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Executive Summary

This report has been prepared in response to a one year contract from Water
Research Centre relating to specifi c 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 init ial 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 A utomatic
Weather Stations provide further confi rmation of higher than expected Penman
ET values at al ti tude. To assist in developing a formal basis for relating
these result s to alti tude 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
evaporation 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
earlier 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 ceasonal streamflow as they became available. Preliminary
work undertaken on the streamfi ow model has concentrated on identifying the
appropriate time step to be used and the snow-melt sub-model. Preparation
of fi les of input data so that the model can be tested initially on the
Balquhidder catchments is in hand. A further requirement, that of identi fying
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 period of changing
land use in the catchments were cont inued 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 markcd trend in water use in
the Ki rkton has been detected. Scdiment losses, particularly suspended
sediment, remained high through the year giving annual losses 4.5 times and
1.5 times the pre-disturbance levels from the Kirkton (clear felling) and
Monachlye (fi rst planting) catchments. A fi nal analysis of the forest
interception study gave an overall interception loss fi gure of 28% of
precipitation and indications that losses from intercepted snow exceed those
from rainfall.

Work proposed for the remaining two years of phase 2 of thc proj ect includes
the continuation of the model development work, an intensifi cat ion of the
study of the relationship of Penman ET to topography and some detailed
on-si te studies of the energy fluxes involved in the snow melt process in this
type of terrain.
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The Watcr Research Centre has been a signifi cant supporter of thc programme
of research on forestry eff ects on water resources initiated by the Institute of
Hydrology in 1981-82. Together with the other members of the funding

• consorti um 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 Author ities.

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 addi tional 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

•
identifi ed as:

• (c) Continue the high al t itude 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 grass water use

• sub-models into an overal l water use sub-model for application to
upland areas.

•
•
•
• (Q Prepare and submit a report on the above items by 31 March 1989.

• Addi tional comment on these aspects of the project programme is presented in

•
•
•

1. Introduction

(a)

(e)

Continue to study meteorological data, using updated logging systems, to
explore further the apparent increase in Penman ET with
al titude/exposure in order to provide a basis for extrapolating results to
other Highland areas of Scotland.

(b) Commence work on modell ing stream fl ow response in the two
catchments, using water use models as the " front end" .

Prepare a l ist of recommendations for work proposed for the period 1
A pril 1989 to 31 March 1990 so that thosc organisations for whom
W Rc acts as an agent can discuss and comment on the relevance of
the future programme to the Water Industry.

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. Th is resulted
from a combination of circumstances involving the resignation of a key staff
member fr om the data processing section in February 1989, prolonged teething
troubles wi th new logging systems installed in 1988 and an internal IH



reorganisat ion. Through this diffi cult period, priority was given to maintaining
the continuous data collection. Th us no loss of records has occurred but
there have been delays in the processing and analysis of the data and in the
production of reports. Following a recruitment exercise, the staff devoted to
the proj ect will bc back to full strength from October 1989.

2. Meteorological Data

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

Pr ior to September 1988 considerable data loss from the weather station
network (Figure 2.1) occurred, partly through fai lures of the old magnetic tape
logging systems and partly through individual sensor failures. The effects of
the latter were in many cases exacerbated by the former, in that the detection
of faulty data from one or more scnsors was often delayed by subsequent
logger failures.

From September 1988 onwards, data acquisition from the weather stations
improved dramatically following the installation of Campbell CR10 processor
controlled solid-state loggers. In addit ion to their greater reliability, the ease
with which data can be downloaded and checked meant that sensor failures
could be identi fi ed and rectifi ed much more quickly. However, this
improvement in data acquisition was nullifi ed initial ly by problems in the
calibration and matching of temperature sensors and loggers. That this
required a diff erent approach than that used with the previous loggers was not
immediately apparent and it was not until June 1989 that the problem was
fi nally solved. T hereafter it was possible to correct retrospectively the
temperature and humidity data accumulated since September and recompute
the Penman ET estimates

2.1 PENMAN E l ' ES TIMATES

The gaps in the data prior to September 1988 made it diffi cult to carry out
detailed between-site comparisons of ET. Complete months of record wcre
not available from the two high altitude sites for the fi rst fi ve months of
1988. The good records obtained for 1988 are listed in Table 2. 1.

From these i t can bc seen that in the 'peak' month of Junc the ET values
from Kirkton High again exceeded those from the low level sites. Th is was
also the case 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 Tu lloch 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
si tes. Complete data sets were obtained for the Ki rkton High sites for these
months, but analysis indicates that the humidity (temperature depression)
readings were suspect, possibly duc to icc accumulation in the screen.

TAB LE 2 1 Month4, Penman E T values f rom good, complete
reconi s f rom the stations at Tulloch Farm (TF) at 140
rn, Monachyle Glen (MG) at 300 in, Upper Monachyle
(UM) at 470 m and Kirkton High (ICH) at 670 m.

Month Penman ET Values (rnm)
TF MG UM

1988

January 8.8 7.3
February 24.3
March 32.9 27.4
April 38.7 35.4
May 64.2 61.7
June 83.0 86.3
July 53.0 54.1
August 52.5 57.2
September 41.3 48.5
October 23.5 22.7
November 8.4 14.1 13.8
December 16.4 17.9 20.5

1989

January 12.6 14.0 23.1
February 21.8 11.2 23.5
March 28.4 27.2 36.8

22 A LTIT UD E/ EXP OSU RE RE LA T IONSHI PS

KB

91.2
55.2
55.4
47.4
203
15.8
24.5

20.1

Preliminary analysis of the M OW 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 meteorological
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 alti tude and exposure, is the next step. The
network of four sites in current use samples a range of alti tudes but each site
has very diff erent exposure condit ions. This is typifi ed in Figure 2.2 where
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11,

the radically differing wind direction frequencies at the four sites are
il lustrated. That for the east-west val ley bottom site at Tulloch Farm is
effectively displaced by 900 compared with that for the north-south valley
bottom site at Monachyle Glen.

• A n attempt to extend the network in this respect was made in 1986 when a

•
fi fth station was installed at a valley bottom site in the Kirkton. T his,
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 diff erent
roughness, net radiation, temperature and humidity profi les being sampled over
the canopy as compared with the 'grass' at the other sites, the data are of

•
limited value in network analysis. To counteract th is, an additional
valley-bottom station was installed in June 1989 in a clearfelled area in the

•
lower Ki rkton, as shown in Figure 2.1. Whilst this Kirkton Cleared Area si te
wil l expand the network there is a requirement, for example, to include sites

•
at similar exposures but at a range of alti tudes. A proposal to extend this
aspect of the study has been submit ted for NERC consideration on the basis

• that building on the existing information in this location may yield alti tude/
exposure models that can be applied more general ly.

•
•

tio

• Preliminary work on the choice and development of appropriate versions of

•
the IH suite of catchment models (Blackie and Eeles, 1985) for appl ication to
thc Balquhidder catchments is in hand.

•
•
•

A t present the information obtained from the existing network indicates
strongly that, in typical Scottish Highland topography, the prcsumed 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 to
how this might be achieved.

3.1 CHOICE OF TI ME -STEP

3. Streamflow Modelling

Th is work includes identifi cation of the most appropriate time-step to be used

• in the models. Ideal ly, with catchments of this size and response
characteristics, an hourly t ime-step would be used. Problems arise, however, in
set ting up the input precipitation data at this time interval. During summer
snow free periods, this can be done by time-distr ibuting the storage gauge
data using the recording raingauges attached to the AWS and the rainfall
event recorders. In snow conditions and in freezing conditi ons, however, the
time distr ibution data from these sources is very unrel iable.

• For water balance purposes the distr ibution on a daily basis is carried out
using the daily read gauge at the I L lloch Farm site. This t ime-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.



3.2 PENMAN ET INPUT'S

In a l umped' 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 al ti tude
and exposure (he defi nition of catchment mean ET is not yet resolved.
Whilst this presents some diffi culty, 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
import ant problem may be the degree of infi lling needed to produce complete
ET data wi s for each catchment.

33 SNOW ME LT 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 wi th the al ti tude and
precipitation ranges found in the Balquhidder catchments presents some
diffi culties. 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. I t is hoped to undertake some fi eld 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 fi nalised. This

• sub-section is of such critical importance in the Balquhidder context that it is
considered unwise to attempt to run the models without this component.

•

• 35 VE GETATION COVE R IN TH E CATCHM ENTS

•
To apply the sub-models it is necessary to have fairly detailed information on

• the dist ribution of each vegetation type within the catchments. General
information on these distri butions and accurate estimates of the forested areas

• have bccn obtained from ground survey. Th e proportions which are 'grass'
dominated and heather dominated are, however, not easy to determine wi thout

• very detailed ground survey. To speed up this avessment some infra-red
stereo-photographic coverage was obtained from overfl ights 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.



4. H igh M titude Gra ssla nd Study

The results obtained from this study during the 1988 fi eld season from late
March to thc end of September are presented in some detail in the general

• report. These are summar ised here in the cumulative plots of total
evapotranspiration 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 4.2 and 4.3.

The overall ratio of total evapotranspiration to Penman ET of 0.81 through
this active growing season indicates that 'grass' at this altitude 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
dur ing rainfall periods. Th e 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 cri tical fi gure of 6°C for all of April and the fi rst 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

• 035 in mid Apri l to a peak of 0.67 in mid-July and declined thereafter.

• On thc basis of 25% of the annual Penman ET occurr ing in the winter
months, October to March, and the actual evaporation equalling 60% of ET

• during this time (based on an extrapolation of April 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 now being analysed on a finer time-scale to identify the
relative importance of the factors contributing to the overall water use

A further season of data collection is now under way. It is hoped that this
will product 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 to predict evaporation from diff erent vegetation types range from the

• extremely sophisticated to the very simple. General ly 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

• meteorological 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 simpli fication will necessitate a reduction in the physical
realism of the models and wi ll require careful val idation 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:

• principal ly it could only estimate for forest and grass, it would work only on
an annual basis and i t was not calibrated for areas where snow is a significant

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

•
1. Measurements of the interception of snow by forest canopies has shown

• that losses from snow covered canopies are at least as large as from rain
covered canopies and to a fi rst 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 thc catchmcnt data from the Monachyle, a
predominantly heather catchment, with very .encouraging results. However it

• became evident that i t would not work for the mixed forest and high al ti tude
grassland cover in the Ki rkton catchment. The main hypothesis for the

• problems experienced wit h 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 wi th the mean
annual water use from the grassland Wye catchment in mid Wales. The results
from the high alti tude grassland lysimeters in Batquhidder 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 these 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 evaporation have been obtained with which to develop

• the model and plans to take addi tional measurements to validate the model at
Balquhidder during the next IWO winters have been prepared.

•

•

•



•

•

•
Finally, the models that are being developed require either annual mean or
daily meteorological observations. This is now no problem for Balquihidder but
may pose a problem for the extrapolation to other areas of Highland
Scotland.

•

•
• 6. Su mmary of Other Wor k  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 analyses of the catchment water balances, sediment
yields and forest interception data Details of these aspects of the project are
given in the general report. Some important points are summarised here to
put the work described in this report in context and to indicate the present
state of understanding of the catchment systems.

6.1 PR ECIPITATION NET WORKS

Further work on the representativeness of individual gauges revealed that the
domain C3Y above the tree line on the steep eastern side of the Ki rkton
catchment required to be split into two domains. The more northerly part of
this domain receives significantly more precipitation. The original gauge,
situated close to the southern cnd 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
precipi tati on estimate by between 1% and 1.6% (23-36 mm). No signifi cant
errors were found in the other large domains checked in the catchments but
a gauge in the high altitude D2W domain on the west side of Monachyle
indicated that the absence of a gauge in this domain previously may have
resulted in a 1.7% (46 mm) underestimate in the catchment mean
precipitation. Both these fi gures are within the uncertainty limits on the
catchrnent mean estimates, but their effect on the P-Q estimates of catchment

•
water use would be to raise these by approximately 8% in both catchments.

6.2 CATCHM ENT WATER BALA NCES

•

O
The higher than average rainfal l in the July-October 1988 period (July was the
wettest month of the year) resulted in annual P and Q totals in both

O catchments second only to those of 1986 in the period of record. P-Q
estimates of catchment water use in 1988 did not diff er significantly from

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

•
•
•
•
•
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•
•

• 63 SE DIME NT LOSSES

•
Sediment losses from both catchments in 1988 continued signifi cantly higher
than in the Phase I pre-disturbance period. First estimates for suspended
loads were 255 t km-2 from the Ki rkton and 58 t lcm-2 from the Monachyle,
respectively, 4.5 t imes and 1.5 times the pre-disturbance loads. Bed loads 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.

•
6.4 FO REST INT ERCE P TION

•

• Final results from the forest interception study in the Ki rkton catchment
indicate an overall interception loss of 28% of precipitation, wi th the net

• precipitation comprising 69% throughfall and 4% stemflow Losses during a
prolonged period of snow accumulation were 37%, with an estimated pcak

• storage on the canopy of 22 mm water equivalent, some 10 times greater
than the canopy capacity for liquid storage.

• 63 OTHE R ST UDIES

•
The proj ect continues to play host to other groups carrying out independentMa l
studies on the Balquhidder catchments on aspects of water chemistry, its
eff ects on fi sh 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 Ki rkton slopes in 1989.

•

•

•
• 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 identifi ed. These
met with general agreement from the Consort ium 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 set-backs experienced in early 1989 this programme is still running
close to schedule.•

•
•
•
•

7. Future Work 1989/91

Continuation of the catchment data collection unti l the present phase of land
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use changes is completed in 1991 is considered to be essential to ensure that
the effects on water use, streamflow responses and sediment loss are fully
quantified. As part of this exercise checks on the precipitation networks and
the streamflow structure ratings wil l continue, the latter using newly acquired
electro-magnetic current-meters capable of measuring much lower velocit ies than
their mechanical predecessors. Th is will make it possible to check the ratings
at much lower fl ow 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 wil l
sti ll  be  obtained.

Data collection from the AWS networks in the catchments will be continued.
The additional site in the lower Kir kton (section 22) should help to clarify
the relationships between the meteorological variables and alt itude and exposure
in this area. A proposal to increase the network density in the Ki rkton is
under consideration for addit ional 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 wil l be
to test these against the data obtained from the two catchments over phases 1
and 2 of the project. Thereafter they wil l  be  used to  acsess  the effects of
upland land use modifi cation 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 avai lable by NERC Science
Budget 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 variables.

(b) Install instrumentation at a site in the Monachyle to study in detai l the
energy fl uxes involved in the snowmelt process.

(c) Subject to international demand on the equipment making it possible, to
install the 11-1 H YD RA system over high altitude grassland to provide
additional information on water use.
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The de mand for long -term sc ientifi c capa bilities conce rning the

• res ources of the land and its freshwate rs is ris ing sharp ly as the
powe r of man to change his e nvironme nt is growing, and with

•
it the sc ale of his impact Comp rehens ive rese arch facilities

(laboratories, fi e ld stud ies, comp uter mod e lling , instrume nta tion,

•
remote se nsing) are ne ede d to prov ide solutions to the

challe ng ing proble ms of the modern w orld in its conce rn for
appropri ate and sympathe tic manageme nt of the frag ile syste ms of• the land s surface .

• The  Terres trial and Fres hwater Scie nces  Directora te of the
Natura l Environme nt Rese arch Counc il brings toge the r an

• e xce ptionally wide range of app ropriate d isc ip lines (chemistry,
b iolog y e ng ine e ring , physics , geology g e ography, mathe matics

•
and comp ute r sc ie nc es ) comp rising on e of the world's largest
bodies of estab lishe d e nvironm ental e xpe rtise . A staff of 550,

•
large ly g rad uate and profess ional, from four Institutes a t e leven
laboratories a nd fi e ld stations and two Unive rsity units p rovide

the specialise d knowledge and e xperie nce to me e t nationa l and• inte rna tiona l needs in three major areas:

• .
•

band Use and Natural Re so urc es

•
Environme ntal Quality and Pollution

•

Eco logy and Conse rva tion

•

•

•
•
•

•

•
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