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Executive Summary

The water resources of upland Britain provide the greater part of the nation’s
waler supply. In addition they are uscd to produce a significant contribution
to the electricity supply, particularly in Scotland, and are exploited by the
freshwater fisheries industry to the considerable benefit of the rural economy.
These industries exist because of the large volumes of high quality streamflow
emanating from the uptand areas. The high precipitation received in the
uplands is the origin of this streamflow but the volume, its time distribution
and its quality arc influenced significantly by the vegetation cover present and
the way it is mamipulated. Changes in the land-use which modify cither the
guantity or quality of streamflow are a source of economic concern to these
industries as well as cnvironmental concern to all organisations with interests
in the uplands.

The effects of upland management on streamflow quality have been studied
intensively in a concurrent project, also funded in part by DOE, and a repor!
has been submitted(1),

This project is designed to obtain detailed information on the effects on
strcamflow volume and on stream sediment loads of upland afforestation. It
is targeted at the more extreme climatic conditions exemplified by the
Highlands of Scotland where the main thrust of upland afforestation is now
concentrated. This arca provides a contrast to earlier intensive studies in
mid-Wales in that forestry is replacing a vegetation complex dominated by
heather rather than upland pasture and a large proportion of the preciptation
falls as smow. It was anticipated, correctly as this report demonstrates, that
models developed from previous studies in less extreme conditions would prove
inadequate in predicting water use and streamflow changes in thesc areas.

The project consists of studies of two typical Highland catchments at
Balquhidder in Central Region as they are subjected (o various phases of
afforestation and of studies of the key hydrological processes controlling water
use, streamflow response and scdiment yield. Details of the evolution of the
project and of the other funding agencies involved are given in Appendix 1.

In 1984 DOE agreed a contract with the Institute of Hydrology covering 25%
of the cost of the project, initially for a period of two years. In the light -of
the early findings this contract was enlarged and extended for a further two
ycars. This report covers the information gained during the entire contract
period.

In the period covered by the extended DOE contract much new information
has been gained on the interactions of land use and hydrology in the more
extreme upland conditions characterised by the Balquhidder catchments and the
sites used for the process studies. This has made it possible to extend the
range of existing predictive models and improve the basic structure of them, to
the extent that they now produce more accurate predictions not only in
Highland Scotland but also for sites elsewhere in Britain.







The catchment studies produced unexpected results from the three year period
prior to land use changes being implemented. Water use by the heather/grass
covered Monachyle catchment was found to be significantly higher than that by
the part mature forested, part grassland Kirkton catchment. Not only that,
but the best current estimates of Penman potential water use, ET, for the
catchments suggest that water use in the Monachyle is greater than ET, whilst
that for the Kirkton is significantly less than ET. Neither of these results
was anticipated when the programme was inmitiated. Existing models would
have predicted water use for the Kirkton to be significantly greater than
Penman ET. The Kirkton findings, indeed, made it necessary to expand the
programme to incorporatc an additional study to clarify the water use
processes of the high altitude grassland within this catchment.

A combination of the initial findings from this additional study with the
results from the other process studies and with existing knowledge has resulted
in a provisional model which can reproduce the Monachyle results with
reasonable accuracy. The general applicability of this model is demonstrated
by the fact that it also predicts water use by the Plynlimon catchments in
Wales more accurately than previous models. This model requires further
confirmation before it can be used with confidence in the Kirkton combination
of forest and high altiude grassland, but this should be forthcoming within
the next two years with the completion of the grassland study.

Results for upland Wales and c¢lsewhere have shown that a major loss
mechanism from forests is the interception of rainfall by the forest canopy and
its subsequent evaporation. Studies of the interception of snow by forest
canopies at Aviemore and Balquhidder have shown such losses are at lcast as
large when precipitation is in this form, and in some circumstances the losses
can be larger.  An hourly model to describe this process has been developed
and tested. A simpler model which can be incorporated in the simple
catchment models described above is under development.

The catchment studies have also brought to light the fact that Penman ET is
much higher at alutude than had been assumed previously. Summer values in
particular are significantly higher on the upper reaches of the catchments than
at the valley bottom sites, contrary to the previous assumption of a reduetion
with altimde.  This finding calls into question the basis for the present
methods of estimating regional ET wvalues for upland areas by extrapolation
from low altitude sites

During the three year Phase 1 period of the catchment studies, before thc
clear-felling of the forest in the Kirkton and the forest planting in the
Monachyle, it was found that sediment losses from the Kirkton were
approximately 50% higher than those from the Monachyle. These losses were
mainly in the form of fine, suspendcd material with less than 2% occurring as
bedload movement. The rcasons for the greater loss from the Kirkton were
not positively identificd but the sources appeared to be in the lower (forested)
rcaches of the tributary streams. The Kirkton catchment also contained a
system of forest roads, not present in the Monachyle. In the first year of
Phase [I of the studies, when the felling in the Kirkton and the planting in
the Monachyle began, large increases in sediment loads were apparent by the
end of the year in both catchments and losses at these higher rates have
continued through the second year. Whilst the magnitudes of these increases,
quoted provisionally in the range 3-5 times in both catchments, are still the
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subject of investigation, the reasons for them have been identified as the
ploughing and drainage of 6% of the Monachyle and the intensified use of
the road system in the Kirkton.

A number of proposals for future work arc made in the final section. Of
highest priority are the completion of studics already started, such as the
high-altitude grassland study, the continued development of the simple scasonal
model and the continuation of the catchment studies through the present
phase of land use changes so that the effects of these on water use and
sediment loss rates can be quantified.

A number of other strategic studies which would be of great relevance to
prediction of the effects of land-use on upland water resources are also
submitted for consideration.  These include a re-examination of the basis for
estimating the evaporative climate in Highland Scotland in the light of the
findings of the present studies. By implication this would alse be relevant to
the other upland areas of Britain. Also included are a proposal to extend
the work on the relationships bctween land use and low fiows and one to
mount a study of the interception and transpiration of larch, a proposal which
was deferred because of other priontics during the present project.

(t) “Upland Management and Water Resources”, A report submitted to Department of
the Environment and Welsh Officc by NERC on completion of Contract PECD
17159, April, 1988.
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1. Introduction

By the tate 1970s it was becoming apparent that the main thrust of upland
afforestation for  the rest of the 20th  Century  and  beyond  would  be
concentrated on Highland Scotland.  Against this background, the research
results from studies of the hydrological effects of upland afforestation, carried
oul mainly in mid-Wales and Cumbria, and the prediction models developed
from these results were being scrutinised to determine their validity in the
very different  climatic, topographic and vegetation  conditions  in Highland
Scotland.  Sufficient doubts were expressed to warrant the planning of new
studies in this cnvironment. From discussions with a wide range of interested
partics, a research  programme  proposal was evolved by the Institute  of
Hydrology. After further evaluation and discussion a ‘consortivm’ of agencies
lead by DOE and the Scottish Development Department agreed in 1981 to
fund the initial stages of this programme.  Also included in the consortium
were WRC, representing Scottish water supply interests, Forestry Commission,
the North of Scotland Hydro-Electric Board, British Waterways Board  and,
initially, the Department of Energy. In addition, a major contribution to the
costs of the programme has come from NERC Science Budget.

In 1984, DOE agreed to a further contract o cover the period 1984-86.  This
was subsequently extended, with modified objectives, to cover the period to
March 1988. Details of the contract and its objectives are given in Appendix
1.  This report is submitted in accordance with the requirements of this
contract,

This contract, in common with those prepared by the other ‘consortium’
members supporting the programme, had as its objective the improvement of
the information base so that the hydrological effects of afforestation could be
predicted more accurately over a wider range of environments than was
possible with the cxisting models. The programme designed to meet this
objective was particularly concerned with those aspects of the Scottish Highland
environment which had not been covered by previous rescarch.  As indicated
above, this direction was in response to the fact that this region will be the
focus for new afforestation for the foresceable future. The economic
importance of clarifying the effects of afforestation in this region was reflected
by the organisations forming the ‘consortium’. Water supply, hydro-electric
power gencration, canal operations and freshwater fisheries could all be directly
affected by any significant changes in streamflow whilst forestry had an obvious
interest in determining whether their case for expansion in this region could
be justified.

Whilst the emphasis of the programme is on conditions pertaining to forestry
in Highland Scotland, it must be emphasised that the Kknowledge obtained in
these extreme conditions has relevance throughout Britain,  As an cxample, it
has been found that improved predictions of water use in upland Welsh
catchments are obtained by the use of models modified to incorporate
preliminary findings for this programme.

The research programme comprised itwo main components which were to be
pursued in parallel. These were a ‘process studies’ component and a
‘catchmem studies’ componemt.  The process studies were diected initially to




aspects such as the water use characreristics of heather and the interception of
snow by Torest canopics which were percerved  as being important feittuces of
the hydrological cycle in this environment.  The first phase of the catchment
studies was aimed ot providing water use and sediment  transport information
from two similar catchments typifying the Highland environment, of which one
wis under g heather/grassfbrocken vegetation complex and the other contained
a typical area of mature forest. These studics identified further processes
which required to be guamificd before existing models could be expected to
reproduce  the results obtained from the catchments and led to the
modification  and  extension  of the contract as mentioned above.  This
extension also included a second phase of the catchment studies in which the
established instrument networks would be used to determine the changes in
water use, streamflow response and sediment yield brought about by initial
forest planting in one caichment and progressive clear felling of the mature
forest in the other.

In the following sections the work carried out under both components of the
programme and the results emerging are summarised.  Much of the detail has
alrcady been presented to DOE and the other funding agencies in routine
reports, in reporis presented at the annual meetings of the Steering Committee
of the funding copsortium and at the two-day Workshop held in Edinburgh in
December 1987 With the blessing of the funding agencies a number of
papers have been published on the results.  Copies of these are included in
Appendices 2-5.

Whilst it has no direct bearing on this DOE contract, it should be noted that
a number of orgamisations have mounted self-funded climatic and biological
studics within  the nstrumented  catchments  at Balquhidder used in  the
catchment component of this programme. Hydrological data have been made
freely available 1o these organisations and 1H staff have assisted in their field
activities.  As a result the harvest of information reaped from the investment
in thes¢ catchments has been much greater than originally envisaged, with
detalled information on the cffects of forestry and forestry operations on
streamwater chemistry, nutrient cycling and aquatic biota being added to the
water quantity information reported on here. The results emerging from  these
self-funded activities within the general framework of this programme are
refevant in that they will provide interesting comparisons with the results from
the DOE project on upland management and water quality (t) on which a
final report has now been submitted.

{1) "Upland Management and Water Resources”™ A report submitted to Department  of
the Environment and Weish Office by NERC on completion of Contract PECD
7159, April, 1988.
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2. The Balquhidder Catchment Studies

Results from the two catchments it Balgquhidder which were  instrumented in
1981/82 form the basis of the work covered in this part of the report.  These
catchments, chosen originally to typify Scottish Highland conditions of climate,
topography and soils, are the Monachyle Glen of 7.7 km?* and the Kirkton
Glen of 685 km? located as shown in fig. 1. Both are algned
approximately  N-§ and range in altitude  from just under 300 m o over
800 m.  Whilst they are gencerally similar in topography, geology and soils,
they are not identical in these respccts. The underlying geology is mamnly Ben
Lui schists but a survey of the Kirkton commissioned by SDID (Robins &
Mendum 1987y has revealed  outcropping of the Loch Tay Serics of
metamorphosed limestones which dre not present in the Monachyle.  Whilst
the survey suggests no significant cross-boundary flow in the limestone, its
presence means that the Kirkton stream 18 much less acid than that from the
Monachyle. The main valley slopes are generally similar, though therc 18 more
exposed rock in Monachyle, particularly on the west side, than in the Kirkton.
Soils are generally shallow and are a complex of peats, peaty gleys and brown
eiarths i both though there is an area of gentler gradient containing deeper
peat at the head of the Monachyle catchment. This area has been gauged
separately as a nested sub-catchment.

Perhaps  the greatest difference  between the catchments that has become
apparent during the study period is the difference in precipitation.  Whilst its
time distribution is very similar in both, the more westerly Monachyle receives
on average 17% more than the Kirkton.

The vegetation cover on the catchments at the start of the study consisted of
a mixed heather, grass, bracken and scrub forest cover on the Monachyle, with
heather dominant overall, though grasses and rushes dominate in the valley
bottom. In the Kirkton a mature forest cover in which spruce was the main
species dominated the lower 40% of the catchment with a  high altitude
grassland complex on the slopes above the forest planting limit of 500 m, with
heather becoming dominant on the ndge tops. '

Since the start of Phase II of the study carly in 1986, land preparation and
planting has progressed in the Monachyle to the point where 10% of the
catchment (14% of the lower catchment) has been planted so far.

Clear-felling started on the lower, western side of the Kirkton in 1986 and by
the end of 1987 40% of the forest had been felled.

Installation of the nstrument networks began in 1981 with part of  the
raingauge network and the Automatic Weather Stations (AWS) at the Lower
Monachyle and Kirkton Fligh sites.  The basie raingauge networks of 11 sites
i each catchment swere completed in 1982 with  further additions of snow
gauges and standard gauges it the Kirkton clearing sites in 1983 and 1984
Additional gauges were installed in 1986 and 1987 (o check on the
performance of the basic networks.  The design philosophy of these networks,
llustrated in Figures 2.1.1 and 2.1.2 is described in detail in Section 2.1.1.

Two more AWS were installed, at Tulloch Farm in 1982 and at the Upper




Monuachyle site in 1984, As a check on meteorological conditions within the
[Kirkton, o further AWS was installed  above the forest canopy, as shown an
Mg, 2.1.2 1 19806,

The main Crump weirs ot the catchment outfalls were installed i 1982 and
became fully operational by July and QOctober in the Kirkton and Monachyle
respectively.  The  accompanying low flow flumes became  operational in July
1982 and August 1983, The all aluminium trapezoidal flume in the upper
Monachyle was fabricated at IH. 1t was then knocked down into appropriate
size packages and wansported from the Monachyle road head to the site by
helicopter in April 1983, It became fully operational in July 1983, Details of
these structures and theic ratings are given in Sections 2.3.1 and 232 In
addition to the instrumentation for precipitiation, streamflow and meteorological
measurements, equipment wuas also nstalled at each main streamilow structure
to monitor both suspended and  bedload sediment movement out of the
catchments. This was supplemented by studies of sediment sources within the
catchments carried out by a CASE student from Stirling University.  As part
of the Process Studies programme, three sites within the catchments were
chosen for intensive soil  moisture  monitoring  using  the  neutron  probe
technique. One was under heather close to the upper Monachyle site, onc
under grass close to the lower Monachyle site and the third was under
mature spruce in the Kickton. Adjacent to this latter site a mature, even
stand of spruce on flat ground was instrumented to measure throughfall and
stemflow.  These measurcments, in conjunction with  direct  precipitation
measurements in the adjacent clearing, yielded estimates of interception losses
in the forested arca of the catichment until this forest block was felled in
19806.
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2.1 PRECIPITATION

It was recogmsed from the outset that the accurate assessmient ot precipitation
o these catchments would present considerallle difficultics.  The altitude ranges
from under 300 m o over 80O m o omeant that a considerable  range  of
precipiiation couid be expected.  For much of the winter this would consist of
mixed precipitation with many periods of snow accusnulation at the  higher
alntedes.  The sieep  stopes, rugged microtopography and  high wind  speeds
would require specialist gauges to obtain point measurements. Measurement of
snow anpuits,  difficult even  on  level  terraink when  accompanied by high
windspeeds, would be particularly difficult here especiaily as the topography and
the limited manpower precluded systematic depth/density surveys.

It was concluded on the basis of long experience in the Plynlimon catchment
that the best methed of point measurement of rainfall would be the ground
level gauge with anti-sptash grid (Rodda 1967). Both gauge and grid would
have to be level with and parallel to the surrounding surface, necessitating
cosine corrections (o the observed catch on steep stopes. Because of the
difficulties  inherent in operating tipping bucket systems on sloping sites and
the errors arising where these are used in frost prone conditions, the basic
networks would have to use manually read storage gauges. Time distribution
would be derived from a sparse network of recording pauges at ‘easier’ sites.

Whilst the ground level gauge is the best answer for rainfali measurement at
windy sites it is of little use when snow accumulates and  drifts. Estimation
of snow inputs would have to be by other means. The methods tried and
those finally adopted arc discussed in Section 2.1.2.

2.1.1  Network Decsign

Clearly it was necessary to install dense networks of gauges in each catchment
if  the  anticipated  large  variations in  precipitation were 10 bLe sampled
adeguately.  On the assumption that the major controls would be altitude,
aspect and slope, the networks were designed on the basis of domain theory.
This is a stratified random sampling technique which distributes gauges at
random within e¢ach ‘domain’ of altitude, aspect and slope in proportion ta
their frequencies of occurrence.  Details of the application of the theory to
these catchments have been presented in earlier reports.  The  resulting
networks of 11 gauges in each catchment are shown in Figs. 211 and 2.12.
As a check on the validity of the measurements obtained, a number of
additional gauges were installed in 1986/87 in domains where the long-term
figures showed consistent darge departures from  the catchment means.  These
additional gauges indicated by, eg., (2) after the site codes are also shown in
Fgs. 200 and 2.1.2.

2.1.2  Snow Estimation

The above networks of ground-level gauges were designed to estimate liguid
precipitation inputs. A number of methods of estimating snow inputs  have




been  considered iand  tricd over the period of the study.  These  included
networks of snow poles and networks of meli-gauges, neither of which proved
particularcly  useful,  The method used to estimate inputs when  the complete
citchiments expenience snow-fall is based on o network of 5 of the mam
network sites in the Kirkton catchment. These sites are in sheltered  clearings
where it is possible to obtain accurate estimates of the input in each snow
event using either standard Meteorological Office gauges or 1 m tall snow
gauges installed adjacent to the ground leve! gauges ‘These are supplemented
by depthidensity sampling when necessary. At an early stage in the study 1t
was abserved that the Dbetween-site relationships in the main  networks  for
‘rainfall-only’ peniods remain remarkably constant with time (see Section 2.1.4).
This stable distribution pattern for liquid preciptation is assumed to apply also
to snow inputs. Mecasurements at the five ‘snow’ sites are then used with
these inter-site relationships to estimate inputs at the remaining 17 sites, the
measurements being obtained from the standard Meteorological Office gauges
when minor falls occur and from the tall gauges when the former are
over-topped.

Whilst complete snow cover on the catchments is generally restricted to the
December-February  period, the  high  altitude  raingauge  sites  can  experience
snow inputs at any time between October and May. To correct the readings
of the ground level gauges at these sites for reading periods when snow was
observed to occur, a similar approach to the above is used, ic. the inputs of
the affected gauges are estimated wusing the established between-site
relationships.

To obwviate the use of 3 different types of gauges, a 1 m tall shielded
snow/rain gauge has been designed. A prototype is now on test within the
catchments with encouraging results.

213 Time Distribution

The networks of ground levei gauges are read at approximately maonthly
intervals by the resident observer. To reduce these readings to a common
time base for analytical purposes the design intention was to use a smaller
network of recording gauges. This comprised of gauges attached to each of
the four AWS plus one additional event recorder in each catchment. To
assist in detailed analysis of the streamflow from the catchments a
time-distribution to hourly intervals was considered to be desirable. For other
purposes daily or monthly intervals were considercd to be adequate.

At an early stage in the studies it became apparent that it would not be
possible to achieve a continuous data base of hourly time distributed rainfall.
Intermittent logger problems and {requeat erroneous readings in winter due to
frecezing, snowmelt and drift  accumulation meant that large parts of the
recording gavge records were suspect.  This, incidentally, served to justify the
choice of storage gauges rather than recording gauges from the main networks.
For summer periods, a reasonably consistent body of hourly distributed data
has now been established but an alternative method had to be adopted to
obtain the continuous time distributed record necessary for water balance and
other analyses.  This method was based on the daily gauge readings taken at
the Tulloch Farm mancal meteorological site (Fig. 1),




Pertod gauge fotals tor each site were compared with the Tulloch Farm  total
tor the same penod and  tme distriboted  proportionally  into  daly  intervals.
Timing errors doe to differences n reading time  between Tulloch Farm and
cach site make the accuracy of the daily wvalues so obtained dubious.  The
errors dre effectively random however and become progressively less significant
when these values are bulked into longer period totals.

2.1.4  Inter-Site Rclationships

Precipitation network design is not an exact science. The relative effects of
such features as altitude, slope, aspect and location differ from catchment to
catchment.  Consequently the cffectiveness of @ particular design has 0 be
assessed after a significant body of data has been acquired. In this case a
number of interesting points have emerged from the analysis.

The most significant of these is the remarkable stabihty of the between-site
relationships.  This s demonstrated in Tables 2.1.1 and 2.1.2 where the ratio
of cach gauge to the caichment arithmetic mean for snow-free periods in each
of three successive years are presented. The ratios of cach site relative to the
mean of the five snow measuring sites in the Kirkton are also included in
these tables and show similar stability.  As indicated in 2.1.2, these intersite
relationships have bLeen used to infill gaps in the individual site records,
particularly during snow periods. The complcte annual records for each site,
including months infilled by this method, are listed in Table 2.1.3 where 1t can
be seen that the ratios remain essentially similar.

Whitst this stability in the pattern of rainfall distribution within catchments and
between catchments is interesting and encouraging, it does not offer an
immediate indication of the physical factors which control it. Consideration of
the catchment jsohyetal maps in Figs. 2.1.3 and 2.14, derived from the 1982-86
annual means, indicates that altitude and aspect play some part. As shown in
Fig. 215, longitude is also an important factor but none of these offer a
complete explanation. In particular the consistently low values in doman C3Y
(see Fig. 2.14) in the Kirkton and domains B2Z and BlY (Fig. 2.1.3) in the
NE of the Monachyle are puzziing To check on the readings from gauge
C3Y in the Kirkton two additional gauges were installed in the domain in
1986 and 1987.  Comparison of the catches in all three gauges during snow
free periods in Fig. 2.1.6 shows some scatter but gives no indication that the
original gauge was in error. Equally, no cvidence of gauge error has been
found for the Monachyle gauges.

The longitudinal trend of rainfall over the arca and #ts rapid decrease with
decreasing altitude on the ‘sheltered’ east facing siopes are consistent with the
predommantly  westerly rain bearing winds and the N-§ conbiguration of the
catchments with the highest land to the west of the Monachyle (Fig.2. 1) The
dnomitlous patteras on the west-fucing slopes (Figs. 213 and 2.1.4) wre less
casy to explain but are possibly a product of the sheltering effects of, and the
macro-turbulence created by, the westerly nidges.




2.1.5  Catchment Mcans

n the absence  of well defined  relationships between  precipitation and
topography the best method of computation of catchment areal means becomes
a matter of debate. The domain thcory requires that each gauge be weighted
by the area of the domain sampled. Alternatively, these dense ncetworks can
be regarded as a random sampling system and the arithmetic mean computed.
Further possibilities are the Theissen polygon approach or integration of the
isohyets.  The latter 15 always open to objection on the basis of the subjective
element involved in drawing the isohycts and the Theissen method is not
normally considered suitable for areas containing steep local rainfall gradients.

Computations of annual totals for both catchments by the domain weighted
and arithmetic mean approaches give very similar wsults, as shown in
Table 2.1.4. This is essentially because the networks are self-weighted, ie. the
number of gauges per unit area in cach dominn is relatively umform. The
1% difference in the Kirkton arises mainly from the higher than  average
weighting of the low reading C3Y domain.  The standard errors computed for
the annual arithmetic means are, of course, to be treated with caution in this
context since it has been shown that persistent systematic differences  exist
between gauges and it is not valul to regard them as an unbiased series of
estimates of the mean.

Considertng the uncertainties surrounding both estimates, the arithmetic means
have been used for the catchment water balance computations in Section 2.5,
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2.2 KIRKTON FOREST INTERCEPTION

The interception ol @ proportion of the raintiall by the forest canopy and its
subsequent rapid loss by evaporation is the main process resulting in  higher
total water use by forest than by shorter, acrodynamically smoother vegetation
in wet upland  Britain,  Interception loss has been studied in a4 number of
arcas and found to be dependent on rainfail total, frequency and  duration,
Within the range of environments sampled in Wales, England and southern
Scottand this loss has ranged from 27% to 38% (Anderson & Pyatt, 1980).

Whilst detailed interception studies, particularly of snow interception by forest,
formed an integral part of this overall programme, no site suitable for the
sophisticated techniques being cmployed could be found within the Kirkton

forest and this part of the study was carricd out elsewhere (see Section 3.1).

Nevertheless it was considered important that some indication of interception
loss rates within the catchment be obtained and a relatively simple study was
initistted.

2.2.1  Expermmental Details

A 30 m square plot containing a relatively even stand of Sitka spruce situated
adjacent to one of the precipitation nctwork sites (AW, Fig. 2.1.2) was
chosen for the study. ‘The plot contained 87 trees of heights ranging from
18-20 m and with an average spacing of 32 m.

Throughfall of both rain and snow was sampled using 60 plastic containers
cach 36 c¢cm deep with a nm diameter of 29 ¢m. These were positioned at
random within the 900 one-metre squares of the plot with the distances from
the necarest trunk and the canopy density directly above carefully noted. The
contents of the buckets were measured volumetrically at  approximately
fortnightly intervals  shorter during hot spells in summer to minimise errors
from evaporation loss. During snow periods the buckets were weighed and
the contents of a sample number of them melted to give volume
measurements.

Stemflow was sampled on 9 trees in the plot, sclected to cover the range of
girths. Neoprene collars were used to channel the flow into closed 200 litre
capacity containers. Precipitation inputs were obtained from the adjacent site
AW, from the ground level gauge during rainfall periods and from either the
standard gauge or the tall snow gauge during snow periods.

222 Results and Discusston

Readings were taken for a toial of 54 periods within the duration of the
study from October 1983 to June 1986, when the site had to be cleared prior
to felling. Of these 54 periods, measurements from all 60 buckets were
obtained on 37. In the remaining 17 one or two of the buckets had been
disturbed by sheep or deer. The effect of this loss was minimal in that the




mean throughtall for the 37 perods was 67%  of the preapitaion whilse the
mean for all 54 penods wis 665,

The vanalality ol mean  throughtall  as o pereentsge  of  precipitation s
llustrated in the time sceries plot in Fig. 221 Within-site variability was
even greater, ranging from 0% to 191%. Nevertheless the mean throughfaii
was found to be well correlated with period  precipitation as  shown  in
Fig. 222, whereas the relationship between stemtlow and  precipitation  was
much  weaker. Consequently  the  correlation  between  interception  and
precipitation s poorer than that for throughfall (Fig. 2.2.3).

The overall mean interception  figure from the 54 periods is 32% of
precpitation. This s within the predcted  range for UK upland  areas
feceiving  precipitation in the range 2000-2500 mm/annum. Considering the
frequency of snowfall at this site and the very high interception losses from
snow  observed elsewhere  (see Secuion 3.1.2) b is surprising  that  the  mean
mierception figure 1s not higher.
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23 STREAMEPLOW

In order 10 estimate catchment wiater use by the water balance approach at s
essential 1o obtan  continuous, accurate  records  of  streamflow  as well as
precipitation.  With the probable annual magnitudes of these terms it was
considered that it would be necessary to measuce streamflow to an accuracy of
better than 5% if it was hoped to identify significant differences in water use
between the catchments.  ‘This requirement was an important factor influencing
the choice of catchments for the study.  Whilst the steep rocky streambeds of
the Balquhidder catchments and the probable wide range of flows presented
difficulties. watertight rock reaches were identified at the outfalls of these
catchments where it was  considered  technically possible o meet the flow
measurement requirements.

2.3.1 The Structurces

Of the various structure designs that would meet the requirements of these
sites the choice made for the main catchment outfalls of both catchments was
a simple Crump weir supplemented by an additional short trapezoidal structure
to give the required accuracy at the very low flows. To contain the 50 year
return period flows, estimated at 26 m®s’! and 30°m s' for the Monachyle
and Kirkton respectively, crest widths of 5 m and 7 m were selected.  This
choice of structure design was acknowledged to be a compromise between the
accuracy required and the case of construction on these difficult sites.  The
approach conditions in the streams, pacticularly in the Kirkton, were close to
the upper acceptable limits and it would be necessary thercfore to check in
situ the validity of thewr theoretical ratings.  Particular attention was paid to
the construction of the crests. To minimise damage from large boulders
moving through in high flows these were machined from stainless steel and
levelled in using a technique which gave an accuracy of better than 1 mm
over the crest lengths. The low flow structures, pre-formed in fibreglass and
laboratory calibrated, were installed in series with the Crumps in such a way
that they would drown out at medium to high flows without affecting the
main structures. Both types of structure were equipped with float operated
potentiomeiric water level recorders capable of an accuracy of £+ 1 mm. The
outputs from these were logged at 5 minute intervals. Back-up on the main
structures was provided by chart recorders and, at a later date, punched paper
recorders. The main structures were both fully operational by October 1982

The decision to install an additional structure at the outfall of the upper
sub-catchment of the Monachyle (Fig. 2.1.1) presented considerable logistical
difficultics. A suitable structure for this site was agreed as o flat V. owerr of
1:10 cross-slope with vertical side-walls 3.2 m apart.  To minmimise transport
and installation costs this was fubocated from alumimum  alloy with sections
being brought in by heticopter from the road-head 2 km distant.  This
struciure, equipped with water level recording equipment tdentical to that on
the main structures, became operational in August 1983

.......................‘







encrgy Nux correction factor (B) can be quantificd, which has i value > L0 ot
low fttows and Iugh flows and < L0 in the mid-range of flows.  This
Huctuation appears to be related to the deviation of the centroid of velocity
cither side of the mid-point of the weir. B may prove to be a useful factor
tor futnre use, aF at can be further quantificd as a true measure of tlow
asymmetry.

Whilst spot checks on low and medium flows had given no immediate cause
for concern over the Monachyle rating, it was decided that a full current
metering check would be advisable.  Techniques similar to those used on the
Kirkton were employed during 1986 and 1987.

The resulting revised rating derived from this excercise is compared with the
original theoretical rating in Fig. 2.3.6. Surprisingly the revised rating gives
flow values some 5% lower than the original. Possible rcasons for this are
still being investigated.

The accumulated water level observations from bLoth main structures have been
reprocessed using these revised ratings to give updated figures for flow.  The
revised figures for the Kirkton were incorporated in the Report on the
Preliminary  Analysis of the Phase 1 catchment results presented (o the
consortium in 1986 and also in the paper by Blackie (1987). The revised
Monachyle figures were summarised in  the December 1987 Workshop
presentation.

233 Low Flow Accuracy

It can be seen from Figs. 2.3.5 and 2.3.6 that no current meter readings were
taken in either of the Crump structures below approximately 100 mm stage.
This was because approach velocities fall below the operational range of the
current meters at  these low flows. Checks on the validity of the
extrapolations of the ratings to low flows are provided by comparing
simultancous observations in the Crumps and the trapezoidal low flow ‘Lothian’
flumes. Examples of such comparisons for extended low flow periods are
given for the Monachyle and Kirkton in Figs. 23.7 and 238 respectively.
Whilst the Crump stage readings become progressively less sensitive, in the
Monachyle particularly, as the British Standards recommended [ow stage limit
of 30 mm is approached, the agreements are seen to be reasonable.

In Table 23.1 the cumulative flows computed from both structures over
significant peniods of low flow in the Monachyle are compared. The
differences are seen to be insignificant, suggesting that the Crump structure
and its revised rating could be used throughout to compute cumulative flow
for wuater balance purposes. Consideration of [ig. 2.3.8 suggests that a similar
conclusion s applicable to the Kirkton.

A further comment on the validity of using the Crump ratings in the Jow
ranges comes from an examination of flow frequencies for the period 1983-86.
As can be seen from the daily time series plots (Figs 2.3.12 and 2.3.13), flows
are in these ranges for a considerable proportion of the time, 35% and 60%
in Monachyle and Kirkton respectively as illustrated in Figs. 239 and 23.10.
However, as also indicated in these figures, the proportions of the volume
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flows occurning in the overlap anges are only 3% and 200% respectively. OF
even moare  relevance, oonly (W89  of the Monachvle Now ad 189 of the
Kirkton Now occurs at stages below the Beitish Standied  Crump limit of 30
min.

It can be concluded therefore that no significant error is introduced into the
cumulative volume flows used in the water balance by using downward
extrapolations  of the current-meter  ratings of the Monachyle and  Kirkton
Crump weirs.  However, where accurate short term totals or spot readings in
low How periods are required, the values obtained from the “Lothian' flumes
should be used.

234  Catchment Flow Computation

Using the revised Crump structure ratings described in 2.3.2 and the original
theoretical rating for the upper Monachyle structure, the 5 minute water level
obscrvations were converted to volume flows and are stored as mean 19
minute flows on the data-base.  The water level recording systems  have
performed well and relatively few gaps "havc occurred in the main structure
records. A variety of methods have been employed to intill these gaps. The
records from the back-up chart and punched tape recorders or from the
low-flow structures have covered most of the gaps associated with recorder
malfunctions. Those apart, the main problem periods have arisen in winter
when the Qoat wells have frozen up.

This problem has been particularly acute at the upper Monachyle site and it
has not been possible to produce complete winter streamflow data for the
sub-catchment until winter 1986-87. To counteract the problem there, pressure
transducers were installed in the float well and in the approach section of the
structure in 1986. After a period of cross-checking between them, and with
the float recorder in ice-free periods, a comparison of their records was uvsed
to identify periods when the well was frozen. During such periods the .record
from the transducer in the approach scction has been used to give water level
and hence volume flows.

Whilst the icing problem is less scvere in the main structures it has affected
parts of the December-February record in each year.  During such periods the
observer has visited these sites at intervals of a few days, broken the ice in
the wells and, when necessary, removed any ice adhering to the Crump crests.
The subscquent spot readings of water level have then been used to compute
flow. Since such periods of heavy frost coincide with low flows varying little
with time, interpolation Letween the spot readings using the low flow recession
curves has been used to infill the records. A wvery few short periods of
doubtful record feminn whoere snowmelt events have resulted inoa rise in Dow
before the ice melted or was bioken an the fMoar well.  These are  not
considered to have any significant  effect on the monthly or annual tlow
totals.

A comparison of flows from the upper and main Monachyle structures
reveated very close agreement in daily totals, expressed as mm  depth  over




TABLE 231  Comparison of cumulative flows  (nun depth)  over
Significant Low Flow Periods in Monachyle

Feriod Low Flow Flume Crump Weir
19/6/86-16/7/86 10.87 11.09
18/7/86-26/7/86 2.89 .12

13.776 14.21
4/5/85-14/5/85 5.79 7.46
2/6/85-12/6/85 5.48 4.09
15/6/85-17/6/85 1.51 1.35
1/7/85- 4/7/85 2.69 2.18

15.47 15.08
5/5/84- 1/5/84 2.12 2.33
10/5/84-24/5/84 6.20 5.91
26/5/84-31/5/84 1.94 1.94
6/6/84-11/6/84 2.65 2.37
14/6/84-21.6.84 3.17 2.53
24/6/84-26/6/84 1.46 1.17
28/6/84-30/6/84 0.92 0.72
1/1/84- 9/7/84 1.43 1.28
14/7/84-31/1/84 4.30 4.05
1/8/84-29/8/84 4.52 5.01

28.72 27.31

their catchments. This refationship was used to infill a few daily totals in
each record when no other method was available.  The close agreement
between these sites in terms of monthly flow totals is demonstrated in
Fig. 2.3.11.

The monthly totals of flow from the two main catchments are displayed as a

25
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time senies iy Fig. 252 in scction 25 and  annual  totals  are given  in
Table 2.5.1.

235 Hydrograph Analysis

As might be expected from steeply sloping catchments with  variable but
generally shallow soil depths in this rainfall regime, the sireamflow responses of
both are wvery flashy.  Time to peak in both catchments is typically in the
runge 4-15 hours with 4 return to base flow in 10-30 hours. As can be seen
from the time series plots of daily flows in Figs. 2312 and 23.13 however,
the Monachyle is flashier than the Kirkton with consistently higher peaks and
fower Dase flows during prolonged dry periods such as the summer of 1984
This s further  demonstrated in the flow  duration curves in Figo 2.3.14..
Monachyle flows are seen to exceed 7.0 cumecs for 0.02% of the time, as
compared to 0.01% in the Kirkton, bur are lower than 0.1 cumecs for 75% of
the time as compared to only 42% in the Kirkton. ——

Base flow indices for various catchments in the UK are listed befow.  These
indices are the proportion of flow categorised as base flow, so that the chalk
catchments have a high basc flow index and clay catchmenis a fow index. The
Balquhidder catchment indices are provisional figures but show again that there
Is a preater proportion of base flow in the Kirkton compared to the
Monachyle.

Catchment Base flow index
Foston Beck (chalk) 95
Cam (chalk and clay) 78
Kirkton 46
East Dart 42
Monachyle 41
Wye 41
Severn 31
Mole (clay) 25

During a8 dry spell in the 1986 summer period a survey of the distribution of
the contributions to base flow in the Kirkton was carried out. Using a salt
dilution gauging technique the discharges of the tributaries were estimated by
proportional analysis with the base flow measured at the catchment cutfall. At
that time 15 feeder streams on the west side of the catchment and 17 on the
east were flowing. These accounted for 89% of the total baseflow, the
remainder coming from seepage dircctly into the main  channel. Of the
tributary flow, 37% came from the west side of the catchment and 63% from
the eastern side.  These results accord with the observations on  shallow
groundwater storage and flow in the report by Robins & Mendum (1987).
Their hydrogeochemical sampling and mapping suggesied that the bulk of the
buseflow was of relatively high pH as a result of shallow groundwater flow
through crucks, faults and fissures in the himestone arcas of the cast and
north-cast parts of the catchment.  Flow from the west side is much lower,
emanating mainly from the lochans close to the ndge and is much more acid,
comparable in this respect with the Monachyle tributaries.

Despite the large expanse of relatively gently sloping deeper peats in the upper




|

Monachyle. base How recesses much more rapidly i tus catchinent than in
the Kirkton.  This accords with obscrvations  clsewhere  that  saturated  peat
sheds  surfuce  water  rapidly  but  releases  stored waler  very  slowly  indeed.

Rapud  shedding of surface wanter from the peat and  from the expanses of

steeply stoping exposed  rock on the west side of the carchment would  also
explain the higher peak flows observed.

These very different response  characteristics mean that hittke can be  learned
about the cffects of forestry prictices on floods and low flows by comparnison
between the catchments.  Such information must come from before and aftec

comparisons within the catchments when the planting 0 the Monachyle and
the feling in the Kirkton are completed.

27
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where O

When calculated

o
where n

p
FIGURE 23.2

Ch j;; (h + QV:IZIZ{;)3!2

Y.sect)

discharge (m”
= coefficient of discharge
weir width (m)
981 m. sec?
stage (m)
approach  velocity  distribution  correction  coefficient
(Coriolis)

mean aproach velocity (m. sec™')

by an iteration procedure:

- o b Jg (a0, iQeh +p) B

= nth iteration

height of weir crest above upstrcam bed level (m)

Crump Weir Discharge Equation
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24 METLEOROLOGICAL DATA

An essential part of the study of the land use cffects on water resources is a
definition of the specific climatic conditions in which the observed catchment
IE€SPONses OcCcur. Precipitation has been discussed in detail in Section 2.1 but
the other variables such as radiation, temperature, humidity and wind speed all
influence vegetation growth, water use and soil stability and must be sampled
in the area. A useful ‘method of integrating those variables which control
water-use  Or cvapotranspiration by the wvegetation is the method due to
Penman (1948) which provides an estimate of the ‘potential’ rate of water use,
ET, by a grass cover in conditions where moisture supply is not limiting. This
cstimate of water use, or vanants of it, is widely used in hydrological studies
as a reference level to which water use by different vegetation types can be
related.  These relationships can then be used, together with precpitation data,
to estimate water use by these vegetation types in other areas where climatic
conditions are different.

2.4.1 Penman Estimatcs

As indicated in Section 2. a nctwork of 4 AWS was installed in the
catchments to sample the range of climatic conditions and provide the data
necessary for the computation of Penman ET values. These four stations,
were located to sample variations primarily with  altitude.  They are  the
Kirkton High station at 670 m. the Upper Monachyle at 470 m, the
Monachyle Glen at 300 m and Tulloch Farm at 40 m. In topographical
terms the upper two stations are samphling ‘ridge top’ situatons in  the
Monachyle and Kirkton catchments, while the Monachyle Glen and Tulloch
Farm sites sample conditions in the bottom of N-S and E-W valleys. Following
analysis of the preliminary results from these sites a fifth station, Kirkton
Forest, was installed above the forest canopy in the Kirkton valley bottom at
an altitude of 380 m to sample conditions there.

These stations sample solar and net radiation, temperature, humidity,
windspeed, wind direction and precipitation at 5 minute intervals. The data
are accumulated on Microdata magnetic tape loggers, the tapes being changed
at fortnightly intervals. Tapes from a large number of such stations in use
around the world are translated in a central facility at IH, Wallingford. This
frequently leads to delays in obtaining and processing the data so that
malfunctions of the loggers or the individual sensors may continue for long
periods before they are identified and rectified.  This unsatisfactory situation
should be rectified in the near future when the loggers are due to be
replaced  with processor controlled solid state systems from wlich usable data
can be extracted by the user.

The first year of operation of the Kirkton High and Monachyle Glen sites
produced only intermittent periods of data.  Thereafter a higher caprure rate
was achieved on all stations but intermittent problems with individual sensors
mednt that complete sets of data from which Penman ET could be computed
were available for relauvely few months.

A preliminary analysis of mean daily values of Penman FET from ‘complete’




months up to 1985 (Blackic 1987) indicated that the relationships between the
stations  were  stable and  well defined.  Using these relationships  to  infill
missing months indicated that annual ET values for the cexposed high level
stations were similar and significantly higher than those from the lower altitude
valley Dbottom sites.  This apparent increase in Penman  with  altitude was
surprising since it was contrary o the assumptions on which regional estimates
of ET are based (MAFF, 1967) (sce Section 3.5).

Data from subsequent ‘complete’ months in 1986 and 1987, give no indication
of any significant changes in the relationships. Insufficient good records have
been obtained from the Kirkton Forest site for this yet to be used in a
detailed comparison but the preliminary indications are that they will conform
to the parttern established by the other sites.

Using the inter-site relationships (Blackie, 1987) to infill missing months, the
annual totals in Table 24.1 have been estimated. As can be seen, the
probability is that within-catchment variations in E1 will exceed those between
the catchments.

242 Climate, Altitude Relationships

Clearly a more rigorous approach to ideatifying the reasons for the altiudinal
variations of Penman ET is required before it can be used effectively as a
basis for predictive models of water use by the range of vegetation within
these or any other catchments.

A start was made on analysing the altitudinal differences of the individual
variables by Johnson (1985). He found pronounced differences between
Tulloch Farm (140 m) and Kirkton High (670 m) in tcmperature, net
radiation and windspeed. For the one year of data analysed, mean
temperature was 4.8°C lower at Kirkton, whilst mean windspeed was 3.0 m s™!
or 110% higher. Net radiation was similar in the winter months but up to
50% higher at Kirkton in summer.

In Figs. 241 1o 245 monthly mean daily values of solar, net, temperature,
saturated humidity deficit and wind speed are plotted against the Tulloch Farm
values for all complete months for all stations. These indicate surprisingly
close values of solar radiation at all sites but marked differences in the other
variablcs. The general trends are in the same sense as those identified by
Johnson. The similarity in the between site relationships from year to year
helps to explain the stable between-site Penman relationships. Comparison of
the stopes of the regression lines in the above figures suggests that factors
other than altitude are involved. The presence of snow at some  stations
and not others during the winter months undoubtedly plays a part but factors
such as low cloud and differences in soill moisture in the summer months
must have some influence.

Clearly, however, the reason for the higher Penman ET values at the high
altitude stations is that they expericnce much higher net radiation and wind
speed, which suggests that exposure rather than altitude is the significant
factor.

41




More complete runs of data and further analysis s required  before  any
generally applicable model of climatic variatton can be formulated as a basis
for estimating catchment mean Penman BT values.

For the present the similar values derived from the two exposed sites have
been used as reference values in the water balance analysis in Scction 2.5.2.
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25 CATCHMENT WATER BALANCES

The fundamental expression governing catchment hydrology is the continuity or
water balance expression. Over any given period for a ‘watertight’ catchment

INPUT = OUTPUT + STORAGE CHANGE

Le. Precipitation = streamflow + water usc + storage change
P Q AL AS
Rearranging gives the water use of the catchment as:

AE = P Q 48,

Whilst P and Q can be measured accurately, the storage term presents
problems in most catchments. The absolute total storage in the catchments is
irrelevant in this context, the values of intcrest being the mapnitudes of the
flucruations £ AS about the [ong term mean storage levels.  In catchments
where the soils and the ground water aquifers are reasonably unpiform, it s
possible to estimate these components of AS over a period from  network
observations of soil moisture and either groundwater level observations or
storage discharge relationships derived from the strcamflow recession in long
dry periods. Whilst normally these are the major components of AS, other
components can be of importance. These include short term surface storage
of storm water in transit and longer term storage in snowpack

Where it is not possible to measure any or all of these components of AS, a
first approximation to AE is given by:

AE = P - Q.

Obviously the approximation becomes more accurate over longer periods as
P-Q increases progressively relative to AS.

In these circumstances it is important to assess the potentia! range of storage
change so that the probable error associated with the P - Q approximation
can be assessed and hence the minimum period over which this can be
expected to give acceptable estimates of water use.

25.1 Storage Changes

In the Balquhidder catchments the soils are gencrally shallow but very variable
in depth and type, making systematic sampling of soil moisture unrealistic.

The topographical and geological evidence suggest that ground water storage Is
likely to be limited 10 a series of small, irregular, unconneccied shallow aquifers
so that groundwater observations are not feasible and the frequency of inputs
of precipitation make the delineation of recession curves difficult.
Consequently the estimates of water use from the water balances are limited
to the approximation.

AE = P - Q.




The probable uncertainty in these estimates of water use resuiting from  the
dbsence of the AS term can be assessed by consideration of the data now
available from the catchments.

An indication of the probable range of the soil moisture component of AS is
available from neutron probe data obtained as part of the process studies
(Section 3.6). Three sites with deeper than average soils under heather, grass
and mature spruce were instrumented to  give approximately weekly  soil
moisture readings during summer periods. At the end of the most extreme
dry spell experienced, in summer 1984, these sites showed deficits of 50 mm,
60 mm and 100 mm respectively.  Consideration of the soil depths and
vegeration cover on the catchments suggests that mean catchment deficis at
this time would not be greater than 50 mm. For the rest of the observation
period at the three sites, deficits rarely approached 50 mm, suggesting that the
component of AS is unlikely to exceed 20-30 mm over most periods.

An indication of the magnitude of groundwater storage is available from the
sireamflows during the exceptronal dry spell from late Apnl through August
1984, illustrated in Fig. 25.1, which started with high baseflows after the
completion of snowmelt. Qver the penod, baseflows dropped from 1.8 mm/day
to (.1 mm/day in the Monachyle and from 35 mm/day to 0.4 mm/day in the
Kirkton.  The baseflow components are cstimated as 85 mm and 32 mm
respectively. Under more normal conditions therefore the groundwater
component of AS is unlikely to exceed £+ 50 mm in Kirkton and £ 20 mm in
Monachyle.

Short rterm surface storage of storm  water in the catchments can  be
considerable, as witnessed by daily streamflows in excess of 60 mm in both
catchments (Figs. 2.3.12 and 2.3.13). As indicated in Section 23.5, however,
transit time of this water is generally of the order of 1-2 days. Provided the
periods under consideration neither start nor end on days cxperiencing major
storm events this component of AS is unlikely to exceed 20 mm.

The remaining component of AS is surface storage of snow. Whilst snow can
be present in parts of these catchments at any time between Qctober and
May cach vyear, it is only during periods of major accumulation that it
becomes a significant component of storage. The rugged terrain makes it
impossible to carry out systematic depth/density  surveys of the complete
catchments in such periods but partial surveys carried out in two accumulation
periods give some indication of the possible range of storage. Onc of these
was in a penod of medium accumulation in carly 1985 when the estimate of
the water equivalent of the snow pack was in the range 20-:30 mm. The
period of greatest accumulation observed in the catchments was January-March
1984. A partial survey in January, before accumulation reached its peak,
suggested water equivalent storage as high as 180 mm. In these catchments,
therefore, snow storage is potentially the largest component of aS.

The probable value of aS between dares on which no major storm  events
have occurred or on which no significant snow accumulation is present, IS
therefore seen to be in the range + 40-80 mm. A major storm on e¢ither
date could increase this by a further 20 mm. However, if one of the dates
15 within a period of smow accumulation this range could extend to values
greater than + 200 mm.
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This range of possible values of aS clearly precludes  estimation of monthly
water use using the P-Q approximation.  Scasonal and  even apnwoal - estimates
must be treated with caution unless the start and end conditions are known.
Over penods of two years or longer, however, provided they do not start or
end in times of deep snow cover, the ercor introduced by ignoring AS s
unlikely to be significant. Thus long term estimates of water use can be
obtained from these catchments but, to obtain monthly or seasonal estimates,
the data must be used in conmunction with other approaches. Process based
models which have had their storage simulation components calibrated against
the long term catchment data would be one such approach.

25.2 Results

The land uses in the two catchments remained unchanged until the e¢nd of
1985. Usable measurements of P and Q for both main catchmemts became
available from December 19820 In the preliminary  analysis of these data
presented in 1986 and in the paper by Blackic (1987) the Kirkton streamflow
figures werc those computed from the revised rating, but the Monachyle
figures were from the original theoretical rating. The latter have been
recomputed using the revised rating (Section 2.32) and the revised figures are
presented here. A number of minor corrections have been incorporated also
in the precipitation estimates.

A time series plot of monthly values of P and Q is presented in Fig. 2.5.2.
This plot is extended to include the first two years of Phase IT of the study
covering the initial stages of land preparation and planting in the Monachyle
and of clear felling in the Kirkton. This plot demonstrates the close similarity
in time distribution of both precipitation and streamflow between the two
catchments and the consistent difference in precipitation.  The lower values of
flow in the Kirkton in wet months and higher values in dry months discussed
in Section 2.35. are also evident.

Cumulative plots of monthly P, Q, P-Q and ET are shown in Fig. 2.5.3 and
annuai totals of P, Q and P-Q are compared with Penman ET totals in
Table 2.5.1. Both of these indicate that water use, estimated by the P-Q
approximation, was higher in the heather dominatcd Monachyle than in the
part-forested Kirkton during Phase 1.  Furthermore, the P-Q estimates of
walter use are higher than the ecxposed site ET estimate in Monachyle but
lower than the equivalent estimate in the Kirkton. These differences are also
seen to extend into the early stages of Phase IL

Consideration of the discussions of the precipitation and streamflow data in
Sections 2.1 and 23 implics that both of these quantities are probably
estimated to within 1-3% on an annual basis, though there are suggestions
from the precipitationfaltitude relationships that Monachyle precipitation may be
underestimated because of the absence of a sampling point in the high altitude
domain in the SW area of the catchment. Similarly the checks on the C3Y
rainfall anomaly in the Kirkion suggest that the domain weighted estimate,
some 1% lower than the arithmetic mean presented here, may be the better.
In other words, if there are systematic errors in the estimates of catchment
water use arsing from the methods of computing the catchment mean
precipitation, they are likely to have produced an underestimate in the

51




YA ave LT6T £9¢¢ 8EG 066 £ere £L9C Sueay
434 &6ve ¢68T IveT 4% viv kLt B61¢ LBeT
BES A2 ¢hee p839¢ ¥8¢ 629 224l LeTE 98671

S3ONVHD 3SN ONYT 'II 3SVHd

beg TAY 1341 9bee 9%g [2%) ¥002 8€9¢ Suesy
9y gre 0961 B0CZ pob vov 95602 0e¢se 6861
GE9 18¢ 18LT 291e (A% £69 62671 ¢8G¢e v861
XA Lvs T2LT gote x0¥G £8L BCOZ T18¢ £861

(JOI¥3d TOY¥LINOD "I 3ISYHd

13 0-d 0 d 13 0-d 0 d potasd
{Sse1H + 359104) {ssexbsasyiean)
NOLAYIA ITAHOYNOK

((137) uonviodvag Joyusio wvwinay
puv (O-d) o501 4910m pawwiisyg () moffuwang (4) wonondnaig fo (ww) sppror pnuuy 167 FI1GVL




66b €68 G619 suray
Ly TTLY £812 6LY LGLT 9tz bib veLt 861¢ (86T
6e¢ 5981 06t 8¢9 G141 Epve 569 pogt 50ve 98/21-98/V
LLe Gee 69t sueay
o
g9t acLt Tcee GLE £987 LETZ Ledy 88LT geed 68/21-68/% w
bot bes 888 ¢st A G688 LGt 0] 2] L88 ¥8/0T-¥8/¢
S§TE 6L9 b66 oLe 92L 966 2ot £69 666 £E8/77-€8/8
0-4 0 d 0-d 0 d 0-d 0 d potaad
JTAHOYNOK . 33807, 3JTAHDYNOH d3ddn JTAHOYNOH

(ww) a1qonvay aiam vivg Mol fyovuopy 4addn uaym spouad of -4 puv & ‘d fo uwosuodwo)y 767 FIgVL




Monachyle and an overestimate in the Kirkton.

For the three year period 1983-85 to the end of Phase | of the study, the
crrors in the cumulabive water use estimates resulting from the omission of AS
are likely to have been small.  Consideration of the evidence available on the
soil moisture, groundwater, surface water and snow storage componenis on the
lincs discussed in Section 2.5.1 suggests AS values in the range -20 to -50 mm
in both catchments. These are clearly insignificant in relation to the P-Q
totals of 1900 mm and 1276 mm for the Monachyle and Kirkton respectively.

An indicatton of the probable variations in AS over successive 12 month
periods is given in Fig. 254 where moving 12 month totals of P-Q for both
catchments are compared with ET totals for the same periods.  Assuming that
true annual AE has some reasonably consistent rclationship with ET, the
departures {rom the parallel between the P-Q and ET lines in Fig. 254 can
be interpreted  as  indications  of  AS. Thus, for cxample, when the
January-March 1984 period of snow accumulation e¢nters and leaves the 12
month totals departures of up to 300 mm arc scen to occur.  These are not
inconsistent with the depth density estimates descnibed in Section 2.5.1.  Apart
from these major departures smaller departures are present in other 12 month
periods.  The 180 mm departure between 9784 and 8/35 in the Monachyle is
consistent with the exceptionally dry conditions at the end of August 1984 and
the very wet July/August of 1985illustrated in Figure 252

Because of the freezing-up of the float well, it was not possible to obtain
complete winter cstimates of Q from the Upper Monachyle sub-catchment until
1986/87. Comparison of ‘summer’ P, Q and P-Q data with that from the
main catchment in Table 2.52, however, suggests that water use of this upper
part for the caichment did not differ significantly from the lower part during
Phase 1. Comparison of the partial totals from 1986 and the complete
year's (otals for 1987, also listed in Table 2.52 suggests that water use by
the lower part of the catchment may have been reduced during the ploughing
and drainage operations in 1986 but any such reduction had disappeared by
1987.

2.53 Discussion

From the preceding section the best estimates of mean annual water use by
the two catchments during the Phase I, ‘undisturbed’ period are scen to be:

P-Q ‘Exposed’ ET
Monachyle 634 546
Kirkton 425 534

The discussion of probable errors suggests that ncither systematic errors in P
and Q nor the absence of the storage change term AS are likely to account
for the water use difference between the catchments. The uncertainties in the
computation of Penman ET at each site are difficult to assess but from the
annual  estimates based on the fragmentary data currently  avaitable
(Table 24.1), the catchment means appear likely to be in the range 450-550
mm tn both catchments.
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The surprise finding was the very low wvalue of water use for the Kirkton
despite  the presence of some 35% of mature forest.  This percentage forest
cover together with some 55% rough grass at the higher levels and some 10%
mixcd heatherfgrass cover on the ridges, would have resulted in a predicted
water uvse of 710 mm applying the Calder & Newson (1979) model to the
rainfall and meteorological data for Balquhidder. Clearly, either some major
source of error was present in the data or the assumptions of the Calder &
Newson model were not applicable in these conditions. ‘The hydrogeological
survey of Robins & Mendum (1987) ruled out any significant cross boundary
transfer of water. The checks on the precipitation networks (Section 2.14)
ruled out the possibility of errors large ¢nough to account for the discrepancy.
The on-site  interception study (Sectton 22) gave no indication that the
forested area was behaving differently from those studied intensively elsewhere.
Logically, therefore, the source of the discrepancy had to be the water use of
the high altitude grassland. In Calder & Newson and indeed in most water
use models to date it is assumed implicitly that grass not subject to major
moisture  deficits uses water at the Penman potential rate.  Some indication
that this might not be entirely accurate has been obtained from the recently
revised and as yet unpublished figures from the Plynlimon study in Wales,
where the revised water use figures for the grassland catchment are some 80%
only of Penman ET. This level of reduction in grass water use, when taken
in conjunction with the expected losses from the forested area, would be
inadequate to explain the above Kirkton value however. To determine a
better basis for the estimation of water use by grass in these extreme
conditions, a detailed study has now been mounted at Balquhidder. Details of
this and preliminary results from it are given in Section 3.2.

The Monachyle water uvse figures for Phase | appear to exceed Penman ET.
This was not unexpected in the light of results emerging from the parallel
process study of the water use characteristics of heather. The application of a
model derived from the results of this process study to the Monachyle data is
discussed in detal in Section 3.3.1.

These comments serve to emphasise the value of the combined catchment and
process scale approach to the determination of the cffects of land use change.
Without the catchment studics the need for further investigation of grass water
use would not have been apparent. Without the process studies and the
models developed therefrom, interpretation and subscquent extrapolation of the
catchment results would be fraught with uncertainty.

Two years of data arc now available since the start of Phase II of the
catchment studies in which the lower part of the Monachyle 1s being
progressively afforested and the mature forest is being felled in the Kirkton.
Applying the most recent guidelines rigorously has resulted in only 6% of the
Monachyle being ploughed in the total of 30% due for planting. Some 10%
had been planted by the end of 1987. This minimal change in vegetation
cover to date was unlikely to result in any major change in water use and
the 1986 and 1987 values in Tables 2.5.1 and 25.2 appear to confirm this.
Changes can be expected, however, as the planting is completed and the
seedlings grow above grasyheather level. Other changes resulting from the
early stages of the Monachyle land use change, notably the effects of erosion,
are described in Section 2.6,
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The progressive felling of the forest in Kirkton in Phase 11 of the study has
reached the stage where 40% of the forest, mamnly on the western side of the
catchment, has been felled. The water balance figures for this period in Table
2.5.1 Suggest a downward trend in water use bhut a longer run of data is
required before this can be confirmed.

Clearly it is desirable for both studies to be extended through the period of
land use changes to determine the full effects of these phases of the forestry
cycle on water use and on streamflow response.  Alrcady, however, it has
become apparent that afforestation in Highland Scotland is likely to result in
more complex changes than would have been predicted from the knowledge
available prior to these studies.
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2.6 SEDIMENT TRANSPORT

In studies at Plynlimon, Coalburn and clsewhere, it has been found that a
significant  effect  of afforestation in upland  Britain i 1o increase crosion.
Newson (1980) reported sediment losses from a mature forested catchment at
Plynlimon over five times greater than those from an adjacent grassland
catchment. The reason for this increase in erosion has been shown to be the
soil disturbance associated with the pre-planting ploughing and  drainage
required to establish the plantations. Robinson & Blyth (1982) in a study at
Coalburn, Cumbria, established that losses from the plough lines there peaked
within a few months of treatment but stabilised at levels higher than those
recorded before treatment. The duration of these higher loss rates may vary
from site to site with soil type, rainfall, slope and control measures adopted
but the fact that losses were still five times greater at Plyntimon 30+ years
after planting was sufficient rcason to incorporate sediment studies in the
Balguhidder programme from the outset.

During Phase [, two on-going studies were cstabiished. One was concerned
with quantifying the scdiment losses, both in suspended and bedload form
from the two catchments and relating these to observed flows (0 construct
sediment ratings. ‘The second was concerned primarily with establishing the
origins within the catchments of these sediment loads.  These studies have
now been extended into Phase 1l so that changes in the sediment responses
during land preparation and initial planting in thc Monachyle and clear-felling
in the Kirkton can be quantified and compared with the pre-treatment ratings
and so that the sources of any changes in supply can be identified.

26.1 Results

The main sources of sediment in both catchments prior to the land use
changes were found to be the steep tributary streams, with only a small
proportion coming from crosion of the main sircam banks. Inputs to these
side streams in the Kirkton appeared to occur primarity in the lower reaches
within the forested area.

After injtial experiments to determine the optimum sampling points and
methods at both catchment outfalls, systems of sampling suspended sediment
using both automatic vacuum samplers and USDH48 manual samplers and of
bedload using Helley-Smith bedload samplers were evolved.

From samples taken over a range of flows on both the rising and falling
limbs of the hydrograph, logarithmic ratings of sediment loads against flows
were derived. The 1983 to 1985 Phase | envelopes enclosing 300 points and
the curves fitted to them are shown in Figs26]1 A and B. Seasonal
variations in the ratings are still being investigated bur it has been established
that no significani differences existed between rising and falling stage sampling
points. The mean bedload ratings over the period 1983-85 were:

Monachyle: log C
Kirkton: log C

227 + 248 log Q (r
111+ 300 log Q (r

0.76)
0.74)
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Applying  the appropriate ratings (0 the flow diata in ecach year pave the
annual losses shown i Table 2.6.1. Mean annual loss rates of suspended
sediment for the undisturbed 1983-85 period were found to be 57 t km™?
from the Kirkton and 37 t km™? from the Monachyle. Bedload was very much
lower from both at 0.8 ¢ k™2 and 0.1 t km™? respectively.

During 1986 when work began on land preparation and planting in the
Monachyle and on clear felling in the Kirkton the same sampling techniques
were used but the frequency was increased so that some 300 samples were
taken in cach catchment. As can be seen from Figs. 261C and D
maximum concentrations of suspended sediment did not increase significantly
but there was a notable increasc in the concentrations at low flows. Whilst
the rating regressions were less well defined because of the increased scatter
at low flows their application to the flow data indicated significant rises in
annual sediment losses (Table 2.6.1). Sampling frequency was increased  still
further in 1987 1o give almost continuous 8§ hourly samples of suspended
sediment in both carchments. The results obtained (Figures 261 E and F)
show a continuation of the trend first observed in 1986 with an even wider
range of scatter in concentrations at the very low flows. In this year also a
significant  Increase 11 the maximum concentrations was  observed, these
occurring at low (o medium flows rather than at the very high flows. Whilst
there” is still some indication of a sediment response 1o flood events, it is
apparent from Fig. 26.1 that simple flow rclated rating curves ar¢ now
inadequate to determine sediment losses from the catchments. The increased
losses at low flows imply that sediment is available in large quantities in easily
transportable form. Comparison with rainfall data, Fig. 2.62, suggests that
rainfall intensity, implicitly an indicator of surface water movement, is a better
basis for estimating sediment loss in the present state of the catchments than
streamflow.  The first estimates of the 1987 annual losses in Table- 2.6.1 arc
provisional only, based on a combination of the poorly defined rating curve
and a preliminary relationship with rainfall. This method 1s still under
development. The apparent reduction, relative to 1986, in both catchments is a
result of the much drier conditions and lower flows (see Fig. 2.52) rather
than any stabilisation within the catchments.

2.6.2 Discussion

During 1986 land preparation for planting began in the Monachyle. The
combination of the latest guidelines in planting practices with the topography,
soils and geology of the catchment meant that only 6% of the catchment area
was ploughed. Plough lines terminated some 20 m from the main water
cours¢ and cut-off drains were dug across the ends of the furrows at slope
angles of less than 3°, most of these also terminating well before drainage
lines. Planting in non-cultivated areas has caused virtually no soil disturbance.
Whilst sediment movement was observed in the plough lines immediately, this
was not at first finding its way much beyond the ends of the cut-off ditches.
However, as accumulations from the plough lines increased these concentrations
of loose material began to be transported into the water courses, resulting in
the 3-5 fold increases in the stream sediment loads indicated in Table 2.6.1.
This concentrating effect of the cut-off ditches raises questions on whether this
is the best approach to containing sediment movement. The plough lines are
now being recoloniscd with a vegetation cover but large quantities of sediment
in the ditches are still easily transportable. The duration of this higher rate




of sediment loss and the level at which it stabilises relative 10 pre-planting
rates will be of particular interest.

In the Kirkton the reasons for the higher sediment loads during Phase 1 were
not positively identified. 1t is worth noting however that an  established
though hightly used road system was present in the forested area throughout,
whereas no roads are present in the Mopachyle.  This road system was
upgraded in late 1985 and extended to include two timber stacking areas when
felling started. Timber extraction to the roads, by cable crane and by tracked
vehicles driven on brash mats, has caused minimal soil disturbance. Use of the
roads has incrcased dramatically however with some 4 lorry loads of timber
moving out each day, necessitating on-going road repairs  and

TABLE 26.1 Annual sediment loads (tonnes), adjusted for bias.
Bedload given as > 1 mm and also total load in

brackets.
Suspended Bedload

Kirkton Monachyle Kirkton Monachyle
1983 483 337 6 (20) <1 (2)
1984 292 296 5 (13} <1 (2)
1985 386 228 6 (17} <1 (2)
1986* 1965 1027 Not available
1987* 986 860 Not available

* provisional fiqures

maintenance. Thus the main source of the 1986 5-fold increase in readily
transportable sediment appears to be the road system.

40% of the forest has now been felled and the remaining 60% is scheduled
for removal by 1990. During this period second crop planting will begin on
the earliest cleared arcas. Removal of the mature forest means the removal
of 32% interception loss (Section 2.2) so that the sparscly vegetated cleared
areas will experience greater direct rainfall impact as the present brash covering
decays and presumably greater surface water flow. Any effect of this on
erosion rates has been swamped so far by the large increases in loss from the
roads but should become more apparent as the area cleared increases.
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3. The Process Studies

This part of the report describes the last three years work carried out as a
continuation of studies to understand the cvaporative processes operating in
the upland cnvironment in particular where the predominant ecosystems are
coniferous forest, heather moorland and rough pasture.

During this time the following have been investigated:

the characteristics of transpiration from heather and spruce forest
from soil moisture studies;

the storage and evaporation of intercepted snow from spruce forest
canopies;

the effect of line thinning on interception loss from forest canopies;

the possibility of using chloride as an inert tracer to  determine
relative evaporation rates from spruce forest and heather moor;

the rclationship between low stream flows and soil moisture deficits
{a prehiminary study only).

The results of most of these studies have been incorporated into research
models and an  operational catchment model able to predict  catchment
evaporative losses on a seasonal basis.  Also, these results and the results
from the first phase of the catchment study have propagated further studies,
in particular the high altitude grassland study, by highlighting  areas ~of
ignorance.

The original objectives and programme of rescarch specified on the contract
and ts extension are given in Appendix 1.

The original objectives have in the main been covered with the major
exceptions of the work on larch. A survey of potential sites for interception
studies of larch was made in 1986/87 and a site tentatively chosen in the
Hafren forest near the Plynlimon catchments. However it was decided that a
major effort would be put into the upland grassland study and resources did
not exist to take the larch study further.

In addition to the regular progress reports the studies described below have

formed the basis of published papers, two of which are appended as Appendix
4 and Appendix 5.
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3.1  SNOW INTERCEPTION BY CONIFEROUS FOREST

3.1.1 Introduction

The hydrological importance of snow interception loss from forests has been
recognised for many years but has remained a difficult process to describe by
predicive modelling.  In the last 50 ycars many studics have attempted to
guantity the cffects of atforestation on river flow in regions where a large
proportion of the precipitation is in the form of snow. The majority of these
studies were cither catchment experiments or snow surveys: ¢.g, the review
papers of Jetfrey (1968) and Meiman (1968). The catchment studies, (c.g.
Ayer (1959), Olitnik (1979}, Swanson and Hillman (1977)), which represent
areas having a wide range of climatic, vegetational and geological
characteristics, often gave conflicting conclusions from which it is difficult to
derive a pgeneral result.  The snow surveys indicated that less snow
accumulates below forest compared with clearings and open land, but there is
much controversy over the interpretation of this result.

A small number of studies, including part of the work described below, have
measured the interception capacity and subscquent evaporation rates by
weighing snow-laden sapling trees (Escher & Leonard (1969) and Satterlund &
Haupt (1970)). Although these experiments provide important evidence that
evaporation rates can be appreciable, the results from isolated trees cannot be
considered representative of a completely snow-covercd forest canopy.

There has been no atiempt in previous studies to describe the interception
losses from snow-covered forest using physically based equations and no
definitive study of the process has yet been reported.

3.12 Mcasurcments

Equipment to investigate the cvolution of a snow pack on a Sitka spruce
canopy (Picea sitchensis (Bong) Carr), was installed in Queens forest
near Aviemore, in the Highland region of Scotland, Fig. 3.1.1. Stored snow
and water on the forest canopy was measured by the attenuation of gamma
rays (Calder & Wright, 1986) and a weighed tree.

The gamma-ray dttenuation system was based on an onginal design by the
Applied Physics Department of Strathclyde University (Olszyczka, 1979). A
collimated beam of gamma-rays, emitted by a 200 millicurie Caesium 137
radioactive source, was arranged to traverse 35 m through the forest canopy
before striking a 0.3 m? detector. By scanning the canopy at height intervals
of 1 m during dry and wet conditions, the vertical profile of canopy storage
was evaluated.  Total canopy storage was measured to an accuracy of 0.2-0.4
mm water equivalent depending upon the total mass in the beam and
temperature effects on the instrumentation. The system was operated
intermittently in the winters of 1983-84 and 1984-85 during which 16 storm
periods werc recorded. Typical density profiles measured in wet and snow
conditions are shown in Fig. 3.1.2,
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Figure 3.1.3 shows diagrammetrically the tree  weighing  experiment.  The
technique of tree cutting, described by Roberts (1977), was used.  This
involves supporting a selected tree within a scaffold frame and placing the
severed trunk in a  water container. A tree is able to remain in this
condition for an entire winter without showing any signs of degradation of its
physical structure. Statistics of trunk girth and stand  density from the
surrounding forest were used to aid trec selection and to estimate the average
crown projected area.

The water container rested on three load cells connected to a solid state
logger. Figure 3.14 shows the continuous record of snow stored on the
weighed tree thyoughout a spow event together with siorapes estimated by the
gamma-ray equipment.

In comjunction with the instrumentation for canopy storage measurement, (wo
heated plastic-sheet  net-precipitation  gauges (Calder & Rosier, 1976) were
installed in the forest close to the gamma-ray beam path. Two heated
fipping-bucket raingauges were also instalted in a forest ride near to the site
in an attempt to measure the input of snow precipitation. Gross and net
precipitation  were  recorded at S minute  intervals  together  with  other
metegrological data from an automatic weather station mounted above the
forest.

It is immediately apparent from Fig. 3.1.2 that the water equivalent of snow
accumulated on the canopy can be at [cast an order of magnitude greater that
that recorded in rain conditions. Observations from many storms indicated
that cvaporation rates (the difference between the loss rates from the canopy
and the net-precipitation rate) can be large and not necessanly accompanied by
large quantities of drainage. These observations of storage and evaporation,
many of which were independent of gross snowfall measurement, demonstrate
the potential importance of snow interception loss from forests.

The water balance and interception loss for six storms are shown in Table
3.11. As raingauge performance during snowfall is very variable, records from
automatic raingauges cannot be used with any confidence. Therefore the
storms in Table 3.1.1 are limited to thosc recorded while obscrvers were
present and the estimate of snow input has been derived from either a
raingauge which was not aerodynamically affected by snow accumulations or
from snow input estimates using thc gamma-ray equipment in conjunction with
ground sampling.

The ‘greater than’sign, >, indicates an underestimate as only part of the event
has been recorded and the storm total will be greater than, or equal to, the
value shown.

3.13  Modclling

The detailed modelling of snow accumulation and depletion on a forest canopy
is a formidable task; the varying windspced and air temperature during
snowfall may effect the quantity of snow retained on the canopy and water
loss to the atmosphere may occur as sublimation from the snow or as
evaporation from melt water retained on  the leaves.  In  addition, the

68




TABLE 3.1.1  Snowfull cvents at Queens Forest, Aviemore

DATE SNOWFALL HAX DRIP EVAPORATION INTERCEPTION
STORAGE LOSS
mm mm mm mm %
11-13.12.83 3.2 3.0 0.2 2.5 75-94
25. 3.84 5.1 5.0 0.5 >3.0 58-90
17-13.12.84 13.5 1.5 4.2 9.3 69
24-26.12.85 17.7 7.5 10.6 7.1 40
15-23. 3.85 20.0 15.1 B.5 11.7 59
28. 3.85 9.0 8.5 >2.,5 >2.5 50-72

distribution of snow and melt water may be very inhomogencous through the
canopy and successive periods of accumuiation, sublimation, melt and freezing
in different scquences will increase this inhomogencity.  Thus a snow-covered
canopy presents 4 highly complex surface for the absorption of radiational
encrgy and complex pathways for the transport of heat and water vapour.

No attempt has been made to investigate the phenomenon to this degree of
detail.  Instead, using the resufts from the gamma-ray experiment a more
pragmatic perspective has been used to understand the principle processes and
produce an effective and physically based model. The model structure is
shown schematically in Fig. 3.1.5 and consists of a "build-up function” to
partition the snow between the canopy and the forest floor, a parameterisation
of the transfers of mass and cnergy between the phases of water and the
atmosphere, and the mass balance of the liquid and water phases on the
forest canopy.

Evaporation Rate

The evaporation rate of water from the canopy storage is calculated using the
equations that definc the fluxes of water vapour and heat from an
acrodynamically rough surface, Monteith  (1965). Hourly estimates of
evaporation are derived from inputs to these equations of air tempcrature,
humidity and radiational energy as measured by the automatic weather station.
The roughness of the forest canopy is parameterised as the aerodynamic
resistance, which is the resistance to the transport of water vapour from the
wet surface to the atmosphere across a measured gradient of vapour pressure.
It was found from the modelling that the presence of snow on a forest
significantly alters the roughness of the surface. Therefore the relationship
between storage and aerodynamic resistance is an important control within the
model on the evaporation rate.

Phase Changes

In addition to the evaporation rate, thc above equations yield an estimate of
the temperature at the cvaporating surface. During thawing or freezing the
surface temperature must be constrained to 0°C and by monitoring the surface
temperature within the model and its proximity to 0°C, the timing of the
phase changes can be modelled.
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Snow Build-up Function

For the snow events recorded at the Aviemore site¢ a fairly well defined
relattonshup  existed between the water equivalent depths of snow (per unit
ground areca) lying on the canopy and the total snow precipitation (calculated
from the sum of the measured canopy storage and snow lying an the forest
floor) measured during and immediately after snow fall (Fig. 3.1.6). This
relationship was used to calibrate a snow storage build-up equation relating the
rate of snow build-up, de/dt, (where the subscript, s, denotes snow or solid
phase conditions) to the rate of precipitation, dpP/du

deddP = (deddOi(dPidty 1 - cdB

The snow build-up parameter B can be interpreted as the maximum water
equivalent depth of snow (per unit ground area) capable of being held on the
canopy and for the spruce forest in Scotland has a value of 315 mm, fitied
by least squares to the observed data (r = 0.994).

Canopy Water Balance

The canopy water balance is described by a simple reservoir model, in which
the snow pack is assumed to be able to hold G.I5 of its mass in the form of
liquid water. When this threshold of water retention is exceeded, melt water
is allowed to flow from the snow pack into a conventional drainage model for
liquid water, Calder & Wright (1986).

3.1.4 Discussion and conclusions

Figure 3.1.7 shows the interception ratio data from Table 3.1.1 plotted against
spowfall.  Also shown is a typical rainfall interception function and the
boundary conditions defined by the snow build-up function. The line
describing a typical rainfall regime is based on the forest interception modei by
Gash et al (1980) using parameters appropriate to a hypothetical Sitka spruce
forest in central Scotland (annual rainfall = 1000 mm): mean evaporation rate
= 022 mm h™', mean rainfall rate 122 mm h™' and canopy storage capacity
= 12 mm. It can be seen that all of the snow events evaporated more water
than the equivalent amounts of rainfall, emphasising the importance of snow
interception loss from this particular forest stand. Of equal importance is the
snow build-up function. A more open forest structure wall constrain the upper
himit of snow interception loss to a lower overall ratio, however, a more open
forest structure may not affect the long term rainfall interception loss (see
Section 3.5} implying that snow interception loss might be similar or even less
than ramnfall interception losses in certain forest types.

The performance of the model was generally good particularly in the periods
of refreeze, sublimation and low melt rate. The timing of the onset of
melting (and therefore drainage), was also fairly well predicted and always to
within one or two hours of the observed data When melt water became a
significant part of the water balance, either the drainage was overestimated at
the expense of predicted canopy storage, or the evaporation was overestimated.

It s interesting to note that during the melt phase, although lumps of
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accumulated snow were observed o dislodge trom the canopy in addition to
drips of meltwater and trunk drainage, concurrent measurements beneath the
canopy indicated that the actual guantitics tnvolved were small in terms of
millimetres of water equivalent.  Consequently the phenomenon of solid water
drainage has been excluded from the model.

The observations of snow interception by coniferous forest, which are
independent of the need for accurate areal snowfall measurement, dare probably
the most detailed measurements of the evaporation from a snow-covered
canopy described anywhere. They reveal that the processes of ageing, melt
and cvaporation are extremely complex but while the analysis presented here
cannot be regarded as a complete description the important features can be
clearly scen.  They are:

(i) The storage of snmow on the canopy can be very large, an order of
magnitude larger than that of liquid water.

(it) The evaporation rates from "wet snow™ are of similar magnitude to
those from a wet canopy (ic. up to 05 mm h™') and can be
described in a similar manner.

(ili)  The aerodynamic resistance to heat and vapour transfer from a
canopy storage dominated by snow, is much larger than that of a
wet canopy. This is probably a result of the smoother surface of
the snow covered forest.

(iv)  Snow interception losses from a spruce forest with a closed canopy
are likely to be higher than rainfall interception losses for the same
amount of precipitation.

{v) Differing trunk densities which affect the closure of the canopy and
structural differences between species are likely to significantly alter
snow interception ratios.

The physically-based mode!l descnibed above, which required only meteorological
observations (radiation, tempcrature, humidity and snowfafll) as inputs,
satisfactorily described the aobservations of evaporation and melt Some work
is needed to improve the performance of the model for certain types of snow
event. However, the general performance is encouraging and the model can
be expected to estimate accurately snow interception losses over an extended
period. Further work is required before it is possible to simplify the model
for inclusion in a simple catchment model such as that described in
Section 3.3.
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3.2 HIGH ALITTTUDE GRASSLAND STUDILES

32.1 Background

Over the years, in the absence of empirical data, it has become standard
practice to assumc that the evaporation rates from all grassland are correctly
cstimated by the Penman potential evaporation rate. However, the results of
several catchment studies have «cast doubts wupon the walidity of this
assumption, and particularly upon the validity of applying the Penman cquation
to high altitude grassland.

Even for lowland grassland somc scasonal discrepancy between the Penman
estimate and cvaporation calculated from water balance measurements has been
observed. Thom & Oliver (1977) found it necessary to modify the Penman
cquation to account for the seasonal vanation in evaporation observed by
Edwards & Rodda (197() from the water balance of a lowland catchment at
Grendon Underwood. Discrepancies are also observed between the Penman
estimates and the evaporation calculated from catchment results for the upland
Wye catchment at Plynlimon (see Section 3.4).

In an carly study using a wet-surface weighing lysimeter an  experiment was
carried out on lowland grass at Wallingford before the high altitude grassland
experiment was begun. The wet-surface weighing lysimeter was set up to
moniter the  prevailing weather and  evaporation rates from  grass  samples
(height ¢. 10 cm) with varying degrees of wetness.

A comparison of the cvaporation rates from dry and rain-wetted grass with
the predicted E, rates (using Penman's equation) showed no systematic
difference between the two within the limits of experimental scatter.  These
results indicated that for estimating the evaporation from lowland grass after
rainfalt and during dry conditions the Penman equation is adequate.

To simulate cvaporation from grass during rainfall when it becomes totally wet
the samples were sprayed with weak (0.1%) solutions of a surfactant on days
when the surrounding grass was thoroughly rain-wetted. This enhanced the
drainage ratc and produced a very thin film of water on the grass which
evaporated very quickly. A direct comparison of measured cvaporation rates
with the Penman potential ratc was not possible as these require data
averaged over at lcast a day. Data from spray runs were therefore used to
calculate the aerodynamic resistance (r,). A comparison of these with r
values measured over rain-wetted grass at Balquhidder suggested that the r,
values from the surfactant-sprayed pgrass may be lower, and therefore the
evaporanon rates tigher than E, However, although this may give some
enhancement of evaporative losses during winter it is considered unlikely to be
a major cffect. (The results of this work are given in more detail in
Appendix 2.)

The results from the first phase of the Balquhidder catchments study raised
further questions about the water use of high altitude grassland. These results
gave an unexpectedly low mean annual water use of the partly forested (35%)
Kirkton catchment of 425 mm compared with a Penman potential evaporation
of 534 mm estimated from weather data collected by an automatic weather
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station at the top of the Kirkton catchment (Section 2.35.3). Process
measurements made in the Kirkton forest indicated a water use compdrable
with forests elsewhere and higher than for grassland. LEven after allowing for
experimental  errors  these  results  imphied  that the prass on  the Kirkton
catchment uses considerably less water than predicted by the Penman potential
evaporation.

From the above studies it was very apparent that our understanding of the
cvaporation processes from high altitude grassland was far from complete and
for this reason the high altitude grassland study was set up.

32.2 Expenmcental Dctails

The high altitude” grassland study is based wupon three complementary
experiments which will allow venfication of the results. The scparate objectives
of the three experiments are:

'] to determine the transpiration rates of undisturbed tigh  altitude
grass and other upland species;

(1) to determine the rates of evaporation of intercepted rainfall,
and

{in) to monitor continuously over a prolonged period the total water
balance of upland grass.

Two weighing lysimeter systems rtecord changes in mass of the soil monoliths
as a result of rainfall and evaporation. These are supplemented by soi
moisture measurements to determine transpiration rates (during dry periods).
A development of the wet-surface weighing lysimeter will be used during
1988/89 to study the rainfall interception of upland grass.

In addition to the three main cxperiment,s biomass mcasurements arc made
during the growing season.

A site representative of the high altitude areas of the Kirkton catchment was
chosen on a terrace at an altitude of about 590 m on the eastern slope of
Gleann Crotha (Grid ref: NN507225); this is located between the Kirkton and
Monachyle catchments. Nine access tubes for making soil moisture
measurements with neutron probe meters were installed in July 1986, They
were set into the full depth of the peat which ranged from 045 m to
145 m. Six were instalied in peat beneath grass and three beneath a mixture
of bilberry and heather. Measurements were taken regularly from July until
November 1986 and from April to November 1987

An automatic weather station with additional sensors was also installed to
monitor the meteorological variables required to calculate the potential
evaporation at the site. This is used for comparison with the measured
transpiration rates. The weather station was operated from July until
November 1986 and April to November 1987, measurements are not required
over the winter months.
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Two identical monolith  weighing  lysimeter systems were installed and  an
mstrument shed to house battenes and associated ¢lectronics was  erecled in
April/May 1987

The construction of the lysimeters is shown in Fig. 32.1.  An undisturbed
representative monolith of peat with its surface vegetation is contained in an
aluminium tube of 80} cm diameter with a perforated bottom. (The peat
sample was taken by pushing the tube into the ground by means of hydraulic
rams and then digging away the surrounding peat until it was possible to use
the rams to slide a steel cutting plate beneath the monolith. After lifting
the sample the perforated aluminium base plate was bolted to the tube} This
sample cylinder rests on an aluminium spider with a central threaded hole into
which is screwed a threaded rod with a lfting eye. This was used to lower
the sample and cylinder into a slightly larger water-tight aluminium cylinder.
The threaded road was then removed.  ‘The cylinder in turn rests upon a
weighing platform, based upon a single large-capacity load cell, standing on a
concrete base in the bottom of a hole. The height of the weighing platform
was adjusted so that the surface vegetation of the sample was flush with the
surrounding vegetation. Electric pumps beneath the load ccll keep the hole
free of standing water. The water level within the sample is maintained at
the same level as that in the surrounding peat by means of an electric pump
triggered by the signal from a dual pressure transducer comparator. The
cffectiveness of this method was tested by comparing readings given by
tensiometers in the samples and in the surrounding peat.  These showed that
the water tension in the root zone within the lysimeters and in the
surrounding peat remaincd the same within the natural vanability expected.

The quantity of water pumped out of each lysimeter is measured by passing it
through a recording raingauge.  The output from these gauges, from the load
cells and from a ground level raingauge is automatically logged at tenm minute
intervals. The data from the solid state stores of the loggers are transferred
to disks for later analysis on microcomputers

323 Results and Discussion

The grassland study is still in its early stages. Because of financial constraints
the equipment was not installed at the optimum time in March or carly April.
However, some interesting results are already emerging.

Estimates of the Penman potential evaporation calculated from meteorological
data collected by the automatic wecather station at the grasstand Gleann
Crotha site over the summer months of 1986 and 1987 are in agreement with
estimates derived from data collected at the two other high altinde Kirkton
and Monachyle weather stations. These Penman values are high (450 to
600 mm a ycar) and show an increase with altitude. This differs from the
traditionally accepted low altitude values (about 400 to 450 mm a year) and a
decrease with altitude.  Analysis of the data suggests that the high values are
produced by occasional days of very high evaporative demand resulting from
prolonged sunshine with high windspeeds and low relative humidities. The
Penman values for the Gleann Crotha site were about 8% to 15% less than
the values for the higher and more exposed Kirkton site.

.......................J



[t is unlikely that the vegetation could sustain such high evaporation rates in
this environment for three reasons:

Q) the temperatures at high alttudes are low and the grass is dormant
for much of the year; observation shows that the grass is only just
beginning to emerge from dormancy in mid-May when the Penman
rate is typically 3 to 4 mm a day;

(1i) there is evidence that at high evaporative demands the stomata of
plants close, preventing excessive water loss;

(i) soils at high levels in the Kirkton catchment are thin and soil water
may bc bhmiting.

There s now some cvidence from the weighing lysimeters that the actual
evaporation rates from the grass are indced much lower than the Penman
rates.  Figures 3.2.2 shows the water storage in one of the lysimeters plotted
against time for early May 1987. The negative slope over the first nine days
has a gradient of 083 mm a day compared with the Penman rate for the
same penod of 27 mm a day. The plot also shows the response of the
lysimeter to rainfall and a spurious diurnal variation caused by the temperature
sensitivity  of the logging system.  The loggers were later enclosed in a
constant - temperature cabinet which eliminated this effect.  The curious peak
on 7 May s believed to have been caused by a sheep straying onto the
lysimeter.  Unfortunately problems with the logging system were encountered
for a large part of the operational period of the lysimeters and the more
complicated analysis which is required to extract useful data from this period
15 Incomplcte.

The summer of 1986 was a wet one and consequently no significant soil
moisture deficits were seen in the data from the neutron probe observations.
A preliminary analysis of the measurements made in 1987 indicate that there
may have been a period when a small deficit was established but there appear
to have been no major deficits. This in itself supports the hypothesis . of
reduced evaporation rates from high altitude prassiand.

The results of the biomass measurements are plotted in Fig. 3.2.3 which shows
a linear increase in the proportion of live biomass as a function of time. This
function was used in a simple daily accounting model to predict the seasonal
change in soil moisture and the results compared with observations for the
period March to July 1987. The model calculates the soil moisture S;,y on
day i+1 from:

Sii =S B+ R
where S, 15 the soil moisture on day i, R, is the measured rainfall on day
i and E; the cvaporation calculated for day, 1 as cither the Penman E,.
calculated from the Gleann Crotha weather station data, or as the product of
E, and the biomass function b = 000406d + 0.176 where, d, is the day
number.

The daily cvaporation was also calculated as the product of E, and the
temperature function T given in Appendix 2 and as the product Eb7.




The best fit berween observed and predicted soil moisture was obtained when
the daily evaporation was given by the triple product.  Using [, alone gave
the poorest fit followed by the product ;7. Clearly these results do not
establish a causal link between  temperature,  biomass  production  and
cvaporation rates.  However, they do show again that the soil moisture data

are best explained by an evaporation rate significantly less than E(.

324 Looking Ahcad

The immediate aim is to re-install the weighing lysimeter systems as early as
possible in March or April with new Campbell CR10 loggers. This should
improve the reliability and precision of the systcms and facilitate data handling.
Early installation of the lysimeters will ensure that the evaporation from the
grass 15 monitored at the critical period at the end of and following dormancy
when new leaves are first produced.

Meteorological data collection and the measurement of soil moisture using the
ncutron probe will continue.  Interception studies using the wet-surface
weighing lysimeter will be started and probably continue in 1989.

At present it is planned to finish taking all measurements in summer 1989.
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ig. 3.2.3 production of biomass from the high altitude grassland site.
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3.3 A SIMPLE SEASONAL MODEL OF CATCHMENT
EVAPORATION

The main features of this model are noted here but a full description is given
in the paper attached as Appendix 4.

The model was developed from the annual mode! of Calder & Newson {1979)
making use of the results of process studies of heather. [t is applicable to
catchments in which the predominant vegetation is grass and heather. The
model requires only daily values of rainfall and Penman potential evaporation
Et' and produces an estimate, ED, of the daly evaporation from the
catchment.  Summing the daily valucs over longer time period reduces
percentage random errors.  The model is represented by:

where f is the fractional arca of the catchment under grass and the total daily
evaporation from grass (subscript G) and heather (subscript H) are calculated
as the sum of the transpiration (1) and interception (I) terms. The
transpiration and interception from the grass are calculated using the E, and
rainfall values. Transpiration from the heather is assumed equal to (.5 E, a
mean value derived from data collected at a variety of sites in Scotland and
England (see Calder, 1986 in Appendix 5). The daly interception loss from
the heather 15 calculated using the exponenual function:

Iy = B(1 - e®K,

where R is the daly rainfall and B and & are optimised interception
parameters. A modification of the model is possible in  which the
transpiration from the grass is made a function of temperature such that
below 5°C transpiration is put equal to zero, above 10°C it cquals E, and
between 5°C and 10°C it is a linear function of temperature.

33.1 Application of the Model to an Upland Catchment

The model was applied to the Monachyle catchment which from aenal
photographs was estimated to be 67% under heather and 33% under grass.
Daily values of rainfall over the grass and heather areas were obtained from
the appropriate raingauges after the values had been time distributed on the
basis of the daily-read gauge at Tulloch Farm. Daily values of E, and air
temperature (used for the temperature correction) were obtained from the
records of the two automatic weather stations in the Monachyle glen. For
those periods when snow covered the vegetation, evaporation was assumed to
be zero.

Over the period October 1984 to September 1985, the model predicted the
total evaporation from the catchment to be 530 mm. This figure was slightly
reduced to 516 mmwhen the temperature-restricted transpiration was used in
the medel. Both figures are less than the precipitation minus runoff measured
for the catchment over the same period of 627 mm. However, the difference
lies within the likely experimental errors. The difference between the outputs
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of the two models values was small because most of the grass on the
Monachyle  catchment grows at low  altitudes, less than 450 m. However,
extrapolating the model to the high altitude grass on the Kirkton catchment
ndicated that the reduction in evaporation could be large so that the annual
evaporation would be about 60% of the annual Penman potential value.

This modelling study demonstrated the potentially large cffect that the low
temperature control of transpiration from pgrass can have. However until
results are obtained from the studies of the water use of high altitude grass
the magnitude of the temperature cffect remains unnkown as does the
magnitude of any compensatory effect which may arise {rom possibly high rates
of interception loss.

The simple seasonal catchment model is a step forward from the Calder &
Newson model in that 1t atlows a more accurate prediction of evaporative loss
on time scales shorter than ope year. The cost of this improvement is the
requirement of daily data, ie. rainfall and E; values. The daily values of
evaporation can be accumulated 1o give weekly, monthly, seasonal or anpual
cvaporative losses, with decreasing percentage random error, as desired.

This model could readily be extended to cover catchments containing
coniferous forest provided that snow were not a significant proportion of the
preciptation: the appropriate transpiration. fraction and interception parameters
are already known (see Calder, 1986 in Appendix 5). However, because snow
interception loss from coniferous forest can be large (sce Section 3.1} the
extension of the model to upland Scottish catchments must await  the
compietion of the work on a simplified snow interception model.
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34 THE ANNUAL CATCHMENT MODEL AND ITS
APPLICABILITY TO THE PLYNLIMON CATCHMENT
WATER-USE

Calder & Newson (1979) presented a simple model to estimate the water-use
of catchments under forest and grassland in upland Britain

E (1-h E  + [ [(OIw) E; + Pqg]

where: f is the fraction of the catchment under forest,
E; is the mean annual Penman potential evaporation
w is the proportion of timc the forest canopy i1s wet,
P is the mean annual precipitation, and
« is the interception ration.

This model predicts the annual average evaporation, E.

It is worth considering the experimental evidence on which this formula is
based:

1. The interception ratio, a, Calder & Newson use a value of 0.3.
Numerous experiments have shown « to be between 0.3 and 04 for
extensive foresis.

2. Forest transpiration = (1 w).Et. The primary experimental
evidence for this is the result of the forest natural lysimeter
operated at Plynlimon 1974-76.

3. Upland grassland evaporation = E. The early results from the
Wye catchment indicated this result, as do water balances from
lowland catchments gencrally.

4. The early results from the Severn (partly forested) catchment agreed
with the overall model.

In the early 1980’s a number of limitations in our knowiedge of upland
evaporation {and in this model) were identified (Calder, 1982):

1. No information could be given on time-scales of less than one year
or for drought periods.

2. The results were not applicable for the drier and lowland regions of
the UK

3. The effects of snow were unknown.

4. The evaporation from medium height vegetation was unknown.
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In addition, in hindsight, we can now say there was an uncertainty in our
knowledge of the evaporation from upland grassland.

Points 1, 3 and 4 have been addressed by the process studies under the
Scottish Consortium and these results arc described elsewhere.

A large and well validared series of catchment results from Plynlimon is now
available, Table 3.4.1 shows the average annual values for 1976-83.

TABLE 34.1  Annual Averages from Plynlimon (mm)

Wye Severn
P 2415 2469
Q 2090 1908
P-Q 365 561
Ey 476

Considering the results from the Wye first;  the total losses are 77% of the
potential  value E,. The most likely explanation of this reduction is a
temperature limitation on the grassland transpiration. To illustrate the possible
effect a very simple temperature model has been applied to a single year of
the Plyntimon data.  This model is described in more detail in Appendix 4.
Briefly this is the simple daily catchment model which allows no transpiration
below 5°C, limited transpiration between 5 and 10°C and transpiration at the
Penman rate above 10°C.  This model has been applied to meteorological data
from 1978 - an average year in terms of rainfall and runoff (Table 3.4.2).

TABLE 34.2 Wye Catchment Results for 1978

P 0 P-Q Ey (P-Q) E(t.corr)
Ey
2349 2008 341 414 0.82 358

Table 3.4.2 shows that the introduction of the temperature effect can produce
the correct water-use. This does not of course prove a causal relationship or
validate the form of the temperature model. This must wait until the current
work in Balquhidder is completed. This apalysis does show that a realistic
temperature effect may produce the correct evaporation.

The application of the annual catchment model to the Severn requires the
careful consideration of the component areas of the catchment. Table 3.4.3
shows the estimate of this made by Calder (1976). It should be noted -that
although the forest area constitutes 62% of the catchment arca once the area
of rides and immature trees are taken into account the actual proportion.with
complete canopy coverage is 42%.

Table 3.4.4 shows the application of the annual catchment model to the 1978

catchment data. Model 1 is the original Calder & Newson model, this
overestimates the catchment e¢vaporation by 160 mm. Model 2 includes a
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TABLE 3.4.3  Component Arcas of Catchment

Component area Percentage of Percentage of
ciatchment area catchment arca with
Canopy coverage

Grassland 38

Roads, rides, river channels,
river banks, gaps in
forest 12

Immature forest plantation
with 33% canopy
coverage 12

Mature forest plantation
with 100% canopy
coverage 38 38

TOTAL 100 42

temperature effect on the grassiand part of the catchment, this overestimates
by 137 mm. Finally Model 3 also includes a temperature correction the the
forest transpiration, this model is within 69 mm of the catchment results.
Given storage effects and ecrrors in the catchment results, Model 3 is a
reasonable approximation.

TABLE 344 Obvserved and predicted lossed for the Severn
catchment in 1978.

Model Model Mode!
P-Q 1 2 3
2452 1931 520 681 647 589

The process evidence for a temperature influence on the transpiration from
forest is however limited and does not agree with the natural lysimeter results
from Plynlimon. This aspect requires further investigation.

Progress on the seasonal catchment model is reported clsewhere (see Appendix
2). The components for an improved annual catchment model are discussed
here:

1. Following the process studies into Calluna vulgaris a formulation
for heather is now available (@ = (.17, k = 0.5).

2. The work on snow interception has shown evaporation from a snow

covered forest canopy is at least as large as a rain-wetted canopy.
More work will be required to gencralise the snow results but in
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most dreas the assumption of « = (.3 - 04 for all preciptation will
not introduce large crrors.

3. The work on the influence of temperature on grass transpiration
must be completed before  final  conclusions ¢an be  reached.
However, the simple formulation described here agrees with  the
Wye catchment results.  This can be generalised into an  annual
model, for example see Fig. 3.4.1.

4. More investigation is required on forest transpiration and in
particular its generalisation into a daily model.

An important result from the Balquhidder weather stations is the high
potential evaporation rates observed at high altinde. The average value for
the Kirkton High weather station (1983-1987) is 531 mm per year (sce Table
2.4.1) , with good evidence of an increase with altitude. The MAFF (1967)
quotes 354 mm per year for Perthshire for the average county height (394 m).
MAFF (1967) also suggest a decrease with altitude, with this correction the
predicted potential evaporation for Kirkton High is 292 mm.  Thus it is
evident that in the light of these results the E; map of Scotland nceds to be
revised,
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Fig. 3.4.1 The effect of applying the simple temperature model on a daily
basis to the annual total of potential evaporation for a variety of
temperature regimes.
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3.5 THE EFFECT OF LINE THINNING SITKA SPRUCE
ON FOREST INTERCEPTION LOSSES AT HAFREN
FOREST, POWYS

3.5.1 Introduction

The importance of rainfall interception loss from coniferous forests is now -well
know as a significant part of the hydrological cycle and has been reported by
many workers. The significance of this upon catchment losses has been
recognised and, depending upon the prevailing climatic conditions, the fosses
can be as high as twice that from a grassland catchment, (Calder, 1979).

In the present study the effects of line thinning upon interception loss from
Sitka spruce was investigated.  Most previous studies of the interception
process from Sitka spruce have not considered the effects of thinning. One
exception 15 Anderson & Pyait (1986) who measured interception from a
63-year old mature Sitka spruce stand which had been thinned in 1960.

352 Mcthod

The site of the present study was located in Hafren Forest, Powys, Grid
reference SN 874903 at an altitude of 305 m. The trees were planted in
1950 at a stocking density of 3000 stems ha™'. Two plastic-sheet net-rainfall
gauges {Calder & Rosier, 1976) were instatled in March 1980. Data from the
two gauges were recorded daily (initially using mechanical counters) and from
December 1984 daily using electromechanical counters. Rainfall was measured
daily at the Dolydd metcorological site, about 200 m away from the two
gauges. Continuity of data collection during the winter was maintained by
heating one of the gauges by use of soil warming cables laid beneath the
ptastic sheet and around the large tipping-bucket flowmeter.

Line thinning of the block was carried out during February and March 1984
by the removal of cvery third row. This was the first thinning for this block
of trees. The two plastic-sheet net-rainfall gauges were removed during the
thinning operation and reinstalled into their original positions as soon as
thinning was completed.

No systematic canopy coverage surveys were carried out prior to thinning, but
visual observations confirmed that the canopy was completely closed. Three
surveys (using an anascope) after the thinning operation were made at two
sites 50 m apart within the block. The surveys were point observations on a
quadrat (size 20 m long by 6 m wide and with a spacing of 1 m), giving the
results shown in Table 3. 5.1
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TABLE 35.1 Rcsults ol Canopy Covecrage Surveys using an

Anascopce
Date Number of Number of “open Canopy Free throughfall
Qbservations sky' obscrvations Coverage cocfficient {p)
Site 1 Site 2 Site 1 Site 2 Sie 1 Siee 2
1.11.1984 147 147 37 J6 0.748 0.755 0.249
18.12.1985 147 147 21 24 0.847 0.837 0.153
6.10.1986 147 147 9 i3 0.038 0.911 0.075

TABLE 3.5.2 Annual Interception Ratios

Period Rain Net Rain

01.01.81-

31.12.81 2099.6 1295.93 .38
01.01.82-

01.01.83 1987.2 1138.49 0.42
02.01.83-

31.12.83 2116.0 1238.73 0.40
02.03.84~

28.02.85 1389.2 832.91 0.40
01.03.85-

01.01.86 1577.4 989.96 0.37
01.01.86-

31.12.86 1952.4 1250.66 0.36
* « = Interception ratio.

PRE-THINNING

POST-THINNING

NOTE. Line thinning by one-third took place during February and early

March, 1984.

353 Results and Discussion

Forest thinning would be expected to do two things:

free-throughfall component (p} and 2, increase the surface
penetration of turbulence through the canopy. These two
mutually compensating, 1e. an increased free-throughfall

1, increase the
roughness and the
changes should be
component would

decrease the total interception loss, while increases surface roughness should

incrcase the total interception loss
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The results i Table 3.52 show that when averaged over a  year, this
compensation is approximately equal.  Within the random experimental errors
the anoual interception ratios are the same before and after thinning.  More
information is given in the plots in Fig. 351  These show that for small
storms the interception loss is reduced immediatcly after thinning:  the likely
result of the increased free-throughfafl coefficient.  Whereas the interception
loss from large storms, represented by the maximum daily interception loss
line, fitted by a least sguares method, increased immediately after thinping
from 5 mm to 7.5 mm: the likely result of the increased surface roughness.
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3.6 SOIL MOISTURE OBSERVATIONS

Transpiration and interception losses from upland vegetation types, can be
inferred from the development of the soil moisture deficit and the rate of
‘werting up’ of the soil. The relative infrequency of the soil moisture neutron
probe observations (rarely more than once a week) and the variability berween
soil moisture neutron probe measuring tubes at one site limit the precision of
the method.  However, this is compensated for by the long run of records
penerally available. '

TABLE 3.6.1 Dectails of soil moisture data available from Crinan
and Balquhiddcr

VEGETATION TYPE NO. OF PERIOD OF
TUBES OBSERVATIONS
CRINAN
Myrtie 3 1979-1987
Hature forest 4 1979-1987
Heather (A) 6 1981-1984
Heather (B) 5 1981-1987
Immature forest 3 1984-1987
BALQUHIDDER

Mature forest 1983-1987
Mature forest

(original

interception site) 1984-1986
Mature forest

(Kirkton Tower) 1987-1987
Heather

(Upper Monachyle) 1983-1987
Grass
(Lower Monachyle) 1984-1987
Upland grass
(Glen Croetha) v 1986-1987

Neutron probe soil moisture observations have been taken in_the Crinan Canal
catchments since 1979 and at Balquhidder since 1983, see Table 3.6.1 for
details. Observations are continuing both at Crinan, where data are being
taken beneath the immature forest, mature forest and heather, and at
Balquhidder where observations are continving beneath the mature forest,
heather and upland grass sites. There are now very good data sets available
for validating daily water use models. Preliminary work on modelling these
data is reported in the annual progress reports {Calder et al, 1984 and Hail
et al, 1986). It s planned in the next few months to complete this
modelling with the enlarged data set and improved models.
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3.7 CHLORIDE BAILANCE STUDY OF THE CRINAN
CATCHMENTS

This study was initiated in June 1985 and lasted for onc year. Its objective
was [0 produce an estimate of evaporation from different vegetation types
from the chloride concentration found in rain and stream water.  This method
assumes that (as chloride is an inert tracer) the chloride input to a catchment
will equal chloride output from a catchment via the streams.

The cffect of evaporation from a catchment will be to increase the chloride
concentration in the streams. This means that to obtain

a long term average concentration for the streams the chloride concentrations
{(found from spot samples) must be weighted using the strcam flow.

Weekly water samples were taken from the following:

Storage raingauge at Clac Connaidh

Clac Connaidh Burn - draining an area of heather

Dhaill Farm Burn - draining an area of immature spruce forest
Achantheanbhaile Burn - draining an arca of mature spruce forest.

The chloride concentrations of cach sample was determined at the Institute of
Hydrology within six weeks of the sample being taken.

Flow measurements from Cam [Dubh Burn were used as no measurements were
made of flow from the three strcams sampled. The analysis showed the
following:

1. Chloride concentration is variable, particularddly in rainfall (sce
Fig. 3.7.1).

e

Chloride concentration follows a seasonal pattern in the streams (see
Fig. 3.7.2).

b, No correlation was established between chloride concentrations found
in the streams and the chloride concentration found in the
rainfall.

b No correlation was established between chloride concentrations found
in the streams and streamflow.

The flow weighted mean chloride concentrations are 1095 (heather),
1134 (immature forest), 1841 (maturc forest} and 1151 (rainfall)
mg 1°%.

The study showed that the heather and immature forest sircams show similar
chloride concentrations to the rainfall, which suggests very little (or negative)
evaporation, whereas the mature forest stream shows an unrealistically large
evaporation.

The method failed to produce realistic estimates of evaporation which may be

due to two causes. Firstly, the length of the experiment may have been too
short to remove any storage effects and, secondly, dry and occult
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deposition may have occurred.

To improve the estimate of the chlonde balance of a catchment a longer

sampling period and  measurement
required.

of dry and occult deposition would be
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3.8 A PRELIMINARY INVESTIGATION INTO THE
RELATIONSHIP BETWEEN LOW STREAM FIOW
AND SOIL MOISTURE DEFICIT (SMD)

To establish the form of relationship between low stream flows and SMD,
records of daily rainfall and flows from the Wye (rough pasture) and Severn
(062% afforested) catchments at Plynlimon for the years 1982 to 1972 were
used. The rainfall was used in a daily accounting SMD model which included
evaporation models for grass, the simple layer model described in Calder at al.
(1983), and for forest, the model described in Calder et al.  (1984). The
SMD model generates a time series of daily predicted SMID values and these
were plotted for deficiencies greater than 10 mm  against flow for each year
for both catchments. Figures 3.8.1 and 382 show a summary of the results
for the readily available data (1972-1979) for the Scvern and Wye catchments
respectively.  For both catchments there is a consistent form of relationship
with the flow approaching a minimum valuc usually about 0.55 mm day’! at a
predicted deficit which ranges from 22 mm to 55 mm for the Wye and from
22 mm to 70 mm for the Severn. The greater variability among the Severn
results 1s mostly associated with the atypical drought years of 1975 and 1976.
There are also more curves on Fig. 381 than Fig. 38.2 showing that for
forest there were more occasions when the predicted deficit exceeded 10 mm
than there were for grass.  Apart from these differences the two sets of
curves ar¢ very similar.

This preliminary study has shown the existence of a relationship between flow
and SMD in dry periods for the upland Severn and Wye catchments. It
would be necessary to examine data from more upland catchments to establish
the generality of this relationship. Once the functional form were found for a
catchment it should be possible to relate the ecffects of afforesiation to low
flows through SMDs which arc relatively casily calculated.

However, before any predictive modelling could even by contemplated it would
be necessary to establish a causal relationship between SMDs and low flows.
This would only be possible for catchments having no ground water storage
and would require process studies of the mechanisms controlling low flows..

Taking this work further would be a large undertaking requiring major
funding.
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4. Conclusions and Future Work

The strategy of combining an intensive study of the responses of (wo
representative  catchments with  detailed  studies  of the  hydrological  processes
identified as being the key factors controlling these responses has yielded much
new information apd a better understanding of Jand use and hydrology in the
more extreme upland areas of Britain. This information is being used to
extend and improve existing hydrological models.  Those improvements already
implemented and tested on the Balquhidder catchment data have been shown
to be equally valid when applied to less extreme areas clsewhere in Britain.
There is every indication that further useful information will e¢merge {rom the
present phase of clear-felling and initial afforestation on the catchments and
the extension of the process studies found necessary as a result of the initial
catchment findings.

4.1 CATCHMENT STUDIES

The intensive instrumentation of two catchments at Balquhidder to obtain
information on water use by the existing vegetation covers, a heather/grass mix
on the Monachyle and 35% mature forest with high altitude grassland above it
in the Kirkton, has produced much useful information and some unexpected
results, The dense networks of precipitation gauges have given useful insights
into the spatial variability of precipitation within this type of rugged terrain.
A mcthod of estimating snow input has also been cvolved.  Accurate,
continuous measurement of streamflow over the wide range of flows
experienced in the steep flashy streams presented a challenge which has bheen
met successfully and has also provided useful data on the performance of
standard structures operating close to or beyond their design limits.  Apart
from its immediate application in defining water use from the catchments, the
flow data obtained will provide valuable information on the flood and low
flow characteristics of this type of terrain. Despite a relatively poor data
capture rate, the network of Automatic Weather Stations installed to provide
estimates of Penman potential evaporation, ET, in the catchments have yielded
valuable information on the magnitude and variation with altitude and exposure
of ET in these upland conditions. It has been shown that, contrary to
previous assumptions, ET is significantly greater in summer on the high
altitude exposed areas of the catchments than in the valley bottoms. This
suggests that the methods presently employed to obtain regional ET values by
extrapolation from {ow level sites may be significantly underestimating ET for
upland areas. Initial analysis of the data on radiation, humidity, temperaturc
and windspeed suggests that the main factors lcading to these higher ET
values are windspced and net radiation. The data acquired provide an
opportunity to develop a much better understanding of the factors controlling
climate in upland areas.

The conclusions from the water balance analyses of the two catchments under
their existing vegetation covers were surprising and appeared to contradict
existing concepts and model predictions The heather/grass covered Monachyle
was found to have a mean annual water use of 634 mm, relative to an ET
estimate of 540 mm and the part forestcd, part grassland Kirkton a water use
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of 425 mm relative to an ET of 540 mm. Exhaustive checks on the data,
the methods of computing  catchment  means  and  the geology of the
catchments revealed no sources of systematic error large enough to cast doubt
on the conclusions that the waier use of the Monachyle was certainly not less
than ET whereas that of the Kirkton was significantly lower than ET. An
indication of the unexpectedness of the latter result is that the application of
the previously accepted Calder & Newson model to the Kirkton would have
predicted a water use of 710 mm.

A study of interception loss from the forested area of the Kirkion found that
this was within the range found elsewhere in upland Britain, suggesting that
the low overall water use of the catchment was due to the high altitude
grassland areas  To determine whether water use by these grasses was
significantly lower than the Penman ET figures an additional process study was
proposed, approved and initiated. ‘This study is not yet completed but initial
results suggest that water use by grassland at altitudes above 400 m is indecd
lower than Penman ET.

Sediment studies in the Balquhidder catchments during the initial phase of the
study were aimed primarily at developing scdiment ratings for the catchments
under their existing vegetation cover, so that changes in crosion rates resulting
from the subsequent operations of land preparation and planting in the
Monachyle and clear felling in the Kirkton could be quantified. Duning the
initial phase prior to the felling and planting, mean annual losses of 37 t
km'? and 57 t km'? of suspended sediment and 0.1 t km™® and 0.8 t km™?
of

bedload were observed from the Monachyle and Kirkton respectively.  The
main sources were the steep tributary streams. The reason for the 50%
greater loss from the Kickton, despite its lower precipitation and flow, was not
positively established but most of the material appeared to come from the
lower, forested, areas which also contained an established but lightly used
network of forestry roads.

Following the statt of planting and clear felling in 1986 a marked change in
the scdiment responses was observed in both catchments. In both cases the
range of concentrations occurring at low flows increased dramatically and .the
maximum concentrations also increased significantly dunng the second year, the
latter occurming in the mid-range of flows rather than at the highest flows.

Concentrations now appear to correlate more readily with rainfall events than
with major changes in flow, indicating that much greater quantities of sediment
arc freely available for transport to the streams in both catchments. Sources
of this additional material have been identified as the 6% of the Monachyle
ploughed and the road system in the Kirkton. Matenal from the plough lines
in the Monachyle concentrates in the cut-off ditches and is transported from
these to the streams. Heavy usage and regular maintenance of the Kirkton
road system has inevitably increased the supply of loose material.

Provisional estimaics suggest increases in the range 3-5 times during these
initial two years of the planting and felling operations. It will be necessary o
continue monitoring through Phase II to determinc the duration of these
present loss rates and the levels at which they subsequently stabilise.
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42 PROCESS STUDIES

The primary arcas of study in the physical processes have been in  the
evaporative characteristics of heather, the interception [osses from a snow
covered forest and, recently, the evaporation from high altitude grassland. In
addition a number of smaller studies have been completed including a study
of the relationship of low flows to land-use and a study of the effects of
forest line thinning on the interception characteristics. The latter found no
significant difference in the annual interception losses before and after thinning.

The work on heather moors in Scotland has shown that the interception
losses can be large (on average 17% of rainfall). However the transpiration
losses are small, smatler than those expected from lowland grassland or forest
As a result of these opposing tendencies, heather will be expected to have an
overall evaporation higher than the Penman potential only in the wetter areas
(when the rainfall exceceds 1500 mm).

The studies of evaporation from snow intercepted on a forest canopy,
undertaken at Aviemore, have shown that potentially large interception losses
can occur. Although a snow covered canopy is smoother than a rain wetted
one, the large canopy storage capacity means that evaporation can continue
long after the snowfall has finished. At Aviemore the proportion of
precipitation lost through intcrception is larger for snow than for rainfall.
However there is evidence that this proportion depends on the stand density
and for older and less dense forest, such as that at Balquhidder, the
interception losses for rain and snow may be similar.

An increasing effort has been devoted to using the process results to calibrate
models which will enable the extrapolation of the catchment results to other
regions of the UK. Both anpual and seasonal models are being produced.
The models of forest and heather are now complete (although that for a
snow covered forest needs further work). In the light of the Balguhidder
catchment results the original model for grass is now felt to be inadequate in
high altitude areas and its further development awaits the completion of the
high altitude grassland study.

The application of the models to the Monachyle catchment reproduces the
high losses observed from this catchment. The application of the models to
the Plynlimon catchments shows a good agreement with the grassland Wye
catchment (provided a simple temperature correction is applied). In the part
forested Severn catchment there is a small discrepancy between the model and
catchment results but this is within the expected errors in the two estimates.
The application of the models to the Kirkton catchment cannot be made until
the grassland study is complete.

43 FUTURE WORK

Subject to funding continuing to be available from DOE and the other
sponsoring agencies, it is proposed to continue utilising the instrument
networks established on the Balquhidder catchments to accumulate high quality
data at least until the present phase of land use changes has been completed.
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This will yield further valuable information on the changes in water use
resulting from  the complete felling of the forested area in the Kirkton
catchment and from the planting and initial growth stages of forest in the
Monachyle.  Continuation of the scdiment sampling through this period also
will reveal whether losses increase further or begin to stabilise. An extension
of the meteorological observations, hopefully with a better capture rate using
new loggers scheduled to bcecome available late in 1988, wil provide an
opportunity (o investigate further the rclationships between altitude, exposure
and the climatic variables and lead to improved methods of estimating
catchment scale and regional values of Penman ET.

Extension of the data collection programme through Phase II will also make it
possible to analyse the effects of the land use changes on the flood responses
and on the flow recessions of the catchments, those having been determined
from the undisturbed phase.

The future aim of the process studies will be to fill in the gaps in the
seasonal and annual water-use models. The immediate priorities will be to
complete the field measurement program of the high altitude grassland study
and 1o incorporate these measurements (and those of the snow interception
measurements) into the simple water-use models.

Beyond these immediate priorities there ar¢ a number of topics which could
be considercd for future funding:

The evaporative climate of the Highlands. The Balquhidder weather
stations have shown a much higher evaporative demand than was
previously thought. Data for the rest of Highland Scotland is sparse
although some exists for the Cairngorm region and a few other isolated
areas. To provide a more comprehensive view the existing observations
will need careful analysis and the establishment of additional weather
stations in the north-west highlands, should be considered.

. Snow melt and evaporative processes from open snow areas in the
highlands. A complete hydrological model will require a comprchensive
description of these processes

.. The evaporative characteristics of larch. A proposed study of the
interception and transpiration characteristics of this deciduous conifer had
to be postponed during the present contract. This information would be
valuable, however, in extending the range of the water use models to
cover the effects of this widely grown species.

1. The development of models to predict the effects on seasonal streamflow
of forestry operations. The present modelling work and #ts immediate
extension relates to annual and seasopal water use and the effects
thereon of forestry practices. The relationship between water use and
seasonal flow 15 dependent on site conditions as well as vegetation cover.
Phase 11 of the catchment studies will identify changes arising on these
particular sites. Modelling of these changes will give some indication of
whether a generalised method of predicting effects on scasonal flow can
be developed. Subject to these findings it may then be desirable to
examine data from other representative catchments.
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The water use of forest in the intermediate growth stages up to and
including canopy closure for both first and sccond crop planting. The
existing instrumented catchments at Balquhidder could be used to monitor
these parts of the forestry cycle cither continuously, with rationalised
instrumentation nctworks, or intermittently at intervals of, say, 5 years.
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Appendix 1

CONTRACT OBIJECTIVES AND PROGRAMME OF WORK
PECD 771/133.

This contract was originally sei out to cover the period 1984-86 during which
the DOE undertook to contribute 225% of the cost of the agreed programme
subject to @ maximum of £28,000 in each year. The contract was modified
and extended in 1986 to cover a further two year period, with the DOE
contribution remaining at 22.5% subject to an upper limit of £31,000 per
annum. To help (o cover necessary additional work the contract was modified
again later in 1986 to raise the DOE contribution to 25% of the costs subject
to upper limits of up to £43700 in 1986/87 and £40,600 in 1987/88.

This contract was originally set out to cover the period 1984-86, subsequently
extended to include the years 1986/87 and 1987/88 and then modified again in
1986 when the contribution was increased, 1o cover additional work. The
original objectives and work programme were those agreed between DOE and
the other ‘consortium’  funding apgencics in  1983/84, based on proposals
submitied by IH and the results already achieved at Balquhidder and elsewhere
in the period 1981-1984.

Objcctives 1984/86

To investigate:

1. The seasonal differences in cvaporation rates between forest, heaths and
pasture,

2. The transpiration and interception characteristics of intermediate height

upland hcath vegetation.

3. The relative evaporations from forests, heaths and pastures in  snow

conditions.

4. The spatial variability of the upland meteocological parameters  which

control evaporation rates.

Programme of Work 1984786

. To determine transpiration charactenstics of forest/upland vegetation and its
scasonal differences.

To determine interception characteristics of intermediate  height  upland




vegetation.
3. To determine snow interception and snow melt characteristics of forests.
4. To develop and improve current research and applied evaporation models.

i. To determine, in typical Scottish  Highland conditons of  chmate,
topography and soils, the integrated cffects of two different forms of land
use (plantation forestry/rough grazing) on the volume of streamflow
emerging, its distribution in time and its sediment loading.

These objectives represented the best guess, at that time, as to which were
likely to be the key processes in determining the effects of upland
afforestation  in the extreme conditions of Highland Scotland. It was
recognised that these objectives and the programme of work might have to be
modified as information began to emerge from the programme.

By 1986 it had been agreed in consortium discussions of the results emerging
that the duration of the catchment studies should be extended to gather
informatton on the effects of initial planting in one catchment and of a forest
clear felling in the other. The process studies findings on interception resulted
also in requests that these studies be extended to include the effects of line
thinning on interception and the interception of charactenstics of larch.
Modelling development was also to explore methods of predicting the cffects
of vegetation changes on low flows.

The modified and extended objectives and work programme 1o cover the
two-year extension to the contract were

Objectives, 1986/88

To investigate:

. The seasonal differences in evaporation ratio between forest, heaths and
pasture with particular reference to low flow conditions.

2. The effect of forest thinning on interception losses.

3. The relative evaposations from forests, heaths and pasture in snow
conditions with a view to developing detailed predictive modcls.

4, The spatial variability of the upland meteorological parameters which
control evaporation rates with particular  reference to  evaporation/
atmosphere intcractions

Interception losses from larch.

6. Using the existing fully instrumented Balquhidder catchments, the cffects of
clear felling and of initial planting in snow prone upland conditions.




Programme of work to be camied out by the Contractor, 1986/88
1. To develop models of the relationships between evaporation rates, soil
moisture deficits and seasonal flow patterns.

L To measure and compare interception josses for thinned plots with those
from standard planting density.

3. To develop predictive models from the data on snow interception obtained
in the imtial swdes.

4. To analyse metcorological data from Balquhidder and  clsewhere to
determine the spatial and altitudinal variability of evaporation rates.

1

To apply the gamma-ray and other techniques already proven in spruce to
determine interception losses from larch.

6. ‘To continue to operate the streamflow, precipitation, meteorological and
scdiment sampling networks on the Balquhidder catchments through the
period of cicar-felling of the forested catchment and initial planting on the
present control to determine the hydrelogical effects of these phases of
the forestry cycle.

This process of evolution and modification of the objectives and work
programme has continued.

Since the 1986 extension the most notable modification resulted from the
presentation of the results of Phase 1 of the catchment studies in May 1986.
These implied that the water use of high altitude grassland may be much
lower than previously assumed. Consequently it was agreed by DOE and the
other funding agencics that the objectives and work programme would be
modified to include a detaled study of the transpiration and interception
losses from this grassland in the Kirkton catchment at Balguhidder. To
accommodate this additional study the proposed work on larch interception has
been postponed.
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The Balquhidder catchments, Scotland: the first four

years
1. R. Blackic

AHBSTRACT: Results emerging from the dong-term lorestey versis uplimd grasslamd paared
catchment study conducted by the Tostitute of Hydiology at Plynlimen, aied-Wales, and from
studies of the processes controlbing the hydeological responses of aeas under forest and
prasshind, hive been accepted by the winer and forestry industnes assomeasos of deteronning the
probable effects of afforestation in other areas of Bricnn, When considering proposals i the e
19705 for 3 further migor expansiont of forestry, maindy a Hlighland Scatland o became appacent
that insufficeent mlormunion was available to predict with conlidence the elfects i arcas where
forestry would replace mediom beight vepetation (heather spoo bracken) or an arcas where o
significant proportion of the precipitation Falls as snow. Agaimat Uns background o consottium of
interested parties (see Hall 1987). agreed in 1981 1o fund parallel systems and process studies of
the effects v appropriate areas of Scotland. In this paper the wutal stages of the systems study,
on two catchments in the Balgubidder arca of Central Region, are deseribed. Some preliminary
results from phase 1 in which the catchment water halinces uodes a munuee forest and a mned
heather, bracken, griss cover were obtmined. are presented. These water balunces suggest that
watcr use by the partly foresied catchment is lower than that by the contral and also lower than
Penman £7. These lindings are discussed in relation o the Plynlimon resalis and to information
gained 10 the current process studies. Plans for phase 11 of the study, in which the maure forest
will be clear-felled and part of the heather, bracken, grass contral will be planted. e authied.

KEY WORDS:  catchment water badance. forestry, heather, lugh altiode grisshnd. snow

Since s inception in the lute 19605, the  Instute of

Hydrology has been conducting research into the hydrologi-
cal effects of afforestation in upland Britain.  Results
cmerging from the long-term  forestry  versus  grassland
paired catchment study at Plynhman, mid-Wales and from
studics  of the processes  controlling  the  hydrological
responses of arcas under forest and grassland have indicated
that, in high rainfall upland areas, the rapid loss rates of
water intercepted by the aerodynamically rough (orest
canopy results in much higher total water use by forest than
by grassland.

Models of varying degrees of complexity, based on the
knowledge gained of the processes and tested on catchment
scale data from Plyalimon and elsewhere, have been used to
predict the effects of afforestaton on water use and hence
on streamf(low yield in other arcas of Britsin (Calder &
Newson 1979). Predichions of this nature are particolarly
relevant for catchments already exploited for witer supply
and hedropower, i that they provide o bisis for cost-henetit
amalvss of the probable ddlceis of varying degrees ol
afforestation within the Guchments,

Other eflects of afforestation which have heen quantilicd
in studies at Coalburn, Cumbiia and at Plyalimon are those
arising from the practice of pre-planting surface drainage
which is considered 1o be essential 10 the establishment of
plantation softweods on poor upland soils. This surluce
druinage system has been shown 1o ceduce the nme to peak
and increase the magnuude of the flood  peaks and to
increase the sediment loads in the streams (Robinson 195603,
The Tatter effect has been shawn 1o persist throughout (he
fiest tree crop Wtcme 0 Plynlimon. where otad sedimem
Bosses are gy b ive tines greater than eaan the grasaband i

the adjacent catchiment (Robinson & Newson 1986).

However, this information base was considered to be
inadequate o estimate the probable effects of the major
expansion of forestry 1o Highland Scotland being proposed
in the [ate 1970s. Two factors in partcular weee of concern,
namely heather and snow. In many arcas in the Highlands,
forestry would be replacing a vegetation complex consisting
of heather, bracken and other medivm height vegetation.
Lutle information was available on the intercepion and
water use characteristics of this complex, or on the sediment
loss rates from such areas. Climatic conditions, particularly
those in the central and castern Highlands, are more
extteme than those cncountered in mid-Wales and  at
Coulburn. A much  higher proporuon of the  total
precipitation falls as snow and accumulations of considerable
depth can be cxpected. The effects of forestry estab-
lishment in these condiions on o water use, on time
distribution aof streamtlow and on croston and sediment
loads required detuled wvestigation

Frony  discinaon of  these nndequacies dn existing
knowledge o research project praposal wiss evolved, This
comprised o osvstems study  of  the catchnient seale
hydrological responses of  the heather. grass. bracken
complex and of plantauon forestry in typical Highland
conditions and a parallel series of studies of the key
processes involved, namely the interception and transpiry-
tuon characienstics of heather and the interception of snow
by forest canopics A consariium of intecosted  partes
including  the  Scottsh Development Department,  the
Depactiment of the Enviconment, the Forestry Commission,
the Nosth ot Scotland Hivdro ficctne Board, the Wiatcr
Resemch Centee Seothishe wiater

Tepresenting supply
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imtesess, the Bntnh Waterways Board anmd the Natoal
Fosicanment Rescovh Connel sipeeed anr 19810 1o Toed thes
{mojet.

In this paper the catchments ciosen Tor the systenms part
of the project are desenbed, wgether with the instrumenta-
non networks installed e them and the experumental plan
for phases 1 and Il of what s anticipated 1o be o ten year
minimum study period. Some preliminary results from phase
I of the study arc summarised and discussed in relation to
the adeqguacy of the neiwork  destgns, While no firm
conclusions can be driwn gt this stage, the possible
imphcations of these results are amsidered.

1. Experimental design

The classical pavred catchment approach to quantiflying the
hydrological effects of u change in find use was impractical
in this case since 1t would invalve monitonng for some sisty
yeiars 10 cover the complete forestry cyele. Instead. the
proposed  expenmental desipn called foc three adjacent,
physically sinular, catchments typical of the central and
castern Highlands. One of these shoulbd have o mature forest
cover, while the other two would be under a mixed heather,
grass, bracken cover. In phase | of the study the
hydrological responses of these three would be monitored
and compared for a period of, say, five years. In phase (1
the mature forest catchment would be felled. one of the
heather catchments would be planted and the other remain
as the control. This design would yield data on the
hydrological charucteristics of the heather, grass, bracken
cover and of the three critical perniods of the forestry ¢ycle in
a total nme of ten to {ifteen years,

N

Monachyle
Glen

e

oo

I prosed impossable o ind sites wineh met it of ahe
regquirements of ths desigie winle alse sicenng the prachicai
requirements  The best fonmd  wan fao
catchments o the Balgubidder Soea ol Centad - Region
(1g. 1), One of these. the Kirkton Glen, was partially under
mature forest cover due o felhng wathin five yeaps. while
the other, the Monachyle Glen. was under a mixed heather,
grass, bracken and serub forest cover. The lower part of this
catchment had bheen acgred by Forestry Commission for
plinting Access 1o these catchments win reasonably good

ORI

ad they appeared techmwallv feasible: From an expenmen-
tal viewpomt it would have been desirable o have had
Larger proportions of the catchments under forest and due
for plantng, the digures of 0% and MM
respectively are not untypeal of the proporiions of many

Flowever,

Highland glens which it would be pracncal o afforess. Soils
and temperatures make prowth rates uneconomic ahove
approxumately SO0 m thraughout most of tlus area. Given
that  these sites come reasonably close to the oruuna!
spectication the desien wiss modificd shighily (o utibise them
Thrs moditied expermiental design called for the two
catchments o be monored under ther existing, covers over
the period 1981/82 1o 1985/86 as phase 1. 1n phase [, from
1986 onwards. the Kirkton torest would be propressively
clear-felled and the lower part of the Monachyle would be
afforested  To compensate for the absence of a thurd
catchment, it was proposed thar the upper paat ot the
Monachyle, winch was nat scheduled for plantng, should be
gauvged as a Cnested” sub-catchment to provide reference
data during phase 1E
Momitoring i cach
measurement of preapitation anputs (), of streamllow

catchment wis o consst of

300
Kfy

Aulomatic Weather Station [ ]
Metgsarologiisi Site <>
Streamliow Steucture a

Conlours «n metires
Kirkton Glen

)

Balquhidder
e

. —\/

R. Balvag

ABe

Stirling

|

Figure |

The Balyulndder caichmenis
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outputs (2. ot the wetearologcal vantables necessary
estinte potental evapetoanspaton U0 aad ol he
sedinment Joids bemy mansported out ot the catchowent by
the strcam. From these meisutements esxtimgtes o wates
usg o actual evapateanspiration (A E) by cach catchnwent i
cach phase could be determmed and related 10 potential
evapottanspitation. Preapitatonfrunofi relationships would
be estublished from fine time-scale measurements and the
clfects of_the tind wse changes i cach catchiment evaluated,
.\'uuil;l?@ ,\'-;Lluncul'-t;mng\ would  be o established dure
phase Tand changes i these during phise 1 identificd,
Since meawsurement of changes i catchment auosture
starage {AY), was not {easible i these catchments begiiuse ol
the heghby vanable depths of soal and andedying glacial
debreat was recognised that 8 would be possibie to abtan
waler use estimates only for ponods over which AN wos
snall relavve 1 £ Q0 el Tor penods where the witer

baliance exprossion
Al =P - - AN
could be aceeptably approximated s
AL ==

Effecctively dus would mean peniods of twelve manths or
mofc,

The resources avarlable from the consortum could not
cover the incorporation of momtoring of nutrient concentra-
uons or of thological achivity in the experimental design. At
a loter stage, however. groups wishing 10 study these and
other environmental factors hikely to e maoditicd by the
land use changes have been encouraged 1o work within the
cittchments and coordinate their activities,

2. The catchments

Both catchments are stcep-sided glaciated valleys aligned
approximately N-§ with shallow peats, peaty gleys and
upland brown carths overlying mica-schists and vanable
depths of placial debos i the valley botioms, The only
detailed geological information available consisted of some
ficld notes and skctches dating from 1895, Some arcus of
decper peat are present i the more gently sloping upper
basin of the Monachyle and a few lochans provide localised
storage on the relatively flat upper ridges of the Kirkton
Glen. The geology and topography of the arca suggested
that, despite the presence of some fault lines and of a band
of Loch Tay lmestone which outcrops in the Kirkton
catchment, no significant groundwater movement across the
well-defined calchment boundarics was likely 10 occur. This
assumplion has been verified subsequently by a hydrogeolo-
gical survey of the Kirkton catchment (Robins & Mendum
19¥7). Cxposed bedrock stream channed sections ol the
catchment outfladls and at a4 convenient pont in the upper
Monachyle provided sites for strcam gavging, structures
undikely to be by-pasaed by subosuitiee flows (g, 1)

The mare westedly Monachyle catchiment. with an arca of
770 ko and alttude raoging from MK ta Y00 m s under
a mixed heather and grass cover. Heather dominates the
vegetation on the ridges and an the upper basin, and there
are considerable areas of exposed rock on the western ridge.
Heather s present throughout the lower basin, but prasses
predominate with, also, significant areas of bracken and
somie patches of scrub forest below the crags on the western
sicde

The Kirkton catchment wath an ares of 6,85 k' and an
atitnde ranpe frome 25000 o 830 m lud, o TYSE 0 cover ot
matuee forest up o approsmaely the SO0m conteons Tl

lotest was predammantly Suka spoece it mctuded wane
Blocks ol Sevts poae, linch and other speaies The Foresapy
Commssion tenee enclosed 44 of the auchiment area bot,
with allowamcee for wnplaoted area, roads and cleanngs, the
actual firest cover wan estimited o ke 3850 Abave (he
forest, grasses are dommant on the minm valley  slopes.,
gaving way 10 heather on the elatively flat ridge tops. Rock
cxposure s hmited (o a few small areas on the ridge 1ops
and i snne of the steep tnbutary pullios.

3. Data acquisition

The evperunental design reguived istromentation, capable
al producmge accurale estiotades of - catchment nwan
precipitation., streamilow and the metcoralagical vagiables,
to beinstalled s cpaadly s possible i this difticult tersan,
Comsideranon of the probabie values ol £ and O sogpested
that measorements would have to be accurate to betier than
§% of annual 1otals i meminglul estimates of AL were 1o
be obtimed  The mstcumentation sstailed. the plulosophy
behind the petwork designs and the methods of utilisation of
the data ave duscribed briciy im the followmy paragraphs

3.1. Precipitation
The measurement of predapitation i mountanous eriun
sulject 1o high windspecds presents consderabic difficulues.
These are eancerbated where a agniticant propartion falls as
snow, partcudarly when snow sccunulalion eveats are
iterspersed by periods of tatal miclting on all, or parnis only.
of the catchment,
.10 Rainfall,
wias 1o desipn networks of storage nungauges wheeh sampled
cach sgmdicant combination of alutude. aspect and slope in

The appeaach adopled ot Balgubidder

cich  catchiment. The  locitons of  the two  resuling
networks, cach with eleven gauges, are shown in Figures 2
and 3. Installanion of these networks was completed in Y81
The gauges arc mounted in pits with their ordices and
surrounding anti-splash grids at ground level and paralle] to
the local slope. Cosine corrections are apphied 1o give the
equivilent cateh oo a horizontal surface. These  basic
networks are fead ot approxmately monthly imervals and
the period totals distrtbuted in ume ad described below.
Ground Icvel gauges are koown 10 minimuse  the
acrodynamically induced undercatch of rain by standacd
gaugces in exposed areas subject to high windspeeds (Rodda
1967, Rodda & Smith 1986) but the presence of the pit and
anti-splash - grid  has the reverse  cffeet during snow
accumulation penods

3. 1.2, Snowfall. [High windspeeds and  drift make a
almost impossible to measure snow anputs accurately in
exposed arcas of this very rough terrun, While  depth
densiy surveys hive some value i deternuning the water
cquivalent of snow lving ot a given e, they are afl linde
vilue as aomeans of estimating opiets o these cnchiments
Alutudially-varyig melt pates fregquentdy caose such
estimiates 1o be buised towards the upper levels, With ong
man on the ground, systemanc surveys are not possible in
any case.

The approuch adopted to precipitation cstimation during
snow pends is based on the presence of five small ctearnmes
distributed through the forested area of the Kirkion. Within
these cearings. drifting s minimal. Standasdd Merearologeal
Othice raingauges mounted at 3am height cud Loy high
snow gaapes have been nstalled e cach, Comparssons of
snow gaures  wilh IGTINIES

videhes by these depth

mmisatements  the Ceanmues have shown close irecment
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Al tive cloinegs e emonablv acvesabie o s
conditions. Acceptable estimies of snow mputs can thus be
abGioned a1 five sites within the catchment afler cacl snow
cvoid,

Five of the eleven gronnd level ganges o the Kikton
network are abw mounted an 1hese clenings. Donng the

MONACHYLE

KEY
Ground level raingauge
Automatic weather station

Streamfiow structure

+ »+ B 9

Neulron probe site

CATCHMENT

BLACKII,

congse af phase T ihe selatonships between these ive sates
and the actwarksan both cnclimenis huave been deteronmed
o penods sobpected o conbdl mpes oaly o
relationships, eaprossed o terms ot the catchment mins.,
are summarised i Tables 1 oand 20 They are remarkably
consistent i each of the three penods used AN o warhtog

(7.7km’ )

' thm 1

Contours {m})
Streams, lochansg

Foresicy boundary

Figure T Mo e imstonment ncisos ks
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hypothesis it is assomed that the detnibubio ol snow s
within the carchment will, onaverage . be the same s th
observad dunmg rntall penods Usaing the Srantall’
relaniaiships, estunites of the mputs s cuch site cutsde the
forest have been derived fram the snow maisurements nade
in the clearings. This approach bas been apphed anly during

KIRKTON

CATCHMENT

the few wanter months when mor soow aveamabation has
oveurred. Doy autamn and spring pesiods, when only the
high altitade storge ganges are attected by snow . estimates
for these sites have been denved from the within-netwark
relitonslup: deternined during snow-free periods,

A LN Time distribution.  Tine  distibution of  cach

(6.8km  }

KFY
Ground level 131ngauge
Automatic weather stalion

Streamilow siructure

+ b+ K o

Nculron probe s te
Standard raingauge o

Snowgauge Fal

1thm

e — 0 R |
Contouty {m}
Streams, tochans

Forestry boundary
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stonaee et okl s aclieved by elercnce 1o the neanest
revanding paoge Siv ol these Loe distaboied through the
wrva, ane aitached oo cacly of the Jom gutonine weathe
stalmins and oog mdependent one i each catchiens fhips 1.
1) W frecamy comditions these recording gamges freguently
nudtunction and tme distribution an a daly hasis s 1hien
achieved by refercoce 1o the darly read standard gauge at
Tulloch  Farm  Metcorological  Site. 1.5km W of
Halguludders,

The ongoal wtention was 1o assemble 5 compleie inay
of hourly values for all twenty-lwa gauge sites (rome which
cutchment mcans at hourly intervals or any multiples thereot
covld be compated. BExpenieoce has shown that these will
abways be some gaps i s arcay. Comeguentty, tor water
Bilance  computation  and  sile companson puiposes, 3
second arcay hus been asscmbled wlich lus o smonthly e
Base, these values bang accomulated fiom an approximate
dinly bme distribution with gseference to the Tulloch Faom

stadard gauge.

3.2, Streamfiow
The expenmental design called for continuous monmitaring of
discharge from the two ounn catchinents and from the
Upper Monachyle sub-citchment. To obtain cumulative
watals with an accoracy of 5% or better meant that flumes or
weirs would have 1o be installed and water level recorded
continuously, Iinding sites on these steep rocky streams
where the hydraulic conditions were likely to be compatible
with’ the constraints of cceplable  structure
throughout  the discharge  ranges  was
consunming, but such sies were identificd during 1981,

3.2.1. The structures.  The sites on the Kirkton and the
Morachyle stecams came reasanably close 1o the speaitica-
tons required 1o operate smple Crump werrs (Brinsh
Standards  Institutton 1969). Both were also reasonably
accessible and on sound, witertight bedrock. Design work
progressed rapidly, but severe winter weather and other
practical problems delayed construction work until 1982,
The Kirkton structure, with a 7 m crest width, is capable of
containing the estimated Afty year return penod dischacge of
0 m's™'. It became operational in July 1982 and the Sm
width Monachyle structure, designed 1o contain a 26 m*s™'
flood, in November 1982. These structures have theoretical
lower discharge limits of reliable pauging of 0.076 m*s™" and
0.051 m's™", respectively. To gauge lowes discharges which
could be anticipated in prolonged dry summer conditions,
short-throated trapezoidal lumes prefabricated in fibre glass
were also installed at cach site. Their dimensions were
chosen to ensure a reasonable overlap in the discharge
ranges with the Crumps,

A rock bar site suitable for a range of possible structure
designs wans identified in the Upper Monachyle in 19X The
2km of diflicult terrain between at and the road head
(Fip. 1) presented practical construnts on design chaice.
construction methods and materiale, The sodunon cvolved
was i at vee weir (White 1971) constructed entirely front
bght alloy and keyed tato the rock bar at s dowimtream
end. Prefabricated sections were transported from the road
head by helicoptes. The hydraulic profile is a | 10 Aat vee
with 1:2 approach and | : 5 downstream slopes. A width of
3.2 m between vertical sidewalls and o containable head of
V.2m gives a theoretical discharge range from 0L002 1o
9.0m s Tlhis iy suflicient 10 cover the estimated 1 n 201
year return period high and low Gows, The steuciase became
operational i July 1983

3.2.2, Water level recaeding,

desipns

expected tme-

-

The cquipment used on all
live structures s oa battery operated magncte Lape revorndes

wheeh Togs ot Bive-nmmete wrervals, the mpnt received from
a Hoat-opeuted polentmmetiie water level sensor Theoret
wal descrimmation s Faonm theowghonut the watee level range
Fhas desien b been inoase on Instituie of Hydrology sites
tor many years sond, ven regalae msntenance . his good
rehamlny, Back-up paper chan recorders are opented an
the two Crump structures with paper tape recorders on the
athers. Data loss has been mimmal. except during periods of
profonged Treezinge condiions in winter. Discharges are
tsually lose and seeady during sach codiions, Tnterpolation
between apot seudings, abtamed by hrcaking the ive s the
Hoat wells and on the wen erests, resalts i mmeml crrors,
Problems canarse. however, when o rapad thow ocenrs and
waler level bogns 1o pise before the Boat well thiws,
Annopanion al such conditians by ahe fichd observer can
s e probdem. Dilficolty of access during the winter
means that the Upper Monachyle  connen
remedil treatment wah the scane regalarizy, The wstabla-

receive  tis

tion of o recording pressure transducer e the appraich
seetian of the structure Bas pow reduced winter data loss
from the structure. Dunne sone wanter penods this high
alotude reach of the stream freczes up completely, so that
Now rates reduce o zeca.

3.2.3%. Stage-discharge relationships. Using the estab-
lished hydraolic theory for cach structure (Ackers e al.
1978}, together with ats dubcnsions and assumed approach
velocines,  relaionships botween observed  water
(stage) wind discharge were denved. These rutings were used
imtially o compute dischirges from the observed water

level

levels, 1t wus decognned, however, that cheeks an therr
validity werr pecessary. Spot checks using the ditution
gauging techmgue gave no evidence of sigimlicant departures
from he aleorencal
structures. Good agrecenmient was found between the low flow
Mumes and  the Crumps e theds ovedupping, discharge
ringes. The fow spot checks abrtained at medium discharges
on the Monachyle and the Upper Monachyle sites also gave
no cause for concern. However, dilutton gauging at medium
to high discharges on the Karkton revealed  significiant
departures from the theoreneal values. These indicated a
progressive underestimate by the theoreticul eating with
mcreasing  stage.  Though disappointing. this  was ot
altogether uncexpected. since the approach channel con-
figuration was at the upper limit of slope and roughness
acceptable by the theory.

Following the installation of a bridge across the approach
section of the structure, a programme of multipoint current
metering wis initiated in the Kirkton, By December 1985 a
reasonably representative range of discharges had been
sumpled and the suite of cross-section velocny praofiles and
water levels wis analysed The revised rating derived from
these data i compared with the onginal o Frgure 1 Alsa
plotted are the spot dischivee values computed from cach

vilues e low  discliarges on all

currem mtering o, Obvervations during the cutoem
meternng exeretse adentticd two bactors other than the
upntrcam channed slope which were contnbuting 1o the
departure, These were the establishment of sosediment level
i the approach sectnon dunng high flows which reduced the
elfective crest height to G4 m as compared toits design
height of 0.7 m and progiessively greater asymmetry in
velocity distribution with increasing stage caused by a rock
The accumulated whter leve)
abservations from 1982 have now been re-processed using

intrusicen on the nght bank

the revised rating, Wiile depaatures of thus magaitude arg
oot anncipated attugh Dows on the Monachyle, o bodee s
bocn istallad oo tus stractuce and o progeanme of cusrent
Current practical

r1lcl“lin.1', tintazetyd |lh‘lclit|;: I~ Nt
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Matavee

creept al dngh discharge

proposiion e the Cippos Aonachle stawhue
Muore detnled dilunon oy

fests e bemng carned ou ot this site.

Y3, Mcteorological data
Recogmsimg  that
significantly between catchments, the decision was taken 1o
instal meteorological instrumentation in both. The -
stimentation Insute of  Hydiology-
Statwon, Usmy the

meteorological  conditions could  diter

chosen was the
Wceathe

|l.‘1tlcly :)pul;ltul |11:|_|\:nclic Lipe lu_ugcl as the waner level
recording system, this recards live-nnate valnes of sola
and net radution, aie temperaitere, bumidity . windspeed and

designed Awtonatic NI

wind directon. From these data, estinunes of  potential
cvaputtanspination, 710 are compoted (Penman T9RI8) Also

attached 10 the logger s o upping bucket  recording,
nungage. (o choosing  locations  for  these  sautomatic

weather stations within the catchments, costs and aeces-
sthility had 1o be conmdered as well as the need 1o samiple
possible vanations duc to alutude and wopography. As
shown in Figure 2, & valley bottom site at 300 m and a site at
450 m whose exposure was typical of most of the upper part
of the catchment were selected for the Monachyle. n the
Kirkton a sitc a1 670 m on the western ridge which typified
the exposure conditions on both rnidges was sclected (g, 3).
The cost of installing a second automatic weather station
over [orest in the valley bottom was considered to be too
great. Subsequent events have shown that this was a mistake
and a canopy level automatic weather station was mounted
i the Kirkton in summer 1986 To provide 1eference duta as
a precaution against data loss from the catchmen sites
fourth automatic weather station was mounted on o site at

| 3
Discharge m'y

Nevned cahng

Dwaegr ratng

Corinat msinsmag soiven

o L or a3 Oa o3 06 or oa

Grage =

Figure 3 Original Kith oo dosien eating seond revised eating dennved
from current metenng,

K. BELACKITLE

Tabde XV Sunnry of regeesaon cchaionsdnps Betweens monthly
mean daby F0F estimates trom the AWS sites Tor pumnths wilign
compleie data were avatable

Kirkion (K1) and Talloch Farn (1))
KL= LA?H0F T T = 0830 K- aeld
Ho= 21, PRI RYY .S ¥
Maonachyle (MG) and Tulfoch Farm

MG = 1-ORGCTF + 035 TF = 1897 MG = 1006
wo= 2%, = U

fiprper Monae ivcle (G aend Pallocls Faeen

UM = 16Tl —uind LE 00 230 LINL 4 et

=15 PRI TIU TN
tipprer Muonachyle and Monachvle

EIM = IR MG — 1SN MO =00 83VITNS + (k)

n=15 T =0usT?
Upprer Monuchvle and Kiskion

UM = (K4 000 KH = 0953 LM 4 0083
w o= 1 = 09507
Kirkton und Muonachyle

KIL = ]-0% MG = 0 it MO =iR720 K10+ U398
0 =24, 7= 0700 -

Tulloch FFaron (Fig. 1), which was casily sccessibie in all
weather conditions. Manually-read  metcorological equip-
ment wis also installed at this site for comparison purposes.

ANl four automatic weather stations were mounted so tha
the donunant vegetation “seen” by the net radiation sensor
was grass. Consequently the £7 values computed for each
site relale to grass, Data caplure was pour from the high
altitude sites at first but the ainstallution of & solar panet at
Kirkton and a wind generator af the Upper Monachyle site
to maintain battery power improved matters considerably.
Recently data capture has been exceeding W% from all
sites, though intermittent problems have been expernienced
with individual seasors. The windspeed sensors at the high
level stations have given most trouble and, as bas already
been ndicated, the recording  raingauges  {requently
malfunction during {reezing conditions. Work s continuing
on studying the between-site relationships of the indivedual
viriables. Some imitial comparisons of the Kirkton site with
Tulloch Farm (Johnson 1985) indicated a mean temperature
lapse rate of 8.9°C-per km between these two sites and much
higher radiation and windspeeds at the upper site. Pending
completion of this work and its application to estimate
catchment £T means, the relationships between £7° at the
four sites have been investigated using monthly mean daily
values from months with completc records. These
relationships, summarised in Table 3, have been utilised to
il gaps in the records so that provisional long-term totals
for the sites could be estimated and compared.

3.4. Sediment transport

Sediment movement through the outfalls of both catchments
has been monitored since the summer of 19820 Suspended
material i sampled contnuously usng  vacuum-operated
automate samplers, During storm cvents, spot samples are
taken at 4 much higher frequeacy. During storm events abso,
specialised cquipment is used to sumple the movement of
heavier bed load matenial and surveys of the deposition
within the approaches to the flow gauging structures are
carricd oul after each mujor event. lnitial results were
described by Scort er gl (1986). During 1984 the
Depanment of Envitonmental Sciences at Surling Univers-
ity apreed 10 extend the range of the sediment siudies 1o
include detailed wark on identifving sediment sousces and
transpert methosds widlun the carchments, These stadies e
descnbed in detal by Forguson and Stong (1957),
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4. Dt amadvsis and provisional resolts

4.1, Water balance

Phase 1ot the stody was completed an Precembes [URS,
While somie precipatideen ad mcteosological dia were
acquited durmg 1981 and catly 1982 the aequisttion af full
data sets for water balance purposes cffectively began in
autumn 1982 for the two puan catchments and in Augast
1983 Tor the Upyprer Monachyle sub-catchment As will he
appreciated from the commenis on data acguration me the
previans seeturr, considerable retiospechve ilysis wis
requited o convert the ticld seadings 1o usable data, 10
estimate vilues 1o mlill gaps and o correct the mitad values
obtiied an the case of the Kirkton stecillow. Much of (s
o sl gcomplere. b o provisional ser ot monthly
precipitinon . streamow and £ valaes for the two amam
catchments  covenng  the perend December 1982 o
Navember 1983 been sisembled 10 give an amitald
mdication of the watcr use ol el cchimen. Wit thin
sel, the Kirkton strcamilow data are considered 1o e m
then hinal form following thewr re-computation using the
revised rating. The Monachvle strcamflow data are sull
subjuct o possible

has

revision following the current metering
hand. Preliminary figures indicate that
iy be overestimating high fows by

cheeks presently in
the present iy
3-58%:.

The precipitation data bave been derived from the ground
teved petwarks usimge the Tultoch Farm danly standard gauge
for ume disttibotion and the relationships in Tables 1 and 2
e estimate misming values during snow penods. For tlus
pravisional set, anthmetic mcans of cach catchment nctwadk
have been calenlated  As llustrated an Table 4, the mean
deffereitees between artbunetic and domain-weighted means
for snow-free penods when all pauges were operational are
less than 1% i both catchments, The greatest depatture
occurred 1 the perniod June 1983 10 December 1984 0 the
gairkion Catchment, when the difference was 1.6%. As can

235

Vabde 4 Prevgaaation totals Bor cantall oaly penods cstintedt In
the athmene anean (A YD and domam weichted mcan (1241
mcthods
Monachvle Kukion
P AAL () DM A ) DM
7-853-11 K1 [[ES 02 N Rod
GRA- L1284 1 1 HIM 1am 1380
485100 K5 1617 1615 1431 1428
Totak ERAY 13 RYAE] RIS

he seen Trom Table Todes comeded wath o peaod when
gouge C3Y win giving consintently Jower readings, refative
to the catchment mean, than in cather of the other penods.
The appeenily low cantadl o thes dantsn s discussed
further i Secton 4.2, Wiide indovidual monthly gotals may
b i erras as o fesult of the method of nme distiibution, the
ceer en the cumulative totals wall be insigndicant,

The BT values tor the Tour gutonnite weather staton sates
have been sosembled ustnp the relativeby crude metlvxd
deseribed in Secton 3.3 o il gaps. So fur oo mteapt has
heen made to estimate catchment mean £ values. The
annual ploticd  against altitude o Figure S
demaantrate o marked meorcase between the valley bottom
sites and the eaposed ngh alttude sites in Kirkton and the
Upper Maoaachyle, This increase with alitude s contrary to
the normal presumption (see c.g. MAFIE 1967). Figuie 6
indicates that the inerease is greatest dunng summer, Figure
5 b demaonstrates consstent celatiomhips between all the
sites and close agreement between Upper Monachyle and
Kirkton despiie the 250 m altitede difference. The futier
sugpests tat simitiunty i exposure rather than altitude per
se may be the key factor. Subject 1o further evidence from
the automatic weather statzon recently installed over forest
i the Kirkton catchment, it would appear that E7
differences are likety ta be greater withun catchments than
between them.
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FHE AT OQUIHTDDEIE CATCHMENTS NCOFLE AND

Pable & December 1987 e O3iebor PSS povosionaal oaals il

y.ll:n'..lgn: 1. maanth means ol pree alent, sl |~-|;|m.|l

crapraanen amd esvtomaned waler use P (0

Manavinde LNTIN TN
totsl 1) puonth ol 1Y moarh

wean wean
Prcapnation (1) LAY N (TR} 20
Strcamilow ((J) {138 M77 SMn 1 79N

- (J R SR 1274 437
Penman (8 1) (Kukion) 1 38t hAR]

The provisional nunhly woiads of pucapiation and
streamilow ace plotted se o e senes e Faane 7 and the
cumuliative tottls, togrethier with those of 2= and L8 iom
the Koekton st s bstedban Table 5 Deymie the sinntanty
un their altide cmges. Monachvle consesientdy reveives the
weewter preapiation. Vs s manored o the Now dusing the
welter moaths, but i diy peneds Kakton produces fugher
Hows Fhe hongest penads ot siow accumnlitivn occuned i
Lanvary and Febnowary 19840 and danoiay and - Feboy
1985,

The average twelvemoml precipntation difleience of [8%
or 0 mum, toeether with the 1339 ar 228 man difference i
sttcamiiow, results in i mean twelve-month £ = O valug for
the Monachyle of 538 mm that s 120 mun luzher than the
437 o for the Kirkton, These compare with an £ tigure
of 543 mm Tor the exposed upper area of Kokton and, by
imphcation from Figure 500 sionln ligure feom the upper
arcas of the Moaachyle. The plot of twelve moaths moving
wiah i Figore 8 indwaces that the between-catchment
diffcrences are remankably consistent. particularly from
Apnil 1983 onwarrds, suggesteng that o oy errots e present
in the data they are systemate rather than random The
conststently lower 7= (0 value fram the puctly fatested
Kirhton wad s low value relative 2o 277 aie enmarkable i
that they would not have heen predicted by curoent they,
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1.2, Possible sources of creor

P - v of comse anlt o cnede ostiiate ol swoner nse, A
wlnch negledcts storage change over the pertod considened
While stavage chasges cammnt be moniiored accurately
thuse catehments, s osnactive 1o consider thar posaehle
argnstade an o means of asessing crron an the abose wintg
use estimates, [0 s assumed that the twelve-month AL
values follow ihe peneralh wrend of ET then Figare B gives an
indication ol the magneudes of AN Exireme values ol
V2Nthm and
poenads ending e Lanwaey 1950 and - By TUSY oe
obtmned, with similae volues Ton Karkton,

= Xt tor Momachle o the twelve-month

The components of Graclhiment storage can be summarnised
as soll monstuge, Ceeavetaional” o wales which eventually
emerizes iy streamflow sadm this case, snow aecumudation.
Within the perod of recond, pasdmun snow accumulation
accured Balgquindder wm Lt Fehowaoy amd March
1989 A senes at depth/densane samples tahen s the!
periad 0 late By gave wider equivalent ligeres i the
rnge WX mm o I8 mm for betht catchments. Accumul-
non e the 1983 snow poniod was only o7 the onder ol
20-30mm, It s reasonable 1o assome. therefore, that the
1984 snow accuntubation was the magon tacteo wethe 8- (0
depatrtures from the ponms an the fwelves month peneds
cither ending or ststing i Januare US4 v Masch 1984,
This suggests that the departures fram the norms armang
from the uther twa camponents of sturage are conderably
less thin 200 .

A tdhcion of the possible magnodes of dthe o)
mosute camponent is eiven by the tesulis of o soll inoisture
depleton study ot three deeper i sies i the cinchiments
(Calder 1956). After the prolonged divospell w1984,
masssnum delicits recorded were Mhmm. Stmm and T nam
under heather, grass and spruce.

Gruavitimiona) storage s more didficalt 1o Gessess. Stonm
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watve Teaves these T’ catchieents vy |:||\|l||\' 1 Tones
ot X2ma e idbnnn pec ey have beens recosded oo the
Maonachvle and Kokton caichments, Allcr sarme cuenls,
None vates diop vory cgnedly 1o 2-3dmmfday. Thereaties
recession s much slower. D the diy smmnmer ol 195
Dot streams were elleenvely i eecession oo the cessation
of snowmelt i Apnl ull the cad of August. Total lows over
this  period were only ST and Y3mm from the
Manachyle and Kithton catchiments, wespectively Flow vates
the eand of the prerod were O mm/dae ond 0-bmm/day,
respechively.

These wialications o the Likely tanges of sond moistuare aod
pravitintionil sotiee aie consaistent with the above estinate
ol AN bemp considerably fess ahan 200 mme eacept whaen
MO I present o stonm water is i bansit, Eaanieming, the
stirtand end dates of the comulative totads in Table 3 in thas
COTENt ety thint na stornmy wiatcn was on Trionstl, e spow
wirs present and precedmg wet spelts would sugeest very low
sorl mosture dedicns on both dates Basellows were ugher
i both caichments oo the start dote in Decamber 1982 but
crude estimates of the secession mates supgeest that the
storage differences arising fram this are unlikely to exceed
Stmm. Thus the storage chimges, A5, over this thirry-live
month period are likely 1o bea the roge =350 10 = 100 mm
in both catchmeats. The erron this mitroduces i the mein
twelve-month P = (} estimates of AF is therefore —17 o
- M mm.

Qther possible sources of systematic error in the - @
vilues retide to the sreamtlow and precipitation data, If the
raung cheek on the Monachyle situcture verifies the imtial
mdications, then the fow data presented will be o error by
+3% o +53% . e the PP = values for Monachyle will be
10-15% 100 low.

Precipitation presents the greatest difficadty in terms of
wentlying sources of error. Regarding the cleven gauges in
cach netwark as independent estinutes of the catchment
means pives standard errors of 2.6% and 2.1% for the
cumulative values in Tables T and 20 As mdicated in Section
4.1, however, much of the varsition about the mean in each
case s domam related and persistent. Chedks on the
representativeness of gauges such us C3Y in Kirkton and
B2Z in Monachyle which show the most extreme departures
from the mean are under way. with additonal gauges
installed in th: domains.

While the method of estimating snow inpul is open o
question, it was used to give complete catchment estimates
only n January and [ebruary 1984, and Januvary and
February 1985, giving 772 min and 659 mm, respectively, of
the Monachyle and Kirkton totals of 7688 mm and 6520 mm
over the thirty-five months. If the method introduces erroes
cven as high as 20%. the cffects on the cumulative 1otals
would be only 2% These t turn would result in errors of
10% in the equivalent twelve-maonth mean values of Q.

4.3. Discussion

Accepting the proseat =) estates,  the value fir
Monuchyle relative 1o ET s broadly in Line with model
predichions based on process studies Curried 0wt concur-
rently with these catchment studies (Hall 1985) and reporied
in a contemporary paper (Hall 1987). The estimate of AL
for the Kirkton is. however, much lower relative o £7 thun
expected from curremt knowledge of forest and grass water
usc. Curly results from Plynlinan fos 1909- 1975 (Institure
of Hydrology 1976) pave the following mean aonual values
for  catchments  Ccapertencing comparable mean ol
precimitation of some 200 nun,

HE ACKILE

I ©F imim) e
Whe (erassbind) RRY]
Nevern (02 forested) [} NER
Severn {loresied 85h

med only)

From his lysimcter study of the witter use of spryce Torest
within the Plyalimon ctchmenis, Calder (1976) obtained
estemades whnh wose vonsisteny winh the catehment winer
habance Bigores, Calder and Newsont (1979) evolved llom
thuse md odher data o soprle prediction amoded whieh has
boen widely used to estimate the wister use of partly forested
cotchments maphmd Britinn Apphang the above Plealonon
datin, e the torm of atios of wangr use foe cach vepcnition
type relanive 100 B and the Calder and Newson nxldel 1o
the Kirkton data pives the following estimates of wiler nse,
AL by s cnchment,

Coand N
cstinuiie
T mm T 33T mm

Woater

halanee

Plynfinon
b estinnile

Kirkton AL T mm

Criven the probable range of uncarionty me e wialtey
tuilance Iiglllt.' discensed above there s rlc:n']}' a need o
wdentify the reavons tor this discrepancey

A plot sudy of antereeption [osses withon the RKirkton
forest has produced  tigures ‘m the cmge 26-28%  of
precipitation which are only muacganaly lower than those
atnerved elsewhere o Batin (Calder & Newson 1979),
These supgest thar wtal water use by the forested areic is
hkely ta beoan exeess of U mm pes antium, compatable 1o
that determined Tor the Halien forest at Plenlimon. With
some 35% af the Kerkton under forest and assuming that the
10% dominated by heather would have o similar water use
o the Monachyle, this would sugeest @ water use rate of
248 mim by the grss-dopunated remandes of the catchment.
This is some 3% lower. relative 1o 27, than the Plynlimon
results would suggest. L therefore, the water badanoce
resulls stand up 1o the detailed scruting preseatly under wiry,
therc would scem 10 be a case for some intensive study of
the water use of high altitude grassland.

5. Future work

The praposed time span for the manitoring of the effects of
the land use changes in phase 11, as discussed in Section 1. s
a minimum of five years. During this time work will
continuc also on assessing and refining the estimates of
precipitation oblained from the networks, This work miust
include the development and testing of altermative metods
of snow npet esomation. since the sheliered  clearings
within 1he Kirkton ciichment which are the basis of the
present method will disappear as clear telling progresses,
Much work sull s o e done sl on e amomane
weather station data, on the analvses of e storm
hydrographs and storape discharge relationslups for bath
phases of the study wnd on the dot from the Upper
Monuchyle sub-catchment,

The objective of these systems studies and the paralle)
serics of process studies s o obtain the  information
necessary o develap and test mathenutical models which
can be used o predict the clfects on strcamtiow of any
cambination of upland vegetmon, Fhe preliminary resubs
from the Kukton coacunent have wdentilicd the need uy
study the water use of high alogude grassland n creale

detatl o thar this obgective can be achierved
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MOUNTAIN AND GLEN CLIMATIC CONTRASTS
AT BALQUHIDDER

By ROC JOHNSON
Institute of Hydrology, Balquhiddes, Scoddand

Absreacr: Usillq the antematie weadher sanons ar Toloch Yann (J]tl[mfr 1350 above ordoanee
datom) and Kurktaw (2.3ko NNW of Tullach Farin, abticode 673m Ao} contrasts are deawu between
the 1983 secords of temperature, radition, wind, and precipitation,

[n the Highlands of Scorland the theee major industnies of tounsm, forestry and
{arming are increasingly looking to the high, rugged areas for future development.
The stcepness of the topography hinders cach one and combines with the alttude
differences to create contrasting climatic environments within shore distances.

The Tulloch Farm and Kirkton automatic weadher stactons {AWS) are in the
Balquhiddee arca of the Hightands; they are operated by the Institute of
Hydrology as part of a patred catchment study,

Tulloch Farm AWS aa]tiludc 135m Aol)) s tn chie botwom of a deep glaaated
glen, orientated cast-west, contaimng Loch Vol and Loch Doine. In coutrast
Kirkton AWS (aleitnde 673m}) 15 on the top of a broad nordh-south ortentated
ridgc, 2.3km NNW of Tulloch Farm.

The automatic weather stations record  the  following  metcorological
parameters ac S-nnauce incervals: solar radianion, net radiation, temperature,
temperature depression, wind run, wind diccction, ramfall.

These data are recorded on to Microdata loggers, battery-powered at Tulloch
Farm and solar-powered at Kirkton.
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As an mcdication of tempersture diberences m 1983 the number of days when
thie mean temperature was below 02°C for the Kirkton AWS was 95, hut only 9fo
Tulloch Farny AWS. Dasly mican temperatares of 207°C o miare occurred only
once ar Kokton bor 04 stnes a0 Padloch Barng

Fig, L shows monchly e tempernature differences berween the stanons. The
preatest difterences s temperature oceur i the carly summer and the salles
dfterences mlate suonvner or carly autumn, These results are however anly for
one year. Taylor (1976) showed that bapse-rates have great varabiliy i anie,

Table 1 shows the two statons” amnuad mcan wemperatures and also the lapse
rates calculated from these values

TARLE L
—
Anmual mean twpentone Tulloeds Farm g0
Hukton 4.2
|.1!l\c rate: ¥Y q'c‘}'_ C k!
Avnal imean swainmun temperature Tullocl Faom 12.4°C
Kirkton 6.1
Lapse rate: 102 degg C kin!
— —
Aunmal miean mminnon temperatire Tulloch Farm 5 7C
Kirkton 1.7°C
Lapse tate: 7.3 deg C hm!

These lapse-rates are much greater than those found in Wales by Simith (1950),
the northern Pennines by Harding (1979), and the Ben Nevis obsscrvatory by
Buchan and Omond (1905), duc mainly to the greater sheltering i this case of the
lower station by the surrounding mountains. There is also a greacer difference
between the lapsc-rates derived from maximum and menimum temperatures due
to the nocturnal dramage of cold air to the valley bottom.

Temperature inversions, deep cnough to cxtend beyond the |1uL,lu of the
Kirkeon AWS occurred on 10 daysin the year, widh the most extreme in Febeuary,
persisting for 16 hours with a maximum temperature difference of -4.5 deg, C.

Annual mean temperature depressions were found to be 0.7 deg C less at the
Kirkton AWS, confirming that chis station lics in the moist mid-alutude
atmospheric layer.

-

rarge

,'-L\/ Tuthiocn Farm
A
.-

-
—~ —a Hsiga

DR Raat~1 A8 HIVTS

o0 e e — i e
3 ) (1] A Y] J J A o {r r 1]
Fig.2 The mean mondhly ange of tempesamie a0 the twe sates,
trg.2 shows the monthly temperature ranges for the two stations. The patterns
are sinunlar over the year but the range 1s always greater ac the lower alutude
stauon. Linacre (1982) showed that the datly range in temperature changes non-
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uinfarmly wieh he whe,and the 200-7000 alowude range s one of toansinon from
(he lower adtitnde hand where daly 1 angre imcreases watleherghoco fgler aliodes
where daily tinge decreases with henghe,

Wind differcnces between the ewo stations weree tound to be caused by local
mpm'r'aplty The Tolloch Farmy wind dircction s dannated by the castwenst
atientanon of the \-|¢ ot h e st fre quem b Ty 271315 de wrees ncantrase,
che Kirkton wind dircction shows a more typacal (ru|ugmy tor the British tsles
with dhicections of 181-270 degrees bemng the dominant. Speeds were faund to be
much greatera the Kickton AWS {(mean 5.7ms1) compared to the Tulloch Farm
ANYS (Nlt'lll 2 ),

Precipitation, ¢ spec mlly at Kirkton, contams a lmr(, proportion of snow wihich
presents problems m accurate measurement. YRS wasa relatvely snow-free year
for the Balqulndder avea. There were 33 days when snow wasdyig at the Tulloch
Farm AWS at 0900 (;M'I' and an esumated 93 days ac the Kickton AWS,
Precipiation in the Briash [sles increases with alacude aldhougli aspect and slope
are usually assamed to have some mfluence. The two stacons have large alucude
diffcrences, the ground at cach is almost horizonwl, so slope a and aspect here playa
minor role. 4 1.3 shows the monthiy totals for c.u.h station. Yn some months the
higher altitude station has a lower totaly i winter this could indicate an
undereatch of snow. The annual precipitation mmls for 1983 were Tulloch Farm
1917.7mm, Kirkcon 2490.8mm.

Fig-4 ot the monthly mean values of net radiacion shows that Kirkion net
radiacion is usually greater than Tulloch Farmy, The 1983 ncan values were
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Fig.d: Monthly nat radiation totals for the two sites, 1983,

Tulloch Farm 2.6 M] M- day-' and Kirkton 3.6 M] m-2 day-' implying a gradient of
L9 MJ -2 day- k-,

Harding (1979) found that there wasa change from a decreasc of radiation with
height to an increase at about 500m, this change being attributed o cloud
thickness, high-alitude stations being near or above the cloud tops. The Kirkton
AWS 15 rarcly above the cloud top and when the cloud base hies between the
stavons the cloud is usually so thick that no differences can be observed. The
increase in nee radiation s therefore attributed to a combination of several facrors.
Tulloch Farm in winter does not recerve dircet solar radiation for six weeks duc o
the shading of the mountains south of the station. Also, tn winter, snow tying atthe
stations will affccr che measurement of net radiation; tus 1s 2 more common
occurrence at the Kirkton AWS. Haze is not common in this area but when it s
present 1t will be much thinner above the high-alticude station. Fially, nocturnal
cooling reduces nct radiation; thus will affect Kirkton less because of the greater
atimosphenic stirnng at the Ingher alucude.

The 1983 data fron: these two weather stations has therefore shown that the
clumatic contrasts are very pronounced. Exploitation of the Highlands is tempring
but limits imposed by the climate must be recognised by farming and forestry for
economic rcasons and for safety in tourism.
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Processes of evaporation from vegetation of the

uplands of Scotland

R. L. Hall

ABSTRACT: The results of a senes of expenments to study the physical processes governing
the evaparation {rom upland vegetation in Scotland, ve. comferous foresi. heather and grass, are
described. Parucular attention as given  the intesception process oceurring in heather, one of
the dominant indigenous species i Scottish upland catchmenis. Atteotion is also given to the
imerception of snow precipitation whech in the Scottish uplands s i sigmficant proportion of the
total preapitation. A comparison of the parameters desenbing the efficiency of the transport
process of water vapour for coniferous forest and heather indwites that the process is more
efficient than predicted by classical diffusion theory; additional transport mechamsms are
constdered. A simple model, bascd upon the results of the process stedics, was applied to data
from the Monachyle catchment (Balgubidder) and the model prediciions compared with
observations. This study, 10 conjunction with recent resulls from the Balqubidder catchment
cxperiment, illustrates the necessity of further investigations to give a fuller understanding of the

evaporation from bigh alttude grasshand,

KEY WORDS: catchment model, heather, high altitude grass, interception, Scottish, simple

seasonal moxlel, spruce, transpration, transport mechanisms.

Results from the catchenent study at Plynlimon in central
Wales, quoted by Calder and Newson (1979), showed that
the water use of the forested Severn catchment exceeded
that of the grassland Wye catchment by approximately 20%
of the annual rainfzll. This diffcrence was shown through
evaporation studies (Calder 1976) to be the result of high
evaporation rates of intercepted water from the forest
canopy combined with long-duration low-intensity ramfall.
The successful explanation of the catchment results through
these cvaporation studies was a clear demonstration of the
importance of process studies in hydrology.

Descnbing physical processes in terms of mathematical
models provides a means of explaining catchment results
and extrapolating them 10 different times and locations.
However, because of vegetative and chimatic differences, the
results of evaporation studics carried out in Wales cannot be
incorporated directly into models to assess the impact of
afforestation in Scotland. In particular, the dominant
indigenous  vegetation in Scottish  catchments 15 often
heather rather than grass and in Scottand a much larger
proportion of the annual precipitation falls as snow.

The necessity of evaporation studies in the Scottish
environment was recognised by the Consortium on Upland
Afforestation and Water Resources (see the Acknowledge-
ments for a list of the constituent organisations) and a scries
of experiments was undertaken to study the relevant
processes. ‘The results of these expenments, described
below, have heen incorporated into research  models
developed 1o give a fuller undersianding of the processes.
The new information gained from these has in turn been
used to derive simple scasonal models requiring minimal
input data. Such models, suitable for application to water
resource studies, make it possible to estimate catchment
evaporation on time scales shorter than the customary year.

To date, the most successful deseription of evaparation
from vegetation s that given by the Penman-Maoanteith

cquation (Monteith 1965). A physically-based equation, t
estimates the one-dimensional (vertical) flux of water
vapour from a vepetative canopy considered as a single
homogeneous layer. The rate of evaporation, E, is fclated
to the prevailing weather through two parameiers which are
funcuons of the canopy: r., the surface resistance and r,, the
aerodynamic resistance to water vapour transport from the
vegetation surface to some obscrvation height abave the
vegetation. In dry conditions, when the plants are
transpiring r, is the parallel weighted sum of the stomatal
resistances (Jarvis 1981) and the sum of r, and r, controls the
ratc of evaporation, E, through

go2Ateqe —a)n (1)
A+, (1+r.(r)

where A is the total avajlable energy; 4 is the latent heat of
vaporisation of water; A is the slope of the saturated specific
humidity versus temperature curve for water at air
temperature; p is the density of moist air; ¢, is the specific
heat of air at constant pressure; and q° and ¢ are the
saturated specific humidity and the specific humidity of the
air, respectively. When the canopy is completely wet r, =0
and the evaporation of intercepted water is constrained by r,
only. Measurement of these resistances is thus necessary for
any model or estimate of evaporation from vegetation which
is based on Equation (1).

Estimates of evaporation which do not require informa-
tion about resistances are also available. For short lowland
grass (he evaporative loss is estimated well by the Penman
(1948) potential evaporation E,. This is defined as . the
potential rate of evaporation from short grecn vegetation
completely covering the ground and well supplied with
water, It is calculated using

_Aa@. +yE,
A+y

E (2)
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where (., is the net radiative encrgy input to the vegetation,
£ ventilatton term which s a function of windspeed and
vipour pressure defickt and y s the psychrometnic constant.

The Penman equation is o special case of the more
general Eguation (1) and implicitly includes acrodynamic
and surface resistances appropriate to the surfaces for which
the equanion was originally derived. It will not, therefore,
accurately estimate evaporation rates from vegetation which
has a different atmospheric coupling. However, with care it
ccan be oused ol mudnplicd by empinical Ctranspiration
fuctors™  Although this practice s hard to jusafy on physical
prounds it docy provide estimates having cmpinieal support
ol the average tnspianon from vegetation other than
lowhmd wrass. As such its use is of practical importance 1o
transpiration from  different
vegetation witho having to resort to complicated rescarch
models.

Both the approaches characternised by BEquations (1) and
(2} have been used i the evaporation studies described
below,

those  winlung 1o estimate

1. A review of the results of a series of
process experiments

1.1. Transpiration

Transptration of spruce, heather and grass has been studied
using the ancutron soil moisture probe  (Bell 1976) 1o
measure the sl moisture content benecath the vegetation.
(o a drought penod e transpiration rate is reflected in the
rate of devetopment of a soil moisture deficit.) Measure-
ments were made ar several sites, four ar the Knapdale
forest. Kintvre pemnsuli, beneath spruce and heather, and
three at Balquhidder, beneath spruce, heather and upland
Rriss.

The soil moisture siudics have supported the results of
carlicr work by Calder (1976) showing that £, can be used to
esumate transpiration from spruce when multiplied by a
transpiration factor (Calder 1986) of 0-9. A daily accounting
model developed by Calder er al. (1983b), requiring only
daily values of rainfall and £, in addition to the soil moisture
measurements, was used 1o determine a transpiration factor
for heather of 0°5. The same valuc was indicated from the
results of an analysis by Calder e¢ al. (1983a) of historical
data from Law's lysimeters at Stocks Reservoir, Lancashire;
Wallace er af. (1982) found the value to range from 0-2 to
0:5 for the months May to July for heather growing on
Sneaton Moor, Yorkshire.

1.2. Interception
The Plynlimon studics showed that in the wet western
chmate of the Bntish Isles the interception component of
annual cvaporation from coniferous forest is twice the
transpiration component (Calder 1976) with an average
annual loss by interception of about 37% of the pross
precipitation. Interception measurements at Knapdale forest
using plastic-sheet, net-rainfall gauges (Calder & Rosier
1976), gave a figure of 36%. Similarly a figure of 45% was
mcasured at Queens Forest, near Aviemore, for periods
when there was no snow. Large interception losses result
from high evaporation rates consequent upon the
turbulencedriven transport processes associated with the
acrodynamically rough forest canopy. This is reflected n the
low values of .

Further confirmation of high rates of interception loss has
come {rom ineasurements of the attenuation of gamma-rays
traversing a 0 m surerch of forest 1o determine the amount

HALL

of water stored on the canopy (Calder & Wright 1986,
Olszyczka 1979). These measuraments selso showed thon the
rates of anterception loss were consistent wih an o« ol
3-5sm™', which was the value obtinned by Calder (1977),

The gamma-ray equipment has atso been osed.
conjunction with a tree-weighing expenment and net-ramtall
gduges, to measure the interception of snow. Very good
agreement was found between the measurements made by
these separate methods. Spruce canopues quite regulaly
hold moexcess of 20mm water equivalent ol s and
storages i excess of 28 were sometines alservad,
Evapormion rmes from meting snow were tvpicat o ites
from a wet spruce canopy (rates op -5 mm b ') and swere
consistent with r, = 3-5sm ' Sublimation rates were lower,
cven allowing for the cffcct ol condeosanon and  ihe
additional encrgy required by the molecules 1o move hhom
the solid phase into the vapour phiase. The low sublimation
rates measured during periods when condemnation was aot
vccurring gave in optimised o, of 35 v " which may etiet
the aerodynamically smoother surfice presented by o thickiy
snow-covered chinopy. Despite Tower Toss rites sublinintio:
can
coniferous forests when Lrge amounts of jnfercepred spow
coincide with long periods of sub-zero temperitures. fage
total interception losses of between 80% and 100% of gross
precipitation, were observed for individual snowstorms, An
average annual interception ratio for snow las yei 1o be
determined.

The interception characieristes of heather were studied
using a wet-surface weighing Tysimeter system (Calder o af
1984; Hall 1985, 1986) at sites wm Scotland and Nostolh,
Whercas the transpiration rates from heather are gencerally
fower than from grass, the rates of interception loss are
higher, a direct conscquence of smaller v, Measurcments of
r, as a function of windspeed at dificrent sites by Tl (1986)
indicated a corrclation between the topography around the
sites and the magnitude and form of the r-windspeed
function: the tower valucs of r, were measured ot the
aerodynamically rougher sites.

After some modifications, the lysimetric method was used
by Hall (1985) to determine the other canopy parameters
required for operating a Rutter interception mode! on
heather. The drainage rate, £ in mmb™', from heather wis
found to be well described by

D =k(exp|bC] -1} (1)

where C, the canopy storage, is in mm and the drunage
parameters k and b have the values 0-008Smmh™' and
5-13 mm. The intricate small-scale structure of the heather
foliage and its highly wettable cuticle result in water readily
forming a continuous film over it which is not easily shaken
off. 0-85 mm of water were required for a continuous film 1o
form and significant drainage did not occur until a depth of
more than 1-1 mm was on the canopy. These depths coupled
with measurements ‘of leafl arca, on a projected leaf arca
basis, indicated that for unit area of foliage. heather is able
to store a large depth of water: 0-6mmm  ay compared
with 0-2 mm m~? for spruce. The free throvghfall cocllicient
was found to equal 0-13.

The lysimetric method was also used 10 compare
evaporation rates from dry and rain-wetted grass with
estimates of Penman potential evaporation. No systemanc
difference was observed within the himits of experimentat
scatter. This supports the use of the Penman cquation io
cstimate cvaporation rates from grass aflter cainfall and
during dry conditions. Hlowever, similai interception studies
at Wallingford. Oxfordshire, with samples of grass spraved

resull in sigmificant anteecepion Joss of  snow I
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EVAPORATION FROM VEGETATION A

with weak (§190) solutions of surfactant, on days when the
suttounding grass wis thoroughly werted by rain, andicated
thit evaporation rates from totally wet grass may exceed £,
{Calder er af. 1986). Acradynanue resistances caloulated
from this experiment are plotted against windspeed in
Figure | and compated with values obtamed at Balquindder
for wet prass not sprayed with surfactant, ‘These results
suggest that the 7, values from the surfactant-sprayed grass
are lower, implying higher cvaporation rates,

A convenient sumnuny of most of the above resuolis (s
tibubited by Calder (1986},

-

1.2.1, Evidence of the inadequacy  of conventional
cddy-dilfusion  theory from  the  interception  studies.
According o conventional  eddy-diffusion  theory  the
acrodynamit resistunce o vapoar tamfor can be cquated o
the avtodybamic aesstinee 10 momentum transfer after
comsections e apphed to adlow dor blulf-body Torces and
astmosphene stability eHects. However, this gives r, values
which e bughee than those detesmined from the spruce and
heather wtescepuon eaperiments desenbed  above,
Moreover, the cddy-ditfusion theory predicts an r, inversely
related 1o mean windspeed. whercas the  gamma-cay
attenuation experiment prodoced evidence of a lack of
dependence of 1, on windspeed Tor spruce. For heather, r,
wits found 1o be i funchon of windspeed but with a smaller
coclficicnt than predicted by theory. Morcover, at a hillside
St i mountaneus twpography nein Killing, Calder er al.
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Figure | Comparson of the serodynamic cesistance as a (unction
of windspeed, «, fur rn-wetted grass (measured at Balquhidder).
tatally wet surfactant-sprayed grass (mcasurcd 2t Wallingford) and
the theorctical 7, the theorencal functon, r, = 165/u, was caleu-
luted using

TR

e \h o

hascd on classical ey dilfusion theory (Mantaith & Szeicz 1962},
patameters used were 22 2mg S 20075 m o and 2,8 001 mowith
van Kapman's constant, 4 - (1 4]

(1984) found that r, was not a simple inverse function of the
mean windspeed as predicted by eddy diffusion theory,

Several studies {c.g. Fiigan 1979 Denmead 1984
Crowther & VHutchings 1985, Grant e al. 1986) have shown
that large scale turbulence an the form of intermitem
energetic gusts are a magor mechamsm i ransporing
momentum, heat and water vapour between vegetation and
atmosphere. The low r, values found for spruce and heather
give further support for this additional transport mechanisim,
as does the lack of dependence of £, onimcan windspecd fos
spruce, if the addinanal mechamism s not o ample function
of windspeed. Larger differences hetween measured and
predicted values of r, for heather observed  at - Killi
compared with a flutter site in Norfolk (see Hall FUBO) are
probably the result of the large-scale torbulence penerated
by the uplund topography.

There are now both experimental obscovations and, doc
to the work of Finomgan (1979), Raupach and Lepe (1YSE)
and others, theoretical reasons for expecting evaporanon
rates from vegetation often o exceed rates predicted on 1
hasis of flux-gradicat relitionsheps,  parncularly i 1he
uplands. B

2. A simple model of catchment
evapaoration

2.1. The model

The wnformation gathered {rom the process stuhes b been
used o develop a simple model which caleulates  dily
evaporation £, (transpiration plus intercepuon kins) from i
catchment under grass and heather. This madel has the
same form as the Calder and Newson (1979) annual model
from which it is denived; likewise it requires few anputs.only
rainfall and Penman potential evaporation, £, although on
a daily basis. £, is used 10 estimate cvaporanon from griass
and, using a transpiration factor of U-5. to estimate
transpiration  from heather.  [nterception loss from  the
heather is estimated from an exponenual telationship
between the daily rainfall and interception loss. The model
is represented by

En=f E+Q=-N0S5 £ (1-w)+ (1 -exp(-dR)).
(4)

where fis fractional area under grass; K is the daily rainfall
and w is the fraction of the day that the heather is wet where
w =0-008R or w =1 for R > 14-5 mm, a relationship derived
from modelling studies referred 10 below.

The interception parameter, 8 is the maximum predicted
interception loss on one day. The interceplion parameter O
has a0 simple physical interpretation, but when the rainfall
is very small the product fid is the slope of the interceprion
loss versus rainfall curve: if 8 = 1/4. then for low ranfall
the predicted tnterception loss will equal the cunfall, Values
of #§and & of 2:65 mm and 036 mm™', respectively, were
obtained using a least squases  optimisation  computer
program on daily values of omnfall and interception loss,
Because of the lack of any measurements of interception
loss from hcather, values of dally interception loss were
calculated using a Rutter interception model (Rutter ef al
1971) with Plynhmon metcorological data collected over
forest and adjusted using the technique of McNaughton and
Jarvis (1984). (Forest data were used buecause .at. the dime
high quality meteorvlogical  measurements over  heather
were not avilable ) The Rutter model ancorporated  the
conopy parameters for heather found by Hall (1983) and the
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acrodynamic resistance function measured at a Scotlish
upland site {near Killin) by Calder er al. (1984).

The daily exponential model of interception foss has not
been tested against any observed interception loss data for
heather because none is known to exist. However, Calder
(1986) has shown the same model, using paramecters f(or
coniferous forest, to be very successful in predicling
interception loss from forest.

2.1.1. A temperaturc-dependent transpiration function,
A modified form of Eguation {4) was developed to
investigate the magnitude of possible temperature cffects in

reducing evaporative toss from a catchment. Since plant

growth does not gencrally occur until air temperatures reach
5°C. for grasslands transpiration will be tasignificant until
mean air temperatuses exceed that temperature. To moded
this effcct, the estimate of the transpiration rate from grass
in cquation (4) was made a function of temperature. When
the air temperature was less than 5°C the transpiration was
put equal to zero; between 5°C and 10°C transpiration was a
linear function of temperature such that at 10°C n was equal
to E,; above 10°C E, was used. Estimation of the
transpiration from heather was not altered as the
transpiration factor of 05 was determined from data
collected throughout the year and thus implicitly includes
any temperature cffects. A full mathematical formulation of
both versions of the mode! is given in the Appendix.

Zone boundary

Conlows al 100m ntervals
. Siues of Upper Monachyle (UM) and Monachyit Glen (MG)

Butomatag wedIhEr 3talions

Figure 2 Monachyle catichment showing the four zones used in the
modet and described in Table 1: (1) lower grass. {2) upper grass. (1)
lower heather and (4) upper heather zones.
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2.2. Application of the model

2.2.1. Manachyle catchment.  The Monachyle catchment
(SO°IE'N, 4715°W) an the Cristipian mountains has an area
of 727km’ and is one of o panr of anstrumented catchments,
the other being the Kirkton catchment, which form the basis
of the Balquhudder catchiment experiment operated by the
Institute of Hydrology (Blackie 1987). A sketch map of :hc.
Monachyle catchment 1s shown in Figure 2. The southern
part of the catchment is o steep-sided glaciated valley,
predonumantly graxs covaed, with an altitude range of
Xrm o YObm T ahe N othe land Nattens to u.
predoninantly  heather-covered  area wlhich  ranges  ap-
proxumately in from 450m to S00m. Other
vegelaton includes bilberry. bracken and patches of scrub
forest. Peat is the suon sonl type throughout the eatchment
and averhies mica-sclust. Annual rainfall ranges from more
than 3100 mm in the SWoao 2400 mm in the NI with a mean
anml value lor the catchment of 26360 mm.

The sinple catchment madel used to produce
estimates of daly transpuanion and anterception loss from
the grass and heather arcas of the Monachyle catchment
with and without 1he  temperature adjustment o the
estimate of the transpuranon of grass. In applying the mode!
to the Monachyle catchment several simphfying assumptions .
were made, These were,

(1) The entre catchiment was assumed 1o be under
heatber or prass. Although other species are present
and there are signiticant areas of bare rock and bare
peat, most of the catchment is covered by heather or
grass ar a nuxture of the (wo. Aenal photographs
were used 1o adennfy which parts of the catchment
were predominantly covered with heather and which
with grass.

alttude

wWis

(u} Evaporation  [rom  snow-covered parnis  of the .
catchiment was assumed o be zero. Falls of snow
occur annually on the Monachyle catchment but,
whercas significant ¢vaporation has been shown to.
occur from snow-covered forest, the turbulence
generaled over the much smoother snow-covered
heather and grass s less vigorous so that evaporation
will be much less. Additionally the much higher
albedo of the snow pack coupled with the energy
requircd to melt the snow mean that less energy is
available for evaporation. Experimental studies of
smooth snow pack in Norway (Harding 1986) showed
that evaporation rates were very small and the total
evaporalion over a three week peniod was less than
I mm. Moreover, the amount of snow required to
cover grass and heather smoothly is small because of
the height of the grass and because the structure of
the heather readily allows bridging between lcaves
and twigs. Hence the evaporation from snow-covered
parts of the catchment was equated to zero.

i} To simplify modelling the e¢ffects of ualtitude on
temperature and snow cover, the catchment was
considered as having the four zones marked in Figure
2 and classified in Table t. The evaporation predicted
from the catchment was then the sum of the
evaporation calculated using Equation (4) applied to .
cach of these four zones in conjunction with daily
snow observations.

() Daily snow observations ook the form of esuimates
of the altitude of the snow lines and the assumption
was made that all the vegetation above that was snow
covered.




Table 1

A desciption of the four sones
(area = 770 ha) vsed 1 the madel and shown in Figure 2

EVAPORATION FROM VEGETATION N

of the catchment

Lower Fraction of

Zone Domunam altitude Mean catchmenl
No. Vegetation limit m alutude m arca
1 prass 300 350 019
2 grass 450 600 0-14
3 heather 400 450 0-52
94 heather N 7 0n1s

2.1.2. Kirkton caichment (high altitude part).  Evap-
oration from the grass growing on the upper part of the
nearby Kirkton catchment was also modelled to estimate the
reduction in evaporative toss due to restricted transpiration
at low ambicnt twemperatures. Whereas most of the grass on
the Monachyle catchment grows below 45m, i the
Kirkton catchment all of the upper part, between altitudes
of 300m and 850 m. s grassed except for small arcas of
exposed 1ock and heathes.

2.3. Input data

Daily estimates of £, and air temperature for 1984 and 1985
weie taken from the Upper Monachyle and Monachyle Glen
automatic weather station records. missing periods were
infilled from the nearby Tulloch Farm automatic weather
station or failing that, from the Tulloch Farm manual
observations using regression relabonships. The air tem-
peratures were corrected for the mean alutude of cach of
the four zones. The daily rainfall over the heather and grass
areas was calculated as the mean of the rainfall recorded by
the raingauges relevant 10 those aseas after these had been
ume distnibuted on the basis of a daily-read gauge at Tulloch
Farm.

The same dala were used. atier altitudinal-correction of
the air temperature, in modelling the evaporative loss from
grass growing in the Kirkton catchment at a sepresentative
altitude of 680 m.

2.4. Resuits of the modetling exercise

The model produced daily estimates of transpiration, T, and
interception loss, /, (rom the grass and heather on a
catchment--arca basis (sec Appendin). The cumulative
values of these estimates are plotred in Figure 3, where the
subscripts G and H denote grass and heather, respectively.
Likewise, the evaporation from grass, E. =T, + /. and
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Figure 3 Calculated cumulauve evaporation from the Monachyle
catchment {67% heather, 33% grass) over two yeass, transpiration
(T and interception (1) components are shown separately for grass
(subscipt €7) and heather {subscript 4}

heather, F,=T7,+1, are plotted in Figure 4 with
evaporation calculated using the temperature dependent
transpiration function denoted by a prime i.c. €. Figure §
compares the estimated evaporative loss with observed
values of rainfall minus renoff. The annual estimates shown
in Tables 2 to 4 were obtained by summing the daily
estimates.

As expecled, because of its very efficient interception, the
evaporation from the heather is greater than that from the
grass. The figures given in Table 2 show that in 1985 the
predicied interception loss for heather s more than twice
the predicted transpiration. Although the precipitation for
the two years differed by 5-5% (2489 mm in 1984 and
2632 mm in 1985) the 10tal predicted loss for the catchment
(heather 67%) diffcred by only 2%. This is the result of a
compensatory cffect attnbetable to heather interception loss
exceeding grass interception loss and prass transpiation
cxceeding heather transpiration. The mode! predicts that, in
the dry summer in 1984, enhanced transpiration from the
grass would have compensated for reduced interception hass
from heather. whereas in the wet summer of 1985 enhanced
interception loss from the heather would have compensated
for reduced grass transpiration (see Table 2).

This compensatory cffect also makes output from the
model inseasitive to changes in the relative arcas of the
grass and heather. Changing the fractional arca of the grass

()
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Figure 4 Calculated cumulative evaporation (£) from the Mon-
achyle catchment over two years from the grass (subscript G) and
heather (subscript H); also shown, denoted by a prime ('), is the
cumulative evaporation from the pgrass calculated using the
temperature function described in the Appendix,
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Figure 5 Comparison of cumulative monthly, measurcd ramtall-
minus-runofl, for the Monachyle catchment, with the cumutative
evaporative loss caleuluted using the simple model incorporating the
temperaturc-dependent transpitanon function for griss: dots reiee-
sent calculated values at live-day intervals
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Table 2 The cllear of changmg e relative aneas of the grass i
heather on the companents o1 the aonual Wt evisporation from the
catchment, all values wm mm depth of water aver the entire
catchment arca, annual anereepiion (1) and  transpiration (T)
companents of the evaporation (£) given separately and were
obtinned from daity values calenlated nsing the method described in
the Appeading subnenpr ¢ denotes grass, 7 heathier and A the
annual 1gtal

Grass: Heather

Ratio Year e he Koo K, EL
[ONTLY JUNI 282w Sl S0
1498 =L 6 542 542

IR: K2 1N 2 s 22 9s RS 4HY S
983 A8 77 am 6Hs 450 518

AR Y 1981 a8 17 83 1 1850 M) 498
1955 490280 1l 11y 3 489

aK: 32 151 700 03y 143 124 2250 67 492
PSS EAE 1 B I 2t e Y T B [4%

1K -0 [SREE N I 1 B ) 485 I8N
[CTES N B N | 405 405

Table 3 The ctlcer ol ety ranspusitiion lron
priss acvardimg 1o e tcnon given n the Appendix
for the Monmachule cachmem, I3% prass and 67%
heather: ol values wie o depth over the entire
cuchment arca, priomes denote that the emperature
function win apphed, otherwise the notahon is as in
Table 2

Yew A, A, T, K KL K, B, E,

1984 450107 86 13S0 131 343 49y 477

1985 100 a9 32 119 102 348G 472

Table 4 The clicer oo the predcted evaporation from grass
growing a1 680 m of applying the lemperature functon described in
the Appendin, notgtion s in Table 2 all valees in mma™'

Yeor 4, 1. ri K. £ (et
£,

1984 146 ht 20 A07 356 0-297

1985 242 177 52 120} 294 0-298

by £0-15, the maximum uncertainty in the relative areas,
produced only a 3% change in the total evaporation
averaged over the two yeurs. The difference in cvaporative
losses predicted for catchments with 100% grass and 100%
heather cover is 137 mm for the wetter 1985 compared with
22 mm for 1984.

Putting to zero the evaporation from snow-covered parts
ol the catchment reduced the accumulated E, by about 5%
in 1985. However. the large snowfalls in 1984 resulted in the
accumulated £, being reduced by 8% and 18% for the
Monachyle Glen and Upper Monachyle respectively.

The consequences of transpiration from the grass being a
function of temperature are shown in Figure 4 and Table 3.
The predicted reduction in evaporation from the grass on
the catchment averaged over the two years is 14%.

Model (temperature function included) predictions of the
cvaporative loss for the caichment are compared with
mecasurcments of rainfall minus runoff (see Blackie er al,
1986) for the 1welve monihs October 1984 10 September
1985 in cumulative form in Figure 5. The agreement is
remarkably pood. particularly since no allowance has heen
made for seasonal storage within the caichment which
compnses three main reservoirs. accumulated snow, soil
water and shallow aquifers. The observed monthly values of
rainfall munus runoff can only be considered to provide a
very crude muasure of the cvaporative loss as the storages
may be of the same magmiude as the moanthly values which
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thenselves conbinn ancertantios assocuted wath the vantadl
and runoff figures. The effect of snow storage dunng the
period November 10 January s cleacly shown, a negative
monthly value for February produces a decrease i the
cumulative value,  Agreenmient between  the  predicied
evaporative loss and the observed values i best duning the
summer months when the effects of storage arc nuimimal.
Despite the limited value of the individual monthly figures.
for comparative purposes the cumulative valoes do uovide
an increasingly good cheek. A companison of the aonual
figures  shows  excepuionally  good  agreement wiach s
fortitous given the uncertainties in the model and i the
rainfall and runoff figures: 516 mm predicted. versus M3
ohserved.

Table 4 shows the predicied  ceffect of wempertne-
restricted transpiration on annual evaporative loss from high
alutude grassland; the annual evaporatve loss predicied
from grass growing on the upper parts of the Kirkton
catchment s less than that for pgrass growing ol lower
altitudes on the Monachyle. The evaporation. based on days
when there was 1o snow cover, was reduced by 3% 0 both
years compared with the reduction of 14% over the samoe
peniod for the Monachyle. The reduced evaporation when
compared with the mean annual (I984-1985) £, for the
Kirkton catchment of 543 mm, bused on data from an
automatic weather siuation ar 680 m, wmplies that the
annual £, for the high aluwude grass-covered part of the
Kirkton should have a temperature correction factor of -6,

3. Discussion

The application of the simple model to the Monuchyle
catchment has demonstrated that its annual cvaporation s a
remarkably constant quantity because of the compensatory
effect of the high interception loss and low transpiianion
from heather. For the same reason encertaintics o the
predicted catchment evaporation, associated with the rather
crude estimate of the relative areas of grass and heather, are
smalt.

Less casy to dismiss is the uncertainty ansing from snow
caver on the catchment. It was assumed (see Section 2.2.1)
that all poinis above the observed snow line were snow
covered. Clearly this overestimates the extent of snow cover
which at times was patchy. It was also assumed that
cvaporation from snow-covered grass and heather is zero:
this must underestimate the cvaporation rate, certainly as
the snow begins to melt and the cover becomes incomplete.
Evaporation of rain fallen upon snow was also ignored. The
total effect of these assumptions is that cvaporation s
underestimated by the model by an amount which may be
significant in a ycar of high snowfall like 1984, Hence the
reduction in the annual E, for the (wo automatic weather
stations resulling from these assumptions represents o
maximum reduction.

The assumption that the cntire catchment was under
either grass or heather also gives rise 10 unceriainties in the
total evaporation. Evaporation from the areas of exposed
rock is likely 10 be at rates lower than from grass or heather,
whereas evaporation rates from patches of bracken and
bilberry which occur in the grass area are likely 10 be
rates higher than those from grass. The net effect s thut
10tal uncenaintics due 10 this assumption are small.

The recent advances in our understanding of evaporation
from heather and coniferous forest have resuhied in the

cvaporation from  uplund  grass bemng the  least  Tully

understoond. A simple model of catchment evaporiiion

.
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shows thal low-temperatuce control of grass transpiration
can result i a sigmificant reduction in the loss from upland
grass particularly for grass growing at the highest altitudes;
40% tn the example given. If these temperature effects exist,
then direct application of the annual Penman E, 10
caichments containing s significant proportion of high
altitude prass will overestimale evaporation. However, it is
not known to what extent a reduction in transpiration may
be offset by enhanced interception loss during the months
when the grass leaves ase senescent. Interception loss rites
arc affected by the way water is held on the vepetation and
as  senescent leaves lose the cpicuticular wax  (Siva
Fernandes 1964), present on many species, run wiil tend to
form a flm over the leaves rather than discrete droplets
This cffect coupled with high windspeeds and tow rainfall
iensitics may result o relatively high tmiercepion Joss
rates. However, at high altitudes the grass will often be
above or near ihe cloud base and in these conditions
cvaporation will be suppressed  Clealy, understanding of
evaporation from high altitude grassland is very incomplere
and there s much scope for further rescarch.

Application of the simple catchment model (o upland
Scottish catchments containing comferous foresis awaits the
development of a successful model of snow intercepuion
from comferous forest. Work on this s in progress.

4. Conclusions

The experimental studies describied in this paper have led 1o
a much fuller understanding of the processes involved in
evaporation from upland vegeustion, in particular heather
and coniferous forest. This new knowledge has made it
possible 1o operate interception models of a research type:
the Rutter model, and to develop simpler models, with less
exacting Juta requirements, which can, however, be used
successfully for estimating evaporation from caichments on
a scasonal basis.

To improve upon our present ability to predict losses from
high altitude grassland, rescarch is required 1o investigale
the effects of temperature upon growth and transpiration
rates. Interception experiments are  atso needed to
determine if enhanced evaporation from totally wet grass,
which may occur during the dormant periods, is able to
offset any reduction in transpiration.

Further improvements in the model predictions of
catchment evaporation would be achieved as a result of
studies of snow interception from short to medium height
vegetation and through the use of arcal estimates of snow
cover.
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6. Appendix

The daily evaporation, £, 1n mm, from the catchment is
given by cquation {4} which in a modified notation is

Ea=T +l.v B+ 0, =E, + K, (A1)

The daily transpiranon (T) and interception loss (/)
components from grass (subscript G) and heather (subscript
HY wre calcatated inaccord with the rules prven below and
on the Basis o catchment arca. In the equations below R
denotes datly tainfall, 75, the daily mean air temperature
and- £ e Penman potential evaporation

4} Unmodilied 1orm

01} Grass
WRZE then 1, =0uand {, = .
LY W 9418 (;\2)
R henl, =Ral T, = £ -1,

(n) Heather
The fraction of ihe day that the beather 1s wel, w-is given
by

wo= if R Z 14 5mm
(A3)
w008 f <145 mm.
Then
Le=03 {1 -w) F, (A4)
L, = (1 exp (- aRY), (AS)

where f1and O are opumised parameters; f§ = 2-65 mm s the
maximum predicied antercepuon Joss on one day and
0 =130 mm ™" has no simpie physical interpretation
b) Femperatuie funcuon
(1) Graw

HWRzZE then T, =0and /,; =F,

: (A6)
HR<E then T, =tand i,; = R
where the transperation Tunction tis defined as
=0 for T,<35C
=L for T,>10°C
=F£ (T,-5)/5 for 5°CET,=10°C, (AT)
butil 7;; + 1. > L, then T, = E, - {:
(i1) Heather
T, and [, are the same as for the unmodified form.
7. Notation
Symbal Description Units
A avinlable cocrgy wWm?
b drimnage patameicr mm
< spectfic heat of air at constant Ikg 'K
pressurc
< CANOPY StOTIge mm
D drainage rate mmh™!
£ rate of cvaporation kgm™is!
subscrpis:
¢ Penman ventilation term mmd~!
A annual, catchment mma~'
{2 daily, carchment mmd’
G grasy mmd™' maa”
I heather mmd ™ mma!

- -1
f Penman potental mimd™' mma

[aactimeud angs
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Svmbal Descnption [RITTIN
I HHCECCPTion doss ate mmd “mmoa

subseripts
G grass
H o hewher

A drainage pacameic mmh '
q specilic humidity af the air kgkg™!
q salurated specific humidity of kgkg™
the an
) Pennan net adisntive enciey mmal !
Il1l\ll|
aerodvicnne resisbance o wates st

AR ILYLLIER U RTANR IR LR

SUFLICC TssBmce ey walyr vapoat m
[FHTINTR P
R daby cuntall mamgl !
1, mean dily o temperatug O
T transpitiition rale mmd Lo

sulbscripis

[ TR

It heather

wmporal wetmess fiwhon
It ICTCCPIOn parmeted nmm
¥ psvehrametne constant hehg™'K?
b HILCICCPHON paiameter mm™’
A slope af the saturated spealic hghg 'K
huntdiey veesos lempesaure
curve lar water al nr

Lemperature

latent heat of vaporsaton of Jhe!
waler

density of monst hgm

empensuse dependent mmd !

transpicaton function
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THE INFLUENCE OF LAND USE ON WATER YIELD IN UPLAND
AREAS OF THE U.K.*

IAN R CALDER!
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{Recerved December 12, 1985 accepred after revision July 15, 14986)

ABSTHACT

Calder. TR, 1986 The influence of Land use on water vield in upland areas of the U ilvdraol

35 2=

A zenes of expeniments, designed toinvestgate the seasonal differences in evaporation from
the major upland vegetanion tvpes s desenibed topether wath prehmesary resulis These results
were used to calibrate a comple (minomal data requirement) seasonal model whaeh relates transpera.
ton to the local chmatological Penman F, estmate and interception, via an exponential relatGion
ship, to the daily precipitation The model adequately describes currently available observations
ol so1l moisture deficit, interception loss and runoff in the uplands A practical apphcation of the
model. to mvestigate the effects of the recent program of afforestation on the seasonal runofi from
the Crinan canal catchments, 15 outhined. Although differences in the evaporative characteristics
of the major upland vegetation types are now fairly well understood. further studies are needed
both to investigate the effecis of afforestation on “low flows™ 10 rivers and o answer questions
concerning the effects of evaporation from large scale lorests on the atmosphere

INTRODUCTION

By the late nineteen-seventies the gross effects on water resources of af-
foresting grass moorland in the wet upland areas of the U.K., that annual
evaporative losses would be almost doubled and annual runoff reduced by
about 20%, were well recognised (Calder and Newson, 1979). These results were
of sufficient significance, to many water supply and hydroelectric power in.
terests, to warrant further research. This research was directed, not only to
quantify the effects better, but also to investigate whether these observations
were directly applicable to the Scottish uplands where heather rather than
grass moorland predominates and where snow forms a significant component
of the annual precipitation. The questions then being posed can be summarized
as “what are the effects on water resources when: (1) forests replace heather
moorland? (2) snow is a significant component of the annual precipitation®”
and "what are the seasonal differences 1n evaporation (and runoff) from the
different upland vepetation types?”
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A research programme, involving process studies and catchment exper-
ments was initiated by the Institute of Hydrology to investigate these topics
and preliminary results from the process studies are now available.

METHOD

The philosophy adopted to interpret the results of the process studies was
first to understand the basic exchange mechanisms involved. using as a frame-
work "research’ models based on the Penimman-Monteith (Monteith. 1963) equa-
tion and then to develop and cahibrate simpler, more empirical. models of
evaporation which require only minimal data. Central to the simpler methods
1s the Penman (1948) evaporation equation and. in particular, the Penman £,
potential transpiration estimate for short grass which, for the practical pur-
pose of predicting evaporative losses from grassland (when well supplied with
water and when not subject to low temperatures which may inhibit growth) has
stood the test of time and remains unsurpassed. The Penman equation. when
used in conjunction with a “"transpiration factor”. the ratio of actual transpira.
tion to the Penman E| (short grass) estimate, also has value in estimating
transpiration losses from upland forests and heather (see e.g. Calder and
Newson, 1979; Calder, 1982, 1985). Interception losses from tall vegetation are
not, however, well described by the Penman approach and it is advantageous
to consider these separately (see e.g. Calder and Newson, 1979; Shuttleworth
and Calder, 1979).

EXPERIMENTAL STUDIES

Four new research projects were initiated to determine the evaporative
characteristics of upland vegetation under different climatic conditions; these
involved neutron probe observations of soil moisture (following standard In-
stitute of Hydrology procedures; Bell, 1976; Calder, 1979) to determine relative
transpiration rates, a wet-surface portable lysimeter system to investigate the
interception of rainfall by short and medium height vegetation, studies of the
mass and energy transport over a smooth snow surface and complementary
studies of snow interception from an aerodynamically rough forest surface.

Soil moisture studies

The soi1l moisture observations were made under heather moorland and
young and mature forest on the catchments of the Crinan canal reservoirs,
Strathclyde Region. Scotland (Calder et al., 1982) and under heather and grass
moorland and mature forest on the Institute of Hydrology's experimental
catchments at Balquhidder. Central Region. Scotland. The Crinan studies,
which are operated 1n collaboration with the British Waterwavs Board. were
begun 1in 1979 ard are still continuing. and will continue, hopefully, until the
voung forest reaches maturity, Lo show the transition in evaporation rates as
the forest develops. The results already obtained show clearly the large daf-
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ferences that are to be cxpected in soil moisture deficits beneath the mature
forest as compared with the heather and grass moorland (Fig. 1) at both the
Balquhidder and Crinan sites.

Wet-surface lysimeter

A portable weighing lysimeter system, incorporating an clectronic balance,
together with metcorological and surface temperature sensors hnked to a
microcomputer, was developed Lo investigate the interception characteristics
of intermediate height vegetation. The system was operated at a number of
Scottish upland sites including Crinan. Balquhidder, Killin and Aviemore. Tt
was also operated on a heather moor near Thetford in East Anglia (Hall, 1985,
1986) 1n conjunction with micrometeorological studies being carried out by the
Institute of Hydrology. From these studies (Calder et al.. 1984a) and also from
studies carried out on Sneaton moor. Yorkshire, using fixed lvsimeters (Wal-
lace et al., 1982, 1884), the interception characteristics were determined and
information was also obtained on the transpiration characteristics of heather.

“Smooth” snow pack studies

When snow covers short vegetation the resulting surface generally becomes,
aerodynamically, very much smoother. It would therefore be expected that the
turbulent transport of both heat and vapour from the new surface would be
inhibited. Furthermore, because the albedo of the snow surface is generally
much higher and there is an extra energy requirement in terms of the latent
heat of fusion, it is reasonable to assume that evaporation rates will be much
reduced as compared with a wet vegetated surface experiencing the same
external meteorological conditions. Experiments carried out at Finse, Norway,
to study the exchange processes, mainly for improving snow melt models have,
indeed, confirmed this general view (Harding et al., 1986). The studies, which
involved neutron probe measurements of the equivalent water content of the
pack, the use of the portable lysimeter to measure evaporation and condensa-
tion rates and measurements of the temperature and wind profiles above the
pack showed that evaporation rates never exceeded 0.06 mm h "' and, over time
periods of the order of one day, evaporative losses were generally counter-
balanced by periods when condensation occurred. Measurements from the
lysimeter of aerodynamic resistance of the pack to water vapour transport and
wind profile measurements of the aerodynamic resistance to momentum trans-
port were usually consistent with the aerodynamic resistance function:

r. = 300-U 'sm

where U is the windspeed (ms ') recorded at a height of 2m. (Resistances
significantly higher than those given by this equation were however recorded
{rom the very smooth surface produced immediately after snowfall (Harding et
al.. 1986).) Despite the relatively high aerodvnamic resistance of the snow
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Fig. 1. Soil moisture deficits measured beneash mature spruce forest, heather and grass moorlant

at Crinan and Balquh:dder.

surface, about half of the energyv {or melting the pack in spring was, neverthe
less, supplied by sensible heat transport (usuallv during stormy periods), the
rest being accounted for by radiant energy inputs.

Snow interception from forests

The complementary studies. designed to investigate the transfer mecha-
nisms from snow covered rough vegetation, were carried out at a site in the
Queens forest near Aviemore. in the Highland Region of Scotland. Three
principal experiments were conducted: a gamma-ray attenuation rig (de-
veloped from a system oniginally devised by Sirathclvde Applied Physics De-
partment, see Olszyczka, 1979) was used to measure the change in density, and
hence infer changes in water content. of a 40-m transect of the canopy; a ""tree
weighing™ experiment was used to measure directly the canopy storage of a
single tree; and heated plastic-sheet net-rainfall gauges were used to measure
the net precipitation, whether in the form of snow or water, dropping off the
canopy. These studies, although not complete, have demonstrated the impor-
tance of snow interception from forests: they show that evaporative losses from
trees in snow conditions may be similar. if not greater, than those in wet
conditions whereas a snow cover on short vegetation will tend to reduce
evaporative losscs compared with those in wet conditions. The reasons for this
are that the much larger storage capacity of snow on the canopy (> 20mm
water equivalent) may, in terms of overall loss. compensate for, if not outweigh,

| © © ©© 000 0000000600000 0 00
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storage and typical evaporation rates determined for the different vegetation types in rain and
snow conditions.

the effects of the higher aerodynamic resistance (boundarv laver resistance)
brought about by a reduction in both surface roughness and a reduced evap-
orating surface area. The gamma-ray studies (Calder and Wright, 1986) have
also confirmed the parameter values in a previously derived drainage function
for spruce forest in wet conditions (Calder, 1977).

The results of these and other studies of interception from the different
vegetation types under both rain and snowfall conditions are shown in Fig. 2.
A summary of the transpiration results, relating measurements of actual evap-
oration in dry conditions to the Penman E, estimate for grass via the ratio §,
1s shown in Table 1.

EVOLUTION OF THE SIMPLE SEASONAL MODEL

Calder and Newson (1979) proposed a method, involving a minimal data
requirement, for calculating the effects on annual water losses brought about
by afforesting upland grassland catchments. This involved the assumption that
evaporation losses from grassland and transpiration losses from forests could
be estimated from the annual Penman estimate (£,,) whilst the annual intercep-
tion loss from the forest could be obtained from a simple function involving
annual rainfall (£}, 1.e.:

annualevap. = E,  + f(P.-x - w, E,)} (1)
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where 2 i1s the interception fraction (35-40% for regions of the U.K. where
annual rainfall exceeds 1000 mm), w, is the fraction of the year when the
canopy 1s wet (x P, x 1.22-107*) and { is the fraction of the catchment under
canopy coverage:Use of aerial photographs has shown that, typically, for areas
marked on maps as extensive forests, the f value is 0.66, the remainder compris-
ing roads, rides, riverbanks, clearings and immature plantation with unclosed
canopies. (For catchments with a high proportion of immature forest it may be
worthwhile to obtain a more accurate estimate. Binns (pers. commun . 1983)
suggested that an "S"”-shaped function may be appropriate and such a relation-
ship has been tentatively assumed and used in the water resource investipation
outhned below with f values, for trees aped between 0 and 5vrs as 0.1, 6 10 as

TABLE 1

Interception and transpiration observations summarized in terms of the avcrape iterecpiion o,
1. the daily interception modet parameters, ;. 8, and the ratio of actual to Penman £, evaporaiion,

b

Source Period Interception paramoeters Transpsation
fravthion &
b < {mm) A (tnun ')
Forest
All sites interception: 0.35 6.99 0094

Plvnlimon, Dolydd,
Crinan and Aviemore

Plvnlimon forest 1974-1976 .30 G, 0.089
Ivsimeter

Dolvdd 1981-1983 0.39 7.6 0.099
Crinan 1978-1980 0.36 6.6 0 a9
Aviemore 1982-1984° 0.45 71 0.0499
Heather

Model estimate 1981 2.65 0.36

derived using automatic
weather station data and
measured interception
parameters (Calder et al.. 1986)

(Crinan. neutron probe 1981 1983 0.55 067
(Calder et al., 1882, 1984b)
Laws’s heather lysimeters 1964 -1968 0.16 047

{Calder et al.. 1983b)

Sneaton moor lysimeter 1980 019 0.25 0.5
tWallace et al., 1982)

Grass

Wye Catchment Plynlimon
wndicaies total annual
vVBPpOration consistent with

“ Not inclueding snow periods.
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033, 11-15 as 0.75, 16-20 as 0.95 and 20+ as 1.0. The results of further studics
are awaited to test the validity of this assumption.)

Research on the evaporative characteristics of heather has established that
transpiration losses are smaller but interception losses greater than those {rom
grassland. These observations =uggest (Calder, 1985; see Table 1) that the
annual interception losses from heather can be estimated with an equation of
the form:

annual evap. = f-E,(1 - w,) + x- P, (2)

where ff = 0.5 and v = 0.2,

Two further assumptions need to be made (and tested) to arnive at the simple
scasonal model. These are that scasonal estimates of evaporauon can be ob.
tained by “bulking up” daily estimates of both transpiration, obtained as the
product of the f# parameter, a chimatologically derived daily Penman £, esta-
mate and a term (1 - w) which represents the fraction of the dayv that the
canopy 1s dry, and interception. derived from an exponential relationship
wwvalving daily precipitation [P (mm)), 1.e.

dabv evap. = f-EQ - w) + ;] exp (- o-P) (3

where wis the fraction of the day the canopy is wet (= 0.045P for P < 22, = ]
for P > 22, after Calder and Newson, 1979) and the parameters ; and 4 define
the form of the interception relationship.

Some support for the former assumption is provided by soil moisture deficit
modelling studies beneath heather and forest in Scotland (Calder et al., 1984b)
and grassland in lowland Britain (Calder et al., 1983a). The second assumption
has been tested by comparing model predictions of cumulative interception
loss, using a value optimized over data collected at a number of sites (in
mid-Wales at Dolydd and Hore, the west coast of Scotland at Crinan and the
central Highlands of Scotland at Aviemore), with observations at an individual
site (Fig. 3). The agreement is as good as. if not better than, that expected with
the more sophisticated "research’ models using a Rutter type (Rutter et al..
1971) interception model and a Penman-Monteith evaporation term. The 1nac-
curacy of the research model arises because. even with the best local. short.
term meteorological measurements currently available {from automatic weath-
er stations) the model sensitivity to errors in the atmospheric humidity deficit
term is such that large errors may result, e.g. uncertainties in the measurement
of the wet bulb depression of 0.2°C have been shown to produce errors in the
predicted interception loss of 15-20% (Calder, 1977).

Estimates of the ; and ff parameters for the different vegetation tvpes and the
sources from which they were derived are shown in Table 1. At present. and
untt! the detailed analysis of the results from the snow interception study have
been completed, it is assumed that the interception losses from forests in both
snow and rain conditions are the same proportion of the gross precipitation
(thedata from which the parameters were derived includes some snow periods).
The equivalent “working assumption™ for snow interception from heather or
grass is that the average daily evaporation rate is zero.
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APPLICATION OF THE MODEL

The first practical application of the simple seasonal model was the predic-
tion of the effects of afforestation on the seasonal runoff from the catchments
that feed the Crinan canal. Historically the water supply to the canal has
always been critical during dry summers and restrictions on the use of the
canal have at times been necessary. Earlier studies carried out for the British
Waterways Board, based on the application of the simple annual model (Calder
et al,, 1982) had indicated that the recent afforestation program, initiated in
1970, would, on reaching maturity by the year 2000, have reduced the runoff
from the reservoired catchments by about 22%. It was perhaps then not surpris-
ing that during 1984, a year with about average annual rainfall but having a
dry summer period, difficuities were experienced in meeting demand; back
pumping of water from the lower reaches to the summit section had to be
carried out to keep the canal in operation. To provide information {or engineer-
ing decisions to augment and conserve water resources, the rainfall distribu-
tion during 1984 was chosen as an example of what in supply terms might be
considered to be about a "one in ten drought year™ Using this rainfall record
the effects on seasonal runoff were calculated for a heather moorland with the
proportions of forest canopy coverage. f, equal t0 0.03, 0.16, 0.56, corresponding
to those expected on the catchments in the years 1970, 1985, and 2000, respec-
tively. The predictions from the runoff model, which operated essentially by
predicting the difference between rainfall and evaporation for periods when
areas of the catchments were not experiencing a soil moisture deficit, are
shown in Fig. 4. The measured demand curve of the canal in 1984 for lockage
and seepage is also shown in Fig. 4 together with the predicted changes in
reservoir storage (assuming this demand curve). Although this treatment of the
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water supply requirements for the canal 1s a gross simphfication of a complex
operational problem the general features it shows are, probably. none the less
valid. The pattern of afforestation on the catchments in 1970 would not have
been suffictent to require additional backpumping. but by the year 2000 with
the forestry at its most mature phase, the backpumping requirement will have
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more than doubled and. perhaps more 1importantly, it 1s unhkely that the
reservoir would refill following a winter of average rainfall,

CONCLUSIONS

For practical purposes, the requirement for further research to investigate
differences in evaporative losses from different upland vegetation types is
probably now diminishing. However, as a result of the recent intensive studies
into forest and heather evaporation. grass evaporation, now, i1s least well
understood and there is a case for further studies to redress the balance. In
particular, few detailed studies of grass evaporation have been carried out 1n
the very high altitude(say > 350m) regious of the U K. where, for much of the
year, daily average temperatures will be less than the threshold temperature of
about 5°C, below which both growth and transpiration may be severely cur-
tailed by physiological controls. Actual evaporation rates, as a consequence,
may differ significantly from the Penman £, estimate. Other areas which
remain poorly understood and warrant further research. both for scientific and
practical purposes, arc illustrated by the present difliculty in answering ques-
tions such as: (1) How does afforestation effect “low flows™ in rivers? (2) If the
typical scale size of Scottish forests were increased, say by a factor of two,
would interception losses (as a proportion of the annual rainfall) be reduced?.

Although these are simple questions their solution requires the application
of techniques and methods which have vei to be developed. The first question
involves not only a knowledge of evaporation but also of the link between
evaporation, soil moisture deficit, recharge and river low; the second requires
a knowledge of the large scale interaction between the exchange of heat and
water vapour from the wet surface of forests and the atmosphere.

The urgency of these questions and the availability of the necessary funding
will determine if and when thev are to be tackled.
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