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ABSTRACT

Ogunkoya, 0.0. and Jenkins, A., 1993. Analysis of storm hydrograph and flow pathways using a
three-component hydrograph separation model. J. Hydrol, 142: 71-88.

A three-component hydrograph separation model involving full chemical-isotopic mass balance
equations is presented and tested using storm runoff and catchment hydrological and hydrochemical data
from Allt 2 Mharcaidh catchment in Scotland. A key issue in the use of the model is the rational and
objective selection of representative end-members given spatio-temporal variation in catchment hydro-
chemistry. In addition, a highly involved catchment sampling strategy should be adopted so that no key
runoff source is omitted.

End-member mixing analysis was used in determining the set of storm runoff end-members used in the
model. Results show that incident precipitation, soil water and ground water contributed 15%, 19%, and
66%, respectively, of the June 1989 storm runoff. Maximum instantaneous contributions were 26%, 40%,
and 78%, respectively.

INTRODUCTION

Recent attempts at identifying sources of storm runoff have involved
hydrograph separation using the chemical and isotopic mass balance
equation:

0:Cr = 0,C + 0,C, + ...+ 0,C, (D

where C;, C,, C,, . . . , C,are the concentrations of solutes, electrical conduc-
tivity, pH, environmental stable and radio-isotopes of total storm runoff its
assumed components. Qr, @1, @, - - . » @, are the corresponding discharge
rates.
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These studies, e.g. Sklash and Farvolden (1979), Rodhe (1987) and Bonell
et al. (1990), have conceived storm runoff as having two distinct sources: ‘old
water’ and ‘new water’, where old water is ground water and soil water that
have been in catchment storage over time, while new water is the incident
precipitation and includes direct channel precipitation, surface runoff and
rapid response subsurface flow. The latter is grouped together with the others
in new water because it was believed that only rapid throughflow which
moved through macropores, and would therefore reflect incident precipitation
chemistry contribute to storm runoff (Pilgrim et al., 1979).

The aim of these studies was to separate the storm runoff hydrograph into
its assumed components and from this, draw inferences on sources and
hydrological pathways of the runoff. A number of conditions have to be
satisfied in the use of this method, and these include the following:

(1) The chemistry (solute and isotopic) of the waters from the various
sources are distinguishable, i.e. each source has its own chemical identity;

(2) the chemical identity is maintained in transit from source ‘reservoir’ to
stream channel, and is only changed during mixing in the channel, i.e. there
is spatial and temporal uniformity in the identity of each ‘end-member’;

(3) the ground water and soil water, which together constitute old water,
are chemically equivalent, or the soil water contribution to stream flow is
insignificant.

- Most results obtained from the two-component hydrograph separation
model indicate that old water is the significant component of storm runoff and
that new water contributes less than 20%, even of instantaneous peak flow
(e.g. Hooper and Shoemaker, 1986; Obradovic and Sklash, 1986; Pearce et al.,
1986; Bishop and Richards, 1988). Some results, however, indicate that up to
60% of storm runoff could consist of new water (e.g. Bottomley et al., 1984;
Bonell et al., 1990).

These results have been met with scepticism due to the extreme simplifica-
tion of catchment processes by the assumptions of the model, and in
particular, the limitation on the number of possible storm runoff end-
members. For instance, it has been shown that considerable spatio-temporal
variations occur in the chemical-isotopic concentrations of both old and new
water, especially the latter (Rodhe, 1987; McDonnell et al., 1990). In addition,
the two sub-components of old water, ground water and soil water, may have
different chemical identities. These limit accuracy of results and precision of
identification and explanation of hydrological pathways, and therefore
detract from the relevance of the model in explaining storm-runoff processes
(Ogunkoya and Jenkins, 1991). Opinions have been expressed that an
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expansion of the components in the model to at least three, involving princi-
pally, distinctive groundwater and soil water components, would improve its
capability (e.g. Bishop and Richards, 1988).

A three-component model has been used by Dewalle et al. (1988) and
Swistock et al. (1989), with the components being channel precipitation (i.e.
rainfall intercepted directly by the wetted surface of the stream channel), soil
water (i.e. near channel unsaturated zone water in soil macropores) and
ground water (i.e. antecedent streamflow) presumably dominated by
saturated zone water. Overland flow was assumed negligible due to the high
infiltration capacities of the forested study catchment, and/or assumed to be
of similar identity to incident precipitation. However, a full chemical-isotopic
mass balance approach was not adopted as only one tracer O was used.
Rather, the volume of direct precipitation in total streamflow was determined
by measurement of throughfall intensity and simultaneous stream channel
area, and the use of a least-squares procedure for analyzing direct precipita-
tion accretion and routing through a channel. This assumes a certain source
area expansion model which may be difficult to substantiate, given the non-
uniformity of rainfall over a catchment, and the non-systematic variation of
channel width with distance downstream due to variation in topography and
geology. The results of Swistock et al. (1989) show that whereas ground water
was still the dominant component of runoff, and accounted for 74-90% of
total storm runoff volume and 62-97% of instantaneous flow, soil water was
a major component for most storm runoff events, accounting for 6-25% of
total storm runoff and up to 52% of instantaneous flow. Channel precipita-
tion was a minor component, accounting for between 1 and 4% of total storm
runoff and up to 14% of instantaneous flow.

The present study elucidates a three-component hydrograph separation
model involving full chemical-isotopic mass balance equations. The paper
uses a storm runoff in Allt a> Mharcaidh catchment, Cairngorm Mountains,
Scotland to demonstrate the operations of the model, and its capabilities in
facilitating the drawing of inferences on hydrological pathways. The problems
associated with the identification of storm runoff end-members to be used in
the model are also reviewed.

The assumptions underlying the use of this model are that:

(1) Storm runoff has three end-members: (a) incident precipitation (p)
which has at least two subcomponents, channel precipitation and overland
flow, both having similar chemical identity; (b) soil water (sw) in the un-
saturated zone of source areas; (c) ground water (gw). Channel precipitation
is rain falling directly onto areas saturated to the surface, while overland flow
is water flowing over such a surface or some other impermeable areas.
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(2) Each of the end-members has a distinctive chemical-isotopic identity,
especially in terms of the tracers used.

(3) Temporal variations may occur in the concentration of end-members
from beginning to end of storm runoff. This may be due to the Rayleigh
distillation or rain-out effects in the case of precipitation, or entry of an
end-member into the ‘reservoir’ of another, e.g. precipitation mixing with soil
water, or ground water return flow mixing with soil water. The temporal
variation at the sampling site is known. This assumption may introduce
difficulties due to problems of determining the time synchronization of mixing
in the reservoir and entry of the mixture into the channel. Ratio of mixture
can only be estimated from streamflow chemistry.

(4) Streamflow at inception of storm runoff, i.e. baseflow, could be a
mixture of soil water and ground water, the ratio of mixing depending on
antecedent catchment wetness.

STUDY AREA

The study catchment, Allt a> Mharcaidh, has an area of 9.98 km? and lies
on the western edge of the Cairngorm Mountains, north-eastern Scotland. It
consists of three distinct topographic units: a gently rising upland plateau
which lies above 700 m; steep valley sides lying between 550 and 700 m; a
gently sloping valley floor (below 550 m). The highest point in the catchment
is at 1111 m, while the outlet is at 320 m. The main catchment, G1, comprises
two smaller headwater catchments, G2 and G3 (Fig. 1).

The catchment is underlain by biotite granite, but thick deposits of boulder
clay derived from local rock cover much of the valley floor. Alpine podsols
predominate on the plateau, peaty podsols on the valley sides and blanket
peat up to 1 m thick on the valley floor. The peaty podsols have a weakly
indurated horizon which promotes occurrence of a perched water table.
Downslope drainage from the valley sides promote saturated conditions in the
peat soil on the valley floor. The peat is characterized by the presence of pipes
and incised channels eroded to the level of the mineral horizon.

The vegetation consists of northern blanket bog on the valley floor, lichen-
rich boreal heather moor on the valley sides, and alpine azalea-lichen heather
on the plateau. Some stands of mature native Scots pine (Pinus sylvestris)
occupy the lower slopes of the catchment. The average annual precipitation
is between 1100 m and 1500 m across the catchment, up to 30% of which may
fall as snow. Rainfall-induced storm runoffs are most common in summer and
autumn, while snowmelt events mainly occur during early spring, and rain on
snow events occur during late spring and winter.



ANALYSIS OF STORM HYDROGRAPH AND FLOW PATHWAYS 75

ALLT a° MHARCAIDH
G1

’[

0 500 m 1km
-

G Gauging sites Sgoran Dubh Mor

R Rain gauges /

Q)

Fig. 1. The Allt a> Mharcaidh catchment showing the location of monitoring stations.

METHODS

Streamflow was monitored at 20 min intervals at the rated outlet of the
main catchment (G1) using Druck pressure transducers. Stream pH and
conductivity were also monitored at 20-min intervals using a pHox 100 DPM.
Rainfall was monitored at a network of five tipping bucket gauges
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(R1,...,R5; Fig. 1). Rainfall at R2 closely simulated spatial average
catchment rainfall. Storm runoff events were sampled hourly while rainfall
was sampled at R1 by a sampler which collected a discrete sample for each
I mm of rainfall, and at RS, by a bulk collector which took rainfall samples
over a 2h period. Bulk precipitation was additionally collected at four
locations (R1,...,R4) using 40 cm diameter funnels. Four boreholes, BH2,
BH23, BH24 and BH26 (Fig. 1) were sampled manually every 2 h during the
early part of the storm event and less frequently towards the end. BH2 and
BH26 were located close to the channel while BH23 and BH24 were located
on the valley side. The water table at BH2 and BH26 was less than 1 m from
the soil surface and about 3.5m from the surface at the other two locations.
Throughflow was sampled at two sites using gutter lysimeters. The first site
was on the valley floor (PH, i.e. peat) and the second, on the valley side (PP,
i.e. peaty podsol). Lysimeters were placed at the depths (50 cm, 100cm) at
each site, corresponding to PH2, PH4 and PP2, PP4,

Samples were analyzed for deuterium (D%o) relative to SMOW at the
Institute of Hydrology, Wallingford, using mass spectrometry (accuracy
+ 2%o), and for a variety of chemical determinants including Na, K, Ca, Mg,
Al (total monomeric), NH,, Cl, SO,, NO, and total organic carbon (TOC),
at the Freshwater Fisheries Laboratory, Pitlochry. Acid neutralizing capacity
(ANC) was estimated using the relationship:

ANC (uEq. 17') = Y (Ca’* + Mg’ + Na* + K* + NH;)
— Y (NO;y + ClI= + SO;) (2)

The three-component hydrograph separation model used two of the three
conservative tracers determined: ANC (see Neal et al., 1991), chloride (see
Neal et al., 1988), and deuterium (§D%e). It may be noted that ‘n” tracers are
needed to partition the hydrograph into (» + 1) components. The linear
equations used are derived thus:

If o is the proportion of incident precipitation (p), f is the proportion of soil
water (sw), y is the proportion of ground water (gw), chloride and deuterium
are the tracers, x is Cl concentration of stream water, y is 6D%o of stream
water, A, A,, A; and B,, B,, B,, are the corresponding Cl and D% of
incident precipitation, soil water and ground water, respectively, then:

x = ad, + BA, + 4, (3)
vy = oB, + BB, + yB; (4)
. = —(x — A)B, — By) + (y — B))(4, — A4;) ()

(Ay = A)(By — By) — (B, — By)(4, — 43)
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g = (x — A)(B, — By) — (y — By) (A4, — A, (6)
(4, — A3)(By — By) — (B, — By)(A, — 43)

y = 1l—-oa—f (7

Two approaches were taken in the determination of realistic values of the
As and Bs in eqns. (5) and (6), based on the assumption 3. One approach
assumes constance in the identity of end-members over time, and the other,
a temporal variation. In the former, soil water and ground water Cl and 6D%o
immediately prior to the storm event were adopted as the 4,, 4, and B,, B;,
respectively. These values were taken as constant over the duration of the
storm runoff. 4, and B,, (i.e. precipitation Cl and 6D%., respectively) were
taken as the volume weighted mean tracer concentrations of incident precipi-
tation. A volume weighted mean, however, implies a temporally random
variation of tracer concentrations around the weighted mean whereas in
reality, the temporal variability may not be random given the Rayleigh
distillation and rain out effects (see Ingraham and Taylor, 1986; McDonnell
et al., 1990). Furthermore, such a weighted mean allows tracer concentrations
of the last raindrops in a storm event to influence separation of hydrograph
for the beginning of storm-runoff response, a consequence of which is an
underestimation of the ground water and soil water components if the rainfall
concentrations trend towards ground water and soil water concentrations.

In the latter approach, trend lines (running means) were fitted on the
ground water and soil water tracer concentrations from the background
values to those at end of the storm runofl. Instantaneous tracer concentrations
for any time during the storm runoff was estimated by direct interpolation
from these trend lines (see Rodhe, 1987). 4, and B, were determined as
incrementally adjusted weighted mean tracer concentrations (see McDonnell
et al., 1990). This allows continuous adjustment of the tracer content of
precipitation on the catchment based on the concentration and timing of each
sample (see eqn. (8)):

2ioi P
| P,
where A4, is the weighted mean precipitation tracer concentration, P is the
gross increment of precipitation with each sample, and 4, is the corresponding
tracer concentration.

A, of the last precipitation sample is used for hydrograph separation for the
post-precipitation period of storm runofl.

This method takes into consideration the fact that incident precipitation at

any time within a storm event will mix with some prior precipitation on the
latter’s path to the channel, leading to a possible change in chemistry of the

4, (8)
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incident precipitation. However, the time synchronization of mixing on the
catchment and entry into the channel is not known. The main advantage in
this approach is that later rain in a storm event does not influence the results
of analysis for an antecedent period.

Given the number of points from where data describing catchment hydro-
chemical characteristics have been sampled, there is a need to determine which
combination (rain, soil and ground water) of the sets of data best accounts for
storm-runofl hydrochemistry. The end-member mixing analysis model
((EMMA), Christophersen et al., 1990), consisting of linear x-y plots or
mixing diagrams of tracer concentrations of the three end-members
considered, was used to select the set of end-members and validate their
inclusiveness (see Fig. 2). If the end-members used in the plot constitute an
exhaustive list of the sources of the storm runoff, stream flow tracer con-
centrations will plot totally within a triangle bordered by the end-member
concentrations. Although Cl and 6D were chosen as tracers while rainfall at
R1 and RS, soil water at PH2, and groundwater at BH26 were selected as
end-members, Fig. 2 shows that this set of end-members are not all inclusive,
Sampling missed a key contribution to stream chemistry, water having a low
chloride content and depleted in deuterium. Non-inclusiveness of end-
members significantly detracts from accuracy of hydrograph separation, but
this flaw is overlooked here as the main aim is to present the model and the
problems associated with its use. The runoff hydrograph of the 13 June 1989
storm is analyzed, and results are presented in terms of instantaneous and
total end-member contributions to storm runoff.

RESULTS

Figure 3 shows the pluviograph, hydrograph and the associated chemistries
of the storm runoff, while Fig. 4 shows the ‘separated’ hydrograph (‘fixed’
end-member chemistry model). The storm runoff was in response to a 26 mm
catchment average rainfall with a peak intensity of 6mmh~"', involved an
increase in streamflow from 1001s™' to peak values of 6301s~', and a total
runoff of 3.4 mm with a runoff coefficient of 13.1%.

The *fixed’ end-member chemistry model indicates that total o (proportion
of incident precipitation) was 19%, corresponding to a runoff coefficient of
2.5%, while total f (proportion of soil water) and y (proportion of ground
water) were 28% and 53%, respectively. Instantaneous « range from 8% to
30% while those of f and y range from 3% to 46%, and 30% to 87%,
respectively. Contributions at peak discharge were 30%, 40%, and 30%, for
a, f and y, respectively. The highest « occurred during peak discharge periods,
and were also associated with periods of peak rainfall intensities. The lowest
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Fig. 2. End-member mixing analysis.
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Fig. 3. Pluviograph, hydrograph and hydrochemistry.
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