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Director’s Review

Four years ago, in an article entitled ‘Hydrology and
Government in the uk’* T wrote “hydrology as the
science of water would appear to be well placed to
adapt to Lord Rothschild’s customer-contractor prin-
ciple’ (essentially, “Let those who nced the rescarch
pay for it”). 1 continued: “lt would therefore be
futile to dispute the concept that applied research
undertaken by rescarch councils should be funded by
the appropriate government department. Of greater
relevance is the examinatdon of the NeRrG's programme
for hydrology in the light of Rothschild’s definition
of contractable R and b projects.”

In the event, the Rothschild philosophy was applied
with funds wansferred in increasing proportions, up
to a maximum of about 35% in the financial ycars,
1973=74, 197475, 1975-76. It is with much of this
transition period that this report of rescarch is con-
cerned. As predicted, the viability of the Insutute of
Hydrology has been proven to the extent that in
1975—76, 56%, of the annual budget of the Institute
is derived [rom sources outside nrrc. Of course,
satisfaction of the requircments of customer-oriented
rescarch projects has nccessitated a substantial re-
organisation of the administrative structure of govern-
ment. Major customers have been required to sct up
Chicf Scicntist organisations and scrics of committecs
to evaluate rescarch requirements in the first instance,
or to makc subscquent progress reviews of projects
which have been commissioned. From the viewpoint
of the Institute which undertakes the work on behall
of the contractor, NERG, subsiantial ¢ffort has been
necessary in dividing up a carefully balanced pro-
gramme into a series of projects for individual finane-
ing by the Department of the Environment, by the
Ministry of Agriculture, Fisheries and TFood, and by
the Ministry of Overseas Development. A costing



system acceptable to the departmental customers has
been instituted. Apart from the time of senior stafl
involved in preparing presentations to senior depart-
mental representatives, submissions lor rescarch re-
quircments commiltees, and reports to rescarch
review cominittecs, 2 additional clerical staff'in a total
complement of 123 have been neeessary. It would be
less than honest te claim that the imposition of the
additienal layers of burcaucracy conscquent upon the
implementation of the Rothschild philosophy have

not adversely affected the, coherence of the rescarch -

programme or interrupted the scientific cflorts of
the stafl. Rothschild’s ambition of fewer committees
and fewer staff’ in the headquarters of the various
rcscarch  councils has certainly proved illusory;
nevertheless, at working level, communications be-
tween researchers and siafl of exccutive departments
have improved considerably, so that the timc lag
between the completion of an investigation at the
Institute and the application of the results in general
practice has been reduced.

This conclusion is well demonstrated by the Flood
Study Report,* published in February 1975. This
pre-Rothschild project could have been contractable
to potential uscrs but was in fact funded dircctly by
the Science Vote, through the nere grant-in-aid from
the Department of Education and Science. Publica-
tion was followed by publication of an Institution of
Civil Engincers report on Reservoir Flood Standards.

It may well be that many consulting engineers are’

recalculating the hydrological boundary conditions
for the reservoirs for which they were responsible in
the light of the Flood Studies Report and the new
ick standards. At a two-day Floods Symposium at
1ce the various contributions to the report were dis-
cussed; further mettings in Edinburgh and Belfast
stimulated the interest of the enginecering profession
and at times led to coniroversy. The National Water
Council has already held two Seminars for potential
users both in the water industry and in various con-
sulting organisations. Proposals arc well advanced
for a much condensed and abbreviated form of the
publication to complement rather than substitute
for the full report.

* Flood Studies Report.
Five volumcs. Published
by NERC. at [ 40.00




This report of the work of the Institute covers the
two financial vears, 1974-75 and 1g75~76. While it was
tempting and would undoubtedly have been easier to
make statements of progress on each of the 40 distinct
projects which comprise the Institute’s programme,
the presentation is of an integrated programme with
major emphasis on projects which are reaching
maturity. One of the major areas of work and of
scicntific advance is the intensive study of evapora-
tion processes within a forest canopy. These studies
have been undertaken in Thetford Forest since 1967
and are now In their final phase; the 1976 summer
season is to be the last experimental season at this
site. It is timely therefore to review the progress of
the experiment and to indicate how the scope and
objectives have evolved during the last eight years.
The predominant role of interception of rainwater by
vegetation has at last been fully evaluated and
appreciated. The diversity of published results of
comparison of water use of forest versus grassland in
different climatic environments can now be inter-
preted.

Stafl of the Institute have been working for many
years on an obM-funded project on the hydrological
effects of land use changes in East Africa. The main
aim of the project is the analysis of relatively long
runs of data from a series of catchment studies
initiated in the late 1g50s. T'o this end, more sensitive
equipment for the measurement of streamflow, soil
moisture and the metcorological variables which con-
trol evaporation were installed in 1970—42, alongside
the existing equipment, to assist in identifying sources
of systematic error. Concurrently with this ficld work,
some 130 catchment years of records of rainfali,
streamflow, cvaporation and scil moisture have been
mounted on computer magnetic tape for quality
control and subscquent analysis and mathematical
modelling. Two short-term process studies on the
water use by tea plantations were initiated in recent
years, one using the zero flux plane soil moisture
measurement approach and the other an cnergy
balance approach in which sensible heat flux was
measured using the ‘Fluxatron’ equipment as well
as net radiation and soil heat flux. The analysis of all



the data is now well advanced and publication of the
resulis is expected at the end of 1976.

One measure of the scientific effectiveness of a
rescarch organisation is the publications of its staff;
those produced by the Institute during the period
covered by this report arc listed with bricl abstracis
on pages 8y-100. In addition o papers in the scien-
tific journals, there is a scries of Institute of Hydrology
Reports. This series acts as a particularly useful
vehicle for communication of programmes, techniques
and analyses often involving considerable amounts
of data, in greater detail than would be practical in
periodicals. A new venture in such dissemination of
information has been the issuc of a national cataloguc
of all known recording raingauges prepared in con-
junetion with the Meicorological Oflice and Dr P
Kclway of Birmingham University {now with the
Northumbrian Water Authority). This computerised
list gives information on location, operating authority,
dates of operation, microfilm and data availability.
With the co-operation of all who operate such gauges,
we shall be able to keep the master cataloguce fully
up to date and be able to bring out revised cditions
as required.

J S G McCulloch
Dircctor



Hydrological Systems

Work at the Institute on hydrological systems falls
under three headings:
a the development of rainfall/runoff models for
test using data collected from the Institute’s research
catchments and others;
b the devclopment of statistical and operational
rescarch methods for

(i) estimating the frequencies of extreme hydrologi-

cal events by Monte Carlo simulation {‘synthetic

strcamflow generation’) and

(ii) asscssing the adequacy of instrument networks

providing mean arcal cstimates;
¢ the management of catchment studies in order
to provide data {or research purposes on precipitation,
soil moisture, metcorological variables and streamflow.

The Hydrological Systems group therefore occupies
an intermediate position between the Process Studies
group on the one hand, and the Applied Hydrology
group on the other: the Institute’s studies of hydro-
logical processes investigate in detail the physical
principles by which water changes phase and position
in its course from precipitation to runoff, and the
work of the Systems group is to integrate process study
* results into a unified mathematical-physical descrip-
tion of river basin behaviour (or ‘model’) for use by
the Applied Hydrology group and others. Further-
more, because rainfall-runoff models serve a number
of different purposes ranging from filling in gaps in a
streamflow record to predicting the likely effect on a
streamflow regime of a change in land use, a range
of models is required depending upon the type,
quality and quantity of data available for estimating
whatever constants they contain, so that this range
may include both the crudely empirical and the
physically sophisticated.




The development of rainfall-runoff models

Lumped catchment models

Tn one type of river basin modcl called, somewhat un-
happily, ‘lumped’, the relation describing streamflow
(output) in terms of precipitation and mecicorological
variables (input) takes no account of any spatial
variability in the latter, or in the processes by which
precipitation is converted to streamflow, The lumped
conceptual model of basin behaviour developed at the
Institute has been deseribed at length in earlier re-
poris, and it is sufficient here to say that the basin is
assumcd to function as a vertical stack of rescrvoirs
with simple rules governing the transfer of water from
onc to the next, or back to the atmosphere as evapora-
tion. Given a continuous strcamilow record and a
contcmporancous record of precipitation and of
meteorological data combined to give Penman’s
estimate of open water evaporation, [, the constants
in the model arc estimated by least squares: that is,
using a curve-fitting procedure, albeit one for which
the curve bears some resemblance to the physical
reality. Such modcls are highly suitable for-filling
gaps in streamflow records and for short-term stream-
flow forecasting; however, their application is critic-
ally dependent upon the existence of a gauging
structure in the hasin, and if none is present, alter-
native estimates of the modcl parameters using, for
cxample, multiple lincar regressions on caichment
characteristics, may have very low precision.

Whilst a streamflow record (basin output) is there-
fore highly desirable for the calibration of a lumped
modecl, situations arisc {and may be cxpected to
become more frequent) where there is more than onc
output variable. On the Institute’s rescarch catchments
for example, soil moisturc change AS is measured in
addition to precipitation P, sireamflow Q, and the
metcorological variables from which £ is calculated,
and A S may be regarded as an output variable in the
sense that it is dependent upon precipitation input
and atmospheric evaporative demand. Similarly, on
the Severn catchment, throughfall and stemfow are
measured at selected sites, and may be regarded as



dependent upon P and [5;; other cases arisc also
where additional dependent variables deseribe the
quality of runofl’ water or its sedimeni content. Ex-
pressed formally, the usual type of conceptual model
postulates a relation between @, (the total streamflow
in the time interval (1 =1, ¢)), P,, I, (the precipita-
tion and opcn-water cvaporation in the same inicr-
val) and paramcters @ of the form

Q. =f(P, Py .. Egous Egoryy -+ -5 0) +ey

where the function f({.) is usually too complicated to
be written down in an analytical way, and rules for
its calculation are expressed as a computer flow-
chart; the residual e, measures lack of fit. Where soil
moisture change AS, is also measurcd and regarded
as a second dependent variable, a similar cxpression
may he written:

DS =8Py, Pioyy oo Egyus Egyoeyy - - -5 8) -+

where the paramcter scts € in the two cxpressions arce
cither identical or have most elements in common.
" Using this more general model, a project has been
undcrtaken which had as one objective a study of the
usefuiness of available soil moisture records for assist-
ing with model calibration (that is, estimation of the
0). Incorporation of soil moisturc data in the model
calibration procedure was achieved by generalizing
the commonly-used iecast-squares criteria to a likeli-
hood function, a gencralization made at the expense
of introducing further assumptions regarding the
probability distribution of model residuals. Stream-
flow, soil moisture, precipitation and cvaporation
sequences were used from two experimental catch-
ments: the Cam above Dernford Mill, and the Ray
at Grendon Underwood.

The goodness of model fit was measured using the
commonly-used quantity & defined by

E = 100(F— F2)[Fy

where F% is the sum of squarcd dceviations of the
streamflow obscrvations calculated about their arith-
metic mean, and F? is the sum of squared deviations
of the observed streamflow values from those given
by the model. The efficicncy £ has an upper limit of




100%, when cach observed streamflow value is exactly
equal to the fitted valuc given by the model; the
poorer the model fit, the greater the departure of £
from 100%. lis value was calculated for both the
streamflow sequence {£;} and also for the soil mois-
turc scquence {£¢); moreover, these values were
calculated for the cases (a) where the model cali-
bration used only the streamflow data; (b) where it
also used the soil moisture data. Furthermore, since the
real test of a model is its usefulness for prediction, £,
and X, were calculated using data from a prediction
period which had not been used to assist the model
calibration. Table 1 shows the values obtained for K,
and [, calculated for both the Cam and Ray data
sequences; columns headed Ci, R1 show the values
of [, E, where model calibration used only the
streamflow data, and those headed C2, R2 show the
values of f7,, E, where soil moisture data were also
uscd, The columns headed C3, Rg show E,, F, where

(i) Calibration period

Ci - Ca Cs
£y 775 775 74°3
£ 685 70°3 805’

Calibration period : January 1968-December 1g6g;
6 hourly records.

Ri Ra Rj
PO gb-2 g6-1 . 958
£ 919 903 91°4

Calibration period: May 1970-August 1971;
3 hourly records.

(i) Prediction period

Ci Ca Cs
E,: Gr4 614 476
£y 784 8o-5 774

Prediction period: January 1970-December 19715
6 hourly record.

R Ra ]
E,: 75°9 756 75°5
E,: 731 683 765

Predictionperiod :Septemberig7i1—Decemberigye;
3 hourly records.

R3).

Tablc 1. Efficiencies of
models fitled (i} using
streamflow record alone
{columns C1, R1); (ii)
using both streamflow and
sotl moisture records
{columns C2, Rz, C3,




streamflow, precipitation and £, were accumulated
over the intervals defined by the dates on which soil
moisture was mecasured. (In columns €3, R3, therc-
fore, there were equal, but small, numbers of observa-
tions on all variables; in columns Ci, R, Ca, Rz
precipitation, streamflow and kK, obscrvations werc
far more frequent than those of soil moisturc).

Table 1 shows that for the Ray catchment the
model efficiency as measurcd by both £, and E, is
not greatly affected by the inclusion of soil moisture
data cither in the calibration or prediction periods.
Results from the Cam catchment tend to be conflict-
ing, since inclusion of soil moisturc data is associated
with a considerable increase in FE, during the cali-
bration period but a considerable reduction in I,
during the prediction period, Seme decrease in
cfliciency was not unexpected for certain cascs, since
the calculation performed for Table 1 is analogous ‘to
that where an improvement in precision is sought for
estimates of paramecters describing a  probability
distribution of annual maximum discharge by corre-
lating these annual maxima with others in a longer
reeord at a nearby gauging station. If the correlation
between the two sequences is small, the cstimates
obtained from the combined usc of the two series may
have poorcr precision than those obtained using
data in the shorter sequence alone. This “dilution of
information’ may also bc expected to occur in some
cases where information in a soil moisture sequence
is used in estimating modcl parameters in the strcam-
flow medcl. Judged by Table 1 thercfore, the fre-
quency of soil moisture measurement and its degree
of spatial replication was not sufficient to convey
significant improvement in precision of model para-
meters, or in model efficiency; ncvertheless, the
technique may have value where soil moisture can
be measurcd more frequently and at more sites,
possibly by automatic means. Figures 1 and 2 show
measured and calculated soil moisture values for the
Cam and Ray catchments respecuvely; values for
both the calibration and prediction period are shown.
A full account of the study has been published (J R
Douglas, R T Clarke and § G Newton: The use of
likelihood functions to fit conceptual models with



more than onc dependent variable, Journal of Hydro-
logy 29 (1976) p. 181-198).

A further application of the likelihood function was
considered in which null hypotheses were tested con-
cerning the equality of model parameters in the
Plynlimen paired catchment study. Using a 13-para-
meter model for each of the two major catchments
{the Wyc catchment under pasture, and the Severn
catchment largely under forest), likclihood-ratio tests
were used to test hypotheses that the parameters con-
trolling cach process in the model were identical for
the two catchments. Statistical analysis showed that
whilst every mode! paramecter for the Severn differed
significantly from its corresponding value for the Wye
—a result not unexpected in view of the large volume
of data used, 3664 3-hourly totals of precipitation,
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Figurc 1. A. Observed
and fulted soil moisture,
Cam calchment: 1g68-06g
B. Cbserved and predicted
soil moisture, Gam catch-
ment: 1970-71




Figure 2. A. Observed
and fitted soil moisture.
Ray catchment, May
rg7o-August 1971

B. Observed and predicted
sotl moisture, Ray catch-
ment Seplember 1971—
December 1972

SOIL WATER CONTENT. {m.m)

CALIBRATION PERIOD
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—— Measured scil moisture
5031 moisture predicted by model A1 end R3
. Soil mofsture predicted by modet R2
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strcamflow and £, for cach of the Wye and Scvern
catchments—the largest differences were found be-
tween parameters governing the interception process,
and the smallest differences betwecn parameters
governing the routing of runofl’ to the catchment
outfall. This supports the results of other investiga-
tions suggcstiné that interccption losses may well
constitute the major difference in the hydrological
behaviour of the two catchments, A full account is
given in the paper referred to above.

Distributed catchment models

The conceptual modelling methods described in the
last scction require extensive sequences of precipita-
tion, streamflow and mectcorological data. These are
available for the densely instrumented catchments at




Plynlimon; in the future, however, it is likely that the
Institute wili be required to extrapolate results from
Plynlimon to basins with little or no instrumentation,
and to answer qucstions concerning the eflects on the
time distribution, quantity and quality of runoff, of
diffcrent vegetative types on basins with topography
and geology very different from those at Plynlimon.

In the abscnee of good hydrological records for
such a basin, onc approach is to describe its behaviour
in terms of physically-hased differential cquations
governing the movement of water through the soil
and over the basin surface; these will also include
parameters to be given numerical values, some of
which, it is hoped, can be estimated from inexpensive
field mecasurements in whatever basin is under study.

A model is thercfore being developed for which
the Wye and Scvern catchments have been divided
into about 25 arcas, represented by ‘slope clements’
or ‘channel clements’. A slope clement, representing
part of a hiliside, consists of a layer of soil of constant
thickness and homogencous propertics resting upon
an inclined impermeable stratum. The area and
inclination of a slope clement {which is rectangular)
are airanged to bec cqual to the arca and average
slope of the hillside it represents. Channel clements
represent  sections of the major strcamns and arc
straight with rectangular cross-scctions. The length
of a channel clement is the shortest distance between
thc upstream and downstrcam boundarics of the
.corrcsponding strecam scclion, and its width the
average width of the stream. The outflow from one
clement may be used as inflow 10 another; thus the
output hydrograph may be calculated for cach cle-
ment in turn, and the last (channel) clement gives the
catchment hydrograph.

It has been assumed that infiliration and through-
flow may be adequately described by the equation for
flow in a non-swelling porous medium

hy 9K
Y 7K ey
2 V. (KVy) + 2z

where y is the hydrostatic pressure potential, K{y) is
the capillary conductivity, and C the specific moisture
capacily; z is the vertical co-ordinate. Hysteresis in
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Figure 3. Jncrease in
hydrostatic pressure
potential at top and bottom
surfaces of a gently sloping
soil layer

the relation for K'(y} is ignored because the cmphasis
is on the soil's response to heavy storm rainfzll, and
henee on the wetting limb of the hysteretic loop only.
The equation is solved for two-dimensional flow in
the sloping soil layer, or slope clement, for which the
vertical cross-section down the slope is given as a
parallclogram with two vertical edges: the lowermost
vertical edge is the stream bank, whilst the uppcrmost
is cither at the catchment boundary or at the junction
with another idealized soil layer with different surface
slopc. The flow cquation is transformed by the
Kirchoff transformation, and is then solved by an
implicit finite-difference scheme; this part of the
model has now been tested for various extreme con-
ditions which will not necccssarily arise when it is used
to predict runoff from the Plynlimon catchments,
since the aim has been to cstablish a wide range of
conditions for which the finite-difference scheme is
known to be stable.

Figure 3 shows the increase in hydrostatic pressure
potential y at the top and bottom surfaces of a gently
sloping soil layer 50 ¢m thick as rain falls on dry soil;
Figurc 4 shows the decrease in y as water wells out of
a'saturated soil, the adjustment to y being most rapid
at the soil surface, as expected. The curves arc smooth,
and the finite difference scheme used does not give
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wm
risc to any significant fluctuation ofy with time in any Figure 4. Decrease in
casc so far tested. Flow at the bottom of the slope, or hydrostatic pressure
indeed at any position in the soil, can bec calculated polential as waler leaves
from the distribution of y, and the results for steep saturated sotl

slopes arc similarly stable.

The complex network of rivulets and shallow soil
pipes by which surface runoff enters the main channels
of the Wye (and, in the case of the Severn catchment,
the paraltel ditch system supcrimposed on the basin
when the trces were planted) are idealized to a
shallow-water flow process described by the St
Venant equations, given by a continuity equation
together with the momentum cquation:
au du oh (u u,)

Bt 5— +g-a—c059-—g(smG S}y —g———

where u, k are water velocity and depth at distance x
along the soil surface, then 0 = 5, is the slope of the
surface, u, is the x-component of the p:ccnpnatlon
velocity, and g is the rate of precipitation input at the
surface per unit width of surface slope; and S is the
friction slope, described by the Chezy relation. After
much difficulty in finding siable solutions for these
equations using the low Chezy numbers given in the
literature as iypical of grassed surfaces, a program
has now been developed that is stable for low Chezy

14




numbers. The same program can be used to describe
flow along the stream channcls.

To apply this- distributed model to an ungauged
catchment, the following data must be supplied:

a the geometry of the slope and channel clements;
b a soil moisture characteristic curve relating y to 9,
the moisture volume fraction of the soil, and a curve
relating the hydraulic conductivity A (y) to y;

¢ empirical parameters for the Chezy expression for
the friction slope S used in solving the shallow-water
equations.

Whilst the model works well for the simple catch-
ment geometrics considered so far, considerable
devclopment is required before it will be capable of
predicting the hydrograph from a configuration as
complex as that containing the twenty-five or so
planes into which thc Wyc and Severn basins have
been divided, although no new principle is involved.

A second medel is also being developed for the
Plynlimon catchments in which cach is divided into
clements of four types: peat hag areas, grassy slopes,
riverine marsh areas, and streams. Field measurement
is yiclding a relation between discharge from each
type element and the depth of water it contains, and
catchment behaviour is characterized by these rela-
tions, the arcas covered by the different clement
types, and their spatial oricntation. This approach
is still in its carly stages.

Statistical methods for forecasting, and
frequency studies

Time series analysis of
multivariate hydrological systems

Records of precipitation, soil moisture and strcam-
flow and more generally, of water quality and sedi-
ment transport variables, may be regarded as time
series {sequences of obscrvations in a particular time
order), and the relationships between them described
in statistical terms. Such purely statistical descriptions
have application (i) where it is necessary to forecast,
in real time, the behaviour of the system at some time-

15



interval ahead, as where water quality variables at a
downstream station must be forecast from those up-
stream; (ii) where the frequency (F) of some hydro-
logical cvent (such as the failure of a rescrvoir to meet
the water demand made on it) is to be cstimated by
using the statistical description to generate synthetic
sequences—of streamflow, for example—derived from
computer-gencrated sets of pscudo-random numbers.

For the forecasting application (i}, an interactive
graphic package has becn developed for identifying
the statistical model suitable for describing the
relation between one input variable (such as strcam-
flow at an upstream station) and onc output variable
(streamflow at a downstrcam station). This package
uscs programs originally developed by the Depart-
ment of Control Engineering at Cambridge Univer-
sity. Once the statistical model has been identified,
its paramcters are estimated using a recurrence lcast-
squares algorithm which facilitates study of the extent
to which model paramcters are time-variant. A multi-
variable extension of the estimation algorithms has
been coded in ForTRAN, and is being tested using
hydrological data; the relevant package will have
wide application for forccasting and simulation of
water quantity and quality variables for both control
and dcsign problems.

For the simulation application (ii), studics have
been made of the usefulness of cfficient Monte Carlo
simulation methods for improving the precision of the -
estimated quantity F. Such mcthods have Dbeen
widcly used in industry and the physical sciences,
but appear from the literature to have had at most a
limited usc in hydrological simulation, In the pre-
liminary studies made so far, considerable increases
in precision may result from the usc of contrel
variates (by which a simulation problem is simplified

.to one that can be solved analytically, and the
analytical solution used to assist in solving the problem
of interest) and by the use of antithetic variates (by
which two negatively-correlated estimates of F are
sought, such that the mean of the two cstimates has
variance smaller than that of cither estimate separ-
ately). Both methods show considerable promise and
further development will determine whether the
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promise is fulfilled when they are applied to large-
scale hydrological simulation problems.

The adequacy of instrument networks

Because hydrological variables (such as precipitation,
soil moisture change, £;) vary spatially as well as in
time, work is in progress at the Institute which has as
its objective the statistical description of spatial
variation with a view to {a) deriving improved mea-
sures of the reliability of mean areal values; (b) de-
riving improved interpolated estimates at sites where
a variable is not measured in the field. In the initial
work, monthly precipitation from the ground-level
storage gauge network at Plynlimon was studied, and
analysis of variance used to distinguish the effects of
altitude, aspect and slope of site on gauge catch. The
technique was also used to comparc the catches of
ground-level gauges in the unforested parts of the
Severn catchment with those of gauges mounted on
masts above the forest canopy using the statistical
model
Yuk = U+ a++eg
where p is the areal mean; «; is an altitude effect
associated with all gauges in altitude in class ¢; [ is
the eflect of gauge ‘level’ (ground level versus canopy
level) and ez is the random crror in the observed
gauge catch pu. A full account has been published
recently (Newson and Clarke, 19%6).

Table 2 shows the values of the ‘level’ constants
[, (free from altitude eflects) obtained month by
month for the period April 197i-March 1973, to-
gether with the arithmetic mean for all 18 gauges.
In 13 of the 24 months, ground-level gauges caught
more than the overall mean (since the values of /)
werce positive in 13 months of the 24); in the remain-
ing 11 months they caught less. On average, over all 24
months, ground-level gauges caught 28 mm more than
the monthly mean (174:4 mm) and the canopy-level
gauges caught -8 mm less (7¢2-8+11%x —18 = 0,
apart from rounding error). Because no test for the
significance of the altitude effects is possible using the
analysis at present under discussion, the altitude

17




constants a,, ag, ¢, dp arc not set out in Table 2. This

table also shows that significant {P < 0-05) departurcs Table 2. Paramaters Iy, &
from zero of the level constants, {, and &, occurred representing the difference
in only 3 months of the 24 (February and March between ground-level and
1972, February 1973). All three were months when canopy-level gauge calch,

snow fell at Mocl Cynnedd, (also known as April 1g7r-March 1973

Mecan,  Ground level  Canopy level

(%) (h) Snow davys,
all gauges millimetres millimetres  Mocl Cynueddt

Apr. 1971 712 +08 —0'5 0
May 1971 752 +2-1 —1-3 0
June 1971 1924 +2-4 —16 0
July 1971 701 +1-2 —0o6 0
Aug. 1971 2178 -13 +0-8 0
Sept. 1971 897 +i5 —10 o
Oct. 1971 2152 +6°9 —-4'4 0
Nov. 1971 3079 | +89 —57 7
Dec. 1971 1279 -0b +04 3
Jan. 1972 2276 +10°1 — b4 8
Feb. 1972 1459 +18-6* —-11-8% 6
Mar. 1992 2132 +211* —154* 3
Apr. 1972 3012 +1838 —12°0 o]
May 1972 1458 —65 +41 0
June 1972 198-1 -~ 115G +10°1 0
July 1972 141°0 —6-4 +4°1 0
Aug. 1972 o 123-8 =50 +42 0
Sept. 1972 620 —2-4 +1°5 0
Oct. 1972 811 - 16 +10 0
Nov. 1972 ) 3285 ~35 +2-2 1
Dec. 1972 254-8 —-55 +3'5 1
Jan. 1973 1764 +5°7 -36 4
Feb. 1973 2834 + 26-7% —170* 9
Mar. 1973 138-6 -84 + 54 1
Ovecrall mean 1744 +28 -18

Mecan, months when

snow fcll 220°4(10} +73 —46

Mean, months when

no snow fell 141-5(14) — 04 +02

* Denotes statistical significance (P < 0-05).
1 National Grid Reference SN 843877,




Tanllwyth), a daily metcorological station in
the Severn catchment: Table 2 shows the number

of days on which snow fell there. If means are
taken over all months when snow fell, gauges at
ground level caught 7-3 mm more precipitation over
a month than the mean for all gauges and those at
canopy level about 4-6 mm less {Table 2). Differences
between ground-level and canopy-level gauges were
much less evident in snow-free meonths when, on
average, ground-level gauges caught about o-4 mm
less and canopy-level gauges about 02 mm more, than
the mean for all gauges.

The management of catchment studies
The Plynlimon catchments

Precipitation measurement

The original network of 39 monthly storage gauges,
sited in the Wye and Severn catchments according to
a domain theory designed to sample various combina-
tions of aspcct, altitude and slope (see IH Report
No. 27), has continucd to function together with. the
six Dines recording gauges, three in each catchment.
To provide a check on the adequacy of the network,
a replicated network of Rimco tipping-bucket gauges,
coupled to event-recorders, was sited in the CyfT sub-
catchment for a six-month period; preliminary
analysis (paired comparison [-tests) of the monthly
catches by the replicate network indicates satisfactory
agreement between mean arcal rainfall calculated
for the two networks. A similar replicated nctwork
has been sited by domain theory in the Hafren sub-
catchment, but the data from it have vet 1o he
analysed. The full record from the replicated net-
works (giving 5-minute catches by the Rimco gauges)
is also valuable for testing the distributed models of
catchment behaviour by which predictions can be
made of the effects of afforcstation in other high
rainfall areas.

Because of cost and the rclative infrequency of
snowlall at Plynlimon, the proposal to measure snow-
fall using snow pillows has been abandoned ; instead,



ground-level Rimco gauges covered with synthetic
turf have been installed at four sites within the catch-
ment (see Figure 5). These record on data-loggers
the input of water as snowmelt at those sites where
snow depth is measured by terrestrial photogram-
metry and where water equivalent is measured by
snow courses. So far, no significant snowfalls have
occurred.

Soil moisture network

The original network of 59 neutron access tubes
consisted basically of six lines of tubes perpendicular
to the contours; these were read at approximately
monthly intervals (sometimes more frequently in
summer, when soil moisture content is relatively low,
and less [requently in winter, when Plynlimon soils
are usually saturated). Additional tubes in the catch-
ment were read less frequently, depending upon the
severity of weather conditions. An analysis of variance,
by which the total variation in soil moisture AS for
each catchment was divided into components, sug-

Figure 5. Raingauge
covered by artificial grass
Jfor snow measurement




Figure 6. Automatic
wealher station with solar
panel

gested that differences between mean values of AS
calculated from the six lines were seldom greater than
would be expected from chance variation; the six
lines of access tubes were therefore reduced to three,
one in the Severn catchment (Hore sub-catchment)
and two in the Wye (Cyll'and Nant lago sub-catch-
ments). These three lines now provide estimates of
the mean soil moisture change /8 within each main
catchment.

Meteorological network

Meteorological variables for the calculation of Pen-
man’s potential evaporation, £y, continues to be
recorded at the station at Moel Cynnedd which is
visited daily. The four pairs of automatic weather
stations continue to operate and have been augmented
by one additional pair sited above the forest canopy
on steel towers at the interception site just outside
the Severn catchment; previously, all automatic
weather stations in the Severn had been mounted at

ground level either in the clearing at Moel Cynnedd

21



O

! or above the trce line at Carreg Wen. One of the
stations at Moel Cynnedd has operated successfully
- on solar power since April 1975 (see Figure 6).
For the carly years of the Plynlimon study, no net
- radiometer was sited within either catchment, In the
absence of mecasurements of net radiation, it had to be
estimated using measurements of solar radiation at
the Dolydd office, estimates of net long-wave radia-
i tion, and an assumed albedo. The albedo values used
were 0-25 for the hill pasture of the Wye, and o-15 for
‘ the coniferous forest of the Severn. In 1974 and 1975,
both incident and reflected short-wave radiation were
measured to calculate the albedo as a check on the
assumed values. For the Wye, 28 sites selected accord-
ing to the ‘domain theory’ (see IH Report No. 27) in
May 1974 gave an arcal mean albedo of 0-2010'004;
a similar programme in June 1g75, using 34 sites,
gave a mean albedo of 0-19++0-004. Despite the small
standard errors, considerable spatial variation was
found between individual albedo measurements;
yet no significant variation could be accounted for in
terms of differences in altitude, slope and aspect. For
the Severn catchment, albedo over the canopy was
recorded by mounting the radiometers on a steel
tower at one site only; the mean albedo for a five-day
period was 0-11-40-002.

River level gauging

The gauging structures continuc to present problems.
Some erosion has resulted from the heavy sediment
loads transported through them in times of flood;
furthermore, the sedinent is sometimes deposited as
shoals immediately downstream of the structures, and
continual vigilance is necessary to ensure that such
shoals are dispersed as soon as they appear. If allowed
to remain, they would cause ponding that would
distort the measurement of water-level in the stilling-
wells of the structures. The concrete in the Severn
trapezoidal flume has eroded scverely and in May
1975 the flume invert was rebuilt using metal tiles.
An intensive programme has been undertaken to
verify the theoretical calibration curves by dilution
gauging and current metering, the latter with guid-




ance from the Hydraulics Research Station; Bray-
stoke current meters mounted on a vertical rod
lowered from a portable aluminium bridge spanning
the structure were used to take readings at a minimum

of twelve positions across the Severn trapezoidal
flume (see Figure 7).

Figure 7. Current metering
at Severn flume

Except for the Hafren flume, where difficulties have
been experienced with the Leupold-Stevens recorder,
all Fischer-Porter gauges have now been removed;
they have been replaced by the Institute’s own water-
level magnetic tape loggers. Leupold-Stevens re-
corders continue to be used (except for the Hafren)
to provide a back-up facility should the Institute
recorders fail to work properly; the visual display of
river stage plotted against time 1s of great value as a
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field check and where a storm hydrograph is fo be
examined shortly after its occurrence.

Other research catchments in the United Kingdom

Because of other commitments, data from the
Institute’s research catchments on the Ray at Grendon
Underwood and on Coal Burn, a tributary of the
Irthing, have received little attention. For the Ray
catchment, a visiting worker, Dr Tan Simmers from
Waikato University, New Zealand, has uscd soil heat
flux data to assess the possible error 1o the Penman
estimate from ignoring soil heat flux when calculating
the energy term; his preliminary results suggest that
the correction is negligible and unlikely to account for
the seasonal discrepancies between actual evaporation
and 7 that have been noted even when soil moisture
is not limiting.

In preparation for the application of the distri-
buted model (described earlier in this report) to both
the Ray and Coal Burn catchments, the lopography
of each has been simplified into a serics of slope ele-
ments and channel elements. On the Ray, a study is
beginning to determine how far ficld drainage may
have affected the runoft hydrograph during the period
of record ; modelling of the rainfall-runoll relation on
Coal Burn will have the samec ohjective as on the
Piynlimon catchments, namely, description of the
land-use change.

Land use changes in Keny

Clatchment studics

Sponsored by obM, scveral staff’ from the Institute
have been based in Kenya for some years, running a
joint project with the Last African Agricultural and
Forestry Research Organisation and Kenyan Govern-
menti departments on the hydrological eflects of land

use change from montane rain forest to tea estate and
from bamboo to pine plantation or sheep pasture.
Inmitial analyses of the many years of data using energy
and water balance approaches and the application
of conceptual modeclling techniques showed a varicty
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Figure 8. go° V-notch

| wetr tn the bamboo forested
catchment at Kimakia,
Kenya
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of sysiematic errors, which were unaceeptably high
in rclation to the differences beiween catehments.
Consequently, constderable c¢flort has been devoted
to dciccting, quantifying and correcting as many as
possible of these errors, using the data from more
sensitive equipment installed in recent years.

This excreise highlights the difficultics involved in
cxperimental catchment studics. The qualiiy of the
data must be very high indeed before any confidence
can he placed in the magnitude of diflerences deter-
mined between caichmenis, Any systematic errors in
the individual terms are compounded in a water
balance analysis. In filling models to the data such
systematic crrors present will be incvitably integrated
into the model parameter values. 1f the models are
to be uscd .operationally on the same caichments
the forecast data will be of comparable accuracy 10
the historic record; if, however, the modcls arc to be
used on other catchments the in-built systematic
errors will be combined with any present in the input
data and can result in totally misleading predicuions.

Soil moisture data

Monihly gravimetric profiles from three sites in cach
of four catchments arc available for the period 1958-
72, together with neutron probe readings from more
intensive profile nctworks in these catchments, plus
one other, at monthly or ten-daily intervals from
1968~74. After rc-checking the calibrations using
additional data, ncutron and gravimetric catchment
soil moisture determinations were compared for the
overlapping period 1968-72. Since sampling dates,
frequencies and densities diflered between the two
mcthods, a harmonic model, with coefficicnts dcter-
mincd by lincar muliiple regression, was fitted to
cach sct of data; ithc same method was also used to
comparc the variations in soil moisture content in
adjacent catchments and under differing vegetative
types within catchments.

In addition, short-term water use, over periods
where percolation beyond the sampled profile depths
could be considered negligible, was obtained from
soil moisture data. Despite the scatter, these figures
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TFigure 9. Cumulative
transpiration, lotal
evaporation, drainage,
rainfall and nel rainfall
during the dry period mid-
December 1974 to mid-
March 1975
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arc in agrcement with the long-term estimates from
‘water year’ balances. Figures from the tea catch-
ment at Kericho are also being compared with the
rcsults from the zero flux plane and ‘Fluxatron’
process studies.

Soil moisture project—Kericho, Kenya

The water use of a tea estatc at Kericho, Kenya,
was measured dircctly, using the zero flux planc
method, described on page 43.

The roots of ica plants extend to about 6 m. To
make tension measurements at this depth, pits had
to be dug and tcnsiometers installed horizontally from
onc face beneath the growing tea crop. Measurements
were taken from carly February 1974 to mid-March
1975 when bushes were pruncd, and for a further five
and a half months after. Results from the period mid-
December 1974 to mid-March 1975 (a period of
unusual drought with soil moisture deficits of up to
480 mm) indicated that transpiration, E, over the
period was related to Penman open water cvaporation,
E,by E = 0'56E, up to a soil water deficit of 380 mm.
Cumulative transpiration, total evaporation, drain-
age, rainfall and net rainfall arc shown in Figure g
for this period.

Further i situ measurcments of unsaturated
hydraulic conductivity in the deep homogencous soil
allowed comparisons to be made between the zero flux
plane technique and a direct solution of Darcy’sLaw:

V= — (EE
oz
where ¥ = moisture fiux
K = unsaturated hydraulic conductivity

3 . .
o = hydraulic potential gradient
Z .

Cumulative drainage, as a function of time, differed
by a factor of four when calculated by these two |
methods, a not unreasonable result when the strong
dependence of hydraulic conductivity on soil depth
and moisture content is taken into account. Hydraulic
conductivity as a function of depth, water content and
soil moisture tension is shown in Figure 10. The
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Figure ro. Hydraulic
conductivity as a_funclion
of depth and water content
{top) and soil moisture
tension (botiom)
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Figure 11. Hydraulic
conductivily measurements,
Kericho
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photographs in Figure 11 show the arca of tca estate
used for measurcments of hydraulic conductivity, and
the tensiometer pit within,

Fluxatron project

This cxperiment, undertaken in collaboration with
the University of Strathclyde, was designed to test the
Fluxatron equipment under the conditions of the tca
estate environment—a smooth dense level canopy one
mectre above ground level—and to compare the trans-
piration rates measurcd in this way with those from
the zero flux planc study described above, with those
previously obtained from a lysimecter study and finally,
with thosc obtained in the catchment study. Given
that the cumulative figures from the Fluxatron showed
reasonable agrcement with those from the longer
period methods, values obtained from it could be used
to quantify morc precisely the parameters in the
catchment model.

The basis of the study, the ‘Fluxatron’ equipment,
comprises a lightweight, highly sensitive propellor
mounted with its axis vertical. Immediately below is
mounted a sensitive thermistor bead. Qutputs from
both are amplified and multiplicd electronically to
give the net vertical sensible heat flux, H. This, to-
gether with measurements of net radiation R,
soil heat flux G, estimates of changes in canopy
heat storagc AF from temperature profiles, and
cncrgy utilization in growth Af, can be used in the
energy balance cquation:

ME = Ra—H—G—AJ—~M

to give an estimate of the latent heat flux, AE, and
hence of the cvapotranspiration, £. The above ex-
pression applies rigorously only when no horizontal
movement of sensible heat is present, i.e. under zcro
advection conditions; this condition was. fulfilled by
placing the cquipment on a site with a ‘fetch’ of
several kilometres over similar tea.

Ficld experience in 1974 brought to light a few
problems with the calibration of the sensors. To help
climinate these problems the equipment was subsc-
quently used alongside other encrgy balance equip-
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ment at Suiton Bonington (University of Nottingham)
in the summer of 1975. Corrections are being derived
from this comparison for application to the 1974

Kenyan data,
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Hydrological Processes

As described carlier in this report, Institute studies of
hydrological processes have as their objective the
obscrvation and description, in mathematical-physical
terms, of the relations between changes of phase and
position of water in its course through the land phasc
of the hydrological cycle, and the energy and forces
causing these changes. Work is therefore in progress
on the physical and biological controls of cvaporaticn,
describing the relation between the evaporation from
the plant canopy and the atmosphere surrounding it;
on interception, describing the relation between the
structure of the plant canopy and precipitation pene-
trating it; on the flow of water through both the un-
saturated and saturated soil layers; on flow over
surfaces—particularly those in urban areas—and in
channels, whether for natural drainage or for the
transport of urban runoff; on the chemical changes
taking place in natural {(ic unpolluted) water, and on
the use of chemical tracers for flow gauging. Progress
in these activitics is as follows.

Evaporation

Physical controls of evaporation

Most of the research into the physical controls on
cvaporation carricd out by the Institute in past years
has been concerned with studies of evaporation from
forests, and has been concentrated in Thetford forest,
Norfolk. However, in future there is to be a funda-
mental change in dircction and emphasis of process
studies in cvaporation. Research activities will be
diversificd to other types of vegetation, and, at thesame
time, an increasingly significant part of the available
cffort will be concerned with the development, testing
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and application of simplec instrumentation capable of
providing a worthwhile measurement of cvaporation
for hydrological applications. In view of this change, it
is convenient this year not only to describe rccent work
at Thetford, but also to review the Thetford project
as a whole, and outline some of the more important
results it has produced.

The project was conceived with fairly limited
objectives, but over the first few years, when most of
the experimental work was concerned with instru-
mental and systems devclopment (Stewart and
Oliver, 1g70; Oliver and Oliver, 1973), the project
grew in scope and purpose.

It was clear that there was a necd for fundamental
rescarch into the processes involved in the interaction
between vegetation and the air mass above it. It was
cxpected that observations ncar a forested surface
would provide a more rigorous test of the validity of
cxisting meteorological thcory of the turbulent
boundary layer, generated by the wind, above and
within vegetaiion. At the same time, detailed observa-
tion of mctcorological and biological paramcters
would test the validity of the (then existing) theory
of the vegetationfatmosphere interaction.

This aspect of the work has been particularly
successful. A thcoretical estimate of the change in
wind dircction between the top and the botiom of the
forest canopy (Smith, Carson and Oliver, 1g72)
indicated a value of 30°, which agreed quite well with
experimental mecasurcments (Figure 12). On the
other hand, later studics of the turbulent boundary
layer immediately above the forest (Thom &t al, 1975)
demonstrated fundamental shortcomings in near-
surface micrometcorological theory: estimates of
evaporation based on the assumption that the relation-
ship between the gradients of windspeed and humidity
is the same above a forest as it is over other types of
vegetation, will be in crror by factors of two or more.
Qualitative studies within the canopy (Oliver, 1973;
Oliver 1975A) have indicated thermal plumes the
existence of which partly cxplains this phenomenon.,

Preliminary results (Stewart and Thom, 1973) pro-
vided a tentative verification, in dry conditions, of
the cxisting thcory of the vegetationfaumosphere
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interaction, after it had been extended to allow for
differences between the acrodynamic resistance for
momentum and heat fluxes. However, later work
revealed the expected fatlure of this theory in partly
wet conditions (Shuttleworth, 1976A), and stimulated
theoretical work (Shuttleworth, 1975, Shuttleworth,
1976B) which has given risc to a new one-
dimensional theoretical description. This theoretical
work considers in detail how the behaviour of all the
individual pieces of a canopy can be combincd
mathematically to crecate an equation describing the
bchaviour of the vegetation as a ihole. It demon-
strates.how previous simple models, which regard all
the cvaporation as occurring at one level in the
canopy, arc rclated to the complex numerical-
simulation models that have been used in the past;
and, in so doing, makes explicit {in mathematical
terms) the assumptions made in such simple models.
The work suggests how the presence of water on the
surface of the vegetation might be allowed for, and
introduces the idca that the transfer of all propertics,
from vegetation to the atmosphere, is subject to a
surface resistance.
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When the project first began there was considerable
speculation regarding the possibility that evaporation
from forested surfaces couid be enhanced by large-
scale advection, ie. by drawing in energy in the form
of warmer air from the arca upwind of the forest.
The suggestion was discounted by a great many
melerorologists, primarily because the existing experi-
mental evidence was not conclusive. The Thetlord
project has provided (Stewart, 1976A) dircct and,
uncquivocal cvidence for the existence of medium-
scale cnergy advection in wet conditions, cven over
forests the size of Thetford (large by British standards).
Although at present unique (since no similar study
has so far been made) this result is of profound signi-
ficance to hydrology. It emphasises the importance
of the interception process for tall vegetaiion, and is
fundamental to an understanding of the difference
between the cvaporation loss [rom tall and short
vegelation,

Knowicdge of the mecteorological and micro-
meteorological characteristics of the forest environ-
ment is quite recent: only in the last few years have
studies, like the Thetford project, arovided the neces-
sary mcteorological mcasurements. Although not a
primary objective of the programme, a great deal of
information of this typc has come out of Thetford
work. Most of the results have concerned the observa-
tion of windspeed and its cffect on the forest environ-
ment {Oliver, 1971; Oliver, 1974A; Oliver, 19748;
Oliver and Mayhcad, 1974; Oliver, 19758) while
others have investigated the radiation environment
and the temperature variations in a forest stand
(Stewart, 1g71; Shuttleworth, 1974).

Onc of the fundamental objectives of the project was
to provide measurcments of the then unknown surface
resistance of a pinc forest and to investigate experimen-
tally the {speculative) correspondence between surface
resistance and bulk stomatal resistance; and in so doing to
obtain knowledge and experience for use in formulat-
ing improved practical models of the cvaporation
from natural surfaces. A great deal of the available
effort has been concerned with this work. The median
value of thc measurements of surface resistance for
Thetford Forest (Figures 13 and 14) exhibits little
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Figure 13. The diurnal
gariaiion of median surface
resistance for groups of dry
days

Figure 14. The dinurnal
variation of the median
surface vesistance al
different seasons of the
year’
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variation from scason te scason and year to year
(Gash and Stewart, 1975) 1 a result which is currently
being used in an attempt to model cvaporation from
Thetford forest. .

Over the last year, an attempt has been made to
extend the Penman equation to make some allowance
for variation in the surface roughness of the vegetation
and the conirol it exerts on evaporation by virtue of
its stomatal resistance (Thom and Oliver, 1976);
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other peripheral studics have been orientated towards
improving instrumentation and understanding the
crrors involved in the experimental methods used in
the project (McNcil and Shuttleworth, 1975; Stewart,
1976B).

Of the scveral fundamental objectives behind the
Thetford project, only the requirement 1o esiablish
(or otherwisc) the equivalence of surface and stomatal
resistance remains unfulfilled, although Stewart and
Thom (1973} went some way towards this. At the
present time, a collaboration is in progress with a
group from Edinburgh University, who arc making
the parallel biological measurements, which will
allow such a comparison. At the same time micro-
metcorological data are being collected above the
forest at two sites two km apart, to provide
evidence of the representativencss of the measurements
and additional information on advection: while, for
the first time, measurements arc being made of the
forest’s carbon dioxide uptake.

Biological controls of evaporation

A better understanding of evaporation control by
plants is essential in determining the evaporative
characteristics of different types of vegetation. In some
cases plant physiological methods may be the only
means of making any progress, and for this rcason,
studies of trce phystology are under way at Plynlimon
and Thetford; activitics at both these cxperimental
sites arc described separately.

The work at Plynlimon is designed to provide
cstimates of transpiration and an understanding of
how trees (in the first instance, Norway spruce) are
able to control their transpiration. Evapotranspiration
cstimates are made using the Monteith-Penman equa-
tion. The climatological variables nceded as inputs to
this evaporation ecquation arc available from an auto-
matic weather station sited at the top of an aluminium
tower in the forested Severn catchment. This tower
also serves to gain access to the tree crowns as average
stomatal resistance of the tree canopy is needed in the
equation. This resistance is obtained from individual
shoots using a stomatal resistance diffusion poro-
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meter built for the Institute at the Botany Depart-
ment, University of Aberdeen. A description of this
type of cquipment is given by Beardsell ef al. (1972).
The sampling pattern encompasses variability in
resistance due to height in the canopy, shoot age and
shading. The average stomatal resistance is computed
from the stomatal rcsistance measurements and
a knowledge of the distribution of leaves in the
canopy from wholce tree sampling. A check on the
scasonal changes in needle loss from the trees is made
by monthly litter collections in litter cans close to
the sampling tower.

The cstimates of cvaporation made using the
Monteith-Penman equation are independent of those
produced {from the ncighbouring natural lysimeter
(sce page 47) with which they are to be compared.
The next stage is to discover whether stomatal resis-
tance (the ultimate plant control of cvaporation) is
controlled by the plant and how this is influenced by
climatic variables recorded by the automatic weather
station.

The levels of water stress in the shoots themselves
may also be important. This, cxpressed as ncedle
waler potential, is measured with the ‘pressure bomb’
technique (Scholander et al, 1965).

The work at Plynlimon was initiated in the spring
of 1975; since then stomatal resistance measurements
have been collected on a routine basis throughout a
summer seasont and will be continued until at least a
full year’s data arc avatlable. Information on the
structure of the tree canopy is nearly complete in
rcadincess for calculation of whole canopy resistances.

In the summer of 1975 dircet cstimates of water
uptake rates by trees were obtained using a technique
in which trees are cut under water and the base of the
tree left in a 50 gallon container of water from which
water uptake rates are measured (sce below). Thus,
dircct mecasuremenis of transpiration which can
be compared with the lysimeter values. The
technique was also useful in a study of the influence of
leaf water potential on stomatal resistance, as removal
of the soil-root resistance to liquid water movement
through the soil-plant continuum often results in a
rise in lcaf watcr potential and an alteration in
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stomatal resistance. Normal forest trees around the
experiment were used as controls for comparison.
Other plant physiological work (but on Scots pine)
has been in progress at Thetford for a much longer
period and has progressed much further. The tree
cutting work described above has been carried out in
1973, 1974 and 1975 (Figure 15). Sufficient data are
now available on the effects of leaf water status on
stomatal resistance (and hence on transpiration) to
conclude the series of experiments. The improvement
of leaf water status by removing roots under water
causes a decrease in stomatal resistance and an in-
crease in transpiration. This effect is only apparent
in conditions of higher evaporative demand, since
in dull conditions changing leaf water potential
appears to have no effect on stomatal resistance. This

Figure 15. Trunks of
trees cul off under water



work is supplemented by another experiment in which
irrigated trees were compared with unwatered trees;
lecaf water potential is raised by irrigation and
stomatal resistance is lowered.

Trees used in the main cutting experiments were
allowed to continue to transpire after removal from
the water drums to determine the usable water stored
in thesc trees. This was required to throw light
on a problem which arosc during ecarlicr soil
physical work at Thetford (page 44) when estimates
of cvaporation by a soil water balance method during
a threc-week dry peried in June were about 1 mm
day~! less than those madc by the micrometcorological
methods (page 33). A possible explanation of this
discrepancy was that water stored in trees was supple-
menting water abstracted from the soil to make up
the transpiration total. This quantity would be cx-
cluded from the soil physical estimates but would be
included in the micrometeorological ones. The results
obtained from drying of trees showed, however, that
the quantity in storc was insufficicnt to account for
this discrepancy.

Another possible cxplanation is that deep roots
running through the upper twe metres of sand into
the chalk bencath bypass the zero flux planc so that
water taken up by such roots is overlocked by
the soil physical method. This explanation has heen
cxamined in two ways. The first involved the excava-
tion of an extensive trench to expose the deep roots of
eight trces. This showed that only a very small pro-
portion of the 1otal root mass actually rcaches the
upper chalk, suggesting that this would provide only
a limited pathway for water. In another experiment
measurements of stomatal resistance {mcasurcd with
a diffusion poromcter) of trees were made after various
degrees of root pruning. The ultimate aim of the prun-
ing was to leave just the tap root unsevered from the
trunk. Progressive cutting of the roots produced no
significant effcct on stomatal resistance {and hence
probably transpiration rate) until the stage when
only onc lateral root remained together with the tap
root. This cxperiment suggests that tap roots arc
capablc of supplying the wee adequately with water,
although conversely, there is cvidence from the pit
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and other root excavations that only about 509, of
the trees have tap roots of sufficicnt depth or size to
be able to function in this way.

Interception

Mecasurcments of the loss of rainfall input through its
interception by forest canopies are under way at
Thetford and Plynlimen—sites chosen as having two
very different climatie regimes. The measurements,
calculated from the difference between gross rainfall
and throughfall plus siemflow, are an important
componcnt of the forest water balance. For example,
of the 505 mm of rain which fell at Thetford during
1975, 214 mm were intercepted and re-evaporated
hefore reaching the soil. Such direct measurements arc
being compared with estimates of the interception
loss derived solely from measurcments of metcoro-
logical variables. Firstly, a physically-based model
developed at Imperial College is being tested with
data recorded by automatic weather stauons mounted
above the forest. The results of this comparison
indicate that the net rainfall reaching the soil can be
cstimated to an accuracy of better than ten per cent,
The next objective is to establish with what accuracy
this mcthod can be applied to produce cstimates of
the interception loss from foresis, using data taken not
over the forest but at a metcorological siation some
distance away.

Interception work at Plynlimon sufiered a minor
setback when the site selected in the Hore subcatch-
ment was rapidly defoliated by saw-fly larvae, A
second site just outside the experimental caichment
arca has now been equipped with four canopy gauges,
18 cight-metre throughiall troughs and 15 stem flow
gauges, sce Figure 16. Climatic data are provided
by two aulomatic weather siations mounted on towcers
above the canopy as shown in Figure 29, Repeated
difficultics were encountered in operating a highway
system of logging multiple gauges in a very hestile
environment. This system was finally abandoned in
favour of a less-sophisticated but more rugged method,
but not before the former method had shown that the
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Figure 16. Parl of the
interception site, Plynlimon,

showing troughs and a

stem gauge

magnitude of stem flow exceeded anticipated amounts.
In addition to the main site, seven auxiliary sites were

established within the catchment area sampling

different altitudes, slopes and aspects. These are

equipped with seven four-metre throughfall troughs

delivering a catch into separate storage bins and four
stem flow gauges, likewise collecting their catch
separately.

Unsaturated soil water flow

Sotl motsture fluxes in the unsaturaled zone

Practical methods of measuring moisture fluxes in
unsaturated soil are needed for many different
applications—the monitoring of recharge to ground-
walter, for instance, or for estimating actual evapora-
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tion by a crop independently of mcteorological or
lysimetric measurements, or for following the move-
" ment of pollutants in the unsaturated zone.

The Institute has been concentrating on developing
the zero flux planc technique, which dcpends on
ideniifying a depth at which the vertical hydraulic
potential gradient (and hence the soil moisture flux)
is zero. Soil moisturc changes, above and below this
depth, represent unsaturated fluxes to cvaporation
and drainage. Soil water potentials are measured by
porous pot tensiometers and the soil moisture con-
tent by ncutron probe.

A prerequisite for a successful project of this nature
is reliable and accuratc instrumentation, The Wall-
ingford neutron probe has proved itself in this respect
but carly attempts to measure hydraulic profiles
showed that work was needed to find a suitable de-
sign and opcrating procedures for tensiometers. A
cheap and reliable design of manually-read tensio-
meter has been developed and much operating experi-
cnce obtained; the computer sysicm for processing
and manipulating tensiometer data is described below.

Currenily, expcriments arc in progress at three
sitcs within Thetford forest. The annual rainfall of
the area averages 6oo mm, with a total £ value of
about 500 mm. The sites lie on sand { ~ 1m) over-
lying chalky drift (~ 2 m) overlying Middle chalk.
The main part of the project is at the same siic as the
evaporation and intcrception experiments described
carlier; comparison is thus possible between micro-
metcorological and soil moisture based cstimates of
cvaporation from Scots pine. The sccond site is in a
grass clearing about one km from the main site and
the third some eight km north of these in a Corsican
pine siand ncar to Fcltwell. While the groundwater
table is at a depth of about 35 m at the first two sites,
at Feluwell there is a possibility that the trees are
abstracting directly from the relatively shallow
groundwater (about 10 m depth). This is being
investigated using newly developed pressure trans-
ducer Lensiometers, mounterd in a borehole just above
the water table to measurce the hydraulic potential
gradicnt in this zone,

A comparison between groundwatcer level fluctua-
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Figure 17. Cumulative
amewnts of drainage and
cvaporation_from one forest
and one grass clearing sile
derived by the zero flux
plane method for 1974.
Graphs have been maiched
al zere on 30ih January

tions and drainage from the forest area using a simple
model has already been published (Cooper, 1974). In
order to refine this model further three extra observa-
tion boreholes have been drilled within the forest.

Computer programs have been written to calculate
soil moisture fluxes at any chosen depth given zero
flux planc depths and moisture content measurements
over a period. They are being used 10 compute
evaporation and drainage from cach site throughout
the year. A graph of cumulative evaporation and
drainagc from a forest and grass sitc through the year
is shown in Figure 17.

A flexible and versatile suite of programs has also
been written for the handling of large volumes of
ficld tensiometer data. Although some quality con-
trol of the data is possible in the programming, much
of it must be donc manually, hence the programs dis-
play the data in tables and graphs to make this work
casicr and for use in further analysis. The programs
offer a’ choice of (a) tables of the rcadings of the
tensiometers together with the calculated total and
matric potentials, and a line-printer plot of the poten-
tial profile, (b} a similar graph plotted on the Calcomp
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graph-plotter, {c) the potential profiles plotted in
sequential datc order for periods of a year or less or
(d) a time-series graph of the data together with the
relevant rainfall bar-chart. Both (c} and (d) are
plotted on the graph-plotter.

Process studies for modelling catchment response - .
f 4 P Figurc 18, Diagram of

Models of catchment response are being synthesised Sorest net rainfall gauge

-«—— Tipping bucket flowmeter
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from quantitative studies of the components of the
hydrological cycle and their intcractions. At present,
water losses from a forest ‘natural’ lysimeter in the
Scvern catchment at Plynlimon arc being investigated.
The lysimcter has been in coniinuous eperation for
two years during which time seoil water drainage,
changes in soil moisture, soil moisture tension, rain-
fall and net rainfall have been recorded. The net
rainfall data (stemflow and throughfall) were obtained
by suspending a plastic sheet beneath the canopy—
see Figure 18 (Calder and Rosier, 1976).

Mcasurements of stomatal resistance and leaf water
potential were also made during 1975. Given certain
assumptions concerning the forest canopy, the lysi-
meter observations were used to estimate runoff from
the experimental catchment of the upper Scvern;
this compared satisfactorily with flume measure-
ments (Calder, 1976). The total water losses from the
lysimeter for 1974 of 1100 mm (760 mm interception
loss, 340 mm transpiration) were found to be almost
cxactly twice the Penman E, estimatc of evaporation
{540 mm) which implics considerable advection of
energy into the Severn forest and also demonstrates
.the importance of interception losses in similar high
rainfall districts. Operational mcthods are now used
to derive surface, resistance, acrodynamic resistance,
and other canopy paramcters from the lysimeter
obscrvations and automatic weather station data.

Water movement and losses from grass slopes arc
also being modelled from measurements taken in the
Wyc catchment. A feasibility study is in hand 1o
investigate the possibility of using large chamber
vapour flux measuring devices in conjunction with
fibreglass monolith lysimeters, already in operation,
to compare the behaviour of the crop inside the
lysitneter with that outside.

Saturated soil water flow
Shatlow groundwater in flood plain deposits
Onc ol the largest expanses of reed in the South of

England s at Thatcham, Berkshire, covering an
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arca of o5 km? adjacent to the River Kennet. The
reedbed was formerly of commercial importance as a
source of thatching material but has fallen into ruin
through the neglect of irrigation ditches. Thatcham
reedbed, even in its decayed state, is a habitat for a
large number of plant, inscct and bird species of
scientific and rarity value. The high water table,

particularly in spring, on which the reed and its
fauna depend, is further threatened by the proposed
extraction of gravel from part of the site. The Insti-

Figure 19. Thatcham
reed beds




tute was commissioned by Newbury District Council,
in co-operation with the Nature Conscrvancy Council,
to monitor the cftect of gravel extraction on ground-
water levels.

When the study was first discussed the gravel
operations were belicved 10 he imminent. However,
extraction has not yet started, allowing us to collect
several months of background data which will be use-
ful in cstablishing the natural fluctuations of the
waler levels in the reedbeds. Ten shallow borcholes
have been installed and water levels measured at fort-
nightly intervals, To determine the amount of water
available for future irrigation of the reedbeds, the
flow in ditches traversing the area has been measured
by the velocity-area mcthod.

The borehole records show a risc in the water 1able
in somc arcas over the period August 1975 to February
1976, but by no means docs this cqual the winter
rise, culminating in standing water on the surface,
which is necessary to sustain a hcalthy reedbed.
Modelling studics should show whether this was
merely an cffect of the unusually dry autumn and
winter, when rainfall at Thatcham was only some
70% of the average, '

Surface runoff and channel flow

LErosion and sediment transport

These studies have been designed to investigate the
effects of afforestation on erosion and scdiment trans-
port by gauging suspended sediment and bedload from
two ncarby catchments: the grassland Cyfl' and
forested Tanllwyth. Sources of scdiment supply to
both rivers were calibrated by means of small rect-
angular weirs and associated bedload traps (see
Figurc 20). Automatic liquid samplers have been
used for suspended sediment calibrations at a number
of representative sites. Erosion pins have been used
where the ahove monitoring systems were inappro-
priate, cg channel banks.

Ficldwork for the nerc Rescarch Student termi-
nated in Summer 1975 but measurements are con-
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tinuing on a routine basis. Over two years of data on
bedload, believed to be unique at this scale, will form
the basis of a PhD thesis.

Data analysis is only at a preliminary stage but
shows that a regression model is adequate to describe
gross yields of bedload, using discharge hydrograph
variables as predictors. Velocity (energy) factors are
therefore dominant but residuals may be explained
by sediment availability. This is in turn controlled
by the sequence of flood events of various return
periods. Storage of bedload in the channel system is
considerable and has been estimated.

Differences in sediment yields between the two
types of land-use are marked, the forested catchment
producing nearly four times as much sediment as the
grassland. Attempts are being made to separate

morphometric causes of this dillerence from land-use
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Figure 20. Emptying the
Cyff bed-load trop



causes and an intensive study of forest ditching is being
conducted.

Urban h_ydra[ag ry

Work is continuing on an investigation into rainfall-
runofl relationships for partially and fully urbanised
catchments. Theresearch programme has 2 olyjectives.

The first is geared to the requirements of designers
of storm sewers. Studying the rainfail-runoff process
in urban arcas should provide an improved model of
the above-ground phase of urban runofl. This will
then be available for incorporation in a new sewer
design method being- developed at the Hydraulics
Rescarch Station. Existing data derive from scwer
measurements of water level; they include the effects
of pipc flow routing. Such data are being analysed
to yield prediction equations rclating runofl’ vofume
to catchment and storm chatacteristics but they are
inadequate for the study of the attenuating and
dclaying cflects of the above-ground system alone.
Therefore, following the devclopment of a meter
designed to monitor discharge through a road gully,
a new data collection programme involving catch-
ments at Bracknell, Stevenage and Southampton is
planned for 1976f77.

The sccond objective is to report on the cffect of
urbanisation on hydrograph characteristics in natural
and improved watercourses. A literature review will
be followed by analysis of cxisting data to yield
prediction cquations relating unit hydrograph para-
meters and runofl volume to catchment charac-
teristics. These will be similar to those given in the
Flood Studics Report but will have been developed
specificaily for the urbanising situation.

In conncction with this work, we have been
fortunate in being abfe to monitor the changing run-
ofl regime as building proceeds at Milton Keynes.
A rain gauge neiwork and a flow mcasuring station
on the main sewer record the rainfall-runofl trans-
lation process from impervious surfaces such as roads,
roofs and gullics. Acrial photography is being used
to record the changing pattern of the impervious
cover, as shown in Figure 21.
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Figure a2, Channel cross-
section measurements in the
Wye calchment

Figure 21. derial photo-
graphs of urban develop-
ment al Milton Reynes,
showing progressive im-
pervions cover

Surface and stream channel characteristics

A programme of field mapping of hydrological do-
mains based on vegetation communities in the Wye
catchment has been completed. All major open
stream channels in the experimental catchments have
been surveyed in cross-section at 100 m intervals
(see Iigure 22). Thus, a basis has been established
for modelling runefl’ production during storms and
the routing of slope runofl in channels. Bankfull
channel capacities have given useful information
about flood runoll zones in the catchments since the
relationship with catchment area does not increase
linearly downstream.

The data collection programme for typical runofl
domains in the Wye catchment has been completed
and the recorders moved to the Severn, where the
cffects of forest draingage will be calibrated. A
naturally-croding peat catchment (the Upper Severn)
is also being studied. A corollary of the study of
forest drainage has been the selection of two farm
sites outside the catchments where tile drainage
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schemes will be implemented shortly; this practice
15 now common in mid-Wales but its hydrological
cffects cannot be assessed in the Wye catchment
where only old open drains exist.

At the request of mathematical modellers, attempts
have been made to derive individual parameters
including infiltration capacity, hydraulic conductivity
of peat, soil pipe drainage factors and channel routing
factors. Time-of-travel studics with fluorescent tracers
have proved that the fall-and-pool sequences of
the upper catchments produce a markedly non-
lincar deccrease in travel time with increasing dis-
charge. Individual studics of separate reaches are now
proceeding to ascertain why.

Chemical dilution gauging

Work at the Institute on the chemical dilution gaug-
ing method has concentrated on three possible sources
ol systematic error in the results: loss of tracer,
failure to achieve a steady concentration of tracer in
the stream, and unstcady discharge. The fourth
source of bias, poor mixing in the strcam, can be de-
tected by a good sampling technique, and eliminated
by a suitable choice of mixing reach.

An intensive gauging excrcise by teams [rom the
Institute and the Water Rescarch Centre (Medmen-
ham) was carricd out on the River Avon at Christ-
church in April 1975, when an ultrasonic gauging
station at Knapp Mill (O.8. grid ref. 57 154943) was
checked by both current metering {velocity-arca
method) and dilution gauging, using sodium todide
injected 850 m upstrcam. The flow of 26 m¥fscc was
the largest yet gauged by the constant rate injection
method, and cach gauging required the addition of
25 kg of sodium icdide over a period of 5 hours to raise
the iodide concentration in the river by 4o pgflitre.

The tracer was injectied by a Mariotte constant-
head vessel feeding into the inlet of an clectric centri-
fugal pump, which delivered two litresfsec of river
water plus tracer (o a perforated pipe stretched across
the river. Samples were drawn by a multi-channel
peristaltic pump from a grid of 50 points on ten
vertical stakes driven into the.Bed at the gauging




station. In this way the two-dimensional distribution
of tracer at the sampling scction could be investigated.

The comparison of dilution gauging with the other
methods was intriguing—a typical result was 28-6
mifs for dilution gauging, 240 m?s for current
metering and 25-2 m®fs for the ultrasonic method.
Although the higher figure for the strecam discharge
given by dilution gauging immediately suggested
loss of tracer, which is most likely to occur in the
fincly divided scdiment load of the river, investiga-

tions of iodide uptake on various sediments showed
" that sorption by inorganic materials was insignificant.
These experiments are described in more detail in the
hydrochemistry section.

The constant rate injection method rclies on the
achicvement of steady conditions at the sampling
section, while the integration (gulp or sudden injec-
tion) method requires the whole of the response curve
to have passed the sampling scction during the
sampling period. The time taken depends on the rate
of movement of tracer through the gauging reach.
At the sampling section, pariicles of stream water will
have had widely varying times of residence in the
gauging reach. These residence times form a statistical
distribution which is assumed stationary for stcady
flow. The residence time distribution £(0) is such that
any finitc sample taken at the sampling section con-
tains a fraction KE(B) d(0) of water particles with
residence times in the interval (@, 6+ dB8). Experi-
ments are being performed to determine the variation
of the residence time distribution with discharge for a
typical gauging rcach on a mountain strcam. The
distribution is obtaincd in the ficld by measuring the
response of the stream at the sampling cross-scction
to an instantancous injection of sodium chloridce at the
upper cnd of the reach. The increase in tracer con-
centration in the stream  (about 25 mgflitre on
average) is measured as an increasc in clectrical con-
ductivity. The residence time distributions obtained
to date for the 33 metre reach have been fitted to a
random walk function.

Yz
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where @, T and 7T arc parameters of the curve. The
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results arc encouraging (Figure 23). If this model
holds for futurc experimental resulis, it will be possible
to determine the variation of the parameters of the
function over a widc range of discharge and for
different reaches, and to provide for a ficld gauging
an accurate cstimate of the time required to establish
steady conditions at the sampling point.

Dilution gauging is described by British and Inter-
nattonal Standards as a mecthod for determining
steady flow. Hydrologists have always assumed that,
as in the case of gauging structures, this condition can
be relaxed as long as the flow is not feo unsteady. A
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mathematical siudy has been performed (Gilman, Figure 25. Comparison of
1975) of the cffect of changing discharge on dilution random walk model with
gauging using the continuous injection method. A distribution of residence
residence time model was used to determine the times fn a short stream

downsircam concentralion of a conservative tracer reach
during the passage of a flood hydrograph, and hence
the systematic error of the gauging. It was found that,
for the cases investigated, the rising limb of the hydro-
graph could not be gauged accurately, but gauging
on the recession limb would show little error.
Work now progressing on the error incurred by
gauging on the recession limb of the hydrograph, the
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situation encountercd most often in practice, shows
that for small rates of fall of discharge the error is of
second order in the rate of change of discharge, but
depends also on higher derivatives of the discharge.
Tt is expected that this systematic crror will be shown
to be small for most field gaugings, and that this work
will result in a simple method for estimating the crror
for conditions encountered in the field.

Hydrochemistry

Chemical elements dissolved in natural waters can
exist in onc or several forms which differ either in their
oxidation state {eg iodine which is found as both
iodatc ions and iodidc ions) andjor their complexed
state (cg Zinc which can be present as Zn®*, ZnCI+,
ZnCly;, ZnOHCL ions and chelated with organic

"material). The form of a chemical clement is an

important factor in determining its reactivity in
natural systems, It is because of this impertance that
the Institute’s chemical work is at present concerncd
with speciation problems. We are concentrating upon
the speciation of silicon and iodine, the former because
of its contrel of the solubility of silicates and silica,
and the latter because its speciation is controlled by
a redox couple which is an important factor in asscssing
its usc as a tracer for dilution gauging. Chemical
systems that include a waterfsediment interface are
also under investigation because such reactions are
important in both a waler resources context, where
they can control the quality of abstracted water, and
in dilution gauging, where significant sorption of
tracer on suspended material in the river could
vitiate a gauging.

A method is being developed to determune the
silicon specics in natural waters using the diflerent
reactivitics of these species towards an acidic molyb-
date reagent in which molybdosilicic acid forms.
Progress in its development has suffered from the
previous lack of understanding of the chemistry of the
silicatefmolybdate reaction. Qur studies during the
last two years have cnabled us to define these reac-
tions rigorously, and as a result two methods for the
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determination of silicate have been developed.
Twenty-scven samples of upland river water from
around the sources of the rivers Wye and Scvern, when
analysed by thcse methods, produced mean silicate
values of g504-3 pg 17" and 94943 pg -, Our recent
publications on this subject {Truesdale ef al, 1975;
1676) will be of dircct valuc not only to the Institute,
but also to many hydrochemical, geochemical and
industrial taboratories.

The element iodine occurs in a wide range of
concentrations in natural waters. Although it can be
present in a number of different forms, little is known
of the factors that control its chemistry. Investiga-

tions of this clement began two years ago when sodium -

lodide was introduced as a dilution gauging tracer.
A rapid (50 samples per hour) automatic colori-
metric method for the determination of the low con-
centration of iodide used in a gauging (40 pg =) was
developed at the Institute. The method relies upon the
catalysis, by iodide, of the rcaction between ceric
ammonium sulphatc and arsenious acid. This proce-
dure has been extensively used during the past two
years (an cstimated 10,000 samples) and we have
found it to be not only reliable; but also to be aceurate
and precisc. {(In the range of concentration 1 to 100
pg I-' iodine the crror will be within 4-0-369%, for 5%
confidence). Extension of this method so that it can
differentiate between the iodine species (17, I, 104™)
at cven lower concentrations is now well in hand.
Recaciions at waterfsediment intcrfaces arc being
studied firstly in terms of trace element uptake, with
particular emphasis on iodide because of its use in
dilution gauging, and seccondly in terms of major
element uptake which deals with the changes of water
quality within aquifers. Investigations of a wide
varicty of sediments, together with their associated
freshwaters, have demonstrated that uptake of
significant amounts of iodide and iodate can occur,
The results of these investigations arc shown in
Tabic 3.

The suspended loads used in the experiments arce
several orders of magnitude greater than those found
normally in rivers and hence represent sorptive ciiects
far greater than those anticipated at normal sediment
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Table §. The perceninge
todide and iodate sorbed on
to stream and river sedi-
menls tn thetr associaled
Sresh waters for a suspended
load of 2-0 g 1" and an
initial todine concentration

of goropgl_.

Table 4. Sorption of iodide
and iodate on lo peal and
iron hydroxide



- Ordance
Survey Todide Iodate
River Grid Ref. Lithology . 2lrs 24 hrs 2hrs 24 hrs

Kennet SUs06630 cHALK o0 8-6 00 2°1
Middle Ditch  SU506650 cHALK 00 3'0 57 57
Chalgrove Sli636g70 CHALK[CLAY 00 64 00 00
Great Mascley SP613000 - CLAY/SANDSTONE 00 00 144 144
Thame SUs04987 crLay 00 12 00 0-0
Chaddesden  SK384372  sANDSTONE 00 2'0 00 0'0
Lathkill SK212656 LIMESTONE 00 21 00 00
Upper Wye SNB058065 peAT 8-7 34'3 82 27-8
Avon 1 8Z154943 GHALKfCLAY 00 00 0'0 00
2 to 00 00 00 o0
3 8Z155959 00 10 00 o0
4 02 00 oo 00
5 00 00 00 02
6 00 03 oo o0

Fraction of 40 g 1= of iodinc sorbed (%)

Scdiment load {mg 1-1)
System . 10°0 100 1000 10000

Iodide and peat in

freshwater 0-02 016 1-62 14°Gg 70-46
Iodate and peat in

freshwater <02 <02 385 20°50 78-25
Iodate and ferric ’

hydroxide {adsorbed) 458 26G-25 G215 B4-94 - 9475
Todate and ferric

hydroxide (co-preci-

pitatcd) 558 3450 7874 9573 99-21

loadings. Nevertheless, the results show that the
greatest uptake of iodide and iodate occur with peat.
Experiments with various suspended loads of peat
were carried out in order to determine iedide and
iodate sorption. Freundlich isotherms, when cxtra-
polated to average suspended loads {approximately
2 mg I-1), indicatc that less than 019 of icdide and
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iodate are removed from solution at this loading.
Other experiments carried out with freshly precipi-
tated iron hydroxide showed that iodate is strongly
sorbed whereas iodide is not sorbed. Todate, therefore,
should not be used for dilution gauging of fresh waters,
whereas iodide is suitable provided that suspended
loads are small.

Analagous studies, performed in the presence of
high concentrations of salt, suggested that iodide and
iodate sorption could be important in controlling the
distribution of iodine in an estuary. Further work will
therefore be required before the use of iodide as a
tracer in an estuary can be vindicated. In the second
group of studies, a method has been developed for
determining the major cations adsorbed on clays
present in a clay-carbonate assemblage. The method
is being refined for the determination of exchangeable
cations on carbonate surfaces. It is anticipated that
field studies of the efTects of cation exchange on water-
quality, both in surface and ground-waters, will be
initiated shortly. In particular, the cffect of saline
waters on the surface chemistry of clays and carbo-
nates will be studied.

6o

Figure 24. Aquifer com-
paction recorder. The
anchor weight at the base
of the borehole is repre-
sented in this layout by the
left hand steel weight



Applied Hydrology

Assessment of resources

The Tekran basin

The objective of this study, carried out for Sir
Alexander Gibb and Partners is to look at the ground-
waler development potential of the Tchran area.
It is cssential that water supplies are maintained until
the commissioning, early in the next decade, of a large
reservoir_serving both agricultural needs and also
supplies to the city of Tehran itself. Intensive demands
will therfore be made on the groundwater reserves of
the Tehran region in the next few vears. Water quality
investigations have been carried out in the fleld and
hydrological information collected during the con-
struction of water supply borcholes. Short field visits
have been made to study the pattern of snowmelt
runoff and recharge into the aquifer and changes in
agricultural land use which might affect the evapora-
tion losses. Knowledge of the water balance of the
area is being brought up to date by incorporating into
a hydrological model all recent measurements of
mountain runoff, precipitation on the plain, outflow
from the city and water level changes measured in a
comprehensive network of observation wells. Proposals
for groundwater management will be tested on this
hydrological model.

When large amounts of groundwater are abstracted
from sediments containing clay, compaction of the
dewatered aquifer can occur, causing subsidence of
the ground surface. A compaction recorder is to be
mounted close to abstraction wells in Tehran to
monitor this possible effect. The recorder, shown in
Figure 24, measures the movement of the ground
surface relative to the upper end of a steel cable which
passes down a borehole to an anchor weight at the
base of the aquifer. A system of pulleys and a knife-
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edge suspension ensure that the tension in the cable
is constant, while the movement is recorded on a
vertical drum water-level recorder. The instrument
is based on a design used by the US Geological Survey,
but the detailed specification and working drawings
were developed from first principles at the Institute.
The instrument was subsequently constructed by an
outside contractor and then shipped to Tehran for
operation by the Tehran Regional Water Board.

Water vesources survey of northern Oman

The study area, over 15 ooo km?, can most simply be
deseribed as those wadi basins which drain the Jabal
Akhdar and Jabal Nakhl. This massive limestone
anticline forms a mountain range 125 km long and
rises to 3000 m. The moderate though unpredictable
rainfall on the Jabal (there are usually several storm
periods each year of about 100 mm) distinguishes the

region of northern Oman as one of the few areas of

the Arabian peninsula where settled agriculture is

Figure 25. Flash flood
approaching wadi gauging
station, northern Oman



possible. ITn the alluvial arcas of the wadi channecls,
the piedmont and the extensive plains to the north
and south of the mountains, traditional systems for
exploiting groundwater have cnsured a reasonably
rcliable supply of water for irrigating date gardens
and fodder crops. In the last decade there has been
some development particularly along the coast of the
Gull of Oman. Pump-scts have been cstablished on
most of the hand-dug wells and modern boreholes
have been drilled in an endeavour to increase the
supply of irrigation water, Cropping pautterns arc
morc stable but some new [arms using modern techni-
ques are being established.

The objectives of the study were to assess the
characteristics of the alluvial aquifers, to determine
the major sources of recharge to them and to make a
preliminary estimate of their long-term yicld. In
addition wc were to cxamine the potential for ¢n-
hancing the rate of replenishment of the aquilers by
reducing the losses of fresh watcer to the sea or 1o the
desert, and to assess the potental of the bedrock as an
aquifer.

Very little basie data exasted at the start of the
study: somc rainfall data were available from stations
at low altitude; runoff, which takes the form of Hash
floods, had not hcen measured; and there were no
records of water level changes in the aquifers. The
method of study was heavily influenced by this lack
of basic data and much of the field work was direeted
towards establishing instrument networks and col-
lecting primary data before any worthwhile analysis
couid take place. Tt was expected that in this varied
and difficult terrain accurate measurement df the
variables would not be easy and that a qualitative
undcrstanding ol the processes of runofl’ and recharge
would beneeded to underpin the quantitative analysis.

Three broad ficlds of investigation were cstablished.
The first, a study of the surface water hydrology was
concerned with collecting sufficient records of rain-
fall and wadi flows to dectermine the proportion of
rainfall which is available lor recharge and to use the
limited historic records to cstimate long-term recharge
and hence potential aquifer yield. The sccond field
of investigation was concerned with the aquifer litho-




logy and characteristics such as transmissivity and
storage cocflicient with the aim of determining flow
through the aquifers in relation to the water table
configuration. The third and final part of the study
was concerned with the sources of water available 1o
the villages throughout the area. 1t was anticipated
that ihe balance between resource and use would be
close and that abstractions for irrigation would play
a significant part in the water balance of the alluvial
arcas.

In general terms we were able to develop a model
of the rainfallfrunoffjrecharge process, which could
be supported by independent estimates of ground-
water flow, and which was consistent with the pattern
of water use for irrigation. This was particularly
gratifying since a prolonged drought persisted through
half the study period and water availability reached
its lowest level for many ycars, Fortunately 1975 was
a ycar of average rainfall and the model was based
on three short periods of storms,

Qur studics indicated that recharge in wadi
channels and piedmont areas at the mountain foot was
invariably morc than recharge in the alluvial plains
where sccondary geological processes such as precipi-
tation of carbonates had given rise to extensive de-
posits of cemented gravels possessing poor infiltration
characteristics and low transmissivitics.

The study was carricd out in association with Sir
Alexander Gibb & Partners, Consulting Engineers.

Santa Elena peninsula

The Institute provided on sccondment the team
hydrologist for the obm Santa Elena Peninsula
Technical Assistance Project, which covered a poorly
developed, partly arid, arca of Coastal Ecuador.
Advice was given on the improvement of hydro-
metcorological stations within the area and on the
extension of networks of raingauge and climatological
stations at a level required for the practical develop-
ment of agriculture and water resources.
Recommendations were also presented to the
Ecuadorian National Water Resources Institute
(inerui) for improving the coverage of agromcteoroe-
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Figure 26. Inspection of
existing stream gauging
stte, Santa Elena, Ecuador

logical stations within the cropping zones of the
major irrigation projects, both in the coastal lowlands
and in the Andean Sierra at altitudes of 3000 metres
and above.

The water supply of Guayaquil, the largest city and
main port of the country, is taken from the Rio Daule,
one of the two major tributaries of the Rio Guayas
which drains a large proportion of the coastal low-
lands of Ecuador. The pumping station where water
is abstracted at present is above the point of furthest
penetration of saline water from the Guayas Estuary,
but plans for increased abstraction have led to a joint
study by the Hydraulics Research Station, Walling-
ford, and the Guayaquil Municipal Water Board
(EMapG) into salinity intrusion within the Estuary,
using modelling techniques already developed by
urs in a study of the River Gambia in West Africa.
A search was made for all available flow data for the
other main Guayas tributary, the Rio Babahoyo,
which joins Rio Daule just upstream of Guayaquil;
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these records were analysed at the Institute in a
suitable form for the urs salinity intrusion modcls.

Mauritius

Records at a number of sites in Mauritius werc used in
a study of proposed hydroclectric development based
on aliernalive reservoirs (a study for Engincering and
Power Developments Consultants Lid.). The records
were extendep by correlation between short-term
and long-term rainfall and runoff records, supported
by considcration of water balances computed from a
comparison of records at a number of sites in the area,
The investigation was complicated by the need to
allow for past and future extractions of water for
irrigation schemcs,

Optimal exploitation of resources

River Jacui, Brazil

The objective of the River Jacui project is to deter-
mine the optimum operating rules for three barrages
on a 300 km stretch of river used for the transport of
the soya crop grown in the interior of the southern-
most part of Brazil, Rio Grande do Sul. The barrages
should be operated such that depth of water in the
river is maintained above three metres—the draught
of the vessels used—for as long as possible throughout
the year; as a second objective, the {frequency of
flooding is to be minimized. Each barrage has a
scries of individually adjustable gates, the most up-
strecam barrage at Fandango having 40 gates each of
two metres width, the barrage at Ancl De Dom
Marco having four gates of approximately 20 metres
width and that at Amaropolis having 84 gates of two
metres width., A navigation lock allows the passage
of vessels past cach barrage. .

Two approaches arc being used to determine
operating rules for the barrages. The first is a trial
and crror simulation study using a systematic sample
of mean daily flows drawn from a rcconstructed
twenty-year record. A set of operating rules is assumed
for each barrage, and for cach sampled day back-
water curves are computed for each of the three
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critical recaches of the river to determine whether or
not water depths are everywhere greater than three
metres. The ratio {number of days in the sample in
which water depth falls below three metres somewhere
in a reach)f(total number of days in the sample) is
then a measure of the efficiency of the aperating rules
being tested ; the operating rules are then varied until
the ratio is satisfactorily small. In the sccond approach,
the shallow-water St Venant flow equations are solved
by the method of characteristics given (a) an input
hydrograph at the upstream end of a reach; (b} an
assumed power-law relation between the discharge
over the barrage at the downstream end and the
difference between the depth of water immediatcly
upstream of the barrage, and the barrage hceight.
Depth of water i1s calculated at points along the
channel and at intervals of time; discharge over the
barrage is also calculated, and is used as input data
to a similar calculation on the next rcach down-
stream. The computer program for the solution of the
St Venant cquations could be incorporated at a later
date as a subrouting in a dymamic programming
optimisation in which the objective function {to be
maximised with respect to the three barrage settings,

cach regarded as a function of time) is the minimum |

of the three minimum depths, one from cach reach.

River Dee real-time forecasting sysiem

Under contract to the Water Research Centre, the
Institute of Hydrology has provided a real-time com-
puter model for short term flow forecasting on the
River Dee. The system demonstrates the use of weather
radar data as input to a hydrological model and the
potential benefit to the operation of river regulation
schemes of real-time flow forecasts.

A large number of ficld outstations transmits river
level and rainfall information from all parts of the
catchment to the computer at half-hourly intervals.
The computer is also linked by land line to a weather
radar at Llandegla which provides estimates of the
hall-hourly subcatchment rainfalls, as well as dis-
playing at the Bala control centre on a colour TV
monitor the latest picture of rainfall distribution. The
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model then uses this information, together with the Figurc 27. Map of River
current rainfall forecast, to produce a 24-hour pre- Dee catchment
diction of flow from the smaller subcatchments of the
Dce. A simple rainfall-runofl model (McKerchar,
1976} is employed; it makes the basic assumption of
a unique rclationship between catchment storage and
outflow.
Using the variable parameter diffusion method
{Lowing, Pricc & Harvey, 1975) developed at the
Hydraulics Rescarch Station, the forecast sub-
catchment flows are then routed down the main
channel to Corwen and Manley Hall (see Figure 27).
A second model is then used to produce two-day
forccasts for the Farndon-Eccleston reach in the
Lower Dec where abstractions are made for water
supply purposes.
The project is now entering a second phase, in
which the sensitivity of the forecast to different aspects
of the system will be investigated.




Estimation of flood and drought frequencies

Predicting the flood response of a catchment

Much of this project is concerned with follow-up-
activities connected with the Flood Studies Report,
published last ycar. Contributions to conferences,
teach-ins, lectures, and the giving of advice to users
have all taken up much time but have also helped to
focus attention on those particular aspects of the
Report’s recommendations which are most in need
of further study.

A case in point is an extension of the unit hydro-
graph/losses scction of the Report. This work had two
main aspects, the prediction of runoff volume and the
prediction of the timing of runoff using the unit
hydrograph. The main aim is to improve the con-
fidence limits associated with these predictions. This
requires the collection and collation of further data to
sample from a wider range of catchment types, and
further screening of event data used previously. The
second task is nccessary to raise the general level of
data quality and is complemenicd by the addition of
recent event data (ie post 196g) to replace rejected
material.

Predictions may also be improved by using new
independent variables in the regression equations.
In this context, an extensive investigation into various
indices of average catchment slope is under way.
Also, the nature of the soil index proposed in the
Report is being re-examined in the light of more de-
tailed information and with the benefit of feedback
from the catchment data already analysed.

Within-catchment variation of unit hydrograph
parameters could not be explained by any event
variables used in the carlicr work. Some of the data
appeared to support the classical criticism of the unit
hydrograph—a linear model is a poor representation
of a non-lincar system—and some clearly reflected
data inadequacy. The uncertainty prompted the
conservative recornmendation to reduce unit hydro-
graph time-to-peak by a third when designing against
extreme floods. This recommendation may not always
be appropriate however, and studies are in hand to
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refine it, again with the benefit of better quality data.
Statistical models for the disiribution of flood flotws

Small return period floods

In economic terms, it is often the most frequent floods
that are most important. They have been estimated
using a theoretical rclationship between the peak
over threshold and annual maximum flood serics.
As shown in Table 5 below this leads to an under-
estimatc of the flood. These results are for castern and
southern England and an explanatory paper is being
prepared to show more geneeal results.

Table 5.
Flood recurrence per year 5 2 1
Equivalent annual maximum return
period (years)
according to flood records 1-00 136 £°go
according to theory 101 116 1'58

Seasonal flooding

Agriculturalists arc interested in flood frequencies
considered scparately for both the growing and dor-
mant seasons. Early indications are that the seasonal
incidence varies little in different parts of the country
although an arca in cast Scotland shows an interesting
divergence from the national pattern. The influcnce
of urban devclopment on augmenting summer flood-
ing is also being studied.

Flooding duc to two or more causes

Bivariate extreme value distributions are being used
to solve the “twin hazard® problem. This arises when a
line of communication can be cut by two rivers, or
where land can be flooded by both tidal and {luvial
influences.

70




Flood survey problems

To suit the special requirements of the exicnsive land
drainage surveys that Walter Authoritics arc producing,
standard calculation sheets are being prepared and
short-cut procedures have been developed to estimate
floods at many points within a basin. Preliminary
guidelines to allow for the cffect of urbanization have
also been prepared.

Follow up studies to United Kingdom Flood Studics

Techniques for regionalising mean annual {lood
values from catchment characteristics and pooling
flood frequency curves are being updated with more
recent information from the data which is now held
by thc Water Data Unit. Special attention is being
given to the behaviour of catchments less than 1o km?
in arca. o

Short-term consultancy projects

A number of rclatively short term investigations in-
volving the techniques and experiisc developed for
and reported in the Flood Studies Report has been
applicd to several sites in the United Kingdom and
overseas.

Estimates were made of the magnitude and fre-
quency of flooding at drainage crossings for a road
design in north-castern Botswana. The instantaneous
peak Aows were extracted from the gauging station
records, a rclationship between mean annual flood
and catchment characteristics derived, and a regional
flood frequency curve then built up to relate the
-design flood to the mean annual flood. A somcwhat
similar study of flood frequency relationships was
carried out for three oilfield arcas in southern Tran.
This work was then supplemented by field reconnais-
sance to deduce the physical sources of recent flooding
and thus provide a basis for flood control.

Projects for clicnts in this country have tended to
be one of three types: Aood studies for the reappraisal
of existing rescrvoir dam spillways; design flood esti-
mates as a step in the design of new reservoirs, and
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river basin flood studics. Recappraisals of existing
reservoirs were performed on the Howden/Derwent/
Ladybower sysiem of the Severn-Trent Watcr
Authority and on a small reservoir in north Wales
owned by the Welsh National Water Authority. In
both cases the cstimated maximum flood was com-
puted to check the existing spillway capacity.

Detailed flood frequency studics, up to and in-
cluding the cstimated maximum flood, arc often
required for rescrvoir design. Accordingly, we assisted
in this way for thc proposed Ardingly reservoir in
Sussex for the Southern Water Authority and work is
currcntly in progress for the South-west Water
Authority on a proposed flood storage reservoir on
the River Lowman, upstrcam of Tiverton.

The Flood Studies Report techniques have twice
been applied to river basins as a means of providing
the hydrological inpui to a mathematical flood-
routing model developed by the Hydraulics Research
Station. Such hydrological input is required for
model calibration and also for producing design
hydrographs nccessary for the design of any capital
works proposed. One cxample, the River Rhymney
it South Walces, is cited in the Flood Studies Report,
The other case studied was the Lagan basin in
Northern Trcland where flood estimates arc needed
for the design of both agricultural and urban flood
alleviation schemcs.

A different type of river basin project was the
Institute’s contribution to a study of the flood hydro-
logy of the lower River Avon near Bristol, part of a
project undertaken by Sir Alexander Gibb and
Paruers for Bristol Corporation. The question posed
was what effect would the construction of a barrage
on the tidal part of the river have upon the likelihood
of flooding further upstream. The basin provides an
interesting problem becausc a major part of the large
conurbation of Bristol is situated at the lower ¢nd.
The basin was divided into five subcatchments, and
food frequency relationships determined for each of
them using the pooled regional approach. The dis-
charge hydrographs for these catchments in response
to two notable storms were also determined using the
unit hydrograph technique.




Figure 28. Relationship
between mean annual
minima and percentile from
Sflow duraiion curve

Regional low floww characteristics

Formulae are being developed to relate magnitude,
frequency and duration of low river flows to catch-
ment characteristics. The data assessment phase of
the project is now complete—750 gauging stations
have been identified as being suitable for low flow
analysis. Most of the data comes from the Water Data
Unit although some records have been supplied from
gauging authorities directly to complete an archive
of 7ooo station years of mean daily and monthly
flows.

Programs have been written to extract parameters
of the flow duration curve, storage-yield relationships,
annual minimum series and recession constants from
the flow data. A preliminary analysis of the results
shows a close relationship between some low flow
measures commonly used in water resources design.
For example, Figure 28 shows the relationship be-
tween the g percentile on the flow duration curve and
the mean annual one day minima (both expressed as
the percentage of the mean annual flow) for go
catchments. Inter-relationships of this type should

Percent of mean flow

Mean annual-1 day minimum

Percent of mean flow
95 Percentile -1 day flow duration curve




lead to onc flow indcx being derived from catchment
and climate characteristics; other indices can then
be derived dircctly from this.

Recession constants derived from catchments of a .
single geological type are being used in the develop-
ment of a ‘geology index’, onc of the, catchment
variables to be used in regressions equations. The
influence of drift deposits is being studicd by compar-
ing drift covercd with drifi-free catchments having
similar solid geology.
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Instrumentation

Data logging and telemelry

The development of a reliable, ficld logging system,
using the Microdata equipment described in previous
reports, has allowed the Institute.to install a large
nctwork of remote recording stations. The variables
monitored in this way range from thosc of climatc and
evaporation, through river level to a number of
special applications such as interception studics and
urban catchment mecasurements.

The logger records its data, in digital form to 8 bit
accuracy, on the familiar small cassettes of modern
casscite recorders. It is battery powered and will
operate for up to a month depending on the frequency
of recording, the type of tape used {(C6o, Cgo) and
the number of variables sampled; it can accept up
to 12 inputs. Where nccessary an interface unit with
suitable conditioning circuits is used to match the
scnsors to the logger.

The various applications of the system can be best
described by considering types of stations. The aulo-
matic weather station (aws) is now a familiar tool of
the Institute’s work. 1t monitors solar and net radia-
tion, wind run and dircction, air temperature and
wet bulb depression and rainlall. There are stations
in operation at Plynlimon (somc over thc forest
canopy, sce Figure 2g), at Coal Burn, Thetford (also
over the canopy) and at Grendon Underwood. There
is also a network of stations for non-1H users such as
Institute of Terrestrial Ecology, Naturc Conservancy,
universitics, Institute of Geological Sciences and Water
Authorities. Owverscas, there are stations in South
Georgia, Kenya and in the Yemen. Operation of
such equipment overseas however is to be undertaken
only guardedly, sincc their complexity may not be in
keeping with developing countries’ best interests or
capabilitics.
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During 1975 considerable effort was applied in
writing a range of new computer programs for Aws.
These quality-control the data which is then stored on

7-track tape and disc for easy access.

Over the last few years the logistics of Aws use have
been a matter of greater concern than technical
matters of hardware. Hardware development is com-
plete, but accumulated experience shows how im-
portant people are, even in ‘automatic’ systems.
Maintenance, operation and processing, and the
communication between operators handling these
functions are vital to the reliable return of data.
Hardware developments continue, nevertheless,
and currently an aws is being modified for test on the
summit of Cairngorm in N.E. Scotland, see Figure 3o.
The aim of this exercise is to extend the range of the
equipment to include harsher and more difficult
climates.

Automatic weather stations represent the main use
of data logging equipment but during the last year
many of the Institute’s stream gauging sites were
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weather station mounted
over forest, Plynlimon



Figure g0. Erecting auto-
matic weather station on
Cairngorm

cquipped with a level sensor, as shown in Figure 31,
developed at the Institute, coupled to a data logger.
The sensor is based on a potentiometer system which

can accommodate almost any range of level change
and discriminate the changes down to 1 mm. The
advantage of this system is that it produces a digitised
record, unlike the conventional chart level recorders,

and that the record can be replayed on the same
reader that handles the aws cassettes. Development
of this equipment is complete.

A sensor recently developed for use with the logger
for urban catchment measurements uses a ‘Dipper’,




a piece of American equipment, modified at the
Institute to give a signal output indistinguishable
from the level sensor above. This device senses water
level in a sewer pipe by lowering a probe until it
touches the water. It then withdraws a few mm for a
few seconds and then feels for the water surface again.
This process continues. In this way float and stilling
well are unnecessary and fast, turbulent, water can be
monitored. Under development for other urban work,
and to be installed at 11 sites, is another sensor for
use with the Microdata logger. This monitors the
water flowing through gullies by passing the water
through a square sectioned pipe in which there is a
pivoting flap. The latter activates a potentiometer
which gives an output related to flap angle, which is
related to flow rate.

The Microdata logging system is also being used to
record albedo, soil heat flux, soil temperature, stem
flow, leal wetness, throughfall and other specialised
variables. A further development of the logger—
in fact a simplification of it—is the Event Recorder.

78

Figure g1. River level
sensor



As its name indicates this docs not record analogue
signals such as those of an aws. but events, such as the
tip of a raingauge bucket, or the rotation of a shaft.
Some 20 sites are now instrumented with these re-
corders linked (o ‘Rimco’ raingauges; they arc being
used for an intensive study of the cffects of slope,
altitude and aspect on rainfall. The recorder’s
cassettes have the advantage that they too can he
rcad on the same commeon rcader as is used for aws,
water level, cte. '

A development of the logging system is a unit which
can be plugged into an aws or level station, allowing
it to telemeter its data. This unit siores the most
recent 256 words recorded by the logger. It employs
a solid state store and in no way aflects the logger’s
cassette record. This store can be interrogated over a
telephone link via a cro modem and the rececived
data, transmitted in Ascu codc, arc listed on teletype.
The equipment has recached a stage of development
where the gpo has approved the design; the prototype
has been tested at the Institute over the internal
tclephone network and also tested from —30°C to
+50°C. The installation of a modem at the Plyn-
limon office is complete and Aws data arc now regu-
larly received at Wallingford. These data are processed
by a microprocessor to give listings of ihe seven
variables.

New methods in logging

The Microdata logging system is cxpected to be a
viable system for about 10 years; during this period
it will be necessary to develop its successor. A speei-
fication has now been written for this, bascd on the
way it scems technology will develop in the next few
years. Since the new system will replace the old, there
is merit in there being some compatibility, where
practical, between the two. The way in which the
new will differ most markedly from the old is in its
ability to usc solid state stores as well as, and perhaps
eventually in place of, magnetic tape, as the recording
medium. At present such stores arce of relatively low
capacity, but they arc alrcady big enough to be of use
and they arce expected to improve. Telemetry will also




be 2 morc integral feature of the new system, made
practical through the easc with which solid state
stores can be interrogated remotely, unlike magnetic
tape records.

Design and devclopment of systems using solid
state logging have begun at the Institute. The first
used a shift register to record daily rain totals for a
period of 32 days. It has now been superseded by a
system using Rams (random access memorics). Unlike
the former this can be interrogated on site, using a-
portable display unit, and its contents displayed for
any onc day in any order; further the contents of the
store arc not lost by the action of intcrrogation.
Development is at present centred around enabling
the ras (o be returned to base, connected to a micro-
processor and its contents listed on a teletype in real
units—an obvious advantage to a uscr lacking a
computcer. :

The third instrument, just on the point of field test,
uses RAMS in a multi-input system. This monitors solar
and nct radiation, wet bulb depression, air tempera-
ture, wind run and rainfall. Eight days of three-
hourly means and totals can be stored, the mcans
being obtained digitally in an interface unit prior to
storagc.

Pressure transducer lensiometers

Manually-read tcnsiometers with mercury mano-
meters or Bourdon-type gauges as pressure indicators
have been in use for many years. For certain applica-
tions they have many disadvantages: they arc
unsuitable for automatic registration of data, they can-
not be used for measurements below about 3 m depth
without digging large and costly pits and they react
rather slowly, which precludes their use for observing
cvents happening on time scales of less than a few
hours.

Pressure iransducers, with low volume displace-
ment for a given pressurc change, are now availablc
as moderately priced, accurate and reliable units of
small size and low power consumption and can over-
come most of the problems detailed above. Several
different designs of tensiometer using pressure trans-
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Figurc g2. Diagram of
prolotype purgeable record-
ing lensiometer showing

{ 1) Porous ceramic cup ;
{2) Purging iube—inlet ;
{3) Purging tube—outlet;
{4) One-way valve on
outlet; (5) Remaotely-
operated valve on inlet;
(6) Pressure transducer
+5psito —15psi; (7)
Transducer socket con-,
nection : can be read auto-
matically or manually with
gu power supply and volt-
meter; (8) rinch OD
stainless steel case tatlored
to required installation
depth from a minimum of
35 cm overall to 2 m or
niore
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ducers are cited in the litcrature but none have
appecared so far which allow in situ purging of the
units. In many ficld situations, parlicular‘ly within
the topmost metre of soil, frequent purging is neces-
sary, : .
Such a fast-response, purgeable recording tensio-
meter has been under wrial for two years but not
without a measure of both mechanical and clectrical
problems. However, the results obtained demonstrate
the potential valuc of the instrument and a new design
was prepared and built incorporating a more robust
transducer. The production prototype of this new
design (scc Figurc 32) has proved stable and reliable
under test conditions and is now undergoing ficld
trials.

For situations when lensions remain lower than
about 400 cm watcr or for usc over short time periods,
a cheaper alternalive is to use simple non-purgeable
transducer tensiometers. Accordingly, a non-purge-
able design has been produced and a sct of ten of
these tensiomecters installed for a trial period. A further
instrument has been installed at 7 m below ground
level in a 12 em borchole in the chalk at Feltwell
(scc pagc 44) using a specially designed screw
operated scissor jack to press the porous pot horizont-
ally against the unlined borehole wall. First results
are very promising and two morc devices are being
made to monitor tension gradients close to the water
table.

The output from any of these tensiometers can be
measured directly with a portable pva or can be
recorded on a standard Microdata logger fitied with
appropriatc interface units giving a resolution of
4 2-5 em water tension over the whole working range
(o to ~B8oo cm).

The autoprobe

This is an automated soil moisture measuring system.
A modified ncutron probe is moved automatically
up and down an acces$ tube, stopping at pre-sct
depths to measure and record the moisture content
of the soil. The probe is moved by compressed air and
the data are stored on a modified Microdata logger.




Several advances have been made over the year,
notably in two arcas. The control system has been
further developed to increase the accuracy in posi-
tioning the probe; its position can be repeated to
41 em without any subsequent drifting. The new
control systcm is also morc compact and has a reduced
power requirement. The probe’s pulses are trans-
mitied to the surfacc by an infra-red optical link,
considerably improved to reduce the dead time. The
pulscs arc only about 1 microsccond ; compared with
the first prototype with a pulse width after trans-
mission over the optical link of the order of 30-40
@ sec, in the later versions this has been reduced to

3—4 W scc.
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Computer Services

Computer installations

The Univac 1108 has now been in use for 2 years and
undertakes all the Institute’s data processing. It is at
present manned during office hours only, but is left
running at other times when it can be accessed by
terminal users. Total usage is over 30 hours per week,
of which approximately a quarter is used by other
NERC institutcs, principally the Experimental Carto-
graphy Unit, the Institute of Geological Sciences and
the Institute for Marine Environmental Rcscarch.
Over 1100 runs are processed each week, of which
half are submitted from demand terminals. The batch
runs, however, account for thrce-quarters of the
computing time used.

A terminal has been installed in the Institute’s
Plynlimon office, connccted to Wallingford by a
leased telephone line which can be used for speech or
data communications. Ecu and 1gs have installed
at their offices in South Kensington terminal
concentrators which they use to submit work aver
a commeon lcased line to the computer.

The experiment of unmanned running, started in
February, has proved very successful; it has provided
terminal users access to the computer when it is
lightly loaded thus giving rapid response. In addition
it has been possible to clear much of the batch work
left at the end of each day and to run certain large
‘number-crunching’ johs overnight, providing a fast
turn-round for these jobs without affecting other users.

Software is being developed to connect the Univac
to the sRe/NERC nctwork based on the Adas Labora-
tory, Chilton. When this network is complcte, NERC
institutes will be able to submit work to the Univac
at Wallingford or to the 1cL 1906A and sy 360f195
computers at Chilion, depending upon the require-
ments of their job.
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Several soltware packages have been mounted on
the Univac. These include routines for graph-
plotting and display terminals, contouring prograrms
and programs for statistical analysis. Applications
work is currently centred on developing the carrain
package. This will be an interactive package con-
cerned with the modclling of discrete-time, single
input-single output systems (eg, rainfall-runoft’ sys-
tems}, and will have extensive graphics lacilities.

The pms-1100 data base management system is
being installed to handle the data collected from
cxperimental catchments. This should provide a
simple way of associating experimental measurements
with the instrument site and the catchment where
they were made. This management system will also
be used by Ecu. .

The por8 computer is now used mainly for trans-
lating casscttes from automatic weather stations and
other data loggers. A second ppp8 is being purchased
to provide cxtra capacity to handle the large number
of cassetles now being used. The por8 system also
provides additional input-output facilities; its paper
tapc reader provides a further input channel to the
Univac, whilst its lineprinter can be used 1o offload
output or as a hackup,

A fast Calcomp g36 plotter is installed. It is heavily
uscd for plotting hydrographs, contour maps and
borehole logs. In addition, plotiing services have been
provided io src laboratorics.

Data processing programs

The ever-increasing amount of data being collected
on the Institute’s magnetic tape logging system calls
for sophisticated data handling techniques if the in-
formation is to be rcadily available for analysis.
Mecthods are being developed by which the logged
data are scanned by the computer to detect timing
and scnsor errors (‘quality conirol’); these, if found,
are corrected cither manually or, in some simple cases,
by the computer, before the clear data are assembled
in an casily-accessible data store and arc used to
calculate the quantities required for water balance
calculation and modclling. The data are labelled with




quality codes and any gaps are bridged wherever
possible to produce hourly and longer period averages
and totals. The Penman-Monteith equation is now
used to give hourly and longer period totals of
cvaporation for various surfaces. Quality control and
calculation procedures have also been developed to
deal with other logged data, as for example, from
level recorders. '
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1976. Estimation of the above ground runoff hydro-
graph for storm sewer design purposcs. MNational
Sympostum oen Urban Hydrology and Sediment Control.
Lexington, Keniucky. (In press.)
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of 1974. The results obtained arc considered and

recommendations made on future experimental work
in forest micrometcorology.
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Conf., London, 1975, 57-60.

A method is presented for estimating the mean annual
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provide preliminary estimates of floods of any return
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gauges in the Upper Severn cxperimental catch-
ment. Met. Mag., ros, 2-17.
Description and comments on the results of statistical
analyscs comparing the monthly catch of ground-level
rain-gauges with that of canopy-level gauges in the
Institute’s experimental Scvern catchment,

[

Newson, M.D. 1675. Mapwork for flood studics
Part 1: Sclection and derivation of indices. Inst,
Hydrol.;” Walling ford. Rep. 25.

This report dcals with the background to the selectxon

of morphometric variables for the Flood Studics

Report, and includes a literaturc review, the con-

straints of available maps and map scales, and the

results of pilot studies performed on data from Bristol

Avon catchments.

Newson, M.D. 1975. Plynlimon floods of August

5th/6th 1975." Inst. Hydrol., Walling ford. Rep. 26.
This report describes information gained during the
severe storm cvent centred over the Institute’s experi-
mcntal catchments in mid-Wales during the summer of
1973. Subsequent eflects of the flood are hypothesized
and discussed,

Newson, M.D. 1976. The physiography, deposits and
vegetation of the Plynlimon catchments. Fust.
Hydrol., Walling ford. Rep. 30. .

An introductory background to the hydrological data

of Plynlimon, bascd not only on the author’s own

work but also on the published and unpublished re-
sults of others.

Otiver, H.R. 1971. Wind profiles in and above a

forcst canopy. Quart. 7.R.Met. Soc., 97, 548-553.
Using an on-linc computer, measurements were made
of wind speeds in and above a pinc forest together
with accurate potential temperature profiles over a
wide range of stability conditions. The results are dis-
cussed, and a preliminary experiment to determine
the effect of the anemometer tower structure upon
wind speed readings is also discussed.
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Oliver, HR. 1973. Smoke trails in a pine forest.
Weather, 28, 345-347

Smoke trails were used to investigate the air flow

within a pinc forest to cxpose the short-term horizontal

and vertical motions which must exist. Details of

observations are given.

Oliver, H.R. 1947A. The gales of 2 April 1973.
Weather, 29, 196-197.

This short note describes the wind measurements

taken at the Institute's site in Thetford Forest during

the gales of April 1973-

Oliver, H.R. 1974B. Wind-spced modification by a
very rough surface. Met. Mag.,, 103 (r222),
141-145. .

Wind specds were measured over Thetford Forest

with a standard anemograph and sensilive ancmo-

meters on three very windy days. From the anemo-
graph traces it was possible to obtain values for
average specds and maximum gusts reduced o the
standard metcorological hcight of 10 m above the
‘surface’.

Oliver, H.R. 1975A. Wind speeds within the trunk
space of a pinc forest. Quart. J.R.Met. Soc., 101,
169-168.

A note on why the Institute’s Thetford site is more

nearly perfectly suited to the measurement of the

shapes of wind profile within forests than most other
sites.

Oliver, H.R. 1975. Ventilation in a forest. Agric.
Meteorol., 14, 347-355. ’

A description of wind speed measurements at Thet-

ford using sensitive photoelectric cup anemometers in

conjunction with a computer controlled data acquisi-

tion system. Findings are discussed and consequences

for forcstry and agrometcorology considered.

Oliver, H.R. and Mayhcad, G.]. 1974. Wind measure-
ments in a pine forest during a destructive gale.
Forestry, XLVl {2), 1B5-194.

A morc detailed study of wind measurements in

Thetford Forest during the gale of 2nd April 1973.
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Oliver, S.A. and Oliver, H.R. 1973. A computer
mcthod for automatic acquisition of wind speed
data. Journal of Plysics, 6, 401-403.

A report on the way in which pulse generating anemo-

mecters have been incorporated into a computer con-

trolled data acquisition system for taking metcoro-
logical measurements at the Thetford site.

Painter, R.B., Blyth, K., Mosedale, J.C. and Kelly, M.
1974. The effect of aflorestation on crosion pro-
cesses and scdiment yield. Symp. on Effects of Man
on the Interface of the Hydrological Cycle with the
Physical Environment. IAHS|UNESCO|WMO, Paris
1974, 62-68. .

This papecr describes how the effect of coniferous

afforestation on erosion processcs and sediment yield

in upland arcas is being studied in three different

experimental basins, . .

Richards, D. 1975. The cffects of reducing raingauge
network density on goodness of conceptual model
fit and prediction. fnst. Hydrol., Wallingford. Rep.
28.

Reducing the density of the raingauge newtwork has

been shown to have very little effect on the efliciency

of the three-store model used by the Institute to
simulate hydrological responsc in some experimental
catchments.

Roberts, J.M. 1976. An examination of the quantity
of water stored in mature Pinus splvestris L. trees.

J. Exp. Bot. (In press.)

Roberts, J. and Warcing, P.F. 1975. An examination
of the differences in dry matter production by
some progenics of Pinus splvestris L. Ann, Bot., 39,
311-524.

A study of thc variaton in growth rate between

several sclected progenies of Scots pinc and the physto-

logical characteristics underlying such variation,
using growth analysis and direct measurement of
photosynthetic rates.

Roberts, J. and Warcing, P.F. 1975. A study of the
growth of four provenances of Pinus contorta Dougl.

Ann. Bot., 39, 93-99.
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Marked differences in height growth existed between
four provenances. These differences were shown to be
related to the numbers of ncedle initials laid down in
the terminal leads of the provenances. The paper
suggests that the slower growth of some provenances
may be due to ‘sink limitation’ rather than ‘source
limitation® (for instance lower photosynthetic rates).

Roberts, J. 1976. A study of root distribution and
growth in a Pinus splvesiris L. (Scots pinc) plantation
in East Anglia. Plant & Seil, 44, 607-621.

A description of the root systems in a Scots pine forest

was obtained by soil coring, soil monolith and root

observation trenches. The description included lateral
and vertical arrangement of roots in different size
clagses and their seasonal growth.

Roberts, J. 1976. An examination of the quantity of
water stored in maturc Pinus splvestris L. trees.
F. Exp. Bol. 27, 473—479-

A technique is described which was used to measure

the quantity of watcr stored in trees. This stored

water was considered and discounted as a sourcc of
discrepancy between two estimates of cvaporation.

Scholander, P.F., Hammel, H.T., Bradstreet, E.D.
and Hemmingsen, E.A!"1965. Sap pressure in
vascular plants. Science, 148, 339-446.

Shuttleworth, W.J. 1974. The temperature variation
of the canopy and trunk of Scots Pinc and its
relation to the net input of radiation and to air
temperature. British Ecological Sec. Symp.—Light as
an Ecological Factor.

Data are presented which suggest that acrodynamic

mixing in a forest plantation is sufficicnt to ensurc

that the differcnce between the average temperature
of its cxposed surfaces and air temperature is small
compared to the diurnal temperature range.

Shuttleworth, W.J. 1976A. Expcrimental evidence
for the fatlure of the PenmanfMonteith cquation
in partially wet conditions. Boundary Layer Met., 10,
91-94.

An account of rccent experimental evidence which
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suggests the inapplicability of a simple planar model
(of the Penman-Monteith type) as a theorctical
description of evaporation from a partially wet
canopy.

Shuttleworth, W.J. 1976B. A one dimensional
theoretical description of the vegetation-atmos-
phere interaction. Boundary Layer Met. (In press.)

Smith, F.B., Carson, D.]. and Qliver, H.R. 1972.
Mean wind-direction shear through a forest
canopy. Boundary Layer Met., 3, 178~1g0.

The equations of motion applying to the wind field
in a forest canopy arc simplified to a balanee between
the shearing stress gradient and cither the form-drag
of the leaves in the upper densc canopy, or the over-
all horizontal pressurc gradient in the more open
spacc beneath. The cquations imply that, in descend-
ing through the forest, the stress and wind vectors
turn through an angle which depends on the forest
characieristics and on the stability and the speed of
the airflow above the forest.

Stewart, J.B. 197:. The albedo of a pinc forcst..
Quart. J.R. Met. Soc., 97, 561-564.

The albedo of a pinc forest was measured for a total

of 243 hours during the summer of 1g70 by pairs of

Kipp solarimeters whosc output was rccorded by a

computer controlled data acquisition system.

Stewart, ].B. and Thom, A.S. 1973. Energy budgets

in pine forest. Quart. J.R. Mei. Soc., 99, 154-170.
Hourly cnergy budgets measured in Thetford Forest
are analysed for seven fine days in months from May
to September.

Stewart, ].B. 1976A. Evaporation from the wet
canopy of a pinc forest. (In press.)

Stewart, 1.B. 1976B. Effect of rain and dew deposi-
tion on measurements of net radiation. (In press.)

Stewart, [.B. and Oliver, §.A. 1970. Evaporation
studies at Thetford, Norfolk. rgth Aberystwyth
Sympostum—Forest Meteorology.

This paper describes the preliminary results from the
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Institute’s Thetford project, designed to compare the
rates of evaporation of intercepted water and trans-
spiration under various metcorological conditions.

Sutcliffe, ].V. 1975. Choicc of estimation techniques,
ICE, Flood Studies Conf., Londen, 1975, 67-69.

Two main approaches to methods of flood estimation

are described bricfly. The choice in different circum-

stances of methods of cstimation is discussed, with

reference to the examples given in the Flood Studics

Report.

Thom, A.S. and Qliver, H.R. 1976. On Pcnman’s
equation for cstimating regional cvaporation,
{in press.)

Thom, A.S., Stewart, J.B., Oliver, H.R. and Gash,
JH.C. 1975. Comparison of aerodynamic and
energy budget estimatces of fluxes over a pine forest,
Quart. J.R. Met. Soc., 101, 93—105.

Values of the total vertical flux of sensible and latent
heat over a level forested region, obtained from acro-
dynamic formulac appropriatc to airflow over
relatively smooth surfaces, are found to fall con-
sistently short of independent cnergy-balance esti-
mates.

Truesdale, V.W. ig75. ‘Recactive’ and ‘unreactive’
iodinc in scawater—a possible indication of an
organically bound iodine fraction. Marine Chem., 3,
I1I-119.

An iodine component in scawatcr, which is ‘un-

reactive’ to the total inorganic method described by

Truesdale and Spencer (1974}, has been discovered.

The component is measured as the increase in

‘reactive’ iodine that accompanics irradiation of sca-

watcr with high-intensity UV light. As some known

organic-iodine compounds bchave in a similar
manner to UV radiation, it is suggesied that the

‘unreactive’ iodine is organically-bound iodine.

Truesdale, V.W. and Smith, C.J. 1975. The forma-
tion of molybdosilicic acids from mixed solutions of
molybdatc and silicate, Analyst, 100, 203-212.

A fundamental re-appraisal of the conditions leading
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to the formation of a- and B-molybdosilicic acids has
been made and the rate of formation of cach com-
pound at various known pH and molybdate con-
centrations is discussed. A number of hitherto un-
cxplained complications reported by other workers
are now resolved. '

Trucsdale, V.W. and Smith, C.J. 1975. The spectro-

photometric characteristics of aqueous solutions of

o and B molybdosilicic acids. Anafyst, 100, 797-805.
The spectrophotometric propertics of a- and f-molyb-
dosilicic acids have heen studied under various con-
ditions from which it appears that the molybdosilicic
acids form charge-transfer or other complexes with
molybdate species in solution. The implications of
thesc findings, which conflict with the results obtained
by most previous workers, arc discussed.

Truesdale, V.W. and Smith, P.J. 1975. The auto-
matic determination of iodide or iodate in
solution by catalytic spectrophotometry, with
particular reference to river water. Aralyst, roo0,
111-123.

A catalytic procedure using a Technicon Auto-
Analyzer (1) for determining iodide or iodate
added to river water during dilution gauging is
described. The shape of the most appropriate cali-
bration graph is considered, together with the effccts
of changes in tcmperature, rcaction period and
spectrophotometric variables.

Truesdale, V.W. and Chapman, P. 1976. Opiimi-
sation of a catalytic procedurc for the determina-
tion of total iodine in seawater. Marine Chem. ¢, 29.

A precise method for the determination of total iodine

in scawater is described, together with ways in which

the procedure can be varied to suit other applications.

Truesdale,V.W, and Smith, C. J. 1976. The automatic
determination of silicate dissolved in natural fresh
water by means of procedures involving the use of
either a or f-molybdosilicic acid. Analyst, 101,
19-31.

The practical application of Truesdale and Smith’s

{1975) fundamental rc-appraisal of the conditions
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that lead to the formation of a- and B-molybdosilicic
acid in aqucous solution is described. Tests of the
precision of the two proccdures proposed were carricd
out on samples of natural water from upland Wales.
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Staff of the |
Institute of Hydrology

J.S.G. McCulloch PhD Director
Assisted by R.T. Clarke MA

Analytical hydrology

R.T.Clarke MA Rainfall-rungff modelling ; synthetic
hydrology -

J.R.Blackie MSc Rainfall-runoff modelling ; water
balance studies

K. A Edwards PhDD Water balance studies

A.N.Mandeville PhD Rainfall-runofl modelling

K.Blyth DipGeog Remote sensing techniques

C.W.O.Ecles Waler balance studies

R.].Gurney PhD Instrument networL design; spatial

. variation

R.].Moore MSc § _yrztlmlzc hydrology; recursive stream-
Slow forecasting

Miss E.M.Morris PhD Rainfell-runoff maa’elhng

G.Roberts PhD Movement of solutes; lyvdralogwa[ dala
processing

Mrs J.Godfrey BSc Rainfall-runoff modelling

S5.W.Smith (Seconded from the Meteorological
Officc) Senfor assistant, hydrological data processing

F. J.Ayres (Scconded from the Meteorological Office)
Assistant, hydrological data processing

Mrs A Maithews Assistant, hydrological data processing

Mrs E.A.Snow Assistani, hydrological data precessing

G:O.Tame Assisiant, hydrological data processing

Physical hydrology ‘

Hydrometeorology

J.B.Stewart BSc (Scconded from the Mctcorological
Oflice) Meteorological research




W. ].Shuttleworth PhD Meteorological research,
theoretical interpretation

C.J.Moore PhID Eddy correlation techniques

"H.R.Oliver PhD Applied meteorological research

J-H.C.Gash MSc Inierceplion studies

D.D.McNcil BSc Instrument development

C.R.Lloyd Scientific programmer

N.F.Cowell Site foreman, Thetford

Groundwaler

A.G.P.Debney BSc Hydrogeology ; groundwaler resources

V.W.Trucsdale PhID Hydrochemistry

K.Gilman MA Shallow groundwater movement ;
dilution gauging

S.F.Pond BSc Hydrogeology (Oman study)

D.S.Biggin Assistant (Oman study)

R.B.Bradford Hydrogeologist { Beiswana and Tehran
studies)

C. J-Smith LRIC Hydrochemistry

C.Ncal PhD Hydrochemistry

P.J.Smith MSc Chemical and groundwater mode!hng,
dilution gauging

G. Slangcr Assistant { Oman study)

Miss S.H.White Assistant

Soil physics

J.P.Bell BSc Soil moisture measurement; soil properiies

I.R.Calder PhID Experimental soil physical process
modelling

J.D.Cooper BSc Unsaturated soil water flux studies

J-M.Roberts PhD Physiological controls of ecvaporation

S.A.Boylc Assistant

M.G.Hodnett BSc Soil waier fluxes and crop waler use

Mrs.C.F.Pymar BSc Physiological controls of evaporation

R.].Raynor Assistant

P.T.W.Rosicr Assistant

Applied hydrology

J.V.Suteliffe PhD Co-ordinator, commissioned and
repayment conlracts

M.A.Beran BSc Low flow studtes

M. J.Lowing MSc Flood estimation techniques
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D.T.Plinston PhD Waler resources studies

H.M.Gunston BSc Agricultural hydrology

F.A.K.Farquharson MSc Variation in calehment response

A.Gustard BA Low flow siudies

R.A.Harvey BE Dee projeci

C.H.R.Kidd PhDD Urban hydrelogy

P.P.Lynn MSc Stalisiical models of flood flows

D.5.Curry MSc Low flow studies

M. J.Nozdryn-Plotnicki BSc Statistical models of flood
Sflows

J.C.Packman MSc Urban hydrelogy

B.S.Piper MSc Waler resources studies

Miss S.M.Sheppard BA Urban hydrofog y

J-R.Wood MSc Variation in catchment response

Mrs H.M.E.Brimacombe Assistant

Myrs J.F.French Assistant

LW.Makin Assistant

Mrs P.B.Moore Assistant

Computer services

J-B.Miller Ph1D Computer manager

R.F.Templeman PhD) Systems manager ; automatic
weather station programming

B.L.Shaw MBCS Depauty compuler manager

B.Day PhDD Programmer

Miss A_Hill Operations manager

AP, ].Lobley BSc Programmer

Mrs 8. Ford Programmer

M.V Venn BSc Programmer

Miss A. J.Beresford-Slinn Computer operator

Mrs H.Gibbs Punch card aperator

Mrs N.L.Leclerq Computer operator

Mrs J.Powis Coempuler operator

Miss 1D.5.Sibley Computer operator

Mrs R.O.].Cowlcy Compuler receptionist

Mrs B.E.Culkin Puncheard operator; tape librarian

R.McPherson-Smith Trainee compuler operator

Instruments

1.C.Strangeways BSc Instrument development
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G.P.Brunsden CEng Development engineer (digital)

A.].Baty Development engineer (analogue)

A.C.Brown BSc Maintenance engincer

DD.]J. Harris CEng Adechanical design engineer

P.M.Holdsworth Development engineer (sorl moisture
measurement ) .

M.H.Rawlings Mainienance engineer

Mrs M. Turner Development engincer (digital)

P.D.R.Andrews Workshop manager

W.S.Insell Instrument crafisman

M.E.Walker Automalic weather station technician

R.G.Wyatt Mechanical design engineer

G.L.Milcs Instrument crafisman

M. R .Stroud Automatic weather siaiion technician

Permanent staff at Plynlimon

J.1D.G.Smart BA Calliment manager

M.D.Newson PhD) Surface and stream channel
characleristics

Mrs A.J.Newson BSc Flume calibration ; spatial -
variability in rainfall

A.].Bucknell Netwerk operation ; transport manager

J.G.Harrison BSc Peat hydrology !

J.AHudson BSc Selute transport ; snow measurement

1.R.Wright BSc Interception studies

P.J.Bill Lysimeter studies

Information services

Mrs C.Kirby BSc Information officer
Miss 5.B.Neal BA Librarian
Mrs P.J.Kishy Assistant editor, IAHS Bulletin

Establishment and finance

F.C.S.Adcock Station secrelary|chief finance officer
M.T.H.Key MInstMC Site engineer
J.B.Comfort BSc Assistant to finance officer
R.B.Popc BA Personnel administration

Miss M.P.Saxton Aeccounts officer
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Mrs O.M.Andrews Assistant, personnel admimstration
F.W.Freceman Registry

Mrs ID.Lakc Assistant to accounts officer

Mrs J.E. Willson Assistant fo accounis officer

Mrs M.G.Charman Assistant, personnel adminisiration
Mrs S.E.Yaxley Dirdctor’s secretary

Mrs M.E.Hcbbert Audio typist

Mrs ]J.V.Patching Audio typist -

Miss H.Reid Audio typist

Mrs L.Siggs Telephonist

AH.Thomas BEM Transport gfficer

R.G.Drewett Craftsman

P.J.Kennclly Driverfhandyman

J.ARae Driverfhandyman

J-H.West Driver/mechanic

J.H. Jones Storekeeper
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Programme of Research 1976
List of ongoing projects
as at 1 April 1976

C = commissioned research
PC = part commissioned
R = repayment work

Research area I -
hydrological systems

PC Lumpcd conceptual medels of catchment behaviour
PC Distributed models of catchment behaviour
Time scries analysis of multivariable hydrological
systems
Network design and spatial variation of hydrological
variables

Research area IT—
hydrological processes

L. Development, testing and use of evaporation detection
apparatus
Physical controls of cvaporation
. Biological controls of evaporation
C  TInterception studics ’
Fog drip
C  Soil moisture fluxes in the unsaturated zone
Soil physical controls of runoff from first-order basins
Tritium studics
Storm runofl through natural pipes
Shallow groundwater in flood plain deposits
- C  Urban hydrology
Studies of surface and stream channel characteristics
Runoff from impervious surfaces
Application of dilution gauging to stream runoff
studies
Trace clement chemistry of natural waters




Research area ITI —
applied hydrology

Water rcsources of T'chran basin

Pilot study, catchment experiment in Kenya
Surface water potential, Botswana

Short-term advisory studies

River Dcce real-timce forccasting system

Variation in catchment response

Regional low flow characteristics

Statistical models for the distribution of floed flows

coaRRARA

Service activities

Liysimeter studics

Development of standard neutron probe and
autoprobc :

Development of automatic soil station and
tensiometers ’
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FLOOD STUDIES REPORT

IN FIVE VOLUMES

published by:

Natural Environment Research Council
1975

The Flood Studies Report provides a variety of
methods by which the magnitude and fre-
quency of floods may be estimated, either at a
site with flow records or at an ungauged site,
and discusses the circumstances in which
a particular method of estimation is suitable.

The investigations and analysis on which the
recommendations are based are described, and
sufficient statistical and hydrological theory is
presented to provide a comprehensive guide to
the hydrological, meteorofogical, and hydraulic
aspects of flood estimation.

The Report is available at a price of £40 for the
complete set of five volumes in a slip case, in-
cluding packing and postage within the
British Isles. (Equivalent rates are £43 for
Europe and £45 for the rest of the world.} An
additional set of unfolded maps, for Drawing
Office use, will be supplied at a cost of £10.

For those concerned with rainfall estimates but
not with river flows, Volume |l (Meteorological
Studies) and related maps is available separ-

ately at a cost of £15. Orders, including -

remittance, should be sent to the Director,
Institute of Hydrology, Maclean Building,
Crowmarsh Gifford, Wallingford, Oxon OX10
8BB. Cheques should be made payable to the
Natural Environment Research Council.




Hydraulics Research Station

Institute o

traffic lights

Crowmarsh §
Q

From London

By road

Leave by Cromwell Road, M4 and A423 through
Henley towards Oxford to Crowmarsh Gifford.
Entrance to the Institute is 200 yards on the left
from traffic lights on Ag23.

By rail

From Paddington to Cholsey and Moulsford (approx
75 minutes) or Didcot (approx 1 hour) then by bus or
taxi to the Institute.



