = 481.9 + 0.2968 h
Average P =524 34+ 0 3490 h

Using these equations, 1t has been possible to derive the mean
precipitation value for each year by substituting the value of mean

elevation of tbhe catchment The mean elevation of the catchment 1g

642 feet (196 m).
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This procedure was followed and the mean precipitation of the
catchment was determined by this method These values are given 1in
Table 12 with those from isohyetal and Thiessen method This table
shows that the mean precipitation from the rainfall-altitude relation-
ship over the five year period exceeds both those of i1sohyetal and
Thiessen method In fact each of the yearly values from the precipitation-
altitude relationship (except that of year 1972) exceeds those of the
1sohyetal and Thiessen methods. However the difference in Lhe five year

average values of 1sohyetal and altitudinal method 1s about 1 6 per

cent and that of Thiessen and altitudinal methods 1s 2,5 per cent.

Table 12 Yearly mean areal precipitation in the Browney
basin during the period 1968-1972

Year Isohyetal Thiessen Altitudinal
mm mm mm
1968 835.5 829 0 850.8
1969 672.8 872 7 896.2
1970 669.1 653 6 680 0
1971 628 8 624.0 642 .2
1972 676.2 667 5 672.5
Average 736.5 729.4 748 .4

Correlation coefficients for the relationship between precipitation
and altitude range from O 85 i1n 1972 to 0 99 in 1970 (Table 13). The
correlation coefficient of the average yearly rainfall and altitude 1s
0 97. The coefficients of determination range from O 71 to 0.98 and that
of average yearly 1s 0.95., Based on the average yearly value of the co-

efficient of determination, 1t can be stated that 95 per cent of the

varliance 15 explained by the regression equation
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Table 13 Correlation coefficirents between precipitation
and altitude and coefficients of determination

Year Correlat:on coefficients Coefficients of ,
determination

1968 0.97 0 94

1969 0.96 0.91

1970 0.99 0.98

1971 0 89 079

1972 0.85 0.72
Average 0 97 0.95

Long term means of annual and monthly precipitation

To study the long term means of annual and monthly precipitation
fer
The mean yearly and mean monthly precipitation values over the 35 year
period 1939-1973 were calculated. The choice of a 35 year period was first
made by Eduvard Bruckner (Tannahi111,1955) and 1s now also used by the
geteorologlcal Office. The period 1939-1973 was selected in order to
include the latest available record in the study

The mean an-.al precipitation over the 35 year period was 639.2 mm.
This value 1s lover than the 83 year mean of 645 mm at the Durham Ob-
servatory (Smith,1970) by less than one per cent. The highest annual
value during the 83 year period was 886 mm i1in 1930 and Lhe loweslL value
was 440 mm 1n 1959, For the 35 year cycle considered the minimum was
the same, but the maximum value of 813 mm was 5.6 per cent lower than
the highest of the 83 year period.

The distribution of mean monthly precipitation in millimetres and
as a percentage of the annual total during the 35 years period 1is given
in Table l4. October 1s the month with the least amount of precipitation,
while February has the highest amount of precipitation., The mean monthly

precipitation for thcse two months are 36.2 mm and 65.7 mm respectively.

These results vary from those reported by Smith (1970), who from the
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records of 1881 to 1950, stated that February or March was the driest

month

Table 14 Mean monchly values of precipitation during the
perrod 1939-1973 at Durham Observatory

Month
J F M A M J J A > 0 N D Total
Depth
mm 58 6165 7 (o1 9156 061.9148 7159 1(54 143 2136 2156.5147 31639 2
% 921031811 88|]97]76192]85|68 57| 3887311000

On a seasonal basis,; winLer (December, January and February) with a total
of 171 6 mm 1s the wettest, while autumn (September, OcLober and November)
with a total of 135 9 mm 1s Lhe driest, The spring (March, April and
May) total 15 169 8 and the summer (June, July and Aupust) total 1is

161 9 mm.

Precipitation frequency studies

The frequency of precipitation refers to the occurrence of a given
depth of rainfall during a defined period Frequency studies are 1m-
éortant in var:ious fields such as the design of sewage and drainage works,
the design of the flood control structures, storage reservoirs, farm
terraces, highway and railway culverts (Foster,1949) Due to this im-
porLance a frequency study of rainfall records during the 35 year period

of 1939 to 1973 was made,.

Annual precipitation frequency For the study of the frequency of annual

precipitation, the 35 yearly values were arranged in descending order
and they weire plotted in Fig 16. The return period defined as the average
time interval within which a given rainfall might be equalled or exceeded
once was calculated after Chow (1964), using the formula

1, n h

Tr = o 1D W 1ch

n - 1s the nunber of years of recoid and

m - 18 the rank of the annual rainfall according to 1ts macuituade

From this graph 1t 1s observed thalL annual values of 630 mm, 752 m,
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788 mm, 806 mm and 812 mm have got return periods of 2, 5, 10, 20 and
30 years respectively 1In other words every tuwo years, there 1s a
chance of getting 630 mm or more rainfall and every 30 years, there 1s
a chance of getting 812 mm or above

Frequency curves of monthly values The ploL of frequency of occurr-

ence or exceedanceof monthly precipitation 1s shown 1in Fig 17 The
curves of the months of each season are shown 1n one figure.

During the summer season, within the 35 year period, July has got
the maximum monthly value of 187 mm, while, the maximum value of August
1s 148 mm and that of June 1s only 80 mm July values are 1n general
higher than August and August values are more than June  June values,
however exceed those of July during the two lowest years (Fig.l7) They
also exceed the August values during the nine lowest years The minimum
monthly values during the period have been 15 mm, 13.5 mm and 8 5 mm
for June, July and August respectively

Ducing autumn, November 1s the month with values which are con-
sistently higher than October and September 1n all the 35 years The
highest wonthly value in November 1s 186 mm as compared with 113 5 mm
for September and 100 mm for October September is also a wetter month
than October and only i1n two years have the October values exceeded those
of September. The lowest monthly values during these months were 14 mm,
7 mm and 2 mm respectively

Of the winter months, February has got values exceeding January and
December in 25 and 26 years out of the 35 respectively The values of
January are consistently higher than December except for the lowest two
The maximum monthly value for February is 173 5 mm, while that of
January 1s 133 5 mm and that of December 1s 97 nm. The minimum values
are 19 5 mm for December, 10.5 mm for January and 6 0 mm for February

During the spring months of March, April and May the three curves

are more or less similar, tnough the values of May generally tend Lo
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exceed April, and those of April are i1n most cases higher than March.
The highest values are 131 5 mm, 140 mm and 142 mm respectively for the
three months of March, April and May, and the lowest are 9 mm, 12 mm and
14 mm respectively for the same months
For a comparison of frequencies among all the twelve months, a
frequency table (Table 15) was prepared showing the number of times the
value of each month equals or exceeds a given limit From studyirg this table,
the following conclusions wecre drawn
Table 15 Frequency of monthly precipitation amounts equalled

ol exceeded duiing the period 1939-1973 at
Durham Observatory

Yomth 1 5yl p{m | a|m || asla|{s]|o|n]o0D
Amount

180 mm - - - -~ - - 1 - - - 1 -
160 mm - 1 - - - - 1 - - - 1 -
140 mm - 1 - 2 - 1 1 - - 1 -
120 mm 1 4 1 2 4 - 2 2 - - 2 -
100 mm 3 7 4 3 6 - 4 3 1 1 3 -
80 mm 6 |13 9 7 |11 2 8 6 4 3 7 3
60 mm 14 15 11 12 15 9 13 12 9 5 11 12
40 mm 25 (25 |20 (24 {24 {20 (27 (24 |16 {10 (22 |18
“20 mm 33 30 30 33 32 32 33 28 22 22 32 34

0 mm 35 35 35 35 35 35 35 35 35 35 35 35

1, July and Novembe: are the two months with the highest values. These
are 187 mum and 186 mm respectively,

2. October, September and June are threce months with the frequency of
their monthly valuves generally being lowver than the other months for a
given limit,

3 The thrce spring months of March, April and May have a higher f{re-
quency of monthly values esceeding 100 mm In fact the total number of
monthly values exceeding 100 mm during spring is 13 times compared with

10 for wiater, scven for summer and five [or the autumm months
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The results of the frequency analysis of monthly precipitation given
in Table 15 can be used to estimate the frequency of different soil moisture
contents and to predict the possibilities of physiological drought or
soil moisture deficit. This 1s because the monthly values of evapo-
transpiration do not change appreciably from year tc year, and thus by
using the monthly rainfall data and evapotranspiration, some indication
on the frequency of the varying amounts of soil moisture can be obtained.
Such information, thus, can be used in feasibility studies for the con-
struction of structures such as 1rrigation systems or storage reservolirs

Similarly the data in Table 15 can give some estimate of the fre-
quency of runoff during each month by using evapotranspiration data.

Annual 24-hour maximum precilpitation and daily amounts In order to

study the annual 24-hr maximum precipitation two methods were considered
These were (1) annual exceedance series and (2) annual maximum serles.
In the annual exceedance serires, a number of 24-hr values of precipi-
tation with magnitudes greater than a certain base value are selected
The base value 1s selected such that the number of daily rainfall amounts
equals the number of years of record

. In the annual maximum series, however, the largest value from each
year 1s selected. There are advantages and limitations associated with
each of these methods. These are discussed i1n detail by Chow (1964).
For practical purposes, however, Chow (1964) mentions that the two series
do not differ much except in the values of low magnitude,

The relationship betwveen the recurrence intervals of the annual

maximum scries and the annual exceedance series has been derived by
Chow (1950) and 1s given by the formula

Te = 1 in which

In Tm - In (Tm ~ 1)

Tm and Te are the recurrcnce intervals of the annual maximum and the

annual exceedance series respectively



53

o%61 LInf 00 2 8°67 81

61 “3dag €0 1 091 GE 7961 Yo1EN [A N4 0-2¢ L1
6S61 £L1nr 90 1 £°81 7€ 0L61 r3ny §¢°¢ € ¢ 91
7561 "3dasg 60 1 ¢ 1¢ £ €l61 41nr VA L7 €¢E 1
Y961 1Tady [A t°2¢ (A3 2961 41nr 97 8 £¢ 71
¢G61 ounp 9T 1 ? €T 1€ %661  LBR 8°¢ ALY €1
Ov61 4£1nr 0z°1 £°€2 og (961 -3ny 0¢ 9 S€ Al
6961 =2ung 7T 1 € €T 6¢ 6€6T “3°0 € ¢ 0°9¢ 0
¢L61 r"uefl 6 1 €°¢¢ 8¢ G961 L1nr 9°¢ €°LE 01
LS61 "3das €E 1 1°%¢ LT ¢6T "1°0 0% VAFAY 6
8661  Aen 8¢ 1 £°%T e L961 °320 c Y 1°6€ 8
€61 °8ny wh 1 t°6¢ 1Y 0¢6T1 ‘"4ON 16 7 6¢ L
9661 'Sny 06" 1 £ 92 v 1661 AON 0°9 rAN L/ 9
(%61 11ady 9¢°1 L 92 £C 1961 A£1nr (A 6° €Y g
6761 ~320 9 1 'L (44 €661 "3ny 06 ¥ 9% Vi
7961 U xR L1 L1712 12 1761 q=4 07?71 0 0¢ £
9961 320 8°1 L L2 0z 1.6T1 ~8ny 0781 g 0¢ Z
€L6T 924 6 1 ( 8¢ 61 gv61 - 3das 0 9¢ 9 6¢ {
|aouLIIndoo ww 22U3 IaINd20 wu

Jo aeak potaad W TXEW Fyuey Jo aesd potaad WNWIXew Nuey
pue Yyjuow uiniay ay-Hz 1enuuy pue YluoR uanjay ay-4g Tenuuy

€161-6561 porxad syl Sutanp £.o3leaxssqQ weyang 2e HHmmcamu wnuIXeW JYy-47 [enuue ayl

91 21qel




54,

In this study the annual maximum series was used. For thas
purpose, the highest value for each year was found from the records.
These values were then arranged in decreasing order and the return
period for each value was calculated The calculation of the return
period was by the formula

n 4 ]

Tr = , n being the number of years of record and
m

m being the rank of the rainfall according to its magnitude., The fre-
quency curve and the probability plot of the annual 24-hr maximum rain-
fall are shown 1n Figs. 18 and 19 and the numerical values of these maxima
with their corresponding return period 1s shown in Table 16 The pro-
bability was calculated by the formula P = 1/Tr in which P 1s pro-
bability and Tr 1s the return period

It 1s observed that the highest value of annual 24-hr maximum
rainfall during the 35 yedr period 1is 55,6 mm and the lowest 1s 15 00 mm
Values of 29 8 mm, 39 2 mm, 47 8 mm and 51 4 mm have got return periods
of 2, 5, 10 and 20 years respectively

Considering the months of occurrences of these annual daily maxima,
1t 1s noticed that in more than one third of the 35 year period, the
anyual daily maximum has occurred in July and August October and Sept-
ember have been the next two months with highest frequencies of maximum
24-hr precipitation (Table 17).

Table 17 Frequency of occurrence of annual 24-hr maximum

rainfall 1n each month at Durham Observatory,
1939-1973

’Month J ] M A M J J A S 0 N D

Frequency | 1 1 2 2 2 2 7 6 4 5 2 1

The fact that annual 24-hr maximum rainfall values have a higher
frequency during the summer can also be proved by referring to the re-

sults of a study of daily rainfall amounts rccorded at Durham Observatory
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during the period 1916 to 1950 (Smith,1970) From this study, Smith
concluded that therewas the tendency for the heavy falls to be con-
centrated in the summer season He further confirmed his results by
referring to the occurrence of 17 noteworthy storms lasting two hours
or less between 1865 and 1960. Ten out of 17 of these rainstorms which
were classified by British rainfall as rare, were during July and August
and none occurred later than October or earlier than May. Thus all these
results give evidence for the occurrence of convective precilpitation
during the summer

Daily rainfall amounts during the period 1939-1973 ucre also
studied by grouping them into four classes e.,g greater than or equal
to 0 2 mm, 1 mm, 2 mm, 5 mm and 10 mm A frequency distribution table
for each month of the year was prepared The average frequency of days
with precipitation greater than or equal to the indicated values during
each month over the 35 year period was expressed as the percentage of
days per month and from these results Fig. 20 was drawn

Table 18 TFrequency of daily rainfall amounts equalled or

exceeded auring the period 1916-1950 at Durham
Observatory, after Smith (1970)

Month i
Amounb\\\ J F M| A M J J A S 0 N D Year
63 mm 0 0 o} O 1 0 0 0 0 0 1
51 mm 0 0] 0| 6] Of 0| 0O 6 0 13
38 mm 0 6y Ol 011 6] 5| 51 16 0 50
25 mm 6 12 ol 2|18 (20| 32§ 25| 32}151{11 1 174
13 mm 75 }55{52]42 1 86 811162]187{168 | 99 |96 |66 | 1179

This figure shows that November 1s the month with the highest

percentage frequencies of daily rainfall equal to or greater than O 2 mm,
1 mm, 2 mm and 5 mm These percentage frequency values are 57 O,

40 0, 29 5, and 15 5, for the respective daily amounts The
lowest percentage f{requency values are 43 0 (April), 27 0 (March), 18 O

(Apra1) and 7 3 (March) for the above meprtioned daily amounts
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’

For the percentage of daily rainfall greater than or equal to 10 mm,
August has got the highest value of 7 0 per cent and April has got the
lowest value of 2 4 per cent.

The points that can be mentioned about this figure are
1 The per cent frequencies of low daily amounts (0 2 mm, 1 mm and 2 mm)
during the vinter season are higher than those during the summer months
2 With an increase 1n the daily rainfall amount, the gap between the
percentage frequencles of the summer and winter months, which 1s observed
for low daily amounts decreases In fact for high daily amounts of 10 mm
or more, August has got the highest per cent frequency, and the fre-
quencies of other summer months are in general higher than during the
winter months,

For a closer study of the occurrence or exceedance of days with
different rainfall amounts, the frequency curves of the months of August,
November and April were plotted (Figs. 21 and 22) The choice of these
months was based on the average percentage freoquency curves discussed 1in
the prece ding paragraphs. August was, thus, considered because 1t had
the highest percentage frequencies of daily amounts among the summer
months, November was considered because 1t had the highest percentage
frequencics of daily amounts among the winter months and April was chosen
because 1t had the lowest percentage frequencies of all months for all
the daily amounts except one (5 mm)

The figures show that the frequency curves of April are below Lhose
of Novembe and August for all the daily amounts. Comparing the curves
of August and November, however, 1t can be observed that [or rainfall
amounts up to 5 mm, the frequency curves of November are i1n most cases
above those of August For a daily amount of 5 mm or more, the fre-
quency curve of August tends to excced that of November in a majority

of years.
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cipitation greater than or equal to 0 2 mm during the 35 year period
has been 7 to 25 for November, O to 23 for August and 7 to 19 for April
The number of days with daily precipitation equal to or greater than
10 mm during the 35 year period ranges from O to 7 in November, O to 9
in August and O to 4 1. April

An application of the study of frequencies of daily precipitation
amounts 1s 1in the estimation of soll moisture content and runoff  This
18 because the daily falls of less than 2 mm are probably not important
1n 1ncreasing soll molsture content, because much of the water will be
lost as evaporation before reaching the soil surface. On the other hand,
daily falls of more than 10 mm might exceed the average infiltration rate
of the so1l and thus result i1n 1mmediate surface runoff. The minimum
infiltration rate of the soils of the areca 1s given by Edmonds et al
(1970) as about 2 8 mm/hr  Therefore 1t 1s only the rainfall with
moderate 1ntensity that can 1increase the soil moisture content

Hourly rainfall In the preceding section 1L was stated that daily

rainfall over 10mm might result in immediate suriface runoff This 1n
fact depends to a large extent on hourly or shorter period distribution
of the rainfall 1f, for example, a daily fall of 30 mm falls durirg
a period of an hour, most of that will result in direct runoff. However,
1f this amount of rainfall 1s uniformly distributed over the 24-hr
period, and assuming a depleted soil moisture reservoir, almost all of
it might enter the soil and thus 1increase the soil moisture content.
Intensity of rainfall expressed in mm or inches per hour 1s thus a
very 1mportant aspect of the hydrology of the catchment For this reason
an attempt was made to study the rainfall intensities wiLhin the Browvney
basin The available records from the Durham Observatory recording
gauge were studied These records date back to 1963. However some of
the charts for the period 1963-1969 were missing or were incorrect due
the 121nfzl]

- =1 -
to the malfunctioning of Lhac pen mcchanicn Fer this »eocson,
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intensily study was limited to the pcriod October 1969 Lo September 1974,
a period of six years The hourly intensities were read from the charts
A frequency distribution table of hourly intensitics equal to or greater
than 0.2 mm, 1 mm, 2 mm, 5 mm and 10 mm was prepared., The {requency
of hours with precipitation greater than or equal tc the indicated value
during each month was expressed as a percentage of Lhe total hours during
Lthe month and from these results Fig 23 was drawn From this figure,
several points can be made
1 1In general the winter months have got a higher percentage of low
intensity hourly r1ainfall January with a percentage frequency value of
9.1 for hourly rainfall of 0 2 mm or more 1s Lhe highest of all months,
October on the other hand has got the lowest value of 4.5 per cent.
2 Tor the hourly rainfall intensities equal to or greater Lhan 2 mm,
5 mm and 10 mm, August exceeds all the other months. During August the
frequencies of hourly rainfall greater than or equal to 2 mm, 5 mm and
10 mm are 1 45, O 40 and O 03 per cent

Thus from this 1intensity study it can be observed thalL high
intensity rainfall and in particular intensities equal to or greater than
10 mm/hr are very low in frequency The maximum intensity value for
each month during the six year period of study is given in Table 19

Table 19 Maximum monthly intensities duiring the six year
period, 1969-1974 at Durham Observatory

Month J F M A M J J A S 0 N D

Maximum

Intensity |4 8 (51 [3.8]|6.1 |86]66([203]17.3 (7.1 |11 2{6 1 {41
in mm/hr

Thus the highest hourly intensity occurred in July with a value
of 20 3 mm The next highest value 1s 1n August with a value of 17.3 mm.
Considering these intensity values and using the definition of excessive

precipitation referred Lo by Gilman (1964), 1t can be stated that there
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has been only one incidence of excessive hourly rainfall e.g. 20.3 mm 1in
July. This 1s because excessive precipitation 1s referred to as any
precipitation that falls at a rate equalling or exceeding that indicated
by the formula P = t + 20 where P 1s precipitation in hundredth of an
inch and t i1s the time 1n minutes By this definiticn,

P/100 = 60 (min) + 20 = 80/100 = 0 8, therefore any hourly precipitation
equal to or greater than 0 8 inch (20 3 mm) would be excessive

Longest run of dry days To 1investigate the longest run of dry days, a

procedure similar Lo the other frequency studies was adopted The longest
run of days for each month during tLhe 35 year period was considered. These
were arranged in decreasing order Considering the distribution of
longest run of dry days in each month, it was found that the frequency
curve of QOctober was more or less similar to September, November and May,
that of March was similar to June, July and August and that of January was
similar to Dccember, February and April, consequently only the freguency
curves of March, October and January were drawn (Fig 24) From the study
of frequency curves of the months of March, October, and January 1t was
found that the longest run of dry days during the 35 year period was 30,
and that this occurred in March 1953 In facl this lenglth of run of
dry days has been the longest i1n all the months throughout the 35 years.
It has been followed by 27 days 1in August 1947 and 25 days in July 1955
(Table 20)

Considering the definition of absolute drought given by Meté}ologlcal
Office (1963), which 1s "a period of at least 15 days to none of which
18 credited 0.01 inch (O 2 mm) of rain or more", 1t can be concluded
that, during the 35 year period, there has been three incidences of
absolute droughts in March, two absolute droughts in October, and none
1n January.

It should be mentioned that the mere tabulaticn of the number of

consecutive dry days does notL give much information about the occurrence
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of physiological drought This is because there might be a lot of moisture
available in the soirl at the beginning of a dry period. Thus assuming

the so1l moisture to be at field capacity, it could possibly supply

some 75 mm of rainfall and, therefore, prevent the occuirence of any

physiological drought wuring the rainless days.



Table 20 Annual series of longest run of dry days/month,
1939-1973 at Durham Observatory.

Length of Period Month and Year of Occurrence
30 March 1953
27 August 1947
25 July 1955
21 August 1972
21 June 1970
19 May 1952
18 July 1971
17 October 1969
17 October 1951
16 March 1973
16 March 1966
15 September 1959
15 November 1957
15 June 1949
14 March 1943
14 July 1961
14 June 1960
14 May 1963
13 March 1948
13 October 1962
13 September 1941
12 July 1946
12 June 1950
12 June 1967
11 June 1964
11 May 1956
11 May 1939
11 April 1954
10 March 1945
10 October 1965
10 April 1944

9 July 1968
9 Apr1l 1942
8 October 1958
8 May 1940
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CHAPTER THREE

EVAPOTRANSPIRATION - A LITERATURE REVIEW

EvapolLranspiration 1s the name given to the combination of two
physically similar processes 1 e. evaporation and transpiration. Eva-
poration 1s the conversion of water in liquid form to vapour from water
and soi1l surfaces. This vapour 1s then transferred to the atmosphere.
Transpiration 1s defined as evaporation from plant surfaces.

Evaporation from water, soil or plant surfaces occurs because some
water molecules acquire sufficient energy to oveircome the cohesive
forces that bind them together Sowme of these molecules when transferred
into the air collide with other molecules of the air, and hence they
lose gpome enercv and fall back into the liquid form. The evaporation
process will thus, be continued until an equilibrium state 1s reached,
when the number of outgoing molecules 1s balanced by incoming ones
This state of equilibrium 1s called saturation and the vapour pressuie
(pressure created owing to the motion of vater molecules) of the eva-
porating surface and that of overlying a.r would then be equal

Assuming n~ limitation of water, lvo requlrements must be satisfied
so that either or both of these processes could occur
1. Somec source of energy must be available to be used as latent heat of
vaporization, or to be more specific, 580 calories are needed to evaporate
one gram of water at 25°¢C
2., There must be some mean of transport o’ the vapour to the atmosphere.
This 1s done by .he turbulence of the atmosphere.

Studies of evapotranspiration are nf pr'me importance in many
desciplines of science e.g. hydrology, agriculture, meteorolozy and
geography Design of water storage rescrvolrs, irrigation systems 1in
sem1-arid and arid regions, piediction of frequency of agricultural

droughts 3n humid regiops and {1ord studi-s are all dependent upon know-

ledge of evapotrancpiration This explairs the reasons [or the active
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involvement of scientists in this field, the results of whose work have
filled the literature, especially during the past four decades, However,
owing to the complexity of the soil-water-plant system, there are still
some shortcomings to the solutions and approximations so far reported
and consequently more work needs to be undertaken.

Problems still existing 1in evapotranspiration studies were also
recognised by our predecessors and Penman (1956) 1n revicwing some of
their views quotes Symons (1867) saying "evaporation 1s the most des-
perate branch of desperate science of meteorology", and Cleveland Abbe
(1905) mentioning, "of course wec need to know the loss of water by eva-
poration, but in nature it 1s so much mixed up with seepage, leakage
and consumption by plants that our meteorological data are of compara-
tively little importance".

Factors affecting evapotranspiration

There are three groups of factors which affect evapolranspiration
These factors are
1. Climatic factors or conditions of the atmosphere 1 e. radiation,
temperature, humidity, atmospheric pressure and wind
2. Soil factors 1 e. soll water content and capirllary conductivity
3. Plant factors 1.e degree of plant cover, rooting depth, plant height,
number and arrangement of stomata and their opening and closing.

Climatic factors affecting evapotranspiration

(a) Radiation For the evaporation of 1 cm3 of water at 25°C, 580 calories
are needed. The original source of all the energy involved in the trans-
formation from liquid to water vapour 1s the sun. The amount of radia-
tion which would reach the earth from the sun 1f there was no atmosphere

18 about 1 94 calorles/mln/cm2 of surface normal to the direction of
radiation This amount of radiation, known as the solar constant, at

any point on the earth’s surface, 1s 1educed by several factors. These
factors are the angle of 1ncidence of the rays, which determines the

intensity of radiation at any location, scattering of solar radiation



71

by the constituents of atmosphere (air molecules, water vapour and dust),
absorption of radiation by atmospheric clouds and gases (ozone, molecular
oxygen, carbon dioxide) and reflection The difference between the
total radiation arriving ac a surface (global and long wave from the
sky) and the total radiation leaving the surface (albedo and long wave
emitted by the surface) 1s called net radiation Net radiation can be
further divided into that used for heating the soil, a part for heating
the air and the rest for evaporating water. The small amount of net
radiation used in photosynthesis and stored in plants car be neglected
because the error in measurement of the other terms 1s more than that
used for mctabolic activities of plants

Both global and net radiation are highly correlated with eva-
potranspiration, Lhough correlation of evapoirranspiration with net radia-
tion 1s much higher than with global radiation (Tanner,1967)
(b) Temperature Temperature 1s a climatic factor vhich i1s highly corre-
lated with cvaporation Hovever radiation and evapotranspiration, which
are nearly in phase on a daily basis, may vary considerably from day to
day In contrast air temperature changes slowly because of high thermal
storage of the earth and the atmosphere and because of the large amounts
of net radiation used for evapotranspiration (Pelton et al,1960). Thus
the correlation between mean daily temperature and daily net radiation 1s
poor. This thermal lag effect 1s presented in Figs 25a and 25b which
show thal two temperatures are assoclated with each solar radiation or net
radiation value The effect of thermal lag 1s least during the period
when both temperature and net radiation are maximum. This lag effect
may be observed from the Fig.25c which shows that mean monthly evapor-
ation for months having the same temperature is higher during spring

and summer months than during late summer and autumn (Veihmeyer,1964) .

(¢) Humidity, The effect of Lumidily upon evapotranspiration has been
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known since 1802 when Dalton suggested his law This states that with
a given condition, evaporation 1s proportional to the deficit i1n vapour
pressure at the evaporating surface and the overlying air From this
law, 1t 1s clear that the evaporation rate will be greater under dry
air conditions than under moist ones, also that any increase in humidity
decreases the amount of evaporation
(d) Wind Wind removes moist air from evaporating bodies and replaces
1t with dry air which 1s capable of holding more water Clearly the
higher the velocity of the wind, the more the evaporation rate will be
up to a point when other factors (e g eneirgy) become limiting  Under
such conditions any increase in wind velocity does not increase evapor-
ation.

A phencmenon which should be considered in any evapolranspiration
study 1s advection It occurs when a pre-heated or pre-cooled air
passes over a well watered field Thus, such a pre heated or pre-
cooled air becomes a source or a sink for energy which results in in-
crease or decrease of the air temperature (Fig 26) Advection might
result i1n sizable errors when 1t 1s caused by warm air from deserts
or oceans or cola air from cool ocean currents Van Wijk and De Viees
(1954) show examples from Ireland, Norway, and the Netherlands in which
advection errors due to warm air currents occur.

(e) Atmospheric pressurc Any i1ncrease 1in barometric pressure 1s expected

to decrease the evaporation rate and vice versa. 7This 1s explained by
the fact that with a decrease 1n atmospheric pressure, the density of
overlying air decreases Variacion of atmospheric pressure, however, 1s
accompanied by changes 1in other meLeorological factors affecting eva-

potranspiration, so that the resultant effects are not well understood
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So1l factors affecting evapotranspiration

The so1l 1s the source of water for evapotranspiration and so it
has a definite effect on the rate at which a plant 1s able to transpire
and a soil surface to lose water as evaporation. Two factors combine
together to determinec the rate at which the bare soil supplies water to

the evaporative site  These factors are the water content and capillary

conductivity of the soil Both of these factors are texturally controlled,

1.e. a coarse-textured soil like sand retains less waler at any suction
level than a fine-textured soi1l like clay. This results in a swall supply
of water near the surface readily available for delivery to Lhe evapora-
tive site for coarse textured soil than that which occurs in fine textured
so1lls Caprllary conductivity for fine textured soills is also more than
that of coarse textured ones. The capillary rise for a fine textured
so1l may reach several feet whereas that of coarse textured soil way be
only a few 1uches

When the water content of the soil 1s at field capacity or over,
evapotranspiration will occur at the potential rate. At the permanent
wilting point (lower 1ange of water availability) and in the absence of
any contraibution of moisture due to capirllary rise, there will not be any
water to be transpired by the plant or used for evaporation by the soil
surface. The exact nature of the relation belLween evapotranspiration and
so1l moisture variation over Lhe range from field capacity to permanent
wilting point 1s still a matter of controversy and apparently conflicting
evidence Some of the views on this relationship will be discussed 1in
the section on the estimation of actual evapotranspiration

Plant factors affecting evapolLranspiration

These factors are
(a) percent cover
(b) rooting depth
(c¢) herght

(d) stomata closure and pattern
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(a) Percent cover As the percent cover of the so1l increases, the

magnitude of Et 1increases. This could be ascribed by reflection. Since
the colour of the crop affects radiation, and since colour varies with

the degree of cover, 1t 1s 1mplied that an increase in the percentage
cover increases evapotranspiration Another explanation that may be given
for this direct effect of percentage cover on evapotranspiration is that
with drying of the soil after rain, or irrigation, the rate of evaporation
15 checked and the supply of water from below cannot satirfy the eva-
poration rate However, under similar conditions, a dense cover of plants
can supply water for transpiration for at least two weeks before there

1s any decrease in Et (Gates et al 1967)

(b) Rooting depth Under conditions in which so1l water 1s limited in the

top root zone, a well ealended deep rooted crop can extract moilsture
from the lower zone, thus satisfying the water need for evapotranspiration

(c) Plant height An increase 1in plant height appears to increase eva-

potranspiration by greater i1nterception of advected heat (Gates et al,
1967). 1In a study by Rijtema (1968), 1t was found that the coefficient
of turbulent exchange increased by a factor of 2 with a change 1n vege-
tation height from 10 cm to 90 cm and by a factor of more than 5 with a
change from a short cut green surface at about 2 or 3 cm to a vegetation
height of 90 em (Ward, 1975)

(d) Stomata closure pattern Evapotranspiration from plants occurs by

the movement of vapour from the intercellular spaces within the leaf

to the free atmosphere by diffusion through stomata, hence any reduction
or closure of the stomata results in a decrease 1in Et Penman (1956)
considering the effects of stomata opening on EL, included a factor £

1in his formula which 1s based on stomata geometry, and population and day
light. Reduction of the aperture of the stomata 1s caused by internal
water deficit in the plant and climatic factors like lighlL, tLemperature

and wind
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Potential versus actual evapolranspiration

Potential evapotranspiration 1s defined by Penman (1956) as, "
evaporation from an extended surface of short green ciop, actively grow-
ing, completely shading the ground, of uniform height and not short of
water" By this definition the effects of so1l and plant factors on
evapotranspiration are removed and climatic factors are considered to he
the only variables upon which evapotranspiration depends Actual eva-
potranspiration 1s however, evaporation from soi1l, water and plant surfaces
as dictated by combination of 4all the Lhree groups of factors Measure-
ment of potential evapotranspiration under conditions defined by Penman,
1s relatively easy However, owing to complex soil-waler-plant relation-
ships, the measurement of actual evapotranspiration 18 difficult

The methods of measuring evapotranspiration may be divided into
three main groups

1. Theorectical wmethods

2 FEmpirical methods

3. Water balance methods

1 Theoretical methods of estimating evapotranspiration

These melhods arc¢ aivided into two sub-groups, aerodynamic methods and
energy balance methods The first of these two 1s self-contained, while
the second depends on somec of the principles of the first

Eddy correlation (aerodynamic) A parcel of air (eddy) with an upward

movement causes an upward flux of water vapour., If the velocity of the
eddy and 1ts vapour content 1s measured over a period of time the summa-
tion of the products of the two terms give the upward flux of water vapour
in the atmosphere  The i1nstrument for me asuring eddies and their
characteristics 1 e temperature, humidity and vertical wind velocity

1s called an ev?potron This inslrument measures fluctuations in the
terperature, humidity and wind velocity of minute eddics This inform-

ation may be ied airectly inuo a computer and an cutput of nec upward
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movementL of water vapour for the evaporating surface obtained (Ward,1971)

Profile method (aerodynamic) In this method the vertical flux densities

of vater vapour, sensible heat and momentum (shearing stress) are re-

presented by a one dimensional form of a general steady state equation 1 e.

E, =K, 06%% . (1), H = KthodT/G z (2
= §
T = Km p5 g (3

1n which Ex 1s the evaporation rate in gm/cmz/scc
Kv 1s the eddy transfer coefficient of water vapour in cmz/sec
p 1s the density of air in gm/cm3
7L 18 the specific humidity of the air in gm/gm of moist air
Z 15 the elevation above the ground surface
H 1s the vertical flux density of seusible hedt 1in cal/cmz/sec
K 1s the eddy transfer coefficient of sensible heat in cmz/sec
C_. 1s the specific heat capacity of dry air at constant pressure
(0 242 cal/gm/Co)
T 1s the temperature 1n Co
7T 1s the vertical flux density of momentum 1n dyne/cm2
(gm/cm secz)
K, 1s the eddy transfer coefficient of momentum 1n cm2/sec
U 1s the wind velocity 1n cm/sec
Vapour pressure and specific humidity are related by the formula
ah = ¢ e/P (g1s the ratio of the densities of water vapour and dry air,
e is the vapour pressure and P is the atmospheric pressure) Since 1t
is the vapour pressure which 1s usually measured in evapotrarspiration
studies, equation (1) results 1in
E, = (K, Pe/P) ( §e/§2) (4)
To determine the evaporation, sensible heat and momentum, transfer co-

coefficients should be evaluated Applying the equation for an increase

of wind sneed with height 1 e
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5U/6Z = Bb/KZ (5 in which K is the Von Karman constant (0 4l)
and equation (3) we get
2

K =K (U, -U
m

T U (B m 7)) LRy 22 (g

If we now assume that each eddy transports water vapour and sensible
heat and momentum proportionally, then Km = Kv - Kh . Consequertly
evaporation, sensible heat and momentum can be determined from equations
(4), (2) and (3) respectively lor evaporation the equation 1s then in

this form

A
B, = (K pe/P) (U, - U) / (In (2y/2) ) (7

For the validity of equation (06) and similar ones for sensible heat and
momentum, several assumptions should be made and Tanner (1967) discusses
them 1n detail

(a) Steady state The assumplilon of a steady state appears Lo exclude
trausient conditions al the surface (e g vapour pressure or Lemperature
changes brought about by radiation variation) This assumption might not
cause serlous error 1n agronomic work, though i1n rescarch with sensitive
instruments 1L will result in some eirrot

(b) Adiabatic conditions. Surface heating and cuoling produces wind pro-
file curvature and causes changes 1n profile slope, consequently equation
(5) would be invalid

@) Homogeneity of surface Surface homogeneity affects the ratio of
Kv/Km and Kh/Km Over heterogeneous surfaces some spots are primarily
sources of heat and others may be sources of water vapour and sinks foi
momentum If the scale of wind eddy 1s the same size or smaller than

the beterogeneities, heat and water vapour are separated in eddies and
the 1ndividual eddies act selectively 1in transporting heal and water
vapour as a result of the greater upward accelcration of hotter and drier
eddies, Lhus Kv £ Kh ¢ Km

(d Vertical transport restriction To restrict transport to a verfical
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direction, there should be no horizontal gradient of vapour, heat and
momentum  This 1s explained by the fact that as air moves from a surface
of a given wetness, temperature, and roughness, to a different surface,
the velocity, air temperature and vapour profile change from those re-
presenting properties ~f the first surface to those resulting from the
properties of the second

Energy balance methods Principles of conservation of energy when applied

to the evaporative surface, can help one to understand fuily the energy
aspecls of this process The simple energy balance of a surface 1s ex-
pressed by

Rn = LE + H + S (8)

in which Rn 1s clhe net radiation (dirfference between total incoming rad-
1ation, and outgoing long wave and reflected radiation), E 1s the energy
used for evaporation (E = L Ex’ L being the latent heat of evaporization
in cal/gm and E, 18 the evaporation rate in gm/cmz/tlme) having the unit
of cal/cmz/tlmc, H 1s the amount of energy used for heating the air and
S 1s that portion of net energy used for heating the soirl (all in cal/cm2/
time) This formula neglects small energy terms such as that used in
metabolic activities (photosynthesis and respivzation) and storage of
heat 1n plant tissues Rn may be measured by net radiometers or alter-~
natively determined by using weather parameters The value of S can
erther be measured by soi1l heat flux plates, or disregarded (Penman

et al, 1967) Thus net energy should be partitioned 1into the amount used
for evaporation and that used for heating the air.

Bowen (1926) determined that for a given surface the ratio of
energy partitioned into sensible heat (H), to that partitioned into
evaporation 1s relatively constant Thus H/E = B(9) Replacing the
values of H + E from equations (2) and (4) into (9) we get

Ky Cp P ('1.‘2 - T ) /KV el (e2 - el) = B (10)
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Ky is assumed to be equal to K, (valid for homogenous surfaces) and 1f

Cp P/EL =y, then (T, = 1)) / (ey - ) = ¥ (11)

from equation (8) and equation (9), then, we get,

) (12)

Hence actuwal evaporation can be obtained from the above equation by
kncwing Rn and measuring the temperature and vapour prressure at two
heights Values of B over homogeneous irrigated areas range between zero
and 0 2 (Penman et al,1967),

2 Empirical methods

Various empirical formulae have been suggested for the prediction
of evapotranspiration The development of these equations has been
basced on the correlation of evapotranspiracion with one or more climalic
factors, and the degree of empricssm of the formulae varies depending
on the number of factors considered and the simplifying assumptions
made The climatic factors which are mostly adopted as variables are
radiation (solar and net), mean temperature, humidity and wind.

Radiation metliods of evapotranspiration assessment fall into two
groups (Tanner,1967) Those which are based on rational energy balance,
and those which relate evapotranspiration with solar or net radiation by
srmple regression techniques Examples of Lhe former method are those
of Penman (1948) and McIlory (Slatyer and McIlory,196l) reported by
Rijtema (1965), which 1n principle are not empirical but become so because
of assumptions made to utilize existing weather data An example for
the latter method 1s that of Jensen and iiaise (1963). In view of the
fact that solar radiation 1s the main source of energy for supplying the
latent healL of vaporizalion of waler, even in arid arcas, good correlations
between evapotranspiration and net or solar radiation are to be expected
and Pelton et al,(1960) suggest that they are the best methods, 1f rad-

1ation data are ava.lalle

Mean temperaturc metheds can bc eremplified by those of
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Thornthwaite (1948) and Blaney and Criddle (1950). The widespread use of
these formulae 1s due to their simplicity and availability of temperature
and latitude data at any location and any period of time

Humidity methods are a variation of the Dalton formula in which
the vapour pressure gradient 1s replaced by saturation deficit data and
the empirical wind functions are different An empirical {ormula which
uses humidity as well as temperature to estimate evapotranspiration 1s
given by Halstead (1951) Some of these methods dre discussed in the
following paragraphs

Dalton formula, This 1s the oldest aerodynamic formula and 1s based on

an empirical equation of the form

E = f(Uz) (es - eé) (13) 1n vhich E 1s . he evaporation rate,

f(Uz) 18 an empirical wind speed alL height 2z, e, is the saturated vapour
pressure al the evaporating surface, and e, 1s the mean actual vapour
pressure at ihe height z Clearly this formula gives values for potential
evaporation or evapolranspiration, since Lhe vapour pressure at the
surface 1s assumed to be saturated The wind speed function 1s commonly
given 1n the form of f£(U) = (attu) or £(u) = bu, a and b being constants

Penman formula Penman 10 1948 suggested a formula which was based on

his work at RothamsteCi Laperimental Station  This formula is by far
the most complete of all empirical formulae in which the principles of
both enecrgy balance and acrodynamic methods are incorporated The de-
rivation of Penman formula i1s as follows -

using cqua’ion (12) developed earlier 1 e. E = Rn/(1+pg) and an aero-

dynamic equation similar to that of Dalton,

E = f(UZ) (es - ez)
similarly H = f(Uz) (TS - Tz) and
then = B+ £QU) (T, - Tz) (14)

Since cthe slopc of the saturation vapour pressure curve,A,is gilven by
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o
D= Es - ez (e ® 1s the saturation vapour pressure at height z),
Ts - Tz z
then ¥ o
R =E+ In f(uz) (eS - e, ) (15)
But e -e®ze -e®+e -e = (e. - e) - (e ° _ e )
s z s z z z s z z A

thercfore, Rn E + ( VA) f(uz) (es - ez) _ (Y/A) f(Uz) (ezo _ ez)

or
R
n

E + (Y/) E- (V) E, (16)

E, being equal to £(U) (e,,o - 07) (17)

and finally E

((A./p R +E) / ((M,) F 1)

or E

(R_ +(Y/A‘).Ea) / (1 + 'Y/A;) (18).

The empirical wind speed function (f(Uz)) that Penman first suggested
(1948) 1s represented in the following form

f(U2) = 0,35 (1+U2/100) (19

However later he suggested a nev wind speed function (Penman 1956)

f(UZ) =0 35 (0 STUZ/100) (20).

The value of Rn (net radiation) 1s measured by net radiomeler or cal-
culated from the formula

Rn = R1 (1-r) - RB (21)

where R1 1s short wave radiation reaching the surface, r 1s the reflection

factor and RB 1s the long wave radialion,

The short wave radiation can be measured with reasonable ease
and accuracy using solarimeters Since the number of places at which it
1s measured 1s small, 1t can be calculated by an empirical relation of
the form

R, = RA (a+bn/N) (22)

1

in which RA 1s the theoretical maximum radiation 1f there wes no atmosphere,

a and b are latiatude dependent constants and n/N 1s the ratic of actual
to maximum possible hours of sunshine

Deacon (1958) compared weasurcd & d calculuced data of snorc
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wave radiation and found a variation of 15 per cent (Rijtema, 1965). r
is dependent on tne kind of surface. Its approximate value for a water
surface 1s about 0 05 and for green vegetation 1s 0 25

R the long wave radiation leaving the surface, 1s expressed quantita-

B,
tively by the Stefan-Bcltzmann Law 1 e
RB =0T4 in which g1s a constant and T 1s absolute temperature However
this back radiation 1s reduced by atmospheric vapour and cloud Penman
(1956) assuming a complementary relation between mean cloudiness and the
mean sunshine factor n/N, expresses the net back radiation by the follow-
ing formula

Ry =(-;'1‘4 (0.56 - 0.09 \/::’Z) (0 10 + 0.90 n/N) (23).

In his formula Penman removed the necessity of two level measure-
ments of temperature, wind velocity and vapour pressure by assuming that
the lower height measurement has been shifted to the evaporating surface,
that the evaporating surface 1s saturated, and that the surface temper-
ature 1s equal to that at level 22

To use this formula, measurement of temperature (maximum, minimum,
dry and wet bulb) and wind velocity at a height of two metres should be
made In addition measurements should be made of net radiation (by net
radiometer) or total radiation (by solarimeter). In the absence of these
instruments, data from sunshine recorders should be used 1in the empirical
equation (22) to calculate the total radiation term

The source of emé?1c1sm 1n the Penman formula lies 1n the use
of an empirical aerodynamic equation and neglect of heat storage below
the evaporating surface. Furthermore the assumption that the evaporating
surface 1s saturated, neglects the vapour pressure deficit at the non-
saturated evaporating surfaces and consequently the Penman formula yields

values for potential evapotranspiration In spite of these points the

formula 18 an excellent tool for soirl moisture estimation 1n the range of
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field capacity conditions and the 1inaccuracy involved 1s no worse than
that i1n the estimation of rainfall (Penman et al,1967). Ward (1967)
refers to the results of application of this formula by Gilbert et al
(1954) who found 1t successful for five-day period estimation and by
Rearl et al (1954) over a seven-day period In general as the length
of period increases, the accuracy of the formula 1increases

Thornthwaite formula  Thornthwaite (1948) suggested an empirical formula

for estimation of potentiral ovapotranspiration. This formula 1s based
on mean temperature data and has been developed from rainfall and run-
off data of drainage basins. The simplicity of the formula and the
availability of the temperature data for long periods at many locations
have been the main reason for its widespread use  Thornthvaite equation
1is 1n the form

P.EY = 1.6 (10T/1)? 1u which P.E® 1s unad justed potential eva-

o
potranspiration in cm, T 1s moanthly mean air temperature (C),

12 1 514
I-= 2:1, and 1 = (T/5) (1 1s defined as monthly heat 1ndex).
1=1
-7.3 -5_2 -2
a=2675(0 'I") -7.71 (10 "I") + 1 792 (10 "1) + 0.4923. The formula

gives unadjusted rates of potential evapotranspiration based on a 12 hour
day and thirty-day month and 1s corrected by the actual day length in
hours (h), and the number of days 1in month (N) to get adjusted values,
1e PE = p.E ("12) M3,

a log-plot of P.E versus T 1s a straight line passing through (P.Ex =
1.6 and T = I/10). The applicability of this formula 1s based on the
correlation betwein radiation and temperaiLure and between radiation and
evapotranspiration The formula 1is most useful for monthly or longer
period estimates It has been found unreliable for daily, three-day
and six-day period estimates (Pelton ct al,1960) Tanner (1967) re-
commends the calibration of the formula for any given region to derive

local monthly or secasonal coeffic:ents vhich include temperature lag,

vegetation and local climatic coirections
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Evaporation pans Evaporation pans are widely used to integrate the

overall effects of climatic factors on evapotranspiration. Since the
same factors that result i1n evapotranspiration, cause evaporation from
pans, some sort of equation could be developed for relating pan evapor-
ation data to evapotranspiration This seems to be highly desirable
because none of the calculated formula take into account all the climatic
conditions and further the appraisal of the results obtained should be
based on the effect of so1l and plant factors which appear as empirical
factors 1t 1s, therefore, preferable to use open pan evaporation as an
estimate of the potential evaporation and then an empirical correction
factor can be applied to measured evaporation to relate 1t to actual
evapotranspiration

There are many different types of pans and they differ in size
and exposure. Consequently the results obtained are different, though
in genecral all evaporatior values thus obtained, exceed that from large
water surfaces under similar conditions, To convert pan data to true
evaporalion, coefficients with values less than onc are applied. Among
the differcent evaporation pans used, the two mosL popular, are the Sunken
Pan from the United Kingdom and the Class A evaporation Pan from the
United States

3. Water balance methods

These methods of measuring evapotranspiration are based on the appli-
cation of water balance equation Water balance equation 1s presented
in the follewing simple form

P =R+ EL+AS + pnc

in which P 1s precipitation
R - 1s runcff
Et - 1s evapotranspiration
NS - 18 change 1n soil moisture level and

3G - 1s change 1n groundwacer stordge

Water balance methods may be divided into the following types -



87.
evapotranspirometer method
lysimeter method
so1l profile method
catchment method

Evapotranspiroreler method. This method has been used by Thornthwaite

(1955) to measure potential evapotranspiration An evapolransplrometer
1s a water-tight tank filled with so1l It works on the principle that
the difference between the w.ter added and that draincd represents the
volume of water uscd as evapotranspiration The assumption which 1s
made 1s that the moistur2 content of the soil 1s always kept near field
capacity TFor this purpose, the tank 1s irrigated daily by an amount
of water which exceeds the potential evapotranspiration Hence, con-
si1dering the water balance equation, Et = P + I - D in whach

P - 1s precipitation

I - 1s 1rrigation

D - 1s the excess wvater drained
By using this formula, 1t 1s assumed that change i1n the soil moisture
content 15 zero The results of studies of potential evapotranspiration
by this method are reported by Green, (1957, 1959), Ward (1963) and Pegg
et al (1972)

Lysimeter method Lysimeters are isolated blocks of soil used to

measure actual evapotranspiration Lysimeters are of many sizes and
vary depending on the depth of the soil profile, the type of crop,
the accuracy required and expense.

To measure actual evapotranspiration by lysimeters, the soil
container 1s measured periodically to determine the weight changes.
Depending upon the method of measurement, lysimecers are divided into
weilghing and hydraulic types In the weighing type, the soi1l container
1s placed 1inside a tank and 1s free foi: weighing Weighing 1¢ done by

mechan.cal or elcctricel balances of diffcicent deecrgns One of the besc
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examples of weighing lysimeters 1s the large Coshocton weighing lysimeter
(Harold and Dreibelbis,1951, as reported by Winter,1963). This lysimeter
consists of a 65 ton monolith block of soil, 8 1 m2 in area and 2.44 m
in depth and 1s weighed by a recording balance which 1s sensitive to
0.25 nm Et.

Another exauwple of this type 1s the 1biton instrument developed
by the National institute of Agricultural Engineering and installed at
the RoLhamsteJ Experiment Station (Morris, 1959). These lysimeters
arec highly desirable and useful for the measurement of actual evapo-
transpiration, however, they are very expensive and so the amount of
experimental replication 1s limited

A hydraulic lysimeter 1s one in which the soil container 1s placed
on some sort of hydraulic load cell and changes i1in weight are shown as
changes 1in the pressure of the load cells. Winter (1963) described two
lysimeters based on the above principle. One has got most of the weight
of the so1l container supported by bouyancy in water, while the remainder
1s supported by a flexible water {i1lled bag on which 1t rests The other
one described has got all the weight of the soi1l f{illed container supported
by water filled bags. These lysimeters are simpie to build and the cost
of construction i1s low, and hence replication can be made.

So1l profile water balance method 1In this method, the equation of

water balance 1s applied to the root zone of the plant and the major
parameters which are considered are rainfall, runoff and As, which 1s the
change in so1l moisture content over the short period of consideration
Two 1mportant factors affect the accuracy of the results obtained by this
method. These are deep percolation and capillary movement of water from
a high water-table to the surface which occurs mostly during dry secasons.
The 1nstrument recommended for determination of changes in soil
moisture content in this method 1s the neutron probe. This instrument

allows rapid measurement of soil molsture with a high degree of accuracy
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Catchment water balance method Evapotranspiration may be measured by

applying the water balance equation to a catchment However, there are
two main problems 1n adopting this procedure  These are -

(1) the catchment should be water tight so that no leakage may occur from
it to adjacent ones or vice versa,

(11) owing to spatial and temporal variations of soil molsture content
and groundwater storage, the areal values of these two terms cannot be
measur ed Considering long term evapotranspiration, however, the values
of As (changes 1n soil moisture content) and A( (changes in groundwater
level) may approach zero and, therefore, actual evapotranspiration would
be equal to the difference between precipitation and runoff  Reports

of some water balance studies have been given by Imeson et al (1972)
and Pegg et al (1972),

Estimalion of actual evapotranspiration

Mcasurcment of actual evapotranspiralion by lysimeters 1s expensive
and rather difficult The values of actual evapotramspiration obtained
are valid only for the combination of soil and plant for which the mea-
surement 1s made Therefore, to avoid the difficulty and high expense
of measuring actuv~l evapotianspiration by lysimeters, several estimation
methods have been suggested

Thornthwaite and Mather (1955) suggested that actual evapotranspir-
ation drops below potential as soon as the water content of the soil
drops below field capacity At any time the value of aclLual evapotrans-
piration is determined by the product of potential evapotranspiration
and the ratio of current moisture content to that at field capacity

Veihmeyer and Hendrickson (1955) reported the results of their work
with small peach trees grown 1n tanks They found that actual evapo-
transpiration was Lhe same for peaches grown 1in tanks near field capacily
as Lhosc ncar wilting point Their conclusion was that actual evapo-

transpiration 1% the same as potrential just abuve perrvanent willing point
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Penman (1949) suggested a method which was based on a composite
drying curve for saturated and non-saturated conditions This curve was
derived in the laboratory by applying drying potentials to bare soil
initirally at field capacity. This drying curve compared the evaporation
rate from bare so1l wi.h that from open water exposed to the same con-
ditiong, and since the curve was the same for both saady and clay soils,
he assumed that 1t could safely be used for a range of dry soils. Thas
curve shows that as the so1l moisture 1s depleted due to evapotranspir-
ation, actual evapotranspiration remains the same as potential up to a
point, the abssisa of which 1s equal to a value called the root constant.

The root constant 1s defined as the amount of water readily available
Tor a plant to draw on within 1ts root zone without needing to depend
on supplies below the rooting depth and without any limitation to the
transpiration rate caused by water shortage The specification of the
root constant is somewhat of a guess as mentioned by Penman (1949) and
depends on soil and crop conditions and management He assumed a value
of 75 mm for turf and 200 mm for deep rooted plants

Fig.27 also shows that as soil moisture depletion i1s continued
beyond the root constant for another 25 mm, act.al Et remains almost the
same as potential Et Penman assumed that this extra amount of moisture
would be supplied from depths below the root zone After that point there
would be a sharp drop in the ratio Eta/Etp which then gradually becomes
constant at a figure of 1/12

This method of Penman has been adopted by the Meteorological Office
(Grindley,1967, 1970) for estimation of soil moisture deficit, which 1is
then used as a form of warning to the river authority Soil moisture
deficiency data are valuable because they indicate when soil moisture 1s
approaching field capacity Under such conditions appreciable amountec
of runoff{ can be expecicd to be produced by a given rainfall Table 21
represents the typical values of potential and actnal evapotranspiration

for a root constant of 75 mm.



rig 27 COMPOSITE DRYING CURVE FOR SATURATED
AND NCN SATURATED COMDITIONS

\ROCT CONSTANT OF TRREE 1nd)

=t2 7 ~2
Z :‘
O 41 - -1
IE -
& :
a C ~{—ROOT CONSTANT: —C
v
=
PT
€
-
<L
D —y
[
2

0

Y- 7Ty rrrrvryrrr oy

C +I +2 +3 +4 +5
POTENTIAL TRANSPIRATION (In)
AFTER PENIMAN 1949




Table 21 Typical values of potential and actual
evapotranspiration for a root constant of
75 mm used 1n the Penman model (After
Graindley,1970)

92

Potential
Evapotranspiration 75 100 125 150 175 200
(inm)

225

250

Actual
Evapotranspiration 75 99 109 113 115 117
(mm)

119

121
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CHAPTER FOUR

EVAPOTRANSPIRATION - METHODS OF MEASUREMENT 1IN THE BROWNEY BASLIN

To measure evapotranspiration in the Browney basin, all the various
methods discussed in the preceding section were considered. However,
the approaches adopted 1involved the use of evapotranspirometers, the
Penman and Thornthwaite formulae for measuring or estimating potential
evapotranspiration, and the catchment water balance, lysimeters, and
the Penman drying curve method for measuring or estimating actual eva-
potranspiration The choice of these methods was based on their re-
lative accuracy, espense and practicality The specific details of the
methods and the procedures followed are cxplained in the following para-
gLapus

1. Potential Evapotranspiration

(28) Evapotranspirometers This instrument was used to measure potential

evapotranspiration The choice of this method relative to evaporation
pans was based on the lower cost of the evapotranspirometers The eva-
potranspiromeier’s set up and the technique adopted wss similar to that
described and used by Green (1957) and Ward (1233, 1967) Fig 28 shows
the constructional details of the instrument It consists of three
water-tight o1l drums, two of which are filled with soil containing a
small amount of gravel (15 cm) at the base to assist free drainage.
The third tank houses the receptacleswhich collect the excess water
flowing through the outlet pipes attached tc the bottom of the soil tanks.
A pair of evapotranspirometers wdS set up at the Durham Obser-
valory The choice of Durham Observatory for the evapotranspiration
measurement vas because 1t housed the meteorological instrumenis whose
records were Lo be used in the Penman and Thornthwaite formulae In
addition Durham Observatory was easily accessible for daily recadings

and management
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The Observalory 18 situated on a slight hill, at a height of 102 m
above 0.D The site 1s open and well exposed The location of the site
1s given by the following co-ordinates National Grid Reference
NZ 267 415, latitude 54° 46' 06" N and longitude 01° 35' 05"W

The instruments are located on the lawn in front of the south
elevation of the Observatory Temperature thermometers are exposed in
a standard Stevensen screen. Precipitation 1s measured i1n a 5 inch
(127 mm) diameter raingauge A Camé%ll-Stokes Sunshine recorder 1is
sited 10 m above ground level Wind speed and direction are mea=ured by
a Dines Pressure Tube Anemograph (height of vane 16 m above ground level,
118 6 m above 0 D , effective height 10 m)

Preparations for the installation of the tanks started in late
December 1972 Soil layers of 10 cm depth were dug out,labelled and
covered In January 1973, the tanks were 1nstalled so that the rim of
each tank protruded 5 cm above ground level i1n order Lo preveunt water
from the surrounding area running into the tanks., A layer of 15 cm of
gravel was then put at the bottom of tanks to help in the drainage of
excess vater and to prevent the clogging of the drainage pipes by the
so1l particles The so1l layers were then put zuto the tanks 1n a re-
verse order to thal during digging They were compacted one by one so
that when all the layers were replaced, the soi1l i1nside the tanks had
a profile similar to that of the adjacenlL soil The surface of the soi1l
1n each tank was later covered with turf identical to that of surround-
ing lawn,

In order to allow for the settlement of the soil, the tanks were
frequently watered during the period January to April 1973, and the
actual collection of data was delayed until the beginning of May 1973.
From lst May 1500 cc of water vere sprinkled onto each of the tanks daily

at 9 30 am and at the same time the volume of the percolate from the
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preceding day was measurcd and recorded These data, supplemented by
the depth of precipitation from the standard 5 inch (127 mm) raingauge,
were used to calculate the daily evapotranspiration, 1 e Et = Input-
Qutput 1n which the summation of precipitation and i1rrigation 1s input
and excess water 1s the output Two values were thus obtained daily
from the two replicates and they were averaged in order to cancel any
accidental errors,

It should be mentioned, however, that the datily values thus obtained
were unadjusted values and owing to Lhe lack of constancy i1n soil moisture
storage and the time lag 1n Lhe perculation of excess water, especially
following heavy rain, some corrections had to be applied. The correction
method 1s discussed 1n the following paragraphs

Green (1959) mentioned that about 90 per cent ol all the excess
water percolates in the first 24 hours and after 72 hours the amount
st1ll to drain 1s negligible Since this time lag effect of excess water
could affect the weekly, 10-day and even monthly values, Green (1959)
suggested a smooth curve method for adjustment of such errors

This consisted of plotting Lhe cumulative curve of daily evapo-
transpiration for one period and drawing a smooth line which passes below
the peaks 1in the cumulative graph which are caused by excessive pre-
cipitation This method enables assessment of weekly, ten day and monthly
totals to be made and, therefore, it has been applied in this study.

This technique has not been applied during long periods of dry
weather In these circumstances, the day to day variations of evapo-
transpiration could be indicated from the daily measurements discussed
earlaier.

The measurement of evapotranspiration which had started on 1lst May,
was discontinued 1in early October, The main recason for Lhe discontinua-
tion of Lhe measurements sas the appearance of a tiny hole at the bottom

of the middle drum which housed the collecting cans As the groundwater
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level was being raised by frequent rain, water was finding 1ts way through
the hole and causing the containers to float For sometime this excess
vater, when 1t vas a couple of cms, was emptied daily Several attempts
were made to seal the tank to prevent water entry, but &ll were in vain

The measurement c¢f evapotranspiration was also carried out by a
second sel of evapotranspirometers, which were installed close to the
western end of the catchment at an elevation of 1100 ft (333 4 m) 1n
order to evaluate the variation of evapotranspiration over the catchment
area and over an elevation range of about 800 ft (242 7 m)

Several locations within the catchment were considered with a view
of finding an open and well exposed site for this second set of evapo-
transpirometers It was also wmportant to find a volunteer observer wlho
would accept the responsibility for taking the daily measurements
Eventually a suitable location was found al Lhe Trecatment Works of the
Durham County Water Board at Honey Hill (National Grid Reference
052 468 )

The management of the Water Board allowed the installation of the
tauks and arranged for the daily (excluding the Saturday and Sunday)
measurements of evapotranspiration for a perioi of one year NDuring
this period f{requent visits were made by the author to check the accuracy
of the measurements

The establishment of the evapotranspirometers at Honey Hill was
completed 1n May 1973 using a procedure similar to that followed at
Durham Qbservatory The measurement of precipitation at Honey Hill was
carried out by the Water Board as part of 1ts daily duties

The collection of data began on l4th July, 1973 and 1t continued
for one year with measurcments ending on 13th July 1974 Continuity 1n
the measurecment of potential evapotranspiration during 24th to 30th
November and 8th to l4Lh December,1973 was broken The lack of measure

ment during tnese two pcriods was due Lo freezing conditicns in the [.cold



98

Therefore, evapolranspiiation for these two periods was estimated by
extrapolation of the cumulative potential evapotranspiration curve

During the measurement period, frequent cuttings of the grass 1in
the evapotranspirometers at both locations were made to maintain the
height at about 4 cm i1n length

(b) Empirical formulae of Penman and Thornthwaite Potential evaporation

was also calculated by both the Penman and the Thornthwaite formulae.

For the Penman formula, the calculation vas facilitated by the application
of a compuler program, supplied by the Institute of Hydrology, which

uses the daily values of temperature (maximum, minimum, dry and wet

bulb), run of wind and radiation data (either of solar radiation, net
radiation or hours of sunshine) as input and produces daily values of

Penman EO0 and Et with empirical wind functions [i.e. f(u) = 0 35

u

100

) or f£(u) = 0.35 (0 5+ —==) ] as output The formats of a

(1+ 100

typical lead card, control card and data card employed Lor running the
program are shown in Fig 29 The program has thus been used to deter-
mine daily values of evaporation and evapotranspiration over a period of
ten years.

To calculate potential evapolranspiration by the Thornthwaite
formula, a simple program was written by the author to calculate the
monthly potential evapotranspiration over the same ten year period The
values thus obtained had to be adjusted by a correction factor for day

and monLh length  The appropriate correction factor was based on the

formula

y length) (N month length)
12 30 )

PE (adjusted) - PC (unadjusted) (h_da

In view of the fact that the estimation of evapotranspiration by
the use of mean temperature methods, which includes that of Thornthwaite,
1s not reliable over periods shorter than one month (Pelton et al,1960
and Tanner ,1967), no attempl wvas made to determsine the veekly or ten

aay period values by this formula fhe oniy short period study of eva-
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Card 1

Card 2

Card 3

100

Description of the Cards
in Fig 29

(one for each month) Lead card

(a) Columns 61 and 62 always 93

(b) Column 74 18 having the catchment number

(¢) Columns 77-80 bear the month and year‘number

(one for each month® Control card

(a) Catchment area i1n hectares to one decimal place
in columns 1-10

(b) Latitude in degrees (+=MN, -=S) to one decimal place
1n columns 11-16

(c) Altitude 1n metres, columns 17-21

(d) Albedo normally 25 over grassland, columns 41-45

(e) Temperature index, Z=degrecs ¢, columns 46-47

(f) Wind 1index, 3=knots columns 48-50

(g) Height of anemometer 1in metres, columns 51-54

(h) Sun indea, l=hours, columns 55-56

(1) Total radiation index, O=no data, columns 57-58

(3) Net radiation index, O=no data, columns 59-60

(k) Data type, always 3, column (2

(1) Source index, l=manual station, columns 63-64

(m) Number of sources, 1 for manual station, columns65-66

(n) Input frequency, 1 for wet and dry at 9 00 hours only,
columns 67-68

(o) Output frequency, 8 for manual staticn, columns 69-70

(p) Calchment number, columns 72-74

(q@) Number of days 1in month, columns 75-76

(r)

Month and year columns 77-80

Data card (for each day of the month)

(a)
(b)
(c)
(d)
(e)
(£)
(8)

Maximum temperature columns 1-6
Minimum temperature, columns 7-12 Could be negative
Morning dry, columns 13-18 values to one
Moyrning wel, columns 19-24 decimal place.

Wind run, columns 25-30 No decimal places.

N Nt N S N N NS A

Sunshine, columns 31-36 To one decimal place

Daca tyve, 3, column 62



(h) Source 1index, 1 columns 53-64

(1) Number of sources 1 columns 65-66
(1) Catchment number, columns 72-74
(k) Day of montn, columns 75-76

(1) Month and year, columns 77-80

1o01.
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potranspiration was that of the evapotranspirometers compared with different
estimates of Penman

2 Actual evapotranspiration

(8) Catchment water balance method To determine the values of eva-

potranspiration by the catchment water balance methcd, the monthly values
of average rainfall over the catchmentL and runoff from i1t for the period
October 1963 to Scptember 1973 were considered The average rainfall
over the catchment was based on the Thiessen method, using the data from
the available raingauges There were seven raingauges available during
the period 1968 to 1973 and four raingauges during the period 1963 to
1968 The available raingauges during 1963 to 1968 were those at Durham
(National Grid Refererce 267 415), Waterhouses (National Grid Reference
189 412), Satley (National Grid Reference 117 437) and Waskerley
(National Grid Reference 022 444),

The runoff data used were obtained by dividing the monthly discharge
by the area of the catchment. The groundwater area and topographic area
were assumed to be coincident

The effect of mine water pumped i1nto the river wvas not considered
This vas because the data of discharge of mine water into the river was
only available for the year 1973 The total discharge of mine water
for this year was about 13 6 mm or about 4 4 per cent of the mean yearly
value,

In applying the water balance equation, 1t was assumed that the
Browney catchment 1s water tight and that no leakage of moisture occurs
from 1t to the adjacent basins or vice versa
(b) Lysimeters The bestL mecthod for measurement of actual evapotrans-
piration is by a weighing lysimeter vith a large volume of soil to
minimize the restriction of plant roots and to reproduce soil suction

Alternatively a ncutron probe could be used to measure changes 1in the
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are costly and attempts to borrow a neutron probe were not successful
Therefore, 1t was decided to use simple hydraulic lysimeters suggested

by Winter (1963) for point measurcment of actual evapotranspiration.

These lysimeters were developed at the National Vegetabie Research Station
at Wellesbourne and had¢ been recommended by Winter (1963), (1966), Ward
(1967), and Pegg (1970)

These lysimeters suffer the disadvantage of not containing large
volumes of soil and not reproducing the actual soil-plant-water con-
ditions 1n the field However 1t was thought, that 1f the results of
the 1nitial testing of the lysimeters were promising, then lysimeters
could be employed to study the effects of different soil moisture con-
tents on actual evapotranspiration

The constructional details of the simple hydraulic lysimeter are
shown 1n F1g.30 A polythene bin 42 cm deep and 38 cm in diameter 1is
used as the container for the soil and plant The "plastic bag" on vhich
the so1l container rests consists of an inner tube for a motor scooter
type (°350-8° 1 e 13 inches (32 5 cm) outside diameter and 7 1inches
(17 5 cm) 1insidc diamcter The manometer consists of a length of O 13
inches (3 3 mm) - glass tubing with a pressure hcad of 20 inches (51 ecm)
of water above the container. The manometer deflection 1s approaximately
1.5 times the corresponding addition or loss of water to or from the whole
soil surface of the lysimeter, (e.g. water addition or loss of 10 mm on
the lysimeter produces a deflection of 15 mm). The calibration 1s not
precisely linear, because distortion of the inner tube cross-section vuiih
increasing soll container weight might cause a change i1n the contact area
between the tube and the container bottom

For the initral testing tvo of these lysimeters were constiucted
and were installed in a relatively open field in the western part of
Durham Qbservatory in previously prepared pits The soil of the pits

was dug and covered 1n 10 cw Tuyers so tnat wnen fi1ijing the coutdsuers,
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Fig 30 Non-buoyed Lysimeter
a Expanded polystyrene baose,

b Water-

filled motor-scooter inner tube, ¢ Soll
container (plastic domestic refuse bin), d

Pipe for removal of drainage by suctions
e Air-vent pipe, f Vertical manometer

AFTER WINTER 1963
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the so1l profile would be similar to that of the surroundings The sides
of the pits were cemented so Lhat i1f the groundwater level rose during
the period of observation, the lysimeters would remain undisturbed

The height of the pit was such that the soi1l surfa.e of Lhe con-
tainers when set on th- expanded polystyrene base, was at the same level
as Lhe surrounding soil. Before filling the container with soi1l, a
layer of pebbles was laid at the bottom and this was then separated from
the above soil pirofile by a layer of coarse grit The thickness of the
pebble and grit layers was about 5 cm These layers were laid to ease
the sucking of excess water by the vacuum pipe The surfaces of the
lysimeters were covered with turf identical to thal of surrounding area

Thesc lysimeters were installed in late March 1973, but measure-
ments did not begin until 15th May 1973 The measurements were con-
tinued until early Octcber 1973, During the period of observation and
testing which lasted for four and a half months, one of the lysimeters
lost 1ts balance, leaned against the side of the pit and i1t had to be
re-established This happened on 8th June 1973 This may have resulted
from distortion of the inner-tube cross-section caused by changes 1in the
welght of so1l container bringing about a chanpe 1n the contact area
between the tube and the container bottom

On 17th August 1973 the water level of one of the manometers dropped
below the scale This was due to continued loss of water from the lysi-
meter due to evapotranspiration without adequate replenishment of the
soirl moisture by rainfall to compensate for the loss Consequently the
lysimeter container was removed, the scooter tubec was refilled with water
and the container was reset

The 1ecording of water level in the lysimeter was done daily, except
for a few days 1n September and a couple of days 1n other months
(Appendix IIL) During the whole period the length of grass was wailntalncd

at a heirghe of alour 4 wm
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(¢) Penman method To determine average values of actual evapotranspir-

ation over the catchment using the drying curve method of Penman, several
assumptions had to be made. These were that 85 per cent of the catch-
ment was covered by short rooted vegetation with a root constant of 75 mm,
10 per cent of the catchment was covered by the deer rooted trees with
a root constant of 200 mm, and the remaining 5 per cent was taken to be
riparian (shallow water table areas where evapotranspiration occurs at
potential rate at all times) The percentage value of each zone was
estimated using the distribution of land use i1n the catchment These
values were then slightly modified to represent the spatial variations
1n the soil moisture holding capacity of the three levels

Penman (1950) 1n his study of the water balance of the Stour catch-
ment and Grindley(1967) in applying the method for the estimation of
s01] moisture deficit to other catchments adopted values of 50, 30 and
20 to represent the percentage distribution of short rooted crops, deep
rooted crops and the riparian zone These values, of course, apply to
lowland catchments, where the soils airc deep and water table zones con-
stitute larger percentages of area

A typical working example of this method 1s shown in Table 22
Column one represents the month of the year In column (2), the Thiessen
average of monthly rainfall for the raingauges throughout the catchment
is given In column (3) the monthly potential evapotranspiration (Penman
E02) 1s shown The difference between rainfall and evapotranspiration
1s given inr column (4). From this column 1t 1s observed that for this
particular year (1971), moisture deficiency starts 1in May when the poten-
tial evapotrauspiration exceeds rainfall by 45 9 mm This deficiency
1s further i1ncreased to 110 6 mm (column 5) which 1s the cumulative
moisture deficiency in July In the following month part of this de-
ficiency 1s cowpensated for by excess rainfall (76 1 mm)

In Septemper and Uctober, ralniall 1s exceeded by evapoirauspiratcion,
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and so the moisture deficiency 1s increased by the difference TIrom
NMovember, owing to low Et values, however, the deficiency 1s gradually
reduced iIne actual evapotranspiration from the zone with a shallow
water table (column 6) 1s shown to be the same as potentiral evapotrans-
piration, This 1s because there 1s unlimited supply of moisture avail-
able 1n this zone

For the deep rooted zone, also, the rates of actual evapotranspir-
ation and potential evapotranspiratior are the same (Table 22, column 7)
The explanation for this observation 1s that the cumulative moisture de-
ficiency 1s always less than 225 mm. This value 1s the maximum moisture
deficiency above which actual EL drops below potential Et.

For the zone wiith shallow rrnted ecrons the value of actual eva-~
poLranspiration drops below potentiai only 1n July This 1s because July
18 the only month for which the cumulative deficiency is above the limit
of readily available water in the soil reservoir For this month the
cumulative moisture deficiency 1s 110 6 mm, wh*le the total readily avail-
able water for the shallow rooted zone 1s 100 mm Therefore, actual evz-
potrarspiration will be 96 7 mm using the Penmar drying curve, as com-
pared with 102 7 mm of potential evapotranspiration The areal value of
actual evapotranspiration for the catchment is che sum of the product

of the area of each zone times the actual evaputranspiration value
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CHAPTER FIVE

EVAPOTRANSPIRATION - RESULTS AND DTSCUSSION

(a) Durham Observaiory results

o

The adjusted weekly, and monthly values of potential evapotranspir-
ation from the evapotranspirometers have been obtained through the appla-
cation of the smooth curve technicue (Green,1957) Fig 31 shows the plot
of cumulative values of daily unadjusted potential evapotranspiration and
the smooth line drawn to bypass the peaks caused by excessive precipi-
tation for the period of observation at Durham Observatory

The total amount of EL measured by the evapotianspirometers for the
period lst May to 30th September 1973 1s 395 mm, while the Penman EOl,
Fnz and Ft values are 410 mm., 387 mm and 324 mm respectively (Table 23)
EO, and E0, are values of potential evaporation (albede 0 05), the former
having an acrodynamic term with an empirical function of wind speed of
f(U2) = 0.35 (1+ 2%6 ), while the empirical wind function of the latter
1s f(U2) = 0.35 (0 5+ 2 ) Et refers to potential evapotranspiration

100

(albedo of 0 25) with a wind function similar to EOl

Table 23 Monthly values (mm) of neasured Et, estimated Penman
valucs of Et, EOy, EOy and estirated Thornthwaite Et
at Durham Observatory during che year 1973

Measured Lt Estimated
(evapotrans-
Month plrometers) Penman Thornthwaite
Et EO1 E02
May 82 0 70 5 38 2 83 7 71 8
June 86 0 76 1 96 7 92.6 94 2
July 96 0 68 1 86 3 81.4 111 3
August 83 0 68 5 86 5 81 2 97 3
Scptember 48 0 40 3 51 9 48 3 69 0
395 0 323 5 409 6 387 2 443 6

These results show tha. wmecasured Et atL Durham Observatory exceeds
Penmar Et and Penman E02 by 13 per cent and 2 per cent respect.v=ly,

o’

however 1t 1s less chan EO1 by 4 per cent In a s:71lar scudy compariag
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measured evapotranspiration with Penman Et and EO (the wind function was
not mentioned), Pegg et al (1972) found that measured Et exceeded Perman
Et by about 13 per cent, while the Pemman EQ value for the year was more
than measured Et by 8 per cent,

The reasons for tte low values of Penman Et could possibly be
ascribed to the lack of measured data of radiation fo~ use 1n the formula.
Hassan (1973) refers to the results of a comparative study of computed
and measured evaporranspiration for a ten year period at oune station ip
south-east England 1In thisstudy, 1t was found that estimates made
with measured radiation vere 10 per cent to 15 per cent higher than those
made with theoretical radiation

Referring Lo Table 23 and Fig 32 for comparison of the individual
monthly values, 1t 1is observed that the highest monthly measured value
does not coincide with the highest Penman estimates Measured Et 1s
highest during July (96 mm), while that of EOl, the highest value of the
Penman estimates 1s 86 mm i1n this month On the other hand, the estimatcd
Penman values are highest during June (EC1 = 97 mm, EO2 = 93 mm and Et
18 76 mm) The corresponding measured Et for this month 1s 86 mm

Several factors mighlt explain the lack of crincidence of highest
monthly values of measured Et and Penman values The most impotrtant
factor, however, 1s the neglect of soil heat storage in the Penman formula.

During June, when the monthly Penman estimates hare their maximum
values, some of the net energy received could have been used for heatiug
the s01l However, since the storage of heat 1s neglecLed by the Penwr.u
formula, the net energy avaiiable is used as heat of vaporication and
for neating the air Thus evapotranspiration will be over-e<iimated

The effect of the neglect of so1l heat upon evapotranspiration
estimates by the Penman formula was studied by Edwards(1970) In com-

paring soil meiscture changes determined by the neutron scatctering methea
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was above that measured by moisture meter by 40 mm. This size of error,
he mentioned, could not have arisen from other possible sources of errors
in the measurement of soil moisture, and thus he thought that the heat
budget of the evaporation formula was in error. Using soil and earth
thermometers, he obtained an approximation of the heat storage and then
he found good agreement between calculated and measured evapotranspir-
ation.

The high value of measured Et during July is explained by the lack
of measured data during 17th, 18th and 19th July, As a result of high
rainfall (33 7 mm) on 16th July, the water table level was raised and
upward movement of water thiough the tiny hole in the bottom of the middle
tank prevented any measurement being made for the three following days
of 17th, 18th and 19th July Therefore, the measured evapotranspiratior
during this period was obtained by extrapolating the cumulative evapo-
transpiration curve This procedure has apparently resulted in an over-
estimation of the total for the week ending 23rd July 1 e. estimation
of measured Et 1s 22 mm d4s compared with 15 mm, 14 mm and 12 mm for the
values of Penman EOl, EO2 and Et respectively This, therefore, explains
the high value of mgasured Et during July.

During September, measured Et and the Penman estimates of Lt, EO1
and EO2 reach their lowest values For each of the five months, measurcd
Et exceeds Penman Et, but 1s less than Penman EO1 (except 1n July, when
the measured value 1s higher than the Penman EOl)

The total value of Thornthwaite evaporranspiration during this period
exceeds Lhe measured Et by some 12 3 per cent 1t 1s also higher than

the estimated value of Penman EQ, by 8.3 per cent. Thorrthwaite monthly

1

Et exceeds weesured Et during June, July, August and September, but is

less during May It also has monthly values less than the measuied EO1

dur ng May ana June, but 1t exceeds Penman EQ, duvring July, Auguest and

1

Seprember



114,

Weekly totals for measured Et and the Penman estimates are plotted
in Fig 33. From a comparison of these data, the folloving conclusions
are drawn
1  Measured Et 1s higher than Penman Et i1n 17 out of 22 weeks. Totals
of estimated Et for the weeks ending 28th May and 3rd September exceed
the meacured values by 1 and 2 mm respectively For the remaining 3
weeks the values are equal
2., Measured Et 1s higher than Penman EO2 in 11 weeks, lower i1n 8 weeks
and they are almost equal during the remaining 3 weeks
3 Measured Et 1s higher than Penman EO1 1n 9 weeks and lower 1in 11
weeks, beilng approximately equal in the remaining 2 weeks,

4  The curves of weeklv values of measured and estimated Et have maximum
divergence for the week ending 23rd jJuly The reason, as eaplained
earlier 1s due to lack of measured data on 17th, 18th and 19th July

5. The week of 12th to 18th Jurme has the maximum average daily Et of

3 7 mm derived from the evapotranspirometers, whereas that for Penman

and Et 15 4.3 mm, 4 1 mm and 3 4 <m respectively.

EOl, EO2

The scatter diagrams of seven day totals of measured Et versus
estimated Penman values are shown 1in Fig 34 The correlation coefficients
between measured and estimated Penman values are the same to two sign-
1f1cant figures 1 e 0 80

For the monthly values the correlation coefficients between the
measured Et and Penman estimated values are shown to be the same (0 90),
while that of Thor-thwaite’s estimated vaiue for Et 1s lower e g. 0 77.
Thus 1t 1s shown that the Penman values are wore closely correlated with

measured Et than those of the Thornthwaite formula
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Table 24 Correlation coefficients between measured Et and
estimated Penman and Thornthwaite values at
Durham Qbservatory

Weekly totals| Monthly totals
Measured Et versus Penman Et 0 80 0 9%
Measured Et versus Penman EO1 0 80 0 9%
Measured Et versus Penman EO2 0.80 0 9
Measured Et versus Thornthwaite Et - 0 77

(b) Honey H1ll results

The total potential evapotranspiralion measured at roney Hill by
the pair of evapotranspirometers from 1l4th July, 1973 ti1ll 13th July,

1974 1s 624 mm The corresponding values for the Penman estimates of

EO

=1

12 EO9» Et and Thornthwaite Et are 582 wm, 544 nm, 467 mm and 622 mm

respeceively  These estaimales are caleulaced by usiug merevrolougical

data at Durham Observatory The results thus show that measured Et at
Honey Hill exceeds Penman EO1 by about 7 per cent, EO2 by 13 per cent and
Et by 25 per cent and 1s slightly above the Thornthwaite estimate. Con-
sidering the seaconal values (Table 25), it 1s obscrved that measured
evapotranspiration at Honey Hill during winter (lst September to 28th
February) 1s 151 au or 24 per cent of the yearly measured value, while
measured Et during summer (March - August) 15 473 mm or 76 per cent of

the total Et Penman evaporation and evapotranspiration values for winter
are 21 to 22 per cent of the total, and so those of summer are 79 to 78

per cent respectively Thornthwaite valuesfor winter and summer are also

180.4 mm (29 per cent) and 442.1 mm (71 per cent) respectively

Table 25 Seasonal values of measu.2d and estimated
evapotranspiration at Honey Hill (mm)

Estimated
Measured Penman Thornthwaite
EOl E02 EL
Winter (Sept, Oct, Nov 95 87 8] 80 0 68 7 129 6
(Dec, Jan, Feb 56 39 8| 351 34 4 50 8
151 127 6 115 11103 1 180.4
Summer (Mar, Apral, May 182 174 8| 164 4| 137 9 141 4
(June, July, Aug 291 281.4| 264 5226 2 Joo 7
473 456,2) 428 9 1364 1 qb2 1
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Comparing the seasonal values of measured Et and Penman EQO it 1s

1
concluded that measured Et during winter exceeds that of Penman EO1 by
15 5 per cent while during the summer the excess amount 1s 3.5 per cent.

Dividing the year into four seasons of autumn, winter, spring and
summer (Table 25), 1t 1s shown that measured evapotranspiration during
autumn 18 15 per cent of the yearly value, that of winter 1s 9 per cent,
that of spring 1s 29 per cent and that of summer 1s 47 per cent of the
total for the year

For the Penman EQ,, the total evaporation during autumn, winter,

1’
spring and summer 1s 15, 7, 30 and 48 per cent of the yearly value
respectively. These figures show very clearly that evapotranspiration
during the three summer months makes up less than half of the yearly
total

Comparing the measured Et and estimated EO, values, 1t 18 con-

1
cluded that the total measured evapotranspiration during autumn, winter,

spring and summer exceeds that of tlie Penman EOQ, value by 7 5, 29, 4 and

1
3 per cent respectively., Measured Et during each of the four seasons of
autumn, winter, spring and sumaer exceeds the Penman EO2 values by 16,
37, 10 and 9 per ccat and 1t exceeds Penman Et by 28, 39, 24 and 22 per
cent respectively These results, therefore, show that Penman estimates
of evaporation and evapotranspiration are too low during the winter
season They also confirm work by Robin (1958), (reported by Smith,19644aj,
who claimed that the Penman formula 1s least valid for the winter part
of the year when vegetation is dormant

The Thornthwaite evapotranspiration values exceed the measured
evapotranspiration values by 36 per cent during autumn and 3 per cent
during summer, however they are lower than the measured Et values by
9 per cent during the winter and 22 per cent during the spring. The fact

that the Thornthwaite potential ecvapotranspiration value 1s above

measured Et by 3o pcr cent 1n autumn and is lover than measurea Et oy 22
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per cent 1in spring, shows that the spring and autumn estimates of eva-
potranspiration by the Thornthwaite formula could be in error. The
source of error 1s attributed to the lag of temperature behind radiation
which arises from thermal storage of the soil Fig 36 shows the monthly
values of evapotranspiration measwr ed by evapotranspirometers, at Honey
and Et and Thornthwaite Et at

H1ll and estim ted by Penman EQ,, EO

1’ 2
Durham Observatory. These values are also shown in Table 26.
It 1s observed that measured monthly evapotranspirat:zon 1s greater

than Penman EO, for nine months, and 1s lower during May by 7 mm (7 per

1
cent), during June by 4 mm (4 per cent) and during September by 1.9 mm
(4 per cent). The divergence between thesc two curves 1s highest during

December, when measured evapotranspiration exceeds EQO, by 10 mm or 54 per

1
cent Considering Penman EO2 and Et, the former 1s exceeded by tlie
measured Et values in eleven months, being lower in May by 1 per cent
while the latter 1s exceeded by measured Et 1n all twelve months

Considering the 10-day totals (Fig 37), measured Et 1s higher than
Penman Et in all the 10-day periods except the week ending 19th January
when measured evapotranspiration 1s 6 mm. compared with 8.6 mm of esti-
mated Et

The estimated Penman EOQ., values are higher than the measured Et

2
values during three periods, 1 e. 10th to 19th January (9.1 mm EO, and
6.0 mm measured Et),20th to 29th May (5.4 mm EO2 and 5.0 mm measured
Et) and 30th June to 8th July (41 8 mm EO, and 38.0 mm measured Et).

The estimated Penman EQ, value 1s higher than the measured Et val.e

1
in ten of these 10-day periods, six during the summer and four during
the winter (Fig 37).

From a study of Table 27, 1t 1s obscrved that the measured eva-
potranspiration values and the Penman estimates are highly correlated on

a 10-day basis, The scatter diagrams of the 10-day totals of measured Et

ard the Penmanr estimates are ghesm 1n Fig 29

P
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Table 26 Monthly values (mm) of measured Et at Honey Hill
and escimated Penman values of Et, EOl, EO2 and
Thornthwaite Et at Durham
Month Measured Estimated
Et Penman Thornthwaite
Et EO1 EO2 Et
July (14-31) 1973 48.0 36.4 | 46.7 1 44 2 64.6
August 1973 95 0 68.5] 86,5 | 81 2 97.3
September 1973 50 0 40 3| 51.9| 48 3 69 0
October 1973 27 0 13.6 | 18.9 | 16 9 41 2
November 1973 18 0 14.8| 170 | 14 8 19 4
December 1973 18 0 80 8.3 73 13.9
January 1974 20.0 15.9}1 17 6 | 15.5 17.2
February 1974 18.0 10.5] 13.9] 12 3 19 7
March 1974 38 0 22,41 2971 27.9 26.5
Apral 1974 48 0 32.2 | 42 0| 397 39.1
May 1974 96.0 83 31103 1| 96.8 75.8
June 1974 103.0 87 71107 0 |100 4 93.8
July (1-13) 1974 45.0 33.6 | 41.2| 387 45 0
TOTAL 624 0 467 2 | 581 8 | 544 0 622.5
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Table 27 The correlation coefficients between measured Et at
Honey Hill and estimated Penman and Thornthwaite
values at Durham Observatory

10-day totals Monthly totals
Measured Et versus Penman Et o 97 0 98
Measured Et versus Penman EO1 0 97 0.99
Measured Et versus Penman EO2 0.98 0.99
Measured Et versus ThornthwalteEt 0.81

Comparison of the results of the evapotranspirometers at Durham QObservatory

and at Honey Hill

The main objective of setting up the two sets of evapotranspiro-
meters at Durham and Honey Hill was to study the variation of evapo-
transpiration over the catchment However care should be taken in
making any conclusion from the results Thls 1s explained by the fact
that there are errors which might have influenced the results One of
the main sources of error 1s due to exposure variation at the two sites
of the measurement., The evapotranspirometer set at Durham has been in-
stalled inside the meteorological fence close to the instruments. The
fence 1s bordered on one side by the Observatory building and on the
other sides by some tiees The evapotranspirometers at Honey Hill, on
the other hand, have been set up at a point, which 1s well exposed and
surrounded by an open area without any obstacles Thus these variations
at the sites of measurement could possibly have affected the results.

Edwards (1970) mentions an error of some 12 per cent in the mea-
surement of cvaporation from two i1dentical sunken evaporation tanks
exposed on the meteorological site at Wallingford These two tanks were
separated by only 30 metres. The explanation which was found to account
for this difference was the effective lowering of the rim of the tank
due to a slight surface undulation.

With this 1introduction, the results obtained from these two sets
of evapotranspiromecters are compared Referring to Tables 23 and 26 it

1s observed that Lhe total evapotranspiration during August and September
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1973 (the period during which evapotranspiration at Durham and Honey Hill
had been measured concurrently) 1s 131 mm for Durham compared with 145 mm
for Honey Hill, an increase of about 10 per cent at Honey Hill. The
higher evapotranspiration rate at Honey Hill compared with Durham could
also be observed by considering that the Penman EOy value has been above
the measured Et value at Durham by 4 per cent but lower than the measured
Et at Honey Hill by 7 per cent during the respective periods of measure-
ments at these stations.

Thus assuming that there are no significant errors due to variation
in the exposure of the evapotranspirometers or in the measurement of
input and output moisture at the two locations it would secem that eva-
potranspiration increases with increasing height.

The results of similar experiments concerned with evapotranspiration-
height relationships are reported elsewhere and according to Peck et al
(1963), they are inconclusive Tortier (1907) reported that water loss
from s1x evaporation pans decreased with height to about 10,000 feet
(3048 m) above which there was little change (Linsley et al,1949) Green
(1959) 1n a study of potential evaporation during (1955 to 1957) obtained
results i1ndicating a general increase 1in evaporation rate with elevation.
Meyer (1942) found that evaporation from water surfaces in the mountainous
areas of the coast ranges of California increased with elevation and that
evaporation pan data from Los Angeles County indicated a similar re-
lationship from sea-level to 4,000 feet (1219 m) (Linsley et al, 1949)
Grindley (1970) 1in an attempt to construct a map showing the distiibutiun
of average annual evaporation over the British Isles used an inverse
evapotranspiration-heirght relationship According to this relationship,
there 1s a decrease of 0 35 inches (8 9 mwm) 1in evapotrauspiration for
an increase of 100 feet (30 5 m) 1n elevation.

These contradictory results of evaporation-height studies can

partly be explained by the variation of meteorclogical eleme-~ts with
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height Thus as elevation increases, the temperature decreases (dry
adiabatic lapse rate of 0.54 F /100 feet or about 1% per 100 m), and
consequently 1t 15 estimated that there will be a decrease 1n evaporation
due to lowering of temperature with height An 1ncrease i1n elevation
results 1in aniwcrease of relative humidity and therefore evapotrans-
piration decreases  Atusospheric pressure also decreases with increasing
height, therefore, the density of water molecules 1n the air decreases.
Since Lhe rate of evapotranspiration depends on the vapour pressure
gradient between the evaporating surface and that of overlying air,
evapotranspiration will be expected to increase with decreasing pressure.

Another important factor that coculd affect the interpretation of
the results 1s that of advection, Advection occurs when pre-heated air
from the surrounding area passes over the evapotranspirometcrs, thus,
due to additional energy, the evapotranspiration rate increases., The
effect of advection under British climatic conditions and a short crop
cover 1s usually 1gnored (Edwards et al,1970), however there are instances
when the tanks might become over-exposed An extreme case 18 that given
by Green (1957) for a location 1in Scotland when potential evapotranspir-
ation during Augusc 1955 was about 180 mm. This value, however, was
adjusted to 81 mm to remove the effect of advection

In Lhis study the effect of advection has been i1gnored However,
it 1s quite possible that advection might have affected the results,
especially those at Honey Hi1ll Thais 1s evplained by the better exposure
of the evapotranspirometers and the high=r wind velocities at this
location

Water balance evapolranspiration versus Penman and Thornthwaite estimates

and measured Et

The yearly values of measured and estimated evapotranspiration and
evaporation, and the average yea:lv value of vainfall minus runoff cver

the period October 1963 Lo September 1973 are shown i1n Tavle 26,
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Table 28 Yearly values of measured and estimated evapotranspir-
ation, evaporation and the average yearly value of
rainfall minus runoff over the period October 1963 to
September 1973 within the Browney basin

Rainfall- Measured Et at Penman method Thornthwaite meth
runoff Honey H1ll (mm) ( mm)
(mm) (mm)
EO1 EO2 Et Et
439.0 624 .0 581 8 544 O 467.2 622.5

These results show that the measured Et and Thornthwaite Et value
exceed the water balance Et by 185 mm and 183 5 mm respectively or by
and Et values also exceed the

about 42 per cent The Penman EO,, EO

1’ 2°
water balance Et value by 142 8 mm (33 per cent), 105 mm (24 per cent)
and 28 mm or 6 4 per cent respectively

Thus, assuming the Browney Catchment to be water-tight and that the
topographic divide and grounduvater divide are coincident, then 1t can be
concluded that there 1s some deficiency of moisture within the catchment
This 18 because the value of evapotranspiration from the water balance
method which represents actual evapotranspiration within the catchment
1s lower than potential evaporation and evapotranspiration values from
other methods.
Summary To summarize the results of evapotranspiration measurements at
the two locations, the following statements can be made
1. Evapotranspiration within the Browney catchment, as measured by two
pairs of evepotranspirometers, 1s greater at the higher elevation The
higher value of evapotranspiration at the higher elevation, however, could
have been due to differences i1n the exposure of the tanks, obLsecvational h
errors or the effect of advection.
2 Based upon the data available, the Penman EO? values are assumed to

represent the —can evapotranspiration over the catchment, This assumption

ie made because tne Penman FQ_. values are closect to the measvred Ft ac

2
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Durham Observatory during the period May to September 1973, closer to
the average yearly water balance Et {rom the catchment (compared with
Penman EO1 values) and are most highly correlated with measured Et at
Honey H1ill. Whether this assumption 1s valid and, therefore, that the
Penman EO2 values are closest to true areal evapotranspiration value,
is subject to question Pegg et al (1972) mention that, "as with dis-
cussion of variation of rain catch with different types of raingauges,
there 1s no absolute standaru against which to verify the selected values
It 1s seldom possible to say wore than that two of the methods agree
closely and are, therefore, more likely to be correct than the other

widely discrepant results, an argument whose 1llogicality needs no

emphasis"

Long period study of values of Penman Et and EOZ’ Thornthwaite Et

and water balance Et

The mean yearly and mean seasonal data of the Penman Et, Penman
EOZ’ Thornthwaite Et and water balance Et over a l0-year period are

presented in Table 29

Table 29 Mean yearly, maximum, minimum and coefficient of
variation of the yearly values of Penman Et and
¥n_, ThorntLhwaite EL and water balance Et over a
1l0-year period October 1963 to September 1973
Method Mean yearly Maximum Minimum C_of variation
1m) mm (mm)
Fenman Et 470 5 568 6 344 0 14.52
Penman EO, 548 9 633 5 442 1 11 02
Thornthwaite 616.1 632 5 598 5 175
Water-balance 439 0 500.2 369.2 11.43

Referring to Table 29 1t is observed that mean yearly values of
Penman Et, Penman EOZ’ Thornthwaite Et and water balance Et have the same
order of magnitude as those for the period l4Lh July 1973 to 13th July
1974, which were discussed in the previous section. Thus the Thornth-
waite eslimate of evapolranspiration 1s above that of Penman EO2 b; 10.9

per cent Penman FO_ 1s above that of Penman Et by 14 3 per cent and

2
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Table 30 Mean seasonal values of Penman EQO,, Et, Thornthwaite
Et and water balance Et in mm and as a percentage of
their respective yearly values (Oct 1963 - Sept 1973)

Method }ean Seasonal % Mean Mean Seasonal % Mean
(Oct to Mar ) Seasonal (Apr. to Sept ! Seasonal

Penman Et 86 3 18.3 384.2 81.7

Penman EO2 92 7 16.9 456.2 83.1

Thornthwaite 128.3 20.8 487 8 79.2

Water balance 153 3 34 9 285.7 65.1

Penman Et 1s above that of the water balance Et by 6.7 per cent.

Considering the maximum yearly values of these estimates during

the 10-year period under study, i1t can be observed that the maximum Penmdn

EO, 1s slightly above that of the Thornthwaite Et value e.g 633.5 mm

N

for Penman compared with 632 5 mm for Thornthwaite Both of these max:-
mum values, belong to the water year 1964 (Tables3l and 32), The m.ni-
mum yearly value of Thornthwaite Et, on the other hand, 1s greater than
that of the Penman EO2 value by 26 per cent The minimum yearly values
from these two methods occur 1n two different years. Thus these results
show that during the 10-year period of study the Thornthwaite potential
evapotranspiration values have a smaller range than those of the Penman
E02 values The range of values for Thornthwai.e Et, Penman EOZ’ Penman
Et and the water balance Et are 34 O mm, 191.4 mm, 224 6 mm and 131 O mm
respectively.

The coefficient of variation of the Thornthwaite yearly values 1s
1.75 per cent, while those of the Penman E02, the water balance method
and the Penman Et are 11 02, 11 43 and 14 52 per cent respectively Tl.ec

reason for the smaller range and the low dispersion of the yearly Thorn

thwaite values Ls explained by the low variation of mean yearly temperature.

The mean seasonal values of the Thornthwaite Et, the Penman EO2
and Et and the water balance Et in mm and as a percentage of the yearly
values are presented in Table 30. According to this table the value of

the Penmar Et during the summer expressed as a percentage of the yez.ly
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value does not differ much from those of the Penman EO2 and the Thorn-
thwaite Et, but i1t 1s above that of the water balance Et by 17 per cent.
During the winter season, however, the value of the water balance Et as
a percentage of the yearly value 1s above those of the Penman Et by 17
per cent, and 1t exceeds those of the Penman EO2 and the Thornthwaite Et
by 18 per cent and 14 per cent respectively

The high winter value of evapotranspiration obtained from the
water balance method 1s due to the fact that evapotranspiration 1s assumed
to be the difference in the values of precipitation and runoff during
this season. Since there 1s a time lag in the release of excess rain-
fall from groundwater storage, the winter runoff 1s, therefore, under-
estimated. Thus evapotranspiration, representing the difference between
precipitation and runoff, 1s over-estimated.

During the summer, on the other hand, some of the moisture stored
in groundwater during the preceding winter, will be released as baseflow.
The value of total runoff, therefore, will] increase by this amount and
evapotranspiration during the summer will be lower.

Referring to the curves of mean monthly data (Fi1g.39), 1t 1s ob-
served that evapotranspiration from the water balance approach exceeds
Thornthwaite Et during the period November to February, and 1s greater
than Penman Et and EO2 during October to February.

The Thornthwaite Et 1s higher than the Penman EO2 value during the
months of June to January inclusive. In October and November, the Thorn-
thwaite formula gives values which are more than double those calculated
by Penman EO, formula For example during QOctober the Thornthwaite Et
value 1s 47.6 mm while that of the Penman E0, 1s 22,1 mm. Tor November
the respective values of the Thornthwaite Et and the Penman EO2 are 20 5 mm
and 9 5 mm.

During the spring ronths, however, the Thornthwaite Et value 1s

pelow tnac of tne Penman EO2 {(Tavles 31 ana 32) The explanation for tne
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low Thornthwaite Et value during the spring months and the high Et values
during the autumn 1s attributed to the lag of temperature behind radiation.

The highest mean monthly value of the Thornthwaite Et 1s 108 O mm
in July, while those of the Penman EO2 and Et are 95 2 mm and 80.0 mm
in June. For the water balance Et, the highest mean monthly value 1is
64 .2 mm and that occurs in the month of August

The lack of coincidence of the monthly peak values of evapotrans-
piration in the Thornthwaite and Penman formulae are explained by the
fact that the former 1s dependent only on temperature, while the latter
is based not only on temperature, but also sunshine, humidity and wind
speed.

The highest mean monthly value of the vwater balance evapotrans-
piration during August as compared with other summer months 1s explained
by the high rainfall occurring during this month

The monthly values of the Penman EOZ’ the Thornthwaite Et, the
Penman Et and the water balance Et are presented in Tables 31, 32, 33
and 34 The mean, maxXimum, minimum, standard deviation and coefficient
of variation of the monthly values of each method may also be observed
from these tables

According to these tables the highest monthly value of the Thorn-
thwaite Et during the ten year period 1s 119 1 mm during July and the
lowest 1s 1 0 mm during February Respective maximum and minimum values
for the Penman EOZ’ the Penman Et and the vater balance Et are 113 6 mm
in May and 2 3 mm 1n January, 99.4 mm 1n july and 2.0 mm 1n January and
106.1 mm in August and -26.2 mm 1n December

The negative value of -26 2 mm for evapotranspiration during
December of the water year 1966 1is explained by the high precipitation
during the preceding month of November (184.7 mm) Much of the preci-

pitation during November probably iniflirated into the soil and was re-

=h

leased in December as groundwateor flew  Thorefs.c, with a runoff value
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of 73 6 mm and low precipitation of 47 4 mm the evapotranspiration value
was negative 1n December. On the other hand, during November, since pre-
cipitation was high and runoff was relatively low (81 O mm), the value
of evapotranspiration was therefore high as well (103 7 1m)

The scatter diagr.ms of the mean monthly water balance Et, the
Thornthwaite Et and Lhe Penman Eo2 values are presented 1n Fig 40

From a study of the correlation coefficients between the mean
monthly values of the water balance Et, the Penman EO2 and the Thornth-
waite Et (Table 35) 1t can be observed that the water balance Et 1s moire
closely correlated with the Thornthwaite Et (correlation of O 77) than

with the Penman EQ, value (correlation O 64). This could possibly be

2
due to the fact that the derivation of the Thornthwaite formula was origin-
ally based on the rainfall-runoff relationship

The monthly correlation coefficients of the water balance Et versus
the monthly Penman EO2 and the monthly Thornthwaite Et are both low These
low correlation coefficients show that any monthly estimation of evapo-
transpiration by the water balance 1s not reliable

Table 35+ Correlation coefficients between monthly and mean

monthly values (10-year mean) .i the Penman EQ,,

the Thornthwaite Et and the varez balance Et values,
October 1963 - September 1973

Monthly Penman EQ, versus monthly Thornthwaite Et 0 89
Monthly Penman EO2 versus monthly water balance Et 0.31
Monthly Thornthwaite Et versus monthly water balance Et 0.43
Mean monthly Penman EO2 versus mean monthly Thornthwaite Et 0 92
Mean monthly Penman EO2 versus mean monthly water balance Et 0 64

Mean monthly Thornthwaite Et versus mean monthly water balance Et | o 77

Simple hydraulic lysimeters

Fig.41 represents the plot of net gain or net loss of water
for the two replicates For the whole period of study, 15th May to
30th September 1973, the net loss of moisture from the two lysimeters

was almest the samwe (64 mm and 66 mm) The trends of the two

graphs also seem to be similar. However, there were periods
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with a length of 20 days or so when the 1nitial difference in the two
manometer readings was more than doubled by the end of the period
Taking the period starting 4th June, the depth of moisture, representing
the 1nitial difference 1n the two manometer readings, was about 14 mm.
However, by the 23rd June, the depth of moisture equivalent to the
difference in the two manometer readings was 30 mm Thus, 1t 1s ob-
served that the daily rate of actual evapotranspiration from one of the
lysimeters during the period 4th June to 23rd June was about 0.75 mm
greater than the other one in the same period Since the management of
the lysimeters has been similar during the whole period of this study,
therefore, such a discrepancy 1in the results can only be attributed to
errors in measurement by the lysimeters The accuracy of the lysimcters
in measuring daily changes 1n so1l moisture content may be studied by
considering the recorded depths of the major rainfall amounts occurring
on three different days
' On 17th July, the daily raingauge recorded a rainfall depth of
33 mm, From the lysimeters, the fluctuation of one of the manometers
was 49 mm and the other one was 45 mm. Thus for the former, the gain
of moisture was about 33 mm, whereas for the la*ter, the gain wes 30 mm.
A difference of 3 mm 1n this case might not result in serious error.
However, for rainless days with evapotranspiration less than 3 mm, a
difference of Lhat magnitude 1s very significant

Other examples are for rainy days of 5th and 19th August  The
depth of rainfall for 5th August was 25.2 mm and for 19th August was
22 2 mm The corresponding moisture gains for these two rainfall depths
were 20.0 mm and 24 7 mm for one lysimeter and 25 3 mm and 22.7 mm for
the other. Thus the gain of moisture by one of the two lysimeters has
been i1dentical to the rainfall depth measured by the raingauge, while
for the other there have been discrepancies of about 20 per cent and 9
per cent 1in thc measurement of the two rainfail depths.

Wirter (1963) has suggested the use of several :eplicates for any
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measurement of evapotranspiration, so that accidental errors could be re-
moved Using this suggestion, the average values of the loss and gain
of moisture from the two lysimeters were used to plot the daily gain and
loss of water for the period. The graph of the daily values of the
Penman potential evaporation (EOZ) and rainfall has been plotted for
comparison in Fig 42,

It can be observed from Fig 42 that the monthly Penman EO2 during
the period (15th-31st) May, June and July 1s higher than that from the
lysimeter. During the period (15th-31st) May the lysimeter readings are
lower than the Penman EO2 value by 45 per cent. During June and July
the percentage under-estimation is 14 and 9 respectively 1In August,
on the other hand, the lysimeter value 1s grearer than that of the
Penman EO2 by 7 9 per cen. and 1t 1s almost he same during September

The relatively lower values of evapotranspiration obtained from
the lysimeter i1n the months of May, June and July could possibly be
explained by the fact that the lysimeter values are actual evapotrans-
piration and owing to the shortage of water during a short period, the
rate has not been at 1ts maximum However, the fact that actual evapo-
transpiration val.is during August exceed potential evapolranspiration
by 7 9 per cent, can only be explained ty lack of accuracy of the instru-
ment .

The measurement of actual evapotranspiration by lysimeters was dis-
continued in October The reasons for this were as follows
1. The lack of accuracy of the lysimeters in the measurement of actual
evapotlranspiration as was discussed by the results of the two lysimeters
during the period of study.

2 Owing to low &vapotranspiration and frequent rain during the winter
seascn, October to March, the lysimeters should be frequently drained
This results 1n a disturbance of the balance of the soil contalner on

the scooter tube and constant rebalancing of tne instrument 1S needed
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3. During the winter seasons the rate of actual evapotranspiration 1is
almost equal to potential evapotranspiration and therefore measurements
of actual evapotranspiration by lysimeters 1s not necessary

4. Any extrapolation of the results of the point measurement of the
actual Et to the catchment 1s rather difficult This 1s explained by
spatial variations 1in soil type and so1l moisture concent 1n the field
The plant roots in the small lysimeter may be restricted by the container.
whereas 1n the field such a restriction does not occur. The structure

of the soil in the lysimeter might not be similar to that in the field
Therefore the distribution of moisture will be different This vwould
pffect the availability of moisture, and consequently the measured actual
evapotranspiration values

Areal values of actual evapotranspiration

For the study of the areal values of actual evapotranspiration, the
monthly precipitation and the monthly Penman EO2 values over the period
October 1963 to September 1973 were studied. Using these data and the
Penman method for the estimation of actual evapolranspiration, three
water balance maps for the catchment were drawn (Figs 43, 44, and 45)

Fig 43 shows the average water balancemﬁﬂ@ﬁﬂ?the catchment for
the period October 1963 to September 1973 The monLhly precipitation
and potential evapotranspiration values used (Penman E02) are the average
of the 10 years. The calculations for the actual evapotranspiration are
shown 1n Table 36

From the Fig 43 1t 1s observed that according to the Penman model,
actual evapotranspiration i3 always equal to potential evapotranspiration
This 1s because the maximum cumulative moisture deficiency during the
period does not cxceed the limit of 100 mm available water for short
rooted crops In fact the marimum cumulative wmoisture deficiency 1s
79.6 mm and thalL occurs in July The mois.ure deficiency starts in May

and ends 1n QOctober  Fi1gs543 and 44 snow the vater balance dmgﬂm%f the
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years 1964 and 1971 The calculations are shown i1n Tables 21 and 37
The year 1964 is a very dry year, whereas that of 1971 is a year with
appreciable rain during the summer For the year 1964 (Fig 44), actual
evapotranspiration falls below potential evapotranspiration in May with
a maximum of 56.8 mm i1n July. The total yearly difference between the
actual and potential evapotranspiration 1s 109.2 mm, or actual evapo-
transpiration 1s less than potential by 16.8 per cent.

Considering the year 1971 (Fig.45), the actual evapotranspiration
falls below the potential evapotranspiration in July by 5.1 mm only.
Referring to the figure of the moisture balance for the year 1964, 1t
18 observed that the curve of potential evapotranspiration exceeds that
of precipitation in Aprail From then onward moisture for evapotrans-
piration 1s being supplied from the solil moisture reservoir at the poten-
tial rate. By May, the rate of actual evapotlranspiration drops below
the potential evapotranspiration rate This reaches a maximum of 56 8
mm in July. The divergence, then, decreases from July reaching 15.8 mm
in August and with a slight increase in September, 1t reaches zero in
October. From October, there 1s excess moilsture owing to low evapo-
transpiration, which fills the soil moisture reservoir, The recharge
of soil moisture continues until the reservoir is filled. The surplus
moislure 1s that in excess of the deficiency of soil moisturz.

For the year 1971 the period of moisture surplus continues until
April. From April to July some moirsture for the evapotranspiration
demand 18 supplied from the so1l moisture storage. During July, actual
evapotranspiration drops below the potential evapotranspiration rate.
This 1s because the cumulative morsture deficiency exceeds the limit of
avallable moisture 1in the soil

In concluding this section, two of the main limitations of the

Penman model for estimating actual Et should be discussed.

One of these limitations 1s that there 1s no provision made for
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runoff in the model This limitation might result in some errors

The second limitation arises from the effect of uneven temporal
distribution of rain Since the calculation of actual evapotranspiration
is based on monthly rainfall and evapotranspiration, therefore 1f for
any particular month the bulk of rainfall occurs at the end of the month
following a dry spell, actual evapotranspiration might be over-estimated
This 1s because during the dry spell, the cumulative mo-sture deficiency
might exceed the limit of available water, and, thereforec. the actual
evapotranspiration rate might drop below the potential evapotranspiration
rate Using the monthly values and assuming cven temporal distribution

of the rain, however, this effect of uneven distribution of rain will
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CHAPTER SIX

RUNOFF AND ITS VARIATION

Runoff 1s that portion of precipitatiov which reaches the stream
channel. It could also be described as the end product of a number of
physical processes which form the runoff cycle. This cycle starts with
incident precipitation on a portion of land surface. Precipitation,
subsequently, goes through the processes of interception, infiltratlion,
storage 1in the surface depression or within the soil profiles and under-
lying rocks, cvapotranspiration from storages of moisture, overland flow,
interflow and groundwater flow, temporary storage in the stream channels,
and finally movement of total flow from the upstream portion to the
drainage basin outlet Total flow 1s then measured as discharge at the
outlet of thec basin,

Measurement of discharge of River Browney The discharge of the River

Browney 1s measured at Burn Hall (259 387) Measurement 1s by means of
a compound broad crested weir This has an overall width of 692 inches
(17 58 m) ard a central low level crest 215.5 inches (5 47 m) long The
level of station 18 approximately 44 m above 0.D and water level 1is
continuously recorded Rating of the station 1s by weir formula and
this 1s checked by current meter,

Yearly and seasonal runoff variations Discharge measurements were re-

corded 1n ft3/sec between 1957 and 1967 and in m3/sec since 1967 1In
this study, however, the discharge values are either converted into
millimetres of runoff or used 1in m3/sec.

To study the variation in yearly runoff, the water year starting
October and ending September has been used. The histogram of yearly
runoff, thus obtained, 1s shown 1n Fig.46. Runoff ranges between 514 4
mm 1n the water year 1969 to 136 0 mm in thé vater year 1973  The

mean vearly runoff 1s 309 8 mm The maximum vearly runoff 1s 166.0

per cent of the mean and the minimum 18 43 9 per cent of the mean
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The values of yearly runoff in six years have been above the mean and
the remaining eleven years have had values less than the mean during the
period 1957-1973. To explain some of the variations of yearly runoff
during the period 1957-1973, the corresponding precipitation values
should be considered. This 1s because total yearly ,recipitation and
1ts distribution 1s the most important factor affecting runoff

Precipitation over the catchment, as mentioned earlier, has been
measured by seven daily gauges since 1968, Tor the period 1962-1968,
however, the records from four raingauges at Durham, Waskerley, Water-
houses and Satley were available Prior to 1962, the only stationswhose
records were accessible, were Durham Observatory and Waskerley

In order to use consistent rainfall data for the study of rainfall-
runoff relationships during the 17 year period, Durham Observatory
records corrected by a factor Kl to change point rainfallSto areal rain-
fall was used

The parameter K, represents the ratio of average ralnfall;over the

1
catchment to that at Durham Observatory To find this parameter, monthly
Thiessen average rainfall from the seven available raingauges through-
out the catchment were summed over the period 1968-1972 and the result
was divided by the value for the same period from Lhe raingauge at
Durham Observatory 1.e K, = 3660 3 =117, Derivation of K, was based
1 ~ 3136.9 1

on a five year record because the data from all the gauges werenot avail-
able for a longer period However the year to year variation of K1 based
on these five years of record was small 1 e (1.19-1 15).

Yearly precipitation values at Durham Observatory, thus, were
multiplied by this factor in order to get the catchment value,.

The values of yearly precipitation corresponding to the years of
maximum and minimum runoff were 953 4 and 578 8 mm (Table 38), The

runoff-rainfall ratio for each year was calculated For the water year

1969, which had the maximum toral runoff, the ratio was 0 54, and for
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Table 38 Yearly rainfall, runoff and runoff-rainfall ratio
for the Browney basin during the period 1957-1973

Water year Rainfall (mm) Runoff (mm) Runoff/Rainfall
1957 630.9 237 .4 0.38
1958 695.0 365.3 0.53
1959 438.4 193.0 0 45
1960 828.9 323.5 0 40
1961 956.5 484.0 0.51
1962 722.6 255.,0 0.35
1963 769.2 297.4 0 39
1964 658.9 251.3 0.39
1965 805 7 264.2 0 33
1966 946.5 496.0 0.52
1967 835 6 377.3 0 456
1968 837.7 278.8 0.34
1969 953.4 51l4.4 0.54
1970 662.7 298 9 0 46
1971 713.,5 239.8 0.34
1972 658.0 252.9 0 39
1973 578.8 136.0 0.23

Mean O0.41
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the vater year 1973, which had the minimum total runoff, the ratio was
0.23 This difference 1in the ratio of runoff-rainfall could be explained
by considering the distribution of rainfall throughout the two years
(Table 39)

Table 39 Rainfall distribution (mm) for the water years
1969 and 1973

month

year 0 N D J F M A M J J A S Total

1969 |75 876 4113 5[55.9{103.4|100 4|52 9122.1|91 3|51 7{41.9|68 1[953.4
1973 {13 9161 5] 30.4|31.9| 14 2| 10 6}82 5| 66.5141,2|91.6{77.4{57.11578.8

For the water year 1973, 72 per cent of the yearly preclpitation
occurred during the summer montne a perind whep evapntransniration values
are high, During the water year 1969, however, 44 per cent of the pre-
cipitation occurred during the summer  Thus, since the infiltration
rate 1s generally higher during summer than winter (owing to lower moisture
content and higher temperatures) much of the precipitation occué}ng
during the summer season enters the soil zone and 1is subsequently used
as evapotranspiration. During the winter, howrror, the rate of water
entry into the soil 1s low, and since the evapotranspiration rate 1s
also low, most of the precipitation will result in direct runoff  Some
precipitation which 1nfiltrates, however, 1s stored in the soil zone
or percolates 1into underground storage and 1s released during the summer
season. The explanation, thus given, accounts for the low yearly runoff
during water year 1973.

The average annual runoff-rainfall ratio for the period of 1957-1973
18 0.4l e.g. yearly runoff forms 41 per cent of the total precipitation.
Considering the seasonal values of the runocff-rainfall ratio, 1t is
observed that during the winter season, the ratic ranges from 0.79 1in

the water year 1958 to 0.36 1n the water year 1973. This difference 1n
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Table 40
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Seasonal rairfall, runoff and runoff-rairfall ratio
for the Browney basin during the period 1957-1973

Summer (April-Sept.) Winter (Oct -March)
Water year
Rainfall Runoff | Runoff/ | Rainfall | Runoff Runoff/
(mm) (mrm) rainfall (mm; (mm) rainfall

1957 372 9 78 4 0.21 258.0 158.9 0.62
1958 413.8 143.0 0.35 281 2 222.4 0.79
1959 196 3 40 3 0.20 242.,1 152.6 0.64
1960 359.9 72.4 0 20 469.0 251 1 0.54
1961 434 0 110.2 0 25 522.5 373 8 0 72
1962 396 0 76 9 0 19 326 5 178 1 0.55
1963 369.1 100.5 0.27 400.0 196 9 0 50
1964 313.0 74 1 0.24 346 0 177 1 0.52
1965 468 4 123 9 0 26 337.3 140.2 0 42
1966 475.2 144.9 0 30 471 3 351 0 0.65
1967 476.2 134.6 0.28 359.4 242.8 0O 68
1968 472.9 103 1 0 22 364 8 175.7 0.48
1969 428.0 168 4 0.39 537.1 346 0 0 64
1970 274 6 70 8 0.26 388.1 228.1 0.59
1971 384 1 101.9 0.26 329 4 137.9 0 42
1972 290.6 66.2 0.23 367.4 186 8 0 52
1973 416.3 80.0 019 162.6 56.0 0.36
Mean for period 0 25 0.57
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the runoff-rainfall ratios could be explained by the conditions of so1l
molsture storage due to precipitation in the last few months preceding
each water year The total precipitation during the months of July,
August and September 1957 and 1972 1s 280 2 mm and 118.0 mm respect-
ively, Thus the soi1l moisture storage at the beginning of the water
year 1258 1s expected to be higher than that of water year 1973  The
so1l during the winter season of the water year 1973, therefore, has
got a greater capacity for storing moisture than during the winter season
of the water year 1958 and the runoff-rainfall ratio for the winter
season 1973 1s,therefore, lower than that of 1958

The average runoff-rainfall ratio for the winter season during the
period 1957-1973 1s 0.57, or runoff during winter forms 57 per cent of
the precipitation The resvective value for the summer season 1is 0.25
and the range 18 0 19 to 0 39

Rainfall~runoff equalions The rainfall-runoff relationship was also

studied by plotting the yearly runoff values against the corresponding
rainfall amounts The equation of the liue of best fit was found to be
of the form y = 0.64 x -167.68, The correlation coefficient between
the yearly rainfall values and the yearly runoff values was 0 84 (Fig 47)
This value for the correlation coefficient shows that there 1s a high
degree of associration between rainfall and runoff.

The coefficient of determination, r2,1s 0.706 Therefore, about
70 6 per cent of the variance 1s accounted for by this regression equation,
It 1s also clear, though, that this simple regression equation of rain-
fall and runoff accounts for more than 70 per cent of the variance, the
extreme values scattered in the graph could only be accounted for by
considering the processes of evapotranspiration, infiltration, and changes
in soil moisture ard groundwater storages

Two other points vhich might also explain the extreme values are

the result of the areal rainfall assumption and the effect of mine water
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discharge on the total runoff.

The areal precipitation, as explained earlier, i1s the product of
the catch of rain at Durhar Observatory multiplied by a factor K, This
factor representing the ratio of rhe Thiessen average ol rainfall for
the seven raingauges to that at Durham, varies from year to year and
from storm to storm The value cf this ratio, for example, 1s 1.19 for
the year 1972, as compared with 1 15 for the year 1969 and 1 17 for the
five year average (1968-1972),

The effecL of mine water discharge into the river might also be
important  Unfortunately, no data have been available on the total dis-
charge except for the year 1973 (calendar year), when the total yearly
discharge of mine water, as given by the National Coal Board (Private
Communication 1974) has been 13.6 mm or 4 4 per cent of the yearly aver-
age for the whole period

In order to 1nvestigate the seasonal rainfall-runoff relationships,
seasonal runoff values were plotted against the corresponding rainfall
data The line of the best fit of the scatter diagram for the winter
season (October to March) had an equation of the formy = 0 75 x -60.95
while that for the summer season was y = 0.34 » -30.8. From a comparison
of the seasonal scatter diagrams (Fig 48) of the rainfall-runoff re-
lationships, 1t 18 observed that the winter diagram shows the points to
be more scattered than the summer one Similar results were obtained by
Smith (19645)1n his study of seasonal rainfall~runoff relationships 1in
two Pennine catchments

Such observations are contrary to what one might expect., During
the winter since evapotranspiration 1s low, a less scattered rainfall-
runoff relationship 1s expected. Ward (1967) explains this anomaly by
the effect of a high so1l moisture deficiency at the beginning of winter
season, as compared with a high moisture content (field capacity) at the

beginning of summer season
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Monthly runoff values To study the monthly values of runoff, the

hydrograph of monthly streamflow for the period October 1956 to September
1973 1s shown 1in Fig.49 From this graph 1t 1is seen that the highest
monthly runoff 1s in October 1960. The value of runoff for this month

is 249 m3/sec or 120 mm  The minimum monthly value occurs in Qctober
1959 with a value of 6 m3/sec or about 3 00 mm. Comparing these values
with the mean monthly value for the whole period e.g 25.8 mm, 1t 1is
observed that the maximum monthly runoff value 1s 4.65 times the mean
while the minimum 1s 0.12 times the mean. Considering the maximum
monthly runoff in each year, 1t 1s observed that January, February and
March are the months with the highest frequency of occurrence of maxi-
mum monthly runoff per year. Each has been recorded to have the maxi-
mum monthly flow i1n four out of seventeen years This might be explained
by the low infiltration capacity of the soil (high moisture content) and
low evapotranspiration during these months.

In only one year out of the seventeen years of runoff study has
the monthly maximum occurred in a summer month  This was May 1973.
1973, as mentioned earlier, was an exceptionally dry year with 72 per
cent of the precipitation occurring during the summer months. The depth
of runoff for May 1973 was 22 mm, the lowest among all the monthly maxi-
mum values.

As for the driest months of the year, September 1s the month with
the lowest flow in seven out of the seventcen years of study. Lowest
monthly flows have also occurred during the months of June to November
(Table 41)

Considering the mean monthly runoff values, there 1s an increase
in runoff from October to January and a decrease from January to July
(Fig 50). There is a slight increase during July and August. This 1s
most probably due to the occurrence of relatively intense convectional

rainfall during chese months
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Thus Scptember and June on average have the lowest monthly values
of runoff, while January has the highest monthly flow. The lowest and
highest values of runoff in each month are also plotted in Fig 50. It
1s observed that the curve of lowest monthly runoff 1s almost parallel
to that of the mean However this 1s not the case with that of the high-
est monthly runoff,

The ratio of mean monthly runoff to mean monthly precipitation is
calculated 1n Table 42 and 1s shown 1n Fig 51 The value of the ratio
1s lowest 1n July, the month with the highest value of evapotranspir-
ation From July the ratio increases until 1t reaches a peak of 0.85
in March The high ratio in March might be explained by the following
reasons
1. So1l moisture storage 1s high during this month of the year, there-
fore, the i1nfiltration rate 1s low.

2. Some of the precipitation falling during the months of November to
February 1s used for recharging the soil moisture and groundwater storage.
Therefore, runoff for these months 1s lower and thus the ratios are
lower,

3. Some of the moisture which had percolated into groundwater storage
during the months preceding March might have contributed to total runoff
in March as the result of groundwater flow, thus resulting 1n a high
runoff-rainfall ratio

4., Rising temperature during March results in the thawing of snow  This
snow-melt accompanied by rainfall might cause the ratio of mean monthly
runoff to mean monthly precipitation to be higher in March than in other
months.

Duration curves A duration curve 1s defined as the cumulative fre-

quency diagram of a continuous time series The duration curve displays
the frequency of various magnitudes which are equalled or exceeded. The

yearly and monthly duration curves for the Browney River are obtained by
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Table 42 Mean monthly rainfall and runoff{ (mm) and runoff-
rainfall ratios during the period 1957-1973

Month 0 N D J F M A M J J A S

Rainfall|55.1}76 261.8|68 7 [53 2|46 8|53.6(62 2[56 2174.3}79 0]59.7

Runoff 122 1129 5134 2145 3139 4139.8126 7)21 1}12 2|12 9|14 4|12 2

Runoff/ |o 40{o 39 jo 55/0.66 |0.7410.85]0.50l0 34|0 22{0 17{0.18 |0 20
Rainfall

arranging the runoff in descending order of magnitude. For the yearly
duration curve for the period 1957-1973, there are 17 years of datsa,
therefore each year covers 5.88 per cent of the time  Thus the highest
runoff value (514.4 mm) covers the range from zero to 5 88 per cent and
the lowest from 94 12 to 100 per cent From the yearly duration curve
(F1g.52), 1t 15 observed that fifty per cent of the time the runoff 1s
over 280 mm, 25 per cent of time the runoff is over 365 mm and 75 per
cent of time 1t 1s over 250 mm

The duration curve for the monthly runoff values are shown in
Fi1g.53 From this duration curve 1t 1s observed that 50 per cent of the
time monthly flow 1s greater than 39 m3/sec (18 9 mm). Twenty-five per
cent of the time flow 1s above 70 m3/sec (34 0 mm) and 75 per cent of
the time 1t 1s over 21 m3/sec (10.2 mm). 1In view of the fact that the
seasonal cycle of monthly flows in Fig 53 1s disguised, separate dura-
tion curves for the winter and summer seasons are drawn i1n Fig.54 The
data are grouped into different class divisions and the discharge 1s ex-
pressed in terms of the mean. A logarithmic scale 1s used i1n order to
show the two end parts of the curve more clearly The seasonal cycle of
runoff, thus, 1s very clear. The cause of the seasonal cycle, as men-
tioned earlier, 1s primarily due to the difference between rainfall and
evapotranspiration, It 1s clear that the high monthly flows occur in the

winter months, The highest monthly flow during uvinter 18 4.65 times the
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mean, while during the summer 1t 1s 2 48 times During the winter
season about 55 per cent of the monthly flows are above the mean, while
the corresponding figure [or the summer 1s 17 per cent and for the
whole year 1s 36 per cent.

Another observation from the duration curves of winter and summer
season 1s that the lowest flows have got the same chance of occurrence
1n the summer as in the winter months.

For the daily values of discharge,duration curves of three periods
are derived by grouping the mean daily discharge during each period
into class intervals (narrower for the lower values and wider for the
higher values) 1in order that the number of observations in different
intervals would be well distributed. The three periods for which
duration curves are derived are
1. The water year 1969 This year was the year with highest annual
runoff (514.4 mm). It also included the highest mean daily runoff of
43.3 m3/sec (20 99 mm) throughout the period of 1957-1973.

2, The water year 1973 During this year the depth of runoff was the
lowest of all the 17 years studied c.g. 136 00 mm.

3. The five year perirod from October 1969 to Scptember 1973. The average
yearly runoff during this period was 289 mm This 1s about 6 per cent
less than the 17 year average This five year period, included the
wettest as well as the driest years of the period 1957-1973 considered.

The curves derived (Fig 55) indicate that for the dry year of
1973, only 20 per cent of the total daily discharges are equal or over
1 m3/sec (0 5 mm) whereas for the wet year of 1969, 20 per cent of the
total daily discharges are less than 1 m3/sec (0 5 mm) or 80 per cent
of the flow are equal or over 1 m3/sec. For the five year period the
corresponding value over 1 m3/sec 1s 44 per cent. The highest daily
discharge 1n 1969 (43 3 m3/sec or 20 99 mm) 1is almost eight times that

of the water year 1973. About 5 per cent of the daily discharges during
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1973 are less than O 28 m3/sec (0 14 mm), whereas during 1969, the per-

centage of mean daily flows below O 28 m3/sec 1s nil On the other hand,
about 6 per cent of the flows are equal to or greater than 8 m3/sec
(3.9 mm) during 1969, while for 1973 the percentage 1s zero.

Extreme values. Extreme values of runoff are those of floods and droughts

Floods and droughts may be defined in several ways. Floods, for example,
can be referred to as the highest mean daily discharge within a period
of a year It could also designate the high streamflow which exceeds

the capacity of the normal channel, (Foster,1949). Drought, on the
other hand, refers to the lowest mean rate of flow over a short period
of time 1n a calendar year e g lowest monthly flow per year Drought

1n relation to precipitation also has been defined as a period, of at
least 15 days with daily rainfall less than or equal to 0 2 mm (Meteorological
0ffice,1963). This defimition, of course, does not take into account

the influence of evapotranspiration, and the amount of water needed by
plants Furthermore the effect of a shoriage of rainfall depends on
whether the so1l 1s moist or dry at the beginning of the period
(Thornthwaite, 1955)

Floods gencrally are caused as a result of excessive precipitation
or melting of a thick blanket of snow Snow-melt can cause floods only
1n areas where the heavy snow cover may be preserved until late i1n spring
A frozen ground will impede the rate of infiltration, thus all the pre-
cipitation will drain as surface runoff

Within the Browney River, the cause of the floods 1s excessive
rainfall or snow-melt accompanied by rainfall The duration of snow
cover within the catchment increases from about 17 days at Durham
(elevation 102 m), 21 days at Ushaw (elevatior 181 m) (Smith,1970) to
perhaps 30 days in the extreme western portion In spite of the fact
that there 1s no seasonality in terms of rainfall depth in the basin

throughout the year, almost all tne peak daily floss havea occurred in
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the winter season (with the exception of 1l4th August 1971 and 17th July
1973,

Droughts within the Browney basin occur during the period June
to November as shown by the study of the 17 years of runoff. The month
with the highest frequency of low flow 1s September, as was mentioned
earlier.

In order to forecast the occurrence and magnitude of floods and
droughts for the Browney basin, the 17 years of runoff records were used.
To assemble the data for either flood or drought study, two methods are
davailable namely, the annual maximum series and the annual exceedance
series (chapter 2) In the annual maximum series for floods the highest
mean daily flou (or maximum monthly flow) 1s selected. Therefore, there
1s one flood value for every year, With this method the second highest
daily discharge 1n a year which might be higher than peaks in other
years 1s 1gnored.

Thus the data were assembled by the annual series method For the
flood studies the data for highest mean daily flow per year, as well as
the yearly maximum monthly flow were used. For the drought study, the
minimum monthly fiow 1n each year was considered.

Floods The purpose for any flood study 1s to find the period, on

average, between two values of flow which equal or exceed a particular
magnitude. This period 1s called the return period or the recurrence
interval Therefore an N years flow 1s one which 1s expected to be
equalled or exceeded, on average every N years and 1t has a recurrence
interval (Tr) of N years. There are several formulae used for the
calculation of the recurrence interval and Chow (1964) refers to them

in detail. The most common 1s described by Weibull (1939) which expresses
Tr by the formula Tr = Eil ;, where m is the event ranking and n 1s

the rumber of events (floods).

For the Browaey River the highest mean daily flow per yecar for
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the 17 years are arranged i1n decreasing order. Using the formula -
Tr - Eil , the return period for each flood 1s obtained (Table 43)
Upon calculation of return periods, each flood 1s plotted versus 1its
return period on probability paper. A straight line 1s then fitted
through the points and extended (Fig 56).

Based on this graph, the 100-year flood (0 99 probability) 1s 74
m3/sec (36 0 mm). This value for the 100-year flood might not be
accurate because the extrapolation of data was based on only 17 years of
record However, for the estimation of floods with shorter return periods,
the accuracy increases

To estimate the occurrence and magnitude of monthly floods, the
maximum monthly value of runoff for each vear 1s selected The data
thus obtained, are arrangea 1n decreasing corder, as discussed earlier
for calculation of daily floods The recurrence interval for each runoff
event 1s calculated by the equation of Tr = Eﬁl , and each value of runoff
is plotted against 1ts return period on a log-probability paper A
line representing a distribution with the same mean and standard de-
vialion as the series to which the points are assumed to belong, 1s
passed through them For the mathematical solucion of this line the
following procedure 1s adopted after Bannerman (1966)

1. The monthly values of flow are arranged 1in decreasing order

2. The logarithm of these values are found.

3. The difference between the mean of the logarithms and each of them
is found

4. The value of the standard deviation 18 calculated

S. The antilog of the mean of logarithms of the flow 1s found. This
represents the mean of the log series.

6. The 100-year flood was then the summation of m (mean of logarithms of

flows) and 2 33 (99 per cent probability) x standard deviation (S),

or m+ 2.33 x§
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Table 43 Calculations for the studies of daily floods for
the Browney basin at Burn Hall

Date Runoff f%ow Rank (m) Probability (EET
mm m-/sec
18 Dec.1969 20 99 43 27 1 5.6
7 Mar.1963 20.86 43 02 2 11.1
19 Nov.1966 17.84 36.79 3 16.7
14 Aug 1971 15.25 31.44 4 22.2
20 Oct.1961 13.49 27 82 5 27.8
3 Feb.1972 11 79 24 30 6 33.3
25 Mar 1964 10 60 21.85 7 38.9
5 Nov.1968 9 92 20.46 8 44 .4
9 Oct.1967 8 99 18.54 9 50.0
26 Feb.1960 799 16 47 10 55 6
18 Dec 1959 7 93 16.36 11 61.1
23 Mar.1965 7.79 16.05 12 66.7
18 Jan.1970 7.72 15.92 13 72.2
29 Mar 1958 7.32 15.08 14 77.8
8 Jan.1962 5.50 11 35 15 83.3
14 Feb 1957 4.38 9.03 16 88.9
17 July 1973 4 05 8.35 17 9.4 ’




178

JOALY

€/6L~-£LG61 podad  ayy  Buunp
Asumoug 3Yl JOj MO} WNWIXDW Jy-p2 jonuuy -9c Big

potuad uJniay
I sl , 2 S Ol 02 0S5 OO0l

! 1 l | ol 1L l

L1 ]
nNg m
‘jlouny

/,

]

Ot
Ov

(o)
(-]
29s/ Ew

/

0,014
00S

| ]

- T O00L




179
7. The antilog of m + 2 33 S was found.
8. A straight line was then passed through the mean of the log series
and the point of the 100 year flood on the graph, (Fig 57 and Table 44).

The 100-year monthly flood thus calculated 1s 154 15 mm.
Droughts To estimate the occurrence and magnitude of drought, the
minimum monthly value of runoff for each year 1s selected The dala are
thenarranged i1n increasing order. The return period for each monthly
flow 18 calculated, and each value of flow 1s plotted against 1ts corres-
ponding return period on log probability paper A line 1s then fitted
to these points (Fig.57). The procedure being similar to that for find-
ing the 100-year flood, except that the 100-year drought was considered
by subtracting 2 33 x standard deviation from the mean of the log series.
The calculations are shown 1n Table 45

Thus the 1l00-year drought for the Browney basin based on 17 years
of record was obtained to be 2.52 mm The line of best fit joined the
mean (6.29 mm) to this point,

Unit hydrograph concept This concept, ased by Harvey (1971)

to 1nvestigate the seasonal flood behaviour ot thec River Ter in central
Essex, was adopted to study the short term distribution of runoff 1in
response to intense storms within the Browney basin. A unit hydrograph
(defined as a hydrograph of unit depth of runoff usually 1 inch (25 4 mm))
and i1ts modified version, the distribution graph are useful in studying
the runoff patterns of watersheds of different sizes.

In order to derive the unit hydrogiraph of the Browney basin, auto-
graphic runoff records for the period 1956 to 1968 were considered and
from them 1solated hydrographs of substantial runoff volume were selected.
However, since there were no reccording raingauge charts available to
study the 1intensity pattern of the storms prior to 1962, the runoff
records studied were limited to the period 1962-1968 A study of the

hydiographs of runoff due to major storms revealed that no 1solatea
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Table 44 100-year flood calculations (monthly values) for
the Browney basin at Burn Hall
Rank | Return Monthly | Log of Mean - log 9
Date (m) period runoff runoff of runoff d
mm (d)

Oct.1961 | 1 5.6 120 00 2.079 0.301 0.091
Mar 1963 | 2 11 1 110 01 2 041 0 263 0.069
Feb 1963 | 3 16 7 92.01 1 964 0.186 0.035
Mar 1969 | 4 22.2 82.07 1.914 0.136 0.018
Jan.1970 | 5 27.8 72.90 1 863 0.085 0.007
Jan,1972 | 6 33 3 68.05 1 833 0.055 0.003
Jan,1962 | 7 38 9 66 31 1 822 0.044 0.002
Feb 1960 | 8 44,4 66.16 1.821 0 043 0 002
Feb,1958 | 9 50 0 64 34 1.808 0 030 0.001
Mar.1964 | 10 55 6 63 33 1 802 0.024 0.001
Oct 1967 |11 61.1 53 9z 1 732 -0.046 0.002
Feb 1957 |12 66.7 50 02 1.699 -0.079 0 006
Mar.1965 | 13 72.2 49.70 1.696 -0.082 0.007
Dec 1959 | 14 77 8 42 29 1.626 -0 152 0.023
Jan.1971 | 15 83.3 38 79 1.589 -0 189 0.036
Nov.1968 | 16 88.9 38.77 1.588 -0.190 0 036
May 1973 | 17 94 4 22.00 1 342 -0.436 0.19
Total 1100.67 | 30.219 0.527
Mean 64 74 1.778 0.031
Antilog = 59 9 St Dev. 0.176

Log 100-year flood = 1.778 + 2 33 x 0.176 = 2.

Antilog 2 188 = 154 15 mm

188
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Table 45 100-year drought calculations (monthly values) for
the Browney basin at Burn Hall

Date Rank Return Monthly Log of Mean - log 2
(m) period runoff runoff of runoff d
mm (d)
Oct.1960| 1 5.6 3 20 0 505 -0.294 0 086
Dec.1959 | 2 111 3.26 0.513 -0 286 0 082
Oct.1973| 3 16 7 4 00 0.602 -0.197 0.039
Jan 1971 | 4 22.2 4,65 0.667 -0.132 0.017
Jan,1972 | 5 27.8 4 83 0 684 -0.115 0.013
June 1957| 6 33.3 5.11 0 708 ~-0.091 0.008
Mar,1965 | 7 38.9 5.14 0.711 -0 088 0.008
Sept 1964 8 44 .4 5.72 0.757 -0 042 0.002
Sept.1970| 9 50 0 6.19 0.792 -0.007 0.0001
July 1966{ 10 55.6 7.51 0.876 0 077 0.006
Aug.1962 | 11 61.1 7.60 0 881 0.082 0.007
Oct.1963 | 12 66 7 8.04 0.905 0.106 0.011
Sept.1961| 13 72.2 8.33 0 921 0.122 0.015
June 1968} 14 77.8 8 79 0 944 0 145 0 021
Sept 1958] 15 83.3 9 73 0.988 0 189 0.036
Aug.l1969 | 16 88 9 11 20 1.049 0.250 0.062
Sept 1967 17 94.4 11,92 1 076 0 277 0.077
Total 115,22 12.579 0.49
Mean 6.78 0.7988 0.0288
Antilog = 6,29 St. Dev. = 0.170

log 100-year drought = mean of log series - 2.33 x St.Dev
= 0.7988 - 2 33 x 0.17 « 0.402

Antilog 0.402 = 2.52 mm




183
hydrograph had a runoff depth of 1 inch (25 4 mm) or more In fact the
two hydrographs which were ultimately chosen for the study had direct
runoff depths of 0 61 inches (15 5 mm) and 0 24 inches (6.1 mm). The
two storms producing these two hydrographs had depths of 2.76 inches
(70.1 mm) and 2 48 inches (63.0 mm) respectively. Tne mass diagrams of
these two storms are shown i1n Fig 58 As expected there 1s some varia-
tion in the mass diagrams of these two storms. This 18 because uniform
rainfall rates over an extended period of time are uncommon Such varia-
tion in the rainfall intensity, however, 1s smoothed out in the course
of surface detention and during direct runoff.

These two storms were those of 5th November and 8th and 9th August,
1967. The two-hourly ordinate hydrographs of runoff of these two storms
were drawn. The baseflow was separated from total flow by prolonging
the recession part of the preceding flood up to the peak. From this
point a straight line was drawn joining 1t to a point two days after the
peak. The value of 0.2 was derived by using the formula N = A0 2 where
N 1is the number of days after the peak and A 1s the area of the basin.

For each storm, the two-hourly values of baseflow were subtracted
from those of the total discharge to get the corresponding direct runoff
value. Each ordinate was then expressed as a percentage of the sum of
the ordinates to get the distribution graph. The two distribution graphs
were then plotted in Fi1g.58. A point which should be mentioned 1s that
due to minor secondary rain, a slight deviation from the normal recession
curve occurred in the hydrograph of 5th November. Therefore, in de-
riving the distribution graph, the upper portion of the recession limb
has been prolonged so as to bypass this slight deviation Some of the
observations made from the study of these two distribution graphs are
1. The total direct runoff produced due to the storm in November was
0.61 inches (15.5 mm) while that of August was 0.24 inches (6.1 mm).

The runoff was measured by planimetering the area under the graphs of
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direct runoff. The rainfall producing these two runoff hydrographs, as
mentioned earlier, were 2.76 inches (70.1 mm) and 2 48 inches (63 0 mm)
and this fell 1n 22 and 21 hours respectively
2., The period of rise in the hydrograph of November was 16 hours and
that of August was 19 hours.,
3 The peak ordinate due to the November precipitation was 11.45 per
cent as compared with 16.8 per cent for that of August.
4, The basin lag time for the storm of November was 10 hours as compared
with 8 hours for the August storm.
Discussion There 1s a marked difference 1n the distribution graphs of
the two storms The depth of direct runoff due to the November storm was
two and a half times that of August The mass diagrams of the storms
show, however, that the variation in the pattern of these storms 1s
slight. This observation plus the fact that the summer peak flow 1s
percentage-wise higher than that of November are explained by two maln
factors
1, The soil moisture content preceding the August flood was lower than
that preceding the November flood. The soil, therefore, had a greater
capacity for storing moisture during August than November and the runoff
volume 1s thus lower during the August flow
2. The infiltration rate at the 1nitial stages of the flood was probably
higher i1n August, because of lower soil moisture content and the higher
temperature. Therefore, during August, the 1nitial ordinates of the
runoff hydrograph were lower and the percentage of the peak runoff value
was higher than those of November

Thus the study of the two distribution graphs show that during the
summer, only rainfall intensities greater than the infiltration rate might
cause runoff from the very beginning of rainfall. During the winter,

however, appreciable runoff may occur i1mmediately after the start of pre-

cipitation which gradually rises to a peak In such cases the percentage
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of peak flow in the winter season 1s lower.

One more possible explanation,suggested by Harvey (1971),that might
be given to account for the discrepancy between the distribution graphs
of winter and summer 1s that, during the summer, runoff occurs mainly
from the poorly drained portion of the catchment or steep valley sides,
whereas during the winter all parts of the catchment might be contributing

to runoff.
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CHAPTER SEVEN

THE ESTIMATION AND PREDICTION OF RUNOFF

Prediction of runoff 1s quite oftLen required for the construction
of hydraulic structures, in the preparation of river forecasts and for
the evaluation of the effect of changes in land use. Studies of flood
magnitude and frequency, drought magnitude and the period they last are
the core of many hydrological research projects Sometimes such studies
are undertaken either because the catchments are ungauged ur because 1n-
sufficient data are available

Due to differences i1n objectives of runoff estimation, different
methods have been developed and applied Some of these‘methods were
developed when the science of hydrology was 1in 1ts infancy, therefore,
they were purely empirical and without any sound hydrologic principle
There are, on the other hand, examples of mathematical moaels which
simulate the whole runoff cycle according to the established findings
of hydrologic research The development of such models were the result
of application of digital computers to hydrology These models are con-
tinuously i1n a state of change i1n order to incorporate the latest findings
of research,

Methods of prediction

These can be divided into empirical formulae, infiltration method and
infiltration i1ndices, regression and graphical methods, the unit hydrograph
method, moisture accounting methods, simulation models and statistical
methods.

Empirical formulae The relationship for the peak rate of flow has been

presented by the formulae of the form Q=CAn 1n which
Q - 18 the peak flow
A - 1s the drainage area
C - 1s a function of land use or topography

n - 18 a copstant that has a range between 0 2 and 0 9 /Rodda 1971)
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An example of such formulae is the one derived in a study of the mean
annual flood in a number of basins in England and Wales where the dis-

charge 1s given as Qm=CA 0 85

(Rodda,1971).

Another group of empirical formulae are those which include a
rainfall intensity term An example of such formulae 1s the Rational
formula, often referred to as Lloyd-Davis method (Chow,1964) The peak
discharge 1n this formula 1s expressed by an equation of the form
Q=CIA where

Peaﬁ%?”m

Q - 1s thejft /sec

C - 1s runoff coefficient which depends on drainage basin

I - 1s the rainfall intensity 1n inches per hour

A - is the area of the basin i1n acres

Infiltration approach Horton in 1939 presented his theory of infiltration

and suggested that runoff represented the difference between rainfall
intensity 1, and the infiltration capacity fp, (the maximum rate at which
rain can enter the soil, Kohler,1§63). To use this method a standard
infiltration capacity curve 1s drawn on an intensity-time graph of the
rain, and the area between the two curves 1s estimated This method,
however, has a veiy limted application due to the following reasons
(Bhatnagar,1967) .

1. Infiltration capacity 18 normally highest at the beginning of a
rainfall event, while rainfall generally begins at moderate rates and a
substantial period may elapse before rainfall intensity exceeds the
infiltration capacity and runoff begins.

2 The rainfall might occur intermittently and not always at rates greater
than the infiltration capacity

3. This method does not account for interflow.

As a result of these limitations several infiltration indices have been

developed which are semi-empirical and more practical. One of these 1s

the "¢ 1ndex" defined as the average rainfall intensity above which the
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rainfall volume equals runoff volume(Wilson, 1969), (Fi1g.59). This index
assumes that the losses due to interception, depression storage and soil
molsture deficiency are part of infiltratfion Another index which 1s a
more refined version of the former is called "W-index" (Linsley et al,
1958) which 1s the average infiltration rate during the time 1interval
rain intensity exceeds the infiltration capacity, 1 e. W= Et%:g. In this
formula

P - 1s precipitation

Q - 1s the total amount of runoff from the storm

S ~ is the summation of interception and depression storages.
Linsley et al (1958) mention that these methods can be applied to small
areas of homogeneous characteristics with a unique infiltration capacity
curve, and that they are not accurate for applying to conditions of varied
rainfall (amount, 1intensity and duration), and varied infiltration

characteristics

Least square methods These methods are based on the development of re-

lationships between rainfall and runoff  Such equations result in the
estimation of the discharge volume over extended periods 1.e a year
Equations of this type were derived for the Browney basin in the preced-
ing chapter. As can be observed (p 160) these equations have the form
runoff = a x precipitation - b in which

a - 1s a constant

b - 1s the threshold of precipitation below which there 18 no runoff.
Chow (1964) refers to an example where inclusion of a mean annual temp-
erature term resulted 1n a satisfactory relationship between rainfall and
runoff being derived.

The dependence of runoff on other important factors, however, pre-
cludes any accurate short period estimation by rainfall alone Therefore,
attempts have been made to relate runoff to several other important

factors by means of multiple regression equations The factors considered
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were rainfall characteristics (intensity and duration), soil moisture
conditions prior to rainfall, days to last rain, 1initial flow at the time
of beginning of the rain event and baseflow in the stream prior to the
storm.

Out of these different factors, rainfall intersity, duration and
5011 moisture conditions prior to the storm were chosen to relate to
runoff in multiple regression equations. The intensity and duration of
rainfall could easily be found from autographic raincharts. Determin-
ation of soil moisture conditions, however, was complicated. This com-
plication was the result of spatial variations of soil moisture within
a watershed and consequently empirical indices were employed The index
commonly used in the U S A. 18 called the antecedent precipitation index.

This index 18 defined by Kohler et al (1951) as API=A, P.+ A, P, + ...A_P

171 2 "2 n n
(Chow, 1964) In this formula

Pn - 1s the precipitation n days before the storm

An - 18 a constant

Since the calculation of the index on a day by day basis was
difficult, the index was calculated by assuming that depletion of soil
moisture 1s proportional to the available storage 1 e I=IoKn where

Jo - 1s the initial value of the index (mm)

I - 1s the i1ndex value n days later

K - 18 a recesslion constant varying between 0 85 and 0.98 with

an average value about 0,92 (Chow,1964).
According to this formula 1f n=1, then the value of any day 1s K times
that of the preceding one If any precipitation occurs, the index 1s
increased by the amount of precipitation which 1s recorded.
One of the limitations of this index 1s that by assuming K to be
constant, no account 1s taken of evapotranspiration variations Thais
defect has, however, been corrected by inclusion of a calendar date as

an independent variable upon which runoff depends. The measure of

calendar date was considered to be the week of the ycar. Kohler et al
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(1951) used A.P I , week of year and storm duration and developed re-
lationships between storm runoff and precipitation This relationship

was presented by a graphical method of co-axial form, An example

of this method for computing storm runoff in the River Thames at Teddington
is given 1n F1g.60 Tc estimate storm runoff from such a relationship,

the value of the antecedent precipitation index 18 determined and entered
in chart A A horizontal line 1s drawn to intersect the week number

A vertical line from the week number curve 1s then drawn to i1ntersect

the storm duration line and from there a horizontal line is drawn to inter-
sect the storm precipitation curve A vertical line from this last inter-
section point indicates the storm runoff

Unit hydrograph method The basic theory behind the unit hydrograph

(unit graph) method was outlined by Sherman in 1932 This theory has been
one of the most important contributions to the science ol hydrology and
15 used to study rainfall-runoff relationships. The results of the
application of the unit graph method in runoff studies have often been
usad 1n the design of hydraulic and flood protection structures

A unit hydrograph was defined in the preceding chapter aéahydrograph
of unit depth of runoff (usually 1 inch or 25 4 mm). The storm of
effective rainfall producing runoff 1s assumed to be uniformly distri-
buted over the catchment during a specific period of time. In the original
paper of Sherman surface runoff was considered to be the only water
contributing to the unit graph. This was because the concept of inter-
flow was not known at that time After the recognition of this concept,
the term direct runoff was used instead (Barnes,1959) The use of the
word "unit" in the definition has resulted in some confusion Chow (1964)
states that Sherman’s original use of the word "unit" was to denote a
"unit of time" of effective precipitation, which later was interpreted
as unit depth of effective rainfall The assumptions of the unit hydro-

graph are giver by Barnes (1959)
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(a) Hydrographs of rainfall of the same duration have the same
time base.

(b) Hydrographs of runoff produced by rainfalls of similar duration,
but different intensities, have ordinates proportional to their rainfall
intensities. In other words, 1f one rainfall 1s m times the other, the
ordinates of 1ts runoff hydrograph 1s m times the other one as well
(Fig 61).

(c) The rainfall intensities are uniform both i1n time and space.

(d) The runoff following the storm 1s not affected by the melting
of snow or 1ice.

(e) The storm period 18 comparatively isolated in the record
It follows a period of low streamflow and there 1s no further rainfall
until the peak 1s well passed

Barnes (1959) discussing the validity of the assumptions, mentions
that assumption (a) 1s 1n no way essential This, he explains, 1s because
a large flow will take longer to recede. Assumption (b) 18 known as
the principle of superposition or proportionality and is the basic ele-
ment of the conventional unit hydrograph  The effect of minor differ-
ences in duration 1s not significant and a tolerance of 25 per cent from
the established duration 1s acceptable (Linsley et al,1958).

The validity of assumption (c) 1s by far the most important for
the application of the unit graph method This 1s because storms with
different 1ntensities over different periods of time produce different
unit hydrographs Basin size 1s very 1mportant in this respect Over
a large basin the assumption of uniformity of rainfall will not hold
and 1n such cases 1f a hydrograph of runoff has resulted from a rainfall
moving downstream, a high peak would result whereas the peak would be
much lower 1f 1t resulted from rainfall moving upstream. Linsley et al
(1958) put a limitation of 2000 m12 (5108 km2) as the upper size limit

for basins on which the assumptions of the unit graph might hold.
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Synthetic unit graph The lack of actual data in many watersheds and the

utility of the unit hydrograph in flood studies for the prediction of
hydrographs of actual storms, resulted in some investigation to derive
synthetic unit graphs These were derived by a consideration of measur-
able basin characteristics and correlation of them with unit graph ele-
ments The basin features considered were basin area, shape, topography,
channel slopes, stream density and channel storage The elements of
the hydrograph which were considered necessary for the synthesis of unit
graphswere three

1 - The time 1interval between the centre of mass of the excess rain-
fall and the peak discharge (basin lag).

2 - The peak discharge

3 - The time base of the unit graph
Examples of research on synthetic unit graphsare those Snyder (1938),
Linsley (1943) and Taylor et al (1952) produced The relatiorships de-
veloped by Snyder (1938) for unmit graphs of basins in the Appalachian
Mountains as the result of a rainfall of duration tp/5.5, ty being the
time lag i1n hours, 1s given by the following equations
t, = C, (LLCa)O 2
Q_ = 640 cp A/tp

B =3+ 3P/24

tp - time lag in hours

Ct - a coefficient with an average value of 2.0

1L - length of main streams from the outlet to the upstream divide
LCa_ length 1n miles along the main stream from the gauging station

to a point opposite (nearest) to the centroid
Q_ - unit hydrograph peak discharge in cfs
C_ - a coefficient of 0 625
B - time base of unit graph in days

A - drainage area 1n square miles
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For other durations of rainfal) excess (T), the adjusted lag 1s

TP.A = 0.25 (T-tVS 5) which 1s to be substituted for tp.

Knowing these quantities and the fact that the volume under the
curve represents one inch of runoff, the unit graph can be drawn.

Morgan (1962) mentions that synthetic unit graphs may differ widely
from the actual unit graph From an analysis of synthetic unit graphs,
he found that peak flow variations were between 198 per cent above and
69 per cent below the actual observed peak flows for twelve selected
basins and he suggested that unit graphs should be obtained from actual

data when records permit,

Distraibution graph If the ordinates of a unit graph are presented as a

percentage of the sum of all ordinates, a series of dimensionless numbers
are obtained which define the runoff characteristics of a basin The
plot of these values represents the distribution graph which was origin-
ally suggested by Bernard (1935) Such a graph was used to study the
runoff patterns of the Browney basin during the summer and winter seasons
(chapter 6), (Fig 62)

Moisture accounting methods Runoff has been frequently determined by

the moisture accouuting technique The simplest technique 1s that which
assumes one fixed moisture holding capacity for the soil From thais
reservolr, water 18 depleted by evapotranspiration and 1s recharged by
precipitation Runoff would then occur when precipitation 1s in excess
of the moisture deficiency, 1 e RaP-Et-D or runoff 1s equal to the
algebraic summation of precipitation, evapotranspiration and soil moisture
deficiency prior to the storm Examples of this type of approach are
those of Penman (1949) and Thornthwaite and Mather (1955). There are
several limitations associated with this approach One of these limit-
ations 1s explained by the fact that there are areas with appreciable
deficiencies from which substantial runoff occurs without satisfying the

so1l moisture demand. Another limitation 1is due to the uncertainty about
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the relationship between potential and actual evapotranspiration when
the so1l moisture content 1s below field capacity The assumption of a
single value for soll moisture storage in the Thornthwaite and Mather
method 1s not valid because of spatial variations 1in soill moisture con-
tent from point to point within a basin,

In 1957 Kohler suggested the concept of the two capacity storage
technique (Kohler and Richard, 1962). According to this concept the
total so1l moisture capacity consists of twvo portions 1 e. the upper
storage and the lower storage. The capacity of the upper zone 1s about
one inch (25 4mm),while that of lower zone 1s several inches He then
assumed that evapotranspiration depletes the upper level at the potential
rate and any subsequent demand for Et 1s satisfied from the lower zone
proportional to the moilsture available 1 e depletion of the lower zone
occurs when the upper zone storage 1s exhausted Precipitation would
first satisfy the upper layer storage and then contribute to that of the
lower zone Runoff, therefore, would be the precipitation in excess of
the deficiency of the two storage levels.

Comparing this two storage capacity concept with the single storage
concept, the former has the advantage of accounting for increased eva-
potranspiration following a dry period (Kohler and Richard, 1962), while
an the latter method since the ratio of actual to potential Et 1s assumed 1n
proportion to the available moisture, no storm, unless big enough to
saturate the basin, can account for i1increased evapotranspiration follow-
ing a dry weather period.

Following the concept of the two capacity storage, Kohler et al
(1962) suggested the multi-capacity storage technique According to this
concept the distribution curve of so1l moisture storage 1s represented
by several values {1 e 2 inches (51 mm), 5 irches (127.0 mm), 10 1inches
(254 0 mm) and 20 inches (508 0 mm) This reprecsentation was i1n consider-

ation of the spatial variations of soil mecisture content throughouvt the
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basin and 1s in accordance with the Penman method applied to the stuay of
the water balance of the Stour catchment (Penman,1950).

Day by day moisture deficiency 1s computed for each of these
storages independently The assumption 18 made that the depletion of soil
molsture occurs by evapotranspiration at the potential rate as long as
the deficiency 1s less than the assumed capacity The average basin moi-
sture deficiency 1s then considered to be the weighted mean of deficien-
cies of the capacities. The weights used by Kohler et al {1962)were deter-
mined by correlation analysis, so that the best i1ndex of storm runoff
was obtained

To estimate runoff from the deficiency index thus obtained, he

1
suggested a relationship of the form Qt= (pn + dn) /n - d should be
adopted for the derivation of storm runoff, where
Qt - 1s the total runoff in inches
P - 1s the precipitation 1n inches
d - 1s the mean weighted deficiency
n - 18 a derived function of soil moisture always greater than

one given by the regression equation n=C+Kd with C a constant

and K the regression coefficient
The 1nitial values of C and K were suggested to be 2 0 and 0.5 which could
then be changed 1f the runoff thus calculated did not compare closely
with the observed value during a period of time This equation 18 1n fact
that of a series of curves which approach deficiency asymptotically,
(Fig 63) and differ from the threshold concept of Thornthwaite. This
equation assumes that runoff 1s negligible at tne beginning of precipi-
tation and that precipitation minus runoff approaches the deficiency asym-
ptotically as precipitation continues

Simulation methods Simulation 18 defined as the indirect investigation

of the response or behaviour of a system (Crawford and Linsley,1966).

Simulation methods are divided into physical, aralog and drgitel tyje-



Runoff -inches

N

-—

Threshold concept
———- Asymptotic concept

Rainfall (inches)

Fig 63 Ranfall = Runoff relation (Redrawn from an original
by kohter & Richard 1962)
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Out of these different methods of simulation, digital ones appear to
have been developed most for the estimation of continuous flow data.
Within the category of digital simulation, the Stanford Watershed Model,
18 the first functioning model and by far the most widely applied one
(James, 1972).

The Stanford Watershed Model 18 a deterministic conceptual non-
linear mathematical model which has been progressively developed during
the period of 1959-1966 at the Civil Engineering Department of Stanford
University The original reason for undertaking the work was to develop
a model which could be used as a device to synthesize river{low data
to supplement short records for the estimation and prediction of peak
flow frequencies as well as runoff volume and water balance calculations.
The model has, however, been found useful i1n the evaluation of the effect
of artificial changes in the hydrological regimes of catchments and as
a means of exploration of the runoff process for an improved under-
standing of hydrology.

The first model when developed, was reported by Linsley and Cravford
in 1960. In this model daily rainfall and evapotranspiration values
were the main hydrological data fed as input and daily runoff was the
output of the model. The results of runoff simulated from this model
were not particularly accurate. The reason could possibly be explained
by the use of daily rainfall values which were used to divide the major
storms between two days, even though the total duration of such storms
may have beon considerably less than 24 hours

The Stanford Watershed Model II was reported in 1963 (Crawford and
Linsley,1963), The main input hydrological data in the model were the
houcly rainfall and daily evapotranspiration rates from the catchment
The output from the model vas a continuous hydrograph. Some of the
variables i1n this model were fitted semi-automatically by the insertion

of a subroutine When this subroutine was 1in use, riverflow data and
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selected values of daily groundwater flow had to be provided as additional
input data  The computer starts the calculation with a set of values
for variables which had been assumed by the operator on the basis of
experience and when a month’s value had been computed, the wmachine com-
pared the computed montuly total river flow and the groundwaier flow with
the observed TIf these values were not within a pre-set tolerance, the
machine automatically selected new values for variables following in-
structions given in the subroutine and repeated the computation for the
month  The constants determined by the machine for each month were not
completely consistent and some smoothing was required to give a single
set of values for use 1in river flow synthesis After volumetric adjust-
ments were made, the hydrograph of Lhe major storms were compared with
the computed ones and adjustment was made to give the best fit The
model was tested on eight watersheds ranging in size from 22-88 m12
(57-228 kmz) and with mean annual rainfalls of between 23 (589 mm) and
54 (1373 mm) inches. Errors in the values of peak flows on two of the
flood hydrographs shown 1in the paper were approximately 20 per cent and
the mean dairly flow and time of flood in some cases exceeded 100 per
cent Nevertheless the errors were said to be random and the frequency
distribution characteristics of the desired series agreed well with the
observed data

The final results of the pioneering research on watershed modelling
at Stanford were given in 1966 1n a detailed report by Crawford and
Linsley The flow chart of the Stanford Watershed Model IV 1s shown 1n
Fig 64. Incident rainfall, according to this chart, i1s first subject
to the operation of interception storage This 1s done by diverting the
moisture for interception until the storage 1s full Thereafter, all of
the rainfall (minus evapotranspiration loss from interception storage)
1s subject to the operation of impervious area which immediately results

in runoff and channel inflow  Simultaneously the rainfall 13 eupject
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to infiltration 1n pervious parts of the catchment which determines the
amount of moisture penetrating the so1l surface. The remainder is
subject to diversion into depression storage or might result in over-
land flow, interflow and delayed infiltration to the lower zone storage.

The part of the rainfall which has infiltrated down the soil profile
to the groundwater level, plus the fraction of delayed infiltration from
the upper zone 1s subject to operation of lower zone Some of this
moisturc would add up to the lower zone storage, from which evapotrans-
piration demand, not satisfied from the upper zone and interception storage,
will occur at a rate proportional to the ratio of current storage and
nominal storage. Excess moisture would then be subjecl to active giound-
water storage or lnactlve storage. Active storage will contribute to
channel inflow and will satisfy any left over evapotranspiration demand
Channel inflow due to the presence of impervious areas, surface runoff,
interflow and groundwater flow are all summed up and they become subject
to channel time delay and routing, the result of which would be the
simulated streamflow Crawford and Linsley (1966) represented each of
the above mentioned processes by an equation, which 1s the same for all
the watersheds Tney also used two sets of factors 1.e. measured para-
meters, which are determined by each researcher using the information
from the hydrometeorological maps and data and the fitted parameters which
are to be established by trial and error methods 1.e. simulating a period
of runoff with one set of values, and comparing the results with the
actual runoff during the period. Those cets of values would be selected
that give the closest fit between the actual and simulated runoff. Daudy
and O’Donnell (1965) mention that the Stanford Watershed Model seems to
point the way to a new approach to an old problem. The model since 1its
development 1in 1966, has been applied to mary watersheds in the U S A

The Stenford Watershed Model hus gone through a number of changes

since 1966 by Crawford The result of the latest development publiched
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is a new model called Hydrocomp Simulation Programming (Hydrocomp Inter-
national, 1970), incorporating a much more sophisticated routing technique.
This new routing technique called the "Kinematic Wave" approach uses the
actual channel dimensions, roughness coefficients and calculates con-
tinuous stage and flow velocities throughout the system

Statistical methods These methods are based on the application of mathe-

matical principles to available data to predict frequency of occurr-
ence of floods and droughts of different magnitudes An example of these
methods was used in chapter 6 to predict 100-year flood and 100-year

drought for the Browney basin
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CHAPTER ETGHT

THE APPLICATION OF THE STANFORD WATERSHED MODEL IV TO THE BROWNEY BASIN

The Stanford Watershed Model has been applied to many watersheds
in the U S.A. since its development in 1966, However, 1its application
to catchments 1n other countries has been rather limited. In the United
Kingdom there have been some works done on simulation of the River Clyde
1n Scotland by the Stanford Watershed Model IV (Fleming,1970 and Bunny,

1973). In these studies the period of simulation has rzen limited to
two years, one year for optimization and the other for testing the
accuracy of optimized parameters.

Crawford and Linsley (1966), however, suggest the use of twc to
three years of record for optimization ot parameters and a similar length
of time to test the validit of optimized parameters Therefore, to
simulate runoff from a watershed by this model, a minimum of four years
of record should be available

One of the reasons for the limited zapplication of the model to
British rivers could bgﬁslfflculty which 1s often experienced i1n collect-
ing and processiag the data whichefe 1equired for the simulation. For
example to obtain one year’s data of hourly rainfall, a total of 8760
values have to be read visually from rain charts. Considerable time has
also to be spent in recording and processing meteorological data for the
derivation of the Penman estimate of evapotranspiration,

In order to apply the model to the Browney basin a search was made
of the available raingauge charts of the recording Casella gauge at the
Durham University Observatory to decide on the number of years for vhich
the model could be run. Unfortunately many of the charts prior to
January 1969 were missing and records were faulty owing to the mal-
functioning of the recorder’s pen. Therefore, the period of run selected

sterted on 1st January, 1969 and concinued until 30th September 1973,
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Hourly rainfall for this period was read visually from the charts and
punched onlo computer cards.

Daily evapotranspiration data for the same period were calculated
by the Penman formula using daily climatological data. In view of the
fact that the Penman EO2 values were shown Lo be more representative of

catchment evapotranspiration than Penman FO, and Penman Et estimates,

1
(chapter 5), the Penman E0, was taken as the potential evapotranspiration
input data in the final optimization of parameters and simulation of the
catchment, During the 1nitial testing of the model, however, the results
of evapotranspiration measurement study were not available and so the
input evapotranspiration data were those of Penman Et. The daily values
for evapolranspiration used were the average daily values of every third
of a month (10 days). This procedure was folloved because the Penman

formula 1s more accurate for estimation of Et over longer periods.

Model ocperation and description of parameters The Fortran IV version

of the Stanford Model. used in this study, has been translated from Sub
Algol (orig-nal language of the model) by E.A.Anderson of U.S Weather
Bureau. Operation of the model in the Fortran version starts by accept-
ing 1input from a number of recording gauges (max. five) and 1t then
continuously calculates raiverflow values at several poirts along the
river channel (max. ten) called flowpoints. The flowpoints are usually
situated at the river gauging stations The runoff contributing area
of each flow point 1s divided into segments so that there are one or
more segmencs for each recording gauge. The boundaries of these segments
are decided upon by topographic consideration or by constructing a
Thiessen network, (Thiessen,1911)

For the basin under study there 1s only one recording raingauge
The whole arca has, therefore been considered to represent one segment

and the r1iverflow has been simulated at onec flow point which coincides

with the river gauging station at Purn Hall
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Figs. 65 and 66 show the items of input and their corresponding

formats required for running the model. The first figure shows that

all the parameters (measured and fitted) and supplementary information

(e.g. name of the basin) are listed on 15 cards. The input

data on

these cards are explained in the following paragraph-. Throughout the

program 1 means yes and O means no.

lst Card - 1Information concerning the run
2nd Card - Basin name.
3rd Cara - (1) First month of the first year.

(2) Last two digits of the first year.
(3) Last month of the second year.

(4) Last two digits of the second year.
(5) Number of flow points in the run,

(6) Number of gauges i1n the precipitation
input stream.

(7) Number of precipitation gauges used
1in the run.

(8) The gauges in the input stream to be
used 1n the order they are to be assigned
e.g. PXIN = 10, NGAGES = 3, RGIN = 8,2,6,
Then the 8th gauge 1n the 1nput stream
would be gauge 1 for the run etc

4th Card - (1) Output hourly flows above preset base
1f yes.

(2) Exponent of the infiltration curve
equation

B = CB

POWER
LZS/LZSN

(3) WL, factor 1n equation
UZSNT = UZSN + UZSNWF x AEPI

5th Card - Monthly potential evapotranspiration
adjustment factor.

6th Card - Raingauge PE adjustment factor.
7th Card - (1) Raingauge name.

(2) Ratio of average segment rainfall to
average gauge rainfall.

(INFRO)
(BASIN)
(Mo1)
(YR1)
(M02)
(YR2)

(NPTS)

(PXIN)

(NGAGES)

(RGIN)

(QUTHER)

( POWER)

(UZSNWF)

( PEADJ)
(GAGEPE)

(RGN)

(K1)
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(3) Impervious area (fraction). (IMPV)

(4) Interception storage maximum value

(1nches). (ExXPM)
(5) Nominal upper zone storage (inches) (UzsN)
(6) Nominal lower zone storage (inches). (LZSN)
(7) Infiltration index (CB)
(8) Interflow index (ce)
(9) Actual evapotranspiration loss index. (x3)

(10) Portion of groundwater recharge, assigned

to deep percolation (fraction). (K24L)
(11) Evapotranspiration from groundwater (K24EL)
8th Card - (1) Overland flow length. (L)
(2) Overland flow slope. (ss)
(3) Manning’s n for oveirland flow. (NN)
(4) Interflow recession rate. (IRC)
(5) Groundwater recession rate (KK24)
(6) Groundwater recession variable output (xkV)
9th Card - (1) Initial upper zone storaze {(inches). (vzs)
(2) Initial lower zone storage (inches) (LZS)
(3) Groundwater storage (inches) (SGW)
(4) Groundwater slope. (GWS)
(5) Initial surface detention storage
(1nches) . (RES)
(6) Initial interflow detention storage
(1nches). (SRGX)
(7) Tnitial interception stccage (inches). (SCEP)

(8) Antecedent potential evapotranspiration

index. (AEPI)
10th Card - (1) Flow point name. (FPN)
(2) Area, square miles, (AREA)

(3) Channel attenualion paramcter constant K (ks1)

(4) Varianie K :f yee. (VARK)
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(5) vary lag 1f yes. (VARL)

(6) Routing internal-Hours. (RT.EINT)

(7) Number of elements 1in the time delay. (ELEMTS)
11th Card - = 1 if observed six hour flow

(1) = 2 1f observed hourly {low

= 0 1f neither (CHECK)

(2) Observed mean daily flow 1f yes (COMPAR)

(3) Plot mean daily 1{ yes (PLOT)

(4) Plot hourly or six hour flows 1f yes. (PLOTHR)

(5) Preset base for output hourly flow. (MINFW)

(6) Maximum ordinate mean daily flow plot. (PLOTMX)

(7) Maximum ordinate hourly or 6 hour-plot. ( PHRMX)
12th Card - Channel time delay histogram (fraction of

L1 s mamm~blc e ol o ) R | P - = A-1 . -

A LW M cﬂhll-‘-l‘s ["FN e — wllQALLLLICT L will il L0 UCLG_YCU.

before reaching the segment outlet by the

TIMEAR of the subscript. (TIMEAR)
13th Card - Number of raingauges to be used for each

segment of TIMEAR, (GAGEAR)
14th Card - Additional flow point entering each segment

of TIMEAR, (ADD FLOW1)
15th Card - Additional flow point entering each segment

of TIMEAR, (ADD FLOW2)
Among all these parameters (measured or fitted), those appearing on
cards seven to fifteen are discussed 1n more detail in the following
pages.

Kl' (Ratio of average segment rainfall to average gauge rainfall)

fg; derivation of this parameter was discussed in chapter 6. The value
of this parameter 1s 1 17,
IMPV (Fraction of impervious area). The fraction of the total area
which 1s impervious alters runoff volumes and affects the whole processes
of overland flow and interflow

To determine the fraction of impervious area of the Browney basin,

measurements were made of total area of builaings and roads on a 1 25000

0.S. map. This area amounted to 7 per cent of the total area Crauvford
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and Linsley (1966) suggested the adjustment of measured and estimated im-
pervious area to the effective impervious area by referring to the re-
lationship presented in Fig.67., Based on this relationship the effectaive
impervious area in the Browney basin was estimated to be about 5 per
cent of the total catchuent.
EPXM (Interception storage parameter) The vegetatiun cover of the
catchment governs the value of this parameter The effect of the vege-
tatlon cover in reducing the amount of precipitation at any time reaching
the ground surface also depends on 1ts current storage level

According to the model, all incoming molsture enters interception
storage unt1l a pre-assigned volume EXPM 1s filled. However, the process
of evapoiation which takes place at the potential rate, depletes the
moisture from interception storage, and consequently precipitation will
continue to replace the water from interception storage lost by eva-
poration

Crawford and Linsley (1966) give some estimates for interception
storages. According to these values the EXPM of a grassland watershed
1s 0.10 inches (2 5 mm) while those for moderate forest cover and heavy
forest cover are 0.15 inches (3 8 mm) and 0 20 .uches (5 1 mm) respect-
ively. For the Browney basin a value of 0.1 inches (2.5 mm) was con-
sidered to be a good estimate of interception storage.
UZSN (Nominal upper zone storage) This parameter simulates the
diversion of overland flow into depression storage, soil Eissures and
disturbed or dry soil surfaces. The parameter 1s, therefore, independe-t
of rainfall intemsity Evapotranspiration and percolation to the lower
zone continuously removes water from the upper zone. The potential
addition of moisture to the upper zone storage 1s given by the relation-
ship shown in Fig 68 vhich expresses any increase 1n upper zone storage
1n terms of the ratio of currenct upper zone storage (UZS) to nominal

upper zone storage (UZSN)
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This relationship shows how upper zone storage may prevent over-
land flow from a portion of the watershed. Evapotranspiration from the
upper zone occurs at the potential rate

The nominal value for upper zone storage can 1nitially be estimated
from Table 46 However, it may need to be optimized later. The initial
value of UZSN 1in this study was taken to be 0 6 inches (15.2 mm)

Table 46 Estimation of UZSN. After Crawford and Linsley
(1966) .

Watershed UZSN

Steep slopes
Limited vegetation 0.06 LZSN
Low depression storage

Moderate slopes
Moderate vegetation 0.08 LZSN
Moderate depression storage

Heavy vegecal or forest cover

So1ls subject to cracking, high 0 14 LZSN
depression storage, very mild
slopes

LZSN  (Nominal lower zone storage) This parameter models the storage
of the infiltrated moisture in the so1il profile and 1s approximately
equal to the median value of lower zone storage In other words LZSN
is the storage level at which 50 per cent of all incoming moisture moves
into groundwater storage This parameter 1s one of the most i1mportant
of all and 1s the one on which the long term volume of runoff depends
The value of LZSN should also be determined by several runs However,
for watersheds with rainfall distributed uniformly throughout the year,
an initial estimate of 4 4 % X (Mean Annual Rainfall) inches 1s given.
The initial estimate of this parameter for the Browney basin was 7 5
inches (190 5 mm).

CB  (Infiltration index) This 1s an input parameter that governs the

over all level of net infiltration and 15 also used to calculate dzep

percolation 1n view of the fact that the infiltration rate 1s highly
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dependent on s01l moisture conditions within the soirl profile, a close
relationship exists between the value of LZSN and CB, which in turn
affects the runoff process. Crawford and Linsley (1966) suggest a range
of 0.3 to 1.2 for values of CB under different climatic and soil regimes
Based on their suggestion an initial value of O 6 wes used
CC (Interflow parameter) This parameter 1s an index of the ratio of
the quantity of moisture added to interflow detenticn, to that added to
surface runoff detention. Therefore, 1t governs the hydrograph shape
and timing This 1s because with an 1ncrease in the quantity of moisture
joining interflow detention, there would be a delay for the flow to
reach the channel and thus the hydrograph would be less peaked than when
a higher proportion of moisture 1s joining the surface runoff detention.
The range of values of CC 1s given by Crawford and Linsley (1966) to be
between 0.5 to 3.0. The 1initial value, based on this guideline, was
adopted to be 1 5
K3  (Actual evapotranspiration loss index). Evapotranspiration, accord-
1ng to this model, occurs at the potential rate from the interception
and upper zone storage<. Any excess evapotranspiration (Ep) which 18 not
thus satisfied, will draw moisture from the lower zone based on the
concept of evapotranspiration opportunity. According to this concept
the areal variation of evapotranspiration opportunity 1s recpresented by
a cumulative frequency distribution curve shown in Fig.69.

Using this figure, the water loss for evapotranspiration from the

lower zone when Ep 1s less than r is

2
E (actual Et) = Ep - S%El-
r
LZS
The variable r (evapotranspiration opportunity) 1s given by r = K3 EEEE’

where K3 1s an input parameter., Simulated values of K3 for different
vegetation covers arc shown in Table 47 From this table a value of

K3 = 0.23 was chosen for the watershed.
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Fig. 69 Percentage area with a daily
evapotranspiration opportunity equal
to or less than the indicated value

(After Crawford & Linsley (1966))
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Table 47+ Values of K3 for different watershed cover.
After Crawford and Linsley(1966)

Watershed cover K3
Open land 0.20
Grass land 0 23
Light forest 0 28
Heavy forest 0.30

K241,  (Index to 1nactive groundwater recharge). This parameter governs
the fraction of recharge from active groundwater to the i1nactive section.
Estimation of this parameter for catchments with such losses should be
based on observed changes 1n deep groundwater levels or estimates of
subsurtace outtlow trom the basin Alternatively KZ4L may be approx-
imated by traial.

For the Browney basin an initial estimate of O 2 was applied.
K24EL (Fraction of basin with shallov groundwater). This parameter
gsimulates the loss of groundwater due to evapotranspiration by vegetat.on.
During periods of dry weather, the shallow groundwater zone would be
the only section of the basin for which actual evapolranspiration, equal
to the potential values, would be occurring. Therefore, this results
in exhaustion of groundwater storage. For the Browney basin this value
was assumed to be O 05.
L (Length of overland flow) This parameter 1s a measure of stream

spacing and as mentioned in the first chapter 1s determined from the

formula 2
S

L = %ﬁ\f 1_,(55) and 1s equal to 936 feet (285 m) 1in the Broumey
y

catchment,

85 (Overland flow slope). Following the procedure recommended by
Linsley et al (1949) and Nash (1966), the mean nverlana flow slope was

found to be 0 06
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NN  (Manning’s n for overland flows). This parameter was estimated,
using Table 48 given by Crawford and Linsley (1966), and 1ts value 1s
0.30.

IRC (Daily interflow recession rate). This parameter 1s important 1in

watersheds i1n which interflow forms an important portion of direcl runoff

Table 48 Values of Manning’s n for different watershed
cover After Crawford and Linsley (1966)

Watershed cover Manning’s n for overland flow

Smooth Asphalt 0.012

Asphalt for concrete 0.014

paving

Paclked clay 0 02

Light turf 0.200

Dense turf 0.350

Dense shrubbery and 0.40

forest litter

It 1s defined as the ratio of interflow discharge on any day to that of
the preceding one To determine this parameter either of two wethods
could be used (1) the trial and error method and (2) the Barnes (1939)
method The former method can be applied by matching the shape of the
simulated and the observed hydrographs.

To calculate IRC by the Barnes method, the hydrograph of a storm
on 1l4th August 1971 was plotted on semi-logarithmic paper, (Fig.70).
The groundwater recession limb of the hydrograph was extended back under
the hydrograph. The residual ordinates above the groundwater which re-
presented the combined surface runoff and interflow was replotted, and a
straight line was fitted to the recession part. Extension of this line
separated interflow from surface runoff, from which IRC was calculated

to be 0 6.
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KK24 (Daily groundwater discharge recession rate). This parameter is
defined as the ratio of groundwater discharge at any time to that of
twenty four hours earlier. The value of this parameter was calculated
to be about 0.98.
Kv (Parameter for variation of groundwater recessi.n rates). This
parameter has been introduced 1in the groundwater outflow equation, 1n
order to add flexibility in the simulation of groundwater outflow.
Groundwater outflow GWF at any time 1s given by»
GWF = LKK4 x (1 O + KV x GWS) x SGW
where GWS 1s groundwater slope and SGW 1s groundwater storage. The
parameter LKK4 1s defined as LKK4 = 1.0 - (KK24)'%3 . When KV 18 zero
and there 1s no inflow to SGW, the groundwater outflow equation reproduces
the commonly used logarithmic depletion curve, 1L e the flov after a
period of n days decreases by (KK24)n and a semi-logarithmic plot of
discharge against time 18 a straight line. Crawford and Linsley (1966),
justify the use of KV by reasoning that ",.. 1f the typical daily dry
season recession rate 1n a stream 1s 0 99 and a recession of 0.98 15 more
typical, when the groundwater storages are being recharged, the value of
KK24 can be set to 0 99 and the value of the parameter KV can be adjusted
so that 1.0 + KV x GWS will reduce the effective recession rate to 0O 98
during recharge period"
For the Browney basin a KV value of 1.0 was adopted.
POWER  (Exponent of the infiltration curve equation). The infiltration
curve equation 1s in the form of
CB

POWER
(TZS/LZS§)

in which 3 1s the infiltration volume. Black (1973) reported that numerous

B

trials with H S.P (Hydrocomp Simulation Programming), the successor
to the Stanford model, have shown that a value of 2 0 1s applicable over

a wide range of watershed conditions. Consequently this value of POWER
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was adopted for the Rrowney basin

UZSNWF. (Weight factor in equation UZSNT - UZSN + UZSNWF x AEPI). The
value of this parameter 1s assumed to be zero By this assumption, the
seasonal variation in the surface storage due to changes 1n vegetation
and farming practices 1s not considered significant.

UZS, LZS, SGW, GWS, RES, SRGX, SCEP and AEPI (Initial storages). These

parameters simulate the land moisture conditions at the beginning of the

run and they are defined as

Uzs (Initial upper zone storage)

LZS (Initial lower zone storage)

SGW (Initial groundwater storage)

GWS (Initial groundwater slope)

RES (Initi1al surface detention storage)

SRGX (Initial interflow detention storage)

SCEP (Initial interception storage)

AEPI  (Antecedent potential Et index)
KS1 (Hourly stream channel storage recession parameter) This para-
meter is a time distribution factor, determined by the formula

Discharge in hr (t+1)

KS1 = Discharge in hr (t)

or by graphical techniques suggested by Barnes (1939) and described by
Linsley et al (1949, 1958) In the model KS1 1s a part of the equation
0, =1 - KS1 (1 - 01), which 1s adopted to route the outflow hydrograph
produced by channel translation calculations through a storage system
to simulate attenuction in the channel system O2 1s outflow at time
tz, 01 at time tl, and T 1s average inflow at times t2 and t

1

Channel system To simulate the channel system in the model, a mod-

ification of Clark’s (1945) empirical routing method is applied
In this simple routing method, called a time-area curve, Clark

assumed that a plot of time of flow from any point 1n the watershed to
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the outlet represents an outflow hydrograph, when 1t 1s caused by a short
rainfall. 1In this method, attenuation due to channel storage 1s neglected

In the Stanford model, since the land surface 1s modelled sep-
arately, Clark’s method 1s modified and called the channel-time-delay
curve. It represents an outflow hydrograph which 1s a response to an
instantaneous surge of inflow to the system Attenuation due to storage
18 represented by reservoir routing A channel-time-delay curve and
histogram are shown in Fig 71 To construct such a curve for a water-
shed the Manning equation may be used to find an estimate of the time of
flow from any point 1in the channel system to the outlet for any assumed
discharge,

Alternatively for a basin of a size equal to or greater than that
of the Browney, the time-delay histogram could be calculated from typical
hydrographs of the watershed This 1s because for such gas:ns the shape
of the outflow hydrograph 1s primarily dependent on the channel system,

For the Browney basin the hydrograph resulting from a storm on 5th
November, 1967 was chosen. This hydrograph, was divided into eight
elements each of six hours duration The fraction of the area under each
element was obtained by planimetry The corresponding elements 1n the
hydrograph, then, represented the elements of the channel-time-delay

histogram adopted for the basin, and are presented in the following Table

Table 49 Elements of channel-time-delay histogram

0.09 ] 0.29 | 033|015 |0.06 | 004 jOO03 | O0O01
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Channel flow time to outlet
{After Crawford & Linsley (1966))

Fi19.71 CHANNEL-TIME -DELAY CURVE
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CHAPTER NINE

SENSITIVITY TESTS AND OPTIMIZATION OF THE FITTED PARAMETERS

Fitted parameters, used in the Stanford Watershed Model, are those
that cannot be measured easily. To decide on their values for a part-
icular catchment, therefore, their sensitivities should be Lested
before they are optimized.

The sensitivity of a parameter in a hydrological model, refers to
the degree of variation of simulated flow as a result of changing the
value of that parameter Among the fitted parameters in the model, some
are more sensitive than others, while there are some which do not affect
the output significantly The sensitivity of a parameter, of course,
depends to a large extent on the conditions of the watershed to which
the model 1s applied.

Optimization, as referred to hydrological models, 1s the selection
of fitted parameters by closely matching the siwulated flow to che re-
corded one. If the parameters of the model are not correctly optimized,
the model would be unfit for any forecasting or synthesizing of stream-
flow The success of a watershed model, therefore, depends to some ex-
tent on the realistic optimization of rhe parameters and that in turn 1s
dependent on the researcher’s judgement ard his knowledge of the hydro-
logic cycle

Dawdy and 0’Donnell (1965) refer to other requirements for closely
fitting the simulated flow to recorded flow by a hydrologic model  These
requirements, thev mention, are the hydrclogic validity of the mathe-
matical model, the accuracy of the data used, the method of fitting the
model to the data and the criteria used for closeness of fit

The more refined a hydrologic model 1s, the more fitted paramecters
1t would contain which need to be optimized The increased number of

such parameters results in extra complexity in the model and manual
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optimization would then be difficult. For this reason several attempts
have been made to devise some automatic means of optimization Examples
of such methods are given by Dawdy and O’Donnell (1965), Ibbitt and
0’Donnell (1971) and James (1972).

In this study manual optimization has been followed. The guide-
lines given 1n the published report of Crawford and Linsley (1966), which
were briefly explained i1n the earlier chapter, were used initially.
However some of these 1nitial values were changed after many unsuccessful
trials The criteria of closeness of fit and decision on the final
values of the optimized parameters were based on the total yearly and
monthly flows as well as the shape of daily hydrographs over the whole
year. )

James (1972), in optimization of the parameters of the Stanford
Watershed Model by an automatic method, noticed that several combinations
of parameters could produce nearly equally good results. One combinationr
simulated better peak flows while another produced low flows more accurately

In the trial and error method adopted i1n this study, an attempt
was made to find that combination which could best simulate the peak
flows, as well as low flows, simultaneously. This criteria of closeness
of fit was examined by comparing the frequency distribution of the actual
and simulated daily flows. The choice of this criteria was in accord-
ance with the objectives in this study
1. To test the ability of the model to predict runoff from the Browney
catchment wrthout any particular emphasis on the high or low flows
2. To get an understanding of those components of the water balance
equation within the catchment which are not easily studied in other ways
e g actual evapotlranspiration and groundwater flow.

The water year 1972 was used for the initial sensitivity tests

and optimization Normally for any optimization run, depending on the

purpose of the application of the model, one or more representativc years
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of data would be employed. For example, 1f the model 1s to be used for
forecasting peak rates of flow, a water year with high peak flows would
be employed. Under some other conditions, for example i1r reservoir
construction, the purpose of the model might be to predict drought
periods., In such a case water years with high peak flows would not be
of such importance

With the objectives of the present study in mind, no particular
emphasis was given to the selection of the period for testing and optimi-
zation and the available data for the water year 1972 were used for the
purpose of 1nitial testing and optimization., It should be mentioned
that throughout this study the hydrographs of mean daily flow were
drawn by the computer graph-plotter at Durham University The program
written for this purpose 1s shown in Appendix IV.

Results of the sensitivity tests

The results of the sensitivity tests with the major parameters are
given below These tests were carried out by running the model, and
varying one parameter at a time The results were then used for the
selection of the sensitive parameters in the trial and error optimization.
The parameters initially considered were CB, LZSN, UZSN, CC, K3, K24L,
LZS, UZS, KK24, IRC, and KV
CB (Infiltration index) The effect of CB under the climatic conditions
of the Browney catchment may be observed by referring to Figs. 72 and 73
and Table A (Appendix V). Fig.72 and Table A (Appendix V) present the
monthly sinmwlated flow for CB values of 0.01, 0.1 and 0 6, while the
hydrographs of mean daily flows of CB 0.1 and 0.01 are plotted in Fig 73
In this figure the hydrograph of CB with a value of 0.6 was omitted for
reason of clarity. From Fi1g.73 1t 1s clear that decreasing the value
of CB, increases the peak rate of flow by 1increasing the surface runoff
and decreasing the groundwater flow.

During the months of January, February aand March, rainfall and
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low infiltration have resulted in large amounts of surface runoff. Under
higher CB values, however, the amount of direct runoff has been low and
mach of the rainfall has infiltrated into the so1l to be stored and sub-
sequently released as groundwater flow This 1s very clearly shown by
the comparison of simulation results of a CB value of 0.01 with either
the 0.1 or 0.6 (F1g.72 and Table A (Appendix V) This shows
that monthly flows during the summer season are much lower for low CB
values than for higher ones. An exception 1s the flow during July 1972
which was higher for lower CB values. This was because of a rainfall
depth of 2.84 i1nches (72.0 mm) occurring during that month The low CB
value of 0.0l resulted in large amounts of surface runoff which com-
pensated for the 1low groundwater flow

Another 1mportant observation of the effecr of CB can be made by
comparing the monthly simulated values of April, July, August and Sept-
ember During these moaths the flow 18 higher for the CB value of 0 1
as compared with the simulated flows of O Ol and 0.6. From these re-
sults, 1t 1s inferred that there 1s a threshold value of CB above which
the lower direct runoff compenent results in lower flows than of the
threshold value, z2nd below which the low infiltration, with a subsequent
lower base flow, produces lower total flow.

To show the variation of high mean daily flows with CB, two examples
from 26th January and 4th February, 1972 are cited For 26th January,
the peak flow due to a CB value of 0.0l 1s about three times that of a
CB value of 0.1 and for 4th February, the peak due to a CB value of 0.01
1s almost twice as much as that due to a CB value of 0 1

The effect of CB upon the volume of flow for the year 1972 1s shown
in Table A (Appendix V). For this yedar, which 1s a year of average flow,
decreasing the CB value has resulted 1n i1ncreasing the simulated flow
This effect, however, was revecsed when the data for the yeer 1973, a

dry year, wvere employed, (1 e decreasing CB values reduced the total
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flow) Table B (Appendix V) The reason may be explained by the fact that
a low CB value under a low rainfall condition would decrease the base-
flow and increase evapotranspiration In such a case any surface runoff
would be stored in the upper zone which serves for satisfying evapotrans-
piration demand occurring at the potential rate.

LZSN (Nominal lower zone storage) The effect of LZSN on simulated
flow can be described by referring to Figs. 74 and 75 and Table C
(Appendix V). Fig.74 shows that decreasing the value of LZSN from 7 5
inches (190 5 mm) to 5 5 inches (140 O mm) has 1increased the peak rates
of flow Taking the mean daily value of 27th January, for instance,
there 18 an Increase of approximately 20 per cent with a decrease of
about 27 per cent in the value of LZSN.

From Table C (Appendix V), 1t 1s observed that decreasing the LZSN
value by 27 per cent has increased the yearly value by about 13 per cent
However, this yearly increase 1s mostly due to increases of flow during
the winter months In fact there 1s a slight decrease in the monthly
flows of the summer months

These observations could be accounted for by considerirg the phy-
sical basis and formulation of the model The fact that a lower value
of LZSN 1ncreases runoff is because a shallow soil with a low moisture
holding capacity will not be able to retain as much moisture as a deep
soil, Any precipitation 1n excess of the moisture holding capacity,
therefore, results in runoff.

The sii1ghtly lower summer monthly flows associated with a LZSN
value of 5.5 inches (140 O mm) as compared with 7 5 inches (190.5 =m),
1s however explained by teferring to the modelling of the actual evapo-
transpiration process. Since the rate of actual evapotranspiration from
the lower zone 1s assumed to be proportional to the ratio of LZS/LZSN'
1t is tc be expected that with a constant value of LZS, a lower LZSN will

resulf 1n nigher evapotranspiration This cffect, on a long term basis,
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depletes the lower zone and hence reduces runoff

UZSN (Nominal upper zone storage). This parameter 1s by far one of the
most i1mportant ones under the hydrological regire prevailing in the
Browney catchment and in those areas where precipitation 1s uniform
throughout the year. 1Its 1mportance 1s partly due to 1ts retarding
effect on direct runoff.

UZSN 1s also important because of 1ts effect on actual evapotrans-
piration. In the Stanford Watershed Model, actual evapotranspiration
15 assumed to be equal to the potential value provided that moisture 1s
available i1n the upper zone It 18, therefore, concluded that 1f the
value of UZSN 1s under-estimated, incorrect peaks could result during
the summer seasons of high evapotranspiration demand. Conversely 1f UZSN
18 over-estimated, the runoff values might be under-estimated. The
discussion presented i1n the above paragraphs can be verified by referring
to Figs 76 and 77 and Table D (Appendix V), which show the mean daily
and monthly flows of two runs of simulation obtained with two different
values of UZSN 1.e. 1 O inches (25 4 mm) and 0.3 inches ( 7.6 mm).

Thus, 1t 18 observed that the simulated flows resulting from a UZSN
value of 0.3 1nches (7 6 mm) have produced peaks which are much higher
than those of a UZSN value of 1.0 inches (25.4 mm). An example 1s the
artificial peak which 1s produced by about 1 1 inches (28 0 mm)
on 23rd and 24th July,1972. Since UZSN 1s lower than what 1t should be
1.e, 0.3 1nches (7.6 mm) not much of the rainfall received has served
for evapotranspiration or delayed infiltration This however, 1s not the
case with a UZSN value of 1 O inches (25 4 mm) which by virtue of its
high storage capacity, has retarded much of surface runoff and thus,
has produced a much lower peak (Fig 76). On a yearly basis increasing
UZSN from O 3 to 1 O has reduced the total flow by some 20 per cent.

CC (Interflow index). The effect of this parameter on simulated flows

was studied by the results of two runs during the inic:al stage of the
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sensitivity testing. These results are presented in Table E (Appendixn V)
The immediate conclusion from studying the yearly and monthly values 1in
this table was that the interftlow index does not affect the simulation
of flows significantly

This conclusion, though valid under the above circumstances,
(Table E (Appendix V), high infiltration value of Q0 6), was rejected
later when an optimized CB value of O 1 vas used 1In two subsequent
trials with CC values of 0.5 and 3 0, 1t was found that peak values of
runoff were increased as a result of lowering CC values from 3 0 to 0 5

(Fig 78 ) The increase in the peak flows, thus obtained, 1s clearly re-
flected 1n the monthly and yearly flows, (Table F (Appendix V)).

The results obtained from these two sets of values with CC cap be
explained by considering the role of CC (assigning the level of inter-
flow relative to overland flow) and the infiltration index CB

For the first two runs since the value of CB was very high, almost
all the precipitation had infiltrated without significant surface runoff
occurring. Therefore, under this conditinn, the CC parameter was not of
any significance in altering the level of interflow relative to over-
land flow.

The results obtained from cthe latter observation, however, reflected
the significance of the CC value, because a CB value, representative of
catchment infiltration, had resulted in proper distribution of direct
runoff and baseflow. Under this condition, therefore, the lower CC
value of 0.5 had i1ncreased overland flow relative to interflow, and so
had 1ncreased the hydrograph peak.

K3  (Actual evapotranspiration loss index). This parameter has been
one of the least sensitive i1n this study Tncreasing its value from
0.20 to 0 25 (25 per cent increase) did not result in any change of flow
(Table G (Appendix V)) Fig 79 shows the hydrographs of mean darly

flow for two runs with K3 values of 0 20 and 0 25. Though the perfect
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coincidence of the two hydrographs proves the insensitivity of K3 under
the hydrolegical conditions prevailing in the Browney basin, 1t was
thought worthwhile to test the sensitivity of K3 for another water year
For this purpose the dry year of 1973 was used. The results of runs
with this year also verified the insensitivity of K3 (Table H (Appendix V))
From Table H (Appendix V) 1t 1s noticed that increasing K3 by 25
per cent has reduced the yearly flow by 1 3 per cent
K24L  (Deep percolation 1index) In order to get an estimate of the
sensitivity of this parameter, the model was run using two different
values of K24L, 1 e. O 25 and 0 00 The hydrographs of daily flows and
monthly flows for these two runs are presented in Figs 80 and 8l. The
monthly and yearly values are also tabulated in Table I (Appendix V)).
The total yearly percolation of water to the i1nactive groundwater
zone 1,e leakage, was about 17 per cent Since deep percolation 1s a
fixed portion of the 1nflow to groundwater, and since i1nflow toc ground-
water 1s a function of the infiltration index, the water loss for any
specific K24L value therefore increases with increasing CB values
K24EL. (Groundwater evapotranspiration parameter) Decreasing the
value of K24EL 1increases the total runoff. Under conditions of no moisture
deficiency, actual Et would equal the potential value and, therefore,
this parameter will not affect the simulated flow The effect of this
parameter for a dry year however, 1s very much more pronounced
For the sensitivity testL of this parameter, the dry year of 1973
was used The monthly simulated flows for this year for two runs with
K24L values of O 1 and 0 2 are presented i1n Fig 82 and Table J (Appendix V)
The yearly flow has decreased by 7 per cent as a resilt of raising the
K24EL value from 0 1 to O 2. From the plot of monthly flows, 1t 1s
observed, that the yearly increase of 7 per cent occurred during the

summer months, when low moilsture availability prevented evapotranspiration
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from taking place at the potential rate
uzs (Initi1al upper zone storage) The effect of this parameter is
very pronounced during the first few months of the run., Fig 83 shows
the hydrographs of two rums with UZS values of 1.00 inches (25 4 mm)
and 0 00. The monthly values are also presented in Table K (Appendix V).
The simulated flow during October and November due to a UZS value of
1 00 inches (25 4 mm) are higher than those due to a UZS value of 0.00
by some 118 per cent and 26 per cent respectively The initial high UZS
value of 1 0 i1nches (25.4 mm) has also increased the simulated flow
during the months following November However, this effect has been
slight.

The explanation for this observation 1s that when the storage 1s
high, 1t can notprevent any overland {low due to precipitation, and
moreover some molsture from upper zone storage serves as delayed in-
filtration, thus i1ncreasing the groundwater flow The combined effects
of these two factors, therefore, result in high runoff volumes, until
the storage 1s depleted to 1ts normal capacity.

The per cent increase in the total yearly flow due to i1ncreasing
the UZS value has been about 7 per cent.

LZS (Initial lower zone storage). The initial lower zone storage 1s
also very important in affecting the runoff volume The effect of this
parameter, like that of UZS, 1s well pronounced at the start of the run
F1g.84 shows the plot of two simulated hydrographs due to LZS values of
5.00 inches {127 mm) and 8 00 inches (103.2 mm). The monthly values are
also presented 1n Table L (Appendix V)

The change 1n the yearly value of runoff due to the increase of the
LZS value 1s about 22 per cent. The table of monthly values shows that
the runoff volume of almost every month has been increased
IRC (Interflow recession rate). To 1nvestigate the sensitivity of IRC,

the parvameier whose value was detevrmined initially by Barnes’® method of
I y
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hydrograph analysis, the model was run twice using IRC values of 0.70

and O 50 The monthly values of these two runs are presented in Table M
(Appendix V), and the corresponding daily hydrographs are shown in Fig 85
From these results 1t 1s observed that the yearly totals have not been
affected by the change in IRC value 1 e the yearly rotals for both runs
are 9.8 inches., The variation of monthly flows and daily flows due to
this change 1n IRC values has also been slight.

KK24  (Groundwater recession rate) The value of this parameter like
IRC, was determined by Barnes’® method of hydrograph analysis However,
since minor trial and error adjustment was thought to be necessary, a
sensitivity test was carried out by running the model with KK24 values

of 0.99 and 0 90 respectively Fig 86 shous how a 10 per cent decrease
of this parameter has 1increased the peak values at the expense of the

dry flows The yearly total was also affected by this variation of KK24
i.e the 10 per cent decrease in KK24 resulted in an approximately 10 per
cent increase in the value of the yearly flow. The trend of monthly

flow variation due to KK24, Table N (Appendix V), 1s explained by the
fact that when the KK24 value 1s lower than a certain amount, the slope
of 1ts recession curve would be higher, thus any inflow to the ground-
water storage will be depleted at a faster rate than that with the

higher KK24 value. This explanation, therefore, accounts for lower flows
(with a KK24 value of 0.9 as compared to 0 99) during the summer months
excluding August. During this month, a precipitation depth of 6.4 inches
(163 mm), contributed to groundwater storage which was depleted subsequently
KV (Groundwater recession variable output) To study the effect of this
parameter on the simulated flows, the model was run twice, using KV values
of 1.00 and 0.00 The hydrographs of daily flows obtained are presented
in F1g.87 and their monthly values are given i1n Table 0 (Appendix V)

From a study of these results 1t 1s noticed that a KV value of 1 00, has

increased the wmonthly flows duting the wiuter months, the perrod when the
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volume of moisture 1in groundwater storage 1s high, whereas the flow during
the summer months has been decreased

The increase 1n the yearly value, using a KV value of 1 0, has
been about 5 per cent

The explanation for this effect of KV can be given by referring to
1ts 1nclusion 1n the groundwater outflow cquation

GWF = LKK4x (1 O + KV x GWS)x SGW

In this equation, KV behaves in such a way that when inflow to ground-
water storage 1s taking place, the recession rate i1s lower, whereas dur-
ing dry periods, the recession rate 1s steeper,

Optimization results

Numerous trials were run vhile information was being collected
concerning the working of the model and the sensitivity of the parameters
Almost all the parameters were varied, one at a time, during these trial
runs The parameters, however, which were not tested were those controll-
ing the monthly and raingauge potential evapotranspiration. The reason
for not varying these was that not enough measured evapolranspiration
data were collected from the evapotranspirometric studies which were
being carried our concurrently with this study Lack of accurate
potential evapotranspiration values, therefore, did not allow precise
estimation of Et parameters., It was thought that any trial and error
variation of these optional parameters would add to the complexity of
the calibration of the model and thus would mask the effects of the
other parameters controlling the runoff volumes. Penman Et values (albedo
0.25), wvere, therefore, thought to be the most representative for the
catchment during the 1initial runs.

The 1nitial objective for the calibration of the model was set to
be the total yearly and seasonal distribution ¢f the flow 1In fact using
the guidelines provided by Crawford and Lirsley (1966) 1t was possible to

roduce a simulated yearly valuc which cluseiy watched the recorded one
Yy

)
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i.e 10.09 1inches (256 3 mm) simulated and 10 02 inches (254 5 mm) recorded.
However, when the seasonal values of simulated and recorded f{lows were
considered, 1t was noticed that the simulated flows during the summer
months were higher than tne recorded flows while during the months pre-
ceding the summer season they were lower Referring to the values of
the main parameters in the run of the model 1.e LZSN, CB and UZSN which
were 7.5 inches (190.5 mm) O 6 and 0.6 inches (17 4 mm) respectively and
considering the results of the sensitivity tests,outlined earlier, it
was concluded that the CB value was rather high. It was the high CB
value which had resulted in too much baseflow at the expense of low
direct runoff during February, March and April Another reason for the
high runoff values during the summer wonths, which was not recognised
then, was probably the result of low evapotranspiration values (Penman
Et) used, which 1n fact were later found to be too low for the summer
period

A third source of error or rather uncertainty ir ffie symulation
was 1n the estimation of the initial soil moisture conditions 1in the
upper zone, lower zone and groundwater storage As was shown 1in the
results of the sensitivily tests, these parameters affecl. the initial
conditions significantly High values of these parameters could 1increase
the flows during the first few months and thus affect the yearly values.
Indeed, difficulties in the selection of these parameters explain partly
why the calibration of the model should preferably be based on two or
more years of data.

The parameters estimated for the initial runs of the water year
1972, were thus changed 1n order to more closely match the yearly total
as well as the seasonal distribution of simulated and 1ecorded flows
When one set of optimized parameters wvas obtained, 1t was used for other
years, In one case the application of the calilrated parameters to

other years produced results which under-estimated the yearly flows by
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some 30 to 35 per cent for two years, while 1t over-estimated another
year by just 2 per cent.

A study of these results and the parameters used, showed that the
main runoff parameters r.e LZSN, CB, UZSN were quite close to their
optimized values. However, since Lhe i1nitial moisture conditions used
in the simulation were different from those at the end of the preceding
water year, some error had occurred. This source of error, Lherefore,
was corrected by using LZS, UZS, SGW and GWS values for each year derived
from those at the end of the preceding year Thus the results turned oult
to be more reasonable,

Application of the Penman E02 values, obtained from correlation with
measured Et better matched the yearly and seasonal values. The effect
of the evapotranspiration inputr data on the simulated flow will be pre-
sented 1n the following chapter.

After the calibration of the volumetric parameters, attempls were
made to fit the shape of the hydrograph of simulated flow to that of tne
recorded flow. For this reason, the recession parameter KK24 was changed
slightly.

The results of the optimization of the parameters are given 1in
Table 50 These results were used to simulate the flow of the years 1569,
1970, 1971 and 1973. Together with the year of 1972, therefore, five
years of flow have been simulated and the results will be discussed 1in

the following chapter
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Table 50 The values of parameters used for the simulation of
the flow in the Browney catchment by Stanford
Watershed Model IV, starting lst January,1969

Parameter

Ky 1.17 Calculated
IMPV 0.05 Measured
EPXM 0.10 inches (2 5 mm) Estimated
UZSN 0.45 inches (11 4 mm) Optimized
LZSN 6.50 inches (165 1 mm) Optimized
CB 0.10 Optimized
cc 0.60 Optimized
K3 0.23 Estimated
K24L 0 00 Estimated
K24EL 0.05 Estimated
L 936 ft (285 m) Calculated
SS 0.06 Calculated
NN 0.30 Estimated
IRC 0.70 Calculated
KK24 0.99 Optimized
KV 1 00 Optimized
vzs 2.20 inches (55.9 mm) Optimized
LZS 13.10 inches (332 7 mm) Optimized
SGW 1 70 inches ( 43.2 mm) Gptimized
GWS 1.70 inches (43.2 mm) Optimized
RES 0.00 Estimated
SRGX 0 01l Estimated
SCEP 0.10 Estimated
AEPT 0 10 Estimated




257,

CHAPTER TEN

SIMULATION RESULTS AND DISCUSSION

Simulation results of vater year 1972

The water year 1972 was used for optimization of the fitted para-
meters. The criteria of optimization, were the yearly total flow,
monthly total flow and the hydrograph shape The hydrographs of the
monthly flow and the mean daily flow for this year are presented 1in
Figs. 88 and 89 The yearly total, mean monthly values, standard de-
viation of the monthly values and the correlation coefficient between
simulated and recorded monthly values are shown in Table 51 The differ-
ence 1n the yearly totals of the actual and simulated flows 1s less than
3 per cent of the actual flow The correlation coefficient of 0 99 for
monthly flow shows that the monthly values are highly correlated. The
correspondence between the monthly totals ¢s shown 1n F1g.88

Table 51 Yearly total flows, mezn monthly flow, standard

deviation of the monthly flow and the correlation

coefficient between monthly recorded and simulated
flows, water year 1972

Yearly total | Mean monthly Standard Monthly
ft3/sec ft3/sec Deviation 222?;13::2:
(m”/sec) (m™ /sec)
Recorded flow 18788 0 1567 7 1619.2
(533 06) (44.5) 0.99
Simulated flow 18229.0 1518 8 1344.6
(517 2) (43 1)

Fi1g 89 shows how closely the hydrographs of actual and simulated
mean daily flows match each other There are, as expected, some peaks
in the hydrograph of the recorded flows which are not reproduced by the
model. As an example, the highest peak of actual flow which occurred
in early February, 1s not simulated by the model. In fact this specific

pedak was not simulated in any of the numerous trials of the model Only
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a CB (infiltration index) of O Ol which increased some other peaks by
300 per cent, produced a mean daily flow approximately matching the
actual flow Under this very low CB value, the baseflow was, however,
too low, Fig 72.

There are on the other hand some flows 1n the simulated daily
hydrograph which over-cstimate those i1n the actual hydrograph As an
example, the minor peak in late July could be cited The two main possible
sources of errors causing such discrepancies are
1. 1Inaccurate input data
2. Empirical representation of some of the processes 1involved
0f the i1nput data, the hourly rainfall is the most significant 1in the
simulation results. For the Browney basin the recording Casella gauge 1s
located close to the lower part of the basin The value of the catch of
rain by this gauge times K1 (parameter cxpressing the ratio of mean rain-
fall over the catchment to that at Durham Observatory), might not have
been representative of the actual rain depth over the catchment at all
times. Owlrg to the spatial variations of rainfall over the catchment,
K1 varies during each rain Malfunctioning of the pen of the gauge could
also result 1in erroneous rainfall data River gauglng stations, no matter
how accuratigthey measure the streamflow, could also result in up to a
ten to fifteen per cent ertror

The second source of errors £S5 due to temporal and sparial varia-
tions of the individual hydrologic processes occurring within the catch-
ment  As aun example, the estimation of the infiltration process within
a catchment by an average value 1s far from being accurate This 1s
because 1nfiltration 1s a function of soil surface cover, water content
of the soil, hydraulic conductivity of the soil, soil texture, soil
structure and temperature. Fach of these factors mentioned depends on
other parameters which vary from location to location and from time to

time From this discussion, 1t follows that therc are some elements of
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empiricism 1n the mathematical representations of these hydrologic pro-
cesses Of all the processes in the Stanford Watershed Model IV, the
channel system 1s the most empirical This 1s because of the adoption
of a single time-delay-histogram for all conditions of flow, without
any consideration of t-e dimensions of the channel system This weakness
of the Stanford Watershed Model had been recognised by 1its authors and
in H S.P. (Hydrocomp Simulation Programming), which 1s the successor to
the Stanford Watershed Model, the "Kinematic Wave'" routing has been sub-
stituted for the Clarks’ channel-time-delay histogram (Black,1973).
Kinematic wave theory refers to the movement of a flood wave in the
downstream section of a river channel The kinematic movement of the
wave 1s governed by the continuity equation —% + B —% = o, which re-
flects the storage mechanism (Fleming and Fahmy, 1973) In this formula

Q - 1s discharge at the ‘cross section’ -

x - is the distance 1n the direction of flow

y - is the vertical depth of flow and

t - 18 the time

In this approach the actual channel dimensions and roughness co-
efficients are used and continuous stage and d'echarge throughout the
system are calculated

Results of application of the model to other years

Table 52 shows the five year total flow, mean monthly flow, standard
deviation of mean monthly flow and the correlation coefficient between
the recorded and simulated monthly flows for the period January 1969 to
Scptember 1973.

For the individual years, similar tables are presented i1n Lhe
following paragraphs (Tables53 to 56). The graphs of monthly variations
are shown in Figs 90 to 93

Considering the five year results, the recorded mean monthly value

exceeds the simulalea value by some 2 per cent (Taple 52).
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Five year total flow, mean monthly flow, standard
deviation of the monthly flow and the correlation
coefficient between monthly recorded and simulated
flows, January 1969 to September 1973

i

5 year Mean
total monthly Standard Monthly
ELzlsec ft3/sec Deviation Correlation
(" /sec) (m3/sec)
Recorded flow 97078 85 1668 05 1451 86
(2757 0) (47.37)
0.9
Simulated flow | 93054 21 1632 53 1537.83
(2642 7) (46.36)

Table 53

Yearly total flow, mean monthly flow, standard

deviation of the monthly flow and the correlation
coefficicent between monthly recorded and simulated
flows, Janudry to Seprember 15095,

Yearly Mean
total monthly Standard Correlation
ft3/sec ft3/sec deviation Coefticiert
(m3/sec) (m3/sed)
Recorded flow | 26509 5 2945 5 1833 1
(752 9) (83 6) 0 90
Simulated Ilow | 26000 1 2888.9 1997.7
(738 4) (82 0)

A monthly correlation coefficient of O 94 shows that the recorded and

simulated monthly flows are highly correlated

For the individual years

of 1969 (Jan-Sept) (Table 53), 1970 (Table 54) and 1971 (Table 55), the

correlation coefficients are high and the mean monthly values or yearly

totals of the recorded and simulated flows vary by only 1 9 to 8 7 per

cent. The results for the water year 1973, however, show that simulated

mean monthily flow under-estimates the recorded flow by some 38 per cent

(Table 56),

correlation between the monthly values

A correlation coefficient of 0.57 shows that Lhere 1s no

Due to this appreciable difference between recorded and simulated
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Table 54 Yearly total flow, mean monthly flow, standard

deviation of the monthly flow and the correlation
coefficient between monthly recorded and simulated
flows,water year 1970

Yearly Mean
total monthly Standard Correlation
ft3/sec ft3/sec Deviation coefficirenc
(m~/sec) (m~/sec)
Recorded flow | 22076 O 1835 5 1561.8
(625 5) (52.1)
0.97
Simulated flow| 23936 4 1994.7 1902 4
(679.8) (56 6)
Table 55 Yearly total flow, mean mouthly flow, standard
deviation of the monthly flow and the correlation
ccefficiont botroen montbhly recorded and simulated
flows, water year 1971
Year}y Mean Standard Correlation
Ltota monthly deviation coefficient
3 3
ft /sec ft7/sec
(m3/sec) (m3/sec)
Recorded flow | 17593 2 1466.1 953 8
(499 6) (41.6) 0.96
Simulated flow| 18368 4 1530 7 948 4
(521 7) (43 5)

Table 56

Yearly total flow, mean monthly flow, standard
deviation of the monthly flow and correlation
coefficient between monthly recorded and simulated
flows, water year 1973

Yearly Mean Standard Cotrelation

t%tal monthly Deviation cocfficient

it”/sec ft3/sec

(m3/sec) (m3/sec) )
Recorded flow 10160 4 846 7 394 4

(288 6) (24 0)

0 57

Simulated flow 6388 4 523 4 119 8

(181 & (14 D
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flow for the water year 1973, the flow for this year was simulated using
lower values of LZSN and CB It was thought that 1f the optimized
parameters used were not representative, thus resulting in low simulated
flow for 1973, then, lower values of LZSN and CB, (5 5 and O 05 respect-
1vely) should increase .he simulation results for this year This however
proved not to be the case, 1 e. the total f{low obtained was only 2 per
cent higher than the one obtained with the LZSN of 6 5 and CB of 0 1
(Fig 94).

0f course decreasing the values of LZSN and CB affect the simu-
lated flows for the other years as well This point was discussed earlier
1n connection with the sensitivity tests,of parameters as applied to the
Browney catchment Yet another example could be given for the water
year 1971, when lowering the CB value from 0 1 to O 06 i1ncreased the
yearly runoff by more than 18 per cent and the runoff duiing the month
of August by more than 44 per cent (Table 57) August has been the month
with 7 32 inches (186 mm) of rain and thus 1t 1s clear how Jowering the
CB value could result in such an increase in the simulated flow of this
month and that of the whole water year.

Considering this effect of CB upon the simulated flow during the
water year 1971, 1t 1s concluded that lowering the CB value not only
has not corrected the under-estimation of flow during water year 1973,
but 1t could also have resulted 1n 1increasing the flow for other years
significantly

It should also be mentioned that 1f the CB value 1s too low, peak
flows will be over-estimated and the baseflow would be under-estimated
(Crawford et al, 1966), and conversely that 1f the CB value 1s high, peaks
would be too low while baseflow 1s too high.

Since for the water year 1973, the baseflcw has been properly
simulated (Fig 98), therefore 1t can be stated that the value of CB which

has been correct in simulating the flows during 1969 to 1972 1s not 1in
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error for 1973 as well To explain the probable reasons for under-
estimation of the simulated flow during the water year 1973, the follow-
1ng statements can be made.
1. The formulation of the process of actual evapotranspiration might
have resulted in such under-estimation of simulated flow According to
the model, actual evapotranspiration occurs at the potential rate 1f
there 1s moisture available i1n the upper zone storage (UZSN). During
the water year 1973, an exceptional year with the lowesiL total runoff
in the 17 years of study, 72 per cent of the precipitation occurred
during the summer months, (Table 39) The distribution of precipitation,
the high evapotranspiration demand during the summer and the modelling
of the actual evapotranspiration process, therefore, might have caused
the loss of too much moisture through evapotranspiration and thus pro-
duced low simulated runoff.
2. The ratio of the average segment rainfall to that of the gauge
rainfall (Kl) might have been under-estimated for the storms occurring
during this water year. Thus thisfactor could partly account for the
low simulated flow during this year,
3. The amount of mine water pumped into the river during the year 1973
was about 0.54 inches (13.6 mm) Mine water, thus accounts for about
10 per cent of the total recorded flow during this year, and it, there-
fore, partly explains the low simulated flow during water year 1973,

For the study of mean daily flows, the duration curves of the
simulated and recorded flows are presented in Fig 95 The two duration
curves closely match each other except at the lower end where the sim-
ulated mean daily flows below 10 ft3/sec (0 028 m3/sec) are 9 45 per
cent as compared with 2 2 per cent for the recorded flows.

As far as the reproduction of peak daily flows are concerned,

3
the highest recorded mean daily flow 1s 110% O £t3/sec (31 03 m /sec)

1n August 1971 The corresponding value of the gimuilated flow 1s
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3
984 3 ft Sec (27 6 m3/sec). The variation of simulated and actual mean
daily flows for each year can also be observed from either of Figs. 96

to 99

Baseflow contribution of total runoff

One of the objectives of simulation of the hydiologic regime of a
watershed 1s the estimation of baseflow. The amount of baseflow also
called groundwater flow or dry weather flow and its hydrograph 1s an
indication of the infiltration capacity of a basin and the permeabilities
and storage capacities of the underlying rocks

Kunkle (1962) divided groundwater discharge into two components
bank and basin storage discharge Bank storage 1s due to storage of
runoff during high river stages This component of groundwater 1s not of
much significance for a basin like the Browney due to the rather imper-
meable nature of themainly boulder clay deposits adjacent to the river
Basin storage discharge 1s that portion of precipitation which has in-
filtrated through the surface layers, and upon reaching the main ground-
water zone has been delayed and subsequently released into the streams

It 1s therefore concluded that the distribution, amount and 1in-
tensity of precipitation affects this component of runoff If the pre-
cipitation falls during a period of high evapotranspiration demand, less
water would infiltrate into the soil layer, thus groundwater flow would
decrease,

There are several methods commonly used for the separation and
estimation ot groundwater flow from total flow (Linsley and others ,1958)
For example, baseflow can be estimated by drawing a line joining the
point of rise to a point on the hydrograph N days after the peak, and
measuring the area under this line., Alternatively, the recession curve
prior to the storm can be extended under the peak and then joined to a
point on the hydrograph corresponding to N aays after the peak The

assumptlion made 1n adopting these methods 1s tha. the Lime base of direct
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runoff 1s constant from storm to storm and the value of N 1s estimated
by the size of the basin

Kunkle (1962) mentioned that these methods are difficult to use
and are hard to employ consistently Therefore, he suggested a method
which could consistently be used for comparative study while giving
reasonable precision, He assumed that the basin storage discharge could
be represented graphically by a straight line joining the lowest values
at the end of the year. For the bank storage discharge, he suggested
a series of recession lines having the same slope These recession lines
are connected by a series of straight lines joining the minimum discharge
on semi-log paper

In the Stanford Watershed Model IV, the groundwater outflow 1s re-
presented by an equation of the form

GWF = LKK4 x (1.0 + KVXGWS) x SGW
where GWS 1s groundwater slopeland SGW 1s groundwater storage In this
equation LKK4 = 1 0 - (KK24) /96 where KK24 1s the ratio of current
groundwater discharge to the discharge 24 hours earlier

To show the amount of groundwater f£low by the Stanford Watershed
Model, Table 58 has been prepared. This table shows the amount of ground-
water as a percentage of the total precipitation and as a perceniage of
the recorded and simulated flows for the period January 1969 to September
1973

The percentage of the groundwater flov to total precipitation
varies from 26 03 (corresponding to an annual precipitation of 28 39
inches (721 mm)) to 11 64 (an annual precipitation of 22 50 inches
(572 mm)). The low percentage of 11 64 belongs to year 1973 Though
the depth of precipitation durimg this year was lower than the other
years, the temporal distribution of precipitation was the major reason

for the low value of 11 64 This 1s shown by looking at the percentage

distribution of precipitation during the winter and summer seasons of
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each year (Table 59). During the water year 1973, 72 per cent of the
total precipitration occurred during the summer This figure far exceeds
the corresponding values for other years. Therefore 1t can be concluded
that much of the precipitation during this year was used for the evapo-
transpiration during the summer season This then has resulted in less
moisture infiltration and less groundwater flow for the water year 1973

Table 59 Percentage distribution of precipitation during
the winter and summer seasons of water years

1970-1973
Water year 1970 1971 1972 1973
Winter
(Oct -Mar.) 591 46 5 53.9 28 0
Summer
(April-Sept ) 40 9 53.5 46.1 72.0

A similar explanation could be given for the relatively low per-
centage of groundwater flow to precipitation during the water year 1971
The total precipitation during this year was 30 47 inches (774 mm) which
1s more than those of other years. However, the percentage of ground-
water flow to precipitation during this year has been the lowest (with
the exception of year 1973) Studying the monthly distribution of rain-
fall during the water year 1971 showed that less than 25 per cent of
the yearly rainfall (7 32 inches (186 mm)) had occurred in late August
and September, a period when so1l moisture storage 1s low owing to high
evapotranspiration during the preceding summer months. Thus much of
this rainfall probably had been used i1n replenishing soi1l moisture storage.

Groundwater flow expressed as a percentage of the total recorded
flow varies from 43 4 per cent (corresponding to an annual precipitation
of 25.78 inches (655 mm)) to 71 32 per cent (corresponding to an annual
precipitation of 30.47 inches (774 mm)) The average value for the five

year period 1s 58.13 per cent
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As a percentage of simulated flow, the range 1s from 43.69 to
77 .29 per cent The high value of 77.29 1is due to year 1973, where
simulated flow 1s below the recorded flow by some 38 per cent. The
yearly average for the five year period 1s 62 75 per cent.

As for seasonal variations, Lhe average summer baseflow during the
five year period 1s 62 69 per cent of total flow while the average base-
flow during the winter period it 1s 61 12 per cent.

The percentage of baseflow during the summer could be compared
with those values rcported by Smith (1969) for two catchments i1n the drain-
age basins of the rivers Wear and Tees, north-east England

Using Kunkle (1962) 1n his study of baseflow, he compared the con-
tribution of baseflow to runoff in two upland catchments of a relatively
impermeable nature., The total baseflow, thus obtained, averaged 65 per
cent of the summer discharge for one catchment, as compared to 32 per
cent for the other. He attributed this difference to variations in the
characteristics of catchments,

In a similar study of actual groundwater discharge to the total
river flow for the river Stour, Ineson and Downing (1964) found that
the baseflow from this permeable sandstone catchment ranged between 65
per cent and 78 per cent of the total river flow For the river Itchen,
Hampshire, which has a chalk aquifer, the corresponding values were
between 77 and 90 per cent during the period Qctober 1958 to September
1962,

As far as the average monthly variation of baseflow 1s concerned,
January 1s the month of maximum groundwater flow (five year average of
1 1 inches (28 mm)), and October 1s the month of least groundwater 1 e
0.21 inches (5 mm) During the five year period, the average monthly
groundwater flow decreased from TJanuary till October (with the exception
of a slight rise i1n August which 1s usually caused by high rairfall during

July and August) Groundwater flow i1ncreased during the period October
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to January The monthly variations of baseflow for individual years
are shown 1n Fig 100

Actual evapotranspiralion

The actual evapotranspiration within the Browney catchment can
also be studied from the results of simulation by the use of the Stanford
Watershed Model. These results are shown 1in Table 60 and Figs 101 to
105 Table 60 shows the yearly variation in the values of potential and
actual evapotranspiration

Table 60 Values of potential and actual evapotranspiration and

their respective differences in inches (mm) during
the water year$§1969-1973

Vater year 1969
(Jan -Sept.) 1970 1971 1972 1673

Potential Et 19.03 24.32 20 80 21 52 21 33
(483 4 (617 8) (528 3) (546.7) (541 8)
Actual Et 16 93 20 63 18 58 19 44 18 41
(430 0) (524 0) (471 9) (493 8) (467 6)
Difference 2,10 3.69 2 22 2.08 2.92
(53.4) (93 8) (56 4) (52 9 (74.2)

Differences 1n the yearly values of actual and potential evapo-
transpiration range from 3,69 inches (93.8 mm) to 2 08 inches (52.9 mm),
corresponding to the water year 1970 and 1972 respectively These differ-
ences are due to the amount and distribution of precipitation and poten-
tial evapotranspiration. The relatively high evapotranspiiation demand
of 24,32 inches (617 8 mm) and low precipitation during the summer of 1970
(Fig 102), resulted in the large deficit of 3 69 inches (93 8 mm) The
highest monthly deficit 1s about 1 30 inches (33 mm) 1n June 1970 During
this year, about &4 45 inches (113 mm) of the evapotranspiration demand
was satisfied from soil moisture storage,

Monthly variations of actual cvapotranspiration can be studied

from the water balance d%ﬁﬁmﬂgof the five year period presented 1n
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Figs 101 to 105. 1In each figure the monthly values of rainfall, poten-
tial evapotranspiration and actual evapotranspiralion, as estimated by
the Stanford Watershed Model, are presented.

In these figures the surplus zones show the period and the corres-
ponding amount by which precipitation exceeds evapotranspiration

The zones labelled ‘soil moisture use’, show the period and the
corresponding amount of moisture drawn from the soi1l moisture reserves
This 1s the period during which evapotranspiration 1s 1n excess of pre-
cipitation,.

The deficit zones show the period and the respective amount by
which actual evapotranspiration drops below the potential values. From
a general study of these figures, it 1s shown that actual evapotrans-
piration falls below potential evapotranspiration in March and reacnes
its maximum 1n June or July.

An 1mportant observation from these figures 1s that there are months
during which the total monthly precipitation was 1n excess of the monthly
evapotranspiration, yet actual Et has been below that of potential Et
e.g. Apr1l 1973 or September 1969. This 1s explained by the effects of
an uneven temporal distribution of rain during those months During a
period of evapoiLranspiration demand, for example, no moisture might have
been available, whereas on some other days moisture might have been 1n
excess of evapotranspiration, Since in the Stanford Watershed Model IV,
runoff and other components of the hydrologic cycle (e g. actual eva-
potranspiration) are calculated every 15 minutes, the model therefore
accounts for the effect of any short dry period on evapotranspiration
This short term moisture accounting by the model 1s an advantage when
compared with other rmodels such as that of Penman which was used pre-
viously for the estimation of actual evapotranspiration

Moisture surplus, according to Figs 10l to 105 occurs mostly

during November to Februarv, the period of least evapotranspiration demand.
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During this period some of the surplus moisture will contribute to the
so1l moisture reservorr which has been depleted during the preceding
summer .,

Finally, the method of actual evapotranspiration estimation by the
Stanford Watershed Model can be compared with that o Penman (1949),
which was used i1n the earlier section on evapotranspiration For this
comparison, the yearly values of actual evapotranspiration for the water
year 1971 obtained by the two methods are considered The total actual
evapotranspiration estimated by the Stanford Watershed Model during this
year was lower than the potential Et by about 56 4 mm, Table 60, while
the actual Et calculated by the Penman method 1s lower than potential
value by oniy 5 1 mm (Table 22) Such a difference in the estimation
of actual evapotranspiration by these models can be explained by two
main factors
1 - In the Stanford Watershed Model 1V provision 18 made for direct run-
off which quite often occurs, especially in upland areas due to intense
thundery rain. Thus during a high intensity rainfall, some moisture
might be lost as runoff, while there 1s still some moisture deficiency
1n the so1l In the Penman model, however, no runoff i1s assumed to
occur, untll the whole soi1l moisture deficiency 1s removed
2 - As mentioned earlier actual evapotranspiration i1s calculated every
15 minutes by the Stanford Watershed Model 1In the Penman model, on the
otheir hand, the estimation of actual evapotranspiration was based on
monthly rainfall and potential evapotranspiration data. Thus in the
Penman model, the effect of uneven temporal distribution of rain on
evapotranspiration 1s not considered This effect 1s very important
during one month when there 1s a2 dry period of thiee to four weeks
followed by a high rainfall amount.

Effect of the potential evapotranspiration input data on the results of

streamflow simuiation

Potential evapotranspiration date used in this study to simulate
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runoff were those of the Penman EO2 which were shown to be most re-
presentative of the catchment potential evapotranspiration (See chapter
five) Under circumstances when the accuracy of the evapotranspiration
data 1s unknown, optional parameters available in the Stanford Watershed
Model could be varied 10 order to optimize the evapotranspiration data
This method, however, adds to the complexity of the ontimization pro-
cedure

As part of this study, the Penman potential evapotranspiration
values were used to investigate the effect of differences i1n 1nput
potential evapotranspiration data on the élmulatlon results and also to
test the representativeness of the Penman EO2 values as an indication
of the average potential evapotranspiration within the catchment.

The results of the yearly simulated flows using the Penman Et
values for the five year period under study are shown in Fig.106. On
the same figure the recorded yearly flows and simulated flows using the
Penman EO2 value are plotted These results indicate thal the simulated
flows with Penman Et, exceed those with Penman EOZ’ during each year
of the study The simulated flows with Penman Et also exceed the re-
corded flows during the first four years of the study TFor the water
year 1973, however, the simulated flows with Penman EL are below those
of the recorded flow, though the difference 1s smaller than that ob-
served with Penman EO2 This difference 1s about 26 per cent (1 44
inches (37 mm)).

From a study of Fi1g,.1l06 1t 1s also noticed that the effect of
differences 1n 1nput evapotranspiration has been more pronounced on the
water year 1971 (a relatively wet year), than any other year For this
year, the increase in total simulated flow owing to differences 1in eva-
potranspiration has been 1 39 inches (35 mm) while the corresponding
value for the water year 1970 has been O 41 inches (10 mm) and for the

five year average has been 0 84 inches {21 mw) The resualts can bd ex-
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plained by the fact that the effect of differences i1n the potential
evapotranspiration value on runoff 1s greater under wet than dry con-
ditions. When a lot of moisture 1s available increasing potential eva-
potranspiration values decreases runoff{ by the simplified water balance

formula 1.e 1trunoff =

precipitation - evapotranspiration However under

dry conditions the rate of evapotranspiration 1s controlled by the actual
state of moisture, therefore, the effects of the differences in evapo-
transpiration data upon runoff would depend upon the level of moisture

availability.

The lower the moisture level, the less would be the

effects.

This point can be observed by referring to Table 61, This table
shows that decreasing potential evapotranspiration during August 1971 (a
relatively wet month with 7.32 inches (186 mm) of rain) by 0.47 inches
(12 mm) has resulted i1n a similar reduction i1n actual evapotranspiration
1.e, 0 46 1nches (12 mm). However during August 1970 (a relatively dry
month with 3.0 inches (76 mm) of rain), decreasing potential evapotrans-
piration by 0.59 inches (15 mm) has reduced the actual evapotranspiration
by only 0 21 inches (5 mm), and thus the effect of lowering potential

evapotranspiration has been modified

Table 61+ The effects of differences in potential Et on actual
Et under two different moisture levels

Penman EO Actual Et Penman Et Actual Et
1nches(mm} 1nches(mm) 1nches(mm) 1nches (mm)

Auguet(1971) 2 63 2.56 2.16 2.10
(66.8) (65.0) (54.9) (53 3)

August(1970) 2.85 2,09 2 26 1 88
(72.4) (53.1) (57.4) (47 8)

Figs 107 to 102 show that streamflow 1s almost unaffected during

the winter months

This 1s because the Penman Et and EO2 values do not

vary significantly during Lhe winter period
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To show the effect of evapotranspiration on daily flows, Fig 110
represents the simulated hydrographs of daily flows for August 1971, using
the Penman EO2 and Penman Et values. From this Ffigure 1t 1s observed
that there has been a significant increase in the peak daily flows of l4th
and 15th August with the Penman Et values Such an increase 1n the peak
flows could possibly be explained by the effect of low Et on increasing
s01l moistute content and subsequently by decreasing the infiltration
rate. As a result runoff was increased

In the study of the effects of differing evapotranspiration input
data on the simulated flows of each year, all the parameters, including
the initial soil moisture conditions, were kept constant However, using
the Penman Et values, the 1nitial soil moisture conditions for any year
would be higher owing to lower depletion of soil moisture storage in the
preceding water year Therefore, i1t can be concluded that in such a study,
1f the 1nitial moisture conditions for any year vere chosen from those
at the end of the preceding year, the streamflow for that year would have
been affected more by the difference in evapotranspiration,

To give an example the walue of LZSN at the end of year 1969 was
9.34 1nches (237 mm) using the Penman EO2 values, and 10.55 inches (268 mm)
using the Penman EL values To compare the effect of evapotranspiration
input data on simulated flow for the year 1970, the same value of 9.34
inches (237 mm) which was used for the original simulation was adopted
(1nstead of 10 55 inches (268 mm)) for simulation with Penman Et  However,
1f the value of 10 55 inches (268 mm) had been used, simulated flow would
have been higher owing to this increase in initial lower zone storage and,
therefore, the effect of the difference in potential evapotranspiration
would have been more pronounced Thus the simulated flow with Penman Et
would have exceedcd the recorded flow by a greater amount than was shown

1in F1g.106 This leads to tne conclusion that the Penmar Et values are
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too low and potential evapotranspiration by the Penman EQO, 15 more re-

2

presentative of the average evapotranspiration of the catchment, thus

the results obtained 1n the evapotranspiration studies are confirmed
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SUMMARY AND CONCLUSTONS

The aims of this thesis were to study aspects of the hydrology of
the Browney basin, north-east England. For this purpose different hydro-
logical methods and techniques were employed to investigate precipitation,
evapotransplration and runoff in the catchmenL. The overall hydrological
perfornance of the catchment, then, was studied by the simulation of
river discharge using the Stanford Watershed Model 1IV.

Initially the catchment characteristics were studicd  These char-
acteristics were geology, soil, land use, shape, elevation, slope and
drainage network, and they were discussed i1n chapter one  The hydro-

logical importance of each of these factors was also mentioned

tation were investigated. Tor this purpose a descripiion of the rain-
gauges whose data were employed in this study were given The different
methods for the estimation of mean areal rainfall were later discussed.
Arithmetic, Thiessen and 1sohyetal methods were used. Based on these
methods, the mean areal rainfall for the years 1968 to 1972 was determined
It was observed tuat the mathematical method of estimating mean areal
rainfall gave the highest value for the mean areal precipitation, where

as the Thiessen polygon gave the lowest This difference was explained

by the difference 1n weight given to the raingauge located at the western
end of the catchment.

From the study of the yearly isohyetal maps, the catchment was
divided into threc different rainfall zones In the eastern and vestern
parts of the catchment, yearly precipitatioa increased i1n an upstream
direction The rate of increase, however, was greater in the western zone
owving to the higher elevations and greater slopes In the central zone
yearly rainfall was i1ather uniform

Considering the correlacion coefficients between ycarly precipi-
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tation and the elevations of the raingauge stations, i1t was shown that
the association between these two factors was high and that the regression
equation between yearly precipitation and altitude during 1968 to 1972
explained between 71 to 97 per cent (corresponding to years 1972 and 1970)
of the areal variation i1n yearly precipitation

To study temporal variations of precipitation over a long period,
the daily precipitation data at Durham Observatory during the 35-year
period 1939 to 1973 were used Frequency curves of yearly rainfall,
yearly 2Z4-hr maximum rainfall and monthly rainfall were prepared. From
these curves the return period for the occurrence of a rainfall amount
greater than or equal to a certain value was derived Thus, the fre-
quency curves calculated from data from the Durham Observatory, showed
that there was a chance of getting 630 mm or more rainfall every other
year and 812 mm or more every 30 years Similarly annual 24-hr maximum
rainfall of 29 8 mm and 51 4 mm had return periods of 2 years and 30
years respectively.

Daily rainfall amounts were also grouped into 4 classes equal to
or greater than O 2 mm, 1 mm, 2 mm, 5 mm and 10 mm Based on these data
the average frequency (in per cent) of days per month with precipitation
greater than or equal to the stated amount during the 35 year period was
determined. Separate frequency curves of the number of rain days with
precipitation greater than or equal to 0 2 mm, 1 mm, 2 mm, 5 mm and 10 mm
for the months of August, November and April were drawn.

From cne results of the frequency studies of daily rainfall amounts
1t was observed that the average frequency (in percentage per month) of
daily rainfall equal to or greater than 0 2 mm, 1 mm, 2 mm and 5 mm was
highest during November. For the rainfall amounts greater than or equal
to 10 mm, however, August had the highest monthly frequency. The daily
rainfall amounts greater than or equal to 10 mm, also had high fre-

€
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quencles during Jjuly and SeplLumber The celatively high equency



302

intense rainfall during the late summer months gave evidence of the occ-
urrence of convective precipitation during this time of the year. Further
evidence for the occurrence of convective precipitation was obtained [rom
the study of hourly rainfall during the period 1969 to 1974 From the
s1x year study of hourly rainfall, 1t was observed that August had the
highest frequency (per cent per month) of hours with precipitation equal
to or greater than 2 mm, 5 mm and 10 mm, while November had thehighest
frequency of hours with precipitation greater than or equal to 0 2 wm

and 1 mm

From the study of hourly precipitation, 1t was observed that
intensities of hourly rainfall i1n the Browney basin were generally low
The highest hourly rainfall occurred in Tly with a denth of 20 3 mm
The longest run of dry days per month during the 35 year period was 30
and that occurred in the year 1953,

The section on evapotranspiration was divided into three parts
In the first part (chapter threc) a review of literature on thc theory
and methods of measurement of evapotransp:ration was presented. The
theoretical formulae were discussed and the advantages and limitations
of the empirical formulae of Penman and Thornthwaite were mentioned.
Other methods for the measurement of evapotranspiration were studied sub-
sequently Thus, the principles, advantages and disadvantages of the
catchment water balance, evapotranspirometers, evaporation pans, lysi-
meters and empirical methods of estimation of actual evapotranspiralion
were discussed.

In the second part of the section on evapotranspiration (chapter
four), the methods which were applied to measure or estimate evapo-
transpiration in the Browney basin were outlined and the procedures
followed were discussed in detail These methods were evapotranspirometers,

catchment water balance, the empirical formulae of Pemman and Thora-

thwaite, simple hydraulic lysimeters and the Pemman drying curve method
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for estimating actual Et Thus two sets of evapotranspiromcters were set
at Durham (elevation 102 m) and Honey Hill (elevation 334 m). The eva-
potranspirometer set at Durham was run for five months (May to September
1973) and that at Honey Hill was run for a 12 month period (July 1973

to July 1974). Potential evapotranspiration was alsc determined by the
Penman and Thornthwaite formulae For this purpose, the meteorological
data from Durham Observatory were used. Thus daily potential evaporation
(albedo 0 05) and potential evapotranspiration (albedo 0 25) were deter-
mined by the Penman formula over a 10 year period (1963 to 1973) The
calculations were facilitated by the application of a computer program
Penman potential evaporation was estimated by applying two different
empirical wind functions.

For the Thornthwaite formula, a simple program was wrltten by which
the monthly values of Thornthwaite potential evapotranspiration over the
10 year period 1963 to 1973 were determined

In order to estimate the average evapotranspiration over the catch-
ment, the values calculated from the different methods explained earlier
were compared with that of wgter balance method. The average yearly
water balance Et was obtained by deducting the average yearly runof{ from
the average yearly precipitation during the period 1963 to 1973.

For the measurement of actual evapotranspiration, two different
methods were used. The first method employed simple hydraulic lysimeters
These lysimeters werc tested during a period of four and a half months
at Durham Ckservatory.

The second method was the application of the Penman model for the
estimation of actual evapotranspiration Using this latter procedure,
diagrams of average moisture budget for the 10 year period 1963 to 1973
and for the years 1964 and 1971 were drawn

The results of the evapotranspiration study were given in the last
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part of the section on evapotranspiration (chapter five). Thus by the
comparison of the measured evapotranspiration values at Durham and Honey
Hi1ll 1t was observed that evapotranspiration values were about 10 per
cent greater at the higher elevations. No definite conclusion, however,
was drawn from these results The variation at the sites of measurement
and possible observational errors in the measurement of input and output
molsture might have resulted in greater evapotranspiration at the higher
elevation.

Comparing the Penman potential evaporation and evapotransplration
values with mcasured evapotranspiration, 1t was concluded that the Penman
evapolranspiration values were too low. The explanation for the low
values of Penman Et, was thought to be the lack of measured radiation data’

From the study of average yearly evapotranspiration calculated by
the water balance method and the results of measured evapotranspiration,
1t was concluded that, Penman EO1 and Thornthwajrte [L were probably too
high to represent areal evapotranspiration within Lhecatchment. There-
fore, the ,Penman EO2 was assumed to be the most represcntative estimate
of potential evapotranspiration

The results of actual evapotranspiralion slLudies obtained from the
two simple hydraulic lysimeters showed some significant differences during
the short periods of observation Another problem in the use of such
small lysimeters was in the extrapolation of the actual evapotranspiration
values obtained at a point to values representative of the whole catch-
ment. This was because the volume of soil in the lysimeters was limited
and therefore the soil-plant-water relationships existing in the field
were different from that of the lysimeters

Application of Lhe Penman method for the estimation of acLual eva-
potranspiration showed that on the basis of averzge moisture budget for
the 10 year 1963 to 1973, there was no mo.sture deficiency in the Biotvney

basin However, for the yecar 1964, the driest year during the 10 year period,
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the total depth of actual evapotranspiration was below that of potential
evapotranspiration by 109.2 mm or 16.8 per cent

In chapter six, runoff variations during the pericd 1957 to 1973
were studied Initially the yearly and seasonal variations of runoff
were 1nvestigated and the corresponding rainfall-runoff equations were
derived The results obtained showed that on average, yearly runoff was
41 per cent of total precipitation The average ratios of runoff-
rainfall, however, were O 57 during the winter season and 0.25 during the
summer Sseason

The range of monthly values of runoff during the 17 year period
was between 120 mm and 3 mm  Both of these extreme values occurred 1in
October. The mean value of monthly runoff was 25.8 mm From the study
of monthly runoff values, it was observed that January, February and
March were generally the months with highest flow, vhile September was
the month with Jowest flow.

The duration curves of yearly, monthly and mean daily flows were
presented later in the chapter. From the study of these duration curves,
1t was concluded that fifty per cent of the time yearly runoff was greater
than or equal to 280 mm, and fifty per cent of the time monthly runoff
was greater than or equal to 18.9 mm. As for the mean daily flows, the
highest was 20.99 mm Fifty per cent of the time mean daily flows were
greater than or equal to O 45 mm

The results of the study of extreme runoff values were also pre-
sented 1n cuapter six According to these results, the 100-year flood
for the Browney basin was 154 mm (monthly flow), while the 100-year
drought was 2.5 mm (monthly flow) The runoff pattern of the catchment
was studied by considering the hydrographs of two rather large similar
storms, one of the storms had occurred during the summcr, while the other
had occurred during the winter season From the study of the distri-

bution graphs of these two storms, it was concluded that there was a
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marked difference i1n the runoff pattern between the summer and winter
s easons During the winter the rise in the hydrograph 1s gradual, while
during the summer the rise 1s sharp. The peak flow (as a percentage
of the total runoff) during the summer 1s greater than that during the
winter The lag during the summer season was higher than that during
the winter season

Chapter seven of this thesis was used to review some of the melLhods
of runoff prediction These methods were the empirical fcrmulae, 1n-
filtration methods and infiltration indices, regression and graphical
methods, the moisture accounting method and statistical methods  This
chapter was concluded by a definition of simulation and an explanation
of the progressive development of the Stanford Watershed Model IV for
the prediction of runoff and the indirect investigation of the hydrnlogy
of a catchment. 1In this chapter the implication was made that while the
Stanford Watershed Model IV was the least empirical of all the runoff
prediction methods, 1t was not the ullimate answer to the problem of
runof{f prediction

In chapter eight the application of the Stanford Watershed Model TV
to the Browney basin was explained. There were t.'o main objectives in
the application of the Stanford Watershed Model IV to the Browney basin
These were
1 - To test the ability of the model in the prediction of runoff from a
British catchment, using the Browney basin as a case study.
2 - To study the overall hydrological performance of the Browney basin
and, in particular, the components of the water balance equation within
the catchment which are not easily studied otherwise e g. groundwater
flou and actual evapotranspiration,

The operation of the Stanford Watershed Model and the input data
required for its application to the Brouney basin were explained 1in

clapter eight The 1mportant parameters were discussed



307,

In chapter nine the results of the sensitivity tests of optimized
parameters were given A computer program was written to plot the hydro-
graphs of daily flows for this purpose. The process of optimizalion was
defined and the values of the optimized parameters used in the simula-
tion of daily flows for the period January 1969 to September 1973 were
given. These values were obtained after numerous unsuccessful trials
of the model It was concluded that the infiltration index, upper zone
storage and lower zone storage parameters were the most sensitive 1n the
hydrological regime of the Browney basin while the actual evapotrans-
piration parameter was the least sensitive The importance of the
1nitial moisture condition parameters in the simulation of yearly hydro-
graphs by the Stanford Watershed Model IV was discussed and the require-
ment of two or more years of data for the optimization of parameters vas
partly explained by the significant effects of these parameters upon
simulated flows It was also menLioned that the process of optiwization
was dependent upon the objectives for which the model was iro be used

In chapter ten, the simulated results for each year were compared
with the corresponding recorded flows These results werc the total
yearly runoff, the mean monthly flow, the standard deviation of monthly
flow and the correlation coefficient between recorded monthly and simu-
lated monthly flow The hydrographs of simulated and recorded mean daily
flow and monthly flow were also compared

The results obtained revealed that during the five year period,
the recorded mean monthly value exceeded the simulated value by some 2
per cent The monthly correlation coefficient over the five year period
was 0.94, showing that the simulated flow was highly correlated with
recorded flow

Considering the individual years, the simulated monthly flows were
quite close to the recorded flows during the water years 1969, 1970,

1971 and 1972 The correlation coefficients between the simulated mounthly
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and the recorded flows range from 0 99 i1n 1972 to O 90 1n 1969 For the
water year 1973, however, there was a wide discrepancy between the simu-
lated and recorded flows The monthly correlatior coefficient was 0 57
Several explanations were put forward as possible sources of error in the
simulation of flow during this year The fact that *he 1973 water year
had been an exceptional year (lowest total runoff during the 17 years of
study), was probably a very important factor During this year more than
72 per cent of the precipitation occurred during the summer and most of
the moisture had been used for evapotranspiration

The yearly baseflow calculated by the model varied from 2 52 inches
(66.5 mm) 1n 1973 to 7 39 inches (187 7 mm) 1n 1970 or 11 64 to 26 03
per cent of the yearly precipitation As a percentage of the total re-
corded flow, the grounawater contribution was 58 13 per cent The average
summer baseflow during the five year period was about 70 per cent of the
total recordcd flow, while during the winter 1t was about 61 per cent

The values of actual evapotranspiration were used to draw the
diagrams of the water budget of the Browney basin for each of the five
years 1969 to 1973 Differences between the yearly values of actual and
potential evapotranspiration during the five water years ranged f{rom
94 mm (1970) to 53 mm (1972),

Finally the effect of input potential evapotranspiration data upon
the simulated runoff was studied For this purpose the Penman EO2 values
were replaced by the Penman Et values The model was then run for each
of the five water years The results obtained showed that yearly simu-
lated runoff with the Penman Et values were more than that with the Penman

EQ., values during each water year. The greater yearly simulated runoff

2
with the Penman Et value as compared with the Penman EO2 data was the
result of lower Et values during the summer season In fact the monthly

simulated runoff during the winter months was almost the same for both

evapotranspiration input data TInis can pe explawned by the fact thac
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the Penman Et and Eo2 vdalues were virtually the same during the winter
season The effect of lower 1input Et upon daily runotf was shown by
plotting the hydrographs of simulated daily runoff during August 1971
using the Penman Et and EO2 values It was shown that the peak runoff
on 14th August increased sharply as a result of using the Penman Et

value.
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Middle Coal Measures

Lower Coal Measures

Name

Hebburn Fell

Usworth

APPENDIX T

UPPER CARBONIFEROUS COAL SEAMS

Ryhope Five-Quarter 2h- 3 ft

Ryhope Little
High Main
Five Quarter
Main

Maudlin

Durham Low Main

Brass Thill
Hurcon

Ruler

Harvey
Tilley

Busty
Three-Quarter
Brockwell
Victoria
Marshal Green
Ganister Clay

Gubeon

Thickness
4 ft
Up to 5 ft
3 ft
1 - 8 ft
1 -6 1{t
2h- 7 ft
Up to 6 ft
2 - 6 ft
24 - 3 1t
Up to TéfL
Up to 2 ft
1 -5 ft
3 -5 1ft
1 -5 ft
Up to 3 ft
2 -6 ft
2 ft
1 -2 ft
Up to 14t
Up to 1)ft

Workable extent

Restricted to coast
Restricted to Eastern areas
Little worked, due to erosion
Mid-east Durbham - dirty

East of Durham City

One of the principal seams
Worked in North Durham
Important over most of Durham
Predominant i1n Central Durham
One oi tnickest seams

Worked 1in north west

Good widespread seam

Worked 1in the west

Bottom Busty worked i1n west

Impersistent Improves offshore

Very important in south-west
Important in Lhe north-west
Open casted 1n west Durham
Thin and of no economic value

Persistent but uneconomic,

After Smith, 1972, modified from Geology of Durham



APPENDIX 11

LIST OF SYMBOLS

Chapter One

pf 1s log of soil moisture tension when expressed in terms of cm of water.
kp 1s compactness coefficient (shape index).

P 1s perimeter

A 1s area.

Ap 1s area 1in Miller’s circularity ratio.

A, 1s area of a circle with the same perimcter as thalL of the basin

1s elevation.
1s area between successive contours

15 mean elevation of the catchment.

Fﬂ n o =

1§ summation.

Lg 1s length of overland flow

D 1s drainage density.

S¢ 1s channel slope

Sy 1s average ground slope

L 1s total length of streams in the basin.

Chapter Two

P 1s yearly precipitation

h 1s height in ft

a 1s ordinates intercept

b 1s coefficient of regression.

Tr 1s return period (recurrence interval)
n 18 number of years of record

Pr 1s probabilaity

m 1s the rank of Lhe annual 1ainfall according to 1ts magnitude

Chapter Three

1s evaporation rate.

~ =
<

2
is eddy transfer coefficient of water vapour in cm /sec
3
1s density of air in gm/cm

1s specific humidity of the air

ﬁ'o

is elevation above surface.
1s vertical flux density of sensible heat
1s eddy transfer coefficient of sensible heat

is specific heat capacity of the air

H O X" I N
v T

1s temperature

is vercical flux density of momentum

-l



K 1is
m
U 1s
B 18
e 18
P 18
K is
Rn 18
L 1s
E 18
S 1s
B 18
eg 1s
e, 18
o
e 18
z
Ts 18
2 1s
R]. 1ls
1s
RB 1S
RA 18
n/N 18
g 1S
P.ET 1s
P.E 18
R 1s
Et 1s
AS 18
AG 1s
I 18
D 1s

eddy transfer coefficient of momentum

wind velocity

ratio of the densities of water vapour and dry air
vapour pressure

atmospheric pressure

Von Karman constant

net radiation

latent hecat of evaporation

the energy used for evaporatiun

the energy used for heating the soil

Bowen ratio

saturation vapour pressure at evaporating surface

the mean actual vapour pressure at the height Z
saturation vapour pressure at height Z

temperature at soll surface

temperature at height Z.

radiation flux

reflection coefficient

long wave radiation.

theoretical maximum radiation 1f there was no atmosphere
ratio of actual to maximum possible hours of sunshine
Stefan BolL =zmann constant.

unadjusted potential evapotranspiration by Thornthwaite formula
adjusted Thornthwaite potential evapolLranspiration
runoff.

evapotranspiration.

change in so1il moisture content.

change 1n the groundwater content

irrigation.

drainage

ChaptersFour and Five

Penman Et 1s Penman potential evapotranspiration

Penman EQ,is Penman potential evaporation wilh the wind speed function

1

Penman EQ,is Penman potential evaporation with the winad speed function

2

of f(Uz) =035(05+°¢C )

2/100



Chapter Six

K

Pr

1s

ratio of mean areal rainfall over the catchment to that of

raingauge at DUrham Observatory.

18

probability

Chapter Seven

Q
A
Cc
n
W

AF1

s

o

©

[nad ] Hp  ®" o= - >

[¢]
-4

QP
C
P
B
A
d

18
1s
18

1s
of

1s
1s
18
1s
1s
18
1s
1S
1s
1s
18
18
18
18

18
to

peak flow,
the drainage area
a coefficient as a function of land use or topography

a constant i1n empirical formula for estimations of peak rate
runof £

rainfall intensity,

average i1nfiltration rate

precipitation

total amount of runoff from the storm

the summation of interception and depression storage
antecedent precipitation index

the precipitation n days before the storm,

a constant

the 1nitial value of API index

the index values n days later

recession constant.,

time lag 1n hours.

a coefficient for estimation of time lag of a basin
length of main streams from the outlet to the upstream divide

length 1n miles along the main stream from the gauging station
a point opposite (nearest) to the centroid.

Unit hydrograph peak discharge

18

18

1s

18

a coefficient for estimations of peak discharge.
the time base of unit graph
the drainage area

deficiency 1n soil moisture.

Chapters Er1ght, Nine and Ten

K1
EXPM
UZSN
LZSN
cB
cc
K3

18

18

18

1S

18

18

15

ratio of average segment rainfall to average gauge rainfall
interception storage parameter

nominal upper zone storage

nominal lower zone storage.

infiltration index

inter{loy pardmeter

actual evapotranspiration loss 1ndex



E 18 potential evapotranspiration

r 15 evapotranspiration opportunity

K24L 1s 1index to inactive groundwater recharge.
K24EL 1s fraction of basin with shallow grounawater
SS 1s overland flow slope

NN 18 Manning’s n for overland flows

IRC 15 daily interflow recession rate.

KK24 1s daily groundwater discharge rccession rate,
KV 1s parameter for variation of groundwater recession rates
UZS 1s initial upper zone storage

LZS 1s 1nitial lower zone s.orage,.

SGW 18 1nitial groundwater storage

GWS 1s 1nitial groundwater slope

RES 1s 1nitial surface detention storage

SRGX 1s 1initial interflow detention storage
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APPENDIX I1I 1

Daily data of potential evapotranspiration measured by

evapotranspiromcters at Durham Observatory

Water added| Water collected| Diff (added-collected)|Rainfall Et
Date ce (average) co - o m
cc
1/5/73 1500 407 1093 4 46 - 4.46
2/5/73 1500 713 787 3.21 - 3.21
3/5/73 1500 887 613 2.50 3.1 5.60
4/5/73 1500 2078 -578 -2 36 12.1 9 74
5/5/73 1500 3289 -1789 -7.30 - -7 30
6/5/73 1500 900 600 2 45 01 2,55
7/5/73 1500 843 657 2.68 0.8 3.68
8/5/73 1500 885 615 2 51 - 2.51
9/5/73 1500 895 605 2.47 3.4 2,87
10/5/73 1500 1115 385 1.57 1 67
11/5/73 1500 586 914 3.73 - 3.73
12/5/73 1500 887 613 2 50 01 2 60
13/5/173 1500 929 571 2 33 - 2.33
14/5/73 1500 877 623 2.54 - 2 54
15/5/73 1500 855 645 2 63 - 2 63
16/5/73 1500 897 603 2.46 - 2,46
17/5/13 1500 826 674 2.75 - 2,75
18/5/73 1500 659 841 3.43 - 3.43
19/5/73 1500 760 740 3.02 7.8 1o 82
20/5/73 1500 1118 382 1.56 5.6 7.16
21/5/73 1500 3446 -1446 -7.9 7.8 -0.14
22/5/73 1500 3029 -1529 -6.24 1.4 -4.84
23/5/73 1500 2059 -559 -2 28 13 -0.98
24/5/73 1500 1586 ~86 -0.35 2.5 2,15
25/5/73 1500 1730 -230 -0.94 01 -0.84
26/5/73 1500 1377 123 0 50 - 0.50
27/5/73 1500 831 669 2 73 - 2.73
28/5/73 1500 686 814 3 32 - 3.32
29/5/73 1500 816 684 2.79 6 7 9.49
30/5/73 1500 1252 248 1 01 0.3 1.31
31/5/173 1500 -1078 -578 -2 36 1.6 -0 76




Daily data of potential evapotranspiration measured by

evapotranspirometers at Durham Observatory

Water added| Water collected Diff (added—collected) Rainfall Et
Date co (average) cc o m om
cc

1/6/73 1500 1404 96 0.39 - 0 39

2/6/173 1500 878 422 1.72 11.2 12,92

3/6/73 1500 372 1128 -4.60 0.3 -4.30

4/6/73 1500 1878 -378 -1.54 - -1.54

5/6/73 1500 897 603 2.46 - 2 46

6/6/73 1500 760 740 3.02 - 3.02

7/6/73 1500 559 941 3.84 - 3.84

8/6/73 1500 664 836 3.41 - 3.41

9/6/73 1500 586 914 3.73 - 3.73

10/6/73 1500 654 846 3.45 - 3.45
11/6/73 1500 429 1071 4 37 - 4.37
12/6/73 1500 679 821 3.35 07 4 05
13/6/73 1500 444 1056 4.31 - 4,31
14/6/73 1500 390 1110 4 53 - 4 53
15/6/73 1500 476 1024 4.18 - 4,18
16/6/73 1500 630 870 3 55 5.35
17/6/73 1500 838 662 2.70 0 2 2.9
18/6/73 1500 900 600 2.45 - 2.45
19/6/73 1500 635 865 3.53 11 4 63
20/6/73 1500 1274 226 0.92 11 2 12.12
21/6/73 1500 3446 ~1946 -7.94 0.1 ~7.84
22/6/73 1500 1284 216 0.88 - 0.88
23/6/73 1500 836 664 2,71 5.6 g 31
24/6/73 1500 1552 -52 -0.21 1.5 -1.29
25/6/73 1500 1887 -387 -1.58 0.1 -1 48
26/6/73 1500 1527 =27 -¢.11 0.4 -0.29
27/6/73 1500 1174 326 1.33 - 1.33
28/6/73 1500 1260 240 0.98 - 0.98
29/6/73 1500 1022 478 1.95 - 1.95
30/6/73 1500 821 679 2 77 - 2.77




Daily data of potential cvapotranspiration measured by

evapotranspirometers at Durham Qbservatory

Water added | Water collected| Diff (added-collected} Rainfall Et
Date e (a::rage) e - o m
1/7/73 1500 762 738 3.01 - 3.01
2/7/73 1500 551 949 3.87 - 3.87
3/7/73 1500 500 1000 4.08 - 4.08
4/7/73 1500 480 1020 4 16 - 4,16
5/7/73 1500 588 912 3.72 - 3.72
6/7/73 1500 711 789 322 12 5 15.72
7/7/73 1500 2924 -1424 -5.81 14 -4.41
8/7/73 1500 2150 -650 -2.65 - -2.65
9/7/73 1500 1147 353 1 44 - 1 44
10/7/73 1500 872 628 2.56 1.4 3 96
11/7/73 1500 755 645 3.04 0.1 3.14
12/7/73 1500 1257 243 0.99 3.9 4,89
13/7/13 1500 1179 321 1 31 6.3 7.61
14/7/73 1500 2314 -814 -3.32 6.3 2.98
15/7/73 1500 3220 -1720 -7.02 0.7 -6.32
16/7/73 1500 1833 -333 -1.36 33.7 32.34
17/7/73 1500 1.8
18/7/73 1500 Flooded 35
19/7/73 1500 2.1
20/7/73 1500 863 637 2.60 0.5 3.10
21/7/73 1500 973 527 2.15 4.1 6.25
22/7/73 1500 1252 248 1.01 - 1.01
23/7/173 1500 811 689 2.81 - 2.81
24/7/73 1500 760 740 3.02 - 3.02
25/7/73 1500 868 632 2.58 - 2.55
26/7/73 1500 816 684 2,79 - 2.79
27/7/73 1500 615 885 3.61 - 3.61
28/7/73 1500 728 772 3.15 - 3.15
29/7/173 1500 735 765 3.12 - 312
30/7/73 1500 836 664 2 71 - 2.71
31/7/73 1500 517 983 4.01 - 4.0l




Daily data of potential evapotranspiration measured by

evapots anspirometers at Durham QObservatory

Water added | Water collected| Diff(added-collected| Rainfall Et

Date ce (aviiage) e - m mm
1/8/73 1500 640 860 3.51 1.0 4.51
2/8/13 1500 863 637 2.60 - 2.60
3/8/73 1500 735 765 3.1? 05 3.62
4/8/73 1500 1002 498 2.03 1.4 3.43
5/8/73 1500 640 860 3.51 25.2 28.71
6/8/73 1500 1787 -287 -1.17 2.9 1,73
7/8/73 1500 2782 -1282 -5.23 1.0 -4.23
8/8/73 1500 2174 -674 -2.75 1.6 -1.15
9/8/73 1500 1069 431 1.76 - 1.76
10/8/73 1500 1370 130 0.53 2.9 3.43
11/8/73 1500 1238 262 1 g7 - 1 07
12/8/73 1500 1672 -172 -0.70 - -0 70
13/8/73 1500 1056 444 1.81 - 1.81
14/8/73 1500 973 527 2,15 - 2.15
15/8/73 1500 811 689 2.81 - 2.81
16/8/73 1500 730 770 3.14 - 314
17/8/73 1500 716 7184 3.20 - 3.20
18/8/73 1500 559 941 3.84 10 4.84
19/8/73 1500 620 880 3.59 22,2 25.79
20/8/73 1500 3995 -2495 -10.18 3.2 -6.98
21/8/73 1500 3508 ~-2008 -8.19 - -8.19
22/8/73 1500 2382 -882 -3.60 - -3.60
23/8/73 1500 1118 382 1.56 - 1.56
24/8/73 1500 897 603 2,46 - 2.46
25/8/73 1500 1022 478 1.95 - 1.95
26/8/73 1500 1184 316 1.29 - 1.29
27/8/73 1500 1157 343 1.40 - 1.40
28/8/73 1500 1108 392 1.60 - 1.60
29/8/73 1500 - - - 2.50
30/8/73 1500 1319 181 -0 74 -0.04
31/8/73 1500 1179 321 1.31 .1 1.41




Daily data of potential evapotranspiration measured by

evapotranspiromelers at Durham Observatory

Water added |Water collected| Diff(added-collected)] Rainfall EL
Date ce (average) o — o i
cc
1/9/73 1500 1152 348 1.42 - 1.42
2/9/73 1500 973 527 2.15 - 2.15
3/9/73 1500 961 539 2.20 10 3.20
4/9/73 1500 1260 240 0.98 - 0 98
5/9/73 1500 1203 297 1.21 - 121
6/9/73 1500 1047 453 1.85 - 1 85
7/9/73 1500 983 517 2.11 - 2.11
8/9/73 1500 - - - - -
9/9/73 1500 - - - 1.2 1.20
10/9/73 1500 966 534 2.18 - 2.18
11/9/73 1500 422 1078 4,40 - 4.40
12/9/73 1500 912 588 2 40 0.2 2.60
13/9/73 1500 993 507 2.07 0.5 2.57
14/9/73 1500 1213 287 1.17 - 117
15/9/73 1500 1434 66 0.27 2.1 2 37
16/9/73 1500 1265 235 0.96 0.1 1.06
17/9/13 1500 1537 -37 -0.15 2.0 1.85
18/9/73 1500 1686 -186 -0.76 11 4 10.64
19/9/73 1500 2198 -698 -2.85 0.3 -2 53
20/9/73 1500 2505 -1005 -4.10 - -4,10
21/9/73 1500 2145 -145 -0 59 - -0.59
22/9/73 1500 1223 277 1.13 16.3 17.43
23/9/173 1500 3002 -1502 -6.13 - -6.13
24/9/73 1500 2576 -1076 -4.39 - -4.39
25/9/73 1500 1841 -341 -1.39 16 -0 21
26/9/73 1500 1490 10 0.04 0.5 0 54
27/9/73 1500 1557 -257 -1.05 5.9 4.85
28/9/73 1500 1804 -304 -1.24 0.1 -1.14
29/9/73 1500 1547 -47 -0.19 5.5 5.31
30/9/73 1500 1983 -483 -1.97 0.1 -1 87




Daily data of potential evapotranspiration measured by

APPENDIX III 2,

evapotranspirometers at Honey Hill

Water added | Water collected! Diff(added-collected| Rainfall Et
Date cc (average)

ce cc mmn mm mm
14/7/73 1500 2358 -858 -3.50 12.0 8.50
15/7/73 1500 2750 -1250 -5.10 .8 .70
16/7/73 1500 2750 -1250 -5 19 2.0 -3 10
17/7/73 1500 3976 -2476 -10.10 22.2 12.10
18/7/73 1500 2848 -1348 -5.50 1.0 -4.50
19/7/73 1500 1402 98 0.40 8 3.20
20/7/173 1500 1647 -147 -0 60 05 -0.10
21/7/73 1500 789 711 2 9 - 2.90
22/7/73 1500 - - - 7.3 20
23/7/73 1500 - - - 0.2 0.20
24/7/73 1500 1132 368 1.50 - -1.50
25/7/73 1500 691 809 3 30 - 3.30
26/7/73 1500 667 833 3.40 - 3.40
27/7/73 1500 716 784 3.20 - 3.20
28/7/73 1500 618 882 3.60 - 3.60

29/7/73 1500 - - - - -
30/7/73 1500 1353 147 0.60 3.25 3 85
31/7/73 1500 544 956 3.9 - 3.90




Daily data of potential evapotranspiration measured by

evapotranspirometers at Honey Hill

Water added | Water collected | Diff(added-collected)| Rainfall Et
Date ce (average)
ccC cec mi mm mn
1/8/73 1500 838 662 2.7 - 2.70
2/8/73 1500 642 858 3.5 - 3.5¢C
3/8/73 1500 1353 147 06 2.20 2.8C
4/8/73 1500 - - 2.00 2.00
5/8/73 1500 - - - 1.50 1.50
6/8/73 1500 4392 -2892 -11.8 35.00 23.2C
7/8/173 1500 4122 -2622 -10 7 2.00 -8.70
8/8/73 1500 1426 74 0.3 1 80 2.1¢
9/8/72 1500 R38R AR2 2 7 n R0 3 50
10/8/73 1500 1083 417 1.7 0.50 2.2¢C
11/8/73 1500 - - - 13.50 13.50
12/8/73 1500 - - - - -
13/8/73 1500 2775 -1275 -5 2 - -5 2
14/8/73 1500 642 858 3.5 - 3.50
15/8/73 1500 544 956 39 - 3.9¢C
16/8/73 1500 301 1299 5.3 - 5.3C
17/8/173 1500 79 1421 5.8 - 5.8C
18/8/73 1500 - - - - -
19/8/73 1500 - - - 1.80 1.8¢C
20/8/73 1500 3412 -1912 -7.8 24.00 16.2¢C
21/8/73 1500 3927 -2427 -9.9 4.00 -5.90
22/8/73 1500 4932 ~3432 -1.4 - -1.40
23/8/73 1500 789 711 29 - 2.9¢C
24/8/73 1500 887 613 2.5 - 2.50
25/8/73 1500 - - - - -
26/8/73 1500 - - - - -
27/8/73 1500 - - - - -
28/8/173 1500 887 613 2.5 - 2.50
29/8/73 1500 642 858 3.5 - 3.50
30/8/73 1500 1108 392 16 6.25 7 85
31/8/73 1500 1770 -270 -1.1 2.25 1.15




Daily data of potential evapotramspiration measured by

evapotranspirometers at Honey Hill

Water added | Water collected | Diff.(added-collected)}| Rainfall Et
Date ce (average)
cC cc mm mm mm
1/9/73 1500 1157 343 1.40 1.5 2.90
2/9/73 1500 - - - - -
3/9/73 1500 1010 490 20 - 2 00
4/9/73 1500 544 956 39 05 4 40
5/9/173 1500 936 564 23 - 2.30
6/9/73 1500 593 907 3.7 - 3.70
7/9/73 1500 838 662 2.7 - 2.70
8/9/73 1500 - - - - -
2/°/73 1350 - - - - -
10/9/73 1500 1083 417 1.7 2 25 3.95
11/9/73 1500 961 539 2.2 - 2.20
12/9/73 1500 1059 441 1.8 - 1 80
13/9/73 1500 1083 417 17 - 1.70
14/9/73 1500 1255 245 1.0 0 80 1.80
15/9/173 1500 - - - - -
16/9/73 1500 - - - 0 80 0.80
17/9/73 1500 - - - - -
18/9/173 1500 1377 123 0.5 3.80 4.50
19/9/73 1500 3780 -2280 -9 3 14 80 5.50
20/9/173 1500 2480 -980 -4.0 0.5 ~3.50
21/9/73 1500 1010 490 2.0 - 2.00
22/9/73 1500 1181 319 13 1.25 2.55
23/9/73 1500 - - - 8.25 8.25
24/9/73 1500 3436 -1936 -7.9 1.00 -6.90
25/9/173 1500 1206 294 12 - 1.29
26/9/73 1500 1304 196 0.8 1 25 2 03
27/9/73 1500 1255 245 1.0 - 1.00
28/9/173 1500 2995 -1495 -6 1 9.80 3.70
29/9/73 1500 - - - 1 25 1.25
30/9/73 1500 - - - 8.25 8.25




Daily data of potential evapotranspiration measured by

evapotranspirometers at Honey Hill

Water added Warer collected |Diff (added-collected)| Rainfall Et
Date (average)

cc ccC ccC mm mm mm
1/10/73 1500 2995 -1495 -6.1 - -6.10
2/10/173 1500 814 686 2 8 - 2.80
3/10/73 1500 1230 270 1.1 - 1.10
4/10/73 1500 1255 245 0.1 1.25 1 40
5/10/73 1500 1868 -368 -0.15 - -0.15
6/10/73 1500 - - - - 0
7/10/73 1500 - - - 0 50 0.50
8/10/73 1500 - - - 0 25 0.25
5/10/73 1560 1581 -81 -0.33 & RO 4 27
10/10/73 1500 2186 -686 -2 80 4,10 1 28
11/10/73 1500 2961 -1461 -5.96 6.40 0.44
12/10/73 1500 1431 69 0 28 - 0.28

13/10/73 1500 - - - - -

14/10/73 1500 - - - - -
15/10/73 1500 2797 -1297 -5 29 8 40 311
16/10/73 1500 1990 -490 -2.00 - -2.00
17/10/73 1500 1990 -490 -2.00 4.10 42 10
18/10/73 1500 1650 -150 -0 61 - -0.61
19/10/73 1500 2385 -885 -3.61 6.80 3.19
20/10/73 1500 - - - 7.60 7.60
21/10/73 1500 - - - 1.80 1 80
22/10/73 1500 3559 -2059 -8.40 2 80 -5.60
23/10/73 1500 2039 -539 -2 20 0.50 -1.70
24/10/73 1500 544 956 -0.39 0.25 0.64
25/10/73 1500 1309 191 o0 78 - 0 78
26/10/73 1500 1309 . 191 0.78 - 0.78

27/10/73 1500 - - - - -

28/10/73 1500 - - - - -
29/10/73 1500 1495 5 0.02 2.80 2.82
30/10/73 1500 1853 -353 -1 44 1 -1.44
31/10/73 1500 1404 96 0.39 . 0 39




Daily data of potential evapotranspiration measured by

evapotranspirometers at Honey Hill

Water added| Water collected | D1ff (added-collected)| Rainfall Et
Date (average)
ccC ccC cC mm mm min
1/11/73 1500 1309 191 0 78 1 00 1 78
2/11/73 1500 1650 -150 -0 61 - -G 61
3/11/73 1500 - - - - -
4/11/73 1500 - - - 0 50 0 50
5/11/73 1500 1760 -260 -1 06 1 30 0 24
6/11/73 1500 1370 130 0 53 - 0.53
7/11/73 1500 1287 213 0.87 - 0 87
8/11/73 1500 1321 179 0.73 - 073
9/11/73 1500 1404 96 0 39 3 60 3.99
10/11/73 1500 - - - 10 70 10 70
11/11/73 1500 - - 070 070
12/11/73 1500 4147 -2647 -10 80 2 30 -8 59
13/11/73 1500 2140 -640 -2.61 2 50 -0 11
14/11/73 1500 2064 -564 -0 23 0 50 0.27
15/11/73 1500 1309 191 0.78 0 25 1 03
16/11/73 1500 1341 159 0.65 0 50 115
17/11/73 1500 - - - - -
18/11/73 1500 - - - - -
19/11/73 1500 1458 42 0.17 1 00 117
20/11/73 1500 1429 71 0 29 - 0 29
21/11/73 1500 1431 69 0.28 - 0 28
22/11/73 1500 1458 42 0.17 - 0.17
23/11/73 1500 1429 71 0 29 - 0 29
24/11/73 1500 .25
25/11/73 1500 .25
26/11/73 1500 -
27/11/73 1500 No measurement -
28/11/73 1500 -
29/11/73 1500 4.06
30/11/73 1500 -
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Daily data of potential evapotranspiration measured by

evapotranspirometers at Honey Ixll

el AN £

Water added Water collected| Diff (added-collected)] Rainfall Et
Date (average)
cc cc ce mm mm mm
1/12/73 1500 - - - 0 25 0.25
2/12/73 1500 - - - 0 76 0.76
3/12/73 1500 1377 123 0 50 101 1 51
4/12/73 1500 1287 213 0.87 - 0.87
5/12/73 1500 1341 159 0 65 - 0 65
6/12/73 1500 1652 -152 -0.62 1 27 0.65
7712773 1500 1375 125 0.51 - 0 51
8/12/73 1500 2.79
9/12/73 -
10/12/73 -
11/12/73 No measurements 0.76
12/12/73 -
13/12/73 51
14/12/73 -
15/12/73 1500 - - - - -
16/12/73 1500 - - - 20 2.0
17/12/73 1500 1718 -218 ~-0.89 - -0.89
18/12/73 1500 1294 206 0 84 - G Bl
19/12/73 1500 1348 152 0 62 - 0 62
20/12/73 1500 2277 -777 ~-3.17 6 6 3 4:
21/12/73 1500 1716 -216 -8 80 91 0
22/12/73 1500 1745 -245 -10 18 08
23/12/73 1500 - - - 4.6 4.6
24/12/73 1500 2456 -956 -3.90 0 25 -3.¢
25/12/73 1500 0 0 0 - 0
26/12/73 1500 - - - 0 25 0
27/12/73 1500 1458 42 0.17 - (o)
28/12/73 1500 1409 -91 -0.37 076 0
29/12/73 1500 - - - 0 50 0
30/12/73 1500 - - - 1 52 1
31/12/73 1500 1882 -382 -1.56 - -1
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Daily data of potential evapotranspiration measured by

evapotranspirometers at Honey Hill

Water added| Water collected| Diff (added-collected)| Rainfall Et
Date (average)
cc cc cC om min mm
1/1/74 1500 - - - - -
2/1/74 1500 - - - - -
3/1/74 1500 1341 159 0 65 - 0 65
4/1/74 1500 1279 221 0 9 1 52 2.42
5/1/74 1500 - - - 8 89 8 89
6/1/74 1500 - - - 2 54 2 54
7/1/74 1500 4392 -2892 -11 80 3.30 -8 50
8/1/74 1500 2581 -1081 -4.41 8 12 371
9/1/74 1500 3561 -2061 -8 41 12 40 3 99
Lo/L/74 L500 4100 -2600 -10 61 - -ig.01
11/1/74 1500 2211 -711 -2 9 8,60 5.70
12/1/74 1500 - - - 4 31 4,31
13/1/74 1500 - - - 5 84 5.84
14/1/74 1500 4147 -2647 -10 80 2 54 -8 26
15/1/74 1500 3927 -2427 -9 90 711 -2 79
16/1/74 1500 3559 -2059 -8 40 8 89 0.49
17/1/74 1500 2309 -809 -3.30 6 60 3 30
18/1/74 1500 765 735 -3 00 0 50 -2 v
19/1/74 1500 - - - .25 0 25
20/1/74 1500 - - - - -
21/1/74 1500 - - - - -
22/1/74 1500 1392 108 0.44 - 0 44
23/1/74 1500 1409 91 0 37 0 25 0 62
24/1/74 500 1404 96 0.39 2 28 2 67
25/1/74 1500 1770 -270 -1.10 - -11
26/1/74 1500 - - - - -
27/1/74 1500 - - - 5 84 5 84
28/1/74 1500 3951 -2451 -10.0 15 24 5 24
29/1/74 1500 3669 -2169 -8 85 5 33 -3.52
30/1/74 1500 4147 -2047 -10 80 11 43 1 63
31/1/74 1500 3030 -1530 -6 24 5 33 -0 91
-




Daily data of potential evapotranspiratlon measured by

evapotranspirometers at Honey Nill

Date Water added |Water collected |Diff (added-collected) |Rainfall Lt
(average)
ccC cC ccC mm mm mm
1/2/74 1500 765 735 -3 00 0 25 -2 75
2/2/74 1500 - - - 10.66 10 66
3/2/74 1500 2755 -1255 -5 12 5 58 -0 46
4/2/74 1500 3956 -2456 -10 02 - -10 02
5/2/74 1500 1458 42 17 0 25 0 42
6/2/74 1500 1936 -436 -1 78 8 38 6 60
7/2/74 1500 2770 -1220 -4 98 1 52 -3 45
8/2/74 1500 2122 -622 -2.54 - -2 54
Y2114 1500 - ~ - 6 60 6 60
10/2/74 1500 - - - 3 60 3.60
11/2/74 1500 3794 -2294 -9 36 2 50 -6 86
12/2/74 1500 2319 -819 -3 34 5 10 176
13/2/74 1500 2086 -586 -2 39 1 80 -0 59
14/2/74 1500 1451 49 0 20 - 0 20
15/2/74 1500 1787 -287 -1.17 5 10 393
16/2/74 1500 - - - 0.50 0 50
17/2/74 1500 - - - 6 60 6 ou
18/2/74 1500 3794 -2294 -9 36 1 80 -7.56
19/2/74 1500 1723 -223 -0 91 1 00 0 Q9
20/2/174 1500 1740 -240 -0.98 0 80 -0.18
21/2/74 1500 1596 -96 -0 39 1 50 111
22/2/74 1500 1422 78 0.32 2 00 2 32
23/2/14 1500 - - - - -
24/2/74 1500 - - - - -
25/2/74 1500 1505 -5 -0 02 - -0 20
26/2/74 1500 1314 186 .76 - 0 76
27/2/74 1500 1213 287 117 - 11/
28/2/74 1500 1404 96 39 - 0 39




Daily data of potential evapotranspiration measured by

evapotransplrometers at Honey Hill

Water added| Water collected |Diff (added-collected) {Rainfall Et
Date (average)
ccC cC ccC mm mm mm
1/3/74 1500 1458 42 0 17 4 7 57
2/3/74 1500 - - - 0 0 30
3/3/74 1500 - - - -
4/3/74 1500 2074 -574 -2 34 9 4 7 06
5/3/74 1500 2652 -1152 -4 70 6 8 2 10
6/3/74 1500 2838 -1338 -5 46 - -5.46
7/3/74 1500 1887 -387 -1 58 25 0.92
8/3/74 1500 1549 -49 -0 20 - 0 02
o374 15¢e - - - - -
10/3/74 1500 - - - 10 100
11/3/74 1500 1596 -96 -0 39 10 0 61
12/3/74 1500 1642 -142 -0 58 8 1 7 52
13/3/74 1500 2863 -1363 -5.56 4.3 -1 26
14/3/74 1500 2887 -1387 -5.06 6 4 0 74
15/3/74 1500 1740 -240 -0 98 18 0 82
16/3/74 1500 - - - 33 3 30
17/3/74 1500 - - - o8 0 80
18/3/74 1500 2647 -1147 -4 68 61 1 42
19/3/74 1500 1642 -142 -0 58 0.5 -0 08
20/3/74 1500 1549 -49 -0 20 2.5 2 30
21/3/74 1500 2530 -1030 -4.20 6 4 2 20
22/3/74 1500 1549 -49 -0 20 - -0 20
23/3/74 1500 - - - - -
24/3/74 1500 - - - - -
25/3/74 1500 1451 49 o.io 18 20
26/3/74 1500 1451 49 0 20 1 50
27/3/74 1500 1404 96 0 39 - 0 39
28/3/74 1500 1159 341 1 39 - 1 39
29/3/74 1500 1083 417 1 70 - 1.70
30/3/74 1500 - - - - -
31/3/74 1500 - - - - -




Daily data of potential evapotranspiration measured by

evapotranspiroreters at Honey Hill

Date Water added {Water collected| Diff (added-collected)[Rainfall Et
(average)
ccC ccC ccC mm min mh
1/4/74 1500 1260 240 0.98 - 0 98
2/4/74 1500 686 814 3.32 - 3.32
3/4/74 1500 1132 368 1 50 - 1 50
414774 1500 1871 429 175 - 175
5/4/74 1500 1118 382 1.56 - 1 56
6/4/74 1500 1181 319 1 30 - 1 30
7/4/74 1500 1181 319 1 30 - 30
8/4/74 1500 1218 282 115 - 115
Q1174 1Z2¢¢ 1248 252 1 .03 - 1 03
10/4/74 1500 980 520 2 12 - 2 12
11/4/74 1500 860 640 2 61 9 4 12 01
12/4/74 1500 1382 -882 -3 60 13 -2 30
13/4/74 1500 - - - - -
14/4/74 1500 - - - - -
15/4/74 1500 - - - - -
16/4/74 1500 2694 -1194 -4.,87 - ~4,87
17/4/74 1500 689 811 3 31 05 3.81
18/4/74 1500 1108 392 1 60 - 1 6C
19/4/74 1500 1081 419 171 - 171
20/4/74 1500 1196 304 1 24 - 1 24
21/4/74 1500 1132 368 1 50 - 1 50
22/4/74 1500 1076 424 173 - 173
23/4/74 1500 1071 429 1 75 - 1.75
24/4/74 1500 926 574 2.34 - 2.34
25/4/74 1500 1020 480 1 96 - 1 96
26/4/74 1500 1113 387 1 58 - 1 58
27/4/74 1500 1081 419 171 - 171
28/4/174 1500 1676 -176 -0 72 75 6 7
29/4/74 1500 4081 -2581 -10 53 12 5 1 97
3n/4/74 1500 1672 -172 -0 70 - o 70




Daily data of potential evapotranspiration measured by

evapotranspirometers at Honey 111l

Water added |Water collected |Diff (added-collected) |[Rainfall| Et
Date (average)
cc ccC cc mm mm mm
1/5/74 1500 1118 382 1.56 - 1 56
2/5/74 1500 1213 287 117 - 117
3/5/74 1500 1118 382 1 56 2 50 4 06
4/5/74 1500 - - - 1.00 1 00
5/5/74 1500 640 860 3.51 0.25 376
6/5/74 1500 1093 407 1 66 2 50 4 16
7/5/74 1500 1333 167 0.68 - 0 68
8/5/74 1500 1022 478 195 - 1 95
9/5/74 1500 BU6 054 2.83 - 282
10/5/74 1500 1309 191 0 78 10.00 10 78
11/5/74 1500 - - - 2 30 2 30
12/5/74 1500 1902 -402 -1 64 - -1.64
13/5/74 1500 202 598 2.44 2 50 4 94
14/5/74 1500 1333 167 0 68 070 1 38
15/5/74 1500 711 789 3 22 - 322
16/5/74 1500 711 789 3 22 - 322
17/5/74 1500 811 689 2 81 - 2 &1
18/5/74 1500 946 554 2 26 - 2.20
19/5/74 1500 1152 348 1 42 3 80 5 22
20/5/74 1500 1213 237 117 - 1.17
21/5/74 1500 787 713 2 91 - 2 91
22/5/74 1500 902 598 2 44 0 30 2.74
23/5/74 1500 877 623 2.54 0 30 0 84
24/5/74 1500 3699 -2199 -8 97 19,60 10 63
25/5/74 1500 1625 -125 -0 51 0 30 0 21
26/5/74 1500 998 502 2.05 - 2 05
27/5/74 1500 644 856 3.49 - 3 49
28/5/74 1500 500 1000 4,08 - 4 08
29/5/74 1500 740 760 3 10 - 310
30/5/74 1500 569 931 3 80 - 3.80
31/5/74 1500 564 936 3.82 3.82




Daily data of potential evapotranspiraticn measured by

evapotranspirometers at Honey Hill

Date Water added | Water collected| Diff (added-collected) | Rainfall Et
(average)
ccC ccC cc mm mm mm
1/6/74 1500 711 789 3 22 - 3.22
2/6/74 1500 529 971 3 96 4 46
3/6/74 1500 040 860 3 51 3 81
4/6/74 1500 789 711 2 90 - 2 9
5/6/74 1500 691 809 3 30 - 3 30
6/6/74 1500 1328 172 0 70 6 6 7 30
7/6/74 1500 1647 -147 -0 60 0 70
8/6/74 1500 1819 -319 -1 30 13 0
Q/A/74 1500 - - - 9 1 9 10
10/6/74 1500 2505 -1005 -4 10 79 3 80
11/6/74 1500 1328 172 0 70 - 0 70
12/6/74 1500 887 613 2 50 - 2 50
13/6/74 1500 765 735 3.00 - 3 00
14/6/74 1500 716 784 320 - 320
15/6/74 1500 544 956 3 9% - 3.9
16/6/74 1500 176 1324 5 40 0.3 5 70
17/6/74 1500 1059 443 1 80 7 4 9 20
18/6/74 1500 1598 -98 -0 40 03 L0 10
19/6/74 1500 593 907 370 - 3.70
20/6/74 1500 470 1030 4.20 - 4.20
21/6/74 1500 372 1128 4.60 - 4 60
22/6/74 1500 470 1030 4.20 - 4 20
23/6/74 1500 765 735 3.00 - 3 00
24/6/74 1500 765 735 3 00 - 3.00
25/6/74 1500 1010 490 2 00 - 2 00
26/6/74 1500 1010 490 2.00 0 80 2 80
27/6/74 1500 1402 98 0 40 1.00 1 40
28/6/174 1500 985 515 2.10 - 2 10
29/6/74 1500 887 613 2 50 - 2 50
30/6/74 1500 789 711 2 90 - 2 90




Daily data of potential evapotranspiration measured by

evapotranspirometers at Honey Hill

Date Water added |Water collected | Diff (added-collected)|Rainfall Et
(average)

cc cc cc mm mn mm
1/7/74 1500 1282 218 0 89 7.62 8.51
2/7/74 1500 2049 -549 -2.24 - -2.24
3/7/74 1500 3645 -2145 -8,75 22.1 13 35
417774 1500 2456 -956 -3.9% 20 -1.%0
5/7/74 1500 2792 -1292 -5 27 14 0 8 73
6/7/74 1500 3647 -2147 -8 76 81 -0.66
7/7/174 1500 - - - 03 0.30
8/7/74 1500 2407 ~-907 -3.70 - -3.70
/7774 1500 419 1081 hont - A4l
10/7/74 1500 593 907 3.70 - 370
11/7/74 1500 1164 336 } 37 4 63 6.20
12/7/74 1500 973 527 2 15 1 02 3.17
13/7/74 1500 542 958 3.91 0.30 4,21




APPENDIX TIT 3

Daily dara of actual evapotranspiration measured by lysimeters

at Durham Qbservatory

lysimeter One lysimeter Two Average
Date Reading ?::gln;: D;gth Reading Lglgg-l D;gth Deg;h Rainfall
pdings mm
15/5/73 0.1 | 44 07 64 Nloa | 29| 1.7 ]
16/5/73 10 0 -0 2 13 60 -0 2 131 -13 -
17/5/73 9.8 | o 3 20 58 02| -13]-16 )
18/5/73 I 0.7 5.6 01| 07 07 -
19/5/73 9.4 | 411 +7.3 53 +15 | +100 | +8 6 i}
20/5/713 | 10.5 | .4 5 w71 79 lioel b0/ 444 78
21/5/73 11.2 |0 +6 7 76 16| 40| 454 > 6
22/5/73 122 a3 ] 82 dost g2l s 7.8
23/5/73 | 12.4 | ., s13 ] 8% 03| 420|416 L4
24/5/73 12 6 40 1 +0.7 88 40 1 +0 7| 40 7 1.3
25/5/73 | 127 |, a3 | 3% Jo1| -06f -1 23
26/5/73 12.5 | _o 5 20 | 88 03| -20] -2 o1
27/5/73 12.2 | o, 27 853 06| -40| -3.4 )
28/5/73 s | _,, 213 7.9 02| -13] -13 B
29/5/73 11.6 {106 +4 0 77 +0 5 | +3.4| +3.7 )
30/5/73 12.2 | .4 07 82 0 +0 -0 4 67
31/5/73 12.1 | o4 0.7 82 02| -1.3] -10 03
1/6/73 | 12.0 80 16




Daily data of actual evapotranspiration measured by lysimeters

at Durham Observatory

lysimeter One lysimeter Two Average
Date Reading | Diff 1n Depth | Reading | Diff Depth | Depth Rainfall
readings mm in re- mm mm m
adings ,
1/6/73 12 0 8.0 16
2/6/73 - +1 4 +9.3 - +1 1 +7.3 |+8.3
3/6/73 13 4 91 11 2
16/ -0.1 -0 7 -0 3 -2 -1.4
4/6/73 13 3 8 8 .3
; : -0 3 -2 -0 5 -3 4 -2 7 0
5/6/73 13.0 8 3 -
-0 6 4 -0 7 -4 7 | -4 4
6/6/73 12 4 7.6 -
; ; -0 3 -2 -0.3 -2 -2.0
7/6/73 12 1 73 7 -
-0 6 -4 ///,n9 S e
8/6/73 115 o6 4 - /peasifen ;u// " -
9/6/73 10 9 13 5 4 -
/e/ -0 5 -3 4 -0 4 27 |[-3
10/6/72 e ¢ 131 -
11/6/73 - -0 9 -6 - -0 6 -4 -5 -
12/6/73 95 12 5 -
13/6/73 8 8 -O AR EET: ° O 7
0.7
/ -0 5 -3 7 0 -0 -1 -2 5
14/6/73 8 3 11 8 -
/ -0 5 -37 -0 4 -2 7 -3 2
15/6/73 7.8 11 4 -
16/6/73 - -1 0 -6.7 - -0 8 -5.4 -6 -
17/6/73 6 8 10.6 18
18/6/73 - -10 -6 7 - -0 6 -4 -5 4 0.2
19/6/73 58 10 O -
16/ +11 +7.3 +1 4 +9 3 |+8.3
20/6/173 6.9 11.4 91
0/6/ 40 5 +3.4 +0.5 +3 4 |+3 4
21/6/73 7.4 11 9 4.2
-0.5 -3.4 -0 4 -2 7 -3.0 1
22/6/73 6.9 11 5 0.
j j -0 7 -4 7 -0 8 -5.4 -5.0
23/6/73 6.2 10 7 -
/ g +0.6 +4 +0 6 +4 +4 0 5 6
24/6/73 6 11 3
/ +0.3 +2 1.6 +0 3 +2 +2 0 15
25/6/73 71 .
16/ -0 3 -2 -01 -0 7 -13
26/6/73 6.8 11 5 01
27/6/73 - -0 8 -5 4 - -0 7 -47 |-50 0.4
28/6/73 6. 10 8 -
1617 0 -0 6 -4 0 ) 06 | -4 -4.0
1 -
29/6/73 54 " _9 0 07 47 |-34
30/6/73 51 95 - |




Daily data of actual evapotranspiration measured by lysimecters

at Durham Observatory

Date lysimeter One lysimeter Two Average
Reading Diff 1in{ Depth Reading | Di1ff Depth | Depth Rainfall
readings mm 1n re- mm mm mm
adings
30/6/73 51 95 -11 7 }j-10.2 -
1/7/73 - -1.3 -8 7 -1 7 -
7/73 38 7.8 -
2111 0 4 2.7 06| -4 |-34
3/7/73 34 72 -
/11 -0 4 -2.7 -0 8 54| -40
4/7/13 30 6 4 -
17773 2 4 -0 6 -4 0 -0 8 =5 -4 7 )
5/7 5.6 12 5
-0 2 -13 -0 5 34| -2 4
6/7/73 2,2 5.1 14
7/7/73 - +1 7 +11 7 +1.5 ] 410 0 |+10 8 -
8/7/13 3.9 6.6 -
9/7/73 - -1.0 -6 7 - -1 n -6 7 -h 7 1 a4
10/7/73 2.9 56 01
/ -0 2 -13 -0 3 -2 -1 6
11/7/73 27 5.3 39
-0 2 -1.3 -01 -0 7 -1 0
12/7/13 25 52 6.3
13/7/73 - +1 0 +6 7 +0 7 +4 7| +5.7 6 3
14/7/173 35 59 0.7
+1 3 +8.7 +1 3 +8 7| +8 7
15/7/73 4 8 72 330
-0 7 -4 7 -0 5 s34 -40
16/7/73 4,1 6 7 i8
+4.9 +3 3 +4 5 | 430 0 {+31.5 .
17/7/73 9 11 2 3.
11/ 0 0.1 -0 6 +0.1] w07 o
18/7/73 8.9 11 3 2.0
+0 3 +2 +0 3 +2 +2
19/7/73 9 2 11 6 05
) / 8 -0.3 -2 0 0] -1 A
7/73 9 11 6 .1
20; / o -0 2 -13 -0 1 -07} -1
1/7/73 .7 11 5 -
-01 -0 7 +0 2 +1 4| +0 4
22/7/73 8 6 11 7 -
-01 -0 7 +0 2 +1 41 +0 4
23/7/73 8.5 11 9 -
24/7/ 8 6 40.1 +0 7 1 8 -01 -0 7 0
4/7/73 -
-0 4 -2 6 -0 8 -5 414} -4
25/7/73 8 2 11 -
/11 -0.7 -4 6 0 -0.5 -34| -4
26/7/173 7.5 10 5 -
9 2 4 -0 1 -0 7 10 4 -0.1 -0 7 -0.7
7/1/73 7. +0 2 +1 3 0 01 -0 7| +0.4 i
.6 10 3 -
28/7/73 7 0.5 34 0] 0 4 26l =30
29/7/117 7.1 99 -
9/// 3 -0.5 -3 4 -0 3 -2 -2 7
7 6 6 96 -
30/7/173 -0 8 -5 &4 -0 6 -4 -4 7
31/7/73 5.8 90 -




Daily data of actual evapotranspiration measured by lysimeters

at Durham Observatory

lysimeter One lsyimeter Two Average
Date Depth | Rainfall
Reading | Diff 1in Depth Reading| D1ff Depth ep ain
readings mm in re- mm mm mm
adings
31/7/73 58 90 lo0
-0 3 -2.0 -0.8 -54) -37
1/8/73 5.5 6 7 8 2 4 -
-1 0 - -0 5 -3. =50
2/8/73 4 5 77 0.5
-0 6 -4 0 -0 4 -2 7 -3 4
3/8/73 39 7.3 14
-0 5 -3 4 -0 3 -2 0 -2 7
4/8/73 34 70 25 2
-0 5 -3 4 -0.6 -4 0 -3 7
5/8/73 29 6 4 29
+3 +20.0 +3 8 |+25 3 {+22.7
6/8/73 59 10 2 10
-0.6 -4.0 -0 4 -2 7 -3.4
7/8/73 53 98 16
-0 8 -5.4 -0 5 -3.41 -4 4
8/8/73 4 5 93 -
-U b -4,0 -0 b6 -40] ~-40
9/8/73 39 4 ) 7 8.7 4 2 7 2 7 29
-0 - -0 -2, -
10/8/73 35 8 3 -
-0 5 -3.4 -0.7 -4 7 -4 0
11/8/73 3 76 -
-0 5 -3 4 -0 6 -4 0 -3.7
12/8/73 25 ) 4 70 8 4 3.4 -
-0 -1 -0 -5. -3.
13/8/73 23 6.2 -
-0 8 =5 4 -0 7 -4 7 -5 0
14/8/73 15 ) 55 9 6 4 -
-0 3 -2 0 -0 -6 0 -4.0
15/8/73 12 4 6 -
-0.6 -4 0 -0 5 =34} -37
16/8/73 06 4.1 -
-0 8 -5 4 -0 6 -4.0 -4 7
17/8/73 -0 2 4 35 5 34 4 -
-0.5 -3 -0 - -3
18/8/73 7.8 ) 3.0 47 34 10
-0 3 -2 0 -0 7 -4, -3.
19/8/73 75 3 24 7 2 3 34 22 7 237 22,2
+3.7 +24, + + +23.
20/8/73 11 2 5.7 32
+0.5 +3.4 +0 8 +5.4 | +4 4 -
21/8/73 11 7 65
-0.3 -2 -0 7 -4.7 -3 4 -
22/8/73 11.4 5.8
-01 -0 7 -0 4 -2 7 -1 6
23/8/73 11.3 54 -
-0.8 -5 4 -0 7 -4.7 =50
24/8/73 10.5 6 4 4 7 3 ) 3 -
-0. -4.0 -0 -2.0 -3 0
25/8/73 99 4 4 -
~-0.5 -3.4 -0 3 -2 0 -2 7
26/8/73 94 4 1 -
-0 2 -1.4 ~0 3 -2 0 -17
27/8/73 9.2 38 -
-01 -0 7 -0 2 -14)] -11
28/8/173 91 36 -
29/8/73 - 2
-0 4 -2 7 -0.a -2 7 -2 7
30/8/73 -
31/8/73 8 7 32 0.1
1




Daily data of actual evapotranspiration measured by lysimeters

at Durham QObservatory

lysimeter One lysimeter Two Average
Date Reading Diff 1in Depth Reading Diff |Depth|Depth Rainfall
readlngs mnim 1N re- mm mm mm
adings
3 8 . -
1/8/73 [ 27 | 32 0 o | -14
1 3 8 .2 -
/911 3 -0 3 -2 3 -0 9 -6 -4
2 3 8 2 1
/917 0 -0 1 -0 7 2 -0 1 -0./t -07 0
9/73 . 2.8 -
3/9/ 7.9 0 0 04 | +2 7] +14
9/73 2, -
4/917 79 -0.5 -3.4 4 -0 5 -3.4] -3 4
5/9/73 7 4 19 -
/9/73 74 0 - 19 0 0 °
6 -
-0 5 -3.4 -0 5 -3.4] -3 4
7/9/173 6.9 1.4 -
8/9/13 - - _
/91 -0 6 -4 0 -1 0 -67| -513
9/9/73 - - 12
10/9/73 6.3 A -
0/9/ 0 0 © -0 2 -1 4 -0 6
11/9/73 6 3 02 -
12 3 - - 0.2
/971 -0 2 -1.3 0 0 -0 6
13/9/73 61 02 05
14/9/73 - 0 0 - +0 3 +2 0| +10 -
61 5 21
15/9/73 0.1 -0 7 ° +0 5 +3 41 +1 4
16/9/73 6 1 o1l
/91 0 0 0 0 -01 -0 71 -04
17/9/73 60 09 2.0
18/9/73 - 10 6.7 +0,3 | +2 ol +4.4 11 4
19/9/73 5.0 12 0.3
2 -~ - -
0/9/173 0 2 -13 02 | +13 -14
21/9/73 4.8 0 2 13 lo0 01 07l -10 -
2 . .9 16.3
22/9/73 4.6 +2.3 +15.3 0 +2 5 [ 16 5 +1
23/9/73 6 9 0 0 3.4 0 4 29 14 -
6 3 16
24/9/73 9 01 07 0 0 2 a4 -10
25/9/173 6 8 2.8 05
26/9/73 - -01 -0.7 - -0 5 -3.4] -20 59
2.3 01
21/9113 67 +0.8 +5.8 +1 9 | +12 7] +9 0 5 s
4 2
28/9/73 75 0 & 27 i -0 7 -4 7 -3 7 .
71 35 0
30/9/73 72 03 20 35 a1 | =73 -4 -
31/9/73 69 2.4 -




FAS

APPENDIX IV

To calculate Thornthwaite Potential Et

To calculate total, mean, standard deviation, minimum

and maximum for each variable in a set (or subset of
observations)

To calculate correlation coefficient and regression
equation intercept and cocfficient

To plot hydrographs of simulated and recorded mean
daily flows and calculate correlation coefficient
between simulated and recorded f£lows
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APPENDIX V
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