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Abstract

"~

<
An experimental catchment of 1 km was estaeblished at
Lanehead in Upper Weardele to study the effects of atmospheric
conditions upon stream water temperature. Discharge from the

catciment was measured by a prefabricated wooden flat vee weir

as instelled during the stm's z

ey of A8

\r)

’J o3
3. D3

wnich v raoioiboalion ven

-p

-

"1

. . s . KB
5 K Y da

tve sites in the cabciwens; svondard aad pround lewl!

c.’-
o]
Q
Lt

measurad ot

i
totaliser gauges, together with e Dines recorder gauge were instulled
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at escu site. Alr, stream and ground water -

peratures were rccorded

with thermographs 2t verious sites within the catcluwent.

Becanse the volume of discharge veuld have a wodifying
effect upon the relationship between the siream waber teuperaburye
and the atmospheric conditlons the I‘J"li‘“J_l/IL’lofT relations in the
catcnoment were studied. During the surmer period this relationshiip
veried sccording to the antecedent soil moisture condition. In the
winter, when the precipitation was in the fome of snow the release
of discharge was controlled by other factors such as air temperature,

humidity and solar radiation, The release of snow melt as discharge

had a dominating effect upon the temperatuvre of the stresm waler,

The thermal characteristics of the stream water were found
to very in a three dimensional sense of time and: space. he watexr
temperature at any point in the stream varied within the context of
the diurnel air temperature cycle, the magnitude of this fluctuation
differed with distance from the stream source, snd finelly the scale
of both of these varied with the differing overall atwospheric cuviron=
ment which occurred from season to season. The siream chanmnel exerted
e strong influence upon the water temperature by wvirtue of the fucht that
it modified the influence of factors such as air temperature and solar

radiation.
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INTRODUCTION

This thesis attempts to investigate the relationship
between stream water temperature and surrounding air
temperature and the extent to which this relationship is
influenced by other hydrological factors: such as the thermal
cagac;ty of the stream, volumes of discharge and snowmelt.
To do this an experimental catchment of about 1 km2 vas
established between 470-610m OD at Lanehead in County
Durham. The period January - September 1968 was spent
selecting and installing a stream gauging structure,
precipitation recorders and air and water temperature
recorders that ﬁould operate satisfactorily in an upland
region. The results presented are based upon data col-
lected during the two water years 1968/69 and 1969/70.

Little has been published about the controls over
stream water temperature despite its importance as an
aspect of water quality with important implications upon
the distribution of aquatic life, the effectiveness of
pollutants in the stream water and consequently upon any
meaningful analysis of the minimum acceptabde flow. The
range of water temperature variation has a direct affect
upon the distribution of aquatic life, but its main effects
are indirect since the demand by fish for example, for
oxygen increases with the temperature of the water. The
critical factor is not the amount but the percentage of
dissolved oxygen, and since solubility of oxygen decreases
with rise in temperature from 14 ppm at 0°¢c to Oppnm at
100°C, water temperature and available oxygen are closely

releted. (Hynes 196D). Many substances such as cyanides,
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cresols and ammonia become more toxic as theoxygen content
falls and thus indirectly changes in water temperature
affect the toxicity of a polluted stream, and consequently
considerations of water temperature must also affect the
level of acceptable minimum flow for a river.

Thus it can be seen that water temperature variation
is an importent aspect of water guality. This project
attempts to relate the variations in stream water temp-
erature to the relatively easily and universally recorded
parameter of air temperature. This relaéionship is
modified by other hydrological factors such as the volume
and the nature of the discharge.

Section I deals with the instrumentation of the catch-
ment for precipitation, air and water temperature and
discharge. In order to select a minimum number of sites
for the recording of precipitation a pilot scheme of eight
gauges was established in the catchment. From this study
two sites were selected which would give a representative
value for the catchment. Many of the problems of recording
precipitation are increased because of the altitude of the
catchment. With an increase in altitude the gauges become
more exposed to windy conditions and the difficulties
ceused by freezing air become greater both because the air
temperature conditions would be more extreme and also
longer in duration. Protection against the wind and freezing
air conditions has therefore had to be provided for the
gauges. The non-recording gauges have been protected as
far as possible from the wind in order to obtain an accurate
measure of rainfall, but the recording gauges, the most

vulnerable to freezing air conditions, were installed only



to give a record of the time of occurrence of rainfall.

Air and water temperature records presented problems
of location rather than difficulties in recording. They
were recorded in close proximity so that the relationship
between the two could be studied, and both of these were
gited near the weir so that the water temperature could be
related to the changes in the volume of discharge. For
part of the study period a continuous record of ground
water temperature was teken but this recorder was later
moved to record the temperature of the sfream water at
source.

In order to obtain a continuous record of stream dis-
charge a gauging structure had to be constructed. The
choice of structure was controlled partly by the steepness
of the catchment and the amount of bed load material moving
downstream, partly by the shallow nature of the banks and
also by the difficulties of access to the site. The
installation of these instruments was carried out between
January and September 1968.

In Section II the thermal characteristics of the stream
are analysed. Because the volume of discharge in the stream
has a modifying effect upon the relationship between the
atmospheric environment and the stream water, the naturé of
the runoff from the catchmgnt has been studied. During
the summer period the runoff is controlled by the nature
end the occurrence of reinfall, and in Chapter 5, the
Pelationship between rainfall and runoff is related to the
conditions of the catchment soil. The specific difficulties
of obtaining rainfall and funoff records in an upland

catchment are discussed. The snowmelt floods have been




treated separately from the direct rainfall/runoff floods
in Chapter 6 because the conditions that give rise to them
are very different, and snowmelt has special implications
for water temperature. Periods of snowmelt have been
isolated, and these floods related to the rainfall and
temperature conditions prevailing.

In Chapter 7 the thermal characteristics of the stream
water are described. Since the water'temperature varies
with distance along the sfream as well as through the day
and throughout the year several avenues of study were
followed. Water temperature was studied in relation to the
air temperature and the volume of discharge at the weir
site. This also acted as the basic reference to which the
other studies could be related. Variations in water
tenmperature along the stream course were measured by a
series of temperature measuring sequences. These were taken
throughout 24 hour periods on at least one occasion each
month so that the results obtained would indicate changes
occurring at all times of day and give a representative
cover over the whole year. The effects exerted by the
stream channel itself were studied. The two streams in the
catchment were very dfferent in physical channel
characteristi¢s and therdéfore the differing response of the
water temperature in each stream to the same ciimafic con-~
ditions would indicate the differences exerted by the

channel itself.

Catchment Characteristics

The Lanehead éatchment is a headwater tributary of

the River Wear in County Durham (Fig.l). Above the village
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of Wearhead the River Wear is formed from three main catch-
ments, Killhope Burn, Wellhope Burn and Burnhope Burn
together with many smaller catchments draining the
watershed from the north and the south. The Lanehead catch-~
ment is a north tributary draining an area of approximately
1 km.? between 470m - 610m O.D. on the watershed with the
Rivér East Allen in Tynedale. This patticular catchment
was selected because of its accessibility for data
collection. A main road runs through the catchment from
which most of the instrument sites could be epproached
relatively easily during adverse weather conditions and the
Geography Department Field Centre at the old Lanehead
school 1 km. away provided accommodation for longer periods
of field work in the catchment.

The catchment comprises two streams, the weste;n
tributary draining N-S (A) and the eastern tributary
draining NE-SW (B). The sub-catchments of these streams
differ greatly in physical terms such as relief, area,
orientation and channel form, but also the sub-catchments
coincide with the major vegetation division within the
main catchment. For these reasons the snalysis and
description of the catchment has been made in terms of the
two sub-catchments forming the Lanehead experimental
catchment.

The vegetation of the area is "Heather moorland"
(definition as used by Pearsall in 'Mountains and Moorlands').
Much of the area is dominatéd: by blanket peat supporting
calluna heath; in the east of the catchment, where the
peat cover has degenerated, there is a grass cover, mainly

juncus squarrosus and j. effusus. The difference in




vegetation between the east and west of the catchment
coincides with the sub-catchments of the two streams and in
this context the vegetation is analysed in more detail
below.

The geology of the catchment is compeséd of a series
within the carboniferous group: (Fig.2). The southern part
of the catchment is part of the Yoredale series, a
sequence of limestone, shale and sandstone. In the north
of the catchment, above the Great Limestone, there is a
succession of shales and sandstones containing only very
thin bands of limestone. The topography reflects the
geology of the catchment, the more resistant Four Fathom
and Great Limestone bands together with the Firestone Sill
stand out as benches around the catchment. These bands
cause waterfalls or rapids where they are crossed by the
stream channels. The Four Fathom and Great Limestones act
as aquifers feeding ground water to the surface streams.

Precipitation over the catchment is normally greater
than 1600 mm per snnum, and during the winter period most
of this falls in the form of snow. Continuous records of
precipitation have been made for the two water years 1968/69
and 1969/70. The résults are discussed in Chapter 2, but
they tend to be incomplete as a result of the difficu}ties
of measuring snowfall and rainfall in freezing winter
conditions.

The shape of a drainage basin will have an effect
upon the characteristics of the stream discharge since it
governs the speed at‘which water is supplied to the main
stream and the rate at which it proceeds to the outlet of

the basin. Long narrow basins tend to attenuate flood
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discharge since the contribution of discharge from the
progressively distant parts of the catchment pass the out-
let from the catchment gradually. On the other hand, with
pear shaped basins the contributions from the various parts
of the cadchment tend to collect at the outlet to the
catchment at the same time, producing a much more sudden
peak. The precise quantitative representation of a

basin shape is difficult, although several schemes have
been suggested. Horton (1932) used the ratio:

basin area

(basin length)?
while Schumm (1956) used the ratio:

diemeter of a circle equal in area to the catchment

maximum basin length
and Miller (1953) used the ratio:

basin area

area of circle having same length perimeter as the basin
Snyder (1938) approached this problem in a much more direct
way on the assumption that the effective shape of the
catchment could be expressed by drawing isopleths of
travel time of the water above the catchment outlet. If
the area between isopleths is then plotted against time the
resulting curve would give an expression of the shape of
the catchment. The main drawback to this is that it does
not give a value that can be used for direct comparison
with other catchments.

It is clear that tributary A has a relatively long
narrow cetchment when compared with catchment B} and the
main catchment shape is.a compromise between the two. The

pattern of the discharge leaving the catchment is the



product. of the combined effects of the two sub-catchments
rather than a pattern that would necessarily result from

the shape of the main catchment. In other words, the pattern
of discharge at the weir will be the result of the pattern
from each of the two sub-catchments superimposed. Sub-
catchment B is marginally larger than A, the areas being

0.551 km® and 0.49 km?

2

respectively. Since the total
catchment is 1.05 km“, catchment A represents 46.4% and
catchment B 53.6% of the total catchment area.

Though similar in area the sub-catchments are very
different in their physical nature. Catchment A has an
altitude range of 150m. compared with 120m. in B. In Pig.3
the altitude frequency graphs for the: two catchments are
compared. Much of the greater part of catchment A is at a
high altitude, above 570m., on the flat peat lands at the
head of the catchment, while at the lower altitudes the
catchment is very narrow. Catchment B shows no such
peculiarities. A large proportion of the catchment is at
550-570m., and the area of thecatchment at the lower
altitudes gradually becomes smaller as the catchment becomes
narrower. A possible hydrological conéequence of this is
that catchment A will tend to receive a slightly greater
proportion of its precipitation as snow and that the snow
will lie for a longer period of time.

Vegetation is an important factor controlling the
nature of the drainage from an area. At Lanehead the
vegetation of the catchment falls into two main categories
which approximately coincide with the two sub-catchments
(Fig.4). This divide is partly due to the degeneration of

the peat cover, but the clear divide between the two types
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is eZ¥aggerated by land usage. The western part of the
catchment, though grazed, is maintained as a grouse moor,
whereas the eastern part is used exclusively for sheep
pasture and hence the stone wall which runs down the
middle of the catchment acts as a fairly distinct division
between these two groups. |

In co-Operatioﬂ with Dr. P. Bridgewater of the
Department of Botany the vegetation of the catchment has

been claessified and mapped as five groups oFf habitats.

L. Damp Grassland. The eastern part of the catchment is a poor

grassland area; in the eastern extreme it is dominated by
Nardus Etricta but to the west the Juncus fgarrosus becomes
more dominant. This is an area of degenerated peat, and
all that remains is a relatively well drained peaty podsol
soil. Near the water courses, or in the small, isolated
aréés of'poor drainage, the vegetation cover is dominated
by other species (Group IV).

II.‘Degenefate'Blanket Peat. An area of degenerating
blanket peat.dominated by Scirpus caespitosus and with

Calluna vulgaris and Erica tetralix on the drier ground.

This group occupies the lower pért of sub-catchment A.

=

Callunaz Moor nt A is an area

IT.
of thick blanket peat supporting a vegetation dominated by
Cal

luna vulgeris and it forms part of the Heidemoor (Héather

moor). The presence of the Calluna indicates an area of -
rapid drainage, and this has been further improved by a
number of artificial ditches cut in theearly 1950's. The
progression from the Heidemoor at the top of the catchment
to the degenerated blanket peat in the south is a gradual
one, but the boundary coincides approxzimately with the




change of slope in the catchment which occurs at the out-
drop of the Firestone 8ill. The wetter parts of the
catchment, either along the water courses or in small
isolated patches of poor drainage, support a different
vegetation. '

IV. Juncus_ Effusus flush. In catchment B the water courses

are lined with vegetation dominated by water loving plants,
Juncus effusus and characterised by Sphagnum cuspidatum
and Equisetum fluviatle. This type of vegetation also
occurs where the water course igfjust bddw the ground
surface; the pattern of these courses can be seen in Fig.4.
It occurs near the running'water of the streams rather

than in stagnant pools.

V. Sphagnum flushes. 'Sphagnum dominated flushes. These
areas are very small in size, of very poor drainage and
occur in cétchment A particularly near the watershed in
the Heidemoor zone. They are dominated by species of

sphagnum, notably S. subs¢cundum and §. recurvum.

The five habitats have been presented wsually using
the scheme developed by Danserau 1951 (Fig.5). The main
species in each habitat have been represented schematically
on the basis of the five physical characteristics; 1life,
form, size, function, leaf shape and texture. The value
of this method is that it enables the dfferent habitats to
be differentiated without the species themselves having
to be identified. (The species found in the catchment are
listed in Appendix III).

The pattern and nature of the drainage channels in

the two sub-catchments are very different, partly as a

result of the different gradients of the catchment, and

10







FIG5 SIX CATEGORIES OF CRITERIA

USED IN VEGETATION DESCRIPTION
(MODIFIED AFTER DANSEREAU (1957))

| LIFE FORM

T Q trees
F @ shrubs

H v herbs
M £\ bryoids

epiphytes

L % lianas
S U lichens

2 SIZE

t- tall { T=minimum 25m
F=2-8m
H=minimum 2m)

m-medium (T=10-25m

F.H=0-5-2m
M,S=min.|0Ocm)
| ~-low (T=8-10m
F,H=maximum 50cm
M,S=maximum IOcm)

3 FUNCTION

d [ deciduous
S semi-deciduous

e evergreen

j ¥ evergreen leafless

4 LEAF SHAPE & SIZE
n <> needle or spine
g() graminoid
a O medium or small
h& broad
v’ compound
q O thalloid

S5 LEAF TEXTURE
f 77 filmy
z[] membranous
x B2 sclerophyll

succulent or fungoid

6 COVERAGE

b barren or sparse
[ discontinuous

P tufts

c continuous cover




partly as a result of the varying soil and vegetation types.
In both of these catchments éurface flow is the main source
of drainage and consequently the nature of the channel
influences the nature of the discharge from the catchment.
The main stream in catchment A rises on the blanket peat
near the watershed. Like the tributaries that join it,

the main stream channel is cut into the peat, and in places
the channel is linked with small flat sandstone boulders
(c.10 cm. in diameter). In its middle reaches, the main
channel is steep, floored with small boulders and gravels,
and often deeply incised into unstable peaty/podsol banks,
which are frequently undercut during high flows. In its
lower reaches, such as the section 300 m. above the weir,
the banks and the stream channel are much more stable and
clearly defined. Where the stream crosses the outcrop of
the Four Fathom Limestone there is a series of waterfalls.
During very low flows the stream flows for short reaches
through the channel gravels. The only other stream channel
of significant size in this part of the catchment drains
the area near the eastern edge of the sub-catchment and
originates in a number of fltishes. BSignificantly it is
this stream rather than the main stream which dries up
during a drought although the flushes themselves retain
water for a long period. During periods of high flow the
water passes over rathef than through, the flushes.

Stream B rises in the peaty/podsol soil in the upper
part of the catchment. - The headwaters seep through Nardus
grass flushes with few clearly defined stretches of channel.
The first appearance of a recognisable main channel occurs

at 540 m. OD. From here downstream the channel is well

11




defined with very stable banks throughout its length. Where
it crosses the more resistant strata such as the Four
Fathom and Great Limestones, and the Firestone sill, small
- waterfalls occur. The Little Limestone does not form a
marked feature in the long profile of the stream although
where it is crossed by the stream, the channel is of bed-
rock and without gravels. Between the outcrops of Four
Fathom and Great Limestone the stream is deeply incised,
partly since it follows the line of a structural fault,

and partly because this part of the channel has been eroded
by lead mining activities. Two other smaller sireams drain
this sub~-catchment near the watershed. On the watershed
several channels are cut in the peat, but away from this
flatter area at the top of the catchment the stream channel
is less clearly defined and the water drains through an
area of Nardus grass. This drainage system joins stream B
just below the outcrop of the Firestone sill. The second
tributary drains the lower part of the catchment by a
series of sub surface channels. The line of these channels
is very often marked on the surface by lines of water-
loving vegetation, and, in places, by active sphagnum
flushes. The stream forms a surface drainage channel for
about 50 m. above its confluence with stream B just above the
outcrop of the Four Fathom Limestone.

The average gradient of the two streams are very
gsimilar, A being 1:10.5 and B 1:11, but the long profiles
are quite different. (Fig.6). At its source on the deep
blanket peat stream A has a relatively shallow gradient of
about 1:25. The stream meanders through a wide channel

cut into the peat, and in part erodes through to the shale

12
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and sandstone bedrock. When the stream crosses the

Firestone sill on to strata belonging to the Yoredale

series, the gradient becomes much steeper, about 1:6, with

a series of short stretches with even steeper gradients

where the channel crosses the Little Limestone at 540m OD.

It becomes much shallower above the upper limit of the

Great Limestone outcrop at 510m OD. Where the stream

crosses the more resistant rocks waterfalls occur, but where

the rock is less resistant the channel meanders on a

layer of gravels, which are often 0.25-0.5m deep. The most

striking featuresof this profile are the rapids and falls

at the base of the Great Limestone (490m OD) where there

is a permanent spring, and over the Four Fathom Limestone

(475m OD) where the stream has a local gradient of 1:2.5.
In contrast, stream B has a more uniform profile

with only minor reaches of markedly increased gradient

coinciding with outcrops of the more resistant bedrock,

the Four Fathom Limestone at 475m OD, the base of the

Great Limestone at 490m OD and the Firestone sill at

520m OD. The outecrop of Little Limestone has very little

influence upon the gradient of this strean.
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CHAPTER 2

THE MEASUREMENT OF PRECIPITATION

A great deal of attention has been paid to the problems
of precipitation and discharge measurement because the aim
was not merely to provide the framework for this study,
but to furnish the essential instrumentation for an
experimental catchment with much wider utility. Neverthe-
13es the study of precipitation in the catchment was also
of direct relevance in this specific study for two
reasons. Through its effect upon the volume of discharge,
precipitation has an indirect control over the thermal
characteristics of the stream water. Secondly,

;elatively little information is available in the United
Kingdom about the problems of instrumenting for

precipitation in an exposed upland catchment.

The :g;nfall measurement problem

The principle of precipitation measurement is that
a rain gauge will measure the amount of water reaching
thé surface of the earth nearby. This principle assumes
that the gauge will collect the amount of precipitation
that would have fallen on the ground had the gauge not
been there. However, this situation has not yet been
achieved, for the very presence of the standard rain gauge
with its rim one foot above ground level, produces a
local environment of turbulent airflow which is very
different from that which existed before its installation.

The standard gauge consists of a funmnel set in a cylinder

pat
(914



of exactly 5" diameter, which directs the rain into a
collecting bottle. The funnel is 4" below the rim.to
minimise the amount of rain lost by splashing from the
sides of the flinnel. The gauge is installed so that 'phe
rim is horizontal and exactly 12" above the surrounding
ground in order to reduce the insplash of rain from this
surface.

The deficient collection of rain by the gauge is a
greater problem, the local eddies of increasing wind
speed around the gauge cause rain, particularly light
drizzle, to be carried clear of the gauge. Robinson and
Rodda (1969) experimenting with rain gauges in wind
tunnels have shown that the acceleration of the air flow
across the orifice of the gauge can be as much as 132%
of the wind speed in the tunnel (Fig.7). Collinge (1963)
has shown that gauges at different heights above the
ground, and therefore exposed progressively to greater

wind speeds, have collected less rain:-

Gaggé Catch (ins) 2221919291
o (ins) (%)

Ground level 78.5
1' gauge T2.4 6.2 7.8
10' gauge 68.9 10.0 12.0
30' gauge 71.0 7.6 9.6

(from Cellinge 1963)
Bornsiein (1884) correlated the difference between the
catch of a protected and of an unprotected gauge against

wind speed:-
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. Wind speeds as percentages
of the wind tunnel air flow
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ﬂi&§§¥39d3 unprotected
(Beaufort scale) protected (%)

0-2 92
3-4 87
5=-6 69

(from Bornstein 1884)
These differences were significantly higher for periods

of fine rain or drizzle:-

ﬂi%%%%§§g No. of %23%1-3%%%iniency No. of %%5%2_3%%%iciency
0-1 4 23%
1-3 17 6% 8 25%
47 13 13% 6 18%
8-12 7 144 6 46%
13-18 6 17% 2 52%

(from Bornstein 1884)

The main problem of gauge installation is to create a
situation in which the actual presence of the gauge does
not produce a non-uniform and turbulent flow of air over
the gauge. It is also important that this shouid remain
the primary consideration, rather than as is often the
case, that the success of the gauge is viewed in terms of
the increased catch above that of an adjacent gauge not
similarly located.

Attempts to overcome the problems of exposure have
been many and varied, but basically they can be grouped
into three categories:- changing the size of the gauge;
changing its shape; and removing the gauge from the flow of
air altogether. The purpose of reducing the size of the

gauge is that, the smaller the gauge, the less its dis-
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turbing affect upen the airflow. However, if a gauge has
en orifice of less than 4" diameter, the amount of water
retained by, or evaporated from, the funnel of the gauge
is relatively large compared with the volume of rain
collected.

Experiments with aerodynamically shaped gauges have
been carried out in an attempt to produce a shaped gauge
that will give the minimum resistance to airflow. Of the
many shields produced, the Nipher is regarded as the most
-successful (Fig.B8a). The air is diverteﬁ down and away
from the top and the sides of the gauge, so that these
eddies do not af:ect the direct flow of air across the top
of the gauge. The increase in catch which undoubtedly
results from the use of a Nipher shield could well result
from rain splashing from the top of the shield. In,the‘
United Kingdom, gauges in exposed areas are often
protected by a turf wall (Fig.8c). The height of the wall
is 12", and the top of the wall is in the same horizontal
plane as the rim of the gauge. This method is costly in
effort for both construction and maintenance, and although
perhaps providing some protection from the sweep of the
winds, a poorly maintained structure may actually increase
turbulence in the airflow.

In Belgium, Poncelet (1959) experimented with the
shape of the gauge itself. After testing various shapes
in a wind tunnel he came to the conclusion that a gauge
shaped like a wine glass (Fig.8b) would offer the least
resistance to the flow of air, and thus cause the minimal
air turbulence.

By far the most successful attempts to minimise

exposure problems have been made by placing the gauges at
i8
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ground level, and thus completely removing it from the
flow of air. Under these conditions though, the gauge is
susceptible to rain splashing, or flowing in from the
surrounding ground. Ashmore (193%4) hae demonstrated that
considerable splashing will occur from a rainstorm of

10 mm/hr.:-

Surface Height of splash (mm)
Poor lawn 210
Gravel 280
Lawn 290
Water 350
Bare soil 410
Ice 625

The first successful ground level gauge was used by
Koschmeider (1934). The gauge was set in, a pit approximately
30 cm. deep so that the top of the gauge was level with
the surrounding ground, but the earth in the immediate
vicinity of the gauge was 30 cm. below the rim of the gauge,
and thus minimised splash. To reduce the disturbance to
the airflow caused by the pit, the depression was covered
with wire netting. Other anti-splash surfaces have now
replaced the wire netting - plastic grids or angled slats
so designed to deflect splash away from the gauge. The
effectiveness of these anti-splash surfaces can be tested
by the use of a compound gauge (Bleasdale 1958, 1959). The
compound gauge is composed of nine rain gauges set in a
square. If no splash is occurring from the surrounding
surface, then all the gauges should collect the same amount
of rain. If however, the surrounding surface does not
prevent splash, then the central gauge can be expected to
collect the least amount of rain since it is farthest from

the surface, while the corner gauges will collect the most.
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Although it is dangerous to equate increased catch with
increased efficiency until it is known.if some of the
increase results from insplashing, it is impossible to
ignore the many experiments that have shown significant
differences between the catch of a standard one foot gauge
and an adjacent gauge set at ground level. Rodda (1967)
making a comparison between the catch of two sugh gauges
over the period September 1961 - August 1966, has shown
that the ground level gauge consistently collected more
(Fig.9a). Koschmeider's (1934) experiments indicated that
the discrepancy between his gauges increased with increas-
ing windspeeds (Fig.9ﬁ). Winter and Stanhill (1959)
conducting a similar experiment found that the discrepancies
were least during the summer period wvhen windspeeds were
less and the raindrop size larger;

Although a gauge installed at ground level and
surrounded by an anti-splash surfade appears to give a
much more accurate reading of precipitation than the
standard gauge, nevertheless over long periods of study
the standard gauge can be regarded as a good estimate of

the amount. of precipitation. The standard gauge also has

installed, ahd of providing a measure directly comparable
with the vast majority of rainfall records in this country;
However these advantages are not those required in an
experimental catchment where the emphasis is upon short
term records of maximum accuracy. Rodda (1967) estimates
that the difference between the standard and ground level
gauges at the Wallingford site to be about 6%, and if

differences of this degree are obtained in relatively
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sheltered lowland sites, then the magnitude of the problem
is likely to be much greater in a windswept upland area
such as the Northern Pennines.

In order to gain some idea of this problem, a ground
level gauge was installed in the Lanehead catchment. The
gauge was set in a pit one foot deep and three feet square,
so that the height of the rim was level with the surround-
ing ground. The pit was covered with wire netting in
order to prevent turbulence to fhie airflow being caused by
the depression{ and yet at the same time not giving a
surface from which rain splash could occur (FiglO). The
gauge was installed adjacent to a standard gauge so that
the catch of eachcould be compared. Periods during which
snow was known to have fallen have been ignored from the
analysis since snow, being very light and more susceptible
to wind conditions around the orifice of the standard
gauge, would tend to exaggeraté the difference that
o‘ccurred. Weekly readings were taken from these gauges
between 28th PFebruary and 5th June 1968 (Table I).

On only two occasions was the catch of the ground

level gauge less than that of the standard gauge, and on

both o

ﬁ
+
> 2
D
n
(41}
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observer error). The total catch of the ground level
gauge exceeded that of the standard by 24.4%, and the
mean deviation was 16.3%. Differences in catch of this
magnitude would occur 'by chance' less than once in a
thousand even when the high value difference (54%) observed
for the period 15th - 20th March is ignored.

where precipitation measurements are employed for

design and research purposes, as in experimental and
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Period
28 Feb 6 Mar
6 Mar - 13 Mar
13 Mar - 14 Mar
15 Mar

15 Mar - 29 Mar
20 Apr - 26 Apr
26 Apr 3 May
3 May - 8 May
8 May - 15 May
15 Moy - 22 May
22 May 30 May
30 May 5 June

TABLE I

Gauges
Standard Ground Level
(mm) (mm)
0.6 0.5
8.5 11.0
0.8 1.0
3.5 3.5+
51.1 79.1
3.4 4.5
15.4 16.2
18.3 20.9
35.3 37.9
11.5 11.4
3.8 4.0
1.8 1.9
154.0 192.0

nggés
%

83.3
129.4
125.0
100.0+
154.8
132.4
105.2
114.2
107.9

99.1
105.3
105.6

124.61

representative basins, there is a need to obtain as

accurate a value as possible.
the discrepancy between the catch of these two gauges of
at least 15%, constitutes a potential additional surface
runoff of 124 gallons per minute or a continuous flow of
0.3 cusecs. throughout the year.
the catchment is about 1.5 cusees.

period, the rainfall readings obtained in this catchment

In theLanehead catchment,

The mean discharge for

During the summer

can be expected to be accurate + 10%, but during the

winter, when much of the precipitation falls as snow,

inaccuracies will be much greater.



Pilot study to select two recording sites for main stud
(January - June 1968)

The purpose of measuring precipitation in a hydroleogical

study of a catchment area is to calculate the amount of
vater deposited over the area. It is a measure of the
input of energy, and in the same way the calculation of
discharge is a measure of the output of energy. The catch
of one rain gauge, even within a catchment as small as

1 km2, does not necessarily mean that this amount of rain
has fillen uniformly over the whole area.

Point measurements of precipitation, however. accurate
and reliable they may be, are of little value until they
can be applied areally to the catchment. The greater the
concentration of gauges within the catchment, the more
reliable will be the resultant distribution and mean
value of ‘-areal rainfall. However, a compromise must be
reached between the increased reliability resulting from
a large number of gauges and the practical conéiderations
arising from.the necessity of maintaining themn.

From January to June 19é8, eight rain gauges were
distributed throughout the Lanehead catchment. This
represents a gauging density of eight gauges per km2 com-
pared with the United Kingdom average of one gauge per
38 km2. The distribution was planned to give an even
cover over the area, and also each gauge was to be
representative of an area of uniform aspect, exposure and
height (Pig.11). The gauges were installed with the rim
one foot above the ground surface in accordance with the
Meteorological_Office practice.

Site 2 was the lowest gauge in the catchment (472m. OD).




THIESSEN PN.YGONS
(wth percentage of tota cotcnment
represented by cach qauge.)

EACH GAUGE REPRESENTS AN AREA OF UNIFORM ASPECT AND EXPOSURE.

FIG 1
METHODS OF DETERMINING AVERAGE PRECIPITATION OVER THE CATCHMENT



The site was on the interfluve between the two main
streams. This gauge was regarded as representative of the
lower part of the catchment (below the 510m contour) which
had generally a shallow slope and a south west exposure.
A ground level gauge was installed at this site (Fig.l10),
and its catch was compared with the catch of the standard
gauge set in the conventional way. The results are
presented below (Table I).

The middle zone of the catchment, 510 - 560m. OD.,
was sampled by the four gauges at sites 6, 5, 3 and 9.
Site 6, at 546m. OD. was in the western part of the catch-
ment, in an area of southern exposure. Here an attempt
was made to protect the gauge By placing it in a
position surrounded by heather one foot deep. Site 5, at
540m. OD., near the centre of the catchment was con-
ventionally sited on short grass and with no form of
protection. The exposure was south, similar to site 6.
Gauge 3, 527Tm. OD., was sited on an interfluve, but unlike
site 2, was a sheltered location, surrounded on all sides
except.south west by higher ground. No other protection
was given to the gauge. Site 9 at 540m. OD., was
selected to sample the morth west facing slope in the
eastern part of the catchment. In order to give some
protection to the gauge, in what would otherwise have been
a very exposed site, the gauge was placed in a natural
hollow. The disadvantage with this site was that it soon
became buried in periods of snow fall.

The upper part of the catchment, above 560m., was
gauged at sites 8, 7 and 4. Gauges 8 and 7 sampled the

flat surface, while gauge 4 was representative of the much
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steeper, south west facing slope in the eastern part of
the catchment. Gauge 8 at 588m.0D., was the highest site
in the catchment, and like site 6, it was placed amongst
deep heather for protection. This gauge, sited at the
break of slope between the erosion surface and the steeper
slope leading up to Stangend Ridge on the ;atershed, wes
intended to represent this higher, southward facing ares
of the catchment. Gauge 7 at 568m. OD., was on the
watershed and hence very exposed; no protectioh was given
to this gauge. Site 4, 565m. OD., was deemed to be
representative of the eastern se;tion of the catchment
where the slope is relatively steep and exposed to the
south west.

FPour methods were used to compute the mean value from

the eight point measurements obtained.

1. Apithmetic Mean

This was the simplest method of all, and involved
merely taking the mean reading for all the gauges in the
areé. This method can give a perfectly reliable figure
if the area is small, flat and the gauges evenly dis-
tributed. It may also give very good results in less
favourable conditions if the siting of the gauges has been
carried out with a view to the orographic influences.
Above all it will give a completely objective mean value.
2. Areas of uniform aspect and height

This method gave weight to the areal distribution
of the gauges, and the affects of topography (Fig.ll, IIla
and IITb). It assumed that areas of similar aspect and
exposure have comparable amounts of rainfall. The catch-

ment was divided up into regions of uniform relief,
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aspect and general exposure to the environment, and each
region was sampled with a gauge. The area represented by
each gmuge was calculated as a percentage of the total areas,
and the weighted mean for the area was calculated by
multiplying the catch of each gauge by the percentage of
the total area that it represented. The installation of
the gauges within the Lanehead catchment was made with
this method of analysis in mind.

One of the main objections to the weighted area
method is that where a gauge representing a large propor-
tion of the area has an extreme value, it exerts a strong
pull upon the resulting mean value. In order to
safeguard against this, method II was carried out twice,
once with all the gauges used (Method IIIa) and once with
the two most unreliable stations, (i.e. those which gave
a large number of readings greater than + 15% arithmetic
mean) sites 7 and 9 ignored (Method IIIb). The dis-
crepancy between these two methods was small, and apart
from one 17% difference, the variation was between -T%
and +1% (Table IiI). The pull exerted by isolated extreme

values from individual gauges would appear, from this

stn

[ 1]

y; to be minimal,

3. Thiessen polygons

This method, described by Thiessen (191l) again gives
weight to the areal distribution of the gaunges. The catch
of each gauge was taken to be representative of the area
nearer to that gauge than to any other (Fig.ll, II). In
this way there was an allowance for an uneven distribution
of gauges. A Thiessen network was constructed by drawing

the perpendicular bisectors to the lines connecting the
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gauges. Each gauge was then left in fhe middle of a polygon,
which varied in size according to the spacing of the
gauges. The proportion of the total area represented by
each polygon was calculated, and the catch of each gauge
weighted as in the second method.

4. Isohyetal Method

The isohyetal method assumed that any difference in
catch between two neighbouring gauges, represented a
gradual increase (or decrease) in precipitation along the
line between the two sites. Isopleths were constructed
over the area joining points of equal rainfall, and the
area between each isopleth measured. The average rainfall
over the area was calculated as the product of the rain-
fall in each zone and the area covered. Potentially this:
method should provide the mogt accurate procedure since
it enabled many details of relief and aspect to be taken
into consideration; but on the other hand it was also the
most subjective and effort demanding method.

The catch of each gauge in the Lanehead catchment
was compared with the mean value determined for the
catchment; the aim being to find out which site collected
a measure of rainfall most nearly equal to that of the
catchment mean. Table III shows the catch of each gauge
for the various study periods, together with the mean
values obtained by the various methods of areal rainfall
determination.

In Table 1II the performance of each gauge is compared
with the mean values of precipitation for the catchment

determined by methods 1, 2a, 2b and 3. The performance of
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each site, whether it gave high or low readings and the
conclusions drawn from this, could only be made by com-
parison between the arithmetic mean and the actual amount
of the gauge catch. The average values derived by the
other methods have been weighted according to the area
represented, and therefore were not compafable. Furthermore,
the most suitable sampling sites were not necessarily those
that most closely represented the arithmetic mean value,
but those that most closely represented the mean value
which was thought to be the most realistic approximation
for the whole area. The best site was the one that was
usually the closest in all the various methods of analysis.
Site 2. This site gave consistently low measures since

it was the lowest site in the basin, and there was an
expected increase in rainfall with altitude. Purthermore,
the actual site being on an interfluve was more likely to
be over exposed to wind. The performance of this site

was much better when viewed in terms of the weighted area
representation than when it was compared with the arithmetic

mean.

Site 3. When viewed in terms of the arithmetic mean this
site appeared to be very reliable, 50% of the observations
being + 5% mean. Overall, the site tended to give high
values, suggesting that the position was relatively
shellered. If this site was viewed in terms of the area
it represented c¢ 7.7% of the catchment, the performance

was even better; 60% of the observations were + 5%.

Site 4. This site gave consistently low measurements,

which were undoubtedly a result of its very exposed position.
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This was further emphasised by the fact that for 30% of
the observations the gauge recorded -20% mean. On the
other hand when compared with the area weighted mean
values 40% of the observations were + 5% mean. This was
because the area represented by this gauge was c¢.20% of
the catchment area, and therefore exerted a strong

influence upon the mean value obtained by these methods.

Site 5. This gauge, though giving slightly low readings,
was for 50% of the observations + 5% mean, and for 65% of .
the observations + 10% mean. Since this gauge was near
the centre of the catchment, and not' unduly exposed,

this was to be expected. When compared with the area
weighted mean values the reliability of the gauge remained

high, though still giving a slightly low reading.

Site 6. This siting gave results very similar to those
at site 5., as its position in the area would suggest.
The attempt to give the gauge protection from exposure by
setting it in heather appeared to have been successful
since it gave measures equally spread on either side of

the mean for all analyses.

Site 7. The results from ¢

1 2 - "1 4
L his gauge were remarkable in

that they were evenly spread on each side of the mean when
one would expect cansistently low readings on account of
its extremely exposed position. However, since the gauge
was near the top of the catchment it collected more than
the average during calm weather. The reliability of the
site was poor; for 50% of the observatons it was reading

greater than + 15% of the mean.

Sites 8 and 9. These two gauges consistently gave higher

then average values, partly because of their position in
31



the upper part of the catchment and partly because
attempts were made to protect them from wind exposure
(by placing gunge 8 amongst heather and gauge 9 in a
natural hollow). These sites frequently deviated from

the mean by as much as + 15%.

As a result of this study two sites were chosen to
give representative measures of the precipitation falling
on the catchment. The two most reliable sites were 5 and
6, but 6 was unacceptable for longer period gauging since
it was remote with very difficult access during the
winter period. A compromise position was selected
between the two sites (Site A). For the second station
(Site B) the third most reliable gauge, 3, was chosen;
this had the additional advantage that it was on the

other side of the catchment from the first site.

Instruments for recording precipitation

A brief mention has already been made to one of the
problems of measuring precipitation falling imn the form
of snow. The lightness of the snow flakes made them far
more susceptible to the eddies around the gauge, and
therefore a much greater proportion of the fall was driven
from the gauge resulting in an inaccurate measure.
Furthermore, the snow would often be redistributed by
later winds and a certain amount of the snow would be
blovn into the gauges and thus measured as additional
precipitation. <the problem of expressing snowfall in
terms of areal distribution was even more difficult than
that of rainfall since the snow drifted and caused an

irregular and uneven distribution; only with a very high



density of measuring sites can an attempt be made.

‘When the standard gauge is buried by a depth of snow
greater than 12", the catch of the gauge can be regarded
as a very approximate measure of fhe depth of snow, in
terms of its water equivalent that was lying above the
gauge. TFor a depth of snow of less than 12", only the
amount of snow trapped in the funnel can be measured. The
ground level gauge was less satisfactbry under snow con-
ditions, for very often it became flooded, and far from
giving a measure of the.snow melt immediately above the
gauge, it acted as a drain for the snow melt from the
surrounding surface. Snow mgasurements maede with equip-
ment specifically designed té measure rainfall are
unsatisfactory, but only in areas of very frequent
snowfall can the use of expensive, specific snow
measuring equipment be justified.

The distribution of rainfall in time is as important
in a catchment study as its distribution in space, and the
standard rain gauge can only give the observer the total
fall of precipitation since the last reaﬂing. The purpose
of the rainfall rectier is to- measure the time, duration
and amount of each period of precipitation, and also by
computation from these data, the intensity of the falls.
In the case of snowfall, i1t is not the fime of the feall
itself, but the time of the snow melt which is important.

In the United Kingqom, two basic types of recorder
are in operation! the tipping bucket recorder and the

self-emptying float recorder.
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l. The tipping bucket recordetl.

The principle of this recorder is that a bucket -
divided into two compartments - is so arranged that when
one compartment has received a certain amount of min it
tips and empties itself and brings the second compartment
into a position to receive %he precipitation. When this
second compartment is full the process is reversed, and
the first bucket is tipped back into service again. Each
tip) of the bucket, which usually represents a catch of
0.01", is recorded either mechanvally or electrically on .
a recording drum. There are a number of objections 1o
this recorder.

Firstly, a fall of rain of less than the capacity of
the compartment wi}l not be recorded at the time of
occurrence, but will be included in the next period of
rainfall, and in the meantime evaporation may well occur
from this body of water.

Secondly, the bucket is designed to tip exactly at
the moment that it contains a weight of water equal to
0.01". This calibration can be made for only omne
intensity of rainfall at any one time, and therefore if
the rainfall intensity is greater than that for which the
recorder is calibrated, the inertia of the falling water
will cause the bucket to tip prematurely, while for a
lesser intensity rainstorm the bucket will tip later.

Thirdly, since this gauge will only register when a
certain amount of rain has fallen, it des not give a truly
continuous record of rainfall but rather just a record of

the time at which the rainfall total reached certain amounts.
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Moreover, it is not a good recorder for misty rain.
Fourthly, any rain falling while the mechanism‘is
tipping will not be recorded, and the greater the intensity

of the storm the greater this loss will be.
Against these objections however, the recorder has
the alvantage of having a very simple mechanism that is

unlikely to be damaéed in freezing conditions.

2. Self-emptying float recorders.

The float gauge collects the precipitation in a
chamber, and the volume of water wllected is registered
by the height of the float inside the chamber. The
height of the float is transmitted by the float rod and
registered by the pen on a moving chart. The naxhral _
siphon recorder empties itself when the float chamber has
become sufficiently fall to exclude air from the siphoning
pipe. On the other hand when the Dines tilting siphon
recorder chamber is full it tilts Sirward and causes a
siphoning action to begin. When the chamber is empty it
tips back to its original posiiion where it is locked
until the chamber is full once again (Fig.12). The
Dines filting siphon recorder is the usual standard
recorder gauge in the United Kingdom.

These recorders have several disadvantasges. Firstly,
they are very vulnerable to freezing conditions, since
the mechanism is above the ground andlconsequently gets
no protection from the soil. As the rain is stored in an
enclosed chamber, either the chamber or the'float may
become ruptured if the water freezes.

Secondly, unless the siphon mechanism is regularly
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maintained it tends to become unreliable. The Dines
recorder is better in this respect since the siphoning
action is caused by a positive tilting action, but it is
possible with the natural siphon for water to seep away
down the pipe without creating a siphon action.

Thirdly, rain falling while the gauge is siphoning
will not be recorded, but this is likely to be?minimal
agount in eiery 5 mm. of rainfall.

Normally a daily chart is fitted to those recorders
giving a chart travel of c¢.0.45 in/hr.; but since this
requires daily visits it is of little value in a remote
area. The Meteorological 0ffice uses strip chart
mechanisms to give a very much more extended chart travel
of ¢.6 in/hr. The Road Research Laboratory, being more
concerned with the problems of rain recording in remote
areas where frequent visits are inpractical, has also
developed a strip chért mechanism that will operate for
one month without attention but still give a coverage of
1 in/hr. (Fig.1l2). |

Most of the problems of thé self-emptying rain
recorder are directly or indirectly attributable to the
gsiphoning mechanism. The Road Research Laboratory has
designed a recorder to overcome many of these problems -
the T.S.L. Recorder (Tape recording, Storage, Long
duration), and this gauge has been described in the Road
Research Laboratory Report, RRL, LR.207. The principle
of operation is simple, rain is fed into a float chamber
with a capacity of 250- mm., which is sufficiently large
to contain at least one months's rainfall without having

to be emptied. The height of the float is registered, via
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a transducer, on a data logger at predetermined intervals,
usually every two or four minutes. This recorder is set
low in the ground so fiat thelinsulation from the soil will
prevent the rain in the float chamber from freezing.
During extremely cold periods anti-freeze can be added
which, since the gauge will not empty itself, will remain
effective until the gauge is next attended.
One of the disadvantages common to most of the other
recorders, not suffered by the T.S.L., is that of size.
In order to collect sufficient rain to activate the
recording mechanism the gauges have to be much larger,
and since they also have to house the mechanism they must
be much bulkier than the standard gauge; consequently they
are much more exposed to wind conditions. The T.S.L.,
having the logger housed at a distance from the gauge,
can be made to the same specifications as the standard
gauge. The precipitation collected by the gauge is
recorded on magnetic tape which can be translated to give
both a paper tape for direct use in a computer, and a print
out of the record. Though the use of magnetic tape avoids
the laborious manual preparation of date for computerisa-
tion, it has the definite disadventage that no immediate
visual trace of rainfall is available, and recorder faults
will remain undetected until the tapes have been
translated, which could mean a loss of records for at
least as long as one month.
Technical information about both the gauge and the

logger, together with preliminary laboratory tests, are
given in the Road Research Laboratory Report, No. RRL. LR207.
(Prudhoe and Rutledge, 1969).
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Instrumentation at the’ two selected sites October 1968 -
September 1970

The problem of instrumenting the Lanehead catchment

for precipitation recording was examined with two main
considerations in mind. Firstly, there was the physical
difficulty of obtaining samples of the rainfall with
maximum accuracy in an upland area where all sites were
exposed to strong winds and all could be expected to give
inaccurate measures. Secondly, since the accuracy of

the precipitation data would improve as the number of
gauges increased, the standard of accuracy desired had

to be weighed against the increased investment in time
required to attend to the larger number of gauges.

At each station weekly measurements of precipitation
were taken from a standard gauge and from s ground level
gauge. Undoubtedly the ground level gauge gave a more
accurate measure of the fall than the standard gauge, but
the latter was important since it produced a "standard!’
which. could be compared with nearby Meteorological Office
maintained gauges; furthermore, this gauge was occasion-
ally the only measure available when the ground level
gauge was covered with snow. A continuous record of rain-
fall at each station was made by a Dines tilting siphon
recorder. These were fitted with a clockwork stip chart
mechanism with an open scale of 6 in/hr. The Dines
recorders had several advantages over the other types of
recorders; they could be fitted with an extended strip
chart, the tipping mechanism gave an accurate tip every
5 mm. when other recorders tended to be less reliable,

and light rain could be recorded and clearly identified

on the open scale.
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At Site A a T.S.L. recorder was installed. This
recorder had not been fully field tested, and its
reliability, accuracy and value in a project like this
was unknown. The logger was housed in a metal bunker
set in the ground to maintein a constant tempersture,
and was set to record every four minutes.

The problem of precipitation measurement in the
catchment and an appraisal of the performance of the
various gauges is dealt with in Chapter 5, together with
the more specific problems of rainfall measurements in an

upland catchment.
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CHAPTER 3

THE MEASUREMENT OF AIR AND
WATER TEMPERATURES

Despite its important implications, stream water
temperature fluctuations have attracted surprisingly few
studies. The control exerted by river temperatures upon
aquatic life has long been recognised by ecologists, but
the importance of the thermal regime of a river in a
much wider setting has not inspired much investigation.
The hydrological study of water temperatures, as distinct
from the biological or ecological study, has, however, a
very wide range of applications. A direct application
would be the effectiveness of a river for indusfrial
cooling purposes, while indirectly the thermal
characteristics of a river affect its susceptibility to
pollution, and consequently purification problems.
(Herschey 1965).

The majority of studies have been made by biologigts,
concerned with water temperature as a factor influencing
the distribution of aquatic life. (Macan 1958, Edington
1966). 1In these. studies the emphasis has Been upon the
detailed investigations of the temperature distribution
within a stream, and the controlling influenqes of the
extreme tempedrature conditions. Attempts have been made
to explain the distribution of certain species, such as
the flatworm (Crenobia alpina), in terms of the temp-
eraturé within a stream. On the otherhand it is well known

that certain species of fish and plants cannot survive in
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water temperatures whith exceed certain critical wvalues.
The concept of temperature extremes, and the terms 'heat
death' and 'cold death' are relative, and may refer to
very different temperatures, depending upon the species.
Long before these fatal values are reached the breeding
habits of the species is often seriously impaired (Wood
1968).

Pioneer studies of water thmperature related to hydro-
logical and climatological factors have been carried out
by Eckel (l951)|in Austria. The river temperature represents
a balance between the input and output of hgat energy..
The temperature is affected by the direct radiation,
ambient air temperatures, the temperature 6f water drain-
ing from the soil and the temperature of the ground water.
The water at any point is also obviously affected by the
conditions existing farther upstream. Where the value of
heat supplied to the stream is greater than the water
temperature it will absorb heat and become warmer; where
the supply of heat is less than that of the stream, the
temperature will fall.

The response of a stream to any source of heat will
be conditioned by certain intrinsic factors; for example,
the larger the volume of water the slower will be any
response to radiation or air temperature conditions, and
the smaller will be the effect of the ground water con-
tributions; secondly, the initial temperature of the
streammy well exert strong control over the effectiveness
of a given heat exchange.

The general instrumentation, including the choice
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of instruments and the specific siting of the instruments,
must be planned with regard to the prbblems to which it is
to be applied. In the Lanehead catchment temperature data
were required for several main avenues of research; to
study the effect of freezing conditions on the discharge
from the catchment, and the influence of changing air
temperatures upon the water temperature. In order to do
this three parameters had to be measured, air temperature,
water temperature and ground water temperature.
Temperature measurements can be made by three basic
methods. Firstly by recording the differential expansion
of a liquid, usually mercury or ethyl alcohol, with respect
to its container. The most usual thermometer of this type
is the mercury-in-glass thermometer. A tube with a fine
bore is attached to the main bulb or mercury reservoir.
The change in the volume of the mercury, in relation to
the glass container, msulting from a change in temperature
is shown by the change in the position of fie column of
mercury in the tube, which is graduated to give a direct
temperature reading. Secondly, temperature can be
megsured by a bimetallic strip thermometer. The
strip is a laminated strip of two metals having
different coefficients of linear expansion. Changes in
the temperature of the strip, causing the two metals to
expand or contract by different amounts, will cause the
curvature of the strip to alter. If one end of the strip
is fixed then the movement of the free end can be measured
and the movement calibrated to give a direct temperature
reading. Thirdly, temperatures can be measured electric-

ally either by the measurement of the electrical resistance



of a metal, or in a thermocouple of two different metals.
A measurement of the electrical resistence in a metal,
the resistance of which varies in a known manner with
temperature changes, can be converted to a temperature
reading. In a thermocouple two different metals are joined
together to make a con%inuous circuit. If one metal has
a different temperature from the other, then a current

is set up in the circuit, and the greater the temperature
difference the greater the current induced. If one of
these junctions is maintained at a reference temperature
while the other adopts the temperature it is required to
meepure, the awrrent induced will giﬁe a measure of the
difference between the reference and the variable temp-
eratures, and from this the temperature can be converted
to the required temperature scale.

Thermographs, thermometers designed to give a con-
tinuous record of temperature changes, function in a
similar way to the ordinary thermometers. The mercury-in-
steel thermograph operates on the same principle as the
mercury-in-glass thermometer, the expansion or con-

traction of the mercury in the temperature: sensitive probe
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mercury in the tube is transferred as an angular rotation
on to a spindle which operates a pen tracing on a revolv-
ing drum. This thermograph has the advantage that the
recording mechanism can, within limits, be remote from the
temperature sensitive probe, thus making it a very suit-

able instrument for recording water temperatures.

The bimetallic thermograph differs from the equivalent



thermometer only in respect of the recording mechanism.
The. thermometer usually registers the temperature by means
of a ﬁointer against a scale whereas in the thermograph
the pointer is replaced by a pen which draws a trace on

a revolving drum. Unlike other thermographs it is not
possible to record at a distance from the sensitive
element, and it is therefore only suitable for measuring
air temperatures. On the other hand the lag of this
recorder is less than that of a mercury-in-glass thermo-
meter.

The electrical thermometers can be changed into
thermographs simply by changing the direct reading
galvanometer into a recording galvanometer. This type of
thermograph has several advantages; the recorder can be
housed at quite a considerable distance from the sensitive
element, even over long distances virtually no recording
lag occurs and the sensitive element, while being very
responsive to temperature changes, has a very low
sensitivity to radiation. Against this however it has
the two often overwhelming disadvantages of being very

expensive and requiring main voltage electricity.

Temperature Instrumentation in the lLanehead Catchment

In Fig.lj, the position of the various temperature

recorders in the catchment is illustrated.

Air Temperature

The problems involved in measuring the temperature
of the air are very similar to those encountered in

obtaining valid precipitation data, in that, not only must
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the validity of the point measurement be carefully analysed,
but the areal application of such measurements must be
carried out with a certain amount of caution. The aim

of this instrumentation was to fulfill two main objectives.
Firstly, to sample the temperature over the whole catch-
ment in order to determine when the discharge from the
catchment was being influenced by different temperature
environments, for example when the catghment was in
freezing conditions. Secondly, to measure the fluctuations
of air temperatures in comparison with the fluctuations

of water temperature. The first of these two objectives
did not impose any restrictions upon the location of the
measuring site provided that it was remembered that the
reading did not necessarily represent an absolute
temperature value for the whole catchment. On the other
hand the second objective did impose a restriction, since
in order to measure the relationship between the streanm
temperature and the air temperature it was necessary to
measure these two in close proximity.

Any attempt to measure air temperature is accom-
panied by the problem of shielding the sensor from
radiation. Radiation from the sun, clouds or the ground
can pass through the air without appreciably affecting its
temperature but any thermometer element exposed in free.
air will absorb radiation to a considerable extent and
therefore its temperature may differ from that_bf the air.
Even where the sensor is shielded from direct radiation
the air flowing over the shield is likely to be warmed,
and although the problem of radiation may be reduced it
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is probably not eliminated. The Meteorological Office
specifications for an ideal shield are as follows:
1. The screen éhould be a 'uniform temperature
enclosure'.
2. The temperature of the inner walls should
be the same as that of the external air
which is to be measured.
3. The thermometer sensor should be 6ompletely
sunroﬁnded by the shield.
4. The shild should be impervious to radiation.
(H.M.S.0. Handbook of Meteorological instruments).
Although conditions 3 and 4 are easily satisfied,
1l and 2 are virtually impessible to achieve, and therefore
it is very important to have a standard type of shield so
that all air temperature measurements are subjected to
the same degree of error and‘are therefore comparable.
The standard shield in the U.XK. is the Stevenson Screen.
These screens are painted white to reflect the maximum
amount of radiation. The walls are constructed of louvers
to allow the maximum circulation of air, and are double
thickness so that, although the outside wall might become
heated to a high temperature by absqrbing radiation, the
layer of air between the walls will reduce fhe amount of
heat that is conducted to the inner wall and to the
enclosure. Good circulation of air is essential, not only
to keep a constant change of air between the double walls,
but also to ensure that a change of air temperature is
rapidly experienced inside the enclosure.

A Casella bimetallic thermograph wes installed in



the catchment, housed in a standard Stevenson screen,
adjacent to the site chosen for water femperature measure-
ment (Fig.l4a). The instrument was accurate to + 0.5°C and
could be read to + 0.1°C (Maker's pamphlet) yet the
sensitivity of the instrument was not so great that very
rapidly fluctuating temperatures would give a blurred
trace. The thermograph was checked weekly against a
National Physical Laboratory certificated mercury-in-glass
thermometer, accurate to + 0.05°C.

In December 1969 this thermograph was replaced with
a Negretti and Zambra recorder beceuse it had a larger
chart scale and would give a more accurate trace, but
more importent because it had distinct advantages for
snow conditions. During blizzards the screen invariably
became filled with snow and the more robust housing of
the Negretti recorder prevented this from fouling the
recording mechanism and secondly, since the bimetallic
strip was in a coil it was less susceptible to snow
lying on it and thereby affecting the recording. (The
Basella recorder had a flat strip 8 cms. long and 2 cms.
wide, which woﬁld support a significant weight of snow
and made the strip unresponsive to changes in air temp-
erature). I

While this location was eminently suitable for
obtaining air temperatgre measurements that could be
related to the water temperature conditions it was by
no means certain that the temperature reading would be
typical of the catchment as a whole. In order to
estimgte the approximate relationship between the site

temperature reading and the mean value for the catchment

47






a thermograph was placed in a higher part of the catchment
so that the temperature at the two sites could be com-
pared. However this site in the upper catchment had to

be abandoned after a few weeks, since its location was
very exposed and during periods of snowfall the screen
became filled with drifting snow, and during periods of
rain the thermograph became saturated with water,

causing clock failure and recording errors in both

cases.

Water Temperature

The suitability of a measuring instrument dependd
upon the aims of the study. The Lanehead catchment
required instrumentation to record the general trends
in the fluctuations of water temperature. Since the
response of stream temperature to a source of heat will
obviously depend in part upon the volume of the stream
the choice of location for the temperature probe will
ideally be at a point where discharge measurements are
being made. This restriction upon the choice of
measuring sites embhasises the problem of 'sampling
error', The temperature of the stream is likély to
respond mainly to the influence of direct radiation and
to the air temperature. Where a stream is deep and
where pools of still water occur, the effect of radia-
tion is likely to be great, whereas a steep, shallow,
fast flowing stream is likely to be influehced more by
the temperature of the air. The siting of the sensor

a
element should be/balance between these two. Since water



temperature varies along a stream, its temperature
characteristics cannot be represented by a one-point
measurement although the general condition can be deduced
particularly where sample temperature sequenceshave been
made along the course of the stream.

The water temperature of the lLanehead catchment was
measured by a Negretti and Zambra mqrcury-in-ste@i thermo-
graph at the gauging site. The instrument was guaranteed
accurate + 0.5°C, buf could be read to + 0.1°C; chart
travel was 2 ins. per day (Negretti-Zambra instrument
pamphlet). The recorder was housed in the weir's instrument
hut and the thermometer element placed in continuously
moving water upstream of the weir. A steel rod was
driven into the bed of the 'stream and to this the sensor
element of the thermograph was attached in such a way
that it was pointing with the current at a depth of 8 cms.
below the surface of the stream at its lowest level of
discharge. The sensor unit exposed in the water is sub-
jected to similar radiation errors as one exposed in
the air, but in the case of water temperature records,
there is no standard shield. At this site the sensor was
sheathed in a white plasfic tube, 20 cms. long with an
internal diameter of % cms., to shield the sensor from
direct radiation. The shield'was perforated with small
holes to prevent the stagnation of water around the probe,
and, since the sheathed probe was sited in flowing water,
this ensured that the movement of water past the probe
was sufficiently rapid to reduce the possibility of any
heating of the shield significantly effecting the

temperature measurement. The use of such a shield was
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considered to be particularly important for water temp-
erature measurements, since the probe would be exposed to
varying degrees of exposure to radiation consequent upon
the fluctuating water stage.

Although the water immediately upstream of the weir
had been deliberately over deepened, it was thought that
the proximity of the weir would ensure that no stagnation
of the water could occur around the temperature probe.
However during the periods of very high water temperatures
during the summer of 1969 when the discharge of the
stream was very low, it was found that the temperature
in the stilling pool could ﬁe as much as 1°C higher than
the stream water above and below the weir. In August 1969,
the thermograph was moved 40m. upstream so that it was
above the maximum extent of the stilling poel. The
sensor probe was secured to a steel rod which was driven
into the stream bed, but at this site it was necessary
to plﬁce the element in such a position that it was always
in a flow of ‘cdantinuously moving water. During low
flows the stream had to be partially dammed in order to
direct the flow of water into a relatively well defined
channel over the probe, while in periods of high flow the
probe had to be cleared regularly of bed material deposited
over it.

The mean annual temperature for air and stream
water at this site for the two water years 1968/69 and 1969/70'

support the doubts about the first site.



Air Temperature Water Temperature

1968/69 5.7°¢C 6.9°%C

1969/70 6.25°¢ 6.9°C
While the mean air temperature for 1969/70 was 0.5°C
warmer than the previous year there is no difference in
mean water tgmperature. Furthermore, despite the higher
mean monthly air temperatures for the summer of 1969/70,
the water temperatures were colder than those during
the corresponding period of the year 1968/69.

Mean air temperature (°C) Mean water temperature (°C)

1968/69  1969/70 1968/69  1969/70
June 9,8 13.2 12.2 .3
July 12.7 12.2 1y o253 12.3
August 12.73 13.5 45 13.8
September . 10.4 12.0 1l.1 10.9

Ground ﬂater temperature

Apart from drilling specific boreholes, the
occurrence of suitable sites for measuring ground water
temperature is very restricted, but there was no real
problem of areal representation since variations of
ground water temperature would be small. At Lanehead
ground water flowing from a disused lead-mine adit could
be conveniently instrumented, and although the site was
not strictly within the limits of the experimental
catchment it was draining from the same limestone forma-
tion that was supplying most of the base flow for the
catchment (Fig.l4c). The ground water temperature was
recorded with a Negretti and Zambra mercury-in-steel

thermograph of the same type as that used for measuring the
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stream water temperature. Not only was the sensor
shielded, as at the stream water site, but it was located
in the tunnel of the adit in order that the effects of
air temperature upon the ground water at the point of

measurement would be minimal.

Source water temperature

Since the grdund water temperature did not vary
from 7°C for the twelve month period Octeber 1968 -
November 1969, the recorder was re-sited more usefully
in the headwaters of tributary B at the point where the
stream adopted a recognisable main channel (Fig.l4b).
The thermograph probe was housed in a plastic shield and
sited in a continuous flow of water, in the same way as
at the weir site. At this site the probe had constantly
to be cleaned of peat debris which collected around it.
Data from this site were compared with that collected at
the weir site, and these together provided the framework
into which more detailed studies of the water temperature

down -the stream, could be placed.



CHAPTER 4

THE MEASUREMENT OF STREAM DISCHARGE

Discharge méasurements are concerned with the
volume of water passing a certain point in a drainasge
basin system during a particular period of time. This
volume will be the product of the cross sectional area
of the stream and the rate at which the stream is flow-
ing. If these two parapeters can be measured then
discharge can be calculated: .

Q=KxV

The cross section is defined as the section normal to
the direction of flow bounded by the free surface and
the wetted perimeter of the stream. The wetted peri-
meter of the stream can be determined by accurate survey,
though this will be subject to alteration with the
movement of bed material. The cross sectional area of
the stream can be obtained from the wetted perimeter
section merely by a measure of the height or stage of
the stream. This measurement can most easily be obtained
for periodic observations from a staff gauge - a graduated
datum scale set in the stream from which the level of
the stream can be read; or, where continuous readings
are required, the height can be registeved on a moving
chart by means of a float mechanism. Several other
methods exist but basically all methods are a measure of
the height of the water above a fixed datum level.

The second parameter, stream velocity, is more

difficﬁlt to calculate, partly because this varies over
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the width and depth of the stream and partly because it

is difficult to obtain a continuous record. The simplest
form of measurement is the use of a float such as cork

or wood which can be timed over a megsured distance.

This is far from a totally satisfactory method of measur-
ing velocity because, at best, the float will travel at
the speed 6f the fastest water at the surface, and, at

the worst, it will become trapped either by an obstruction
or in ,pools of dead water. The use of a dye or chemical
tracer overcomes these problems, but it has the two dis-
advantages that the injected solution tends to diffuse and
therefore becomes difficult to detect over long distances,
and secondly, when a non visible tracer is used, results
cannot be obtained until a laboratory analysis has taken
piace.

The current meter provides a more sophlstlcated
method of measurement. A small propellor which is kept
at right angles tp the flow of the stream by means of
tail fins, and which is ballasted to keep its position
satisfactory in the stream, is immersed at a certain point
in the stream. The flow of water past the propeller
causes 1t to ratété, and the speed of rotation can be
converted into stream velocity.

If one of these parameters, cross sectional area or
velocity, can be stabilised, then the measurement of
discharge can be related to the other parameter. The cross
sectional area of the stream can be only partially
stabilised since it will depend upon a measurement of
stage; but if the rate of flow can be regularised, or at

least related to the measurement of stage, then the dls—
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charge can be computed from the one measurement of stage.
When an obstruction is placed across a stream so that the
flow upstream of the obstruction is independent of the
flow downstream, the flow of water over the obstruction
will be related to the height of the fall, the
acceleration due ® gravity and the nature of the
obstruction:

v2

= 2.g8.h.
Both a weir 'and a flume can act as such an obstruction
to create modular flow conditions but by different means
and therefore with different attributes. Both structures
provide a standardised and known cross section, and both
cause the water to fall from the upstream level to the
downstream level under gravity. The weir separates
thege two levels by a vé;tical fall. “The flume causes
the,.separation, not by a total— fall, bp.'b by widening the
channel below a formed contraction:of the sides so that
.the water accelerates to a supef critical velocity. The
effect of the super critical flow is exactly the same as
the fall over the weir sipce no gravity waves can travel
upstream against the supe} critical currents, and there-
fore the downstream water body can ha%e no affect upon
the water body above the flume.

The theoretical calibration of the gauging structure
becomes a product of the acceleration due to gravity,
the head of water over the structure and the form of the

structure.
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Discharge Gravity x Head x Form

Q = 2/3 2g /2 b Rect. thin plate
Q@ =8/152 1’/2 tan§ V-notch

Q = 2/3 %g h3/2 b Trapezoidal flume
Q =4/5 g h5/2 n Flat vee weir

(From British Standards Institution 3680 (1965) Measurement
of liquid flow in open channels).

Many variations of these two types of gauging
structure exist which differ only in the shape and nature
of the control section. A vee shaped crest or flume
throat gives a more sensitive measure of low flows but is
less suitable for higher discharges as it requires a
greater range of head measurement than a wider rectangular
control section. The choice of structure depends upon
the conditions that exist at the gauging site and upon
the purpose for which the structure is required. A vee
shaped structure is valuable where the emphasis is upon
low flow accuracy, but a rectangular shape.is more suit-
able where a wide range of measurement is demanded.

To a greater or lesser extent alljhydrologicél
instrumentation problems become more severe in upland
catchments, either as a result of the remoteness or as a
result of the physical conditions which demand
specialised means of instrumentation. Normally the dis-
charge over a weir or flume can be determined from a
measurement of the head of water over the structure, but
when conditions in the approach section are different
from those that existed when the structure was
calibrated, then the stage/discharge relationship may

become meaningless.  Harrison and Owen (1967) have shown



that inaccuracies resulting in this way are related to
high values of Froude number, and since the Froude value

is related to velocity:

F = Velocity
gravity x depth

then these gauging problems hecome more acute as the
stream becomes steeper. Errors arise from the presence of
standing waves, or changes in the bed level as a result

of sediment movement, in the approach section.

An error in head measurement will occur if a
standing wave, or a trough associated with it, becomes
stationary at the point where the measurement is made.
Although the errors from this are negligible where the
froude value is less than 0.4, it can cause an error of 7%
when the Froude value is 0.6. An error of this nature
should not go unnoticed, since the presence of the stand-
ing wave can be seen, but if the approach section channel
is shaped to give relatively deep approach conditions
this type of error can be prevented.

When a gauging structure is installed in a river
carrying a large sediment load, several problems arise
from the movement or accumulation of bed material upstream
of the structure. The stage/discharge curve for a gauging
structure is determined for a fixed bed level, but such
a static condition cannot exist permanently. When the
stream is obstructed it will endeavour to adjust itself
by deposition or by scour until the depth and velocity
(and therefore the Froude value) is the same as that
existing before the obstruction was installed. If the

discharge changes then values of velocity and depth
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upstream of the obstruction will change until the values
correspond to the conditions further upstream. Con-
sequently there will be an adjustment of bed level until
the appropriate value of Froude number is attained, and
therefore the bed level will change with every fluctua-
tion of discharge. Such changes in bed level can be
minimised by paving the approach section so that at least
scour is prevented, but very often it is necessary for
the correct functiéning of a weir that a certain minimum
depth of water is maintained upstream (usualy half the
maximum head). When this condition is not fulfilled due
to the accumulation of sediment, it is ncessary to clear
out the approach section otherwise the shallow water
would produce a highvalue of Froude number and also
super-critical flow- in the approach.

The form of a gauging structure will be largely
controlled by the purpose for which it is built. At
Lanehead the primary aim was to measure low flows
accurately to 0.1 cusecs; but at the same time it was
hoped that the annual flood could be measured within an
acgeptable level of accuracy. A prediction of the ten
year and 100 year flood was made from the catchment
characteristics of slope, area and rainfall, using the

empirical equations constructed by Nash and Shaw (1966):-

Q(T) = 6 L] k-GQ

= 0.009 x 0.40620°8% x 022
= 34.2

S8



cv

6Q

219 x R 0°2

219 x 6005
28.73
(ch/loo) x Q

(28.3/100) x 34.2
9.66

For a return period of 100 years k =

Q(100)

d(10)

cv

6Q

For a return period of 100 years k

(100)

of 10 years k =

Q » k.6Q
34.2 + 3.14 x 9.66

64 .5 cusecs

Q + k.6Q
34.2 + 1.3 x 9.66

46.7 cusecs

0.074 x 4977 x s

3.14, and

1-3

0.074 x 0.4062°7% x 1050

-39.5 cusecs

178 x g—0-25

178 x 10500°22

31.27 cusecsa
(CVq/100) x T

(39.5/100) x 39.5

12.4 cusecs

of 10 years k =
Q + k.6Q

39.5 + (3.14 x 12.

78.4 cusecs
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Q(lO) =Q + k.6Q

= 39.5 + (1.3 x 12.4)

= 55.6 cusecs.

The choice of gauging structure for the Lanehead catchment

The Lanehead catchment of 1 km2, with an average
slope of 1:9.5 and a mean annual rainfall of 1600 mm.
could be expected to have a flood of 78 cusecs. every 100
years, and a ten year flood of 55 cusecs. For the greafer
part of the yeaf the flow would be less than 5 cusecs.
(0.14 m3/s) »with a dry flow of less than 0.5 cusecs.
(0.014m3/s).

The site selected imposed two restrictions upon the
choice of structure. The banks of the stream, though
relatively high, would not contain a structure with an
overall height greater than five feet without the need
to build long cut-off walls across the valley (Fig.l5a).
Secondly, the steepness of the catchment posed the
special problems already describedﬁbpve, in the design
of the structure. The overall gradient of the stream meant
that high values of Froude number, and associated high
approach velocities in the stream, would be likely to
make the flow super-critical. Furthermore, the stream
was likely to carry a large sediment load which would tend
to alter its bed level and thus modify the approach channel

conditions.

e _ velocity . ;
Since the Froude number = Sravity x depih then, if the
depth of the stream could be increased, the Froude number

would be decreased. This could be achieved by creating a
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stilling pool upstream of the gauging structure, and if
this pool was made sufficiently large, it could trap
sediment and prevent it reaching the approach to the
gauging structure andmnimise any alteration of the
approach conditions. These two considerations dictated
that the range of head should not exceed 0 - 3 £%. 80
that the remaining 2 ft. of the overall available height
of 5 ft. could be used to pond up the water to create a
stilling pool 30 ft. in length.

The final consideration was a purely practical one.
Access to the site was difficuit since the nearest road
was 350 m. away, and although a Land Rover could be brought
to within 150 m. of the site the final distance wes down
a slope of 30°. Thus all construction materials-had to
be carried manually to site, and obviously this con-
sideration was'very significant when déciding the type of
structure to be built.

With these considerations in mind the choice of
gauging strugture was made from the following alternatives:

1. A trapezoidal critical depth flume.

2. A compound 120° V-notch weir.

3. A 157° V-notch weir.

4. A flat vee weir. |

A great deal of emphasis has been given of late to
the advantages of the flume method of stream gauging, and
one advantage in particular recommended it in this specific
problem; namely the fact that great efforts have been
directed towards making such a structure in prefabricated

form. The Water Research Association (1963) designed a
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trapezoidal critical depth flume in 2" marine plywood
and the Lothians River Purification Board (Wright 1967)
has produced a standardised glass fibre flume from the
W.R.A. design. This flume would measure a discharge of
0.3 cusecs. at a head of 6.1 ft. but its maximum capacity
was limited to 42 cusecs. at 3 ft. head. The flume
could have been redesigned to cater for higher discharge,
but unless a sacrifice of sensitivity at low flow as a
result of widening the throat of the flume was tolerated,
this could only be achieved by increasing the height of
the flume to such an extent that it would not be within
the 5 £t. 1limit imposed by the site. While it is norm-
ally regarded as one of the advantages of the flume that
it is self-cleaning, in this particular situation this
feature would have been a distinct disadvantage since a
stilling pool could not be created without setting the
already enlarged flume well above the level of the
existing stream bed. Without the presence of the still-
ing pool the structure would be extremely vulnerable to
inaccuracies as a result of high velocities through the
throat section of the flume. Consequently it was
necessary to think in terms of a welr, a gauging structure
that would by its very nature create a stilling pool.
Although there is a great variety in weir types,
with a resultant wide renge of application, many of these
types of structures were unsuitable for the Lanehead
catchment. Neither a broad crested weir nor a
rectangular thin plate weir were sufficiently sensitive
at low flows since; in order not to fall below the

minimum measurable head recommended by the British Standard




(3680), these structures were only capable of measuring
flow to 0.1 cusecs. per foot of crest. In order to

obtain greater sensitivity at low flows it was necessary

to consider the use of a V-notch structure, or a compounded
structure incorporating a V section.

Of all the structures considered, a compounded weir
appeared potentially to be the most sensitive at low flow,
depending on the angle of the V-notch chosen. A 120°
V- notch could measure down toe 0.04 cusecs. at 0.1 ft.
head, but the maximum flow measurable within £he British
Stendard would be 10 cusecs. at 1.25 ft. head (Fig.l6a).
Since this head limitation had been imposed merely through
lack of laboratory calibration with greater head values,
it would no doubt have been acceptable to construct a
V-notch with a head of 3 ft. containing a flow of 50
cusecs. Above this level the flow would be contained
within g broad crested weir, containing a further 1 foot

head, making an overall height of 4 feet and capacity of

maximum head
neight of weir
2, the height of the weir crest would have to be 2 feet

must be less than

about 110 cusecs. Since

above the stream bed and the overall height of the
structure would be § fest. This structure presented three
majdr drawbacks. Firstly, there would have béen a need
for divide walls to separate the flow in the V-notch
section from that over the broad crest, which would not
only have a&ded congsiderably to the cest of the structure
since the walls would have had to be constructed for about
three feet upstream of the crest, but they would also

have acted as traps for trash. Secondly, there would

have been a loss of accuracy when the discharge over the
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broad crest was less than the recommended measurable
minimum. Thirdly, the computation of discharge at these
higher stages would have been dependent upon field
calibration, and, since floods in excesé of 50 cusecs
would be infrequent and of very short duration, the
possibility of making satisfactory calibration would be
remote.

Meny of the problems associated with the compounded
weir are a direct result of its being compounded. If a
much shallower V section were to be constructed (e.g. 1570)
(Fig.16b), although it would be less sensitive at low
flow - measuring 0.06 cusecs (0.0016m3/s), at 0.1 ft.
head - a discharge of 125 cusecs (3.53m3/s) could be
contained at 2.5 ft. head and the weir could be calibrated
by the formula:

Q = 8/15 x 2g x Ce x: tan % x h5/2

(British Standard Institution (3680))

throughout the whole range without the need for compounding.

The construction problems involved with both these
weirs would have been very similar. Both would have
required more than four cubic metres of concrete, since
not only would they need relatively massive foundations,
concrete aprons and stabilised banks downstream to
prevent undercutting, but the compounded weir would have
needed extra concrete for the construction of tﬁe divide
walls. HReady mixed concrete could not be brought nearer
than 350 m. to the site. Alternatively the sand and
gravel could have been brought only to within 150 m. by

Land Rover and thence carried manually, in addition to
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being mixed manually at site. To build either of these
structures in brick would have required at least 2,000
bricks together with the sand and cement needed for the
foundations and the mortar. As a result of these
enormous construction and access problems it was decided
that a prefabricated structure offered considerable
advantages.

Since the above structures were generally unsuit-
able, the eventual choice was a flat Vee weir, a new
structure designed by the Hydraulics Research Station
based upon the Crump Weir design (White 1966). The Crump
weir, when designed in 1952, was an enormous advance
upon the previous gauging structures. The weir had a
triangular profile which, when incorporating a crest
tapping point in addition to the normal piezometric
tapping point enabled discharge in the non modular range
to be measured, thus making the accurate measurement of
high discharge possible with small afflux. It was thus
no longer the first consideration of weir design that
the structure should contain the flows within the
modular range with the resultant lack of emphasis upon
low flow measurement. By compounding, the Crump weir
has proved to be a very successful structure on a wide
range of rivers. However the Crump weir is not a suit-
able structure for very small streams, particularly where
accuracy greater than 0.1 cusecé per foot wiﬁth of streanm
is required. In order to provide accurate measurement
at low flows compounding is necessary and this creates
the two problems described below.

The Flat Vee weir was a modification of the Crump
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weir designed to overcome these problems encountered in
small streams. The triangular profile was retained so
that the structure could operate in modular and non
modular conditions, but accuracy at low flow was achieved
by giving the normally horizontal crest a vee shape
rather than by compounding. The sensitivity of the
structure to measure discharges contained within the vee
section would be dependent upon the slope of the arms

of the vee.

The design and construction of the weir in the Lanehead

catchment

Preliminary calculations showed that over a crest
width of seven feet a discharge of 120 cusecs could be
measured within a three foot head, and with a symmetrical
crossfall of 1:10 a discharge of 0.1 cusecs could be
gauged at 0.1 ft. head (Fig.17). The discharge could be
calculated throughout the whole range by formula without
initial field calibration. The design of the weir was:
also very suitable for the upland conditions and the
steepness of the stream. The crest of the weir being
1.5 ft. above the bed of the stream, would create a
stilling pool which would slow down the approach velocities
and also act as a sediment trap. Since the crest had
formed slopes both upstream and downstream, it would have
a tendency to be self cleansing, thus requiring less
attention than any other of the weir structures. Further-
more the formed approach section would reduce the risk of
standing wave problems, whilst the overall height of the
structure, 4.5 ft., was well within the height limit
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FIG 17 THE GEOMETRY OF THE FLAT VEE WEIR
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imposed by the river banks.

Like the flume, the flat vee weir can be built as a
prefabricated structure in wood (Fig.18). Normally
gauging structures are constructed in reinforced concrete.
But this expense can only be justified when the station
is expected to be in use over many years and for short
term hydrological studies a less permanent structure is
quite suitable. When a structure is prefabricated in such
a way that it can be carried to site and assembled
manually, it does not impose the same serious limitations
upon the choice of site imposed where access for concrete
supply vehicles is required. Because of the lightness of
a prefabricated structure it could be laid upon timber
foundations and thus still further reduce the amount of
concrete needed at site. At Lanehead, 15 foot railway
timbers were used as foundations (Fig.15b). The greater
part of the construction work could be carried out in a
workshop independent of environmental conditions ana the
amount of wasted skilled labour and time lost through
badi weather was kept to a minimum. This proved to be an
important consideration since September 1968, when con-
struction work was in progress, wmas the wettest in
Durham for 24 years. The preparation of site would be
much easier and less vulnerable to sudden flood conditions
if conéreting was reduced - an important consideration
vhere stream fluctuations are very rapid.

The matérials and method of construction used were
very similar to those used by the W.R.A. for their wooden
flume at Hambledon Brook (1963). The weir, built in 4"

marine plywood of British Standard (1088) specifications,
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was constructed on a framework of 4" x 3" and 4" x 2"
timbers - all suitably rot proofed. The weir design
falls into two parts, the formed rectangular channel and
the weir block section. The rectangular channel was

15.5 ft. long, 7 ft. wide and 4.5 ft. high. The sides
and floor were each constructed in three sections in
order to facilitate handling (Fig.19). These sections
were joined together at the site before the whole weir
was assembled. The weir block section, comprising the
critical approach and downstream slopes of 1:2 and 1:5
respectively and the 1:10 crossfall on the crest, was
constructed in two units, each being supported on a
framework of substantial timber. This section was divided
longitudinally through the centre of the crest, thus each
unit'being a mirror image of the other. Once again the
érefabrication was necessary only for the purpose of
handling, and the two units of the weir block were bolted
together before inclusion in the gauge assembly.
Prefabrication was essential since each unit of the sides
and fioor required two persons to lift it, and each unit
of the weir block required four persons.

A great deéal of site preparation had to be carried
out prior to the assembly operation. A temporary dam of
sand bags was constructed upstream of the site and the
greater part of the stream flow conducted in a 4" diameter
pipe over the working area. A trench was dug through the
stream gravels into the underlying clay and a concrete
cut-off wall one foot high laid in it to prevent water

seeping underneath the weir. This cut-off wall was con-
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tinued as a brick wall to a height of 4.5 foot up the
banks. Provision for a sluice gate was made low in the
left hand wall so that the weir could be by-passed by the
stream during installation and for any subsequent mainten-
ance. Two 15 foot railway timbers were laid parallel,
four foot apart, in the stream bed downstream of the cut-
off wall as foundations for the weir. These were
levelled to an accuracy of 0.1l% and then cemented to
increase their rigidity. A hole six foot deep and three
-foot in diameter was dug in the right hand bank, into
which the float well, comprising two 0il drums joined end
to end, was set. Using railway sleepers as foundations,
a small garden hut was erected over the float well to
act as a housing for the instruments.

The installation of the weir was completed by
myself and three persons in two days. The floor units
were laid in sequence downstream and secured to fhe
timber foundations by 6" coachbolts (Fig.20a). The
successive units were joined to those already laid by
being screwed into the overlapping timbers and an
application of non setting rubber mastic compound was
used on the joinits to make them water tight. At the end
of each transverse timber forming the framework for the
floor, bolts angled at 30° to the vertical, were
inserted (Fig.18) which would draw the sides of the weir
tight against the floor when they were tightened. The
left bank side units were joined together, using the
same method of construction as the floor, and were placed
a8 one piece resting on the transverse floor support

-timbers between the floor and the longitudinal timber
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placed on the angled bolts. The two units of the weir
block were then bolted together and laid on the floor.
Mastic rubber compound was smeared on all the edges of
the weir block that were to make contact with the floor
or sides. The weir block was then pushed home into the
rebating cut into the side and screwed into the floor at
both the upstream and downstream ends. The right hand
chexnel side was then assembled and installed in the
same way as the other and the two sides locked together
by the three timbers across the top of the weir using
‘the same system of angled bolts as had been used to lock
the floor to the sides. _

A concrete apron was then laid to seal the gap
between the cut-off wall and the completed weir. The
float well was then connected to the weir with an
alkathene pipe of 1" internal diameter - this was
expected to be large enough to transmit rapid changes in
water level while preventing wind disturbances being
transmitted. The tapping point was set flush with the
side of the weir four feet upstream of the crest and 3"
below the lowest point of the crest. Finally the sluice
gate was put in place. This consisted of a piece of "
steel, backed with rubber, placed against a ﬁooden frame
set in the left hand wing wall and held in position by
bolts attached to metal bars on the outside of the wall.

As a result of the access difficulties every attempt
was made in the design of the weir to reduce the amount
of materials that had to be carried to site, but

nevertheless the amount required was quite considerable.
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1. The prefabricated weir in 11 sections.

2. 10 (¥ cwt.) bags cement.

3. 300 house bricks.

4. 50 (% cwt.) sand bags.

5. 2 o0il drums.

6. 2 railway timbers (15' x 1' x 0.5').

7. 6 railway sleepers.

8. Prefabricated hut in 6 sections.

In total eight complete man days were devoted to bring-
ing the materials to the site prior to assembly.

Two water level recorders were installed.

(1) A Munro vertical drum recorder with a weekly
clock and time scale 1 cm. = 4 hours. The actual water
level change was reduced in the ratio 1:4 when drawn on
the chart.

(ii) An Evershed recorder was installed in
addition to the Munro since being an extended chart
recorder with a time scale of 1" per hour, it enabled
much more detailed study of specific hydrographs, but
the fluctuations of water level were reduced in the ratio

1:6 when drawn on the chart.

In principle t

nese two recorders operate in the

same way. The height of the water in the float well,
which is equal to the height of the water upstream of the
weir, is recorded on a paper chart. All movements of

the float are transmitted through gears to the wheel
which is connected to the pen slider by means of a cable
running over a pulley at each end of a polished pen

slider support. The chart movement is driven by clockwork.
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These recorders were zeroed in two ways. When the
sluice gate was positioned the water became impounded
behind the weir until a sufficient volume had accumulated
for it to escape over the crest. At the moment that the
water began to flow over the crest the recorders were set
to zero. Secondly, when flow was contained within the
vee section, the height of the water along the arm of
the vee could hbe measured - every 0.1l ft. along the arms
represents a vertical depth of 0.01 ft. The zero of the
recorders was periodically checked in these ways in order
to avoid a serious systematic error.

In January 1970 an 0tt punch tape recorder was
installed. Like the other recorders it operated on the
basis of measuring the height of the water in the float
well; the height of the water was punched every 15 minutes
on paper tape. Apart from the immediate advantage that
this provided in terms of being able to obtain results
from the data more rapidly and with less effort than
from the peﬁ traces, the main purpose of thié was to
enable the catchment to be maintained in the future. This
recorder was capable of operating for six months with very
little attention and therefore with a minimum of labour
the experimental catchment could be maintained after the
period of this study.

Since the Ott recorder did not give an immediate
visual record of the discharge it was necessary to acquire
basic computer prdgramming knowledge in order to benefit
from the advantages that the recorder gave. Firstly a

conversion programme had to be prepared that would trans-



late the recorder's Ferranti code as this was not directly
available on the computer at Durham. These head
measurements had then to be converted into values of dis-
charge using a modification of the programme that had
already been prepared to calibrate the weir structure.

A graph routine was added in order to produce a visual
record of the discharge. These graphs were significantly
different from those obtained from the Munro recorder
since these were based upon discharge dats, not
unconverted measurements of stage. The graph routine was
based upon data recorded every ¥ hour, and was accurate

to + 0.125 cusecs. Daily values of maximum, minimum and
mean flow were prepared with the graph for each day. The
value of the pumch tape record is limited while there is
no other data from the catchment being prepared for
analysis by computer, but on the other hand its value will
increase as more programmes are prepared to analyse the
data.

The accuracy of this gauging structure has been
checked against salt dilution results as described later
in this chapter, but it is important to emphasise that
100% accuracy cannot be achieved without considerable
expense and therefore the accuracy required of any
structure is governed by the purpose for which it is built.
Systematic errors may result from either the malfunction-
ing of the instruments or the observer making consitent
misreadings, and random errors will occur due to physical
conditions. Systematic errors will result where
simplifications have been mede to the original calibration

formula or where the recording instrument has not been

73



correctly zeroed. Stream effects such as the accumulation
of debris in the approach section or the drowning out of
the structure or the occurrence of standing waves will
also give systematic errors. Random errors may also
occur due to physical conditions of irregular duration
not allowed for the calibration, such as changes in the
approach section associated with certain levels of dis-
charge.

The same degree of accuracy would not necessarily be
required for all gauging structures, nor would the same
accuracy necessarily be required over the complete range
of flow in the channel. For flood control projects
accuracy at high flows would be necessary while for
pollution problems high accuracy would be required at low
flows but not at higher discharges. At Lanehead the
emphasis was upon the measurement of small discharges and
although the vaiues have been given for higher flows from
this catchment, the error involved might be + 10%. To
achieve accuracy at low flow is easier than for high
flows. The vee shape of the crest for low flows meant
that errors of head measurement produced a much smaller
error than would be the case with a less sensitive
structure. PFurthermore, the errors incurred as a result
of changing approach conditions and high approach
velocities do not become significant until the discharge

becomes relatively large. On the other hand, problems

associated with surface tension and other fluid properties
become most acute when the volume of flow is small in
relation to the wetted perimeter of the stream,

particularly when the head to be measured is less than 0.1 ft.
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Ihe calibration of the weir
The mlibration of the gauging structure, that is

the calculation of the relationship between the measured
head of water above the weir and the discharge through the
weir, can be achieved by one of two methods. The stage/
discharge relationship can be theoretically calculated
from a prepared equation specifically designed to match
the gauging structure concernedf or alternatively the
volume of water passing through the gauge can be measured
and recorded against the head of water. This second
method is more suitable since it is in this way that the
theoretical equations are checked and furthermore, no
theoretical equation is entirely accurate except at the
one site under the exact conditions in which it, was
prepared.

At Lanehead the flat vee weir was calibrated with
the equation prepared by the Hydraulics Research Station
(1967) in order to give an immediate indication of the
approximate amoﬁnt of discharge. Over the summer of
1969 a number of salt dilution tests were made and the
discharge evaluated by this method Hes been presented in
Fig.21l plotted against the volume expected from the
theoretical equation.

Several causes may be partially responsible fér the
discrepancies that occur:

(i) Both the calibration equation and the salt
dilution methods are only accurate to + 1%.

(ii) The site conditions may be significantly
different from those which existed when the discharge

equation was prepared in laboratory test conditionms.
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(iii) The silting up of the stilling pool, which
is vital to the proper functioning of the weir, may well
cause the equation to be invalid.

(iv) Since great difficulty was experienced trying
to compute the coefficient of velocity for the equation
this was ignored in the stage/discharge curve (Appendix II).
Although this will cause inaccuracies in the analysis,
the discrepancies at low flow should be very small, and
certainly smaller than the discrepancies obtained between
the theoretical equation method, and the salt dilution
method.

Consideration has already been given to the basic
principles of calculating stream discharge by means of an
artificial section of gauging structure which creates a
measurable afflux or head. In theory, the discharge is
the product of the force of gravity, the head of water
and the shape of the gauging structure. The flat vee weir
can be calibrated with the following two equations, the
first referring to the conditions where flow is confined

within the vee, and the second, for higher discharges.

n H5/2

q = 4/é%a=- ceees (1)

td

Q=462 [FS/Z - (H—b/2n)5/%] eeen (2)

(from White 1966)

Such simplified formulae, if used to calculate dis-
charge from measured head, completely ignore the effects
of, for example, the viscosity and surface tension of
the water, and therefore a correction factor, the

coefficient of discharge, must be added. This is the
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ratio of the measured discharge to the discharge calvulated
according to the theoretical considerations (British
Standard 3680). Since this coefficient takes into account
several variables it is wrong to think of it as having a
single value for each structure. However, these variables
can be regarded in two categories, those related to the
shape and nature of the structure, and those that are
affected by the fluctuations in head; the coefficient of
structure, Cs; and the coefficient of velocity, Cv.

The coefficient of structure (Cs) takes into account
such factors aéithe amount of contraction (the reduction
in the effective size of the channel at the gauging
structure compared with the size upstream) the surface
roughness of the gauging structure and most important the
fluid property effects of surface tension and viscosity.
This coefficient therefore has a single value for each
individual gauging structure, and is a dimensionless
parameter independent of the units used. The coefficient
is calculated by experimentation where the observed head
is corrected to total H for inclusion in the above formulae
by adding the velocity head. For rectangular thin plate
weirs, this velocity head value is approximately 1 mm.
but for vee notch weirs the value can increase to 2.8 mm.
for a 20° v-notch with resﬁlting coefficients in the range
0.65 - 0.585 (British Standard 3680 (1965)).

The coefficient (Cs) can be evaluated by substituting
various values of Kh (velocity head) in the theoretical

formulae, thus for the flat vee weir:

Cs 29

= 4n(H_I€h)XX2o§ _ [(H - .b/2n _ Kh)x,xz.s]/é- ceses (3)
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Initially the Hydraulics Research Station assumed
that the performance of the flat vee weir would be very
similar to that of the two dimensional triangular profile
of the Crump Weir, of which it is a modification; and
substituted a Kh value of 0.0003 m. in equation 3 which
had produced a constant coefficient of 0.626 (White 1966).
For the Crump weir a Kh value of 0.0003 m. had produced
a constant coefficient of 0.626 but when this Kh value
was substituted in equation 3 no such constant coeffic;ent
was derived. Results for the flat vee weir were calculated
for various values of Kh of which 0.0009 m. gave the best
fit with a resultant coefficient of 0.619 which could be
used as a constant for the structure. The difference
between the Kh values for the Crump weir and the flat vee
weir is probably caused by the converging flow (in plan)
over the flat vee weir compared with the unidirectional
flow over the Crump weir.’

In order to calculate discharge directly from the
gauged head and the dimensions of the weir it is necessary
to introduce the coefficient of velocity. This coefficient
will not have a single value for the structure since it
is related to the flow geometry immediately upstream of
the weir, which will vary with the afflux of discharge.
For the flat vee weir the coefficient of velocity (Cv) is
dependent upon the two parameters:

(i) The ratio between the gauged head and the
height of the lowest part of the weir crest above the
stream bed (h/p) and

(ii) The ratio between the gauged head and the
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difference between the highest and lowest crest eleva-
tions (hy/n).

Since the height of the crest (P) and the amplitude
of the vee section (hl) are fixed for any particular weir
geometry then the otherwise independent variables and the
coefficient of velocity become related to the measured
head (hl). The coefficient of velocity can therefore be
calculated from the following equations:

2 X Cs2 X 2

Cv = o5 (141/R)Z x (Cve/°-1) (within vee section)

ov ;“I +2x e x ov? wik? (1 - (1-1/)5/2]

il 25 (1+1/R)2 R
T |
L 1-11 - 1 sp2|!
L K[L+2xcs?xov? 2 k21 (1-176)5/%) /
8 25(141/R)? oA
\1 - (1-1/x)?/2]
<

Using these equations a rating table for the weir
has been calculated by computer, and presented as an
Appendix. The discharge from head measurements programme
has been incorporated into a larger programme to translate
the Ott recorder punch tape records of discharge values -

this also is presented as an Appendix.

The weir calibration was checked by salt dilution
tests since the current meter could not be used in small
shellow streams. On the other hand, because the salt
dilution tests require the rapid mixing of an injected
solution in the stream the conditions at Lanehead favoured
this method. The principle of salt dilution tests is

that a chemical tracer is injected into the stream and
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the vdiume of discharge caluulated from the dilution that
occurs to the injected chemical after it has thoroughly
mixed with. the stream water. The injection of the chemical
tracer can be carried out by one of two methods, by a
sudden injection or at a constant rate. If the samples

are pletted against time the sudden injection method

gives a peaked curve, whereas the constant rate method
gi?eé a plateau cufve.

In the sudden injection or gulp method, a known
volume of chemical tracer of.known concentration is added
to the stream as quickly as possible. At the sampling
point the concentration of tracer in the water rises
sharply to a peak and then slowly diminishes again. If
a series of sample:7etaken at regular intervals of time
and the chemicﬁl concentration plotted against time, a
concentration/time curve is obtained. The volume of dis-

charge can be calculated from:
= ofl -

(British Standard 3680 1965)

Q rate of flow in cusecs

g  rate of injection

Co chemicai concentration of the injection
C1 background concentration

C2 sample concentration

\'f volume of the injected solution

If the chemical tracer is injected at a constant
rate several advantages are obtained, although it requires
slightly more complex injection apparatus. The tracer

chemical in known concentration is injected into the stream




at a constant rate. If the concentration of the water at
the sampling point is plotted against time a plateau curve
is obtained. The duration of the plateau is approximately
the same as the period of injection, and the time required
to achieve plateau conditions is the same as the time
between the instance of sudden injection aﬁd the dis-
appearance of the tail in the 'gulp' method.

The volume of discharge can be calculated from:

{co - ) 114 6
Q= TEE_:_EIT X q (Collinge 1964)

but since C2 is go small compargd with Co it can be written
Q= 2 X q (Collinge 1964)
(02 015

The constant rate injection method is preferable for three
reasons:

(i) It is possible to measure a changing dis-
charge because such a change will be seen in the shape of
the plateau.

(ii) There is an economy of sampling since-a
longer interval between samples can exist without risk of
missing the plateau level.

(iii) It is very much easier to assess the margin
of error in all elements of the test - the rate of injec-
tion, the variations in tracer concentration measurements.

It is very important that the sampling point should
be sufficiently far downstream from the point of
injection for complete mixing to have occurred. If
complete mixing has not occurred at the sampling point
then any samples taken from a part of the stream with a
high concentration of chemical tracer will produce too low

a value of discharge whereas samples taken from a section




of the stream with a low concentration of chemical tracer
will give too high a value of discharge. A measuring
reach where turbulence is high as a result of bends,
narrovs and waterfalls, is very suitable for this type of
gauging; and conversely channels that braid, or having
pools or other zones of dead water should be avoided. 1In
theory the longer the mixing length the better, but in
practise it is necessary to sample where the mixing is
nearly complete in order that a reasonable mixing length
results.

To calculate the degree of mixing it is necessary
to take a series of samples across the stream at the same
time. Several methods of measuring the degreé of mixing
have been suggested, the best of which are Rimmar's and

Schuster: (Collinge 1964).

N\ -
Mg = &=L x 100 ieee. (Rimmar)

¢

1 - ((Nl-ﬁ) + (N,=F) # (N -F)

M% ) %100 ..... (Schuster)

XXN

0 = maximum concentration at a section.

<l

= mean concentration a2t the same section.
Rimmar's method tends to lay too much emphasis on any
extreme value found in the cross section, and for this
reason Schuster's formulae is probably more reliable.
Several formulae have been suggested to calculate the

mixing- length required before the test is begun.

100 x b° x v

L =

b
D

eeeee (Hi11)




|

2

L = 5 x (0.00286xC% + 0.0442 x €) ..... (Rimmar)
h = depth of stream (ft.)

b = breadth of stream (ft.)

v = mean velocity of stream (ft./sec.)

D = dispersion coefficient.

Cléyton (1963) experimented with these formulae
with tests on the River Alwin and found them to be far
from satisfactory.

Rimmar 2,500 ft.

Hill 150 f+t.

Experiment 800 ft.

Consequently it is very important. that field checks are
made to ensure complete mixing immediately before any
dilution test is carried out. A gulp injection of a
strong dye such as flouresin can be used and the mixing
evaluated by eye, but this can only be an approximation
since it is impossible to evaluate accurately how uniform
the concentration is. Alternatively, when NaCl. is being
used a portable conductivity bridge can be employed to
measure the concentration across the stream section.

To produce a constant rate of injection it is
necessary to prevent a variation in the head over the
point of injection. This can be achieved by various
methods such as a constant head tank or a constant speed
motorised pump, but both of these are extremely cumbersome.
Without an excessive loss of accuracy, a much simpler

piece of apparatus is the Marriotte vessel. Since the

vessel is air tight except for an air inlet tube the head

over.the outlet valve is maintained constant and the rate
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at which the air can enter through the inlet tube. This
method does not give an absolutely constant rate of
injection but the injection rate can be checked against a
graduated scale on the side of the vessel and a 'rate of
injection/time' curve can be constructed. Any inaccuracies
which result from this are far outweighed by the relative
simplicity and ease of handling of the apparatus.

The choice of chemical tracer used for adilution
test can be made from almost any substance which can be
dissolved in and which remains stable in water. However,
in practice several factors govern the choice of chemical

tracers (Cole & Barsby 1964).

(i) The background concentration should be low and
as far as possible without any rapid
fluctuations in concentration. It is not
advisable to choose a chémical which is
totally absent otherwise there will be a
chance that the chemical might be absorbed
by the environment or perhaps react with the
natural water or any organic matter that i+t
contains. A stream which contains a low

ion of the chemical is
likely to have reached equilibrium with the
ions.

(ii) The chemical, in the concentration to be used,
must not be injurious to fish, plant or
animal life.

(iii) It is preferable that the concentration of
the chemical should be able to be obtained

ratively rapidly and accurately. The more
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samples there are to be analysed the more
important it is that the method of analysis
is simple and rapid. Cole and Barsby (1964)
have listed 16 chemical tracers that can be
used, together with their properties, and
have analysed their suitability for different
gauging problems. The most commonly used
chemicals tend to be sodium or potassium salts;
but no chemical is universally applicable to
all gauging problems, and the final choice is
governed by the particular situation of the
water being gauged ‘and by‘thé analytical
techniques évailable.

In order to check the weir calibration a number of
salt dilution tests were run and the results of these are
shown in Fig.21l. 'The test run of 4th June 1969 serves as
an illustration of these tests. The mixing length
required was ascertained by noting by eye the distance
it took for a gulp injection of dye to become mixed with
the stream water. Samples were taken to give a back-
ground reading of thé concentration of NaCl in the water

of salt water (¥

(7ppm.). A soluti

£ L

(»]
13

from a Mariotte vessel into the stream at a constant rate

of 3.2 litres/minute_fo;_five minutes. The rate of

the volume of liquid injected _ 16 litres _
time - - 5 mins. ~

injection =
3.2 litres/minute. A sampie of the injection solution was
taken at the beginning and the end of injection, and found
to be 28000 ppm.

Samples of stream water were then taken from the stream

just above the stilling pool of the weir every 30 seconds.
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These samples were taken back to the laboratory for
analysis by flame photometer. The principle of the flame
photometer is that a hot flame will cause an excitation
of a number of elements, one of which is sodium, to emit
radiations. The intensity of this will depend upon the
number of atoms excited and hence upon the concentration
of the solution. By comparing the flame photometer
readings of the samples with those of readings from
solutions of known concentration, it was possible to
calculate the concentration of salt in the samples. When
the concentrations of salt in each sample were plotted
against time a flat plateau curve was obtained (Fig.22).
This plateau stage would be maintained as long as the
injection continues. PFrom the samples taken during the
plateau stage (samples 14 - 18), it was possible to
calculate the extent to which the concentration, injected
golution had been diluted, and thereby the amount of

water in the stream.

' n
Thus: Q= Cc—o_g-a— q
1l o]
where: Q = discharge.
Conc. = concentration of injected solution.

Cy = concentration of sample.
C.. = background concentration of salt in the
stream.
q = rate of injection of concentrated solution
(cusecs).
On 4th June 1969, the discharge calculated by the salt
dilution test was:

2800

T70 - 7) X 0.001882 = 0.8370 cusecs
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Tig 22 Salt dilution test on 4 June 1969

Samples taken from
the stream

Background concentration l(ppm.)?
of HaCl in the stream 7 ppm > 4 9
4

Injected solution f g
( 56 # 5000 ppn.) 28000 ppm ; 15

' o

Rate of injection g ;g
( 3.2 1/min.) 0.001882 cusecs, & 30

9 L2
10 52 .

11 58

12 64

13 6

14 70

15 70

16 71

17 71

18 70

19 63

20 60

21 55

22 49

23 42

80 .
70

60
P 50

_(ppm) 40

6. 8 10 12 & 16 18- 20 =22 24

N
I~

Samplecs



The discharge from the weir calibration was 0.877 cusecs
(104.8% of the salt dilution value).

In total 15 tests were made, but only seven were
successful, in the others the peak was never sampled or
the sampling interval was too long to define the peak
accurately. There was alack of tests during discharges
higher than 5 cusecs since these were infrequent in
occurrence, and short lived in duration, and the sampling
interval would have had to be very short in order to get
a good cover of dilution samples from the stream. From
Fig.2l it can be seen that the weir gave an underestimate
of the flow below 2 cusecs, and an overestimate for flows
greater than 4 cusecs. For flows between 2 and 4 cusecs

it was accurate + 5%.
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PART II

ANALYSIS OF THE DATA




CHAPTER 5

RAINFALL/RUNOFF RELATIONS IN THE CATCHMENTS

One of the main factors modifying the response of
stream water temperature to the atmospheric environment
is the volume of discharge itself. Consequently, the
factors which control the volume of discharge have an
indirect effect upon the temperature of the stream water.
While discharge and precipitation are clearly related
there are many other factors which modify the relation-
ship. In this Chapter it will be demonstrated that the
moisture condition of the soil modifies the rate at which
water drains from the catchment, and, in the following
Chapter, it will be shown that the snowmelt/discharge
relationship is partly controlled by air temperature.

Because of the altitude and exposed nature of the
catchment, together with the prolonged and severe winter
conditions of the area, there were difficulties in
obtaining reliable precipitation and discharge data.
Therefore, preceding the analysis of the rainfall/runoff
relations in the catchment, the practical difficulties
of obtaining the data, and their limitations, are

discussed.

Rainfall

The choice of the sites and the nature of the
instrumentation for precipitation recording have been
described in Chapter 2. The ground level gauges were set
in small pits one foot deep and four feet square, surrounded
by an anti-splash guard of wire netting lying flush with
the adjacent ground (Fig.1l0). The wire netting had a
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serious disadvantage during snowfall in that the énow
clung to the netting and caused a snow surface to build
up above the gauge. In September 1969 the wire grills
were replaced by plastic grids to which the snow would
not cling (Fig.23). At the same time drainage channels
were dug from the pits in order to prevent the gauges being
flooded. At Site B, where the gauges were sited on a
small interfluve, it was feared thét the drainage channel
itself might funnel a flow of air under the anti-splash
grid and cause turbulence to the air flow around the

rain gauge, hence to reduce this effect the channel was
covered over with stones and turf.

At some times during the winter period the rain
collected in the gauges became frozen. To prevent
shattering of the collecting vessel and the subsequent
loss of reading, plastic bottles were used. PFurthermore,
when the rain collected in the gauge was frozen, it was
difficult to measure the catch in the field and during
these conditions the bottles in the gauges were exchanged
with spare bottles, and the rainfall was measured in the
laboratory later.

The areal representation of rainfall, and the problems
of applying point measurements of rainfall to catchment
areas, have been discussed in Chapter 2. From these
studies it was decided that two rein gauge sites would
give a representative measure of rainfall of acceptable
accuracy for the whole cetchment. However, on several
occasions conditions were observed which would render the

catch of the rain gauges unrepresentative, and these







were (a) periods during April and May when snowfall
occurred at the top of the catchment while rainfall was
occurring in the lower catchment, and (b) during periods
of low cloud, when the upper catchment, often including
the gauge sites, was enveloped in cloud while the lower
catchment was receiving reinfall.

A continuous record of rainfal} was maintained at
each site by a Dines Tilting Siphon'recorder fitted with
an extended chart mechanism. Records from the recorders
at Site A for the water year 1968/69 have been compared
with the catch of the stendard gauge in Pig.24. For all
but two data periods for that year the standard gauge
had a larger catch of rainfall. Usually the reading from
the Dines recorder was approximately 85% of the catch in
the standard gauge, but it varied quite considerably.
However, the purpose of the Dines recorder was not to
measure the absolute total of rainfall but to record the
time, inténsity and nature of the periods of rainfall
which could then be related to thé discharge from the
catchment.

The incomplete nature of the Dines records for the
year reflect in part the difficulties of maintaining any
recording gauge in an upland envir%?ent, anq in part the
particular difficulties which these specific recorders
presented.: : During freeéing conditions the flat chambers
of the recorders became frozen, preventing further
recording of rainfall until they thawed. Foréunétely the
float chambers were never ruptured by ice but the floats
frequently were, and these had to be replaced before

further recording could take place. During the summer
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period different problems occurred which were more
specifically associated with the clock and strip-chart
mechanism. When damp, especially during periods of
rainfall, the spool of the chart often became jammed and
effectively acted as a brake upon the clock mechanism
which then stopped. Several attempts were made to
prevent.this happening by removing a retainer spring on
the chart spool mounting and also by allowing the spool
platform to revolve. Although these modifications greatly
improved the reliability of the recorders they were not
completely successful and it might_have been better to
maintain one of the Dines recorders with a standard weekly
clock (with a chart travel of 2.5 cm. per day) which

would have had a more reliable clock mechanism.

The catch of rainfall at the two sites was quite
consistant. When the performance df‘the standard gauges
was compared (Fig.25) the variation was within + 10% for
50% of.the time. The ground-level gauges were less
vulnerable to wind eddies around the gauge orifice.
Accordingly the measurements showed less variation than
those for the standard gauges, and were within + 5% for
50% of the readings (Fig.26). The ground-level gauge was,
therefore, a much more reliable record of the actual fall
of precipitation over the catchment.

When the catch of the ground-level gauges was com-
pared with the catch of the standard gauges, the ground-
.level gauges normally had a greater catch, as expected.
However, despite the altitude and exposed nature of the
catchment, the relationship between the two gauges was

remarkably close. Between 25-30% of the readings taken
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were within 5% and approximately 50% of the readings had
a discrepancy of less than 15% (Fig.27). The largest
discrepancies occurred with the heavy falls of precipita-
tion, particularly when this amounted to more than 30 mm.
Site B, which was protected from the prevailing winds by
higher ground, had fewer and smaller discrepencies (Fig.28).
A curious effect was noted at both sites when on a
certain number of occasions the ground level gauge caught
less than the standard gauge. At site A this accounted for
10% of the readingse, while at site B it accounted for 20%.
At site A_these differences were not significant, since
in most cases the catch of the ground-level gauge was
greater than 95% of the standard and usually greater than
98% as is clearly shown in Fig.28. At site B, however,
not only was there a greater number of occasions when
the ground-level gauge catch was less than that of the
standard gauge but the differences themselves were much
larger. At first it was thought that these discrepancies
were due to wind effects and micro-turbulence caused by
the drainage channel which had been dug in September 1969
following the flooding of the gauge pit. However, the
drainage channel was enclosed in November 1969 and,
although there were no longer any consistent discrepancies,
there were several reoccurrences. It seems possible that
these discrepancies occurred largely during periods of
predominantly south westerly winds, which were funnelled
up the valley and then lifted up over the spur on which
the gauge was sited. Such an upward movement could tend
to carry the rainfall away from the gauges, since the

ground level gauge and anti-splash grid were set horizont-
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ally rather than sloping with the ground surface. However,

it is impossible to substantiate this theory in the

absence of a continuous record of wind speed and direction.
Thus,it is suggested that the four gauges between them

gave a satisfactory measure of the amount of rainfall over

the catchment. The two recorder gauges wére very vulner-

able to winter conditions, but during the summer they

recorded a trace for four out of every five storms.

Runoff

The discharge measurements were inaccurate on a
number of occasions due to the environmental conditions
prevailing at this altitude. During the winter of 1968/69
the sides of the weir were not back-filled so that leaks
could be more easily detected, but this meant that the
pipe joining the weir structure with the float well was
exposed to the air. The winter was fairly severe and
consequently the inlet pipe became frozen with a resultant
loss of records. During freezing conditions ice formed
both above the stilling pool and on the downstream
surface of the weir. Thus, with the crest of the weir
neightened by the ice, the head measurement recorded was
that of the depth of water and the layer of ice. Vhen a
thick layer of ice formed over the stilling pool the
streamflow would tend to be forced below the ice under
pressure and the flow of water over the weir would be at
super-critical speeds. Although the head measurement
would be greater than the height of the ice cover, due to
the pressure of the water beneath the ice, the super-

critical flow would invalidate the calculations of discharge

from that head measurement.
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The recording instruments had to be protected from
frost. The hut its?lf was sealed at thé base with several
layers of turf to prevent a circulation of cold air over
the water in the float well. ‘the instruments were housed
inwather-proof cases in the hut. No instrument problems
were experienced with the Munro vertical drum recorder or
with the 0tt punch tape recorder, but the Evershed
recorder was unreliable as a result of clock failures and
faults on the tramsmission system between the float and
the pen mechanism; the pen was a siphon-feed with a very
fine capillary which frequently became choked.

A stretch of deep water upstream of the weir was
vital to maintain a proper flow of water over the crest.
If the pool became filled with debris the flow at high
water became super-critical in the approach section.
buring the two years of study the stilling pool was com-
pletely dug out on five occasions:

8 June, 1969

21 September, 1969
22 March, 1970

17 May, 1970

20 September, 1970

The greatest movement of material in the stream was
during flood conditions, and on occasions material had to
be cleared away from the weir crest following a flood.
After each excavation, the accuracy of the discharge
measurements gradually diminished as the stilling pool
filled again. It is, therefore, reasonable to assunme
that the records of high flow are slight under-estimates

of the actual flow as any inaccuracies due to the filling
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of the pool would be exaggerated at high flows. Apart
from the loss of records during February and March 1969,
due to the frozen pipe, a continuous record of discharge
was obtained throughout the study period and is still

being maintained (February 1973). It has been impossible
to evaluate the accuracy of discharge measurements at the
highest flows but, for the purpose of this study, accuracy
in the range 0 - 5 cusecs. was more important than accuracy

for the infrequent and short-lived floods.
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Rainfall/Runoff Relations

" Broadly speaking hydrologists recognise two main
sources of runoff to streams, indirect funoff and direct
runoff. Indirect runoff is water which has infiltrated -
and percolated through the soil to become groundwater.
Direct runoff is water which has reached the stream
without being stored as groundwater and this includes
precipitation that has fallen directly on to tlie stream,
water which has flowed over the surface of the ground
and water which has flowed through the upper subsurface
layers. It is the relative importance of these several
components of direct runoff that have been the subject
of many investigations.

Horton (1933, 1945) suggested that storm flow
resulted mainly from the contribution from overland flow.
Storm runoff occurred when the rate of precipitation
exceed4¢d the rate of infiltration. He recognised that a
certain amount of precipitation would fall directly on to
the stream and thus contribute to a rise in stream volume
irrespective of the infiltration rate of the soil, but
this would be a very small amount in terms of total stream-
flow volumes. Following a rainstorm there would be a
movement of water through the subsoil to the stream
channel and, although this might be a considerable volume,
it would be comtributed over a long period and would not
contribute substantially to storm flow.

Other hydrologists, particularly those working on
forested catchments, have postulated the mechanism of
subsurface flow as the main source of storm runoff.

Whipkey (1965) found that in a forest soil, which is
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protegted by litter_apd permeable to water infiltration,
the water moves through the subsoil and not over the
surface of the ground. Subsurface storm flow moves
laterally thrqugh the soil towards the stream channel,
the rate and volume of water movement depending on the
rainfall rate and duration as well as the hydraulic
properties of the soil. Whipkey (1965) noted that
different_ratgs‘pf wgtgr movement through the soil
occurred depending upon its 'wet' or 'dry' condition.
?hesg copditions.were defined arbitrarily -~ the soil was
classed.as dry_if more than four days had passeﬁ since
the preyious_rainfgll. _

More recently, work by Dunne and Black (1970) has
thrown doubt on the role of subsurface storm flow as the
main source_of stqrm ruan?, Thgy fgupd that_the
importance of a hi;ﬂslope as a_producer.of storm flow
depended upon its ability to-initiafe overland flow, but
unlike_qutgn, they fqunq that this was limitgg to a
small proportion of the catchment. Both Betson (1964)
and Ragan (1967) concluded that only a small part of the
watershed ever contributed flow to §torm_runoff, although
Betson regarded these parts'of the watersbgd as constant,
while Ragan regarded them as changing. From these studies
it would appear that the major propqrt;on of storm runoff
may well be produced as overland flow on small saturated
areaa,'within thg_cgtchmenﬁ, often_clpse to_the stpgam.
The rest of the catchment acts as:a reservoirJduring
stqrms and maintains the areas that produce storm flow.
During periods of storm runoff the whole of the saturated

area acts as an extended stream system and therefore
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p:gcipitqtipn falling on this saturated area becomes more
important.

The so called jartial area concept provides a feasible
model for the study of runoff from the Lanehead catchment.
During periods of storﬁ.;unpff all the flushes within
the catchment support over;and flow while there is no
evidence of this onfthe peat lands which represents a mgch
greater propprtion of the catghment. On the other hapd,
these flushes are not able nece§§arily to produce over-
land flow everytime there is préc%pitation. Indeed, it
will be shown that following a period of 24 hours
without precipitation, these flushes need to be 'reprimed!
before they can support qverlgnd.flqw.

. _?he precise system of runoff p;qdug?ipn is not
relevant to this study at Lenehead and no attempt has been
made to measure this process. quever, sincg the volume
of discharge in the stream channel wil; affect the
response of_thg_stream water temperatpre, clearly the
factors which control runoff become indirect controls
over sp;eam wate; temperature:

For the purpose of this study it has only been
necessary to relate the storm runoff occurrences with the
conditions, particularly the precipitation, which promote
them. However, not all storms did produce appreciab;e
runoff and therefore only under the conditions generating
runoff could precipitaﬁion be-regarﬂed as an indirecﬁ
control over the thermal characteriétigs of the stream.

In effect therefore, the rainfal}/;unoff relations have
been studied in order to determine the conditions under

which prec¢ipitation tecomes an effective indirect control
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over the stream water tempergture.

The rainfall/runoff relations have been viewed
generally by using mean mqnthly data and, more specific-
ally, by the study of storm periods. From these
prelimingry ipvgstiggtions it will be shown that thg
antecedentﬂ_catchment conditions affect the relationship
between precipitation and the resulting discharge. A__
number of storm periods have been selected to demonstrate
this.

~ The ngam.monthly discharge from Fhe_gatchment during
the two years 1968/69 and 1969/70_15 shown in figure 29.
The_agnual»pattern fgr the two years is pasically very
similar showing a mean W;nter.floy of 2 - 2.5 cusecs,
and a mean summer flow of less than 0.5 cusecs. The
Yarig&ions bgtweep thg years ref;gct_thg dist:ibgtion of
the precipitation. 19_1968/69 much of the precipitation
during February end March was snowfall and this did not
appear &8 discharge until the main snowmelt in March.
During the_vgry_mild winter of 1969/70 there was very
little storage qf_watép in the form of snow and con-
sequently the discharge reflects the rainfall distribution
more closely. .

In both years the mean flow from the catchment for
the drier summer months was }gss thap O.§_cusecs.. pgring
thig period’ when the groung was dry'qnd absprbept, and
when the resources of grpundﬂwater were very low, hegvy
falls_of rain made only a small differénce yo the 1evel
of discharge. For example, in August 1970 a rainfall of
145 mm. produced a mean flow of only 0.9 cusecs while the

equivalent fall of precipitation in November 1969 had
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produced a meap_f}gw_o£_310 cusecs.

The mean daily discharge for 1969/70 has been plotted
on a semi-logariﬁhm;c chlel§n figure 303 The rapidity
with which the stream responded to rainfall is demopst;ated
by the sudden rise in the mean ilow fppm day to day, and
the extent to which the catchment retarded the release of
water was indicated by.the.mgqh_shal}gwer recession
curve which extended over several days. The recessions
during the spring season were modified by the irregular
nature of the release of water from the melting snow.

The rainfell/runoff relations during the winter
period were influenced by various factors. Firstly, the
release of water from the catchment was not always
directly related to the 211 of precipitation since much of
it was stored as lying snow, the release of which was
dependent upon other factors such as air temperature and
solar radiation. Secondly, much of the precipitation fell
as snow, and as explained above, the quality of the
measurements was not comparable with that for the data
collected during the summer. For these reasons the study
of the relationship between rain storms and individual
floods was limited to the summer period. Chapter 6 is
devoted to the study of the snowmelt floods and to the
winter conditions generally.

In figure 31, the rainfall periods have been related
to the resulting mean flow. These six/seven day periods
were not ideal for this type of analysis since they were
not always hydrologically homogeneous, and the effects of
three dry days at the beginning of the week might be
modified by three wet days following; whilst the effect
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of the wet days might well affect discharge in the
following data period. It was possible however, to relate
the mean discharge resulting from the weekly rainfall
total for the majority of weeks as indicated.

The stream flow response to a given fall of precipita-
tion varied according to the antecedent condition of the
soil. If the rain followed a period of dry weather much
of the rainfall was absorbed and very little appeared
as flow over the ground surface. On the other hand, if
the rainfall followed a period of wet weather there would
be very little absorption by the soil and most of the
fall would be carried out of the catchment very quickly.

When the rainfall/runoff relations for individual
storms were examined it was seen that the hydrographs
could be grouped into three categories; those resulting
from dry catchment conditions, those resulting from wet
catchment conditions and those resulting from several
distinct rainstorms. The catchment was in a 'wet' con-
ditidn if rain had fallen on the catchment within the
24 hours immediately preceeding the storm; if no rain
had fallen then the catchment was 'dry’'.

The difference between the hydrographs resulting
from 'wet! and 'dry' conditions was very clearly
demonstrated on 2lst and 22nd April, 1969 (Fig.32). The
term rainfall hydrograph is used in this context to dis-
tinguish it from a hydrograph resulting from snowmelt.

No precipitation had fallen in the catchment for five
days before the beginning of the rainstorm at 1730 on
21st April (although the soil was probably dampened on
the 17th April by the melting of a small amount of lying
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snow). The rainfell of 12 mm. fell at a uniform rate of

2 mm/hr. producing a flood of 3.4 cusecs. The discharge
began to rise half an hour after the beginning of the
rainstorm and increased in volume at the rate of 1 cusec/
hour to its peak flow % hour after the rainstorm had ceased.
After six hours a second storm of 7.5 mm., falling at the
same intensity (2 mm/hour), produced a flood of 8 cusecs.

As a result of this second, smaller rainstorm the flood
lével rose from 1.5 to 8 cusecs in 1} hours - a rate of
increase of 5.2 cusecs/hour.

A similar situation occurred in August 1969 (Fig.33).
Following a period of four rainless days, a fall of 3 mm.
at 0430 BST on 3rd August, 1969 produced a flood of
1.4 cusecs. The rain fell at a rate of 1.5 mm./hr. and
the discharge increased at a rate of 0.7 cusecs/hour. The
flood peak was reached one hour after the rainfall had
stopped. A rainstorm of 7.5 mm. falling at an intensity
of 3mm/hr. fell 10 hours later and produced a flood of
7 cusecs vhich reached its peak ¥ hour after the rain had
stopped. During the recession from this second flood a
short but heavy storm of 3.8 mm. produced a minor pulse of
fiood water equivalent to an additional flow of about
2 cusecs. The following'evening a very sudden and heavy
storm of 18.75 mm. fgll with an intensity of 9 mm/hr. to
produce a flood of 27 cusecs. The discharge from the
catchment rose from 0.5 cusecs + hour after the beginning
of the storm to 27 cusecs in two hours. Once again the
peak floy‘és reached + hour after the rain had ceased.

It is well known that the effectiveness of a rain-

storm to produce a flood is increased if the soil is
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already wet. This is clearly demonstrated in Fig.34,
where the rainfell/runoff relations for 19 storms have
been plotted. When the storms occurred after a period
of at least 24 rainless hours the relationship between
the mazimum discharge and the rainfall was:
Q= 0.238 (P - 9.5) + 315
where P = rainfall in nmm.
When the storms occurred after a recent period of rain-
fall the maximum flow per unit of rainfall was !
significantly greater.
Q=1.744 (P - 8.3) + 8.6

In the following table an attempt has been made to
compare the actual volume of runoff generated in the
catchment compared with the total volume of rain falling
in the area. The maximum expected volume would be the
rate qf discharge if all the rain had been drained from
the catchment in one hour (see Fig.35A). The actual
discharge data is calculated from the total flow for the
catchﬁent during a storm, presented as a volume of dis-
charge during one hour. Clearly the wet catchment is
generating a greater volume of discharge then the dry
catchment, but the storm floods last for a shorter time.

Not only was there a difference in the size of the
floods associated with wet soil conditions within the
catchment compared with the floods which occurred after
dry weather, but the nature of the hydrographs was also
different. A number of flood hydrographs are shown in
Fig.35B to demonstrate this. During the dry periods the
rising limb of the hydrograph was less steep than during

the wet periods.. Frequently it was two hours, and on
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FIG 35A WATER DEPTH OVER THE WHOLE CATCHMENT
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some occasions four hours before the volume of the stream
had doubled its initial volume. The peak of the hydro-

graph was quite flat, and often the flow remained

Maximum éxpectsd

LT TESSTEITST STOT LMORT ETSS v mm - @ SSCITEmmm wamenw -1

Actual flow Duration of flow

Rainfall £low ;
(mm,) (cusecs in one hour) (cusecs in one hour) (hrs.)
Dry Wet Dry Vet
Catchment Catchment Datchment Catchment

28 175 76 . 38
18.75 115 106 29

13 80 53 35
10 62 36 20
9 55 36 21

8.5 52 28 27
745 45 52 16
2 16

7 43 17 25
LS 27 23 26
L 25 17 18 29 17

3.6 22 10 13

2.75 17 13 2

1.4 9 7 18

constant for an hour or so. During the wet conditiens
the hydrograph showed a very rapid response to rainfall.
Depending in part upon the intensity of the rainfall, fhe
stream could increase in volume from less than 1 cusec

to 10 cusecs within an hour.

The rate of recession in both sets of hydrographs in
Fig.35B is very similar, and is not related to the con-
dition of the catchment surface, but more to the state
of the groundwater resources. In general the rate of
recegsion varied with the season of the yesar, in the
winter it would fall to a base flow of about 1 cusec,
while in the summer when the content of the aquifer was
very low, the hydrograph receded to less than 0.25 cusecs.

If several reinstorms contributed to one flood a
multiple hydrograph resulted. Such a compbund flood

occurred on 2/3 June and 18th August 1969. On both
' 105



occasions the flood period was preceded by at least 24 hours
without rain. PFrom Fig.36 it can be seen that the initial
fall of rain produced a relatively slow rise in discharge
as would be expected from a flood following a period of
dry weather. Since the first storm dampened the soil the
subsequent rainstorm produced a much steeper h&drograph,
built upon the hydrograph of the earlier event. The
higher the level ofldischarge at the beginning of sub-
sequent storms the more rapid would be the response of
the stream to the precipitation, since the flow would be
movipg fastef through the catchment. Because of this
much more rapid sﬁpply of water the rising limb of the
hydrograph became very steep and the fall off was also
rapid after the rainstorm had ceased.

On 2nd June 1969 the discharge increased in volume
at a rate of 2 cusecs/hour between 2200 and 2400 BST. The
rainstorm began at 1800 BST and 4 mm. of rain fell before
any increase;in discharge oecurred. During this phase in
the hydrograph the rainfall intensity was 2.5 mm/hr.
The second rainstorm ocecurred at 0100 BST (3 June) and
during this second storm, which lastéd for two hours, a
total fall of 6 mm. produced an ipcrease in flow from 4
to 12.5 cusees. The response of the stream flow to the
rainstorm was immediate at 0100 BST. The third storm
began at 0330 BST and produced an immediate response in
the stream flow; a rainfall of 3 mm. produced a flood of
3 cusecs. A rainfall of 8.5 mm. was required to produce
the first 4 cusecs of flow while only 3 mm. was required
to increase the flow from 12.5 to 15.5 cusecs.

On the 18th September 1969 a rainstorm of 6 mm. between

106



DISCHARGE (cusecs)

SHAVY9OO4dAAH TIVINIVY  9€E 9Old

6961 ¥38W31d3S Bl 695L INNC € _ . Z
(o] T T T T T T T
008t 0 074" 0090 00ct 0090 Oobe
€ 4
9
S 4
el
Si 4
——— w———— — — — —— S Gatem G e e—— e S—  w——— o
m—.l - m
E
E
- OP m
le . w
Z
T
- OC




0300 and 0600 BST produced a small flood of 4 cusecs. The
response of the stream to the rainfall was slow. The
stream did not begin to rise until 2% hours after the
first storm, and had ceased to rise within % hour of the
end of the first storm. The second storm began at 0730
BST and lasted for 3% hours with an intensity of 4 mm/hr.
The discharge rose almost immediately and continued to
increase in volume at the rate of 6 cusecs/hour for the
duration of the storm. Although the main storm ceased at
1100 BST a certain amount of drizzle did continue to fall.
The drizzle was not sufficient to maintain the level of
the flood, but it was sufficient to distort the shape of
the hydrograph. Normaliy the reduction in flow is most
rapid in the initial stages immediately following the peak
flow, and then more slowly later as the minor channels
and then the larger ones begin to reduce their contribu-~
tion. This was not fhe case on 18th August because the
drizzle which continued after 1100 BST was sufficiently
heavy to produce a noticeable effect upon the stream flow,
and to prevent. the rapid reduction in volume which would
be expected after the peak flow at 1100 BST. The most
rapid reduction in water level did not occur until 1300
BST when the drizzle finally ceased. From then onwards
the shape of the hydrograph was similar to that on

3rd June 1969 (Fig.36).

The nature of the discharge from the catchment is a
product of the nature of the precipitation and the state
of the catchment. In very broad terms it can be seen
from the mean monthly data that the discharge from the

catchment reflected the occurrence of rainfall. However
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the size and nature of a flood depended upon the condition
of the catchment as well as upon the rainstorm. Rain,
falling in a catchment which had been rainless for 24 hours,
produced a small flood when compared with a similar amount
of rain falling onto a wet soil, since much of the rain

was absorbed by the soil. On the other hand floods from

a dry catchment were longer lasting than those from a wet
catchment.

The volume of discharge from the catchment depends
upon the combined effects of both precipitation and catch-
ment soil conditions. In this way a combination of factors
has an indirect effect upon the thermal characteristics of
the stream. This indirect control bécomes much more
direct where the precipitation involved is in the form of
snow. Not only is the release of snow related to the
atmospheric conditions, but the released water has a
dominating influence.upon the stream water temperature.
This situation is discussed in the next chapterﬂ

During periods of low flow, stream water moves
through the catchment slowly and is, therefore, exposed to
the atmosphericec environment for much longer than it would
be during highér flows. Furthermofe, the surface area
of the stream; the main-point of contact between the
stream water and the atmospheric environment, does not
increase significantly with an increase in volume but
remains relatively constant for a large range of discharge;
therefore, the efficiency of the contact between these
elements becomes progressively less as the volume of
discharge increases.

In view of the modifying influence exerted by the

108



volume of discharge upon the relationship between the
stream water temperature and the atmospheric environment,
the factors affecting runoff conditions become indirect
controls over the temperature of the stream water. It is
to be expected that the closest relationship between

water temperature and the atmospheric environment will
occur for medium size discharges of 1 - 3 cusecs. For
volumes less than this the influence of the groundwater
will become increasingly aominating as its proportion in
relation to the total discharge becomes greater. For dis-
charges greater than 3 cusecs, the relationship between
the water temperature and the atmospheric envifonment will
become progressively less with the increase in discharge
volume, due to the inevitably slower response of the
larger volume of water.

The instrumentation for precipitation and discharge
in the catchment was designed only to give an indication
of the nature of the controls over the release of water
from the catchment. There was no attempt either to
instrument for, or to interpret, a complete water balance

of the catchment.
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CHAPTER 6

SNOWMELT DISCHARGE STUDIES

The rainfall/runoff relations described in Chapter 5
completely omit the winter conditions from late November
to early May. This is partly because the data available
were not as complete as those obtained in the summer, but
mainly because the principles that held for the conditions
of rainfall and direct runoff did not hold forthe
conditions of snowfall and subsequent snowmelt discharge.
In Chapter 7 it will be seen that the temperature
sequences involving periods of snowmelt discharge or
frozen catchment conditions were different from those of
other periods because the snowmelt itself obscured the
effects exerted by the other influences on the stream
water temperature.

Snowmelting is fundamentally a matter of thermodynamics
involving the inter-action of many variables. In the
Fraser Forest experiment (Garstka et al 1958) twenty
factors causing snowmelt were isolated ranging from
relative humidity, wind travel and solar radiation to dew
point temperatures and degree-day temperatures.. Both
simple and multiple statistical correlation analyses were
computed relating runoff to these factors, but the overall
results indicated that the temperature factor is at least
as good and in many ways better, than a combination of
other factors.

This conclusion agrees with that of Wilson (1941) who
demonstrated that the variables closely related to air

temperature, namely air convection, turbulent exchange and
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heat of vapourisation, caused the greatest heat transfer.
Similarly Nishizawa (1969) used air temperature as the
basis of his study of snowmelting in the Takinami river
baesin in Japan.

Solar radiation, atmospheric vapour pressure, air
convection and air temperature are normally regarded as
the important meteorological parameters causing snowmelt.
Of these air temperature is regarded as the most
significant for the degree-day has been widely used as a
measure of a catchment's response to melt potential in
America and Japan and other places (Johnson 1966). This
response can be expressed in a simple relationship:

D = K(1-32)

Where D = average rate of snow melt over the basin in
one day (ins/day)

T = averagé daily temperature Op

T-32 daily number of degree: days above freeziﬁg Op

K = a melt coefficient or degree/day factor

Clearly, snowmelt can be expected to influence the
relationship befwgen air temperature and water temperature
if only in respect of the increased volume of water. .But,
in addition to this, by virtue of the temperature of the
melt water, snowmelt will exert an even greater effect
upon this relationship. Since air temperature appears to
be one of the main controls over the release of melt
water from a snow covered catchment it will have an
indirect, as well as direct affect, upon the temperature
of stream water during a period of snowmelt.

Snowmelt discharges, occurring during the winter as
a result of warming atmospheric conditions rather than

direct precipitation, display a combination of the hydro-
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logic and the thermal characteristics of stream flow.
Although only a small number of snowmelt floods have
occurred during the two-year_study period, some of these
floods releaéed several falls of precipitation which had
been stored in the catchment as snow. Since precipitation
in the form of snow may fall in the catchment at any time
between November and April, snowmelt floods could account
for a large proportion of the total annual discharge from
the catchment.

During periods of snow lie heat energy either as air
temperature or direct solar radiation may become a more
direct influence upon the nature of the discharge from
the catchment than precipitation. Smith (197), working in
the adjacent upper Tees, noted that the effect of winter
freezing conditions could produce the periods of both
maximum and minimum flow. Prolonged periods of sub-zero
air temperatures could result in water being locked up as
ice in the catchment to such an extent that the lowest
recorded flows occurred during the winter rather than
during the summer. This was not the case in the Lanehead
catchment because, over the observation period, there was
a base flow of approximately 0.6 cusecs during the winter
compared with a flow of 0.1 cusecs during the summer. The
winter base flow could not be affected by air temperature
conditions until it emerged as surface flow and certainly
during the two years 1968/69 and 1969/70 the air temp-
eratures were never sufficiently low to lock up this
supply in stream ice. Only streams with very little or
no groundwater contribution would be likely to freeze-up

completely in this country, except underthe most extreme
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atmospheric conditions. Also the accumulation of snow
from several separate falls would often be released as one
very large snow melt flood. Ths it could be that the air
temperature rather than the immediate precipitation some-
times causes the maximum as well as the minimum flows

from an upland catchment.

A diurnal fluctuation of air temperature above and
below freezing point will tend to produce a series of
diurnal snowmelts. The nature of these will depend upon
the nature and amount of snow lying in the catchment and
the amount of heat available for melting. Available heat
is normally measured in terms of air temperature, but its
effectiveness depends upon other factors such as the
amount of solar radiation or the humidity of the air. A
fall of precipitation during mild air temperature conditions
would produce sufficient heét to cause a major release of
water from a snow-covered catchment. PFollowing, Wilson
(1941) the amount of snowmelt resuiting can be calculated

by the following formula

D = P-‘T_32')'
= =17

where D depth of water melted from snow (ins)
P depth of rainfall (ins)
T temperature (°F). (normally wet bulb).
This formula is used later to analyse a. snowmelt hydrograph

at Lanehead which was in part caused by a rainstorm.

Specimen snowmelt floods

Five periods of snowmelt flooding have been selected

as case studies to illustrate various aspects of the
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release of snowmelt as stream discharge. In 1968/69 there
wvas one major release of snow from the catchment which
lasted for several days at the end of March. Since the
water was released in daily floods this situation clearly
demonstrated that the factors which control the release
of melt water were related to the diurnal cycle. 1In
November 1969 there were two snowmelt floods which
demonstrated that there was no direct relationship between
air temperature and the release of snowmelt water. The
flood of 21st December, 1969 demonstrates the ability of
precipitation to initiate snowmelt discharge from the
catchment. The final case study, 19-23rd February, 1970
is a three phase discharge illustrating the differences
between floods caused by precipitation and those caused
by other elements in the atmospheric environment.
(i) 29th March — 8th April, 1969

In 1969 the main snowmelt occurred between 29th March
and 8th April. On this occasion the relationship between
the fluctuations in air temperature and the release of
water from the catchment was quite straightforward (Fig.37).
Since the catchment had an altitude range of 140 m. the
air temperature at the top of the catchment would be
gpproximately 14°C cooler than at the weir site due to the-
average lapse rate with altitude. Therefore it was
necessary to regard the air temperature effective over the
catchment as a whole, as 1°C colder than that actually
recorded at the weir site. (All air temperature values
plotted relate to the temperature at the weir site).

The first and largest single release of snowmelt

occurred on 30th March. Following a period of several days
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of sub-zero temperatures, at 1000 BST on 28th March the
air temperature rose above freezing point where it con-
tinued for several days. The rise in the volume of
discharge began to accelerate once the air temperature at
the weir exceeded 1°C. The first flood had a double peak
separated by six or seven hours. A similar pattern had
been noted on other snowmelt floods on 18/19th November
and 21st December, 1969. Although this double peak was
characteristic of the first in any series of snowmelt
floods, the subsequent floods did not have tlis. There
was insufficient evidence to explain the cause of this
but the following theory is suggested. Due to the
different shape and altitude distribution of the two
catchments, the snowmelt from each of them would reach
the weir at different times. Catchment A was higher and
would experience slightly colder mean air temperatures
than catchment B and snowmelt water would therefore take
longer to reach the weir site. The double'peak, therefore,
could represent the contribution of snowmelt from each
catchment. The thaws on the subsequent days would not
produce double peaks because the snow would be near a
tripe' condition throughout th
because there would be a certain amount of snowmelt in
the process of moving down the catchment - its progress
having been temporarily arrested by the night-time freeze
up. The subsequent thaws were, in fact, continuations of
the first flood which was interrupted at regular
intervals by the diurnal fluctuations in air temperature.
The maximum temperature was not necessarily a

sufficient indication of the amount of heat available to
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melt the snow. Following the main flood on 30th March
there was no further flood until 3rd April despite the
fact that the air temperature rose above freezing point
at the weir eadh day. For melting to occur there had to
be a certain amount of available heat which could best
be expressed in terms of cumulative degree/hours. Since
the mean air temperature for the catchment as a whole was
likely to be 1°C colder than the temperature recorded at
the weir site, all cumulative temperature figures were
exepressed as degree/hours above 1°c. These values for
each day are shown in Figure 37. Clearly snowmelt
floods did not result from all periods of non freezing _
air temperatures but only when the cumulative air temp-
erature exceeded 20°C degree/hours. Even when this
value had been exceeded however, there was no direct
relationship between the cumulative air temperature and
the volume of the snowmelt flood.

In the following table, the available heat in
degree/hours is shown against the volume of snowmelt
generated. (See following page)

Clearly, the amount of snowmelt was not directly
rekted to the avaialble heat. The amount of heat required
to turn snow into wafer is large compared with the amount
needed to prevent water reverting to ice (Wilson, 1941)
and, therefore, the amount of heat required to initiate
a snowmelt is much greater thah the amount required to
maintain one. Hence, despite low temperétures on
31st March a flow of discharge was maintained while no

increase in flow was initiated on 2nd April despite the
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much warmer air temperatures. The extent and depth of
the snow cover in the catchment is also likely to
influence the quantity of melt water released as was
noted by Smith (1971) in Teesdale.

From 3 - 8th April the snowmelt floods corresponded
directly with the periods of non-freezing air temperatures.
The flood hydrographs were very similar, the beginning
of the flood occurred at 1200 BST and reached its peak
at 2300/2400 BST. The peak flow rose from 6 cusecs on
3rd April to 12 cusecs on 6th April and then fell away
to 10 cusecs on 8th April. In contrast the low flows
for .each day remained constant, by 1200 BST on each day
the flow had fallen to 1.4 cusecs. This 'base flow' was
obtained from ground and sub-surface sources and its
supply was unaffected by variations in air temperature;
the additional flow was controlled by the available
heat. _

Although the available heat in the form of air
temperature was responsible for the series of snowmelt
floods, it did not have a direct control upon the nature
of the floods. The daily snowmelt flood hydrographs
between Frd and S8th April were very similar but resulted
from very different patterns of diurnal air temperature
fluctuations. Not only was there no apparent relation-
ship between the volume of discharge and the available
heat expressed in degree/hours as shown in the table:
above, but neither was there any relationship between the
maximum air temperature and the snowmelt or the peak
flow. The peak flow occurred regularly at 1800 BST but

the time of the maximum air temperature varied between
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1500 and 1800 BST.

Purthermore, since the amount of heat required to
raise the temperature of a quantity of pure dry snow to
the melting point is very small compared to the amount of
heat required to convert the same snow entirely to water
(Wilson 1941) the magnitude of the nocturnal sub-zero
temperatures would not affect the release of water from
the catchment except in so far as there can be no
release of water during sub-zero temperatures. There
would be no significant relationship between the nocturnal
sub-zero temperatures and the time of the release of melt
water the following day.

The beginnings of the snowmelt floods were not
recorded at the weir until at least three hours after the
whole catchment had been in non-freezing conditions, i.e.
when the air temperature at the weir had exceeded 1°c for
three hours. On 3rd April the flood was delayed, and did
not occur until five hours after the appropriate rise in
temperature, since the temperature remained only just
above 1°C and the available heat to melt the snow did
not reach 20 C degree/hours for five hours. On 8th April

the air temperature remained above freezin

o

g point at the
weir throughout the night, but the temperature remained
relatively low in the morning and the available heat did
not exceed 20 C degree/hours until 0900 BST. As a con-
sequence the flood began earlier than normal at 1100 BST.
On the other days the flood began exactly three hours
after the air temperature at the weir exceeded 1°C and

on all occasions the heat available had exceeded 20 C

degree/hours at the beginning of the flood. The snowmelt
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flood could not occur within three hours of the beginning
of the melting conditions since this was the average time
of melt and travel for the snowmelt through the length

of the catchment.

The air temperature did not act as a direct influence
upon the process of snowmelt any more than it did upon
the heating and cooling of the stream water temperature.
It acted rather as a useful indicator of the effective-
ness of the various factors of the atmospheric
environment acting upon the snow cover. This was clearly
seen during the recession of the snowmelt hydrographs.
The recessions occurred at a constant rate as all the
unfrozen water drained from the catchment until the flow
was composed entirely from non-surface sources. The
recession began, not when the catchment became frozen,
but as soon as there was no longer any further melting
of the snow cover. When there was insufficient heat
-mvailable to increase: or even to maintain thg temperature
of the air there was insufficient also.to cause a melting
of the snow cover. At the same time this lack of heat
was not sufficiently severe to cause a complete freeze-up

.
in the catchment, and th

4+ wArAAQOAat AN AN A s A <
vy Cid v L v

the draining away of the snow that had already melted.
(ii) 18th November, 1969

During the 1969/70 winter there were four major
snowmelt floods, each of short duration, and none dis-
played the effects of large diurnal fluctuations of
temperature under anticyclonic conditions. The snowmelt
flood beginning on 18th November 1969, followed a

period of three days with sub-zero temperatures (and four



days since air temperature was warmer than 1°C) (Fig.38a).
Snow had fallen during this three day period and was
lying in the catchment. At 0500 BST on 18th November the
air temperature in the catchment rose to 1°C, and by

1200 BST the available heat had exceeded 20 C degree/hours.
The flood began just before 1200 BST, and the volume
increased rapidly at a rate of 3 cusecs per hour until

it was at its peak flow of 33 cusecs at 2100 BST. The
fall off in discharge after 2100 BST, although it
corresponded with a fall in air temperature, could not be
directly attributed to freezing conditions in the catch-
ment since the air temperature did not fall below 4°c.

The air temperature trace merely reflected a reduction

in the amount of heat available to melt the snow and as

a result of this, the snowmelt rate was slower and the
volume of discharge fell.

(iii) 20th November, 1969

The air temperature may be used as an indicator of
changes in the general atmospheric environment which
affect the snowmelt, but that it cannot be regarded as

the only major control over snowmelt was clearly illustrated

by the conditions on 20th November 1969. Between

AT o - - - J v H s . ~ N 2

0900 and
1300 BST the air temperature rose from 0°¢ to 3°C and was
accompanied by an increase in the volume of discharge
released from the catchment. However the air temperature
was in fact colder than it had been during the previous

18 hours when there had been a recession in the volume of
discharge. The changing weather conditions such as

solar radiation and humidity, which were reflected in

the upward trend in air temperature between 0900 and 1300
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BST on 20th November, also caused the increased release
of melt water from the catchment. Conversely, the
reverse was true for the period between 1200 BST on
19th November and 0900 BST on 20th November, when the
falling air temperature indicated a deterioration in the
conditions ®r snowmelt.

(iv) 21st December, 1969

Rainfall, in addition to its obvious direct con-
tribution towards the discharge from a catchmént, because
of its heat input, may be an important factor in relation
to the rate of snowmelt. The rise in air temperature.
on 21st December, 1969 was not sufficient in itself to
produce a thaw, but the warm atmospheric conditions
coupled with a fall of precipitation produced sufficient
heat to cause a snowmelt (Fig.38b). At 1400 BST on
20th December the air temperature rose above 1°C at the
weir. At the beginning of the flood, at 0830 BST on
21st December, the amount of available heat had risen
only to 14 C degree/hours, which was insufficient to
cause a snowmelt in itself. However this rise in
temperature was accompanied by a rainfall of 5 mm., which
Irom figure 54 would produce a discharge of 2 cusecs, but
more important in this case was the fact that the
sensible heat of the rain water also produced a certain
snowmelt. From the following equation the amount of

snowmelt can be calculated

D = ﬂf—ﬁ@- (Wilson, W.T. 1941)

Where D = depth of water melted from snow (ins)
P = depth of rainfall (ins)
T = temperature (°F) (normally wet bulb)
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On 21st December, the snowmelt resulting from the
heat of the rain itself was equivalent to a depth of
water of 0.6 mm. over the whole of the catchment. From
figure 35a it can be seen that this would produce a flow
of 3.5 cusecs for one hour. The significance of this
was not only the snowmelt contributed by the rainstorm
itself, but that it triggered off a release of melt
water from the catchment which would not have resulted
from the air temperature conditions alone.

The discharge from the catchment was maintained by
the further melting of the snow due to the warm con-
ditions indicated by the air temperature. From 1630 -
1730 BST on 21st December there was a rapid, though.short
lived, fall in air temperature which was reflected in a
drop in the discharge as a result of the temporary
restriction .upon the rate of snowmelt. By midnight on
21/22nd December all the snow haed been removed from the
catchment, and therefore subsequent periods of warm air
conditions, such as at 1400 - 1600 BST on 23rd December,
could not produce further snowmelt floods.

(v) 19th-23rd February, 1970

104
B AT}

(4

stween and 23rd
occurred (Fig.39). The first and third resulted from
snowmeltslinked with periods of warm air temperature, but
the second flood, by far the largest of the three, was
caused by mild air conditions coupled with rainfall. On
19th February a flood began at 1800 BST, for although

the air temperature had been above 1°¢ for the whole of

the day the available heat did not exceed 20 C degree/

hours until that time. The release of the snowmelt was
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slow at first, but increased to reach a peak flow of
6 cusecs at 0200 BST on 20th February as a result of a
relatively rapid rise in air temperature to 4°C at 2200 BST
on 19th PFebruary. The recession begah four hours later
at 0200 BST on 20th February, by which time the air
temperature had fallen to 1%¢. Similarly the flood on
23rd February followed about six hours after a minor rise
in air temperature. No snowmelt occurred on 20th February
since the amount of available heat did not exceed the
required 20 C degree/hours until 0500 BST on 21st February.
There were no floods associsted with the warm air temp-
eratures on 24th February as the snow cover had been
removed.

The second snowmelt flood began at 0700 BST on
21st PFebruary following a period of 18 hours with air
temperatures greater than 1°C. The flood occurred with
“a rapid rise in air temperature which reached-6°C at
2130 BST. The volume of discharge increased at a rate
of 3 cusecs/hour to a flow of 26 cusecs at 2000 BST. At
this time rain began to fall, and by 2030 BST 9 mm. had
fallen in the catchment. From figure 34 in Chapter 5,

3 4+
it can be seen that

i
)
$
)
3
2
i
.l.

an amount of rain falling in an
already wet catchment would be likely to produce a flood
of about 10 cusecs. During this storm the flood dis-
charge rose by 14 cusecs from 26 at 2100 to 40 cusecs at
2230 BST. Thus not only did the rainfall produce an
additional 10 cusecs of discharge, but indirectly the
sensible heat of the water produced an increase in the
rate of snowmelt.

The amount of snowmelt produced by this heat can be
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calculated

D = 2-(%3—21 (Wilson, W.T. 1941)

Where D = depth of water melted from snow (ins)

P = depth of rainfall (ins)

T = temperature (°F) (usually wet bulb)

The 9. mm. of rain would produce a snowmelt the volume
of which would be equivalent to a depth of water 1 mm.
deep over the whole catchment, which it can be seen from
figure 35a would produce a flow of 6 cusecs for 1 hour.
In fact this melt water travelled through the catchment
in one and a half hours accounting for the peak flow of
40 cusecs. The recession limb of this storm hydrograph
was distorted by a short period of snowmelt associated
with the rise in air temperature at 1200 BST on
22nd Pebruary.

The flood hydrograph that occurred on 22nd February
served to illustrate the very different nature of the
hydrographs resulting from snowmelt compared with those
resulting from rainfall. Instead of the rounded peak
of the snowmelt hydrograph extending over a period of
several hours which occurred on 19th and 2%rd February,
the rainstorm of 22nd February produced a much sharper
peak lasting only a few minutes. The processes involved
in producing a snowmelt flood were normally much more:
gradual than those of a rainstorm flood. The release of
snow would be dependent upon the atmospheric environment
providing a certain amount of heat to melt it, and this
would normally be a lengthy process. Fu;thermore, the

melting conditions, both the climatic féctors and the



readiness of the snow to melt, would not be uniform over
the whole catchment, and thus melt water would be released
from different parts of the catchment at different rates
and different times. Similarly the cessation of flow in
a snowmeii?gguld.be gradual as snowmelt ceased successively

in different parts of the catchment.

The evidence suggests that snowmelt floods did not
occur as a direct result of increases in air temperature
although these two often happened coincidentally. In
Chapter 7 it will be seen that the air temperature was
not the only major control over the temperature of the
Stream water and, from the snowmelt floods described in
this chapter,. it is also clear that the air temperature
did not diréctly cause any of the snowmelts. However in
both cases the air temperature could be used as an
indicator, reflecting other changes in the atmospheric
environment, which caused the changes in the stream water
temperature and the rate of snowmelt.

Snowmelt could not occur in the catchment while thé

air temperature was below freezing point, and in fact it
wag not until the air temperature at the weir site wvae
greater than 1°C that the catchment as a whole became
under non-freezing conditions. The melting of the snow
required a great deal of heat; represented in this study
in degree/hours. Snowmelt floods did not occur during
every period of non-freezing conditions but only when
there was sufficient heat; in the cases described above,

in excess of 20 C degree/hours. The flood did not begin

until about three hours after the advent of favourable
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melting conditions as the melt water took this period of
time to melt and to travel the length of the catchment.
The snowmelt floods occurred after periods of non-
freezing conditions lasting at least three hours and
contributing in excess of 20 C degree/hoﬁrs of heat to
melt the snow. Any additional heat did not produce
either a fasteg or a greater flood since the time of
travel controlled the speed of the supply énd the amount

of lying snow controlled the volume available for release.
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CHAPTER 7

THERMAL OHARACTERISTICS OF THE STEAM WATER

The earliest studies of river water temperature
under natural conditions were made in central Europe.
During the last 15 years more research has been undertaken
by hydrologists in Japan and the U.S.A. than elsewhere.

These early studies were concerned with observing
water temperatures and gradually led to attempts to explain
the temperature of the stream water as a response to a
combination of meteorological and hydrological factors.
Most studies attempted to represent changes in heat
storage of streams in terms of the easily measured variabiles
of air and water temperature. In Japan Miyaka and
Takeuchi (1951) used long term air and water temperature
data to indicate the seasonal relationship between the
two, and Nishizawa (1967) produced a model of the heat
balance process for several Japanese rivers.

A more comprehensive approach had been attempted in
Europe. Eckel and Reuter (1949) used a number of the
physical factors affecting the temperature of stream and
lake water to determine the relative effects of these over
the temperature of the water. Due to the complexity of
these processes BEckel (1951) reverted to more empirical
studies using data from several Austrian rivers. From
these he showed that not only did the different rivers
have differing temperature regimes from day to day and
throughout the year, but that the relationship between
air and water temperatures differed between stations along

the same river. Schmitz (1954) conducted a similar study
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on a 5 km. stretch of river in Germany. He compared water
and air temperatures at ten stations over a 24 hour period,
and found that whilst at all statibns the water temp-
erature trend resembled that of the air, the patterns
became increasingly similar to the air with distance from
the source es equilibrium between the water and air
temperatures were progressively achieved.

Studies of stream water temperature in Britain have
occurred only since 1958 and have been conducted largely
by ecologists to meet their own specialised requiremendts
with a tendency to study small streams rather than large
rivers. Because streams have a smaller capacity for heat
storage than rivers they are more responsive to changes
in the atmospheric environment and to local vegetative,
geological and hydrological factors. Edington (1965) was
primarily interested in examining how the variations in
temperature in the stream affected the distribution of
temperature sensitive animals. Crisp and Le Cren (1970)
attempted a more comprehensive analysis of the temperature
of three small upland streams and produced, effectively,

a classification of types of stream environment based
upon the surroundings (vegetation and soil) the slope and
flow of the stream and the altitude of the catchment.

The volume of discharge is the main hydrological
factor affecting the water temperature of any river and
consequently due to the progressive increase in volume
downstream there is a different response between air and
water temperatures with distance downstream. Frequently

the water temperature changes result more from a mass
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transfer of the water from upstream than from the
influence of the local atmospheric environment. This is
obviously the basic and initial element studied by the
various investigators.

There is however a conflict in the results obtained
by Edington (1966) Schmitz (1954) and Crisp and Le Cren
(1970) for short stretches of stream (less than 4 km.)
and those obtained for much longer stretches of river by
Eckel (1951) Yakuma (1960) and Smith (1968). The studies
of short streams are essentially studies of source waters.
Both the temperature and daily range of temperature
increase downstream and the maximum temperature becomes
progressively later, but never later than 1800 hours, as
the small volume of water becomes nearer to thermal
equilibrium with the environment. At some point aloﬁg
the stream course the increasing heat capacity of the
river ensures that the water becomes less responsive to
air temperature changes and is influenced more by the
mass transfer of the water from upstream. The actual
point along the stream course where this change over
occurs will differ from stream to stream and will vary
giong the same river through the year: exact location
will be related to the volume and speed of flow of the
stream since it is likely to be approximately related to
the distance from the source that the stream water can
travel during a 12 hour period. Once the stream water
has reached its daily maximum temperature and then begun
to cool its temperature is no longer the product of the
ability of the atmospheric environment to raise the water

from its temperature at source, but rather its inability
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to maintain the temperature of the stream. The volume of
flow and its speed of travel then become the most
important modifiers of the temperature rather than the
temperature of the source water as in the upper stages of
the river. Clearly therefore, instudies of water temp-
erature, a distinction should be made between those
investigations in water upstream and those downstream of
this change-over point.

Although several studies have been made of the
relationship between air and river water temperature for
‘many rivers, no systematic long term study heas been made
of this relationship in the head waters. Apart from the
24 hour study by Schmitz (1954) the only detailed
investigations of streamwater temperature in source
water stréams have been carried out by biologists to
study river ecology.

The Lanehead catchment study deals entirely with
source water conditions. It attempts to isolate the
factors which control the femperature of the stream
water and to evaluate their relative effectiveness. From

the research which has already been carried out, and

waters of a stream the following factors effect some
control over the temperature of the stream water:

1. air temperature

2. volume of discharge

3. groundwater temperature

4. channel form

5. mass transfer of heat from watér from upstream
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air temperature
air temperature is a relatively easily measured
parameter which can be used as an indicator of
various elements of the atmospheric environment

such as radiation, humidity and wind.

volume of discharge
the volume of discharge affects the thermal capecity
of the stream and hence it controls the rate of
response of the stream water to the influence of
the other factors of the environment. At any one
point in a stream channel speed of water movement
tends to increase with volume of discharge. The
volume also controls the period of time that the
water is under various environmental influences,
and since precipitation affects the volume of dis-
charge it should be regarded as an indirect

influence on stream temperature.

groundwater temperature

the effect that groundwater will have upon the

stream water temperature will depend partly upon the
proportion it contributes to the tbtal flow and the

extent to which its temperature differs from the

stream water temperature.

channel form
the form of the channel modifies the effect that
other factors have upon the stream water temperature

rather than providing a direct control. Steep banks,



bankside vegetation and an underground watercourse
section through limestone or through gravels,
shade the stream from direct solar radiation and

thus depress the range of water temperature.

mass transfer of heat from water from upstream.
the response of stream water to the admospheric
environment is modified by the original temperature
of the water itself. The temperature of stream
water at any point in a stream channel will be
related to both the influences of the atmospheric
environment and the temperature of the water being

supplied from farther upstream.
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The Lanehead Catchment Study

The experimental catchment at Lanehead was
established in order to study the nature of the changes
in stream water temperature and the relationship with
certain other aspects of the environment within the
first kilometer stretch of upland stream. A theoretical

scheme might be shown as follows:

Atmospheric Topographical
Environment . Environment
Heat Balance Precipitation| |[Geology Altitude/Aspect
Air \\\ .
temperature \Sn9‘" Rain
Snowmelt Ground Channel
water form .
Discharge
characteristics

Streamwater
temperature

A diagramatic model to show the factors influenceing

streamwater temperature

The emphasgsis of the study wes upon the relatively
long term measurement, over a period of two years, of
some of those factors thought to affect the water temp-
erature. This contrasts with most of the earlier studies
outlined above which were based upon shorterzterm data

and directed towards specific problems.
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The thermal characteristics of the stream were
studied within the scope provided by the available con-
tinuous recording equipment which could be established in
the catchment. Air and stream water temperatures were
recorded at the weir site, ground water temperatures were
measured in a disused lead mine adit and, for the final
nine-month period, stream water temperature was recorded
at the source of stream B.

The original instrumentation was designed to deal
specifically with the relationship between the stream
water temperature and the local air temperature. 1In
figure 40 the mean monthly values of air and water temp-
erature at the weir site have been plotted for the two
water years 1968/69 and 1969/70. The mean air temperature
was normally less than that of the stream water. The
mean annual water temperature for both years was 6.9°¢
while the air temperature was lower at 5.7°C and 6.3°%C
respectively. During the periods of spring and gutumn
the air and water temperatures were most closely related.
In the winter the mean water temperature was warmer by
Yirtue of the fact that, unlike the air, it was impossible
for it to become colder than 0°C. During lhe summer the
mean daily temperature of the water was higher than the
air, partly due to heat storage as the water released its
heat more slowly than the air, but mainly due to the fact
that it appeared to be more responsive to heating by
direct solar radiation. 'The response of the water temp-
~erature to the various controlling factors was vie.wed
in a three-dimensional sense of time and space:

(i) There waa a 24-hour diurnal fluctuation which could
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FIG 40 MEAN MONTHLY AIR AND WATER TEMPERATURES
(1968-1969 and 1969-1970)
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be traced on most days throughout the year.

(i1i) The response of the stream water to factors such
as air temperature or direct solar radiation depended
very much upon thg distance from the source of the stream.
The gréater the distance from the stream source, the
-longer the period of time during which these influences
were operating, and the greater the modifying effect
resulting'from the increased volume of discharge.

(iii) The observations were placed in the context of the
annual cycle or seasons. Thus, the changes in water
temperature were viewed in the context of the diurnal
cycle, the changing conditions which occurred with distance
from the stream source and finally the differing overall
atmospheric environment which varied from season to

Season.

The ramifications would be.complex even when the two
variables of air and water temperature only were con-
sidered, but, in addition, attention had to be paid to
the many other factors which were significant. These
included the volume of discharge plus the nature of the
stream channel and the duration of effective sunshine -

that ig, the

mawm
y CTy rva.

£

icd of time during wnich the sun can
shine directly on the water, since certain stretches of
the streaﬁ might from time to time be in the shadow of
the banks. The effect of direct.sunshine as a source of
heat and the fact that it coulgize applied uniformly to
all parts of the catchment was clearly demonstrated
after periods of snow cover, when the snow lying on the
northerly facing slopes remained very much longer than

that lying on the southerly facing slopes (Fig.41). A

136






further consideration was the temperature of the water
reéching the sampling site. It was impossible reélly to
understand the thermal regime at one point without
reference to the conditions farther upstream. The effect
of air temperature or any other environmental factors
would be modified by the characteristics of the water
being supplied. If the temperature of the stream was
warmer upstream, then the effect of a given air temp-
erature would be different from that if the water was
colder upstream.

Several methods of analysis were tried in order to
isolate some of these problems. Basically some conditions
were fixed so that the relationship of the remaining
variables could be compared.

(i) The instrumentation at the weir was the main
project. This was designed to relate water temperature
to air temperature and discharge conditions, and to
provide a context into which other investigations which
were of necessity shorter term, could be placed. 1In
addition, it gave a complete, hour-by-hour record of
these three parameters.

(ii) The va P
from the stream source was studied by taking stream
temperature measurements at regular distances down the
water course.

(iii) Just as the relationship between the air and
stream water temperatures at the weir site varied through
a 24-hour period, it was likely that the relationship
between the parts of the stream in e spatial sense, as

between source and mouth, would also vary in any period
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of 24 hours. To analyse this situation further, temp-
erature sequences vere taken along the stream course at
regular intervals during a 24-hour period in each month.
(iv) 1In order to evaluate the effect that the stream
channel itself would exert upon the temperature of the
water a comparison of the temperature sequences down two
streams of differing characteristics during similar
environmental conditions was made. The Lanehead catch-
ment was particularly suitable for this study since the

two tributaries were somewhat different in character.

I The relationship between air and stream water
temperature at the weir site ZSite 15

In figures 42 and 43 the daily ranges of air and

water temperature have been plotted together. Like the
graphs of mean air and water temperature data, these
data show the close mlationship between the air and
water through the seasons. Since the heating of the stream
water was affected by a 24-hour cycle within the annual
context, it was important to study the data on a daily
bagis. During the spring season the stream water tended
to become warmer each day and, during the autumn, this
was reversed as a result of the progressive influence of
the local atmospheric environment acting upon the waters
each day.

Although there was a continuance of change, it was
valuable to subdivide the year into seasons to provide a
significant framework within which the thermal charact-
eristics of the stream water could be studied. While it
was important to regard each day as an entity in itself,

it was possible to generalise within the seasons, either
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because the influence which affect water temperature
remained reasonably uniform during these periods, or
because the response of the water was different from
season to season. The delimination of the seasons was
based upon figures 42 and 43. Winter and summer represent
the periods of relatively steady water temperatures,
while spring and autumn represent the periods when the
water temperatures were tending to become progressively
warmer, or colder, each day. Where the day-to-day
variations were smoothed out in mean data, as in figure 40,
these divisions were clearly demonstrated. However, from
the two years' data, it was impossible to do other than
to define the periods during which certain trends
occurred in general terms.

During the winter season from December to March the
mean air temperature was approximately 0°c. Daily
ranges of temperature were between +4°C and -4°C, while
occasionally maximum temperatures exceeded 6°C and minimum
temperatures fell below -8°C. During non-freezing air
conditions the water temperature quickly responded to

air temperature changes. Tor example, on the T7th December

=

069, a rise of air temperature from 0%c to 6°¢ at a rate
of 2°C per hour caused a rise of water temperature of 2.5°C
over the same seveﬁ hour period. In periods of freezing
air conditions the water temperature very quickly fell

to 0°C but, even under these conditions, it was quite

usual for the water temperature to become heated to 1°¢c.
From 12th Febraury 1969 until noon on the 17th February

the air temperature was below freezing point, and for a

third of this period less than -5°C; nevertheless, at
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1600 BST on the 13th, 14th, 15th and 17th February, the
water temperature had risen to 1%.

The spring season extended from late March to early
June. Late March and early Aprilwas often characteristed
by the daily air temperature fluctuating around freezing
point. During this period snowmelt conditions dominated
and thus, despite high air temperatures during the day
causing snow melt, the temperature of the water remained
low due to melt water influences. This condition was
clearly seen during the days 29th, 30th and 31st March
1969. TFollowing a period of freezing air temperature
conditions, during which stream water temperatures had
varied hetween O.i and 1.5°C, a rise in air temperature
on 29th March 1969 caused a snowmelt flood. Despite air
temperature greater than 3%¢ for 48 hours the stream
water remained at 0°C until the peak of the flood at noon
on 30th March. Only when colder air temperatures caused
an end to the snowmelt did the stream temperature rise
above Ooc. Throughout this season the water temperature
progressively increased. This was not the result of the
conditions of the previous day being carried over and
reflected in the water temperature but rather that the
dailj maxima became progressively greater. The mean air
and water temperatures remained very similar, rising
from 2°C at the beginning of April to 10°C at the end
of May. During this time the daily maximum air temperatures
were usually greater than the maximum vwater temperatures.

Throughout the summer season from June to August the -
mean temperature of the stream water at 13.5°C was at

least 1°C warmer than the mean air temperature. Despite
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this, maximum air temperature was greater than maximum
water temperature on two out of three days. Minimum air
temperatures were invariably less than the minimum

water temperatures on each day. In June the water
temperature had an average diurnal fluctuation of 10°¢
compared with 7°C in August.

Autumn, from September to November, was the period
of cooling conditions, the reverse of the spring season,
though in fact the cooling process was faster than the
spring warming process. PFrom mid-March to mid-May the
mean water temperature rose by approximately 6.5°C while
from mid-September to mid-November the mean temperature
fell approximately 8°c.

From the annual trends it was quite clear that the
water temperature was not always dominated by a trans-
ference of heat to or from the air. Eor long periods
of time during the winter the air temperature remained
below freezing point throughout the day and yet the
wvater temperature showed a diurnal fluctuation. In
figure 44, three periods have been isolated to demonstrate
this, though several others could be added. On the dates

14th/15th Pebruary 1969, on the 17th November 1969, and

[

the 31st March/lst April 1970, there was a distinct
diurnal fluctuation of water temperature,, reflected it is
true by the air temperature, while the air temperature was
well below freezing point. This pattern can be explained
in terms of relative heating. Obviously there could be

no heating of the water due to a transference of heat

from the air. The air temperature really acted as an

indicator of other influences, and it appears that the
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FIG 44

DIURNAL FLUCTUATIONS OF WATER TEMPERATURE
DURING PERIODS OF SUB-ZERO AIR TEMPERATURE
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same source of heat which was warming the air, probably
short wave radiation and sunshine, was heating the stream
water more effectively, because of its ability to absorb
radiation better than air.

Occasionally a situation arises, as on 6th February
1970 (Fig.45) when an increase in water temperature was
not accompanied by a rise in air temperature. On that
day, not only was the fluctuation of water temperature
not reflected in the air temperature trend during the
afternoon, but the marked rise in air temperature during
the morning from -6°C at 0700 BST to -2°C at 1100 BST was
not shown in the stream water temperature trace. No doubt
under certain conditions it was possible that a2 Audden
fall in air temperature could cause surface runoff to
become locked up as ice and the stream, thus starved of this
supply, would be reduced in volume. Consequently the
stream would have an increasing proportion of discharge
derived from relatively warm base flow, although this warm-
ing affect was likely to be confined to the immediate
locality of the source of ground watér. Under these
circumstances it was possible that a rise in water temp-
erature immediately downstream of a ground water source
might accompany a fall in air temperature. On the other
hand, the situation existing on 6th February 1970 would
not justify this type of explanation since the air temp-
erature did not fall rapidly, and there was no reduction
in the discharge which remained constant at 0.5 cusecs.
Since the fluctuation of water temperature did occur

between 1200 BST and 1800 BST, the hours
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of maximum potential solar radiation, it may be that
the heating was due to direct solar radiation. Winter
sunshine could well have had the effect of heating the
stream water through radiant heat while having a
negligible affect upon the turbulent air following the
passage of a warm front across the area during that
morning.

During the summer, there were many periods when
the air temperature was lower than the water temperature,
again indicating that the heating of the stream water
was not necessarily the result of direct heat transfer
from the air. Pour periods, shown in figure 46, have
been selected to illustrgte this, although a study of
the two yearly comparisons of air and water temperatures
in figures 42 and 43 clearly indicates that this was
not an infrequent situation. PFurthermore, it was evident
that this situation was not confined to the mid-summer
period when maximum direct radiation occurred, but also
gccurred during the spring and autumn seasons.

The reverse situation, where stream water temperatures
became colder while the air temperature became warmer,
was more e ly explained. During winter periods of
snow-lie, an increase in air temperature beyond a certain
threshold temperature, would pr&duce a period of snowmelt.
This discharge would then soon dominate the stream water
temperature and reduce it to 0°c. These occurrences were
easily identified by reference to the discharge charts,
as for example on 29th-31st March 1970, which is
illustrated in detail in figure 47.
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FIG SELECTED PERIODS WHEN THE WATER TEMPERATURE IS WARMER
46 THAN THE AIR TEMPERATURE
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Similarly, during the summer period, a very heavy
rainfall producinga sudden increase in the volume of the
stream could produce a cooling effect i the volume of
discharge increased at a rate faster than that at which
the water could be heated by the environment. Such a
situation occurred 6n 10th May 1970 when a sudden
rainstorm caused a flash flood (Fig.48). During the rise
of the flood the water temperature, which had been
warming like the air temperature, fell suddenly by 0.75°¢.
Once the flood had passed its peak flow the stream water
temperature began to rise again despite the fact that the
air temperature was falling by this time.

Although the mean daily temperature for water and
air were very similar throughout the year, air temperature
could not have been thé source of heat for the water since
it was frequently colder than the water temperature.

Using the daily meximum and minimum temperature values,
the air temperature ana the stream water temperature &t
the weir site were compared for various levels of dis-
charge. The resultant coefficients of correlation,
together with an indication of the significance of each,

are given in the following table:-

Correlssions between air and water temperature at
the weir site for various levels of discharge using

daily mgximum gnd daily minimum temperatures

D12322£§§ Corr. coeff. t P
Daily max.
0.1 0.911 17.022 1000
0.51-1.0 0.963 23.13%4 1000
l1.01-2.5 0.948 21.072 1000
5.0 0.292 1.180
Daily min. '
0.1 0.700 T7.528 1000
O.él-g.)'s 0.953 34.495 1000
O- ==Ll 0- .
Rk galz M i
2.51-5.0 0.912 9.69 1000 144
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It is clear that there is a very close relationship
between the water temperature and the air temperature
during flows of less than 2.5 cusecs. This cannot be
because the air temperature is controlling the water
temperature, but because they both reflect changes in
the atmospheric environment; one of the most important
single elements of which was solar radiation. While the -
relationship between the air and the water temperature
was close for low flows it was significant that the
closest relationship did not occur at the very lowest
flows but when the discharge was between 0.5 and 1.0
cusecs (or 0.1 and 0.5 cusecs when the daily minimum
temperatures were considered). Mean daily discharge was
less than 0.1 cusecs for 20% of the year.

The regression lines drawn in figure 48A indicate
that the greatest heating effect upon the water compared
with the air occurred when the volume was between 0.5
and 1.0 cusecs. As the volume of flow increased the
response of the water to heating from the atmospheric
environment became slower. With smaller volumes the
groundwater contribution assumed sufficiently large a

roportion of the total flow to modify the effectiveness

i

of the environment to warm the stream water. Since
groundwater temperature is unaffected by the air temp~
erature the stream water adopts a temperature unrelated
to the air temperature. This feature became less with
distance from the point of the groundwater contribution.
For flows greater than 2.5 cusecs the relationship
between the éir and water temperatures became

progressively less as discharge increased since there
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was a larger volume of water to be influenced by the
atmospheric environment and because the water moved more
quickly through the catchment and was therefore
influenced by air temperature for a shorter period.

Mean daily flows greater than 2.5 cusecs occurred during

12% of the year.

I1 Variations in_ the stream water temperature with
distance from the siream source

Since January 1970, a continuous record of the
temperature of the stream water at the head of tributary
B was maintained. The thermograph was installed at
site 9 where the tributary began to adopt a recognisable
main channel. Although the temperature of the water at
the source site did respond to changes in air temperature
there was no close relationship between the two. During
the summer the mean temperature of the air was 2 - 3°c
warmer than the water at the soufce, but on overcast days
the maximum daily temperatures differed by'only 1°C while
on sunny days the difference might be as great as 10°¢
(Fig.49). Air temperature and direct solar radiation
influence the daily maximum temperature but the daily
minimum temperature appeared to be dominatéd by the
temperature of the ground water supply which, when
measured in the lead mine adit, did not vary from 7%
during the period of recording between October 1968 to
January 1970. During the summer months the minimum
temperature of the source water fell to 7°C on 23 out of
61 days, and during May the mean temperature was 7.2%.

Air temperature fell to or below 7°C on 19 days during
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Mey, ten days during June and five days during July.
Apart from short periods during the winter, the stream
water temperature became greater with distance from the
source to the weir site. The main reason for this was
that the stream water at the soufce was greatly affected
by the temperature of the sub-surface water draining
from the peat which had very conservative temperature
characteristics. With distance from the source the air
temperature and solar radiation were able to exert a
greater influence upon the stream water since the longer
the water had been flowing in the stream channel the
longer the time it had been under these influences. As
a result of this the daily range of temperature also
became greater downstream (Fig.50). The greatest
difference was noticed during the spring and autumn when
the range at the weir (site No.l) was often five or six
times as great as at the source (site No.9). In March
and April when the source water site had a mean daily
range of only 1 - 2% compared with'5 or 6°C at the weir.
During the summer the source water had a daily range of
5°¢, while at the weir site the range was 8 - 10°C.

During the winter the daily range of temperature was very
small at both sites, normally less than 1°c at the source
site (no.9) and 2°C at the weir, the weir site range was
normally about three times that of the source site.

The effect of air temperature upon water temperature
varied with the time of day. There was a tendency, in
general, for the water temperature to lag behind air
temperature movements. During the morning the water

began to warm later_in the day than the air, and continued
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to warm later in the afternoon, often beginning to cool
several hours after the air temperatufe had reached

its peak.. The relationship between the air and the
water was therefore different at various times during
the day.

Consequgptly, it was meaningless to attempt to
compare the relationship of temperature sequences téken
along a stream course if the values were obtained for
different times of the day. The temperature sequences
were, 'therefore, taken along the course of the stream
starting at the fixed time of 1500 BST, with each’
sequence taking about twenty minufes to execute. This
hour was selected because it was the time of day when the
stream water temperatufe was likely to be near its peak.
The actual time of day was perhaps irrelevant here, since
it was more important that the same time was used each
day so that valid comparisons could be made between days.
Since the messuremehts wvere made at a fixed time, and
since they were always taken at the same measuring site,
the temperature sequences were comparable in terms of
time and channel conditions, while the volume of discharge
and the air temperature remained the variable factors to
be considered.

Sampling sites were chosen approximately every 100 m.
along each tributary (Fig.51). It was decided to take
the water temperature measurements in a flow of stream
water within three metres of a fixed sampling site rather
than pin point the exact site in the stream so that
stagnant water could be woided at low flows and ice
covered pools avoided in the winter.

On each occasion the temperature was taken in a flow
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250 m.

FIG.51 SAMPLING SITES FOR POINT MEASUREMENTS OF
WATER TEMPERATURE |



of moving water, and where the flow was over, rather than
through, the gravels. The temperature was measured with
a NPL certificated mercury-in-glass thermometer readable
to 0.05°C. This was placed in the stream and the temp-
erature noted only after it had continued to give a
constant.reading for 15 seconds. During very cold air
temperature conditions it was important to ensure that a
thin film of ice had not formed over the bulb of the
thermometer. This was done by heating the thermometer
to +5°C in the hand before immersing it in the streamn.
Norwally a complete temperature sequence took twenty

minutes to execute.
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As already noted the volume of discharge was likely
to have a very significanf influence upon the effect that
the air temperature would have upon the étream water.

The smaller the voluﬁe of water the greater would be the
relative surface area in contact with the air and,
therefore, the greater'the effectiveness of the air
contact with the water.

In figures 52-55 temperature sequences for each
month during the water year 1969/70 have been drawn and
set against the volume of discharge; The measurements
were made between 1500 - 1530 BST on the date given with
each graph; the air témperature at the weir site is
indicated by the dotted line. The temperature of the
tributaries at sites 3 and 8 are shown as ringed points
and related to the temperature sequences by a vertical
line to demonstrate the temperature difference between
the stream and the tributaries. These temperature
sequences bhave been presented in this way to indicate
(a) the effect 6f the different volumes of discharge, and
(b) the changing response that occurred through the year.

The stream water temperature usually became warmer
downstream, even during the winter period. This was not
altogether surprising since the sequences were taken at
1500 BS?, the warmest part of the day, when the air
temperature was very often warmer than the temperature of
the stream at source. When the air temperature was con-
siderably lower than the water temperature,“as it was on
29th Novémber, 1969, and on 31st January 1970, the water
temperature did bgcome colder downstream. However, the

mere fact that the air temperature was colder than the
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vater temperature did not always produce a cooling effect
upon the stream water. On 19th April 1970, the stream
water became warmer downstream despite the fact that the
air temperature was 1°C cooler than the stream water at
the source and 4°C cooler than at the weir site. During
the summer period, May, June and July particularly, the
stream water temperature frequently became warmer than
the air temperature.

Under similar air temperature conditions, the
amplitude of the water temperature changes along the stream
were greatest where the volume of discharge was lowest.
This was particularly true of the summer period when the
air temperatures were highest, and when the discharge
volumes were lowest. As the volume of discharge increased
the nature of the temperature profiles became less
irregular and began to indicate an overall trend down-
stream. When the volume was small, each site also tended
to reflect the effects of very local influences, the most
noticeable éf which was due to the effect of groundwater
contributions. The June and July profiles show this most

clearly, and sites 5 and 2 were much cooler than the
;rend of s

4+
vl

i 9, 7 and 6 would suggest. This was
because the outcrops of limestone at these sites con-
tributed a large proportion of the discharge in the form
of ground water draining from the aquifers. The weir
site was also relatively cold as a result of the
contribution from stream A which, during these periods of
low flow, was derived almost entirely from a spring 50 m.
upstream from the confluence. As the volume of discharge

increased these irregularities, though they occurred in



the same pattern, were not so marked. During these- low
flow periods the most rapid increase in temperature
occurred between sites 9 and 5, but during higher flows,
the increase in temperature was much more gradual and
was spread over the whole stretch of the sgtrean.

The August profiles were, in many ways, exceptions
to these generalisations. This was due to the occurrence
of the very high air temperatures, and, despite a dis-
charge greater than 0.5 cusecs, the temperature profiles
showed the greatest increase 'in temperature of all the
sequences taken. The volﬁme had been sufficiently large
to absorb the effects of the ground water at sites 5 and
2 and, although there was the fastest rise in the water
temperature between sites 9 and 5 at 1 - 1.2°C per 100 m.
there was a continued rapid rise of O.5°C per 100 m.
until site 2.

The temperature sequences described above could only
be regarded as representative of the situation during the
middle of the day. In order to study the changes of
temperature along the stream throughout a 24-hour period,
separate surveys had to bé made. While it would have been
ideal to have surveys every hour this would have bean
impossible in practical terms, and the additional
precision obtained would not have justified the extra
effort involved.

During the daylight period, when the most rapid
responses occur, a survey was made every three hours, at
0900, 1200, 1500 and 2100 BST. During the night the
period was extended to four hogrs, at 2100, 0100, 0500 and

0900 BST., thus reducing the number of night-time traverses



by one -~ a practical consideration. Each temperature
sequence in the 24-hour period was essentially similar to
those taken in the middle of the day and described above.

Such a survey was carried out over a 30-hour period
once each month from October 1969 to September 1970 in
order to give a representative spread over a complete
year. The study period in each month was invariably over
a weekend, and where possible, though not always, near the
time of the full moon since the light provided by the
moon assisted the difficult task of walking the length of
the stream during the hours of darkness. Esch survey
represented the conditions over that 24-hour period only
and should not in any way be regarded as typical for that
month.

In figures 56 and 57 the temperature sequences
taken over the 24-hour period have been presented to show
the changes that occurred in the temperature sequences
through the period. The time of each sequence is
indicated on the left hand axis and the position of each
sampling site in the sequence is shown on the horizontal

axis. The temperature of the tributaries at sites 3 and

8 are shown as ringed points, and related to the temp-
Yy

u

erature sequence by a vertical line to demonstrate the
temperature difference between the stream and the
tributaries. The temperature reading on the right hand
axis is given as a reference figure. It is the temp-
erature of the water at the weir site and since the
vertical temperature scale is given it is possible to

evaluate the extent and nature of the changes in water

temperature down the stream, and to compare the temp-
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erature sequences through -the 24-hour period (furthermore,
it is possible to calculate the exact temperature at each
site in all the sequences, but for convenience these date
are listed in Appendix 4).

As a generalisation, it can be seen that the stream
became warmer with distance from the source. During the
day the magnitude of this heating effect was much greater
than during the night, and indeed on some occasions such
as 26th October 1969 (0500 and 0900 BST), there was a
downstream cooling of the stream during the night.
Similarly, in March and April the early morning sequences
showed a small change in temperature, while during the
day the water became noticeably warmer downstream. The
greatest changes of temperature invériably occurred at
1500 or 1800 BST. The summer conditions showed a similar
diurnal pattern, although the amplitude of the fluctua-
tions was much greater. August alone, during the summer
of 1970, did not show a marked flattening of the temp-
erature profile during the night period;

Speéific conditions are illustrated by reference to

each of the temperature sequences in turn.

25th/26th October 1969

The discharge was ¢ 0.75 cusecs, while the air
temperature varied between 7°c and 12°¢. The volume of
the stream was sufficiently low to allow the water temp-
erature to reflect air temperature changes, and yet not
low enough to be dominated by the ground water contribu-
tion. The tributary stream very clearly reflects the air

temperature conditions, being very warm during the day,



but cooling to the temperature of the main stream during

the night.

22nd/2%rd November 1969

This series of temperature sequences was taken
during a period of high flow. On22nd November the dis-
charge was 7 cusecs falling to 0.7 cusecs on 23rd November.
Air temperature fluctuated between 0%¢ and 5°C. Despite
the large discharge the stream did respond to air temp-~
erature changes, but quite clearly the response was not
as great as that of the minor tributary streams at sites
4 and 7. Although the volume of discharge on 23rd November
was very much smaller than the day before, the temp-
erature profiles were not markedly different because any
differences that could have been expected due to the
smaller volume were cancelled by the different air
temperature conditions. On 2nd November, the air temp-
erature was 5°C, while the stream reached a temperature
of 4°C at site 1; on 23rd November, the air temperature
was never greater than 3°¢ but the stream water temp-

erature was 3.4°c at 1200 and 3.05°C at 1500 BST.

24th/25th January 1970

During this 24-hour survey, the discharge gradually
dropped from 2.8 - 1.4 cusecs, while the air temperature
reached a maximum of 1°C on the 24th and 6°C on the
25th January. There was very little relationship between
air temperature and water temperature conditions during
this period. Even the minor tributary channels at sites

4 and 7 remained very similar to the main stream temp-



ergtures and did not reflect air temperature conditions.
However, since the night-time profiles did not become
heated to the same extent as the day-ﬁime profiles, this
did indicate an environmental control. During this period
the discharge w@s maintained partly from snow melt and
partly from ground water sources, and together these had
overridden the effect of the air temperature changes,

and had maintained a stream water temperature warmer than
the air. Nevertheless the marked increase in air temp-
erature on the 24th January wasmeflected in the temperature

profile taken at 1500 BST.

2lst/22nd February 1970

The February sequences showed a quite remarkable
pattern. During this 24-~hour period the stream
experienced a flood of snowmelt/rain, which reached a
maximum flow of 40 cusecs at 2300 BST on 2lst PFebruary.
The recession was rapid and by the 1800 BST profile,
the volume had fallen to é cusecs. Air temperature
remained constant varying very little around 4°c. The
temperature profiles clearly indicated the dominating
effect of the very large volume of discharge. The stlream
vas dominated by melt water at near freezing temperatures,
with the minor tributaries remaining colder than the main
atream despite the relatively warm air temperature. As
tﬁe volume of discharge became less, the influence of the
air temperature became greater, and consequently there was
a marked difference between the temperature profiles
obtained at 1500 and 1800 BST on 21st February, with those

obtained on 22nd PFebruary. Nevertheless, the influence of



the air was still very small and the temperature of the
stream water at the weir site was still far less than

the air temperature. The minor tributaries, due to their
much smaller volume, did reflect the progressively
increasing effect of the air temperature and the lessening

dominance of the discharge from 2400 BST onwards.

21st/22nd March 1970

These profiles were taken during a period of hydro-

graph recession, following a series of small snowmelt
floods. The vdlume dropped from 1 - 0.7 cusecs, during
the 24-hour peridd. The air temperature, following the
normal diurnal fluctuation ranged between 2°¢ and 5°.
The temperature profiles along the stream increased in
temperature by only 0.3°C, while during the daytime it
was greater than 1°C. The two tributaries (at sites 4
and 7) showed different responses during. this period.

The minor tributary at site 4 was dominated by a
contribution of groundwater or sub-surface flow and was,
despite its smaller volume, influenced to a lesser extent
by changes in air temperature than by stream B. During
the daytime, tributary R was warmer, and during the night
cooler, than the smaller tributary. The minor tributary
at site 7 was composed mainly of surface flow contributions.
Since it was much smaller in volume than stream B it
responded much pore quickly to, and much more closely with,
the changes in air temperature. Consequently during the
daytime it tended to warm more quickly, and to agreater

extent, than thé main stream.
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18th/19th ppril 1970

The disgharge during this period was similar to that
of the March period, but the temperature profiles were
clearly very different. The air temperature varied
between 9°C at the beginning of the period and fell,
apart from a midday rise to 7°C, to 4°C at the end of
the 24 hours. The stream temperature profiles reflected
this pattern. During the day the stream became warmer
downstream very rapidly, heating to as much as 2.5°c at
1500 BST on 19th April, while during the night it was
heated by less than 0.5°C. This pattern was the sanme,
though more clearly demonstrated on this occasion, as
those obtained during the earlier months.

The minor tributaries at sites 4 and 7 displayed the
same characteristics as they did on 21st/22nd March. The
tributary at site 7 tended to be warmer than the main
tributary during the day, while the tributary at site 4
tended to be cooler than the main stream when the latter
vas at its warmest. The relative warmth of the tributary
at site 4 at 1200 and 1500 BST on 19th April was attribus-
able:to the influences upon stream B rather than %o those

i { - PV oo mn
npon the minor tributary These other influences

particularly the channel conditions, are studied later in

sub-section IV.

16th/17th May 1970

During this period the discharge was leow at 0.25
cusecs, and composed largely of groundwater. Since the

volume remained constant throughout the 24 hours, any-r
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changes in the temperature profiles must be attributed to
changes in the atmospheric influences, either air temp-
erature or radiation. Air temperature fluctuations were
large, varying from 12°¢ at 1700 BST on 16th May to 2°¢
et 0500 BST and 15°C at 1400 BST on 17th May. The streanm
temperature profiles reflected this air temperature
pattern..

On the 16th May the stream temperature was c¢ 3.0°¢
warmer at the weir than at the source, (site 9) and on
the 17th May, the warmer day, the heating effect was 5°C.
These maximum temperatures occurred at 1800 BST on both
days. During the night the stream was much cooler, and
only became 1.3°C warmer between the source and the weir
site. The minor tributary at site 4 was at very low flow,
so much so that it was virtually a series of still pools.
Consequently, during the day-time ‘it became heated to a
greater extent than the main tributary, but lost heat
much more rapidly as the air temperature fell and, by
1800 BST on 17th May, it had become colder than the main

strean.

Once again, the discharge was constant during this
period, and very low at 0.06 cusecs. The diurnal air
temperature fluctuation was 14°C, falling from 19°C at
1600 BST on 13th June, to 4.5°C at 2400 BST and rising
again to 17.5°C at 1500 BST on 14th June. Not surprisingly,
under these comd itions the stream water temperature
responded to the air temperature changes, and heated very

quickly. The most rapid heating of the water had occurred
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by the time it reached site 6 and during the night by
the time it reached site 5.

The lower section of the temperaﬁure profile dem-
onstrated a pattern associated with other controls. At
the weir site the contribution of water from stream A
had a cooling effect, more so during the day than during
the night. At site 4 there was a marked drop in temp-
erature during the night time, but during the day there
was a heating effect. At sites 5 and 2 the stream passed
over outcrops of limestone and it was possible that these
profiles could be understood in terms of a sudden
localised increase in the proportion of ground water.

The effect of this would be to make sites 5 and 2
relatively colder during the day and relatively warmer
during the night. In these profiles each station is
shown in relation %o its neighbouring stations and in.
consequence a heating eéffect at.sites 5 and 2, as for
example at 1200 BST on 1l4th June would have the effect

of making site 4 look like a cold station. The fact that
the profiles taken at 1800 and 0900 BST showed a much more
gradual change in temperature between adjacent sites
indicated that thé profiles were being influenced during
the hottest and coldest periods by the more conservative

conditions at sites 5 and 2.

11th/12th July 1970

The discharge during this study period was similar
to that during the 13th/14th June period, but unlike the
June study, the air temperature fluctuations were much

smaller, about 3.5°C. The greatest heating effect upon
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the stream water was achieved by the time it had reached
station 6, and downstream from this point there was very
little increase in the stream temperature. The volume of
discharge was so low that the stream water had reached
equilibrium with air temperature in this short distance.
There were no substantial contributions of groundwater at
this time since the source had been larZely depleted,
following a period with little rain. Since the study
period was overcast and with drizzle, this meant that
there were no extremes of temperature, either hot or

cold, acting upon the stream water.

1st/2nd August 1970

During this period flow remained constant at 0.09
cusecs and air temperature remained relatively high
between 15 and 20°C. Since the night-time temperatures
were high (15°C), there was a considerable amount of
heating of the stream during the night which was
sufficient to raise the temperature by 4°¢ from 11°C at
the source to 15°C at the weir. During the day the
heating affect was greater still, and as much as 6.5°C

+ o« nma e s ~0 .

at 180C B August, and 6.0 C at 1800 BST on

T~
4.5

]

1 ST o
2nd August.
The minor tributary at site 7 was dominated by sub-
surface contributions, and like the situation in May,
remained much less responsive to air temperature effects.

During the day-time this minor tributary remained cooler

than stream B, while during the night it was much warmer.
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19th/20th September 1970

Throughout this period there was a flow of 0.5 cusecs,
and an air temperature fluctuation between 12.560 and 18°¢.
The maximum heating effect occurred during the day-time
with little or no heating of the stream water downstream
during the night. The greatest heating effect occurred
at 1800 BST, when the source waters were beginning to
cool, and when the weir site was reaching its maximum.
This resulted in a rise of temperature of 3°C, compared
with the night time minimum rise of 0.5°C.

The tributary at site 4 maintgined a temperature
very similar to that of the main stream. During the hours
of 1500 - 1900 BST on 19th September, it was, colder than
the main stream, but for the rest of the period it was
the same or slightly warmer. The tributary at site 7
behaved differently. During the day of 19th September,
it became much warmer than the main stream as a result
mainly of the air temperature and radiation acting more
effectively upon the smaller volume of water. On the
20th September, although the air temperatures were com-
parable with those of the 19th, it was overcast and with
reduced direct radiation resulting in less heating of the
tributary stream.

As a result of these observations certain generalisa-
tions can be made. PFrom the graphs in figures 52-55 it
can be seen that the rate of water temperature change
varies not only with the seasons, but also with the volume
of discharge. These conclusions are summarised in
figure 58. Represéntative graphs have been drawn for

various categories of discharge, and have been constructed
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from the mean values of all the graphs in figures 52-55,
where air temperature was greater than the stream water
at the source. From figure 58 it can be seen that the
range of water temperature change in the stream decreased
as the volume of discharge increased (the graph for the
0.5 = 1.0 cusecs category was an exception to this
generalisation, because it had been distorted by the
extreme conditions of the lst/2nd August 1970).

Clearly, the volume of discharge cannot have a direct
effect upon the heating of the stream water, but can only
act as an indirect influence modifying the effectiveness
of the atmospheric environment. In order to measure the
ability of the atmospheric environment to warm the stream
water, the range of water temperature change between the
source and the weir must be compared with the air temp-
erature. The relationship between air and water
temperatures at various stages along the stream course
is studied in Section III. From figure 58 it can be seen
that for flows of less than 0.1 cusec the stream water
reached equilibrium with the air temperature within 200 m.
of the source of the stream, and from there downstream
er temperature resulted
from air temperature influences, élthough sources of
groundwater did have a marked local effect upon the stream
water temperature. As the volume increased, equilibrium
between the air and water was reached progressively
further downstream.

Figure 59 shows the changes in the downstream
heating of the stream ﬁater which occur through a 24-hour

period. This is based upon the mean data obtained from
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24-hour surveys through 1969/70. Although maximum daily
temperatures usually occurred about 1500 BST, the greatest
heating effect in the stream, comparing source with the
weir site, invariably occurred at 1800 hours. This was
because the source waters had already begun to cool
rapidly while the recorder at the weir site was still
recording the temperature of water that was in the stream
channel during the hottest time of the day. When the
discharge was high this delay did not occur and the
maximum amplitude of heating occurred during the 1500 BST
profile.

Direct solar radiation exerts a very important
influence upon the stream water temperature. This
influence is greatest when (a) the radiation is greatest,
(b) where the surface area of the stream in relation to
the volume of the water is greatest, and (c) where the
period of influence is longest. Periods of low flow are
therefore the periods when the effects of direct radiation
are greatest, the area of the surface of the stream is
very little less than during high flows but the volume may
be between 30 or even 100 times smaller. The time taken
for the stream water to pass hetween the temperature
control sites at the source of the stream and the weir
site were found to be as much as six hours at 0.25 cusecs
compared with an half hour during a discharge of
20 cusecs, and as a result the differences in temperature
between the source and the weir sites during low flows
reflect a much longer period under the influences of the
environment, air temperature and direct solar radiation.

It was difficult to estimate the exact volume of the
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groundwater contribution to the s tream throughout the
year, but it appeared to vary between 0.5 cusecs in the
winter and 0.05 cusecs in the summer. The proportion of
groundwater in the total discharge might be as large as
100% both during the summer and winter, when the discharge
was low. This groundwater contribution, by virtue of its
origin, was independent of the air temperature,. as has
been demonstrated by measurements in this catchment, and
consequently it could exert an influence upon the stream
temperature which was unrelated to the conditions of the
immediate atmospheric environment.

Groundwater contributions were most noticeable at
sites 5 and 2, and were clearly demonstrated during the
June period. It was obvious also that the contribution:
from stream A, not indicated in these profiles, caused
thé stream water to be colder at the weir site relative
to site 2, because it was entirely derived from a ground-
water spring 50 m. above the confluence with stream B
during periods of low flow. More will be said about
this when the two streams, A and B are compared in
Section IV of this chapter.

By virtue of their smaller volume, the tributaries
should tend to be more responsive to air temperature
changes than the main stream, and this was true to a_large
extent in the case of the tributary at site 7. The
tributary was. fed almost entirely by sarface water, and
groundwater contributions were negligible, except during
the very lowest flows in the summer. The catchment of
this tributary is partly flush with a large surface area

in comparison with its volume. It was therefore not
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surprising that the tributary closely reflected air
temperature changes. During the low flows of the summer
period these marshes became overgrown with vegetation

and virtually stagnant, thus the temperature of the water
was greatly affected by the soil temperature, but shielded
by the vegetation ffom direct solar radiation.

The tributary at site 4 was fed partly from ground-
water but mainly from sub-surface water courses. The
catchment of this tributary was much larger than the
surface channels indicate being supplied by a network of
subsurface streams often 300 m. in length and breaking
the surface only occasionally as flushes. This tributary
was affected by groundwater and soil temperatures rather
than air temperatures when the discharge was less than
1 cusec. However, during the periods of extremely low
flow immediately preceding the cessation of stream flow,
the movement of water was so slow that direct radiation
and high air temperatures caused it to become very warm,
as it did during the May study period.

When they occurred the contributions of snowmelt
tended to override all other influences and to dominate
the temperature of the stream water. The supply of water
occurred not only in relatively large volumes, thus
reducing the effectiveness of the air temperatures as
explained above, but.also at a low temperature, OOC. The
air temperature was above freezing point as it was-
instrumental in causing the snow to melt (see Chapter 6),
but the stream water temperature did not reflect this
change. Furthermore the volume of discharge was sufficiently

large to obscure any heating effects derived from groundwater.
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ITI The variations in the relationship between air and
water temperature with distance from the stream
source

In Section II it was established that the temperature
of the stream water changes with distance from the stream
source, and therefore the relationship between air temp-
erature and stream water temperature at the weir site
was not likely to be valid for all sites on the stream
course. From the studies of water temperature changes
along the stream course it was clear that the volume of
discharge was an important factor modifying the influence
of other factors wuch as the groundwater contribution,
direct solar radiation, the time of travel of water in the
stream course and, more particularly, the air temperature.

Using the data obtained from. the monthly 24-hour study
periods the variations in stream water temperature at
each site down the stream have been compared with the
prevailing air temperature conditions.

The precedure for obtaining these data has been
described above, and again'it is important to emphasise
that, although data was éollected for one 24-hour period
in each month in order to give a spread of information
throughout the year, these data cannot be regarded as
%ypical™ for that month. In figure 60 the temperature
sequences taken during the 24-hour periods have been
presented to show water temperature changes at each site,
together with the air tempersture trace for the same
period. The site to which the graph refers is noted on
the left-hand axis and the horizontal axis represents
time. The temperature reading on the right-hand axis is

given as areference figure, and is the value of the last
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FIG 60

WATER TEMPERATURE CHANGES
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reading in that graph. From this, with the temperature
scale given, it is possible to evaluate the extent and
nature of the changes in temperature for each graph.

Each study period has beén described in detail in
section II above and, therefore, this need not be
repeated here. From section I it is clear that although
air tempewmture cannot be regarded as the only control
over the stream water temperature, it could be regarded as
an indication of a number of factors influencing the
atmospheric environment, particularly solar radiation ,
which were affecting the water temperature. One major
control over the effectiveness of the atmospheric environ-
ment was clearly the volume of discharge, and as has been
shown in section II, the effectiveness of this control
varied with distance down the stream, not least perhaps
because the volume itself varied with distance from
source.

During the Febtuary study period (21st/22nd
February 1970) the volume of discharge was very large,
an average flow of 15 cusecs and never less than 5 cusecs
for the whole of the study period (rising from 7 cusecs

at 1200 BST to BO cusecs at 2300 RS

=]
Q

'3

[§S)
-
ct
=

and falling to 6.0 cusecs at the end of the study period).
Not only was the volume of discharge large, but being melt
Water, the temperature of the water supplied was at o°c.
The stream water became progressively warmer downstream

at all stages of the day since the water was under the
influence of the atmospheric environment for progressively
longer periods when it reached the lower sites on the

stream. When the discharge volume became less after
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2500 BST, the influence of 'air temperature' became
greater despite the fact that the actual air temperatures
vere less; the stream water began to warm, reaching its
maxihum temperature at all sites at 1600 BST. The range
in temperature at each site became slightly greater down-
stream, from 0.6°C at sites 7 and 8 to 1.2°C at the weir.

On 24th/25th January 1970, the discharge volume was
2.2 cusecs. The stream water at all sites clearly
reflected the diurnal pattern of aiiuzgﬂgirature, the range
in water temperature becoming slightly /ownstream from
132°C at site 8, to l.7°C at the weir. Maximum temp-
erature for water and air occurred at 1500 BST. The two
tributary streams also reflecfed the diurnal pattern of
the stream elsewhere, and the air temperature. Air temp-
erature was never lower than the water temperature at the
source, but it heated more répidly then the stream water
reaching a maximum of 6°C at 1500 BST compared with a
water temperature maximum of 4°¢.

During the March, (21st/22nd March 1970) and the April
(18th/19th April 1970) study periods the volume of dis-
charge was 0.8 cusecs. The average air temperature for
the March period was 3.2°C colder then for the January
(4°C) and February (4°c) periods, and considerably colder
then April (6.5°C). Despite this the range of water temp-
erature was large. At the source of the stream the range
was 1.8°C and at the weir site it was slightly greater at
2.6%¢, compared with an air temperature range of 3J2°C.
There was a gradual increase in the actual water temp-

eratures and the diurnal fluctuation of water temperature
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with distance downstream and clearly the traces reflected
the increasing influence of air temperature downstream.
During the April period, due to the greater fluctuations
of air temperature (range 70C), the water temperature
fluctuations were greater than those observed during the
March period. The range at the source of the stream was
3.9°C compared with 6°C at the weir site and accompanied
by a progressive increase in the range of temperature
variation with distance downstrean.

During the October study period the discharge of
0.75 cusecs was very similar in volume to that during the
March and April periods. The stream water temperature
and the range of temperature change both became greater
dowvnstream. However the extent of these increases were
not so marked downstream from site 5. The most rapid
changes, and the greatest fluctuations in temperature,
occurred in the upper reaches of the stream. The timing
of the maximum water temperature at each site became
progressively later with distance downstream varying from
1200 BST at site 9 to 1600 BST at thevweir. The peak air
temperature occurred at 1500 BST although air temperature
was still warmer than the stream water at the weir when
the water reached its peak at 16OOIBST.

Dufing periods of low flow such as on 13th/14th June
1970 and 11th/12th July 1970 (both 0.06 cusecs) the
diurnal pattern of the water temperature change was very
similar at all sites. In both periods the temperature.
range at site 7 was very similar to that at the weir site.
During the July period the range at site 7 was 10.2%¢
compared with 10.2°C, 10.2°C and 9.2°C at sites 5, 2 and 1
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resﬁectively. The range of the air temperature was 11.5
vhich was less than the range that occurred in the water
temperature at site 4. (12.1°C). The tingding of the
maximum temperature became progressively later downstream
from 1500 BST at the source to 1800 BST at the weir; the
air temperature reached its maximum at 1800 BST. The
diurnal pattern was essentially similar for the July
period, although the range and the maximum temperatures
were not so great due to overcast conditions. The diurnal
pattern at site 6, with a range of 3.400, was similar to
that at the lower sites (site 5,3.3°C, site 4,3.6°c,

site 2,3.5°¢ and weir site)3.6°c). The maximum temp-
erature did not become later downstream but occurred at
all sites at 1700 BST. Air temperature did not reach

its maximum until 2000 BST.

On 16th/17th May 1970 the diurnal patterns were very
similar from site 5 downstream, with a range of temp-~
erature of 7.0°C. The time of the ma;?gug}gézggratures
was similar in all profiles, being 0600 BST and 1700 BST
regpectively. The August period demonstrated the effect
of a spelgfhigh air temperature. The flow during this
period was 0.9 cusecs. Water temperatures responded very
closely %o air temperatures, particularly at the site®
farther downstream. Stream water temperature increased
by 5°C between the source and the weir site throughout
the whole period, and nearly all sites had a diurnal range
of temperature of 4.5 - 5°C. (The only exception being
site 7 where the range was only 4°C). The time of the
maximum water temperature became progressively later

downstream, from 1500 BST at site 6 to 1700 BST at the
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weir site.” Air temperature reached its peak, 22.5°%C at
1600 BST.

From the case studies described above it is clear
that the pattern of the water temperature trace becomes
closer to that of the air with distance from the source
of the stream.

The studies made in each month covered such a wide
variety of environmental conditions that it was not
valuable to make a direct comparison between the traces.
However, since air tempénmure could be regarded as a use-
ful integration of the thermal atmospheric environment,
the pattern of the water temperature trace at each site
down the stream has been compared with the pattern of the
air temperature trace. This enabled the pattern of the
water temperature trace at various sites along the stream
to be compared. PFurthermore, it was possible for the
vhanges which occurred along the stream course during one
study period to be compared with those which occurred on
other occasions, since it was a comparison of the ability
of the stream water to establish equilibrium with the
air temperature conditbns.

To refer to the pattern of the temperature trace
is in essence to refer to the average temperature and to
the amplitude or range of the trace although clearly the
time of occurrence of the maximum and minimum temperatures
is also important.

In figures 61 and 62 the average and range of water
temperature at various sites down the stream have been
related to the air temperature. Each graph in each set

represents the situation at a specific site on stream B.
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In figure 61 the mean water temperature is expressed
as a fraction of the mean air temperature for each study
period. In figure 62 the range of water temperature is
expressed as a fraction of the range of air temperature
during the study period. In both sets of graphs the
horizontal axis represents the volume of discharge.

Studies have been made of the temperature change
occurring at sites 7, 5, 4 and 2 because these gave an
even spread of samples downstream. Site 9 was avoided
because the source water temperature would be completely
unrelated to the air temperature conditions,,and the weir
site (no.1l) was avoided because during the very low flows
of the summer - the June and July study periods - it was
affected by the very cold spring water derived from
stream A.

In figure 63 the regression lines have been
transposed from the graphs in figures 61 and 62 and super-
imposed upon each other in order to demonstrate the
changing relationship between the patterns of air and
water temperature traces which occur with distance from
the stream source.

From figure 63RBR it can be seen that for flows of less

[0}

than 0.6 cusecs the average mean temperature of the stream
water -was usually in equilibrimm willh air temperature by
the time it reached site 7, while for flows greater than
2.0 cusecs equilibrium was not usually achieved within
this length of the stream channel. For flows between

0.6 and 2.0' cusecs, equilibrium between mean air and water
temperature was usually reached samewhere between site 7

and site 2.
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A similar situation occurred when the range of
temperature was analysed. PFrom figure 63A it can be seen
that at no point along the stream course studied did the
temperature range of the water equal that of the air
temperature. Clearly this was a result of the shortness
of the length of the stream studied and no doubt had this
study been extended further down the valley a point would
have been reached where the range of water temperature
was in equilibrium with the range of air temperature.

With dafa of this kind from sites farther. downstream
it would be possible to construct a scale perpendicular
to the regressions lines on figure 63 which would
represent distance from the source of the stream, and
fro@ this it would-be possible to predict the time taken
for water -temperature to establish equilibrium with the
air temperature for various flow conditions. A8 the
volume of discharge increase& the length of time required
for the water to establish equilibrium with air temp-
erature also increased and the point at which this
equilibrium was reached becemes progressively further from

the source of the stream.

Iv The effect of the stream channel in modifying the
temperature of the stream water

The influences that the nature of the channel can
exert upon the temperature of the stream water have
alréady been demonstrated in the temberature sequences along
stream B and particularly in the tributaries connected
with that stream. Not only has the presence of a lime-

stope outcrop contributing a supply of ground water had an
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influence upon the temperature of the water, but, in the
tributaries, the nature of the channel, whether it was
overgrown with reeds or whether it was part of a flush,
has had an influence upon the water temperature.

If the effects of channel conditions upon the temp-
erature of the water were minimal, then it could-be
expected that the two streams comprising the ILanehead
catchment would have similar temperature profiles.- The .
two sub-catchments lie adjacent to each other, and
therefore it can be assumed that both experience a very
similar environment in terms of air temperature, sunshine
and rainfall. The physical characteristics of the two
streams are, however, far from similar as was described
in the introduction. Stream A is much steeper than B,
falling 120 m/km., and its channel is cut in, or lined
with gravels rather than bedrock. Catchment A is an area
of blanket peat supporting calluna vegetation, the drain-
age is mainly by surfacg channels and isolated flushes,
but with very little groundwater resources. Consequently
stream A is more flashy, with a tendency to flow throﬁgh
the river gravels during periods of little rainfall, and
even to dry up completely during dry summers. Catchment B

is covered with Juncus squarrosis or Juncus effusus grass-

lands and the water courses are either through flushes
or as subsurface channels. The mainstream flows across
outcrops of bedrock and did not dry up during the period
of study October 1968 - October 1970.

In order to compare the differing responses of the
two streams to the atmospheric environment, measurements

of temperature had to be taken at various sites along each
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stream at approximately the same time. Immediately
following the recording of the temperature sequences along
stream B at the nine sites described above, a series of
temperature measurements were made down stream A at 12
selected sites. The temperature sequence along stream B
was begun at 1500 BST and down stream A at 1530 BST
(approximately).

The proéedure for measuring the temperature along
stream A was, as far as possible, similar to that on
stream B. The temperature was measured with a NPL
certificated mercury-in-glass thermometer, in a flow of
moving water within three metres of a fixed sampling
site. These temperature sequences were taken, beginning
at the weir site, up stream B and then down stream A and
finishing, as beginning, at the weir site aéproximately
one hour later. The nature of the sampling sites along

stream B has been described earlier.
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Site 12,

Another small tributary, draining the

peat via a well defined, peat lined
channel.

Site 11.

On a small tributary streem at the
head of the catchment drgining from the

peat through a series of sphagnum
flushes,

Site 10.

The first point at which there was a
recognisable main channel. It wes cut in
peat, but lined with sandstone stones,
and in places the channel ran through
flushes as a subsurface stream,

This station was on a second tributary

draining the upland plateau of blanket
peat in the western part of the catchment.
The upper reaches of this tributary were
small drainage channels of peat but as

- at Site 9, the channel was lined with flat

stones of sandstone.
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Site 8.
This site was situated where the channel began
to fall away from the peat covered pluteau at
the top of the catchment. The channel was
deeply incised, and the bed was composed of
a series of falls over small sized boulders.

Site 7.

This channel was deeply incised in very
fine mar]l sand, but the strean itself
flowed over the bed-rock of shale.

In the middle reaches of this stream,
outcrops of rock caused the channel to be

falls connecting pools.
with gravels, stones and small boulders.
The banks were not clearly defined.

Site 5.

The channel was about 1m. wide, and was
composed of a series of small pools

although the channel was lined with
gravels,
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Site 4.

1s site wes on a smell tributary,
which was relatively steep, but with shallow
banks and the channel was lined with limestone
stones, The upper reaches of this tributary
drained from the peat cover, and often through
flush filled channels.

Site 3.

At this site the stream was deeply
incised (in places 3 - 4 metres), and
the banks and bed were of gravels and
small stones. During low flow the
stream flowed through these gravels.

Site 2.
The channel was well defined, and about 1 m.
wide. The stream was flowing over bed rock,
and the channel was lined with stones up to
10 cm., in dismeter. The banks were shallow,
10 cm. high.
Site 1.

This site was the same as that used in the
Stream B sequence, and therefore it could be
used as a datum for the cowparison of the
temperature sequences in each stream.




In order to see how the sampling sites along the two
streams reflected the changes in temperature, two special
surveys were conducted on both streams on the 2nd and 9th
. May 1971. Point measurements of water temperature were
taken at 21 sites along both streams, -and the resultant
temperature profiles compared with that which would have
been obtained from the usual sites. From figure 64 it

can be seen that although the more intensive study

reflected much more closely the minor changes in temperature,

the profile obtained from the usual sites did show the
major trends in water temperature change along the stream.

The water temperature profile in stream B was very
closely related to the geology since the stream temperature
reflected the contributions of ground water which came
from some of the limestones. This was particularly marked
at the base of the Great Limestone, below site 5 where a
spring exerted a sudden cooling affect upon the stream
water.

In stream A, it was not the geology but the nature of
the stfeam channel which exerted the dominant influence.
Where the gradient of the stream was shallow ahd covered
th gravels the water movement at low flow was through
the bed gravels and thus unaffected by air temperature
conditions. Consequently thére were marked differences in
temperature between the short stretches of streamvhere
part of the water was flowing through the gravel and
where all the water was flowing over bed rock and there-
fore exposed to the atmosphere.

During freezing air conditions stream B became colder

downstream from source to weir, and the colder the air the
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Profiles resulting from 21 site readings
—————— Profiles based. upon readings at the selected sampling sites
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FIG 64 TEMPERATURE SEQUENCES RESULTING FROM 21 POINT
MEASUREMENTS




greater the cooling affect it exerted on the stream water
as on 29th November 1969 (Fig.65). When the air temp-
erature was just above freezing point, as on 6th December
1969, or 8th February 1970, it was unable to counteract
the warming effect of the ground water contribution below
site 5, and therefore the water temperature tended to
become warmer as the proportion of relatively warm ground
water obtained from the various limestone bands became
greater. The tribﬁtaries at sites 4 and 8, though they
were occasionally sub-surface, were supplied from surface
runoff. While the tributary at site 8 was approximately
the same temperature as stream B, the tributary at site 4
tended to be much cooler than the main stream because it
was not being heated by any contribution of groundwater.
The response of stream A to these conditions was very
different (Fig.65). The temperature of the stream fell
from a relatively warm temperature at the source, to just
above freezing point at site 6 at which temperature it
remained until it was heated by the contribution of warm
groundwater from the spring upstream from site 2. In the
upper reaches of the stream, the water was derived from
groundwater fources, and it was as a result of its passage
in a surface channel, in contact with the air, that the
cooling of the water took place. Between sites 6 and 2,
the water fell over a number of small waterfalls, maximis-
ing the influence of the air. The spring above site 2,
the largest single source of groundwater in catchment A,
caused a warming effect upon the stream, and therefore it
became locally very warm. At the weir site, below the
confluence with the colder stream B, the temperature was

reduced.
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When the temperature was near or below freezing
point, it exerted a dominant influence upon stream B, but
as the air temperature became warmer its effect was
increasingly modified by the volume of water. From
figure 66 it can be seen %hat for periods when the air
temperature was about 5 or 6°C with a discharge between
1.5 - 2.0 cusecs, as on 25th January 1970 and 21st March
1970, the stream water warmed by about 0.5%¢ to air
temperature at‘the weir site. Thus it can be seen that
the water was in equilibrium with air temperature as the
air temperature at the source of the stream would have been
0.5 - 1°C, colder than it was at the weir due to the lapse
rate with altitude. As the volume of discharge became
greater, to 7.0 cusecs on 22nd PFebruary 1970, 7.5 cusecs
on 14th December 1969 and to 14 cusecs on 2lst February
1970, the effect of the air temperature was reduced. On
14th December, the water was only 39¢c while the air temp-~
erature was 4.0°C; on 22nd Pebruary 1970, despite the fact
that the stream water was being warmed quite rapidly at a
rate of 1°¢/500 metres, it was still 2.5°C colder than

the air at the weir site. The groundwater at site 5,

did, nevertheless, cause a marked increase in stream water
temperature. On 21st February 1970, the water temperature
quickly established equilibrium with the air temperature
between sites 9 and 7. Due to the small volume of water,
the groundwater contribution just below site 5 caused a
small rise in water temperature which was reflected at
site 4, but this effect was obliterated by site 2, when

the water was again in equilibrium with the air temperature.
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During these conditions, stream A responded con-
sistently to the changes in air temperature and discharge
conditions. During the tow flow on the 28th February 1970,
the stream water temperature reflected the conditions of
the stream channel. Between sites 7 and 6 the stream
flowed through a channel lined with bed gravels, and thus
the water assumed the temperature of the soil which, at
that time of the year would be near freezing point.

Above éite 2, the contributions of groundwater caused a
marked heating effect upon the stream water. As the
volume of water increased, these influences became less
significant. The sequence measured on 21st March 1970,
25th January 1970, 22nd February 1970, l4th December 1969
and 21st Pebruary 1970 all indicated a gradual rise of
temperature downstream, ranging between 0.17°C/100 m. for
a discharge of 0.4 cusecs to 0.06°¢/100 m. at 14 cusecs.
On no occasion during these sequences did the water temp-
erature become warmer than the air.

During periods of warm air temperature and low flow
in the summer, the stream channel exerted a very strong
modifying influence upon the control that the air temp-

nd

f L84

[=7]

ergure irect radiation had upon

the water (Fig.67). In stream B the source water was

much colder than the air temperatures since it was derived
from subsurface sources and flushes where, though
relatively stagnant, it was insulated from the air and
direct sunshine by the vegetation growing above it. It
had-reached its maximum temperature by site 4, after which
it began to cool, due partly to another supply of- ground-

water from the Four Fathom Limestone outcrop at site 2,
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and partly to stream A being fed almost entirely from a
groundwater spring 50 m. above its confluence with stream B.
The rate at which the water warmed in its movement
downstream depended upon the air temperature and the
volume of water. When the volume of water was low, as on
11th and 12th July 1970, and on 13th 14th and 28th June
1970, the effect of the groundwater contributions from
the Great Limestone at site 5 was completely to nulify
the heating effect upon the stream water. The greater
the air temperature, and therefore the greater the heating
effect upon the stream, the more marked was the influence
of the groundwater. Similarly, the smaller the volume of
dischargg the greater the modifying effect of the ground-
water contribution since it became a greater proportion
of the stream volume. This was not clearly demonstrated
during the very low flow conditions of 11lth and 12th July
1970 because, by the time the groundwater contribution
had become significantly large at site 5, the stream
water was already warmer than the air. (It is probable
that a more intensive study of the stream water temp- |
erature between sites 4 and 5 for those two days would
have revealed a very marked fall in stream temperature at
the base of the Great Limestone and a gradual recovery of
the temperature before it reached site 4). On the other
hand, when the volume of discharge became slightly greater
than 0.05 cusecs, as on lst and 2nd August 1970, although
there was a distinct cooling effect caused by the ground-
water, its volume in relation to the total stream flow
was not sufficient to prevent the stream temperature from

becoming warmer.
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Stream A, unlike stream B was not a permanent stream,
and the upper reaches tended to dry up during the summer,
and therefore fewer temperature sequences are available
for this period. The flow at the source of stream A was
not confined to a main channel, and there was a gradual
cooling of the water temperature as the volume of water
derived from the sub-surface channels increased at the
expense of the water dérived from the near stagnant
surface channels in the peat.

From site 8, the stream was confined to one main
channel. It flowed across bedrock, or over a thin layer
of bed gravels, and was exposed to air and direct radia-
tion and consequently became locally heated. Site 6 was
on the outcrop of the Little Limestone, and the local
supply of groundwater from this strata cooled the temp-
erature of the stream water. Surprisingly, the.cooling
effect from this limestone did not become more
significant as the flow of the stream became less,
probably because it was not a large reservoir of water
like the Great Limestone. Indeed, it had no significant
effect upon the temperature of stream B, and probably
buted only a small amount of groundwater for a shortd

period after rainfall. Between sites 6 and 5 the stream

gradient was 1 : 6.5 and included a number of small water-
falls. The water temperature was affected by its contact

with air and the direct radiation it received and thus

by site 5 the water temperature had become warmer, at the

rate of 1°C/100 m. Downstream from site 5 to site 2, the

water temperature fell as a result of the supply of
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groundwater from the various strata of the Great
Limestone. The largest single source of groundwater was
from the bése of the Great Limestone just upstream of
site 2. During the low flow conditions on 1llth and

12th July 1970, this was the only source of water in streamA
and at this site the temperature was 9°¢, 3°C colder than
the water at the weir, 150 m. downstream. Furthermore,
between sites 5 and 2, the stream channel contained a
great deal of gravel material, and during low flows
particularly, much of the stream water flowed through,
rather than over the gravels and therefore the water was
effectively shielded from the influence of the air and
more particularly from direct radiation.

The spring and sutumn conditions produced character-
istic temperature profiles in each stream, which were very
different from those produced in the more extreme con-
ditions of summer and winter. During April and May
stream B warmed from about 7°C at its source to approximately
air temperaturé at the weir. Normally this involved a
heating raté of about 1°¢/500 m. From the wofiles in

figure 68 it can be seen that the effect of the ground-

water contribution at site

= -

4 bec
the volume of discharge increased, so much so that on
10th May 1970 when the discharge was 8 cusecs, there was
no cooling of the stream water. In stream A, after the
initial cooling of the stream water from the source to
site 8 due to the increasing proportion of subsurface
water draining into the stream, the water warmed to near

aif temperature in the middle reaches of the stream. On

19th April 1970 the stream water temperature was on

average 3.5°¢ warmer than the air temperature due to the
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heating effects of direct solar radiation. The ground-
water from the Great Limestone below site 5 was only
effective in cooling.the stream water temperature when the
discharge was less than 0.75 cusecs, and indeed when, on
10th May 1970, the discharge was 8 cusecs, the temperature
of thé stream continued to rise during this stretch of
channel.

The temperature profiles obtained during the autumn
were very similar to those of the spring. The degree to
which the stream became warmer with distance from its
source, and the effects of groundwater supplied were again
conditioned by the air temperature and sunshine, but above
all by the volume of discharge. On 4th September 1969,
high air temﬁeratures were associated with very low flow
conditions. The very rapid rise in water temperature from
source to site 5 (1°C/100m) was checked by the supply of
colder groundwater just below site 5, snd indeed the stream
temperature became colder as a result of the further
supplie$ of groundwater at site 2.

On stream A, a completely different situation occurred.
Due to the low flow, the upper reaches of the sfream were
dry. From its temporary source at site 8, the water temp-
erature warmed at a rate of:1°¢/100 m., but below site 6,
much of the stream flowwas through the channel gravels
giving the appearance of a dried-up course for long
stretches. As a result, there were often no readings for
site 3. Being shielded from the air and sunshine in this
way, the water temperature remained relatively constant.
The supply of groundwater from the spring above site 2

exerted locally a dominant influence upon the water temp-
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erature.

Figures 65-68 are summarised in figures 69 and T0.
Por each of the groups of profiles shown for each of the
streams in figures 65-68 a representative profile has
been constructed using the mean value of the measured
profiles. Thus in figures 69 and 70 there is a profile
which attempts to represent a typical temperature sequence
down the stream under certain environmental conditions.
These representative profiles are shown in apposition to
a brief description of the nature of the stream channel.

From these representative profiles it is clear that
the nature of the channel did exert a modifying influence
upon the relationship between the stream water temperature
and the atmospheric environment. 1In stream A the con-
tribution of groundwater at site 2 had a marked effect
upon the temperature of the stream water; during cold
weather it had a heating effect and during warm weather
it had a cooling effect upon the stream water. The same
was trﬁe to a lesser extent of the Little Limestone. The
most effects were exerted by the stream gravels; during
low flows these tended to insulate the stream water from
the direct effecis of air temperature.

In stream B there was very little gravel. Ground-
water seaped into the stream channel from the base of both
the Great and the Four Fathom Limestones. The most
noticeable impact from these contributions occurred during
periodé?iow flow and high air temperature, mat it was
evident in all profiles as shown in figure 70. During
the winter period the effect of the groundwater was to

warm the stream water, except when the stream water temp-
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FIG ©9 TYPICAL TEMPERATURE SEQUENCES ALONG
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erature was warmer than the groundwater (76C). The effect
was not always sufficiently large to cause a fall in the
temperature of the stream water, but invariably it slowed
down the rate at which the temperature of the stream water
vas rising.

The temperature of the stream water resulted from
the action of the air temperature and the direct radia-
tion upon it. The effectiveness of these two factors
was controlled by the extent to which they were able to
act upon the water. The smaller the volume of discharge,
the greater the surface area of the stream in relation
to its volume, and since it also moved less quickly
through the catchment, the longer the time during which
it was subjected to the atmospheric influences. The major
controls upon the water temperature were therefore the
air témperature, the direct radiation influences and the
volume of discharge, but the stream channel also
exerted a strong influence in so far as it modified these
controls. Groundwater supply changed the temperature of
the stream out of relationship with the influences of the

atmospheric environment because this source of water,

unlike the surface stream

; had been completely shielded frc
any infltiences of either air temperature or solar radia-
tion. Similarly, where a stream was able, through the-
nature of its channel, to flow as a subsurface stream or
through bed gravels, it was removed from the atmospheric
influences and consequently its temperature had little
relationship with the atmospheric environment. Conversely,

where a stream flowed over a wide bed rock channel which

did not contribute groundwater, or over a deries of small




waterfalls, the influence of the atmospheric environment
wasmaximised since all the water would be brought into
contact with the air and under the influence of any direct
radiation.

The two streams in the Lanehead catchment demonstrated
these controls. Stream B clearly demonstrated the effects
that local supplies of groundwater would have upon the
temperature of a stream which otherwise reflected the
dominant influence of air temperature and radiation.
Stream A had little variation due to groundwater con-
tributions apart from the large spring above site 2, but
the nature of the channel itself affected the temperature
of the water. Parts of the channel were lined with deep
gravels through which much of the water flowed during low
flow periods, thus causing a cooling effect upon thé
water. While in other parts of the channel the water
flowed over a series of small waterfalls which had the
result of maximising the influence of the air temperature
particularly. At the source of stream A, the gradient
of the channel was very shallow and the waters remained
relatively still and susceptible to heating from solar

radiation.
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CONCLUSION

The aims and problems of.this research project fell
very clearly into two categoriés; that of obtaining
accurate data in a difficult environment and that involv-
ing the analysis of results.

The recording of precipitation was a two-fold problem.
Firstly a minimum number of sites had to be selected that
would give representative measurements for the catchment,
and secondly recording equipment that would give an
accurate and reliable record for the year, particularly
during the winter period, had to be selected and
installed. The first problem was solved by setting up a
pilot study of rainfall in the catchment over a six month
period. PFrom the eight rain gauges installed throughout.
the catchment, two sites were selected to give the best
estimate of the average rainfall in the catchment. The
second problem of obtaining an accurate and continuous
record of rainfall at these two selected sites was more
difficult. At these sites the gauges were protected from
over-exposure to wind by being placed at ground level
and surrounded by an anti-splash surface. The use of
plastic grids for this purpose proved satisfactory once
the problem of draining the pits without causing an
obstruction to the uniform flow of air over the gauges
had been solved. These precautions were fery necessary,
as was indicated by fhe greater catch recorded compared
with the catch in gauges set in the standard way.

The continuous recorders were not totally reliable

under these upland conditions, particularly since the
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clock mechanisms, added to give more detailed records,
were very vulnerable to changes in humidity and temperature.
Despite much attention a complete record was not achieved.
In retrospect too much attention was perhaps directed
towards obtaining high quality data and, in so doing,
continuity was sacrificed to some extent. Thus it might
have been better to install only one Dines recorder with
an extended chart mechanism, and to maintain the other
with a standard weekly clock. Although the standard
clock would have given less useful records it would have
been more reliable. However, between them the two
recorders did give a reco;d for 80% of the rainstorms
during the summer period.

The difficulties of maintaining precipitation records
in regions with severe winter conditions such as the
Northern Pennines have been discussed in Chapters 2 and 5.
For more reliable data to be collected it would have been
necessary to think in terms of an electricity supply at
each recording site to run heaters to protect the
recorders frmm extremes of cold. The use of heaters would

not, on the other hand, be a total answer to the problem

when study

[

ng snovw melt since it would be the time and
nature of the melt rather than the time of fall that
would be important. For this reason also, the winter
records of actual precipitation fall were not as vital
as those in the summer.
Many of the problems associated with obtaining

precipitation data result from errors due to the over
exposure of the gauge to wind. 1In un upland catchment

these problems are great and consequently the reliability
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of the various types of gauges have been studied by com-
parison with each other. The Dines recorder gauges were
found to be less accurate than the standard gauge, varying
quite considerably, but on average recording 15 - 20% less.
However these gauges were not required to measure the amount
of rain but the time of occurrence and the intensity.

The catch of the ground level gauges was greater
than that of the standard installation, but the dis-
crepancies were not as great as might be expected
considering the exposed nature of the sites and the
altitude of the catchment. For a third of the time the
ground level gauges collected only 5% more than the
standard gauges and for over half the time the catch was
less than 15% greater. These results compare very
favourably with those obtained elsewhere in the country
and listed by Rodda (1970).

The rainfall totals for the sites were very similar.
For 50% Qf the time the readings from the standard gauges
were within 10% of each other, while for the ground level
gauges, the variation was only +5% . The ground level
gauges were not only surprisingly accurate but the con-
gistently similar catch of the gauges at hoth sites A and
B suggest that the average of these two gauges gave a
reliable measure of the raih falling in the catchment.

The problems of temperature measurements unlike
those of precipitation, proved to be related to siting
rather than reliability. Throughout the two-year study
period the water temperature recorders maintained a con-
tinuous, accurate record. The air temperature records

were slightly less accurate, partly because the Stevenson
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screen and the recorder became filled with wind-driven
snow during periods in mid-winter, and partly due to some
mechanical failures of the Negretti and Zambra recorder
soon after its installation in January 1970.

The use of a continuous recorder to measure the
temperature of the groundwater at the disused leadmine
adit was soon found to be unnecessary since this water
did not vary from 7°C, and this mcorder was in time
moved and more usefully located at the source of stream B.
The importance of careful siting of the water temperature
recorders was demonstrated with the weir site recorder.
While it was sited in the stilling pool'above the weir
it was often recording the temperature of stagnant rather
than running water. On the olther hand, when it was moved
to a section of channel with running water, it had to be
carefully located so that the flow of water was deep
enough to cover the probe, and it had to be regularly
cleared of accumulated silt.

The water temperature sequences taken with the
mercury-in-glass thermometers were designed to provide
measurements at regular intervals down the stream rather
than to identify aund record various problems such as the
occurrence and the effects of contributions of ground-
water along the stream. These temperature sequences
were one of the most rewarding aspects of the research
project. The continuous records of water and air
temperature provided a context into which a very detailed
analysis of variations in the stream water temperature
could be placed. The purpose of these sequences was to

produce a record of the changes that occurred throughout
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the day, and through the year. The effects of grouﬁa-
Vater contributions upon stream temperatures have been
demonstrated by this study, but more detailed analysis
can only result from a project instrumented specifically
to that end.

A great deal of time was spent upon the choice of
gauging structure, with particular reference to the type
of environment in which it had to operates: The choice of
a prefabricated flat vee weir was entirely satisfactory.
The prefabricated nature of the weir made it possible for
the structure to be installed with a minimum of labour,
and a minimum of site preparation. At the same time the
specifications of the gauge ensured that accurate records
were obtained throughout a wide range of flows despite
the very steep approach conditions inherent at the site.
The structure withstood the extrehes of climate to which
it was subjected, both the expanding action of the ice
in the winter, the high temperaturesin the summer resulting
from direct sunshine and the pounding of several large
floods, without suffering any serious damage or develop-

ing any faults. Greater strength would perhaps have been

fibreglass during installation.

Several other details of the installation might have
been improved. A comment has already been made about the
problems caused by leaving the sides of the weir, and
particularly the connecting pipe from the weir to the float
well, exposed to the air. The purpose of this was to

examine the water tightness of the weir sides, but one
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effect was to cause a loss of records through the freezing
up of the connecting pipe. Back-filling the sides of the
weir would also have given it much greater strength to
withstand the pressures exerted on it by the expanding
ice. The stilling pool had ® be dug out more frequently
than was originally expected, and in view of this, it
would have been valuable if a better by-pass system had
been built in one of the wing walls with a concreted
by-pass channel having a steep fall. The problem with
the sluice gate system in the present weir was that,
although the water level could be lowered, it was never
possible completely to drain the immediate approach to
the weir.

The head/discharge calibration for the weir was
calculated by formula based upon laboratory tests run by
the Hydraulics Research Station. This was checked against
salt dilution tests at low discharges and found to be
accurate for flows up to 5 cusecs. The securacy of the
structure at high flows could not be checked. The initial
discharge table was calculated by computer programme.
Following the installation of the O0tt punch tape recorder
in January 1970 a conversion programme was compiled +o
convert the punched head measurement to values of dis-
charge. A further programme was added so that the output
from the punch tape recorder could be made available as a
graph record in addition to the summary data of maximum,
ninimum and mean flows Hr each 24-hour period.

From the results obtained from Part II of the thesis
it is possible to construct a diagrammatic model for the

processes involved in the control of river water temperature
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(Fig. 71 ). The two major controls over water temperature
are ambient air temperature and the volume of discharge.ﬂ
Both of these result from direct and indirect influences
within the environment. The total possible volume of
discharge is controlled in a direct way by the amount of
precipitation and the amount of groundwater contribution,
but in fact the volume of discharge results from a
combination of modifying influence such as the state of
the catchment, the nature of the precipitation and the
rate of rélease of snowmelt. Similarly air temperature,
which results from the interactions of various elements
in the atmospheric environment, has its effect upon
water temperature modified by such factors as the nature

of the stream channel.

Volume of discharge:

Because the volume of discharge has an important
modifying influence upon the relationship between the
atmospheric environment and the stream water temperature,
the causes of, and the variations in, stream discharge
have been described in length. The mean daily discharge
from the catchment throughout the year varied according
to the distribution of precipitation. Since a small
catchment was involved, the response to rainfall was
rapid and generally there was very little sdorage of
surface water from day to day except during the winter
period when there was a certain amount of storage of
water in the form of lying snow which would tend to be
released in one flood.

The relations between rainfall and runoff varied
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according to the antecedent conditions of the soil. If
rain fell on wet soil then there was little absorption

of the water and the rate of runoff was fast. If the soil
was dry as a result of 24 hours without rain, then a
certain amount of the rainfall would be absorbed by the
soil, and the resulting discharge would not only be slower,
but also smaller in éuantit& than would be expected on a
wet catchment. Not only was it the case that the
effectiveness of a fall of rain was influenced by the con-
dition 6f the soil, but it was also demonstrated that the
nature of the hydrograph also reflected this. The hydro-
graphs resulting from a rainstorm falling on a wet
catchment had s much steeper rise, a sharpér peak and
were overall shorter in duration than those resulting from
dry catchment conditions.

Winter conditions were treated sepérately from those
of the summer since much of the winter precipitation was
as snow and the conditions governing the release of snow
as discharge were very different from those goverhing the
direct runoff from rainfall. Consequently in addition to
its direct effect upon the stream water temperature, heat,
either as air temperature or solar radiation, had an
indirect effect upon the thermal characteristics of the
stream water through its control of the volume of dis-
charge. Very low temperatures could lock up as ice the
drainage of water from the catchment and thus produce
very low flows, while on the other hand high temperatures
were needed to release discharge from accumulations of
snow in the catchment. Consequently the highest and |

the lowest flows might be the result of thermal conditions
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rather than direct precipitation.

Air temperature was not the main factor controlling
the rate of snowvmelt in the catchment but it could be used,
in exactly the same way as it had to study the variations

in stream water temperature, as an indication of the

trends in the atmospheric’ environment. Snowmelt occurred
only after the amount of available heat had exceeded
20°¢ degree/hours and after a period of at least three
hours of non freezing air temperature conditions. Not only
was a specific amount of heat required to cause snowmelt
but, conversely, the lack of heat would cause a freeze up
in the supply of discharge. This could tlearly be seen
during periods wvhen a diurnal fluctuation of air temp-
erature above and below freezing point produced a series
of diurnal snowmelts. During the night the amount of
availablé heat was insufficient to maintain the rate of
snowmelt and hence there was a reduction in the volume of
discharge at that time.

Although the available heat, exressed in the form of
air temperature was responsible for the snowmelt, it did
not control either the rate or the nature of the flood.
Snowmelt floods occurred after
conditions lasting at least three hours and contributing
in excess of 20°¢C degree/hours of heat to melt the snow.
Any greater supply of heat would not produce either a
faster or a greater flood since the time of travel con-
trolled the speed of supply end the amount of lying snow

controlled the volume available for release.
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Air temperature:

The thermal characteristics of the stream were viewed
in a three dimensional sense of time and space. The
changes in water temperature were viewed in the context
of the diurnal cycle, the changing conditions which occur
with distance from the stream source and finally the
differing overall atmospheric environment which varied
from season to season. The relationship between the air
and water temperatures at the weir site were studied. The
water temperature- was not always dominated by a transfer
of heat to or from the air since fluctuations of water
temperature did occur whentggé temperature was in fact
higher than the air. The air temperature was however a
very useful index of the changes in the climatic environ-
ment. The volume of water was also found to be an important
factor. The larger the volume of discharge the slower
the response of the water fo a given amount of heat, and
this was clearly demonstratéd by falls in water temperature
as a result of increased discharge following rainstorms;

The response of the water temperature to the

atmospheric environment differed with distance from the

the water temperature and the range of thé diurnal
fluctuation of water temperature increased downstream.
This was partly because the water temperature at the
source was dominated by relatively cold water from sub-
surface sources, but mainly because, the greater the
distancelfrom the source, the longer became the time over
which the weather vould influence the temperature of the

stream. The effect of the weather could influence the -
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temperature of the stream. The effect of the weather
varied through the day. The water ttmperature tended to
lag about two hours behind the movements of air temp-
erature, thus the water temperature might be warmer than
air temperature soon after mid-day as the air temperatqre
cooled.

The magnitude of these changes in temperature
downstream varied through a 24-hour period. During the
night the difference between the temperature of the water
at the source with that at the weir was less than during
the day. When the volume of discharge wasgQ,6to 2 cusecs
the water temperature tended to follow the trend of air
temperature, but during higher flows the response of the
water was not so rapid. During flows of about 1 cusec the
water temperature reached equilibrium with air temperature
very rapidly, and normally within 200 m.. of the source of
the stream. For flows of less than 1 cusec the temperature-:
of the ground water tended to be dominant. The maximum
temperatures occurred at about 1500 BST, but the greatest
heating effect in the stream, when comparing the

difference between the source water temperature with that

e el m e R oan P m ANAAN Tem
U VIIC welil', uvLluilreu auv LOUU DOoL.

Direct radiation appeared b be an important influence
upon the temperature of the stream. Its effect was
greatest when the stream discharge was low and the surface
of the water was large in relation to its volume and when
it was moving at its slowest rate through the catchment
and was therefore under the influence of the radiation for

longer.

The stream channel exerted a strong control upon the
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water temperature by virtue of the fact that it modified
the influence of factors such as air temperature and direct
radiation. G@Ground water seeping into the stream through
the stream channel changed the temperature of the water
out of relationship with the influences of the climate
because this source of water wvas not directly dependent
upon prevailing weather conditions. Where stream water
flowed through gravels in the stream channel the water was
shielded from direct atmospheric influences and thus the
channel exerted a ddminating control upon the temperature
of the water. On the other hand, where the stream flowed
over bed rock the effect of the atmospheric influence wvas

maximised.
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APFEMDIX 1

Definitions

Coefficient of discharge

¥roude nuaber

wodular flow

e

ok

[
oo

Super-critical flow

sub-critical flow

cv

CD

Fh

Ratio of measured dischzrge to the discharge
calculeted according to theoretical considerations,

Hon dirpensional nuimoer v
Vi

The abrupt cuange from super To sub-critical (lo.,

¥low over & welr or i'lume i
upstreas level is independe
Level.

The elevetion of the surizce of o stream relalive
to & catun.

froude number greater thar one,
A smell gravity wave canrot travel upstrean wpuinst
this current.

Froude numeer less than onec.
A small grevity wave is not washed away by this
flow.

Coefi'icient of velocity
Coefficient of discharge
froude number

Chezy resistance céefficient
energy coefiicient

channel bed slope

gravity

head



: width of crest.

P : height of crest

n

cross slope

9 : discharge

m3 : cubdc weter (oviec)

cfs : cubic oot sec (cusec)

oV : Coefficient of veristion of © defined as (1006,/.)

£ : Standardé deviation of sets of ()
i ¢ Area

3 : 3lope

R : Reinfall
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Appendix IIT Vegetation svegies

in

the catchnent.

Juncus squarrosus
Galium saxatile
Deschampsia f{lexuosa
Hardus stiricta
Pleurozium schreberi
Polytrichum commune
Sphaghurn recurvuii
Juncus effusus
Caresx nigra
Dicranum scoparium
Agrostis canina s3p canina
A, teniuvs
Eriophorum angusiifolium
Scirpus caespltosus
Plagiothecium undulatunm
Rhytidiadeivhus squarrosus
Sieyliingia decumberis
Eylocomium splondens
Sphagnun plumulosum
S. ' rubellu
Llldlum cL11°rc

(‘a.."i.:,"aocﬂ"I i
Lophocolea bidc
Sphagnur cuspi
Fgulsetwn fluvia
Viola PhonLLls
Sphagnun oua.;ccunduz.
alluaa vulgaris
Vaccinium erulllus
Emvetrum nigrum
Parmella physodes
Cladonia pyxidata

0
fa]
5
(0]
‘1

H
- O
5 ©)
v

Bypriun vun~e531;orme
Lophozia floerkii
Erica tetralix
Ciadonia coccifera

+ o+ +

o+

iii

4+ + ++

+ + 4+ 4+ ++
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APPEIDIX IV

by .,

Pemperatune Seguence 2long Stresm B through 2h hour Periods.

25/26 Qchaober.
1500 1800 2100 O1QC 0500 0900

1
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24/25 January

Site 1500 1800 21C0 0100 0500 0900 1200 15CO0  18CO

G
%
H
.

1 2.8 2.5 2.5 2.5 2.3 2.6 3.3 L.0 3.C
2 2.7 2.6 2.5 2. 2.3 2.6 3.3 3.3 2.9
3 2.5 2.3 2.2 2.3 2.3 2.5 3.3 3.5 2.8
N 2.6 2.3 2.2 2.3 2.3 2.5 3.3 3.7 2.9
5 Z.3 Y2 .2 2.2 P 2.5 “.2 5.5 2,0
6 2.2 2.2 2.1 2.2 2.2 2.2 3.2 . 2.7

£.2 2.1 2.0 2.1 2.2 2.2 3.1 3.3 2.6

2.2 2.2, 2.1 2.1 2.2 2.3 2.9 3.3 2.3

v o~

2.1 1.9 1.7 1.8 2.0 2.2 2.3 3.1 2.5

Air 1.8 1.3 108 2.0 3-0 3-5 li—os 6.0 5.0

21/22 February

1 C.5 C.5 0.5 0.5 0.7 1.C 1.3 1.7 1.1
2 C.5 C.5 C.5 0.5 0.7 1.0 l.z 1.6 1.C
3 0.0 c.05 0.05 0.05 0.5 0.7 1.9 1.5 _1.0
4 0.2 0.2 0.2 0.2, 0.6 C.8 1.0 1.3 0.7
5 0.2 0.1 0.2 0.2 0.4 0.6 0.8 1.05 0.5
6 C.2 0.1 0.2 0.2 0.3 C.5 0.6 1.0 0.5
7 0.05 C.05 C.l 0.1 C.2' C.4 C.5 C.7 0.3
8 c.0 c.0 0.0 0.C 0.1 C.2 0.3 0.5 C.5

0.0 C.0 .0 0.C c.05 C.1 0.1 C.1 C.1

\0O

Air 5.2 5.2 5.6 5.5 L.6 L.L 3.8 L..2 2.8




Site

1500

2100

21/22 liarch

0100 Cs50C 0900
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18/19 April
b 5.3 3.9
4.5 3.3 5.9
4.5 3.2 4.2

L.5 3.1 3.8

1.!..0 5.0 3.2

(@)

I

e
L]

.
A

N

o N NN

A
Lty
4L.C

}LQO

o
(@)

L
[&¥]

3



16/17 May 1970

Site 12C0 1500 1800 2100 OL00 0500 0900 1200 1500 1800 B.S.T.
1 1.2 11.c 1.0 9.3 7.7 5.7 7.7 13.7 14.0 13.5
¢ 1l. 11,1 11.¢ 9.0 7.5 5.9 7.7 1.0 14.7 14.3
3 12z.0 11.2 10.7 8.6 7.5 7.25 8.9 16.2 14.7 12.5
L 11,5 16.5 .5 8.5 7.3 7.0 8.9 13.9 4.0 13.4
5 11l.3 104 103 8.5 7.0 6.3 7.6 13.0 13,7  15.2
6 11.0 10.c 9.8 8.0 6.9 6.5 7.6 12.5 13.1 12.4
7 9.7 9.0 9.0 7.5 6.5 6.0 7.0 10.7 11.6 11.0
8 9.3 9.3 9.2 8.5 7.5 7.0 7. 9.5 10.3 1C.2
9 8.8 8.3 7.8 6.5 6.3 5.7 6.7 8.7 9.8 8.5

air 11.¢c 0.5 7.¢ 5.0 30 7.0 13.C 13.0 13.5

13/14 June 1970

1 19.2 18.3 13.9 11.0 10.C 11.2 ;5.6 19.0 18.7
2 20.6 20.0 15.7 11.6 10.8 10.9 15.3 20.0 19.5
3 - - - - - - - - -
L 20.9 19.2 13.¢ 1c.1 8.8 11.0 16.7 20.5 18.7
5 18.6 19.¢ 14.8 11.1 9.3 10.86 15.5 19.5 18.4
6 18.8 18.4 13.7 10.3 9.3 10.6 16.2 19.5 18.4
7 16.7 15.6 11.7 8.9 8.0 9.5 13.1 16.7 15.6
8 - - - - - - - - -
9 13.9 12,2 8.4 6.7 6.7 8.0 11.7 13,9 12.2

Air 15,0 17.¢ 1.5 10.0 4.5 5.5 7.0 12,0 15.0 1.0




Site

1800

11/12 July 1970

1500 2100 0100 0500 0900 1200 1500 1800  B.S.T.
1 134, 12.7 10.6 10,0 10.0 11.0 11.5 12.7 12.5
2 134 12.8 10,6 9.9 9.9 10.6 11.5 12.7 12.6
3 - - - - - - - - -
b 13.25 12,5 10.1 9.7 9.7 1C.7 11.5 12.8 1z.5
5 13.0 12,3 10.5 9.7 9.7 10.5 11.3 12.5 12.5
6 13.0 12.2 10.1 9.6 9.6 10.5 1ll.L 12.5 12,5
7 12,0 1.2 9.6 9. 9.4 10.0 10.6 11.5 11.5
8 - - - - - - - - -
9 10.5 10.1 8.3 8.3 8.5 9.0 9.6 10.5 10.5

Air  13.0 12,0 11.2 10.9 11.0 11.6 12.0 13.0 14.5

1/2 August 1970

1 19.0 19.5 16.2 15.1 15.0 15.0 17.6 19.0 18.0
2 19.5 20.5 16.8 15.3 15.3 15.5 18.25 19.6 18.8
3 - - - - - - - - -
L 19.6 20.0 16.1 15.0 14.9 14.8 18.0 19.5 18.4
5  18.7 1.5 16.0 1.6 14,5 145 17.5  19.0 18.0
6 18.2 18.5 15.1 14.C 14.0 1.0 17.2 18.7 17.1
7 16.0 16.0 13.0 12.0 12.0 12.5 15.5 16.0 15.5
8  1,.2 1.5 13.5 13.4  13.4  13.3  1h.4  15.0 15.0
9 13.5 13.0 11.0 10.5 10.5 11.7 13.5 15.0 12,0

Air 20,0 18.C 16.5 16.0 15.C 17.C 19.3 22.5 2C.0C




Site

1800

19/20 September 1970

1500 2100 0100 050 0900 1200 1500 1800 B.S.T.
1 13,2 12.0 11..0 10.5 10.7 11.5 12.9 1lu.5 14.8
2 12.9 11.6 1.7 10.5 10.7 1l.5 12.7 14.1 14.5
3 2.3 1.3 10.7 0.5 10.6 11.5 13.0 14.0 4.0
4 lz.5 11.5 10.5 10.3 10.5 11.5 12.6 13.9 14.0
5 2.5 1l1l.3 10.5 10.2 10.3 1115 12.7 13.7 13.9
6 12.¢ 11.0 1C.4 10.2 10.3 11.2 12.5 13.4 13.5
7 1.5 10.6 10.1 10.C 10.C 11.0 12.0 12.5 12.7
8 12.¢ 1l.4 10.2¢ 10.6 10.5 1l.2 12,0 12.7 12.9
9 0.6 10.1 10.0 1:0.0 1:0.0 10.5 1l.4 12.3 11,75
Air 15.0 13.2 12.5 12.2 13.53 k.3 17.6 17.5 16.7
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APPENDIX V.
Temperature seguences at 1500 BSW (°c)
Stream A

1965:
25 Jun. 4 Sept. 20 Sept., 28 Sevt. 26 Dck. 9 Hew.
13.0 16.0 11.2 8.4 9.5 L,0
12.7 15.GC 1.1 G.2 v 560
13.15 12.5 1M1 8.1 2.0 3.0

- - 10.9 8.5 - L,2
13.5 15.0 11.1 8.0 9.3 2.5
13.0 15.0 11.0 7.9 9.1 2.5
413.2 13 10.8 7.9 g.0 2.3
12.1 13.8 10.5 7.8 3.5 2.5

- - 10.7 7.5 - 2.0
12,4 - 10.5 7.9 8.5 2.4
1.9 - 10.2 7.8 B.7 2.7
12.5 - 1C.5 7.5 é.5 2.9
22 ¥ov. 23 Mov. & Dec. 14 Dse. 2k Jan., 25 Jen.
Je5 2.7 1.7 2.9 2.6 3.8
3.1 2.5 2.2 2.7 2. 3.8
5.0 2.0 0.5 2.5 2,0 3.3
3.2 2.7 .0 2.5 2,2 2.8
2.7 2.0 0.3 2.l 1.7 3.3
2.5 17 0.1 2.2 1.7 3.1
2.5 1.6 0.5 2,2 1.6 2.9
2.5 1.6 1.0 2,2 1.7 2.9
2,2 1.0 - 2.2 1.25 2.8
2.5 1.5 1.3 2.0 1.7 2.8
2.9 2.0 1e1 2.5 1.8 3.3
2.9 2.1 1.5 2.3 1.7 2.8
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1970

11

12

31 Jan. 8 Feb. 21 Feb. 22 Fedb. 28 Feb. 21 sax
c.6 1.25 0.6 1.6 2.4 3.9
1.4 1.4 0.3 1.5 2.7 3.8
0.3 O 0.1 143 1.0 3ud
C.C5 - 0.1 1.0 1.0 2.6
0.1 C.4 0.4 1.0 5 Sl
0.4 0.4 0.1 Co7 )05 2.9
0.05 Oud 0.1, 0.5 1.3 2.5
0.05 C.6 0.1 Cols 1.1 2.3
- - - - - 2.7
C.2 - - - 1.C 2,2
0.1 - - - - 2.3
0.3 - - - - 2,0
2 4pr. M _Aor. 12 Apr. 28 Aor. 2 May 9 hay
3.0 Lok 6.9 Belr 3.0 7.8
33 L.y 9.1 Sk 8.9 7.7
2.0 3.6 94 8.l 6.9 75
1.7 1.7 7.3 6.4 £.,2 6.8
2.5 3. 1.0 8.2 2.0 7.6
2.0 2.8 10.0 7.9 8.6 7.5
1.7 2.2, 5.0 7.5 8.3 7.0
1.3 1.3 8.5 7.5 7.6 6.7
1.7 - 8.4 7o 7.8 6.0
1.1 1.7 G.0 7.9 7.0
1.6 1.7 9.1 8.1 7.0
1.4 0.6 7.3 7.5 6.5




Site 10 May 16 May 17 May 23 May 34 May 15 Jure

1 7.0 11.0 4.5 13.3 12.5 1.5
2 6.7 10.5 13,0 12.0 11.5 17.3
3 6.5 1.1 14,0 13.0 12,2 -
b 6.1 11.0 15,0 - - -

5 €.5 11.5 15.7 1.0 13.0 20.¢6

6 €.3 i1 15,0 13.7 13.0 i8.5

7 6.1 11.0 15.0 4.0 i3.5 iZ.5

8 6.0 10,2 13.0 12.5 12.0 -

9 6.1 - - - - -
10 6.2 10.3 14,0 12.8 - -
11 6.3 10.6 1.6 14,0 - -
12 5.5 10,0 12,6 12,4 - -

28 June 415 Jul. 1 _Aug. 2 Avg,

1 14,0 12.0 19,2 20,2

2 13.0 1.6 17.7 18.2

3 Arais 12,0 18,7 19.8
L - - - -

5 15.2 12,6 19.0 - 21.0

6 14, 2 12,0 18.5 19.6
7 15.3 1.7 19.1 20.0

13.5 1.1 174 18.7

9 - - - -
10 - . 11.0 17.6 20,0
11 - - - -

12 Laud - -
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Stream 3.

1969

25 Jun. 29 Jul. 19 Aug. 20 Avg.
13.0 145 16.0 12,0
13.8 14.0 15.9 1.9
13.6 13.5 16,0 12,0
13.5 13¢5 155 12,0
13.2 15,0 15.4 12,0
12.1 12.1 155 11.2
12.0 12,5 - -
10.5 10.0 11.5 10.7
29 Avug. 4 Sept. 18 Sent. 20 Sevt.
16,2 16,7 9.7 11.9
16.6 16.0 9.2 1.5
16.5 16.0 9.0 11.5
15.2 15.5 2.0 11.5
15.7 14..9 9.8 114
13.6 13.4 9.5 1.0
12.5 13.0 10.0 11.1
13.0 12,7 9.5 10.4

22 Aug.

12,3

»
»
~

co \D [e=}
[ ] . L )
(S, | O an

2L Aug,
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19790

30 Nov. 6 Dec. 14 Dec. 1 24 Jan.
0.5 1.8 3.0 2.8
C.5 1.7 3.0 2.7
0.4 1.2 3.0 2.5
0.5 1.6 2.9 2.6
C.5 1.4 2.7 Zed
0.5 15 2,6 2,2
1.0 1.6 2.5 2.2
104 145 2.7 2.2
1.0 1.5 Coly 2.1
8 Fen. 21 Feb. 22 Feb, 28 Feb.
14l 0.5 1.7 2oL,
1.0 0.5 1.6 2.2
0.6 0.0 1.5 2.0
0.9 0.2 1e3 2,2
0.7 0.2 1.0 2.0
0.9 0.2 1.0 2.0
1.1 0.0 0.7 2,0
1.6 0.0 0.5 1.5
1.2 0.0 0.1 1.3

N
°
™

1.7

1 Jan.
0.6

006

2.8
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18 Apr.

12 Apr.

2 2L ay

8.2

8.4

o
L
co

9.5
8.9
8.4
9.0
8alr

7.0
6.i

24 Jun

14.0
13.7
13.6

12.2

8.5

Kay
3.0
8.0
7.8
7.9

28 Jun

14,8

15.2

-
w
L ]

N

-

-
.

Ul

11’-014'

13.2

12,0

-
5
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Apvendix VI

Conversion of ferranti code.

Print out of converted punch tape édata.

Conversion of date file fto walues nf discharge in cusecs,

Composite programme to produce a graphicel display
froin paper tape data.




Appendix VII

Rainf2ll) data

SITE A SITE B %

1963 3, oL i ST. &L i
—— . e e
MNoverber 20 1.9 1.8 é 1.8 1.5 i
27 2l 243 E 25.8  24.1 %

Deceimper 4 20.1 20.2 21l.4 18.1 i
11 5.8 4.0 30 3.7. E

22 35.1  42.9 % |

1969 §
January 6 4.0 52.2 35.7 %
1L i 40.3 4l.7 30.4 ;

22 23.2 22.5 25.S  47.5 %

28 b.1 8.1 7.55 7.5 é

February 5 6.2 6.2 14..8  18.9 é
y

i

2

April 9 5.7 ) 1.3 1.9 E
] 16 23.2 39.5 27.3 36.3 g
23 2L.25 25.7 25.6  24.3 i

30 26.5 31k 26.7  28.6 §

lay 7 25.8 25.6 21.4 25.3 g
14 20.1 22 .. 20.1 21.3 %

21 26,0  27.0 2.9 2.6 |

28 26.3 20 25.3 25.0 %




SITE A

SIT: B

v e

& e — -t e = TEase® L

1969

June L

July 10

August 7

29
September 4
i35
20
29
October 3
12
18
26

I

-
24 e

32.8
0

19.2

29.0

1.9

=
..
\‘

(6} ]
.
Ul

7.9
5l.2
10.5
17.4

11.4

47.8
38.4
243
10.04

1.6

10.5

GL.,

33.8

22.9

(@]

31.
15.7

[
® o
g

52.3
10.53
17.45
12.0
0.3
42.7
38.5
27.6
13.3
2.9

'_J
}.J
.

\j

21.2
29.7
14.6

C.25
L6k
35-1

12.45

2.0

11.3

12.0
17.1

11.5

e LT




SIIE 4 SITE B %
i 1969 i 3T . 3 CL. 3
. ? - = R
! i
; Toverber 2 | 12.0  13.9 12,6 12.3 ;
| 9 | .3 732 65.5 6Ll |
23 82.0 116.6 |
30 40.00 |
Decerber 6 38.0  53.5 16.5 13.z §
Ly 20.7  21.8 17.3  22.4
é 21 13.5  40.8 20.L  67.7 5
| 27 : 9.2 1l.n 2.6 1l ;
197C | :
Jewsary  zh % 102.7  85.7 105.6  92.6 i
February 8 9 L7.7 39.C 35.C 43.2 f
22 38.8  102.8 72.38 216.7 ;
28 15.2  18.2 17.5  17.9 %
narch 10 L 16.5 13.8  14.6 5
16 .7 27.6 11.0  36.2
21 16.7  19.0 13.9  13.3
30 24,3 27.8 25.2  26.9
April I 2,7  31.3 28.5 30.8
11 38.1 645 35.6  43.5
18 23.3  30.7 15.3  49.4 !
25 19.7  23.5 217 21.2 i
.
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SCIENGE R'B”I
Q! 6 JUL1973
LIuBARY

~.

i
|
SITE A SITL B !
- . —
| |
1970 i 7. GL. ! 8r. Gk |
ay 2 3 7.3 18.0 ; 161 161 ?
9 11.5  11.1 3.8 10.5
16 8.1 18.1 17.3 18.C
23 1.6 12.7 12.5  12.2
31 3.8 L5 3.9 3.9
June 6 1.9 2.2 2. 2.4 ;
13 0.8 0.9 0. 0.7 i
21 3.4 3.3 2.6 3.0
28 i 11.6  12.5 12.7  13.0
July 3 ! 2,65 2.71 2.85  2.74
11 9.4 9.9 9.7 9.7 :
15 2.0 W5 4 14,0 13. é
23 20.0  19.3 20.0  20.L E
August 1 ' 27.2  29.0 27.5  27.7 g
7 C.k 0.4 c.3 0.5 %
13 1c.1  10.2 0.1 9.6 §
20 89.7  99.4 93.7  92.8 '
27 38.0  40.5 35.2  35.0 g
Septerber 1 10.2 11.3 2.3 11.5 5
7 10.9  12.7 1.3 12.7
1 L1.5 43.3 42,6 40.0 ;
19 9.0  1l.7 11.2  11.6
25 2.1 2.3 2.3 2.5
October 3 21 235.5 25.2  23.
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STHT LEVEL

10
12
12
13
15
16
17
18
19
20

-
L4

22
23
24
25

L e e e e I el Sl e S ol Sl Sl S A S

217

NEST

NN NN

ROUTILE T COHVERT FERIANTI PAPER TAPE CODE _ =/
/* ROUTIHNE TO CONVERT FERIAYTI PAPER TAPE CODE s/
FERCUE &£ PROC ( RESULT ) ¢ .
DCL RESULT FIXED BIN ,
TH(e) CHAR(Ll) ,
CCOE(10) CHARIL) INIT (
1 .-h_.o.<.-._w.~.C--m.-- .c- -.-w--w.
) £ /= FERRANTI DIGITS ¢ - 9 : =/
/= SET 10 SCARDS OR SYSIN =/
OGN EHDOFILE ( SCARDS ) GOTO SETEND £
/= . &/
READ £ GET EQIT ( CH(1) ) (A(L)) £
IF CH(1) = * ' THEN 53TO READ £ /= BLANK /JEE e/
IF CH(1) = * ' THEN GOTO READ £ /s CHECK MHULL /EO =/
IF CH(l) = * * THEMN GNTO READ £ /= CHECX BLAHNK ¥4
ELSE
GET EDIT (( CH(I) DO I = 2 TO 4)) (3 A(l)) &
RESULT = 0 & K = 1800 £
DO I =1T7T0 & £
bo J =1 TO 10 £
IF CHII) = CODE(J)
THEN GOTO NEXT £
ELSE GU TO READS
END £
NEXT £ RESULT = RESULT + (J-1) = K £
. K = K / 10%&
END £ .

SETEND & RESULT = -32678 £ /#= SET TO LARGEST NEGATIVE INTEGER=/
mmAWZM XnACZZM

END &

GOTO RETRN £
E



STil LEVEL

Pt b pt et et gt et
~NouwmpwNN+—-O

o P e e e e e e e p e e e b

NEST

Pt et paud

rm pRiINr aur

/= TO
/= TH
PRIITE

TATA FILY O PAPER TAPE ENTRIES HAVING CNNVERTeEDe/

PRTAT CUT DATA FILE JF PAPER TAPZ ENTRIES HAVIMNG TONVERTED®/

B
o4 M) E3CDRIC FRIM FERRANTI CONE.
PROC OPTIUNS (HAIN)EC
DL O(RESULT, I, LIYiE(GL6)) FIXKED RIN (15)%
PUT PAGEE
PUT EDIT (' DATA FILE I EBCDIC.') (A)E
FIRSTS LIMIE(+)=0¢
00 1= 1 70 16&
CALL FiERCDZ(RESULT)E
[F RESULT &£ C GO TO ENDRTHNY /# RESULT LT Q3 =/
LINE(I) = RESULTE
ENDE
PUT SKIP EDIT (LINE(=)) (CULUMH(5),16(F(5)))&
GO0 TO FIRSTE
EHDRTNL  PUT SKIP EDIT (LINE(#)) (COLUMN(S)Y,16(F(6)))E
PUT SKIP EDIT (! EHD OF DATA FILE. ') (A)E
PUT PAGES
ZND PRINTE

Ly



-

m:;m,,;::

|l Y

INUNMBE
ZLNANUY
ZLIST

Vol « o NE NI« NR U I N UV NI )

STUNLN Wy
LORTLE
FE —UONVERZ2
L-CCRVER2
£ MCCMVER
EVCCONVERTY
R
HER
ONVER

“e

cen
DCL

e

.—o ‘W.u G_L

H

HAS HBEEN C

VE

FIRSTE

GET FILE

CM

REC
FEET=

PUT ECIT

Lio2radd
s-} -H

L2 My
17826.46 0N 12-02-70

AS BEE!N CREATED,

REATEC.

PRCC OPT ICH (“AIN)E
VyFEET ,TUOTAL, HAX, M IN)
CECIMAL FIKFD
CHARACTER (5]},

DECINMAL FIXED (1G, 8},

DECIMAL FIXED (3},
(I,9) FIXED (3)£

DO I= 1 TO 96%
{TAPEY EDIT

(! wen

e

C

ﬂl-r-
(G REC)
READING

DEC

(10, 5),

(A(5))£
RECORD=

{READING)

PUT ECIT DEBUG ##»

(LINE, CCLUMN{2C),1(3C),F(3,0),F(10,8),F(19, n:.::

ENDFILE (TAPE) CALL ENDRTNE

READINGE

REC /7 0.0328083%

IF K &£ 5 THEN

PUT EDIT ('PAPER 'TAPE READINGS CON
(PAGE,CCLUMHI15),A(39))¢&

ELSEZL

(*VALUES OF @

PERIOD

Ar_rmﬁmy‘OOrCL2~N0~.>RN:~.m~w 0))g

v
E
R (V -({(FEET-C.
IF FEET £ 0.35
THEN
ELSE
TOT AL TOTAL +
IF FEET £ MAX
THEN
MIN
THEN
ALUES Oﬂ Q
31)¢

SQRT(FEET =+&5)%&

35)ee 2.5))€

Q EeRZ
Q V#RE
FEETE

c
o

MAX FEETZ

IF FLCET &£

MIN FEETE

PUT EDIT (v FOR PERIOD
IF 1 96

THEN CALL TOTALSE

ELSESL
GC TO FIRSTE

TUTALSE PROCE

C o

IMAL FIXED

(4= 0.619 #2 ¢ 37.1765)/5%

S.9d)

{10,8),

LR

'y KyRECLFEET,READING)
)1 g

VERSION PROGRAM. ')

'yJ)

(LINE(Z),COLUNMN(20),

MEAN = TOTAL /96%
PUT EDIT (*#ee TOTALS FOR 24 HOUR PERIOD sae MAX=',MAX,
LY :n..?—ﬁ .Tﬂ>2l..3m,d-.tm-ccu .oﬂu

{LIGE(2)yCOLUMNILS),A(44) yFL6,4)3AL4),FlE42),A(5),F(6,3),
A(3),F(3))E

MAX = 0,0¢%

MIN = 99.99¢%

J = J+1 £

K = K+l £

TiTab = 0.0%

TOTALS S

L PR B o
. o B A



51 CALL TOTALSE

52 END ENDRTNS

53 ENC CHOMNVER €
END OF FILE



STMT LELVEL

NTVNJNfUN)NTUNJN’UN’NPUN)NPUNJNF“P‘HD‘F‘HF‘F‘HP‘F‘HP‘P‘HrdP‘HrﬂhJder-dehﬂw

MEST

P b e

e NN

/# PAPER-TAPFE CUOHVERSIU! PROGRAAL =/
/% READITISS Il AILLIMETERS COMNVERTED TO FZET AND
RESULTS AMA
DISPLAY AVAILABLE., =/

/x aUM=-uirF vALUES CUMPUTED,

xe

/# 1% 24 HUKR PERIMDS, GRAPHICAL
COMVER & PROC OPTICNS (MAIN)E

LYSED IN 96

CORRAESPOIIING =/

READING

Udl11Se/

_Uh—n : Aa.n.\.:_.).\n-C:H..J_uczm..’._-‘OT-uﬂmnu.ﬂHuﬂ‘ﬂm.—-_._.)X-_.\_H_J-_s_mb.zn.—Od..;_tn<—

FLOAT,

(PP) FIXED BIN,
CH  CHARACTER (1) INIT
Amnf_-xnﬁ<.-mmn_f:...-mmeGH./_ov

M = QL
M = 0%
JCL PAGE(
PAGE®,2) = te

20 PP= 2 TO 5%
PAGE(1,PP)='0"'%

Iat

A.#.w-

FIXED BIN {

5C0,90) CHARACTER
1

PAGL(12,PP) = '0'%&
PAGE(244PP) = t0%¢
PAGE(36,PP) = t00¢
ENDE
PAGE(12,3) = t6'%
PAGE(24,2) = '1°'&
PAGE(24,3) = $2'g
PAGE(3642) = *1°'%
PAGE(26,3) = *'8'%¢
K =14
I = 0%
TOTAL = 0.0&
MAX = J.0f£
MIN = 99.99%
J = 1§

QMIR= 9993,9&
QMAX = (.08
QHMEAN =0.0%
R =

GET SKIPE
FIRSTE BEGINE
= 1 +1%
F I =1 THEN DOE£
M =15
DO PP=8 TO 90%
PAGE({*®,PP)
ENDE
PAGE(®,7)

—
]

? .h

.#-M
—.l..h

(1)€

15) ¢

/¢ ZERQIZE

)
IF READING £ O THEN GOTD ENDRTNE

PAGE(48,#) =
ENCX
CaLL FERLDZ(READIMG)E
RLC = READINGE
FEET= REC # 0,.71328033%

IF FEET = 1.9
THEM DOZ

9 = T.0x

v

.U. O OM
ENDE
ELSC DL

({SQRT(32.,1765))% 4 = 0.619 =« 10)/5¢%

ARRAY

=/



STHT LEVEL

51
52
53
54
55
56
57
58
59
60
61
62
63
G4
65
b6
67
68
69

NIWVNNNNNNNNNNNONIONNNDND N

70
71
72
73
74
75
16
77
78
79
80
81
83
85

NNN= NN NNNDNNDN

86

[AV]

87
88

[AN AN

89
9C
91
23
94
95
96
97
28
1C0
101
132
153

iv iR INTIVN NN NN~ N

A
cala

EST

Nyt s s

NN - N

[

V = SOIT{FIET xa5)¢
IF FL-ET £ .35
MicN DL
o= i]RoF
ENDS
cLEE DOL
= valy§
cNUE
ENDE
TOTAL = TOTAL + FEETZ
IF FEET £ MAX
THEN H4AX =
IF FEET & MIN
THEN MIN =
GMEAIL = QMEAN + QL
IF Q & QMAX
THEN wMAX = Q&
IF G £ QiIN
THEN WMIN = QfF
/= CALL QTOT MAY ©BE IMSERTED HERE
CALL GRAPHE
IF I = 96
THEN DOf
CALL TOTALSZ2E .
CALL TOTALSE
ENDZ
£LSE DDE
cNDz
G0 TO FIRSTE
END FIRSTX
QTOTL PROCK
IF 1 = 1 THEN GO
IF 1 £=
PHL PUT LDIT
{PaGE,COLUNII{S5),A(39))%

(VA
OF

PUT EDIT
'VALUES 3F RUN

/= 1t FEET GT Tdam G, 5

(V =(S3RTOIFECT - 2.35)s

FEETL

i
m
m
-
8y

IF LISTING OF Q@ VALUES

TO PHf

43 THEN GJ TO PQE .
(*PAPER TAPE READINGS COMNVERSION PROGRAM.')

LUES OF READING IN FEET
F IN CUBIC FEET/SEC.

=/

£5) 1) 8

REQ'D =/

PERIODD®,

J) (SwHIPUZ),COLUMII(S5),A1206),C0LUMNISO),A(406),F(3),SKIP(2))E
PUT EDIT (* ') (SKIP,A({l))}E
PRE PUT EDIT (FEET,Q)
(SKRIPCOLUMMNIZI) g FLYD,6),S0LUMHITEY,FIL10,6))E
tivg QTCTZ
TOTALST PQCE
I1F TUuTaL = D THEN DOXL
Al = 0f
ENDE
FLSE DOz
MEAN = TOTAL / 1%
£Hng
1F QAN = 0O Tz Doag
CitEANL = 0f
BN
CLSE CONt
S A 2 I




/% PAPEL TAPL CONVERSIO! PIUGRAM »/

STMT LEVEL MNeST
104 2 1 ENDE
105 2 PUT EDIT ('=+s TOTALS FOR 24 HOUR PERIND +#== MAX="',MAX,

. PHMIMN="y MIN, *MEA=",MEAY, *PER[OD= 1 ,))
wa—vnmv-ﬁDFCExnmv-Parbv.mgHuubu.X~¢-D~PViﬂAHO-OV-
X{(a) 3 AU3),F(10,4),X(&),A18),F{3))¢
106 2 PUT EDIT (t##+ SUMMARY OF RUI-JIFF VALUES LR MAX=1,QMAX,
YMEN=Yy QEAIN, TMEAN=",QMEAN) (SKIP(2),COLUMM(S) yA(44) ,F{1D,4),X(4),
A(4),F(L1D46),X(4),A(5),F(10,4))%

107 2 MAX = 0.0%
108 2 MIN = 99.99%
109 2 I = 0Of
110 2 J = J+l ¢
111 2 K = K+l £
112 2 TOTAL = 0.0¢
113 2 QMAX = D.,0E
114 2 QMlil = 9999.9%
115 2 QiMEAN, =0 CF
116 2 END  TOTALSE
117 1 TOTALS2¢E PRUCS
118 2 . PUT PAGES
119 2 PUT SKIP EDIT ('GRAPHICZAL REPRESEMTATION OF RUN-OFF VALUES.Y,
YPERLIOD = v, ))
(COLUMNI45) A, COLUMN(10L) ,A,F(3))3
120 2 D0 PP = 1 TO 48%
121 2 1 PUT SXIP EDIT (PAGE(PP,®)) (B2(A))&
122 2 1 ENDE
123 2 PUT SKIP manﬂ ﬂ.m.-.n.-.v.-.#.-.#...w..-v...n.-.#.u
. (COLUMILT) 3 Ay COLUMNCLI) A, COLUMN(LI5) ,A,COLUMN{L1Y),A,COLUMN(23),
AyCOLUMNI2T7) 3 A, COLUMNIAGT) 4 A, COLUMNI6T) yA,COLUMNIBT)  A)E
124 2 PUT SKIP EDIT ("19,020,030 040 050 0] 1150 42051
(COLUANCLL) 9 Ay COLUMMILS) yA,COLUMN(19)4,A,C0LUNMN(23),
Ay COLUMHL2T) Ay COLUHAN(AT) 3 A, COLUMMIGT) yALCOLUMN(BT) ,A) S
125 2 ) PUT SKIP EDIT ('TIMEY,'CUSIC FEZT PER SECOND')
{COLUMNE3),A,COLUMNIS2) A E
126 2 ’ END TOTALS2S
127 . 1 GRAPHI PROCE
128 2 IF M = 1 THEM DOZ
130 2 1 M = 0%
131 2 1 RETURME
132 2 1 . ENDE
133 2 ELSC DO
134 2 1 M = 1%
135 2 1 POP = 2 = 4¢
136 2 1 IF POP £ 160 THENM DQS
133 2 b Il =(FLOORA(POP))=-1601
139 2 2 CH = "4y
143 2 2 . ENDE
141 2 1 ELSE IF (POP & 85) 2(POPRLI6]) THE: MOs
143 2 e IT = 160 - (FLOODKIPOP))E
144 2 z CHl = V40 g
165 2 2 . DS
to o, 2 1 ELSty IF  (PUP v 84) THEN
07 7 1 [T = pLnaxpenp) ¢
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I1 = 11 + 7¢

ENDE
END GRAPHSE
EMDRTNE
RESULT =0g
CALL TOTALS2¢
CALL TOTALSZ
END EMDRTNE
END CONVER &

CH

LI ¥



