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Abstract. Hydrological processes in small catchments arehigh yield precipitation events. It further illustrated the dis-
not quite understood yet, which is true in particular for catch-tinct nature of the catchments, in particular with respect to
ments in data scarce, semi-arid regions. This is in conthe available water storage, which was suggested by differ-
trast with the need for a better understanding of water fluxesent degrees of tracer damping in the individual streams. The
and the interactions between surface- and groundwater in orse of multiple tracers subsequently allowed estimating un-
der to facilitate sustainable water resources management igertainties in hydrograph separations arising from the use of
such environments, where both floods and droughts can redifferent tracers. The results highlight the presence of con-
sult in severe crop loss. In this study, event runoff coeffi- siderable uncertainties, emphasizing the need for multiple
cient analysis and limited tracer data of four small, nestedtracers in order to avoid misleading results. This study shows
sub-catchments (0.4—25.3 Rjin a data scarce, semi-arid re- the value of hydrological data collection over one whole wet
gion of Tanzania helped to characterize the distinct responseeason using multi-tracers to improve the understanding of
of the study catchments and to gain insights into the dom-hydrological functioning and thus for water resources man-
inant runoff processes. The estimated event runoff coeffi-agement in data scarce, semi-arid environments.

cients were very low and did not exceed 0.09. They were
found to be significantly related to the 5-day antecedent pre-

cipitation totals as well as to base flow, indicating a close re-

lation to changes in soil moisture and thus potential switchesl  Introduction

in runoff generation processes. The time scales of the “di-

rect flow” reservoirs, used to compute the event runoff co-A solid understanding of the hydrological processes in a
efficients, were up to one order of magnitude reduced forcatchment is important in order to guarantee appropriate
extreme events, compared to “average” events, suggestingianagement of the available surface water and groundwater
the activation of at least a third flow component, besidesresources, both in terms of quality and quantity. In semi-arid
base- and direct flow, assumed to be infiltration overlandpopulated environments in sub-Saharan Africa (SSA), this
flow. Analysis of multiple tracers highlighted the importance is probably even more essential than in other regions since
of pre-event water to total runoff, even during intense andboth floods and droughts can result in severe crop loss (e.g.
Mul, 2009; Rockstim et al., 2004). A good understanding
of the hydrology of a semi-arid catchment can help to in-
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the behaviour of the water fluxes and the interaction betweertatchments in a semi-arid, data scarce region over an entire
groundwater and surface water is of utmost importance. Thisvet season, and (2) to show the added value of using short
includes the quantification of the spatial-temporal variabil- term multiple tracer data rather than single-tracer data to bet-
ity of the water fluxes and responses to extreme climaticter represent uncertainties in runoff component estimates in
conditions. Much experimental work on understanding hy-such a data scarce region.
drological processes has been done in temperate, humid cli-
mates using either single or multi-method approaches (e.g.
Uchida et al., 2005; Blume et al., 2008; Uhlenbrook et al.,2  Study site
2002, 2008). However, experimental hydrology and process-
relevant studies in the predominantly data scarce semi-aridhe study area was located within the 300’kMakanya
regions of SSA or Central Asia are, due to mostly logistical catchment (Mul et al., 2006) in the South Pare Mountains
and financial constraints, less widespread (e.g. Sdmdstr in Northern Tanzania (Fig. 1). The region has a popula-
1996; McCartney et al., 1998; Kongo et al., 2007; Wenningertion of approximately 35000, living in small villages and
et al., 2008; Mul et al., 2009, Love et al., 2010; Makurira mainly living from small scale subsistence agriculture. The
et al., 2010), thus limiting our understanding of catchmentstudy sites comprised 4 nested sub catchments, Mataini
scale hydrological functioning and, maybe more importantly, (0.3 kn?), Ndolwa (8.8 ki), Vudee (14.6krf) and Ban-
thereby inhibiting sustainable water resources strategies angalala (25.3 krf) at elevations between 700 to 2400 m with
policies in such data scarce areas. the main outlet at 52 E, 4°14' S. The climate is character-
One commonly used, simple, but very effective tool to gainized by two wet seasons, locally known as Yhei (October—
insights into catchment processes is event runoff coefficienDecember) andvasika (March—May) seasons and in the
analysis (e.g. Merz et al., 2006), which can provide infor- following referred to as wet season 1 (WS1) and wet sea-
mation on discharge dynamics and moisture storage charson 2 (WS2). While total annual rainfall averages range be-
acteristics of a catchment. While, for example Capell ettween approximately 550 mnT4 in the lower regions and
al. (2011) found mean annual runoff coefficients of up to 800 mma? in the higher regions, average potential evapo-
0.58 for several humid catchments (cf. Ponce et al., 2000) irration reaches about 2000 mmta The underlying geology
a cool region with aridity indexa = Ep/P (Budyko, 1974) s characterized by superficial deposits and metamorphic, ig-
of approximately 0.5, Li et al. (2011), reported mean annualneous rocks, associated with the granulite-gneiss complexes
runoff coefficients Cg) of 0.19 and 0.27 for two sub-humid of the Mozambique belt (Bagnall, 1963).
catchments withia ~ 1. The systematically higher event  The Mataini sub-catchment, a head water catchment drain-
runoff coefficients in the wet seaso@g < 0.80) than in the  ing into the Vudee catchment, is characterized by forest and a
dry season(e < 0.20) were shown to be closely linked to flat and swampy source area surrounded by small farm plots
changes in soil moisture and eventually to switches in runoffused for growing maize, with limited soil and water conser-
generation processes. Wenninger et al. (2008), on the otheration measures, which is prone to erosion. Further down-
hand, highlighted the importance of base flow in a semi-aridstream the stream turns into steeper sections with abundant
catchment {a ~ 2), where event runoff coefficients ranged rock outcrops and large trees rooting in the riparian zone.
between 0.01 (dry season) and 0.12 (wet season). This part is characterised by loamy — silty soi#sZ m depth)
Likewise, tracer-based analysis of catchment behaviourpn top of a weathered rock base (Kessler, 2008). Both, the
such as geographic and temporal hydrograph separation (e.pldolwa and Vudee sub-catchments drain into the Bangalala
Christophersen et al., 1990; Uhlenbrook et al., 2002; Dunn etatchment. They are characterized by steep slopes, shallow
al., 2006; Laudon et al., 2007; Hrachowitz et al., 2009), anal-soils (<2 m depth) and numerous rock outcrops. At specific
ysis of catchment transit time distributions (e.g. McGuire etlocations, water is held back by the rock outcrop, creating
al., 2005; Hrachowitz et al., 2010a; Lyon et al., 2010) asmarshlands (Mul et al., 2007). Furthermore, both catchments
well as interpretations of the spatio-temporal evolution of are mainly cultivated agricultural land with sparse terraces,
tracer concentrations in soils and streams (e.g. Soulsby ehus being subject to extensive erosion. Some parts are still
al., 2007; Anderson et al., 2009; Rouxel et al., 2011; Birkelforested, either with old-growth or second-growth forest, re-
et al., 2011), are key to meaningfully characterize and conplanted at the beginning of the 20th century.
ceptualize catchment internal processes (e.g. Weiler et al.,
2003; Soulsby et al., 2009). However, such studies are fre-
quently based on single-tracer analysis, not exploring the po3 Data and methods
tentially considerable uncertainties (cf. Rice and Hornberger,
1998) arising when using multiple tracers to determine spe3.1 Hydrometric and tracer data
cific runoff components.
The objective of this paper is thus (1) to evaluate the use oPrecipitation amounts were automatically recorded by four
limited hydrometric and tracer data to characterize and comground level tipping bucket rain gauges (Campbell Scien-
pare the hydrological functioning of four nested, small scaletific, TE525WS, resolutiont0.1 mm) in and close to the
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Fig. 1. Context and elevation maps of the 4 nested study catchments Mataini ($).3Mdolwa (8.8 knf), Vudee (14.6 kri) and Bangalala
(25.3kn?).

study catchments (R1-R4; Fig. 1). Average catchment pre9 April 2008 and 13 May 2008 (Vudee, Ndolwa, Ban-
cipitation was estimated with Thiessen polygons. The avergalala) as well as between 13 March 2008 and 24 April 2008
age catchment precipitation during the study year was with(Mataini) ensured the availability of low flow, i.e. pre-event,
923mma?l (1 October 2007-1 October 2008) consider- samples in case of events during the respective days. Event
ably above the long-term annual catchment precipitation ofstream water samples with an interval of approximately 1 to
~750mmal. 2 hwere available between 18 November 2007 and 1 Decem-
Hourly runoff at the outlets of the small, forested Mataini ber 2007, 28—29 April 2008 (Vudee, Ndolwa, Bangalala) as
sub-catchment and the Bangalala catchment, approximatelywell as 26—-28 March 2008 (Mataini).
1km downstream of the Vudee/Ndolwa confluence (Fig. 1) 21 groundwater springs, in or close to the study catch-
was obtained from 15-min interval measurements at concretenents (Fig. 1) were sampled in order to characterize the
weirs. The rating curves were cross-calibrated with salt dilu-spatial variability and seasonal dynamics of spring water
tion experiments at several occasions. An extreme rain everdand thus groundwater quality. Most springs were sampled
in December 2007, resulting in a large flood, caused consid3 times: at the beginning of WSW(li, October 2007), at
erable damage throughout the catchments. Both V-notchethe end of WS1 Vuli, December 2007) and during WS2
weirs were destroyed, thus interrupting the runoff monitoring (Masika April 2008).
between December 2007 and March (Mataini)/April (Ban- Furthermore a piezometer was installed in the upper
galala) 2008. The available observation periods are shown ipart of the Mataini catchment, close to springs S14 and
Fig. 2a and b. S15 (Fig. 1). From this piezometer groundwater level
To analyze for isotopic composition of precipitation and was first measured manually twice daily (13 March 2008—
in the absence of automatic samplers, local people manu29 April 2008) and then automatically at hourly intervals
ally took precipitation samples after reading a rainfall depth (30 April 2008—1 June 2008)
larger than 10 mm over the previous 24 h at the rain gauge Temperature, pH and EC have been measured in-situ for
sites. During two rain events in WS1 additional rainwater all stream- and groundwater samples (WTW 3400i). The
samples were obtained from several locations in and clos@robe was calibrated before and after each event in the lab-
to the Bangalala catchment (20 November 2007: 5 locationsratory. For further analysis, all samples were filtered using
and 12 December 2007: 8 locations; not shown). 0.45 um nitrocellulose filters and stored in glass vials. Both,
Likewise, local people living close to the sampling points, stream- and groundwater samples, were subsequently ana-
i.e. outlets of the study catchments were employed to manlyzed for dissolved silica (Si® using the spectrophotomet-
ually take stream water samples using plastic bottles dursic Silicomolybdate method with an instrument precision of
ing both, low flows and events. Daily sampling (09:00a.m., 1.0mg ! (standard deviation). Additionally, using digital
UTC+3) between 18 November 2007 and 8 December 2007Hach titration field kits, groundwater samples were analyzed
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Fig. 2. Observed times series of precipitation, stream flow (-) and groundwater level (-.-), as well as the modeled time series for baseflow (-)
and the modeled 95 % uncertainty interval of direct flow (grey shaded are@)fitre Mataini catchment angh) the Bangalala catchment.
M1-M10 and B1-B18 denote the defined precipitation and runoff events in Mataini and Bangalala, respectively.

for Ce?*, Mg?* (EDTA) and HCQ] (H2S0Oy), with a preci- 3.2 Event runoff coefficients

sion of 1%. All samples were analyzed within 2 days after

sampling. Event runoff coefficients g) directly link precipitation
The deuterium {H/*H) and oxygen-18€0/1%0) ratios ~ €vents Pe) with direct or rapid flow components during

of the water samples were simultaneously determined wittthese eventsdpe) so thatCe = Qpe/Pe. Direct event

a liquid water isotope analyzer (Los Gatos Research, modelunoff Ope represents the amount of precipitation that im-

908—0008) in combination with a CTC LC-PAL liquid auto- mediately contributes to runoff during an event, while slower

sampler, using a standard analytical protocol (cf. Lis et al.,baseflow components are subject to considerable lags in the

2008; Birkel et al., 2010). Data were transformed ifto  response. It was thus, as a first step, necessary to separate

notion ¢2H and 5180 in%.) according to Vienna Standard baseflow from direct runoff, which was done using a digital

Mean Ocean Water (VSMOW) standards. An average in-ilter as proposed by Chapman and Maxwell (1996) and pre-

strument precision of 0.21 {60 and 0.63 %o fos?H was  Viously successfully applied (e.g. Merz et al., 2006; Li et al.,

reached and post-processing was performed according to th2011):

IAEA standard (Newman et al., 2009).
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1-as or(), Qs =<0ot® (1) uncertainty bounds using likelihood weights rescaled to
B

a
05(1)=5—— Q81— A+ 5—
B give a cumulative sum of 1, were defined as:

_ _—kgAt . N .
ag=e (2) P<Yt<}’t)=ZL(9i|Yt<)’t) (4)
j=1
Ope ()= Q0T1()— 0B(?) 3)
L(6;]Y)=NSEY )

whereQs (1), Ooe(r) andQr(r) are baseflow, direct and to- whereP is the prediction quantile far (the value of variable

tal runoff at timer, At is the observation time step (1 h) and . . . !
ag i1s the baseflow recession constant, derived from the base)-/ attimer, estimated by mode}) being less thag, N is the

- . number of retained, behavioural models and expo#érdac-
flow storage coefficieritg. The baseflow storage coefficients . : . . .
. : - centuating the weight for better simulations. Thus relatively
kg for the two gauging stations at Mataini and Bangalala

were estimated from Master Recession Curves (MRC), us—hlgh values oW, which _strqn_gly_ penalize poor model per-
formances, reduce subjectivity introduced by the choice of

ing the automated matching-strip method suggested by Lam . )
and Beven (1997). Briefly, the method is based on reCeSSiOﬁwreshold values for behavioural models. Although the width

periods longer than specified thresholds (48 h in this study)Of thg uncertainty interval is affe(?ted by the chmcve
: . ) ; . 1t rapidly converges towards quasi-constant value®ag-
which are combined into one synthetic recession curve, in

: L : . reases. Furthermore, the use of high valuedif@iminates
which the individual recession segments are sorted inascend- ; .~~~ )
) . . ._subjectivity in choosing a threshold of model performance
ing order based on the tail-end discharge values. Startin

from the segment with the lowest tail-end value, which iS%vhlch defines behavioural models, as with high value@of

; o L : . the sensitivity of the uncertainty intervals to the chosen per-
shifted in time until it overlaps with the following segment, L oo
) . . . formance threshold becomes negligible. Thus, in this study
the concatenation continues until all segments are incorpo- . ; y . N
rated in the MRC (cf. Fenicia et al., 2006) all models with NSE~ 0 were retained as “behavioural” and
. T " ) . . used to construct the likelihood-weighted 95 % uncertainty
In this study precipitation events were defined as peri-

X o Lo T bounds (Uds; ) with an exponen® = 30 (cf. Freer et al.,
ods of continuous precipitation, yielding at least 2.5 d 1996). Both parameters of the event runoff coefficient anal-

cpel o nolanger han 6 Runaltevento were defned ot P &1JCe were subsequentl rlated fo several met

rf) o gf he risi .I' fthe h h h rics of catchment wetness, including event precipitation to-

the pegmnmg of the rising imb of the hydrograph after t € tals, event precipitation intensities and antecedent precipita-
beginning of an event until 72 h after the end of the event Oltion totals of the 5. 10 and 15 preceding days ¢ARPyg

until the beginning of the next event. Atotal of 10 (M1-M10) ap, . using covariances, weighted according to the respec-
and 18 events (B1-B18) were identified for the Mataini andtive NSE (cf. Hrachowitz et al., 2010b):

Bangalala catchments, respectively (Fig. 2, Tables 1 and 2).

Following Merz et al. (2006) and assuming that direct

N
runoff is generated in a storage element that drains linearly, 2, wi (xi —m (x, w)) (yi =m(y, )

1

the individual event runoff coefficients were then computed €0V (¥, Y, w) = = N (6)
from a simple linear reservoir models with storage coeffi- Do w

cientskpg and event runoff coefficientSg. For each event i=1

separately both model parametdise and Ce were cali-  where N is the sample sizey and y are the data vectors,

brated to optimize the model performance according to they is the weight, here assumed to be the NSE anig the
Nash-Sutcliffe efficiency (NSE; Nash and Suitcliffe, 1970) weighted mean:

using Monte-Carlo (MC) sampling. In 10000 MC realiza-

tions the two parameters were randomly drawn from uni- % Do ﬁwy
formed prior distributions (& kpg < 75d™1; 0 < Cg < 1). = PR
Note, that although storage coefficidpi should be implic- 7+ (X:W) = m(y,w) ==y Y
itly constant for a given catchment, the value was allowed lei lei
1= 1=

to change in order to compensate violations of the linear

reservoir assumptions and to allow for the influence of possi3 3 Hydrograph Separation

ble further direct runoff components, such as overland flow.

Thus,kpe was defined as agventstorage coefficient. Stream flow can be, using geochemical or isotopic tracers,
Uncertainty in parameter and runoff estimates was esti-separated into two or more runoff components, if these show

mated using the Generalized Likelihood Uncertainty Estima-distinct tracer signatures (e.g. Christopherson et al., 1990;

tion (GLUE; Beven and Binley, 1992). GLUE is based on Buttle and Peters, 1997; Soulsby et al., 2003), according to:

the rejection of an optimal parameter set in favour of a range

of “equally” good parameter sets (Freer et al., 1996). The
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Table 1. Event summaries for the Mataini catchment (M1-M10).cABpresents the total precipitation of the preceding 5 dgys,is the
event storage coefficient and R@ the event runoff coefficient. The values in the brackets show the 95 % uncertainty interval.

Event precipitation intensity AP,
5

Event Event Areal event  Duration Peak kpE Ce NSE
number start precipitation max. mean runoff
(mm) (h) (mmhl) (mmhY)  (mm) (s Cae) (%) =)
M1 15/03/08 11.3 3 6.6 38 120 53 21.2(11.9-45.1) 1.4(1.0-1.7) 0.91
M2  22/03/08 30.9 3 26.3 10.3 9.5 26.7 415(22.8-73.1) 2.2(1.6-2.9) 0.99
M3  24/03/08 30.6 13 10.7 24 410 16.5 19.6(12.1-53.1) 2.4(1.7-2.9) 0.94
M4  26/03/08 34.9 35 6.6 1.0 71.6 9.8 3.0(2.1-4.3) 4.9 (4.2-5.6) 0.69
M5 27/03/08 51.8 37 16.9 1.4 68.8 56.2 5.2 (3.1-10.3) 5.9(4.3-74) 0.83
M6  05/04/08 8.7 4 3.0 2.2 3.2 4.1 4.8 (3.1-7.2) 22(1.8-2.8) 0.72
M7  09/04/08 19.4 4 11.2 49 138 10.7 17.2(10.7-34.3) 1.5(1.1-1.9) 0.90
M8  10/04/08 25.9 42 5.1 06 302 5.3 1.7 (1.2-3.0) 2.7(2.3-3.2) 0.75
M9  18/04/08 13.8 3 5.7 4.6 1.7 4.6 0.9 (0.8-13.9) 0.9 (0.3-1.6) 0.57
M10 28/04/08 25.1 10 11.2 2.5 5.0 239 10.6(6.4-19.6) 4.0(3.0-5.0) 0.79
O1=01+02+...+ 0, (8) actual sampling points, the combined runoff contribution dis-
tributions of each sample were once more randomly sampled
dor=cl 01+cy 02t ...+ 0, (9) 10000 times. Each sampled combined sample runoff con-

tribution for each of the 10000 realizations, was then re-
where QT is the total runoff,Q1, Q»,..., Q, are the runoff  lated to total runoff. This regression analysis subsequently
components or end-members arfd,ci andc! are the re-  allowed obtaining combined continuous multi-tracer central
spective concentrations of one observed tracer. Separatingstimates, dependent on total runoff, and the corresponding
runoff into n different component thus requires n-1 tracers t095 % inter-quantile ranges, i.e. the continuous 95 % uncer-
solve the linear mixing equations. Several assumptions havéainty intervals (Uys.) of each component’s contribution to
to be met in order to meaningfully apply the method. Thesetotal runoff (cf. Hrachowitz et al., 2010c), allowing to predict
include (a) the significant difference in tracer concentrationseach component’s contribution at unsampled instants during
in the different components, (b) time and space invariancendividual runoff events. Here, the individual components to
of the tracers, (c) negligible contributions of additional com- total runoff are event and pre-event water, used in the Mataini
ponents, (d) conservative and well mixing and (e) the ab-and Banagala catchments, as well as the geographical ori-
sence of collinearity in tracer concentrations of the individ- gin of water: the Vudee and Ndolwa catchments’ contribu-
ual components. For detailed a discussion of the assumgtion to total runoff at the Bangala weir. Note that the uncer-
tions the reader is referred to Sklash and Farvolden (1979)tainty estimation was not done analytically as suggested by
Buttle (1994), Durand and Torres (1996) as well as Hoeg etGenereux (1998), because the combined multi-tracer runoff
al. (2000). contribution distributions were multi-modal and thus non-

In this study each component’s contribution to runoff was normal.

estimated using several tracers. Based on the observed trac-
ers, which were assumed to be normally distributed around
their observed valug. with measurement precision, the 4 Results and discussion
distributions of the individual runoff component contribu-
tions were estimated. This was done by randomly draw-4.1 End-members
ing 10000 samples from the individual measurement error
distributions and by correspondingly using these samples irrhe spatio-temporal variability of geochemical and isotopic
Egs. (8) and (9). The distributions of each component’send-member compositions holds valuable information about
runoff contributions for the individual tracers were then com- catchment processes. The isotopic composition$ Deand
bined into one distribution and rescaled to unity. The com-§180, of 36 rain samples from Vudee (R1) and Mwembe
bined component runoff contributions for each sample were(R4) as well as 10 springs water samples (S10-S21), taken
then characterized by the median as central estimate as welh the period from October 2007 to April 2008 is shown
as the 95 % inter-quantile range, i.e. the sample 95 % uncetin Fig. 3. The Local Meteoric Water Line (LMWL§D =
tainty interval (Ubs,) of these combined runoff contribution 7.865%0 + 11.1 %0 VSMOW) coincides well with the Global
distributions. In order to facilitate continuous prediction of Meteoric Water Line (GMWL,8D = 8.135180 +10.8 %o
the individual components’ runoff contributions between the VSMOW,; Clark and Fritz, 1997). The weighted mean
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2013

Table 2. Event summaries for the Bangalala catchment (B1-B18). Event precipitation is the average catchment precipitation, the values
in brackets show the event precipitation in the Vudee and Ndolwa sub-catchmentsepgkPsents the total precipitation of the preceding
5 days.kpg is the event storage coefficient and RS the event runoff coefficient. The values in the brackets show the 95 % uncertainty

interval. Values of peak runoff measured at Bangalala weir.

. Event precipitation Runoff
Event Event Area_l gvent Duration intensity Ps Peak jpe Ce NSE contribution
number start  precipitation runoff
max. mean Vudee Ndolwa
(mm) () (mmih) (mmbh  (mm)  (s7h @ (%) G =) =)
B1 19/11/07 22.7 4 15.6 57 11.0 200 3.6 0.8 0.69 0.66 0.34
(23.8/20.2) (2.7-4.9) (0.7-0.9) (0.47-0.71) (0.29-0.53)
B2 20/11/07 29.8 14 6.8 20 340 620 2.0 4.0 0.65 0.52 0.48
(27.1/32.5) (1.6-2.9) (3.5-4.4) (0.36-0.70) (0.30-0.64)
B3 21/11/07 8.1 4 4.8 20 555 320 23 5.1 0.86 0.46 0.54
(6.7/9.4) (1.8-3.0) (4.6-5.6) (0.25-0.57) (0.43-0.75)
B4 23/11/07 38.3 26 8.4 15 657 630 2.5 3.7 0.93 0.49 0.51
(44.8/32.5) (1.8-3.3) (3.2-4.3) (0.39-0.65) (0.35-0.61)
B5 27/11/07 9.5 5 3.2 1.9 46.0 230 4.3 2.7 0.89 - -
(7.3/11.8) (3.2-6.0) (2.2-3.2)
< B6 28/11/07 2.1 1 2.1 21 532 150 2.0 4.1 0.64 - -
§ (0.0/4.2) (1.4-2.6) (2.5-5.5)
5 B7 29/11/07 11.1 3 8.4 3.7 23.7 210 35 1.6 0.94 - -
2 (13.8/8.3) (2.5-4.8) (1.3-1.9)
—
g B8 30/11/07 22.0 10 6.4 22 310 960 1.4 8.6 0.92 0.42 0.58
(26.6/17.4) (1.0-2.1) (6.6-9.5) (0.29-0.59) (0.41-0.71)
B9 05/12/07 20.3 5 10.3 4.1 4.7 530 4.1 2.6 0.97 - -
(18.9/21.7) (29—5.8) (2.1—3.2)
B10 06/12/07 13.4 5 53 27 233 390 21 3.6 0.81 - -
(22.0/4.7) (1.6-2.7) (3.1-4.0)
B11 08/12/07 43.3 6 25.2 72  36.6 2390 9.1 2.8 0.89 - -
(48.5/38.0) (6.2-13.9) (2.2-3.3)
B12 09/12/07 3.3 3 29 11 795 600 1.8 8.8 0.91 - -
(1.7/4.9) (1.4-2.4) (6.7-11.3)
B13 10/12/07 13.6 10 45 14 828 450 0.9 7.7 0.89 - -
(17.5/9.8) (0.5-1.0) (6.8-8.4)
B14 11/12/07 87.0 6 46.4 145 750 ~19000 21.4 6.1 0.83 - -
(112.4/62.0) (14.3-38.8) (4.7-7.5)
. B15 10/04/08 11.9 5 45 24 400 490 2.2 6.4 0.91 - -
§ (7.0/16.6) (1.6-2.8) (4.9-6.9)
g B16 11/04/08 10.2 13 4.3 0.8 51.0 400 1.5 5.9 0.98 - -
é (8.1/12.3) (1.0-2.4) (1.9-8.1)
= B17 28/04/08 27.0 14 9.1 19 7.6 640 1.7 35 0.74 0.37 0.63
S (26.9/27.4) (1.1-2.9) (2.8-4.1) (0.27-0.48) (0.52-0.73)
= B18 01/05/08 17.1 21 4.9 0.8 305 330 1.0 6.9 0.86 - -
(20.6/13.5) (0.7-1.2) (5.8-7.4)

values fors D and 5§80 for the two rain sampling loca-
tions over the entire period arel4.7 %o and—3.4 %o, re-

topically enriched precipitations Q) = —7.5 %o ands180 =

May 2008) was isotopically depletedp = —26.4 %0 and

www.hydrol-earth-syst-sci.net/15/2007/2011/

8180 = —4.7 %o). In January and February, normally a short
dry period, 3 rain events-10 mm were sampled. Consis-
spectively. A clear clustering can be seen between the raintently, these rains plot at the edges of the two seasonal clus-
falling during the two wet seasons WS1 and WS2. WSlters (Fig. 3). The wet season clustering of the isotopic rain
(October—December 2007) is mainly characterized by iso-composition is most likely caused by the different origin of
the rain during the two wet seasons. Nieuwolt (1973) and
—2.6 %0), whereas the precipitation during WS2 (March— Sumner (1982) reported different prevailing wind directions
during WS1 and WS2. While during WS1 a North-Easterly
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sea breeze from the Indian Ocean is predominant, Southtranslation of recharge potentially reduced the level of mix-
Easterly winds, parallel to the coastline dominate in WS2.ing and resulted in isotopic spring water signatures which
When assuming that the moisture transport follows thesamore closely reflected the spatio-temporal variability of the
prevailing wind directions, the moisture during WS1 sea-rain water compositions at the individual spring locations.
son travels a significantly shorter distance over land than the In contrast to the isotopic spring water compositions, the
moisture during WS2. As the travel distances of the mois-geochemical, i.e. ionic, compositions of the spring water
ture over land are closely linked to the continental rain outsamples, characterized by PC1, showed a different pattern as
effect (Clark and Fritz, 1997), this results in isotopically no significant seasonal changes were detected (Fig. 4a). Note
lighter rains in WS2. that increases in PC1 result mostly from additional but minor

Rain water sampled at several locations during theinfluences of isotopic compositions on PC1. The geochem-
20 November 2007 and 12 December 2007 events showeital composition, however, reveals a distinct difference be-
the spatial variability in isotopic composition in and around tween water samples from different locations. Samples from
the Bangalala catchment. During the 20 November 2007%he small (0.3 krf) Mataini headwater catchment (S14-15)
event, the rainfall depth ranged from 7 to 20 mm for the dif- exhibited the lowest ionic content. This is not only linked
ferent rain stations while during the 12 Decemebr 2007 evento the geological influence (Mul et al., 2007) but also to the
the variation was between 8 and 180 mm. For both eventdimited storage capacity in the very shallow soil and to po-
a considerable spread in isotopic conteAl2 < 8§D < 5 %o tentially short flow paths, which results in reduced water —
and—3.2 < §180 < 0 %0) between the different locations was soil contact times and thus short water turn-over times (cf.
observed. Asano et al., 2002; Shamann et al., 2004). Spring water sam-

Spring water samples (S1-S10) show a similarly strongples from the Vudee catchment (14.6kr$10-13, S17-19)
seasonal clustering as the rain samples. However, while thehowed a consistently higher ionic content, caused by larger
WS1 (October—December 2007) samples plot close to théocal groundwater reservoirs further downstream (Mul et al.,
LMWL, samples from WS2 (April 2008) plot clearly be- 2007) and thus longer contact and turn-over times. Springs
low the LMWL, indicatings180 enrichment relative téD, downstream of the Bangalala weir (S1-4), where the topog-
caused by evaporation of recharge- and/or shallow groundraphy is much more lowland in character, had significantly
water. Figure 3 clearly shows the time lag of the “new” increased ionic concentrations. Together with the underlying
recharge to reach groundwater, which is more enriched irgeology, this indicates the emergence of a different ground-
WS2 than in WS1, although precipitation shows the oppositewater regime, which is characterized by springs that occur
pattern. In spite of the seasonal clustering, the seasonal variavhen a geological fault cuts through an impermeable layer,
tion of the isotopic groundwater composition is significantly forcing the deep ground water to the surface (Mul et al.,
damped, compared to the composition of the rain. Togethe2007).
with the lag in response this pattern indicates relatively long The ionic composition of water, which depends largely
transit or turn-over times (Hrachowitz et al., 2009). on the interaction of water with the soil matrix (cf. Uhlen-

A Principal Component Analysis (PCA) on the geochem- brook et al., 2002), was previously shown to behave non-
ical and isotopic spring water composition (Fig. 4a), with an conservatively. However, the timescales at which the tracer
explained variance of 86 % for PC1 and PC2, shows a simicompositions, i.e. ion concentrations, of “new” soil- and
lar pattern. While PC1 has high loadings for ion concentra-recharge water converge toward the one in pre-existing soil-
tions and elevation (as a proxy for location) PC2 is charac-or groundwater is, for many tracers, subject to conflicting
terized by high loadings for isotopic composition and time results and an ongoing debate (e.g. Laudon and Slaymaker,
elapsed since the beginning of WS1. The seasonal clusterin§997; Uhlenbrook et al., 2002; Asano et al., 2003; Pellerin
of spring water isotopic composition is again evident. Com-et al., 2007). Thus, the geochemical composition, with its
pared to the seasonal variability, there is only relatively mod-clear spatial pattern in the study area, was in the following
est spatial variability of isotopic content in the springs in andrather used to separate the runoff contributions from differ-
around the Bangalala catchment. This is true in particular forent source areas, i.e. Vudee and Ndolwa, while the isotopic
samples from WS1 (October—December 2007), while sam-composition, where available, was used to separate the runoff
ples from WS2 (April 2008) are spread over a wider range.into contributions from different flow components, i.e. event
This can be explained by the fact that during WS1 relativelyand pre-event water (except for Mataini, where both, iso-
well mixed, “old” groundwater, which damped spatial vari- topic and geochemical tracers were used in order to estimate
ability, played a more dominant role, since recharge had nothe uncertainty caused by the use of different tracers). Note
yet fully set in and preferential flow-paths were not yet fully that due to the scatter in the respective spring water compo-
developed. This changed during WS2 when the soil mois-sition, the pre-event water end-member was assumed to be
ture, groundwater table and thus the base flow contributiorthe composition of the preceding low flow period, which is a
were highest (Fig. 2). The already wet soil matrix then fa- catchment integrated approximation. Furthermore it should
cilitated rapid bypass flow of additional rain water through be noted that, in absence of more detailed data, the volume
preferential flow pathways to the groundwater. This rapidweighted ionic composition of the total event precipitation
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Fig. 3. Isotopic composition of rain water, sampled at Vudee (R1) and Mwembe (R4) throughout the study period as well as the composition
of rain water sampled throughout the catchment during two events (20/11/2007 and 12/12/2007). Furthermore, the isotopic spring water
composition of springs in Vudee (S10-S21) sampled at three occasions: at the beginning of WS1 (10/2007), the end of WS1 (12/2007) and
in the middle of WS2 (04/2008).

was used, thus neglecting the influence of gradual depletiomsing a best subset multiple regression approach based on
of heavy isotopes with the duration of an event (cf. Kendall weighted covariances, that it is highly significantly related
and Caldwell, 1998), resulting in a potential overestimationto the combined influences of precipitation intensity, pre-
of pre-event contributions at early stages of the events andipitation amount and the antecedent precipitation amount

underestimation towards the end of an event. of the preceding 5 days (AP, with R2=0.90 (p < 0.001,
n =10). In other wordskpg, which per definitionenshould
4.2 Runoff analysis be a quasi-static descriptor of effective hydraulic conductiv-
o ity, is increasing with increasing catchment wetness, thus the
4.2.1 Mataini catchment (0.3 kn) wetter the conditions, the faster water is routed through the
During the observation period (13 March—-30 April 2008) ol
ten different events (M1-M10) could be distinguished in the ¢ (¢, ) = Sg (1) kpe (w (1)) (10)

Mataini catchment (Fig. 2a). A summary of the events can be

found in Table 1. On visual inspection, the catchment exhib-where Qg(z, w) is the event runoffSg(¢) is the storage and
ited a flashy event runoff response, while base flow showed av is an indicator of catchment wetness. This reflects the
comparably slowly draining groundwater reservoir. Accord- non-linear properties of the rapid flow mechanisms in the
ing to the MRC analysis, the groundwater reservoir was charsense of a deviation from a linear storage- discharge rela-
acterized by a storage coefficigmt=0.059 d ! ortimescale  tionship: the more water is made available by high inten-
tg =17 d (inset in Fig. 2a). During events M1-M4 base flow sity precipitation events and the wetter the catchment, the
remained very low and only after a period of seven consec-disproportionally faster the direct flow mechanisms respond.
utive days with rain, yielding a total of 145 mm, and a sub- This is illustrated in Fig. 5 with a thought experiment where
sequent high yield but low intensity event on 27 March 2008the hypothetical storage — discharge relationship of a lin-
(M5), significant volumes of water infiltrated and recharged ear reservoir, i.ekp = const., is shown together with a syn-
the groundwater. This is illustrated by sharp increases of basthetic storage - discharge relationship derived from a value
flow and groundwater level in the piezometer at this momentkp that is linearly related to a hypothetic metric of catch-
Analysis of the event runoff coefficierig gave further in-  ment wetness (Eq. 10), here the 5-day antecedent precipi-
sights into the functioning of this catchment, particularly astation amount. The deviation from the linear response can
besides theCe the storage coefficieritpe of the reservoir  be interpreted as a mechanism similar to transmissivity feed-
generating direct flow had to be estimated as well (Table 1)back (Bishop, 1991) with gradual activation of rapid flow
The flashy nature of the catchment was again highlighted bypaths, potentially including macro-pores but, for larger scale
the values ofkpg, which were up to three orders of mag- events also infiltration overland flow, supported by the pres-
nitude above the baseflow storage coefficignt Relating  ence of pronounced soil erosion features and by substan-
kpe to several metrics of catchment wetness, it was foundtially increasedkpe values for the highest intensity events,
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Fig. 4. (a)shows a Principle Component Analysis (PCA) based on elevation (as a proxy for location) and time elapsed since start of WS1
as well as on the geochemical @&a Mg?*, HCOy, Si0,, EC) and isotopicAD, §180) composition of spring water samples (S1-S20)

at three sampling dates at the beginning of WS1 (10/2007), the end of WS1 (12/2007) and in the middle of WS2 (04/2008). The different
symbols represent the different springs while the different shades represent the sampling date, i.e. points with lightest shade were samplec
at the first occasion (10/2007), the points with the darkest shades were sampled at the last occasion ((dy20@8)s a PCA based on

a reduced data set, as the complete geochemical and isotopic sighature of stream water samples was not available for all samples. It is tht
based on elevation (as a proxy for location) and time elapsed since start of WS1 as well as on the geochemi€al)&i@l isotopicdD)
composition of the mean and 95 % inter-quantile ranges of the spring samples (S1-S20), the composition of baseflow, peak event flow and
event rain samples at Mataini, Vudee, Ndolwa and Bangalala, sampled during 2 events (20/11/2007 and 28/04/2008). Lighter shades indicate
earlier dates, while darker shades again indicate events later in the study period.

e.g. kpe = 41.5d1 (Ulgs, =22.873.1d1) or time scale p=0.012,n =10). Similar to what was reported by Li
tpe =0.02d (Ubs;, =0.010.04 d) for event M2, as compared et al. (2011) for sub-humid catchments, this is an indicator
to kpe andrpe values below 10d! and above 0.10d, respec- for a relation to changes in soil moisture and thus poten-
tively, for lower intensity events (Table 1). tial switches in runoff generation processes. However, the
The event runoff coefficients were genera"y very low with relatively modest correlation SUggeStS potential further influ-
0.9< Ce <5.9%. Considering the aridity inde > 2.5 of ences, which could not be identified with the available data.
the study area, these results fall well into the range of what As illustrated for event M5 in Fig. 4b, the base flow
was reported by others for catchments with comparable, i.ecomposition of stream water largely reflects the spring wa-
semi-arid, climate conditions (e.g. Wenninger et al., 2008).ter composition. In comparison with the remaining three
Changes inCg were found to be linked to changes in base study catchments, the Mataini catchment shows a more pro-
flow (R?=0.71, p =0.002,n = 10) and AR (R?=0.57, nounced tracer response to events, i.e. the event stream water
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composition changes significantly to show a signature close
to that of the event precipitation. This suggests, in particular
with respect tos D, that the Mataini catchment has a lower
turn-over or mean transit time than the entire Vudee catch-
ment, which it is part of (cf. Hrachowitz et al., 2009).

Detailed event tracer data, including EC, gi@ndsD
were available for events M4 and M5 (Fig. 6). Note, that
analysis using'®0 data was not possible due to a corrupt
data file. During M4 an equivalent of 4.9% @4} = 4.2—
5.6 %) of the total event precipitation was directly discharged .
according to the event runoff coefficient analysis (Table 1). ;7031200 271031800 28030000  28/0306:00 28103 12:00
On average 73 % (4§ = 63—79 %) of the total event runoff Date
was estimated to be pre-event water, with a peak pre-event
water contribution of 56 % (Wk, = 34-58%). Likewise, Fig. 6. The top plot shows the hydrograph separation between event
the amount of direct runoff for M5 was found to be 5.9% (Qe) and pre-event@p) runoff for the M5 event (27/03/08, WS2)
(Ulgsr =4.3-7.4%; Table 1) of the total event precipitation. based on combinetD, EC and SiQ measurements in the Mataini
The computed mean total pre-event water contribution wagatchment. The bold black line)shows the total discharg@fo),

63 % (Uks, = 54—75 %), with peak pre-event water contribu- the twlo grey shaded areas r(_aprgsent th(_a central estimates for the
tions of 41 % (Ubs, — 39—64 %). Approximately three hours e_vent _\) and pre-even_u) cor_1tr|but|ons derived from_a power rela-
after the peak flow the tracer concentrations returned back té)'onSh'p between relationship betwegio andQp, which is shown

| Is. indicati ibution d in the inset (cf. Godsey et al., 2009), and the dashed hnkig the
pre—event evels, |n. icating no event water contribution ur'corresponding 95 % uncertainty interval. The circle symbe)isi¢-
ing the later recession.

note , for the individual analyzed samples, with the whiskers rep-
The multi-tracer approach, however, makes a serious limi+esenting the 95 % uncertainty interval. The 3 bottom plots show

tation of the hydrograph separation method evident. Figure 8he available tracer data for M4 and M5.

shows the individual pre-event water contribution distribu-

tions for each tracer for a range of M5 samples. The use of

three different tracers resulted in significantly different av- an inadequate representation of the spatio-tem@gdralari-

erage pre-event water contribution estimates, i.e. 57 % (EC)ability in the rain water end-member. In other words, more

65 % (SiQ) and 74 %8 D, which is also highlighted by the detailed event data would have allowed the incorporation of

wide uncertainty intervals of the combined multi-tracer pre- the extent of the rain out effect (Kendall and Caldwell, 1998).

event water contribution estimate in Figs. 6 and 7. The un-At early stages of the evefiD would be more enriched com-

certainty in the estimated combined pre-event water contripared to the volume weighted, event averaged composition

butions introduced by D was most likely partially linked to  used in this study, resulting in lower pre-event contributions
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and more depleted, resulting in higher pre-event contributiorprecipitation amount of the preceding 5days §\Pwith
estimates later in the event,. Thus, the resulting total uncerk?=0.96 (p < 0.001,n = 18). As thekpg values remained
tainty from the multi-tracer approach would be reduced asrelatively stable at values below4 d~1 (1pg ~ 0.25d) and
compared to the use of the event averaged value, asthe switched rather quickly to much higher ratége > 9d1
distribution in Fig. 7 would be shifted towards the geochem- (tpg < 0.11 d) for the most intensive precipitation events only
ical derived distributions. (B11 and B14), this suggests that the direct runoff component

There was little evidence of non-conservative behaviour ofhas quite a homogenous structure, i.e. almost the same flow
the geochemical tracers (Uhlenbrook et al., 2002; Asano epathways are always contributing once the component is acti-
al., 2003) in the first-5-6 h after the beginning of the event vated independent from soil moisture. The only exception is
as the event/pre-event estimates of both EC ang §i@ the apparent triggering of a second rapid runoff component,
generally similar results, although it is frequently assumedmost likely infiltration excess overland flow, at very high in-
that they have different timescales of non-conservative betensity events (B11 and B14; Table 2).
haviour (e.g. Laudon and Slaymaker, 1997; Uhlenbrook et The event runoff coefficients were generally low with
al., 2002; Asano et al., 2003; Pellerin, 2007), which would 0.8 < Ce < 8.8 %, but, according to atest, significantly
imply consistently different event/pre-event contribution es- higher (p =0.03) than the”g in the Mataini catchment. Al-
timates. Only after~5h, such processes could play a sig- though less evident than for the observation period in the
nificant role as the pre-event contribution estimates from theMataini catchmentCe was significantly correlated with base
individual geochemical tracers are diverging (Fig. 7). flow (R?=0.33, p =0.012,n = 18) and AR (R?>=0.33,

Note, that the considerably wider uncertainty intervals of p =0.012,n = 18) in the Bangalala catchment as well. This
the continuous pre-event water estimateséJldashed line  again hints towards significant, but limited influences of soil
in Fig. 6) compared to the uncertainty intervals of the individ- moisture and runoff generation process thresholdSo(Li
ual samples (Wk,; whiskers in Fig. 6) is largely owed to the etal., 2011).
uncertainty in the regression equation used to predict the pre- The spring water, base flow, event flow and precipitation
event contributions at times where no samples were availcomposition of water for two events (B2 and B17) for which
able, similar to prediction intervals in classic least-squareshe complete tracer set was availabbé( EC, SiQ) are
regression analysis (see Methods section and inset in Fig. 6ghown in the PCA in Fig. 4b. The base flow samples of the

Vudee sub-catchment plotted very close to the spring water
4.2.2 Bangalala catchment (25.3kf) samples from springs in the same catchment. Base flow sam-

ples from the Ndolwa sub-catchment showed a clearly dif-
A total of 18 events (B1-B18) was identified during the ferent signature for both events. Although similar in isotopic
interrupted observation period (12 November—12 Decem-composition, base flow water from Ndolwa was significantly
ber 2007; 9 April-1 June 2008) in the Bangalala catchmentricher in ionic content, compared with Vudee. Base flow at
(Fig. 2b). A summary of the events can be found in Ta- Bangalala, downstream of the Vudee — Ndolwa confluence
ble 2. Analysis of the hydrograph revealed that the Ban-displayed an intermediate signature. The event samples for
galala catchment showed a more subdued runoff pattern thavudee, in spite of the rather distinct rain water signatures,
the Mataini sub-catchment. The MRC analysis suggested ahowed a composition very similar to the base flow sam-
groundwater reservoir storage coefficientigf=0.034 d"* ples. This damped response suggests that the Vudee catch-
equivalent to a timescalg =29d (inset in Fig. 2b). Base ment is characterized by a relatively high turn-over or mean
flow remained essentially constantly low for the first precip- transit time (cf. Hrachowitz et al., 2010b), in particular com-
itation events of WS1. It gradually started to increase with pared to the Mataini sub-catchment. The event water signa-
runoff event B1 (19 November 2007) to reach an observedure at Ndolwa, on the other hand, reveals a much stronger
maximum by mid-December (B14), gradually decreasinginfluence of precipitation, implying that the catchment re-
and thus draining the groundwater reservoir starting from thesponds more rapidly to precipitation and potentially resulting
mid of WS2 at the latest. in lower catchment mean transit times.

The comparably attenuated stream flow pattern of the Ban- Detailed event tracer data, were available for events B1—
galala catchment is also clearly reflected by the results oB4, B8 (EC, SiQ, while § D was only available for B1-B2
the event runoff coefficient analysis (Table 2). Although and thus omitted in the analysis; Fig. 8) and B17 (EC,$iO
the extreme event storage coefficiehts: were, as in the 8D ands'®0; Fig. 9). For events B1-B4 and B8 the tracers
Mataini catchment, up to almost 3 orders of magnitudewhere used to estimate the runoff contributions of the two
above the baseflow storage coefficiént their mean val-  sub-catchments, i.e. Vudee and Ndolwa, to flow at Bangalala.
ues were significantly lower than in the Mataini catchment. Likewise, for event B17 the geochemical tracers were used to
Best subset multiple regression analysis with weighted co-estimate the sub-catchment contributions while additionally
variances showed thabg was significantly related to the the isotopic tracers facilitated a hydrograph separation into
same combined influences as in the Mataini catchment: preevent and pre-event contributions. At the beginning of WS1
cipitation intensity, precipitation amount and the antecedenbefore significant wet-up has taken place, i.e. B1 and B2, the
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Fig. 7. Probability distributions of pre-event contributions computed with 3 different traé&rsEC and SiQ) for the available samples of
the M5 eventsg denotes the time elapsed since the beginning of the event rainfall.

relative contributions of Vudee and Ndolwa roughly corre- attenuated than at Vudee, this supports the theory that once
spond with their respective catchment areas and precipitatioa certain level of catchment wetness is reached, event wa-
amounts. Hence, for similar rain amounts, Vudee (14.6km ter is drained from the Ndolwa catchment more efficiently
and Ndolwa (8.8 krfy contributed~66 % (Uls, = 47-71%)  and rapidly, most likely caused by the presence of a denser
and~34 % (Uls, = 29-53 %), respectively (Table 2, Fig. 8). preferential flow path network and/or less storage availabil-
This suggests, together with the @, that at this moment ity. As was the case for the Mataini catchment, the results
the groundwater reservoirs with their potentially similar stor- for both, the event/pre-event as well as the geographical hy-
age coefficients dominated the runoff. As the catchmentsirograph separation, are subject to high uncertainties when
gradually become wetter in WS1 the situation changes andpplying multiple tracers (4k and Ubs. in Figs. 8 and
Ndolwa, in spite of the smaller catchment size and nearly9). For example, the relative contribution from Ndolwa dur-
equal or less precipitation contributes more to the total runoffing B8 was 58 % (s, = 41-71 %) as computed with the

at Bangalala than Vudee (B3, B4 and B7), with a maxi- multi-tracer approach, while it was 67 % and 46 % using
mum contribution from Ndolwa of 63 % (Ji =52-73%) EC and SiQ only. While some of the uncertainty here can
during B17, when also the base flow is highest (Fig. 2b).be attributed to the fact that Bangalala is 1 km downstream
The pre-event water contribution is high during B17, with of the Vudee/Ndolwa confluence, this additional, geochem-
71% (Ulgs; = 41-98 %) and 95 % (4k, = 71-100 %), re- ically uncharacterized part of the catchment cannot explain
spectively, for Ndolwa and Vudee (Fig. 9). In other words, the entire uncertainty as it accounts only for 8 % of the to-
the 17 % (Ubs, = 3-32 %) of the total runoff at Bangalala tal catchment area. Although no conclusive answer can be
is event water originating from Ndolwa and merely 2% given at this point, these uncertainties, also evident in the
(Ulgs;, = 0—7 %) of the total runoff is event water from origi- Mataini catchment, are assumed to result from incomplete
nating from Vudee. Together with the findings from Fig. 4b, mixing and temporal lags between runoff originating from
that the event stream water composition at Ndolwa is lesdifferent, geochemically distinct parts of the catchment.
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Fig. 8. Top shows the runoff contributions from Vude@.{,q) and Date

Ndolwa (QOndol) catchments to the runoff recorded at Bangalala for

the period of 18-30/11/2007 (B1-B4, B8) in which detailed tracer Fig- 9. Top figure shows hydrograph separation between event
data were available. Analysis is based on combined EC ang SiO (Qe) and pre-eventQp) discharge from the VudeeQ{,q) and
measurements. The bold black ling $hows the total discharge Ndolwa (Qndol) catchments for the B17 event (28/04/2008) of the
(Qtot) Observed at the Bangalala weir, the two grey shaded arealasika’08 season. Contributions fro@y,q and Ondol estimated
represent the central estimates for the contributions from the Vude&'Sing combined EC and SjOneasurements. Separation infe

(m) and Ndolwa ¢) catchments derived from a power relationship a@ndQp based on combine#iD ands'80 measurements. The bold
between relationship betweadror and Qyyg and the dashed line  black line ¢) shows the total discharg@(ot) observed at the Ban-
(--) is the corresponding 95 % uncertainty interval. The circle sym- 9alala weir, the two grey shaded areas represent the central esti-
bols () denoteQ,,q for the individual analyzed samples, with the Mates for the contributions from the Vudes) @nd Ndolwa ()
whiskers representing the 95 % uncertainty interval. Bottom threecatchments derived from a power relationship between relationship
figures show observed EC and SiGbncentrations at the Bangalala betweenQtot and Qyq and the dashed line{) is the correspond-
weir, as well as in the Vudee and Ndolwa catchments. ing 95 % uncertainty interval. The yellow)(and light blue tri-
angles {) denoteQe and Qp contributions fromQ,q, While the
orange {) and dark blue triangles) represent th@e andQp con-
tributions fromQpgqo) for the individual analyzed samples, with the

5 Wider implications and conclusions whiskers representing the 95 % uncertainty interval.

The results illustrate that for catchments with medium

to flashy stream flow responses in a semi-arid envi-

ronment event runoff coefficients tend to be very low coefficientkpe and supported by the abundance of rill and
(0.8< Ce <8.8%). Changes igg were shown to be linked gully erosion features in the agricultural fields in the upper
to changes in baseflow and antecedent precipitation. Whilegcatchment. However, these results should be interpreted in
little surprisingly, groundwater sustained the flow in dry pe- the context of the relatively wet conditions during the study
riods, rapid flow generation processes were activated onceeriod, as compared to long-term averages. The strong re-
the catchment was wet-up. For high intensity high yield lationship between metrics of precipitation witbe, can be
events an additional fast flow component, potentially infil- interpreted as a proxy of the degree of activation of rapid
tration overland flow, was triggered. This is concluded from flow pathways. Itis thus implicit that during drier years rapid
the by factor~2 increased rate of change of the storageflow pathways are triggered to a lesser degree, highlighting
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the increased dominance of groundwater-sustained flow durwith insufficient representation of spatio-temporal variability
ing these periods. Likewise, the event runoff coefficigfits  in rain water composition as well as the fact that a small part
can be expected to show a trend towards even lower maxief the catchment, between the Vudee/Ndolwa confluence and
mum annual values as a result of reduced catchment wet-uBangala, was not considered at all. However, these sources
in drier years. of uncertainty are not exhaustive and the results of this study
Furthermore, pre-event water was shown to be the domhighlight the need for caution when interpreting results from
inant source of runoff during events in this study. Earlier hydrograph separation and mixing studies (cf. Godsey et al.,
studies in semi-arid areas showed varying results with pre2009). In the absence of any further detailed knowledge
event water contributions between 30 and 90 %, mostly de-about tracer dynamics in individual catchments results from
pendent on the rainfall intensities (e.g. McCartney et al.,studies based on single tracers can potentially be very mis-
1998; Sandstim, 1996; Wenninger et al., 2008; Mul et al., leading. Although not advocated as the perfect solution of
2008, 2009). High pre-event water contributions were pre-the problem, multi-tracer approaches at least allow for more
viously shown to be a common feature for a wide rangerobust estimates and help to avoid the most extreme misrep-
of catchments in humid settings, i.e. the “old water para-resentations.
dox” (e.g. Kirchner, 2003). The driving process behind the This study shows the value of hydrological data collec-
rapid mobilization of subsurface flow is still discussed in hy- tion over one whole wet season using multiple tracers and
drology and many processes were suggested, e.g. groundkydrometric data to infer dominant hydrological processes.
water ridging (e.g. Gilham, 1984), transmissivity feedback The analysis revealed considerable spatio-temporal hetero-
(e.g. Bishop, 1991), macropore flow (e.g. McDonnell, 1990),geneity in catchment function between the four nested sub-
kinematic waves (e.g. Nolan and Hill, 1990), as well as thecatchments. The small Mataini headwater sub-catchment
fill and spill hypothesis (Tromp-van Meerveld and McDon- showed a comparably flashy response with short turnover
nell, 2006). Recently, Jones et al. (2006) and Renaud etimes and pronounced switches between dominant runoff
al. (2007) discussed the influence diffusive processes havprocesses, indicating a potential abundance of rapid flow
on tracer exchange between runoff components disguisingathways. In contrast, the response at the outlet of the
discharge generating processes, causing the interpretation tdrgest catchment, Bangalala showed a much more subdued
tracer information and therefore water movement being po+esponse with more subtle activation of rapid flow pathways,
tentially more complex than it was perceived until now. The indicating an event response that is controlled by fewer indi-
combined tracer and event runoff analysis helped to gain asidual processes. Combined tracer and runoff analysis also
better understanding of the spatio-temporal differences in theshowed that the Vudee and Ndolwa sub-catchments them-
functioning of different parts of the Bangalala catchment, selves have distinct hydrological properties. The Ndolwa is
where very fast responding headwaters are in contrast witlsubject to more pronounced threshold processes and faster
a comparably subdued flow regime further downstream.  storm response and the Vudee catchment response closer to
In this study, multiple tracers, i.e- n —1, were used linear. This study can be seen as example how short and in-
to estimate and compare the respectiveomponent con- tense field-based hydrological data collection can help to ex-
tributions to runoff in a small catchment, which was pre- tract considerable information on catchment function, which
viously only attempted by a handful of publications (e.g. in turn is crucial for enhanced sustainability in water re-
Laudon and Slaymaker, 1997), focussing on humid climatessources management in data scarce, semi-arid environments.

rather than semi-arid, data-scarce areas. Even less publish%\d
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