Adv. Geosci., 22, 4149, 2009 4 "* .
www.adv-geosci.net/22/41/2009/ € Advances in
© Author(s) 2009. This work is distributed under Geosciences
the Creative Commons Attribution 3.0 License. -

Characterizing contributions of glacier melt and groundwater
during the dry season in a poorly gauged catchment of the
Cordillera Blanca (Peru)

M. Baraer!, J. M. McKenziel, B. G. Mark?3, J. Bury?, and S. Knoxt

1Earth and Planetary Sciences, McGill University, 3450 University Street, Montreal, Quebec H3A 2A7, Canada
2Department of Geography, The Ohio State University, 1036 Derby Hall, 154 N Oval Mall, Columbus, Ohio 43210, USA
3Byrd Polar Research Center, the Ohio State University, 108 Scott Hall, 1090 Carmack Road, Ohio 43210, USA
4Department of Environmental Studies, University of California, Santa Cruz; 1156 High Street, Santa Cruz,

California, 95064, USA

Received: 12 May 2009 — Revised: 7 August 2009 — Accepted: 9 August 2009 — Published: 13 October 2009

Abstract. The retreat of glaciers in the tropics will have 1 Introduction

a significant impact on water resources. In order to over-

come limitations with discontinuous to nonexistent hydro- In the tropics, mountain glaciers and seasonal snow pack
logic measurements in remote mountain watersheds, a hyare an important part of the hydrological cycle as they form
drochemical and isotopic mass balance model is used to iderihe headwaters for hydrologic systems that provide water to
tify and characterize dry season water origins at the glaciesome of the most populated areas on earth (Nogues-Bravo
fed Querococha basin located in southern Cordillera Blancagt al., 2007). While providing critical hydrologic function-
Peru. Dry season water samples, collected intermittently beality, glaciers are threatened by ubiquitous recession (Barry,
tween 1998 and 2007, were analyzed for major ions and th&006; Kaser et al., 2006; Vuille et al., 2008) that will cause
stable isotopes of wates 80 ands?H). The hydrochemical ~Significant hydrologic changes, including a reduction in dry-
and isotopic data are analysed using conservative charactegeason water discharge (Barnett et al., 2005), an increase in
istics of selected tracers and relative contributions are calPeak discharges (Mark and Seltzer, 2003), and a general de-
culated based on pre-identified contributing sources at mixcrease in water resources in Asia, Europe, and the Americas
ing points sampled across the basin. The results show th4iPCC, 2007). Despite the threat posed by this ongoing de-
during the dry-season, groundwater is the largest contribucline, detailed studies of the future impact of global warming
tor to basin outflow and that the flux of groundwater is tem- On water resources in potentially affected regions are long
porally variable. The groundwater contribution significantly overdue (Barnett et al., 2005).

correlates (P-value=0.004 to 0.044) to the antecedent precip- Modeling tropical pro-glacial hydrology is important for
itation regime at 3 and 18-36 months. Assuming this indi-predicting the future impact of glacial retreat on water re-
cates a maximum of 4 years of precipitation accumulationsources, but is difficult because of the relatively poor, lo-
in groundwater reserves, the Querococha watershed outflowgation specific, understanding of hydrological processes in
are potentially vulnerable to multi-year droughts and climatethese remote areas. In addition to glacial melt input, trop-
related changes in the precipitation regime. The results shod£al pro-glacial hydrology must include surface and subsur-
that the use of hydrochemical and isotopic data can conface drainage systems. Although there is extensive research
tribute to hydrologic studies in remote, data poor regions,0n understanding glacier dynamics in the tropics and model-
and that groundwater contribution to tropical proglacial hy- ing gross runoff, there has been very little research focused

drologic systems is a critical component of dry season dis-On the role of groundwater in these systems (Favier et al.,
charge. 2008; Wagnon et al., 1998). The consequence is that existing

proglacial hydrological models frequently oversimplify the
input of groundwater to the hydrologic budget (Hood et al.,
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One approach to estimate the contribution of groundwater The average annual average air temperature is less vari-
to stream discharge is to use a hydrochemistry mass balanable than the daily temperature range, as is typical of the
approach wherein multiple tracers are used to quantify multitropics. Contrasting with mid-latitudes, the absence of any
component mixing (hydrochemistry refers here to dissolvedmajor thermal seasonality in the tropics causes glacier abla-
chemical species in water and the stable isotop&€) and  tion throughout the year (Kaser et al., 1999). The year round
82H). This potentially useful approach has not yet been thor-ice melt that occurs in the relatively steady ablation area pro-
oughly applied to pro-glacial systems (Brown et al., 2006), vides melt water some stability in its hydrochemical signa-
although the chemical weathering of rock, sediment, and soiture that makes tropical glacier-fed watersheds of particular
that deeply influence the ionic and isotopic composition ofiinterest for hydrochemical basin characterisation. In addi-
surface and groundwater applies to those environments. Theon, by limiting the seasonality of the snow cover extent, the
physical weathering processes that occur at the base of gelative thermal steadiness marginalises its effects.
glacier produce fine fresh particles that are particularly re- The Querococha valley (Fig. 1b) is situated between 4000
active to chemical weathering that should be defined by sand 5150ma.s.. The Querococha Lake, with an area of
specific hydrochemical signature for glacial melt water (An- 1.4 kn?, marks its outlet. The two main streams within the
derson, 2005). watershed drain directly into the lake, one from the Yana-

In this study we use a hydrochemical basin characterisamarey and G2 glaciers and the other from a non-glacierized
tion method (HBCM) that quantifies the dry season relativevalley. The basin contains steep sided flat-bottomed valleys
contribution of glacial melt water and groundwater compo- filled with Quaternary sediments. As of 2005, the Yanamarey
nents to streams across tributaries of the Querococha wategdacier has an area of 0.89 Krand is situated between 4650
shed, a glacierized 64 Klarge catchment situated in the and 5150 ma.s.l. The G2 glacier is slightly larger with a to-
southern Cordillera Blanca Peru (Fig. 1). The Rio Santa,tal surface area of 1.1 kinand is situated between 4800 and
which drains the glacierized Cordillera Blanca westward to5150 ma.s.l. (Racoviteanu, 2005). Combined, the glaciers
the Pacific, provides an important water source for hydro-cover 3% of the total catchment area. The Querococha basin
electric power generation and irrigation. is mainly composed of the sedimentary, highly weathered,

Chicama formation. It includes also a limited plutonic intru-

sion present around the south and west boundaries (Love et
2 Study area al., 2004)

The Callejon de Huaylas, Peru, is a 490Ckmatershed
that captures runoff from the western side of the Cordillera

Blanca and the eastern side of the Cordillera Negra (Fig. 1a).3 Methodology
The Rio Santa originates at Laguna Conococha, a shallo
lake 4000 meters above sea level (ma.s.l.) and drains th
Callejon de Huaylas down to the fi@n del Pato hydropower
plant at 1500 ma.s.l. The Cordillera Blanca has the larges

or tracers that are conservative at the basin scale, it is as-
sumed that the mass at a given point within a sub-basin is de-

[ived entirely from source components, which in the dry sea-
glacierized surface area in the tropics, with a total glacialSon tropical proglacial setting are assumed to be glacial melt
water, groundwater and up-gradient nested streams. The hy-

area of 631 krfi (Suarez et al., 2008), whereas the Cordillera ) : .
Negra has no glaciers. Between 1970 and 1997 the glaciaquChem'cal basin characterisation method (HBCM) uses a

surface area of the Cordillera Blanca has decreased by aépulu-cognp(l)r;ent mta_sbs ?alancfetﬁpproach to identify thetrel?-
proximately 15% (Pouyaud et al., 2005), and almost all of Ve or absolute contribulions ot these source components ata

these glaciers are predicted to potentially disappear by 220 ven point. HB.CM geospapal coverage is based on dividing
in many future climate scenarios (Pouyaud, 2004) the watershed into nested interconnected sub-basins. Nested

Rio Santa historical discharge records from 1991 to 20007 €8s are used to compile c'ompone'nF contributions for the
at La Balsa, a gauging station situated less than 10km u fotal Wate_rshed. HBC.M requires a minimumyof1 tracers
stream of the hydropower plant, has a marked seasonal g0 determine the relative contribution efend-members at a
charge pattern. The lowest discharge occurs from July tg"xing point.

September while the peak discharge occurs usually in March YWNere instantaneous mixing can be assumed, a mass bal-

and is almost 9 times greater. Variations in discharge closel{*"'°® 'S apphedlfo gacg selected c.ogsr?rvfatlllv € F‘a‘“ra' U?‘C"-‘_r
follow precipitation seasonality, typical of the outer tropics assuming a well mixed system, with the following equation:

where more than 80% of precipitation falls between October n
and May, and the austral winter months of June to Septem- 2 (Ci; Qi) +¢j
ber have essentially zero precipitation. In the Rio Santa wat,, = i=1 (1)
tershed glacial melt provides 10 to 20% of the total annual ' Otot
i o
discharge, and may exceed 40% in the dry season (Mark eétOt, and Ci; represent the relative concentration or propor-

al., 2005). tion of a tracerj at mixing point and at one of theidentified
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Fig. 1. Map of study area(A) Callejon de Huaylas maB) Querococha Basin map. Sub-basins are delineated for using the HBCM.

potential end members respectively;Qiwt and Q; corre-  respectively. AS; is the change in mass of tracgrin the

spond to the total discharge at the mixing point and the prodake over the considered time period:

portional contribution of the tracerande;, which ideally

tends to zero, corresponds to the accumulation of inaccura®S;j = (Coutj; — Couty,) Vimix 4)

cies, uncertainties, errors, and approximations that can occ

during the sampling, handling, and analysis for the trgcer
The HBCM solves for the unknow% by minimizing

K any . -
any time, the average value of a tracein the lake is
assumed to be the same as the concentration at the outlet
m Cour;,- Vmix represents a conceptual homogeneous volume
the cumulative residual erroy_ ¢; while solving the water ~ of lake water (less than or equal to the total volume of the

o j=1 ) lake) that would be fully mixed during the time between the
balance within a 0.5% tolerance. The water balance is: two sampling events. It is assumed that the lowiggk oc-
n curs during the dry season and the highggk occurs during
Z Qi = Otot (2) intense precipitation periods; therefdrgix is a function of
i=1

measured precipitationC;,, the concentration of the tracer
In cases where mixing occurs in large water bodies suchi for the end member at anyz time of the period from 1 to
as the Querococha lake, instantaneous mixing cannot be ag-is considered equal to the average valu€pf andC; ;.
sumed and a retention factor must be included. For lakes thdhe same rule applies t8, and Vou;. For a given timeT’,
mass balance Eq. (1) is modified to include a time compo-Cout;; is therefore computed as follows:

nent:
-1

T —
I Couty, Vourdt = [ Cout;, Vourdt + Vouty Coutyy  (5)

d d
n
/ Couty, Vourdt + ASj =g+ ) ( / Ci,, V,»,dz) (3) =1 =1
t

n
=1 i=1\ 2, [gl(cij, Vi,)+Coutj(,71) Vmix—Cout_,-, Vouy
outj; =

Vimix (6)

wherer is time expressed in days adds the number of days
between two sampling event¥y; is the daily volume of  The water balance, Eq. (2), is also modified to incorporate
water passing through the lake outlet between the 2 samplinghe lake module:

events;V;, is the volume of water supplied by an end member )

i; and Cout;, and Ci, are the daily concentration or value Z (Vi) + P, = Qouy — E: @)

of the tracer;j at the basin outlet and of an end member 7 !
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whereP; andE; correspond to the daily volume of precipita- isotopes of water. Oxygen 18 and deuterium undergo frac-
tion and evaporation to and from the lake respectively. Evaptioning on many occasions that makes isotopic signatures dif-
oration is calculated based on a different evaluation made officult to be season long end member specific. The buffering
the nearby Titicaca Lake (Delclaux et al., 2007). The lakeeffects of natural reservoirs such as aquifers and proglacial
module of HBCM requires sampling at two different times lakes allows temporal signatures to remain valid long enough
so that volumes flowing in and leaving the lake have a sig-to be used at all the different studied mixing points of the
nificant impact on its water concentrations. In this study, basin, with the exception of the Querococha lake. Spatially,
a 10 and 50 day sampling interval was used to assess resit is assumed that the hydrochemical composition of end-
dence time without being affected by seasonal chartjée. members is homogeneous throughout the watershed as the
ands?H are not considered as acceptable tracers for the lakbedrock geology is nearly uniform in the study area. The hy-
component due to evaporitic isotopic fractionation and spa-drochemical composition of the lowest measured discharge
tial/temporal variability (Gonfiantini et al., 2001). from the non-glacierized sub-basin (Q1) is assumed to be
The ability of HBCM to accurately simulate watershed hy- representative of basin-wide groundwater. Samples taken of
drology is validated using a inversed mass balance Eq. (1}he Yanamarey glacier melt (Yan) are used to represent both
as proposed by Christophersen et al. (1990). The princithe Yanamarey and G2 glaciers melt waters. Annual sam-
ple of that validation step is that back-calculated concentraplings are detailed at Table 2.
tions based on a multi tracer mass balance calculation should For each sample collected, electrical conductivity, pH,
match the measured values of any tracer taken individually. and temperature are measured directly in the field. Sam-
Among the most critical conditions for HBCM applica- ples for laboratory analysis are filtered onsite and stored in
tion are the conservative behaviour of tracers within the studycompletely filled HDPE 30 or 60 ml bottles and stored at
area and its ability to identify the end-members uniquely and4°C whenever possible. Major anions(FCI~, Br~, NO;,
distinctly (Soulsby et al., 2003). For the HBCM, a set of cri- NO?T, qul_) were measured by ion Chromatography and ma-
terion are used to select applicable ions or isotopes. Thesgy cations (F&+ and F&+, C&*, Mg+, K+, Nat, SP+)
are. and silica (SO,) were measured using either ion chromatog-

1. The tracer must have a consistently conservative beraphy, atomic absorption/emission, or direct current plasma
' i ) . ““spectroscopy. The stable isotopes of oxygen and hydrogen
haviour. For the HBCM, non-conservative behaviour is g by b Yo yarog

. " OH > (8180 and §2H) were measured by mass spectrometry at
defined as a tracer, as measured at.a mixing point W'.th' yracuse University and The Ohio State University (Finni-
the watershed, having a value outside the range define an MAT Delta Plus coupled to a HDO water equilibrator).
by the end-members. Stable isotopes results are reported usingstinetation re-

2. The measured tracer value at the mixing point and aPorted relative to the Vienna-Standard Mean Ocean Water
minimum of one end member must be above the de-(VSMOW) standard, with an accuracy &f0.1%o for §'°0
tection limit of the analytical methods. and==1%o for 62H.

Bi-carbonate concentration is calculated as the difference

3. There should be a minimum 20% difference betweenin the solution charge balance. The sum of anions and sum of
extremes in end-member tracer values. cations are calculated as the sum of the respective milliequiv-

alent values. TDS is the sum of all ions multiplied by a 0.8

Compliance of the three requirements is evaluated. Tracergqrrection factor.

that demonstrqte c_ompliance to the 3 requirements are used The geospatial location of the mixing points is used to as-

for HBCM application. S ~ sess the groundwater contribution variations both temporally

The Querococha watershed is divided into 5 sub-basingng spatially by relating the calculated dry season ground-

(Q1, Q2-1, Q2-2, Q2-3, and Q3, Fig. 1b) defined usingyater relative contribution to the percent glacierized area of
SRTM DEM data, with areas calculated using ArcGIS. The yifferent sub-basin using a simple dilution model:

GLIMS glaciers database (Racoviteanu, 2005) was used to

define the 2005 glacial coverage. The primary geospatial %(100— Agl)
characteristics of the Querococha watershed and delineated!% = N . %v (100— A
sub-basins are summarized in Table 1. (Agt + g, (100— Ag))

The HBCM was applied to hydrochemical data sets fromyhere A, and Gly, represent the percentage of glacierized
the Querococha watershed using a synoptic sampling apsyface for the sub-basin whose mixing point defines the out-
proach whereby water samples are taken from a wide varijet and the rate of groundwater contribution projected at this
ety of sources in a very short time span (M.ark and Seltzerpoim respectively, ang,, andg,; correspond to the ground-
2003; Mark et al., 2005; Mark and McKenzie, 2007). Syn- \yater and melt water specific discharge. Melt water specific

optic sampling captures the instantaneous end members anglscharge is defined as the volume of melt water divided by
mixtures chemical and isotopic signatures of tracers that argy,o glacier area.

time dependant. This is the case for examples of the stable

®)
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Table 1. Geospatial characteristics of the Querococha watershed and sub-basins.

Contribution  Contribution

% Total from to Sampling

Sub-basin Glacier glacierized  Area (Rn sub-basin sub-basin spots
Q1 - - 20.02 - Q3 Q1
Q2-1 - - 10.48 Q2-2&Q2-3 Q3 Q2
Q2-2 Yanamarey 9.9 9.02 - Q2-1 PD&Yan
Q2-3 G2 134 8.25 - Q2-1 YOG
Q2 tot Yan&G2 7.2 27.75 - Q3

Q3 - - 16.09 Q1&Q2 Querococha Q3
Querococha Yan&G2 3.1 63.86 - - all

The HBCM and dilution model results are compared for Table 2. Description of dry season yearly samplings performed at

dry-seasons with sufficient data using a non-linear regresgne Querococha basin between 1998 and 2007. Blanks indicate no
sion analysis, specifically for 1998, 1999, 2006, and 2007. Adata available.

strong correlation between the dilution model and the HBCM
results suggests that the relative groundwater contribution Mixing
is broadly distributed across the sub-basins whereas a weak Point 1998 1999 2004 2005 2006 2007 Total

correlation would suggest that groundwater input is spatially Q3 2 2 1 1 1 5 9
dependent. Q1 2 2 1 1 1 2 9
Theggw/q4 ratio, calculated by fitting the dilution model Q2 2 2 1 1 1 2 9
to the HBCM results, is an indicator of the relative impor- YOG 1 1 1 1 4
tance of groundwater input to the basin discharge; a dry- PD 1 3 4
season characterised by a high, /¢, ratio indicates a high ~ Ya" 2 2 4 1 1 2 12
Total 8 8 8 5 6 12 47

input of groundwater to total system discharge. In this study,
the gu /g ratio is used as a metric of groundwater contri-
bution to the dry season Querococha basin discharge.
Finally the ratios computed at the modeling stage are
compared to normalised precipitation records from onsite
rain gages to evaluate what influence the past precipita-

tion amounts have on the relative dry season contributionThe nine tracers that meet the usability criterion for HBCM

of groundwater at the basin scale. The historical precipita-2r€ conductivity, bicarbonate, magnesium, sum of anions,
tion record spans 1981-1999 for the Yanamarey meteorolog§UIphate’ T,DS' hydrogen ion, and the two stable |§otopes
ical station (093926" S: 771620" W) data and 20012007 _of yvgter. Flgl_,lre 2, a box plot of relative concent_ranon for

for the new Yanamarey station (@33’ S; 771617" W). mdmdual variables, §hows that the sel_ec_ted vz_irlables pro-
The 1982-1999 time-series is complete from Septembe?"de end-members with a unique and distinct signature that

1981 to August 1994 but is missing 54% of monthly data can be used to differentiate end-member contribution in mix-
from September 1994 to July 1999. The missing dataing equations. Results show that the high sulphate concen-

are reconstructed from the Querococha meteorological stalrations &50 ppm on average) in the glacial melt provide

tion 11km away (0%4343'S: 771949’ W) using a lin- & signature that is exclusive to the melt water. The oxida-

ear transform function. The 2001-2007 time series is miss 0N Of the pyrite present in the Jurassic Chicama formation

ing 60% of the monthly totals data. The missing datathatunderlies most of the Querococha basin is the likely ori-

are reconstructed using the average of two nearby totalizgin of the_se anomalously high SF"phate values (Mark et al.,
ing rain gauges, YP1 (08920 S; 771634’ W) and YP2 2005). High sulphate concentrations also affect the conduc-
(09°3924" S; 7P1649" W). Computed;,, /g ratios from tivity, _TDS,_ and sum of anions, thereby enhancing hy_dro-

the 1998, 1999, 2006, and 2007 dry-seasons are compared ?gemmal differences between end members. The acidic pH

normalized monthly antecedent precipitations for periods of°! (N€ Melt water may be due to the formation of sulphuric
1 to 60 months using a Pearson correlation t@s0(05). acid from the dissolution of this pyrite or other potential sul-
phides.

The back-calculation HBCM validation was conducted
on sulphate, the tracer with the largest concentration range
between the end members. Figure 3 compares sulphate

Results and discussion
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Fig. 2. End member hydrochemical signature as related to tracer
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ing individual values by the average tracer measure in runoff. o GW
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concentrations back-calculated from HBCM results with the
measured concentrations at all mixing points of the Q2 sub-
basin. The coefficient of determinatioR?) resulting from
that comparison is 0.96. Considering that back calculated
concentrations originates from two consecutive uses of the
same mass balance equation and that intermediate result:
were based on three to five different tracers, we can consider
this determination coefficient as an indicator of very good
HBCM performance. %N}
The HBCM was used for all of the mixing points within
the partially glacierized Q2 sub-basin for the dry seasons of e mr———————
sampled years to determine the relative contribution of melt -
water and groundwater to surface water (Table 3). The me- Q23
dian relative contribution of groundwater at the Q2 mixing o
point i§ 59% of the total discharge, _indicating that ground- Fig. 4. 2006-2007 dry seasons end members and tributaries rela-
Wate_r is the dominant en(_j member in more than half of the_tive contribution to surface flows of the Q2 basin. Each pie-chart
studied dry seasons. This corroborates that groundwater igjated to the sub-basin map represents the average contributions
a major dry season contributor to streams in this glacier fecat the pointed mixing point. Groundwater is represented in white
tropical basin. The largest calculated Q2 groundwater contri-and melt water in black. For the 2006—2007 dry season the over-
bution was 74% in 2007 and the minimum contribution was all Q2 relative contribution is 30% from glacial melt and 70% from
18% in 1998. The resulting 56% range of relative ground-groundwater.
water contribution over the studied period indicates a high
degree of inter-annual variability. With such high variabil-
ity and dominant overall contribution, groundwater appearsresults show that the two glacierized sub-basins, Q2-2 and
to be as important as melt water in contributing dry seasonQ2-3, both have similar relative groundwater contributions
stream flow at the Q2 point. Modeling the pro-glacial hydrol- during the dry season. This is potentially related to the sim-
ogy for this catchment would therefore require incorporatingilar geomorphologic characteristics these two sub-basins ex-
realistic groundwater contribution processes. hibit. They both have comparable basin size, glacier ori-
Geospatial variation in relative end member contribution entation and elevation range and show a slight difference
is calculated for the 2006 and 2007 dry seasons, the onlpnly in the percentage of glacierized area (Table 1). The re-
years with sufficient sample coverage (Fig. 4). The HBCM sults also show that, at the Q2-1 non glacierized catchment,

a

a J
g Sub—ba;in

Sub-basin
Q2-1

GW
47%

[JSUB-BASIN
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— MAIN STREAM
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Bl GLACIER

Adv. Geosci., 22, 4149, 2009 www.adv-geosci.net/22/41/2009/



M. Baraer et al.: Characterizing contributions of glacier melt and groundwater 47

Table 3. Prediction of relative groundwater contribution (%) during the dry season at the Querococha watershed outlet, Q2, and PD mixing
points. Empty cells indicate insufficient data.

Agr (%) 1998 1999 2004 2005 2006 2007 Average Median

Outlet 3.1 42 68 79
Q2 7.2 18 52 71 46 65 74 54 59
PD 9.9 49 46

groundwater contributes to almost half of the tOtaI_OUtﬂow Table 4. Dilution model (Eq. 8) results for groundwater contribu-

of Q2-2 and Q2-3. As three sub-basins present an importanions to Querococha discharge for the 1998, 1999, 2006 and 2007

groundwater contribution, it can be concluded that ground-gyy seasonsygw/qg represents the ratio of groundwater and melt-

water input does not only occur in particular sub-catchmentyater specific discharges. Normalizeg, /g is theqgu /g ra-

of the Q2 basins, but is distributed throughout them all. tio minus the averagggw /g, value from 1998, 1999, 2006 and
How similar the sub-basins are in generating groundwa-2007 dry seasoner%10de| is the coefficient of determination that

ter is studied by using the mixing model (Eq. 8).The non- describes how the HBCM calculated relative contribution of end-

linear regression analysis between percentage of glacierizeglembers fits with the dilution model.

area of a sub-basin and its relative groundwater contribu

tion provides first an indication of how well the model fits _Modelisation 1998 1999 2006 2007 Average
with the HBCM findings. Results from the analysis for the  gguw/gq 0.02 0.08 0.2 0.13 0.1
years 1998, 1999, 2006 and 2007 made using Q2, Q3 and Normalisedzgw/qe —0.08 —-0.03 0.02 0.03

Yan Pampa down as distributed watersheds are presented inRmodel 0.99 100 099 097

Table 4. The model fit is evaluated through the coefficient
of determination g?) that ranges from 0.97 to 1.00 indi-
cating a close relationship between the HBCM calculated
groundwater contributions and the dilution model and thatrelation study conducted on the normalizgd, /q. ratios
there is no dominant relationship between sub-catchment geand the antecedent precipitation. These results are expressed
ographic position and the pattern of groundwater contribu-both as statistically representative correlation coefficignt,
tion to stream flow. What happens within the sub-basin is notand the P-value (Table 5). Of the 10 considered normalized
discerned by HBCM. Localised disparities in groundwater precipitation periods, four present a significawt(.05) cor-
contribution like surface water contribution to groundwater relation with the normalized,,, /g, ratio. These periods are
spots (i.e. a losing stream reach) may exist but would requiréhe antecedent 3, 18, 24 and 36 months. This result suggests
a finer HBCM spatial resolution to be identified. that the dry season relative groundwater contribution is in-
The regression ana|ysis also provides year|y ComputedluenCEd both by a short and recent periOd (3 months before
values of the model parametey,, /q,. Over the four stud- ~ dry season) as well as by a long and older period (from 18
ied years, this ratio varies from 0.02 to 0.13. These valued0 36 months prior studied dry season) of antecedent precip-
translate specific contributions of melt watgy, defined as  itation. The different contributing periods suggests the exis-
melt water discharge divided by glaciated area, that are gence of both short and longer groundwater pathways from
to 50 times greater than that of groundwater. Normalizedsurface infiltration to stream discharge. At antecedent peri-
qqw/qe ratios show that relative groundwater contributions 0ds greater than 48 months there is very little precipitation
are lower in 1998 and 1999 than in 2006 and 2007. By defini-influence, indicating that the groundwater contribution to the
tion, this lower relative contribution of groundwater in 1998— Surface water system has a maximum age of four years.
1999 maybe due to @, being lower than in 2006-2007, a
highergg; or a combination of both. The Yanamarey glacier
mass balance presented in Bury et al. (2009) for the 19995 Conclusions
2008 period shows that the glacier absolute contribution was
higher in 2006—2007 than in 1999, suggesting that the lowBy combining limited physical hydrology data with hydro-
1998-1999 relative groundwater contribution was a consechemical data through the HBCM analysis, it is possible to
quence of a lowy,,,. Antecedent precipitation normalized to estimate source contributions to a glaciated watershed in the
the 1982-2007 monthly average, presented in Table 5, sugropics and to make initial connections between climate and
gests that low groundwater yields may be related to the lackydrology. While the HBCM was only used for the Que-
of precipitation that occurred months and/or years ahead ofococha basin and sub-basins within, it is easily adaptable
July 1998. This relation is confirmed by results of the cor-to other tropical or subtropical proglacial valleys where the
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Table 5. Precipitation/groundwater relative contribution correlation BOth_ of the gla..CIeItS in the Querocochq basin are rapidly
results to Querococha discharge for the 1998, 1999, 2006, and 200f¢treating and will disappear in the coming decades. As-
dry seasons. Normalized precipitatiaR,, is the antecedent pre- Suming a complete loss of Querococha glaciers while main-
cipitation, normalized to the 1982—2007 monthly average,sfor taining current precipitation regime (Painter, 2007), the dry
months prior to the month of July. Normalized precipitation is ex- season discharge would be decreased by almost half of what
pressed in mm.ryy is the correlation coefficient for thegw/qg was observed in 1998, 1999, and 2004—2007. This decrease
ratios and the normalized precipitation. Only the statistically repre-in melt water contribution could lead to increased discharge

sentativeryy are presented. inter-annual variability. A multi-year drought, in addition to
the absence of glacial melt inputs, would cause, with possi-

Py 1998 1999 2006 2007 P-value ryy* bly a one and half year delay, an even more significant drop
Py 12 39 52 _12 0.667 in watershed discharge.
P —53 85 11 16 0.573
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Pg —380 408 213 23 0.427 ata and Jesus Gomez, ANA, Peru for providing data and logistical
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