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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, 
sulphate and nitrate, in comparison with streams in adjacent grasslands. Almost all of this ion-
load is transported to streams via subsurface water-pathways. An incontrovertible, physical 
characterization of these pathways within a natural, layered 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 uncertainty associated with the identification of soil-waler-
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 observed 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 \osLd\ngo[ acidic solutes within forest streams. 

The results of the analysis, indicated thai the pathways of water through 
hillslopes could be predicted from the response 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 0 /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 gradients in layered porous media. The instrumented 
grassland hillslopc 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 generated flows smaller than those within the 
grassland hillslope, concomitant with the 29 percent difference in the rainfall-runoff behav­
iour of the catchment areas. This increased loss of runoff within the afforested areas, may 
result from the high losses of wetted-canopy-evaporation (39 percent of gross-precipitation) 
from the Sitka spruce (Picea sitchensis. Bong. Carr.) trees. 

Individual conifer trees 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 plaly root systems, and the high rates of precipitation input to soil at the stem-base. 

The enhancement of both lateral near-surface flow and bclow-canopy ion 
concentrations could, therefore, generate the chemical signatures characteristic of streams 
draining coniferous forests. 
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23. Evapo-transpiration losses plus catchmant storage changes during selected storm and 
inter-storm periods, for the Tir Gwyn forest catchment. 

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

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

26. The antecedent and stonn, peak discharges monitored at the forest flume and grassland 
flume, stream gauging sites. 

27. Storm period duration at the gauging structures within the drainage channel and stream, 
downstream of the instrumented forest hillslope. 

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

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

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

31. Ratio of the forest catchment R-R ratio to the grassland catchment R-R ratio for storm and 
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32. Rainfall-runoff ratios for the forest hillslope, drain micro-catchment, and forest catch­
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33. Wallingford neutron-probe (with a mark 11 Lratcscaler): count-time experiment 14/7/87. 
34. The application of the Topp equation to TDR readings within the Tir Gwyn ferric podzol 

soil. 

35. TDR calibration : the application of the Stein equation to the O/A and E horizons, and 
Alharthi equation to the B, B/Cand C horizons of the ferric podzol soil (Experiment 13:30 
27/3/88). 

36. Average volumetric wetness of the soil horizons within the forest and grassland hillslopes. 
37. Mean absolute change in the volumetric moisture content of each soil horizon, during the 

12 monitoring periods between 7/11/87 and 22/6/88. 

38. dele-fed. 

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

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

41. Lateral total potential gradients within the A/E horizon and vertical total potential 
gradients from the A/E to B horizon within the forest hillslopc, during 1988. 

42. Lateral total potential gradients within the A/E horizon and vertical total potential 



gradients from the A/E to B horizon within the ploughed section of the hillslope, from 
1987 to 1988. 

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

44. Secondary-porosity of 22 samples extracted from the Tir Gwyn research hillslopes. 
45. Saturated hydraulic conductivities measured by 7069 cm' ring permeameter cores versus 

192 cm' small-core pcrmeamclcr cores. 

46. The range in saturated hydraulic conductivities of primary-structures ranging from gravel 
to clay. 

47. Saturated hydraulic conductivity and intrinsic permeability within the forest and grassland 
riparian soils, determined using the Kirkham and Ernst equations. 

48. Saturated hydraulic conductivity values calculated by both well and ring permeametry. 
49. Wettability of soils after being dried at 105 °C for 48 hours. 

50. The calculation of hillslope hydraulic condictivity using an inverse solution based upon 
the discharge recorded at the upper drain weir. 

51. Studies using approximative solutions to hillsope flux. 

52. Hillslope hydrological studies using numerical solutions of the ful l Richards equation. 
53. Selected studies using numerical solutions employing local coordinates. 

54. Lateral flow within the O/A and A/E horizons, and vertical flow through the B horizons 
of the forest hillsope. 

55. Lateral flow within the O/A and A/E horizons, and vertical flow through the B horizons 
of the grassland hiilsope. 

56. Water-flux based upon internal-slate response against those based upon the external-state 
response. 
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Tbc fastrumented forest hillslop« within the T I r Gwyn experimental catchments. 



CHAPTER 1. 

Introduction. 

1.1. SoU-Water-Pathways: 
A Critical Environmental Control. 
The physical processes which govern the movement of water within hillslopes are difficult to 
characterize (Bear et al 1968; Nielsen et al, 1986), and yet must be, i f we are to predict the 
impacts of environmental change upon any hydrological or water-dependent natural system. 
Hillslopc 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 
aly 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 e/a/, 1984). 

Recent concern over the acidification of streams draining coniferous forests 
(Homung, 1984; Homung et al, 1987a,b) has prompted research into the explanation of the 
sources of the solutes found within such streams. Current theories suggest that the transport 
of solutes along particular water-pathways is a major determinant of the chemical signature 
of these forest streams (Bachc, 1984; Brickcr, 1987; Homung et al, 1986a; Lawrence et al, 
1986; Neal et al, 1989). No research has, however, provided an incontrovertible physical 
characterization of the water-pathways within a natural hillslope 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 research. 
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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 w i l l 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 wi l l be explained with reference to the 
impacts of forest stands, individual conifer trees, and ploughing during pasture improvement. 

The main emphasis of the research 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 upon different 
types of fie Id-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 et al, 1986). As a corollary to this, no mathematical simulation has been 
presented, which can accurately predict the internal behaviourofanamra/hillslope. Todate, 
all modelssimulating water-flow within layered hillslopes, have required the alteration of at 
least one measured hydrological parameter, to predict the response of the hydrologlcal 
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. A l l 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 water-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 catchment 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 inlemal-slate hydrological variables in relation to the water-
pathways (Chapter 6), 

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

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

The results of the analysis of the chemistry of precipitation, soil-walcrs and stream 
waters within the Tir Gwyn forest hillslopcsystem, arc presented within Chappcll e/a/(1990). 
The combinations of water-pathways that could produce the observed chemical signatures 
within the stream and riparian zone, arc expounded 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-
movcment within a coniferous hillslopc and a grassland hillslope, using several inde­
pendent and quasi-independent techniques of measurement and analysis. 

2. To compare the internal-state behaviour of the forest hillslope with that of the ploughed, 
grassland hillslope, and educe the impact forest stands and ploughing upon water-path­
ways. 

3. To investigate the local effect of individual trees, under a particular set of physical 
controls, upon hillslope water movement as a whole. 

4. To examine the external-stale response at the catchment and hillslopc scale, to both 
clucidatccharactcristics of the internal response that arc exhibited in the external behav­
iour, and to verify the predictions of intcmal response. 

5. To examine the impacts of forasl and grass covers upon the cxlcrnal-state, or rainfall-
runoff behaviour of catchments and hillslopcs. 
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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 hUlslope hydrology (Section \A)Jorest 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. 

I . 3, The Three Principles of Hillslope Hydrology. 

The innate difficulties associated with characterizing physical, soil-water processes, are 
known as Identification or Inverse Problem (Bear and Veruijlt, 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
l a r / s l i p / Knudsen), Darcian (laminar/viscous/conductive), Oseen (Forchheimer/partially 
turbulent), or turbulent (convective) depend ing upon the fluid velocity and viscosity, and upon 
the pore resistance (Bear, 1972; Chow et a/, 1988; Hannoura and Barends, 1981). Under these 
different f low regimes the relationship between the energy gradient and the resultant flow 
alters, i.e. 

Turbulent Oseen Darcian Non-Newtonian 

0.5 ..hydro-dynamic region.. 1 » 1 a 

where: q a P [1] 

Whercq is water-flux and J is potcntialgradicnt. Under Darcianconditions, water movement 
within a completely saturated volume of soil is, therefore, directly proportional to the average 
energy orpote/i/wi/gradient (Darcy, 1856; Hubbcrt, 1940). This simple relationship is known 
as Oarcy ' jLaiv (Section 1.3.3). 

I I . Solution Geometry : Flow within hillslopc soils can be calculated from a characterization 
o f the hydrological properties (i.e. variables and parameters) of cither individual pores or 
volumes of pores. 
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Water movement within individual pores can be calculated using Knudsen*s 
Equation for predominantly non-Newtonian flow (Knudsen, 1909). either Poiseuille's equa­
tion (Poiseuillc, 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 equations for hillslope flow problems are, 
however, extremely difficult to identify and measure (Beare/fl/, 1968; Boumaand 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 
(Eulcr, 1755; Section 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 equation can be used (Section 1.3.3); i f flow begins to lose inertia, then Forchheimer's 
equation (Forchheimer, 1901) is more applicable. In both cases, the average water flux al the 
centre of each control-volume is calculated by multiplying the respective potential gradients 
by a proportionality coefficient, known as the hydraulic conductivity. This coefficient 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 3 to 19), and 
is, therefore, used within this thesis both to maintain consistency and prevent misconception. 

I I I . Spatial Variability : While it is not usually feasible to measure all of the hydrological 
properties within alt of the control-volumes of a hillslopc soil, the sampled control-volumes 
must accurately represent the true distribution within the whole hillslope (Binley et al, 1989; 
Klutc, 1973; Freeze, 1980; Marsily, 1986; Sharma et al, 1987; Warrick and Nielsen, 1980). 
A failure to represent zones of preferential flow (Section 1.3.2) for example, would result in 
very inaccurate solutions (Sharma and Luxmoorc, 1979). 

Despite the major problems associated with identifying and representing the 
processes governing the movement of water within hillslopes, our knowledge of hillslope 
hydrology has madcconsidcrabic advances over the past 60 years (Warrick et al, 1986; Section 
1.4). 
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1.4. HiUslope 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 (Section 1.4.1), 
2. Hillslope Hydrological Mechanisms (Section 1.4.2), and 

3. Hillslope Hydrological Processes (Section 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 techniques are based 
upon the external manifestation of hillslope response, and, therefore, do not require the accu­
rate characterization of hydrological properties within the hillslopes. 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 e£ fl/, \9^2\ Stanford-Water shed-Model: Crawford and Linsley, 1966), auto-
regressive-moving-averages (Box-Jenkins, 1971), hydrograph separation (e.g. R-Index: Hewlett 
et at, 1977), and topographic indexes (e.g. Topmodel: Beven and Kirkby, 1979) have been 
fitted to both streamflow, and hydrochemical response. More complex, mathematical models 
such as the Institute of Hydrology Distributed Model (Beven et al, 1987) and the Systeme 
Hydrologique Europeen model (Abbott et at, 1986) could be described as rainfall-runoff 
models, as they have to date, only been fitted (or optimized) to historical streamflow response 
(Beven 1989; KJemes, 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 evident 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 to make predictions about the response of an un-
insirumented catchment, requires an understanding of how changing environmental condi­
tions affect the detailed processes which govern hillslopc 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 (Sectionl.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 streamflow during periods of low-flow. Slreamflow during periods of low flow is 
usually seen to be generated 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 in-channel precipitation, 
2. Hortonian infiltration-excess overland flow, 
3. saturation-excess overland 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 slreamflow hydrographs 
during high intensity, low volume (i.e. <20 mm) rainfall events, and a during the initial stages 
of major storm events (Hursh and Brater, 1941). The direct in-channci input of small volumes 
of highly concentrated throughfall beneath forest canopies, can be critical in the calculation 
of ion fluxes during storm periods (Poller et al, 1988). 

Hortonian Infiltration-Excess Overland Flow. 

Horlon (1933) considered subsurface flow lo be too slow a mechanism to generate the large 
volumes strcamflow seen during storm periods. He thought that all storm-period streamflow 
was generated by water movement across the land surface. This so called overland flow was 
produced by rainfall intensities greater than a soil's infiltration capacity (equivalent to the 
sorptiviiy in dry soils and saturated hydraulic conductivity in wet soils: Section 7.4). 

This mechanism, once considered to be ihedominanl storm-flow mechanism mail 
calchmcnls, is now seen lo be restricted to arid zones (e.g. Dubreuil, 1985; Yair and Lavec, 
1985)andsmal! intra-catchment areas (e.g. Hcrwitz, 1986; Williams, e/a/, 1984) (Hcwlctl and 
Nutter, 1970; Dunne, 1978). Hortonian ovcrland-flow predominates in arid zones, because 
desert .soils often develop surface crusts (Valcnlin, 1981) and a hydrophobicity (or non-
wcltabilily: Section 7.4.5) when very dry (Krammcs 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 over land flow. This typeof 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 exfiltralion 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 a downslope 
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 saturalion-
excessoverland olow are known as partial 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 (Aimeii, 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 stream flow was generated 
by the recharge of stream-side areas by lateral flow from surface soil horizons, followed by 
a delayed input to the stream (Hursh and Hoover, 1941). Hewlett demonstrated how 
streamflow appeared to respond to the build-up of water within stream-side areas, which he 
called variable source areas (HcwiciX, 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) areas were rapidly recharged by 
a displacement process termed translatory flow, within a//of the partially-saturated upslope 
soils (Hewlett and Hibbcrt, 1967). 

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

1. the displacement model, 

2. the macro-porc 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 Mode l : Numerous hydrological studies using stable isotopes (e.g. Abdul 
and Gillham, 1984; Brunsden, 1981; Herrmann and Slichler, 1980; Kennedy et al, 1986; 
Marlinec, 1975; Rodhe, 1981; Sklash and Farvolden, 1979 Sklash et al, 1982; Turner et al, 
1987) indicate that precipitation mixes with and displaces considerable volumes oipre-event 
water prior to reaching any water course. TWxsmiscihle displacement mechanism (Nielsen and 
Biggar, 1961) may operate within both the groundwater zone (defined as water within the 
saturated or phrcatic zone: Freeze and Cherry, 1979; Hewlett, 1982) or under-saturated zone 
(Kennedy a/, 1986) of any catchment. Elevated levels of displacement are induced by three 
possible mechanisms: 

1. An increased gas-phase pressure in the partially-saturated zone, caused by air-entrap­
ment during infiltration (Meyboom, 1966; Morel-Seytoux, 1983; Slauffer 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 Bemier (1982), Bonell et a/(1984), and 
Burt (1985). 

3. Thencar-inslantancous saturation of the secondary-structure (or macro-porosity) within 
near-saturated soils (Bcven, pcrs. comm. 1988; Gillham, 1984). 

2. Macro-Pore Model : Macro-pores 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, Le. 

< H ^ . > = ^ ' ' " ' ^ " " ' ^ [2] 
o i > - dps 

whercq is spccificflux or velocity (dim. LT ' ) , <> is mcan,r| isporosity of the control-volume 
(cm^ cm"^), and dps is proportion o{ dead or inactive pore-space, where T] - dps ist]^ effective 
porosity (Dupuit, 1863: in Bear et al, 1968 p53). 

2. pores (hat 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 aspipe5 within the upper parts of the Institute of Hydrology, Plynlimon 
Catchments (mid-Wales) provides perhaps the most compelling evidence (Oilman 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 a second source of evidence, assuming that thecalculated control-volume-
based flows were accurate (Smart and Wilson, 1984; Trudgill et 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 a/, 1986; Pearcc et a/, 1986). 

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

3. Near-Surface Flow M o d e l : The permeability of soils found within particular hillslopes 
often varies over several ordcisof magnitude (Bonelleifl/, 1983; Hoover, 1949; Knapp, 1970; 
Nielsen et at, 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 (Seciion 6.6; Bear, 1972) produces lateral soil water movement 
(Section 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; Bonelle/a/, 1981; Section 6.3.3). 

Even when hillslopes have near-isotropic and homogenous intrinsic permeabili­
ties {Equai'ion 11; Section 7.4), but are only partially-saturated with water, iho state-dependent 
hydraulic conductivity (Section 7.4) may be different at different positions within a proflle, 
and so produce an anisotropy within the proflle as a whole (McCord and Stevens, 1987; Price 
and Hendrie, 1983; Zaslavsky and Rogowski, 1969). The inflllralion of rainfall into a 
relatively dry isotropic soil will , therefore, induce lateral flow within the surface soil. 
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I f 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 
advances into the lower horizon, its movement wi l l 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 (Parlangc, 1974). 

Any change in vertical conductivity within hillslope soils (often within the near-
surface horizons) wil l , 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 these 
hillslope hydrological mechanisms might generate the storm hydrograph within a temperate 
forest. A precis of this theoretical sequence begins with: 

1. direct in-channel 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 quantified, the precise 
relationships between each of these mechanisms and strcamflow response, requires a more 
detailed understandingof the physical processes governing water movement at some represen­
tative scale. 

1.4.3. Hillslope Hydrological Processes. 

Hillslopc hydrological processes are defined as those interactions 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 examine hillslopc hydrological 
processes is the control-volume-scale (CV-scalc; Sections 1.3., and 3.5.1), although both 
larger (e.g. Bcvcn, 1982) and smaller (e.g. Ych, 1981; Section 1.3)scalcs have been used. The 
average movement of water through a control-volume ofsoil pores can then be described by 
various extensions of Darcy's original equation (Darcy, 1856), provided flow is relatively 
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(d) + 6 J 
q = - — { K . J - ^ } 

d X d X 
[3] 

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(())g+<j)̂ /dx is potential (energy) gradient (dim. L L ' ) , (j)̂  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). 

d 6 

where; 
d x 

d(<b +<|)J 

d X 

K = K . K 

[4] 

[5] 

where d0 /dt is change of moisture content with time (i.e. discharge) (dim, L ' L " ^ *), K is 
hydraulic conductivity function (dim. LT*), is saturated hydraulic conductivity (dim. LT ' 
*), K is relative hydraulic conductivity of the wetting (i.e. water) phase (dimensionless) and 
d(<t>̂ +<t>J/dx is potential gradient (or change of total potential with distance) (dim. L L *). 

The relationship between the moisture content (Section 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 ^^andQ, enables the Richards equation to be solved foronly(t>^ (Equation 
6; Richards, 1931) or 6 (Equation 7; Buckingham, 1907; Klule, 1952; Richards, 1931;Sposito, 
1986). 

d 0 

d t d X d x ' [6] 

where 6^^ / dO is inverse specific moisture capacity (dim. LL^L"^), dfj) / dt is change of 
capillary potential with time (dim. LT ') , K is hydraulic conductivity function (dim. LT ^ , 
d(<t>g+<t)J/dx is potential gradient (dim. L L *). 
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de 

d T 

d d(t> 
{ K 

dz d 8 

d e 

~ d ^ 
- K } 

where: 

K . 
d e 

= hydraulic dijjusivity (D ) 

[7] 

[8] 

where d6 / dt is change of (volumetric) moisture content with time (dim. L ' L " ^ *), K is 
hydraulic conductivity function (dim. LT *), d<t>̂ / d9 is inverse specific moisture capacity 
(dim. LL'^L"'), d6 /dz is change of (volumetric) moisture content with vertical distance (dim. 
L ' L ^L ') and D̂^ is hydraulic diffusivity (dim. L ' ^ ' ) . 

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

d 4> d O T ] d 
M P f ^ + e^Pe(a+r iB)} = 

d t d 6 d x 

d 6 
{ K . - I l } 

d X 
[9] 

where d(t»̂  / dt is change of capillary potential with time (dim. LT*), is fluid density (dim. 
ML-') , 9^ is percent saturation (dim. L ' L ' L ' L ' ) , r| is porosity (dim. L'L" ' ) , dO^T] / d(})̂  is 
specific moisture capacity (or C) (dim. L'L'^L *), 9̂  (a+T]B) is specific storativiiy, a is matrix 
compressibility, B is fluid compressibility, K is hydraulic conductivity function (dim. LT"*) 
and d<t)̂  / dx is total potential gradient (dim. L L ' ) 

d 9 d<t> 

d X 

where: 

d (t>̂  d t 

k p ^ / v = K 

d x 
[10] 

where d9/d<t)Js specific moisturccapacity (or C) (dim. L'L-'L'),d<t)^/dtis change of capillary 
potential with lime (dim. L T ' ) , k is intrinsic permeability (dim. L^), is fluid density (dim. 
M L ' ) , g is gravitational acceleration (dim. LT^), v is dynamic fluid viscosity (dim. M L ' 
T*', where v/p^=v kinematic fluid viscosity dim. L^T ' ) , is saturated hydraulic conductivity 
(dim. L T ' ) , is relative hydraulic conductivity of the wetting (i.e. water) phase (dimcnsion-
Icss) and d(({î +({> )̂/dx is potential gradient (dim. L L ' ) . 
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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. 

dz 

dy 

dx 

Thus: Net outflow in y direction 
(for an incompressible fluid) 

dV 

dy 

dV 
dy } dxdz - V dxdz = 

dy 

Vydxdz 

(mass inflow across dxdz) 

dV 
{ V + 'dy } dxdz 

' dy 
(mass outflow across dxdz 
at dy distance from inflow) 

dxdydz 

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 

dq 
Temporal change of mass - dxdydz 

dl 

dV^ dV dV^ dq 
Thus: { ^ + ~ + } dxdydz dxdydz 

dx dy dz dt 

Or: d q 
div q = 0 

d t 

0 

[12] 

Where: 
div = 

d d d 
— + + — 
dx dy dz 

q = V + V + V 
» X V z 
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where d6/dl is change of moisture conlent with lime (dim. L ' L - ^ ' ) , 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 need 
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 movementof water along a flowlinc must cross the boundaries between control-volumes 
of pores according to the Tangent-Refraction LaH'(Hubbert, 1940; Jacob, 1940). This conti­
nuity (or mass-balance) equation can be written as: 
(a) Refraction of equipotenlial-lincs: 

, J.I 
tana, [13] = tan â  [14] 

^ • K . = ^ K ^ [15] 

thus K tan a 
= [16] 

tan â  

(b) Refraction of streamlines: 

q, cosb, = q^cosb^ [17] 

thus K tan b, 
[18] 

tan b 

where is incidence (advcclivc) mass flux (dim. L T ' ) , q^ is refraction (advcclive) mass flux 
(dim. LT% a, is equipotential-linc incidence angle (degrees), â  = equipotcntial-line refrac­
tion angle (degrees), b, is strcam-linc incidence angle (degrees), b^ = stream-line refraction 
angle (degrees), is (isotropic) hydraulic conductivity: first CV (dim. LT'^), is (isotropic) 
hydraulic conductivity: second CV (dim. LT ' ) , Ĵ j is slope-ward hydraulic gradient: first CV 
(dim. LL"'), J ,̂ is slope-normal hydraulic gradient: first CV (dim. LL *), Ĵ ^ is slope-ward 
hydraulic gradient: second CV (dim. LL^) and Ĵ ^ is slope-normal hydraulic gradient: second 
CV(dim. \Aj^). Astream-litie is an isolincof instantaneousorslcady-stalc, specific flux (Bear, 
1972). 
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Hydrodynamic Dispersion. 

(Microscopic Flow within the Control-Volume of Pores) 
ThcEulerian control-volume approach seeks 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 
advcctive (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 de 
{ D ^ + <q_>e } [19] 

d t d x ^ d x 

where d6 / dt is change of volumetric moisture content (or water mass concentration: Bear et 
a/, 1968) with time (dim. L"^L"^*), D is coefficient of dispersion (dim. L) and <qp^> is mean 
pore velocity (Equation 2)(dim. L T ' ) -

I f 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). 

I f 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 thesep/i^5/cfl/cort/ro/5can be identified within 
all hillslope hydrological studies, 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 slreamflow 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 cvapo-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-forest catchments (Walsh, 1987; Section 
1.5.1). 

Topography and Slope. 

The predominant energy gradient (Section 6.3) within soils found within cool temperate 
climates. Is largely a function of theelcvational gradient or slope (Anderson and Burl, 1978). 
As slopes steepen, the energy gradients steepen, and, therefore, soil water velocity increases 
(Hursh, 1944; Hewlett and Hibbert. 1963; Kirkby, 1971). 

When lines of equal elevation (i.e. contours) converge, then subsurface flow wil l 
concentrate. This concentration of flow leads to the development of saturated zones in 
otherwise unsaturated hillslopes (Anderson and Kneale, 1980; Beven ei al, 1987; Bren ei 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 et al, 1978; Hewlett 
and Hibbert, 1967). 

Soil and Water Hydrological Properties. 

When steep, convergent hillslopes with thin soils are close to saturation (i.e. they have a high 
antecedent moisture status), even small precipitation inputs will produce rapid soil water and 
slreamflow responses (Ragan, 1968). 

Given the moisture status and dimensions of the hillslope flow-region, the 
pathways and rates of water movement within the hillslopc are controlled by the spatial dis­
tribution of the soil pores within each CV and across the CV-dislribution. Pore- size and 
connectivity distributions arc often markedly different in different soil horizons and at 
different slope positions, which can confine most hillslope water movement to specific 
horizonsorslope positions (NIclscne/fl/, 1973; Rogowski 1974; Walsh and Voigt, 1977; 
Wcyman, 1970; Sections 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 at 1987). The few studies which do exist, include the hydrological effects of grass 
(e.g. Bouma and Dekker, 1978; Hmoetal 1987), bracken (e.g. Amett, 1974, 1976; Carter, 
1983; Williams, et at 1987), heather (e.g. Calder et a/, 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 greatest emphasis. The hydrological relations 
of trees are commonly referred to as Forest Hydrology, 

1,5. Forest Hydrology : Synthesis of Pertinent Researcti. 

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 generatestreamflow. 
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 \s;etted-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 evaporate greater volumes of precipitation (Waring et at, 
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. 
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Table 1. Interception losses from selected forest and non-forest canopies. 

REFERENCE COVER/SPECIES A N N U A L INTERCEPTION 
(% gross-precipitation) 

Non-Forest Canopies: 

McMillan and Burgy 
(1958) Grassland 
Williams era/(1987) Bracken 20 Williams era/(1987) 

(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 Alniis hirsuta) 

Calder (1976) Norway spruce 28 
(Picea abies) 

Crablrec and Trudgill Beech 20 
(1985) (Fagus sylvatica) 
Gash et a/(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 While Pine 14-17 
{Pinus strobus) 

Hudson (1988) Sitka spruce' 25 

Kasran (in press) 
{Picea sitchensis) 

Kasran (in press) mixed diplcrocarp 27 

Kittredge et al 
{Dipterocarpus and Shorea spp) 

Kittredge et al Canary Island Pine 20 
(1941) {Pinus canariensis) 
Lai and Omar (in press) Acacia 39 

{Acacia mangium) 
Stalfclt(1961) Spruce 46 

{Pinus excelsa) 
Ruttcr (1963) Scots pine 35 

{Pinus sylvestris) 
Walsh (1987) Rainforest spp. 12-42 
(review: tropical 
rainforests) 

• predominant vegetation type 
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Table 2. IntercepUon losses from Sitka spruce stands wiUiln the UK. 

REFERENCE SITE ANNUAL-INTERCEPTION 

mm % ppt 

Calder et a/(1980) Knapdale (Argyll) 710 39 
Chappell (this study) Plynlimon (Powys) - 39' 
Courtney (1978) Trentbank (Stafford) - 39 
Ford and Deans (1978) Greskine (Dumfries) 429 30 
Gash and Stewart (1977) Thetford (Suffolk) - 31 
Gash et a/(1980) Plynlimon (Powys) 479 27 

Kielder (Northumber'd) 254 32 
Hudson (1988) Plynlimon (Powys) 521 25 
King et a/(1986) Kielder (Northumber'd) 299 28 
Law (1956) Stocks (Lanes) 376 38 
Ley ton et A / (1967) Bagley (Salop) - 49 
Williams (1983) Narrator (Devon) 876 46 

• = 7.5 months interception measurements (9/11/87 to 24/6/88) 

R A N G E : 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 oi through/all or streams oistemflow. The throughfall 
component is. however, often concentrated towards the stem (Ford and Deans, 1978; 
Kittredge et al, 1945; Rutlcr, 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). 



Introduction 21 

Table 3. Througbfall and stemflow percentages of gross-precipitation within selected forest stands. 

R E F E R E N C E T R E E SPECIES T H R O U G H F A L L S T E M F L O W 

Bo etal, (in press) Rigida and Loblolly pine 
P. rigida and P. taeaa) 

77 5 

Oak and Alder 82 2 
(Q. mongolica andAlnus hirsuta) 

Calder (1976) Norway spruce 
{Picea abies) 

51 22 

ChappcII (this study) Sitka spruce 56 5 
(Plynlimon) {Picea sitchensis) 
Crabtrcc and Trudgill Beech 67 12 
(1985) {Fagus sylvatica) 
Ford and Deans (1978) Sitka spruce 

{Picea sitchensis) 
43 27 

Gash and Stewart (1977) Scots pine 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) 
« t Loblolly pine 

{Pinus taeda) 
71-92 8-20 

• ( Shortleaf pine 80-90 2-10 
{Pinus ecninata) 

• « Ponderosa pine 76-«9 2-6 
{Pinus ponderosa) 
Eastern White Pine 78-81 5-9 
{Pinus strobus) 

Hoover (1953) Loblolly pine 
{Pinus taeda) 

71 16-18 

Institute of Hydrology Silka spruce 55 23* 
(1976) (Plynlimon) {Picea sitchensis) 
Kasran (in press) mixed dipterocarp 

{Dipterocarpus and Shorea spp) 
73 0.4 

L^i and Omer (in press) Acacia 57 4 L^i and Omer (in press) 
{Acacia mangium) 

Law (1957) Sitka spruce 
{Picea sitchensis) 

60 7 

Pathak et a/(1985) Sal 
{Sorea robusta) 

82 0.9 

1 • Pinus roxburghii / 92 0.4 
Quercus glauca 

« t Chir pine 75 0 3 
{Pinus roxhurghii) 

(t Quercus leucotrichophora 1 83 0.4 
Pinus roxburghii 

t « Quercus floribunda / 
Quercus leucotrichophora 

85 0.4 

t « Quercus lanuginosa / 81 0.9 
Quercus Jloribunda 

Patric(1966) Tsuga heterophylla ( 
Picea sitchensis 

68 1 

Reynolds and Leyton Norway spruce 73 5 
(1961) {Picea abies) 
Ruttcr (1963) Scots pine 

{Pinus sylvestris) 
48 16 

Voigt(1960) Red pine 
{Pinus resinosa) 

80 1* 

* * Eastern hemlock 61 13" 
{Tsuga canadensis) 
American beech 66 37' 
{Fagus grandifolid) 

+ esUmatcd froni Ihe calchmrnl water balance 

* prrcrnl gross prcclpilalion Tallinf; 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 lysimeler 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. Peak transpiration rates from the 
forest canopy at Plynlimon range from 1.5-1.8 mm d * (Hudson, 1988). The transpirational 
losses 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 floor^ tree roots, forest 
mineral-soil, and forestry management. 

Forest Floor Hydrology. 

Although the hydrological role of ihc 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 observable overland flow, and by altering the ratio of lateral 
to vertical flow. 

Surficial Infiltration : Many forest soils exhibit enhanced (surface) inflltration rates when 
compared with adjacent grassland soils (Table 4). Increases 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 toenhance^ur/Zcwj/infiltration, 
first by reducing lateral overland flow, through the increased surface roughness (Arnett, 1974; 
Bonell et al, 1984; Hoover, 1949) and cushioned raindrop impact (Plamondon et al, 1972). 
Second, infiltration is enhanced by the more open soil structure, evidenced in both decreased 
bulk densities (Bergund e( al, 1980; Jackson, 1973) and increa.scd porosities (Hoover, 1943, 
1949; Mosley, 1979). 
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As the surface organics become humified, then they begin to exhibit variable 
wettabUities (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 at, 1987; deVries and Chow, 1978; Plamondon et at, 
1972; Reynolds 1966; see Section 7.4.5). 

Lateral versus Vertical Flow : Deciduous trees may increase 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 at, 1987). 

Coniferous trees, 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 lateral component to the path of percolating water (Bonell et al\ 
1983; Grieve, 1978; Molchanov, 1960; Tischendorf, 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-pil-face outflow (e.g. Mosley, 1979; Table 4-2). 

Table 4. Innitration 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{\9^\f 6 22 (0.56) 
Burch et a/(1987y 0.9-8 6-22 (0.44-0.82) 
Burt et a/(1983) 0.4-4 18 (0.65-1.65) 
Cosialcs (1979)2 0.94 4.5 (0.68) 
Hoover (1949)^ 
Jackson (1973)2 

5 110 (1.33) Hoover (1949)^ 
Jackson (1973)2 3 60 (1.29) 
Mathur era/(1982)2 26.8 46.8 (0.24) 
Molchanov (1960)^ 27 48 (0.25) 
Tcman et al{\9Slf 
Wood (1977)2 

3 42 (1.15) Tcman et al{\9Slf 
Wood (1977)2 0.3 39.7 (2.12) 

(logr-logG) Order of magaiiade increase in the forcsi soil 

innitration rale compared with the grassland 

soil infiltration rale 

1 Tcnsion innilrometer technique 

2 Ponded doable-ring innilrometer tecboiqnc 

3 Consl;ini-head pcrmeamelcr 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. 
Armstrong eraA 1976; Boggieand Knight, 1980; Messenger, 1980; Strong and La Roi, 1985) 
to be severely restricted by anaerobic and indurated conditions. Equally, drainage channels 
(known as g r ^ j ) and stand density, restrict the horizontal distribution of roots (Chancy, 1981; 
Ford and Deans, 1977; Henderson etal, 1983). 

Tree-Root Absorption : Tree roots absorb soil water to supply nutrients and to replace 
moisture lost by transpiration (Pritchctt, 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 et 
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 (Chancy, 1981; Reynolds and 
Ley ton, 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 apedotubule - 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 when dried to 2-5 bar(Huckera/, 1970). Tree movcmentduring windy conditions may 
be an additional void producing mechanism (Homung, 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. Thedeposition and orientation of clay cutans (Blcvins etal, 1970; Brewer, 1960; Pilgrim 
etal, 1978; Sullivan and Koppi, 1987). The orientation of clay cutans is, however, not 
diagnostic of preferred water-flow, they can also be orienntcnted by wetting and drying 
cycles (Crampton, 1963) and matrix movement (Rudeforth, 1967). 

3. The hydrophobicity of locally dried soil (Pierce, 1967), 
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Despite this knowledge of the soil-root interface, the actual pathway of water along individ­
ual roots remains uncertain, with both spiral (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 infi l l 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. Aubcrtin, 1971; Boggle and 

Knight, 1980; Mosley, 1982). 

3. Direct observation of flow from around root channels (given the arlificialsinA: boundary 
condition created by a soil-pil-face: Section 8.2,2; e.g. Beasley, 1976; Gilmour et a/, 
1980; Whipkey, 1967. 1969). 

The role of tree roots as preferential 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 penetration 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 hydraulicconductivitics, asa resultof both localized root penetration 
and more general structural enhancement (Imeson and Jungcrius, 1976; Ternan et a/, 1987). 
Wood (1977) for example, demonstrated how the structural aggregation beneath a predominantly 
Eucalyptus spp. forest was significantly greater than that beneath adjacent paslureland. The 
minimum-mean-weight-diameter o[ aggregalGS 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 et al, 1979; Grieve, 1978; Hornung et at, 1986b). The 
increased acidification and podzolization of soils beneath coniferous forests lends to rot the 
clay mineralogy (Cramplon, 1963; Nys, 1981; Van Vliel-Lanoe, 1985) and reduce the micro-
porosily of the eluvial, A^ horizon (Nys and Ranger, 1985). As the structural deterioration 
increases then the eluvial horizon becomes progressively less permeable (Adams and Raza, 
1978; Rudcforlh, 1967). 
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1.53. 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 (Leeks 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 (Boggie 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 (Leeks and Roberts, 1987). Evidence from catchments within the 
USA and the tropics does, however, show that forest roads can induceoverland flow and hence 
increase stream peakflows (W. Swank pers.comm. 1988; W. Sinun pers.comm, 1989). 

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

Management. 

Forest stands within upland Britain are normally thinned, some 5 to 10 years prior to clearance 
(i.e. 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 wil l 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 heavy machinery compacts soils which may then 
induce localized overland flow (Homunge/a/, 1986b). Interception and transpirational losses 
are reduced, probably to levels even lower than from grasslands (Hibberl, 1969). Annual 
discharge (or yield) is increased by a concomitant amount (Harr, 1986; Hewlett et al, 1984; 
Hibbcrt, 1967; Pierce el 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 need 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 coniferous 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 (Homung and Newson, 1986; Newson, 
1984). The detailed impact of individual conifersupon water-pathways within a hillslope gen­
erating streamflows loaded with hydrogen ion, aluminium, sulphate and nitrate (Chappell et 
ai, 1990) will, therefore, be characterized This understanding would add to the understand­
ing of water-pathways within the hillslopc as a whole. 
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Research Site. 

2.1. Introduction. 

The reasons for selecting theTir Gwyn massif within the Plynlimon region of mid-W^Ies, 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 (Section 2.4), 
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; Homung et al, 1987; Neal et al, 1985). Elevated levels of acidity and 
aluminium have been implicated in the decline of freshwater fish and invertebrate populations 
(Slonerand Gee, 1985). The transport of these solutes to streams is governed by the pathways 
of the soil water (Bache, 1984). These pathways must, therefore, be quantified if we are to 
understand the movement of solutes into streams. Close co-operation with the Institute of 
Terrestrial Eco\ogy Acid Waters Project team, at Plynlimon, has enabled synchronous hydro-
logical and hydro-chemical monitoring, which should lead to an better understanding of the 
movement of ions within hillslopc hydrological systems. 
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Figure 1. TheTir Gwyn Kxperimentnl Catchments. 
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Mid-Wales is an important region for the supply of water to the West-Midlands 
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 existence of a considerable 
body of background hydrological data, which has been monitored by the NERC Institute of 
Hydrology, following the instrumentation oixhc 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 been 
ploughed and re-seeded as improved pasture, while most of the other had been afforested with 
conifers (FigureS). 

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 areas 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 (e.g. 
ChappeWetal, 1990) is examined at the larger (0.3 k m ^ 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^ 

GRASSLAND FOREST 
CATCHMENT CATCHMENT 
(Nani 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 %) 

Inslrumenled-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) 

2A. Climate. 

2.4.L Regional Climate. 

The Plynlimon area is described as having a Western Marginal Upland Climate (Newson, 
1976a). Such climates are characterized by a cool temperate regime 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 (Caldcr and Newson, 1979; Hudson, 1988). 
Rainfall intensities arc fairly low, with average storm intensities ranging from 2-4.4 mmhr' 
, and maximum intensities 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 each year (Newson, 1976a). The 
prcvailingrain-bcaringwind is south-westerly (Clarke e/^j/, 1973). A strong correlation exists 
between rainfall and altitude (Newson, 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 m'^day ^km * of solar radiation 
(Harding, 1979), has just over three hours ofsunshineaday, and an mean annual temperature 
of 7.2 (Calder and Newson, 1979). Mean annual soil temperatures (at 0.3 m in peaty 
moorland soils) range from 6.7-8.0 °C (Oilman. 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 J . Forest Site Climate. 

Gross precipitation falling upon the forest catchment was assumed to be the same as the 
grassland catchment (i.e. 2629 mm), as the altitudinal range, slope and aspect are 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 evaporation 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 *, Calder, 
1976). Winter (December) transpiration rates can be as low as 0.03 mm day * (Calder, 1978), 
and peak summer rales 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 are the soft blue shales of the Upper Ordovician formation. 
Progressively younger geologies are found as the distance from the massif increases. 

Lower and 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 lower sections of the Institute of Hydrology, experimental 
catchments (Newson, 1976b). 

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

The Ordovician and Silurian rocks both have chemical compositions dominated 
by SiOj (c. 60%) and Al^O, (c. 21%), and mineralogical compositions dominated by illile (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-eastern slopes of the Tir Gwyn mountain have a Lower Silurian geology, compris­
ing shales and mudstones. Less resistant siltstone rocks are present within some of the valleys 
(D. Wenner, pers. comm. 1989). No calcareous beds were found. 
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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 perigiacial deposit comprising predomi­
nantly gravel-sized fragments of shale. 5O///7MC//C7/I 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 CO//MVWI/deposits are derived by the weathering of bare rock 
surfaces, and tend to occur on the south facing slopes where, presumably, the older perigiacial 
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 {sWp features exacerbated by sheep), and seepage ̂ /ep^ developed upslope in flights, 
are also common (Newson, 1976b). 

2.6.2. Geomorphology and Topography or 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 seismic survey of both the grassland and forest hillslope. 
Average slope angle of the grassland hillslopc 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 has developed on the thin soils of a tor-like feature, 25 m upstream of the 
grassland weir. Crescent-shaped slip features enlarged by the effects of sheep, are observed on 
Ihe main hillslope (Figure 1). Above the instrumented grassland hillslope a dry-channel 
feature exhibits flow from a series of seepage steps during storm-events. A number of large 
pipes (20 cm i.d., 5 m length, Section 1.4.2) arc observable within the peaty, riparian soils, 
downstream of the grassland flume. 
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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, a soliflucted shale is 3.86 m deep 
at the slope-base and 11.7 m deep 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 grassland. 
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Figure 3. Topography of the Torest hillslope. 
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Figure 4. The slope profile of the instrumented forest hillslope. 
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2.1. 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, Plynllinon 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 2.04 km km*2 2.40 km km-2 
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 7.32 km 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 k m 2 0.66 km^ 
Strahler basin order 1 1 
Drainage density 1.0 km km 2 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 related soil types (or series), 
across the Plynlimon massif. 
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Figure 5. An Idealized hlUsIope catena for the Plynlimon massif. 

The high altitudes are covered with hill peal of the Crowdy (locally Caron) series 
and ironpan stagnopodzols with gleyed subsoils of the Hiraclhog (locally Drosgol) series 
(Newson, 1976b). At slightly lower altitudes ironpan slagnopodzols of the Hiraethog (also 
locally Hiraethog) series grade into ferric stagnopodzols and then ferric podzols of the Hafren 
series (Crampton, 1967; Rudeforlhe/fl/, 1984). Brown podzolicsoilsoftheManod series may 
also be present (Knapp, 1970). These soils arc distinguished from the true podzols, by the 
absence of an ashen eluvial (or A2) soil horizon (Avery, 1973). Very steep hillslope sections 
are only able to sustain thin brown rankers of the Powys scries. Where slopes grade gradually 
into valley bottoms, then thin ferric podzols grade into ironpan stagnopodzols before grading 
to slagnohumic gleys of the Wilcocks (locally Ynys) scries. When the transition is abrupt, 
hillslopc rankers or ferric podzols grade first into stagnoglcy sol Is of the Cegin series, and then 
slagnohumic glcys (Pyall, 1967; Rudcforth er a/, 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 o f 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 ihc 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 . 

T/R GWYN 
50Sm W I L C O C K S 

j j EHuvial horizon 

Impeding horiz* 
<low K, va lues ) 
Impeding horizons 

Pealy-Qley 
or 

(stagnohumic Ferric 
9'ey) stagriopodzol 

HAFREN 

HIRAETHOG 

W I L C O C K S 

Peaty-grey 

Ferric 
podzol 400m 

Ferric 
stagnopodzol 

Iron pan 
slagnopodzol 

C E G I N 

Siagnogley 

Figure 6. An idealized hiilslope catena for Tir Gwyn 
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SOIL CLASSIFICATION 
TIR G W Y N EXPERIMENTAL CATCHMENTS 

01 

LEGEND • Peaty gley 

Inttrgrade (improved peaty soil) 

• Ferric stagrwpodxol-peaty podzd 

m Ferric podzoJ 

(improved soil) 

300 

Figure 7. The distribution of soil types within the grassland and forest catchments. 

The hillslope catenas specific lo the two instrumented hillslopes are shown within 
Figures 8 and 9. The ferric podzol of the Hafrcn scries is the dominant hilislope soil, and is 
described within Table 8. 



42 Chapter 2 

HAFREN 
Feific pod70l 

CEGIN 
Stagno gley 

WILCOCKS 
Slagnohumic 

gley 

F o r e s t H i l l s lope 

Figure 8. The forest hillslope catena. 
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(ploughed) 
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Slagnohumic 

9ley HIRAETHOG 
IronDan 

siagnoDOdzol 

G r a s s l a n d Hi l ls lope 

WILCOCKS 
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Figure 9. The grassland hillslope catena. 



Research Site 43 

Table 8. The generalized soil proHle description of the Terrlc podzol (I^^fren series), at the 
Instrumented forest hillslope, Tir Gwyn Experlmoital Catchments, mld-Wales, U.K. 

Location: SN856838 Alti tude: 450m O.D. Slope: 19.7^ straight 

Aspect: NNE Drainage: slow-moderate (K^ 0.1 cm hr*) Bsl horizon. 

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

coniferous plantation. 

Parent material: soliflucted Lower Silurian shale 

Horizon Depth (cm) 

L 0-3 Sitka spruce {Picea sitchensis , Bong. Carr) 
litter. 

O/Ah 3-10 Very dark greyish brown (lOYR 2/2) stoneless 
humose sandy sill loam; moist; weakly developed 
fine granular; many fine fibrous roots; sharp 
boundary. 

Eag 10-20 Dark grey (lOYR 5/1) silty clay loam; stoneless; 
medium subangular blocky; common fine fibrous 
roots; moist; moderately sticky; moderately 
plastic; abrupt boundary. 

Bsl 20-40 Strong brown (7.5YR 5/6) moderately stoney silty 
clay loam; few small angular platy, shale stones; 

moist; weakly developed fine subangular blocky; 
few fine roots; gradual boundary. 

Bs2 40-55 Yellowish brown (lOYR 5/4) stoney silty clay 
(B/C) loam; many small angular, shale stones; moist; weakly 

developed fine and medium angular blocky; few 
fine roots; gradual boundary. 

CI 55-70 Greyish brown (lOYR 4/2) laminated silty shale; 
roots absent. 

C2u 70-75 Greyish brown (lOYR 4/2) laminated silty shale; 
roots absent; continuous fragipan. 

(standard S S E W icrminology: Hodgson, 1976) 
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2.9. Vegetation. 

2.9.1. Regional Vegetation Sequence. 

Eachofthesoiltypesdescribed 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 Jwic i^ spp. (rush). The Erio-
phorum may be particularly dominant within areas of very acidic, stagnant water 
(Jeffries, 1917), SindJuncus may dominate within flush zones (Section 2.5.1; Oilman 
and Newson, 1980). 

2. Wet ironpan stagnopodzols often support heath communities oiMolinia spp. 
(purple moor grass) with some Vaccinium spp. (bilberry) and Calhma vulgaris 
(heather) (Newson, 1976b). The Vaccinium spp. are often found in the channelized 
depressions produced by perennial pipes (i.e. large continuous macropores: seeSec-
tion 1.3.2) (Jones, 1981). 

3. Natural acid grassland communities are dominated by Festuca/Nardis orNardisf 
Festuca spp. (matgrass/fescue), and arc 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 grassland species (Pyall, 
1967). 

Although this natural vegetation sequence is easily observable across the whole 
Plynlimon region, human impact has significantly altered the narura/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 ofMoliniaand Callunaspp.; and more recently 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 
in the downstream/southn^ast corner of the catchment. Sitka spruce (P£cea5//c/ie/ty«, Bongard 
Carriere) and Norway spruce {Picea abies) were the preferred 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 calchmcnl were planted with a mixture of Sitka 
spruce and Lodgepolc 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 pa\eNardis/ 
Festucaspp, 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 carc/ime/if was afforested 
with Sitka spruce {Picea sitchensis Bong. Carr). Sitka spruce (a native of western North 
America) is the most extensively planted exotic in upland Wales and Britain as a whole . 

Exposure of the root systems of Silka spruce trees effected by windlhrow, 
indicates that most of the roots are located close 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 ridgelop 
heath-mire {MolinialJuncus!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-seeding 
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 Ji/ncM^ and hillslope 
Molinia, peat digging at Lyn y Fawnog, Nant lago and Esgair y Maesnant, and lead/zinc/silver 
mining at the Nant lago 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 plantingof 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 
aerially 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 partof a study to examine the impact of large scale for­
est removal upon hydro-chemical and sediment dynamics (Leeks 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 unmanagcd 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. (rye-grass). The recent 
pasture improvement history is shown within Figure 10. These improved grassland areas are 
also grazed by sheep. 
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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 ivm^/iroH'(Forestry Commission pers. comm, 1987).Three/ore^rroadlswere 
laid during the planting phase of the Mynachlog stand. 
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2.11. Summary of Main Site Charcteristics. 

PHYSICAL 
CHARACTERISTIC 

GRASSLAND FOREST 
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 regolilh' 3.86-11.7 m regolith* 
instrumented 0.12km2 0.1 Ikm^ 
catchment area 

stream morphometry 123.8m km-2 109.1m km ^ 
(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' planting 1943 

rc-seeding 1976' thinning c. 1978, 1989 
liming 1976,1988' (liming 1975-1981*) 

* hillslopc 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 vegetation 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 Siie 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: Evaluationof the links between hydrological response at the 
scale of the hilislope catena and that of the bounding scales of the larger catchment and 
smaller individual tree (Section 3.4). 

3. External-Slate 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 (Section 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. Event-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: Water samples were collected from each component of the 
hydrological system. Analysis of the ionic concentrations (Chappell et at, 1990) were 
compared with the results of hydromctric 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 are compared at both the catchment scale and hillslope scale. 

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 response to be examined at an easily measurable and realistic scale 
(Hewlett. 1982; Reynolds and Leyton, 1961; Weyman. 1975). Other paired-catchmcnlstudies 
comparing forest with grassland cover, arc listed within Table 9. 

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

PUBLICATION Topic CATCHMENT 

Berglundera/ (1981) hydrological properties Tleta, Morocco 
Burcheffl / (1987) rainfall-runoff Costerfield, Major Creek 

response Victoria, Australia 
CostaIcs(1979) hydrological properties Benguet Pine, 

Philippines 
Institute of catchment hydrology Severn and Wye, Powys 
Hydrology (1973) U.K. 
Jackson (1973) catchment hydrology Purukohukohu, N.Z. 
Kxngetal (1986) soil hydrology Kieldcr, Northumb. U.K. 
Mathure/fl/ (1982) hydrological properties Simla Forest, India 
Molchanov(1960) catchment hydrology/ various, U.S.S.R. 

hydrological properties 
Oxlcy (1974) catchment hydrology Liyn Ebyr, Powys, U.K. 
Wood (1977) hydrological properties 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 a second research site by which to test the flow calculations (Bcvenetal, 1986;Teman 
and Williams, 1979). Other paired-hillslope studies comparing forest with grassland cover, 
are shown within Figure 10. 

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

PUBLICATION TOPIC CATCHMENT 

Burt et a/(1983) hillslope hydrology Slapton Wood. U.K. 
Mosley (1982) hillslope hydrology Mawheraiti, Donald Creek 

Camp Stream, N.Z. 
Teman 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 et al, 1953; Zahner, 1958; Ziemcr, 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 to understand the relationships between hydrological properties and responses 
determined at different scales (Seven, 1977,1989; Dooge, 1986; Kirkby, 1985; Kleraes, 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 
assess the sensitivity of the research hillslopcs upon the hydrological response al 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-prccipilation input and the strcamflow and evapo-trans pi ra­

tional outputs, is known as the rainfall-runoff ratio or water balance. This ratio was deter­

mined on both a 'long-term* basis (Section 5.2) and *short-tcrm* 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 internal-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-slate flow calculations (Freeze, 1978; Sections 8.2.1.; 8.2.3.; and 8.3). 

2. Place the hydrological response 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 hillslope 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 streamflow 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 processes governing streamflow 
generation (Bcven, 1988; Dunne, 1983; Freeze, 1978). As the internal behaviourof individual 
hillslopes is very complex (Bear et al, 1968; Nielsen et al, 1986), our understanding of this 
internal behaviour could be facilitated by identifying a further six sub-ordinale 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 molecule, through to the fluid particle, pore, control-volume, soil 
horizon, soil profile, hillslope-catena, and catchment. A l l of the scales coarser than the 
molecular structure, are averages of the hydrological processes (Bear, 1972). Many physical-
mathematical approaches (e.g. Tabic 52) and field-based approaches (e.g. Harr, 1977; 
Tsukamolo and Ohta, 1988; Wcyman, 1973) to the calculation of water-flow within hillslopcs 
arc based upon the characterization of hydrological properties within control-volumes of soil 
(Bear, 1972; Chov/etal, 1988; Bulcr, 1755; Chapters 6 and 7). Within this study, the size of 
the control-volume is defined as the largest volume of soily at which the stationary hydrologi-
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cal properties (or hydrological parameters: Chapter 7) can be considered the most isotropic. 
Hiis definition is similar to that defined for a representative-elementary-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 water 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 aU 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 a/. 1982a,b; Krug and Frink, 1983; Rogowski et al, 1974; Tsukamoto and 
Ohta, 1988; Zaslavsky and Sinai, 1981e) 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 zone (Dixon, 1986; Douglas, 

1977;Williamse/aA 1986), 
2. different weathering rates within.the riparian zone due to the 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 
Figure 5. Those hillslope catenas specific to the two instrumented hillslopes arc 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; BoneWetal, 1984; Crampton, 
1967; Hammermeisterer a4 1982a,b; Hoover, 1949; Hursh and Hoover, 1941; Nielsen etal, 
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 o[simulating such flows within layered hillslopes. The other mathe­
matical techniques which have been used include the analytical solutions based upon the 
tangent-continuity equation (Chappell et a/, 1990; Zaslavsky and Sinai, 1981a,c,d,e), or the 
kinematic wave equation (Beven, 1982; Hurley and Pantelis, 1985; Smith and Hebbert, 1983; 
Taniand Abe, 1987). 

The physical complexity of 2 dimensional flows within transiently saturated and 
layered hillslopcs, has eluded all attempts at accurate simulation. The simulation modelling 
studies presented within Tables 51 and 52 , notably Ahuja and Ross (1982, 1983), Beven et 
al (1984) and Sharma et 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: 

1. the refraction of the equipotential-net within the A/E soil horizon (Section 8.3.2), 
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, parameter 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 must, therefore, be validated internally within the 
hillslope(Anderson and Rogers, 1987; Beven, 1989; Dunne, 1983; KJemes, 1983; Pickens and 
Lennox, 1976; Sorooshian, 1988). The possible sources of error within the prediction of 
water-pathways arise from: 

1. the continuum approach, 

2. the Darcian assumption, 

3. simplification of multiphase flow, 

4. the identification of the representative distribution of hydrological parameters, 
5. measurement errors, and 

6. mathematical approximation. 

An explanation of each of these sources of error are outlined: 

1, The Continuum Assumption: Application of the gencral-motion-cquation to the 
calculation of moisture flux within soils, assumes that the governing 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; Hubbcrt, 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 either partially-turbulent, or non-
Newtonian (Englund, 1953; Gray and O'Neil, 1976; Hannoura and Barends, 1981; Nielsen er 
al, 1972; Raats, 1971). 

3. Sunplification 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: the moisture capacity and relative hydraulic conductivity 
(Buckingham, 1907; Muskat and Meres, 1936; Richards, 1931; Wyckoff and Bolset, 1936). 
This simplification of the multi-phase air and water system, may not be valid (Muskal 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 be 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: Al l measurement introduces artificial (boundary) conditions in the 
form ofscnsor or sampling errors (Anderson and Burt, 1985; Bear, 1972; Dunne, 1983; Beven 
and 0*Connell, 1982). An understanding of these errors is particularly important to calcula­
tions of flow based upon internal-stale data. While water falling upon and flowing out of a 
catchment can be measured directly without 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 differential equations. Approximative, analytical or 
numerical solutions arc, therefore, required. The errors associated with the use of each of these 
techniques must be a.ssessed, and tolerances 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 conductivity 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 field monitoringwas conducted during the initial 3 to 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,e). Furthermore, this period 
coincides with the period when the greatest loadings of acidic solutes are observed with forest 
streams (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 e/a/, 1978; Sklash et al, 1986). 



CHAPTER 4. 

Instrumentation. 

4.1. Introduction. 

This research aims to integrate hydrological properties and responses monitored over a range 
of scales (Section 3.3). Aprecise 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 5) of the hillslopes and catchments is presented 
within Section 4.3. The instrumentation used to assess the white-box (Section 3.5)or internal-
slate response of the hydrological variables and parameters (Chapters 6 and 7) is presented 
within Section 4.4. A summary of all o f 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 
field-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. 

l b integrate the tree-scale with other internal-state hillslope data (Beven, 1988a; Sections 
6.3.6. and 7.4.4), and the intcmal-state data with the external-state rainfall and slrcamflow 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 
streamflow 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 strcamflow 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 beneath 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 separated from the podzolic zone on the basis of the marked difference 
in soil type (Figures 8 and 9). Within the forest hillslopc, the riparian zone extends 2.5 m 
upslope of the drainage channel, and the podzolic slope extends from 2.5 m to 40 m upslope. 
There is an abrupt change in slope-angle between the two catenal zones (Figure 4). Within the 
grassland hillslopc, 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 podzolicslope and riparian area within the grassland is much Icssdistinct 
(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 average soil horizon 
depths of 10 cm for both the O/A (including L) and Eag horizons, 20 cm for the Bsl horizon, 
15 cm for both the Bs2 (B/C) and C I 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 
hillsiopes was defined by the Te\auvc\y stationary hydrological property of intrinsic permea­
bility (Section 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 (Section 3.4.1). This minimum depth is 10 cm (sec above). 

Small-diameter cores (i.e. 7 cm) used to measure intrinsic permeability were 
subject to considerable measurement error (Section 7.4.1). Large diameter cores (i.e. 30 cm) 
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. f l x 15 cm^ x 10 cm). The actual 
volume of soil sampled in the characterization of the other hydrological properties is defined 
within Table ! 1 . 
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Table 11. The size of the denned control-volume versus that of the measured soil volumes 

Hydrological Properties Defined CV 
(cm') 

Measured Volume 
(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 ( / / I 5Z7M ) 

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 
RainfaU-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. 

43.1 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 research of Rodda and his 
co-workers (e.g. Robinson and Rodda, 1969; Rodda, 1971; Harrison and Newson, 1977), one 
of the gauges was installed in a raingauge pit and covered by an anti-splash grid (Bucknell 
era/, 1977). This gauge was heated to prevent freezing, and melt snowfall. The orifice of the 
second tipping-buckct or Rimcd^ raingauge, was positioned at the British Meteorological 
Office standard height of 12 inches (30 cm) above ground-level. Both of the logged gauges 
were continuously calibrated against a standard storage-gauge (Plinston and Hil l , 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 (1. 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 (Slrangcways, 1985; Templeman, 1978). 

4 Net-Precipitation Input beneath the Forest Canopy. 

Net precipitation onto the forest floor was assessed by a combination of stemflow-counlers and 
throughfall collectors. 

Stemflow: Slemflow collars were attached to 10 trees. Following Ruller(1963) who found a 
good correlation between stemflow volume and tree girth within a 16 year old Scots pine 
{Pinussylvestris) stand, 7of the collars were attached to trees with girths (i.e. Diameter-Breast-
Height: DBH) ranging from 14 to 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; Rulter, 1963). The collars were made from un-vulcanized rubber. They 
directed stemflow into 100 ml lipping-buckcts, which then advanced mechanical counters 
(Figures 11 and 12). Spiral collars, made from chemically-inert materials (Reynolds and 
Stevens, 1987), were attached to a further three trees so that they could be used to collect 
stemflow samples for the analysis of the waler<hemistry (Figure 11). 

Parltculala rutai 

Counrai 

l iOOtno b u c k * I 

Figure 11. The slemflow coHar and and lipping-buckel assembly. 
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Figure 12. The distribuUon of the stemnow and throughfaU collectors. 

Throughfal l : Seventeen volumetric throughfall collectors were installed around the same 
sample of trees fitted with slemflow collars (Figure 11). The ihroughfall 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 pcrs. 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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433. Evapo-transpirational Output 

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

43A Streamflow Output. 

The generation of streamflow within the forest and grassland sub-calchments 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 structure was 
measured with a float-operated water- level-recorder linked to a datalogger (Section 4.7.3), 
and with an Instuute of Hydrology Ver/ica/C/iarf water-level-recorder (Truesdale and Howe, 
1977). 

Lower Drain Weir (Forest): The effect of the stream flow generated by the instrumented 
forest hillslope upon the streamflow response some 20 m further along the forest drain, was 
measured with a 53 degree V-notch weir. A Munro VH89 water level recorder was used to 
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 stream. A 130 m length of this stream, was, therefore, 
gauged to compare the hillslope response with the sub-calchmcnt strcamflow response. A 
compound 90 degree 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 ihc flume was both dataloggcd with a float-
operated water-level- recorder (Section 4.7.3) and chart-recorded with a Negretti *pressurc-
bulb recorder (Section 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 stream 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 TirGwyn massif (Figure 1). The grassland reach 
was again gauged with an upstream weir and a downstream flume (Figure 13). 

Al l of the weirs within the sub-catchments were installed into an impermeable mix 
oi 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 to be both 
installed within concrete, and calibrated by constant-rate dilution gauging (Section 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 permeability, 
and fluid viscosity are required to both characterize 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 
distanceof 10 m apart on both sites (Atkinson, 1978), and a minimum distance of 2.5 m at the 
base of the forest hillslope (Figure 17). 

4.4.1. Soil Bulk Density and Porosity (p̂ ; r\). 

The two matrix properties of bulk density and porosity must be characterized prior to any 
calculation of volumetric 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 extracted 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 (ii)ofasoil is the ratioofthevolumeofporespace to the bulk volume 
of soil. Twenty-six soil samples were removed from the research hiltslopes, and then gradually 
saturated from the base, over a 36 hour period. The samples were then weighed, dried at lOS'' 
C, and re-weighed. The total porosity was then calculated from: 

weight of water 
within a saturated soil 

Porosity (n) = x bulk density ( p j [20] 
weight of dry soil 

4,4.2 Soil Moisture Content (9 ;̂ 6̂ ; 0 .̂ 

Soil moisture content ( S M Q is expressed as the fraction of a soil's dry-mass (9 J , volume (0 J 
or pore-space (0^ 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 
facto measurement of hydrogen (H*) ions. In non-organic soils where most of the hydrogen 
present is in the form of 1 iquid 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 measured over a specified period using a boron 
trifluoride detector (Bell, 1973). The neutron-instrument used during this research, was the 
WallingfordNeutron Probe: Mark II (Institute of Hydrology, 1981). Neutron probe readings 
were taken at depths of 15, 30,45, and 60 cm from 12 access-tubes along the forest fiow-slrip 
and 6 access-tubes along the grassland How-strip (Figure 14 and 15). A further 5 access-tubes 
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were installed immediately downslopeof a tree (Figure 14; Section 6.2.5). The access-tubes 
were installed using a guide-tube and auger (Beles, 1969) and allowed Xo 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(Jayawardineeraf, 1983; Haverkampefa^ 1984; Lawless 
etal, 1963; Section 6.2.1). 

FOREST HILLSLOPE 
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Figure 14. Locations on the rorest hillslope, for the measurement of soil moisture content 
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Figure 15. Locations on the grassland hiMslope for the measurement of soil moisture content 

Time-Domam Reflectrometry (Plot Experiment): Time-domain reflectrometry orTDR, 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 dielectric ct^n^ro/i/of transmission lines inserted within soils only varies with 
changes in moisture content (Davis and Annan, 1977; Topp et a/, 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 refleclromelry 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 
Teclronix 1502Breflectrometerwas 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; Zegelin et al, 1989). In addition to these two indirect methods, actual 
soil moisture content was determined within thc^glot, by the gravimetric analysis of four 
samples collected from each of the four depths. 

4.4.3. Capillary Potential (tf)̂ . 

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 Bernoulli 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 lensiometers and piezometers. 

A tensiometer (Komev, 1921; Gardner et al ,1922) is a water-filled tube with one 
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 
tcnsiomcler unit is then measured with either a manometer, or an electronic transducer (Figure 
16). 

In comparison to the tensiomelcr, a piezometer is usually much simpler in design: 
constructed of a narrow tube (0.3 to 3 cm internal-diameter), which is open to atmospheric 
pressure at the top, and capillary pressure at the base. The depth of water within a piezometer, 
represents the heador positive pressure within the soil, near to the piezometer's tip or tapping-
point. The depth of water can be measured by (1) installing an electronic transducer, (2) 
autographic or digital recording (Section 4.7) of the depth of a float, or (3) lowering a probe 
attached to a graduated-tape. 

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

In total, 93 Icnsiomclcrs, 26 piezometers, and two wells were installed within both 
of the research 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 to the E, B. B/C, and C soil horizons, respectively (Figures 17 and 18). The 
tensiometer (porous) pots were buried within 63 vm (fine) sand (A. Armstrong, pers. comm. 
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 effcctson the measurement of potential. 
A ring of bentonite clay prevented the percolation of water down the sides of the lensiometer 
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 hiilslope. 
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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 maximum negative 
potential values of between -680 to -800 cm HjO(-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.e. greater than -200 cm negative potential). 
An additional manomeler-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). 

Al l of the 17 lensiometers along the forest transect and the 16 tensiometers along 
the grassland transect were independent, 1975-Pattem, Soil Moisture Equipment Corpora­
tion'* units. 

In addition to the manomeler-tensiometers along the 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 to the manometer-tensiometers within the forest flow-strip 
(Figure 17). A Scanivalve *fluid-switch connected one of the tensiomelers to a transducer 
every hour (Figure 16). The voltage output from the transducers, was then datalogged using 
a Campbell * CRIO datalogger (Section 4.7.3). The transducers, both SenSym '^SCXISANC, 
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 hillsiopc (Figure 17), were independently connected to {hrecSenSym •transducers (sec 
above). These transducers were datalogged every 2.5 minutes, because previous studies (e.g. 
Gillham, 1984; Hursh and Bratcr, 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 unconfmed-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; Bonelle/a/, 1981; 
RogowskiefflA 1974; Walsh and Voigt. 1917),Deep piezometers(100-270cm) 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 (Unconflned Boreholes): Two wells equipped with float-operated water-
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 et 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 Mw55e/*datalogger (Section 4.7.3). Asimplecalibration 
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 hillsiope. 
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Figure 20. The piezometer network within the grassland hillslope. 
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Gypsum-Resistance Blocks: Eight gypsum blocks were iastalled at depths of 15,50, and 100 
cm within the forest flow-slrip, 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 thesurrounding 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/<t)^. 

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

Wetting and drying of some soils can produce hysteresis in the 6/<t»̂  relationship 
(Liakopoulos, 1965; Mualem. 1974; Topp, 1969) and, therefore, require thedescription of two 
relationships or curves. Hysteresis is, however, rarely observed when the moisture capacity 
is determined by field methods alone (Carlson e/a/, 1956; Croney and Colman, 1954; Nielsen 
etal, 1973; Rics, 1959; Rogowski etal, 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 et a/, 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 cm in height) 
were removed from the two flow-strips, to determine the moisture capacity by laboratory tech­
niques. Al l of the samples were initially, equilibrated and weighed at 0, -5, -10, -15, -20, -30, 
-40, -60, and -80 cm capi llary potential (or 0-80 cm suction) using a sand-tension table (Figure 
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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 -10(K), -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 a/, 1977) were used to both construct 
and operate the tension table and pressure plate apparatus. Astandardtemperatureof 20""C was 
maintained during the 5 months monitoring of the tension table and pressure plate apparatus 
(2/8/88 to 30/6/88). 
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Soil core 
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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 f i t 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.e. 

K = [11] 

where K is saturated hydraulic conductivity (dim. LT *), k is intrinsic permeability (dim. L^), 
V is dynamic fluid viscosity (dim. PTL"^ or M L *T), and v/p^ is v or kinematic fluid viscos­
ity (dim. UT'). 

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° C to S"" 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 e( 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-core, and well permeamclry, and piezome­
ter recovery tests. 
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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; Gilmouref ^4 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 attempt 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 duringsampling (Hil l 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-permeameler-cores (Table 13). 

Wei l Penneametry: 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 Uees (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 to 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 hydraul ic conductivity of soils beneath a water 
table. Recovery tests carried out using four piezometers, during a period when the local water 
tables were relatively constant. The analytical equations developed by Kirkham (Luthin and 
Kirkham, 1949; Reeve and KJrkham, 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 a soil pit, located 20 m upslopeof the forest drainage 
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. A l l o f the tipping-buckets weredatalogged with a Afusje/* 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 
TROUGHS 

TROUGH 
LENGTH(m) 

RESEARCH SITE 

Amett (1974) 30 0.6 Caydale, Yorks, U.K. 
Baloutsos (1985) 12 0.9 Lammermuir, Loth, U.K. 
Beasiey (1976) 41 2.2 Mississippi, U.S.A. 
Chappell (this study) 5 1 Plynlimon, Powys, U.K. 
Dunne and Black 15 7.6-38.1 Sleepers River, 
(1970a,b) VT, U.S.A. 
Gilmour and Bonell (1979) 12 2 South Creek, QL, Aust. 
Harr (1977) 1 nk WIO, H.J.Andrews Exp. 

Forest, OG, U.S.A. 
Hursh and Hoover (1941) 2 2.4 Bent Creek, U.S.A. 
Knapp (1970) 12 nk Plynlimon, Powys, U.K. 
Molchanov (1960) various various, U.S.S.R. 
Mosley (1979, 1982) 52 1 Mawheraiti, Donald 

Creek, Camp Stream, 
New Zealand 

Pilgrim e/a/ (1978) 6 1.83 Stanford, CAL, U.S.A. 
Selby (1973) 6 2 Otutira, New Zealand. 
Stephens (unpubl.) 18 nk Beddgelert Forest, 

Gwynedd, UK. 
Ternan and Williams 36 1 Narrator Brook, Devon, 
(1979) U.K. 
Trudgil le/f l / (1984) 4 nk Whitwell Wood, U.K. 
Walsh (1980) 27 0.9 Palmas, Dominica 
Wheaterera/ (1987) 9 0.5 Loch Chon, Dumfries 

and Galloway, U.K. 
Weyman (1970, 1973) 6 1 East Twin Brook, 

Somerset, U.K. 
Whipkey (1965) 5 2.4 Central States Forest, 

Ohio, U.S.A. 

nk = not known 
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4.5. Summary of the Hydrometric Properties Measm*ed, 

A summary table showing all of the sampling sites for each hydrometrtc 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 
J] porosity 12 14 

SOIL MOISTURE CONTENT: 
Ow gravimetric samples 23 7 
Ovn neutron moderation 17 6 
Gvr time-domain-reflecUx>metry 8 -

SOIL MOISTURE POTENTL\L: 
<t>̂m manometer-tensiometer 41 16 

bourdon-gauge-tensiometer 2 2 
^^s scanivalve-tensiometer 30 -
4)̂ t transducer-mounted-tensiometer 3 -
(fij) nested-piezometer 20 6 

logged-well 1 1 
4>̂ b gypsum-block 5 3 

SPECinC MOISTURE CAPACITY: 
Cf field determination 18 14 
CI laboratory determination 12 14 

SATURATED HYDRAUUC CONDUCTIVITY: 
K r̂ ring penneameter 18 20 
K ĉ small-core permeametcr 5 13 
K̂ w well permeameter 10 -
Kj) piezometer recovery test 3 2 

DISCHARGE: 
Qt ihroughClow trough 5 -
Qw stream weir 3 1 
Of stream flume 1 1 
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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 hydromelric 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 sireamflow output. A l l 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 9porous-cup-water-samplers (Talsraa et al, 1979; 
Stevens, 1981) angered into the A/E, B and B/C horizons of the forest hillslope (Figure 23). 
High-flow, 0.5 bar porous cups (SoilMoisture Equipment Corporation • ) were used to allow 
samples to be extracted every 2-3 hours during particular storm events ( M . Homung, 
pers.comm. 1987). A l l 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 downsUeam of 
the upper drain weir at the base of the forest hillslope (Figure23). A total of 288 samples were 
collected for analysis. 
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Analysis: Chemical analysis at the Institute of Terrestrial Ecology(NERQ Bangor Laborato­
ries is summarized in Table 14. 

Table 14. Techniques of chemical analysis used to determine the hydro-chemical properties at the Tlr 
Gwyn Catchments. 

PROPERTY NUMBER OF 
SAMPLES 

TECHNIQUE REFERENCE 

PH 288 potentiometerically Neal and Thomas 
(1985) 

C I , SO,2.̂  
N O 3 , PO/ 
D.O.C 

120 auto-analysis Reynolds (1981, 1984) 

K*. Na% Mg2% 

Câ *, total AP* 
275 

atomic 
absorption 
spectrometry 

Reynolds (1981) 

monomeric A l 

non-labile 
monomeric A l 

20 ion exchange 
fractionation 

Driscoll (1984) 

10 carbon dioxide gas* 
equilibration 

Darling and Bath 
(1979) 

at the Riverside Laboratories, University of Georgia, GA, USA 
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Figure 23. locations within the forest hiUsIope system, where water samples were collected for 
chemical analysis. 
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4.7. Temporal Measurement Strategy. 

Acombinationofraanual-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 piezometers, 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 stnicttires (Figures 13 and 24). The upper drain weir and 
upper stream weir were equipped with Institute of Hydrology Vertical Chart recorders 
(Tniesdale and Howe, 1977). The lower drain weir had a Munro VH89 recorder, and the two 
trapezoidal flumes and grassland weir used Negretti • pressure-bulb recorders. A l l of the 
charts were changed weekly. The chart recorders were installed primarily as a back-up tov the 
electronic 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). 

Goldea R ive r : 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 cassette 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-computer. At the research 
station, the data was transferred from the field-computer to an IBM-PC ^compatible. 
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Campbell Instnimeats: CRIO: The voltage output from the5e/i5ym •transducers coonected 
to the tensiometer systems (Section 4.4.3), were excited (orpowered by) and datalogged by 
a Campbell '"CRIO 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 output from the transducer connected to the 5ca/iiva/ve •lensiometer system. 
Each Scanivalve tensiomcter 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-loadedonio ihcIBM-PC ^compatible,. 

Computing Techniques : Mussel loggers: Two Mussel 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 throughflow 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. QuaUty ControL 

All of the field-monitored data were stored in a standardized format, v/ '\ih\r\2i 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 fromolhersludies (Sections 5.2.1., 5.2.2., 5.2.3., 6.2.1., 6.2.2., 7.2., 7.4.1., 7.4.8., 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., 7.3.1.. 7.4.1., 7.4.3., 7.4.4., 
7.4.6., 7.4.7., 8.2.1., 8.2.2., 8.2.3., 8.3.2. and 8.3.3). 
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CHAPTER 5. 

HiUslope 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 interna! response of the instrumented hillslopes, can be summarized as: 

1. to enable the rates of slemflow, ihroughfall, wetted-canopy-evaporation and 
transpiration to be calculated and compared with published values (Sections 
2.2.1., 2.2.2.. 2.2.4.. 5.3.2.. 5.3.3. 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 input, 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 ihroughfall 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 rales 
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 catchment studies, by a comparison of the streamflow regimes (Section 
5.2.3) 

8. compare the evapo-transpiration rale 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 grassland catchment (Section 4.2.1.1.). The tipping-
bucket/?t/nco®gauge installed within a grid-covered pit, continuously monitored the precipi­
tation input. A second/?zmco®gaugc and a storage gauge both sited at ihc British Standard \2" 
height, were used to identify the measurement errors implicit lo the primary gauge. 
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During the 4 month period 12 February to 10 June 1988, the pU-Rimco received 
492,5 mm, thGobove-ground-Rimco received 499.0 mm, and the above-ground-storage gauge 
received 532.25 mm. 

The difference between the two Rimcd^ gauges, one with its orifice at groimd-
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 twoRimco *gauges caught approximately 7 percent less precipi­
tation than the storage gauge. This is aUributed 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 Cefh 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 
recorded are shown within Table 15. 
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Figure 25. Cumulative precipitation between 8 June 1987 and 8 June 1988. 

mm 
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Table IS. Maximum precipitation intoisities monitored at the T i r Gwyn and Cefn Brwyn ralngauge 
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 June 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 xlO 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.e. 

Total volume of stemflow down 7 representative 
trees, during the period 9/11/87-24/6/88 

Total number of trees within the 10 xlO m plot 

Total area of the 10 x 10 m plot in cm^ 

Mean depth of stemflow 

2,176.800 cm^ 

25 

1,000,000 cm^ 

2,176,800 cm' (25/7) 

1,000.000 cm^ 

7.8 cm = 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 accounting 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. ThroughTall and stemnow percent of gross-precipitation within the thinned T i r Gwyn 
plantation, and other pine plantations within the U.K. 

S T U D Y Species Stand 

Age 

Thinning Throughfall Stemflow 

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 
Gash era/ (1980) 1 43 un-thinned 56 28 
Rutter (1963) 2 18 un-thinned 48 16 

1 S I T K A S P R U C E (Picea sitchensis ) 2 SCOTS PINE (Pinus sylvestris ) 
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Comparative Spatial VariabiUty of Rainfall, Throughfall and Stemflow. 
As precipitation falls upon a forest canopy it is either evaporated back to the atmosphere or re­
directed down needles, 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). 

TablelT. The spatial variability of precipitation in the open and beneath the coniferous forest at T i r 
Gwyn. 

PATHWAY R A N G E 
(mm) 

D I F F E R E N C E 
A B S O L U T E P E R C E N T 
(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 lOxlOm plot. 
R A N G E = Range of total volume monitored 9/11/87 to24/6/88/or an equivalent lOxlOm plot. 
A B S O L U T E D I F F E R E N C E = Absolute difference of maximum and minimum recorded volumes 

(max-min). 
P E R C E N T D I F F E R E N C E = Percentage difference of maximum and minimum recorded volumes 
(((max-min)/max)xlOO). 

Although the stemflow down a distribution of trees has the largest relative range in value (i.e. 
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 slemflow 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 

Mean Volume per tree 

Basal area of an individual tree 

Stemflow per unit basal area 

Stemflow : throughfall ratio 

= 2,176,800 cm^ 

= 310,971 cm^ 

= 1,964 cm^ 

= 310.971 cm' 

1,964 cm^ 

= 158 cm = 1580 mm 

= 1580 mm/883.6 mm 

= 1.8 

Although stemflow accounts for a relatively small percent of the total inflow into 
a hillstope, and hence its spatial variability has little impact upon the average h 'dlslope inputs 
high rates of inflow close to individual trees (i.e. 1.8 x throughfall rates) might significantly 
alter soil-waler-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 oidr^) 
points (Voigt, 1960) at which needle and branch flow concentrate. 

so PERCEHI COVER 

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

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

ET = P - R - dŜ  
evapo- precipitation runoff change of 

transpiration storage 

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

1. the relatively short monitoring period of less thanl2 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 wetted-canopy-evaporation component of the ET-
loss can, however, be calculated quite accurately by subtracting the Ihroughfall plus stemflow 
from the gross-precipitation (see below). 

Long-Term Evapo-transpiration from the Grassland. 
The potential evapo-transpiralional (ET^) loss from the grassland estimated using the 
empirical Thornthwaite method (Section 4.3.3), was 592 mm for the period 1 July 1987 to 30 
June 1988. This is equivalent to 22.5 percent of the 2629 mm gross precipitation. Seventy-
seven percent of the annual ET^ 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 June 1988 the 
grassland catchment generated 25 percent less slrcamflow output (935 mm) compared to 
precipitation input (1243 mm). Allowing for anomalies arising from the shorter time period 
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and the possibility of some loss to deep seepage, such an actual evapo-transpirational (ETJ 
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 (ETJ from the Tir Gwyn water-balance is very similar to the potential 
evapo-transpiration rate (ETp calculated by the Thornthwaite method. 

The individual welled-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 Sevem 
catchment (Institute of Hydrology, 1976). 

The high ET^ value for the Tir Gwyn forest catchment relative to the average value 
for the Sevem catchment, could have resulted from: (1) elevated levels of ET^ at the 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 deep 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 to 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}/!00 = 485 mm). The biological 
transpiration rate (plus soil evaporation and changes in catchment storage) was, therefore, 8 
percent (i.e. 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 
gross-precipitation), 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). 

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

Upper Drain Weir 
(sharp 90° V-notch) 

Lx)wer Drain Weir, Grassland Weir 
(sharp 1/2 90° V-notch) 

Forest Stream Weir 
(compound sharp 90° V-notch 
and rectangular) 

1.38H" 

0.69H^5 

1.38H^^ (V-notch) 

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 (FEIPB) and North of Scotland Hydro-Elec­
tric Board (HEB; unpublished report): 

Standard FRPB/HEB calibration 
(for FRPB small 881 s'^ flume) 

Grassland Flume 
(field-adjusted calibration) 

Forest Flume 
(field-adjusted calibration) 

1.10028H^*2 

1.10028H^" 

1.10028H^*« 

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 I s *) of streamflow, while the grassland catchment generated and 
average 0.012 cumecs (12 1 s'̂ ). 

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 I s *) 
within the forest and 0.018 to 0.050 cumecs (18-501 s"*) within the grassland. The streamflow 
regimes observed within the Tir Gwyn catchments are similar to those recorded during a 
number of other hiUslope hydrological studies ^able 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.e. 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 hiUsIope hydrological 
studies. 

R E F E R E N C E CATCHMENT C I T E D R A N G E O F 
S T R E A M D I S C H A R G E 

( ls-0 

Anderson and 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 runoff \s known as the 
rainfall-runoff ratio (Hino et al, 1987), runoff coefficient ox 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 
/1243mm)withinthegrassland catchment, and 0,53 (i.e. 661 mm/1243 mm) within the forest 
catchment. 



5.3. Storm-Period Rainfall-Rimofff. 

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 internal-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 to allow generalizations to be made. 
(Sections 5.3.4.. 5.3.5., and 5.4.). 

5.3*1. Storm-Period Definition. 

A j/orm-penod is defined a period beginning with 1 to 2 days of heavy rainfall (i.e. > 20 mm) 
within an inter-storm period, and ending with the slreamflow returning to that prior to the 
storm-period (Tables 19and 20; Linsleye/a/, 1988). Thestartofrise in thestorm 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 to the initial 
condition, and ends before the complete recession of storm No.7 slreamflows. 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 fleld-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 Seplember-6 October 1987 
storm 2-3 23 October-8 November 1987 
period 8-9 8February-9 March 1988 

9-10 20ApriI-27 May 1988 

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

Slorm forest flume grassland flume grassland weir upper-drain-wcir 

3-4 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 » 3 0 
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S3.2. Storm-Period Precipitation Input 

Storm-Period Gross-Precipitation Input 

The precipitation totals monitored during individual ̂ /ormperiods, 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. Stonn 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 
3-4 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.-7Feb. 1988 rainfall 117 15 
9 10Mar.-19 Apr. 1988 rainfall 384 9 
10 28 May -26Jun. 1988 rainfall 109 4 

8-9 (inler-storm-period between storms 8 and 9) 146 5 
9-10 (inter-storm-period between storms 9 and 10) 98 3 

mean" mean precipitation per day over the stonn period 
* calibrated from Cefn Brwyn AWS raingauge 
* incomplete hydrograph recession 
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533. Storm-Period Evapo-transpiration and Catchment Storage. 

Storm-Period Evapo-transpiration and Catchment Storage within the Grassland Catch­
ment 
The evapo-lranspiration (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. 

ET (+dS) 

3-4 7(snow) 8 9 10 

16% 22% 27% 3% 8% 

INTER-EVENT No. 

ET (+dS) 

8-9 9-10 NOTE: a negative number 
equals an increase in 

-32% 42% catchment storage 

Storm-Period Evapo-transpiration from the Forest 
The evapo-transpirational (ET )̂ and storage losses from potential slreamflow within the forest 
catchment were as small as 24 percent duringslorm 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 appear rela­
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. 3-4 7(snow) 8 9 10 

ET (+dS) 24% 40% 51% 50% 58% 

INTER-EVENT No. 8-9 9-10 

ET (+dS) 55% 76% 
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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 arc probably related to the very windy conditions which prevailed 
during those periods. 

200 
mm 

T H R O U G H F A L L 

P R E C I P I T A T I O N 

200 mm 

Figure 26b, Interception losses from the Sitka spruce (Piceo sUchensis, Bong Carr.) stand at Tir 
Gwyn, during 6 integration periods between 9 November 1987 to 24 June 1988. 
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53,4. 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 

3-4 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) 
8 

+ = 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). Thedifferencc in runoff volumes is, however, very 
variable ranging from 19-180 mm or 9-66 percent. 

Table 25. RunofTgeoeraled during storm and inter-storm periods within the forest and grassland 
catchments. 

PERIOD Forest Grassland D i f f e r e n c e 
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 42% 
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 discbarges monitored at the forest flume and grassland 
flume stream gauging sites. 

STORM 
No. 

D I S C H A 

FOREST STREAM 
(forest flume site) 

R G E (mm) 

GRASSLAND STREAM 
(grassland flume site) 

Antecedent Peak Anlcccdcnl 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 inslrumented 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 1 s'* or 7 I min *), although the snow event (storm No.7) produced a peak 
discharge of 0.0012 cumecs (1.171 s"̂  or 701 min"*) and rainfall events No. 4 and 9 produced 
peak discharges of 0.0006 cumecs (0.50 1 s * or 30 I 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-botlom area 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 Table 28) is occasionally quicker than 
the response of the grassland stream (Table 28). 
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Table 27. Stomi period duration at the gauging structures within thedrainage channel and stream 
downstream of the instrumented forest hillslope. 

P E R I O D (days) 
STORM EVENT 

No. forest i^rper forest lower forest 
drain war drain weir flume 

PODZOUC SUDPE PEATY AREA 

3-4 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 Th- Gwyn catchments. 

T I M E T O P E A K D I S C H A R G E 

STORM 
(Hours from start of grassland weir response) 

No. forest forest forest forest grassland grassland 
u.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 37.5 
9 - 66 56 67 66.5 68 
10 61 67 42 s48 61 60 

s = sustained/nattened/platykurtic peak 
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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-catchment 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 billslope, drain mlcix). 
catchment and forest catchment 

PERIOD 
D I S 

FOREST HILLSLOPE 
(appcr drain weir) 

C H A R G E 

DRAIN CATCHMENT 
(lower diain weir) 

(mm) 

FOREST CATCHMENT 
(forest (lame) 

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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53.5. 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 IndividuBl storm and inter-storm periods within the forest and 
grassland catchments 

PERIOD R A I N F A L L -

Forest Catchment 

R U N O F F R A T I O 

Grassland Catchment 

storm No, 3-4 0.76 0.84 
storm 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. 20 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 Held 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. 3-4 (early winter) 0.90 90% 
storm No. 7 (snow event) 0.77 77% 
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. JO (summer) 0.46 46% 
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Forest Hillslope versus Catchment Storm-Period Rainfall-RunofT 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. Rainran-ninofT ratios for the forest hiUslope, drain micro-catchment and forest catchment, 
during individual storm and inter-storm periods. 

PERIOD 
R A I N F A L L 

Forest Hillslope 
(oppcr drain weir) 

- R U N O F F 

Dnia Catcfanieat 
(lower drato weir) 

R A T I O S 

Forest Catchment 
(forest flame) 

storm 3-4 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-RunofT 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 = -18.9 + 0.645P (R^ = 86 % SE = 5.3 %) 
Storm Runoff 

Grassland Catchment = -25.5 + L046P (R^ = 91 % SE = 3.4 %) 
Storm Runoff 

where the slorm-period runoff is between 100-4(K) mm and P is gross-precipilation input (mm) 
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Forest EUlIslope versus Catchment RainfaU-RunofT Functions. 
The forest hillslope would appear to generate a similar rainfail-runoff relationship on a storm 
period basis, to the forest catdiment: 

Forest Hillslope 
Storm Runoff 

-36.2 + 0.744P ( R 2 = 87 % SE = 4.9 % 

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

Intra Storm-Period Rainfall-RunofF. 
A typical rainfall-runoff response during a storm-period is given in Figure^^. 

DAYS 

— I r 

330 

5 

10 

15 

20 

17 
Figure>^ Intra-storm-period rainrall-runofTresponse during storm 3-4, monitored at the flume 

within the Torest 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 penneability. 

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.e. parameters) of the 
varying property (Crawford and Linsley, 1966). Within Richards' solution for water flux 
within variably-saturated pore systems, the hillslope hydrological variable 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. SoU Moisture Content (0^, 0 ,̂ 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 
hillslopeand 259 within the grassland hillslope. Volumetricmoisturecontentswerecalculated 
from these measurements by in situ verification of the standard calibrations for a Wallingford 
neutron probe with a mark II 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-detcrmined moisture contents (Sections 4.2.2; 6.2.1; 7.2) . 

Topp et al (1980) suggested that an alternative technique for the non-destructive 
measurement of soil moisture, called time-domain-reflectrometry (TDR) was much simpler to 
use in comparison with the neutron 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-lime 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 R E A D 1 N G S (R) 
16 min 64 s Dmax 16s Dmax 

GSNIO 386 384 384 387 386 2 377 388 385 384 9 
GS N40 - 369 369 366 370 - 360 371 366 367 _ 

GNNIO 276 280 277 279 272 4 276 273 271 270 6 
GNN40 277 277 277 276 274 3 275 280 282 273 5 
GONIO 632 629 637 626 635 6 638 620 629 631 12 
G0N40 602 596 602 603 - 599 597 606 606 -

Dmax = maximum deviation from ihc 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 bad a silty-clay-loam texture, and were, therefore, fitted to a standard calibration 
for loam soils (Institute of Hydrology, 1981 pl6): 

0̂  = -0.016+ (0.867 *(R/Rw)) 

where 6̂  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 billslopes contained a much greater percent of 
gravel and cobble-sized material and were therefore fitted to a standard calibration for coarse 
soil/regolilh (Institute of Hydrology, 1981 pl6): 

9̂  = -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 ai, 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). 
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Figure 28. In silu 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: 0̂  = -0.053 + 0.0292Ka - 0.00055Ka2 + O.OOOOOKa' (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). 

.-a 
Table 34. The application of the Topp equation to TDR readings within the Tir Gwyn 

ferric podzol soil. 

Location Mean Volumetric Moisture Content (cm^ cm'') 
sampling (actual sampling depth, cm) 
depth (cm) gravimetric neutron TDR 
(horizon) sampling moderation* (Topp Eq.)* 

TGa5 5(0) 0.604 (3-7) -

TGal5 
TGa30 
TGa45 
TGa60 

15(E) 
30 (B) 
45 (B/C) 
60 (C) 

0.606 (12-17) 
0.526 (27-32) 
0.447 (42-47) 
0.489 (57-62) 

0.594 (10-20) 
0.479 (25-35) 
0.427 (40-50) 
0.207 (55-65) 

0,418 (0-22) 

0.856 (22-32) 
0.176 (32-58) 
0.000 (58-72) 

TGb5 5(0) 0.489 (3-7) -

TGbl5 
TGb30 
TGb45 
TGb60 

15(E) 
30(B) 
45 (B/C) 
60 (C) 

0.500(12-17) 
0.500 (27-32) 
0.367 (42-47) 
0.198 (57-62) 

0.415 (10-20) 
0.449 (25-35) 
0.443 (40-50) 
0.365 (55-65) 

0371 (0-22) 

0.966 (22-32) 
0.051 (32-58) 
0.160 (58-72) 

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

* Topp's Equation : 0̂  = -0.053 + 0.0292Ka - O.OOOSSKa^ + O.OOOOOKâ  
(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 : 

0. = ( % . z v 2 • ( ^ + ^ ) - o , ^ ) / 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. TTie 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 
Alharthi equation to the B, B/C and C horizons of the Tir Gwyn ferric podzoi soil (Experiment 13:30 

27/3/88). 

Location Mean Volumetric Moisture Content (cm' cm"') 

sampling (actual sampling depth, cm) 
depth (cm) gravimetric neutron TDR 
(horizon) sampling moderation* (Stein/AlharthO* 

TGa5 5 (O) 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) 
TGa45 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) 0300 (58-72) 

TGb5 5 ( 0 ) 0.489 (3-7) -
0.427 (0-22) 

TGbl5 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 hillslopcsoils(Section 6.2.1). 

* Stein Equation : 9, = -0.0252 + 0.04 l5Ka - 0.00144Ka2 + 0.0000022Ka3 
applied to the vertical TDR rods solely within the E horizon, and the Alharthi Equation : 

= O.OllKa + (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. = ( % . z i n ' ( ^ i ' ' ^ ) - ^ 2 ^ ) ^ ^ i L = rod length 

NOTE: The application of either the Stein or Alharthi Equations to the 
whole soil profile failed to produce accurate moisture contents. 



Hillslope Hydrologlcal Variables 123 

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 regol ith (at a depth 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 to 0.7 cm^ cm'^). The 
use of ^ 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. 
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Figure 29. Relationship between the dielectic constant and the soil moisture content, using the 
equaUons given by Topp et al (1980), Stein and Kane (1983), and Alharthi and Lange (1987). 
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6J,.2. Hillslope Moisture Content (GJ. 

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-averagedby the integration the moisture contents at theO. 10,20,30, and 40 m slope 

locations. These moisture contents were then temporally-averagedO\QX 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 hillslopes. 

Soil Horizon Volumetric Moisture Content 

0̂  cm 'cm ' 

(No. of measurements) 

forest hillslope grassland hillslope difference 

A/E 

B 

B/C 

0.50 (72) 

0.48 (72) 

0.27 (72) 

0.56(67) 

0.53 (71) 

0.40 (65) 

0.06 

0.05 

0.13 

The difference between the spatial-averaging 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 
hillslopc and 0,10,15,20,30 and 40 m postions within the grassland hillslope, was only 
0.01 to 0.02 cm^ cm-^. 

The A/E and B soil horizons of the grassland hillslope were only 5 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 arc 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 
response 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.e. at 0, 2.5, 5, 10, 20, 
30, and 40 m) (Table 37; Figure31). An arithmetic mean was again used (Section 6.2.2). 
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Figure 30. Change of moisture content at individual neutron gauging sites, within the forest hillslope. 
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cm^cm"^ 

Figure 31. Average change of moisture content within the A/E, B, and B/C horizons of the forest 
hillslope (9/11/87 - 22/6/88). 

Part of the large fluctuations of moisture content within the A/E horizons relative 
to the B and B/C horizons can be attributed to the localization of evapo-transpirational losses 
from the surface of the grassland and near-surface soils within the forest. A 65 percent 
difference between the moisture fluctuations of the A/E and B horizons in the forest (Table 37) 
cannot, however, be solely attributed to a 5 to 8 percent loss of soil water due to transpiration 
(Hudson, 1988; Section 5.2.2). Equally, an 86 percent difference in moisture fluctuation 
between the same two horizons in the grassland (Table 37), cannot be attributed solely to an 
evapo-transpiration rate of 15 to 25 percent (Section 5.2.2; Hudson, 1988). 

Given that the B horizon maintains a similar volumetric wetness to that of the 
A/E horizon, the difference in the dynamics of the moisture content implies that either: 

1. vertical flow through the A/E horizon is impeded as it moves into the B horizon, and 
hence lateral flow within the A/E horizon is induced (Sections 7.4.9., 8.2.2., 8.3.2. and 
8.3.3), or 

2. flow within the B horizon is more localized in the secondary-structure in comparison 
with the A/E horizon (Sections 7.3.1., 7.3.6. and 7.4.1), or 

3. the gap between the neutron probe access-tube and the soil is allowing saturated parts 
of the overlying O/A horizon to artifically wet the A/E horizon around the access-tube 
(Hart and Lx)mas, 1979; McGowan, 1974). 
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Table 37. Mean absolute change in the volumetric moisture content (0J of each soil horizon 
during the 12 monitoring periods between 7/11/87 and 22/6/88. 

Moisture Content Change 
(e, , cm^ cm"̂ ) 

Integration 
period FOREST GRASSLAND 
(Julian day plus 
decimal time) A/E B B/C A/E 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 9̂  0.049 0.017 0.008 0.094 0.013 0,009 
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6^.4. Change of Moisture Content along the Forest Slope Catena. 

The moisture content of the rcgolith just above the fragipan layer (50-70 cm depth) is much 
more variable over time at downslope locations (Le. 0-5 m) when compared with those upslope (ijc 5-
40 m. Figure 38). Given the straight slope, this implies that there is a much greater specific flux of 
water within the regolilh downslopc. This implies, either that a considerable proportion of the water-
flow within upslope areas is moving laterally, rather than to depth (50-70 cm), or that flow within the 
regolith is being forced to concentrate in the vertical-dimension as it moves towards the riparian zone. 

^008 1 

cm^cm"^ O 

0 0 8 J 

22.2 .88 

29.4.88 

Figure 32 Change of moisture content within the regolith (C horizon) at a depth of 60 cm. 
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Allhou^ the spatial distribution of moisture content is very variable across the monitored 
flow-strips (Figure 30X the downslope movanent 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. 

014 ̂  

cm^cm*^ 0 

KINEMATIC WAVE 

O V E R TIME 

27.11.87 

10.11.87 

Figure 33. Two possible kinematic waves of moisture content change within the A/E horizon of the 
forest billslope. 
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6^.5. Moisture Content at the Inflow and Mid-Point of the Forest Riparian 
Zone. 

Hie 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 thatat themid-point of the riparian zone(i.e. 1.5 mdownslopeof 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). 

cm cm X100 

+ 30 

Figure 34. Moisture content at the inflow to the riparian zone minus that at the mid-pohitof the 
riparian zone (Julian days rrom 1987) 
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62^ The Impact of Indhidual iqx)n 

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 m downslope 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 % 1-4 % 2-4 % 
( 2 - 4 ) 

drier drier slightly wetter 

Neutron gauging sites: 
Transect = 10 m slope position on the forest hilblope, 3 m across-slope From the instrumented tree (ION); 2 m 
downslope = 2 m downslope of Ihc instrumented tree (PIN); Intermediate = 1.5 m downslope of the 
instrumented tree and 0.8 m away from a buttress root (P2N); Near tree root = 3 gauging sites within 1 m of 
the bole and 0.3 cm of a butress root (P3N, P4N, P5N). 

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

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

The lower moisture contents of the A / E horizon close to thcbultrcss root, probably 

relate to a greater abstraction by fine roots to supply Iranspiralional losses. Ford and Deans 

(1977) have shown that the fine roots of Sitka spruce (Picea sitchensis. Bong . Carr.) are 

concentrated within the near-surface soil horizons, close to individual trees. 
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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 thebulress 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-lube 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 artiflcially wet the deeper soils (Section 6.2.3). Equally, i f this gap were to infll l 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-iree 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 a distance 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 
o f either increased transpiralional losses or increased vertical flow. It should be noted, 
however, that most of the moisture change whether beneath or at 1 m away from individual 
trees, occurs within the surface soils (sec Section 6.2.3). 

The impact of individual trees upon the capillary potential and potential 
gradient (d<t)/dL)of the forest hillslopc 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 2172/88 and 22/6/88). 

6.3. Potentials (cj), (j)̂ , (j)^ and Potential Gradient (d(j)/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 
total potential (<))) within a control volume of a soil includes components generated by 
gravitational (<))p, capillary ((f)̂ : Buckingham, 1907), inertial loss (<().: Hubbert, 1940), tempera­
ture (<(),: Nielsen et a/, 1972), osmotic (4)^, and electro-kinetic {<^: KJute 1973) effects. 

Within wet, conductive soils (Sections 6.2 and 7.4) under temperate climates, 
temperature gradients (i.e. multiphase heat-water flow), osmotic gradients (i.e. coupled flow) 
and electro-kinetic gradients are likely to be insigniflcant in comparison with the gravitational 
and capillary effects (Klute, 1973). Inertial losses (or partial-turbulence) are assumed to be in­
significant within Darcian flow regimes (Section 1.2,). The total potential (or simply 
polential) within the two research hillslopes was, therefore, determined by the combination of 
gravitational potential (i.e. elevalional positions measured during a site survey: Figures 3 and 
4; Section 6.3.1) and, capillary potential measurements monitored by tensiomcters, piezome­
ters, and boreholes (Section 4.2.2.3). 

6 J . L Gravitational Potential ( 4 ) ^ . 

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

is shown within Figure 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. 
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63.2. Capillary Potential (c})̂  : Measurement Errors. 

The values of capillary potential recorded by the tensiometers, piezometers and borehole 
located at a depth of 1 m within the riparian zone of the forest hillslope, are very similar (given 
the si ightly d ifferent locations) when the loca I phreatic surface approaches a depth of 1 m (e.g. 
Figures 37). 

80 

cm 

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: BTIOO) 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^O, then the tensiometers record 10 percent less 
potential compared with that recorded by cither 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 capUlary potenUal indicated by a tensiometer (100 cm 
deep: OTIOO) and that hidicated by a piezometer (100 cm deep). The instruments are located 60 cm 
apart within the forest riparian zone. PoslUve values reflect the toiler values of capUlary potential 

measured by the piezometer. 
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Figure 39. VariaUon in the capillary potenUal measued by a 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 tensiometcr readings via changes in a tensiome-
ter̂ s water and air density (Berryman et aU 1976; Dowd and Williams, 1989; Watson and 
Jackson, 1967) would appear to be relatively insignificant. From a sample of 11 random 
measurements taken over theperiod31/l/88 to 4/5/88, coveringa temperature rangcof3-16**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 c^^xW^vy 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 15.0 cm) followed a diurnal ground-surface-temperature range of 4.2 °C (i.e. 3.3 to 7.5 
*C). Similar diurnal fluctuations in apparent capillary potential have been recorded by Langan 
et al (1987) and Richards et al, (1937). 
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633. Dynamics of Phreatic Surfaces (<J)̂  = 0). 

During the monitoring period (8 September 1987 to 22 June l98S)satwated 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). Thedynamics 
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 a similar 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., 
7.4.1., 7.4.2., 8.2.2). 
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63.4. Total Potential (<|)) within the Forest Hillslope. 
Gravitational potential ((t»̂ : Figure 35) dominated the equipotential-net within the forest 
hillslope duringall 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 
equipotentiai-net, meant that during most storm periods the total potential gradients (d^/dL) 
did not increase as much as the streamflow generation. For example, strearaflow 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. 



c 

n 
a 

2. 
e 
c. 
o 

O 
3 

o 

3. 
o 

cn 312.4986 (11.58 9.11.87) 



n 
a 
55* 
3. 
c 
o s 
o 

J 

i i 
< £2. 
i i 
3 3 

I " 
i o' 

f 

CD 

i . 
3 
E? 

500 

Im 

200 
323.5729 (13.45 19.11.87) 



144 C h a p t e r s 

00 
00 
i n 
00 
cvj 
i n 

00 
CD 
O 

Figure 44. The distribution of total potential within the forest hiltslope, during the 10 day, dry period 
within May 1988. 
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63.5. 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, 
510E, 4020A) were almost always less than the gradients vertically from the A/E to the B 
horizon (OEB, 2.5EB, 5EB, lOEB. 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 10̂  during the dry, 10 day period within May (Julian Date 
500-510; Tables 40 and 41). The steEper vertical gradients down into the forest B horizon 
during the dry period are also shown within Figure 44. The vertical potential gradients at 10 
mup the forest hillslopc(lOEB) are an order of magnitude less than at theothcrslope positions 
(Tables 40 and 41). This could have resulted from the impact of the large buttress root 1 m 
downslopc of the lensiometer 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. 

I f 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 increased 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 the 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 hiilslopc are always relatively similar to the gradients within the forest 
hillslopc, the vertical potential gradients from the A/E to B horizon are quite different 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 
gradients indicated that the vertical flow although increasing greatly within both hillslopcs, 
continued !o direct flow down into the forest B horizon (Table 41), but directed 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**Q 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 POTENTL\L GRADIENTS (d<t)/dL) 

JULIAN 
DATE OEB 02.5E 2.5EB 2.55E 5EB 510E lOEB 

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 -Z067 -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 •O.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 0 and 2.5 m upslope, 2.5EB = E to B horizon 
at 2.5 in upslope, 2.55E = E horizon between 2.5 m and 5 m upslope, 5EB = E to B horizon at 5 m upslope. 
510EB = E horizon between 5 and 10 m upslope, lOEB = E lo B horizon al 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 horlton and vertical total potenUal gradients 
from the E to B soil horizon within the forest hUlslope, during 1988. 

TOTAL POTENTIAL GRADIENTS (d<J>/dL) 

JULIAN 
DATE OEB 02.5E 2.5EB 2.55E 5EB 510E lOEB 

377.58 -1.733 -0.444 -0.867 -0.104 -1.533 -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 -0.440 -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 -3.533 
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 -0.533 
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 gradioits within the A/E horizon and vertical total potential 
gradtrats from the A to B soil horizon withhi the ploughed section of the grassland hillslope 

(1987-1988). 

TOTAL POTENTTAL GRADIENTS (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 -0.428 -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 40 to 20 m 
upslopc; 20AB = A to B horizon at 20 m upslope. See also key for Table 40. 
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63.6. The Impact of Individual Trees upon ttie Capillary Potential (<t>̂  and 
Potential Gradients (d<t)/dLor 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 
1 to 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. 
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Figure45. CapiHary potential within the B/C horizon (45 cm depth) beneath a large tree (47 cm DBIi), 
beneath the buttress root of a small conifer (29 cm D BII), and 1.5 m downslope of the same small conifer. 
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Figure 46. CapUlary poteoUal at a depth of 1 m beneath a smaU conifer (29 cm DBH), and at the 
same depth, but l.S 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 insimilarsill loam soils (Messenger, 1980). 
2. the regolith beneath the tree is draining faster than thai 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 those between conifers (Figure 47). Moreover, the potential gradients always 
directed flow downwards. The difference was most pronounced when the hillslope soil was 
at its driest, and during rapid welting al the end of this dry period (Figure 48). 
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Figure 47. VerUcal potenUal gradients between the A/E and B/C horizons of the forest billslope, 
beneath two small conifers (29 and 30 cm DBH), and within the area (n 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 ((t>̂  = 0), while 
the A/E horizon within the inter-lree area 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-lree 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 a resultoftheir/Zfl/root systems. A further study described by Hillraan (1972) indicated that 
beneath a single white spruce {Picea glaucd) 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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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.e. 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. SoU Bulk Density (p^ and Porosity (TI). 

A soil's porosity (r\) w i l l 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). Asoi l volume's resistance to the conduction of fluids 
(i.e. the inverseof the soil's intrinsic permeability) is also dependent upon the volume of pores 
(Bear, 1972; Childs, 1969;Kozeny, 1927; Section 7.4). Thedrybulkdensity(or specific mass: 

of a soil volume is a function of the particle density (pp and the porosity (T̂ ), i.e. 

Pb = Pp - Pp) 

When the particle density is known, measurements of bulk density can, therefore, be used to 
predict the porosity. Bulk density measurements are more commonly used to calculate the 
volumetric moisture content (6^) from direct measurements of the mass wetness (6^) 
determined by gravimetric techniques (Section 4.4.2., 6.2). Where: 

0„ = 0 . PK 
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The bulkdensity 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). 
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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 hillslopes are generally very porous. Porosity 
values 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 operation (Section 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 Moichanov (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 (Moichanov, 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 (8/(|)̂  and Secondary-
Porosity (TI^5^. 

The flow of water is equal to the specific moisture capacity (0/4>̂  or C) multiplied by the 
change in capillary potential with time (d^Jdi), given that the relationship between the 
moisture content and capillary potential is constant (Buckingham, 1907; Fuchsman, 1986; 
Richards, 1931). 

A soil's ability to retain or release water at a given capillary potential affects soil-
water-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. 

73A. Laboratory versus//i SUu Determination of e/<j)̂ . 

A total of 26 moisture capacity curves were determined in the laboratory, and a further 36 were 
determined in the field (Section 4.4.4). A l l of the field (or in situ) 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). 

Figure 53. Moisture capacity within the AJK horizon of the forest hiUsiope (5 m position), determined 
by both in sUu (5F15) and laboratory (C5F12-15K) based techniques. 
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Figure 54. Moisture capacity wltliin the B/C horizon of the forest hillslope (5 m posiUon), determined 
by both in situ (5F45) and laboratory (C5F29-32BC) based techniques. 
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Figure 55. Moisture capacity within the A/E horizon of the grassland hUlsIope (40 m position), 
determined by both m sUu (40G15) and laboratory (C40G14.17A3) based techniques. 
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IDO 

Figure 56. Moisture capacity witbio tbe B horizon of the grassland hillslope (40 m position), 
detenmioed by both in si£u (40G30) and laboratory (C40G30-33B2) based techniques. 

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

1. 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 a/, 1963; Ziemer et al, 1967), or 

2. the non-uniform welling of the A/E horizon relative to the B horizon, caused by a highly 
structured nature 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 
A/E 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 line 
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 
wets unevenly, or 

2. over-turned or lilted the natural soil horizons, allowing the 30 cm lensiomeler to be 
installed within a different soil to that surrounding the neutron probe access-tube. 
An increase in spalial variablity in the B horizon of the ploughed, grassland hillslope was 
also noted with the porosity measurements (Section 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 laboratory- or field-
determined moisture capacity curves (Section 4.4.4.; e.g. Figure 57). 

73.2. 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 hillslopc (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 
o f 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 AJ 
E horizon was noticed within the samples taken from the forest hillslope. 

Given that the variability is present only within 9/<t)̂ -curve intercepts or offsets, 
and not within the slopes of the 9/<t»^-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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! I 

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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733. Moisture Capacity of Each Soil Horizon witliin 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 0 and -20 cm, the moisture retention is highest within the 
O/A horizon, and decreases down through the profile (i.e. the rank from highest to lowest is 
(1) O/A, (2) A/E, (3) B, and (4) B/C; Figure 58). This order is maintained within all soil 
horizons (with the exception of the O/A horizon within the forest hillslope) up to capillary 
potentials of approximately -1500 to -2000 cm, well in excess of those potentials observed 
during the monitoring period. The organic or O/A horizon within forest hillslope loses water 
very rapidly (per unit change in small capillary potentials), so that it retains less water than the 
forest and grassland A/E horizons after -20 to -30 cm, and less water than the forest B horizon 
after -220 cm (Figures 58 and 59). 

Such a decrease in the moisture retention down through the profile is due partly 
to the increase in the stone content and partly to the decrease in the number of large and 
medium sized pores. 

Over the range of approximately 0 to -500 cm <)>̂  the grassland A/E horizon retains 
as much water as the A/E horizon within the forest. As the potential increases, however, the 
grassland A/E horizon is not able to retain as much water as the forest E horizon. At capillary 
potentials greater than -1500 to -2000 cm the A/E horizon within the grassland retains less 
water than the forest B horizon, and less than the grassland B horizon after -3500 to -4000 cm 
(Figure 59). Ploughing may, therefore, have improved the drainage characteristics of the soil 
which comprises the A/E horizon. 

F forest G grassland 

r a c 

Figure 58. Mean moisture capaciUes within each horizon or the Torest and grassland hiilslopes, over a 
range orO to -100 cm capillary potential. 
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Figure 59. Mean moisture capacities within each horizon of the forest and grassland hillslopes, over a 
range of 0 to -15,000 cm capillary potential. 

Ahhough the A/E horizon within the forest loses water more quickly than the B 
horizon at these relatively high potentials, it always retains more water over the determined 
range of 0 to -15,000 cm (Figure 59). This high moisture retention within the A/E horizon of 
an un-improved ferric podzol relative to the B horizon may be the result of enhanced chlorile-
breakdown and rock de-cementation within the A/E horizon, coincident with podzolization on 
Silurian shales (Adams et al, 1971; Adams and Raza, 1978). 

A capillary potential of -15,000 cm is usually defined as permanent wilting-
point (Marshall and Holmes, 1979). At this value, the rank of moisture retention within each 
soil horizon, from highest to lowest is: (1) grassland O, (2) forest A/E, (3) forest B, (4) forest 
O, (5) grassland B, (6) grassland A /E, and (7) forest B/C (Figure 59). 

7 Parameterization of the Moisture Capacity Curves. 

The mean moisture capacity curve for the A/E and B soil horizons within the forest and 
grassland hillslopes were parameterized by: 

1. compound log-log functions, 
2. cubic splines, 
3. Mualem's (1976) equation. 

1. Log-Log Parameterization: The simplest means of describing the moisture capacity 
curves can be achieved by fitting compound log-log functions. The mean moisture capacity 
curve for the forest and grassland A/E horizon can be represented by the three log-log 
functions over the range 0 lo -1000 cm: 
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The parameters representing these two curves are very similar. The mean moisture capacity 
curves for the B horizon beneath the grassland can be represented by a further three log-log 
functions over the range 0 to - 1 0 0 0 cm: 

e = 50<))^^«i2 . 59(1̂ -̂0.12 . 59^ -̂0.11 

(0-5 cm) (5-50 cm) (50-1000 cm) 

The moisturereleaseof the B horizon within the forest is less non-linear, in comparison with 
theother soil horizons within both hillslopes. It is represented by a single log-log function over 
the range 5-15,000 cm. This may imply that the forest B horizon is less structured or cracked 
in comparison with the other horizons (Section 7.3.1,; Demond and Roberts, 1987). The 
moisture capacity of the forest B horizon varies from this simple relationship only close to 
saturation (i.e. 0-5 cm): 

e forest B 564., -0.0069 

(0-5 cm) 

; 654), -0.1 

(5-15,000 an) 

Compound logarithmic functions have also been used by Talsma ( 1 9 7 4 ) to f i t a K-4»̂  curve 
(Section 7 . 4 .7 ) over a range 0 to - 1 , 500 cm. 

2. Cubic Spline Parameterization: The moisture capacity curves used to calculate the 
relative hydraulic conductivity using the Millington-Quirk technique were parameterized 
using a CMZ>/C spline (Erh, 1972; Bruce and Luxmoore, 1986; Section 7 .4 .6) . The relative 
hydraulic conductivities based upon these parameters are presented within Figure 6 6 . 

3. Mualem Parameterization: The alternative Van Genuchten procedure for the determina­
tion of relative hydraulic cx»nducliviiy is based upon Mualem's ( 1 9 7 6 ) parameterization of the 
moisture capacity curve: i.e. 

e - e 1 
= { r [ 2 2 ] AWS 

e -e 
VB vr 1 + (atr 

given: m = 1 - 1/n ; 0 < m < 1 (Van Gcnuchlen, 1980) 
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where AWS is available water saturation (dim. L"^), 6̂  is volumetric moisture content at 
(dim. L ' L'^), 9̂ ^ is residual volumetric moisture content (dim. L ' L*^), 9̂ ^ is volumetric 
moisture content at saturation (dim. L ' L^^), is capillary potential (dim. L), and a,m,n are 
shape parameters. 

The parameters fitted to the mean moisture capacity curves of the A/E and B 
horizons are: 

Forest B : a = 0.17, n = 1.25, m = 1.250 
Grassland A : a = 0.20, n = 1.11, m = 0.100 
Grassland B : a = 0.25, n = 1.20, m = 0.167 

The relative hydraulic conductivities based upon these parameters are presented within 
Figure 68. 

73.6. Secondary-Porosity {t]^^^ 

A simplified form of the the Kelvin Equation can be used to estimate the size of pores which 
will have drained at a given capillary potential (Hanks and Ashcrofl, 1980; Scheidegger, 
1957): 

2 Y c o s t 
r = 

<t>c 

where r is equivalent radius of largest pore (dim L), Y is surface tension of water (dim. 
ML-^), t is water-soil contact angle (dim. degrees), and <t>̂  is capillary potential (dim. M L ^ ) . 

Pores which lose water at capillary potentials between 0 cm and -10 to -1000 cm 
(Beven and Germann, 1982), have been defined as the secondary-porosity (Bouma and An­
derson, 1973; Demond and Roberts, 1987; Freeze and Cherry, 1979). Secondary-porosity is 
analogous to the aerated porosity (Bear, 1972). macro-porosity (Beven and Germann, 1982; 
Watson and Luxmoorc, 19S6), field capacity (Bear et al, 1968), and air capacity (when at -
50cm: Halle/a/, 1977). 

A capillary potential of -50 cm was chosen the separate the total porosity (Section 
7.2) into the component primary- and secondary-porosities, because this appeared to be the 
inflection point on the moisture capacity curve between rapid drainage at high saturations, and 
slow drainage at low saturations (Figure 59; Bear, 1972; Childs, 1969). Furthermore, -50 cm 
represents an effective pore size of approximately 60 vm (0.06 mm), the standard separation 
of secondary- and primary- porosity used by the Soil Survey of England and Wales (SSEW; 
Bullock and Thomasson, 1979; Hall et al, 1977; Murphy et al, 1977a,b). 
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Numerous authors (e.g. Beven and Germann, 1981; Botmia, 1982; Bouma and 
Anderson, 1973; Burger, 1922; Childs, 1969; Douglas, 1986; Gennann and Beven, 1981a,b; 
Smettem and Collis-George, 1985a,b,c; Watson and Luxmoore, 1986) havesuggested that the 
hydraulic conductivity (K) of a soil at or close to saturation, is controlled by the absolute 
volume, geometry and continuity of these secondary-pores. 

Table 44 shows that difference in the volume of secondary pores within individual 
soil horizons within the research hillslopes are almost as large as the variability between 
different soil horizons. 

Table 44. Secondary-porosity of 22 samples extracted from the TIr Gwyn, research hillslopes 

Horizon 

SECONDARY POROSITY 

Forest Hillslope 

cm' cm"' 

Grassland Hillslope 

O 0.27 0.32 0.15 
A/E 0,10 0.20 0.13 0.13 0.10 0.14 0.11 0.18 
B 0.14 0.14 0.18 0.14 0.17 0.14 
B/C 0.19 0.30 0.23 0.13 0.16 

Either the total volume of secondary pores is not the major determinant of saturated hydraulic 

conductivity,ordisturbanceofthe59cm3coresduringsampling,hassignificantly affected the 
secondary porosity. 

7.4. HydrauUc Conductivity (K, K , and Intrinsic 
Permeability (k). 

The average flow of water within a volume of soil is equal to the hydraulic conductivity 
multiplied by the potential (or energy) gradient. Flow passing between soil volumes wil l 
change its direction (and hence act over a different soil area) according to the difference 
between the hydraulic conductivities of the two volumes of soil (Hubbert, 1940; Jacob, 1940; 
Section 1.4.3). 
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The hydraulic conductivity (K) of a soil is a compound property dependent upon 

the soil's intrinsic permeability (k), the density (p^) and viscosity (v) of the fluid (i.e. water), 

and the relative hydraulic conductivity (K^) at the given soil moisture content and capillary 

potential: 

K = K • K [5] 

k Pf g 
K = [11] 

where K is hydraulic conductivity (dim LT"^), K is saturated hydraulic conducti<'4ly (dim. LT* 

*), K is relative hydraulic conductivity of the wetting (i.e. water) phase (dimensionless), k is 

intrinsic permeability (dim. L^), p̂  is fluid density (dim. ML"'), g is gravitational acceleration 

(dim. LT"^, and v is dynamic fluid viscosity (dim. ML'*T '; v/ p̂  = v kinematic fluid viscosity 

dim. L^T ^ . 

The hydraulic conductivity of each control-volume of soil (Sections 1.4.3. and 

3.5.1) must be parameterized (i.e. a constant function developed) lo solve the Richards 

Equation for a change in either potential or moisture content (Section 1.4.3.1). However, the 

spatial variability across the grid of control-volumes can be maintained. Authors have 

suggested that the variability of hydraulic conductivity between control-volumes within 

different soil horizons (e.g. Bonell et a/, 1983a; Section 3.5.4) and at different calenal 

positions (e.g. Rogowski et al, 1974; Section 3.5.3) is a major determinant of hillslope flux. 

The saturated hydraulic conductivity and intrinsic permeability are, therefore, defined for 

each soil horizon (Section 7.4.2), and each calenal zone, as defined within Sections 3.5.3. and 

4.2 (Section 7.4.2., 7.4.3). 

Before any hydraulic conductivity functions can be compared or parameterized 

for flux calculations, however, the impact of changing fluid viscosities upon the saturated 

hydraulic conductivity must be standardized. These hydraulic conductivity functions are then 

calibrated lo the field-temperature at each flux calculation. 

7.4.1. Fluid Viscosity (v, v) Standardization. 

The viscosity of water is dependent upon the temperature. The relationship can be approxi­

mated by the function: 

1.37023 {(I °C)-20} + 8.36x10* {(t**C)-20}2 

109 + (t°C) 

(after Atkins, 1978) [23J 
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where v is dynamic fluid viscosity (dim. ML'^T"'), and v/p^ equals v or kinematic fluid 
viscosity (dim. L ^ * ) . 

The variation in water temperature and subsequent variation in the water viscosity 
is removed from hydraulic conductivity parameters by standardizing the saturated hydraulic 
conductivity measurements at 20 "C (Bonell et a/, 1983a; Iwata et al, 1988; Marsily, 1986; 
Terzaghi and Peck, 1948): 

[24] 
20 

NOTE: The ratio of the kinematic viscosities within Equation 24, can be replaced with the 
ratio of the dynamic viscosities calculated by Equation 23. For field-temperatures ranging 
between 5 and 2(/'C, the water density (where v = v/p^ changes by only 0J8 percent (Table 
A.2A., in Marsily, J986), 

where K^̂ ^ is saturated hydraulic conductivity at 20 **C (dim. LT*), is saturated hydraulic 
conductivity at the field temperature o f t °C (dim. LT"*), v̂  is kinematic water viscosity at the 
field temperature of t *C (dim. L^"*)» ^20 kinematic water viscosity at 20 °C (dim. VT 
^ equiv. dynamic viscosity / fluid density). 

The variation in soil water temperature during the in situ permeametry experi­
ments (Sections 7.4.2. and 7.4.3) ranged from 3.3 to 20.3 **C. sufficient to the m(xiify the hy­
draulic conductivity by some 38 percent, solely through changes in the water viscosity (Figure 
60). 

The effect of temperature upon the hydraulic conductivity at low saturations may 
be further exacerbated, by its influence upon tensiometer readings (Section 6.3.2) and the 
actual so'\\ capillary potential (Conslanlz, 1982; Haridasan and Jensen, 1972). 

T E M P E R A T U R E ' ' C 

Figure 60. The relationship between water temperature and water viscosity correction factor 
(V./V,o). 
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7.4.1. Effect of Core-Size on the Measurement of Saturated Hydraulic 
Conductivity (K). 

The variability of w situ measurements of saturated hydraulic conductivity determined from 
192cm'soilcores is far greater than from 7069cm^soil cores (Table 45; Section 4.4.5). Within 
the conductive soils the mean values of conductivity measured by the small cores are similar 
to the large core, but this was not the case for slowly-conductive soils (Table 45). 

Table 45. Saturated hydraulic conductivities measured by 7069 cm' ring permeameter cores versus 
192cm^small-core permeameter cores. 

Saturated Hydraulic Conductivity (cm hr^) 

SITE HORIZON DEPTH ring small-core 
(cm) permeameter permeameter 

(7069 cm' cores) (192 cm' cores) 

grassland O/A 0-10 3,7 8.2 1.8 11.9 (5.6) 
grassland O/A 0-10 39 9.2 31 ' (46) 
grassland O/A 0-10 29 26 1.4 (17) 
grassland A 10-20 12 13 206 36 (60) 
forest A/E 5-16 221 177 888 (396) 

grassland Egley 14-24 0.21 265 56 20' (67) 
forest B 19-29 0.13 34 14 480' (61) 

The two or three small-core permeameler samples were extracted from within the larger ring 
pcrmeameicr cores. 
* cores extracted horizontally within the ring. 

0 geometric mean (Marsily, 1986; Nielsen et at, 1973) of the small-core K values. 

Saturated hydraulic conductivity ( K J values are standardized lo 20 "C 

The silly A/E horizon within the forest, and the silly A/E and B within the 
ploughed grassland have saturated hydraulic conductivities larger than representative values 
of saturated hydraulic conductivity for un-cloddcd (i.e. un-structured) porous media (Table 
46). 

Water-flow within these horizons is, therefore, predominantly localized to the secondary-
structure (i.e. cracks) (Section 7,3.6.; Demond and Roberts, 1987). If structural cracks 
associated with clodding, occur at a^ca/e larger than the small (192cm^)core, then the increase 
in variability in saturated hydraulic conductivity about the geometric mean, would be expected 
(Table 45; Towner and Youngs, 1986). 
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Table 46. The range In saturated hydrauUc conducUvUy of ptmary-structures ranging from gravel to 
day. 

Primary-Structure 
(particle-size) 

Saturated Hydraulic Conductivity 
(cm hr^) 

Marsily (1986) Bear et al (1968) 

sand and gravel lE+0 to lE-1 >lE+3 (gravel) to lE+0 
silt lE-1 to lE-5 lE+0 to lE-2 
clay lE-5 to lE-13 <lE-3 

The slowly-conductive B horizon within the forest does, however, have large-
core-determined saturated hydraulic conductivity values similar to the representative values 
for un<lodded soil, but much greater than the small-core values (Tables 45 and 46). The 
difference between the measurements of the two sizes of core may, therefore, relate to the rela­
tive increase in the voltmieof soil disturbed at the edge of the small (192 cm^), relative to large 
(7069 cm^) core (Hil l and King, 1982; Rogers and Carter, 1987). Futhermore the contact 
between a soil-core and the wall of the penneamter ring can be more easily sealed in the large 
ring relative to the small ring. Field observation of the operation of the large-core, ring 
permeameter would suggest that even a small gap between a core of a slowly permeable soil 
and the ring, i f left un-sealed, would dramatically increase the recorded conductivity. 

A l l permeameter-based measurements of saturated hydraulic conductivity and 
intrinsic permeability presented within Sections 7.4.2. and 7.4.3. were determined by the 
large-core, ring permeameter. 

7.4.2. Podzolic Slope: Saturated Hydraulic Conductivity (K) and 
Intrinsic Permeability (k). 

Temperature-corrected ring permeametry (Section 4.4.5) was used to determine the saturated 
hydraulic conductivity (K^ and intrinsic permeability (k) within the podzolic slope zones of 
the hillslope catenas. The and k values for the riparian zones of the hillslope zones are 
presented within Section 7.4.3. 

Within both the forest and the grassland podzolic slopes, the variation in and 
k is far greater between different soil horizons, than within individual soil horizons (Figures 
61 and 62; Section 3.5.4). 
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Slope 
horizon 

Arithmetic 
mean 

Geometric 
mean 

O/A 1000 1000 
E 101 71 
B 0.18 0.16 
B / C 28.7 28.2 
C 1000 1000 

Afforested, 
ferric podzol 

40m 

2.5m 

Fragipan 

0.0015 
0.00060 

Figure 61. Distribution of saturated hydraulic conductivity at 20 -C (cm hr' : top) and intrinsic 
permeability (cm ^ bottom), within the forest hillslope. 



172 Chapter 7 

Forest versus Grassland Mineral Soi l : The A/E horizon of the ferric-podzol hillslope within 
the forest (10-20 cm) is more permeable than the ferric-podzol A/E horizon within the grass­
land (10-20 cm) (Figures 61 and 62). The gleyed A/E horizon of the iranpan stagnopodzol soil 
within the riparian zone of the grassland hillslope, is particularly impermeable (Figure 62). 

The B horizon within the relatively undisturbed forest hillslope (Sections 2.10.2, 
7.2, and 7.3.1) is much less permeable than the ferric-podzol B horizon beneath the grassland 
(Figures 61 and 62). 

The increased permeability within the grassland B horizon and reduced permea­
bility within the grassland A/E horizon, may have resulted from a combination of the plough­
ing operation and trampling by sheep (Sections 2.10.2., 6.2. and 7.3.1). 

The B/C horizons within the two hillslopes are not comparable, because the soil 
profile beneath the grassland rapidly grades into cobble-sized regolith and bedrock, while the 
soil profile beneath the forest hillslope gradually grades into gravel-sized regolith. 

Vertical Variation within Each Profile : There would appear to be a major relative 
hydraulic discontinuity (Carson and Sutton, 1971; Hubbert, 1940) between the intrinsic per­
meability of the A/E and B horizons within the forest hillslope (Figure 61). The A/E horizon 
of the ferric-podzolic hillslope beneath the forest has saturated hydraulic conductivities (K^: 
33-221 cm hr*) and permeabilities (k: 9.5E-4 to 6.2E-3 c m ^ two orders of magnitude greater 
than those of the B horizon (K^: 0.13-0.32 cm hr^; k ; 4.0E-6 to 9.0E-6 cm^- When the soil 
profile is saturated, this discontinuity wi l l lead to the lateral deflection of water within the A / 
E horizons according to the Tangent Law (Section 1.4.3). 

Below the forest B, or z7/«via/horizon (i.e. the zoneof maximum accumulation of 
translocated clays, Brady, 1974), ring permeameter measurements indicate that the saturated 
hydraulic conductivity and permeability are twoorders of magnitude greater than those within 
the overlying B horizon. 

As the B horizon has saturated hydraulic conductivities and permeabilities two 
orders of magnitude less than the surrounding horizons, water wi l l under saturated conditions, 
move directly across the B horizon (i.e normal to the horizon breaks) rather then laterally 
within the B horizon (Section 8.2.2). 

No major discontinuity in intrinsic permeability is present between the A/E and 
B horizons within the ferric-podzol soil beneath the grassland (Figure 62). Ploughing may, 
therefore, lead to the reduction of the lateral deflection of flow within the A/E horizon (under 
saturated conditions), which results from the hydrologically-different soil horizons (Section 
8.2.2). 
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Slope Arithmetic Geometric 
horizon mean mean 
O/A 12.6 6.6 
A 30.8 20.6 
A/B 21.3 18.7 
B / C 549 381.4 

Ploughed, 
ferric podzol 40m 

Riparian 
zone 

A / t gleyic 
B gleyrc 

Bedrock 

0.0O081 

0 000006 

0.0OO16 

0.0OO041 

Figure 62. Distribution of saturated hydraulic conductivity at 20 ' C (cm hr>: top) and intrinsic 
permeability (cm bottom), within the grassland hillslope. 
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Organic Horizon (Throughllow-Scaling Method) : The saturated hydraulic conductivity 
and permeability of the organic horizon or forest floor (0-5 cm, O/A; Section 1.5.2) within the 
forest hillslope was higher than can be measured by ring penneametry (i.e. a constant-head 
cannot be maintained within the permeameter for soil cores with a mean : >1000-1500 
cm hr*). The saturated hydraulic conductivity of the organic horizon was, therefore, estimated 
by a throughflow-scaling method. 

By measuring the discharge from two or more soil horizons (under controlled 
boundary conditions, Sections 4.4.6 and 8.2.2) and the depth of the phreatic zone within each 
horizon, an unknown saturated hydraulic conductivity (K j) within one horizon can be 
estimated by scaling against a known saturated hydraulic conductivity (K^^) within a second 
horizon. Thus: 

where: 

a, = q' = b' = 
b' b, 

where K^̂  is the unknown saturated hydraulic conductivity (dim. LT*), K^̂  is the known 
saturated hydraulic conductivity (dim. LT"*), is the conductivity scaling parameter, q* is the 
ratio of to q^, q̂  is the discharge from the horizon with the unknown (dim. q^ is 

the discharge from the horizon with the known (dim. b ' is the ratio of b̂  to b^, b^ is 

the mean depth of the phreatic zone upslope of the throughflow trough within the horizon with 
the unknown (dim. L) , and b^ is the mean depth of the phreatic zone upslope of the 
throughflow trough within the horizon with the known K (dim. L) , 

The technique assumes that the boundary-condition at the throughflow pit-face 
(Sections 4.4.6 and 8.2.2) has the same effect upon the across-slopeequipotential-lines within 
both horizons. Within this form of the equation, the mean slope of the phreatic surfaces 
upslope of the pit are approximated by the sine of the slope angle (Dupuit, 1863). 

During the monitoring period 6/11/1987 to 4/6/1988, the mean ratio of the 
discharge from the organic (O/A) horizon on the forest hillslope to the discharge from E 
horizon was 10.3 (i.e. 537 cm' hr V52 cm' hr ' : during periods when both the O/A and E 
throughflow troughs were flowing). As the depths of the phrealic surfaces recorded by the 
nested-piezometers within the two horizons were very similar, the conductivity scaling 
parameter (a^) is equal to ratio of the two trough discharges, i.e. q*. 
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The mean saturated hydraulic conductivity measured within the forest A/E 
horizon range was 71 cm hr^ (at ZO^C; Figure61).Thesaturatedhydraulicconductivity within 
the organic horizon is, therefore, estimated to be approximatly 730 cm hr*, and the intrinsic 
permeability is therefore 0.021 cm^ i.e. 

^.o/A =1^-3 * cm h r ' 
=730 cm hr> 

^o/A =730cm hr» (20^C) 
=0.021 cm^ 

2.83E-5 

If more of soil-water was abstracted from the A/E horizon relative to the O/A 
horizon, then the lag in the response of the A/E horizon would be greater (Section 8.2.2). This 
would mean that the outflow from the A/E horizon would be under-estimated relative to that 
from the O/A horizon. This would lead to a smaller conductivity scaling parameter (a^). The 
value of the conductivity for the basal zone of the O/A horizon (730 cm hr*) would, therefore, 
be an over-estimate. 

Given that the scaling parameter is correct, the predicted hydraulic conductivity 
of the saturated basal zones of the O/A horizon (i.e. 730 cm hr*) is less than the saturated 
hydraulic conductivity of the complete O/A horizon calculated by ring permeametry (i.e. 
>1000 cm hr*; Figure 61). The difference may be explained by a vertical reduction in the con­
ductivity of the O/A horizon (Zaslavsky and Sinai, 1981e). This is plausible, given that the 
basal zone of the O/A horizon appears to have a greater mineral content and density, in com­
parison with the upper layers. 

Again, assuming that the technique is reasonably accurate, there is a 1.5 order of 
magnitude difference in saturated hydraulic conductivity and permeability between the forest 
floor (O/A horizon) and the A/E horizon within the ferric-podzol hillslope beneath the forest. 

The organic horizon (0-10 cm, O/A) of the grassland hillslope has permeability 
values less than the underlying A/E horizon (10-20 cm; Figure 62). This would suggest that 
either trampling by sheep (Section 2.10.2; Fletcher, 1952) or the development of a root-mat, 
has reduced the permeability of the organic horizon (Molchanov, 1960). 
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1A3. Riparian Area : Saturated Hydraulic Conductivity (K^ and 
Intrinsic Permeability (k). 

The saturated hydraulic conductivity and intrinsic permeability of the riparian areas of the 
research hillslope-catenas were determined from a combination of piezometer recovery tests, 
and ring permeametry (Figure 63). 

Recovery Tests: The saturated hydraulicconductivityofthesoil surrounding the intake-point 
of piezometers within the riparian zones, was calculated from measurements of the recovery 
of piezometer water-level following an instantaneous draw-down. Two analytical solutions 
were applied to the recovery data. These were the: 

1, Kirkham Equation: 
Ji r̂  { l n ( H . y ^ ) / ( H - y , ) } 

K = 
A ( t , - t , ) 

(Bouwer, 1962; Lulhin and Kirkham. 1949; Reeve and Kirkham, 1951) 

2. Ernst Equation: 

4000 r dy* 100 
K = 

• {(H/r) + 20} { 2 - (y*/H)} y* dt 24 

when S >= 1/2 H 

(Ernst, 1950; Van Beers, 1958) 

where K^ is saturated hydraulic conductivity (cm hr^), r is radius of piezometer (cm), H is 
depth from phrealic surface to piezometer base (cm), ŷ  is distance between the phreatic 
surface and mean depth of water in piezometer at time t̂  (cm), y^ is distance between the 
phreatic surface and mean depth of water in piezometer at time t̂  (cm), y * is distance between 
the phreatic surface and mean depth of water in piezometer during the lime interval dt (cm), 
t is time (s), A is a shape function, dependent upon the intake geometry, and S is depth to an 
impermeable layer (i.e. K less than 1/10 of the overlying layer) beneath the piezometer (cm). 

A shape factor (A) of 34 was estimated for the 15 cm (i) x 2 cm (o.d) piezometer 
intakes, by extrapolating data given in Youngs (1968). Al l of the recovery tests were con­
ducted between 13-20 June 1988, when the local water-tables (or phreatic surfaces) were 
relatively stationary. The ground-temperature during the initial stage of the recovery tests 
ranged from 14.0 to 15.5 °C. The temperature-standardized results of the two techniques are 
presented in Table 47 and Figure 63. 
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Table 47. Saturated hydraulic conductivity and Intrinsic permeability within the forest and grassland 
riparian soils, determined using the Kirkham and Ernst equations. 

Piezometer Saturated Hydraulic Conductivity (cm hr* at 20 "C) 
(Intrinsic Permeability, cm^) 

KIRKHAM (A=34) ERNST (S >=1/2H) 

forest FDP81 0.071 (2.0E-6) 0.017 (4.9E-7) 
forest FOPIU 0.415 (1.2E-5) 1.042 (2.9E-5) 
grassland G10P78 0.072 (2.0E-6) 0.108 (3.1E-6) 
grassland G0P95 0.035 (9.9E-7) 0.015 (4.3E-7) 

The two techniques indicated that the saturated hydraulic conductivity of the 
gleyed soil (Section 2.8.2) at a depth of some 70-120 cm within the riparian zone of the for­
est hillslope, is approximately 0.02-0.07 cm hr* (FDP81) directly beneath the drainage 
channel, and 0.42-1.04 cm hr^ (FOPl l l ) 1.5 m upslope of the channel (Figure 63). 

Within the grassland riparian zone, the saturated hydraulic conductivity of the 
stagno-humic gley at a depth of 70-90 cm is approximately 0.07-0.11 cm hr*. Ten metres fur­
ther downslope at a depth of 80-110 cm (Figure 63), the gleyed horizon of the ironpan stagno-
podzol has a 0.02-0.04 cm hr^ saturated hydraulic conductivity. 

Ring Permeametry : At the edge of the stream within the grassland the soil is a stagno-humic 
gley. At a distance of only 2-5 m away from the stream the soil is an ironpan stagno-podzol 
(Figure 9). The saturated hydraulic conductivity of the surface (0-10 cm) layer of these two 
soils are 11 cm hH (k : 3.1E-4 cm^) and 29 cm hr^ (k : 8.2E-4 cm^) respectively, which is 
similar to that of the surface horizon of the ploughed slope (Figure 62; Section 7.4.2). 

The gleyed E horizon (10-20 cm) of the ironpan stagno-podzol is much less 
conductive (K : 0.2 cm hr*) than the E horizon of the ferric podzol within the forest hillslope 
(<K^> : 71 cm hr ' ) . Furthermore, the B horizon (20-30 cm) of the ironpan stagno-podzol is 
more conductive (K : 5.7 cm hr*) than the corresponding horizon of the ferric podzol within 
the forest hillslope (<K^> : 0.16 cm hr^). This shift in the least conductive zone of a soil profile 
as the intensity of podzolization increases was noted by Adams and Raza (1978), Crampton 
(1967) and Rudeforth (1967), and is idealized within Figure 6. 

The saturated hydraulic conductivity of the surface layer (0-10 cm) of the stagno-
glcy soil within the riparian zone of the forest hillslopc (K : 52 cm hr'*; k : 1.5E-3 cm^) is 
similar to that within the surface layers of the grassland riparian zone (sec above). This high 
saturated hydraulic conductivity i.s, however, maintained within the underlying soil horizon 
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(10-20 cm, K : 21 cm hr*; k 6.0E-4 cm^, unlike in the grassland riparian soil. By using this 
conductivity (i.e. 21 cm hr*) within the Darcy equation, an accurate prediction (R^ 83 percent) 
o f the streamflow generation could be made, from the hydrological properties and geometry 
o f the riparian zone alone (Section 8.2.1). This may provide some verification for the 
measurements from the ring permeameter, and corroborate the field observation, that the 
riparian soil is relatively homogenous between a depth of approximately 10 and 80 cm below 
the surface (Sections 6.2.3.; 8.2.1). During storm-periods, much of the sub-surface flow 
within the riparian zone should be perched above the 80 cm depth, because the saturated 
hydraulic conductivity reduces to approximately 0.4-1 cm hr* at 70-120 cm below the surface 
(Figure 63). 

s t ream 

: 52 : 
: 21 ; 

• 0 4 2 - 1 0 4 

0 0 2 - 0 07 

S t r e a m 

11 

c m hr 
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29 
0 2 
5 7 

: 1 5 

0 0 7 - 0 11 

0 4 2 
1 0 4 

Figure 63. DistribuUon of saturated hydraulic conductivity (at 20 -C) within the forest riparian zone 
(top) and grassland riparian zone (bottom). 
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7.4.4. The Impact of Individual TVees upon the Saturated Hydraulic 
Conductivity of the Soil Horizons within the Forest Hillslope. 

An attempt was made to assess the impact of individual trees upon the saturated hydraulic 
conductivity of the podzolic B, B/C and C horizons within the forest hillslope (Section 7.4.2). 

Measurements were taken with a well permeameter (Talsma and Hallam, 1980, 
Bonell et al, 1983a; Section 4.4.6) as close to tree boles as possible, and at a distance of 1 m 
away from individual trees. Three separate analytical solutions were used to calculate the 
saturated hydraulic conductivities: 

1. Jones solution (Bonell et al, 1983; Jones, 1951), 
2. Zangcr solution (Zanger, 1953), and 

3. Reynolds solution (Reynolds and Eirick, 1985; Reynolds et al, 1983, 1985). 

The particular form of the Reynolds Solution used, was the Laplace solution with a shape 
function ( Q derived from the full Glover solution (Reynolds et al, 1983, 1986; Table 48). 

The saturated hydraulic conductivities predicted by well permeametry were 
compared with those calculated from ring permeametry measurements (Table 48). 

Well Permeametry versus Ring Permeametry : The saturated hydraulic conductivity 
values predicted by the Jones solution appeared to be far more sensitive to the S-parametcr (i.e. 
depth to an impermeable layer), compared with the well-permeameter discharge and geometry 
(Table 48), and, therefore, warranted little confidence. 

Both the Zanger and Reynolds solutions predicted similar saturated hydraulic 
conductivities. These values were, however, similar to the values predicted by the ring 
permeametry, for the B horizon only (Table 48). The values predicted for the B/C horizon were 
2 to 3 orders of magnitude less than those predicted by the ring permeametcr, and the values 
for the C horizon were perhaps 3 to 4 orders of magnitude lower (Table 48). 
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Table 48. Saturated bydrauUc oonducUvUy values calculated by both well and ring penneametry. 

Auger Q:ralc of predicted K (cm hr*. 20-C) 
No. horizon depth head head-loss 

(cm) (h,cm) (cms*) T^C XJNES (S) ZANGER ElEYNOLDS 

9WT1 tree B 20-35 15 0,022 13 73(40) 0.08 0.10 
8WT1 inter B 20-35 15 0.029 13 8(40) 0.11 0.12 

1WT2 tree B/C 45-55 10 0.011 8 8(20) 0.07 0.10 

2WT3 tree Cu 60-70 10 0.040 8 " 13(0) 0.28 0.35 
3W13 Inter Cu 60-70 10 0.051 8 18(0) 0.35 0.43 

4WT3 tree Cu+ 40-60 20 0.062 8 173(10) 0.19 0.21 
5WI3 Inter Cu+ 40-60 20 0.175 9 491(10) 0.51 0.55 

7WT4 tree C 60-80 20 1.000 11 2728(30) 2.77 2.99 
6WI4 inter C 60-80 20 0.650 10 5466(30) 1.86 1.99 

JONES EQ: K = 
3Qln(h/r) 

nh(3h + 2S) 

S = depth to an impermeable layer (cm) r = permeameter radius (= 3.2 cm) 

ZANGER EQ: K { In [ + SQRT( + 1 ) ] -1 } 
2 Jih^ r 

REYNOLDS EQ: K 
QC 

2j ih2{ l+(C/2)(r/h)2} 
(Laplace Solution) 

where: 
C = sinh » { } - 1 (ful l Glover Solution) 

r 

RING PERMEAMETER (7069 cm^ cores) 

(sampled within 3 m of the well permeameter measurements) 

B horizon (16-24 cm) K 0.20 cm hr» (20°C) 
B/C horizon (30-40 cm) K 28 cm hr^ (20°C) 
Cu horizon (40-50 cm) K >1500 cm hr^ (20°C) 
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A constant-head appeared to be maintained within all of the auger holes, and the predicted 
values (using the Zanger and Reynolds solutions) He within the instrument's capability (i.e. 
0.036 - 360 cm hr*: Reynolds and EIrick, 1985). Moreover, the discrepancy between the two 
techniques cannot be attributed solely to smearing of clay on the walls of the auger-hole as 
others (e.g. Bonell et al, 1983; Reynolds et al^ 1983) have suggested, as the largest discrepancy 
occurred when the auger-hole extended into the gravel-sized regolith (C horizon). Either there 
is an error within the analytical solution for flow into an auger-hole (Boersma, 1965; Bouwer, 
1962), or the insertion of the ring into the gravelly regolith has greatly enhanced the 
conductivity recorded by the ring permeameler. There is some suggestion that the gravelly 
regolith within the C horizon and possibly B/C horizon may also have been disturbed during 
the porosity (Section 7.2) and gravimetric moisture content determinations (Section 7.3.2). 

Below versus Inter-Tree K : Despite the uncertainty surrounding the well permeametry 
technique, consistent differences between the below-lree and inter-tree measurements of 
saturated hydraulic conductivity can be compared. I f the small sample of measurements taken 
from only 4 different below-tree soils, and 3 inter-tree soils is representative, then it might be 
concluded that the B, B/C and C horizons directly beneath individual conifers are infact less 
permeable than the inter-tree soils (Table 48). This may be the result of the compaction of the 
soil due to both the weight of tree and the movement of such shallow-rooted (Section 2.9.2) 
trees during windy conditions (Homung, 1984; Romans, 1959; Savill, 1976). 

The impact of individual trees upon the moisture regime of the forest hillslope 
ia examined in Section 6.2.6, and the impact of the capillary potential (<))̂  and potential 
gradient (d()>/dL) of the forest hillslope as a whole is examined in Section 6.4.6. 

7.4.5. Stationarity and Wettability (W J . 

As soils dry, cracking or secondary-structure (Section 7.3.6) can develop which may change 
the soil's intrinsic permeability (k) and hence its saturated hydraulic conductivity (K^ 
(Wilcock and Essery, 1984). In addition, as some soils dry, the contact angle between the soil-
water and the soil-particles may exceed 90°, and make the soil non-wcttable with respect to the 
water (Bear, 1972). Such variable wettability wi l l affect the soil's intrinsic permeability 
(Burch et al, 1989), slorativity (Hemond and Goldman, 1985; Equation 9), and moisture 
capacity (Adams and Raza, 1978; Fuchsman, 1986). These changes are obviously modifica­
tions of those hillslope hydrological properties usually assumed to be constant or stationary 
(i.e. parameters) and, therefore, their significance must be addressed. 

A 7069 cm^ core of the A/E horizon (10-20 cm) was excavated from the grassland 
hillsiope (at the 40 m slope position), and the saturated hydraulic conductivity measured by 
ring pcrmcamclry. The core was then covered, and left to drain for a 28 day period (16/5/88-
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13/6/88 : mean mid-day ground-temp. 7.5 **C). The saturated hydraulic conductivity was 
measured again after this period. The temperature-corrected, saturated hydraulic conductivity 
of this A horizon increased by exactly one order of magnitude, from 9.2 cm hr ' (at 20 ''C; k 
: 2.6E-4 cm^ to 92.0 cm hr^ (at 20 *»C; k : 2.6E-4 c m ^ (Figure 62). The permeability of the 
surface soils within the grassland hillslope may, therefore, increase during warm summer 
months (Adams and Raza, 1978). The effects of freeze/thaw activity and trampling by sheep 
may subsequnlly reduce the localized-cracking during the winter months. Such an annual 
cycle would be similar to the annual development and destruction otephemeralpipes (Section 
1.4.2) within the soils of Tir Gwyn and Plynlimon massif as a whole (Oilman and Newson, 
1980; Hudson, pers. comm. 1987). The ephemeral pipes within the peaty soils ofthe Tir Gwyn 
grassland catchment may develop following a combination of summer drying and large 
seepage forces (Irmay, 1964 in Bear, 1972) within the winter storms. 

A similar experiment was conducted on a 7069 cm^ core of the B horizon (16-26 
cm) within the forest hillslope. During the 115 day period 19/1/88 to 16/5/88, the temperature-
corrected, saturated hydraulic conductivity of this sample of podzolic B horizon only changed 
from 0.32 cm hr* (at 20 «C; k 9E-6 cm^) to 0.51 cm hr^ (at 20 '̂C; k 1.5E-5 cm^. The B ho­
rizon within the forest hiilslope would, therefore, appear to have a much more stationary 
intrinsic permeability and saturated hydraulic conductivity in comparison to the surface layers 
within the grassland catchment. 

The impact of drying upon the weWaZ /̂Viiy of each soil horizon within the forest and 
grassland hillslopes were compared by placingadropletof water onto a number of oven-dried 
soil aggregates (105 '̂C for 48 hours) and noting whether the water was absorbed within 10 
seconds (Krammes and Debano. 1965). 

The soil aggregates collected from within the B and B/C horizons of both 
hillslopes remained wettable after oven-drying (Table 49). Those aggregates collected from 
the organic (O and O/A) horizons of each hillslope did, however, become non-wettable, as did 
the A/E horizon within the grassland profile. The A/E horizon beneath the forest in contrast 
to the grassland A/E horizon, remained wettable in all cases, with the exception of the E/B 
intergrade soil. 

A reduction in soil wettability within the A/E horizon ofthe grassland hillslope 
during periods of intense drying, wi l l probably not affect the hydrological properties as much 
as cracking, but may direct even more of the water-flow to the developing secondary-structure 
(Section 1.5.2). 

Direct field-observation would suggest that the impact of reduced wettabilities 
upon the infiltration of rainfall into dry conifer litter (Table 8) and the grassland root-mat is 
more important. Although the organic soils have high saturated hydraulic conductivities 
(forest O/A: >1000cm hr'; grassland O/A: 3-39cm hr *), localized, Hortonianoverland flow 
(Section 1.4.2) has occasionally been observed during the initial stages of storms occurring 
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during dry periods. A similar association between reduced wettability and percolation within 
dry, organic soils has been recorded during the laboratory experiments of Grelewicz and 
Plichta (1983.1985) and Sozykin (1939, in Molchanov, 1960). 

Table 49. Wettability of soils after being dried at 105 *C for 48 hours. 

slope depth horizon Wettability 
position (cm) OVio) 

40 2-5(1) O NON-WETTABLE 
forest 40 2-5(2) 0 NON-WETTABLE 
soils 5 12-15 A/E wettable 

10 7-10 A/E wettable 
40 10-13 A/E wettable 
10 14-17 E/B NON-WETTABLE 
40 24-27 B wetlable 
5 29-32 B/C wettable 

40 2-5 O NON-WETTABLE 
grassland 40 14-17 A/E NON-WETTABLE 
soils 0 7-10 A/E NON-WETTABLE 

40 29-32 B wettable 
20 29-32 B wettable 

7.4.6. Relative Hydraulic Conductivity (K^: Moisture Capacity Method. 

The relative hydraulic conductivity (K ) of a soil is the ratio of the hydraulic conductivity at 
a particular level of water-saturation to the hydraulic conductivity at complete water-
saturation. This component of the hydraulic conductivity curve (Equation 5; Section 7.4.7) 
must, therefore, be determined (in addition, to the saturated hydraulic conductivity compo­
nent) for the calculation of water-flow within soils which are less than fully-saturated with 
water. The K relationship is dependent upon upon how much moisture is released at a given 
capillary potential (i.e. the moisture capacity relationship; Section 7.3). 

Five separate techniques which predict relative hydraulic conductivity from 
moisture capacity data, were applied to the Tir Gwyn soils. These techniques were developed 
by (Campbell (1974), Brooks and Corey (1964,1966), Millington and Quirk(1959,1960), and 
Van Genuchlcn (1980). By fitting each technique's parameterization of the moisture capacity 
curvetoavery small range in capillary potential (e.g. 0 to-10cm), all five techniques produced 
similar relative hydraulic conductivity values (Figure 64). The techniques employed by 
Brooks and Corey (1964, 1966) and Campbell (1974) could, however, not be fitted to the 
moisture capacity curves over the complete field-monitored range (Figure 65), and, therefore, 
could not accurately predict the relative hydraulic conductivity function. 
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Figure 64. The relative hydraulic conductivity function at capUlary potentials of between 0 and -10 
cm, predicted by the techniques developed by Campbell (1974), Brookes and Corey (1964,1966), 
MiUington and Quirk (1959,1960) and Van Genucbten (1980). The moisture capacity data for tiie 

forest B horizon is used for the comparisons. 
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Figure65. The best fit or optimization of the parameters within Campbell's (1964) and Brooks and 
Corey's (1964, 1966) equations approximating tiie shape of the moisture capacity curve for the forest 

B horizon. The moisture capacity for this horizon has the least complex shape (Section 7.4.3). 
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Although the Tir Gwyn moisture capacity curves could be approximated by 
compound logarithmic curves (Section 7.3.5), the most accurate method of parameterizing 
each curve was achieved by fitting a cubic spline (Erh, 1972; Bruce and Luxmoore. 1986). A 
solution of the Millington-Quirk Equation (Millington and Quirk, 1959,1960) developed by 
Dowd (1988a) used the spline parameterization directly. The form of the Millington-Quirk 
Equation used was: 

{ + ^^ci' + + - 1) <t>̂ -2 } 
N 

K = MF 9.608E-5 

M F = K K ^ . ^ 
s measured 5 proaided 

(dim. cm hr^ at 20°C; Millington and Quirk, 1960; Jackson et al, 1965) 

Hie Millington-Quirk technique predicts that the relative hydraulic conductivities 
for the wetting phase of each soil horizon within the forest and grassland hillslope decline 
markedly as the water-saturation reduces (Figure 66). Moreover, this decline appears 
relatively similar within all of the soils of the Tir Gwyn hillslopes at these high saturations (i.e. 
55-85 percent 8̂  at -100 cm)(Figures 66 and 73). At only -5 cm the relative hydraulic con­
ductivity (K) has reduced by almost 1.5 orders of magnitude, by -15 cm the is 3 orders of 
magnitude smaller, and by -100 cm the K is between 4.1 and 5.1 orders of magnitude smaller. 
By approximating this relationship with a log-log function, it can be seen that between 
complete-saturation and 5 cm suction (or -5 cm capillary potential) the relative hydrauliccon-
ductivity declines almost linearly (4> '̂̂ 'O with the increase in suction/tension : 

K = 0.15<t), ^.8 

(K^ = dimensionless; <t>̂  = cm H^O suction) 

Between 5 and 100 cm suction (or -5 and -100 cm capillary potential) the relative hydraulic 
conductivity declines more than quadratically with a unit change in potential: 

-Z3 K = 1.4<|,̂ .-

(K = dimensionless; 4>̂  = cm H^O suction) 

As capillary potential is frequently between -5 and -100 cm within storm events, this wi l l mean 
that small changes in capillary potential wi l l give rise to large changes in hydraulic 
conductivity (Section 7.4.9) and hence soil water flux (Section 8.2.2). The calculation of soil 
water movement is, therefore, sensitive to changes within capillary potential. 
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Figure 66. Mean relative hydrauUc conductivity funcUon for each soU horizon wiUiin the forest and 
grassland hillslopes. The functions are predicted by the MiUington-Quirk equaUon using moisture 

capacity data, parameterized with a cubic spline. 

The relative hydraulic conductivity curves predicted by the Millington-Quirk 
technique were very similar to those predicted using the alternative, Van Genuchten technique 
(Figure 67/68). The version of the Van Genuchten technique used was based upon Mualem's 
(1976) parameterization of the moisture capacity curve (Section 7.3.5; Van Genuchten. 1980), 
i.e. 

K = AWS»^ { 1 - ( 1 - AWS*/-" )° y [25] 

where is relative hydraulic conductivity (dimensionless ratio), AWS is available water 
saturation (Equation 22; dim. L^), and m is a shape parameter, dependent upon the shape 
of the moisture capacity curve. 
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Figure 67/68. RelaUve hydrauUc conductivity against available-wata*-saturation for the B horizon of 
the forest hillslope, predicted by boUi Uie MUIington-Quirk equation (mq) and the Van Genuchten 

eqaution (vg). 
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7.4.7. Validation of the Moisture Capacity Detennination of Relative Hydraulic 
Conductivity using a Tangent-Continuity Method. 

The relative hydraulic conductivities predicted by moisture capacity data can be validated or 
verified by comparison with the difference in relative hydraulic conductivity between two soil 
horizons, predicted by a tangent-continuity method. 

The ratio of the hydraulic conductivity within the forest B horizon to that within 
the forest E horizon for example, must be equal to the ratio of the tangent of their respective 
streamline angles (Equation 26), in order to maintain continuity (Hubbert, 1940; Jacob, 1940; 
Section 1.4.3.; Equations 13-18). A streamline is an isoline of instantaneous or steady-state, 
specific flux (Bear, 1972). 

From Equation 18: 
KB = K«{ 

tan b. 

tan b. 
} [26] 

where b^ is the streamline angle within E horizon (degrees), b^ is a streamline angle within B 
horizon (degrees), is (isotropic) hydraulic conductivity: E horizon (dim. L T ' ) , and is 
(isotropic) hydraulic conductivity: B horizon (dim, LT*) . 

As the hydraulic conductivity of the forest B horizon is consistently several orders 
of magnitude less than the forest E horizon (Section 7.4.9), the angle of the streamline within 
the B horizon should approach the slope-normal (Section 7.4.2., 8.2.2.; Chappell etal, 1990). 
The tangent of a streamline angle of for example, 0.1 degrees from the slope-normal equals 
0.0017453. As only the ratio of the hydraulic conductivity of the two horizons is required, 
Equation 26 can be further simplified by replacing with 1. Hence: 

KB 
( 

tan b. 
[27] 

{ 
0.0017453 

} 

The angle of a streamline (b) within an isotropic porous media is always perpendicular to the 
angle of an equipotential-line (a). The relationship between the angle of the streamline from 
the slope-normaland the angle of the equipotential-line from the slope-angle is, therefore: 

bg = 90 - â  - slope angle [28] 
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The equipotential-line angle within the forest A/E horizon (a^) can be approximated from the 
(total) potential toss (per unit distance) between a tensiometer at the centre of the A/E 
horizon and the position on the E-B horizon boundary crossed by an equipotential-line drawn 
normal to the slope, from a tensiometer at the centre of the B horizon. 

The Kg/Kg ratios predicted by both the moisture capacity method (Millington-
Quirk technique) and tangent-continuity method, are compared at two intermediate slope 
positions. These slope positions correspond to the 2.5 m and 5 m tensiometer arrays within the 
forest hillslope (Figures 4 and 17). 

Figures 69, 70, 71, and 72 show that the difference between the two techniques 
is generally less than one order of magnitude. The moisture capacity method is, therefore, 
justified, given the range in the hydraulic conductivity within each horizon (Section 7.4.6., 
7.4.8., 7.4.9) and the errors associated with: 

1. the assumptions used to simplify the tangent-continuity method (above), 

2. the impact of spatial variability upon the tangent-continuity method (the lensiometers 
at the 2.5 m slope position are 8 cm apparl, and 76 cm appart at the 5 m position), and 

3. the relative hydraulic conductivity functions developed by the Millington-Quirk 
technique (Section 7.4.6) are based upon the geometric mean of the saturated hydraulic 
conductivities, and arithmetic mean of the moisture capacities determined from the 
whole podzolic hillslope (i.e. 2.5-40 m slope position). 
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Figure 69. The K ^ K ^ ratio predicted by the moisture capacity method (Millington-Quirk equation) 
against the K^/K^ratio predicted by a Tangent-Continuity method: Downward flow at the 2.5 m 

position on the forest hillslope. 
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Figure 70, The KJK^ raUo predicted by the moisture capacity method (Millington-Quirk equaUon) 
against the KJK^ raUo predicted by a Tangent-Continuity method: Upward flow at the 2.5 m 

position on the forest hillslope. 

O.DOEO 

O.DOES 

D.DO&O 

O.DO«S 

0.0040 

D.003S 

D.D030 

D.002S 

0.DD20 i 

0.0015 

0.0010 

• .0005 

• .0000 
D.DOD 0.001 o.ooe O.0D3 0.00+ 0.005 0.005 

K B / K A flQ 

Figure 71. The K ^ K ^ ratio predicted by the moisture capacity method (Milllngton-Quiric equation) 
against the K ^ / K ^ ratio predicted by a Tangent-ConUnuity method: Downward flow at the 5 m 

position on the forest hillslope. 
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Figure 72, The K ^ K ^ raUo predicted by the moisture capacity method (MIUhigton-Quirk equaUon) 
against the KJK^ ratio predicted by a Tangent-ConUnulty method: Upward flow at the 5 m posiUon 

on the forest hillslope. 

7.4.8. Validation of tfie Moisture Capacity Determination of Relative Hydraulic 
Conductivity by comparison with Steady-State Permeametry. 

The rapid reduction in the relative hydraulic conductivities predicted using the moisture 
capacity and saturated hydraulic conductivity data (Section 7.4.6), are very similar to the 
values determined by steady-state permeametry (Richards, 1931) for the O/A horizons of a 
podzolic soil within the nearby Gwy Catchment (Figure 73; data averaged from Tables 10.3 
and 10.4, Knapp, 1970). 
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Figure 73. A mean relative hydraulic conductivity curve for the peaty Of A horizon of an ironpan 
stagnopodzol at Plynlimon, detca^ined by steady-state permeametry (data from Knapp, 1970) and 
the mean relative hydraulic conductivity curves for the O/A and A / E horizons of the forest hillslope 

and that of the A / E horizon of the grassland hillslope. The curves for the forest and grassland 
hillslopes were derived from moisture capacity data applied to the Millington-Quirk equation. 
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7.4.9. Hydraulic Conductivity (K) within A/E and B Soil Horizons. 

The relationship between ihcstate-dependent hydraulic conductivities (K; i.e. K * and the 
negative capillary potential (or suction) within the A/E and B horizons within the forest and 
grassland hillslopes can be approximated using compound log-log functions (after Talsma, 
1972): 

^.9 

CO-10 cm) 
; 15000(t> •3.99 
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; 236 . i 3 

(30-1000 O D ) 

; 0,0012^ ^ 
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By applying the capillary potentials monitored at each slope position to the K-
parameterizations (see above), and then averaging the resultant hydraulic conductivities over 
the whole length of the hillslope, the temporal variation of the A/E horizon conductivities can 
be compared with those of the B horizon (Figures 74 and 75). 

Within the forested hillslope, the conductivity of the E horizon was almost always 
3 orders of magnitude greater than that within the B horizon (Figure 74). In contrast, the 
conductivity of the A/E horizon within the grassland hillslope was, generally, an order of 
magnitude less conductive than the B horizon (Figure 75). 

The state-dependent conductivity data, therefore, implies that the forest hillslope 
should develop a much greater lateral rather than vertical specific flux (Section 8.2.2) within 
the A/E horizon, while the specific flux from the grassland A/E horizon is predominantly 
vertical. 
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Figure 74. Mean state-dependent hydraulic conductivities of the A / E and B horizons within the forest 
hillslope, over time. 
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Figure 75. Mean state-dependent hydraulic conductivities of the A / E and B horizons within the 
grassland hillslope, over time. 
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7.4.10. Hillslope Hydraulic Conductivity by Inverse Solution. 

The mean hydraulic conductivity of the whole forest hillslope was calculated from an inverse 
solution of the general motion equation (Equation 3). The inverse solution simply involves 
dividing the specific discharge (per unit catchment area) recorded at the upper-drain weir by 
a representative potential gradient, i.e. 

<q> 
<K,n...ope> = — [29] 

Given that the slate-dependent hydraulic conductivity within the riparian zone is within the 
range of conductivty within the podzolic slope, then the phreatic surface within the riparian 
zone wi l l be a function of the flow rate from the podzolic slopes. The representative potential 
gradient for the hilislope (J) was, therefore, assumed to be approximated by the Darcian 
potential gradient between the riparian borehole and the stream surface (Hursh and Brater, 
1941). This approximation is jiistified, given that the predicted values (J in Table 50) areclose 
to the sin of the mean slope angle (i.e. sin 19.7° = 0.337), an approximation which has been 
shown to adequately represent potential gradients at both the aquifer and hillslope-scale 
(Dupuit, 1863; Zaslavsky and Sinai, 1981c; Tables 6-7 and 6-8). Moreover, the impact of 
errors within J upon the prediction of K^,„ j^ are insignificant, given thai ihe is much 
more sensitive to variations within the specific discharge (<q> ; Table 50). 

As a check on the inversion technique, the hydraulic conductivity was calculated 
for several storm-periods (defined within Section 5.3). The predicted hydraulic conductivities 
within each storm-period (excluding storm period 10, for which the complete hydrograph 
recession was not monitored) range from only 0.12 to 0.22 cm hr* (Table 50), indicating that 
the technique is consistent, 

A mean hillslope hydraulic conductivity of 0.15 cm hr* (weighted arithmetic 
mean for periods 3-4, 7, 8, and 9) is 3 orders of magnitude greater than the state-dependent 
hydraulic conductivity within the B soil horizon (Figure 74), the horizon controlling the rate 
of water-flow within the whole subsoil/regolilh (Section 8.2.2). Highly conductive zones 
within the near-surface O/A and A/E horizons must, therefore, be transmitting lateral flow to 
generate the storm-period streamflows reflected in the mean hillslope hydraulic conductivity. 
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Table 50. The calculation of the hillslope hydraulic conductivity ushig an hi verse solution based upon 
the discharge recorded at the upper-drain weir. 

PERIOD 
(D, days) 

q 
(mm) 

<q> 
(cm hr*) 

<Hj> 
(cm) 

J 
(cm hr ' ) 

3-4 (22) 173 0.033 50 0.293 0.17 
7 (10) 98 0.041 60 0.360 0.22 
8 (13) 87 0.028 5 b 0.293 0.15 
9 (44) 230 0.022 40 0.227 0.12 
10 (>30*) >16* >0.002* 15 0.060 0.01* 

where: J = -
(<H,> -

L 

<H,>) 
L = 150 cm; <H^> = 6 cm 

PERIOD=storm-pcriod (Section 5.3.1) 
D=duration of stomi-period (Table 20) 
*=incomplete bydrograph recession 
q=total discharge per unit hillslope area, monitored at the upper-drain weir (Table 20) 
<q>=mean discharge during each storm-period 
<Hj>=mean height of phrcatic surface, at the data-logged borehole (Figure 19) 
<Hj>=mean depth of the phreatic surface at the seepage face 
L=dtstance &om the borehole to the seepage face at the streambed 
J=Darcian potential gradient within the phreatic zone 
<K >=saturated hydraulic conductivity within the riparian area 



CHAPTER 8. 

Hillslope Water-Flux Solutions. 

8.1. Introduction. 

Numerous methods of solving the physic:al representations of hillslope water movement can 
be found within the literature (see, e.g. Bear and Verruijt, 1987; Bear et a/, 1968; Marsily, 
1986; Finder and Gray. 1977; Raudkivi and Callander, 1976). The two types of solution used 
to calculate water flux within theTir Gwyn hillslopes were the approximative, and numerical 
types of solution. Approximative solutions are solutions based upon simplifications of: 

1. the geometry of the flow-region (or domain), 
2. the distribution of hydrological parameters, 
3. the temporal resolution of the predictions, and 

4. the motion equations themselves (Bear et al, 1968). 

Other studies using approximative techniques to solve hillslope flow problems are presented 
within Table 51. 

Numerical solutions by defmition, are mathematical simplifications (to algebraic 
expressions) of the partial differential equations (pde's) describing the flow processes. 
Numerical solutions are assumed to be able to solve the spatial and temporal derivative of the 
rate of change of the hydrological properties and, hence, be solvable at successive short time 
steps. 

Studies using numerical techniques to solve hillslope flow problems are pre­
sented within Table 52. Some of the numerical solutions presented within Table 52 (i.e. 
Anderson and Howes, 1986; Bernier, 1982; Beven et al, 1987; Troendle, 1979), use very 
coarse^itscre/tzario/w-orspatial resolutions of the internal-state of the flow region. Given that 
the accurate simulation of water-pathways over successive short time steps, requires that the 
derivative of the rale of change of the properties is approached, then it is not surprising that 
these simulations have not been validated against measured internal-state properties. 
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I f the moisture content of a hillslope changes over time, then the magnitude and 
direction of water through the hillslope is not adequately represented by the streamlines 
(Section 1.4.3) predicted by the numerical solutions presented within Table 52. This transient 
situation requires the calculation ofpathlines using a local coordinate system (Section 1.4.3). 
Selected studies using numerical techniques to predict the pathlines of sub-surface flow 
(Section 1.4.3) are presented within Table 53. 

Table 51. Studies using approximative solutions to hUlslope flux. 

REFERENCE TECHNIQUE RESEARCH HILLSLOPE 

Ahuja and Ross Gram-Schmidt Hypothetical hillslope 
(1982, 1983) Orthonormalization 
Anderson (1982) 2D Drainage Winford Catchment, Som., 

Simulation Model U.K. (Anderson and Kneale 
1980) 

Beven (1982) Dupuit East Twin Brook, Som., 
(kinematic) U.K.(Weyman, 1970) 

Beven et a/(1984) TOPMODEL Crimple Beck and Hodge 
(Dupuit-based) Beck (Yorks) and Wye 
Beven and Kirkby Catchment (Powys) U.K. 
(1979) 

Bren (1978) Dupuit Clem Creek, Vict., Aust. 
(Boussinesq) 

Engman and Rogowski Dupuit A hillslope in 
(1974) (kinematic) Pennsylvania, U.S.A 
Hammermeister et al 2D Resultant Flux Willamette Valley, OREG, 
(1982b) Harr (1977) U.S.A 
Harr (1977) 2D Resultant Flux W10,H. J. AndrewsExp. 

Forest, OREG, U.S.A. 
Haus (1987) Dupuit Lange Bramke Catchment, 

(numerical soln.) Norway. 
Hurley and Panlelis Dupuit Hypothetical hillslope 
(1985) (kinematic) 
Moore et al{\9S6) Saturated Source Geeting Creek, NSW, Aust. 

Area Function 
Sloan and Moore Dupuit Hewlett Soil Model, 
(1984) (kinematic + Coweeta, N.C. U.S.A. 

Boussinesq) 
Smith and Hebbcrl Dupuit Batalling Creek, W. Aust, 
(1983) (kinematic) 

Batalling Creek, W. Aust, 

Weyman (1973) Dupuil East Twin Brook, Som., 
for saturated flux U.K. 

While and Diffusive Wye Catchment, Powys, U.K. 
Jayawardcna (1975) approximation 
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Table 52. HUlsIope hydrological studies using numerical solutions of the fuU Richards equation. 

R E F E R E N C E N U M E R I C A L S O L U T I O N R E S E A R C H H I L L S L O P E 

Anderson and I D Finite Difference North Creek, TEX, U.S.A 
Howes (1986) (SatAJnsaturated) and Sixmile Creek, ARK, 

modified HYMO U.S.A. 
Bernier (1982) 2D Finite Difference Whitehall Watershed, 

(Sat/Unsaturated) GA, U.S.A 
VSA2 

Beven (1977) 2D Finite Element Hypothetical hillslope 
(SatAJnsaturated) 
Beven (1975) 

Beven et al 2D Finite Element Wye Catchment, Powys, U.K. 
(1987) (SatAJnstaurated) 
IHDMv4 

Nieber and 2D Finite Element Laboratory Model 
Walter (1981) (SatAJnsaturated) 

Laboratory Model 

Reeves and 2d Finite Element Hillslope soil model 
Duguid (1975) (SatAJnsaturated) (Hewlett and Hibbert, 1963) 
Sharma et al 3D Integrated A Tennessee forest 
(1987) Finite Difference hillslope (Luxmoore, 1983) 

(Sat/Unsatm-ated) 
HYSPAC: see Ward 
era/(1986) 

Sloan and 2D Finite Element Hewlett Soil Model, 
Moore (1984) (SatAJnsaturated) Coweeta, N.C. U.S.A. 

Nieber (1979) 
Troendle (1979) 2D Finite Difference W5, Femow Exp. Watershed, 

(SatAJnsaturated) G A U.S.A. 
V S A l 

Yeh (1981) 2D Finite Element Reynolds Creek Exp, 
(SatAJnsaturated) Watershed, IDAHO, U.S.A 

(Stephenson and Freeze, 
1974) 

Stephenson and 2D Finite Element Reynolds Creek Exp. 
Freeze (1974) (SatAJnsalurated) Watershed, IDAHO. U.S.A 

Freeze (1971) 
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Table 53. Selected studies using numerical solutions employing local coordinates 

R E F E R E N C E NUMERICAL SOLUTION H Y D R O L O G I C A L S C A L E 

Barry et al. 2D, Dagan (1984) Bordon landfill, CA, USA 
(1988) 
DeSmedt and I D Finite Difference Glendale silt loam soil 
Wierenga (1979) (SatAJnsaturated) profile 
Gvirtzman et al. I D Finite Difference Loess aquifer, Omer, 
(1988) (SatAJnsaturated) Be*er Seva, Isreal 
Jinzhong (1988) 2D Finite Difference Sand box 

(SatAinsaturatcd) (Vauclin et a/,1975) 
Kipp et al. I D Finite Difference Uranium-scrap recovery 
(1986)^ (Saturated) plant, Wood River Jnl., 

Rhode Island, USA 
Nkedi-KJzza et al. I D Finite Difference Oxisol soil core 
(1983) (Sat/Unsaturated) 
Osborne and Sykes 2D Finite Element Hyde Park landfill, 
(1986) (2 phase immiscible) Niagara Falls, NY, USA 
Pickens and 2D Finite Element Hypothetical groundwater 
Lennox (1976) (SatAJnsaturaled) flow system 
Russo(1988a,b) I D Finite Difference Hypothetical soil profiles 

(SatAJnsaturated) 
Voss (1984) 2D Finite Element/IFD (l)Panoche clay loam soil 

(SatAJnsaturated) profile (Warrick et al. 
SUTRA 1971). (2) Sea-Water 

Intrusion (Henry, 1964) 
Wagenel and I D Finite Difference 
Hutson (1987) (Unsaturated) LEACHM 
Warrick et al I D Finite Difference Panoche clay loam soil 
(1971) (SatAJnsaluralcd) profile 

The forest and grassland hillslope-catenas (Sections 2.8.2., 3.5.3. and 4.2) both 
have marked differences between the distribution of their hydrological parameters within their 
gently sloping, riparian zones (Section 7.4.3) compared with their podzolic slopes (Section 
7.4.3). Flow within the two elements of the hillslopc-catcna is, therefore, calculated separately 
(Sections 8.2.1, 8.2.2, 8.3.2, 8.3.3), 
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8.2. Approximative Solutions. 

Once a link is established between the hydrological response within the forest riparian zone, 
and that of the stream, the flux from that riparian zone into the stream is calculated by an 
approximative solution based upon the dynamics of the phreatic surface (Section 8.2.1). 

Flow within the steep, podzolic slopes beneath both the forest and grassland 
covers (Section 8.2.2), is calculated using: 

1. an approximative solution of the Richards' equation applied to capillary potentials 
determined by tensiometry, 

2. the free-surface method applied to piezometer measurements, and 
3. throughflow-trough outflows, scaled against piezometer-based fluxes. 

The unit or specific fluxes (dim. LT^) laterally within the A/E horizon and vertically into the 
B horizon, which are predicted by the tensiometric techniques are compared. Lateral fluxes are 
coupled and integrated to give a volumetric flux per 50 m^ of hillslope surface, so that they 
might be compared with the vertical fltixes. Flows within the forest hillslope are compared 
with those within the grassland hiltslope, for representative dry-period and wet-period storms 
(Section 8.2.2). 

Predictions of water-flux based upon internal-state hydrological properties are 
compared with the mean-areal-fluxes predicted from external-state, streamflow data (Section 
8.2.3). 

8^.1. Flux within the Forest, Riparian Saturated Zone. 

As water moves through a catchment or hillslope towards a stream, it must concentrate, 
because the area of the stream-seepage-face is always smaller than the area of the ground 
receiving precipitation. The greatest concentration of water (with respect to either the depth 
of the profile, hillslope length, or stream length) generally takes place close to the stream-
outflow (i.e. within the riparian area) (Ahuja and Ross, 1982; Bren and Turner, 1979; Jaeger, 
1956; Troendle, 1985). 

Thisconcentrationorconvergenceof flowmay be the main determinant of stream 
development (Bunting, 1961; Nutter, 1973). 

Given that soil pores must be almost saturated with water, for water to drain from 
a soil and thereby gcnzi^icsaturation overlandflowoTasiream (Brcn, 1978), this convergence 
o f flow can lead to the development of saturated zones in otherwise partially-saturated 
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hillslopes (Zaslavsky and Rogowski, 1969), Response of these saturated zones within stream-
side or r^arion zones has been shown to be very dynamic, closely following the response 
within the adjacent stream (Hewlett, 1969; Hursh and Brater, 1941; Kudelin, 1949 in 
Chebotarev, 1962; Ragan, 1968). Such a similarity between the response of the stream and the 
that of the riparian saturated zone, is exhibited within the forest catchment at Tir Gwyn 
(Section 6,3,3). 

Stream and Riparian Saturated Zone Responses. 
The response of the stream, monitored at the upper-drain weir, shadows the rise and fall of the 
phreatic surface (or water-table) within the riparian zone at the base of the forest hillslope 
(Figure 78; Section 6.2,2.2). The height of the phreatic surface within the forest riparian zone 
was continuously monitored by a datalogged well, installed at 1.5 m upslope of the forest 
drain, and 1,5 m downslope of the break-in-slope between the riparian zone and the podzolic 
slope (Figure 19). 

When the phreatic surface (at the well) is less than 10 cm below the ground-
surface, and greater than 5-10 cm above the level of the stream surface, then its relationship 
to the streamflow generated can be expressed by a linear equation: 

= -10 + 300H or = -0.3 + 1.8H 

where q̂  is specific stream discharge per unit area of seepage face (7,2 m ^ (dim. mm hr*), q^ 
is specific stream discharge per unit area of the hillslope (1480 m ^ (dim. mm hr^), and H is 
head or height of the phreatic surface above the stream surface (dim. m). 

When the phreatic surface is less than 10 cm from the ground surface, a small 
increase in head produces a much greater stream discharge (Figure 76), which can be 
expressed by a second linear equation: 

q̂  = -5500 + 8310H or q^ = -34 + 50H 

This implies, first, that the near-surface soil is more conductive (Section 7.4.3) and second, 
that flow moving through this conductive near-surface soil is able enter the stream without 
moving through less-conduclive, deeper soil (Section 6,2.3; 7.4.3). 
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Figure 76. Specific stream disdiarge (per unit iiiilslope area) against tlie capiiiary potentiai or head 
monitored within the borehole at the base of the forest hillslope. 

Riparian Outflow by the Free-Surface Method. 

The empirical relationship between the height of the phreatic surface and the stream discharge 
given in the previous section, can be expressed physically with a knowledge of the the 
hydrological properties and geometry of the flow-region. 

For periods when the phreatic surface is less than 10 cm from the surface, and 
greater than 5-10 cm above the level of the stream surface, the stream discharge can be ap­
proximated with Equation 30. 

where: 
Q_ = <K > <J> <h> w 

<J> = (Hj - <H^>) I L (Darcy Gradient) 

[30] 

[31] 

<h> = 0.5(Hj - <H^>) + 0.625(Hj - <H^>f [32] 

(Figure 77) 

< K > = 21cmhr* w =100 cm < H 2 > = 6cm L = 1 5 0 c m 

where is stream discharge per unit metre length stream channel (dim. L " ^ *L**), <K^> is 

mean saturated hydraulic conductivity within the riparian area (dim. LT *), <J> is mean 

potential gradient within the phreatic zone (dim. LL**), <h> is mean depth of the phreatic 

surface (Figure 77) (dim. L), w is width of the hillslope segment (dim. L), Hj is depth of 

phrealic surface, at the data-logged borehole, which is equivalent to at the base of the 

riparian zone, directly below the bore-hole (dim. L), <H^> is mean depth of the phreatic 
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surface at the seepage face (dim. L), and L is distance from the borehole to the seepage face 
at the stream-bed (dim. L) 

LIMITS 

0-8 m 

H , - H j - O m : h = (H , -H j)-a5 

Figure 77. Calculation of the mean head within the riparian zone of the forest hillslope. 

This relationship can be seen to reproduce the observed streamflow response 
(Figure 78), with the exception of periods of peak streamflow. The linear relationship between 
\htpredictedslreamflow and the streamflow monitored at the upper-drain weir (Figures 3 and 
13; Section 4.3.4) has an of 83.08 percent (Pearson Coef. 0.91) during all periods excepting 
those at the peak slreamflow. The 1.13 1 min-* m * of slreamflow predicted for slorm-period 
7, the 127 mm snow-event, is far less than that recorded within the weir (2.33 1 min * m *, not 
shown in Figure 78) because of the likelihood of the generation of overland flow, during the 
snow melt (Price and Hendrie, 1983). 

The statistical representation of the physical relationship between the response of 
the phreatic zone (at the well) and the streamflow per metre length of stream channel takes the 
form of an quadratic increase, i.e. 

2.1 <H> 2.1 [33] 

(dim. = I min-^ m'^; H = m) 

This relationship between the response of the phreatic surface and streamflow generated by 
the Tir Gwyn, forest hillslope is, therefore, less non-linear in comparison with the response 
of the brown podzolic slope monitored by Weyman (1973). The groundwater rating curve 
(Zaitsberg, 1987) developed by Weyman {op. cit.) approached a quartic increase, i.e. 

Q = 8 . 7 < H > 3 " 

(dim. = I min-^ m'^; H = m) 
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Q = K A (dH/dL) where:q = QA-^ 
i f : A = 200 cm^ (surface area of soil at top o f core) 

dH = loss of head between the core top and base 
L = length of the soil core within permeameter 

Ring with 10 cm depth soil (L) and 5 cm of constant head upon the 
surface of the soil, gives dH =15 cm 

Kan 100 

K B » 100 

q = 300 cm hr* (10 cm soil) 

q = 600 cm hr^ (5 cm soil in bottom half of 
the soil core: dH = 15 cm) 

q = 30,000 cm hr^ (10 cm soil) 

q = 40,000 cm hr^ (5 cm soil, in top half of 
the soil core: dH = 10 cm) 

q = 15,150 cm hr* (arithmetic-mean 

conductivity: { 1 + 100}/2 = 50.5 cm hr^) 

Thus the flow through the 10 cm long, layered core (15,150 cm hr-1), predicted 
using the mean conductivity of the two horizons would be far greater than that 
predicted through 5 cm of the least conductive horizon alone (600 cm hr-1) with 
the same head applied. This would appear to be erroneous. 

Figure 79. The calculation of Inter-horizon conductivity using anarithmetic mean. 

Bear et a/(1968) and Childs (1969) suggest that the mean-vertical-conductivity through two 
soil horizons can be accurately represented with a harmonic mean, i.e. 

lb 
( D , / K , + D ^ ) 

[34] 



Hillslope Water - Flux Solutions 209 

Adding A/E and B horizon depths (D) of 10 and 20 cm respectively (Table 8) to Equation 34, 
it can be shown that when the hydraulic conductivities of the two soil horizons are very 
different. Equation 34 is approximately equivalent to the conductivity (K) of the least 
conductive horizon, i.e. 

where: D, = D, then: K. = K . 
1 2 lb mio 

The flow of water beneath the soil horizon with the least water-flow wi l l , 
therefore, be controlled by the vertical flow through that overlying horizon. Such a suggestion 
has also been made by Bearer a/(1968), Hillel (1987), Hursh and Hoover (1941), Molchanov 
(1960), Nielsen et a/(1973), Parlange (1974) and Weyman (1973). In addition, where a fine 
textured soil overlies a coarse textured soil the vertical flow of water into the coarse textured 
soil is controlled by that flowing through the fine textured soil (Section 1.4.2.; Parlange, 1974) 

As the B soil horizon within the forest hillslope has both a lower intrinsic 
permeability and finer texture than the underlying B/C and C horizons (Figure 61), it is, there­
fore, suggested that it controls the rate of vertical flow into those underlying horizons. 

Within the podzolic slope of the forest hillslope-catena, the B soil horizon is 
generally 3 orders of magnitude less conductive than the A/E horizon (Figure 74). Within the 
grassland slope the B horizon was generally one order of magnitude greater than the A/E 
horizon (Figure 75). The use of the arithmetic-mean conductivity would, therefore, have 
produced highly inaccurate inter-horizon conductivities, particularly in the forest hillslope 

The state-dependent vertical-conductivities within both the forest and grassland 
hillslopes are, therefore, determined from the value for the least conductive soil horizon. 
Vertical water-fluxes predicted using these mean-vertical-conductivities or profile conduc­
tivities are presented within the following section and within Section 8.2.3. 

Vertical Flux f rom A/E to B Soil Horizons. 

The specific vertical flow of water from the A/E to B soil horizon within the ploughed, 
grassland slope is generally 1.8 orders of magnitude greater than that within the forest (e.g. 
storm 3-4, Figures 80 and 81). Fifteen to 38 percent of difference can be accounted for by a 
15 percent (Hudson, 1988) to 38 percent (Section 5.2.4) greater cvapo-transpirational loss 
from the forest hillslope. The remainder of the difference must result from a greater lateral flux 
of water within the 0 /A or A/E horizons of the forest slope. 
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Figure 80 Spedfic Hux through the B horizon of the forest hillslope, during storm-period 3-4. 
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Figure 81. SpeciTic flux through the B horizon of the grassland hlllslope, during storm-period 3-4. 
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Lateral Flux within Un-Saturated Zones of A /E Soil Horizons. 
The 5pectyic lateral flux of water within the un-saturated zone (10-18 cm deep) of the forest 
A/E horizon is generally 0.7 orders of magnitude greater than that within the ploughed, 
grassland A/E horizon (e.g. Figures 82,83,84 and 85). 

This increase in lateral flux within the forest A/E soil horizon compared with that 
of the grassland slope can be attributed to either: 

1. the 4.7° increase in mean slope-angle (Ahuja and Ross, 1982; Sharma et al, 1987; 
Section 2.11), or 

2. the much greater (relative) discontinuity between the hydraulic conductivities of the 
forest A/E and B soil horizons, when compared with that between the corresponding 
horizons within the grassland slope (Figures 74 and 75; Section 8.3.1). 

Gaskin (1987) and Plamonden et al (1972) suggested that an increase in the slope angle may 
emphasize the impact of the lateral deflection of flow resulting from hydraulic discontinuities 

cm h r 

31i 316 31B 320 328 324 326 32B 33D 332 

d 

Figure 82. SpecUlc lateral flux within the un-saturated upper zone of the forest A/E horizon, during 
storm 3-4. 
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Figure 83. SpeciGc lateral flux within the un-saturated upper zone of the grassland A / E horizon, 
during storm 3-4. 

cm hr 

Figure 84. Specinc lateral flux within the un-saturated upper zone of the forest A/E horizon, during 
storm 10. 
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Figure 85. Spedfic lateral flux within the un-saturated upper zone of the grassland A / E horizon, 
during storm 10. 

Vertical A / E to B Flux in relation to Lateral Un-Saturated A / E Flux. 

Within the forest hillslope, lateral flow within the un-saturated zones of the A/E horizon 
always dominates over vertical flow into the underlying B horizon. Unsaturated lateral flow 
is generally some 2.2 orders of magnitude greater than the vertical flow (e.g. Figures 80 and 
82). 

The dominance of lateral flow within the forest A/E horizon results from higher 
toerflZ/over/Kra/hydraulic conductivities (Sections 7.4.9) dominating over higher vertical to 
lateral potential gradients (Section 6.3.5). The rale of lateral flow is only similar to the vertical 
flow towards the end of the very dry, 10 day period within May (Section 6.3.2., 6.3.4., 6.3.5), 
when the lateral flow reduced by some 4 orders of magnitude from that during the previous 
storm (Figure 86). 

In contrast, the specific lateral flow within the A/E horizon of the ploughed, 
grassland hillslope is slightly less than the specific vertical flow into the B horizon. The spe­
cific lateral flow within the A/E horizon is approximately half (or 0.3 orders of magnitude) of 
that moving into the B horizon (e.g. Figures 81 and 83). 
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The smallest lateral flux within the grassland A/E horizon (0.00006 cm hr ' ) 
occurred within the very dry, 10 day period within May (14-24/5/88: Sections 6,3.2.. 6.3.3. 
and 6.3.4; Figure 87) and at the end of the monitoring period (23 June 1988). 

Relatively small precipitation events within the summer appeared to generate as 
much or more specific lateral flux at particular points in time within the grassland A/E 
horizon, as the large events within the winter. A relatively small precipitation event of 28 mm 
within the dry period between 30 April and 4 May 1988(mean intensity: 6 mm day*) generated 
as much lateral flux within the grassland A/E horizon (Figures 87) as within wet-periods 
related to storms 3 and 4 (9-27 November 1987: mean intensity 14 mm day*) (Figure 83). 
During this small dry-period event, the lateral flow was slightly greater than the vertical flow 
into the B horizon (Figure 87). 

cm h 

Figure 86. Specific lateral flux within the un-saturated upper zone of the forest A/E horizon, during 
the 10 day. dry period 14 - 24/5/88. 

Figure 87. SpedHc lateral Hux within the un-saturated upper zone of the grassland A/E horizon, 
during the 10 day, dry period 14 - 24/5/88. 
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The forest hillslope exhibited the same large response to this small precipitation 
event, after an initial lag of several hours (Figure 86). Gaskin (1987) monitoring flow within 
a hillslope section in the Coweeta catchment (NQ USA) also noted larger lateral A horizon 
fluxes during the dry summer months compared to the winter months. 

Lateral Flux within Un-Saturated Zones of O/A Soil Horizons. 
Capillary potential was not monitored within the O/A horizon (0-10 cm) of the ploughed, 
grassland hillslope. As the saturated hydraulic conductivity (Section 7.4.2.; Figure 62), bulk 
density and porosity (Section 7.2.; Figures 51 and 52) of this horizon are only slightly larger 
than those of the underlying A horizon, the specific flux within O/A horizon is taken to be the 
same as that within the A horizon. 

The under-estimation of flux resulting from this approximation is, however, 
small. This is because almost all of the flux from the grassland slope into the riparian zones 
passes vertically through the B horizon (Table 56). 

Capillary potential within the O/A horizon of the forest hillslope was determined 
by 13 tensiometers, 9 of which were located around the 2 trees (Section 4.4.3). The remaining 
4 lensiometers were located at 0, 2.5, 5, and 10 m along the instrumented transect, and 
monitored using a Scanivalve system (Section 4.4.3). The Scanivalve system produced a very 
fragmentary record. The capillary potential of the O/A horizon was, however, similar to that 
of the A/E horizon monitored by those lensiometers located around the two trees, and those 
linked to the Scanivalve. Lateral flow within the unsaturated zone of the O/A horizon is 
discussed further within Sections 8.2.3. 

Lateral Flux within Saturated Zones of O/A and A/E Soil Horizons. 

The lateral flux within the saturated, basal zones of both the O/A and A/E horizons of the forest 
hillslope were calculated from : 

1. poinl-measuremenls of piezometer water-level, and 
2. continuous monitoring of throughflow troughs. 

To remove the effects of the artificial seepage face created by the presence of the throughflow 
troughs, the predicted flows were scaled against those determined by the piezometer tech­
nique. 
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1, Piezometer-based Flux: Point-measurements of lateral flux within the saturated, basal 
zones of the O/A and A/E horizons of the forest hillslope were calculated from piezometer wa­
ter-level data (Sections 4.4.3. and 6.3.3) using Equation 35, i.e. 

Qpic = <K > <J> <h> w L 

<K > = 730 cm hr> w = 100 cm L = 50 m 

[35] 

where Q^.^ is lateral water-flux within the perched water-table (dim. LT'^L^), <K^> is mean 
saturated hydraulic conductivity along the length of the perched water-table (dim. LT^), <J> 
is mean potential gradient (Darcian) between all piezometers (dim. L L *), <h> is mean depth 
of the phreatic surface at all piezometers (dim. L), w is width of the hillslope segment (dim. 
L), and L is length of the hillslope segment (dim. L). 

The resultant fluxes within the saturated basal zones of the A/E horizon presented 
within Figure 88, were calculated for specific points in time during the period 8 November 
1987 and 23 June 1988. The response of the shallow phreatic zones at the base of the O/A 
horizon are shown for an individual storm-period with the response of the forest stream 
(Figure 89). Perched water-tables did not develop within the O/A or A/E horizons on the 
ploughed, grassland slope (Section 6.3.3). 

1 mln-l m-1 
0.6 

312 332 352 372 392 412 432 452 472 492 512 532 
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Es horizon 

Figure 88. Instantaneous lateral flux within the saturated basal zones of the A/E horizon of the forest 
hillslope. 
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Figure 89. Lateral flux within the saturated basal zone of the O/A horizon of the forest hillslope, 
during storm-period 10. The Hux is an average value calculated from 7 litter-layer piezometers 

located at the 0, 2.5, 5, 10, 20, 30 and 40 m slope positions. 

2. Trough-based Flux: A throughflowpit was excavated at the mid-point of the hillslope-
catena, some 20 m upslope of the forest drainage channel (Figure 3). A 1 m wide ihroughflow 
trough was installed within the pit at a depth of 10 cm, and the outflows from the O/A horizon 
continuously monitored using a tipping-bucket mechanism (Section 4.4.6). 

The use of this technique for the determination of lateral flux within saturated soil 
zones, is complicated by the vertical (Ahuja and Ross, 1982) and across-slope (Knapp, 1971, 
1974) convergence of water-flow towards the artificial seepage-face which is necessary to 
collect the water. 

The temporal distribution of discharge from the ihroughflow trough was very 
different to response of the piezometers within the O/A horizon (Figures 89 and 91). The 
differences between the 2 techniques may be the result of either: 

1. the impact of an artificial seepage face, or 
2. the impact of an individual tree upon the trough outflows 

7. Impact of an Artificial Seepage Face, During storm-periods the watcr-Icvcl within each O/ 
A piezometer remained relatively constant in comparison with the throughflow trough 
outflows. At times when piezometer water-levels were high and the throughflow troughs were 
not flowing (Figures 89 and 91), the difference between the two instruments can be attributed 
to a lag in trough response resulting from enhanced soil-drying and stream-line divergence (in 
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under-saturated soil) close to an artificial seepage-face (Atkinson, 1978). Clearly, this would 
lead to the under-estimation of the total water-flux during storm periods. Of greater 
significance is the great variability in flow during periods when the throughflow troughs were 
flowing. 

As the flow of water within a porous media increases, ihcboundary conditions o f 
a f low region (Section 8.3.1) exert a greater and greater influence upon the flow, relative to 
that of the internal conditions (i.e. hydrological parameters: Chapter 7) (Anderson, 1982; 
Anderson and Howes, 1986; Binley etal, 1989). Given this, the largest relative amount of 
draw-down of any phreatic surface upslope of the pit is likely to occur when the phreatic 
surface is at its highest. To fit the trough outflows to the piezometer-based flux would, 
therefore, require the application of ano/j-/mearcorrec//o/i/ac/or. By applying an exponential 
function with a shape function of 0.7, the throughflow trough outflows could be fitted to the 
54 piezometer-based fluxes during storm-period No. 10 (Figure 92), i.e. 

Q = 3000 ( 0.7 ^ ^ ^ R * * ) [36] 

where is the lateral flux within the saturated basal zone of the O/A horizon (dim. I min * 
50 m ^ and Qtrough is the measured outflow from the 1 m wide, O/A throughflow trough (dim. 
cm' hr*). The shape function of 0.7 determines the extent of the non-linearity within 
relationship between trough outflow and the true lateral flux; a value of 1 would indicate a 
linear relationship. 

The lateral flux within the saturated basal zone of the O/A horizon based upon 
scaling trough outflows against piezometer measurements arc presented within Table 54. 

1 mln-l m-l 
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Figure 90. Predicted lateral flow within the saturated basal zone of the forest O/A horizon, based 
upon linear-scaling of the average storm-flux calulated from piezometer measurements against the 

outHow from the O/A horizon throughHow trough (non-linear convergence is not taken in to 
account). Data for storm-period 3-4. 
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Figure 91. Predicted lateral flow within the saturated basal zone of the forest O/A horizon, based 
upon linear-scaling of the average storm-flux calulated from piezometer measurements against the 

outflow from the O/A horizon throughflow trough (non-linear convergence is not taken hi to 
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Figure 92. Predicted lateral flow within the saturated basal zone of the forest O/A horizon, based 
upon scaling of the outflow from the O/A horizon throughflow troughs against a non-linear function 

of the average storm-flux calulated from piezometer measurements. A non-linear function is used to 
remove the non-linearity in the convergence towards the thoughflow troughs. 

Data for storm-period 3-4. 
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2. Impact of an IruUvidual Tree. The alternative explanation for the different responses 
measured by the two techniques results from the throughflow trough being 1 m downslope of 
a large tree. The temporal variability in the trough outflows might, therefore, be caused by 
localized stemflow inputs (Sections 5.2.1., 6.2.5. and 6.3.6) in to a soil experiencing enhanced 
root abstractions of water (Sections 6.2.5. and 6.3.6). A possible reduction of the intrinsic 
permeability of the B/C and C horizons (Section 7.4.4), as a result the tree's weight or it's 
movement during windy conditions, might enhance the impact of the stemflow inputs upon 
the temporal variability of the generation of lateral flow. Given the possible impact of the tree 
upon the trough response, thedifference between the total volumes OF water monitored by the 
throughflow troughs during individual storm-periods is presented in Table 54, together with 
the piezometer-scaled fluxes. 

PodzoUc Slope Flux. 

To calculate the total flux water into the riparian zone from the podzolic slope, as 
well as the relative contribution of purely topsoil flux (lateral flow within O/A and A/E 
horizons) and flux which has passed through the B horizon, the specific fluxes were coupled 
in both parallel and series. 

Parallel Coupling of Lateral Flow: The specific fluxes (dim. L T ^ within the unsaturated 
and saturated zones of the O/A and A/E horizons are multiplied by the respective horizon 
depths and then summed, to calculate the total flux (dim. UT'^) moving laterally above the B 
soil horizon. This procedure is known as parallel coupling (Bear et al, 1968). The lateral flow 
from the 50 m long hillslope lengths is integrated over a i m wide hillslope segment, to give 
a volumetric flow per the 50 m^ area of hillslope surface (dim. L ^ ' ^ L ' ^ (Figure 93). These 
lateral flows are presented within Tables 54, 55, and 56. 

Serial Coupling of Vertical Flow: The vertical flux through the B soil horizon of both 
hillslopes is integrated over same 1 m wide and 50 m long hillslope segment as the lateral flux 
(dim. LH '^L-^ (Figure 93). These vertical flows are presented within Tables 54, 55, and 56. 

Both the parallel and serially coupled flows are calculated for two representative, major 
storm-periods: 

1. storm No. 3-4 (Table 19), which occurred during the winter months when the 
antecedent moisture status was high (i.e. a pre-storm streamflow generation of 0.17 
mm per unit area of forest catchment: Table 26). 

2. storm No. 10 (Table 19), which occurred during the summer months when the 
antecedent moisture status was low (i.e. a pre-storm streamflow generation of 0.01 
mm per unit area of forest catchment: Table 26). 
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Figure 93. Parallel and serial coupling within the forest and grassland hUlslopes. 

Total Slope Flux during a Winter-Storm: The average flow within the forest hillslope 
during the winter storm-event is 39 percent smaller than that within the grassland hillslope (i.e. 
(0.00492/0.00801)* 100); Tables 54 and 55). The smaller flow within the forest hillslope wi l l 
partly have resulted from the 15 percent (Hudson, 1988) to 29 percent (Section 5.2.4) greater 
evapo-transpiration loss from the forest relative to that from the grassland. 

Water-Pathways during a Winter-Storm: The water-pathways generating the larger flux 
within the grassland are very different to those generating the flux within the afforested slope. 
Within the grassland slope, 99.8 percent of the winter storm-period flow recharges the riparian 
zone only after moving vertically through the B horizon (i.e. (0.4/0.4006)* 100; Table 55). 

In sharp contrast, only 24 percent of the water-flow within forest slope moved 
through the B horizon before reaching the riparian zone (i.e. (0.06/0.246)* 100; Table 54). The 
riparian zone within the forest slope catena was, therefore, recharged by primarily by lateral 
flow within O/A and A/E horizons (i.e. 76 percent of the flow). This lateral deflection of flow 
results from the marked profile differentiation concomitant with ferric-podzol soils (Cramp-
ton, 1967; Grieve, 1978; Table 8). Marked discontinuities are present between the hydraulic 
conduclivily of the O/A and A/E horizons, and between the A/E and B horizons (Figure 74; 
Section 7.4.9). These discontinuities lead to the development of shallow, saturated zones just 
above the horizon boundaries (Section 6.3.3), which in the case of the A/E horizon transmit 
most of the horizon's lateral flow. 

Such a dramatic increase in lateral flux just above the horizon-breaks, corrobo­
rates Zaslavsky *s theoretical model of an exponential increase in capillary potential and lateral 
flux down towards horizon boundaries (Zaslavsky, 1964; Zaslavsky and Rogowski, 1969; 
Zaslavsky and Sinai, 1981c,d; Section 8.3.1). This might mean that lateral flux within the 
grassland A/E horizon is slightly under-estimated. This is because a small non-linearity in the 
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distribution of capillary potential would produce a large non-linearity in state-dependent 
hydraulic conductivity (Section 7.4,6.; Figure 66) and hence flux. This non-linearity cannot 
be observed from the tensiometer network in the grassland because the tensiometers were 
installed to average the capillary potential over the whole depth of each horizon are (Sections 
4.2., and 4.4.3.). Non-linearities in potential have been sufficiently parameterized within the 
forest hillslope, because phreatic conditions developed and could, therefore, be monitored in 
detail with the piezometer nests. 

These possible errors within the calculation capillary potential within the grass­
land O/A and A/E horizons could not, however, account for their 2.5 orders of magnitude 
reduction in lateral f low relative to the sub-forest horizons. This reduction in lateral flow is 
most likely produced by the single ploughing operation 11 years prior to the hydrological 
monitoring. 

Table 54. Lateral flow within the O/A and A / E horizons, and vertical flow through the B horizon of 
the forest hillslope. 

Mean storm-period flux for a 1 x 50 m hillslope segment 
(horizon flux: 1 min*^ 50 m ^ total slope flux : I min^ m^ . 

Flux direction Storm No. 3-4 Storm No. 10 
and horizon wet, winter period dry, summer period 

9/11/87-27/11/87 28/5/88-26/6/88 

lateral O/A nd nd 
lateral O/A (sat) 0.035' 0.040 
lateral A/E 0.0010 < 0.020 (large range) 
lateral A/E (sat) 0.15 < 0.020 
vertical B 0.06 0.04 (large range) 

Total (/50 m) 0.00492 0.00240 (large range) 

E flux is integrated over a soil depth 10 cm. 
B flux is integrated over a hillslope length of 50 m. 
Flux within individual soil horizons is 1 min** 50 m'̂  (area: 1 x 50 m). 
Total flux from the podzolic slope is the sum of the fluxes for each 
horizon divided by the 50 m slope length (1 min'm*^. 
• is the flux calculated from throughflow trough outflows scaled 
against piezometer-based fluxes. 

The total volume of outflow from the O/A throughflow u-ough was 
17 percent less during storm 10 in comparison with storm 3-4, 
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Table 55. Lateral How wtthia the O/A and A / E horizons, and vertical flow through the B horizon of 
the ploughed section of the grassland hillslope. 

Mean storm-period flux for a 1 x 50 m hillslope segment 

(horizon flux: 1 min'^ 50 m-^ total slope flux : I min'* m ^ . 

Rux direction Storm No. 3-4 Storm No. 10 
and horizon wet, winter period dry, summer period 

9/11/87-27/11/87 28/5/88-26/6/88 

lateral O/A and A/E 0.0006 0.00025 (large range) 

vertical B 0.4 0.06 (large range) 

Total (/50m) 0.00801 0.00121 

O/A flux is assumed to be the same as that within the A/E horizon. 
(The flux within the 2 horizons is integrated over a soil depth 20 cm). 

B flux is integrated over a hillslope length of 50 m. 
Flux within individual soil horizons is ! min ' 50 m'* (area: 1 x 50 m). 
Total flux from the podzolic slope is the sum of the fluxes for each horizon 
divided by the 50 m slopclength (1 min'm"^. 

Total Slope Flux during a Summer-Storm: The flux within all soil horizons of both the 

research hillslopes was very much more variable through the summer-storm event in 

comparison with the winter-storm event. This relates to the rapid welting of dry soils (i.e. the 

grassland A/E horizon attained -126 cm <}>̂  (mean 20-40 m slope position) prior to storm 10). 

This variability in response, added to a smaller number of measurements during the storm-

peak makes the calculations for the summer storm rather less certain in comparison with the 

winter-storm. 

During the summer-storm the forest slope generated 51 percent less flux in 

comparison with the winter-storm, and the grassland slope generated 85 percent of the average 

winter-slorm flux (Tables 54 and 55). This resulted in the grassland slope generating 50 

percent less flow than the forest slope. Given that the grassland slope generated half (49 

percent) and the forest slope generated twice (195 percent) the average flow calculated for the 

respective catchment areas (Table 56), errors in the integration of flow over the whole storm-

period (as a result of the extreme temporal variability of flux) is, therefore, assumed for both 

hillslopcs. 
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Water-Pathways dur ing a Summer-Storm: Despite the noticeable errors within the values 
of total slope flow for the summer-storm, the dominance of vertical flow within the grassland 
(i.e. 99.6 percent o f total flow) and lateral f low within the forest (i.e. 67 percent of total flow) 
is maintained (Tables 54 and 55). 

8.2.3. Internal-State versus External-State Flux Predictions. 

For the winter-storm event, the predictions of water-flow based upon internal-state properties 
are very similar to those based upon the external (i.e. streamflow) response of the hillslopeand 
catchment areas (Table 56). The predicted flow within the grassland hillslope is 100 percent 
of the average flow over the whole catchment, and that within the forest hillslope is 83 percent 
of the average catchment flow and 90 percent of the average hillslope flow. Given that the two 
hillslopes generate their streamflow by very different water-pathways, this similarity between 
external- and internal-state predictions verifies the accuracy of the techniques based upon the 
response of internal-state hydrological variables and parameters. 

The slight under-prediction of the flow within the forest billslope relative to the 
streamflow-based predictions, may result from the un-determined flux within: 

1. the unsaturated upper part of the O/A horizon, 
2. upslope inflow along the fragipan, 
3. vertical flow down tree roots. 

1. I f the flow within this horizon were the same as that within the unsaturated part of 
the A/E horizon, then the predicted flow would only increase by 0.4 percent. If, 
however, the flow was 10 times that of the unsaturated A/E horizon, then the flow 
prediction would increase by 29 percent. Given such an uncertainty, a rough estimate 
of the flow within the unsaturated O/A horizon was not included within the value for 
toUl hillslope flux. 

2. The angle of the slope-section above the 19.7° instrumented slope is much less 
steep, being approximately 10°. Moreover, a forest ride in use during the thinning 
operation in 1978 (Section 2.11) crosses the slope only 10 m above the transect. 
These two factors may allow vertical flow to traverse the B horizon at a greater rate 
and, therefore, generate the un-delermined component of flow into the riparian zone. 

3. During storm-periods, ihc slightly elevated moisture contents and capillary potential 
at a depth of 45 to 60 cm, beneath individual trees (Sections 6,2.6 and 6.3.6) may 
suggest that there is a greater vertical flow of water beneath individual trees in 
comparison with that in inter-tree areas. This could generate the un-determined 
component of flow into the riparian zone. 
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In comparison with the winter-storm period, predictions based upon the internal 

response of the two hillsiopcs are much less cerUin during the storm occurring during a dry, 

summer period. This partly relates to the smaller number of measurements taken at the 

beginning of the storm-period, but also to the uncertainties surrounding the calculation of a 

mean flow given the greatly increased temporal variability of flux (e.g. Figures 84 and 85). 

This greater variability in response probably results from the rapid wetting of dry soils (Dowd 

and Williams, 1989). 

Table 56. Water-flux based upon internal-state response against those based upon the external-state 
response. 

M E A N AREAL FLUX 
per 1 m^ surface area of the flow region 

(1 min'^ m"^. 

Stonn No. 3-4 
wet, winter period 
9/11/87-27/11/87 

Storm No. 10 
dry, summer period 
28/5/88-26/6/88 

Gross Precipitation 0.00967 0.00278 

Grassland Catchment 

Grassland Hillslope 
0.00800 

0.00801 
0.00248 

0.00121 

Forest Catchment 

Forest Hillslope 

(external-state) 

Forest Hillslopc 

(internal-state) 

0.00660 

0.00547 

0.00492 

0.00123 

0.00037 

0.00240-0.01160 

Gross Precipitation is from 14 mm d ' (0.58 mm hr') during event No3-4. and 4 mm d ' (0.167 mm 
d ') during event No. 10 (Table 21). The storm-period durations for the grassland catchment, forest 
catchment and forest hillslope catchment within event No. 3-4 were 19 d, 21 d, and 22 d, respectively, 
and within event No. 28 were 26 d, and 30 d, respectively (Table 20). Storm-period streamflows 
generated within the same 3 areas were 219 mm (0.48 mm hr'). 200 mm (0.397 mm hr'), and 173 mm 
hr') respectively (Table 25 and 29). Intcmal-state predictions of hillslope water-flux are from 
Tables 54 and 55. Catchment areas arc 122.941 m\ 109.464 m\ and 1480 m̂  respectively. Gross 
precipitation is integrated over ihe area of the grassland catchment. 
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8.3. Numerical Solutions using Mathematical Models. 

8 J . l . Boundary-Value Problems. 

Hydrological mcxlels which are designed to solve the derivative of the rate of change (d/dx) 
within partial differential equations (e.g. Equations 6 to 10. and 19), are all boundary-value 
problems. A l l of the models presented within Tables 52 and 53, generate solutions to 
boundary-value problems. This means that for a model to predict the distribution of an inter­
nal-state variable (e.g. soil moisture content, or capillary potential; Chapter 6) within a chosen 
flow-region, both the internal-state parameters (Chapter 7) and boundary conditions must be 
characterized. 

In the case oi a hillslope flow problem, the boundary conditions are the specified 
potentials and fluxes at the edges of the specified flow region (e.g. a 2D flow-stnp : Section 
3.5.2). These include, the precipitation inputs, any inflow from upslope regions, losses to deep 
seepage, and flows at the interface of the stream bed and stream bank. These boundary-
conditions can have as much effect upon the flow of water within a hillslope, as the internal-
state parameters (Ahuja and Ross, 1982,1983; Bear, 1972). 

Models which require the input of these boundary conditions in addition to 
internal conditions, are both difficult to parameterize (i.e. specify the correct internal and 
boundary values for the simulation; Sections 1.1 and 1.3) and mathematically very complex. 
The mathematical complexity of such models means that they must in general, be solved by 
numerical techniques (Section 8.1; Freeze and Harlan, 1969). 

Although such models are innately difficult to parameterize and solve, they do 
provide the means by which approximative solutions can be tested or verified (Sections 3.5.5. 
and 3.5.6; Dunne, 1983). Furthermore, they enable the prediction of more detailed spatial and 
temporal distributions of variables, than can be achieved by the approximative solutions. 

The Impact of Podzolic Soil Horizons upon the Equipotential-Net 

Within the forest hillslope, the development of shallow phreatic zones within the 
basal zones of the O/A and A/E soil horizons (Section 6.3.3), together the large volumes of 
lateral flow within these horizons (Section 8.2.2), would suggest that there are large 
differences in the hydrological parameters between different soil horizons. The impact of 
observed vertical changes in the hydrological parameter of hydraulic conductivity was, 
therefore, examined using6ow«<tory-co/u/raine^imathematical simulations. A 2dimensional 
finite element model called TRIANGLE (Dowd, 1989b) was used for the simulations. The 
results of one of the TRIANGLE simulations is presented within Figure 94. 
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Figure 94. A segment of the equipotential net within the A/E horizon of the forest hillslope predicted 
by a boundary-constrained numerical simulation applied to internal and boundary conditions at the 

peak of storm 3-4. 
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A flow-region comprising o f 128 triangular elements was used to simulate the 
impact of the state-dependent hydraulic conductivities within the saturated and un-saturated 
zones of A/E horizon, and the upper layer of the B horizon, upon the direction of flow. 

The internal-condition of hydraulicconductivity, and the boundary-conditions of: 
inflow rates vertically into the A/E horizon and laterally into the profile were averages of those 
monitored during storm 3-4 . The vertical inflow into the A/E horizon was defined as a 
specified flux or Neumann boundary, with a rate equivalent to the 0.14 mm hr* mean net-
precipitation beneath the forest canopy (i.e. 24 percent of 0.58 mm hr^ mean gross-precipi­
tation. Tables 21 and 23). The lateral inflow into the horizons at the upslope boundary was 
controlled by a constant head (Dirichlet boundary) of 0.01 cm H^O. The lower boundary of 
the flow-region was specified as a no-flow boundary, purely for numerical stability. The mean 
state-dependent hydraulic conductivity o f upper unsaturated zone of the A/E horizon was 0.3 
cm hr^ that of the basal saturated zone of the A/E horizon was 71 cm hr^ and that of the upper 
zone of the B horizon was 0.01 cm hr*(Figures 61 and 74). The hydraulic conductivity of the 
un-saturated A/E at the boundary with the saturated zone was estimated to be 1 cm hr^ A 
downslope area of riparian soil with a conductivity of 0.2 cm hr* was included. 

The simulation predicts that the equipotential line within the A/E horizon, is 
deflected in a downslope direction. This implies that lateral flow increases as flow approaches 
the boundary between the A/E and B soil horizons. Such a deflection of flow near the base of 
those soil horizons overlying less conductive horizons was similarly predicted by Zaslavsky 
and Sinai,1981d,e). The numerical simulation, therefore, verifies the observed association 
between hydraulic discontinuities and the development of perched water-tables (Sections 
6.3.3. and 7.4.9). 

833. The Interaction of Slope-Flux with Riparian-Flux. 

The second numerical simulation presented arose from an apparent contradiction 
of flow-pathways. The calculations of the distribution of both flow and hydraulic conductivity 
within the podzolic slope (Sections 7.4.9. and 8.2.2) suggested that the O/A and A/E horizons 
(i.e. 0-20 cm layer) provided a large proportion of the inflow to the riparian zone. In contrast, 
differences between the moisture content at the mid-point and upslope-boundary within the 
riparian zone suggested that flow from the podzolic slope was entering the riparian zone at a 
depth of 25 to 30 cm, equivalent to the depth of the B horizon within the podzoHc slope. 
Numerical simulations were, therefore, conducted to examine the depth at which the podzolic 
slope flux would enter the riparian zone. These simulations were performed using a modified 
version of the Saturated-Vnsaturated-TRAnsport or SUTRA model. The original source-
code for SUTRA was developed by the US Geological Survey (Voss, 1984). Only simulation 
No. SA36 is presented. 
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The simulated flow-region was divided into 80 rectangular elements, 30 of which 
represented the downslope riparian zone, 25 represented the topsoil (i.e. O/A and A/E hori­
zons: 0-20 cm), and the remaining 25 represented the subsoil (i.e. B and B/C horizons: 20-50 
cm; Figure 95). A state-dependent hydraulic conductivity representing 0.01 cm hr^ within the 
subsoil was applied (Sections 8.2.2 and 8.3.2). The average lateral conductivity of the topsoil 
was represented by a value of 1 cm hr^ and the vertical conductivity was represented by the 
value for the underlying B horizon (see 2. Mean-Conductivity in Section 8.2.2). A l l of the 
boundaries were considered to be impermeable (i.e. no-flow boundaries) with the exception 
of the upper topsoil boundary and the lower segment of the downslope boundary of the riparian 
zone (Figure 95). The upper topsoil boundary was defined as a Neumann boundary to 
represent infiltration, and the lower segment of the downslope boundary of the riparian zone 
was defined as aDirichlet boundary to represent the seepage-face at the soil-stream interface. 

To achieve the most accurate prediction of the soil-depth contributing the most 
flux to the riparian zone, the numerical errors (or model-related errors) associated with the 
specification of the boundary conditions within small discretizations (i.e. only 80 elements), 
were reduced by: 

1. increasing the number of elements per area of flow-region near the Neumann 
boundary, and 

2. reducing the hydraulic conductivity representing that of the riparian area to that of 
the subsoil (i.e. 0.01 cm hr»). 

The predicted distribution of specific flux at the cenlroid of each of the 80 elements is 
presented within Figure 95. 

Figure 95 shows that although the subsoil as a whole, has a much smaller flux in 
comparison with the topsoil horizon, its flow dramatically increases at the point where the 
topsoil flux enters the riparian soil. 

Given that that there is a marked increase in slope-angle between the riparian zone 
and the podzolic slope at the 2.5 m slope position (Figure 3) the lateral flow within the O/A 
and A/E horizon wil l develop a larger vertical component of flow al the 2.5 m position and 
enter the riparian zone lower within the profile. The reduced vertical potential gradient at the 
2.5 m slope position relative to those at the 5 m slope position (Tables 40 and 41) may also 
indicate that the hydraulic discontinuity al this position is reduced and flow is moving 
vertically. 
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F L O W A C C E L E R A T I O N 
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I N T E R F A C E 

Figure 95. The spedfic Hux predicted at the centroid of each element at the interface between a 
podzolic slope with a marked hydraulic discontinuity (between the topsoil and subsoil) and the 

riparian zone. 
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CHAPTER 9. 

Synthesis and Conclusions. 

9.1. External-State RainfaU-Runoff. 

RainfaU-RunofT Volumes. 
The forest catchment generated 29 percent less runoff than the grassland catchment (Section 
5.2.4). Streamflows prior to major storm-periods (Section 5.3.1) were similarly smaller 
(Section 5.3.4). Forty seven percent of the gross-precipitation received by the forest and 25 
percent of that received by grassland failed to generate runoff (Section 5.2.2). These rainfall-
runoff responses are 18 and 9 percent less than those within the larger afforested and grassland. 
Institute of Hydrology, Plynlimon catchments (Sections 5.2.2. and 5.3.3). Differences in the 
volume of flow lost to deep seepage may, therefore, account for part of the difference between 
the two Tir Gwyn catchments. The very high evaporation rates from wetted conifer canopies, 
which reduce the effective precipitation reaching the forest floor by 39 percent (Section 5.2.1) 
may, however, account for a significant proportion of the difference in the rainfall-runoff 
response of the forested and grassland catchments at Tir Gwyn. 

Rainfall-RunofT Tuning. 
Storm-period slrearaflows within the forest catchment were generally maintained for some 7 
to 10 percent longer than that within the grassland catchment (Section 5.3.4), which is less of 
a difference than that expressed in the runoff volumes. Moreover, the time between the initial 
hydrograph response and the peak streamflow were generally synchronous (Section 5.3.4), 
and the runoff response of both catchments conforms very closely (R^ 86-91 percent) to a 
linear relationship with the storm-period gross-precipitation (Section 5.3.5). This may imply 
that the physical controls which arc similar within the two catchments (Sections 1.4.4. and 
2.11), namely, the temporal distribution of gross-precipitation input and catchment geometry 
(i.e. topography, depth to porous media, and stream morphometry), exert as much or more of 
a control upon the form of the rainfall-runoff response, than does the vegetation cover/land-
use. A similar conclusion was educed by Bren (1978). 
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Relationship between Hillslope and Catchment Response. 
The instrumented forest hillslope failed to maintain flows during prolonged dry periods 
(Section 5.3.4) and generated less runoff in response to storms occurring within such periods 
(Section 5.3.5). In addition, storm-period streamflows (or slreamflows larger than the pre-
storm level) generated by the forest hillslope were maintained for longer than those generated 
by the forest catchment as a whole (Section 5.3.4). These differences between the individual 
hillslope and whole catchment probably result from the hillslope beingsteeper, shallower, and 
shorter in comparison with the average slopes for the whole catchment (Sections 5.3.4., 5.3.5 
). This would lead to a larger proportion of the hillslope's streamflow generation occurring 
soon after precipitation input. 

9.2. Riparian Saturated Zones and Streamflow 
Generation. 

The instrumented forest hillslope (and the whole forest catchment) generated streamflow by 
subsurface flow. Infiltration-excess or saturation-excess overland flow may have generated 
part of the stream hydrograph only during the snow-melt on the 23 February 1988 (Section 
8.2.1). Occasionally, saturation-excess overland flow was observed on the peaty riparian 
zones of the grassland catchment (Figure 2). This may account for the 41 percent difference 
between the peak streamflow within the grassland catchment and that within the forest 
catchment (Section 5.3.4), being a larger than the difference in rainfall-runoff response and 
antecedent streamflow (Section 9.1). 

During all storm-periods, the rise and recession of the stream hydrograph at the 
base of the instrumented forest slope was paralleled by the growth and diminution of saturated 
zones within the riparian area (Section 6.3.3). These zones extended some 10 m up the 19.7 
° podzolic slope (Section 6.3.3). The slreamflow generated by the forest hillslope was 
calculated by a characterization of the internal-state hydrological properties and geometry of 
the riparian area. This internal-state calculation could accurately predict (R^ 83 percent) the 
streamflows observed within the slope-base-weir, without any recourse to parameter optimi­
zation or fitting (Section 8.2.1). 
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93. Verification of Macroscopic Flow Predictions. 

Although the relationship between the response of the riparian sattirated zone and that of the 
adjacent stream has been shown by many studies, the understanding of how such zones are 
recharged by flow from upslope soils remains uncertain (Sections 1.2. and 1.4.2). This 
uncertainty stems from an inability to predict flow within heterogenous hillslopes, from an 
accurate characterization of hydrological properties averaged across control-volumes of soil 
(Sections 1.2., 1.4.3. and 3.5.1). The inability to accurately characterize these properties 
results partly from the complexity of the processes, and partly from the misconceptions arising 
from the inadequate characterization of the artificial conditions created by the use of most 
groundwater instruments (Section 1.2., 1.4.3. and 3.5.6), This research aimed to overcome 
some of the problems, by comparison of the results of several field and mathematical 
techniques applied to same two hillslopes. 

By using this integrated approach, water-flow within layered podzolic hillslopes 
could be accurately predicted by macroscopic-averaging of hydrological properties, for 
periods when the soil moisture status was high (Sections 8.2.2. and 8.2.3). 

The concordant predictions of water-flow based upon these different tech­
niques, are outlined in the following section (9.4). The accuracy of these predictions are 
verified or proven by the results of tests to examine the accuracy of both the meastirement and 
representational techniques : (1) the ability to predict subsurface flows within two hillslopes, 
maintaining very different water-pathways (Sections 3.2.2., 8.2,2. and 8.2.3), (2) comparison 
of standard and in situ calibrations of the neutron attenuation technique (Section 6.2.1), (3) 
comparison of the measurements of capillary potential recorded by tensiometers, piezometers 
and unconfined-boreholes (Section 6.3.2), (4) comparison of laboratory and in situ deter­
mined moisture capacities (Section 7.3.1), (5) examining the impact of core-size upon the 
measurement of saturated hydraulic conductivity (Section 7.4.1), (6) comparing saturated 
hydraulic conductivities determined by ring permeametry with those determined by well 
permeametry (Section 7.4.4), throughflow-trough outflows (Section 7.4.2), piezometer 
recovery tests (Section 7.4.3) and observed riparian zone outflows (Section 8.2.1), (7) the use 
o f several analytical equations to calculate saturated hydraulic conductivity by recovery tests 
(Section 7.4.3) and well permcametry (Section 7.4.4), (8) conducting experiments to deter­
mine any variation in the wettability and stationarity of the hydrological parameters (Section 
7.4.5), (9) comparing several analytical techniques of determining the relative hydraulic 
conductivity from moisture capacity data (Section 7.4.6), (10) comparing relative hydraulic 
conductivities determined from moisture capacity data, with both a flow-net based, tangent-
continuity method (Section 7.4.7), and steady-state permeametry (Section 7.4.8), (11) 
comparing piezometer-based and trough-based lateral flux (Section 8.2.2), (12) comparing 
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internal-state flow predictions with external-state flow predictions based on mean aerial 
sUeamflow generation (Section 8.2.3), (13) comparison of horizon-specific equipotenlial-
ncts predicted by field techniques (Section 6.2) with those predicted by numerical solutions, 
and (14) comparison of the chemistry of water within each soil horizon with that within the 
riparian zone and stream (Section 9.5; Chappell et al, 1990). 

The ability to calculate flows within layered hillslopes during the rapid welting 
of dry soils in summer-periods remains less certain. 

9.4. Water-Pathways within Afforested and Grassland 
Hillslopes. 

The pathways of soil water verified within Section 9.3, are very different within the two 
instrumented hillslopes. Within the forest hillslope the marked horizon development, in 
particular the presence of an indurated B horizon, deflects percolation laterally within the O/ 
A and A/E horizons. This conclusion is based upon (1) the approximative (Section 8.2.2) and 
numerical (Sections 8.3.2. and 8.3.3) predictions of flow based upon the measured hydrologi-
cal properties, (2) the development of perched water-tables at the base of the O/A and A/E 
horizons (Section 6.3.3), (3) the greater change of moisture content within surface soil 
horizons (Section 6.2.3) and within the downslope area of the forest hillslope (Section 6.2.4), 
(4) the potential gradients which are steeper vertically between hydrologically-different soil 
horizons than they are laterally within individual horizons (Section 6.3.5), (5) higher 
porosities and lower bulk densities within the surface horizons (Section 7.2), and (6) the 
marked hydraulic discontinuity in saturated and state-dependent hydraulic conductivities 
between each of the soil horizons (Sections 7.4.2. and 7.4.9). 

In sharp contrast, the pathways of water within the grassland hillslope are 
dominated by vertical flow (Section 8.2.2). A ploughing operation, some 11 years prior to the 
monitoring (Section 2.10.2), has dramatically increased the intrinsic permeability of the B 
horizon (Section 7.4.2). This has (1) lead the development of a more vertically-homogenous 
profile, with respect to the saturated and stale-dependent hydraulic conductivity (Section 
7.4,2), and (2) prevented the development of perched water-tables (Section 6.3.3), a critical 
pathway of flow within the forest hillslope. 

The total flow from the ploughed section of the grassland hillslopc into the 
riparian zone is 39 percent larger than that from the podzolic slope into riparian zone within 
the forest (Section 8,2,3). Given the degree of averaging within the flow predictions, such a 
difference could be accounted for by the 29 percent difference in the rainfall-runoff behaviour 
of the two land covers (Section 9.1). 
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9.5. Corroboration of the Water-Pathways by Analysis 
of Water-Chemistry. 

Within Chappell et al ( 1 9 9 0 ) the ionic concentrations of waters collected from A/E, B and B/ 
C horizons of the podzolic slope were compared with those collected from the riparian soil and 
stream draining the instrumented forest hillslope. Emphasis was given to the collection of 
water samples during storm-periods. The concentration of hydrogen ion within the B horizon 
were always much smaller ( 1 6 - 1 7 | A M V ^ ) than those within the overlying A/E horizon ( 3 2 - 5 0 

\xM r*), riparian soil ( 2 1 - 2 8 j i M T^, and stream ( 1 0 - 4 5 yM V^). Equally, the concentration of 
total monomeric aluminium was always far higher within the B horizon ( 1 . 5 - 2 . 1 mg 1'*) than 
that within overlying A/E horizon (0 .95-1 .5 mg I"*), riparian soil ( 1 .1 -1 .4 mg 1'̂ ), and stream 
( 0 . 2 - 1 . 6 mg 1"̂ ). This may suggest that little of the flow during storm-periods moves vertically 
through the B horizon on its passage to the riparian zone. Although any number of 
biogeochemical equilibria and exchange reactions could affect this very simplistic portrayal 
of the water chemistry, the dissimilarity between B horizon and riparian/stream chemistry 
concords with the pathways predicted by the hydrometric techniques (Section 9 .4 ) . 

9.6. Impact of Individual Conifers upon Hillslope Water 
Pathways. 

The spatial variability of precipitation beneath the forest canopy is far greater than that in the 
open (Section 5 .2 .1 ) . Although the total volumes are small, the rate of flow down individual 
conifer stems may be almost twice those of the throughfall (Section 5 .2 .1) . During intense 
storm-events, this can lead to the saturation of the A/E horizon beneath those conifers with the 
higher stemflow volumes - often the smaller ( 3 0 cm DBH) conifers (Section 6 .3 .6 ) . An 
increase in vertical f low into the underlying horizons might be expected, as a result of 
preferential flow of water down those roots which penetrate the slowly permeable B horizon. 
This pathways could not be observed beneath these small conifers. A very large increase in 
lateral flow downslope of individual conifers is, however, indicated by ( 1 ) the large increase 
in the vertical potential gradients between the sub-tree A/E and B/C horizon, which indicate 
a discontinuity in flow within soil horizons maintaining different levels of hydraulic 
conductivity (Sections 6 .3 .5 . and 6 .3 .6) , ( 2 ) the observation that the B/C horizon beneath the 
small conifers remained drier than that within intcr-lree areas (Section 6 .3 .6) , ( 3 ) a possible 
reduction in the permeability of the B, B/C, and Cu horizons beneath individual conifers, as 
a result of compaction caused by the weight of the tree, or the movement of tree roots during 
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windy conditions (Section 7.4.4), and (4) the possible increase in the temporal dynamics of the 
perched water-table 1 m downslope of a tree, evidenced in the very dynamic response of the 
O/A horizon throughflow trough (Section 8.2.2). 

Such a conclusion of the dominance of lateral flow downslope of those conifers 
growing on steep layered hillslopes would accord with the results of tracing experiments 
conducted by Reynolds (1966), who observed large lateral deflections of flow beneath 
individual spruce trees. The flat, platy nature of spruce root-systems was suggested to be the 
principal cause of this preferential movement in the lateral or slope-ward direction. Extensive 
evidence from throughflow trough outflows and direct observation within eastern bloc 
countries, lead Molchanov(1960) to similarly concluded that the platy root systems of spruce 
trees give rise to the lateral deflection of flow. 

There is some evidence to suggest that large conifers (i.e. 40-50 cm DBH) may 
increase the vertical flow of water on the podzolic hillslope (Section 6.2.6). Beneath a large 
conifer growing within the riparian zone of the forest hillslope, larger changes in moisture 
content at depth and smaller changes within the surface soil in comparison with those within 
inter-tree soils were monitored (Section 6.2.6). The increase in vertical flow implied by this 
observation is expected, given that the riparian zone is only gently sloping and is relatively 
homogenous in comparison with the podzolic slopes. 

9.7. Implications for Hillslope and Catchment 
Modelling. 

Although a verified and accurate mathematical simulation of the pathway of water through a 
natural, layered hillslope has yet been presented, the approximate, internally-verified predic­
tion of soil-water-pathways within the two hillslopes at Tir Gwyn, would suggest that 
subsurface flow can be calculated by averaging hydrological properties over volumes of soil 
(Sections 7.4.7., 7.4.8., 8.2.2 and 8.2.3). Given a knowledge of the extent to which hillslopc 
profiles exhibit horizonation and catenal differences within their hydrological properties, then 
distributed catchment-scale models may be able to produce accurate predictions of the 
subsurface water-pathways (rather than just slreamflow) using relatively simple discretiza­
tions (i.e. large grid squares over which to average the hydrological properties). 

To date, most of the catchment-scale hydrological models simplify subsurface 
How calculations by assuming that all of the subsurface flow upslope of the saturated zones 
within the riparian areas, is vertical. The marked horizonation observed within podzolic soils 
(Crampton, 1967; Gicvc, 1978; Rudcforlh, 1967) has been shown by this research, to generate 
large volumes of lateral flow within steep hillslopcs with un-ploughcd, ferric-podzol soils. 
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The simplification inevitably associated with mathematical simulation of hydrological 
pathways at the catchment scale, therefore, must not extend to the simplification of the 
anisotropic internal-behaviour of layered hillslopes, if accurate predictions of soil-water-
pathways are to be produced. Without an accurate characterization of the soil-water-pathways, 
mathematical models cannot predict the pathways of solute transport (Bache, 1984; Bear and 
Verruijt, 1987). 

9.8. Implications for Stream Acidification. 

Conifers have been shown to enhance the concentration of solutes within those precipitation 
waters entering the soil, particularly those flowing down stems (Chappell et al, 1990). This 
research has shown the dominant role of lateral flow within those soil horizons above the least 
conductive horizon of a typical podzolic hillslope (Section 9.4; In the case of a ferric podzol, 
the B horizon is the least conductive : see Figure 6). Furthermore, individual plantation 
conifers have been shown to enhance this lateral deflection of flow (Section 9.6). A 
combination of these three factors could lead to both the lateral transport of elevated loadings 
of hydrogen ion within the 0/A and A / E horizons and the release of aluminium complexes 
from the A / E and top of the illuvial B horizon and, therefore, generate the observed 
concentrations of these ions within riparian soils and streams. Further analysis linking the 
horizon-specific ionic concentrations with intra-control-volumemixingofoWandnewwaters 
(Section 1.4.3. pl6) is, however, required to provide an accurate prediction of the path of 
particular ions through the Tir Gwyn forest hillslope. 

9.9. Implications for Future Afforestation. 

The root systems of conifers do not appear to allow a significant increase in the vertical 
component of flow in steeply sloping podzolic soils (Section 9.6). As a consequence, the 
transport of acidic solutes down into the lower profile, which often has a higher buffering 
capacity (Bache, 1984) will not be increased. Ploughing of podzolicslopes is, however, shown 
to increase dramatically the vertical component of flow (Section 9.4). If future afforestation 
were to include podzolic slopes, then ploughing prior to planting may allow acidic waters to 
percolate to depth and thereby be more greatly buffered before reaching a stream. 
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