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Abstract. Land-use change in the mountainous parts ofl Introduction
northern Thailand is reflected by an increased application of

agrochemicals, which may be lost to surface and groundwat ang yse in the mountainous regions in northern Thailand
ter. The close relation between flow paths and contaminanfgs peen intensifying over recent decades. Land-use sys-
transport within hydrological systems requires recognizingtems have changed in many regions from subsistence- to
and understanding the dominant hydrological processes. Tgharket-oriented production. In the Mae Sa watershed, a
date, the vast majority of studies on runoff generation haVestudy area close to Chiang Mai, Chiang Mai Province, re-
been conducted in temperate regions. Tropical regions sufmarkable changes have occurred. The proportion of annual
fer from a general lack of data, and little is known about cash crops increased from 8 to 39 % between 1974 and 2006,
runoff generation processes. To fill this knowledge gap, ayhereas rain-fed rice production declined from 21 to 0.5 %
three-component hydrograph separation based on geochenyjthin the same time period (Schreinemachers and Sirijinda,
ical tracers was carried out in a steep, remote and monsoorxE8; Irwin, 1976). This intensification of cropping systems
dominated study site (7 kiin northern Thailand. Silica and is accompanied by a higher input of agrochemicals to in-
electrical conductivity (EC) were identified as useful trac- crease and secure yields. As a consequence, these agrochem-
ers and were applied to calculate the fractions of ground-cals may leach to groundwater aquifers and surface waters.
water (similar to pre-event water), shallow subsurface flowgych water pollution has been postulated as one of Thai-
and surface runoff on stormflow.’Kwas a useful indicator  |ang's most critical environmental issues by Kruawal et al.
for surface runoff dynamics, and &aprovided insights into  (2004). Because the transport of agrochemicals within a hy-
groundwater behaviour. Nevertheless, neither measure Wagrological system strongly depends on the dominant hydro-
applicable for the quantification of runoff components: Cl  |ogical processes (i. e. Miiller et al., 2006), it is important to
and further parameters (e.g. NeK™, and Mg*) were also  ynderstand the hydrology of the underlying system.
not helpful for flow path identification, nor were their con-  Runoff generation during stormflow events has been the
centrations distinguishable among the components. subject of many research studies within the last decades. The
Groundwater contributed the largest fractions to storm-dominance of groundwater as a main contributor to storm-
flow (62-80 %) throughout all events, followed by shallow fio\w generation in a temperate study area was postulated, for
subsurface flow (17-36 %) and surface runoff (2-13 %). Ourexample, by Sklash et al. (1976) and has been further conso-
results provide important insights into the dynamics of thejigated by subsequent studies (e.g. Peters and Ratcliffe, 1998;
runoff processes in the study area and may be used to a$4peq et al., 2000; Uhlenbrook and Hoeg, 2003).Whereas
sess the transport pattern of contaminants (i.e. agrochemktydies on runoff generation processes in temperate regions
cals) here. are plentiful, Giertz et al. (2006) stress a lack of studies
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within tropical regions. Chuan (2003) also notes a general Materials and methods
lack of data on runoff generation processes in tropical re-
gions, which applies especially for Southeast Asia. Examin-2.1 Study area
ing these processes in the tropics is expected to yield differ-
ent results based on characteristics of rainfall (Bonell, 1993)The study area is a part of the Mae Sa watershed (7},km
rainfall patterns here not only deviate from temperate oneswhich is located 35 km northwest of Chiang Mai in northern
but there is also a strong variability. The amount of rainfall in Thailand (Fig. 1). Measurements were conducted in the Mae
the inner tropics can be twice as high as in the outer tropicsSa Noi subcatchment (184 N, 9854 E; 7 kn?) (Fig. 1),
(Table 1). Also, the seasonality of rainfall varies among thewhich is a very narrow and steep V-shaped (Fig. 1b) val-
outer and inner tropics: the latter receive rainfall throughoutley with an elevation ranging from 850 to 1560 rmh Soils
the year; the former are characterized by a distinct wet andire mainly Acrisols and Cambisols (Fig. 1b) on paragneiss
dry season. In addition to varying rainfall characteristics, theand granite. Both soil types show a sharp decrease of hy-
texture, mineralogy and structure of tropical and temperatedraulic conductivity with increasing depth (Schuler, 2008).
soils may also promote different runoff generation, reflecting The bulk density of an Umbric Acrisol in the area ranged be-
different soil hydraulic properties (Hodnett and Tomasella, tween 1.1 and 1.3 gcnd with increasing clay content within
2002). the first 100 cm (Spohrer et al., 2005). Hydraulic conductiv-
Although several studies have been conducted in tropicsty dropped from 1.04 to 0.54 cntd within the first 20 cm.
(i.e. Elsenbeer and Lack, 1996; Elsenbeer, 2001; Dykes and slight increase to 0.7 cntd at 40 cm was recorded, fol-
Thornes, 2000; Goller et al., 2005), comparisons are diffi-lowed by a reduction to 0.2 cnvd in the layer below (70 cm)
cult because of the reported strong variations in the spatia(Spohrer et al., 2005). Jantschke (2002) reported a soil water
and temporal distribution of rainfall. Such a comparison cancontent ranging from 16 to 30 % by volume at 50 cm depths
be facilitated by listing them according to rainfall pattern during irrigation experiments.
(Table 1), which resembles a listing according to inner and The vegetation is dominated by secondary forest and agri-
outer tropical belt. cultural crops (Fig. 1a). The dry dipterocarp forest consists
In contrast to the dominance of baseflow or pre-event wa-of a variety of evergreen and deciduous tree species. It also
ter during stormflow generation in most temperate regionshosts scattered tree plantations includifertona grandis
(i.e. Uhlenbrook and Hoeg, 2003), tropical studies agree orLitchi chinensis andMangifera indica Around 30 % of the
the importance of fast flow components (different terms,Mae Sa Noi area is covered by agricultural land, which can
listed in Table 1). Despite this agreement, the dominant promainly be split into field crops (30%) and litchi (50 %)
cesses continue to be among the most difficult and least untSchreinemachers and Sirijinda, 2008). Major field crops are
derstood ones (Montanari et al., 2006). cabbage and bell pepper, which are cultivated year round and
Table 1 also shows the lack of attention to areas that reirrigated if needed.
ceive< 2000 mm annual rainfall and are characterized by bi- The sampling site itself was located along a hill slope in
modal rainfall distribution with a distinct dry season (rainfall the lower catchment area (Fig. 1b), which is covered by an
<20 mmmontht). Giertz and Diekkriiger (2003) and Liu abandoned litchi orchard. This orchard was abandoned in
et al. (2011) have helped close this gap. Ziegler et al. (20002006 and has not been agriculturally used since that time.
and Kahl et al. (2007) did not specifically investigate runoff This implies that no fertilizers had been applied several
generating processes, but delivered important hints for studynonths before and during the sampling period. The climate
sites in northern Thailand. During investigations on soil ero-in the area is controlled by the monsoon with distinct wet
sion, Ziegler et al. (2000) found that overland flow was very (May—October) and dry (November—April) seasons and a
fast only on compacted soils, whereas less compacted areasean annual rainfall of 12200 mm. Based on a mean annual
required more rainfall to produce overland flow. Kahl et al. discharge of 623 mntd (long-term runoff coefficient 0.52),
(2007, 2008) suggested the importance of interflow with re-evapotranspiration would be 577 mmla The average an-
gard to solute transport in a study area in northern Thailandnual air temperature is 2T, and relative humidity ranges
However, none of the runoff generation studies on catch-between 40 and 100 %.
ments within the outer tropics have applied geochemical trac-
ers to investigate runoff processes. This, and the persisterz.2 Measurements
lack of runoff generation studies for steep catchments (i.e.
Chappell, 2010) in the outer tropics, motivated the currentRainfall was monitored at four stations. Two of these were lo-
investigation. We therefore investigated runoff generation incated within the Mae Sa Noi subcatchment (MSN and MSM,
a steep catchment in northern Thailand using geochemicaFig. 1a), the other two (BMK and PNK, Fig. 1a) close-by.
tracers. Prior to the runoff investigations, the geochemicalDuring events, the rainfall data were extracted from stations
tracers were tested with regard to their applicability in suchclosest to the discharge flume (MSN and MSM, Fig. 1a). To
an environment. ensure the data quality or to fill gaps, rainfall records were
compared with the closest stations: BMK and PNK (Fig. 1a).
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PNK

\{& g\ k. Fig. 2. Sampling of surface runoff (SUR) and (shallow) subsurface
flow (SUB) at the study site (black square, Fig. 1(a).depicts the

o e N ol e o o5 v A\ seep, which is defined as subsurface figayone of the steel gutters

0% Fores ol 88 Cambisol — h used to measure surface runoff along the hillslope.

Agricultural area @ Discharge gauge

Fig. 1. Mae Sa Noi sub-catchment wifla) measurement devices

(MSM, MSN, BMK, and PNK), land use in 2008 (modified after the end of the slope (Fig. 2b). Because of wet and dry sea-

M. Lippe, SFB 564, Subproject C4.1) afft) sampling area (black  gong, the subsurface flow is temporal (episodic) and not ac-

square), topography, and soil types (modified after Schuler et al.i 6 throughout the year. Once established, it takes place until

2008). rainfall events are intermittent and is understood to be mainly
fed by macropore flow in the unsaturated zone along the hill

The variability among the stations was evaluated in termsSIOP€: Discharge during the rainy season is believed to be sus-
of representativeness of each rainfall event during the field@ned by a mixture of groundwater and contributions from
experiments by cross-correlation coefficients (CCRs). CCRSaturated zones. This mixture is termed groundwater (GW)
was computed among the rain gauges and between each rafgmponent within this study and is represgnted by the aver-
gauge and discharge measurement. The analysis was bas@g® stream flow concentration measured in between events.
on monthly data series with a resolution of 10 min, yielding Note that a sepa_ratlon of both_ contributors is not possible
CCR per month and station. If more details on CCR betweerf:"d that the contributed proportions may vary in an unknown
stations were needed, a higher temporal resolution was ageMount. Since the subcatchment is very steep and valley bot-
plied (i.e. days or single events). The mean annual rainfalfMS OF riparian zones are rare, groundwater must originate
input for the Mae Sa Noi subcatchment was based on recorgéom deeper soil layers and/or fissured and fractured rocks.
of stations MSN and MSM. The saturated zones may be distributed across the subcatch-

Water level was measured at a fixed, rectangular cross se€i€nt and are most likely highly dynamic. All named compo-
tion using an ISCO ultrasonic sensor at the discharge gaugd!€nts are thought to contribute to stormflow (SF) in varying
A stage—discharge rating curve was established by salt diluMagnitudes.

tion measurements for different water levels in order to con- Rainfall samples were collected in a bulk collector and
vert water level into discharge extracted immediately after or during a rainfall event. Sur-

face runoff was collected along the hill slope close to the
2.3 Sampling of the components discharge gauge (Fig. 1a) by stainless steel gutters. The

gutters were installed slope-parallel with a gentle inclina-
During September 2007 (E1) and October 2007 (E2), twotion to route the water towards a bulk collector at the end
event-based field campaigns were conducted to investigatef each gutter (Fig. 2a). The samples were extracted dur-
runoff generation in the Mae Sa Noi subcatchment. In theing or immediately after rainfall events. In 2009, two addi-
frame of another sampling campaign in August 2009 (E4)tional gutters at different positions extended the installation
and September 2009 (E5), two additional events were samacross the hill slope to cover the spatial variability of sur-
pled (Duffner, 2010). Sampled components included rain-face runoff. The distance between those gutters ranged be-
fall, surface runoff, shallow subsurface flow, groundwatertween 50 and 100 m, covering a stretch of roughly 300 m
and stormflow. The terms component and endmember maglong the slope (Fig. 1b). A mixture of surface runoff with re-
be used interchangeably in the following text. Surface runoffturn flow along the hill slope could not be excluded, although
(SUR) is defined as the component that flows above the soithe samples were extracted directly during or after rainfall
surface during and/or shortly after events. Shallow subsurevents. Shallow subsurface flow was sampled at three spots
face flow (SUB) is water that seeps from the soil at the hill close to the discharge gauge (Fig. 1b) along the river banks
slope foot along the riverbed (Fig. 2b). Shallow subsurface(Fig. 2b). Samples were collected with a resolution of 15—
flow is assumed to flow laterally along the hill slope between20 min during events. Additional samples were taken before,
the bedrock and the soil cover, being forced to ex-filtrate atafter and randomly in between events. The hydrochemical
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signature of the groundwater endmember was obtained fronTable 2. Annual rainfall and the number of rainy days recorded at
samples collected during rainless periods and directly priofour weather stations (for location of stations see Fig. 1).

to stormflow. In order to apply a representative endmem-
ber signature, the average concentration of all samples re- Station 2007 2009
lated to an event was defined as the groundwater compo- [mm] [days] [mm] [days]
nent. During the rainy season, sporadic groundwater sam-

ples were collected along the main reach. Stormflow samples PNK 1222 122 1123 105
were obtained every 5-10 min. A conductivity meter (Win- ahgs 11‘;;% 112113 3‘;75 ;%
Lab Data Line, Windaus Labortechnik, Germany, measure- MSN 1309 132 719 91

ment error=+2 %) was used to measure electrical conductiv-
ity (EC) in situ. Major ions (Ct, NO3, SG;~, NHJ, Na*, évera(;ged deviati 128893 1156 8698 o1
KT, C&t, and Mg+) were analysed using ion chromatog- tandard deviation 17 15
raphy (ion chromatograph, Metrohm). Silica samples were

analysed by ICP-OES (inductively coupled plasma—optical
emission spectrometry, Perkin Elmer). Detection limits for
each ion and for silica are listed in Table 3. Analytical errors
of silica concentration were specified#40 %, those of the
major ions ast7 % (Department of Chemistry, Chiang Mai
University, personal communication, 2007).

To test the accuracy and consistency of the Chemlca‘\/Iixing plots were used to explore the chemical composition

analysis and the electrical conductivity measurements, the ré5f stormflow during an event (Christophersen et al., 1990).

sults were ch_ecked accordlmg to Appelo and Postma (2905)The basic assumption of mixing plots is that discharge dur-
When checking the electrical balance, the sum of cationg, g eyents is generated by different runoff components — each
(HeqL™) and anions (eqL) ShOUId be similar. Measured of which has its own chemical signature (fingerprint). The

EC was ba_c I_<ed up by calcul_atlng the EC based on the MO%oncentrations of the components serve as vertices of a tri-
lar conductivity of measured ion concentrations as shown byangle in which concentrations of stormflow samples should

Appelo and Postma (2005). be bound in, if stormflow involves the selected runoff com-
ponents. If the stormflow concentration is not framed by the
concentration of the components, then the selected compo-

To divide the hydrograph into its flow components, a nents are non-distinguishable or non-representative.
three-component hydrograph separation was performed. The
chemically based hydrograph separation relies on the princi:
.2 ; - 3 Results
ple of mixing, where equations of continuity and mass bal-
ance govern the quantity of tracer flow.
The following equations define a three-component
separation (modified after Ogunkoya and Jenkins, 1993):  Annual rainfall and the amount of rainy days at the stations
MSM, MSN, BMK, and PNK are given in Table 2. In E1,
Ot = Qew+ Osus+ Osur 1) only very little rainfall was recorded at the lower stations
O71Cim = QewCicw+ QsusCisus+ OsurCisur.  (2)  (MSN and MSM, 0.7 mm). There, the transferability of rain-
07C; 1= QcwCjew+ OsueCj sus+ OsurCjsur. (3)  fall data from the surrounding stations was tested by CCR.
Single rainfall events between all four stations recorded two
where 01, QOcw, Qsus, and Qsyr (Q in m3 s‘l) repre- days prior and after E1 with a temporal resolution of 10 min
sent volumes of the measured dischar@e ), groundwater  were used as input data. For the single events within these
(GW), subsurface flow (SUB) and surface runoff (SUR) (see4 days, CCR ranged between 0.6 and 0.8. Hence, the trans-
definition in Sect. 2.3), while&Ct, Cew, Csus, and Csur ferability of rainfall data between the upper (BMK and PNK)
are the equivalent concentrations of two tracerand ;. and lower (MSM and MSN, Fig. 1) rain gauges was con-
The equations are solved f@cw, QOsus, and Qsyr. The sidered as representative and was applied for the evalua-
method is based on several assumptions, which are describdithn of E1. Ultimately, the cross-correlation between the two
in the literature (e.g. Ogunkoya and Jenkins, 1993). NoteJower rain gauges (MSM and MSN) and measured discharge
however, that the method is only applicable if the compo-yielded CCR=0.6 with a lag time of 60 min between onset
nents are chemically distinguishable and if tracers are conef rainfall and discharge peak in September and CCR=0.7
servative or their fluctuations measurable. in October. Discharge and rainfall from the upper two gauges
Uncertainty analysis for the three-component hydrograph(BMK and PNK) correlated well after a lag time of 80 min
separation included uncertainties of endmembers and labdCCR =0.6).

ratory analysis. The propagation of uncertainty was derived
from equations presented by Genereux (1998).

2.5 Mixing plots

2.4 Hydrograph separation

3.1 Rainfall records

www.hydrol-earth-syst-sci.net/18/525/2014/ Hydrol. Earth Syst. Sci., 18, 52537, 2014
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Table 3.Electrical conductivity and ion concentrations in water samples of groundwater, shallow subsurface flow, surface runoff and rainfall
taken during September—October 2007 and August—September 2009.

DL** Groundwater Shallow subsurface flow  Surface runoff Rainfall
(n = 20/15)* (n = 20/10)* (n=7/7  (n=4/0)

Mean4 standard deviation

EC [uScnTd - 13586+ 9.22 2935+ 1.04 379542321 9484588
Silica[mgL™1] 0.012  1989+1.10 1464+ 6.18 1184+0.88 n.a.

Cl~[mgL™1] 0011  131+0.12 007+0.03 097+0.78 0424047

~ NOj[mgL~1 0009 2454046 339+ 0.94 5294329  069+0.37

= so}a— [mgL=1] 0.007 141+018 013+0.02 229+154  083+0.72

' Naf[mgL™}] 0.008  490+0.36 462+0.79 027+£0.19  029+0.34

NH; [mgL~!]  0.014 n.d. n.d. $2+317 072+023

K+ [mgL™4 0.040  546+0.85 172+0.27 762+£347 0394024

cat[mgL~1l] 0.030 2290+563 120+0.31 155+0.8  052+0.28

Mgt [mgL~1] 0.031  589+0.95 016+ 0.02 063+0.37 012+0.04

(n = 24/24) (n = 12/7)* (n=6/6)*  (n=3/3)*

S EC[uScmy —  18478+1409 3517+5.60 5843+1241 5354251

& silica[mgL"}] 0012 1474060 906+1.71 132+0.15 009+0.01

(n.a.: not available; n.d.: not detecté&chumbers of silica samples vary and are given on the second poéitidi;: detection limit.)

3.2 Event-based measurements Compared to surface runoff, major ion concentrations and
EC values of shallow subsurface flow were stable during E1

Rainfall during E1 had a low intensity, with a total amount and E2 (Table 3). Only silica concentrations varied consider-

of 6.9mm in 50min, and was recorded only at stations2P- . _
PNK and BMK (Fig. 3a). Discharge peaked at 0.491 In fact, silica concentration of shallow subsurface flow

(60 Ls~Tkm~2) within 20 min and caused a decline in EC by showed high fluctuations between samples from rainy days
—1 -1
36 uScn! within the same period (Fig. 3b). Major anions (7-5£1.1mgL™")and dry days (1409 mgL™).
showed similar dynamics. The drop of silica (Fig. 3b) and __Durlng the tWO_ events in 2009 (E4 and ES5), only EC an_d
the slight increase of CI (0.5mg L2, Fig. 3c) prior to the silica concentration were mea_sured. For both events, rain-
event were probably induced by an earlier event (not showrfal! data from the closest stations (MSN and MSM) were
in Fig. 3) on that day. A clear decrease in the concentratior@va"ab.le' E4 was initiated by 1gégﬂm ra|nfaII.lD|sE£1arge
of silica coincided with the rise of the hydrograph. Théta SIoWly increased from 0.1 to 0.2 (40.0Ls"km™)
concentration (Fig. 3c) was reduced by 10 mglalong the (F!g. o). Silica concentration declmed by 2.5mgL
recession limb. N&, Mg?+, and K" behaved similarly dur- (Fig. 5b). I1£C values _feII gradually (Fig. 5b) and reached
ing the event (Fig. 3c). 139 pScrr after 50 min. . .
Event E2 was monitored a few days later, on 9 Octo- On .15. September 2.009’ ES received 17.6rgm 1ra|n—
ber 2007. Total rainfall was 17.2mm in 40 min and was fall W'th'ln 7_2 min. .D|schar'ge p_eaked at O el
recorded at all four stations. The discharge at E2 rose t¢8°-7 LS ~km™) within 60min (Fig. 6a). During the
0.46nPs~1 (65.7 Ls L km—2) (Fig. 4a) after 60 min of rain-  "'S€ of the h){drograph, E? and the_ silica concentrations fell
fall. EC (Fig. 4b) rapidly sank by 53 uScrh. Silica concen- ~ PY 35KScm™and 3mgL ~, respectively (F|g.06b).
trations dropped by 4 mgt! (Fig. 4b). The dynamics of the '€ ion balance showed gaps of up+80 %, probably
major cations is given in Fig. 4c. A decrease in concentra-€11€Cting the missing HCDmeasurements. Calculated and
tion with the beginning of peak flow was observed for all measured electrical conductivity of all samples varied be-
measured ions. The sharpest drop was recorded f&t,Ca tween 6 and 25 %. These deviations are also most likely ex-
(15mgL™1), the lowest for N&. The most significant in- plained by the missing HCDmeasurements in the samples.
crease was observed for'k(10 mgL—1), which occurred For each component, mean and standard deviation of con-
parallel to the drop of EC and silica. Initial concentrations Céntrations are listed in Table 3. EC values of stream flow
were reached by all major cations andCbut not by silica. ~ Were generally higher in 2009, and silica had lower con-

At both events, C& had by far the highest concentrations centrations in 2009. Table 3 reveals that EC values of shal-
amongst all ions and reacted similarly as silica concentralOW Subsurface flow were lower than those of surface runoff,

tions (Figs. 3c, 4c) which was also the case for most major ions and silica.
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Fig. 3. Event E1 on 28 September 20d@) discharge and rainfall,  Fig. 4. Event E2 on 9 October 2007a) discharge and rainfall,

(b) silica and Ct™ concentrations, an(t) concentrations of N, (b) silica and CI- concentration, andc) concentrations of N&,
Mg2t, KT, C&*, and EC values. Error bars indicate measurementMg2t K+, C&t, and discharge. Error bars indicate measurement
uncertainty of 7 % for ions and 10 % for silica. uncertainty of 7 % for ions and 10 % for silica.

Most major ions, which are commonly used for hydrograph— most concentration points were located between GW and
separation (i.e. Cl), were hardly distinguishable between SUB. Those outside the boundaries are within the ranges of
the components. Considerable differences were identified fothe standard deviations.
KT and C&t. The C&t concentration in groundwater for
E1 and E2 correlated well with EC @< CCR> 0.86) and 3.4 Hydrograph separation
silica (08 < CCR> 0.82).
A three-component hydrograph separation based on silica
3.3 Mixing plots concentrations and EC values was performed for E1, E2, E4,
and E5 (Fig. 8). Major ions were not applied for the three-
Mixing diagrams were plotted for E1, E2, E4, and E5 basedcomponent separation because the concentrations and/or the
on EC and silica concentrations (Fig. 7). The endmembedifferences between the components were too low. Neverthe-
concentrations are represented by surface runoff (SUR), shaless, the results will be used for a qualitative assessment in
low subsurface flow (SUB) and groundwater (GW). the discussion.

Event E1 (Fig. 7a) was framed by SUR, SUB, and GW. During E1 (Fig. 8a), the discharge was mainly composed
Some stormflow concentrations during E1 and E2 were out-of groundwater (62 %) and shallow subsurface flow (36 %),
side the GW endmember concentration. During E1 all butwhereas the fraction of surface runoff was very small (2 %).
one concentration point were scattered within the range ofGroundwater was the first component which rose, followed
the standard deviation (Fig. 7a). Most concentrations in E2by shallow subsurface flow. A first peak of surface runoff
was clustered around the GW endmember concentration andoincides with that of groundwater. E2 received 67 % of the
were also covered by the standard deviation (Fig. 7b). Wegroundwater (Fig. 8b). The pronounced shoulder of the re-
therefore assume that the GW endmember is representativeession limb was mainly constituted by groundwater and to a
For the remaining events — E4 (Fig. 7c) and E5 (Fig. 7d)smaller extent by shallow subsurface flow and surface runoff.
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Fig. 5. Event on 22 August 2009 (E4) showiga) rainfall and dis-  Fi9- 6. Event on 15 September 2009 (ES) show{ayrainfall and
charge andb) EC values and silica. Error bars indicate measure- discharge an¢b) EC values and silica. Error bars indicate measure-
ment uncertainty of 2 % for EC and 10 % for silica. ment uncertainty of 2 % for EC and 10 % for silica.

Compared to the groundwater peak, shallow subsurface flovd Discussion
(20 %) was slightly delayed. Surface runoff (13 %) showed a
peak during a gentle shoulder along the hydrograph. 4.1 Hydrochemical analysis and applicability of tracers
In 2009, both runoff events were dominated by ground-
water (E4: 80 %; E5: 76 %). While the role of surface runoff As reported by other studies (i.e. Elsenbeer et al., 1994; Hoeg
(2 %) was marginal (Fig. 8c), shallow subsurface flow con-e€t al., 2000; Negishi et al., 2007; Mul et al., 2008), silica
tributed about 18 % to stormflow. Next to the groundwater and EC proved to be appropriate tracers for the hydrograph
component, the shallow subsurface flow constituted 17 %gseparation in the Mae Sa Noi subcatchment. Despite the use-
surface runoff 7 % (Fig. 8d). fulness of EC, none of the analysed major ions were appli-
The computed uncertainties of each fraction are depictedable at the study site because of generally low concentra-
in Fig. 8. Table 4 shows the mean uncertainties and standarions. As EC is a combined measure of dissolved ions within
deviations of each component during each event. The highest sample, this may seem to be inconsistent at first glance.
mean uncertainty occurred for the shallow subsurface flowComparisons between measured and calculated EC (diffe-
component during E4, which is also visible in Fig. 8c. Over- rences from 6 to 25 %) and the check of the ion balance (up to
all uncertainties are within the expected range and do not-30 % for anions) suggest that the missing HC@nalysis
weaken the order of contribution of the flow components.can explain the differences. Whereas EC is a variable cor-
The errors of surface runoff are particularly high towards therelated with the ion concentration of solutes, silica origina-
end of E2. These errors and the uncertainties of shallow subtes mainly from weathering processes. Therefore, water from

surface flow within E4 were the largest within the analysis. deeper sources is considered to have higher silica concentra-
tions (e.g. Scanlon et al., 2001) because of longer residence

and contact times. This is well represented in the data: sil-
ica concentrations in groundwater were the highest among
the components. This supports the assumption that ground-
water is fed by deeper soil layers, from fissures and frac-
tures in the rock and from saprolite zones in the catchment.
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Table 4. Mean and standard deviation of the relative uncertainty of the separated components during E1, E2, E4, and E5.

Event Groundwater Shallow subsurface flow Surface runoff
Mean (%) Standard dev. (%) Mean (%) Standard dev. (%) Mean (%) Standard dev. (%)
El 6.9 2.0 15.6 4.6 9.9 45
E2 26.5 10.9 18.0 16.4 11.9 6.7
E4 19.6 0.1 35.2 0.02 15.4 14
E5 16.0 0.04 10.2 8.7 3.6 0.03

The comparatively high &a concentrations in groundwa- graph separations are limited in tropical and subtropical ar-
ter showed similar characteristics to silica. Christophersereas (Klaus and McDonnell, 2013), a combination of stable
et al. (1990) pointed at & as an indicator for water from isotopes and geochemical tracers could help to improve the
deeper soil layers at their temperate study site. Although weunderstanding of runoff processes in the Mae Sa Noi sub-
monitored a tropical site, this suggests a different, deepecatchment. Because chloride concentrations of the monitored
source for this component than the one for shallow subsureomponents were low and non-distinguishable, silica should
face flow and surface runoff; this also strengthens the asbe favoured for a hydrograph separation based on isotopic
sumption of a groundwater source in a deeper soil layer. Beand geochemical tracers. Combinations 6f I8 and silica
sides EC and silica, K has been described in the literature have been demonstrated by Uhlenbrook and Hoeg (2003) and
as a suitable tracer for hydrograph separation, particularlyjwagami et al. (2010), for example.
to divide overland flow and shallow subsurface flow from However, additional insight into runoff generation can be
groundwater. Sharp rises of'Kwith the onset of fast-flow obtained by the ion concentrations and EC values of surface
components were reported from tropical (e.g. Elsenbeer etunoff and shallow subsurface flow. Most of the measured ion
al., 1995; Kinner and Stallard, 2004; Mul et al., 2008) and concentrations and EC values of surface runoff were larger
temperate study sites (Uhlenbrook et al., 2008). Within thethan those of shallow subsurface water. Surface runoff is as-
present study, a similar pattern was monitored during E2sumed to flow quickly at the soil surface. Hence, the con-
There, K concentration increased shortly after peak flow. tact time between water and soil is limited, and ion con-
Additional indicators favour K as a suitable tracer for sur- centrations and EC values close to concentrations in rainfall
face runoff: throughout the monitored period! Kalues in  are to be expected. During the investigated events, surface
surface runoff were higher than concentrations in shallowrunoff showed an enrichment of ions compared to shallow
subsurface flow. This finding matches well with measuredsubsurface flow. Except during event E2, silica concentra-
data from Schuler (2008), who identified higher Kalues  tions were higher in shallow subsurface flow than in surface
in the topsoil (up to 20 cm) with decreasing concentration inrunoff. This exception may be explained by soil chemical in-
the subsoil of a soil profile at the same study site. Since shalvestigations by Schuler (2008). Schuler (2008) reported max-
low subsurface flow samples were extracted from a soil deptimum ion concentrations in the soil within the first 10 cm
of about 50 cm, the lower concentrations are congruent withand a clear decrease below 20 cm. Hence, the hydrochemical
Schuler (2008). However, the applicability of'kand C&* composition of surface runoff indicates an infiltration of wa-
as tracers for hydrograph separation in the Mae Sa Noi subter into the topsoil at an uphill position. While laterally flow-
catchment needs more testing. ing downhill in the topsoil, the water may have been forced
The single CI peak during E2 is difficult to explain be- to ex-filtrate along the hill slope by the bedrock or topog-
cause none of the sampled components yielded concentraaphy. The observed surface runoff during the events may
tions with similar magnitudes. Although the samples weretherefore actually be return flow. The difficulty in separat-
collected in non-agricultural areas, the single peak may oriding the two flow components in a tropical environment has
ginate from agricultural areas upstream, which were not cov-already been stated by Elsenbeer et al. (1994) and is sup-
ered by the sampling. The low Ctoncentrations in allcom-  ported at the present study site. Similar characteristics of sil-
ponents (GW, SUB, SUR) and the presence of small agriica concentration, and EC values were reported by Negishi
cultural patches within the catchment hamper the suitabil-et al. (2007) from a Malaysian study site. They sampled
ity of ClI~ as a tracer for this study site. Other ions were bedrock seep and pipe flow. There, silica concentrations of
not applicable because of their low concentrations and simbedrock seep were highest and EC values were the lowest
ilarity among the components. To bypass the limitations ofamong the observed components. In the Mae Sa Noi sub-
non-distinguishable concentrations among the componentsatchment, Schuler’'s (2008) data provide an explanation. He
or their non-conservative behaviour, the application of iso-found highest clay contents at soil depths between 40 and
topes (i.e180, 2H) for hydrograph separation should be con- 70 cm. In contrast, the measured ion concentrations within
sidered. Although present studies on isotope-based hydrathis 40—70 cm depth were lower than those in the first 20 cm.
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Combining soil characteristics and our analysis, a possiblén surface runoff compared to the concentrations in shallow
pathway for silica-rich and low-ion concentration water may subsurface flow. The increasing uncertainty of surface runoff
be a rapid bypass of the upper soil layer, which is enabled byowards the end of E2 (Fig. 8b) may reflect this problem.
vertical macropores (McDonnell, 1990). Kienzler and Naef Therefore, the calculated fractions of surface runoff during
(2008) also stated that vertical macropores and lateral prefef=2 must be considered critically.

ential flow paths can transfer water quickly and directly into
streams. Preferential interflow was identified at depths of 60— . .
90 cm by Kahl et al. (2007) at the present site. 4.3 Representativeness of the study site

4.2 Hydrograph separation Although we monitored only four events with low rainfall in-
tensity, the runoff patterns of all events were comparable with
Hydrograph separation based on silica and EC revealed thatgard to dynamics, initial volumes and peak flow. Regarding
all stormflow events were dominated by groundwater. Al-the computed uncertainties, the separated fractions may de-
though EC is considered to be a non-conservative tracer, theiate from the presented amounts, but the order of contribu-
high temporal resolution of the monitoring allows the ap- tions of the components is maintained. During E2, the frac-
plication within a hydrograph separation. The order of thetion of surface runoff seems to be underestimated, potentially
components — GW >SUB >SUR - is congruent with most due to the dimension of the rainfall event. Nevertheless, the
studies from temperate regions (Peters and Ratcliffe, 1998ominance of groundwater during the event remains valid.
Uhlenbrook and Hoeg, 2003), but deviates from findings in  Some of the monitored silica concentrations and EC values
tropical areas (Table 1). Note, however, that most availableduring stormflow were not fully bound within the chemical
studies were conducted in areas receiving much more rainfaliriangles. This may reduce the reliability of the statements
than the Mae Sa Noi subcatchment (Table 1). Only reportgjained from the evaluated events. Nonetheless, most of the
from Giertz and Diekkrtiger (2003) and Liu et al. (2011) are measured concentrations were within the triangles and within
comparable regarding rainfall amounts, although rainfall hadthe ranges of the standard deviation of the endmembers, mak-
a unimodal distribution in the Beninese study area. Liu et al.ing the chosen endmembers defensible. The clustering of
(2011) delivered similar results to ours for runoff generation concentrations around the GW endmember during E1 and E2
under a tropical rainforest (around 30 % event water contri-may reflect a higher variability of the GW endmember in this
bution). Negishi et al. (2007) identified shallow groundwater study.
as the main contributor to stormflow at a Malaysian study The spatial representativeness of surface runoff sampling
site, with a rainfall distribution equal to that reported here was improved during the 2009 campaign. The extended col-
but with higher annual amounts. As groundwater within thelection did not reveal significant differences among the sam-
present study was sampled only from the stream during theples, but future studies should extend the sampling of both
rainless periods, it may not have solely represented groundsurface runoff and shallow subsurface flow across the whole
water from deeper sources. A mixture of deep and shalloncatchment. Moreover, we did not monitor groundwater levels
groundwater may also be possible, but could not be backednd soil moisture. This hampers the interpretation of the re-
up with measurements. sults and makes subsurface processes somewhat speculative.
In our study, the difficulty of separating shallow sub-  Importantly, although the monitored years differed much
surface flow and groundwater is visible in the computedin the amount and distribution of rainfall, the results are very
uncertainties. Compared with surface runoff, both compo-much alike.
nents show relatively large uncertainties (Fig. 8, Table 4), During the study period, most parts of the catchment area
particularly shallow subsurface flow during E4. This points were secondary forests and managed tree plantations. Only
to the necessity of more detailed measurements and, for exsmaller patches were used for cropping. The low concentra-
ample, sampling of deep groundwater to compare the geotions of Ci~ and NG; (Table 3) along with the minimal diffe-
chemical pattern of the groundwater and the shallow subsurrences in soil cover (leaves, weeds, etc.) and soil properties
face flow components. among the land use types (Schuler, 2008) suggest that agri-
The low fractions of surface runoff identified in the cur- cultural practices did not significantly influence the compo-
rent separation approach can be explained by the magnitudsition of water samples and that the selected site can be re-
of the rainfall events and are congruent with the results ofgarded as representative of the catchment.
Ziegler et al. (2000). They stated that overland flow enhance- Despite these limitations and uncertainties, the present
ment on undisturbed soils needs high amounts of rainfall.study promotes our understanding of runoff generation in
Other authors also stressed that overland flow in forestedhis particular tropical, mountainous catchment, for which no
study catchments is rare, and subsurface flow components arenoff investigations are available. Additionally, our results
more important (e.g. Wickel et al., 2008; Chaves et al., 2008;serve as a basis for further, more detailed studies and can be
Negishi et al., 2007; Table 1). Other issues with regard toused to evaluate rainfall-runoff models or solute transport in
surface runoff include the higher silica concentrations of E2the catchment.
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