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Contrasts between estimates of baseflow help discern multiple
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Abstract. This study compares baseflow estimates usingfeed the river for several weeks to months at that time. CI
chemical mass balance, local minimum methods, and revs. discharge variations during individual flow events also
cursive digital filters in the upper reaches of the Barwondemonstrate that inflows of high-salinity older water occurs
River, southeast Australia. During the early stages of high-on the rising limbs of hydrographs followed by inflows of
discharge events, the chemical mass balance overestimatémv-salinity water from the transient stores as discharge falls.
groundwater inflows, probably due to flushing of saline wa- The joint use of complementary techniques allows a better
ter from wetlands and marshes, soils, or the unsaturated zonenderstanding of the different components of water that con-
Overall, however, estimates of baseflow from the local mini- tribute to river flow, which is important for the management
mum and recursive digital filters are higher than those base@dnd protection of water resources.

on chemical mass balance using Cl calculated from continu-
ous electrical conductivity measurements. Between 2001 and

2011, the baseflow contribution to the upper Barwon River

calculated using chemical mass balance is between 12 antl Introduction

25 % of the annual discharge with a net baseflow contribu-

tion of 16 % of total discharge. Recursive digital filters pre- Documenting the sources of water in rivers and streams is
dict higher baseflow contributions of 19 to 52 % of discharge cfitical to our understanding of hydrological processes and
annually with a net baseflow contribution between 2001 andor the management of groundwater and surface water re-
2011 of 35% of total discharge. These estimates are simsources (e.g. Yu and Schwartz, 1999; Uhlenbrook et al.,
ilar to those from the local minimum method (16 to 45 % 2002; Eckhardt, 2005; Gonzales et al., 2009; Kirchner, 2009;
of annual discharge and 26 % of total discharge)_ These difsanford et al., 2012) If rivers receive substantial groundwa-
ferences most probably reflect how the different techniqueder inflows, groundwater extraction may significantly reduce
characterise baseflow. The local minimum and recursive digfiver flow during periods of low rainfall with consequent im-
ital filters probably aggregate much of the water from de-Pacts on riverine ecosystems or the utility of surface wa-
layed sources as baseflow. However, as many delayed traf€l resources. Managing surface water and groundwater re-
sient water stores (such as bank return flow, floodplain storsSources thus requires a sound knowledge of the likely quanti-
age, or interflow) are likely to be geochemically similar to ties of groundwater that rivers receive. Understanding the rel-
surface runoff, chemical mass balance calculations aggregat%ﬂVe contributions of groundwater and surface water to river
them with the surface runoff component. The difference be-discharge is also important to assessing potential impacts
tween the estimates is greatest following periods of high dis-Of climate change and for flood forecasting (Winter, 1999,

charge in winter, implying that these transient stores of water?000). While it is well understood that groundwater and sur-
face water systems interact, it is difficult to robustly measure
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16 I. Cartwright et al.: Contrasts between estimates of baseflow

the fluxes of groundwater to gaining streams (Winter, 1999,catchment-specific knowledge exists (Eckhardt, 2005). The
2000; Sophocleous, 2002). estimates of baseflow fluxes yielded by these techniques in-
River discharge following a rainfall event may be divided clude all delayed water, not just groundwater inflows (Nathan
into quickflow (water that contributes to river flow soon af- and McMahon, 1990; Brodie et al., 2007).
ter the rainfall event) and baseflow (water with longer resi- There is an increasing volume of river geochemistry data.
dence times in the catchment that sustains the river betweenhis includes electrical conductivity (EC), major ions, stable
rainfall events) (e.g. Hall, 1968; Nathan and McMahon, and radiogenic isotopes, gases, nutrients, and contaminants.
1990; Yu and Schwartz, 1999; Eckhardt, 2005; Brodie et al.,Provided that groundwater and surface water have different
2007). As discussed by Hall (1968), Brodie et al. (2007), concentrations of a given chemical component and the be-
and Schwartz (2007) these two components may include wahaviour of that component is well known (e.g. whether it be-
ter from several sources. The quickflow component will in- haves conservatively and any rates of degassing or decay),
clude event water but can also include older water displacedariations in river geochemistry may be used to estimate
from soils and the unsaturated zone, groundwater mobilise@roundwater inflows to rivers (e.g. Rice and Hornberger,
by hydraulic loading due to recharge on the floodplains or1998; Stewart et al., 2007; Gonzalez et al., 2009; Sanford
groundwater displaced from perched aquifers (Sklash anekt al., 2012; Cartwright et al., 2011; Hrachowitz et al., 2011;
Farvolden, 1979; Rice and Hornberger, 1998; Anderson andook, 2013). Given that some delayed sources of water such
Burt, 1980; Wittenberg and Sivapalan, 1999; Kirchner, 2009;as bank storage are likely to be geochemically similar to the
Hrachowitz et al., 2011; Zabaleta and Antiguedad, 2013). Insurface water from which they are derived, chemical mass
gaining river systems, baseflow will include inputs from re- balances may yield estimates of groundwater inflows rather
gional groundwater but may also include interflow, the returnthan the total baseflow flux (McCallum et al., 2010). Dur-
of water from bank storage, or draining of pools on the flood-ing single flow events there may be also different concentra-
plain (Chen et al., 2006; McCallum et al., 2010; Hrachowitz tion vs. discharge relationships on the rising limb of the hy-
et al., 2011), and these components may change in impordrograph compared with the falling limb (Evans and Davies,
tance at different times of the hydrological cycle or during 1998; Hornberger et al., 2001; Aubert et al., 2012). Such hys-
wet or dry years (Aubert et al., 2012). The potential presenceeresis loops have been used to assess how sources of water
of multiple sources of water contributing to both the baseflowsupplying the river vary over time.
and quickflow components complicates our understanding of Many geochemical studies of baseflow represent surveys
groundwater—surface water interaction. along rivers at specific times, often at low-flow conditions
Many techniques have been applied to quantify the wa-(e.g. Mullinger et al., 2007; Cartwright et al., 2011; Cook,
ter balance in rivers (e.g. Winter, 1999; Sophocleous, 20022013). Thus while they constrain the spatial variability of
Brodie et al., 2007; Schwartz, 2007; Stewart et al., 2007;groundwater inflows and fluxes, they commonly do not con-
Sanford et al., 2012; Cook, 2013). River discharge recordsstrain temporal variability. By contrast, many calculations of
represent the most comprehensive and abundant surface whaseflow fluxes based on river discharge use daily or sub-
ter datasets available. Commonly discharge is recorded alaily data from a single gauge. This approach captures the
sub-daily to daily intervals at one or more gauges in a catchtemporal variations but aggregates the behaviour of the en-
ment, and records may extend for several decades or longetire catchment upstream of the gauge. Some studies have
Several techniques — such as graphical separation, rainfallised time series of geochemical data; however, these are
runoff models, and baseflow filters — have arisen to esti-commonly collected over short time periods (e.g. Evans
mate baseflow fluxes from discharge records (e.g. Nathamand Davies, 1998; Yu and Schwartz, 1999; Gonzales et al.,
and McMahon, 1990; Dye and Croke, 2003; Eckhardt, 2005,2009; Hrachowitz et al., 2011) or at relatively long inter-
2008; Brodie et al., 2007; Aksoy et al., 2009). Automated vals (e.g. Ahearn et al., 2004; Aubert et al., 2012). Although
graphical baseflow separation algorithms such as fixed block=C is only a general indicator of water chemistry, it can be
sliding block, or local minimum methods define baseflow asmeasured continuously on timescales comparable to those of
the minimum discharge over a given period of time, the du-river discharge. This allows a continuous record of chemical
ration of which is governed by catchment size (e.g. Slotovariation in the river to be established, which in turn per-
and Crouse, 1996; Aksoy et al., 2009). Digital filtering mits a direct comparison between geochemical methods of
techniques assume that baseflow has a longer wavelengtstimating baseflow fluxes and those based on the discharge
response than quickflow and may be estimated by passiydrographs.
ing a low-pass digital filter across the river hydrograph
(e.g. Nathan and McMahon, 1990; Eckhardt, 2005). While Objectives
these techniques are relatively simply applied and can be au-
tomated, there remains a degree of subjectivity (e.g. a rang&he objectives of this paper are to contrast baseflow fluxes
of digital filters exist). Some of the digital filters are tune- estimated from the discharge hydrographs using graphi-
able so that estimates of baseflow fluxes can be broughtal and filter techniques (herein termed analytical tech-
into agreement with those from other technigues whereniques) with those estimated by chemical mass balance using
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calculated Cl concentrations in the upper Barwon River, Zone 54 Zone 55
southeast Australia (Fig. 1). In part the choice of techniques 2 '
is pragmatic. The absence of time series data for stable iso:
topes or major ions in rainfall precludes using techniques
based on comparing the geochemistry of catchment out-
flows with that of rainfall (e.g. Kirchner, 2009; Hrachowitz Barwon
et al., 2013). Additionally, lack of detailed soil moisture =5
data_ or mformatyon about unsaturated zone flow_(and the ® lakes ® Gauge
relatively large size of the catchment) makes application of
rainfall-runoff models (e.g. Dye and Croke, 2003) difficult.
The data available in the Barwon catchment are similar to
those in many catchments globally, and the adopted tech-
niques have been applied individually or in combination else-
where (e.g. Nathan and McMahon, 1990; Yu and Schwartz,
1999; Eckhardt, 2005; Stewart et al., 2007; Gonzalez et al., . N basale/ alluvia
2009; Aksoy et al., 2009; Sanford et al., 2012; Zabaleta and A sy Cainozoic S
Antiguedad, 2013). For management purposes, it is impor-
tant to understand the water balance in medium or larger
catchments, recognising that they will rarely have the data 600m Otway
density of small heavily instrumented catchments. et
Other studies have used a similar comparison between
techniques to calibrate one method or another of estimatingsig. 1. (a) Location of upper Barwon catchment in Aus-
baseflow; for example, Stewart et al. (2007) and Gonzeles efalia (Vic = Victoria). (b) Hydrology of the upper Barwon
al. (2009) used chemical mass balance to calibrate graphicalatchment showing simplified geology (Mes-Cain=Mesozoic—
separation and filter techniques, respectively. However, her€ainozoic sediments), groundwater flow directions, location
we use the comparison of baseflow fluxes at different flowof gauges (IN=Inverleigh; KL=Kildean Lane; RM = Ricketts
conditions to assess specifically whether there are differenMarsh; Wi=Winchelsea), saline discharge sites, and settlements
water stores that contribute to baseflow. Understanding théF0 = Forrest; In=Inverleigh; W'z\fv'”Che'seao:) Section across
contribution of different water sources to rivers at different 1€ UPPer Barwon catchment — A=A (a) — showing the broad

times will aid in the management of connected l,Oundwatelgeological structure. Mesozoic—Cainozoic aquifers shown in light
9 9 green, aquitards (Gel = Gellibrand Marl; Nar = Narrawatuk Marl) in
and surface water systems.

dark green. Data from Witebsky et al. (1995), Corangamite Catch-
ment Management Authority (2005), and Water Resources Data
Warehouse (2012).
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2 Local geology and hydrogeology

period of higher flows in winter (generally between June and
The Barwon River catchment occupie700 knf of south-  October).
ern Victoria, Australia (Fig. 1) and includes three major The headwaters of the Barwon River drain the north-
river systems: the Barwon, Leigh, and Moorabool rivers ern slopes of the Otway Ranges where the surface geol-
(Corangamite Catchment Management Authority, 2005).0gy comprises Mesozoic—Cainozoic sediments (Witebsky et
This study focuses on the upper catchment of the Barworal., 1995; Corangamite Catchment Management Authority,
River upstream of the Winchelsea gauging station (Fig. 1).2005; Dahlhaus et al., 2008). The remainder of the upper
The Barwon region has a temperate climate with annualkatchment comprises basaltic flows and pyroclastic deposits
rainfall varying from~ 1030 mm at Forrest te- 630mm at  of the Piocene—Pleistocene Newer Volcanics Province that
Winchelsea. Annual potential evapotranspiration in the up-are interbedded with Tertiary marine and freshwater sedi-
per Barwon catchment is 1000 to 1100 mm¥srand poten-  ments. Holocene alluvial deposits are developed along the
tial evapotranspiration rates exceed average rainfall for theiver courses.
period between November and May (Bureau of Meteorol- The headwaters of the Barwon River largely comprises na-
ogy, 2012). On average 50 to 60 % of the annual rainfall istive eucalypt forest and plantation forestry; however much
received in the austral winter between July and October; Janef the upper catchment has been cleared for sheep and cat-
uary and February typically each receive 0 to 5% of the an-tle grazing and broad-acre agriculture. The basalts and allu-
nual rainfall (Bureau of Meteorology, 2012). The variation in vial sediments have mainly sandy loam soils that are typ-
evapotranspiration and rainfall leads to a strong seasonalitically 2-5m deep and which are moderately well drained
of flows in the Barwon River with a period of low discharge (Corangamite Catchment Management Authority, 2005). Ex-
in late summer (generally between February and April) and ecept for the headwaters, slope angles are levii@ %) and
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the majority of the catchment comprises a broad gently un- 1200
dulating floodplain that is several kilometres wide and into

which the Barwon river is incised to depths of up to 4 m. 1000 |
There are abundant pools and marshes that occupy depres-
sions in the relatively young volcanic landscape. These to-
gether with bank storage (the river is commonly incised to
2-3 m below its floodplain) probably form the dominant tran-
sient water stores, although interflow and soil drainage will
also occur.

The Mesozoic—Cainozoic sediments form a sequence of
aquifers and aquitards that is up to 400 m thick. These sedi-
ments overlie the Jurassic—Cretaceous Otway Group, which
forms the regional basement (Fig. 1c). Groundwater in the . . .
Mesozoic—Cainozoic aquifers flows from the recharge area 0 1000 2000 3000 4000
in the Otway Ranges to the northeast (Witebsky et al., 1995; EC (uS cm-1)

Petrides and Cartwright, 2006). Over much of the catch- ) _ _

ment, this deeper groundwater is separated from near-surfaddd- 2. Correlation between EC and Cl in the Barwon River. Pata
aquifers by the thick Gellibrand and Narrawatuk marls thatfrom Water Resources Data Warehouse (2012) and Cartwright et
act as aquitards (Fig. 1c). On the floodplain the groundwate?l' (2013).
with which the Barwon River interacts is that in the basalt

and aIIu_viaI sediments (Witeb_sky etal, 1995)' _Grou_ndwa- Total annual discharges of the upper Barwon River

ter flow in the shallpwer basaltic and alluvial aquifers is also between 1974 and 2011 were between 28 and

to the northeast (Fig. 1b). Water tablg depths vary from SeVa 3. 18 m3 yr—1 (Water Resources Data Warehouse, 2012).

eral metres on the valley sides to typicatysm over much During flood events the discharge increases significantly be-

of the floodplain (Corangamite Catchment Management Au'tween stations, implying that the kinematic effects on the

thority, 2005; Dahlhaus et al., 2008). Annual variations n hydrographs are small. ClI concentrations of the Barwon

groutnd\_/va'her 1e Izvatlon_fhlr;]_szallov:/ botr_es on the dfl(()jo_d plﬁ'nRiver at Forrest in the uppermost catchment are typically
are typically 1—-om, Wi Igher elevations recorded In the _ 4, mg L1, whereas ClI concentrations at Winchelsea

later parts of the year following recharge by winter rains are up to 1250mgt! (Water Resources Data Ware-
(Water Resources Data Warehouse, 2012; Department OfPrHouse 2012). This increase in salinity along the Barwon
mary Industries, unpublished data). The upper Barwon RiVerRiver i’s largely due to the influxes of saline groundwater
is perennial and receives groundwater inflows from the basalECorangamite Catchment Management Authority, 2005)
and alluvial sediments along much of its length (Corangamite ' ’
Catchment Management Authority, 2005; Witebsky et al.,
1995; Cartwright et al., 2013)

The CI concentration of groundwater in the shallow

aquifers ranges from 250 to 15000 mg'iand generally in-  River discharge, groundwater geochemistry, and river geo-
creases down catchment (Witebsky et al., 1995; Petrides anghemistry data are from the Victoria Water Resources Data
Cartwright, 2006; Water Resources Data Warehouse, 2012)yarehouse (2012), Cartwright et al. (2013), and unpublished
There are several instances of shallow10m) ground-  pepartment of Primary Industries data. River EC and dis-
water with much hlgher salinities (Cl concentrations up to Charge are monitored Continuous|y ona Sub_da”y basis (typ_
30000 mg L) in low-lying regions on the river floodplains  jcally 30 to 60 min) at several sites in the Barwon River, and
(Fig. 1). The high groundwater salinities in this area andgc records extend from 1989 for some gauges to 2012. Mea-
throughout the Newer Volcanics Province in general resultsyrements of EC values and Cl concentrations have also been
from two causes (e.g. Bennetts et al., 2006; Dahlhaus et almade across a wide range of river flows, including very low
2008; Cartwright et al., 2009; Tweed et al., 2011). Firstly, flow and high-flow conditions, and these parameters are very
poorly drained largely endorheic saline lakes, wetlands andyel| correlated £2=0.98) (Fig. 2). This allows CI concen-
marshes developed on the irregular surface of the lava flowgations to be estimated robustly from the EC data. Estima-
act as local recharge points. Secondly, as is the case througfpn of the baseflow fluxes from the stream hydrograph and

much of southeast Australia, the combination of low rain- cajculated CI concentrations used the following methods.
fall, subdued topography, and water-efficient native vegeta-

tion leads to high evapotranspiration rates that produce saling.1 Local minimum method

groundwater. Due to its high salinity, shallow groundwater is

generally not utilised in this catchment. In the local minimum graphical method the baseflow flux
is assumed to vary linearly between minimum discharges

800

600 |

Cl (mg L1)

400

200

3 Methodology and data sources
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that occur within a window of a specified humber of days gauge (Fig. 1), the inflows of anomalously saline groundwa-
(0.5[2N* — 1)) (Sloto and Crouse, 1996; Askoy et al., 2009). ter (Cl concentrations up to 25000 mg?) in the region be-
The number of days after which surface water runoff ceasesween the Winchelsea and Inverleigh gauges (Corangamite
(N) scales to catchment area, and the empirical relationshiCatchment Management Authority, 2005) may complicate
N =A% is generally adopted, wherg is area in square the results of chemical mass balance techniques.

miles (Sloto and Crouse, 1996)\2 is the odd integer near- Average rainfall at Winchelsea between 2001 and 2011

estto 2V was 652mmyrl, which is close to the long-term (1904
S to 2011) average of 630 mmyt (Bureau of Meteorology,
3.2 Digital filters 2012). This period comprises a humber of years of below-

. ) . . ) average rainfall (notably 2006 to 2009) that occurred dur-
Digital filters estimate baseflow influxes by removing the i, 5 regional drought period in southeast Australia together
high-frequency quickflow signal from the hydrograph to dis- ith years of above-average rainfall (e.g. 2001 and 2010 to

cern the longer wavelength baseflow. Two commonly appliedy1 1) annual river discharge at Winchelsea between 2001

filters were used in this study: and 2011 ranged from 8.2410° to 1.26x 10° m3yr—1 with
144 a total discharge over this period of 5.87.0° m? (Table 1).
by = abr—1 + — k= Yk-1) (1) There are periods of no discharge, notably in December 2006

to February 2007 and February to April 2009. These time pe-

(Lyne and Hollick, 1979; Nathan and McMahon, 1990) and riods represent the summers of low-rainfall years when sev-
eral of the gauges in the Barwon and adjacent rivers also

= (1 = BFlmad a b1 + (1 —a) BFlmaxy 2) recorded no or very little discharge (Water Resources Data
1 — aBFlmax Warehouse, 2012). This indicates that the river had ceased

(Eckhardt, 2005, 2008). While there are other possible digitaIﬂOWing rather than the data reflecting malfunctioning of the
filters (e.g. the Schwartz, 2007, filter that takes into accound3U9€ . _
differences in baseflow fluxes on the rising and falling limbs  Years 2001, 2002, and 2006 will be used to illustrate
of the hydrographs), the chosen two are readily implementedth€ patterns of flow and Cl variation (Figs. 3-5). The year
In Egs. (1) and (2)by is the baseflow flux on dak, y is to- 2001 had the highest annual dls_charge in this period, 2002
tal discharge on day, anda is the recession constant that 'ePresents a year where the discharge in the upper Bar-
is estimated from the recession limbs of the hydrographs by/on River was close to the long-term median value (al-
calculatingyy.+1=a yx for every stream discharge value that beit with a protracted period of low d_|scharge dur|r!g a dry
is part of a recession period of at least five days (Nathan angdummer in early 2002), and 2006 is the year with low-
McMahon, 1990; Eckhardt, 2005, 2008). In the Eckhardt fil- est discharge between 2001 and 2011. Rainfall in 2001,

ter, BFnax is the maximum value of the baseflow index (the 2002, and 2006 was 807, 654, and 428 mmymespec-
long-term ratio of baseflow to river discharge) that can beliVély: The maximum discharge between 2001 and 2011 was

by

modelled by the algorithm. 7.32x 10°m3day ! and the median dischargeég) was
2.16x 10*m3day ! (Fig. 6). The maximum and median
3.3 Chemical mass balance daily discharges are 7.3210° and 91.6x 10*m3day !

in 2001, 1.13< 10° and 3.32< 10°m3day ! in 2002, and
Where concentrations of a specific chemical component inl.01x 10° and 7.9x 10®*m®day ! in 2006 (Fig. 6). The
groundwater are significantly different to those in surface wa-discharge at Winchelsea in 2002 varied between %.9@

ter, baseflow fluxes may be estimated via and 1.13x 10’ m3day 1, with a total discharge for the year
of 3.96x 10’ m3yr—1 (Table 1; Figs. 4 and 7). Higher dis-
br = i Cr =G (3) charges occurred during a discrete flow event in February
Cow — Csw and a series of high-flow events between June and October.

River discharges were lowest in March to April but remained
« generally high ¢ 10° m3day 1) between the flow events in
'June to October. The discharge variations in 2001 and 2006
are similar (Figs. 3 and 5).
Calculated Cl concentrations in the Barwon River in 2001
4 Discharge and Cl variation to 2011 were between 23 and 1250 m—d'L(Flg 7). During
the peak of the discharge events the river has low CI con-
This study analyses variations in discharge and Cl conceneentrations, implying that it is fed largely by surface runoff
trations between 2001 and 2011, which represents the lengtar low-salinity water displaced from near-surface stores at
of the EC record at the Winchelsea gauge from which the Clthose times. CI concentrations 1000 mg =1 are mainly
concentrations were calculated (Fig. 2). Although a longerrecorded during periods of very low or no discharge and
flow and EC record (from 1989) exists for the Inverleigh probably reflect evaporation when the river is stagnant. For

(Yu and Schwartz, 1999), wheg, Csyw, and Cqy are the
concentrations of the component in the river, surface runo
and groundwater, respectively.
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Fig. 3. (a) Variation in Cl concentrations in the upper Barwon River at Winchelsea in ZBPVariation in discharge of the Barwon River at
Winchelsea in 2001 and estimated baseflow calculated by the Nathan and McMahon (1990) implementation of the Lyne and Hollick (1979)
digital filter (RDF), local minimum (Sloto and Crouse, 1996) (Min), the Ekchardt (2005) digital filter witihBFE 0.75 (Ek(0.75)) and 0.4
(Ek(0.4)), and chemical mass balance (CM@).Ratio of baseflows derived by smoothed minimum and the Lyne and Hollock (1979) digital
filter to that estimated by chemical mass balance. Days are from 1 January. Data from Water Resources Data Warehouse (2012).

the majority of the monitoring period Cl concentrations are (Kildean Lane, Ricketts Marsh, and Inverleigh) record simi-
<1000mg Lt (Fig. 7). In 2002, ClI concentrations were lar clockwise hysteresis loops (Fig. 9).
highest (up to 820 mgt?) during the March to April low-
flow period and were generally 550 mg L1 throughout
June to October, even during periods of low flow. The vari-5  Estimating baseflow
ation in discharge and CI concentrations for 2001 and 2006
are similar. 5.1 Graphical separation techniques

While Cl concentrations are broadly inversely correlated
with discharge (Fig. 7), Cl vs. discharge variations for severalThe local minimum graphical method of Sloto and
of the major flow events in 2002 define clockwise hysteresisCrouse (1996) and Askoy et al. (2009) was applied to the
loops (i.e. Cl concentrations are lower at any given dischargéhydrograph data from the Winchelsea gauge; the catch-
on the falling limb of the hydrograph than on the rising limb) ment area at this gauget) is 1270kn? (490 n?), yield-
(Fig. 8). For the event between days 170 and 200 in 2002ng 2N*=7. The analysis of the hydrograph was com-
(number 2 on Fig. 4), gauges elsewhere in the catchmenpleted between the minimum discharges proceeding January

2001 and following December 2011 to allow baseflow fluxes
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Fig. 4. (a) Variation in Cl concentrations in the upper Barwon River at Winchelsea in ZBP¥ariation in discharge of the Barwon River at
Winchelsea in 2002 and estimated baseflow calculated by the Nathan and McMahon (1990) implementation of the Lyne and Hollick (1979)
digital filter (RDF), local minimum (Sloto and Crouse, 1996) (Min), the Ekchardt (2005) digital filter witthWBF 0.75 (EK(0.75)) and 0.4
(Ek(0.4)), and chemical mass balance (CM&). Ratio of baseflows derived by local minimum and the Lyne and Hollock (1979) digital

filter to that estimated by chemical mass balance. Days are from 1 January. Data from Water Resources Data Warehouse (2012).

for the entire 2001 to 2011 period to be calculated. Forand 3.2x 10° m3yr—1 (39 % of total discharge), respectively.
2001, 2002, and 2011 the local minimum technique pre-For the period between 2001 and 2011 the local minimum
dicts that baseflow fluxes are close to total discharge durtechnique yields a total baseflow volume of %408 m?3

ing the March to April low-flow periods that correspond to (~ 26 % of the volume of water discharged by the upper Bar-
the low-rainfall period at the end of summer (Figs. 3-5). won River) (Table 1). The graphical technique used here is
Baseflow fluxes increase during the higher-discharge perian empirical technique and it is difficult to assign an error
ods of July to October, which probably reflects hydraulic to the results. Varying th&v does have some impact as it
loading on the floodplain. Groundwater elevations in shal-increases or decreases the number local minimum discharge
low bores rise by up to 3m following winter rains (Victo- points. Increasing &* to 9 reduces the estimate of baseflow
rian Water Resources Data Warehouse, 2012; Department dfetween 2001 and 2011 by 10 %, whereas reducing2*
Primary Industries, unpublished data), and this increase iro 5 results in a~ 12 % increase in baseflow over this time
heads will result in greater groundwater flow towards the period.

river. For 2001, 2002, and 2006 the baseflow fluxes esti-

mated by this technique were 210" m3yr—1 (20 % of to-

tal discharge), 1.& 10’ m3yr—1, (44 % of total discharge),
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Fig. 5. (a) Variation in Cl concentrations in the upper Barwon River at Winchelsea in ZBP¥ariation in discharge of the Barwon River at
Winchelsea in 2001 and estimated baseflow calculated by the Nathan and McMahon (1990) implementation of the Lyne and Hollick (1979)
digital filter (RDF), local minimum (Sloto and Crouse, 1996) (Min), the Ekchardt (2005) digital filter witihBFE 0.75 (Ek(0.75)) and 0.4
(Ek(0.4)), and chemical mass balance (CM8).Ratio of baseflows derived by local minimum and the Lyne and Hollick (1979) digital filter

to that estimated by chemical mass balance. Days are from 1 January. Data from Water Resources Data Warehouse (2012).

5.2 Digital filters from the recession limbs of the hydrographs as described by
Nathan and McMahon (1990).

The Lyne and Hollick filter produces a predicted vari-
ation in baseflow fluxes that is similar to that of the
IJ_ocal minimum method (Figs. 3-5; Table 1). The over-
Il baseflow flux calculated using this method for 2001,
002, and 2006 is 3.810"’m3yr~1 (30% of total dis-
charge), 2.1 10’ m3yr—1 (52 % of the total discharge), and
3.6x 10°m3yr—1 (44 % of total discharge), respectively. For

The Lyne and Hollick filter was applied to the Winchelsea
discharge data in three passes (forward, backwards, fo
wards) as suggested by Nathan and McMahon (1990). Th
Eckhardt filter was applied in a single pass (c.f. Eckhardt,
2005) to the same data. Both filters were applied with the

condition thatby < yx. The value of BRhax in the Eckhardt ; 2 )
: ; N he period between 2001 and 2011 this filter yields a net vol-
filter is subjective; Eckhardt (2005, 2008) suggests value§ me of baseflow of 1.8 10° m? (~ 35 % of the total volume

of 0.7 to 0.8 for perennial streams on porous aquifers an i .
values as low as 0.2 to 0.25 for perennial streams on crys(—)]c water discharged by the upper Barwon River) (Table 1).

talline basement. In this study, given that the upper Barworfo‘S \.Nith the graphical separation techniques it is di_fficu_lt o
is a perennial river hosted within porous aquifers, an ini- assign an error to the results of the Lyne and Hollick filter.

tial Bl value of 0.75 was used. was estimated as 0.95 The results are relatively insensitive to the value pfvhich
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Table 1. Summary of baseflow estimates for the upper Barwon River.

Discharge Baseflow fluxes(10” m3)

(x10’m3yr-1) Min2 RDP Ek(0.4f Ek(0.75f CMB®
2001 12.6 25 38 4.1 7.1 1.5
%6h 20 30 32 56 12
2002 3.96 1.8 21 1.6 2.7 0.99
% 44 52 42 69 25
2003 6.46 16 24 2.2 3.9 1.2
% 24 37 39 61 19
2004 5.80 22 24 2.2 3.6 0.90
% 39 42 39 63 16
2005 3.36 11 13 1.1 2.0 0.60
% 32 39 32 60 18
2006 0.814 032 036 031 1.8 0.18
% 39 44 39 64 22
2007 3.85 050 073 0.98 1.9 4.8
% 16 19 25 48 12
2008 0.889 040 041 0.34 0.62 2.3
% 45 46 39 70 25
2009 2.71 069 1.0 0.98 1.7 0.53
% 25 37 36 63 20
2010 7.30 21 25 2.1 45 1.1
% 29 34 36 61 15
2011 3.88 089 1.3 1.4 2.3 0.69
% 23 33 37 60 18
Total Discharge Total baseflow volumes (0’ m3)

(x 10" m3) Min RDF Ek(0.4) Ek(0.75) CMB
2001-2011 53.7 14 19 19 32 8.8
% 26 35 35 59 16

@ Local minimum (Sloto and Crouse, 199§)Nathan and McMahon (1990) implementation of the Lyne and
Hollick (1979) recursive digital filter® Ekchardt (2005) digital filter with Bihax=0.4;9 Ekchardt (2005) digital
filter with BFImax=0.75; chemical mass balance (Yu and Schwartz, 19‘99;13ef|0w as a percent of total
discharge¥ total baseflow and discharge volumes between 2001 and 2011.

10000, is the one measurable value (Eckhardt, 2005). Reducing the
number of passes of the filter would increase the baseflow
estimates, but this is rarely done in applying this filter.

The estimated baseflow flux from the Eckhardt filter with
BFlmax=0.75 is significantly higher (2. 10’ m3yr—1 or
69 % of total discharge in 2002) than that of the local mini-
mum method or the Lyne and Hollick filter (Table 1, Figs. 3—
5). The net baseflow volume between 2001 and 2011 us-
ing this filter is estimated as 3:210° m3, or ~ 59 % of the
total of water discharged by the upper Barwon River (Ta-
ble 1). The predicted variation in baseflow fluxes is also less
attenuated, with higher baseflow fluxes during each of the
high-flow events than estimated by the other analytical meth-
ods. Reducing BRlaxto 0.4 results in more attenuated base-
Fig. 6. Flow duration curve for the upper Barwon River in 2001, flow fluxes that are similar to those estimated by the Lyne

2002, 2006, and for all years between 2001 and 2011. Data fromand Hollick filter and the local minimum method (Figs. 3-5,
Water Resources Data Warehouse (2012). Table 1).
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of the Cl concentration of near-river groundwater. Elsewhere
in southeast Australia, near-river groundwater is less saline
than regional groundwater due to enhanced recharge on the
floodplains (e.g. Cartwright et al., 2010). Thus, in common
with other studies (e.g. Yu and Schwartz, 1999; Stewart et
al., 2007; Gonzales et al., 2009), the highest CI concentra-
tions recorded in the Barwon River at Winchelsea during
the low-flow periods when the river is most likely to be fed
mainly or entirely by groundwater inflows will be used as
the groundwater component. The highest Cl concentration
10011 <Al b %; ° recorded at Winchelsea between 2001 and 2011 when there
[ | =2001 o6l is above zero discharge is 970 mgl, and this is used as
» 2002 o the average Cl concentration of the groundwater. While this
° 2006 s assumption introduces some uncertainties into the calcula-
tions, it is justified on the following grounds. Firstly, assign-
- ‘ ‘ . . ) . ing a lower average groundwater Cl concentration results in
700 10" 102 103 104 105 106 107 the calculated baseflow fluxes (Eqg. 3) being negative when
Discharge (m3 day-1) the river has high Cl concentrations. Secondly, while assign-
ing a higher Cl concentration to the groundwater component
Fig. 7. Cl concentrations vs. discharge for the upper Barwon could be justified given the range of groundwater salinities in
River between 2001 and 2011. Data from Water Resources Datghe catchment, this would imply that river at low discharge
Warehouse (2012). would always have a considerable component of surface wa-
ter (which is unlikely during the prolonged very low dis-
charge periods). Finally, in most years the highest Cl concen-
5.3 Chemical mass balance trations recorded in the river during the low flows in summer
are similar (Fig. 7). This is most consistent with the infer-
Baseflow influxes using chemical mass balance were esence that the river is groundwater fed at these times and that
timated for the calculated river Cl concentrations at the river Cl concentration represents that of the groundwater
Winchelsea using Eq. (3). The mass balance calculations asather than the groundwater having a higher Cl concentration
sume that the tracer behaves conservatively. Molar Cl/Br raand the river being fed by a similar mixture of groundwater
tios of the Barwon River are 520-830, ClI/Br ratios of the and surface water. The Cl concentration of surface runoff was
soil water are 410-830, and those of groundwater are 540initially assumed to be 1.5 mglt, which is appropriate for
730 (Cartwright et al., 2013). These CI/Br ratios are similar local rainfall (Cartwright et al., 2013). As discussed below,
to those of the oceans-(650) and coastal rainfall but are surface runoff may have a higher salinity than rainfall, but
far lower than those expected from halite dissolutior£10 this is the lowest possible value.
10P) (Davis et al., 1998); hence dissolution of halite does not The baseflow fluxes calculated using chemical mass bal-
increase Cl concentrations in the river, nor does it increasence for 2001, 2002, and 2006 are .50’ m3yr—1 (12 %
the salinity of groundwater or soil water. In-river evaporation of total discharge), 9.2 1P m3yr—1 (25% of total dis-
may also increase Cl concentratioa$®0 ands?H values  charge) and 1.8 10° m3yr—1 (22 % of total discharge), re-
of the Barwon River define evaporation trends, and there ispectively (Figs. 3-5, Table 1). Similar to the analytical
commonly a downstream increase#fO values (Cartwright methods, the baseflow fluxes estimated by this technique are
et al., 2013). However, the recorded shiftsitfO values of  again higher during the high-discharge periods later in the
< 4 %0 implies < 20 % evaporation (c.f. Gonfiantini, 1986). year. Between 2001 and 2011 the volume of baseflow esti-
Far greater degrees of evaporation would be required to inmated using chemical mass balance is>88’ m3, which
crease the Cl concentrations from those of rainfall (typically corresponds te- 16 % of the water discharged from the up-
1.5mg 1) to those observed in the river. Overall, these dataper Barwon River over that period (Table 1).
imply that the high CI concentrations of the Barwon River
reflect the inflows of shallow groundwater, water from saline 5.4 Comparison of chemical mass balance and the
wetlands, and/or water from the unsaturated zone rather than  analytical techniques
in-river evaporation.

The CI concentrations of groundwater in the upper Bar-Overall, the baseflow fluxes calculated using the chemical
won catchment range from 250 to 15 000 nigflwith local mass balance are lower than those from the local minimum
occurrences of highly saline groundwater (Cl concentrationgechnique or either of the two digital filters; however, the de-
of up to 30 000 mg t1). However, the distribution of shallow  gree of difference varies throughout the year. Figures 3c, 4c
groundwater bores is insufficient to make a precise estimatand 5c show the ratios of baseflow estimated from the local

Estimated groundwater Cl

1000 F

Cl(mgLT)
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Fig. 8.Cl concentrations vs. discharge hysteresis loops for discharge events in 2002 at Winchelsea. Arrows show changes with time; numbers
correspond to events on Fig. 4b. RDF and Min indicate the calculated Cl vs. discharge relationships made using the baseflow estimates frorr
the Lyne and Hollock digital filter and the local minimum technique, respectively. These calculations assume that the analytical techniques

yield estimates of the total baseflow to the river and that groundwater is the only component of baseflow. These calculations used a CI

concentration of 970 mgT_1 for groundwater and 23 mg‘Ll for surface runoff.

minimum or the Lyne and Hollick filter and the chemical (Fig. 7). Increasing the assumed CI concentration of the sur-

mass balance technique. These range frofinat the onset face water in the chemical mass balance reduces the esti-

of some of the discharge events (indicating that the chemmated annual baseflow fluxes calculated using Eg. (3); for

ical mass balance yields higher baseflow estimates at thossurface water with a Cl concentration of 23 mgli. the an-

times) to up to 8 during the high-flow periods in 2001 (indi- nual baseflow fluxes are 8 % lower (i.e~ 15 % of total dis-

cating far lower baseflow estimates from the chemical massharge). Increasing the groundwater salinity also decreases

balance technique). In general the baseflow fluxes estimatethe estimated baseflow flux; for a groundwater Cl concen-

from the chemical mass balance are most similar to thosération of 1800 mg L1, the total baseflow contribution is re-

from the analytical methods during the low-flow periods in duced to~ 8.5% of total discharge volumes between 2001

late summer. and 2011. As discussed above, groundwater and surface wa-
Especially at the onset of overland flow, surface runoff will ter Cl concentrations cannot be substantially lower than those

most likely have a higher CI concentration than that of rain-assumed; hence, it is unlikely that uncertainties in assigning

fall due to flushing of saline water from soils or wetlands the chemistry of the end member can explain the difference

on the floodplain. This flushing probably explains the in- between the two techniques.

crease in salinity at the onset of some discharge events, as

has been documented elsewhere (e.g. Aubert et al., 2012;

Zabaleta and Antiguedad, 2013). The minimum CI concen-

tration in the river is~ 23 mg L1, and concentrations simi-

lar to this are typically recorded during high-discharge events
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=
— 1504
O
T of higher winter flows (Figs. 4—6). The baseflow fluxes esti-
504 mated from the chemical mass balance using the initial as-
sumptions of groundwater and surface water Cl concentra-
g tions are maxima, and uncertainties in the groundwater and
0 400,000 800,000 1,200,000 ) . : .
surface water chemistry cannot explain the differences in the
500 o) Kildean Lane reSL_JIts from_the two sets of te_:chmques.
Figure 8 illustrates that differences between the analyt-
400 ical and chemical techniques are evident within discharge
events. Assuming that the analytical techniques vyield esti-
300 mates of the total baseflow to the river, the change in river
Cl concentrations during a discharge event if groundwa-
200+ ter was the only component of baseflow may be predicted
from the proportion of baseflow and the chemistry of the
1004 groundwater and surface water components. These calcula-
tions used a Cl concentration of 970 mgifor groundwater
0 : : : : : and 23mg 1 for surface runoff. The predicted Cl concen-
0 400,000 800,000 1,200,000 tration on the rising limb of the hydrograph is lower than ob-
Discharge (m3 day-1) served, while it is higher than observed on the falling limb;

the predicted CI vs. discharge loops are also steeper than
Fig. 9. Cl concentrations vs. discharge hysteresis Io_ops fqr dis-the observed Cl vs. discharge loops. Changing the assumed
charge events on days 170-200 in 2002 at Inverleigh, Ricketts; \t5 00 ynoff CI concentrations (e.g. using the 1.5myL
MQrSh’ and Kildean Lane (Fig. 1); arrows show changes with tlme'rainfall composition) does not change these results signifi-
This event corresponds to event 2 on Fig. 4. . . Y
cantly. Other gauges in the upper Barwon River show similar
hysteresis loops (Fig. 9), implying that these Cl-discharge
relationships are common throughout the catchment. Simi-
6 Discussion lar concentration vs. discharge hysteresis loops are evident
in other catchments and indicate the rapid release of com-
Estimates of annual baseflow fluxes in the upper Barwonponents from soils or the unsaturated zone during the early
River made using analytical methods are generally higherstages of the event followed by a gradual re-establishment of
than those from chemical mass balance (Fig. 10). Baseflovgroundwater inflows following the diminishing of the event
fluxes from the digital filters, local minimum method, and the water (e.g. Evans and Davies, 1998; Hornberger et al., 2001;
chemical mass balance generally agree during the low-flowAubert et al., 2012).
periods in February to March when the river is most likely  The difference between results of the analytical and chem-
fed by regional groundwater. However, the differences be-ical approaches most probably indicates a difference in how
tween estimated baseflow fluxes are large during the periog@ach method aggregates different sources of water rather than
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an error in any of the techniques. This in turn implies that wa-in the upper Barwon) in areas of shallow-rooted grasses and
ter stores aside from surface runoff and regional groundwatecrops are likely to be slow. This assertion is supported by ob-
inflow are important in the upper Barwon River and that the servations that groundwater at a few metres’ depths in south-
relative importance of these stores changes throughout theast Australia locally has total dissolved solids contents of

yeatr. <100 mg =1 but may have groundwater residence times of
several ka (e.g. Leaney et al., 2003). If the water within river
6.1 Transient water stores banks has a much lower ClI concentration than the regional

groundwater, the analytical techniques are likely to record

The floodplain of the upper Barwon contains numerousthese bank return flows as part of the baseflow component,
saline marshes and wetlands. Flushing of this saline watewhile the chemical mass balance may not account for this
into the river during the onset of overland flow may pro- component.
duce relatively high Cl concentrations on the rising limbs of It is likely that other transient water stores exist in the up-
the hydrographs (Figs. 8 and 9), with the consequence thgter Barwon catchment. Pools and billabongs develop on the
chemical mass balance overestimates the baseflow compdeoodplain near the river during periods of high rainfall, es-
nent at those times. Alternatively, high-salinity water may pecially when overbank events occur. These pools drain over
be expelled from the unsaturated zone or derived from enperiods of several days to weeks; some have surface water
hanced groundwater inflows due to hydraulic loading onoutflows, while others may drain into the river via the unsat-
the floodplain. In the latter case, the Cl mass balance mayrated zone or the shallow groundwater. Additionally, high
still produce higher estimates of baseflow than the analyti-rainfall may generate interflow that drains into the river over
cal techniques if the rates of groundwater inflows are greateperiods of days to months (c.f. Rice and Hornberger, 1998;
than predicted from the analysis of the hydrographs. TheWinter, 1999; Sophocleous, 2002; Brodie et al., 2007), which
input of older water entering rivers during storm eventsis a similar time frame to that over which the return of bank
has been noted elsewhere (e.g. Sklash and Farvolden, 1978torage to rivers occurs. In the absence of processes that sig-
Waddington et al., 1993; Rice and Hornberger, 1998; Bras-ificantly increase their salinity on short timescales, these
sard et al., 2000; Kirchner, 2009; Hrachowitz et al., 2011, stores of water represent potential additional components of
Zabaleta and Antiguedad, 2013). In comparison to soméaseflow that are geochemically more similar to surface wa-
of these studies (e.g. Rice and Hornberger, 1998; Kirchnerer than groundwater.
2009; Hrachowitz et al., 2011) where older water is a major It is possible to explain some of the differences between
component throughout the flow events, the high-flow eventschemical mass balance and the analytical techniques if the
in the Barwon have larger inputs of event water. chemistry of groundwater that feeds the river varies at dif-

There may be several transient stores (e.g. bank storagégrent times of the year. There are two possible mechanisms
floodplain pools, or interflow) that provide low-salinity water for this. Firstly, as evapotranspiration is the dominant pro-
on the falling limb of the hydrographs. Water recharged into cess that controls the salinity of groundwater in this and ad-
the banks at high-river stage will return to the river as river jacent catchments (Bennetts et al., 2006; Cartwright et al.,
levels fall, thus providing a component of baseflow over a pe-2013) there may be an increase in groundwater salinity over
riod of weeks to months (e.g. Hall, 1968; Chen et al., 2006;the summer months. While this remains a possibility, there
McCallum et al., 2010). The study of McCallum et al. (2010) is little evidence that groundwater salinity in this or simi-
also illustrated that during a period of successive flood event$ar catchments in southeast Australia is seasonally variable
the water infiltrating the river may contain significant bank (e.g. from the unpublished Department of Primary Industries
return flows for periods of several months. This explains thedatasets). Additionally, most evapotranspiration occurs dur-
observation that the Cl concentration of the upper Barwoning recharge (c.f. Herczeg et al., 2001) and the baseflow to
River between the flood peaks is lower than Cl concentrathe river represents discharge of groundwater that is further
tions over prolonged low-flow periods when the banks havealong the flow paths. Rouxel et al. (2011) also observed that
drained and the baseflow comprises mainly high-salinity re-the temporal variation of groundwater chemistry in a forested
gional groundwater (Figs. 3-5). upper catchment in France declined away from the recharge

There are few processes that can increase the Cl concentrareas. Secondly, the groundwater may be derived from differ-
tion of bank water on timescales of a few weeks to months.ent regions at different times that have contrasting salinities.
As discussed above, the geochemistry of groundwater anth the Barwon catchment there is no direct evidence that this
surface water in the upper Barwon catchment precludes theccurs; however, many rivers in Victoria have lower-salinity
dissolution of halite as a source of Cl. Evapotranspiration isgroundwater along their floodplains that largely arises from
the main process that controls salinity in groundwater in thisenhanced recharge from the river during high-river stages
and adjacent catchments (Bennetts et al., 2006; Cartwright Cartwright et al., 2010, 2011), and this reservoir may be mo-
al., 2009, 2013; Tweed et al., 2011). Evaporation rates mayilised following recharge during wetter periods. This near-
be rapid in surface water; however, evapotranspiration ratesiver shallow groundwater is analogous to the bank return
from depths of 2-3 m (which is the depth of the water tablewaters as it originates from the river rather than forming part
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of the regional groundwater flow system (albeit with longer transitions between water stores on longer timescales than
timescales). smaller catchments.
This study amplifies the conclusions made elsewhere that
6.2 Significance of the difference in baseflow estimates ~ assigning the origins of the quickflow and baseflow com-
ponents is not simple (e.g. Hall, 1968; Anderson and Burt,
If the analytical methods are assumed to reflect total basel980; Brodie et al., 2007; Schwartz, 2007; McCallum et
flow to the river and the chemical mass balance the groundal., 2010) and also illustrates that the components of water
water inflow, the magnitude of the difference between thecontributing to baseflow may change throughout the year.
methods may indicate the relative contribution of the tran-Records of surface water geochemistry are gradually becom-
sient water stores. For 2002, the total estimate is<716° to ~ ing more common, making it viable to use comparisons be-
1.0x 10’ m3yr—1, or 19 to 27 % of the total river discharge. tween chemical mass balance and analytical techniques to
As these calculations do not take into account the potentiaPetter understand the changing sources of water that con-
flushing of high-salinity water from the floodplain during the tribute to rivers over discharge events. Ideally multiple trac-
early stages of discharge events, they are minimum estimate§'s would be applied that may distinguish between ground-
As shown by Fig. 10, there is no clear relationship betweenwater and other subsurface stores of water such as interflow
annual river discharge and the difference between the anz@r bank return flow (e.g. Rice and Hornberger, 1998); how-
lytical and chemical baseflow estimates. This indicates thagVer, since there are few chemical components that may be
generation of the transient stores of water may depend morgweasured Continuously, this presents Iogistical difficulties.
on the timing and frequency of high-runoff events rather thanChanging groundwater chemistry has received little atten-

total annual discharge. tion in chemical mass balance studies; however, it should be
evaluated more fully to increase the robustness of baseflow
estimates.
The results of this study have implications for managing
7 Conclusions groundwater and surface water resources. There is a recogni-

tion that neglecting the groundwater inflows to rivers may

This study illustrates that geochemical and analytical methdead to double allocation of water resources (i.e. some of
ods of estimating baseflow yield contrasting results. Whilethe surface water allocation may represent groundwater that
all the techniques used are subject to uncertainty, the systenias been separately allocated). However, the use of analyt-
atic nature of the differences (especially the observation thaical methods alone may result in overestimation of regional
the difference between the analytical techniques and chemgroundwater inputs to rivers if a significant part of the base-
ical mass balance is greatest during winter high-flow peri-flow component is from transient water stores such as bank
ods) implies that the uncertainties in the techniques aloneeturn flow or draining of surface pools on the floodplain.
do not explain the contrasting results. We conclude that the
contrasting results reflect how the different methods char-
acterise the water sources to rivers. The analytical methacknowledgementsie would like to thank the Department of
ods probably aggregate all delayed water sources as basgustainability and Environment for their ongoing support of the
flow components. Many of these delayed water sources (suckictorian Water Resources Data Warehouse without which studies
as bank flow, interflow, or floodplain storage) will have a such as this would not be possible. This work was supported by the
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fall events and during periods of high rainfall may domi- Edited by: R. Woods
nate the non-surface water component of river flow. These
results indicate that where techniques separate river flow into
two components there is no a priori reason why there should
be agreement between techniques based on different typddgferences
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drological information. The stores of water contributing to ) . )
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