University of Plymouth

PEARL https://pearl.plymouth.ac.uk
04 University of Plymouth Research Theses 01 Research Theses Main Collection
1990

THE CHARACTERIZATION AND
MODELLING/OF SOIL WATER
PATHWAYS BENEATH A
CONIFEROUS HILLSLOPE IN MID
WALES

CHAPPELL, NICHOLAS ARTHUR

http://hdl.handle.net/10026.1/2037

http://dx.doi.org/10.24382/3593
University of Plymouth

All content in PEARL is protected by copyright law. Author manuscripts are made available in accordance with
publisher policies. Please cite only the published version using the details provided on the item record or
document. In the absence of an open licence (e.g. Creative Commons), permissions for further reuse of content

should be sought from the publisher or author.



THE CHARACTERIZATION AND MODELLING
<"OF SOIL WATER PATHWAYS
BENEATH A CONIFEROUS HILLSLOPE IN MID WALES

NICHOLAS ARTHUR CHAPPELL

A thesis submitted in partial fulfilment of the
requirements of the Council for National Academic Awards
for the degree of Doctor of Philosophy

September 1990

Polytechnic South West (Plymouth)
in collaboration with
Institute of Terrestrial Ecology (NERC)
Institute of Hydrology (NERC)

Do p— v




——— R X

PCLYT - SYWEST
A Car ?ES
ltem ! nnnnn -
No. C\OOOb‘xoq—\ o
g';lvf T 55y, 480‘7/43’
Cont *

No. |X702408149

CHA



Abstract.

The Characterization and Modelling of Soil-Water-Pathways beneath a Coniferous
hillslope in Mid-Wales.

Nicholas Arthur Chappell

Streams draining coniferous plantations contain higher loadings of hydrogen ion, aluminium,
sulphatec and nitrate, in comparison with strcams in adjacent grasslands. Almost all of this ion-
load is transported to streams via subsurfacc water-pathways. An incontrovertible, physical
characterization of these pathways within a natural, laycred hillslope, has yet to be presented.
This research has sought to provide such a characterization for two hillslopes - one afforested
with conifers, the other an improved grassland.

Much of the unccrtainty associated with the identification of soil-water-
pathways stems {from an inadequate characterization of the errors imposed by the use of each
measurement technique. This research has, therefore, compared the predictions of a number
of quasi-independent field and analytical techniques, to attempt to lessen the impact of
measurement error upon the obscrved response of the true hydrological system.

The impact of conifers upon the detailed water-pathways and lumped catch-
ment response was monitored to educe any changes in the hydrological response which could
account for the increased loading of acidic solutes within forest streams.

The results of the analysis, indicated that the pathways of water through
hillslopes could be predicted from the responsc of hydrological properties averaged over
control volumes of soil-pores. The accuracy of these solutions was proven by the concordance
of the response of all of the properties contained within the Darcy-Richards equation.

The marked horizon development within the ferric podzol soil of the instru-
mented forest hillslope, in particular the presence of an indurated B horizon, deflects most
percolation laterally within the O/A and A/E horizons. This pathway was indicted by the
results of techniques which included numerical and approximative calculations, discontinui-
ties between the state-dependent hydraulic conductivity of each soil horizon, and the
generation of steep, vertical potential gradicnts in laycred porous media. The instrumented
grassland hillslope was ploughed 11 years prior to instrumentation. This greatly increased the
conductivity of the controlling B horizon, allowing almost all flow to percolate to depth.
During winter-storms, the forest hillslope gencrated flows smaller than those within the
grassland hillslope, concomitant with thc 29 percent difference in the rainfali-runoff behav-
iour of the catchment arcas. This incrcased loss of runoff within the afforested areas, may
result from the high losscs of wetted-canopy-cvaporation (39 percent of gross-precipitation)
from the Sitka spruce (Picea sitchensis, Bong. Carr.) trees.

Individual conifer trecs growing on the steep, ferric podzol hillslope appeared
to enhance the lateral deflection of flow within the O/A and A/E horizons, probably as a result
of their platy root systems, and the high rates of precipitation input to soil at the stem-base.

The cnhancement of both lateral near-surface flow and below-canopy ion
concentrations could, therefore, gencrate the chemical signatures characteristic of sireams
draining conifcrous forests.
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CHAPTER 1.
Introduction.

1.1. Soil-Water-Pathways:
A Critical Environmental Control.

The physical processes which govern the movement of water within hillslopes are difficuli to
characterize (Bear et al 1968; Niclscn et al, 1986), and yet must be, if we are to predict the
impacts of environmental change upon any hydrological or water-dependent natural system.
Hillslope hydrological processes govern both the response of our rivers and streams (Freeze,
1972), and the transport of potentially damaging contaminants within our surface-waters and
ground-waters. These contaminants may be acidic solutes (Bache, 1984), pesticides (Neary et
al, 1985), fertilizers, industrial solvents (Lawrence and Foster, 1987), or radionuclides
(Luxmoore and Abner, 1987). In addition, such water pathways are major controls upon the
solute and particulate fluxes associated with slope instability, soil erosion, and landform
development (Bunting, 1961; Pierson, 1983; Williams ez al, 1984).

Recent concern over the acidification of streams draining coniferous forests
(Hornung, 1984; Hormnung ef al, 1987a,b) has prompted research into the explanation of the
sources of the solutes found within such strcams. Current theorics suggest that the transport
of solules along particular water-pathways is a major dcterminant of the chemical signature
of these forest streams (Bache, 1984; Bricker, 1987; Homung et al, 1986a; Lawrence et al,
1986; Neal et al, 1989). No research has, howcver, provided an incontrovertible physical
characterization of the water-pathways within a natural hillslopc system. Eduction of an
accurate characterization of the hydrological control of the transport of acidic solutes into
forest streams, provided the main impetus for this rescarch.



1.2. Research Aims and Preface.

This research seeks to quantify the magnitude and direction of water movement within two
hillslope segments, one afforested with conifers, the other ploughed and re-seeded with grass.
This internal behaviour of the two hillslopes will be compared with the external-expression of
that behaviour at both the hillslope and catchment scales. Differences between both the
internal and external behaviour of the two land-covers will be explained with reference to the
impacts of forest stands, individual conifer trecs, and ploughing during pasture improvement.

The main emphasis of the rescarch was the production of an accurate, physical
characterization of the water-pathways within the two hillslopes. Although many previous
studies have attempted to characterize hillslope water pathways, analyses based upondifferent
types of ficld-technique applied at the same hillslope, have predicted very different water-
pathways (Beven, 1989; Dunne, 1983; Erichsen and Nordseth, 1984; Hammermeister et al,
1982ab; Pearce ef al, 1986). As a corollary to this, no mathematical simulation has been
presented, which can accurately predict the internal behaviour of a naturat hillslope. To date,
all models simulating water-flow within layered hillslopes, have required the alteration of at
least one measured hydrological parameter, to predict the response of the hydrological
variables (see Stephenson and Freeze, 1974).

The reason for the discrepancy between the results based on different field
techniques stems partly from the inevitable errors which arise from the conceptualization of
very complex processes, but also from an inadequate characterization of the errors associated
with the use of each technique. All techniques used in the assessment of soil-water-movement
impose their own set of totally artificial boundary conditions upon the true hydrological
system (Anderson and Burt, 1978; Bear, 1972; Dunne, 1983; Beven and O’Connell, 1982).

This research seeks to over-come this problem of measurement error, by combin-
ing numerous independent and quasi-independent field and analytical techniques to character-
ize the walter-pathways within each hillslope segment. The use of two hillslopes with very
different land uses and hence different water-pathways (?), further tests the accuracy of the
techniques employed. Although the errors associated with the use of each technique must be
fully characterized, the research is directed towards an understanding of the physical
processes, rather than towards an understanding of the techniques. The research is process-
driven rather than technique-driven (Collins, 1987; Klemes, 1986).
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Analysis of the hydrological behaviour of the two hillslope and calchment areas
is divided into the four key areas of:

1. the external rainfall-runoff response of the hillslopc and catchment areas, and its impli-
cations for the water-pathways (Chapter 5),

2. the response of the internal-state hydrological variables in relation to the water-
pathways (Chapter 6),

3. the impact of the internal-state hydrological parameters upon and the water-pathways
(Chapter 7), and

4. the predictions of the water-pathways using approximative and boundary-constrained
numerical calculations (Chapter 8).

The results of the analysis of the chemistry of precipitation, soil-walecrs and stream
waltcrs within the Tir Gwyn forest hillslope system, are presented within Chappell e al (1990).
The combinations of water-pathways that could produce the observed chemical signaturcs
within the stream and riparian zone, arc cxpounded within Chapter 9.

Implications of the predicted water-pathways for the movement of solutes to
streams conclude Chapter 9.

A summary of the aims which are addressed within the thesis are:

1. To produce concordant predictions of the direction and magnitude of soil-water-
movement within a coniferous hillslope and a grassland hillslope, using several inde-
pendent and quasi-independent techniques of measurcment and analysis.

2. To compare the intcrnal-state behaviour of the forest hillslope with that of the ploughed,
grassland hillslope, and cduce the impact forest stands and ploughing upon walcer-path-
ways.

3. To investigate the local effect of individual trees, under a particular set of physical

controls, upon hiilslope water movement as a wholc.

4. To cxaminc the external-stale responsc at the catchment and hillslope scale, 10 both
clucidatc characicristics of the internal responsc that arc exhibited in the external behav-
iour, and to verify the predictions of intcrnal response.

5. To examine the impacts of forest and grass covers upon the external-state, or rainfall-

runoff behaviour of catchments and hillslopes.
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Further release from the constraints imposed by the various techniques used to
measure and analyze soil-water-movement was achieved by building upon the ideas devel-
oped within the fields of hillslope hydrology (Section 1.4), forest hydrology (Section 1.5) and
the physics of flow through porous media (Section 1.4.3). Given that many of the principles
developed within each these of fields have not been fully embraced by the other hydrological
fields, three principles underlying the measurement and analysis used within this eclectic
approach to soil water movement are outlined.

1.3. The Three Principles of Hillslope Hydrology.

The innate difficulties associated with characterizing physical, soil-water processes, are
known as the Identification or Inverse Problem (Bear and Veruijtt, 1988; Yeh, 1986). They
result from the complexities of the flow-regime, solution geometry, and spatial variability of
the hydrological properties.

L. Flow Regime : The movement of water within soil pores can be non-Newtonian (molecu-
lar / slip / Knudsen), Darcian (laminar / viscous / conductive), Oseen (Forchheimer/partially
turbulent), or turbulent (convective) depending upon the fluid velocity and viscosity, and upon
the pore resistance (Bear, 1972; Chow et al, 1988; Hannoura and Barends, 1981). Under these
different flow regimes the relationship between the energy gradient and the resultant flow
alters, i.c.

Turbulent Oseen Darcian Non-Newtonian

0.5 ..hydro-dynamic region.. 1 >>1 a
where: q a J° [1]

Where q is water-flux and J is potential gradient. Under Darcian conditions, water movement
within a completely saturated volume of soil is, therefore, directly proportional to the average
energy or potential gradient (Darcy, 1856; Hubbert, 1940). This simple relationship is known
as Darcy’s Law (Section 1.3.3).

I1. Solution Geometry : Flow within hillslope soils can be calculated from a characterization
of the hydrological propertics (i.c. variables and parameters) of cither individual pores or
volumes of pores.



Introduction 5

Water movement within individual pores can be calculated using Knudsen’s
Equation for predominantly non-Newtonian flow (Knudsen, 1909), either Poiseuille’s equa-
tion (Poiseuille, 1846), or Snow’s equation (Snow, 1968) for Darcian flow, and Navier-Stokes
equations (Lamb, 1932; Navier, 1822; Stokes, 1845) for Oseen or fully-turbulent flow. The
hydrological properties required to solve these cquations for hillslope flow problems are,
however, extremely difficult to identify and measure (Bear et al, 1968; Bouma and Anderson,
1973; Cvetkovic, 1986; Marsily, 1986; Millington and Quirk, 1960; Muskat and Meres, 1936;
Scheidegger, 1974).

Hillslope water movement is, therefore, usually analysed by the characterization
and solution of equations relating to volumes of soil - pores, known as control-volumes or CV'’s
(Euler, 1755; Scction 3.5.1). The size of these volumes, therefore, determines the spatial
resolution to which the pathways can be described. When the flow regime is Darcian, then
Darcy’s cquation can be used (Section 1.3.3); if flow begins to lose inertia, then Forchheimer’s
equation (Forchheimer, 1901) is more applicable. In both cascs, the average water flux at the
centre of each control-volume is calculated by multiplying the respective potential gradients
by a proportionality cocfficicnt, known as the hydraulic conductivity. This cocfficient or
parameter is empirically determined for each control-volume of soil.

The division of the energy gradient by a resistance, rather than multiplication by
a conductivity would be more intuitive and physically correct. Conductivity is, however, used
within almost all representations of the macroscopic motion equation (Equations 310 19), and

is, therefore, used within this thesis both to maintain consistency and prevent misconception.

IIL. Spatial Variability : While it is not usually feasible to measure all of the hydrological
properties within all of the control-volumecs of a hillslope soil, the sampled controt-volumes
must accuralcly represent the truc distribution within the whole hillslope (Binley et al, 1989;
Klute, 1973; Frceze, 1980; Marsily, 1986; Sharma et al, 1987; Warrick and Nielsen, 1980).
A failure to represent zones of preferential flow (Scction 1.3.2) for example, would result in
very inaccuratc solutions (Sharma and Luxmoore, 1979).

Despite thc major problems associated with identifying and represcnting the
processes governing the movement of water within hillslopes, our knowledge of hillsiopc

hydrology has made considerable advances over the past 60 ycars (Warrick et al, 1986; Scction
1.4).



1.4. Hillslope Hydrology : Synthesis of Pertinent Research.

Research into the movement of water at the hillslope scale can be divided into essentially three
levels of analytical and measurement detail:

1. Hillslope Rainfall-Runoff (Scction 1.4.1),
2. Hillslope Hydrological Mechanisms (Section 1.4.2), and
3. Hillslope Hydrological Processes (Scction 1.4.3).

1.4.1. Hillslope Rainfall-Runoff.

Techniques aimed at predicting the volume of streamflow generated by particular hillslopes,
from the historical streamflow response and current rainfall data, were initially developed by
engineering hydrologists assessing the probability of flooding. These -lechniques are based
upon the external manifestation of hillslope response, and, therefore, do not require the accu-
rate characterization of hydrological properties within the hillstopes. The first of these fitted
techniques were the unit hydrograph approach (e.g. Brater, 1939; NERC, 1975; Sherman,
1932; Snyder, 1938) and the rationale method (Mulvany, 1851).

More recently, techniques based upon conceptual models (e.g. Birkenes:
Christophersen et al, 1982; Stanford-Watershed-Model: Crawford and Linsley, 1966), auto-
regressive-moving-averages (Box-Jenkins, 1971), hydrograph separation (e.g. R-Index: Hewlett
et al, 1977), and topographic indexes (c.g. Topmodel: Beven and Kirkby, 1979) have been
fitted 10 both streamflow, and hydrochemical responsc. More complex, mathematical models
such as the Institute of Hydrology Distributed Model (Beven et al, 1987) and the Systeme
Hydrologique Europeen model (Abbott ef al, 1986) could be described as rainfall-runoff
models, as they have to date, only been fitted (or optimized) to historical streamflow response
(Beven 1989; Klemes, 1986; Rogers et al, 1985).

1.4.2. Hillslope Hydrological Mechanisms.

Although streamflow response within particular catchments can be predicted using the simple
rainfall-runoff approach, the effects of land-use changes upon that response cannot be
predicted unless such changes were cvident during the calibration period (Beven and
O’Connell, 1982). To make predictions about the impact of future land-use changes within an
existing experimental catchment, or o make predictions about the response of an un-
instrumented caichment, requires an undcerstanding of how changing cnvironmental condi-
tions affect the detailed processes which govern hilisiope water movement. As there are

numerous hydrological processes (Section 1.3.3) and possible interactions between such
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processes, hillslope water movement and subsequent streamflow generation can be conceptu-
alized and assessed at a slightly more empirical level. A mechanism is the result of the
interaction between the physical processes (Section 1.4.3) and the distribution of the physical
controls (Section1.4.4).

Streamflow generation mechanisms can be grouped into those mechanisms
providing the large volumes of streamflow during storm-periods (Section 5.3.1), and those
generating strcamflow during periods of low-flow. Streamflow during periods of low flow is
usually scen to be gencrated solely by various forms of subsurface flow (see Horton, 1933;
Hewlett, 1961); while streamflow during storm periods has been shown to be generated
generated by:

1. direct inchannel precipitation,
2. Hortonian infiltration-cxcess overland flow,
3. saturation-excess overiand flow, and

4. dynamic subsurface stormflow.

Direct In-Channel Precipitation.

Precipitation which falls directly into the stream channel naturally generates part of the rapid
runoff appearing during storm events. This component can dominate streamflow hydrographs
during high intensity, low volume (i.c. <20 mm) rainfall events, and a during the initial stages
of major storm cvents (Hursh and Brater, 1941). The direct in-channel input of small volumes
of highly concentrated throughfall bencath forest canopies, can be critical in the calculation
of ion fluxcs during storm periods (Potter et al, 1988).

Hortonian Infiltration-Excess Overland Flow.

Horton (1933) considcred subsurface flow 1o be too slow a mechanism to generate the large
volumes strcamflow secn during storm periods. He thought that all storm-period streamflow
was generaled by water movement across the land surface. This so called overland flow was
produced by rainfall intcnsitics greater than a soil’s infiltration capacity (cquivalent to the
sorptivity in dry soils and saturatcd hydraulic conductivity in wet soils: Section 7.4).

This mechanism, once considercd to be thedominant storm-flow mechanism inall
catchments, is now secn {o be restricted to arid zones (c.g. Dubreuil, 1985; Yair and Lavee,
1985)and small intra-catchment arcas (c.g. Herwitz, 1986; Williams, et al, 1984) (Hewlettand
Nutter, 1970; Dunnc, 1978). Hortonian overland-flow predominatcs in arid zones, because
desert soils often develop surface crusts (Valentin, 1981) and a hydrophobicity (or non-
wecttability: Scction 7.4.5) when very dry (Krammes and Debano, 1965).
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Saturation-Excess Overland Flow.
The second mechanism which generates storm-period streamflows by the flow of water across
the land surface, is saturation-excess overland flow. This type of overland flow can be induced
by two separate conditions: first, by precipitation falling directly on to saturated areas (Dunne
and Black, 1970a,b) and second, by the exfiltration of subsurface stormflow (Cook, 1946;
Whipkey and Kirkby, 1978). This exfiltration or return flow of soil water is produced when
upslope additions of water exceed the combined drainage and storage capacity of adownslope
zone.

As saturation-excess overland flow is produced on saturated soils, areas likely to
develop such flow are zones with thin soils, contour convergence, slope concavity, or
relatively impermeable subsoils (Betson and Marius, 1969; Bonell et al, 1983; Dunne, 1978;
Kirkby and Chorley, 1967; Quinn et al, 1989). Saturated zones which produce saturation-
excessoverland olow arc known as pariial areas (Betson, 1964).

Dynamic Subsurface Stormflow.
The generation of streamflows during storm-periods in catchments with infiltration and
percolation rates too high to produce overland flow, indicates a rapid supply of water by
below-ground or subsurface routes (Hursh, 1936; Hursh and Hoover, 1941). This subsurface
stormflow, also known as throughflow (King, 1899), shallow seepage (Lowdermilk, 1934;
Bunting, 1961), quick subsurface runoff (Cook, 1946) and interflow (Arnett, 1974; Betson and
Marius, 1969), was largely ignored until the research of Hewlett in the early 1960’s (e.g.
Hewlett, 1961; Hewlett and Hibbert, 1963, 1967). Hewlett’s new mechanism was similar to
an earlier model envisaged by Hursh (op. sit), in which storm period streamflow was generated
by the recharge of stream-side areas by lateral flow from surface soil horizons, Jollowed by
a delayed input to the stream (Hursh and Hoover, 1941). Hewlett demonstrated how
strcamflow appeared to respond to the build-up of water within stream-side areas, which he
called variable source areas (Hewlctt, 1969, 1974). As the size of these apparent source areas
increased, so did the amount of streamflow. This new model was somewhat different from
Hursh’s original model, in that the stream-side (or riparian) arcas were rapidly recharged by
a displacement process termed translatory flow, within all of the partially-saturated upslope
soils (Hewlett and Hibbert, 1967).

Although nearly all of the subscquent models include the riparian component of
the Hursh/Hewlett model, three basic source area models can be defined:

1. the displacement model,
2. the macro-porce model, and

3. the near-surface flow model.
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Each of the models are, however, not mutually exclusive (Dunne, 1978), and all involve the
idea of the generation of streamflow from soil-zones of preferential flow.

1. Displacement Model : Numerous hydrological studies using stable isotopes (e.g. Abdul
and Gillham, 1984; Brunsden, 1981; Herrmann and Stichler, 1980; Kennedy et al, 1986;
Martinec, 1975; Rodhe, 1981; Sklash and Farvoldcn, 1979 Sklash et al, 1982; Turner et al,
1987) indicate that precipitation mixes with and displaces considerable volumes of pre-event
walcr prior to reaching any waler course. This miscible displacement mechanism (Nielsen and
Biggar, 1961) may operate within both the groundwater zone (dcfined as water within the
saturated or phreatic zone: Freeze and Cherry, 1979; Hewlett, 1982) or undcer-saturated zone
(Kennedy et al, 1986) of any catchment. Elcvated levels of displacement are induced by three
possible mechanisms:

1. An increased gas-phase pressurc in the partially-saturated zone, caused by air-entrap-
ment during infiltration (Mcyboom, 1966; Morel-Seytoux, 1983; Stauffer and Dracos,
1986).

2. A “thickening of the water films surrounding soil particles’ in the partially-saturated
zone (Hewlett and Hibbert, 1963). The actual existence of this so called translatory
mechanism has, however, been questioned by Bernier (1982), Bonell et al (1984), and
Burt (1985).

3. The near-instantancous saturation of the secondary-structure (or macro-porosity) within
ncar-saturated soils (Beven, pers. comm. 1988; Gillham, 1984).

2. Macro-Pore Model : Macro-porcs or secondary-pores (Section 7.3.6) are defined within
this thesis as both:

1. soil pores which conduct water at rates far greater than the mean pore velocity, i.e.

<qrnacmuoopic ﬂux>

<q,..> = 2]
<n> - dps

where qis specific flux or velocity (dim. LT™'), <> is mean,n is porosity of the control-volume
(cm® cm™), and dps is proportion of dead or inaclive porc-space, where 1y - dps ism_elfective
porosity (Dupuit, 1863: in Bear et al, 1968 p53).

2. pores that conduct far more new rather than stored or old water through a control-volume.
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Macro-pore voids may be formed by a number of quite separate processes,
including: internal erosion, root penetration, clay desiccation, freeze/thaw weathering, and
animal burrowing (Bear, 1972; Beven and Germann, 1982; Dixon and Simanton, 1979).

The importance of macro-pore flow as a streamflow generation mechanism, has
been shown by both direct gauging and tracer studies. The direct gauging of flow within large
macro-pores, known as pipes within the upper parts of the Institute of Hydrology, Plynlimon
Catchments (mid-WaIcS) provides perhaps the most compelling evidence (Gilman and
Newson, 1980; Jones, 1981; Pond, 1971; Wilson and Smart, 1984; Section 2.6.2). Occasion-
ally these large macro-pores have been seen to conduct water to the stream-bank (Jones and
Crane, 1981; Section 2.5.2). The movement of relatively conservative tracers through
hillslope soils, at velocities greater than those predicted by the Eulerian approach (Section
3.5.1), may provide asccond source of evidence, assuming that the calculated control-volume-
based flows were accurate (Smart and Wilson, 1984; Trudgill e al, 1984). Although
streamflow generation by large macro-pores has been proven by direct gauging, the role of
smaller macro-pores (e.g. 0.06 to 20 mm in diameter) remains less certain (Burt, 1985, 1987;
Horton and Hawkins, 1965; Nielsen et al, 1986; Pearce et al, 1986).

The hydrological properties governing water-flow within individual pores are
discussed within Sections 1.2 and 1.4.3.

3. Near-Surface Flow Model : The permeability of soils found within particular hillslopes
often varies over several orders of magnitude (Bonell et al, 1983; Hoover, 1949; Knapp, 1970;
Nielsen et al, 1973). Most of this variability results, however, from deterministic changes
between different catenal positions and different profile positions (Sections 3.5.3., 3.5.4.,
7.4.2. and 7.4.3)).

When near-surface soil horizons are more conductive than deeper horizons, the
resultant hillslope anisotropy (Section 6.6; Bear, 1972) produces lateral soil water movement
(Scction 6.2.3. and 8.2.2). The greater the relative discontinuity between the conductivity of
each horizon, the greater the lateral deflection (Burt and Butcher, 1985). The discontinuity in
the properties must be relative not absolute, because continuity must be maintained between
soil horizons possessing at least some hydraulic conductivity (Zaslavsky, 1964). When
conductivity differences are marked, perched water tables in otherwise unsaturated soil can
develop above the discontinuity (Betson and Marius, 1969; Bonell ez al, 1981; Section 6.3.3).

Even when hillslopes have near-isotropic and homogenous intrinsic permeabili-
ties (Equation 11; Section 7.4), but arc only partially-saturated with water, the state-dependent
hydraulic conductivity (Scction 7.4) may be diffcrent at different positions within a profile,
and so producc an anisotropy within the profile as a whole (McCord and Stevens, 1987; Price
and Hcndrie, 1983; Zaslavsky and Rogowski, 1969). The infiltration of rainfall into a

relatively dry isotropic soil will, therefore, induce lateral flow within the surface soil.
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If a partially saturated soil horizon with a fine texture overlies a coarse textured
soil horizon which is also partially saturated, then the base of the fine soil horizon must
approach saturation to allow water to flow into the lower horizon. This results from the greater
importance of capillary-induced flows within the finer soil, when the soil is only partially
saturated. When saturated with water, gravity-induced flows acting more equally within the
two soil horizons, become more important. This retardation of flow at the horizon disconti-
nuity can promote lateral flow (Miyazaki, 1988). In addition, as the saturated wetting front
advancces into the lower horizon, its movement will be controlled not by the saturated hydraulic
conductivity of the lower horizon, but by the rate of loss from the upper horizon. This produces
an instability, which leads to a vertical fingering of flow (Parlange, 1974).

Any change in vertical conductivity within hillslope soils (often within the near-
surface horizons) will, therefore, inhibit vertical percolation and thus promote lateral flow.
This model could be called the percolation-excess lateral flow model.

Hursh and Brater (1941) suggested how a temporal sequence of some of thesc
hillsiope hydrological mechanisms might generate the storm hydrograph within a tem perate
forest. A precis of this theoretical sequence begins with:

1. direct inchannel precipitation,

2. response of shallow water tables within the riparian zone (possibly producing saturation
excess overland flow),

3. near-surface flow of sub-surface waters,

4. subsurface flow in localized or preferred zones within deep regolith, and

5. subsurface flow within deep regolith, fed by subsurface) flow from steap slopes.

Although all of these mechanisms can to some degree be monitored and quantificd, the precise
relationships between cach of these mechanisms and streamflow response, requires a more

detailed understanding of the physical processes governing water movement at some represcn-
tative scale.

1.4.3. Hillslope Hydrological Processes.

Hillslope hydrological processcs are defined as those intcractions within the hydrolog ical
system which can by described by elementary principles and laws and hence solvable over
successive short-time steps. The scale usually chosen to cxamine hilislopc hydrological
processcs is the control-volume-scale (CV-scale; Scctions 1.3., and 3.5.1), although both
larger (c.g. Beven, 1982) and smaller (¢.g. Ych, 1981; Scction 1.3) scales have been used. The
average movement of waler through a control-volume of soil pores can then be described by
various extensions of Darcy’s original cquation (Darcy, 1856), provided flow is rclatively
laminar (Section 1.2).
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The General Motion Equation (For Darcian Flow).
Darcy’s macroscopic flow equation was originally developed for the calculation of water-flow
within completely water-saturated volumes of soil pores (Equation 3; Darcy, 1856; Section
1.2).

d d (¢, +9) )

= — { K.
T UK, dx

dx Bl

The actual form of the original equation is given within Childs (1969)
where q is specific water flux (or specific discharge) (dim. LT), K is saturated hydraulic
conductivity (dim. LT), d(¢s+¢)/dx is potential (energy) gradient (dim. LL™), ¢, is gravita-
tional (or elevational) potential (dim. L), and ¢_is capillary potential (i.e. the negative of a
suction/tension) (dim. L).

The equation has, however, been extended to the calculation of flow within
partially-saturated (or multi-phase air-water) soils by the use of a relative hydraulic conduc-
tivity function in place of the single value of saturated hydraulic conductivity (Equation 4;
Richards, 1931). It has been assumed that Darcy’s Law (Section 1.2) still applies (Richards,
1931; Nikolaevskii and Somov, 1978; Wyckoff and Botset, 1936).

e d d (9, +9)
o VKeg (4]
where:
K=K _.K [5]

where d6 /dt is change of moisture content with time (i.c. discharge) (dim. L*LT), K is
hydraulic conductivity function (dim. LT), K| is saturated hydraulic conductivity (dim. LT-
1, K is relative hydraulic conductivity of the wetting (i.e. watcr) phase (dimensionless) and
d(¢,+¢,)/dx is potential gradient (or change of total potential with distance) (dim. LL™).
The relationship between the moisture content (Scction 6.2) and matric potential
(Section 6.3) properties, is called the specific moisture capacity (Section 6.4). The incorpo-
ration of this function within Equation 4, which requires the solution of the derivative of the
rate of change of both ¢_and 6, enables the Richards equation to be solved foronly ¢_(Equation

6; Richards, 1931) or @ (Equation 7; Buckingham, 1907; Klute, 1952; Richards, 1931; Sposito,
1986).

de  de. _ (K. d(¢,+¢,)
d¢ dt d x dx

} 6]

where d¢_/ d6 is inverse specific moisture capacity (dim. LL3L?), d¢_/ dt is change of
capillary potential with time (dim. LT"), K is hydraulic conductivity function (dim. LTY),
d(¢,+¢ )/dx is potcntial gradient (dim. LL").
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de 4 g 96 de \ -
dt  dz " de | dz
where:
d¢ e
K. p (; = hydraulic diffusivity (D,) (8]

where d8 / dt is change of (volumetric) moisture content with time (dim. L3L>T), K is
hydraulic conductivity function (dim. LT"), d¢_/ d@ is inverse specific moisture capacity
(dim. LL>L"), d0 /dz is change of (volumctric) moisture content with vertical distance (dim.
L*L>L"") and D, is hydraulic diffusivity (dim. L2T).

The Richards Equation can be further extended to include both compression of the
porous media (i.c. non-zero storativity: Equation 9; Cooper, 1966; Freeze, 1971; Jacob, 1940)
and the effects of changing waler density and viscosity (Equation 10; Hubbert, 1940; Nutting,
1930).

d¢. dén 5 4 g 4
+ a+ = — .
T P ry PL2+MB) }=——{ K. ——

} (°]

where d¢_/ dt is change of capillary potential with time (dim. LT, P, is fluid density (dim.
ML™), 8, is percent saturation (dim. L3L3L’L?), n is porosity (dim. L3L?), dOn /d¢_ is
specific moisture capacity (or C) (dim. L’LL"), 6, (a+nB) is specific storalivity, a is matrix
compressibility, B is fluid compressibility, K is hydraulic conductivity function (dim. LT
and d¢_/ dx is total potential gradient (dim. LL")

do d¢, d kpg d (¢ +¢,
. = { K. st } [10]
do, dt d x v dx
where:
kpg/v = K, [11)

whered8/d¢,_is specific moisture capacity (or C) (dim. L3L-L"'), d¢_/dtis change of capillary
potential with time (dim. LT'), k is intrinsic pcrmeability (dim. L2), p, is fluid density (dim.
ML), g is gravitational acccleration (dim. LT?), v is dynamic fluid viscosity (dim. ML
T, where v/p = v kincmatic fluid viscosity dim. L2T1), K, issaturated hydraulic conductivity
(dim. LT"), K is relative hydraulic conductivity of the wetting (i.c. water) phasc (dimension-
less) and d(¢,+¢ )/dx is potential gradient (dim. LL™).
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Mass Balance Equations (For Control-Volumes of Pores).

Implicit to the Darcy-Richards Equation (Equations 3 to 10) is the notion that the difference
between the water lost and gained by a control-volume of soil, is equal to the change in
volumetric water content (plus any changes in storativity: Equation 9). In other words, the
change in water content minus the flux equals zero (Equation 12: spatial-Eulerian-description
of continuity: Euler, 1755), i.e.

Vydxdz
(mass inflow across dxdz)
dz
dv
{V, +—dy } dxdz
dy dy
dx {mass outflow across dxdz

at dy distance from inflow)
Thus: Net outflow in y direction

(for an incompressible fluid)

v, dv
{V,+ dy } dxdz - V dxdz = —-dxdydz
dy dy

Thus: Total net outflow (in x, y, and z directions)

dv_ dv, dv,
{ + + } dxdydz
dx dy dz

Mass of water in parallelepiped at any time = qdxdydz

d
Temporal change of mass = —— dxdydz
dt

v, dv_  dv, dq
Thus: { +—L 4 } dxdydz -
dx dy dz dt

dxdydz = 0

Or: dq
divg -—— = 0 [12]
dt .

Where: d d d
div = + +

q= Vﬂ+Vy+Vz
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where d0/dt is change of moisture content with time (dim. L>L*T™), q is specific water flux
(or specific discharge) (dim. LT") and div is divergence operator.

The movement of water in and out of a static control-volume can be calculated at
specific points in time, using standard (or Eulerian / global) coordinates. To track the
movement of water through a hillslope where the moisture status is changing, then we nced
to move the control-volumes through the hillslope. To reduce dispersion we usually move a
control-volume by reference to the position of a notional fluid-particle (Bear, 1972) located
at the centre of the control-volume, using a local (or Lagrangian) coordinate system (Bear and
Verruijt, 1987).

Flowline Continuity (For Control-Volumes of Pores).

The movement of water along a flowlinc must cross the boundaries between control-volumes
of pores according to the Tangent-Refraction Law (Hubbert, 1940; Jacob, 1940). This conti-
nuity (or mass-balance) equation can be written as:

(a) Refraction of equipotential-lines:

J 1
— = tan a, [13) — = tana, [14]
Jnl an
Kl Jnl = K2 N Jn2 [15]
thus K, tan a,
—_— = [16]
K, tan a,
(b) Refraction of streamlines:
q,cosb = g,cosb, [17]
thus K, tan b,
—_— = (18]

K2 tan b2

where q, is incidence (advective) mass flux (dim. LT), q, is refraction (advective) mass flux
(dim. LT?), a, is equipotential-line incidence anglc (dcgrecs), a, = equipotential-line refrac-
tion angle (degrees), b, is strecam-linc incidence angle (dcgrees), b, = strcam-line refraction
angle (degrees), K, is (isotropic) hydraulic conductivity: first CV (dim. LT, K, is (isotropic)
hydraulic conductivity: second CV (dim. LT, J,, is slope-ward hydraulic gradient: first CV
(dim. LL™), J_ is slope-normal hydraulic gradicnt: first CV (dim. LL™Y), J, is slope-ward
hydraulic gradicnt: second CV (dim. LL") and J_,is slope-normal hydraulic gradient: second
CV (dim. LL"). A stream-line is an isolinc of instantancous or sicady -state, specilic flux (Bear,
1972).
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Hydrodynamic Dispersion.

(Microscopic Fiow within the Control-Volume of Pores)

The Eulerian control-volume approach secks to describe only the average flux across control-
volumes of pores, and not the actual flow of water within individual pores. To approximate
the impact of microscopic flow (or flow within individual pores), upon the average macro-
scopic flux, an extra term - D or dispersion can be introduced into the flow equation. This term
is applied using local (or Lagrangian) coordinates. As the flow equation now includes both
advective (or macroscopic) and dispersive terms, it is naturally called the advection-
dispersion or hydrodynamic dispersion equation (Equation 19; Bear, 1961; Nikolaevskii,
1959; Scheidegger, 1961). When solute transport is being predicted, the dispersion term can
include a component representing molecular or Fickian diffusion.

de d do
= {D
dt dx dx

+ <q, >0} [19]

where d6 / dt is change of volumetric moisture content (or water mass concentration: Bear et
al, 1968) with time (dim. L*L>T"), D is coefficient of dispersion (dim. L) and <q,,.> ismean
pore velocity (Equation 2)(dim. LT").

if a significant proportion of the hillslope flow is concentrated into discrete pores,
then such flow may be more realistically represented by the solution of flow equations for
individual pores (Section 1.2; 1.3).

Macro-Pore Representation

(Equations of Flow within Individual Pores).

If the distribution of discrete and highly conductive pores within a hillslope soil is relatively
simple, then this preferred flow can be included within the Eulerian CV-approach by the
addition of a fluid-sink at the pore entrance and a fluid-source at the pore exit (Beven and
Germann, 1981b). If, however, the distribution of such pores is both complex and widespread,
then more complex two-domain models, or models based upon pore equations should be used
(Section 1.3).

1.4.4. Physical Controls.

The principal environmental conditions controlling the movement of soil water, include: (1)
climate, (2) topography and slope, (3) depth of porous media, (4) soil and water hydrological
properties, and (5) vegetation. Although all of these physical controls can be identified within
all hillslope hydrological studics, the relative importance of each varies from site to site
(Dunne, 1978; Freeze, 1974).
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Climate.

Precipitation input is by far the best single predictor of streamflow generation (Bren et al,
1979). The input of large volumes of precipitation results in the output of large volumes of
streamflow (Section 5.3.). The absolute volume of precipitation available for streamflow is,
however, dependent upon the evapo-transpiration losses. These losses can be as small as 16
percent (400 mm) per annum in a cool grassland catchment (Hudson, 1988) or as much as 70
per percent per annum (1468 mm) in tropical rain-forcst catchments (Walsh, 1987; Section
1.5.1).

Topography and Slope.

The predominant encrgy gradicnt (Section 6.3) within soils found within cool temperate
climates, is largely a function of the elcvational gradient or slope (Anderson and Burt, 1978).
As slopes steepen, the encrgy gradicnts stcepen, and, therefore, soil water velocity increases
(Hursh, 1944; Hewlett and Hibbert, 1963; Kirkby, 1971).

When lines of equal elevation (i.c. contours) converge, then subsurface flow will
concentrate. This concentration of flow leads to the development of saturated zones in
otherwise unsaturated hillslopes (Anderson and Kneale, 1980; Beven et al, 1987; Bren et al,
1979; Burt and Butcher, 1985; Kirkby and Chorley, 1967; Zaslavsky and Rogowski, 1969;
Section 8.2.1).

Depth of the Porous Media.

When the depth of the porous media (i.e. soil and regolith) is shallow, then the storage capacity
and length of the water pathways are both much smaller. This again produces more rapid
strcamflow generation (Betson and Marius, 1969; Cook, 1943; Pilgrim er al, 1978; Hewlett
and Hibben, 1967).

Soil and Water Hydrological Properties.

When stecp, convergent hillslopes with thin soils are closc to saturation (i.c. they have a high
antecedent moisture status), cven small precipitation inputs will produce rapid soil water and
streamflow responses (Ragan, 1968).

Given the moisture status and dimensions of the hillslope flow-region, the
pathways and rates of water movement within the hillslope are controlled by the spatial dis-
tribution of the soil pores within cach CV and across the CV-distribution. Pore- sizc and
conncctivity distributions arc often markedly diffcrent in different soil horizons and at
different slope positions, which can confinc most hillslope water movement to specific
horizons or slope positions (Niclscnet al, 1973; Rogowski er al, 1974; Walsh and Voigt, 1977,
Weyman, 1970; Scctions 3.5.3,, 3.5.4,, 7.2, 7.4.2., 7.4.3., and 8.2.2).
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Vegetation.

Vegetation is perhaps the process-control least understood and researched (Brenner, 1976;
Lelong et al 1987). The few studies which do exist, include the hydrological effects of grass
(e.g- Bouma and Dekker, 1978; Hino et al 1987), bracken (e.g. Amett, 1974, 1976; Carter,
1983; Williams, et al 1987), heather (e.g. Calder et al, 1982), and trees (e.g. Hursh, 1944;
Hoover, 1956; Law, 1956; Reynolds, 1966). Because of their greater biomass trees are likely
to have the greatest impact and thus warrant the greatcst emphasis. The hydrological relations

of trees are commonly referred to as Forest Hydrology.

1.5. Forest Hydrology : Synthesis of Pertinent Research.

The impact of forests upon the hydrological cycle can be divided into the effects of:

1. canopy processes and water relations (Section 1.5.1),
2. forest soil hydrology (Section 1.5.2), and
3. UK forestry practices (Section 1.5.3).

1.5.1. Canopy Processes and Water Relations.

Surficial evaporative processes (i.e. direct evaporation) within tree canopies combined with
biological transpiration, deplete the total amount of moisture available to generate streamflow.
Precipitation which is not evaporated from canopy surfaces, is re-directed along stems and
branches before reaching the forest floor. The relative importance of each of the three
mechanisms of werted-canopy-evaporation, transpiration and re-distribution is dependent

upon the tree species, individual canopy characteristics, and the storm characteristics (Voigt,
1960).

Evaporation from Wet Canopies (Interception).

Trees have much larger canopy surface areas compared to other types of vegetation, and are,
therefore, able to intercept and evaporatc greater volumes of precipitation (Waring et al,
1981). Examples of interception losses from forest and other types of vegetation are shown
within Tablel. Interception loss from Sitka spruce (Picea sitchensis Bong. Carr.) stands, at
sites throughout the UK are shown within Table 2. The estimates range from 254 to 876 mm,
or 25 to 49 percent of gross precipitation.



Introduction 19
Table 1. Interception losses from selected forest and non-forest canopies.
REFERENCE COVER/SPECIES ANNUAL INTERCEPTION
(% gross-precipitation)

Non-Forest Canopies:

McMillan and Burgy

(1958) Grassland

Williams er al (1987) Bracken 20
(Pteridium aquilinum)

Forest Canopies:

Bo et al (in press) Rigid and Loblolly pine 18
(P. rigida and P. taeda)
Oak and Alder 16
(Q. mongolica and Alnus hirsuta)

Calder (1976) Norway spruce 28

(Picea abies)

Crabtree and Trudgill Beech 20

(1985) (Fagus sylvatica)

Gash et al (1980) Scots pine 42
(Pinus sylvestris)

Helvey (1971) Red pine 13-24

(review: US forests) (Pinus resinosa)
Loblolly pine 6-27
(Pinus taeda)
Shortleaf pine 8-15
(Pinus echinata)
Ponderosa pine 8-18
(Pinus ponderosa)
Eastern Whitc Pine 14-17
(Pinus strobus)

Hudson (1988) Sitka sprucc’ 25
(Picea sitchensis)

Kasran (in press) mixcd diptcrocarp 27
(Dipterocarpus and Shorea spp)

Kittredge er al Canary Island Pinc 20

(1941) (Pinus canariensis)

Lai and Omar (in press)  Acacia 39
(Acacia mangium)

Stalfelt (1961) Spruce 46
(Pinus excelsa)

Rutter (1963) Scots pine 35
(Pinus sylvestris)

Walsh (1987) Ratinforest spp. 12-42

(review: tropical
rainforests)

* predominant vegetation type
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Table 2. Interception losses from Sitka spruce stands within the UK.

REFERENCE SITE ANNUAL-INTERCEPTION
mm % ppt

Calder et al (1980) Knapdale (Argyll) 710 39
Chappell (this study) Plynlimon (Powys) - 39
Courtney (1978) Trentbank (Stafford) - 39
Ford and Deans (1978) Greskine (Dumf{ries) 429 30
Gash and Stewart (1977) Thetford (Suffolk) - 31
Gash er al (1980) Plynlimon (Powys) 479 27

‘o Kielder (Northumber’d) 254 32
Hudson (1988) Plynlimon (Powys) . 521 25
King et al (1986) Kielder (Northumber’d) 299 28
Law (1956) Stocks (Lancs) 376 38
Leyton et al (1967) Bagley (Salop) - 49
Williams (1983) Narrator (Devon) 876 46

* = 7.5 months interception measurements (9/11/87 to 24/6/88)
RANGE: 25-49 percent of gross precipitation

Precipitation Re-distribution.

Incoming precipitation which is re-directed along leaves, needles, branches and stems,
eventually reaches the ground as drips of throughfall or streams of stemflow. The throughfall
component is, however, often concentrated towards the stem (Ford and Deans, 1978;
Kittredge et al, 1945; Rutter, 1963), because of irregularities at the branch-stem insertion
points (Voigt, 1960) and because major branches are often angled downward towards the stem
(Rutter, 1963). This partitioning of net-precipitation into stemflow and throughfall is deter-

mined by tree species, age, and individual canopy characteristics, and is, therefore, highly
variable (Table 3).
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Table 3. Throughfall and stemflow percentages of gross-precipitation within selected forest stands.

REFERENCE TREE SPECIES THROUGHFALL STEMFLOW

Bo et al, (in press) Rigida and boblolly‘gine 77 5
P. rigida and P. taeda)
Qak and Alder. B2 2

" (2. mongolica and Alnus hirsuta)

Calder (1976) Norway sprucc 51 22
(Picea abies)

Chappell (this study) Sitka spruce 56 5

(Plynlimon) (Picea sitchensis)

Crablree and Trudgill Beech 67 12

(1985) (Fagus sylvatica)

Ford and Deans (1978) Sitka spruce 43 27
(Picea sitchensis)

Gash and Stewart (1977) Scots pinc 67 1.6

(Thetford) (Pinus sylvestris)

Gash et al (1980) Sitka spruce 45 28

(Plynlimon) (Picea sitchensis)

Helvey (1971) Red pine 74-83 2-3

(review: US forests) (Pinus resinosa)

. Loblolly pine 71-92 8-20
(Pinus taeda)

' Shortleal pine 80-90 2-10
(Pinus echinata)

' Ponderosa pinc 76-89 2-6
(Pinus ponderosa)

‘o Eastern White Pine 7881 59
(Pinus strobus)

Hoover (1953) Loblolly pine 71 16-18
(Pinus taeda)

Institute of Hydrology Sitka spruce 55 23

(1976) (Plynlimon}) (Picea sitchensis)

Kasran (in press) mixed dipterocarp 73 04
(Dipterocarpus and Shorea spp)

Lai and Omer (in press) Acacia 57 4
(Acacia mangium)

Law (1957) Sitka spruce 60 7

Picea sitchensis)

Pathak et al (1985) al 82 09
(Sorea robusta)

" Pinus roxburghii / 92 04
Quercus glauca

. Chir pine 75 03
(Pinus roxburghii)

‘ Quercus leucotrichophora | 83 0.4
Pinus roxburghii

. Quercus floribunda | 85 04
Quercus leucotrichophora

. Quercus lanuginosa / 81 0.9
Quercus floribunda

Patric (19606) Tsuga heterophylla / 68 1
Picea sitchensis

Reynolds and Leyton Norway spruce 73 5

(1961) {Picea abies)

Rutter (1963) Scots pinc 48 16
(Pinus sylvestris)

Voigt (1960) Red pinc 80 1
(Pinus resinosa)

s Eastern hemlock 61 13°
(Tsuga canadensis)

L American becch 66 ar
(Fagus grandifolia)

+ estimoted lrom the catchment water balance

* percent gross precipitation falling upon crown area
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Biological Transpiration.

Rates of biological transpiration from forest canopies are extremely difficult to estimate
with any accuracy (Morton, 1984). For example, the annual transpirational losses from
spruce trees at Plynlimon have been estimated from a lysimeter study to be 17 percent of
gross precipitation (340 mm : Calder, 1976) , but only 5 percent from a catchment water-
balance study (105 mm : Hudson, 1988). The ratio of the transpiration to wet-canopy-
evaporation from the lysimeter and catchment studies are 1:1.7 and 1:5 respectively. This
ratio has been previously estimated to be 1:1.5 (Law, 1956), 1:3.1 (Stewart, 1977), and
1:6 (Ebermayer: in Brown, 1877) for other spruce stands. Pcak transpiration rates from the
forest canopy at Plynlimon range from 1.5-1.8 mm d' (Hudson, 1988). The transpirational
losscs from a grassland catchment, adjacent to the forested catchment at Plynlimon, ac-
counted for most of the 16 percent total evapo-transpiration losses calculated from a catch-
ment water-balance(335 mm : Hudson, 1988; Stewart, 1977).

1.5.2. Forest Soil Hydrology.

The impacts of forests upon the movement of precipitation into and through hillslope soils are
as poorly perceived as the canopy processes (Brenner, 1976; Pritchett, 1979). Present under-
standing is restricted to the semi-quantitative hydrology of the forest Jloor, tree roots, forest
mineral-soil, and forestry management.

Forest Floor Hydrology.

Although the hydrological role of the forest floor (i.e. surficial organic horizons: McColl,
1972) has been recognized for at least 60 years (e.g. Lowdermillk, 1934), surprisingly little
quantitative information has been produced (Chancy, 1981; Walsh and Voigt, 1977). The few
studies which do exist show that the active organic layer markedly alters hillslope water

pathways by both reducing the observabie overland flow, and by altering the ratio of lateral
to vertical flow.

Surficial Infiltration : Many forest soils exhibit enhanced (surface) infiltration rates when
compared with adjacent grassland soils (Table 4). Incrcases of between one quarter of an order
of magnitude to over two and a half orders of magnitude have been noted (Table 4). The forest
floor, which comprises litterfall, roots, humus and peat, is able to enhance surficial infiltration,
first by reducing lateral overland flow, through the increased surface roughness (Arnctt, 1974,
Bonell et al, 1984; Hoovcr;-1949) and cushioned raindrop impact (Plamondon er al, 1972).
Second, infiltration is enhanced by the more open soil structure, evidenced in both decreased
bulk densities (Bergund et al, 1980; Jackson, 1973) and increased porosities (Hoover, 1943,
1949; Mosley, 1979).
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As the surface organics become humified, then they begin to exhibit variable
wettabilities (Section 7.4.5). On desiccation, this produces a marked hydrophobicity (Grele-
wicz and Plickta, 1983, 1985; Nielsen et al, 1972), which may localize the initial infiltration
to the secondary-structure (Burch et al, 1987; deVries and Chow, 1978; Plamondon et al,
1972; Reynolds 1966; see Section 7.4.5).

Lateral versus Vertical Flow : Deciduous trees may increasc the vertical to lateral flow ratio
within hillslope soils, through the incorporation of organic matter within the mineral soil, root
growth, and favourable biological activity (Ternan et al, 1987).

Coniferous trces, however, often develop a marked relative hydraulic discontinu-
ity (Sections 1.4.2.,7.2.,7.4.2.,7.4.3. and 7.4.9) between their organic and mineral soil layers,
which can add a considerable laicral component to the path of percolating water (Bonell et al,
1983; Grieve, 1978; Molchanov, 1960; Tischendor{, 1969; Walsh and Voigt, 1977). Field
evidence to support the presence of lateral flow, includes the near-surface lateral displacement
of tracers (e.g. Reynolds, 1966) and soil-pit-face outflow (c.g. Mosley, 1979; Table 4-2).

Table 4. Infiltration capacities (or near-surface saturated hydraulic conductivities) of forest
and adjacent grassland soils: cm hr-1.

REFERENCE GRASSLAND  FOREST

cm hr! cm hr! (logF-logG)
Berglund et al (1981)? 6 22 (0.56)
Burch et al (1987)! 0.9-8 6-22 (0.44-0.82)
Burt et al (1983) 0.4-4 18 (0.65-1.65)
Costales (1979)2 0.94 4.5 (0.68)
Hoover (1949)° 5 110 (1.33)
Jackson (19732 3 60 (1.29)
Mathur et al (1982) 26.8 46.8 (0.24)
Molchanov (1960)* 27 48 (0.25)
Tcman et al (1987)° 3 42 (1.15)
Wood (1977) 0.3 39.7 (2.12)

(logF-log(G) Order of magaitude increase in the forest soil
infiltration rate compared with the grassland

soil infiltration rate

1 Tension-infilirometer technique
2 Ponded double-ring infiltrometer technique

3 Conslani-head permeameter technique
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Root Hydrology.
The distribution of tree roots within soil profiles governs the rate and pattern of localized
additions and abstractions of water.

Tree-Root Distribution : The vertical and horizontal distribution of tree roots is dependent
upon the tree species, phenology, and soil conditions. The vertical penetration of for example
Sitka spruce (Picea sitchensis, Bong. Carr) roots has been shown by numerous studies (e.g.
Armmstrong et al, 1976; Boggie and Knight, 1980; Messengcr, 1980; Strong and La Roi, 1985)
to be severely restricted by anaerobic and indurated conditions. Equally, drainage channels
(known as grips) and stand density, restrict the horizontal distribution of roots (Chaney, 1981;
Ford and Deans, 1977; Henderson et al, 1983).

Tree-Root Absorption : Tree roots absorb soil water to supply nutrients and to replace
moisture lost by transpiration (Pritchett, 1979). This water uptake is centred in those soil
horizons with the greatest density of roots (Messenger, 1980; Petrov, 1980). Some water may
be abstracted from soil at some distance from the root distribution (Section 6.3.6.; Figure 46)
The rate of this so called remote extraction is debatable (Nnyamah and Black, 1977; Patric ef
al, 1965). Perhaps the most obvious expression of root abstraction is the depression of the
water table (or phreatic surface), in the form of local sinks (Chaney, 1981; Reynolds and
Leyton, 1961). Although individual roots behave like local sinks, they also act as local sources,
aiding the flow of water into soils.

Tree-Root Flow : Water may preferentially move along tree roots, as a result of their
longitudinal form and surrounding rhizosphere soil (Tinker, 1976). This rhizosphere soil con-
sists of both a pedotubule - a void at the soil-root interface (Brewer and Sleeman, 1963) and
void wall. The pedotubules are produced either by the growth of the root into a pre-existing
void of animal or root origin (Aubertin, 1971; Messenger, 1980), or by the contraction of both
soil and roots (Tinker, 1976; Holtan, 1971; Hoover, 1962). Roots can shrink by up to 25
percent whendried to 2-5 bar (Hucket al, 1970). Tree movement during windy conditions may
be an additional void producing mechanism (Hornung, 1984; Romans, 1959; Savill, 1976).
The formation of the void wall can result from three mechanisms:

1. Root penetration and subsequent soil compaction (Aubertin, 1971).

2. Thedepositionand orientationof clay cutans (Blevins et al, 1970; Brewer, 1960; Pilgrim
et al, 1978; Sullivan and Koppi, 1987). The oricntation of clay cutans is, however, not
diagnostic of preferred watcr-flow, they can also be orienntented by weltting and drying
cycles (Crampton, 1963) and matrix movement (Rudeforth, 1967).

3. The hydrophobicity of locally dried soil (Pierce, 1967).
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Despitc this knowledge of the soil-root interface, the actual pathway of water along individ-
ual roots remains uncertain, with bothspiral (Aubertin, 1971) and underside (Reynolds, 1966)
motions being suggested. When roots die, the preferential pathways may not be lost, as the
bark may remain intact and infill material may be permeable (Gaiser, 1952a). Evidence to
support the preferential flow of water along both live and old root channels includes:

1. Higher gravimetric moisture values near roots (Gaiser, 1952b).

2. Preferential movement of dye and tritium tracers (e.g. Aubertin, 1971; Boggie and
Knight, 1980; Mosley, 1982).

3. Directobservation of flow from around root channels (given the artificialsink boundary
condition created by a soil-pit-face: Section 8.2.2; e.g. Beasley, 1976; Gilmour et al,
1980; Whipkey, 1967, 1969).

The role of tree roots as prefercntial pathways for water-flow is not always a certainty. Graham
(1960), for example, noted that dyes moved only short distances along tree roots and then
stopped inexplicably.

Forest Mineral-Soil Hydrology.
The impact of trees upon the mineral-soil hydrology is a function of both the pcnetration of
individual roots, and the interaction with the overlying forest floor.

Mineral-soils beneath deciduous forests and some coniferous forests, have greatly
increased porosities and hydraulic conductivities, as a result of both localized root penctration
and more general structural enhancement (Imeson and Jungerius, 1976; Ternan et al, 1987).
Wood (1977) for example, demonstrated how the structural aggregation beneath a predominantly
Eucalyptus spp. forest was significantly grcater than that beneath adjacent pastureland. The
minimum-mean-weight-diameter of aggregales within the forest soil was 1.84 cm and only
0.56 cm beneath the pasture-land.

Recently, a number of studies have shown that coniferous forests within moist
temperate regions can actually promote the structural deterioration of soils, rather than
structural enhancement (Bonncau ef al, 1979; Grieve, 1978; Hornung et al, 1986b). The
increased acidification and podzolization of soils beneath coniferous forests tends to rot the
clay mincralogy (Crampton, 1963; Nys, 1981; Van Vlict-Lanoc, 1985) and reduce the micro-
porosity of the eluvial, A, horizon (Nys and Ranger, 1985). As the structural deterioration
incrcases Lhen the eluvial horizon becomes progressively less permeable (Adams and Raza,
1978; Rudeforth, 1967).
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1.5.3. Hydrological Effects of UK Forestry Practices.

Different types of forestry practice during the site preparation, stand management, and logging
phases can have profound effects on the movement of water within the canopy, soil and stream.

Site Preparation (Drainage, and Road Construction). _

As new forest plantations are established, the practices of road construction and site drainage
can increase both subsurface and surface water movement. Extensive drainage of forest stands
in upland Britain from the late 1950’s to early 1980’s has lead to more peaked responses from
those areas (Robinson, 1980, 1985). Recent attempts at contour ploughing and terminating
drains before they discharge into streams (Lecks and Roberts, 1987) may reduce this enhanced
rapid runoff. The practice of cutting deep drains (10-20 m apart) at right angles to the shallow
furrows and turfs on which the coniferous trees are planted has, however, had little effect on
the water table within peaty-gleyed areas (Boggic and Knight, 1980; Pyatt et al, 1985;
Robinson and Newson, 1986; Savill, 1976).

Very little quantitative evidence of the hydrological effects of forestry roads is
available for upland Britain (Lecks and Roberts, 1987). Evidence from catchments within the
USA and the tropics does, however, show that forest roads can induce overland flow and hence
increase stream peakflows (W. Swank pers.comm. 1988; W. Sinun pers.comm, 1989).

Todate very few areas of the UK have been fired prior to planting, a practice which
can induce rapid overland flow (Berndt, 1971; Conway and Miller, 1960).

Management.

Forest stands within upland Britain are normally thinned, some 5 to 10 years prior to clearance
(i-¢. at an age of 40-45 years). This removal of selected trees reduces both interception and
transpiration loss (Butcher, 1977; Hewlett, 1982).

In an attempt to ameliorate the effects of inputs of acidic groundwater into
streams, coniferous trees have been cleared from a 10 m strip either side of selected Welsh
streams, and then limed (B. Reynolds pers.comm. 1989). This will increase the effective (or
net) precipitation additions to the soil adjacent to the stream, thereby producing a dispropor-
tionately large increase in rapid runoff (Douglass and Fletcher, 1947).

Logging.

When forests are clear-felled, the use of hcavy machinery compacts soils which may then
induce localized overland flow (Hornung et al, 1986b). Interception and transpirational losses
are reduced, probably to levels even lower than from grasslands (Hibbert, 1969). Annual
discharge (or yield) is increased by a concomitant amount (Harr, 1986; Hewlett et al, 1984;
Hibbert, 1967; Pierce et al, 1970).
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1.6. Research Needs.

Although many hydrological mechanisms describing the movement of water towards streams
have been identified (Section 1.4.2), comparatively little research has been directed towards
the physical characterization of those hydrological processes underpinning these mecha-
nisms. This has resulted in conflicting results, misconceptions, and an inability to mathemati-
cally simulate water-pathways over successive short time increments (Section 1.2).

There is, therefore, a nced to integrate the quasi-physical hillslope hydrological
mechanisms with the physical theory developed within the fields of the physics of flow
through porous media, groundwater hydrology, petroleum hydro-geology and soil-water
physics. As a result, this research seeks to develop a more precise characterization of the
mechanisms of streamflow generation, using those field and mathematical techniques re-
quired to represent and validate the physical theory.

An accurate characterization of those mechanisms and processes controlling the
pathways of water to streams would enable biogeochemists to develop a greater understand-
ing of the transport of solutes to streams. Given that such a characterization of water-pathways
is achievable, the impact of any physical control upon these pathways could be examined. This
physical control could be, for example, individual conifer trees.

Streams within conifcrous forests have been shown to be undergoing enhanced
acidification in comparison with neighbouring grasslands (Homung et al 1986a, 1987b). An
alteration of the water-pathways as a result of the growth of conifer trees may be one of the
factors contributing to this enhanced acidification (Hornung and Newson, 1986; Newson,
1984). The detailed impact of individual conifers upon water-pathways within a hillslope gen-
erating streamflows loaded with hydrogen ion, aluminium, sulphate and nitrate (Chappell et
al, 1990) will, therefore, be characterized. This understanding would add to the understand-
ing of water-pathways within the hillslope as a whole.
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Research Site.
2.1. Introduction.

The reasons for selecting the Tir Gwyn massif within the Plynlimon region of mid-Wales, U.K.
as the research site, are discussed within Sections 2.2 and 2.3.

The background characteristics of the instrumented areas, and the region as a
whole, are then systematically addressed. These characteristics include: climate (Section2.4),
geology (Section 2.5), geomorphology and topography (Section 2.6), stream morphometry
(Section 2.7), soils (Section 2.8), vegetation (Section 2.9), and land management (Section
2.10). The main similarities and differences between the instrumented grassland and forest
sites, are summarized within Section 2.11.

The regional characteristics are based primarily upon those determined within the
Institute of Hydrology’s Plynlimon Catchments.

2.2. Regional Site Selection.

The principal reason for the choice of the Plynlimon (Pumlumon) massif as the area to
instrument (Figure 1) arose from previous research (e.g. Calder and Newson, 1979; Homung
and Newson, 1986) which focused on the impacts of the local afforestation upon both
hydrological and hydro-chemical regimes.

The chemistry of the stream-waters draining the afforested parts of the Plynlimon
massif is characterized by high loadings of hydrogen ion, aluminium, sulphate, and nitrate
(Chappell et al, 1990; Hornung et al, 1987; Neal et al, 1985). Elcvated levels of acidity and
aluminium have been implicated in the decline of freshwater fish and invertebrate populations
(Stoner and Gee, 1985). The transport of these solutes to streams is governed by the pathways
of the soil water (Bache, 1984). Thesc pathways must, therefore, be quantified if we are to
understand the movement of solutes into strcams. Close co-operation with the Institute of
Terrestrial Ecolongcid Waters Project tcam, at Plynlimon, has enabled synchronous hydro-
logical and hydro-chemical monitoring, which should lcad to an better understanding of the

movement of ions within hillslope hydrological systems.
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Figure 1. The Tir Gwyn Experimental Catchments.
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Mid-Wales is an important region for the supply of water to the West-Mid!ands
conurbation, and the source area of the rivers Severn and Wye. These two rivers periodically
flood lowland parts of Shropshire, Hereford and Worcestershire, Gloucestershire, and Powys
(NERC, 1975; Newson, 1978). Changes in the rates and pathways of water movement as a
result of past or future afforestation (Centre for Agricultural Strategy, 1980) may, therefore,
have a profound effect upon the supply of water and incidence of flooding.

The two further scientific considerations for choosing the Plynlimon as the
research site, were: (1) the high annual precipitation, which produces more easily measurable
hydrological responses (Anderson and Howes, 1986), and (2) the cxistence of a considerable
body of background hydrological data, which has been monitored by the NERC Institute of
Hydrology, following the instrumentation of the Plynlimon Experimental Catchments in 1967
(Institute of Hydrology, in press).

2.3. Local Site Selection.

Two adjacent catchments, draining the south-eastern slopes of the Tir Gwyn mountain (NGR:
SN850840) were chosen, on account of their similarities in physical characteristics. The only
significanr difference between the two catchments is that most of one catchment had becn
ploughed and re-seeded as improved pasture, while most of the other had been afforested with
conifers (Figure$).

Both catchment streams are tributaries of the River Bidno (Afon Bidno), which
itself is a tributary of the River Wye (Afon Gwy). Trapezoidal flumes delineate the instru-
mented catchment arcas within both the grassland and forest catchments, of 0.12 and 0.11 km?,
respectively. The rainfall-runoff response of the forest and grassland areas presented within
Chapter 5, are based upon these 0.1 km? catchments. Only the hydro-chemical response (c.g.
Chappell et al, 1990) is examined at the larger (0.3 km?) catchment scale. Catchment areas and
percent cover are shown within Table 5.

Within each catchment a single hillslope system was selected and instrumented to
monitor the internal-state hydrological properties (Section 3.5, Chapters 6 and 7). Both
hillslope sections are approximately 50 m in length .
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Table 5. Tir Gwyn catchment areas. (total area: 0.66 km?)
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GRASSLAND FOREST
CATCHMENT CATCHMENT
(Nant Mynachlog)
Total catchment area 0.30 km? 0.36 km?
Area afforested 0.01 km? 0.24 km?
(4.3 %) (66.5 %)
Area under grassland 0.29 km? 0.12 km?
(95.7 %) (33.5 %)
Instrumented-catchment area 0.12 km? 0.11 km?
above trapezoidal flumes
Instrumented -catchment 0% 79.9 %
afforestation
Instrumented-catchment 100 % 20.1 %
under grassland
Area of bracketed section 0.045 km? 0.055 km?
between weir and flume
Area above bracketed 0.053 km? 0.056 km?
section (i.e. above weir)

2.4. Climate.

2.4.1. Regional Climate.

The Plynlimon area is described as having a Western Marginal Upland Climate (Newson,
1976a). Such climates are charactcrized by a cool temperate rcgime with a foreshortened
growing season, low temperatures and high annual rainfall, with rain occurring with great
frequency (Manley, 1952). The local climate is strongly influenced by maritime conditions
(Reynolds, 1984).

Ninety-five percent of the 1585-2644 mm annual precipitation falling upon the
Plynlimon catchments is in the form of rainfall (Calder and Newson, 1979; Hudson, 1988).
Rainfall intensitics are fairly low, with average storm intensitics ranging from 2-4.4 mmhr!
, and maximum intcnsitics of 5.8-10.6 mm hr'. There are approximately 8 heavy (30-50 mm)
rainfall events, and 4 very heavy ( >50 mm) rainfall events cach year (Newson, 1976a). The
prevailing rain-bearing wind is south-westerly (Clarke es al, 1973). A strongcorrelation exists
between rainfall and altitude (Ncwson, 1976a).
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Annual evapo-transpirational (ET) losses from the acid grassland areas of the
Plynlimon massif are approximately 16 percent of gross precipitation, and 30 percent from the
areas afforested with conifers. An average of 83 percent of the ET loss (i.e. 25 percent of the
gross precipitation) from the coniferous forests results from the interception and evaporation
of rainfall from the wet canopies (Hudson, 1988).

The Plynlimon region receives an average 2.5 MJ m2day' km** of solar radiation
(Harding, 1979), has just over three hours of sunshine a day, and an mean annual temperature
of 7.2 °C (Calder and Newson, 1979). Mean annual soil temperatures (at 0.3 m in peaty
moorland soils) range from 6.7-8.0 °C (Gilman, 1980).

2.4.2. Grassland Site Climate.

During the period of study (8/6/87-8/6/88), the Tir Gwyn grassland catchment received an
annual 2629mm of precipitation (Section 5.2.1). Only 127mm or 5.1 percent of that precipi-
tation was in the form of snowfall. The maximum hourly rainfall intensity measured during
the study period was 10 mm hr*. No marked seasonality in precipitation totals was apparent
(Figure 25).

Evapo-transpiration loss from the grassland catchment is estimated from the Wye
Catchment water balance, to be 15 percent of gross precipitation (Institute of Hydrology,
1989); which is equal to 400 mm a! for the period 8/6/87-8/6/88 (Section 5.2.2).

2.4.3. Forest Site Climate.

Gross precipitation falling upon the forest catchment was assumed 1o be the same as the
grassland catchment (i.e. 2629 mm), as the altitudinal range, slope and aspect arc similar
(Figure 21).

Net precipitation inputs beneath the forest canopy were some 36 percent less than
the gross precipitation inputs (Section 5.2.2). Moisture losses via biological transpiration and
soil cvaporation were not measured, but assumed to be within the range of 5 percent (=125
mm: mean 0.3 mm day"!, Hudson, 1988) to 17 percent (=425 mm: mean 1.2 mm day, Caider,
1976). Winter (December) transpiration rates can be as low as 0.03 mm day*! (Calder, 1978),
and peak summer rates can be as high as 1.5-1.8 mm day! (Hudson, 1988).
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2.5. Geology.

2.5.1. Regional Geology.

 Silurian shales dominate the geology of central Wales (Jenkins, 1967). The erosion of an
anticlinal fold has, however, exposed the more resistant Ordovician or Van (local name)
geology of the Plynlimon massif. The central and oldest part of the massif is characterized by
massive grits, mudstones and conglomerates of the Lower Ordovician formation (Jones,
1929). Surrounding this formation arc the soft blue shales of the Upper Ordovician formation.
Progressively younger geologies are found as the distance from the massif increases.

Lowcr""aTld Middle Valentian formations (Upper Ordovician-Lower Silurian
transition) are characterized by shales and mudstones with some impure limestone bands. This
formation is found within the lowcr sections of the Institute of Hydrology, experimental
catchments (Newson, 1976b).

The surrounding Lower Silurian geology is characterized by shales and mudstones
with some thin sandstone or siltstone bands.

The Ordovician and Silurian rocks both have chemical compositions dominated
by SiO, (¢. 60%) and ALO, (c. 21%), and mineralogical compositions dominated by illite (c.
33-41%), quartz (c. 26-37%), and chlorite (c. 20-36%) (Evans and Adams, 1975). The chlorite
minerals weather readily to magnesium (B. Adams, pers. comm. 1988).

2.5.2. Geology of the Grassland and Forest Sites.

The south-castern slopes of the Tir Gwyn mountain have a Lower Silurian geology, compris-
ing shales and mudstones. Less resistant siltstone rocks are present within somc of the valleys
(D. Wenner, pers. comm. 1989). No calcarcous beds were found.

P — o p———
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2.6. Geomorphology and Topography.

2.6.1. Regional Geomorphology and Topography.

Three principal surficial deposits have developed upon the solid geologies at Plynlimon.
These include: blue-grey boulder clay, soliflucted head, and colluvium (or scree) (Watson,
1967,1968).

The boulder clay is a highly impermeable glacial deposit, generally found within
valley bottoms. It is occasionally found inter-bedded with the colluvial deposits (Newson,
unpublished report). )

The soliflucted head (Harris, 1987) is a periglacial deposit comprising predomi-
nantly gravel-sized fragments of shale. Solifluction terraces are very common feature in mid-
Wales, and are often several metres deep on north facing slopes (Watson, 1967). Indurated
fragipan layers (Fitzpatrick, 1956; Van Vliet-Lanoe, 1985) are present at several depths
within these deposits .

Post-glacial scree or colluvial deposits are derived by the weathering of bare rock
surfaces, and tend to occur on the south facing slopes where, presumably, the older periglacial
deposits have been preferentially eroded due to a warmer micro-climate (Newson, unpub-
lished report).

The Institute of Hydrology, Plynlimon catchments have an altitudinal range of
341-741m and a mean altitude of 450m. The modal altitude of the Wye Catchment (450-
500m) is, however, significantly higher than the Severn Catchment (400-450m). Modal slope
angles within both catchments are 5-15° (Newson, 1976b).

Slope failure is common during flood events (Newson, 1975). Features including:
rush flushes (distinct peaty zones with pronounced continuous macro-pores), crescent-shaped
burrows (slip features exacerbated by sheep), and seepage steps developed upslope in flights,
are also common (Newson, 1976b).

2.6.2. Geomorphology and Topography of the Grassland and Forest Sites.

The grassland research hillslope is south-facing and is mantled by a relatively shallow
colluvium, which is 5.7 m deep at the slope-base and only 0.8 m deep, 60 m upslope. These
depths were calculated from a scismic survey of both the grassland and forest hillslope.
Average slope angle of the grassland hillslope is 15.0° (Figure 2).
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Figure 2. Topography of the grassland hillslope.

A rush flush (Section 2.6.1) is present at the slope-base (Figure 3). A 20 m high
slope failure izas developed on the thin soils of a for-like feature, 25 m upstream of the

downstrcam of the grassland flumec.
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grassland weir. Crescent-shapcd slip features enlarged by the effects of sheep, are observed on
the main hillslope (Figurc 1). Above the instrumented grassland hillslope a dry-channel
fcature exhibits flow from a scrics of seepage steps during storm-events. A number of large
pipes (20 cm i.d., 5 m length, Scction 1.4.2) arc obscrvable within the peaty, riparian soils,
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The instrumented forest hillslope is slightly steeper than the grassland hillslope,
with an average slope angle of 19.7°. The slope is north facing and has a much deeper rego-
lith. The seismic refraction survey indicated that the deposit, asoliflucted shale is 3.86 m deep
at the slope-base and 11.7 m decp 40 m upslope (Figures 3 and 4). Indurated fragipan layers
are observed at depths of 0.65-0.75 m and 1.0-1.5 m. Exposures of this soliflucted head along
road-cuts, exhibit further indurated layers at greater depth. The forest stand has obscured many
of the geomorphological features observable within the grassiand.
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Figure 3. Topography of the forest hillslope.
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2.7. Stream Morphometry.
2.7.1. Plynlimon Morphometry.

The morphometric characteristics of the Wye (grassland) and Severn (forest) catchments at
Plynlimon are summarized in Table 6. Detailed reviews of the Plynlimon channel geometries

and sediment dynamics are presented within Institute of Hydrology (1987), and Newson and
Harrison (1978).

Table 6. The morphometric characteristics of the Institute of Hydrology, Plynlimon Catchments,
mid-Wales, U.K. (after Newson, 1976b). '

WYE SEVERN
Catchment area 10.55 km? 8.7 km?
Strahler basin order 4 4
Drainage density ~ 2.04km km™? 2.40 km km?
Stream frequency 2.88 3.60
Outline shape (K) 1.36 1.37
Main channel slope 36.3 m km! 67.0 m km™!
Main channel length 7.32km 4.58 km
Bifurcation ratio 1.54 1.67

2.7.2. Morphometry of the Grassland and Forest Sites.

The morphometric characteristics of the two Tir Gwyn experimental catchments are summa-
rized in Table 7.

Table 7. The morphometric characteristics of the Tir Gwyn experimental catchments
at Plynlimon (mid-Wales, U.K.).

GRASSLAND FOREST STREAM
(Nant Mynachlog)
Catchment area 0.72 km? 0.66 km?
Strahler basin order 1 1
Drainage density 1.0 km km? 1.2 km km
Main channel slope 123.8 m km'! 109.1 m km**
Main channel length 0.73 km 0.81 km
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2.8. Soils.

2.8.1. Regional Hillslope Catena.

The Plynlimon region, with its the combination of high rainfall, cool climate and Silurian/
Ordovician deposits has given rise to characteristically wet soils (Oliver, 1967) of the Hafren
Association. Figure 5 shows the idealized hillslope catena of the rclated soil types (or series),

across the Plynlimon massif.

"DROSGOL” HAFREN
“CARON"  (local namo)
Peat ronpan Ferric
stagnopodzo! stagnopodzol
with groungwater Flellic
glaying podzol
POWYS
Brown

rankers HIRAETHOG
Ironpan
stagnopodzol

HlI\FREN

Ferric
podzol

HIRAETHOG
lronpan
stagnopodzol Fertic
stagnopodzol WILCOCKS
(old Ynyg)
Stagnohumic

gley

Figure 5. An idealized hillslope catena for the Plynlimon massif.

The high altitudes are covercd with hill peat of the Crowdy (locally Caron) series
and ironpan stagnopodzols with gleyed subsoils of the Hiracthog (locally Drosgol) serics
(Newson, 1976b). At slightly lower altitudes ironpan stagnopodzols of the Hiracthog (also
locally Hiraethog) series grade into ferric stagnopodzols and then ferric podzols of the Hafren
series (Crampton, 1967; Rudeforth et al, 1984). Brown podzolic soils of the Manod series may
also be present (Knapp, 1970). These soils arc distinguished from the frue podzols, by the
abscncc of an ashen eluvial (or A2) soil horizon (Avery, 1973). Very stcep hillslope sections
are only able to sustain thin brown rankers of the Powys serics. Where slopes grade gradually
into valley bottoms, then thin ferric podzols grade into ironpan stagnopodzols before grading
1o stagnohumic gleys of the Wilcocks (locally Ynys) scrics. When the transition is abrupt,
hillslope rankers or ferric podzols grade first into stagnoglcy soils of the Cegin scries, and then
stagnohumic glcys (Pyatt, 1967; Rudcforth ef al, 1984).
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2.8.2. Hillslope Catenas of the Grassland and Forest Sites.

The soils which cover the eastern slopes of the Tir Gwyn mountain have a similar sequence
to those which cover the region as a whole, except that the high altitute peaty soils are less
developed. The idealized Tir Gwyn hillslope catena is shown within Figure 6. The distribu-
tion of each soil type within the Tir Gwyn catchments is shown within Figure 7. The possible
impact of this sequence of soils upon hillslope water pathways is examined in Sections 7.4.2.
and 7.4.3).

Some 36 percent of the grassland catchment (central area) and 27 percent of the
forest catchment (lower grassland section) at Tir Gwyn has been recently ploughed and limed
(Section 2.10.2). This pasture improvement may in time transform the ferric podzol found
within these two catchment areas to brown podzolic soils of the Manod series (Lea, 1974).

Coniferous afforestation may have accelerated the podzolization processes within
the soils of the forest catchment (Grieve, 1978; Hornung et al, 1987; Ternan and Williams,

1979). However, the improvement of the adjacent non-forested soils makes any comparison
difficult.

TIR GWYN
505m WILCOCKS

72
%

or
(stagnohumic  Fernic

g'ey)  stagnopodzol // /
7

Elluvial horizon
[ Impeding horizons
(low K, values)

LA
\J

HIRAETHOG

WILCOCKS

[/ 400m
7 7

Fernc ,
stagnopodzol
lronpan //

L smgnopodzoll

1
or

CEGIN

Ferric
pogzol

Peaty-gley

N\

Slagnogley

Figure 6. An idealized hillslope catena for Tir Gwyn
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SOIL CLASSIFICATION

TIR GWYN EXPERIMENTAL CATCHMENTS
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Figure 7. The distribution of soil types within the grassland and forest catchments.

The hillslope catenas specific to the two instrumented hillslopes are shown within
Figures 8 and 9. The ferric podzol of the Hafren scries is the dominant hillslope soil, and is
described within Table 8.
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Figure 9. The grassland hillslope catena.
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Table 8. The generulized soil profile description of the ferric podzol (Hafren series), at the
instrumented forest hillslope, Tir Gwyn Experimental Catchments, mid-Wales, U.K.

Location: SN856838

Aspect: NNE

Land use and vegetation: mature (48 year old) Picea sitchensis

Altitude: 450m O.D. Slope: 19.7° straight

Drainage: slow-modcrate (K, 0.1 cm hr') Bs1 horizon.

coniferous plantation.

Parent material: soliflucted Lower Silurian shale

Horizon Depth (cm)

L

O/Ah

Eag

Bsl

Bs2
(B/C)

C1

C2u

0-3

3-10

10-20

20-40

40-55

55-70

70-75

Sitka spruce (Picea sitchensis , Bong. Carr)

litter.

Very dark greyish brown (10YR 2/2) stoneless
humose sandy silt loam; moist; weakly developed
fine granular; many fine fibrous roots; sharp
boundary.

Dark grey (10YR 5/1) silty clay loam; stoneless;
mcdium subangular blocky; common fine fibrous
rools; moist; moderately sticky; moderately
plastic; abrupt boundary.

Strong brown (7.5YR 5/6) moderately stoney silty
clay loam; fcw small angular platy, shale stones;
moist; wcakly developed fine subangular blocky;
few fine roots; gradual boundary.

Ycllowish brown (10YR 5/4) stoney silty clay
loam; many small angular, shale stones; moist; weakly
dcvcloped fine and medium angular blocky; few
fine roots; gradual boundary.

Greyish brown (10YR 4/2) laminated silty shale;
roots absent.

Greyish brown (10YR 4/2) laminated silty shale;

roots absent; continuous fragipan.

(standard SSEW tcrminology: Hodgson, 1976)
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2.9. Vegetation.

2.9.1. Regional Vegetation Sequence.

Eachof the soil types described in Section 2.8.1 are associated with particular hydrological and
geomorphological regimes. It might, therefore, be expected that vegetation types may also
follow similar associations. The natural vegetation succession across the Plynlimon massif
comprises 3 major groups: mire, heath and acid grassland communities (Newson, 1976b):

1. The very wet, mire areas of Plynlimon with their stagnohumic gley soils, tend to be
associated with Eriophorum spp. (cotton grass) and Juncus spp. (rush). The Erio-
phorum may be particularly dominant within areas of very acidic, stagnant water

(Jeffries, 1917), and Juncus may dominate within flush zones (Section 2.5.1; Gilman
and Newson, 1980).

2. Wel ironpan stagnopodzols often support heath communities of Molinia spp.
(purple moor grass) with some Vaccinium spp. (bilberry) and Calluna vulgaris
(heather) (Newson, 1976b). The Vaccinium spp. are often found in the channelized

depressions produced by perennial pipes (i.c. large continuous macropores: seeSec-
tion 1.3.2) (Jones, 1981).

3. Natural acid grassland communities are dominated by Festuca/Nardis orNardis/
Festuca spp. (matgrass/fescue), and are developed on the slightly drier ferric stag-
nopodzol and ferric podzol soils. Very dry, brown podzolic and brown rankers may
have Pteridium spp. (bracken), in addition to the acid grassiland species (Pyatt,
1967).

Although this natural vegetation sequence is casily observable across the whole
Plynlimon region, human impact has significantly altercd the natural communities, by pasture
improvement and afforestation. The pastureland within the Institute of Hydrology, Wye
catchment was initially improved by annual burning to allow sheep easy access to the new
growth of Molinia and Calluna spp.; and more rccently by the addition of fertilizer (Newson,
1976b). Heavy grazing, may be causing some decline within Calluna spp. (Newson, 1976b).
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Within the Institute of Hydrology, Severn catchment, the widespread planting of
conifers between 1937 and 1964 has left only 32.5 percent of the natural vegetation remaining
(Newson, 1976b). Most of this remaining vegetation comprises the peat hags and mire
communities around the source of the river Severn. The earliest planting of conifers took place
inthe downstream/south-east corner of the catchment. Sitka spruce (Picea sitchensis, Bongard
Carriere) and Norway spruce (Picea abies) were the prefcrred species. During the period
1948-50, the central part of the catchment was planted with predominantly Sitka spruce. In
1963 and 1964, the upstream parts of the catchment were planted with a mixture of Sitka
spruce and Lodgepole pine (Pinus contorta).

2.9.2. Vegetation Sequence of the Grassland and Forest Sites.

The natural vegetation sequence of mire (Eriophorum/Juncus spp.), heath (Molinia spp.) and
acid grassland (Nardis/Festuca spp.) seen within the Plynlimon region as a whole (Section
2.9.1), is observed within the Tir Gwyn grassland catchment. The name Tir Gwyn meaning
white mountain, was probably given to this massif because of the characteristic pale Ndrdis/
Festuca spp. grassland (A.A. Rowan, Forestry Commission, pers. comm. 1989). Much of the
central part of the grassland catchment was, however, ploughed and re-seeded with Lolium
spp. (rye-grass), over the period 1976-1980 (T. Jones, pers. comm. 1987).

In 1943 approximately 67 percent of the Tir Gwyn forest catchment was afforested
with Sitka spruce (Picea sitchensis Bong. Carr). Sitka spruce (a native of western North
America) is the most extensively planted cxotic in upland Wales and Britain as a whole .

Exposure of the root systems of Sitka spruce trees cffected by windthrow,
indicates that most of the roots are located closc to the surface (i.e. 0-40cm) of the podzolic
soils (Section 2.7.2) at Tir Gwyn (Section 1.5.1).

Of the remaining 33 percent of the forest catchment, 6 percent remains as ridgetop
heath-mire (Molinia/Juncus/Eriophorum spp.), and 27 percent as improved pasture.
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2.10. Land management.
2.10.1. Regional Land Management.

The Plynlimon massif is predominantly managed for sheep grazing and forestry. Although
most of the grazing land can only be described as rough pasture, certain areas such as the In-
stitute of Hydrology, Wye catchment have been improved by fertilizer additions. Re-sceding
with lime additions and a light surface preparation is also common (Newson, 1976b). Some
valley mires were drained during the 1950’s, but have not been maintained since. Other past
practices within the Wye catchment include: the annual burning of valley Juncus and hillslope
Molinia, peatdigging at Lyny Fawnog, Nant lago and Esgair y Maesnant, and lead/zinc/silver
mining at the Nant Iago mine (Newson, 1976b).

The afforested area of the Plynlimon massif, known as the Hafren Forest was
planted by the UK Forestry Commission, between 1937-1964 (Section 2.8.1). The earliest
plantations were hand dug for turf planting and sparsely drained, again by hand. During the
1948-1950 planting of the central Severn catchment, extensive drainage channels were dug by
machinery (Newson, 1976b). In 1974 potash (200 kg ha'') and phosphate (375 kg ha™) were
acrially applied to the Hafren Forest (Newson, 1976b). The first thinnings took place in the
early 1970’s and continue to date. A large area (1.57 km?) of the 1948-1950 plantation was
clearfelled between 1985 and 1990, as part of a study to examine the impact of large scale for-
est removal upon hydro-chemical and sediment dynamics (Lecks and Roberts, 1987).

2.10.2. Land Management of Grassland and Forest Sites.

Only 39 percent of the Tir Gwyn massif remains as semi-natural moorland, used as rough
pasture for the grazing of sheep. However, 64 percent of the grassland catchment, and 65 of
the total unforested area remains within this relatively unmanaged state. Some 21 percent of
Tir Gwyn (36% and 23% of the grassland and forest catchments respectively) has been
ploughed, limed and re-seeded with predominantly Lolium spp. (ryc-grass). The recent
pasture improvement history is shown within Figurc 10. These improved grassland areas are
also grazed by shecep.
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Figure 10. Years when the grasslands were improved by ploughing and liming

The Hafren Forest covers 40 percent of the Tir Gwyn massif, and 66.5 percent of
the forest catchment. The local Mynachlog stand was planted in 1943 and thinned in 1978(?)
and 1989. This exposed south-eastern area of the Hafren Forest has not been clearfelled
(clearfelling normally takes place after 40-45 years), to afford the interior stands some
protection from windthrow (Forestry Commission pers. comm, 1987). Three forestroads were
laid during the planting phase of the Mynachlog stand.
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2.11. Summary of Main Site Charcteristics.

PHYSICAL GRASSLAND FOREST
CHARACTERISTIC CATCHMENT CATCHMENT
(Nant Mynachlog)
climate cold temperate maritime
gross-precipitation: 2629mm
ET (Wye): 16% ET (Severn): 30%
ET (Tir Gwyn): 47%
geology Lower Silurian shales and mudstones
geomorphology and 15.0° straight’ 19.7° straight’
topography 5.7-0.8 m regolith’ 3.86-11.7 m regolith’
instrumented 0.12km? 0.11km?
catchment area
stream morphometry 123.8m km™ 109.1m km2
(channel slope)
soils ferric podzol (Hafren series)’
also ferric stagnopodzols, ironpan
stagnopodzols, brown rankers, stagnogleys
and stagnohumic gleys
vegetation Lolium spp.” Picea sitchensis
(dominant) (coniferous
(improv. pasture) afforestation)
Festuca/Nardis spp.
(moorland)

land management

ploughed 1976°
rc-seeding 1976’
liming 1976,1988°

planting 1943
thinning ¢.1978, 1989
(liming 1975-1981%)

* hillslope specific * improved pasture in the lower forest catchment

In summary, the grassland and forest sites have very similar site characteristics,
with the exception of the vegctation cover and land management.
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CHAPTER 3.

Research Design and Methodology.

3.1. Introduction.

The main aim of the research, is to quantify physically the major pathways of soil water
movement beneath a coniferous hillslope. Six broad methodological approaches are used to
realize this aim. In summary these include:

1. Paired Site Approach: Comparison of the hydrological response of grassland and forest
areas at two scales - the 0.1 km? catchment scale and 1,480 m? hillslope scale (Sec-
tion 3.2).

2. Bounded Scale Approach: Evaluation of the links between hydrological response at the
scale of the hillslope catena and that of the bounding scales of the larger catchment and
smaller individual tree (Section 3.4).

3. External-State or Black Box Approach: Examination of the external, rainfall- runoff ‘
response at the catchment and hillslope-catena scales (Section 3.5).

4. Internal-State or White Box Approach: Analysis of the internal behaviour of the
hillslope in order to understand the external response (Section 3.6.). The internal-state
approach is complex, and is, therefore, further sub-divided into approaches based upon
the characterization of Eulerian control-volumes (Section 3.5.1), flow-strips (Section
3.5.2), hillslope catenary zones (Scction 3.5.3), and soil horizons (Section 3.5.4). Ap-
proaches based upon simulation modelling (Section 3.5.5), and the validation of the
calculated responses of the internal-state variables and parameters (Sections 1.6. and
3.5.6) werealso employed.

5. Eveni-based Approach: Hydrological variables were most intensively monitored
during storm events, when the external behaviour of the catchments and hillslopes were
at their most dynamic (Section 3.6).

6. Natural-Tracer Approach: Watcr samples were collected from each component of the
hydrological system. Analysis of the ionic concentrations (Chappell et al, 1990) were
compared with the results of hydrometric techniques (Section 3.7).
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3.2. Paired Site Approach.

The impacts of conifers upon hydrological response of the afforested research site is examined
by comparison with a similar site under improved pasture. The influences of the two

contrasting vegetation covers arc compared at both the catchment scale and hillslope scalc.
3.2.1. Paired Catchment.

The rainfall-runoff behaviour of a forested watershed are compared with those of an adjacent
grassland, control catchment. The use of a control catchment, enables the impacts of affores-
tation upon hydrological responsc to be examined at an casily measurable and realistic scale
(Hewlett, 1982; Reynolds and Leyton, 1961; Weyman, 1975). Other paired-catchment studies
comparing forest with grassland cover, are listed within Table 9.

Table 9. Studies comparing either the hydrological properties or response of forest catchments
withthose of grassland catchments.

PUBLICATION Topic CATCHMENT

Berglund et al (1981)
Burch et al (1987)

hydrological propertics
rainfall-runoff
response

hydrological propcrtics

Tleta, Morocco
Costerfield, Major Creek
Victoria, Australia

Costales (1979) Benguct Pinc,

Philippincs
Institute of calchment hydrology Severn and Wyc, Powys
Hydrology (1973) U.K.

Jackson (1973)

King et al (1986)
Mathur er al (1982)
Molchanov (1960)

caichment hydrology
soil hydrology
hydrological properties
catchment hydrotogy/
hydrological propertics

Purukohukohu, N.Z.
Kiclder, Northumb. U.K.
Simla Forest, India
various, U.S.S.R.

Oxlecy (1974)
Wood (1977)

catchment hydrology
hydrological propertics

Ltyn Ebyr, Powys, U.K.
Hawaii, Mani and Kami,
Hawaii, U.S.A.
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3.2.2. Paired Hillslope.

Within each of the catchments one hillslope catena was monitored both to compare the
hillslope hydrological properties of an unforested area with those of a forested area, and to
provide asecond researchssite by which to test the flow calculations (Beven et al, 1986; Ternan
and Williams, 1979). Other paired-hillslope studies comparing forest with grassland cover,
are shown within Figure 10.

Figure 10. Studies comparing either the hydrological properties or response of forest hillslopes with
those of grassland hillslopes.

PUBLICATION TOPIC CATCHMENT

Burt et al (1983) hillslope hydrology  Slapton Wood, U.K.

Mosley (1982) hillsiope hydrology =~ Mawheraiti, Donald Creek
Camp Stream, N.Z.

Ternan and Williams hillslope hydrology  Narrator Brook, U.K.

(1979)

3.3. Bounded Scale Approach.

The primary hillslope scale (Section 3.5.3) is bounded by the smaller tree or plot scale
(Hillman, 1972; Hoover ef al, 1953; Zahner, 1958; Zicmer, 1968), and the larger scale of
catchment streamflow generation. This multi-scale approach was adopted because of the
difficulties associated with both representing the hydrological properties at particular scales,
and a desire 1o understand the relationships between hydrological properties and responses
determined atdifferent scales (Beven, 1977, 1989; Dooge, 1986; Kirkby, 1985; Klemes, 1983;
Yeh, 1986). The smaller plot-scale was used to examine the sensitivity of hillslope flux to the
impact of individual trees (Section 6.2.5., 6.3.6., 7.4.4). The catchment scale was used to
asscss the sensitivity of the research hillslopes upon the hydrological response at the more
realistic catchment scale (Section 3.3., 5.3.4.4., 5.3.5.2,, 5.3.5.4).

3.4. External-State or Black-Box Approach.

The balance between the gross-precipitation input and the strcamflow and evapo-transpira-
tional outputs, is known as the rainfall-runoff ratio or water balance. This ratio was dcter-

mined on both a ‘long-term” basis (Section 5.2) and ‘short-term’ or storm basis (Section 5.3)
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for both the hillslope and catchment scales (Section 3.2.). This relatively simple approach is
used in addition to the intemnal-state or white-box approach, to:

1. Indicate the maximum and minimum soil water flux within the hillslope over
specific time periods, as simple verification (Section 3.7) of solutions of the inter-
nal-state flow calculations (Frecze, 1978; Sections 8.2.1.; 8.2.3.; and 8.3).

2. Place the hydrological responsc of the research hillslopes within the more realistic
context of catchment response (Klemes, 1978; Loague and Freeze, 1985; Chapter 5).

3. To aid the understanding of hillslopc hydrological processes, through an examina-
tion of the lumped behaviour of two hillslope and catchment areas (Bren et al, 1979;
Burch et al, 1987; Chapter 5).

3.5. Internal-State or White-Box Approach.

The relationship between the hillslope hydrological response and the stream flow produced, is
generally non-linear (e.g. Equation 33), and non-stationary (Sections 1.2., 1.6., 7.4.5., and
7.4.9; Beven, 1977, 1987; Burt and Butcher, 1985; Weyman, 1973; Yeh, 1983). Simple black-
box or rainfall-runoff relationships (Section 3.4; Chapter 5) are, therefore, poor predictors of
hillslope hydrological processes (Hewlett and Hibbert, 1967). The internal-state of the
hillslope must be characterized, to fully understand those processcs governing streamflow
generation (Beven, 1988; Dunne, 1983; Freeze, 1978). As the internal behaviour of individual
hillslopes is very complex (Bear et al, 1968; Niclsen et al, 1986), our understanding of this
internal behaviour could be facilitated by identifying a further six sub-ordinate conceptuali-
zations.

3.5.1. Control-Volume or Eulerian Approach.

The movement of water within hillslopes could theoretically be examined over a continuum
of scale, ranging from a molcculc, through to the fluid particle, pore, control-volume, soil
horizon, soil profile, hillslopc-catena, and catchment. All of the scales coarser than the
molecular structure, arc averages of the hydrological processes (Bear, 1972). Many physical-
mathematical approaches (c.g. Table 52) and ficld-bascd approaches (c.g. Harr, 1977;
Tsukamoto and Ohta, 1988; Weyman, 1973) to the calculation of water-flow within hillslopes
arc based upon the characterization of hydrological propertics within control-volumes of soil
(Bcar, 1972; Chow et al, 1988; Eulcr, 1755; Chaplers 6 and 7). Within this study, the sizc of

the control-volumc is defincd as the largest volume of soil, at which the stationary hydrologi-
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cal properties (or hydrological parameters : Chapter 7) can be considered the most isotropic.
This definition is similar to that defined for a representative-clementary-volume (REV’s) of
soil (Bear, 1972; Hubbert, 1956). The size of the control-volumes within the instrumented
hillslopes is presented within Section 4.2.

3.5.2. Flow-Strip Approach.

To attempt to monitor every control-volume within a whole hillslope segment, would be
impracticable for most studies. Representative hillslope sections, known as flow-strips
(Kirkby, 1988) or two-dimensional transects are, therefore, used to characterize steep, straight
hillslopes where across-slope soil watcr movement is insignificant (Anderson, 1982; Beven,
1977; Sharma et al, 1987). Each hillslopc section must, however, include the complete
sequence of soil types associated with the local hillslope catena (Section 2.8.2., 3.5.2), to
enable the spatial relationships between the individual control-volumes to be characterized
(Sharma et al, 1987).

3.5.3. Hillslope Catena Approach.

The research has focused upon the physical characterization of water-pathways within a
natural hillslope catena (Milne, 1936), because previous research (e.g. Dixon, 1986;
Hammermeister et al, 1982a,b; Krug and Frink, 1983; Rogowski et al, 1974; Tsukamoto and
Ohta, 1988; Zaslavsky and Sinai, 1981c) has shown that most precipitation has to move
through a particular sequence of soil types, known as a hillslope catena, before reaching a
stream.

Typical hillslope catenas include a crest segment, a steep slope, and a riparian
zone. A combination of hydrological, geomorphological and geochemical processes leads to
the development of soil type characteristic to each of these segments. The riparian segment is
often very distinct from the rest of the catena, as a result of:

1. A translocation of fines, downslope to the riparian zonc (Dixon, 1986; Douglas,
1977; Williams et al, 1986),

2. different weathering rates within the riparian zone due to thc dynamics of the zone
of saturation (Section 6.3.3; Eden and Green, 1971), and

3. different resultant flow directions within the two zones (Sections 8.2.1. and 8.2.2.;
Zaslavsky and Rogowski, 1969).

An idealized hillslope catena for the whole Plynlimon massif is presented within
Figurc 5. Thosc hillslope catenas specific to the two instrumented hillslopes are presented
within Figures 8 and 9.
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The primary scale of the research was the hillslope-catena, this scale was,
however, bounded by an examination of the effect of individual trees upon hillslope water
movement, and the effect of the individual hillslopes upon the streamflow generated within
the sub-catchment as a whole (Section 3.3).

3.5.4. Soil Horizon Approach.

Numerous studies (e.g. Adams and Raza, 1978; Beaslcy, 1976; Bonell et al, 1984; Crampton,
1967; Hammermeister et al, 1982a,b; Hoover, 1949; Hursh and Hoover, 1941; Nielsen et al,
1973; Whipkey, 1965) have shown that the classification of a soil profile into different soil
horizons is often associated with the layering or laminations within the hydrological proper-
ties. Crampton (1963) and Zaslavsky and Rogowski (1969) have suggested that the develop-
ment of soil horizons can be dominated by the pathways of water within soil profiles of
hillslopes.

Where soil horizons can be considered internally-homogenous in comparison
with neighboring horizons, then a characterization of all of the control-volumes within a
hillslope (Section 3.5.1) could be greatly simplified to a characterization of an average
property for each soil horizon within each catenary zone (Section 3.5.3.; Figures 61 and 62).

3.5.5. Simulation Modelling Approach.

Numerical solutions (i.e. algebraic approximations) of the partial differential equations
describing flow within porous media (Equations 3 to 19) are generally considered to be the
most accurate method of simulating such flows within layered hillstopes. The other mathe-
matical techniques which have been used include the analytical solutions based upon the
tangent-continuity equation (Chappell et al, 1990; Zaslavsky and Sinai, 1981a,c,d,e), or the
kinematic wave equation (Beven, 1982; Hurley and Pantelis, 1985; Smith and Hebbert, 1983;
Tani and Abe, 1987).

The physical complexity of 2 dimensional flows within transiently saturated and
layered hillslopes, has eludced all attempts at accurate simulation. The simulation modclling
studies presented within Tables 51 and 52, notably Ahuja and Ross (1982, 1983), Beven et
al(1984) and Sharma er al (1987)have, however, added greatly to the understanding of water-
pathways.
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Numerical solutions developed within this thesis are applied to validate the field
observations and approximative solutions. The two principal objectives are the prediction of:

and
2. the most important source horizon for the inflows into the riparian zone (Sec-
tion8.3.3). '

3.5;6. Internal-State Validation Approach.

Most empirical equations, physical laws, parametcr estimates, measurement techniques, and
numerical techniques are subject to simplifying assumptions, artificial boundary conditions,
and approximations. Most techniques, therefore, require validation or testing.

Mathematical modelling has shown that very similar streamflow responses can be
produced by very different combinations of hydrological properties and hence water-
pathways. Predictions of water pathways mus, therefore, be validated internally within the
hillslope(Anderson and Rogers, 1987; Beven, 1989; Dunne, 1983; Klemes, 1983; Pickens and
Lennox, 1976; Sorooshian, 1988). The possible sources of error within the prediction of
water-pathways arise from:

1. the refraction of the equipotential-net within the A/E soil horizon (Section 8.3.2),
|
|
1

. the continuum approach,

. the Darcian assumption,

- simplification of multiphase flow,

- the identification of the representalive distribution of hydrological parameters,
. measurement errors, and

N AW -

. mathematical approximation.
An explanation of each of these sources of error are outlined:

1. The Continuum Assumption: Application of the general-motion-cquation to the
calculation of moisture flux within soils, assumes that the govcrning hydrological properties
can be averaged at some representative scale (e.g. the control-volume: Section 3.5.1), prior to
any calculation of flow (Bear, 1972; Brachmat and Bear, 1986; Hubbert, 1956). This has been
questioned (Dagan, 1979; Klute, 1973; Sposito, 1986).
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2. The Darcian Assumption: The motion equation based upon Darcian flow (Section 1.3)
becomes highly inaccurate when the flow regime becomes cither partially-turbulent, or non-
Newtonian (Englund, 1953; Gray and O’Neil, 1976; Hannoura and Barends, 1981; Nielsen et
al, 1972; Raats, 1971).

3. Simplification of Multi-Phase Flow: The Darcy equation was originally developed for
flow within completely saturated soils, and was extended for use within partially saturated
soils by incorporating two functions: thc moisturc capacity and relative hydraulic conductivity
(Buckingham, 1907; Muskat and Mercs, 1936; Richards, 1931; Wyckoff and Botset, 1936).
This simplification of the multi-phase air and watcr system, may not be valid (Muskat and
Meres, 1936; Nikolacvskii and Somov, 1978). Moreover, the general omission of effects of
air-flow upon water-flow within most flow-solutions, may also not bec justified (Morel-
Seytoux, 1983).

4. Identification of the Representative Distribution of Hydrological Parameters: Accu-
rate flow prediction assumes that the hydrological parameters are accurately defined within
measured control-volumes of soil, and within those un-measured control-volumes of soil
which comprise the remainder of the flow region (Anderson and Burt, 1985). This is very
difficult to achieve in complex field situations (Beven, 1987; Stephenson and Freeze, 1974).

5. Measurement Errors: All measurement introduces artificial (boundary) conditions in the
form of sensor or sampling errors (Anderson and Burt, 1985; Bear, 1972; Dunne, 1983; Beven
and O’Connell, 1982). An understanding of these crrors is particularly important to calcula-
tions of flow bascd upon inicrnal-state data. While water falling upon and flowing out of a
catchment can be measured directly withoul the imposition of too many artificial conditions,
the flow of water with subsurface strata cannot. These errors must be identified and removed

from parameter values (Section 1.2).

6. Mathematical Approximation: Water-flow problems are usually too complex for the
direct solution of the underlying partial dilferential equations. Approximative, analytical or
numerical solutions arc, therefore, required. The errors associated with the usc of each of these
tcchniques must be assessed, and tolcrances applied to the calculated results.
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The 6 possible sources of error within the predictions are evaluated by 7 field and mathemati-
cal techniques. These include:

1. The use of several techniques to measure the same hillslope hydrological property
(Section 4.8). For example, moisture potential was measured by both tensiometry
and piezometry (Section 6.3.2), and saturated hydraulic conductivily was measured
by permeametry, recovery-tests and hillslope outflow (Section 7.3).

2. Comparison of the response and distribution of each of the hillslope hydrological
variables and properties with the predicted water-pathways.

3. Validation of approximative mathematical solutions using boundary-constrained

numerical predictions (Sections 8.3.2. and 8.3.3)

4. Calculation of water-flows within two hillslopes receiving similar temporal-distribu-
tions of precipitation input, using the same field and mathematical techniques (Sec-
tion 8.2).

5. Comparison of the predicted inflow to a relatively homogenous riparian area, with
the predicted outflows (Section 8.2.3).

6. Comparison of the calculated water-pathways predicted by the hydrometric analysis
with observed changes in ionic concentration within the stream and riparian area

7. Validation of the predictions produced by the SUTRA model, which is based on a
finite element/finite difference numerical solution, with the predictions produced by
a boundary-integral-equation-method (BIEM) solution (Dowd, 1979). While the
detailed results are not presented, steady-state simulations under varied internal and
boundary conditions (see Section 8.3.1), produced very similar predictions.

3.6. Event-Based Approach.

Most of the freld monitoring was conducted during the initial 3 10 10 days of each storm-period
(defined in Section 5.3.1). This approach was adopted to allow accurate derivatives of the rate
of change of the hydrological properties to be calculated (Beven and O’Connell, 1982; Sloan
and Moore, 1984; Yeh, 1981; Zaslavsky and Sinai, 1981a,c,d,c). Furthermore, this period
coincides with the period when the greatest loadings of acidic solutes are observed with forest
strcams (Ncal et al, 1986; Reynolds et al, 1983).
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3.7. Natural-Tracer Approach.

Although the details are presented elsewhere (e.g. Chappell et al, 1990), samples of precipi-
tation, soil-water and stream-water were collected and analysed to compare the dynamics of
the ionic concentrations. These data are used to verify the water-pathways predicted by the
hydrometric techniques (Bricker, 1987; Dixon, 1986; Duysings et al, 1983; Heald and
Rogowski, 1977; Pilgrim et al, 1978; Sklash et al, 1986).



CHAPTER 4.

Instrumentation.

4.1. Introduction.

This research aims to integrate hydrological properties and responscs monitored over arange
of scales (Section 3.3). A precise definition of the dimensions of each measured scale (Section
4.2) is, therefore, presented prior to the detailed discussion of the instrumentation. The
temporal measurement scale or strategy is presented within Section 4.7.

A detailed discussion of the instrumentation used to assess the black-box (Section
3.4) or rainfall-runoff response (Chapter S) of the hillslopes and catchments is presented
within Section 4.3. The instrumentation used to assess the white-box (Section 3.5) or internal-
state response of the hydrological variables and parameters (Chapters 6 and 7) is presented
within Section 4.4. A summary of all of the hydrometric properties monitored for both the
black- and white-box approaches is given within Section 4.5.

The sampling and analysis of the hydro-chemical properties monitored during
ficld-season, are presented within Section 4.6. A review of the procedures used to control the

quality of both the hydro-metric and hydro-chemical measurements, is given within Section
4.8.

4.2. Spatial Measurement Scale.

To integrate the tree-scale with other internal-state hillslope data (Beven, 1988a; Sections
6.3.6.and 7.4.4), and the intcmnal-state data with the external-state rainfall and stream flow data
(Section 8.2.3), required a precise definition of each spatial element being characterized
(Klemes, 1983; Towner and Youngs, 1986). Five spatial elements are defined:

1. Catchment Areas: The effective precipitation inputs, and evapo-transpirational and
stream{low outputs from both the forested and grassland catchments, were calculated for 0.1
km? catchment areas (Sections 5.2., and 5.3.).
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2. Hillslope-Catenal Areas: The precipitation inputs to the forest hillslope and the evapo-
transpirational plus streamflow outputs from the hillslope, were calculated for an area of
approximately 30 by 50 m (Sections 5.2.2., 5.2.3.1,, 5.2.3.3,, and 5.3.). This area was
delineated an the basis of both surface contours and the estimated catchment area of the 10 m
slope-base section of the forest drainage channel.

3. Catenal Zone Lengths: The hillslopes bencath both the forest and grassland covers have
two catenary elements: (1) a podzolic slope section, and (2) a riparian section (Figures \8 and
9). The riparian zone is scparated from the podzolic zonc on the basis of the marked dlffcrcncc
in soil type (Figures 8 and 9). Within the forest hilislope, the riparian zone extends 2. 5 m
upslope of the drainage channcl, and the podzolic slope extends from 2.5 m to 40 m upslope.
Therc is an abrupt change in slope-angle between the two catenal zones (Figure 4). Within the
grassland hillslope, the riparian zone extends some 5 to 10 m upslope from the stream (Nant
Mynachlog), and the podzolic slope extends from riparian zone up to 40 to 60 m upslope. The
junction between the podzolic slope and riparian area within the grassland is much less distinct
(Figure 3), in comparison with the forest hillslope .

4. Soil Horizon Depths: The soil horizons within the podzolic section of the forest hillslope
are well defined (Table 8). These ferric podzol soils (Section 2.8) have averagc soil horizon
depths of 10 cm for both the O/A (including L) and Eag horizons, 20 ¢m for the Bs1 horizon,
15 cm for both the Bs2 (B/C) and C1 horizons (Table 8). The soil horizons within the grassland
hillslope are not as clearly defined as the forest hillslope, probably as a result of the single
ploughing operation in 1976. The depths of the soil horizons are, however, similar to the
equivalent horizons within the forest,

5. Control-Volumes of Soil Pores: The size of the control-volume of soil within the research
hillslopes was defined by the relatively stationary hydrological property of intrinsic permea-
bility (Scction 7.4). As each soil horizon within the relatively undisturbed forest hillslope has
a very different intrinsic permeability to the neighboring horizons (Section 7.4.2), the
minimum depth of these soil horizons is the major determinant of the size of the control-
volume (Scction 3.4.1). This minimum depth is 10 cm (sec abovc).

Small-diamcter cores (i.c. 7 cm) used to measure intrinsic permeability werc
subject to considerable measurement crror (Section 7.4.1). Large diameter cores (i.e. 30cm)
were, therefore, used to measure the intrinsic permeability and define the size of the control-
volume. This control-volume contains 7000 cm? of soil (i.e. IT x 15 cm? x 10 ¢cm). The actual

volume of soil sampled in the characierization of the other hydrological propertics is defined
within Table 11.
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Table 11. The size of the defined control-volume versus that of the measured soll volumes

Hydrological Properties Defined CV Measured Volume
(cm?) (cm®)

moisture content 7000 400 or 5000

capillary potential 7000 100-1000

bulk density and porosity 7000 50 or 400

specific moisture capacity 7000 400-5000 (in situ )

50 (lab.)
hydraulic conductivity and 7000 200-7000
intrinsic permeability

NOTE: A hillslope segment only 10 m long, 70 cm deep, and 10cm wide has a

volume of 700,000 cm?, and would contain 100 control-volumes.

4.3. Measurement of Hillslope and Catchment
Rainfall-Runoff.

The hillslope and catchment water balance was assessed by the measurement of the gross-
precipitation and net-precipitation inputs, and the outputs of wetted -canopy-evaporation and
streamflow.

4.3.1 Gross-Precipitation Input.

Gross precipitation input (or the precipitation received by the vegetation canopy) to both the
forest and grassland sub-catchments was monitored by three raingauges located in the
grassland (Figures 1 and 24). Two of these gauges were fitted with tipping-bucket devices to
enable near-continuous datalogging (Section 4.7.3). Following the rescarch of Rodda and his
co-workers (¢.g. Robinson and Rodda, 1969; Rodda, 1971; Harrison and Newson, 1977), one
of the gauges was installed in a raingauge pit and covercd by an anti-splash grid (Bucknell
et al, 1977). This gauge was hecated to prevent freezing, and melt snowfall. The orifice of the
second tipping-bucket or Rimco® raingauge, was positioned at the British Meteorological
Office standard height of 12 inches (30 cm) above ground-level. Both of the logged gauges
werc continuously calibrated against a standard storage-gauge (Plinston and Hill, 1974).
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Canopy-level gauges (Bucknell et al, 1977) were not installed above the forest,
because of the aero-dynamic problems associated with canopy-level gauges at the windward
edge of forest stands (I. Wright, pers. comm. 1988). The gauges sited within the grassland
were, however, only 150 m away from the forest hillslope. The gross precipitation records
were extended beyond the monitoring period by scaling against the records monitored by a
gauge at the Institute of Hydrology (NERC) Cefn Brwyn automatic-weather-station, sited in
the adjacent Wye catchment (Strangeways, 1985; Templeman, 1978).

4.3.2. Net-Precipitation Input beneath the Forest Canopy.

Nct precipitation onto the forest floor was assesscd by acombination of stemflow-counters and
throughfall collectors.

Stemflow: Stemflow collars were attached to 10 trees. Following Rutter (1963) who found a
good corrclation between stemflow volume and tree girth within a 16 year old Scots pine
(Pinus sylvestris) stand, Tof the collars were attached to trees with girths (i.e. Diameter-Breast-
Height: DBH) ranging from 14 10 44 cm (i.e. 14, 19, 24, 29, 34, 39, and 44 cm). These tree
girths were representative of the range of girths measured over the whole forest hillslope
(Calder, 1976; Rutter, 1963). The collars were made from un-vulcanized rubber. They
directed stemflow into 100 m] tipping-buckets, which then advanced mechanical counters
(Figures 11 and 12). Spiral collars, madc from chemically-inert materials (Reynolds and
Stevens, 1987), were atlached 1o a further three trees so that they could be used to collect
stemflow samples for the analysis of the walerchemistry (Figure 11).

Stemfiow collar

Particulate lilter

Magnel and
reed pwitch

Figure 11. The stemflow collar and and tipping-bucket assembly.
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Figure 12, The distribution of the stemflow and throughfall collectors.

Throughfall: Seventeen volumetric throughfall collectors were installed around the same
sample of trees fitted with stemflow.collars (Figure 11). The throughfall volumes from 12 of
these collectors were measured before and after major storm events, for a period of 10 months.
Twelve collectors with an orifice diameter of 15 cm, have been shown by Gash et al, (1980)
working in a nearby sitka spruce (Picea sitchensis , Bong. Carr.) stand, to be a sufficient
number of collectors by which to average throughfall input (I. Wright pers. comm. 1988). The
other five throughfall collectors installed, were used to sample throughfall chemistry,
sequentially through selected storm events. To collect samples large enough for chemical
analysis, these collectors were required to be 60 cm in diameter.
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4.3.3. Evapo-transpirational Output.

The rate of evaporation from welled forest canopies (i.e. canopy interception) was calculated
by subtracting stemflow and throughfall volumes from gross precipitation (Calderezal, 1982;
Milne et al, 1983). The total evapo-transpiration outputs were estimated from (1) catchment
water balance calculations (Section 5.2.2), and (2) thc empirical Thornthwaite method applied
to monthly mean temperature data (based upon the daily mean of maximum and minimum air
temperatures) monitored at the Moel Cynnedd meteorological site within the Institutc of
Hydrology Severn catchment (Section 5.2.2.1; Strangeways, 1985; Templeman, 1978).

4.3.4 Streamflow Qutput.

The generation of streamflow within the forest and grasstand sub-catchments was monitored
with a network of four weirs and two flumes (Figure 13).

Upper Drain Weir (Forest): The streamflow generated by the outflow from the 30 by 50 m
forest hillslope was gauged by a 90degree V-notch weir (British Standards Institution, 1965a),
located at the head of an ephemeral drain. The height of water within this structurc was
measured with a float-operated water- level-recorder linked to a datalogger (Section 4.7.3),
and with an Institute of Hydrology Vertical Chart water-level-recorder (Truesdale and Howe,
1977).

Lower Drain Weir (Forest): The cffect of the streamflow gencrated by the instrumented
forest hillslope upon the streamflow response some 20 m further along the forest drain, was
mcasured with a 53 degree V-notch weir. A Munro ®1H89 water level recorder was used (o
record the weir stage (or head).

Stream Weirs and Flumes: The artificial drain at the base of the instrumented forest
hillslope, routed water into a first-order strcam. A 130 m length of this strcam, was, therefore,
gauged to compare the hillslope response with the sub-catchment streamflow responsc. A
compound 90 degrec V-notch/rectangular weir equipped with an Institute of Hydrology Ver-
tical Chart water-level- recorder, was installed at the top of the stream reach. The outflow
from the gauged reach was monitored with a trapezoidal flume (Figure 13), because of the
greatly increased sediment load. The stage within the flume was both datalogged with a float-
operated water-level- recorder (Scction 4.7.3) and chart-recorded with a Negretti ®pressurc-
bulb recorder (Scction 4.7.2).
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Figure 13. The stream gauging network within the Tir Gwyn Experimental Catchments.
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In addition to the comparison of streamflow generation at the forest hillslope and
forest sub-catchment scales, the streamflow generated along the forest siream was compared
with an adjacent stream within the grassland sub-catchment. Both streams emerged from the
same source area, close to the summit of the Tir Gwyn massif (Figure 1). The grassland reach
was again gauged with an upstream weir and a downstream flume (Figure 13).

Allof the weirs within the sub-catchments were installed into an impermeable mix
of local peat and gleyed soil (M.D. Newson, pers. comm. 1987), and then calibrated by the
volumetric measurement of the weir outfall. The two fibre-glass flumes had 1o be both

installed within concrete, and calibrated by constant-rate dilution gauging (Scction 5.2.3).

4.4. Measurement of Hillslope Hydrological Properties.

The internal-state properties of soil bulk density, porosity, soil moisture content, capillary
moisture potential, specific moisture capacity, hydraulic conductivity, intrinsic pcrmeability,
and fluid viscosity are required (o both characlerize and model the major pathways of water
movement, beneath specific hillslopes. On steep, straight hillslopes where across-slope soil
water movement is insignificant (Anderson, 1982; Beven, 1977), a two-dimensional transect
or flow-strip (Kirkby, 1988; Section 3.5.2) can be instrumented to represent the whole
hillslope catena. A single flow-strip beneath the forested hillslope (Figures 4 and 17) and a
duplicate beneath the grassland hillslope (Figures 3 and 18) was, therefore, instrumented to
monitor the critical internal-state properties. Instrument plots, were located at a maximum
distance of 10 m apart on both sites (Atkinson, 1978), and a minimum distance of 2.5 m at the
base of the forcst hillslope (Figure 17).

4.4.1. Soil Bulk Density and Porosity (p,; 7).

The two matrix propcrties of bulk density and porosity must be characterized prior to any
calculation of volumctric moisture content (Section 6.2) or percent saturation (Section 7.4.6).

The soil bulk density (p,) is the ratio of the mass of dry solids to the bulk volume
(or volume of solids and pore space) of the soil (Blake and Hartage, 1986). Fifty-six soil
samples were cxtracted from the forest and grassland hillslopes using a double-cylinder,
hammer-driven core sampler. The samples were weighed, dried at 105 °C for 24 hours, and

then weighed. The resultant weights were then divided by the volume of the core.
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The porosity (n)of a soil is the ratio of the volume of pore space to the bulk volume
of soil. Twenty-six soil samples were removed from the research hillsiopes, and then gradually
saturated from the base, over a 36 hour period. The samples were then weighed, dried at 105°
C, and re-weighed. The total porosity was then calculated from:

weight of water
within a saturated soil
Porosity () = x bulk density (p,) (20}
weight of dry soil

4.4.2 Soil Moisture Content (6_; 6; 6).

Soil moisture content (SMC) is expressed as the fraction of asoil’s dry-mass (8 ), volume (6 )
or pore-space (8)) occupied by water (Hillel, 1982). Actual soil moisture content can only be
directly measured, by calculating the mass of water lost, after drying a soil sample at 105 °C,
for 24 hours (British Standards Institute, 1975). This technique is known as gravimetric
sampling.

Gravimetric Sampling: The determination of soil moisture content by the gravimetric
technique requires the removal of a large number of samples from a research site. The
technique is, therefore, not suitable for the continuous monitoring soil water movement, in
medium- to long-term experiments (Curtis and Trudgill, 1974; Leuning and Talsma, 1979).
Gravimetric sampling is, however, essential for the calibration of analog-techniques for
estimating soil moisture, such as neutron moderation (Section 6.2) or time-domain reflec-
trometry (Section 6.2.1).

Neutron Moderation: Neutron moderation or neutron attenuation/ thermalization is a de
Jacto measurement of hydrogen (H*) ions. In non-organic soils where most of the hydrogen
presentis in the form of liquid water, the technique can be used to monitor changes in soil water
content (Gardner, 1986; Gardner and Kirkham, 1952; Ting and Chang, 1985). The technique
involves lowering both a neutron source and detector, into an aluminium access-tube installed
within the soil. High-energy neutrons released from a source of radioactive Americium and
Beryllium collide with the predominant hydrogen ions, to produce a cloud of low-energy
neutrons. The density of this cloud is then mcasured over a specified period using a boron
trifluoride detector (Bell, 1973). The neutron-instrument used during this research, was the
Wallingford Neutron Probe: Mark I (Institute of Hydrology, 1981). Neutron probe readings
werc taken at depths of 15, 30, 45, and 60 cm from 12 access-tubes along the forest flow-strip
and 6 access-tubes along the grassland flow-strip (Figure 14 and 15). A further 5 access-tubes
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were installed immediately downslope of a tree (Figure 14; Section 6.2.5). The access-tubes
were installed using a guide-tube and auger (Eeles, 1969) and allowed to settle for a period of
10 weeks (Ting and Chang, 1985). Calibration curves relating neutron probe readings to soil-
moisture-content from gravimetric samples, were determined for each soil horizon within
both forest and grassland hillslopes (Jayawardine et al, 1983; Haverkamp et al, 1984; Lawless
et al, 1963; Section 6.2.1).

FOREST HILLSLOPE Contour heights are in metras
SOIL MOISTURE CONTENT
NEUTRON MODERATION

®® TOR rod pair
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3 Gravimetric sampling site
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Figure 14. Locations on the forest hillslope, for the measurement of soil moisture content.
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Figure 15. Locations on the grassland hillslope for the measurement of soil moisture content.

Time-Domain Reflectrometry (Plot Experiment): Time-domain reflectrometry or TDR, is
a further technique for the indirect or analogue measurement of soil moisture content. TDR
is based upon the transmission and reflection of electro-magnetic signals along parallel
transmission lines. The point of reflection, depends upon the dielectric properties of the lines
and the materials surrounding the lines (Fellner-Feldegg, 1969). For signals of between 1 MHz
and 1 GHz, the diclectric constant of transmission lincs inserted within soils only varies with
changes in moisturc content (Davis and Annan, 1977; Topp e! al, 1980).
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A small plot experiment was installed on the edge of the main forest hillslope, to
Compare the measurements of soil moisture calculated from time-domain reflectrometry with
those calculated from neutron moderation (Figure 14; Section 6.2.1). Within the plot, neutron
counts were taken from two access-tubes at depths of 15, 30, 45 and 60 cm, and dielectric
constants were measured from transmission lines installed to the same depths. A standard
Tectronix 1502B reflectrometer was used, in conjunction with 3 mm (diameter) stainless steel
transmission lines (J. F. Dowd, pers. comm. 1988). The lines were not impedance-balanced
(Stein and Kane, 1983; Zegelinet al, 1989). In addition to these two indirect methods, actual
soil moisture content was determined within the.glot, by the gravimetric analysis of four
samples collected from each of the four depths.

4.4.3. Capillary Potential (¢)-

The difference in capillary potential (or soil moisture potential) between two points within a
soil, provides an energy gradient for the movement of soil water (Buckingham, 1907; Darcy,
1856; Hubbert, 1940). Capillary potential can be expressed in terms of energy, following the
analogy with the Bernoullj Equation (Hubbert, 1940), but is more commonly expressed,
simply in terms of pressure (Bear, 1972). This pressure can be measured with a range of
different instruments (Burt, 1978; Curtis and Trudgill, 1974; Richards, 1949; Towner, 1986),
the most widely used of which, are tensiometers and piezometers.

A tensiometer (Komnev, 1921; Gardner et al »1922) is a water-filled tube withone
sealed end, and one end attached to a porous ceramic cup. The cup is buried within the soil at
a specified depth. Water is constantly interchanged between the unit and the soil, so that the
pressure within the unit is always the same as within the soil. The pressure within the
tensiometer unit is then measured with cither amanometer, or an electronic transducer (Figure
16).

In comparison to the tensiomeler, a piezometer is usually much simpler in design:
constructed of a narrow tube (0.3 to 3 cm inlemal-diamcter), which is open to atmospheric
pressure at the top, and capillary pressure at the base. The depth of water within a piezometer,
represents the head or positive pressurc within the soil, near to the piczomcter’s tip or tapping-
point. The depth of water can be measured by (1) installing an clectronic transduccr, (2)
autographic or digital recording (Section 4.7) of the depth of a float, or (3) lowering a probe
attached to a grad uated-tape.

In addition to thesc small diameter devices, larger piczometers or boreholcs, can
be used. Moreover, when such devices have entry points along their full length, they become
unconfined-boreholes or wells (Archer and Marks, 1977).

In total, 93 lensiomelers, 26 piczometers, and two wells werce installed within both
of the rescarch sites.
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Figure 16. The types of tensiometer installed within the research hillslopes.

Mercury-Manometer Tensiometers: Mercury-manometer tensiometers (Figure 16) were
installed along both the forest and grassland flow-strips at depths of 15, 30, 45, and 100 cm,
corresponding 1o the E, B, B/C, and C soil horizons, respectively (Figures 17 and 18). The
tensiometer (porous) pots were buricd within 63 vm (fine) sand (A. Armstrong, pers. comnmt.
1987), to ensure a good contact between the pot and the soil. A 50/50 mixture of silt and coarse
sand was also tested, and found to have nodctrimental cffects on the measurement of potential.

A ring of bentonite clay prevented the percolation of water down the sides of the tensiometer
tube.
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Figure 17. The tensiometer network within the forest hillslope.
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Figure 18. The tensiometer network within the grassland hillslope.
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The scales on all of the manometer tensiometers were able to indicate maximum
positive potential values of between 20 and 120 cm H,O (2 to 12 KPa), and maxirhum negative
potential values of between -680 to -800 cm H,0O(-68 to -80 KPa). Each tensiometer unit was
individually calibrated to determine the manomeric-depression (MEXE, 1963) produced by
dirty capillary-tubes or impure mercury. The manometer columns were frequently de-aired,
during those periods when the soil became dry (i.c. greater than -200 cm negative potential).
An additional manometer-tensiometer was sited above-ground within the grassland (Figure
18), to assess the effect of diurnal fluctuations in temperature on the manometer readings
(Watson and Jackson, 1967; Section 6.3.2).

All of the 17 tensiometers along the forest transect and the 16 tensiometers along
the grassland transect were independent, 1975-Pattern, Soil Moisture Equipment Corpora-
tion® units.

In addition to the manometer-tensiometers alongthe flow-strips, a network of 24
similar tensiometers were installed around and between two neighboring trees (Figure 17).
The manometers for these tensiometers were attached to two separate boards (Webster, 1966).

Bourdon-Gauge Tensiometers: Two bourdon-gauge tensiometers were installed at the base
of 2 trees within the forested hillslope (Figure 17; Section 6.3.6), as a comparison with the
manometer-tensiometers. The gauges were accurate to 20 cm, when offset to 200 cm.

Scanivalve Automatic Tensiometers: A network of 30 tensiometers linked to two pressure
transducers, were located next 10 the manometer-tensiometers within the forest flow-strip
(Figure 17). A Scanivalve ®fluid-switch connected one of the tensiometers to a transducer
every hour (Figure 16). The voliage output from the transducers, was then datalogged using
a Campbell ® CR10 datalogger (Section 4.7.3). The transducers, both SenSym *SCX15ANC,
were individually calibrated for linearity and repeatability using a constant-head device at the
Whitehall Hydrology Laboratory, University of Georgia, U. S. A. (Dowd and Williams,
1989).

Transducer-Mounted Tensiometers: Three of the tensiometers installed at the base of the
forest hillslope (Figure 17), were independently connected to three SenSym ®transducers (sec
above). These transducers were datalogged every 2.5 minutes, because previous studies (e.g.
Giltham, 1984; Hursh and Brater, 1941; Sklash and Farvolden, 1979) have observed rapid

hydrological responses within streamside and slope base areas.
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Nested-Piezometers: Piezometers were installed along the flow-strips, both to increase the
number of measurement points of (positive) capillary potential, and to improve the precision
with which the surface of any unconfined-saturated zones could be located. Seven piezometer
nests, comprising piezometers 10, 30, and 100+ cm in length were installed within the forest
hillslope (Figure 19), and two within the grassland hillslope (Figure 20).

The shallow piezometers were installed at the O-E (10 cm) and E-B (30 cm) soil
horizon boundaries, to monitor the possible development of perched water tables (or shallow
saturated zones) observed at other research sites (Betson and Marius, 1969; Bonell etal, 1981;
Rogowski et al, 1974; Walsh and Voigt, 1977). Deep piezometers (100-270 cm) were installed
primarily to monitor the extent to which the riparian saturated zone, was able to expand up the
main hillslope. The 30 cm and 100+ cm piezometers were manufactured by Soil Moisture
Instruments Ltd, ® and had 30 cm long screened tapping-points and an internal diameter of 2.5
cm. A ring of bentonite clay at 5-10 cm above the screened tapping points, prevented the
percolation of water down the piezometer pipes. The 10 cm piezometers were designed spe-
cifically for use in the humic-horizon of the ferro-podzolic soils at Tir Gwyn, and had much
smaller (1 cm) screened tapping-points.

The depths of water within all of the piezometers (which corresponds to the

capillary potential at the tapping-points), were measured by lowering an dip-tone acousticsen-
sor attached to a graduated tape.

Logged Wells (Unconfined Boreholes): Two wells equipped with float-operated walter-
level-recorders were drilled into the riparian areas at the base of both the forest and grassland
hillslopes (Figures 19 and 20; Rogowski et al, 1974; Betson and Marius; 1969; Taylor, 1982;
King er al, 1986). The use of unconfined devices (i.e. with tapping-points along the whole
instrument length) for measuring capillary potential, was justified by the relative uniformity
of the soil within the riparian areas. Marked horizon development leading to perched water
tables, would produce inaccurate water table elevations within such devices (Archer and
Marks, 1977). The counter-balanced floats within the wells turned electronic potentiometers,
which regulated a voltage supply to a Mussel ® datalogger (Section 4.7.3). Asimple calibration
line was then used to relate the recorded logger-steps, to the actual capillary potential at the
base of the well.
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Figure 19. The piezometer network within the forest hillslope.
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Gypsum-Resistance Blocks: Eight gypsum blocks were installed atdepths of 15, 50, and 100
cm within the forest flow-strip, and a further three blocks within the grassland (Figure 19 and
20). Gypsum-resistance blocks (Bouyoucous, 1972) can be buried within the soil to measure
very high negative capillary potentials (i.e. -1000 to -15,000 cm). Although the blocks
equilibrate with the surrounding capillary potentials, the actual measured changes of electrical
resistance within the blocks, is largely dependent upon the block’s water content and
temperature (Wellings, 1985; Weyman, 1970). The gypsum blocks were installed within the
research hillslopes, in case negative capillary potentials rose above the range of the tensiome-
ters.

4.4.4. Specific Moisture Capacity (6/¢).

The specific moisture capacity is the unit change in soil moisture content per unit change in
capillary potential (i.e. 6/¢ ). Specific moisture capacity is equivalent to the moisture retention
and moisture release, and the inverse of the moisture characteristic.

Wetting and drying of some soils can produce hysteresis in the 8/¢_relationship
(Liakopoulos, 1965; Mualem, 1974; Topp, 1969) and, therefore, require the description of two
relationships or curves. Hysteresis is, however, rarely observed when the moisture capacity
is determined by field methods alone (Carlson et al, 1956; Croney and Colman, 1954; Nielsen
et al, 1973; Rics, 1959; Rogowski et al, 1974; Section 7.3.3).

Most process-based hydrological models simulate soil water movement by
maintaining mass balance over specified volumes of soil (i.e. CV’s) using values of moisture
potential and not moisture content (Table 52; Section 8.3). Changes in capillary potential
must, therefore, be related to changes in actual water content, using the soil moisture capac-
ity (Bear and Verrujit, 1987).

The specific moisture capacities of the soil horizons within the Tir Gwyn research
hillslopes were determined by both field (or in situ) and laboratory techniques.

In situ Determination: The soil moisture capacity of each soil horizon within the forest and
grassland hillslopes was determined directly from field-measurements of capillary potential
and soil moisture content (Bruce and Luxmoore, 1986; Rogowski ef al, 1974). Only low
moisture capacities could, however, be determined, because the podzolic soils remained
relatively wet throughout the monitoring period.

Laboratory Determination: Twenty-six soil cores (5 cm in diameter and 3 c¢m in height)
were removed from the two flow-strips, to determine the moisture capacity by laboratory tech-
niques. All of the samples were initially, cquilibrated and weighed at 0, -5, -10, -15, -20, -30,
-40, -60, and -80 cm capillary potcntial (or 0-80 cm suction) using a sand-tension table (Figurc



- 80 Chapter4

21). The values of moisture capacity values determined using this technique were then
compared with the field-monitored values (Section 7.3.9). The samples were then equilibrated
and weighed at capillary potentials of -1000, -2500, -5000, -10,000 and -15,000 cm, using a
Soil Moisture Equipment Corp.® pressure plate (Figure 21). Such high-suction moisture ca-
pacities were unable to be measured by the in situ technique, during the study period. Standard
Soil Survey of England and Wales procedures (Hall et al, 1977) were used to both construct
and operate the tension table and pressure plate apparatus. A standard temperature of 20°C was

maintained during the 5 months monitoring of the tension table and pressure plate apparatus
(2/8/88 to 30/6/88).

sint Soil core Graduated

\ | .,
_ LIS FEERR AN s 1
Fino sand | H
‘Rechill HH* f ¥ l
: -

Negatuve
potential

Coarse sand
“Cellord 60°

SAND TENSION TABLE
(0-10.000 Pa)

Q-15 bar pressure
“~  {0-1.500.000 Pa)

Piate outlet

PRESSURE PLATE

Ceramic plate
Soil core

Figure 21. Tension table and pressure-plate apparatus.
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4.4.5. Saturated Hydraulic Conductivity (K ), Intrinsic Permeability (k) and
Fluid Viscosity (v).

Saturated hydraulic conductivity is the coefficient of proportionality by which the potential
gradient is adjusted to fit measured soil moisture flux within control-volumes of soil (Darcy,
1856). A number of different techniques can be used to measure the hydraulic conductivity of
saturated soils, though all are based upon transformations of Darcy’s original equation
(Section 1.4.3).

The saturated hydraulic conductivity is a function of both the soil’s intrinsic
permeability and the fluid’s density and viscosity (Hubbert, 1940; Nutting, 1930), i.c.

k p,
K = —— [11]

where K| is saturated hydraulic conductivity (dim. LT*), k is intrinsic permeability (dim. L?),
v is dynamic fluid viscosity (dim. PTL2 or ML"'T), and v/p, is v or kinematic fluid viscos-
ity (dim. L’T).

Changes in water density are generally insignificant in most field situations (the
boundary between saline and fresh waters is a notable exception) and can, therefore, be
considered to be a constant. The viscosity of water does, however, change by some 40 percent
as water temperature changes from 25° Cto 5° C(Marsily, 1986). The temperature of the water
from which the viscosity can be established was, therefore, measured during all saturated
hydraulic conductivity tests and the values standardized at 20° C (Bonell et al, 1981; Section
7.4.1).

The saturated hydraulic conductivity tests carried out on both the forest and
grassland soils at Tir Gwyn included: ring, small-corc, and well permeamelry, and piezome-
ter recovery lests.
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Ring permeametry: Ring permeametry involves the insertion and excavation of a large metal
ring: 30 cm in diameter and 15 cm deep. The 10 cm deep, soil core within the ring is saturated,
and a constant 4 cm head of water is supplied to the top surface. The hydraulic conductivity
of the soil core is measured by noting the volume of water required to maintain the constant
head (Figure 22). This field-technique has the advantage over similar laboratory techniques
(Klute, 1965), because it allows the measurements to be made with large cores, which are less
likely to be disturbed during excavation (Berryman, 1974; Gilmour et al, 1980; Talsma, 1969;
Section 7.4.1). Some 38 soil cores were excavated from the research hillslopes, for ring
permeametry measurements (Table 13; Sections 7.4.2. and 7.4.3).

Small-Core Permeametry: An atiempt was made to examine the spatial variability of
saturated hydraulic conductivity at a scale smaller than the ring permeametry measurements
(Section 7.4.1). A field-permeameter, similar in design and operation to the ring permeameter
was built to hold a soil core of only 7 cm in diameter and 5 cm depth (Figure 22). The dis-
turbance to the soil core during sampling (Hill and King, 1982; Rogers and Carter, 1987), was
minimized by the use of a Pitman ®corer. A total of 18 small cores were sampled from inside
the larger ring-permeameter-cores (Table 13).

Well Permeametry: A relatively simple and quick technique was used to compare the
hydraulic conductivity values of soil beneath trees, with the values for soil at some distance
from trees (Section 7.4.4). The technique, known as well permeametry (Talsma and Hallam,
1980) or shallow-well pump-in method (Bouwer, 1962) involves measuring the volume of
water required 1o maintain a constant head of water within an auger-hole (Figure 22).

Piezometer Recovery Tests: The recovery of piezometer water level, following an instanta-
neous draw-down, can be used to measure the hydraulic conductivity of soils beneath a water
table. Recovery tests carried out using four piezometers, during a period when the local water
lables were relatively constant. The analytical equations developed by Kirkham (Luthin and
Kirkham, 1949; Reeve and Kirkham, 1951) and Ernst (1950) were applied to the results
(Section 7.4.3).
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Figure 22. Three field permeameters.
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4.4.6 Throughflow Trough Response.

Four troughs were inserted into the wall of asoil pit, located 20 m upslope of the forestdrainage
channel, and a further two troughs were installed within the drain channel itself (Figure 3). The
water that flowed from each soil horizon, into these troughs was monitored to gain an estimate
of lateral soil water movement within perched, saturated zones.

The measured discharges, were calibrated against piezometer-based fluxes, to
account for the artificial boundary-conditions (Sections 3.5.3. and 8.3.1) created by digging
a soil pit. (Ahuja and Ross, 1983; Knapp, 1973; Molchanov, 1960). An attempt was made to
reduce the effect of these boundary conditions, by first, covering the exposed soil-face with
a galvanized-steel wall, to reduce evaporation losses. Second, by using sloped fibre-glass
troughs, to speed the movement of the water into the measuring devices; and third, by
measuring the discharges with micro-tipping bucket devices (i.e. 6 ml per tip), to increase the
precision of the timing. Allofthe tipping-buckets were datalogged with aMussel®data-logger

(Section 4.7.3). Other hillslope hydrological studies using throughflow troughs are shown
within Table 12.
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Table 12. Hydrological studies using throughflow troughs.

REFERENCE NUMBER OF TROUGH
TROUGHS LENGTH (m)

RESEARCH SITE

Amett (1974) 30 0.6
Baloutsos (1985) 12 0.9
Beasley (1976) 41 2.2
Chappell (this study) 5 1
Dunne and Black 15 7.6-38.1
(1970a,b)

Gilmour and Bonell (1979) 12 2
Harr (1977) 1 nk
Hursh and Hoover (1941) 2 2.4
Knapp (1970) 12 nk
Molchanov (1960) various
Mosley (1979, 1982) 52 1
Pilgrim et al (1978) 6 1.83
Selby (1973) 6 2
Stephens (unpubl.) 18 nk
Ternan and Williams 36 1
(1979)

Trudgilletal (1984) 4 nk
Walsh (1980) 27 0.9
Wheater et al (1987) 9 0.5
Weyman (1970, 1973) 6 1
Whipkey (1965) 5 2.4

Caydale, Yorks, U.K.
Lammermuir, Loth, U.K.
Mississippi, U.S.A.
Plynlimon, Powys, U.K.
Sleepers River,

VT, US.A.

South Creek, QL, Aust.
W10, H.J.Andrews Exp.
Forest, OG, U.S.A.
Bent Creek, U.S.A.
Plynlimon, Powys, U.K.
various, U.S.S.R.
Mawheraiti, Donald
Creck, Camp Stream,
New Zealand

Stanford, CAL, U.S.A.
Otutira, New Zealand.
Beddgelert Forest,
Gwynedd, UK.
Narrator Brook, Devon,
U.K.

Whitwell Wood, U.K.
Palmas, Dominica

Loch Chon, Dumfries
and Galloway, U.K.
East Twin Brook,
Somerset, U.K.

Central States Forest,

Ohio, U.S.A.

nk = notknown
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4.5. Summary of the Hydrometric Properties Measured.

A summary table showing all of the sampling sites for each hydrometric property within om
the Tir Gwyn Experimental Catchments, is shown in Table 13.

Table 13. A Summary Table of all of the samples or sampling stations for each hydrometric
property within the Tir Gwyn Experimental Catchments, UK.

PROPERTY FOREST SITE GRASSLAND SITE

PRECIPITATION-INPUT:

Pg gross precipitation - 3
Ps stemflow 10

Pt throughfall 17 -
SOIL MATRIX PROPERTIES:

pb  bulk density 35 21
N  porosity 12 14
SOIL MOISTURE CONTENT:

6w gravimetric samples 23 7
@vn neutron moderation 17 6
Bvr time-domain-reflectrometry 8

SOIL MOISTURE POTENTIAL:

¢ .m manometer-tensiometer 41 16
¢.b bourdon-gauge-tensiometer 2 2
¢ scanivalve-tensiometer 30 -
¢ transducer-mounted-tensiometer 3 -
¢ p nested-piezometer 20 6
¢ w logged-well 1 1
¢ _gb gypsum-block 5 3
SPECIFIC MOISTURE CAPACITY:

Cf field determination 18 14
Cl laboratory determination 12 14

SATURATED HYDRAULIC CONDUCTIVITY:

K r ring permeameter 18 20
K.c small-core permeameter 5 13
K w well permeameter 10 -
K p piezometer recovery test 3 2
DISCHARGE:

Qt  throughflow trough 5 -
Qw stream weir 3 1

f—

Qf stream flume
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4.6. Hydro-chemical Properties.

Hydro-chemical data werecollected and analysed both to test the predicted moisture fluxes,
and be used within the predictions of the major solute pathways governing stream acidifica-
tion. The results of the comparisons of ionic concentrations with the hydrometric analysis
(Chappell et al, 1990) are summarized within Chapter 9.

Sampling: Water samples were collected from all of the components of the hydrological
system, from precipitation input to streamflow output. All of the samples were collected over
an 8 month period (11/11/1987 to 3/6/1988), throughout periods of very wet and relatively dry
antecedent conditions. Emphasis was, however, given to sequential sampling throughout 2
winter storms and 3 summer storms.

Gross precipitation input was sampled using a large diameter (i.e. 60 cm) funnel
located within the grassland. Throughfall beneath the forest canopy was sampled using a
further 5 large diameter funnels (Section 4.3.2). Stemflow was collected from 3 trees, using
spiral stemflow collars made from chemically inert materials (Reynolds and Stevens, 1987).
Soil water samples were extracted from 9 porous-cup-water-samplers (Talsma et al, 1979;
Stevens, 1981) augered into the A/E, B and B/C horizons of the forest hillslope (Figure 23).
High-flow, 0.5 bar porous cups (Soil Moisture Equipment Corporation ®) were used to allow
samples to be extracted every 2-3 hours during particular storm events (M. Hornung,
pers.comm. 1987). All of the samplers were initially flushed out during 2 major storm events
prior to the extraction of samples for chemical analysis.

Further soil water samples were removed from an unconfined borehole at the base
of the forest hillslope (Figure 23). Stream-water was sampled at 12 locations downstream of

the upper drain weir at the base of the forest hillslope (Fi gure23). A total of 288 samples were
collected for analysis.
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Analysis: Chemical analysis at the Institute of Terrestrial Bcology(NERC) Bangor Laborato-
ries is summarized in Table 14.

Table 14. Techniques of chemical analysis used to determine the hydro-chemical properties at the Tir

Gwya Catchments,
PROPERTY NUMBER OF TECHNIQUE REFERENCE
SAMPLES
pH 288 potentiometerically  Neal and Thomas
(1985)
CI, SO.%,
NO,, PO/ 120 auto-analysis Reynolds (1981, 1984)
D.0.C
K*, Na*, Mg%, atomic
275 absorption Reynolds (1981)
Ca?, total AP>* spectrometry
monomeric Al
20 ion exchange Driscoll (1984)
non-labile fractionation
monomeric Al
%0 10 carbon dioxide gas®  Darling and Bath
equilibration (1979)

" at the Riverside Laboratories, University of Georgia, GA, USA
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Figure 23. Locations within the forest hillslope system, where water samples were collected for

chemical analysis.
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4.7. Temporal Measurement Strategy.

A combination of manual-monitoring (Section 4.7.1), autographic or chart recording (Section
4.7.2), and datalogging (Section 4.7.3) was used to monitor the hydrological response of the
forest and grassland catchments.

4.7.1. Manual Monitoring. .

Readings from manometer-tensiometers, neutron probe ratescalers, and piezomelters, were
taken every 2-3 hours during major storm events. Antecedent conditions were monitored at
least weekly.

4.7.2. Autographic Recording.

Three vertical chart-recorders, and three circular chart-recorders provided continuous records
of streamflow at the six gauging structures (Figures 13 and 24). The upper drain weir and
upper stream weir were equipped with Institute of Hydrology Vertical Chart recorders
(Truesdale and Howe, 1977). The lower drain weir had a Munro ®IH89 recorder, and the two
trapezoidal flumes and grassland weir used Negretti ® pressure-bulb recorders. All of the
charts were changed weekly. The chart recorders were installed primarily as a back-up for the
clectronic water-level-recorders, when the dataloggers failed.

4.7.3. Digital Logging.

A total of five dataloggers were used to continuously monitor precipitation input, capillary
potential, throughflow tipping-buckets, and streamflow (Figure 24).

Golden River : Traffic Counter: A Golden River ®Traffic Counter was used to record the
tips of a Rimco © raingauge, prior to the use of a Newlog ®datalogger. The data was recorded
on casselle tapes, which were then decoded at the research station.

Technolog : Newlog Programmable: A Newlog datalogger was programmed to record the
time at which a 0.5 mm raingauge-bucket tipped. The precipitation data stored by the
datalogger was transferred each month, onto an Epson ®*HX20 field -compulter. At the research
station, the data was transferred from the ficld-computer to an IBM-PC ®compatible.
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Campbell Instruments : CR10: The voltage output from the SenSym ®transducers connected
to the tensiometer systems (Section 4.4.3), were excited (or powered by) and datalogged by
a Campbell ®*CR10 logger. Three channels on the datalogger were used to record the output
from the transducer-mounted tensiometers, every 2.5 minutes, and a fourth channel was used
to monitor the 6utput from the transducer connected to the Scanivalve ®tensiometer system.
Each Scanivalve tensiometer was exited and logged every hour. The voltage measurements
from the transducers were stored on storage-modules, which could be exchanged, and then
taken to be down-loaded onto the IBM-PC ®compatible..

Computing Techniques : Mussel loggers: Two Musse! loggers were loaned to the research
project, by the NERC Automatic-Weather-Station-Pool. The logger sited within the forest
monitored the water-level within the well, the resistance across two gypsum blocks, the
temperature of a ground-level thermistor (Section 6.3.2), the stage within the weir and flume,
and the tipping-buckets attached to four throughflow troughs. These same inputs were logged
by the logger within the grassland site, except that there were no throughfiow tipping-buckets
(Figure 24). Both loggers monitored the inputs every 10 minutes, and recorded the values on
separate stores. These stores were then decoded using both a IBM-PC ®compatible and a
Digital PDP-11. ®

4.8. Quality Control.

All of the field-monitored data were stored in a standardized format, within a PC-based data-
base-management-system (DBMS). Descriptive statistics and graphics were applied to the
raw-data immediately after collection to remove incorrect encoding, and to check for
instrument failure.

The accuracy of all measured data, was verified by comparison with established
data from other studies (Sections 5.2.1., 5.2.2.,5.2.3., 6.2.1., 6.2.2,7.2,74.1.,74.8.,8.2.1.,
8.2.2. and 8.3.2), and by a number of experiments designed to test the performance of the
instruments and techniques used (Sections 5.2.1., 6.2.1., 6.3.2,73.1,74.1.,74.3, 7.4.4.,
7.4.6.,74.7,82.1, 822,823, 8.3.2. and 8.3.3).
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Hillslope and Catchment Rainfall-Runoff.

5.1 Introduction.

The rainfall-runoff response of a hillslope or catchment is simply the streamflow response
resulting from a precipitation input; the internal-state of the hillslope or catchment is not
required in the calculation, and is usually not considered (Section 1.4.1). The principal reasons
for examining this relatively simple external or black-box response in addition to the more
complex internal response of the instrumented hillslopes, can be summarized as:

1. to enable the rates of stemflow, throughfall, wetted-canopy-evaporation and
transpiration to be calculated and compared with published values (Sections
22.1,222,224,53.2,53.3. and 5.3.5), »

2. to compare the timing and volume of streamflow generation within a forest and
a grassland catchment (Sections 5.2.3, and 5.3.4),

3. to place the detailed internal and external response of the forest hillslope within the
context of catchment hydrology (Sections 5.3.4. and 5.3.5), and

4. to provide the actual streamflows generated by the forest hillslope and the
whole forest and grassland catchments, to verify the fluxes predicted by the
internal-state calculations (Section 5.3.4).

Those hydrological properties external to the primary hillslope-scale are the
precipitation énput, and the evapo-transpirational and streamflow outputs. The response of
these properties at the scale of the grassland catchment, forest catchment, forest drain-
catchment and forest hillslope (Section 4.2) is examined over two temporal scales: long-term
6 to 12 month periods (Section 5.2) and short-term storm-periods (defined in Section 5.3.1)
ranging from 3 to 41 days (Section 5.3).
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5.2. Long-Term Rainfall-Runoff.

The long-term rainfall-runoff response of the research sites was developed from 12 months of
gross-precipitation data (Section 5.2.1.2), 7.5 months of net-precipitation data (Section
5.2.1.3), and 6-11.5 months of streamflow data (Section 5.2.3). In detail, this longer-term
rainfall-runoff was calculated in addition to the storm-period rainfall-runoff to:

1. allow the errors in the measurement of precipitation to be calculated (Section
5.2.1),

2. allow the precipitation records to be calibrated against longer Institute of
Hydrology records, to enable the Tir Gwyn records to be extended (Section 5.2.1),

3.compare the total volume and spatial variability of the gross-precipitation within the
grassland, with that of the throughfall and stemflow beneath the forest canopy
(Section 5.2.1),

4. compare the volumes of throughfall and stemflow beneath the Tir Gwyn forest
canopy, with values cited for other Sitka spruce (Picea sitchensis , Bong. Carr)
canopies within the UK (Section 5.2.1),

5. reduce the considerable errors within the calculation of the evapo-transpiration rate
from catchment water balances (Section 5.2.2),

6. allow evapo-transpiration rates developed within the forest and grassland
catchments (0.11 and 0.12 km?, respectively) to be compared with the annual rates
calculated for the much larger Institute of Hydrology, Wye (10.55 km?) and Severn
(8.70 km?) catchments (Section 5.2.2),

7. place the hydrological response of the Tir Gwyn catchments within the context of
other small caichment studies, by a comparison of the streamflow regimes (Section
5.2.3)

8. compare the evapo-transpiration rate calculated for the forest catchment with that
of the grassland catchment (Section 5.2.4).

5.2.1. Long-Term Precipitation Input.

Measurement Errors and Calibration.

Three raingauges were sited within the grassiand catchment (Scction 4.2.1.1.). The lipping-
bucket Rimco ®gauge installed within a grid—covered pit, continuously monitored the precipi-
tation input. A second Rimco ®gauge and a storage gauge both sited at the British Standard 12"
height, were used to identify the measurement crrors implicit 1o the primary gauge.
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During the 4 month period 12 February to 10 June 1988, the pit-Rimco received
492.5 mm, the above-ground-Rimco received 499.0 mm, and the above-ground-storage gauge
received 532.25 mm.

The difference between the two Rimco® gauges, one with its orifice at ground-
level, the other with it at a height of 12", was insignificant (1.2 percent). A systematic error
within measurements of the above-ground gauge, resulting from its exposure to wind (Rodda,
1971; Section 4.3.1)was, therefore, not observed.

In contrast, the two Rimco ®gauges caught approximately 7 percent less precipi-
tation than the storage gauge. This is attributed to errors with the tipping-bucket technique for
rainfall measurement (Plinston and Hill, 1974). The precipitation records monitored by the
datalogged Rimco ®gauge were, therefore, multiplied by 1.075 percent.

In order to extend the rainfall records monitored within the Tir Gwyn grassland
catchment, the precipitation totals for the period 31/1/88 to 24/5/88 monitored by the Tir
Gwyn storage gauge were compared with those monitored by the storage gauge at the Institute
of Hydrology, Cefn Brwyn automatic-weather-station.

During this period the Tir Gwyn storage gauge (alt. 430 m) received 782.75 mm
of precipitation and storage-gauge at the Cefn Brwyn automatic-weather-station (alt. 320 m)
received 651.5 mm of precipitation. The Tir Gwyn grassland, therefore, received 17 percent
more rainfall than that recorded by the Cefn Brwyn gauge. The difference can be attributed
to the 100 mm difference in precipitation associated with a 100 m difference in altitude (Clarke
et al, 1973; J. Hudson, pers. comm. 1987; Newson, 1976a). As the temporal distribution of
rainfall is generally similar for all gauges within the Plynlimon catchments (E. O’Connell,
pers. comm. 1988), the precipitation record for the Tir Gwyn grassland catchment could be
extended back to 10 June 1987, the beginning of the hydrological monitoring, by scaling
against the Cefn Brwyn records.

Long-term Gross-Precipitation Input.
The total precipitation input to the research sites for the 12 month period 10 June 1987 to 10
June 1988 was 2629 mm. Only 4.8 percent (127 mm) of the precipitation was in the form of
snowfall,

No marked seasonality in the precipitation monitored at the Cefn Brwyn auto-
matic-weather-station was observed (Figure 25). The maximum precipitation intensities
rccorded are shown within Table 15.
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Figure 25. Cumulative predipitation between 8 June 1987 and 8 June 1988.

Table 15. Maximum precipitation intensities monitored at the Tir Gwyn and Cefn Brwyn raingauge
sites, between 10 June 1987 and 10 June 1988.

Integration Period Intensity
MONTH 320 mm month!
DAY 127 mm day? (snow)
HOUR 10 mm hr!
5 MINS 3 mm 5 mins™!

Long-Term Net-Precipitation Beneath the Forest Canopy.
The total volume of throughfall monitored over a 7.5 month period between 9 November 1987

and 24 Junc 1988, was 883.6 mm. This is equal to 56 percent of the gross-precipitation (i.e.
883.6/1585 x 100) monitored within the grassland.
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The total volume of stemflow monitored over the same period, was calculated for
a 10 x10 m plot containing a distribution of 25 Sitka spruce (Picea sitchensis, Bong. Carr.)
trees (Section 4.3.2). Stemflow accounted for 5 percent (78 mm) of the 1585 mm gross-
precipitation, i.c.

Total volume of stemflow down 7 representative

trees, during the period 9/11/87-24/6/88 = 2,176,800 cm?

Total number of trees within the 10 x10 m plot =25

Total area of the 10 x 10 m plot in cm? = 1,000,000 cm?

Mean depth of stemflow = 2,176,800 cm® - (25/7)

1,000,000 cm?

=78cm =78 mm

The total net-precipitation is, therefore, equal to 61 percent (i.e. 883.6 mm + 78mm) of the
1585 mm gross-precipitation, with throughfall accouhling for 92 percent of its volume.

The 56 percent throughfall and 5 percent stemflow totals monitored at the Tir
Gwyn hillslope are, therefore, comparable with the volumes monitored by Gash and Stewart
(1977) and Law (1957) within similar thinned plantations (Table 16). Thinning would appear
to reduce the relative volume of stemflow by some 67-90 percent (Table 16).

Table 16. Throughfall and stemflow percent of gross-precipitation within the thinned Tir Gwyn
plantation, and other pine plantations within the U.K.

STUDY Species Stand Thinning Throughfall Stemflow
Age
Chappell (this study) 1 45  thinned 56 5
Gash and Stewart (1977) 2 45 thinned 67 1.6
Law (1956) 1 - thinned 60 7
Ford and Deans (1978) 1 14 un-thinned 43 27
Gasheral (1980) 1 43  un-thinned 56 28
Rutter (1963) 2 18 un-thinned 48 16

1 SITKA SPRUCE (Picea sitchensis ) 2 SCOTS PINE (Pinus sylvestris )
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Comparative Spatial Variability of Rainfall, Throughfall and Stemflow.

As precipitation falls upon a forest canopy it is either evaporated back to the atmosphere or re-
dire(/:tcd.down»necd_lcs, ‘branches and stems. Differences in the structure of individual tree
canopies will, therefore, affect the distribution and rate -of movement of the intercepted
precipitation. The spatial variability of the precipitation input to the soil increases as the
vegetation concentrates water-movement along particular branches and stems (Table 17).

Tablel7. The spatial variability of precipitation in the open and beneath the coniferous forest at Tir

Gwyn.
PATHWAY RANGE DIFFERENCE
(mm) ABSOLUTE PERCENT
(mm) (%)
OPEN 1575-1595 21 1.2°
THROUGHFALL 732-1127 395 35
STEMFLOW 20.5-183 162 88

* approximated from the difference between the 2 Rimco gauges within a 10x10m plot.
RANGE = Range of total volume monitored 9/11/87 t024/6/88 for an equivalent 10x10m plot.
ABSOLUTE DIFFERENCE = Absolute difference of maximum and minimum recorded volumes

(max-min).
PERCENT DIFFERENCE = Percentage difference of maximum and minimum recorded volumes
(((max-min)/max)x100).

Although the stemflow down a distribution of trees has the largest relative range in value (i.c.
88 percent difference), the variability in the throughfall is volumetrically the greatest (i.e. 395
mm absolute difference). This implies that the average hydrological response of a whole
hillslope is more sensitive to throughfall variability rather than stemflow variability.
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If the stemflow volume is integrated over the basal area of an individual tree (a
circle of approx. 50 cm dia.), then the flux of stemflow into the soil at the base of an individual
tree-stem, is almost 2 times that of the throughfall into the soil away from the tree bole, i.e.

Total volume of stemflow down 7 representative

trees, during the period 9/11/87-24/6/88 = 2,176,800 cm?®
Mean Volume per tree = 310,971 cm?
Basal area of an individual tree = 1,964 cm?
Stemflow per unit basal arca = 310,971 cm®
1,964 cm?

=158cm = 1580 mm
Stemflow : throughfall ratio = 1580 mm / 883.6 mm
=18

Although stemflow accounts for a relatively small percent of the total inflow into
a hillslope, and hence its spatial variability has little impact upon the average hillslope input,
high rates of inflow close to individual trees (i.e. 1.8 x throughfall rates) might significantly
alter soil-water-pathways if sub-surface flow were to increase in a positive, non-linear manner
with rate of inflow. Sub-surface flow is generally dominated by the dynamics of hydraulic
conductivity rather than potential gradient (Sections 7.4 and 7.5). As there is a positive, non-
linear increase in the relative hydraulic conductivity with increasing soil moisture content
(Figure 67; Section 7.4.9), localized stemflow inputs may have a disproportionately large
impact upon sub-surface flow (Sections 6.3.6 and 6.4).

A comparison of the total throughfall collected by each of the 12 gauges, with the
canopy-cover above each gauge failed to show any trend (Figure 26a). It is, therefore, sug-
gested that the variability in the throughfall, is dominated by the spatial distribution of drip
points (Voigt, 1960) at which needle and branch flow concentrate.

noo

o0

80 80 PERCENT COVER

Figure 26a. Canopy cover, plotted against the total throughfall collected.
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5.2.2. Long-Term Evapo-transpiration and Catchment Storage Change.

The actual evapo-transpirational (ET,) losses from both upland grassiands and coniferous
forests at Plynlimon are most accurately predicted by either lysimeter or catchment water-
balances (i.e. mass budgets: Brutsaert, 1982; Calder, 1976; Hudson, 1988; Institute of
Hydrology, 1988). Other quasi-physical techniques such as the Penman-Monteith method
must be fitted to known evapo-transpiration rates (Morton, 1984; Freeze and Harlan, 1969).
Cost precluded the use of natural lysimeters at Tir Gwyn. A water-balance technique:

ET, = P - R - dS
evapo- precipitation runoff change of
transpiration storage

was, therefore, used to estimate the the evapo-transpiration losses from the grassland and
forestcatchments. Unfortunately, the water-balance technique is also very approximate within
this study, because of:

1. the relatively short monitoring period of less than12 months, which means that changes
in catchment storage could be large (Gregory and Walling, 1973; Hudson and Leeks,
1989).

2. the possibility that some of the catchment-outflow may pass beneath the gauging
structures as shallow under-flow or deep seepage (Linsley et al, 1988).

Within the forest catchment, the dominant wetied-canopy-evaporation component of the ET-
loss can, however, be calculated quite accurately by subtracting the throughfall plus stemflow
from the gross-precipitation (see below).

Long-Term Evapo-transpiration from the Grassland.
The potential evapo-transpirational (ET) loss from the grassland estimated using the
cmpirical Thornthwaite method (Section 4.3.3), was 592 mm for the period 1 July 1987 to 30
June 1988. This is cquivalent to 22.5 percent of the 2629 mm gross precipitation. Seventy-
scven percent of the annual ETP losses occurred during the summer months (455 mm: April
to September) compared with the winter months (136 mm: October to March).

During the periods 9-27 November 1987, and 23 January - 26 Junc 1988 the
grassland catchment generated 25 percent less strecamflow output (935 mm) compared to

precipitation input (1243 mm). Allowing for anomalics arising from the shorter time period
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and the possibility of some loss to deep seepage, such an actual evapo-transpirational (ET)
loss of 25 percent is not too dissimilar from a 15 percent ET, loss for the period 1 July 1987
to 30 June 1988 calculated for the neighboring Institute of Hydrology, Wye catchment (data
from Institute of Hydrology, 1989). A mean annual ET, loss from the Wye catchment of 16
percent was calculated from an 8 year water balance (Hudson, 1988). Interestingly, the actual
evapo-transpiration rate (ET ) from the Tir Gwyn water-balance is very similar to the potential
evapo-transpiration rate (ET) calculated by the Thornthwaite method.

The individual wetted-canopy-evaporation and transpiration components of the
ET, loss have not been calculated for either the Tir Gwyn or Wye grassland catchments.

Long-Term Evapo-transpiration from the Forest.

The average evapo-transpiration loss (and possibly catchment storage change) during the
periods 9-27 November 1987 and 23 January - 26 June 1988 was 47 percent (582 mm) of the
1243 mm gross-precipitation. This value of 47 percent is considerably higher than the 30
percent evapo-transpiration loss calculated for the Institute of Hydrology, Severn catchment
over an 8 year period, from 1974 to 1981 (Hudson, 1988). This value is weighted to take ac-
count of the 34 percent of grassland cover within the upper reaches of the afforested Severn
catchment (Institute of Hydrology, 1976).

The high ET, value for the Tir Gwyn forest catchment relative to the average value
for the Severn catchment, could have resulted from: (1) elevated levels of ET atthe windward
edge of a forest plantation (I. Wright, pers. comm. 1987), (2) the use of anomalous periods
(only 175 days in total), (3) an error in the ET, calculation caused by a large increase in
catchment storage or losses to decp seepage (see below).

Total evapo-transpiration loss from forest stands can be divided into (i) the
evaporational losses from wetted canopies during precipitation events, and (ii) continuous
biological transpiration and soil evaporation.

Evaporation from Wetted Conifer Canopies : During the 7.5 month period 9 November
1987 10 24 June 1988, the forest canopy intercepted and subsequently evaporated 39 percent
(623 mm) of the incident precipitation (i.e. 1585 mm - 883.6 mm - 78 mm, Section 5.2.1).

Conifer Transpiration, Forest Soil Evaporation and Catchment Storage : The biological
transpiration rate (plus soil evaporation and changes in catchment storage) within the forest
catchment can be crudely estimated by subtracting the interception loss from the total evapo-
transpiration losses and storage changes.
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During the periods 9-27 November 1987 and 23 January - 26 June 1988, the
percentage of rainfall (1243 mm) not generating runoff was 47 percent (582 mm), and the
percentage of evaporated rainfall was 39 percent ({39x1243}/100 = 485 mm). The biological
transpiration rate (plus soil evaporation and changes in catchment storage) was, therefore, 8
percent(i.c. 47 - 39 percent) of the gross-precipitation. This transpirational rate lies in between
the figure of 5 percent (of gross-precipitation), calculated from an 8 year water balance for the
neighbouring, afforested Severn catchment (Hudson, 1988), and the figure of 17 percent (of
groés-prccipitation), calculated from a 84 m? lysimeter within the same catchment (Calder,
1976). A large amount of uncertainty must inevitably surround the value of 8 percent, as all
of the errors within the water balance calculation are compounded within this term.

A biological transpiration rate of 8 percent of gross-precipitation if accurate, is
equal to 13 percent of the net-precipitation beneath the Tir Gwyn forest canopy (i.e. {8/61}x
100, Section 5.2.1).

5.2.3. Long-Term Streamflow Output.

Stream-Gauge Calibration.

The four V-notch weirs within the Tir Gwyn catchments (Figure 13; Section 4.2.3) were
calibrated by volumetric gauging (British Standards Institution, 1965b), and the two trapezoi-
dal flumes were calibrated by salt-dilution gauging (Littlewood, 1986). The fieldcalibrations

for the weirs were indistinguishable from the British Standard ratings (British Standards
Institution, 1965a):

Upper Drain Weir =  1.38H%

(sharp 90° V-notch)

Lower Drain Weir, Grassland Weir = 0.69H%**

(sharp 1/2 90° V-notch)

Forest Stream Weir = 1.38H*5 (V-notch)
(compound sharp 90° V-notch

and rectangular) 1.86BH' (rectangular)

Q =discharge {dim. cumecs); H = head (dim. m)
B = throat width (dim. m)
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The field-calibrations for the two flumes varied slightly from the standard calibration
developed by the Forth River Purification Board (FRPB) and North of Scotland Hydro-Elec-
tric Board (HEB; unpublished report):

Standard FRPB/HEB calibration = 1.10028H%*!2
(for FRPB small 881 s flume)

Grassland Flume =  1.10028H!'%
(field-adjusted calibration)

Forest Flume = 1.10028H'%

(field-adjusted calibration)
Q =discharge (dim. cumecs); H = head (dim. m)

Long-Term Catchment Streamflow Regime.
The forest catchment generated a lower mean annual discharge and lower peak storm-
discharges in comparison with the grassland catchment.

During the period 7 July 1987 to 26 June 1988, the forest catchment generated an
average 0.007 cumecs (7 | 5) of streamflow, while the grassland catchment generated and
average 0.012 cumecs (12 Is!).

The snow event (storm No.7) produced a peak discharge of 0.042 cumecs (421 s°
') within the forest, and 0.102 cumecs (102 I s') within the grassland. Rainfall events Nos.
3,4,8,9 and 10 produced peak discharges ranging from 0.005 to 0.045 cumecs (5-45 | s1)
within the forest and 0.018 to 0.050 cumecs (18-5015*) within the grassland. The streamflow
regimes observed within the Tir Gwyn catchments are similar to those recorded during a
number of other hillslope hydrological studies (Table 18).

For the calculation of the rainfall-runoff ratio, the streamflow (runoff) is standard-
ized to that of the UK Surface Water Archive (e.g. Institute of Hydrology, 1989), i.c. the
equivalent depth of water in millimetres over the catchment area.

During a 6 month period (9-27 November 1987 and 23 January - 26 June 1988),
the two Tir Gwyn catchments received approximately 1243 mm gross-precipitation, and yet
29 percent more runoff per unit area, was generated by the grassland basin (935 mm),
compared with the forest basin (661 mm).
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Table 18. Cited ranges of stream discharge recorded during comparable hillslope hydrological

studies,

REFERENCE CATCHMENT CITED RANGE OF {
STREAM DISCHARGE i
{s?h
!
|  Andersonand Burt (1978)  Bicknoller Coombe, UK. 2-45
| Anderson and Kneale (1980)  Winford, UK. 0.2-20 |

Finlayson (1977) East Twin, UK. 5-50

Taylor (1982) Telford, Canada 20-140
Weyman (1974) East Twin, UK. 2-35

5.2.4. Long-Term Catchment Rainfall-Runoff Ratios.

The volume of precipitation which ultimately generates streamflow or runoffis known as the
rainfall-runoff ratio (Hino et al, 1987), runoff coefficient or yield. The average rainfall-runoff
ratio for the periods 9-27 November 1987 and 23 January - 26 June 1988 is 0.75 (i.e. 935 mm

/1243 mm) within the grassland catchment, and 0.53 (i.¢. 661 mm /1243 mm) within the forest
catchment.
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5.3. Storm-Period Rainfall-Runoff.

The rainfall-runoff or external-state behaviour of the forest catchment is compared with that
of the grassland catchment for individual storm hydrographs to examine:

1.the impact of different precipitation volumes upon streamflow generation within
the two catchments (Section 5.3.5),
2. the timing or rates of the stream response to differing precipitation inputs (Sections
5.3.4., and 5.3.5),
3. the impact of different antecedent conditions upon streamflow volumes (Sections
5.3.4 and 5.4.5).

The external-state behaviour of the forest hillslope is also determined for particular storm-
periods to:

1. provide the streamflow outputs (Section 5.3.4) to compare with the response of each
internal-state, hydrological variable (Section 6.3.3. and 6.3.4) and parameter (Section
7.4.9), and with the streamflows predicted by the internal- state calculations (Sections
8.2.1. and 8.2.2)

2. provide the net-precipitation inputs (Section 5.3.2. and 5.3.3) for the numerical
simulations (Sections 8.3.2. and 8.3.3),

3. add to the understanding of the intcrnal-state response of the forest hillslope
(Chapters 6, 7, and 8) by the examination of the external-state response of the hillslope
(1,480 m?) , drain micro-catchment (2,680 m?) and 110,000 m? (0.11 km?) forest catch-
ment (Sections 5.3.4,, 5.3.5. and 5.4; Bren, 1978), and

4. enable the detailed, internal-state response of the forest hillslope to be related
to responses observed at the larger catchment scales o allow generalizations to be made.
(Sections 5.3.4., 5.3.5., and 5.4.).

5.3.1. Storm-Period Definition.

A storm-period is defined a period beginning with 1 1o 2 days of heavy rainfall (i.e. >20 mm)
within an inter-storm period, and ending with the streamflow returning to that prior to the
storm-period (Tables 19 and 20; Linsley et al, 1988). The start of rise in the storm hydrographs

within each stream is always synchronous with this initial rainfall response.
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Storm-period No. 7 begins before storm No. 6 streamflows recedes 1o the initial
condition, and ends before the complete recession of storm No.7 streamflows. This was done
to separate the streamflow response to a single, 127 mm snow-event from the responses to
rainfall events.

Table 19. Storm and inter-storm periods for grassland catchment, during the field-season 6
September 1987 to 26 June 1988.

1 6-8 September 1987

2 7-22 October 1987

3-4 9-27 November 1987
storm  5-6 15 December 1987-22 January 1988
period 7 23-27 January 1988

8 31 January-7 February 1988

9 10 March-19 April 1988

10 28 May -26 June 1988
inter- 1-2 7 September-6 October 1987
storm  2-3 23 October-8 November 1987
period  8-9 8 February-9 March 1988

9-10 20 April-27 May 1988

Table 20. Duration of storm periods monitored at each stream gauging structure (days).

Storm forest flume grassland flume grassiand weir upper-drain-weir
34 21 19 19 22
7 5.2 4.2 4.2 10
8 6 6.5 6.5 >10
9 43.5 40.5 31.5 44
10 26 28 23.5 >>30
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5.3.2. Storm-Period Precipitation Input.

Storm-Period Gross-Precipitation Input.

‘The precipitation totals monitored during individual storm periods, are presented within Table
21. The end of the storm period for rainfall was standardized to the return to the antecedent
streamflow within the grassland flume. Although the return to the antecedent condition within
the other gauging structures was up to a maximum of 9 days different from that within the
grassland flume (Table 20), very little precipitation was monitored within those times when
some gauging structures had stream discharges greater than those prior to the storm, and others
had less.

Table 21. Storm event gross-precipitation : Tir Gwyn experimental catchments, mid-Wales, U.K.

STORM PERIOD PRECIPITATION VOLUME mean®
No. TYPE (mm) (mm day)
1 6-8 Sept. 1987 rainfall 26 9
2 7-22 Oct. 1987 rainfall 352 22
34 9-27 Nov. 1987 rainfall 262 14
5-6 15 Dec. 1987-22 Jan. 1988 rainfall 383 10
7 23-27 Jan. 1988 snow 127 25
8 31 Jan.-7 Feb. 1988 rainfall 117 15
9 10 Mar.-19 Apr. 1988 rainfall 384 9
10 28 May -26 Jun. 1988 rainfall 109 4
8-9 (inter-storm-period between storms 8 and 9) 146 5
9-10 (inter-storm-period between storms 9 and 10) 98

mean® mean precipitation per day over the storm period
" calibrated from Cefn Brwyn AWS raingauge
* incomplete hydrograph recession



Hillslope and Catchment Rainfall - Runoff 109

5.3.3. Storm-Period Evapo-transpiration and Catchment Storage.

Storm-Period Evapo-transpiration and CatchmentStorage within the Grassland Catch-
ment.

The evapo-transpiration (ET)) and catchment storage budget within the grassland catchment
ranged from a catchment loss equivalent to 42 percent of the gross-precipitation during the
period in late-spring between storm events 9 and 10, to a catchment addition equivalent to 132
percent of the gross-precipitation during the winter period between events 8 and 9 (Table 22).

Table 22. Evapo-transpiration losses plus catchment storage changes during selected storm and
‘inter-storm’ periods, for the Tir Gwyn grassland catchment.

STORM EVENT No. 34 T(snow) 8 9 10

ET, (+dS) 16% 22% 27% 3% 8%

INTER-EVENT No. 8-9 9-10 NOTE: a negative number
equals an increase in

ET, (+dS) -32% 42% catchment storage

Storm-Period Evapo-transpiration from the Forest.

The evapo-transpirational (ET,) and storage losses from potential streamflow within the forest
catchment were as small as 24 percent during storm event 3-4, and as large as 76 percentduring
the dry period in late-spring between storm events 9 and 10 (Table 23). Similarly large intra-
annual fluctuations in the evapo-transpirational and storage losses have been observed within
the Institute of Hydrology, Severn and Wye catchments (Hudson, 1988). As there is a good
correlation between the the rainfall and runoff volume for each storm-period (R? 86-91
percent) these fluctuations in the difference between the rainfall and runoff would appearrela-
tively accurate.

Table 23. Evapo-transpiration losses plus catchment storage changes during selected storm and
‘inter-storm’ periods, for the Tir Gwyn forest catchment.

STORM EVENT No. 34 7(snow) 8 9 10
ET (+dS) 24% 40% 51% 50% 58%
INTER-EVENT No. 8-9 9-10

ET (+dS) 55% 76%




110 Chapter 5 B

Forest Interception : The interception losses during 11-42 day integration periods within
1988, varied between 9 and 85 percent (Figure 27). The two storm periods No 8 (28 January
- 11 February 1988) and No 9 part 2 (29 March - 19 April 1988) have very high interception
losses (Figure26b), which are probably related to the very windy conditions which prevailed
during those periods.

THROUGHFALL

200 1
mm

Figure 26b. Interception losses from the Sitka spruce (Picea sitchensis, Bong Carr.) stand at Tir
Gwya, during 6 integration periods between 9 November 1987 to 24 June 1988.
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5.3.4. Storm-Period Streamflow.

Forest versus Grassland Catchment Storm-Period Durations.

During the winter-spring the duration of the storm-period streamflow was 7-10 percent greater
within the forest catchment compared with that in the grassland catchment (Tables 20 and 24).
During the dry summer period, however, the situation is reversed, with the grassland
maintaining storm-period streamflows for 8 percent longer (Tables 20and 24). The single
snowfall event resulted in a 19 percent greater storm period within the forest catchment (Table
24).

Table 24. The difference in storm-period streamflow duration between the forest and grassland

catchments.
STORM EVENT DAYS PERCENT OF
STORM PERIOD
34 early winter +2 10
7 winter snowfall +1 19
8 late winter +0.5 8
9 spring +3 7
10 summer -2 8
(dry period)
+ = forest > grassland - = grassland > forest

Storm-Period Catchment Streamflow Volumes.
The grassland catchment generates more runoff than the forest catchment during both storm-
periods and inter-storm periods (Table 25). The difference in runoff volumes is, however, very
variable ranging from 19-180 mm or 9-66 percent.

Table 25. Runoff generated during storm and inter-storm periods within the forest and grassland

catchments.

PERIOD Forest Grassland Difference

Flume Flume absolute percent

(mm) (mm) (mm) (%)
storm 3-4 200 219 19 9%
storm 7 76 99 23 23%
storm 8 57 85 28 33%
inter 8-9 66 19 3127 66%
storm 9 192 372 180 48 %
inter 9-10 24 41 17 2%

storm 10 46 >100 >54 >54%
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Antecedent and Peak Catchment Storm-Period Discharges.

Based upon the data from storm events Nos. 3,4,7,8,9 and 10, the forest stream had on average
a 32 percent lower antecedent storm discharge and a 41 percent lower storm peak discharge,
when compared with the grassland stream (Table 26).

Table 26. The antecedent and peak storm discharges monitored at the forest flume and grassland

flume stream gauging sites.
DISCHARGE (mm)
STORM FOREST STREAM GRASSLAND STREAM

No. (forest flume site) (grassland flume site)

Antecedent Peak Antecedent Peak
3 0.17 0.80 0.15 1.15
4 0.24 0.92 0.34 1.24
7 0.19 1.39 0.31 3.00
8 0.20 0.56 0.28 1.06
9 0.03 1.10 0.11 1.42
10 0.01 0.22 0.04 0.52

Forest Hillslope versus Catchment Storm-Period Streamflow.

The artificial drainage channel which drains the instrumented forest hillslope (Figures 3 and
13) has an ephemeral streamflow regime. The channel was completely dry during the summer
months of both 1987 and 1988. Between storm event No. 1 (6-8 September 1987) and storm
event No. 10 (26 May-28 June 1988) the drain was dry for only one day (23/5/88).

The average streamflow generated by the instrumented hillslope was 0.00012
cumecs (0.12 I s™ or 7 1 min), although the snow event (storm No.7) produced a peak
discharge of 0.0012 cumecs (1.17 15 or 70 1 min"") and rainfall events No. 4 and 9 produced
peak discharges of 0.0006 cumecs (0.50 | s or 30 | min).

Storm-Period Streamflow Duration and Time To Peak Discharge : The storm-period
streamflow duration at the base of the instrumented podzolic hillslope was sustained for some
10-20 percent longer than the stream response within the peaty valley-bottom arca some 40
metres downstream (Figure 13 and Table 27). Observation of the time to peak of the stream
discharge during individual storm events, shows that the response of the forest catchment
stream particularly in its upper reaches (forest weir in Tablc 28) is occasionally quicker than
the response of the grassland stream (Table 28).
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Table 27. Storm period duration at the gauging structures within thedrainage channel and stream
downstream of the instrumented forest hillslope .

"PERIOD (days)

STORM EVENT
No. forest upper forest lower . Jorest
drain weir drain wer flume e
PODZOLIC SLOPE PEATY AREA

34 22 - 21
7 (snow) 10 - 5.2
8 13 12 6
9 44 38 43.5
10 >30 26 25

Table 28. Time to peak storm discharge at all gauging stations within the Tir Gwyn catchments.

TIME TO PEAK DISCHARGE
(Hours from start of grassland weir response)
STORM
No. forest forest Jorest forest grassland  grassland
w.drain Ldrain weir flume flume weir
1 12 - - - - -
2 59 - - - - -
3 39 - - - 40 40
4 27 - - 21 20 22
7 20.5 - 20 20.5 20.5 20
8 41.5 - - s29 36.5 375
9 - 66 56 67 66.5 68
10 61 67 42 s48 61 60

s = sustained/flattened/platykuntic peak



114 Chapter 5

It is suggested that this rapid response is largely a function of the forestry road which crosses
the stream just above the forest weir (Figure 13). In general, however, the peak discharge at
all of the gauging structures within the forest and grassland catchments are relatively synchro-
nous.

Dry Period (Lowflow) Discharge : The instrumented forest hillslope failed to generate as
much runoff (per unit area) as the forest catchment or even the drain micro<atchment during
dry inter-storm periods (Table 29). This presumably relates to the fact that larger catchments
/ aquifers have larger depth to length ratios and shallower gradients (Gregory and Walling,
1973; Horton, 1945), and thereby allow at least part of the incoming precipitation to move
along a much longer and slower pathway.

Table 29. Runoff generated during storm and inter-storm periods by the forest hilislope, drain micro-
catchment and forest catchment

DISCHARGE (mm)
PERIOD
FOREST HILLSLOPE DRAIN CATCHMENT FOREST CATCHMENT
(upper drain weir) (lower dmain weir) (forest flume)

storm 3-4 173 - 200
storm 7 98 - 76
storm 8 87 - 57
inter 8-9 55 44 66
storm 9 230 216 192
inter 9-10 3 14 24 *
storm 10 16 31 46*

* = dry period
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5.3.5. Storm-Period Rainfall-Runoff Ratios.

Catchment Storm-Period Rainfall-Runoff Ratios.

The rainfall-runoff (R-R) ratio ranged from 0.42 to 1.32 within the grassland catchment and
from 0.25 to 0.76 within the forest catchment (Table 30). Moreover, the ratio of the forest
catchment R-R Ratio to the grassland R-R Ratio varied throughout the year (Table 31). The
forest catchment may have either stored or evapo-transpired much more of the incident
precipitation relative to grassland catchment during the summer storm event, when compared

with the early winter event (Table 31).

Table 30. Rainfall-runoff ratios for individual storm and inter-storm periods within the forest and
grassland catchments

PERIOD RAINFALL-RUNOFF RATIO
Forest Catchment Grassland Catchment
storm No. 34 0.76 0.84
Sstorm No. 7 0.60 0.78
storm No. 8 0.49 0.73
inter-storm Nos. 8-9 0.45 1.32
storm No. 9 0.52 1.00
inter-storm Nos. 9-10 0.25 0.42
storm No. 10 0.43 0.93

Table 31. Ratio of the forest catchment R-R Ratio to the grasslandcatchment R-R Ratio for storm
and inter-storm periods during the field seasons 9-27/11/87 and 23/1/88-26/6/88.

PERIOD FOREST R-R RATIO / GRASSLAND R-R RATIO
(ratio) (% ratio)
storm No. 34 (early winter) 0.90 90%
storm No. 7 (snow event) 0.77 T7%
storm No. 8 (late winter) 0.67 67%
inter-storm Nos. 8-9 0.34 34%
storm No. 9 (spring) 0.52 52%
inter-storm Nos. 9-10 0.60 60%
storm No. 10 (summer) 0.46 46%
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Forest Hillslope versus Catchment Storm-Period Rainfall-Runoff Ratios.

Relative to the catchment rainfall-runoff ratios, the forest hillslope runoff-runoff ratios are
generally larger during storms occurring in wet periods (Storm Nos. 7,8 and 9) and smaller
during both inter-storm periods (Inter-Storm Nos. 8-9 and 9-10) and storms during dry periods
(Storm No. 10: Table 32). This might imply that when the short (50 m), steep (19.7°) and
shallow podzolic hillslope sections are wet, they will conuct water far more rapidly in
comparison with the catchment area as a whole. As the catchment areas have longer slopes
(170 m), are deeper and are more gently sloping, they will maintain more water-flow during
dry periods in comparison with the hillslope sections.

Table 32. Rainfall-runoff ratios for the forest hillslope, drain micro-catchment and forest catchment,
during individual storm and inter-storm periods.

RAINFALL-RUNOFF RATIOS
PERIOD

Foreat Hillslope Drain Catchment Forest Catchment

(upper drain weir) (lower drain weir) (forest fleme)
storm 34 0.66 - 0.76
storm 7 0.77 - 0.60
storm 8 0.74 ' - 0.49
inter 8-9 0.38 0.30 0.45
storm 9 0.61 0.58 0.52
inter 9-10 0.03 0.14 0.25
storm 10 0.15 0.29 0.43

Catchment Rainfall-Runoff Functions.

Although the difference between the rainfall-runoff ratios for the forest catchment and those
for the grassland catchment vary throughout the year (Table 32), an approximate linear
rainfall-runoff relationship or function can be established for each area:

Forest Catchment
Storm Runoff

-189 + 0.645P (R?*=86% SE=5.3%)

Grassland Catchment

-25.5 + 1.046P (R?=91% SE = 3.4 %)
Storm Runoff

where the storm-period runoff is between 100-460 mm and P is gross-precipitation input (mm)
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Forest Hillslope versus Catchment Rainfall-Runoff Functions.

The forest hillslope would appear to generate a similar rainfall-runoff relationship on a storm
period basis, to the forest catchment:

Forest Hillslope = 362 + 0.744P (R*=87% SE=4.9%)
Storm Runoff '

where the storm-period runoff is between 100-400 mm and P is gross-precipitation input (mm).

Intra Storm-Period Rainfall-RunofT. )
A typical rainfall-runoff response during a storm-period is given in Figurg:}é. 27
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Figure ){ Intra-storm-period rainfall-runoffresponse during storm 3-4, monitored at the flume
within the [orest catchment.



CHAPTER 6.

Hillslope Hydrological Variables.

6.1. Introduction.

Those physical properties within hillslopes, shown to have an effect upon the movement of
water (Sections 1.4.2., 1.4.3,, 1.4.4. and 1.5.2) include soil bulk density, porosity, soil
moisture content, potential gradient, specific moisture capacity, hydraulic conductivity, fluid
viscosity, and intrinsic permeability. _

Prediction of the hillslope water flux is possible as long as only one hydrological
property is variable, while the others are constant values or functions (i.c. parameters) of the
varying property (Crawford and Linsley, 1966). Within Richards’ solution for water flux
within variably-saturated pore systems, the hillslope hydrological variabie is either soil
moisture content or capillary potential (Section 1.4.3; Equations 6 and 7). The impact of the
spatial and temporal response of these two variables upon water movement will, therefore, be
discussed within the following sections (6.2 and 6.3). The impact on hydrological response of
those hydrological parameters dependent upon the two variables, is discussed within
Chapter 7.

6.2. Soil Moisture Content (6 , 6, 6).

The flux of water within a soil volume is equal to the change of moisture content with time
(Euler, 1755; Equation 12). A total of 699 neutron moderation readings were recorded during
the period 4 September 1987 to 23 June 1988, 440 of which were taken within the forest
hillslope and 259 within the grassland hillslope. Volumetric moisture contents were calculated
from these measurements by in situ verification of the standard calibrations for a Wallingford
neutron probe with a mark Il ratescaler (Institute of Hydrology, 1981).
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6.2.1. Neutron Moderation Calibration.

The neutron moderation technique was calibrated and the errors in volumetric moisture
content determined by:

1. examining the impact of neutron-counting over different integration times, and
2. comparing the standard calibrations with 30 measurements of bulk density and
gravimetrically-determined moisture contents (Sections 4.2.2; 6.2.1;7.2).

Topp et al (1980) suggested that an alternative 'tc-:cl-{niquc for the non-destructive
measurement of soil moisture, called time-domain-reflectrometry (TDR) was much simpler to
usc in comparison with the ncutron moderation technique, as all readings could be calibrated
by a single function. An experiment was conducted to compare the calibrated moisture
contents derived by neutron moderation with those derived by TDR to verify this claim.

1. Neutron Count-Time: A field-count-time of 64 seconds (s) was chosen following an
experiment to compare the errors associated with 16 s and 64 s count-times against the count
determined over a 16 min period. A maximum difference of 6 counts was recorded between
the integration times of 16 min and 64 s, and 12 counts between the 16 min and 16 s integra-
tion times (Table 33). For the particular soil (O/A) and profile-position (10 cm depth) that
these measurements were taken, this equates with an error in volumetric moisture content of
0.8 and 1.5 percent respectively. The variability within these counts for each count-period are
similar to those observed by Bell (1973).

Table 33. Wallingford neutron-probe (with a mark II L ratescaler) : count-time experiment 14/7/87

POSITION READINGS (R)

16 min 64s Dmax 16s Dmax
GS N10 386 384 384 387 386 2 377388385384 9
GS N40 - 369 369 366 370 - 360 371 366 367 -
GNN10 276 280277279272 4 276273271270 6
GNN40 277 277277276274 3 275280282273 §
GON10 632 629637626635 6 638 620 629631 12

GO N40 - 602 596 602 603 599 597 606 606 -

Dmax = maximum deviation from the count at 16 mins
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2. Calibration Equation for each Soil Horizon: The A/E and B soil horizons of both research
hillslopes had a silty<clay-loam texture, and were, therefore, fitted to a standard calibration
for loam soils (Institute of Hydrology, 1981 p16):

0, = -0.016 + (0.867 * (R/Rw))
where 6 is the volumetric moisture content (dim. cm® cm), R is the neutron probe reading
within the soil (64 s count-time), and Rw is the neutron probe reading within a water-filled bin
(16 min count-time).

The B/C and C horizons of both hillslopes contained a much greater percent of
gravel and cobble-sized material and were therefore fitted to a standard calibration for coarse
soil/regolith (Institute of Hydrology, 1981 p16):

8, = -0.024 + (0.790 * (R/Rw))

Application of these calibrations to neutron probe measurements taken within the B horizon
(20 to 40 cm depth) of the research hillslopes, yielded moisture contents almost identical to
those determined from gravimetric sampling (Figure 28). The moisture contents determined
by the gravimetric technique and neutron moderation technique were, however, very different
within the A/E soil horizons (10 to 20 cm depth). The difference can be attributed to the loss
of fast-neutrons from the soil surface (Bell, 1973; Jayawardane et al, 1983; Lawless et al,
1963; Zeimer et al, 1967). A correction factor of 1.6 to account for the surface-effect was,
therefore, applied to the neutron probe calibration for the A/E horizon (Grant, 1975).

E.
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Figure 28. In situ calibration of the neutron probe against a standard calibration.
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The difference between the moisture content derived by the neutron probe
calibration and gravimetric techniques for the C horizon (Figure 28) was probably caused by
disturbance of this coarse, laminated material during gravimetric sampling (Section 7.4.4;
Bell, 1973).

Neutron Moderation versus Time-Domain-Reflectrometry Calibration: Application of
Topp’s equation: 8, = -0.053 + 0.0292Ka - 0.00055Ka? + 0.00000Ka® (Topp et al, 1980) to
the TDR readings from the experiment at Tir Gwyn predicts moisture contents very different

to those determined by both gravimetric and neutron moderation techniques (Table 43).

Table 34. The application of the Topp equation to TDR readings within the Tir Gwyn
ferric podzol soil.

Location MeanVolumetric Moisture Content (cm® cm?)
sampling (actual sampling depth, cm)
depth (cm) gravimetric  neutron TDR
(horizon) sampling moderation* (Topp Eq.)
TGas 5(0) 0.604 (3-7) -
0.418 (0-22)
TGal5 15(E) 0.606 (12-17)  0.594 (10-20)
TGa30 30(B) 0.526 (27-32)  0.479(25-35)  0.856 (22-32)
TGad45 45 (B/C) 0.447 (42-47)  0.427 (40-50)  0.176 (32-58)
TGa60 60 (C) 0.489 (57-62)  0.207 (55-65)  0.000 (58-72)
TGbS  5(0) 0.489 (3-7) -
0371 (0-22)
TGb1s 15 (E) 0.500 (12-17)  0.415 (10-20)
TGb30 30(B) 0.500 (27-32)  0.449 (25-35)  0.966 (22-32)
TGb45 45(B/C) 0.367 (42-47)  0.443 (40-50)  0.051 (32-58)
TGb60 60 (C) 0.198 (57-62)  0.365 (55-65)  0.160 (58-72)

* using the mean calibration developed for the Tir Gwyn forest hillslope soils (Section 6.2.1).

" Topp’s Equation : 8, = -0.053 + 0.0292Ka - 0.00055Ka? + 0.00000Ka?

(where Ka = dialectic constant) used to determine the average moisture content along vertical TDR
rods. Horizon-specific moisturecontents were then determined from the equation for weighted
means :

9|=(0(..m'(L|+Lq)'Oz'Lz)/L. L = rod length
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The second approach attempted involved the application of the Stein equation
(Stein and Kane, 1983) for organic soils, to those dielectic constants monitored by the TDR
rods penetrating only the forest O/A and E horizons. The dielectic constants monitored by
TDR rods which extended through these near-surface horizons into the B, B/C and C horizons
were applied to a further equation developed by Alharthi and Lange (1987) for for wet (i.e.
greater than 80 percent saturated) loams (Table 35).

Table 35. TDR calibration: the application of the Stein equation to the O/A and E horizon and
Albarthi equation to the B, B/C and C horizons of the Tir Gwyn ferric podzol soil (Experiment 13:30

27/3/88).
Location MeanVolumetric Moisture Content (cm® cm-?)
sampling (actual sampling depth, cm)
depth (cm) gravimetric neutron TDR
(horizon) sampling moderation* (Stein/Alharthi)’
TGaS 5 (0) 0.604 (3-7) -
' 0.477 (0-22)
TGal5 15 (E) 0.606 (12-17)  0.594 (10-20)
TGa30 30(B) 0.526 (27-32)  0.479 (25-35)  0.542 (22-32)
TGad5 45 (B/C) 0.447 (42-47)  0.427 (40-50) 0.473 (32-58)
TGa60 60 (C) 0.489 (57-62)  0.207 (55-65) 0.300 (58-72)
TGbS 5(0) 0.489 (3-7) -
0.427 (0-22)
TGb15 15 (E) 0.500(12-17)  0.415(10-20) -
TGb30 30 (B) 0.500 (27-32)  0.449 (25-35) 0.518 (22-32)
TGb45 45 (B/C) 0.367 (42-47)  0.443 (40-50) 0.449 (32-58)
TGb60 60 (C) 0.198 (57-62) 0.365 (55-65)  0.275 (58-72)

* using the mean calibration developed for the Tir Gwyn forest hillslopesoils(Section 6.2.1).

" Stein Equation : 9, = -0.0252 + 0.0415Ka - 0.00144Ka’ + 0.0000022Ka’

applied to the vertical TDR rods solely within the E horizon, and the Alharthi Equation :

0, = 0.011Ka + (032 / (1.58%)) appliedto the vertical TDR rods entering the B, B/C and C
horizons.Horizon-specific moisture contents were then determined from the the equation for
weighted means :

6, = (G(hm'(l,I +L,)-9,"L,)/L, L=rodlength

NOTE: The application of either the Stein or Alharthi Equations to the

whole soil profile failed to produce accurate moisture contents.
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This combined approach produced moisture contents relatively similar to those
-recorded by gravimetric sampling, and neutron moderation (Table 35). Further measurements
would, however,be required to prove the accuracy of such a calibration for ferric-podzol soils.
The moisture content of the regolith (at adepth of 60 cm) seems to be the most uncertain (Table
35). This may result from the regolith’s increased sensitivity to disturbance during the
sampling of cores for the gravimetric technique (Section 7.4.4, see below).

Figure 29 corroborates the uncertainties in the use of a standard equation for the
TDR measurments at Tir Gwyn. It shows that the three empirical equations produce very dif-
ferent moisture contents, particularly as soils approach saturation (i.e. 0.4 t0 0.7 cm®cm). The
use of a standard equation for TDR measurements is, therefore, generally not justified. The
perceived advantage of using the TDR technique without soil-texture-specific calibration as
required with the neutron moderation technique is, therefore, equally untenable. Subsequent
analysis of soil moisture content will be based upon neutron moderation measurements.

10
cmicm™®
0-5
ALHARTHI
0'0 T T T T T T T T
0 40 80
Ka

Figure 29. Relationship between the dielectic constant and the soil moisture content, using the
equations given by Topp et al (1980), Stein and Kane (1983), and Alharthi and Lange (1987).
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6.2.2. Hillslope Moisture Content (6 ).

To calculate an average moisture content for each soil horizon within the forest and grassland
hillslopes (Table 36), the moisture contents monitored during each measurement-run were
spatially-averaged by the integration the moisture contents at the 0, 10, 20, 30, and 40 m slope
locations. These moisture contents were then temporally-averaged over the 17 measurement-
runs recorded over a period of 7 months (7/11/87-22/6/88). An arithmetic mean was used to
both spatially and temporally average the normally distributed data-sets:

Table 36. Average volumetric wetness of the soil horizons within the forest and-grassland hilislopes.

Soil Horizon @ cemaeeee VYolumetric Moisture Content ------.-
6, cm’cm?
(No. of measurements)

Jorest hillslope  grassland hillslope difference

AE 0.50 (72) 0.56 (67) 0.06
B 0.48 (72) 0.53 (71) 0.05
B/C 0.27 (72) 0.40 (65) 0.13

The difference between the spalial-avcragihg of moisture contents from the 0, 10,20, 30 and

40 m slope positions and those from 0, 2.5, 5, 10, 20, 30 and 40 m positions within the forest
hillstope and 0, 10, 15, 20, 30 and 40 m postions wnhm the grassland mllslope, was only
0.01 to 0.02 cm? em?).

The A/E and B soil horizons of the grassland hillslope were only S to 6 percent
wetter than those within the forest hillslope. Given that the grassland has between 22 (Section
5.2.4) and 50 percent (Hudson, 1988) more effective precipitation (i.e. gross precipitation
minus evapo-transpiration) this would imply that the grassland solum (A/E and B) is able to

conduct water more rapidly than the forest solum, and hence have a similar mean moisture
content.
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The very marked discontinuity in the moisture content between that of the A/E
plus B horizon and that of the B/C horizon of both hillslopes, implies that either:

1. the B/C horizons of both hillslopes are more conductive than the overlying horizons
(Section 7.4.2), or

2. the B horizons are restricting the vertical flow of water into the B/C horizons (Sections
1.4.2; 8.2.2)

6.2.3. Change of Moisture Content within A/E and B Soil Horizons.

The changes of moisture content within the A/E horizon of both the forest and grassland
hillslopes were consistently larger than the changes within the B and B/C horizons. This
responsc was exhibited at individual neutron gauging sites (e.g. Figures 30and 34) and after
averaging the moisture content measured at all of the slope positions (i.c. at 0, 2.5, 5, 10, 20,
30, and 40 m) (Table 37; Figure31). An arithmetic mean was again used (Section 6.2.2).

RANGE IN MOISTURE CONTENT
Tir Gwyn Forest Hillslope

N EC e [ ovsus ) 3

% chanye MUF (9,11/87-22,6-88>

20

- upslope position ) ’

Figure 30. Change of moisture content at individual neutron gauging sites, within the forest hillslope.
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Table 37. Mean absolute change in the volumetric moisture content (0 ) of each soil horizon
during the 12 monitoring periods between 7/11/87 and 22/6/88.

Moisture Content Change
(6,, cm® cm™)
Integration

period FOREST GRASSLAND
(Julian day plus

decimal time) A/E B B/C AJE B B/C
313.5833-314.3507  0.02 -0.02 -0.03 0.00 0.00 -0.01
314.3507-315.4681 0.04 0.03 0.00 -0.01 0.00 0.01
315.4681-315.5910  0.00 0.00 0.01 0.05 0.02 0.00
315.5910-331.6347 0.08 -0.02 -0.01 -0.12 -0.01 0.01
331.6347-397.4300 0.07 0.02 0.00 0.10 0.00 0.00
397.4306-417.5639 -0.09 -0.02 0.00 -0.11 -0.02 0.02
417.5639-439.4382  0.09 0.04 0.01 0.16 0.02 0.02
439.4382-440.4611 0.03 0.00 0.00 0.01 0.00 -0.01
440.4611-473.5833 -0.09 -0.03 -0.02 -0.09 -0.02 -0.01
473.5833-485.4840 -0.02 -0.01 -0.01 -0.10 -0.01 -0.01
485.4840-490.3778  0.06 0.00 0.00 0.12 0.02 0.01
490.3778-539.3194  -0.15 -0.01 0.00 0.21 -0.04 -0.02

mean, absolute
change in 0, 0.049 0.017 0.008 0.094 0.013 0.009
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Although the spatial distribution of moisture content is very variable across the monitored
flow-strips (Figure 30), the downslope movement of dynamic or kinematic waves (Chow et al, 1988)
through time are easily observable. The movement of one and possibly a second such waves
downslope within the forest A/E horizon is shown within Figure 33.
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Figure 33. Two possible kinematic waves of moisture content change within the A/E horizon of the
forest hillstope.
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6.2.5. Moisture Content at the Inflow and Mid-Point of the Forest Riparian
Zone,

The soil at a depth of 25 to 35 cm deep within the profile at the junction of the steep, podzolic slope
with the gently sloping riparian slope is much wetter than that at the same depth a further 1.5m
into the riparian zone (Figure 34). The soil at this junction is drier in all other horizons in
comparison with that at the mid-point of the riparian zone (i.¢. 1.5 m downslope of the junction
and 1.5 m upslope of the stream channel). This might imply that water-flow moves from the

podzolic slope into the riparian zone at a depth of 25 to 30 cm (equivalent to the B horizon on
the podzolic slope).
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Figure 34. Moisture content at the inflow to the riparian zone minus that at the mid-point of the

riparian zone (Julian days from 1987)
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62.6. The Impact of Individual Trees upon the Moisture Regime of the Forest Hilldope.

The moisture content of soil close to the buttress root of a large conifer (47 cm DBH) was drier
within the A/E and B horizons (approx. 10-35 cm depth) and slightly wetter in the B/C and C
horizons (approx. 40-65 cm depth), in comparison with the same soil horizons 2 m downslope
of the same tree (Table 39; Figure 15).

Table 39. Soil moisture content close to the buttress of a large conifer (47 cm DBH) relation to that 2
m downslope of the same tree.

Soil Horizon Moisture Content (cm® cm™)
Location A/E B B/C Cu No.
1 Transect 0.52 0.38 0.18 0.11 (12)
2 2 mdownslope 0.52 0.38 0.24 0.12 (12)
3  Intermediate 0.39 0.35 0.24 0.12 (12)
4  Near tree root 0.33-0.42 0.31-0.33 0.25-0.28 0.14-0.16 (48)
Percent
difference 10-19% 5-7% 14 % 2-4 %
@-4
drier drier slightly wetter
Neutron gauging siles:

Transect = 10 m slope position on the forest hillslope, 3 m across-slope from the instrumented tree (10N); 2 m
downslope = 2 m downslope of thc instrumented trec (P1N); /ntermediate = 1.5 m downslope of the
instrumented tree and 0.8 m away from a butiress root (P2N); Near tree root = 3 gauging sites within 1 m of
the bole and 0.3 cm of a butress root (P3N, P4N, PSN).

Neutron gauging depth (per soil horizon):
E=15cm; B=30cm; B/C =45 cm; Cu=60cm

Measurement Integration:
moisture contents are averages of 4 temporal measurements during the
summer period 17 April to 22 June 1988.

The lower moisture contents of the A/E horizon close to thebuttress root, probably
relate to a greater abstraction by fine roots o supply transpirational losses. Ford and Deans
(1977) have shown that the finc roots of Sitka spruce (Picea sitchensis, Bong . Carr.) are
concentrated within the near-surfacce soil horizons, close to individual trecs.
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The slightly wetter soil at a depth of 40 to 65 cm beneath the individual tree,
relative to that at the same depth but 2 m downslope of the tree, may be caused by a slight
increase in vertical flow beneath individual trees. This increase in moisture content at a depth
of 40-65 cm beneath the buttress root is in sharp contrast with tensiometer measurements at
the same depth, but immediately below the bole of the same tree (Figure 45 : a lower moisture
content below the bole can be inferred from the large negative capillary potentials). A
preferential movement of stemflow into the soil beneath the butress root rather than at the base
of the tree might be inferred. During the installation of the neutron probe access-tubes, the
regolith at a depth of 40-65 cm beneath this tree was visibly the driest of all of that augered
within the forest hillslope, and as a result proved very difficult to auger. If a large gap was
created between the access-tube and regolith whileaugering into the dry soil, water-flow
within fully-saturated soil-pores would preferentially move down the outside of the access-
tube and artificially wet the deeper soils (Section 6.2.3). Equally, if this gap were to infill with
fines from overlying horizons, the moisture retention (Section 7.3) of the regolith close to the
access-tubes would increase, and possibly lead to increased moisture contents.

The differences in soil moisture content between below-tree and inter-tree areas _
would not appear to be related to the spatial variablity of soils between the gauging sites, as
the soil moisture contents monitored at the gauging site 2 m downslope of the tree are very
similar to those monitored 3 m across-slope, at the 10 m slope position of the main
instrumented transect (Table 39; Figure 15).

The moisture regime within the relatively homogenous, gleyed soil of the riparian
zone was monitored for the period 21 January to 22 June 1988, both beneath an individual tree
and at adistance 1 m from the same tree (Figure 15). The average change in moisture content
during 6 integration periods was less at a depth of 15 ¢cm and more at depths of 30, 45 and 60
cm beneath the tree, in comparison with that away from the tree (Figure 35). Given that a
combination of stemflow inputs and transpirational outputs should increase the moisture
change within near-surface soil beneath trees, this would imply that there is a much smaller
lateral flux of water at a depth of 15 cm beneath the individual tree, in comparison with that
within the inter-tree soil.

The larger change in moisture content at depth beneath the tree may be the result
of cither increased transpirational losses or increased vertical flow. It should be noted,
however, that most of the moisture change whether benecath or at 1 m away from individual
trees, occurs within the surface soils (see Section 6.2.3).

The impact of individual trees upon the capillary potential (¢, and potential
gradient (d¢/dL) of the forest hillslope as a whole is examined in Section 6.4.6., and the impact
upon the saturated hydraulic conductivity (K ) and intrinsic permeability (k) is examined in
Section 7.4.4.
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Figure 35. Change of moisture content beneath a large tree (44 cm DBH) within theforest riparian
zone and that at 1 m across-slope from the same tree ( Total change over 6 integration periods
between 21/2/88 and 22/6/88).

6.3. Potentials (¢, ¢, ¢,) and Potential Gradient (d¢/dL).

The flow of water within a soil is equal to the gradient of the total potential (or energy)
multiplied by the hydraulic conductivity (Darcy, 1856; Dupuit, 1863; Hubbert, 1940). The
lotal potential (¢) within a control volume of a soil includes components generated by
gravitational (¢s), capillary (¢_: Buckingham, 1907), inertial loss (¢.: Hubbert, 1940), tempera-
ture (¢,: Nielsen er al, 1972), osmotic (¢,), and electro-kinetic (¢_: Klute 1973) effects.

Within wet, conduclive soils (Sections 6.2 and 7.4) under temperate climates,
temperature gradients (i.c. multiphase heat-water flow), osmotic gradients (i.e. coupled flolw)
and electro-kinetic gradients are likely to be insignificant in comparison with the gravitational
and capillary effects (Kiute, 1973). Inertial losses (or partial-turbulence) are assumed to be in-
significant within Darcian flow rcgimes (Section 1.2.). The total potential (or simply
potential) within the two research hillslopes was, therefore, determined by the combination of
gravitational potential (i.c. elevational positions measured during a sitc survey: Figures 3 and
4; Section 6.3.1) and, capillary potential measurements monitored by tensiometers, piczome-
ters, and borcholes (Section 4.2.2.3).

6.3.1. Gravitational Potential (¢,)-

The stationary (or unchanging) property of gravitational potential within the forest flow-strip

is shown within Figurc 36.
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Figure 36. Gravitational potential within the forest hillslope; included for comparison with the
distribution of total capillary potential presented within Figures 42, 43, and 44.



Hillslope Hydrologicai Variables . 135

6.3.2. Capillary Potential (¢) : Measurement Errors.

The values of capillary potential recorded by the tensiometers, piezometers and borchole
located at a depth of 1 m within the riparian zone of the forest hillslope, are very similar (given
the slightly different locations) when the local phreatic surface approaches adepthof 1 m (e.g.
Figures 37).

80 1 ~* bore

cm .

. \

J ' tensiometer

340 DAYS 490

Figure 37, Capillary potential monitored by the borehole (for a depth of 100 cm) within the forest
riparian zone against that monitored by a tensiometer (100 cm deep: BT100) located 50 cm away.

As the phreatic surface approaches the ground surface, and the instruments experience
capillary potentials (or heads) of about 1 m H,0, then the tensiometers record 10 percent less
potential compared with that recorded by either the piezometers or borehole (Figures 37 and
38). This difference may result from a greater manomeric depression within the tensiometer
(MEXE, 1963), than was observed at the time of the calibration (Section 4.4.3).
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Figure 38. Difference between the measured capillary potential indicated by a tenslometer (100 cm
deep: 0T100) and that indicated by a piezometer (100 cm deep). The instrumeats are located 60 cm
apart within the forest riparian zone. Positive values reflect the larper values of capillary potential

measured by the piezometer.

°C

15 : o O
i 0 O

r 10
O

- 5

e O : O

- -6 -4 o 1 2 3

ERROR  c¢mH,0

Figure 39. Variation in the capillary potential measued by 8 manometer tensiometer located above-
ground in a container in which a constant head of water was maintained. Measurements were taken
at temperatures ranging between 3 and 15 degrees.
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- The effect of temperature upon tensiometer readings via changes in a tensiome-
ter's water and air density (Berryman et al, 1976; Dowd and Williams, 1989; Watson and
Jackson, 1967) would appear to be relatively insignificant. From a Sample of 11 random
measurements takenover the period 31/1/88t0 4/5/88, covering atemperature rangeof3-16°C,
the capillary potential recorded by the calibration tensiometer (Section 4.4.3) drifted over a
range of only 9 cm (Figure 39). On the 24 May 1988, during the driest few days of the
monitoring period (Section 6.3.4), a diurnal range in apparent capillary potential recorded by
the 50 cm deep transducer-tensiometer (Section 4.4.3) within the riparian zone of 3.7 cm (i.e.
11.3 to 15.0cm) followed a diumal ground-surface-temperature range of 4.2°C (i.e.3.3t0 7.5
°C). Similar diurnal fluctuations in apparent capillary potential have been recorded by Langan
et al (1987) and Richards ez al, (1937).

- ms -}
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6.3.3. Dynamics of Phreatic Surfaces 9. =0).

During the monitoring period (8 September 1987 to 22 J une 1988) saturated wedges (Section
1.3.2) developed within both the grassland and forest hillslopes. The maximum upslope
extension of these deep phreatic zones (upto 60-70 cm in thickness) was 25 m within the
grassland hillslope and 10 m within the forest hillslope, and was reached in both hillslopes on
15 March 1988 (Julian day 75 in storm-period No.9: Section 5.3; e.g. Figure 40). The dynamics
of the size of these zones appeared to be synchronous with the streamflow outflow. For
example, during storm period No. 3-4 (9/11/87-27/11/87) the growth and decline of the
saturated wedge within the forest hillslope is paralleled by an increase and reduction in the
stream discharge (Figure 40). Ragan (1968) noticed asimilar association between the response
of a stream and its adjacent riparian saturated zone.

In addition to the development of the deep phreatic zones, small saturated zones
developed within the afforested hillslope, just above the boundary between:

1. the A/E and B soil horizon, and
2. the A/E and O/A soil horizon.

The tendency towards full-saturation at horizon breaks indicates that there is a marked
discontinuity between the moisture flux of the two horizons, the upper horizon having a much
larger flux (Zaslavsky, 1964). These shallow saturated zones, like the deeper zones are very
dynamic during individual storm periods (Figure 41). In contrast, perched water-tables did not
develop within the near-surface horizons of the ploughed section of the grassland hillslope.
This may be the result of ploughing, which could have removed the marked discontinuity
between the hydrological properties within the A/E and B horizons (Sections 2.10.2., 7.2,
74.1.,7.4.2,8.2.2).
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Figure 40. The dynamics of the deep phreatic zone within the riparian zone of the forest hillslope,
during storm-period 3-4.



‘t-¢ pourad-urioss Guninp
‘adojstiiy 15340 ay) Jo noziroy q/V a1 18 0BHINS dieaagd mofjeys 3y jo sormBuAp a4 L "Iy arndyy

DISCHARGE RECORDED
AT UPPER-DRAIN WEIR

17)

JULIAN DATE
Flood 3-4
111 314.8830
[2] 315.4583
(3] 315.4688
[4] 317.3847
151 317.3847
(8] 319.3611
(7] 323.6021

(10.11.87)
(11.11.87)
{11.11.87)
(11.11.87)
(13.11.87)
(15.11.87)

PRECIPITATION (8 hour periods)

mm
20

15

12113114} 18] 171
3]] IS}

10

(19.11.87)

141

L
B
o

-
Y
o
L
o
=
(o2}




Hillslope Hydrological Variables 141

6.3.4. Total Potential ($) within the Forest Hillslope.
Gravitational potential (¢ Figure 35) dominated the equipotential-net within the forest
hillslope during all of the monitoring period (8 September-1987 to 22 June 1988)(e.g. Figures
42 and 43), except during the dry, 10 day period within May (14-24/5/88) when parts of the
hillslope developed very large negative capillary potentials (or suctions) (e.g. Figure 44).
The dominance of stationary property of gravitational potential across the
equipotential-net, meant that during most storm' periods the total potential gradients (d¢/dL)
did not increase as much as the streamflow generation. For example, streamflow monitored at
the upper-drain weir increased by 5.4 times (Table 26) during the 11 days between the
relatively similar two equipotential-nets shown within Figures42 and 43. As the potential
gradients do not increase greatly during storm-periods, then large changes in the state-
dependent hydraulic conductivity (Section 7.4.6) are required to generate streamflow.
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312.4986 (11.58 9.11.87)

Figure 42. The distribution of total potential within the the forest hillslope, prior to storm 3-4.
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Figure 43. The distribution of total potential within the forest hillslope, at the peak rainfall and
streamflow within storm 3-4.



144 Chapter 6 R

144.4063 (9.45 23.5.88)

im

m
0
—-.—-——-'——-—‘-

L_‘\

Figure 44, The distribution of total potential within the forest hillslope, during the 10 day, dry period
within May 1988.
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6.3.5. Near-Surface Lateral and Vertical Potential Gradients (d¢/dL or J)
within the Forest and Grassland Hillslopes.

The potential gradients laterally within the forest and grassland A/E horizon (02.5E, 2.55E,
S10E, 4020A) were almost always less than the gradients vertically from the A/E to the B
horizon (0EB, 2.5EB, SEB, 10EB, 40AB, 20AB; Tables 40, 41 and 42).

Within the forest hillslope, the vertical potential gradients from the A/E to B
horizon at the 0 m, 2.5 m, and 5 m slope positions are approximately at unity (i.e. 10°) during
most of the year, only increasing to 10' during the dry, 10 day period within May (Julian Date
500-510; Tables 40 and 41). The steEper vertical gradicnts down into the forest B horizon
during the dry period are also shown within Figure 44. The vertical potential gradients at 10
m up the forest hillslope (10EB) are an order of magnitude léss than at the other slope positions
(Tables 40 and 41). This could have resulted from the impact of the large buttress root 1 m
downslope of the tensiometer array. By extending across the slope, the root may have forced
water to move vertically (in addition to the across-slope deflection), and thereby remove the
discontinuity between the hydraulic conductivity of the A/E and B soil horizons (Zaslavsky
and Rogowski, 1969). This would in turn lead to reduced vertical potential gradients.

If the A/E horizon had a state-dependent hydraulic conductivity the same as the
lower B horizon (i.e. a homogenous soil profile) or even less than the B horizon, then the
dominance of the vertical potential gradients would direct most of the flow in the vertical
rather than lateral plane. As the ploughed section of the grassland hillslope has lower conduc-
tivities within the A/E horizon compared with the B horizon (Section 7.4.9) then vertical flow
should dominate.

Within the forest hillslope, however, the A/E horizon is always more conductive
than the underlying B horizon (Section 7.4.9). In this situation the incrcased vertical gradients
could be produced by a greater flux within the A/E horizon compared with the B horizon. This
would, therefore, imply a greater lateral flux within the A/E horizon compared with the
vertical flux from the A/E to B horizon.

In summary, this means that the potential gradients only indicate thc dominant
direction of flow within a homogenous soil body, which may be the whole hillslope or an
individual soil horizon (Section 3.5.4).

Although the lateral potential gradients within A/E horizon of the ploughed upper
section of the grassland hillslope are always relatively similar to the gradients within the forest
hillslope, the vertical potential gradients from the A/E to B horizon are quite diffcrent during
dry periods (Tables 40, 41 and 42). During the 10day, dry period in May (14-24/5/88 : Julian
Date 500-510) when strcamflow was at its lowest (Table 29 : inter 9-10) the vertical potential
gradicnts indicated that the vertical flow although increasing greatly within both hillslopes,

continucd to direct flow down into the forest B horizon (Table 41), but dirccted flow up
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towards the surface of the grassland hillslope (Table 42). This marked difference may be the
result of an increased ET, loss from the grassland surface during the relatively warm (max.
temp. 14-24/5/88 = 11.7 °C) dry periods, as compared to the near-surface ET, losses from the
forest soil (Section 6.3.6).

Table 40. Lateral total potential gradients within the A/E horizon and vertical total potential
gradients from the A/E to B soil horizon within the forest hillslope, during 1987.

TOTAL POTENTIAL GRADIENTS (d¢/dL)

JULIAN

DATE 0EB 02.5E 2.5EB 2.55E SEB 510E 10EB
282.49 -0.533 -0.468 -0.867 -0.104 -1.467

312.50 -0.400 -0.452 +2.133 -0.080 -2.200 -0.458 -0.200
313.58 -2.067 -0.488 -1.200 -0.096 -1.667 -0.440 -0.400
314.35 -2.533 -0.464 -1.667 <0.100 -2.000 -0.436 -0.333
314.53 -2.533 <0.476 -1.067 -0.108 -2.200 -0.434 -0.467
314.66 -2.467 -0.480 -1.067 -0.108 -2.067 -0.434 -0.467
315.47 -1.733 <0.476 -0.733 -0.108 -2.000 0.434 -0.267
315.59 -1.467 -0.476 -0.733 0.104 -1.267 <0.438 -0.267
316.40 -0.667 -0.476 -0.733 -0.104 -1.867 -0.440 -0.400
319.36 -0.800 <0.508 -0.800 -0.108 -3.000 -0.434 -0.067
323.50 -0.533 -0.464 -0.600 0.116 -1.533 -0.436 -0.200
323.57 -0.533 <0.464 -0.733 0.112 -1.400 -0.436 -0.200
323.69 -0.467 -0.464 -0.600 0.112 -1.333 -0.438 -0.200
323.87 -0.467 -0.464 -0.667 -0.108 -1.333 -0.440 -0.267
324.43 -0.400 -0.468 -0.867 0.112 -1.733 -0.432 -0.200
324.58 -0.533 -0.452 -1.000 -0.120 -1.867 -0.430 -0.267
326.57 -0.467 0.472 -1.667 -0.084 -2.000 -0.246 +6.400
326.70 -1.200 -0.472 -1.667 -0.080 -1.933 -0.450 -0.333
331.63 -1.867 -0.456 -1.800 -0.084 -1.667 0.472 -0.867

by convention: - = downslope and down-profile gradients and + = upslope and up-profile gradients.

OEB = E to B horizon at 0 m upslope, 02.5E = E horizon between O and 2.5 m upslope, 2.5EB = E to B horizon
at 2.5 m upslope, 2.55E = E horizon between 2.5 m and S m upslope, SEB = E to B horizon at 5 m upslope,
510EB = E horizon between 5 and 10 m upslope, 10EB = E to B horizon at 10 m upslope.

JULIAN DATE = Julian day + decimal time (for 1987) + 365 (for 1988)
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Table 41. Lateral total potential gradients within the E horizon and vertical total potential gradients
from the E to B soil horizon within the forest hillslope, during 1988.

TOTAL POTENTIAL GRADIENTS (d¢/dL)

JULIAN
DATE OEB 02.5E 2.5EB 2.55E SEB 510E 10EB
377.58 -1.733 <0.444 -0.867 -0.104 -1.633 -0.446 -0.267
396.57 -2.467 -0.460 -0.667 -0.108 -1.667
397.43 -2.133 -0.460 -0.600 -0.108 -1.867 -0.428 -0.000
398,54 -1.067 -0.460 -0.533 <0.108 -1.667 -0.432 -0.067
417.56 -2.333 -0.448 -1.600 -0.467
426,68 -2.267 -0.430 -1.400 <0.116 -2.133 -0.474 -0.400
438.64 -3.467 -0.384 -0.733 -0.200
439.44 -2.000 -0.380 -0.667 -0.160 -2.467 -0.412 -0.333
440.46 -2.067 -0.356 -0.267 -0.400
473.58 -5.533 -0.352 -1.267 -0.044 -2.933 0.444 -0.267
474.40 -1.467 -0.060 -3.200 0.444 -0.467
482.68 -6.267 0.292 -3.533 -0.140 -3.400 -0.448 -0.867
485.48 -5.800 -0.296 -2.933 -0.160 -3.400 -0.450 -0.733
487.50 -6.333 <0.300 -3.000 -0.156 -3.400 -0.452 -0.600
488.63 -7.533 -0.376 -1.200 -0.132 -4.133 0.372 -0.667
490.38 -5.267 -0.368 -0.733 -0.160 -2.733 -0.392 -1.000
497.62 -7.467 -0.248 -3.200 0.176 -3.933 -0.460 -1.400
508.53 -9.333 +0.020 -19.000 -0.380 -9.067 -0.554 -2.867
'509.41 -10.267 +0.396 -17.400 -0.748 -11.267 -0.580 -3.867
509.69 -3.667 +0.436 -17.667 -0.800 -12.133 -0.560 -3.400
510.40 -0.384 -31.800 +0.200 -3.867 -0.548 -4.000
510.77 -0.392 -20.800 +0.008 -1.333 -0.440 -4.067
511.58 -2.600 -0.376 -7.067 -0.108 -5.000 -0.408 -3.633
512.35 -1.600 -0.396 -4.933 +0.080 -2.533 0.524 -3.933
512.46 -5.667 -0.372 -4.867 +0.100 -0.200 -0.550 -4.133
517.76 -1.867 -0.388 -0.867 -0.048 -1.000 -0.476 -0.333
519.53 -2.800 0.376 -1.267 -0.080 -1.867 0.454 -0.400
520.49 -2.867 -0.368 -1.400 -0.100 -2.067 -0.450 -0.267
529.46 -3.333 -0.372 -2.267 -0.088 -3.800 -0.442 -0.633
539.32 -2.867 +0.048 -2.267 -0.712 -11.867 -0.354 -1.933
618.42 -4.133 -0.328 -1.600 -0.104 -2.333 -0.446 -0.467

see Table 40 for key.
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Table 42. Lateral total potential gradients within the A/E horizon and vertical total potential
gradients from the A to B soll horizon within the ploughed section of the grasstand hillslope

(1987-1988).
TOTAL POTENTIAL GRAD[ENTS (d$/dL)
JULIAN
DATE 40AB 4020A 20AB
282.4931 +3.867 0.412 +1.800
312.4583 -0.800 -0.426 -0.933
313.6375 -1.333 0.428 -1,467
314.3153 -1.067 0.427 -0.800
314.5014 -0.933 -0.426 -1.267
314.5420 -0.800 0.427 -1.133
314.6563 -0.933 0.426 -1.067
315.4375 -1.133 0.426 -1.733
315.5417 +0.333 -0.425 -0.467
315.6563 -0.533 -0.427 -0.467
316.3750 -1.067 -0.428 -1.267
319.3403 -0.733 -0.426 -0.800
323.4938 -0.267 0.423 -0.867
323.5194 -0.933 0.427 -0.933
323.5847 -0.733 0.427 -1.000
323.6715 -1.733 -0.428 -0.933
323.8764 -1.200 -0.428 -0.867
323.4361 -1.200 -0.429 -1,333
324.5917 -1.200 -0.429 -1.400
326.5806 -1.667 -0.426 -2.533
326.7160 -1.467 0.427 -2.200
332.6910 +0.400 0428 - -0.933
485.5410 +4.067 0.425 +1.933
487.4931 +0.267 -0.405 -4.733
488.5757 +0.533 0.420 -2.133
490.5139 -2.800 0.424 -1.733
497.6042 +4.733 0.444 +4.800
508.5556 +9.200 -0.630 +32.933
509.3959 +9.467 -0.648 +35.600
509.6715 +10.333  -0.653 +37.200
510.4319 +0.533 0.448 +0.800
510.7861 -0.533 -0.421 -2.667
511.6181 -0.430 -1.133
512.3729 -0.933 -0.423 -3.200
517.7431 +1.400 -0.420 -1.000
519.5674 +1.267 0.424 -1.733
530.4306 +3.733 -0.433 +2.267
531.5000 +5.733 -0.464 +8.267
539.5764 +11.200 -0.612 +32.067

40AB = A to B horizon at 40 m upslope; 4020A = A horizon 4010 20 m
upslope; 20AB = A to B horizon at 20 m upslope. Sec also key for Table 40.
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6.3.6. The Impact of Individual Trees upon the Capillary Potential (¢) and
Potential Gradients (d¢/dL or J) within the Forest Hillslope.

As tree roots have been shown to localize both the abstraction and infiltration of water (Section
1.5.2), then the impact of trees upon soil water potentials during dry periods, may be distinct
from the impacts during wet or storm-periods.

Dry Period Impacts: As the forest soil dries out, the soil directly beneath individual conifers
develops much greater negative capillary potentials (or suctions) when compared with the soil
1t0 2 m away from individual trees. Figure 45 shows that the B/C soil horizon almost directly
beneath a large conifer (47 cm DBH) dried out to -550 cm on 23 May 1987 (Sections 6.3.4.
and 6.3.5), while the B/C soil close to a buttress root of a small conifer (29 cm DBH) attained
-150 cm, and at 1.5 m downslope of the same small tree attained only -67 cm. This implies
that the localization of moisture abstraction by tree roots, particularly beneath large conifers,
can be significant.

1.5m trom tree
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Figure 45. Capillary potential within the B/C horizon (45 cm depth) beneath a large tree (47 cm DBH),
beneath the buttress root of a small conifer (29 cm DBI), and 1.5 m downslope of the same small conifer.
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Figure 46. Capillary potential at a depth of 1 m beneath & small conifer (29 cm DBH), and at the
same depth, but 1.5 m downslope of the small conifer,

During the same dry period, the regolith at a depth of 1 m immediately beneath a -
small conifer experienced significant drying, and yet seemed almost unaffected only 1.5 m
downslope of the same tree (Figure 46). This implies that either:

1. water is being preferentially abstracted from the soil well below the platy root
system of the Sitka spruce (Picea Sitchensis, Bong. Carr.) tree (Section 1.5.2). The
sinker roots of Norway spruce (Picea abies) trees have been shown to abstract consid-
erable volumes of water from a depth of 1 m in similarsilt loam soils (Messenger, 1980).
2. the regolith beneath the tree is draining faster than that within inter-tree areas, as a

result of an increased hydraulic conductivity beneath the individual tree (Section
7.4.4),

During the 4 month period 21 February to 22 June 1988, the vertical potential
gradients (A/E to B/C soil horizon) were always greater directly beneath a single conifer
compared with thosc between conifers (Figure 47). Moreover, the potential gradients always
dirccted flow downwards. The difference was most pronounced when the hillslope soil was

at its driest, and during rapid wetting at the end of this dry period (Figure 48).
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Figure 47. Vertical potential gradients between the A/E and B/C horizons of the forest hillslope,
beneath two small conifers (29 and 30 cm DBH), and within the area in between the two conifers
(1.5 m away from both conifers). Each line represents the average gradient between three pairs of

tensiometers.
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Figure 48. Periods in which the largest differences in vertical potential gradients beneath conifers

and those within inter-tree areas (see Figure 46) were monitored.
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During dry periods, this would imply that either:

1. the trees are abstracting more water from the B/C horizon relative to the A/E horizon,

2. drainage from the profile beneath the tree is greater than the rate of abstraction by
tree roots. This would imply an increase in conductivity (see Sections 7.4.4. and 8.2.3).

3. there is an increase in lateral flow beneath individual conifers during dry periods (see
Figure 44; Section 8.2.2.)

Storm Period Impacts: During the two storm-periods shown within Figure 49, the A/E
horizon beneath the two small conifers (29 and 30 cm DBH) became saturated (¢, =0), while
the A/E horizon within the inter-tree arca remained slightly under-saturated. This preferential
wetting beneath the tree was probably caused by the large volumes of stemflow, observed
running down these small conifers. As the deeper B/C horizon beneath the same tree failed to
saturate, remaining drier than the B/C horizon within the inter-tree area (Figure 50), the
preferential wetting of the sub-tree A/E horizon may have increased lateral flow rather than
vertical flow. This would support Molchanov (1960), who suggested that lateral flow above
the B horizon rather than vertical flow into the B horizon, was promoted beneath spruce trees,
as aresultof their flaf root systems. A further study described by Hillman (1972) indicated that
beneath a single white spruce (Picea glauca) growing within a gently sloping, homogenous
sandy loam, lateral potential gradients were larger than the vertical potential gradients. This
study is emphasised as vertical flow might have been expected given the homogeneity of the
soil (Section 6.3.5).
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Figure 49. Capillary potentials of the below-tree and inter-tree A/E horizon, during two storm events
(Storm 9 (part 2) and 10). Each line represents an average capillary potential monitored by three
tensiometers.
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Below trea

Figure 50. Capillary potentials of the below-tree and inter-tree B/C horizon, during two storm events
(Storm 9 (part 2) and 10). Each line represents an average capillary potential monitored by three
tensiometers.

The impact of individual trees upon the average moisture regime of the forest
hillslope is examined in Section 6.2.6., and the impact upon the saturated hydraulic conduc-
tivity (K) and intrinsic permeability (k) is examined in Section 7.4.4.



CHAPTER 7.

Hillslope Hydrological Parameters.

7.1. Introduction.

Those physical properties which must be parameterized (i.c. made a unique function of the
hydrological variables presented in Chapter 6) to calculate water flux by Richards’ Approxi-
mation include the soil bulk density, porosity (Section 7.2), specific moisture capacity
(Section 7.3), hydraulic conductivity (saturated, relative and state-dependent), fluid viscosity,
and intrinsic permeability (Section 7.4). The spatial and temporal response of each these in-

dividual parameters within hillslopes, may be important controls on the pathways of soil
water.

7.2. Soil Bulk Density (p,) and Porosity ().

A soil’s porosity (n) will affect the quantity of water a soil volume can hold (i.e. the soil
moisture content: Section 6.2), and, therefore, the relationship between the moisture content
and the capillary potential (Section 7.3). A soil volume’s resistance to the conduction of fluids
(i.e. the inverse of the soil’s intrinsic permeability) is also dependent upon the volume of pores
(Bear, 1972; Childs, 1969; Kozeny, 1927; Section 7.4). The dry bulk density (or specific mass:
P,) of a soil volume is a function of the particle density (p,) and the porosity (n), i.e.

P, =P, -(M P

When the particle density is known, measurements of bulk density can, thcrefore, be used to
predict the porosity. Bulk density measurements are more commonly used to calculate the
volumetric moisture content (8) from direct measurements of the mass wetness ©_)
determined by gravimetric techniques (Section 4.4.2., 6.2). Where:

Bv=6m.ph
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The bulk density of both the forest and the grassland hillslope soils increases quite
markedly with depth (Figure 51). The organic horizon on the surface of the forest soil (i.e. 0-
8 cm) is much less dense (0.10-0.24 g cm®) than the surface organic horizon in the grassland
(0.69 g cm™). This probably relates to the forest O/A horizon’s lower particle density resulting
from a greater proportion of organic matter relative to mineral soil, rather than the slightly

increased porosity (Figure 52).

011 -042

0-61-1-07
092-109
120 i FOREST

36 samples

GRASSLAND

21samples

gcm’

Figure 51. Range in bulk density within each soil horizon of the podzolic slopes and riparian zones, of
the forest and grassland hillslopes.

The porosity values for each soil horizon within the two research hillslopes range
from 0.41 to 0.78 cm® cm™* (Figure 52); both hilislopes are generally very porous. Porosity
valucs at both sites are very high in the organic horizons (0.71-0.78 cm? cm?), high within the
A/E horizon (0.63-0.72 cm® cm®) and slightly less within the B horizon (0.44-0.66 cm® cm-
*: B horizon).

Three soil samples taken from a 1 m? plot beneath the ploughed section of the
grassland showed a greater variability in the B horizon porosity (0.442, 0.530, 0.623S cm?® cm-
%) relative to the A/E horizon (0.633, 0.662, 0.652 cm? cm™) probably as a result of the
ploughing opcration (Scction 2.10.2).
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Figure 52. Range in porosity within each soil horizon of the podzolic slopes and riparian zones, of the
forest and grassland hillslopes.

Similar low bulk densities and high porosities as those within the Tir Gwyn
hillslopes were noted by Molchanov (1960) within a brown forest soil beneath a spruce stand
in Bulgaria (Table 43)

Table 43. Bulk densities and porosities of brown forest soil, beneath a spruce stand in the Begliki
district of Bulgaria (Molchanov, 1960).

Depth of sample (cm®)  Soil Bulk Density (g cm?)  Porosity (cm® cm?)

0-14.6 0.588 0.770
10-14.6 0.844 0.680
25-29.6 0.862 0.660
40-44.6 0.934 0.660
70-74.6 1.081 0.620
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7.3. Specific Moisture Capacity (6/¢) and Secondary-
Porosity (n 050"

The flow of water is equal to the specific moisture capacity (8/¢_, or C) multiplied by the
change in capillary potential with time (d¢_/dt), given that the relationship between the
moisture content and capillary potential is constant (Buckingham, 1907; Fuchsman, 1986;
Richards, 1931).

A soil’s ability toretain or release water at a given capillary potential affects soil-
waler-movement, as it determines the rate at which the hydraulic conductivity declines as the
level of water-saturation reduces (Brooks and Corey, 1966; Campbell, 1974; Millington and
Quirk, 1959; Sections 7.4.6. and 7.4.7). A rapid release of moisture, means that conductivity
is soon lost as the level of water-saturation reduces.

The impact these moisture-release-curve slopes upon moisture-flux within each
soil horizon is discussed within Section 7.4.6.

7.3.1. Laboratory versus In Situ Determination of 8/¢_.

Atotal of 26 moisture capacity curves were determined in the laboratory, and a further 36 were
determined in the field (Section 4.4.4). All of the field (or in sit) determined specific moisture
capacities arc similar to those capacities determined using tension table and pressure-plate
apparatus within the laboratory (e.g. Figures 53, 54, 55 and 56).
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Figure 53. Moisture capacity within the A/E horizon of the forest hillslope (5 m position), determined
by both in situ (5F15) and laboratory (C5F12-15E) based techniques.
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Figure 54. Moisture capacity within the B/C horizon of the forest hillslope (5 m position), determined
by both in situ (SF45) and laboratory (C5F29-32BC) based techniques.
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Figure 55. Moisture capacity within the A/E horizon of the grassland hillslope (40 m position),
determined by both in situ (40G15) and laboratory (C40G14-17A3) based techniques,
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Figure 56. Moisture capacity within the B horizon of the grassland hillslope (40 m position),
determined by both in situ (40G30) and laboratory (C40G30-33B2) based techniques.

The moisture capacities determined in situ at each slope position on the forest
hillslope were more noisy or showed a less consistent trend within the A/Ehorizon (e.g. Figure
53) in comparison with the forest B/C horizon (c.g. Figure 54). This may be due to either:

L. the increased variability within the apparent moisture contents of the A/E horizon
relative to the B horizon, caused by the errors associated with the use of a neutron probe
close to the soil surface (Lawless et al, 1963; Ziemer et al, 1967), or

2. the non-uniform wetting of the A/E horizon relative to the B horizon, caused by a highly
structured naturc of the eluvial horizon of a ferric podzol soil (Sections 7.3.4.and 7.4.1).

Although the in situ determination of the moisture capacity within the grassland
AJE horizon is subject to the same neutron gauging errors, it is the B horizon which shows the
least consistent trend (Figures 55 and 56). Perhaps the action of drawing a single plough tine
across the grassland field (Section 2.10.2), has cither:

1. greatly increased the secondary-structure within the B horizon so that the soil horizon
welts unevenly, or

2. over-turned or tilted the natural soil horizons, allowing the 30 cm tensiometer to be
installed within a different soil to that surrounding the neutron probe access-tube.
An increasc inspatial variablity in the B horizon of the ploughed, grassland hillslope was
also noted with the porosity measurements (Scction 7.2).
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A hysteretic difference (Section 4.4.4) between the in situ moisture capacities
during soil wetting and those during soil drying was not observed. Moreover, marked
threshold potentials (or air entries) were not observed within either the léboratory- or field-
determined moisture capacity curves (Section 4.4.4.; e.g. Figure 57).

7.3.2. Variability in Laboratory-determined Moisture Capacities.

Moisture was released at a similar rate from all of the cores of soil taken from the B and B/C
horizons of the grassland hillslope (Figure 57). The actual moisture contents retained by each
soil core at a given capillary potential were, however, very different in relation to the variation
of the moisture retention of the samples taken from the A/E horizon (Figure 57).

The same pattern of a greater variability within the B/C horizon relative to the A/
E horizon was noticed within the samples taken from the forest hillslope.

Given that the variability is present only within 8/¢_-curve intercepis or offsets,
and not within the slopes of the 8/¢ _-curves, the difference is likely to have resulted from the
B and B/C horizon’s increased sensitivity to disturbance during sampling (Nieber and Walter,
1981). The increased sensitivity to the disturbance of the shalely B/C horizon is a possible
explanation for some of the errors within the gravimetric calibrations of the neutron probe
(Section 6.2.1) and the small-core permeametry (Section 7.4.1).
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Figure 57. Variability of laboratory-determined moisture capacities within the A/E, B and B/C
horizons of the forest (top) and grassland (bottom) hillslopes (0 cm®cm™ x 100; $.cm)
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7.3.3. Moisture Capacity of Each Soil Horizon within the Forest and
Grassland Hillslopes.

When the soil within both the forest and grassland hillslopes is near saturation, i.e. maintain-
ing capillary potentials of between 