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Abstract

Near surface soil moisture measurements were recorded at hourly intervals at two contrasting sites within the Cyff sub-catch-
ment using a prototype capacitance probe system. In a mire area within a valley bottom, over the twelve month recording period,
very little change in moisture content occurred. At the other site, a well drained area on a steeply sloping hillside, major varia-
tions occurred with significant soil moisture deficits being generated during a particularly dry summer.

Soil moisture on the slope responded rapidly to rainfall inputs during wet periods, with little response during particularly dry
periods. A number of rainfall events was analysed to determine whether changes in soil moisture could be used to characterise
storm hydrographs for the Cyff and the Gwy, two sub-catchments being composed of differing percentages of mire area and
steep slopes. It was found that percentage runoff for the Cyff was correlated with antecedent soil moisture on the slope, though
the agreements for peak flow and lag time were poorer. For the Gwy, poor agreements were obtained for all three hydrograph
characteristics. A simple formulation, based on storm rainfall and antecedent soil moisture deficits in the slope and mire areas,

gave good agreement with storm streamflow volumes.

Introduction

Soil moisture, a key variable in the hydrological process,
governs bare soil evaporation, crop transpiration, the par-
tioning of rainfall into storm runoff and the replenishment
of soil moisture stores, and groundwater recharge. Soil
moisture status influences not only the amount of stream-
flow generated, but also its timing and the magnitude of
flood peaks. Therefore, a knowledge of the spatial and
temporal variation of soil moisture is useful for successful
deterministic hydrological modelling.

Soil moisture status at a given site is determined by a
number of factors. In addition to antecedent rainfall, these
will also include the local topography, soil type, underly-
ing geology, and vegetation. In the past, soil moisture mea-
surements have been made either by the destructive
sampling of soil cores, or by non-destructive methods such
as a neutron probe (Bell and McCulloch, 1966), or by
using a portable capacitance probe (Dean ez al., 1987).
Values from individual sites would then be combined by
some pre-determined criteria to provide the variation in
soil moisture over the area of interest for hydrological
modelling purposes (Hasnip, 1993).

Whilst soil moisture values taken at infrequent intervals

are useful for water balance purposes (Hudson, 1988), they
have limited value for studying storm hydrograph genera-
tion. For this, what is required is a network of sensors pro-
viding soil moisture at frequent intervals particularly at
shallow depths where soil moisture changes are likely to be
greatest. Such instrumentation is expensive to install and
maintain, with the number of required sites increasing as
the size of the area and its heterogeneity increases. As an
alternative, a small number of fixed recording stations,
located at contrasting sites, could be used, provided that
some means exists to extrapolate the results obtained over
the area of interest. This study attempts to do this, and to
assess the usefulness of the results obtained from the
capacitance probes in characterizing storm hydrographs.

Study area

Two sites were selected to represent contrasting soil mois-
ture conditions, following an analysis of soil moisture data
from the network of neutron probe access tubes (Hudson,
1988) operational between 1968 and 1974. The analysis
suggested that the various access tube sites could be split
into ‘wet’ and ‘dry’ areas according to their position in the
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catchment and the local slope. This also determines the
soil type and vegetation (Newson, 1976). ‘Wet’ sites were
found to be mainly confined to the flat interfluve areas
dominated by heathland overlying peat, and the valley bot-
toms composed of mire areas overlying alluvium and peat.
‘Dry’ sites occupy the well drained steeply sloping valley
sides overlying acid brown earths and peaty podzols. The
vegetation on many of these areas has been improved
mainly by the addition of lime to provide increased graz-
ing for sheep.

Two sites (no. 33 and 35) on the original Cyff neutron
probe ‘line’ were chosen for this study. Site 35 is located
in a mire area, some 300 m from the stream, overlying a
peaty gley of the Ynys series on a local slope of approxi-
mately 3°. Site 33 is located some 180 m upslope on a well
drained grassland site (local slope approximately 11°),
overlying an acid brown earth of the Manod series. The
initial installations of the neutron probe access tubes
showed that site 33 is composed of brown earth down to
90 cm, whilst site 35 is composed of peat down to 85 cm
overlying clay to 190 cm. Both stations were installed dur-
ing September 1994; the mire station was operational for
12 months whilst the slope station was operational for two
years.

At both sites four prototype capacitance probes
(Robinson and Dean, 1993), were installed permanently at
depths of 5, 10, 15 and 50 cm below ground level. The
probes at 5, 10 and 15 cm depth were installed horizon-
tally through the sides of individual pits which were later
infilled, whilst the probe at 50 cm depth was installed at
an angle of 45° through a tube inserted into an augered
hole. Both sites were also equipped with a rain gauge,
which was installed within a pit so that its rim was at
ground level and at the same angle as the local slope.

Each set of capacitance probes and rain gauge were con-
nected to a control logger, and the variables recorded at
hourly intervals. The capacitance probes measure water
content as a frequency; this was converted to moisture vol-
ume fraction following a calibration using the gravimetric
moisture volume fractions of soil cores.

Method

To determine the representivity of the two sites various
., methods were used; these included the classification of
remotely sensed images recorded by the Landsat satellite
and an analysis of a topographic index based on drainage
area and local gradient (Quinn es al., 1989). Neither the
topographic index or other indices based on combinations
of reflectances in various Landsat bands gave a good cor-
respondence with ‘ground truths’, given by long-term
mean soil moisture values from the neutron probe net-
work. Instead, it was decided to use the local slope to dif-
ferentiate between wet and dry areas. This followed the
collection of soil moisture measurements using a portable
capacitance probe (Dean ez al., 1987) along the Cyff neu-
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tron probe ‘line’ on a number of occasions. These mea-
surements showed a distinct change in soil moisture at the
break of slope, with a local slope of approximately 10°
being the transition point. This broadly agrees with the
differentiation between soil types as given in Knapp, 1970.

Several rainfall events were analysed to study short term
changes in soil moisture and to determine the effects of
initial conditions on streamflow hydrograph response.
Flow data from the Cyff and Gwy sub-catchments were
used for this purpose. These sub-catchments are similar in
size, but are different in the percentage and distribution of
flat and steeply sloping (>10°) areas. These percentages,
taken from Newson (1976), are as follows:

CYFF GWY
SLOPE < 10° 47.5% 34.6%
SLOPE > 10° 52.5% 65.4%

For the Cyff, all but about 5% of the flat areas occur in
the valley bottoms. For the Gwy, the flat areas are dis-
tributed equally between interfluve areas and valley
bottoms. In all subsequent analysis, it has been assumed
that the data from the mire site represent areas with slopes
< 10°.

Criteria employed when choosing rainfall events
required:

(i) The existence of data from both sets of capacitance
probes.

(ii) Contrasting soil moisture conditions prior to the rain-
fall events.

(iii) Isolated rainfall events, so that their effects on the soil
moisture and the streamflow hydrographs could be
analysed independently from other rainfall inputs
(NERC, 1975).

Individual regressions were performed between antecedent
soil moisture, as given by the capacitance probes and per-
centage runoff, peak flow, and time to peak. Percentage
runoff and time to peak were calculated using the meth-
ods recommended in Chapter 6, Volume I of the Flood
Studies Report (NERC, 1975).

Storm streamflow values were estimated as ‘effective’
rainfall from the two representative areas:-

Q = 3[R — SMD;q] + a3[SMDy] 1
where Q = storm runoff (mm),
R = storm rainfall (mm),

= fractions of catchment having flat
and steeply sloping areas (see
above),

SMDj, SMD,= antecedent soil moisture deficits

(mm) measured by the mire and

slope capacitance probes.

al, 42

Inherent in this approach is the assumption that an area
will only contribute to storm streamflow if and when the
antecedent soil moisture deficit has been satisfied i.e. if
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[R — SMD] is —ve, then no storm runoff will be generated
from that area.

Results

In order to determine the range of soil moisture that could
be expected, the neutron probe data collected at monthly
intervals between 1968 and 1974 were examined. Figure 1
shows the minimum, maximum and mean soil moisture
profiles derived from the neutron probe data at the two
sites. These profiles show clearly the differences in soil
moisture between the two sites. For site 33, the ‘slope’ site,
most of the variation occurs close to the ground surface
whilst for site 35, the ‘mire’ site, most of the variation
occurs between 70 and 90 cm below ground level, at the
peat/clay interface. For the top 50 cm of soil, the depth
monitored in this study, the variation in soil moisture
is 123.5 mm for the slope site and 73.0 mm for the mire
site.

The frequencies recorded by the capacitance probes
were converted to moisture content using simple regres-
sions. The derivation of these regressions involved taking
measurements with a capacitance probe and then, imme-
diately, extracting a soil core at the same position for sub-
sequent gravimetric determination. This was done at 5 and
10 cm depths at twelve sites on two separate occasions at
Plynlimon. The sites chosen reflect the range of near sur-
face soil moisture in the Wye catchment. Unfortunately,
on neither occasion were the ground conditions as dry as
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were experienced for the slope station. For this reason, the
calibration data from Plynlimon were supplemented by
data from other locations for ‘similar’ organic soils.

A graph of gravimetric moisture volume fraction against
capacitance probe frequency is given in Figure 2. An
inverse relationship is obtained, as suggested by Dean,
(1994). A number of single relationships were attempted
unsuccessfully to simulate the calibration data. It was
decided to use two formulations:

For moisture volume fraction (MVF) > 0.225

1.5911

MVF = ———-1.121 R*=0.86

(CP)
For moisture volume fraction (MVF) < (.225
MvF =373 463 R =071

(CP)

where CP is the capacitance probe frequency.

Problems were occasionally encountered with some of
the capacitance probes. These were as a result of leakage
during wet conditions and mainly affected the 50 cm depth
probes, particularly in the mire area. As temporal varia-
tions at this depth were small, compared with those closer
to the surface, it was decided to confine the analysis to data
from the probes at 5, 10 and 15 cm depths. Figure 3 shows
monthly rainfall and the minimum, maximum and mean
moisture volume fractions from both sites. Values for the
mire site, where data exist, do not vary a great deal sea-
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Figure 1 Minimum and maximum moisture volume fractions for the two sites as determined by neutron probe for the period 1968-1974.
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MVF = |.59/(FREQw»2.0) - 1,12
MVF = 0.76/FREQ - 0.46

R-squared = 0,86
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Figure 2 Capacitance probe calibrations
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Figure 3 Monzhly rainfall and moisture volume fractions at the two
sites.

sonally or demonstrate a significant range for individual
months. Also, the frequencies recorded in the mire area,
when averaged over monthly periods, were usually outside
of the range of the calibration data, though a number of
individual values were within the range. For these reasons
and increasing occurrences of data loss, the mire site was
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abandoned after twelve months. The data from the probes
on the slope vary significantly for individual months, par-
ticularly in the summer, and show large seasonal variations
with appreciable soil moisture deficits being generated
during the summer months.

Thirteen suitable rainfall events were identified; of these
the last three occurred during 1995 after the mire site had
been abandoned. These three storms are used for illustra-
tion purposes only, and the data are not used for subse-
quent analysis. Details of all of the storms are given in
Table 1, together with the response of the streamflow
hydrographs of the Cyff and the Gwy. Storm rainfall totals
vary between 13.0 and 60.5 mm, with intensities in the
range 0.7 to 4.7 mm/hour. The storms are spread evenly
over the winter and summer periods. Storm streamflow
totals, peak flows, and lag times for the two sub-
catchments are similar, with percentage runoff (NERC,
1975) varying between 5 and 90%. Table 2 shows field
capacity values and antecedent and peak soil moisture in
the top 20 cm of soil for both the slope and mire areas.
They were obtained by integrating moisture volume frac-
tions from the probes at 5, 10 and 15 cm depth assuming
that each probe has a sphere of influence of radius 2.5 cm
(Dean et al., 1987). The field capacity values are given
by mean values recorded on days during the winter
months 1993/4 following at least two days with no rain.
Figure 4 shows hourly rainfall, hourly soil moisture deficit
for the slope site and 15 mm flow in the Cyff for three
contrasting storms. The data clearly demonstrate the
effects of rainfall following differing antecedent conditions,
with increases, almost to field capacity, during wetter
periods. Very little response is observed during drier
periods.

The data in Table 2 confirm that soil moisture changes
are much smaller in the mire area than in the slope dur-
ing storm events. Antecedent soil moisture in the mire area






