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The Institate of Hydrology is a component establishment of the UK
Natural Environment Research Council, grant-aided from Government
by the Department of Education and Science. For over 20 years the
Institute has been at the forefront of research exploration of hydrelogical
systems withun complete catchment areas and into the physical
processes by which ramn or snow is transformed nto flow 1n nvers.
Applied studies, undentaken both in the UK and overseas, ensures that
research activities are closely related to practical needs and that newly
developed methods and instruments are tested for a wide range of
environmental conditions.

The Institute, based at Wallingford, employs 140 staff, some 100 of whom
are graduates. Staff structure 1s multidisciplinary involving physicists,
geographers, geologists, computer scientists, mathematicians, chemists,
environmental sclentists, sou scientists and botanists Research
depanments include catchment research, remote sensing,
Instrumentation, data processing, mathematical modeliing,
hydrogeology, hydrochemistry, soil hydrology, evaporahon flux studies,
vegetalion-atmospheric interactions, flood and low-flow predictions,
catchment response and engineenng hydrology

The budget of the Institute comprises £4.5 rmullion per year About 50
percent relales to research programmes funded directly by the Natural
Environment Research Council Extensive commissioned research is
also carried out on behalf of government departments (both UK and
overseas), various intermahonal agencies, environmental organisations
and pnvate sector clients. The institute is also responsible for
natonally archived hydrological data and for publishing annually
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Executive Summary

This report has been prepared in response to a one year contract from Water
Research Centre relating to specific aspects of the consortium funded study of
the effects of upland afforestation on water resources in Highland Scotland.

The report is complementary to the general report prepared for the
consortium Steering Committee.

The reasons for the delay in producing both reports relate to staff resignations
and initial teething problems with new equipment installed in 1988.

Despite considerable data losses prior to the installation of new logging
equipment in September 1988, the results obtained from the Automatic
Woeather Stations provide further confirmation of higher than expected Penman
ET values at altitude. To assist in developing a formal basis for relating
these results to altitude and exposure an additional station has been installed

in 1989 and proposals to further intensify the networks are under
consideration.

The results from the high altitude grass lysimeters for 1988 indicate an
evapocation of 81% of Penman ET for the summer months and an estimated
74% of ET for the entire year. There results, together with those from
carlier snow interception and heather water use studies, are being incorporated
into the simple annual and daily water use models under development at IH.

These water use sub-models will be incorporated into the model being
developed to predict seasonal streamflow as they became available. Preliminary
work undertaken on the streamflow model has concentrated on identifying the
appropriate time step to be used and the snow-melt sub-model. Preparation
of files of input data so that the model can be tested imtially on the
Balquhidder catchments is in hand. A further requirement, that of identifying
more accurately the distribution of vegetation cover, has been advanced
through the use of aerial infra-red stereo photography.

The water balance and sediment loss studies during this penod of changing
land use in the catchments were continued through the.year, together with the
ongoing validation checks on the precipitation and streamflow networks. Despite
some 50% of the forest having been felled, no marked trend in water use in
the Kirkton has been dctected.  Scdiment losses, particularly suspended
sediment, remained high through the year giving annual losses 4.5 times and
1.5 tmes the pre-disturbance levels from the Kirkton (clear felling) and
Monachlye (first planting) catchments. A final analysis of the forest
interception  study gave an overall interception loss figure of 28% of

precipitation and indications that losses from intercepted snow exceed those
from rainfall.

Work proposcd for the remaining two years of phase 2 of the project includes
the continuation of the model development wortk, an intepsification of the
study of the relationship of Penman ET to topography and some dctailed
on-site studies of the energy fluxes involved in the snow melt process in this
type of terrain.
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1. Introduction

The Water Research Centre has been a significant supporter of the programme
of research on forestry effects on water resources initiated by the Institute of
Hydrology in 1981-82. Together with the other members of the funding
consortium they have, through their membership of the Steering Committee,
participated in identifying the aspects of this series of studies which are
considered to be of the most relevance to the Scottish Water Authorities.

A general report on progress is presented by IH each year for discussion at
the annual meeting of the Steering Committee, Such a report has been
prepared and circulated for the 1988-89 year. This additional report, which
should be read in conjunction with the progress report, concentrates on the

specific aspects of the project which WRC identified as being of particular
interest to their members.

In Contract CS 4139 RX covering the financial year 1988/89, these were
identified as:

(a) Continue to study meteorological data, using updated logging systems, to
explore further the apparent increase in Penman ET with

altitude/exposure in order to provide a basis for extrapolating results to
other Highland areas of Scotland.

{b) Commence work on modelling stream flow response in the (wo
catchments, using water use models as the “front end™.

(c) Continue the high altitude grassland study for another complete year to
provide a more detailed basis for the development of an operational
water use sub-model of this vegetation type.

(d) Continue work on validating, simplifying and integrating the forest water
use, snow, interception, heather water use and the pgrass water use

sub-models into an overall water use sub-model for application to
upland areas.

(¢) Prepare a list of recommendations for work proposed for the perod 1
April 1989 to 31 March 1990 so that thosc organisations for whom
WRc acts as an agent can discuss and comment on the relevance of
the future programme to the Water Industry.

(f) Prepare and submit a report on the above items by 31 March 1989.

Additional comment on these aspects of the project programme is presented in
the following sections.

It is regretted that there has been a delay in preparing and presenting both
this report and the general report to the Steering Committee. This resulted
from a combination of circumstances involving the resignation of a key staff
member from the data processing section in February 1989, prolonged teething
troubles with new logging systems installed in 1988 and an internal IH
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reorganisation. Through this difficult period, priority was given to maintaining
the continuous data collection. Thus no loss of records has occurred but
there have been delays in the processing and analysis of the data and in the
produciion of reports. Following a recruitment exercise, the staff devoted to
the project will be back to full strength from October 1989.

2. Meteorological Data

As indicated above and explained in morc detail in the general report, a
number of problems were experienced with this aspect of the Balquhidder
catchments study in 1988-89.

Prior to September 1988 considerable data loss from the weather station
network (Figure 2.1) octurred, partly through failures of the old magnetic tape
logging systems and partly through individual sensor faillures. The effects of
the latter were in many cases exacerbated by the former, in that the detection

of faulty data from one or more sensors was often delayed by subsequent
logger failures.

From September 1988 onwards, data acquisition from the weather stations
improved dramatically following the installation of Campbeil CR10 processor
controlied solid-state loggers. In addition to their greater rchiability, the ease
with which data can be downloaded and checked meant that sensor failures
could be identified and rectified much more quickly.  However, this
improvement in data acquisition was nullified initially by problems in the
calibration and matching of temperamre sensors and loggers  That this
required a different approach than that used with the previous loggers was not
immediately apparent and it was not until June 1989 that the problem was
finally soived. ‘Thereafter it was possible to correct retrospectively the
temperature and humidity data accumulated since September and recompute
the Penman ET estimates

21 PENMAN ET ESTIMATES

The gaps in the data prior to September 1988 made it difficult to carry out
detailed between-site comparisons of ET. Complete months of record were
not available from the two high altitude sites for the first five months of
1988. The good records obtained for 1988 are listed in Table 2.1.

From these it can be seen that in the ‘peak’ month of Junc the ET values
from Kirkton High again exceeded those from the low level sites. This was
also the casc in the particularly mild December 1988 and January 1989 period,
when the values from the Upper Monachyle site also exceeded those from
Monachyle Glen and Tulloch Farm.  The very wet conditions experienced
from July to October resulted in depressed ET values for all sites and no
conclusive indication of differences in ET.  The figures for the much colder
and more normal months of February and March 1989 again demonstrate that
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values from the Upper Monachyle site were in excess of those from the lower
sites.  Complete data sets were obtained for the Kirkton High sites for these
months, but analysis indicates that the humidity (temperature depression)
readings were suspect, possibly due to ice accumulation in the screen.

TABLE 21 Monthly Penman ET values from good, complete
records from the stations at Tulloch Farm (TF) at 140
m, Monachyle Glen (MG) at 300 m, Upper Monachyle
(UM) at 470 m and Kirkdon High (KH) at 670 m.

Penman ET WValues (mm)

Month TF MG UM KH

1988

January 88 7.3

February 243 -

March 329 274

April 387 354

May 64.2 61.7 -
June 83.0 86.3 912
July 53.0 54.1 55.2
August 52.5 572 554
September 413 48.5 474
October 235 227 - 203
November 8.4 14.1 13.8 15.8
December 16.4 179 20.5 245
1989
January 12.6 14.0 23.1 20.1
February 218 11.2 235 -
March 284 27.2 368

22 ALTITUDE/EXPOSURE RELATIONSHIPS

Preliminary analysis of the more complete record obtained through the October
to March period has produced no evidence so far to contradict the
between-site relationships for both Penman and the individual meteorotogical
variables which have been derived from the previous data (see 1988 Report
and Blackie, 1987). Obviously the inclusion of at least one season of ‘peak’
summer data will be necessary to verify this.

To move on from determining between site relationships to examining the
reasons for them, in terms of altitude and exposure, is the next step. The
network of four sites in current use samples a range of altitudes but each site
has very different exposure conditions. This is typified in Figure 22 where
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Figure 22 Frequency distributions of wind directions from AWS at
(a) Tulloch Famm, (b) Monachyle Glen, (c) Upper
Monachyle, (d) Kirkdon High
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the radically differing wind direction frequencies at the four sites are
illustrated. That for the east-west valley bottom site at Tulloch Farm is
cffectively displaced by 90° compared with that for the north-south valley
bottom site at Monachyle Glen.

An attempt to extend the network in this respect was made in 1986 when a
fifth station was installed at a wvalley bottom site in the Kirkton. This,
however, had of necessity, to be mounted on a tower above the forest canopy.
The (relatively sparse) data captured from this station are of value in
determining conditions at canopy level.  Because of the very different
roughness, net radiation, temperature and humidity profiles being sampled over
the canopy as compared with the ‘grass’ at the other sites, the data are of
limited wvalue in network analysis. To counteract this, an additional
valley-bottom station was instalied in June 1989 in a clearfelled area in the
lower Kirkton, as shown in Figure 2.1. Whilst this Kirkton Cleared Area site
will expand the network there is a requirement, for cxample, to include sites
at similar exposures but at a range of altitudes A proposal to extend this
aspect of the study has been submitted for NERC consideration on the basis
that building on the cxisting information in this location may yield altitude/
exposure models that can be applied more generally.

At present tne information obtained from the exsting network indicates
strongly that, in typical Scottish Highland topography, the presumed altitude
decrease of Penman ET does not occur. The need to replace this with a

better defined relationship is recognised and proposals have been made as (o
how this might be achieved.

3. Streamflow Modelling

Preliminary work on the choice and development of appropriate versions of
the IH suite of catchment models (Blackie and Eelcs, 1985) for application to
thc Balquhidder catchments is in hand.

3.1 CHOICE OF TIME-STEP

This work includes identification of the most appropriate time-step to be used
in the models. Ideally, with catchments of this size and response
characteristics, an hourly time-step would be used. Problems arise, however, in
setting up the input precipitation data at this time interval. During summer
snow free periods, this can be donec by time-distributing the storage gauge
data using the recording raingauges attached to the AWS and the rainfall
event recorders.  In snow conditions and in freezing conditions, however, the
time distribution data from these sources is very unreliable.

For water balance purposes the distribution on a daily basis is carried out
using the daily read gauge at the Tulloch Farm site. This time-step will be
used initially and the possibility of using the fine time scale to explore the
detailed response characteristics over short snow-free periods will be explored.
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3.2 PENMAN ET INPUTS

In a ‘lumped’ catchment model it is necessary to input a good estimate of the
catchment mean ET.  With the range of ET values obtained within each
catchment and the uncertainty over how to interpret these in terms of altitude
and exposure the definition of catchment mean ET is not yet resolved.
Whilst this presents some difficulty, the fact that the seasonal trends in ET
are closely similar at each site means that even an arbitrary choice of mean
values should enable preliminary modelling work to go ahead. A more
important problem may be the degree of infilling needed to produce complete
ET data sets for each catchment.

33 SNOW MELT SUB-MODEL

A number of variations on the ‘degree day’ type of snow-melt sub-model are
available. Using these in lumped models of catchments with the altitude and
precipitation ranges found in the Balquhidder catchments presents some
difficulties. These are exacerbated by the frequency with which the winter
situation in the catchments comprises rainfall in the lower reaches and snow
accumulation at altitude. It is hoped to undertake some field studies of
snowmelt in the Upper Monachyle catchment in the next two winters.

3.4 CROP WATER USE SUB-MODELS

Whilst considerable progress is now being made in modifying and updating
these on the basis of the process studies results, some sub-sections such as
those relating to high altitude grassland have yet to be finalised. This
sub-section s of such critical importante in the Balquhidder context that it is
considered unwise to attempt to run the models without this component.

35 VEGETATION COVER IN THE CATCHMENTS

To apply the sub-models it is necessary to have fairly detailed information on
the distribution of each wvegetation type within the catchments. General
information on these distributions and accurate estimates of the forested areas
have been obtained from ground survey. The proportions which are ‘grass’
dominated and heather dominated are, however, not easy to determine without
very detailed ground survey. To speed up this assessment some infra-red
stereo-photographic coverage was obtained from overflights by the NERC
survey aircraft late in 1988, This is now being analysed. It is hoped that
more extensive coverage will be obtained in 1989,
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4. High Aititude Grassland Study

The results obiained from this study during the 1988 field season from late
March to the end of September are presented in some detail in the general
report.  These are summarised here in  the cumulative plots of total
evapolranspiration from the lysimeters and of Penman ET for the site in
Figure 4.1 and in the series plots of the ratio of total evapotranspiration to
ET and of rainfall in Figures 42 and 43,

The overall ratio of total evapotranspiration to Penman ET of 0.81 through
this active growing season indicates that ‘grass’ at this altifude does indeed use
water at a lower rate than ET. Figure 4.2 suggests that during dry periods
the rate is very much lower than this but increases to rates higher than ET
during rainfall periods. The implication is that the rate of loss of intercepted
water is considerably higher than ET.

During the 1988 field season mean daily temperatures were below the
physiologically critical figure of 6°C for all of April and the fist few days of
May. Biomass composition, expressed as the ratio of live grass to total
biomass, was also monitored through the season. This ratio rose rapidly from
0.35 in mid April to a peak of 0.67 in mid-July and declined thereafter.

On the basis of 25% of the annual Penman ET occurring in the winter
months, October to March, and the actual evaporation equalling 60% of ET
during this time (based on an extrapolation of Aprl 1988, Figure 4.2) an
annual evaporation of 384 mm (74% of Penman ET) is estimated for the
upper parts of the Kirkton catchment for 1988.

These data are pow being analysed op a finer time-scale to identify the
relative importance of the factors contnbuting to the overall water use.

A further season of data collection is now under way. It is hoped that this
will produce more information on the interception loss rates which appear
from the 1988 data to be much higher than anticipated.
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5. Development of Process Sub-models

Models tc predict evaporation from different vegctation types range from the
extremely sophisticated to the very simple. Generally the more sophisticated
are more accurate and more generally applicable. However the more complex
models require very detailed input meteorological data and are very sensitive
to errors in these data. For areas, such as the Scottish Highlands, where
metcoralogical data sets are very limited there is a need to develop simpler
models of vegetation water use which require only rudimentary meteorological
data., Any such simplification will necessitate a reduction in the physical
realism of the models and will require careful validation against good sets of
water use data

The first such water use model for use in the UK uplands was that devised
by Calder and Newson (1979). This model had a number of limitations:
principally it could only estimate for forest and grass, it would work only on
an annual basits and it was not calibrated for areas where snow is a significant

factor. Over the last 10 years the model has been extended to avercome some
of these limitations:

1.  Measurements of the interception of snow by forest canopies has shown
that losses from snow covered canaopies are at least as large as from rain
covered canopies and to a first approximation can be treated similarly.

2. Following measurements in Scotland there is now a sub-model describing
the evaporation from heather moor.

3. A daily model has been developed for forest and heather.

The daily model was tested with the catchment data from the Monachyle, a
predominantly heather catchment, with very .encouraging results. However it
became evident that it would not work for the mixed forest and high altitude
grassland cover in the Kirkton catchment. The main hypothesis for the
problems experienced with the water use from this catchment is the slow
growth of the high altitude grassland which will suppress the transpiration. A
very simple correction to the Penman formula, based on mean air temperature,
was presented last year.  The corrected value agreed very well with the mean
annual water use from the grassland Wye carchment in mid Wales. The results
from the high altitude grassland lysimeters in Balquhidder for 1988 (presented
in section 4) show an evaporation of 75% of Penman for the whole year, in
agreement with the simple annual correction. More work is needed to
develop thesc results into a seasonal model.

To summarise, the development of a seasonal model to describe the water use
from upland heather, grass and coniferous forest is well advanced. There are
just two areas which need attention viz  the incorporation of the high
altitude grassland lysimeter results into the simple daily model and the
development of a simple daily snow model. For the latter a number of sets
of observations of snow cvaporation have been obtained with which to develop
the model and plans to take additional measurements to validate the model at
Balquhidder during the next rwo winters have been prepared.
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Finally, the models that are bemng developed require either annual mean or
daily meteorological observations. This is now no problem for Balguihidder but

may posc a problem for the extrapolation to other areas of Highland
Scotland.

6. Summary of Other Work 1988/89

In addition to the aspects of the year's work highlighted in the above
sections, data collection continued in the catchments as did checking of the
precipitation networks and znalyses of the catchment water balances, sediment
yields and forest interception data. Details of ihese aspects of the project are
given in the general report. Some important points are summarised here 1o
put the work described in this report in context and to indicate the present
state of understanding of the catchment systems.

6.1 PRECIPITATION NETWORKS

Further work on the representativeness of individual gauges revealed that the
domain C3Y above the tree linc on the steep eastern side of the Kirkton
catchment reguired to be split into two domains. The more northerly part of
this domain receives significantly more precipitation. The orniginal gauge,
situated close to the southern end of the domain, was found to be
unrepresentative even of this part of the domain. It is estimated that the
effect of this gauge in the past has been to depress the catchment mean
precipitation estimate by between 1% and 1.6% (23-36 mm). No significant
errors were found in the other large domains checked in the catchments but
a pauge in the high altitude D2W domain on the west side of Monachyte
indicated that the absence of a gauge in this domain previously may have
resulted in a 17% (46 mm) underestimatc in the catchment mean
precipitation.  Both these figures are within the uncertainty limits on the
catchment mean estimates, but their effect on the P-Q estimates of catchment
water use would be to raisc these by approximately 8% in both catchments.

6.2 CATCHMENT WATER BALANCES

The higher than average rainfall in the July-October 1988 period (July was the
wettest month of the year) resulted in annual P and Q totals in both
catchments second only to those of 1986 in the period of record. P-Q
estimates of catchment water use in 1988 did not differ significantly from

those of the previous two years, giving once more a between-catchment
difference of some 200 mm.

12




63 SEDIMENT LOSSES

Sediment losses from both catchments in 1988 continued significantly higher
than in the Phase [ pre-disturbance period. First estimates for suspended
loads were 255 t km™? from the Kirkton and 58 t km™? from the Monachyle,
respectively, 4.5 times and 1.5 times the pre-disturbance loads. Bedloads were
found to be very similar tc the pre-disturbance loads. The plough lines in
the Monachyle are now revegetating which should reduce losses from this
source but the losses from the road surfaces appear likely to continue through
the clear-felling period in the Kirkton.

64 FOREST INTERCEPTION

Final results from the forest interception study in the Kirkton catchment
indicate an overall interception loss of 28% of precipitation, with the net
precipitation comprising 69% throughfall and 4% stemflow. Losses during a
prolonged period of snow accumulation were 37%, with an estimated pecak
storage on the canopy of 22 mm water equivalent, some 10 times greater
than the canopy capacity for liquid storage.

65 OTHER STUDIES

The project continues to play host to other groups carrying out independent
studies on the Balquhidder catchments on aspects of water chemistry, its
cffects on fish life and on nutrient cycling. Precipitation, streamflow and
meteorological data are provided to these groups on request and the resident
staff at Balquhidder devote considerable time to assisting in sample collection.

Demand for the services of the HYDRA direct evaporation measuring system
overseas precluded the proposed testing on the Kirkton slopes in 1989.

7. Future Work 1989/91

In the discussion document "A review of Future Objectives in the Research
Programme™ circulated to the Consortium Steering Committee before the 1988
meeting the proposed objectives for the period to 1991 were identified. These
met with general agreement from the Consortium and form the basis of the
present work programme from the project. This is summarised under the

"immediate objectives” section of Figure 7.1 which is taken from the above
discussion document.

Despite the sct-backs expericnced in early 1989 this programme is still running
close to schedule.

Continuation of the catchment data collection until the present phase of land
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use changes is completed in 1991 is considered to be essential to ensur¢ that
the effects on water use, streamtflow responses and sediment loss are fully
quantified. As part of this exercise checks on the precipitation networks and
the streamflow structure ratings will continue, the latter using newly acquired
electro-magnetic current-meters capable of measuring much lower velocities than
their mechanical predecessors.  This will make it possible to check the ratings
at much lower flow rates than has been possible hitherto.

The main part of the grassland lysimeter study will be completed in 1989. In
the latter part of 1989 and during 1990 more emphasis will be placed on
identifying the interception losses from both dormant and actively growing
grass. It is proposed to leave the lysimeters on site in 1990 but operate
them only as drainage lysimeters so that cumulative checks on water use will
still be obtained.

Data collection from the AWS networks in the catchments will be continued.
The additional sitc in the lower Kirkton (section 2.2) should help to clarify
the refationships between the meteorological varables and altitude and exposure
in this area. A proposal to increase the network density in the Kirkton is
under consideration for additional NERC Science Budget support.

Development of the process sub-models and the catchment models will
continue along the lines indicated in sections 3 and 5. The objective will be
to test these against the data obtained from the two catchments over phases 1
and 2 of the project. Thercafter they will be used to assess the effects of
upland land use modification in other areas.

Other work which has been proposed for the Balquhidder catchments during
the period to 1991, includes the following items. These are subject to the
levels of interest expressed and funding made available by NERC Science
Budger and the Consortium members.

(a) Increase the AWS network density (as described above) to make this

site a test-bed for identifying the interactions of upland topography and
the meteorological vanables.

(b)  Install instrumentation at a site in the Monachyle to study in detail the
energy fluxes involved in the snowmelt process.

(c) Subject to international demand on the equipment making it possible, to

install the IH HYDRA system over high altitude grassland to provide
additional information on water use.
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The demand for long-term scientific capabilities concerning the
resources of the land and its freshwaters is rising sharply as the
power of man to change his envircnment is growing, and with
1t the scale of his impact. Comprehensive research facilities
(laboratories, field studies, computer modelling, instrumentation,
remote sensing) are needed to provide solutions 1o the
challenging problems of the modern world in its concern for
appropnate and sympathetic management of the fragile systems of
the land's surface.

The Terrestrial and Freshwater Sciences Directorate of the
Natural Environment Research Council brings together an
exceptionally wide range of appropriate disciplines (chemistry,
biology, enqineering, physics, geclogy, geography, mathematics
and computer sciences) comprising one of the world's largest
bodies of established environmental expertise. A staff of 550,
largely graduate and professional, from four Institutes at eleven
laboratories and field stations and two University units provide
the specialised knowledge and experience to meet national and
international needs 1n three major areas:

*

Land Use and Natural Resocurces

*

Environmental Quality and Pollution

*

Ecology and Conservation
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