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The environmental agenda has
shown no diminution during the
year. Issues such as deforestation,
dryland degradation and climate
change persist. Natural disasters,
resulting from flood and drought,
have caused disruption to the
lives of millions of people and
many deaths worldwide. Man-
made disasters, resulting from
pollution or other causes, are all

oo evident,

Internationally. there is a growing
political will to address such
problems. The Commission on
Sustainable Development (CSD)
addressed the major theme of
Freshwater during 1998, CSD
reaffirmed that water resources
are essential for satisfving basic
human needs, health and food
production, energy, the
restoration and maintenance of
ecosystems, and for social and
economic development in
general. The Right Honourable
Michael Meacher, MP, Minister for
the Environment, in presenting
the 1998 NERC Lecture, showed
both his personal and the
Government’s commitment

towards sustainable management,

To address such issues a multi-
disciplinary approach is needed

and CEH. with one of the

strongest capabilities in the world

Forewor

for undertaking holistic research
in the terrestrial and freshwater
sciences, is well placed in this

respect.

The NERC Council places a high
value on our science and has
shown a willingness to invest in
the future of CEH through a
programme of rationalisation and
restructuring. The [irst step has
been to approve a £2.86 million
extension to CEM's Wallingford
site. I am confident that
investments at other CEH sites,
rising from the restructuring
package approved by Council last
vear, will be made during the

coming years.

The impact of the rationalisation
and restructuring activity has
understandably caused some
uncertainty amongst staff during
the year. However, despite this,
staff remain highly skilled,
innovative and well motivated,
and it is to their credit that, during
these uncertain times, they have
not only maintained scientiflic
output but increased it in some
areas. For example, CEH peer
review publications have
increased by 21% this year over

last.

Under the leadership of its

Director, Professor Jim Wallace,

CEH's Institute of Hydrology has
had an excellent year. During the
year, the Institute has contributed
fully to the Centre’s Science
Programmes and has joint
research projects in place with all
the other CEH Institutes. Further
details of these scientific activities

are presented in this report.

This year's annual reporting
follows the arrangement
established last year, whereby the
CEH Annual Report provides an
overview of our scientific
progress and principal
achievements, while the Scientific
Reports of the Centre’s
component Institutes:
Tastitute of Freshwater Ecology
Institute of Hydrology
Institute of Terrestrial Ecology
Institute of Virology and
Environmental Microbiology
present more detailed reviews of
the science. I commend this
Scientific Report from the Institute
of Hydrelogy to you, together
with the overview CEH Annual
Report and the complementary
reports from the other CEH

Institutes.

Professor W B Wilkinson
Director, Centre for Ecology &
Hydrology
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Director’s
Introduction

The importance of water in
sustaining a healthy environment
has never been more clearly
recognised. Evidence of this is the
high profile water has been given
by aumerous national and
international agencies, including
UK government departments
(DFID, DETR, MAFF), the
Environment Agency, the recent
EU Freshwater Assessment and the
United Nations Commission for
Sustainable Development. Closer to
home, 1998 saw the highly
successful British Hydrological
Society conference at Exeter
addressing the key issues
concerned with Hydrology in a
Changing Environment. Institute
staff were involved in all of these
national and international ventures,
helping to deliver progress in the
hydrological sciences and set the
future research agenda.

It has been another excellent year
for hydrological research: IH staff
have made basic scientific
discoveries and delivered novel
applications for solving important
environmental problems. This
second annual Science Report
contains a number of examples of
this progress. Research into the
bio-physical processes which
control energy and gas exchange
at the land surface continues to
explore important new areas.

Northemn latitudes, where vast
areas of wetlands may be e€mitting
huge amounts of greenhouse
gases, are now being investigated.
In collaboration with
Scandinavian and Russian
colleagues, field experiments have
now been established in Finland
and Western Siberia. Initial data
are revealing the critical role that
the hydrology of these areas plays
in controlling the emission of
carbon dioxide and methane. At a
completely different scale, and
back in the UK, IH scientists have
been collaborating with the
Institute of Terrestrial Ecology in
developing new field methods for
estimating the amount and vertical
distribution of foliage in forests.
These techniques can provide
hydrological and ecological
models with the parameters they
need without resort to laborious
destructive sampling.

It has been a landmark year for
catchment research at IH. The
results of 30 years of observations
at the Plynlimon catchments in
Wales were brought together in a
Special Issue of Hydrolagy and
Earth Systems Science. Like all
good scientific investigations, the
analyses presented challenged
some of the initial assumptions
about these catchments: Were they
really impermeable? 1s there a
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climatic signal emerging? Other long
term catchment work at TH was also
reviewed dunng the vear, with the
Coalburn catchment in northern
England révealing just how long it
takes (225 years) for the full effects
of plantation forestry o be seen in
the water balance. [H commitment
to catchment research continues
Large investments are being made in
e cquipment monitoring, the
Plynhmon catchments and new
rescarch programmes for lowland

catchmenis are being developed.

Much progress has also been made
e water guality research. New
projects have looked at the
processes controlling the trnsfer of
pollutants such as nutnients and
pesticides ta rivers, The latest
findings indicate that although point
sources of phosphorus from sewage
works have been reduced. there are
stll sigmiticant diffuse sources The
pesucide studies have shown that
atter rnfall several agriculiueal
chemcals appear in nvers at
concentrations alkwe the FU
sndelines tor drinking water.
However, tests of this polluted
wialer have not yver shown up any

toxic effects.,

Environmensal mnpacts are forniung
an increasing part of the TH research
portfolio. An example is the recent
joint stiudy with HR Wallingford and
TAMS UK to look at extending the
life of the Tarbela dam in Pakistan
This reservoir is being affected by
sedimentation which s threateming
vital hvdropower and irngation
facihties  Alhough the proposed
engineering solutions are hoth
expensive and potentally
environmentally damaging. they are
less so than the alternative of
constructing new thermal power
stations to compensate for the loss

of energy should Tarbela fail

A successor 1o the 1975 Flood

Studies Report 1s now alimost

complete. The new scheme. called
the Flood Estimartion Hendbook
(FEH), 1 currcml\," being tested
externally and includes many novel
aspects incheding new methods for
estimating river flow peaks. The
production of the handbook — and
accompanymg software and digital
catchment data — is very tmely,
given the heightened concern over
Aocd estimation resulung from
disastrous floods in central England
and parts of Wales last Easter, The
FEH hus ventured into new territory
by recommending a method in
which flood datw are pooled
according 1o catchment similarity
rather than geographical positon.
This approach should revolutionise

regional frequency analysis.

IH is also studving the potential
impacts of chmate change on
floodhing Most of the studies <o far
have looked at unpacts on average
flows, but the TH study has focused
on extreme flows. Iniual analyses
suggest that if future eainfall
seenaros are correct. then there
may he large chinges in both the
magmitude and frequency of
flooding i the UK.

The collation, qualty control and
chssemination of hydralogical data
alser remain a central remit of [H.
The past year has seen much
innovation here too, with the first
clectronic fvdrological Yearbaok,
and the completion ot the
impressive LOIS environmental ¢ata
handhng system. The electronie
vearbook not anly saves on
publicanon costs, but allows much
wider access to this unponant
annual compendium of runtall,
nver flow, groundwater and basin
evaporation data. Agan, the
cooperaton of the Brinsh Geological
sirvey Hvdrogeology group at
Wallingford has been nvaluable

The LOIS data system is unigue in

its ability to handle and display data
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simultaneously from diverse parts of

the environment. often obtained at

verny different time and spatal

scales] Alrcady the LOIS dara viewer

-is available in CIY format. complete

with its intelligent query software.

“The successful ereation of this type

of database 15 an amportant step in

developing the ahility to build the
‘Eanth Systent” madels called for in
NERC's science strategy Looking

Forward.

This short introduction cannot do
justice to the full range of excellent
work carried out by TH staff in the
past year An indication of the
averall productivite can be gleaned
from the publicanon st in
Appendix 4. 1997 saw a highly
commendable 20% increase in
refereed journal publications by TH
statt and dana collected o Jae
show that this kevel of publication
output has been sustained during
1998 1 encourage readers not only
10 peruse the rest of this report, but
also to study, comment on and

debate our scientific findings.

Jim Walluce




CEH CORE STRATEGIC PROGRAMMES

The Science Programme of CEH provides a base tbat under-
pins national and international requirements in the terrestrial
and freshwater sciences. The Programme is wide-ranging and
is divided into ten component Programmes, all of which
address issues of current environmental relevance and
important scientific challenges. The Programme as a whole
involves extensive collaboration with academic ovganisations

througbout the world and with international research

progranimes.

CEH Science Programme

I: Soils and Soil-Vegetation
Interactions

This programme is designed to
improve our understanding and
ability to mode] key soil processes
controlling the transformations of
materials within soils and the flux of
water through the soil-vegetation—

atmosphere continuum.

2: Land Use Science

This is aimed at promoting an
integrated approach to land use
science that is applicable to the wide
range of user community reguire-
ments. The programme’s themes will
be developed to provide the basis for
large-scale, long-term analytical

studies of major land use change.

3: The Urban Environment

This relatively new programme aims
to extend the interdisciplinary
knowledge base and to understand
the key environmental patterns and
processes in urban situations and
particularly change due to human
activities. This knowledge is
required 1o plan more sustainable

urban environments.

4: Freshwater Resources
Increasing demands on freshwater
resources have resulted in the need
for a scientific basis for the effective

strategic and sustainable manage-

ment of freshwater resources. This
programme will address this by
integrating CEH research in the
areas of water quantity, water
quality, and the ecological aspects
of freshwater svstems.

5: Biodiversity

Aimed at improving our under-
standing of microbiclogical and
biological resources at a range of
spatial scales. The research
considers the underlying processes
and resulting functions, and directs
knowledge to the sustainable

management of biodiversity.

6: Pest and Disease Control and
Risk Assessment for GMOs

The primary aim of this programme
is to undertake research in the
provision of novel pest and disease
control strategies whilst addressing
any possible risk to the environ-
ment. The use of molecular biology
is essential to maintain a novel and
progressive approach to the themes
of pest control and animal disease

control.

7: Pollution

This programme is aimed at
developing a better understanding
ol generic processes such as
atmospheric ransport, fluxes of

pollutants and the fate of pollutants,

in order 1o predict more accurately
the likely impacts on environments

and organisms.

8: Environmental Risks and
Extreme Events

This research programme will
develop understanding of how
environmental extremes affect
mankind and the natural environ-
ment, developing quantitative,
predictive tools to describe these
effects, and contributing to

mitigating measures.

9: Global Change

This programme will help to reduce
uncertainty in the magnitude of
global change and its impacts. The
research is focused on improving
the accuracy of global change
predictions through measurement
programmes, the development of
scaling-up methods and models,
and the identification of ecosystem

rESPONSEs.

10: Integrating Generic Science
Programme 10 has been designed to
provide a research framework for
those areas of CEH science which
underpin the nine other programmes
(e.g. providing the data and the
technological support), as well as
conducting its own fundamental

research.

The following section of this Scientific Report describes research that is currently being carried out in eight
of the ten programmes by the Institute of Hydrology. Further details of the themes and issues that make
up each of the ten Science Programmes are listed in Appendix 3 of the CEH Annual Report.
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SOIL-VEGETATION INTERACTIONS

Most of the world's vegetation grows in mixtures. It is therefore
important to be able to model the water use of these systems
correctly to predict the responses of vegetation to different

management options and/or global change.

A major control on water use by vegetation is the amount,
distribution and efficiency of foliage in canopies. Methods and
approaches which do not rely on time-consuming, destructive

methods need to be developed.

Figure 1. ICRAF colleagues measuring of
soil water content in a Grevillea robustal/
maize agroforestry system with an TH
neutron probe soil moisture meter.

Soil and

soil-vegetation
interactions

CONTROLLING WATER
USE OF AGROFORESTRY
TREES BY PRUNING

Agroforestry is often promoted as
a sustainable agricultural
production system whereby
woody plants are grown in
combination either with
agricultural crops or with pasture
and livestock. Agroforestry
therefore has the potential to
increase yields by obtaining two or
more farming products from a
single piece of land. Success will
be limited by competition for
resources between trees and
crops, particularly for light and
water, so a key research objective
is to find management strategies
such as tree pruning to minimise
this competition.

4 INSTITUTE OF HYDROLOGY SCIENTIFIC REPORT 1997-98

We have been collaborating with
the International Centre for
Research in Agroforestry (ICRAF),
on a study of the competition for
wiater in a hillslope agroforestry
system. Al the ICRAF research
station at Machakos, Kenya, 20 m
% 20 m plots were planted with
sillsy oak Grevillea robusta (a
popular tree among East African
farmers) and/or maize, in the

following arrangements:

@ Sole tree treatment with trees
planted in a 3 m x 4 m grid
pattern without any
understorey crop;

® Agroforestry (tree + crop)
treatment: trees planted in the
same 3 m X 4 m arrangement,
but with an understorey of
maize planted in rows 1 m



apart, approximately 0.3 m
berween plants in 2 row;

@ Sole crop treatment: Maize
planted in the same
arrangement as in the
agroforestry plots, but without

an upper storey of trees.
f y

Using arravs of neutron probe
access tubes. soil moisture content
was measured at weekly intervals
throughout the soil profile in all
three reatments (Figure 1), In the
period following establishment of
an agroforestry system, and when
the tree height is still small relative
o the height of the crop,
competition for light and water is
very different from later on when
the trees are nearing their harvest
size. If the trees are pruned at all
at this early stage, it is to ensure
that the trunks will grow straight,
and thus have a higher economic
value, or else to provide fodder
for livestock during the dry
seasons. Pruning later on in the
lifetime of the system, although
providing fodder, also acts as a
means of regulating competition
for light and water.

Closely planted trees on shallow
s0ils, such as we had in this
experiment, will exploit almost the
entire soil volume with their
extensive rool system. Any annual
plants, including the maize crop in
this case, have to try and establish
their root systems in the face of
extreme competition from the
trees. Severe tree canopy pruning,
as practised by many Kenyan
farmers, substantially reduces the
leaf area on each tree available to
evaporate water, hence reducing
the overall water demand of the
ree. If pruning is carried out
immediately before the crops are
planted, crop root systems can
develop in the face of reduced
tree/crop competition for water.

SOIL-VEGETATION INTERACTIONS

Figure 2 demonstrates the effect of
pruning the tree canopy in the
Machakos trial on the available
water throughout the soil profile
(0.1 to 1.7 m). The changes in soil
water conient in the agroforesiry
system (trees + maize), as
determined from series of neutron
probe data, are compared with
changes in plots with either wrees

Or crops grown alone.

Maize only
| 2 | L 13 s 1} x 1 N I 5 s 1 x 1 . 1
0.2 4 s |
|
/E 06‘ b = :
£ |
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Figure 2. Changes in soil water content profiles (8. m* m™) in the three treatments

following rainfall events in 1993 (when the trees were young), 1996 (before radical

pruning) and 1997 (after pruning). Data are mean values for each treatment, a week

before rain (a / red), one or two weeks after rain (o / green) and four to five weeks
after rain (e / blue).
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SOIL-VEGETATION INTERACTIONS

Tree pruning is a
powerful control on the
water balance in

agroforestry systems

The graphs on the left-hand side
show changes occurring during
November and December 1993,
when the tees were anly twa
vears old and not vet large enough
1o out-compete the crops tor
water, The increases and decreases
v soil water content of the whole
17 m sail profile CTable 1y were
smaller under munze, either grown
alone or with trees. than when the
ees were grown on their own.
Ground cover at this stage was
largely dommated by the nuaize
crop, and greater recharge m the
tree-only plots reflects less canopy

mtercephon

Table 1. Increases and decreases 19 soil profile water storage immy for each of the

graphs n Figare 2

1993 Short rains

1996 Long rains 1997 Long rains

25 Nov 8 Dec 28 Mar 11 Apr 20 Mar 17 Apr

-8 Dec =230ec -1t Apr -2 May -17 Apr -8 May
Sole crop + 66.5 - 376 + 845 -202 +1304 - 573
Sole iree + 79.2 - 821 +432 -37.8 + 1329 -44 0
Tree + crop + 699 -455 +242 -258 - 70.9 2207

The maddle set of neutron probe
profiles were recorded dunng
March and June 1996, when the:
trees bad reached a heght of 8 m
and with the maximum canopy
sive observed dunng the
expenment The sl in the sole
crop wetted up completely, with
drainage occurnng o below 1.7 m
Lide recharge accurred below

L0 oy in the trec+erop plot and no
dramnage was observed bevond

L7 man aither plot contaming
trees. This was attributed to
intense abwtraction in the op 1.0m

ol sl

The tree canopies were heavaily
pruncd atter this season, following
local management practices.
removing alimost X6 of the

canopy voluine, The rght-hand

8 INST TUTE CF BYDROIGEY SCENTIFIC REPORT 1597 95

senes of neutron pl'nhl' data were
recorded following pruning,
dunng March and June 1997,
Pruning doubled the rintall input
tor the solin the tree only plots,
relative 1o the mput to the sole
crop plots, and inereased by
25% in the agrotorestns treatment
These increases were attnbuted 1o
reducuons in both the canopy
ramnfall interception. and in soil

water abstraction by tree roots

This study shows that pruning can
be a powertul means of
controlling the water balance of
agroforestry systems. Removing
substantial amounts of the tree
canopy just beefore the crop was
plinted reduced the water demand
ot the tree component and
resulted i oa o similar degree of
recharge 1o the.crop rooting rone
as when the trees were vounger.
The crop also then produced an
acceplable cconomic vield in the

following two growing seasons

Contact Nick fackson

WOODLAND CANOPY
DESCRIBED FROM LEAF
LITTER

The structure and tuncuoning of
any vegetation canopy plavs o key
l(ll(-‘.'llll__[hc control of mass anc
energy fluxes bétween the surface
ancd the atmosphere Total Teal area
index s the primampal parameter by
which the canopy is quantfied und
for numy applications this
parameter will provide an
adequate deseniption of the
vanopy  However, the etficiency of
many physiological processes
vanes within a canopy and there s
a need For additional mlormaton
abourthe vertical distmbution of
foliage and any assocuated
variation n structure. chemstry

anel leal physiology.




if there is access to the canopy.
some of these leaf structural and
chemical properiies can be
sampled directly, but when there
is no access, a porentally useful
alternative is 10 estimate canopy
funciioning and its spatial
variability from analysis of leaf

litter.

Vertical profiles of living and
senesced leaf samples were raken
through the canopy of a deciduous
woodland at Wytham, just ourside
Oxford, dominated by oak
(Quercus robur L). Wytham Woods
are owned by Oxford University
and are a NERC-sponsored site in
the Environmental Change
Network. Collaborating with Mike
Morecroft (ITE) we have been
using an extensive scaffolding
walkway system to gain direct
access to the crowns of several
trees. The samples, organised into
specific leaf area classes, were
ground to powder and analysed
for nitrogen (N) and carbon
isotope discrimination ( “C). The
vertical distribution of leaves
within the oak canopy was
estimated by counting touches
with the canopy from a vertically
dropped plumbline at several

sampling points on the walkway.

Figure 3. Part of the scaffolding
walleway in Wytham Woods.

SOIL-VEGETATION INTERACTIONS

Frequency (%)

Specific leaf area (m*kg ™)

30

Figure 4. Frequency distribution of specific leaf area in oak
leaf livter samples from collections at Wytham Wood, Oxford

in 1996
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Figure 5. Relationship between canopy position and
specific leaf area of green leaves (green) and senesced
leaves (red), Wytham Wood, Oxford

22

Leaf litter was collected from late
summer to mid-winter in 1996 and
around 800 leaves were
individually measured for dry
weight and area to calculate
specific leaf area (SLA; Figure 4).
Chemical analyses were also
performed on SLA classes in the
litter. Figure 5 shows the variation
of SLA with height for leaves taken
through the oak canopy in early
October 1996, when the leaves
were green, and November 1990,
when they were senescent. At both
times there is a highly significant
negative relationship, with SLA
decreasing linearly with increasing
height in the canopy, i.e. going up
through the canopy, the ratio of leaf
area to weight decreased.

Leaf litter has potential
as a powerful diagnostic
tool, since some
properties such as
nitrogen content and
specific leaf area are
correlated with
physiological behaviour,
particularly maximum

photosynthetic rates
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Figure 6. Relationship berween specific leaf area and (2) ™C and (b) leaf nitrogen content litter leaves of living canopy
leaves, (green); senescent canopy leaves (red) and litter leaves (black) in 1996.

Figure 6 shows that *C and leaf
N decline systematically with SLA
in green. senescent and litter
leaves. The difference of around
-2%0 in  PC between leaves of
largest and smallest SLA, which
correspond to the highest and
lowest canopy position, is similar
to the gradients in "C reported
for canopies of a range of forest
types. The general view is that
vertical differences in *C of

leaves in forest canopies are

strongly associated with changes
in the ratio of CO, concentrations
in the external atmosphere and
leal intercellular spaces, caused by
variation in photosynthetic
characteristics along environmental
gradients in canopies and changes
in hydraulic architecture within
tree crowns, rather than to vertical
gradients of  "C of the air within
the canopy. We have observed
differences in the litter chemistry
between 1996 and earlier studies
in 1993 which relate closely 1o
known soil moisture and climatic

differences between the two years.

Estimates of the frequency
distribution of the vertical position
of leaves from the SLA distribution
in the litter and the information
about the position of leaves of that
SLA in the canopy agreed very
well in relative terms to the direct

measurements of canopy density.
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This study shows that analysis of
forest litter can be used to
reconstruct the vertical profile of
leaf properties in the living
canopy. There is considerable
scope 1o extend this work. Tt will
be necessary to know the
relationships between living leaf
properties and those in the litter
for a wider range of species and
conditions. To allocate the foliage
spatially, the height and depth of
canopy will also need to be
known, and ways of doing this
without canopy access need to be
investigated. Leaf properties will
vary at any particular height
because of the important
influence of different radiation
conditions on leaf properties. A
final question is to what extent the
height distribution of leaves
matches varfations in other
conditions that also influence leaf

properties.

Contact: Jobn Roberts




The Institute’s research Carc.b.menrs bave pl-ayed a key role in
securing general acceptance by the forest and water industries
of the practical significance of the much bigher evaporation
losses from forests than from shorter vegetation. In wet, upland
climates the rate of evaporation of water intercepted on tree
Jfoliage is much bigher than that from grasses due 10 the greater
aerodynamic roughness of the taller forest canopy generating
air turbulence to transport the water vapour away from the
vegetation surface. Waler resources — stream-water supplies
and groundwater recharge — are diminished as a direct
consequence. This general principle is applicable for forested
areas around the world. Given the extensive research facilities
available in these catchments, they bave naturally become
the focus for additional investigations, such as water chenistry
and sediment studies, in addition to their use as an open air

laboratory for teaching and research puoiposes.
I

Land use scienice

COALBURN: 30 YEARS
YOUNG

growth, and demonstrated for the
first time the potenually very long
werm influence of the ground

The smaller study at Coalburn’in
Northumberland was originally
intended to deal just with the early
hydrological impacts of
afforestation. The rescarch
programme has subsequently
expanded and developed into a
continuing study of forestry growth
effects, providing a unique British
study from planting through o
canupy closure. 1t is now intended
o continue 1o the felling of the
crop around 2010, The Coalburn
study has shown verny clearly the
different hydrological impacts of

forestry drainage and forest

cultivation.

The first full year of study was

1967, when the 1.5 km? study area’

comprised short, moordand
vegetation. After a five-year pre-
forestry “haseline’ penod. the
catchment was plough drained in
1972; in the following year 90% of
the caichment was planted with
coniferous species. principally

Sitka spruce Preea stchensis

In the carly years of forest growth”

the pre-planting foresiry drainage

dominated the hydrology and the

LAND USE

This unique study of
forest development —
from planting to canopy
closure -— finds the
hydrological behaviour
of plantations to be
different from that
derived from studies of

mature trees alone
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Figure 7. Annual difference between actual evaporation
losses (precipitation minus streamflow) and Penman
potential evaporation values (mm), together with S-year

03 moving average.
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Figure 8. Decline in annual Baseflow Index values since
afforestation. The pre-forestry level is shown. At current
rates of change the BFI will remain above the pre-forestry
level for the remainder of the cropping cycle.

observed changes were quite
different to those normally
associated with forestry. Peak
flows were enhanced and
baseflows were augmented,
Evaporation was initially reduced
as a result of the extensive ground
disruption by the drainage, and
although it slowly increased with
tree growth, the values were
depressed for an unexpectedly
long period — over one-third of
the expected commercial life-span
of the forest. The forest growth
(Yield Class 12) is fairly typical of
upland areas.

Current measured forest
interception losses (for 10-12 m tall
trees) are about 25%, which is
lower than values of about 35%
obtained elsewhere in the UK for
similar ¢limatic conditions, but
more mature trees than those at

Coulburn. These results suggest
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that significant areas of plantation
forests may function hydrologically
in very different ways to what is

generally assumed from studies of

mature forests.

Details of the hydrological studies
over 30 years at Coalburn (which
include many aspects of water
quality and soil moisture as well as
water balance and extreme flows)

are given in IH Report No. 133.

Contact: Mark Robinson

QUANTIFICATION AND
CAUSES OF UPLAND
EROSION

MAFF has recently commissioned
research by CEH (IH, IFE and I'TE),
Cranfield University Soil Survey
and Land Research Centre, and
Silsoe College 1o quantify the
extent and causes of soil erosion in

the uplands of England and Wales,

The role of this Institute within this
project is to enhance the existing
long-term suspended sediment
monitoring network within the 1H
Experimental Catchments at
Plynlimon. This includes additional
continuous turbidity monitoring on
the Afon Cyff, an unforested
moorland/grassland headwater
catchment of the River Wye
(Figure 9). The high resolution (15-
minute) turbidity and flow data are
then used to collate a continuous
record of suspended sediment flux
from the catchment, and thereby
create an integrated measure of
surface erosion within its 3.13 km?
area.

Figure 10 shows the 1997 rating
curves of suspended sediment
concentration against discharge for

the flow gauging sites with




wurbidity monitoring. This reveals
that suspended sediment outputs
decrease in the order: Nant
Tanllwyth > Afon Hafren > River
Severn > Afon Cyff.

The differences in suspended
sediment outputs between the
afforested catchments in the
Severn basin can be explained by
the positive correlation of
particulate outputs with the
proportion of the catchment area
affected by recent timber
harvesting operations. Suspended
sediment outputs from all
afforested catchments are higher
than from the unforested
moorland/grassland Afon Cyff
catchment.

The existing manual streamwater
sampling programme has also
been enhanced to include flood
sampling at all flow gauging sites,
and subsequent analysis for
suspended sediment concentration
by vacuum filtration. To integrate
the physical and chemical
suspended sediment budgets,
filtered sediment residue is
subsequently analysed for carbon,
nitrogen, phosphorus and LOT by
the Institute of Freshwater
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Figure 10. 1997 rating curves of
suspended sediment concentration
against discharge
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Figure 9. Long-term sediment monitoring network within the Plynlimon
experimental catchments

Ecology. Bedload transport is also
measured in the Afon Cyif and
Nant Tanllwyth to calculate the
total sediment vields from these
catchments.

This study will benefit from the
historical record of sediment
dynamics research within the IH
Plynlimon Experimental
Catchments since 1972. An Monitoring sediment

accurate record of agricultural N
practice is available, as good links dynam'cs hEIps to assess
have been maintained with the the impact of soil
single landowner of the Upper

Wye headwater area since records erosion on upland

began. receiving waters

As well as providing a measure of
surface erosion, catchment
sediment dynamics can enable the
significance of soil erosion to
upland receiving waters to be
assessed. Linking catchment
surface impacts with the other
investigations being undertaken for
this project will provide an
integrated approach to the
assessment of upland soil erosion.

Contact: Stephen Meirks
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THE URBAN ENVIRONMENT

SCHEME — an IH
model to assist with
more effective flood

control strategies

The bhydrology of urban areas is of increasing concern. There

is @ need for more efficient and sustainable water mandgement

methods to protect local water resowrces, to optinise the wse of

surface and groundiwater. (o control local storm and pollutant

runoff, and to belp create attractive urban environments. In

addition to commissioned studies on urban flood runoff, one

of which is described below, the Institute’s urban bydrology

programme includes core studies on modelling urban water

balances and a new project on sediment balances and channel

habitat opportunities as part of the NERC Thematic

Programme. GRGENT

The urban

environment

URBAN RUNOFF IN
MIXED URBAN/RURAL
CATCHMENTS

s widehy recopnised thi
urbansation can increse the
volume and speed of flood
response, so drnnage engineers
often use storage resenvoirs, tanks
and ponds to balance” the impact.
However, the necessity and
cffectiveness of this storage is
rarely assessed on o whole-
catchment busis. particularly in
larger catchments wath several

storages and mixed land-use.

Methods for assessing T-year
foods in such catchments are
poorly defined. and detailed
monitoring for model development
and verification are vinually
noenexistent. This study aimed ()
1o establish a record of flood

response throughout @ complex
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urhan/rurl catchment. th) 1o show
the advantuges of o sub cachiment
hased approach o lood
modedling, and (¢) 10 assess how
the system of flood storages had

affected catchment-wide response,

Working with the Environment
Agency Thames Region. ranoff huas
heen monitored at up to 13 sites
withan the 52 k' catchment of the
Cut at Rinfield for a penod of four
vears. Figure 11 shows land use in
the catchment. with the urban area
— as defined by the Flood Studies
Repeart (FSR) — amounung t 2%%
of the 1ol This includes the new
town of Bracknell, with 18 major

storage ponds and lakes.

Runofl monitoring made extensive
use of sewer survey” loggers,
based on pressure transducers (o
measure depth and Doppler

sensans tor velocity. The dara




FRESHWATER RESOURCES

Understanding and modelling bydrological processes are
essential for estimating the spatial and temporal distribution
of freshwater resources. A wide range of innovative
commissioned studies bas been carried out throughout the
world, including resource assessment at the continental,
country and basin scale, bydropower design, babitat
assessment and estimating river flow distributions at the
European scale. In response to resource and environmental
pressures on permeable systems, new initiatives have focused
on understanding both water quality and quantity pathways

between ground and surface waler systems.

Freshwater
resources

ESTIMATING WATER Hydropower Association (ESHA)
AVAILABILITY FOR SMALL- through the Altener progrumme of
SCALE HYDROPOWER the European Union (DGXVID.
PRODUCTION
The software builds on existing New PC-based software
A key aspect of the design of o techmiques for assessing

snall-scale hydropower scheme is
o determuine the hydrological
conditions at the proposed sie.
Many potential sites are in remote
areas, where flow meisurements
— upon which an assessment
could be made — are linited or
unavailable. The Institue of
Hydrology has recently developed
a PC-based packape, which allows
not only the hydrological
characteristics but also the
hydropower potential to be
determined at any site, The
package, HydrA, is the resuli of 4
three-year research project funded

by the European Small

hydrological regimes that have
been developed by the Institute of
Hydrology over many years. The
techniques focus on the estimation
of flow from catchment chuaracter-
istics at ungauged locations and
have previously been apphed o
the TH Micro LOW FLOWS
software, a 1ol used extensively
within the UK water industry for
catchment management and water
resource planning purposes.
Through the development of
HydrA, the echniques have been
applied to other pans of Europe.
The software has already been
completed in Spain, laly and the
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to assess hydropower

potential at any site




FRESHWATER RESOURCES

UK and is presently being
developed specifically for Austria,
Belgium, Portugal and the
Republic of Ireland.

HydrA is presented as a menu-
driven software package and
incorporates regional flow
estimation models and databases
of climate and hydrogeological
response characteristics, plus
algorithms for calculating the
generating capacities of turbines
and annual power output for the
site. The regional models are
developed for each country based
on available hydrometric,
meteorological and physiographic
data supplied by partner
organisations in the representative
countries, Statistical analysis of the
data is used to identify models for
estimating mean flow, low flow
statistics and pooled How-duration
curves in each country.

The value of the method has been
recognised for application in other
parts of the world. The
Department For International
Development (DFID) is presently
funding the Institute in a three-year
research project to develop the
software for two Himalayan
regions in India and Nepal. The

Figure 14. Drrigation releases from Tarbela Reservoir
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work is being carried out in
collaboration with the Alternate
Hydro Energy Centre in Roorkee,
India, the International Centre for
Integrated Mountain Development
(ICIMOD) and the Department of
Hydrology and Meteorology in
Nepal. The development of
regional low flow models in the
Himalayan region poses a
significant challenge because of
the extreme relief and the seasonal

effects of the monsoon,

Contact: Guyn Rees

MAINTAINING
HYDROPOWER
PRODUCTION AT

TARBELA RESERVOIR,
PAKISTAN

Tarbela Dam in Pakistan harnesses
the waters of the Indus o provide
about half of the country’s
irrigation needs, and one third of
its electricity. However, the life-
span of the reservoir is threatened
by sedimentation and, since
impoundment in 1974, the
reservoir has lost over 20% of its
gross capacity. Further, with each
year's [lood inflow, the sediment
delta continues to approach the
intakes to the power wnnels,
threatening to cut off this huge
source of energy 1o the country.
IH has been working with TAMS
Consultants Inc,, New York, and
with HR Wallingford to identify
options for extending the life of
this vital facility well into the next
century.

IH provided long-term inflow
series to a reservoir sedimentation
simulation model operated by HR
Wallingford. We then ran a system
simulation model o predict the
future irrigation and energy
benefits which would be derived

from the reservoir under either a




range of revised operating
strategies or various proposed
engineering solutions. These
included construction of low-level
sediment sluices and/or an
underwater dyke o keep sediment

from entering the power unnels.

Although the optimum solution
involved very major and cosily
engineering works, the alternative
would involve Pakistan in having
1o construct a large number of
thermal power stations o
compensate for the energy lost
through Failure of Tarbela. The
environmental costs of this,
through the burning of fossil fuels
and resulting contributions t©
global warming, strengthened the
planned adoption of the proposed
engineering solutions which were
both cost-effective, and

environmentally sound.

Contact: Frank Fargubarson

SIMPLE, ROBUST
INTEGRATED
HYDROCHEMICAL
CATCHMENT MODELS
FOR USE IN WATER
PLANNING

The large amount of information
now available on the factors
controlling streamflow volume,
timing and hydrochemical
characteristics of rivers in the UK
and Hungary has led to a
collaborative project involving IH,
Vituki, Hungary and the University
of Utrecht, Netherlands, o develop
simple but robust models of
catchment behaviour that can be
used to predict hvdrological and
water quality changes in a time of
predicted climate change. The
project, funded by the EC as part
of the Environment and Climate
Programme, uses the hydrological
modelling expertise of [H and the

University of Utrecht to setup a
semi-distributed monthly
streamflow model based on
Utrecht's PC Raster GIS software,
behind which operate streamflow
generation routines synthesised
from myriad process studies
carried out in experimental basins

across Europe.

Processes involved in the transfer
of nutrients to water courses have
been studied in depth over many
years in the Zala target catchment
feeding to Lake Balaton in
Hungary, a catchment with a
history of water quality problems
linked to the heavy use of

fertilisers and poor runoff control.

The River Severn catchment to
Shrewsbury in UK is also under
scrutiny as an example of a
relatively pristine environment,
which should test the range of
applicability of the models
developed in the light of the good
hydrometric and chemical
calibration data available. The
advent of GIS systems, especially
PC Raster which has been
developed specifically as a
hydrological modelling tool, has
enabled further development of an
existing water quality delivery and
routing model SENSMOD (written
by the Hungarian partners) (o
operate within a GIS framework.
The GIS covers spatially-distributed
data on hydrological variables,
lund use, fertiliser inputs, soil

FRESHWATER RESOURCES

New model indicates
climate change impacts
may affect the
hydrological regime of
the River Severn

catchment
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Figure 15. Observed monthly streamflow compared with SEVERNFLOW
model values for the River Severn to Montford Bridge, Shrewsbury
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FRESHWATER RESOURCES

nutrient status and soil type,
drainage direction and channel
networks, and reservoir
distribution (supply, amenity and

flood control),

Early indications are that climate
change may alter the hydrology of
the River Severn, with increased
rainfall offsetting the higher
evaporation rates expected from a
higher temperature regime. Exira
resources may of course be utilised
by increased domestic and
industrial demand, by increased
irrigation requirements in the
lowland portion of the catchment
during expected drier summers
and with changes in the patiern of
crops, and by statutory increases in
compensation flows from the main
reservoirs, Clywedog and Vyrnwy,
for ecological reasons. In Hungary
there is expected 10 be an increase
in the incidence of drought, which
will provide lower compensation
flows from the existing reservoir
system and the demand to build
NEW reservoirs 1o (.TOIH]'.).I':']].SHIE. A
reservoir management module is
being included in the hydrological
model of the Zala to take this into

account.

Contact: Jim Hudson

ENVIRONMENTAL
ASSESSMENT OF
HYDROPOWER
GENERATION

Electricity is such a fundamental
requirement that it is difficult 1o
imagine life without it. For
developing countries it is a
prerequisite for economic growth.
Hydro-electric power is often
thought to be environmentally
benign. However, the construction
and operation of many hydro-
power dams have had significant

negative impacts on the

environment and rural economies,
Reduced downstream Hooding has
destroyed fisheries and starved the
floodplain soils of moisture and
nutrients. Often the areas worst
affected have no electrification and
thus local communities lose vital
natural resources yet do not
benefit from power generation, as
witnessed in the Senegal valley.

Figure 16. Water being released from Roseires Dam, Sudan

The Institute has provided advice
to TUCN (the World Conservation
Union) on environmental impacts
of large hydro-schemes in Africa
and the potential for making
artificial lood releases from dams
o restore and ¢onserve
downstream wetland ecosystems.
This integrated approach allows a
compromise to be reached
between electricity generation and
maintenance of a dynamic flooding
pattern for the short term
economic impertance of fisheries
and agriculture and the longer
term importance of soil fertility
and biodiversity. Involvement of
local communities representatives
in deciding when lood waters
should be released, as on the
Phongole River in South Africa,
has resulted in great benefits to
foodplain users. TH has also been
involved in the design of new
dams on the Tana River in Kenya,
These danis are being specifically

designed to make flood releases.

Contect: Mike Acreman
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Assessing the
environmental down-
side of hydro-electricity

schemes




Pollution from diffuse or non-point sources is a mdjor
unknown in catchment systems, both in terms of
quantification of pollutant loads and in identification of
pathways. A thorough understanding of pollutant sources,
transport and fate is essential to the management of water
resonrces and underpins the development of catchment scale
water quality models which provide the tools for management.
Process-based models aiso enable assessment of future
scenarios describing changes in pollutant input, land

management or other external drivers. The use of models in

agreeing international scale reductions in acidic emissions .

is a prime example.

Pollution

PHOSPHORUS phosphate concentrations: This
DYNAMICS IN THE RIVER has, wv part, prompted a concented
KENNET ctfont to reduce phosphorus
discharge from sewage works, The
Ewrophicauon (nutrient Urbun Wastewater Treatment
ennichment resulting in excessive Directive (Council of European
plant growth) is o growing Communitics, 19911 clictates that
prabiem in UK lowland rivers phosphornus (lischargus.l'r: nm
during the sununer, often as a sewage treatment works, SCIVINg
result of changes in the balance populatons of more than 10 000
hetween sewage inputs and river ancd discharging nto sensitive’
flow. Phasphorus is requemtly the (cutrophicy waters, must be
liminng nutrient for summer reduced vnless it can be shown
phyvtoplankton growth in that the reduction will have no
freshwater, and sewage effluent s cffect on culrnphic;ui;:n
a major source of phosphate in
many lowland rivers. In the south The Raiver Kennet, d tributary of
of England, low river flow the River Thames, is a chalk
condinons in recent summers streain subject 16 phosphorus-rnich
have reduced the dilution of discluirges m s 1.|ppur reaches
effluent dischirges and increased Irelow the 1own of Marlbarough At

0

POLLUTION

Detailed monitoring
confirms the river
water quality
improvement through
phosphorus removal

from sewage effluent
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Figure 17. Ratio of total phosphorus to boron concentrations in the River Kennet at
three sites downstream of the Marlborough sewage treatment works for weekly samples
collected between 3 June 1997 and 22 April 1998
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the end of August 1997, Thames
Water ple installed equipment 1o
remove phosphorus from the
effluent discharged from the
Marlborough sewage treatment
plant. Before this (in June 1997)
IH began a water sampling
programme, in collaboration with
the University of Reading, to
facilitate examination of the
‘before and after’ effects of
phosphorus removal. Ratios of
total phosphorus (IP) to boron (13)
in the River Kennet have been
used to examine the response 1o
changes in point-source
phosphorus inputs. “Tortal
phosphorus’ includes both the
dissolved and exchangeable
phosphorus attached to the surface
ol suspended sediments. Boron in
river water exists primarily in a
chemically unreactive form
(borate), derived from sewage
effluents, which are enriched with
boron as a result of soluble boron-
containing minerals used in
detergents and washing powders.
Within the Kennet, very low
background concentrations of
boron in groundwater make this a
chemically conservative tracer for

sewage elfluent,
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During the summer of 1997, the
general decrease in the TP/B ratio
downstream from the sewage
works (Figure 17) indicates loss of
phosphorus as a result of uptake
by aquatic plants or sediments. In
September there followed a
dramatic reduction in the TP/B
ratio at all sites, showing the
effectiveness of the phosphorus
removal from sewage effluent at
Marlborough sewage treatment.
During this time, total phosphorus
concentrations declined from
approximately 750 mg 1P 1o
around 250 mg 1P at Glebe
House, approximately 1 km
downstream of the sewage works.
In December, the TP/B ratio
increased again and all sites
exhibited a similar TP/B ratio. This
corresponds with 2 marked
increase in river flow and suggests

a diffuse source of phosphorus.

Contact: Helen Jarvie

IMPACT OF PESTICIDES
ON RIVER ECOLOGY IN
HEADWATER STREAMS

Previous work with ADAS has
shown that water draining
agricultural land can contain
pesticides in sufficiently high
concentrations to kill off some
aquatic organisms. The Institute is
collaborating with the Centre for
Environment, Fisheries and
Aquaculture Science (CEFAS) in a
project funded by MAFF, the
Environment Agency and the
Department of the Environment,
Transport and the Regions to see
whether there is a causal link
between the routine use of
agricultural pesticides and damage
o the ecology of headwater
streams. Headwaters are of
particular interest, because the
flora and fauna they support are

likely to be exposed to the highest



pesticide concentrations in runoff
and they represent a large
percentage of the habitat available

to aqualic organisms.

Streams draining two cereal farms.
a fruit farm and a sheep dipping
area, on essentially surface runoff
dominated soil tvpes, have been
chosen 1o represent a range of
agricultural activities, The aim is to
collect samples that represent the
chemical composition of the water
in the headwater streams during
high flows and to carry out in situ
and laboratory bioassays to
determine if the event has caused
damage to the indigenous or test

animals.

Because the streams being studied
respond quickly to rainfall the
sampling of the river water is
carried out using automatic
samplers (see Figure 18). These
are triggered by a rise in river level
and continue to collect samples on
a pre-determined frequency until
the river level falls back to normal.
The precise time of each sample is
recorded on a data-logger together
with the rainfall, river level and
dissolved oxygen concentration of
the stream water, Each of the
loggers can be interrogated
remotely using mobile telephone
links to check the current status of
the river flow and the sampling
programme without the necessity
of a field visit. During the first 18
months of the study 18 pesticides
have been analysed in some 29
events. Figure 18 shows
concentrations for a selection of
these pesticides, ogether with the
stream height. in one of the
streams for a sequence of events

during May.

So far, no toxicity attributable to
pesticides has been detected in
any of the event water samples or
in the stream bioassays. Samples of

indigenous stream fauna are
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Figure 18. Concenirations of pesticides in the stream draining the Dollymans Farm site
following rdinfall events on the 6597 - 16.5.97

currently being analysed.
Monitoring and testing will
continue until June 1999 with
increasing emphasis on agricultural

insecticides.

Contact: Richard Williams

MODELLING SURFACE
WATER ACIDIFICATION
AT THE UK SCALE

In support of international
negotiations to control emissions
of anthropogenic sulphur (S) and
nitrogen (N) to the atmosphere,
dynamic models have been
applied 1o a range of headwater
catchments. These model
applications provide estimates of
the time lag between achievement
of agreed emission reductions and
recovery of surface water
chemistry. To date, however, such
modelling assessments have been
limited to case swdies in sensitive
arcas by dara availability and the
lack of a consistent methodology

for more wide-scale application.

As part of the EU-funded

DYNAMO project, techniques have

now been developed to calibrate

Modelling the impact
of agreed emission
reductions on the
recovery of acidified

streams
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REQIT the MAGIC model for nearly 700

sites across the UK, using spatially

® <25 consistent databases describing

e 25to0 water chemistry, soil physical and

¢ 0to25 chemical properties, rainfall, runoff

@ 25t050 and deposition chemistry. Present

@ 5010100 day Acid Neutralising Capacity

@ >100 (ANC) at these sites is shown in

Figure 19. Marked regional
variations are evident, with the
most acidic conditions in areas of
the Pennines, North York Moors,
Lake District and Galloway.

For each site, the model has been
used to reconstruct water
chemistry in 1850 (before the
onset of industrialisation) and to
predict future changes in response
to currently agreed reductions in S

emission under the Second §
Figure 19. MAGIC-modelled Acid Neutralising Hrototel, Decreases i ANC. from
Capacity (ANC), 1997 1850 to the present day, and
projected recovery to 2050, are
shown in Figure 20. ANC decline
‘has been greatest in areas of

A pEql? England and Southern Scotland,

75 0100 levels of acid deposition, and least
5010 75 in unpolluted areas such ag north-
25 to 50 west Scotland. The most acidified
10to 25 sites historically are forecast also to
<10 show the largest future recovery,

but in general this ANC increase is
predicted to counteract only a
small proportion (around 25%) of
the historic decline. Many sites
may therefore remain acidified
(ANC < ) in the future under

current emission scenarios.

Work is continuing to develop the
model to incorporate N dynamics
to assess the potential response 10

changes in the input of towl acidity

(nitrogen and sulphur) in support
of new international agreements.
Figure 20. Decreases in Acid Neutrilising Capacity (ANC) from 1830 to

1997 (lefv), and projected recovery from 1997 to 2050 (right)

>100 that have been subject 1o high
Contact: Chris Evans
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The severe widespread flooding in the UK and overseas resudting
in huge financial costs and loss of life has bighlighted the
importance of the accurate prediction, estimation and forecasting
of extreme events. The Institute will complete the Flood Estimation
Handbook in 1999, Based on an analysis of all flood peak data,
it provides new and innovative design methods for flood
estimation throughout the UK. [H research is extending risk
analysis to include the evaluation of the spatial dependence of

extreme events and the impact of natural bazards on ecological

systems in cooperation with IFE and [TE.

Environment visks
and extreme events

HYREX: HYDROLOGICAL
RADAR EXPERIMENT

This was one of our parent Natural
Environment Rescarch Council's
special Topics. which nun from
May 1993 1o Aprib 1997, The broad
aity of HYREX wus 1o pmn o better
understanding of rainfall
variability, as sensed by weither
racdar. and how this varialnlty
impacts on nver How e the
catchmenr scale. Six projects were
funded..involving groups from the
Institute of Hydrology. the
Rutherford Appleton Labortory
and the universities of London
(mperial College and University
College), Neweastle., Reading
Gncluding the Joint Centre lor
Mesoscale Meteorology or JCMAM)
and Salford. The projects ranged
from research on improved
precipitation measurement, using
polarisanon and vertical pointing
raddars. through network design of
radar/ringauge networks and
spatial-temnporal modelling of
rainfall helds. to runfall forecasting

based on stochastic and

metceorological concepts

The experiment was centred on
the Brue catchment in south-west
England. with a niver gauging
ston a1 Lovinglon measunng
Aows draming from an arca of
132 km* The commuon
expenmental infrastructure
compnsed two national network
C-band radars at Wardon Hill

{Dopplery and Cobbacombe Cross,

a purpose-built dense mingauge
petwork. an automatic weather
statjon, an automatic soil witer
station and the river gauging
station. These instruments have
provided a continuous record
throughout HYREX and data

collection is still continuing.

Further instrumentanon, deploved
on an occasional hasis, was
scheduled to coinade with 2
number of one or two-day Intense
Observing Periods. tnggered by
metcorologically interestng

conditions, during which

EXTREME EVENTS

HYREX aims to provide
a better understanding
of rainfall variability, as
sensed by weather radar,
and how this variability
impacts on river flow at

the catchment scale.
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EXTREME EVENTS

radiosonde ascents and aircraft
overtlights were made, and for
which special runs of the Unified
Model were made. These
instruments included an
experimental $-band Doppler dual
polarisation radar at Chilbolton and
an associated line network of
rapid-response raingauges
(operated by Rutherford Appleton
Laboratory), a transportable
vertically pointing X-band radar
(operated by the University of
Salford), the UK Meteorological
Office (UKMO) Research Flight
and radiosonde network, and a
disdrometer (operated by the
Institute of Hydrology). The JCMM
provided output from special runs
of the UKMO Unified Model (UM),

The dense raingauge network
comprises 49 tipping bucket
raingauges, with at least one
raingauge in each of the 2 km
radar grid squares that lie entirely
within the catchment. In addition,
there are two parallel lines of
greater gauge density extending

SW to NE across the catchment,

Relief map of the Brue catchment showing the dense raingauge network
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aligned with the prevailing wind
direction and running from
lowland to upland. Within each
line there is one 2 km grid square
containing a super-dense sub-
network of eight raingauges
arranged in a square-within-a-
diamond configuration: one sub-
network is in a lowland area and
the other in an upland area.

The Institute was responsible for
the quality control of the dense
raingauge network as part of its
project concerned with the
accuracy of radar/raingauge
networks. This project investigated
the variability of rainfall as it varies
with intensity over the spatial
scales of the radar data (2% 2 km)
and the catchment (132 km?). For
the 2 km case accuracy was shown
o be related wo the accuracy of the
areal rainfall estimates themselves.
For the higher rainfall situations,
variability of around 20 % and 30
Y% at the 2 km and catchment
scales respectively was found.
Consideration of radar recalibration
by raingauges explored how the
use of a single gauge, typically
available operationally for a
catchment the size of the Brue,
affected the accuracy of rainfall
estimation. A dynamic raingauge
calibration was shown to be only
effective over a relatively short
distance whereas a long-term
climatological correction proves
more useful at greater distances.

A tapered calibration factor
method was developed that
behaves as well as the dynamic
calibration at close distances and
takes the form of the climatological

correction at larger distances.

A second project at TH under
HYREX investigated a simple rwo-
dimensional rainfall model, based
on advection and conservation of
mass in a vertical cloud column,
for use in short-term rainfall and
flood forecasting at the catchment




scate during convedtive storms.
The model is capable of
assimilating weather radar. sarellite
infra red and surface weather
observations. 10 obiain frequently
upsdatexd forecasts of rainfall fields.
The resulis obuined from two
convective events over southern
Britain show that (i) a sinple
adveaion-type forecast may be
improved upon by using muliiscan
raclar dawa in place of dna from
the lowest scan, and (1) advected,
steady siate prediciions from the
dyvnamic model, using “inferred’
updraughts, provides the hest

performance overall

More details on HYREX! including
access 10 the dataset, are available
at the NERC British Aimospheric
Pata Centre web site a1 hup:/

www hade rl.ac.uk/dataZbyrex.

Cenniciet: Bob Moore
aned Vicky Bell

DIGITAL DATA AND THE
FLOOD ESTIMATION
HANDBOOK — AN
EXAMPLE

The Flood Estimetion Henrdbook
(FEM) research programime
includes a new stanstical methexd
for estimatng aver flow peaks.
The index flaexd is the median
annual floadd. QMED. estimated for
ungauged catchments by a
repression cquation based on

cachinent descriplors.

Although Figure 22 for south-west
England looks like a map of
watercourses, it 1s nof derived
from the stream network. What it
actuallv. shows is the druinage
paths derved from the TH digital
terrin mextel (THOYTMY for all
points draining an area of at least
05 km? AL cach point on a

drainage path. the boundany of the

EXTREME EVENTS

hY

P

Figure 22

catchiment draining to that point s
caleulasted. QMED is then estumated
from the charactensucs of the .
particular caichment and a map is
built up point by poine The plotted
drinage path widih is proportional
10 the squuare root of QMED.

Although the drinage paths
appeir o increuse with carchment
size, in fact the map of QMED
reflects the influence of soil ype,
ronfall and flood storage as well
as catchment size. The map s
derived using o model with five
variables. AREA tcatchment size).
SPRHOST (standard percentage
rnunoff estimated from the HOST
sonl classificanon). BFIHOST
(haseflow index), SAAR (average
annual rainfall) and FARL Gan index
ol flood auenuation due o
reservorrs and lakes). All these
variables are caleulated
autonutically from digital daga with
no need 1o derive them manually |

from maps.

Contarct Pruncoan Faonllner

Mean annual flood. QMED. along flow paths

Preview of new method
for estimating river flow
peaks — from the
soon-to-be-published
Floods Estimation
Handbook

INSTITUTE OF HYDROLOGY SCIENTIFIC REPQORT 1997.98

as




EXTREME EVENTS

Combining a rainfall-
runoff model with a
snowmelt module has
produced an important
additional tool for flood

forecasting

NEW ELEVATION-
DEPENDENT SNOWMELT
MODEL FOR FLOOD
FORECASTING

An elevation-dependent snowmelt
maodel has been developed for use
in upland Britain for flood
forecasting and warning. Here, the
dynamic nature of snow cover, and
the occurrence of heavy rain along
with melt, can exert a considerable
influence on major floods. The
model comprises the PACK
snowmelt model linked to a
lumped conceptual rainfall-runoff
model, the PDM (Probability
Distributed Moisture) model. The
PACK snowmelt module
conceptualises the lying snow as
being made up of dry snow that
has yet to melt and wet snow
which has melted but is still held
in the snow pack. When the
temperature is above the melt
threshold the dry snow melts at a
rate proportional to the
temperature excess above the
threshold and contributes o the

]

from the wet snow store at 4 rate

wel snow store. Water is released
dependent on the proportion of
the pack that is melted snow, and
is transformed into flow at the

basin outlet by the PDM module.

Figure 23. Using a snow corer in the Balguhidder catchment in Scotland
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The variation in temperature with
elevation in a catchment and its
effect on melt can be dealt with by
partitioning the catchment into a
finite number of elevation zones.
Model performance is generally
improved through the use of more
zones. This result prompted the
development of a new formulation
that can use either a near-
continuous distribution or 4 finite
number of elevation zones derived
from a digital terrain model. The
new formulation allows the
evolution of the snowline over
time to be determined along with
the water equivalent of the pack
and the discharge at the basin

autlet.

The new model has been tested on
two upland catchments, Monachyle
Burn in Scotland (11.4 km*) and
Trout Beck in Northern England
(7.7 kin*). Excellent simulations of
flow are obtained for both
catchments with R values of circa
0.9. A sensitivity study of the
accuracy of flow simulations to the
number of elevation zones
employed suggests using a4 30 m
elevation range for a zone as a
conservative choice. Observations
ol the position of the snowline in
the Monachyle compare very well
with model predictions (R values
of 0.74 and 0.66 for two snowmelt
periods). An assessment was also
made of the use of daily snow
survey and hourly snow pillow
measurements for updating the
Trout Beck model. The results
suggest that the pillow data, if
used with care, can provide as
good il not better flow predictions,
However, there is a tendency for
snow to melt preferentially from
the pillow compared to the

surrounding vegetation.

Contact: Vicky Bell e
Bob Moore



GLOBAL PROCESSES

Predicting future change in climate and its impacis on the
environment is one of the most important and demanding
tasks facing science. The Arctic environment is both viuinerable
to global climate change and critical in defining the feedbacks
which may amplify or dampen the changes resulting from
anthbropogenic gas emissions. ?be most serious impacts of
global climate change will not be from different average
conditions but from changes in the frequency and size of

extreme events — current predictions warn of increases in

the return periods of damaging floods.

Global change

ARCTIC HYDROLOGY

The Arctic has been identificd as
the region that might expenence
the greatest increase in surface
temperature through global
warmung: this would have
IMPOtant repercassions for
hydrology. Although the Arctic s
covered in snow for most of the
year, it has low annual preapita-
tion. similar to the East Anglian
region of the UK. Streamflow
mostly occurs over predominantly
frozen ground during the
snowmell period. Whether the

Arctic becomes warmer and wetter,

or-warmer and drier, will not only
affect the hydrological balance, but
— through the unfreezing of the
soil — it may also release exia
carbon dioxide and methane into
the aimosphere. This would
increase concentrations of
greenhouse gases in the
atmosphere and accelerate global
warming.

The Land Arctic Physical Processes
(IAPP) project is a multi-national
experiment, led by the Institute
and panially funded by the
European Commission. Through a
programme of measurements and
modelling exercises, LAPP is
investigating the physical
processes that control the
imeraction of water, carhon
dioxide and methane between the
Arctic land surface and the

atmosphere

The Arctic region has a
pronounced latitudinal grachent of
temperature, precipitation,
vepetation cover and permanently
frozen ground To address this
variability, similer measurement
programmes are being carried out
at Ny-Alesund, Svalbard (79'N),
Zackenberg,: Greenland (74°N) and
Kevo and Kaamanen, Finland
(69°'N). Sensible heat, evaporation
and carbon dioxide fluxes are

being measured at cach of these

Investigating the
physical processes
controlling the
interaction of water,
carbon dioxide and
methane between the
land and the

atmosphere
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Figure 24. The cumulative energy (luxes at the Kevo mire site during

the early summer of 1997

sites, using the eddy correlation

method, for the important period
from snowmelt through the arctic
summer and into the freeze-up in
the autumn. Eddy correlation and
static chamber measurements of

methane have also been taken

the principal sites.

Cumulative energy fluxes of net
racliation, evaporation and sensible
heat from the [H field site at Kevo
are low while snow is still present
(Figure 24). The residual term is
the energy being used to melt the
snowpack. This radiational energy
is supplemented by some energy
being taken out of the surface
atmospheric layer. Once the snow

has disappeared, the residual

energy continues to increase as
energy goes into unfreezing the
soil. The residual term stops
increasing at the end of June, and
during July all the incoming radiant
energy is used for evaporation and

sensible heat flux.

The site at Kevo (Figure 23) is an
elevated mire which consists of
raised hummocks and sunken
pools ereated by the action of
permafrost, The hummocks are
predominantly covered with dwarf
birch and berry plants while the
pools are filled with sphagnum
moss and sedge grasses. Important
controls on the evaporation and
carbon balance of these different
surfaces are their surface
temperature and the level of the
water in the mire. Figure 26 shows
the variation in surface
temperature of a hummock and a
pool and the air temperature at

3 m. Large differences in the
surface temperatures occur during
periods of low windspeed. The
surface temperature and mire
water level will be important
variables in predicting the effects
of climate change. The major goals
are to identify and maodel the
relationships between these and

other surface variables in both

Figure 25. The mire site at Kevo showing infrared surface temperature instruments
in the foreground with evaporation. sensible heat and carbon dioxide flux
measurement systems behind
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hummocks and pools and the
evaporation and carbon balance of

the mire as a whaole,

A second site was setup on a
hillslope at Kevo during 1998.
Measurements are being made
there of runoff from a small
catchment and evaporation from
the slope: the lauer uses the new
flux measurement system, based
on a three-dimensional
anemometer, that was featured in
last year's repont (page 35). These
observations will be used to
investigate the hydrological
response of a hillslope with frozen
soil. Ultimately this description will
be included in large-scale
simulations of the water balance
and river response in high latitude

regions.

Measurements from Kevo are also
being used to test and improve the
current Soil-Vegetation-Atmosphere
Transfer (SVAT) scheme used by
the UK Meteorological Office in
their Global Climate Model. This
Meteorological Office Surface
Exchange Scheme (MOSES)
provides a mathematical
description of the interface
between the land surface and the

atmospheric circulation.

This work has demonstrated that
the Arctic is a delicately balanced
ecosystem with an inter-annual
variability, whereby some areas
can switch berween being a source
or a sink of carbon dioxide, and
that the particular hydrology of the
area is 4 major Factor in this
process. At the Ny-Alesund site in
Svalbard, the timing of the
disappearance of the snowpack
and the length of the arctic
summer, together with changes in
the amount and frequency of
rainstorms during the summer,
have a profound effect upon the
growth rates (and hence carbon
uptake) of the vegetation and the

GLOBAL PROCESSES
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Figure 26. The air temperature and surface temperatures of adjacent hummock and
pool at the Kevo mire site during an eight-day period in early June 1997

s0il respiration. Although annual
carbon switching has not been
seen at the other sites, changes
from sources to sinks do oceur
during the summer period in
response to hydrological
processes: annual carbon budgets

are therefore highly variable.

Conlact: Colin Lloyd

IMPACT OF CLIMATE
CHANGE ON RIVER
FLOODING IN THE UK

There have been many studies of
the potential impacts on water
resources and flow regimes of
future climate change due to
global warming. Most of these
studies have concentrated on the
changes in average flows:
relatively few have looked at the
impacts on the extreme ends of
the flow regime. A semi-distributed
rainfall-runoff model has been
used here to simulate flow
duration and flood frequency
curves for the Severn catchment

for the 20350s,
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Figure 27. Flow duration and flood frequency curves for the Severn
catchment under the three methods for applying the rainfall scenario
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Figure 28. Disastrous flooding in Evesham on Good Friday, 1998

(Photo: © Journal & Admag Series, Evesham)
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The model is based on a 40-km
grid and has three components: a
soil water balance model, a
drainage model and a basin-wide
routing model. The potential
impacts of climate change were
simulated by altering the driving
climate variables and re-running
the model for a 30-year period,
representative of the middle of the
next century, The climate change
scenarios were constructed using
the output from the most recent
Hadley Centre general circulation
model experiments (HadCM2).

The scenarios of change in average
monthly rainfall for the 2050s have
been applied in several ways. First,
the monthly rainfall was perturbed
by changing the rainfall on each
wel day by the same percentage.
The second approach was to alter
the number of rain days in each
month, increasing their number
during the winter and decreasing it
during the summer. The final
method is to change only those
rain days with rainfall above a
certain threshold, thereby

enhancing the storm profiles.

The curves in Figure 27 show that
both the magnitude and frequency
of flooding events in the Severn
increase in the 2050s. The red line
represents the current situation; the
green line shows the response o a
change in the mean monthly
rainfall, The alternative rainfall
scenarios cause the curves to shift
upwards, but altering the number
of days has less impact than either
applying proportional changes or
enhancing the storms. The impact
of these scenarios is that the current
S0-year flood, measuring about

650 m*s”, could increase to nearly
800 m?s" by the middle of the next
century, and the 650 m*s™ flow will
no longer be exceeded, on average,

once every S0 years, but every 10.

Comtact: Nick Reywerel




There is no diminution in the pace of IT developments: these
can assist our scientific aims and our ability to make the
outcomes available 1o interested bodies or the lay public. The
first electronic Hydrological Yearbook UK (for 1990) available
on the World Wide Web is at btup:/fwwowanel.ac uk/~nrfadata
/vearbook/teb/vbO6 vearbook96. bt — this bas made possible
a larger set of processed data than could be achicved by bard
copy production. The most frequently searched of the Institite’s
masny web pages (for which the “bit " rate is 23 000 per month
in total) is Weatereatch. a shortened version of our subscription
bulletin, the Monthly Hyvdrological Stummary for Great Britain,
which can be found at btip://www nwl ac. uk/ib/www/

research/bdronghticatch btml.

Integrating generic

science

INFORMATION AND
COMMUNICATION
TECHNOLOGY
ACTIVITIES

The articles below show that our
resedich into efficient, accuriate
and powerful spatal dataset
viewing las led us into poneering
work with oceanographic
collcagues within NERC 1o create
common ficlds of search across
inland. intermdal and coastal areas.
W have been assisted by
Eurapean consorti members o
create for the European
Environment Agency its first vector
dutaset of the conunent’s nvers,
And we have Lad the groundwark
for 2 new era m lowland catch-

ment experimentation by the

continuous igh resolunon
calsbrated monitonng of the qualiny
of 4 cluster of chalk streams in
lerkshire. The success of the LOIS
therane programme of science
showed the wisdom of the NERC
Nata Poliey document i calling for
cach programme of that tpe o
have a Data Plan. such plans
ensure that all nvolved wath mult-
vonsartia researeh have equal
aceess o new dat Gifter a limited
ume for the first author 1o pubhish
thewr findings) and that added
vilue from the qualin-controlled
data s achicved by srchiving it in
a catalogued form for successive
researchers, A consequence for our
dati manigement resciarch teant s
that it hus sought genere data

mexlels and common data

INTEGRATING GENERIC SCIENCE
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dictionanes so that it can
ceonomically provide a range of
Thematic Programmes with an
effective Dt Centre This has
been done witle Environmental
Diagnosnes. and has included o
distributed duta centre approach
with the involvement of the
Environmental Change Rescarch
Contre at Universiy College
London. We also assisted the
British Geological survey with a
Data Scoping Study for the
URGENT progranue, and secured
(with Science Svatems L) British
National Space Centre funds for
imnovatn e handhng of satelhte

imagery of rivers

The Library, which will have the
necessary space for justified
UXPNSION as a4 )I'l‘it‘(]lll.'n(.t' ()r‘ the
building contract commenuang on
the Wallingtord site i auumn
TSR, has implemented and loaded
the UNICORN holdings manage-
ment softwire, which s common
1o the whole of CEH. This s
improving the pace at which
scientific literature of importance
to hydrology can be registered and

located

The Insutute has taken advantape
of the mpid strides made by the
Brinsh librany project “Internet
Library of Early Journals™ — hup.
www bodlev.oxac uk/ilejs —
because of the environmental
hustony data that it contains. A
range of kev 18th and 19t contury
series. ineluding the Philosophical
Transacnons af the Royal Society.
can now be searchied rigoroushy by
a few Keystrokes — once the user
is familiar with the subject being
sought' An example of the strength
of this approach can be seen in the
assistance given by the Institute o
the Bntish Hydrological Society in
order that it could launch a long-
term progeet 1o credle a c'hmnulugy

of hvdrological events for Britain

597 68

This went live on the Internet at
the BHS Internuational Conference
on Hvdrology in a Changing |
Entironment. held at Excter
Umversity in July 1998, Current
progress can be seen at higp//
www . dundee.ac uk/geography/
cbhe/ Tts relevance has been
haghhghted hy the ncreased
nterest tn forning local flood
chronotogies since the severe
Easter 1998 flocds in the Midlands,
but its science potential for the
coming generation goes far wider
than .that

Combact Frank Law

EUROPEAN RIVERS AND
CATCHMENTS (ERICA)

For hundreds of years hyvdrotopy
has relied on high-quahty time
series datasets with whieh to test
hypotheses and 1o help manage
resources. As fime has passed.,
many of these datasets have been
transterred o an electronic
medivm and, more and more.
madern capture s done duectly o
disk This allows us o unlise ever-
Increasing computational power
tully. But low usetul s this i we
cannot descnbe digially the spaual
relationships between these data
and the environment from which

they were caplured?

In Bntamn, we have a4 high-
resolution digital database of nvers
and @ hvdrologically appropriate
chgital temain model At European
saale. cach state has similar
holdings. but thete is no
standardised and integrated dataset
of rivers. lukes and catchinent
boundanes This is a problem for o
body such as the European
Environment Agency (EFA). but
one which they have solved by

conumssioning [H 1w provide a




“Low-resolution catchment
geographic database”. This
comprises rivers, canals, lakes,
coastline and international borders
that extend across o the Usal
Mountains, plus the 1000 largest
catchments in the 15 EU member

states, all at 1:1M scale.

The respected cartographers
Bartholomews supplied the base
dara, which were subjected to
exhaustive quality control and
enhancement procedures. To aid
navigation and analysis, all rivers
have consistent direction, i.e. they
are stored in point order from
downstream to upstream, and are
node maiched. Paths through lakes
ensure total connectivity from any
river's source to its exit into the
sea or ocean. River names in the
local language and English have
been added to over 32 000
stretches. All lakes and lake islands
are complete polygons, which
allows both calculation of total
lake areas and enhanced mapping
using colour infill. The catchment
boundaries have been
automatically identified and
derived using an [H-devised
method (Sekulin, Bullock anid
Gustard, 1992).

All of the datasets are mutually
compatible: rivers reach, and stop,
at the coast whilst having nodes at
all river and river/lake
intersections. The coast has nodes
at river/coast intersections. And,
where rivers form international
boundaries, the boundary is
identical 1o the path of the river.
Over 1300 catchments were
eventually included to give as

wide a coverage as possible.

Input from the European Topic
Centre for Inland Waters ensured
that ERICA-1M complies with the
needs of the EEA, They concluded
that ERICA-1M is “a great advance

INTEGRATING GENERIC SCIENCE

Figure 29. A sample of ERICA-IM displayed at 1:2M scale

in terms of the provision of a tool
for assessment and visualisation”.
Its potential for use is obviously
widle and the EEA has been
approached by a number of
research groups. Permission has
been granted for its use on the
ARIDE project — Assessment of
the Regional Impact of Drought in
Burope — and this is expected t©o
be the first of many.

In parallel to the low resolution
study, the University of Freiburg
and the National Environmental
Research Institute of Denmark
completed a pilot study at 1:250K,
This concentrated on the Meuse in
France and Belgium and the Mino
in Spain and Portugal. Findings
from this will help the EEA
formulate plans to achieve the
long-term goal of a pan-European
medium resolution catchment

geographic database.

Contact: Kob Flavin
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APPENDIX 3

Soil and soil-vegetation

interactions

Land use science

The urban environment

Freshwater resources

Biodiversity and
population processes

Pest and disease control

[H research programme

Theme 1.1 Physico-chemical processes affecting soil-water interactions

Ivwe LLT Solid-solunon pamitiomng of chemical species

Theme 1.3 Physical and physiological processes controlling soil water
balances

Issae 131 Sal-roar infesacnons at the ndividual plant roor and stand scake

Issue 13 2 Sord-plant-atmosphere Hux transfers n mined vegetinon

Isste 1 3.3 Root-soil-water interacnions adpcem o fluctuanng water tables

Theme 2.2 Land use systems

Iasue 223 Impacts of Jand ese tehange and managementy

Issue 224 Develupmient of Llind use and water resource management strategies -

Theme 2.4 Landscape function and modelling

Iasue 244 3 Integrated modelling of Jund use processes including social and coononmie
vianables

Theme 3.1 Factors and processes determing the development of urban
environments

Iaue 322 Lirban impacts on hydrological processes

Issuc 323 Aquane ecasystenm fang ion

Theme 3.4 Urban water dynamics, risk and hazard

Ixsiae 34 1 Lowe flows and pollision loads

Theme 4.1 Surface-groundwater interactions

Issue -1 The rechurge-runoff divison -

Issue 4 1:2 The river-aquifer boundan and foadpling issues

Issue .13 Wedand interactions

Issuc 4.1 Integrated catchmentscale anatysis

Theme 4.2 Statistical modelling of resource availabillty

Bastic 0 2 1 Exiimation of resource avinlalnlity ar uagauged sites
Issie .22 Drought Tequency eatintatiun

Theme 4.3 Water resource modelling

Issie 4.3 1 Wier resonree management studies

Issite -3 2 Methedological developments

Issue .3 3 Risk danalyvsis ard decision support Gaaihey

Theme 4.4 Inwegrated water quality modelling

Isstee -k 1 Momiloring and assessient

Issue 4 2 Understanding processes

Issue +4 3 Development and apphication of models

Theme 4.5 Integrated biotic response modelling

Issie 4.5 1 Flow resistance 1 chaonels and river ceosysieras health
a5 2 Integratton of models of watee guaniy. qualny and biote variahiy

Theme 5.1 Biodiversity characterisation, pattern and monitoring
Theme 5.4 Conservation and restoration of blodiversity
Issuce 544 Wetland management and restoration

Theme 6.5 Distribution of pathogens In freshwater
Basue 65,1 Momtonng and risk assessmen: of pathogens in freshwater
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Theme 7.2 Acidifying pollutants

lssue 7.2.5 Surface water and caichment scale impacis

Issue 7.2.6 Modelling

Issue 7.2.7 Cntical loads

Theme 7.4 Toxic meuals

Issue 741 Transport and depuosition

Theme 7.5 Organic pollulants

[ssue 7 5 1 Monitoring

Eastie 7 300 Phwsicochemical processes controlling transport in soils and warters

Theme 8.1 Risk assessment and ¢stimation of floods and other extreme events

Issue 811 Mmnstream research

Issue 8.1 2 Generic solubions o jont probability” prablem

Issue 8 1.3 Collechve nsk for environmental extremes

Issue 8 14 Conungous simulation modelhag for floex] esimauon

Isstue 8135 Detechon of trend and other nonstiionary behaviour in time senes of
environmental extremes

Theme 8.2 Real-time flow and water.quality forecasting and decision support
systems

[ssue 8.2 1 Methedological developmenis

Tssue H 22 Forecasing svsicins

Issuc 8235 Advances through special momitonng

Isstie 8 24 Real-tune water quality forecasung. and decision suppaort

Theme 8.3 Understanding and modelling the role of rare events on ccological
systems )

Isstiec 8 3 1 Rare evenes and ecological processes

Theme 9.1 Greenhouse gas budgets and cycles

Iastie W1 2 Conteols of et GO, and waier/energy Nuxes i Arsizoni

ssue 9+ Exchange mechanisms o ugh-Lintede wetands

Theme 9.2 Land-atmospherc-ocean interactions

Issue 921 Tmproved hyvdiolowcal representations within G

Issue 92 4 Spow-mels and rocting medels for nothers lantides

lsxue 9 2« Dyeanue ecosvatem modelhing

Theme 9.3 Forecasting and detecting the impacts of global change

Iasue 93 1 Downscaling and precdhictmg bvdralgeal and water quality anpaces

Theme 10.1 Environmental assessment, cconomics and history

Jssue 1011 Enviconmental valuanon and guanitative prediiion of eevironmenal
IEPACTs

Theme, 10,2 Remote sensing

Jssue 10022 Algorichms and models for estimation of bophysical varables

Issue 10 244 Genene dat products from earth observanion

Jsstue 10 25 Intrastzuciure and facilmes

Theme 10.3 Instrumentation

[ssue 10 31 Telligent sensor clusiers

Theme 10.6 Databases and reference collections

Issuc 1061 Inteprity and accessitnhity of databases and collecnons wathun CEH

Theme 10.7 Biometrical applications, rescarch and development

Issee 107 2 Apphcatnan and development of bometnical niethods
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