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Abstract 

Mountain regions provide a disproportionately large amount of the world’s fresh water resources.  

In the tropical Andes, a combination of glacier melt and stored groundwater feed streamflow 

during the dry season when there is very little precipitation. As the climate warms, glaciers in the 

tropical Andes are retreating faster than mountain glaciers anywhere else in the world, contributing 

to water stress for downstream users. Meanwhile, little research has been done to understand the 

mountain groundwater system despite its demonstrated importance in providing water to streams.  

In this thesis, I first use a novel combination of temperature and dye tracing to characterize and 

quantify groundwater-surface water exchange in the Quilcayhuanca proglacial valley of the 

Cordillera Blanca in Northern Peru. I show that over a 4 km stream reach, ~30% of the discharge 

is gained from groundwater and that the moraine sections of the stream were sites of substantial 

exchange.  

Second, I integrate glacier, surface-water and groundwater modelling to elucidate the current and 

future role of groundwater in the Shullcas Watershed in central Peru. My results indicate that the 

watershed’s glaciers are likely to disappear before the end of the 21st century. While groundwater 

temporarily helps to buffer the loss of glacier meltwater during the dry season, it is eventually 

effected by decreasing groundwater recharge.  

Third, I use our improved understanding of mountain groundwater processes to assess infiltration 

trenching as an adaptation strategy to climate change. Results show that infiltration trenching in 

the Shullcas Watershed slightly increases groundwater recharge by capturing overland flow. 

However, the small increase in infiltration results in an increase in dry season baseflow by less 

than 1% and would supply approximately 800 more people with municipal water.  
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These combined results demonstrate the growing importance of groundwater in the Andes and 

provide important information for water managers. 

 

Résumé 

Les régions montagneuses fournissent une quantité disproportionnément grande des ressources en 

eau douce du monde. Dans les Andes tropicales, l’eau de fonte des glaciers et l’eau souterraine 

alimentent les rivières pendant la saison sèche lors de laquelle les précipitations sont quasi 

inexistantes. À mesure que le climat se réchauffe, les glaciers des Andes tropicales se retirent plus 

rapidement que les glaciers de montagne ailleurs dans le monde, ce qui peut contribuer à des 

pénuries d’eau pour les utilisateurs en aval. Entre-temps, peu de recherches ont été menées pour 

comprendre le réseau hydrogéologique en régions montagneuses malgré la démonstration de son 

importance dans l'approvisionnement en eau des rivières. 

Dans cette thèse, j’utilise en premier lieu une combinaison innovatrice de traceurs thermiques et 

de traceurs fluorescents pour caractériser et quantifier les échanges entre les eaux souterraines et 

les eaux de surface dans la vallée proglaciaire de Quilcayhuanca de la Cordillera Blanca au nord 

du Pérou. Je démontre que, sur une section de rivière de 4 km, environ 30% du débit de la rivière 

provient des eaux souterraines et que les sections contenant des dépôts morainiques sont des parties 

où des d'échanges importants ont lieus. 

Deuxièmement, j'intègre des modèles de fonte glaciaire, d’eau de surface et d’eau souterraine pour 

élucider le rôle actuel et futur des eaux souterraines dans le bassin versant Shullcas situé dans le 

centre du Pérou. Mes résultats indiquent que les glaciers du bassin versant devraient probablement 
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disparaître complètement d'ici la fin du 21e siècle. Les eaux souterraines aident temporairement à 

amortir la perte d'eau de fonte des glaciers pendant la saison sèche, mais seront éventuellement 

affectées par une diminution de la recharge des eaux souterraines. 

Troisièmement, j'utilise notre compréhension améliorée du système hydrogéologique de 

montagnes pour évaluer l’efficacité des tranchées d'infiltration comme stratégie d'adaptation aux 

changements climatiques. Les résultats montrent que les tranchées d'infiltration dans le bassin 

versant Shullcas augmentent légèrement la recharge des nappes phréatiques en capturant le 

ruissellement en surface. Cependant, cette faible augmentation d'infiltration entraîne une 

augmentation du débit de base lors des saisons sèches de moins de 1% et alimenterait environ 800 

personnes supplémentaires en eau. 

Ces résultats fournissent des informations importantes aux responsables de la gestion de l’eau et 

démontrent l’importance croissante des eaux souterraines dans les Andes. 
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Contribution to original knowledge 

This thesis represents an advance in our understanding of the role of groundwater in mountain 

hydrological systems. Previous research has demonstrated that groundwater contributes a large 

proportion of mountain streamflow during dry periods. I elucidate the spatial distribution and 

hydrological processes behind the contribution of groundwater to a proglacial river in the Peruvian 

Andes using a novel tracer approach. I then use this understanding in basin-scale numerical 

modelling of a proglacial Andean watershed.  

Previous numerical modelling approaches in the glaciated Andes, have simplified or neglected 

groundwater flow processes in mountain hydrological systems and do not explore the future role 

of groundwater despite its hypothesized importance. My PhD research represents the first effort to 

incorporate process based representation of groundwater flow in projecting the hydrologic impacts 

of climate change in a tropical glacierized mountain watershed. Furthermore, I use our improved 

understanding of mountain groundwater to provide the first assessment of hillslope trenching as a 

groundwater-based climate change adaptations strategy. These results contribute to knowledge in 

an understudied environment that is simultaneously critically important for water supply. 
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Chapter 1. Introduction and literature review 

1.1 Glaciers and water resources 

Mountains play an important role in global water supply because they receive more precipitation 

than lowland areas due to the orographic effect, and they contain large stores of water as snow and 

ice. Meltwater from mountain glaciers and snow pack, along with groundwater, provides 

consistent streamflow during dry periods, usually in the late summer for mid-high latitudes or 

during the dry season for low-latitudes (Figure 1.1) (Barnett et al., 2005; Viviroli et al., 2007; 

Prichard, 2017).  

 

Figure 1.1: Schematic showing the different sources of streamflow for a tropical proglacial stream 

during the rainy and dry seasons. 
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Glaciers are sensitive indicators of climate change; they expand or retreat to remain in equilibrium 

with local climatic conditions. Worldwide, glaciers have experienced accelerated retreat since the 

1980s due to climate change (Paul et al., 2004, Kaser et al., 2006) with tropical alpine glaciers 

experiencing more rapid retreat than those at higher latitudes (Paul et al., 2004; Rabatel et al. 2013; 

Vuille et al., 2018). Continued glacial retreat is expected for all greenhouse gas emission scenarios 

(Marzeion et al., 2018, Radic et al., 2013).  

Glacier recession causes a temporary increase in melt water (due to a permanent loss of ice mass), 

and downstream discharge, followed by a longer term decrease (Gleick and Palaniappan, 2010). 

The turning point, known as glacier peak water, has already passed for approximately half of large 

proglacial basin worldwide (Huss and Hock, 2018) and the proportion for Andean proglacial 

catchments is even higher (Baraer et al., 2012; Huss and Hock, 2018; Vuille et al., 2018). 

Following the disappearance of a glacier, the annual streamflow will return to pre-recession 

(equilibrium) levels but the melt season or dry season streamflow will be lower than before (Huss 

and Hock, 2018). This is particularly concerning for Andean proglacial catchments where the 

pronounced seasonality in precipitation makes them vulnerable to dry season water shortages 

(Bury et al., 2013). 

1.2 Tropical glaciers 

Tropical glaciers are mountain glaciers located at high elevations at tropical latitudes (23.5°N-

23.5°S). Almost all (ie. 99%) of the world’s tropical glaciers are located in the Andes of South 

America (Rabatel et al., 2013) with the remainder in eastern Africa and Indonesia. Glaciers in the 

Peruvian Andes have lost 40% of their area since the 1980s under increasing air temperatures 

(ANA, 2014).  
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The climatic setting and thus the melt patterns of tropical glaciers differ from higher latitude 

mountain glaciers. In the Peruvian Andes, there is a distinct rainy season (October-April), during 

which 80% of the annual precipitation occurs, and a dry season (May-September) during which 

very little precipitation occurs. By contrast, temperature stays relatively constant throughout the 

year. As a result, glaciers in the Peruvian Andes produce meltwater all year round and lack the 

spring freshet period that occurs in snow dominated watersheds of higher latitudes. The rainy 

season is both the period of maximum accumulation and maximum melt (Kaser, 2001). 

Furthermore, El Nino Southern Oscillation (ENSO) cycles are the main cause of interannual 

variability in climate in the Peruvian Andes. The warm phase (El Niño) of these 2-7 year cycles is 

associated with accelerated glacier retreat whereas the cool phase (La Niña) is associated with 

glacier growth, though the characteristics of El Niño events are not uniform across the Andes 

(Rabatel et al., 2013). 

In contrast to higher latitude glaciers, sublimation is a non-negligible, and sometimes large, 

component of the energy balance of tropical glaciers because of the dry air, particularly in the outer 

tropics (Kaser, 2001). This de-coupling of melt and air temperature can present a challenge in 

numerical modelling of tropical glaciers using the classic temperature-index approach (Hock, 

2003). This decoupling can also slow down the retreat of tropical glaciers subjected to increasing 

temperatures (Kaser, 2001; Hock, 2003). 

The retreat of tropical glaciers poses a risk to water resources in the Andes and downstream, 

particularly on the arid Pacific coast. Large cities like Lima (pop: ~9.8 million (INEI, 2017)), 

Trujillo (pop: ~920 thousand (INEI, 2017)) and La Paz (pop: ~790 thousand (INE, 2012)) rely on 

Andean watersheds for their municipal water supply. Figure 1.2 highlights the intense water related 

risk along the arid west coast of South America and the vulnerable population centres.  
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Figure 1.2 : “Population and water risk in Andean countries” from Schoolmeester et al., (2018).  

 

Large agricultural developments, including the Chavimochic and Chinecas projects near Trujillo, 

Peru, divert water from Andean rivers to irrigate large swaths of productive desert soil (Bury et 

al., 2013). On the amazon side, water coming from the Andes is the major sediment source for the 

basin and shapes the geomorphic, biogeochemical and ecological regime (McClain and Naiman, 

2008). 
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1.3 Mountain groundwater 

Mountain groundwater was once considered only a minor contributor to mountain streamflow 

because the steep slopes and shallow soil development were hypothesized to be small and short-

lived storage reservoirs for groundwater. (Liu et al., 2004). However, recent work has 

demonstrated the substantial groundwater storage and discharge in mountain watersheds and its 

importance in buffering streamflow during dry periods. Furthermore, it has been suggested that 

mountain groundwater may provide resilience against climate change impacts (Tague et al., 2008).  

Several studies have used geochemical tracers (e.g. dissolved ions and isotopes of water) to detect 

groundwater discharge in mountain watersheds (Burns et al., 2001; Liu et al. 2004; Frisbee et al., 

2011; Shaw et al., 2014; Baraer et al., 2015). Groundwater, having been in contact with geologic 

materials for longer periods of time, usually expresses a different hydrochemical signature than 

surface runoff, glacier or snow melt. This difference in hydrochemical signature can be used to 

quantify the contributions of different source waters. 

Lui et al. (2004) used geochemical tracers to detect proportions of “new water”, the current year’s 

snow melt, and “old water”, water stored in the basin prior to that year’s snow melt, in the 

hydrograph of two watersheds in the Colorado Front Range, USA. They found that old water 

dominates streamflow for one of their two study catchments, supplying 64% of stream discharge. 

For example, Baraer et al. (2015) find that groundwater contributes 24-80 % of dry season stream 

discharge in 4 proglacial valleys of the Cordillera Blanca in Northern Peru.  

Other studies have focused on the difference in timing between watershed inputs (precipitation, 

snowmelt, glacier melt) and outputs (stream discharge). The difference between these fluxes is 

interpreted as transient watershed storage. Andermann et al., (2012) examined river discharge 
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records from 3 large Himalayan basins and show a hysteresis in the relationship between 

precipitation and streamflow throughout the year that indicates transient water storage which can 

be explained by groundwater storage (Figure 1.3).  

 

Figure 1.3:  Precipitation versus specific discharge (river discharge divided by watershed area) 

for the Narayani basin in Nepal, from Andermann et al. (2012). The colour of the points incates 

the time of year and the numbered circles indicate the monthly averages with error bars at the 5% 

and 95% quantiles. The  lag between precipitation and discharge represents watershed storage. 

 

Similarly, Hood and Hayashi (2015) use detailed measurement of hydrological fluxes, including 

precipitation, snow melt and streamflow, and in a proglacial headwater catchment in the Canadian 

Rocky Mountains to characterize the timing of groundwater recharge, discharge and storage 

capacity. They show that peak groundwater storage is 60-100 mm averaged over the watershed 

area (Figure 1.4).  This groundwater storage is much less than the peak snow water equivalent 
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(500-640 mm) but is significant when compared to the average fall and winter baseflow (<0.5 

mm/d).  

 

Figure 1.4: Hydrological fluxes in the Opabin Watershed in British Columbia, Canada, from 

Hood & Hayashi (2015). The difference between the cumulative water inputs and outputs (C and 

D) quantifies the groundwater storage.  

 

Several studies have suggested the importance of coarse geomorphic units in storing and 

channeling groundwater flow in mountains. Hood and Hayashi (2015) identify proglacial 

moraines, composed of mostly cobbles and boulders, as important landform for groundwater 
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storage in the Canadian Rocky Mountains. Liu et al. (2004) found that talus fields contributed 

more than 40% of the total discharge during the summer in one of their test catchments in 

Colorado, USA. Glas et al. (2018) propose a conceptual model of groundwater recharge in 

proglacial valleys of the Peru’s Cordillera Blanca where recharge is channeled through Talus 

deposits beneath wetlands creating confined aquifers (Figure 1.5).  

 

Figure 1.5: Conceptual models for groundwater flow in valleys of the northern (a) and southern 

(b) Cordillera Blanca, Peru from Glas et al. (2018). 
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Other research has focused on the division between shallow and deeper groundwater flow paths 

through mountain catchments. Tromp-van Meerveld et al. (2007) used a sprinkler plot study to 

quantify the recharge to bedrock in the Panola Mountain Watershed, Georgia, USA. They initially 

anticipated that subsurface water would flow towards the stream through the unconsolidated layer 

(coarse sandy loam, high permeability) above the bedrock (granodiorite, relatively low 

permeability), which was previously assumed impermeable. Instead, they found that 91% of the 

water applied to a study patch infiltrated into the bedrock layer. 

Broadly speaking, water that infiltrates into mountain bedrock may follow two different paths: (1) 

it may flow through shallow weathered bedrock and discharge into mountain streams or (2) it may 

flow through deeper bedrock and eventually discharge in a central valley of the basin. The latter 

is known as Mountain Block Recharge (MBR, Bresciani et al., 2018). Welch and Allen (2012) 

used numerical groundwater models to investigate the partitioning of groundwater recharge 

between discharge to a mountain stream within a defined watershed (baseflow) and MBR. They 

found that 12-15% of total recharge was MBR which was eventually discharged to a higher order 

river in the basin, while 85-88% of recharge contributed to low-order mountain streams within the 

defined watershed.  

Little is known about interactions between mountain glaciers and the groundwater system (Gordon 

et al., 2015; Baraer et al., 2015; Vuille et al,. 2018). Only one study to date estimates the extent to 

which mountain groundwater in proglacial watersheds is recharged directly by glacier melt; Saberi 

et al. (2018) use field data and numerical modelling of a proglacial headwater catchment on Volcán 

Chimborazo in Ecuador to estimate that 18% of groundwater discharge is sourced from glaciers 

which cover 34% of the watershed area. 
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1.4 Climate and hydrological projections in the Andes 

Average global temperature has increased by 1 °C above pre-industrial levels and is expected to 

reach 1.5 °C between 2030 and 2052 (IPCC, 2018), with faster warming expected at higher 

elevations (Vuille et al., 2018). This phenomenon, known as elevation dependent warming, is of 

importance for the Andes where glaciers are located at very high elevations (Mountain Research 

Initiative EDW Working Group, 2015 and references therein). 

Future climate change and its hydrological implications are dependent on human emission of 

greenhouse gasses and Representative Concentration Pathways (RCPs) are the emission scenarios 

used for projecting that change (IPCC, 2018). The most commonly available climate projections 

from General Circulation Models (GCMs) are the scenarios that could lead to radiative forcing of 

4.5 W/m2 (RCP 4.5) and 8.5 W/m2 (RCP 8.5). 

Dramatic glacier recession under a warming climate has been well documented in the Andes 

(ANA, 2014; Schoolmeester et al., 2018 and references therein) and several studies have projected 

future glacier change (Vuille et al., 2018 and references therein, including Rabatel et al., 2012; 

Loarte et al., 2015). For example, Yarleque et al. (2018) predict the future disappearance of the 

Quelccaya Ice Cap in southern Peru using downscaled GCM climate projections. Under RCP 8.5, 

simulations show that the glacier equilibrium line will be above the ice cap summit by the end of 

the 21st century. 

Other studies have incorporated glacier melt into hydrological models to project future changes in 

water resources in the Andes (Juen et al., 2007; Ragettli et al., 2016). Juen et al. (2007) model the 

proglacial hydrological system of Llanganuco Valley in the Cordillera Blanca, Peru, and use four 

climate scenarios to project future hydrological change. They project a 49 to 75% decrease in 
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glacier area by 2080 for the lowest and highest greenhouse gas emission scenarios respectively.  

This decrease in glacier area is accompanied by a 44-69 % decrease in glacier melt production and 

a 31-56 % increase in runoff from the expanding non-glacier area. While the annual streamflow 

remains approximately the same, the seasonality of streamflow increases such that there is 10-26 

% more discharge in rainy season discharge and 11-23% less discharge in the dry season. While 

the glacier melt model component is rigorous, the hydrological component of the model is 

simplistic and does not represent future changes in evapotranspiration, runoff-ratio or baseflow. 

Specifically, baseflow is calculated only as 20% of the previous month’s non-glacier precipitation 

and does not incorporate any physically based groundwater flow processes.  

Ragettli et al. (2016) project glacier recession and decreasing river flow throughout the 21st century 

based on climate projections stochastically downscaled from 12 GCMs for RCP 4.5 and 8.5 in the 

Juncal catchment in central Chile. Between 2001-2010 and 2091-2100, they project a 53 % (RCP 

4.5) or 70% (RCP 8.5) decrease in glacier area and a 40 % (RCP 4.5) or 65% (RCP 8.5) decrease 

in river flow. The TOPKAPI model used by Ragettli et al. (2016) is a distributed and physically 

based hydrological model that represents marked improvement over modelling by Juen et al. 

(2007). However, a kinematic wave approximation is used for routing of groundwater flow rather 

than a classic finite difference groundwater flow model and the contribution and evolution of 

groundwater in the watershed in not investigated.  

1.5 Hydrological climate change adaptations strategies 

Several adaptation strategies have been suggested to combat declining glacier melt in the Andes 

and elsewhere. Dams are often constructed in response to seasonal water shortages but have several 

disadvantages. For example, dams are subject to large evaporative losses, can cause increased 
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greenhouse gas emissions, and may mobilize contaminants like methyl mercury from the flooded 

land (Kelly et al., 1997). Dams also fragment habitats of aquatic species and change geomorphic 

conditions of rivers (Nilsson et al., 2005, Graf. W.L., 2006). A dam was proposed in the Shullcas 

Watershed, central Peru, one of the study watersheds for this thesis, and construction was initiated 

in 2016. The project was later cancelled over safety concerns involving earthquake risk at the 

nearby Huaytapallana geologic fault.   

Adaptation strategies which increase groundwater storage for later use, known as Managed 

Aquifer Recharge (MAR) technologies, present a good alternative to surface water reservoirs. 

These technologies include enhancing groundwater recharge to aquifers via injection wells, 

infiltration ponds, trenches and canals (HeilWeil et al., 2015; Mastrocicco et al., 2015; Heviánková 

et al., 2016). Large swaths of land within the Shullcas Watershed, Peru, have passive infiltration 

trenches which aim to capture overland flow and allow more time for infiltration during the rainy 

season. However, little research has been done into the effectiveness of this type of MAR 

technology. 

Another example of MAR in the Andes is being applied in the mountains near Lima, Peru. There, 

pre-Incan technology is being revived which diverts rainy season streamflow into infiltration 

canals and ponds. This technology, known as Mamanteo, is thought to increase groundwater 

recharge which discharges later through springs (Ochoa-Tocachi et al., in review). 
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1.6 Objectives 

Given the demonstrated importance of groundwater in mountain hydrological systems, I aim to 

interrogate the physical processes by which groundwater is recharged, stored and discharged in 

proglacial Andean watersheds. Furthermore, I aim to use this newfound process understanding to 

project future hydrologic change under a warming climate and assess proposed adaptation 

strategies which harness the storage capacity of groundwater to sustain rivers during dry periods.  

Specifically, the research objectives of this thesis are to: 

1. Elucidate spatial patterns of groundwater discharge to streams and rivers in a proglacial 

Andean valley using a multi-tracer approach (Chapter 2). 

2. Characterize and quantify the role of groundwater in a proglacial Andean hydrological 

system using integrated glacier-surface water-groundwater numerical modeling. Project 

future hydrological conditions under climate change and glacier recession (Chapter 3). 

3. Investigate the effectiveness of infiltration trenching as a groundwater-based hydrologic 

climate change adaptation strategy (Chapter 4). 
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Chapter 2. Quantifying groundwater-surface water interactions in a proglacial valley, 

Cordillera Blanca, Peru 

Authors: Lauren D. Somers, Ryan P. Gordon, Jeffrey M. McKenzie, Laura K. Lautz, Oliver 

Wigmore, AnneMarie Glose, Robin Glas, Caroline Aubry-Wake, Bryan Mark, Michel Baraer, 

Thomas Condom. 

2.1 Context within thesis 

Previous research has established that groundwater is an important contributor to mountain 

rivers, as detailed in Chapter 1 (e.g. Lui et al., 2004; Andermann et al., 2012; Baraer et al., 

2015, etc.). However, little work has been done to quantify the amount of groundwater-surface 

water interaction and characterize the hydrological processes and landscape features which 

control this interaction.  

This manuscript develops a novel method for quantifying exchange between a river and the 

underlying valley bottom aquifer using heat and dye as tracers. I apply this method to a study 

site in the Quilcayhuanca Valley in the Cordillera Blanca, Peru. My results allow for a better 

understanding of spatial patterns of groundwater-surface water interaction and identify 

landforms that serve as storage reservoirs or channels for groundwater transport.  

2.2 Abstract 

A myriad of downstream communities and industries rely on streams fed by both groundwater 

discharge and glacier meltwater draining the Cordillera Blanca, Northern Peruvian Andes, which 

contains the highest density of glaciers in the tropics. During the dry season, approximately half 

the discharge in the region’s proglacial streams comes from groundwater. However, due to the 
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remote and difficult access to the region, there are few field methods that are effective at the reach 

scale to identify the spatial distribution of groundwater discharge. An energy balance model, 

Rhodamine WT dye tracing, and high-definition kite-borne imagery were used to determine gross 

and net groundwater inputs to a 4 km reach of the Quilcay River in Huascaran National Park, Peru. 

The HFLUX computer program (http://hydrology.syr.edu/hflux.html) was used to simulate the 

Quilcay River’s energy balance using stream temperature observations, meteorological 

measurements, and kite-borne areal photography. Inference from the model indicates 29% of 

stream discharge at the reach outlet was contributed by groundwater discharge over the study 

section. Rhodamine WT dye tracing results, coupled with the energy balance, show that 

approximately 49% of stream water is exchanged (no net gain) with the subsurface as gross gains 

and losses.  

The results suggest that gross gains from groundwater are largest in a moraine subreach but due to 

large gross losses, net gains are larger in the meadow subreaches. These insights into pathways of 

groundwater-surface water interaction can be applied to improve hydrological modeling in 

proglacial catchments throughout South America. 

2.3 Introduction 

Alpine watersheds supply a disproportionately large fraction of the world’s water (Messerli et al., 

2004, Barnett et al., 2005, Viviroli et al., 2007), with over 50% of the earth’s mountainous regions 

providing an essential or supporting role in downstream water supply (Viviroli et al., 2007). 

Furthermore, approximately one sixth of the global population lives in areas where the hydrology 

is dominated by snow and ice melt (Barnett et al., 2005). Climate models predict warming air 

temperatures over the next several decades (IPCC, 2013) will lead to decreased snow and ice 
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accumulation during winter and potential water shortages in later parts of the year. The hydrologic 

effects of climatic change are more severe in glacerized regions because as glaciers recede they 

lose stored “fossil water” on an annual basis – water which is not renewed with each winter’s 

snowfall but is permanently lost (Barnett et al., 2005). Dry season stream flow in low-latitude, 

proglacial catchments is particularly vulnerable to rising air temperatures because of rapid rates of 

warming and because glaciers hydrologically buffer seasonal changes in stream flow by providing 

a consistent supply of melt water, even when precipitation is minimal (Bradley et al., 2006). 

As the hydrologic buffering capacity of glaciers diminishes, groundwater storage in proglacial 

valleys becomes a more important source of stream water (Baraer et al., 2009). Therefore, 

quantification of the groundwater contribution to proglacial streams is important for better 

prediction of the impact of rapidly disappearing glaciers on regional water resources. Additionally, 

more precise methods are needed to understand the processes by which groundwater contributes 

to glacially fed streams on the scale of individual valleys (referred to here as reach scale), to 

elucidate how different geomorphic characteristics store and discharge groundwater.   

One such approach to quantifying groundwater inputs at the reach scale is heat tracing or energy 

balance methods. For a given section of stream, the net change in thermal energy with respect to 

water volume must be balanced by a change in water temperature (Webb and Zhang, 1997, 

Westhoff et al., 2007). If all meteorological heat fluxes to and from a stream can be quantified 

independently and groundwater temperature is known, groundwater thermal inputs can be resolved 

as the necessary heat flux required to close the energy balance and match observed changes in 

stream temperatures through space and/or time (e.g. Becker et al., 2004).  Several software tools 

exist for stream temperature modeling (e.g. Boyd and Casper, 2003). HFLUX 

(http://hydrology.syr.edu/hflux.html) is a deterministic numerical stream temperature model used 
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to simulate changes in stream temperature as a result of the energy fluxes and groundwater entering 

and leaving a stream through space and time (Glose and Lautz, 2013). 

Dye tracing, including dilution gauging and channel water balances, can be used to measure 

changes in stream discharge caused by a gain of groundwater or a loss of stream water to the 

subsurface. In a constant rate injection, Rhodamine WT (RWT) is released at a constant rate at the 

upstream end of the stream section of interest. Concentrations of RWT in the stream water are 

measured longitudinally and the degree to which the dye is diluted at any point downstream is used 

to calculate the stream discharge (Kilpatrick and Cobb, 1985, Stream Solute Workshop, 1990).  

Dye tracing in the Quilcayhuanca Valley in 2012 indicates that over the course of our study area, 

both gross gains and losses are occurring (Gordon et al., 2015). When stream water is lost to the 

subsurface, tracer mass is lost with it. If gains and losses happen concurrently (double dilution), 

the concentration of RWT will decrease while stream discharge may not change significantly.  

Energy balance approaches and dye tracing methods require accurate spatial information on the 

studied section of stream, particularly regarding channel geometry, which can be provided by 

remote sensing. Unfortunately, even high-resolution (sub-meter) satellite data (e.g. GeoEye, 

Worldview, etc.) are often too coarse for making accurate width measurements of narrow streams. 

However, by using aerial small-format digital photography (collected from unmanned aerial 

vehicles, kites, balloons, etc.) and processing these images using structure from motion (scale 

invariant feature transform (SIFT) and bundle block adjustment) algorithms, very high resolution 

(centimeter) orthomosaics and digital elevation models (DEMs) can be generated (Fonstad et al., 

2013; Harwin & Lucieer, 2012; Lowe, 2004; Turner et al., 2012; Hugenholtz et al., 2013).  
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The objective of this study is to combine heat tracing and dye tracing methods to quantify the 

groundwater contributions to the Quilcay River, and to understand the spatial variability and 

dominant pathways (e.g meadows, moraines and springs) of groundwater-surface water interaction 

in a typical proglacial valley of the Cordillera Blanca. Spatial information was collected using high 

definition kite-borne aerial photography, corrected with a differential global positioning system. 

We then used HFLUX to determine the simplified net stream discharge profile based on energy 

fluxes measured in the field. Dye tracing (constant rate dilution gauging) and the HFLUX results 

are then used together to estimate the gross gains and losses of water from the subsurface.  

2.4 Study area 

The Cordillera Blanca is in the northern Peruvian Andes (Figure 2.1a) and contains the highest 

density of glaciers in the tropics (Burns and Nolin, 2014). The majority (80%) of the annual 

precipitation falls during the rainy season from October to April. The highlands of the range have 

a relatively humid climate compared to the extremely arid coastal lowlands west of the Cordillera 

Blanca. Average annual air temperatures are generally between 0°C and 9°C, depending on altitude 

(Bury et al., 2011). 
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Figure62.1: (a.) Location of the Cordillera Blanca mountain range, Peru (b.) Location of the 

Quilcay River study section in the Quilcayhuanca Valley, (c.) KAP aerial imagery of the study 

area, (d.) Slope map of the study area.  
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During the dry season, stream flow is maintained by a combination of glacial melt water and 

stored groundwater (Bury et al., 2011). The rivers on the western, glaciated side of the Cordillera 

Blanca drain to the Rio Santa, which flows northward through the Callejon de Huaylas, then 

through the Sechura Desert to the Pacific Ocean (Bury et al., 2013).  

Approximately 267,000 people live in the upper Rio Santa Watershed between the Cordillera 

Blanca and Cordillera Negra, also known as the Callejón de Huaylas (Mark et al., 2005), and 

depend on the Rio Santa for their water supply. Additionally, these water resources are used for 

smallholder farming in the valleys of the Cordillera Blanca and larger scale commercial agriculture 

lower in the waterhshed. Here, water from the Rio Santa is used to irrigate crops in the coastal 

desert. Furthermore, hydroelectric power plants in the Cordillera Blanca contribute approximately 

10% of the country’s hydroelectric power (Bury et al., 2011; Bebbington and Bury, 2009).  

Since the 1970s, approximately one third of the glacier area in the Cordillera Blanca has been lost 

(Burns and Nolin, 2014), with many glaciers predicted to completely disappear in the coming 

decades (Barnett et al., 2005). Complete disappearance of glaciers in the Cordillera Blanca would 

hypothetically result in a 30% reduction in average dry-season stream discharge in the upper Rio 

Santa (Baraer et al., 2012). Current and projected water shortages are already the subject of social 

and political tensions in the region, with a notable conflict in 2008 between rural farmers and a 

hydroelectricity company over the operation of the Lake Paron Reservoir (Vuille, 2013; Carey 

2010). Understanding the hydrological system is an important step towards implementing 

mitigation strategies for changing water availability in the region. 

This study focuses on the Quilcay River, in the Quilcayhuanca Valley (9.458°S, 77.374°W), 

located east of the city of Huaraz (Figure 2.1b). Quilcayhuanca has typical glacial geomorphic 
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features including talus slopes lining the steep sided, U-shaped valley, and valley-crossing 

moraines or rock falls containing boulder to cobble size material. Between the moraines, low 

gradient meadows are thought to have formed by lake infilling and consist of organic material, 

lacustrine and fluvial sediments layered with heterogeneous colluvium. These high altitude 

meadows and wetlands, also known as pampas, are predominantly grass covered and are thought 

to act as storage features for groundwater, in addition to the talus slopes and moraines (Clow et 

al., 2003, Baraer et al., 2009).  The bedrock geology is predominantly granodiorite, with some 

outcropping of the Chicama Formation, which consists of pyritic shale, in the headwaters (Love et 

al., 2004).  

The 3925 m long study reach ranges between 3910 and 4040 m.a.s.l. in elevation and begins just 

downstream of the confluence of the Quilcay and Cayesh Rivers. Along the study reach, the river 

alternates between steep, single channel segments, which are heavily shaded and incised in the 

cross-valley moraines, and low gradient meadow segments with sinuous channel form, some 

braiding and very little shading (Figure 2.1c and d). Meadows and moraines are identifiable in the 

slope map, Figure 2.1d. For the study, the stream is divided into four reaches: Moraine 1, Meadow 

1, Moraine 2, and Meadow 2. Numerous springs (visible in Figure 2.1C) are observed near the 

base of the moraine sections on the valley floor, as well as at the base of the lateral talus slopes. 

Groundwater stored in the talus slopes and moraines upwells in the meadows, forming springs, 

and then flows overland to join the main channel. Groundwater stored in the meadows can also 

reach the main stream by flowing directly from the aquifer through the streambed. Similarly, 

stream water can also be lost to the subsurface by flow through the streambed. 
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2.5 Methodology 

2.5.1 Heat tracing using an energy balance model  

2.5.1.1 Field methods 

Data for the heat tracing analysis was acquired from June 20 through June 25, 2014. Time 

dependant variables were recorded for a period of 4.87 days (7010 minutes). Stream temperature 

data were recorded using Thermochron iButtons™ (Model DS1922L), which were installed in the 

water column at 37 points along the stream reach (Figure 2.1d) and recorded stream temperature 

at 5-minute intervals at a precision of 0.0625°C and an accuracy of +/-0.5°C. A Vantage Pro2 

weather station was installed in the upper meadow, adjacent to the stream, and provided 

meteorological observations including incoming solar radiation, air temperature, humidity and 

wind speed at 10-minute intervals over the entire observation period (7010 minutes). Cloud cover 

values are the complementary ratio of solar radiation observed at any time, to the solar radiation 

on the clearest day (June 23) at the same time.  

Groundwater temperature was measured hourly in five observation wells located in Meadow 2 

(Figure 2.1d), using Schlumberger Mini-Diver™ pressure loggers. Streambed temperature was 

approximated by using data from the Yanamarey Valley (-9.6766°S, -77.2707°W) collected in 

2007 at the same time of year and similar climatic and geographic conditions. The average stream 

bed temperature was applied to the length of the stream. 

Stream discharge at the upstream end of the study section was determined by RWT dye dilution 

tracing (see dye tracing methodology). Stream dimensions were measured approximately every 20 
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m. Shading percentages were visually estimated, from kite areal photography (KAP). View to sky 

coefficients were estimated as 1 - shading.  

2.5.1.2 Modeling methods 

The energy balance for the study reach was solved using the HFLUX Stream Temperature Solver 

(http://hydrology.syr.edu/research/hflux/), which simulates stream temperature through space and 

time based on the exchange of heat energy between stream water and the environment (Glose and 

Lautz, 2013). The HFLUX model solves the mass and energy balance equations for heat transport 

using finite difference methods, and applies the heat fluxes to each stream cell at each time step.  

For this study, the model was run using a 10 minute time step and 10 m finite-difference stream 

cells.  

Mass and energy balance equations are given as Equations 2.1 and 2.2 respectively (Glose and 

Lautz, 2013): 

 
   (2.1) 

                                            
𝜕(𝐴𝑇𝑤)

𝜕𝑡
+

𝜕(𝑄𝑇𝑤)

𝜕𝑥
= 𝑞𝐿𝑇𝐿 + 𝑅                                             (2.2) 

 

where Q is the discharge of the stream (m3/s), A is the cross-sectional area of the stream (m2), Tw 

is the stream temperature (°C), x is stream distance (m), t is time (s), qL is the lateral groundwater 

inflow per unit stream length (m2/s), TL is the temperature of the groundwater (°C), and R is the 

temperature change resulting from the energy flux (source or sink) per unit stream length. R is 

defined as: 

¶A

¶t
+
¶Q

¶x
= qL
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R =
BFtotal

rwcw
                      (2.3) 

where Φtotal is the total energy flux to the stream per surface area (W/m2), B is the width of the 

stream (m), and ρw and cw are the density (kg/m3) and heat capacity (J/kg°C) of water, respectively. 

Φtotal is a function of shortwave radiation, longwave radiation (including atmospheric, land cover 

and back radiation off the water surface), streambed conduction, sensible heat exchange with the 

air, and latent heat flux (evaporation or condensation) and the stream width (Glose and Lautz, 

2013).  A, Q, qL, TL, B, and Φtotal are model inputs and Tw, as a function of x and t, is the model 

output. We infer qL by matching modeled Tw to our observed water temperature data. Note 

hydraulic conductivity is not required. 

A Crank-Nicolson scheme was used to solve the energy and mass balance equations. The short-

wave radiation flux was calculated from direct measurements of incoming shortwave radiation, 

corrected for the percentage of shading and reflection based on the solar position throughout the 

day and Fresnel’s reflectivity. The rate of evaporation, and associated latent heat flux, were 

calculated using the mass transfer method and the default empirical constants in the HFLUX 

program. The mass transfer method has been used successfully to quantify the latent heat flux in 

prior field-based stream energy balances (e.g. Caissie et al., 2007; Cox and Bolte, 2007; 

Magnusson et al., 2012). Sensible heat flux was calculated as a function of the latent heat flux, 

using the Bowen Ratio method. Streambed conduction is calculated from the temperature gradient 

between the stream water and stream bed, and the thermal conductivity of the bed. The thermal 

conductivity is designated in HFLUX based on bed material (cobbles in this case). Given 

streambed conduction is one of the smaller energy fluxes, error arising from this estimation is 

minimal. For the full model methodology see Glose and Lautz (2013). 
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The HFLUX simulations require groundwater temperature. Selecting an appropriate groundwater 

temperature has been identified as a challenge in heat tracing methodology (Kurylyk et al., 2015). 

Without information on tributary temperatures, we used a single groundwater temperature to 

represent the temperatures of both advecting groundwater and tributary inflow from springs.  To 

infer this temperature, HFLUX was used to find the combination of groundwater temperature and 

constant groundwater inflow rate that minimizes the root mean square error (RMSE) between the 

simulation results and the measured data. Figure 2.2 shows how RMSE varies as a function of 

modeled groundwater temperature and total change in stream discharge (i.e. total amount of 

groundwater entering the stream over the entire reach). A minimum RMSE of 0.38 °C occurs at a 

groundwater temperature of 8.8 °C and a total change in stream discharge (ΔQ) of 230 l/s. 

However, this optimized value falls outside of the range of groundwater temperatures observed in 

the field (9.4 to 11.1 °C). Therefore, we selected a groundwater temperature of 9.4 °C (which 

corresponds to a ΔQ of 270 l/s) to use in HFLUX simulations because it represents the minimum 

RMSE while still being within our observed range of groundwater temperatures.  
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Figure72.2: Root mean square error contours versus groundwater temperature and total 

groundwater inflow described as the total change in stream discharge. 

In order to quantify the net groundwater flow to the stream, the best-fit longitudinal stream 

discharge profile for the river was determined through model calibration, with the discharge profile 

as the calibration parameter. No other input data (e.g. meteorological data) was varied from 

measured values, and the stream discharge profile was systematically varied, producing different 

simulated stream temperatures in space and time. The stream discharge profile that minimized the 

RMSE between the HFLUX simulated stream temperature and the measured stream temperature 

in space and time, was selected as the best fit. Then, longitudinal changes in stream discharge with 

distance were used to determine rates of groundwater base flow. 
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Three potential longitudinal stream profile configurations were used to calibrate the model and 

provide estimates of groundwater contribution to the stream. First, in Simulation A, the 

groundwater baseflow rate was constant over the entire 3925 m section of stream, resulting in a 

linear stream discharge profile. In Simulation B, the river was divided into moraine and meadow 

reaches, with each type of terrain having its own constant base flow rate (2 rates in total), resulting 

in a ramped stream discharge profile with different slopes in the moraine and meadow reaches. 

Finally, in Simulation C, each moraine and each meadow had its own constant base flow rate (4 

rates in total), resulting in different slopes for each individual moraine and meadow reach.  

2.5.1.3 Sensitivity analysis 

Sensitivity analysis was done on the best-fit simulation in order to identify input variables that are 

particularly influential to the model output and to understand potential sources of uncertainty in 

our results. Model inputs are altered individually and the root mean square deviation (RMSD) 

between the base case model output and the perturbed model output is used to measure sensitivity: 

                                                𝑅𝑀𝑆𝐷 =  √((�̂�(𝑎𝑘) − �̂�(𝑎𝑘 + ∆𝑎𝑘))
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
                  (2.4) 

Where �̂� is the modeled matrix of stream temperature in space and time (°C), 𝑎𝑘 is the base case 

kth input parameter and ∆𝑎𝑘 is the increment of perturbation (modified from Zheng and Bennet, 

2002). In our case, the RMSD is used because it is not only sensitive to changes in mean stream 

temperature, but also the amplitude of the daily temperature fluctuation as well as the timing and 

location shifts of temperature changes.  
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2.5.2 Dye tracing 

2.5.2.1 Dilution gauging setup and sampling 

Over a period of approximately 49 hours from June 20-22, 2014, we conducted a constant-rate 

tracer dilution gauging experiment (Kilpatrick and Cobb, 1985) at the same location in the Quilcay 

River as the heat tracing experiment. Fluorescent dye RWT was used to label stream water and 

estimate stream discharge and water exchange rates between the stream channel and the 

subsurface. On June 20 at 5:15 pm, we began injecting RWT tracer at the upstream end of the 

study reach (Figure 2.1d). A single injection tube outlet was suspended above the center of stream 

channel flow, and liquid injectate, diluted to a concentration of 25 g l-1 RWT, was dripped into the 

stream at a rate of 23 ml per minute, leading to a tracer mass injection rate, r, of 9600 µg s-1. Tracer 

concentration in the stream was measured every 120 seconds with a Turner C3 fluorometer (Turner 

Designs, Sunnyvale, California) at a point downstream from the Casa del Agua flume (Figure 

2.1d), approximately 3380 m downstream from the injection point. The tracer injection was 

abruptly stopped at 10:55 pm on June 21, but RWT concentration in the stream continued to be 

measured at the fluorometer location until the afternoon of June 22. 

Between 7:24 pm and 9:41 pm on June 21, while the stream RWT concentration was at plateau, 

we collected grab samples of stream water at 29 points along the study section (Figure 2.1d) in 

order to construct a profile of RWT concentration with distance downstream. The concentration 

of RWT tracer in grab samples was measured in the lab using a GGUN-FL30 fluorometer (Albillia 

Co., Neuchâtel, Switzerland), calibrated using serial dilution from a sample of the injectate 

solution.  
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2.5.2.2 Discharge and water balance calculations  

At a point greater than one mixing length (a short, well-mixed stream reach) downstream from the 

injection site, the apparent stream discharge rate, Q* (l/s), can be calculated using only the tracer 

mass injection rate and the concentration of tracer in the stream at that point. Apparent stream 

discharge is the discharge rate assuming no tracer mass has been lost during transport downstream: 

                                                                     𝑄∗ = 𝑟
𝐶⁄                                                              (2.5)  

where r is the tracer mass injection rate, and the assumed tracer load in the stream [µg s-1] and C 

is the measured concentration of tracer [µg l-1] at that point (Kilpatrick and Cobb, 1985).  

Stream discharge fluctuates with respect to time but an average value is required for our analysis. 

In order to estimate average apparent discharge at the Casa del Agua flume (Figure 2.1) during the 

entire experiment period (day and night), a rating curve was developed using the flume stage data 

and the night-time discharge-through-time curves from the fluorometer. The following power law 

was used with best fit coefficients: α=702, β=0.518, and a=0.09. 

                                                              𝑄∗ =  𝛼(ℎ − 𝑎)𝛽                                                          (2.6) 

Where Q* is apparent stream discharge and h is flume stage. By applying the rating curve, apparent 

discharge through time (day and night) at the fluorometer was estimated. 

At a point downstream from the tracer injection site, true stream discharge, Q, can be less than 

apparent discharge if there has been a loss of tracer mass between the injection and sampling points 

due to a loss of tracer-labeled stream water to the subsurface, potentially accompanied by dilution 

from unlabeled water. In a stream reach that experiences concurrent or successive gross gains and 
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losses from and to the subsurface, the net change in discharge over the reach, ΔQ, is equal to the 

sum of gross gains, Qgain (positive), and gross losses, Qloss (negative), that occur over the reach. 

The amount of tracer loss depends on the magnitude and the order of gross gains and losses along 

the stream length (Harvey and Wagner, 2000; Payn et al., 2009). At the end of a reach in which 

tracer mass has been lost, we can express the mass discharge rate of the tracer through the stream 

cross-section as fr, where f is the fraction of the original injection mass discharge remaining. True 

stream discharge is then given by: 

  𝑄 =
𝑓𝑟

𝐶⁄ = 𝑓𝑄∗ (2.7) 

In a situation where the concentration of tracer in stream water, C, as well as the true discharge, 

Q, is known at a series of successive points n = [0, 1, 2, …, N] downstream from the tracer 

injection, then ranges for gross gains and losses can be estimated in the N subreaches between each 

point (see Payn et al., 2009, for a related method of analyzing slug tracer injections). For each 

reach upstream from point n, we can calculate the minimum gross loss, for the case where all losses 

occur before all gains, as 

  𝑄𝑙𝑜𝑠𝑠,𝑛,𝑚𝑖𝑛 = (
𝑓𝑛

𝑓𝑛−1
− 1) 𝑄𝑛−1 (2.8) 

where 

  𝑓𝑛 =
𝑄𝑛

𝑟/𝐶𝑛
 (2.9) 

and Qn-1 and Qn are the true discharges and Cn-1 and Cn are the tracer concentrations at the upstream 

and downstream ends of the reach, respectively. The minimum gross gain is then calculated by 

simple mass balance as 
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  𝑄𝑔𝑎𝑖𝑛,𝑛,𝑚𝑖𝑛 = 𝑄𝑛 − 𝑄𝑛−1 − 𝑄𝑙𝑜𝑠𝑠,𝑛,𝑚𝑖𝑛 (2.10) 

Equations 2.8 through 2.10 are used to estimate minimum concurrent gross gains and losses using 

measured tracer concentration values and hypothetical Q profiles derived from net groundwater 

inflow rates calculated using the calibrated HFLUX model for Simulations A, B and C.  

This method combines the results of HFLUX and dye tracing. However, it should be noted that 

there is a potential methodological contradiction caused by the fact that the two methods do not 

treat groundwater-surface water exchange in the same way. HFLUX is not designed to account for 

simultaneous exchanges of stream water and groundwater without a net gain (or loss) in discharge, 

but the river temperature is still sensitive to this exchange. Therefore, it is possible that some 

HFLUX-perceived net discharge gain could actually be exchange or alternatively that dye tracing-

perceived exchange could be over-estimated. 

2.5.3. Remote sensing and imaging 

We collected remote sensing imagery on June 22, 2014 using a custom-built kite aerial 

photography (KAP) platform (Wigmore and Mark, 2014). The camera rig was fitted with a Canon 

Powershot S110 camera controlled by the Canon Hack Development Kit (CHDK) firmware 

(Anon., 2015) and the Koh and Wich's (2012) drone.bas script to collect a photo every 10 seconds. 

The camera rig was suspended from a 3.4 m wingspan Delta kite by Premier Kites flown at ~60 m 

above the Quilcayhuanca Valley floor. Once airborne, the kite was walked up and down the valley 

collecting a total of 1846 RGB images over the study area. The KAP survey area is 3.5 km long 

and covers 0.816 km2. Within the survey area 19 highly visible ground targets were installed and 

surveyed using fast static GPS methodology. The base station was a Trimble 5700 receiver (L1 

and L2) with a Zephyr Geodetic antenna and the rover was a Topcon GRS-1 (L1 only) with a PG-
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A1 external antenna. The base station position was occupied for 5.75 days and corrected using the 

NRCAN PPP web application (NRCAN, 2015), resulting in an estimated position confidence 

(95%) of 0.1 cm latitude; 0.3 cm longitude; 0.4 cm ellipsoid height. Survey data were post 

processed against this using Topcon MagnetTM Office Tools to an accuracy threshold of 0.5 cm 

horizontal and 1 cm vertical, for an estimated error threshold of under 1 cm horizontal and 1.5 cm 

vertical.  

The images were processed using Agisoft PhotoscanTM Professional (version 1.1.X), a 

photogrammetric software package for generating orthomosaics and DEM's from unordered aerial 

image collections (Agisoft, 2014; Fonstad et al., 2013; Lowe, 2004; Verhoeven, 2011). Maximum 

output pixel resolution for the orthomosaic was 2 cm. The DEM has a resolution of 25 cm pixels. 

Estimated vertical error for the DEM is 4.76 cm, excluding potential error from the GPS itself 

which could add up to 1.5 cm of additional vertical error. The generated orthomosaic and DEM 

were used to take detailed measurements on stream width and shading at approximately 200 points, 

providing input data for HFLUX.  

2.6  Results 

2.6.1 Field observations 

Several of the HFLUX input parameters are constant in space and time. These field observations 

are shown in Table 2.1. 
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Table12.1: HFLUX input parameters. 

Variable Value Source 

Discharge (Q) at x = 0 m 657 l/s Dye tracing 

Groundwater 

Temperature (TL) 

9.4 °C Average temperature in groundwater 

observation wells during 5-day experiment; 

refined through model calibration 

Bed material Cobbles Visual observation at field site 

Latitude -9.458°S Global Positioning System (GPS) 

Longitude -77.374°W GPS 

Average Elevation 3980 m.a.s.l. GPS 

 

2.6.1.1 Stream temperature, hydrology, and morphology: spatial and temporal 

observations 

Several model input parameters change with distance along the 3.9 km experimental reach, but do 

not vary in time: stream shading, tributary width, and stream width (Figure 2.3 a-c). Tributary 

width was determined from the remote sensing imagery and is used to conceptually express the 

size of each tributary (n=33), most of which (>80%) are springs, in place of tributary discharge 

data. Tributaries range in width from 0.3 to 2.1 m and all tributaries are small relative to the main 

channel, which ranges in width from 2.2 m to 14.0 m. The majority of tributaries are located in the 

lower half of the first meadow (1.25 to 2.25 km distances in Figure 2.3).  
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Figure82.3: (a.) Stream shading versus distance downstream, (b.) Tributary width versus distance 

downstream, (c.) Main Channel width versus distance downstream, (d.) Observed stream 
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temperature in space and time, (e.) Air temperature versus time (f.) Relative humidity versus time 

(g.) Wind speed versus time (h.) Net heat fluxes entering and leaving the stream versus time. 

 

Shading along the study reach varies between 2 and 100%, and high values of shading are due to 

river incision and dense vegetation along the two moraines, positioned at 0-0.5 km and 2.25-3.0 

km along the study reach (Figure 2.3b). The stream widths across the moraines are relatively 

narrow (<6 m) due to river incision, while the meadows have wider stream widths due to braided 

sections and shallow river depths. The combination of high shading and narrow stream width 

reduces the potential for shortwave energy inputs in moraine segments of the experimental reach. 

In contrast, the meadows have higher potential for large shortwave energy inputs, but also greater 

potential for groundwater contributions, particularly as tributary inflows. 

Meteorological input parameters (Figure 2.3 e-g), and associated energy fluxes (Figure 2.3h), 

change through time over the 5-day observation period, but not with distance (Figure 2.3e). Direct 

incoming solar radiation reaching the weather station at the field site is high, ranging from 0 to 

1068 W/m2.  Solar radiation is the energy flux with the largest magnitude followed by latent heat 

flux (negative value indicates evaporation), long wave radiation, streambed conduction and finally 

sensible heat flux. The observation period included two days of intermittent clouds (June 21 and 

22) and two days of full sun (June 23 and 24), providing a range of meteorological conditions 

during the energy balance modeling period. Cloud cover values were calculated as the ratio of the 

observed solar radiation, at any time of day, to the solar radiation observed on June 22 (clearest 

day), at the corresponding time of day. A value of 0 represents clear conditions and a value of 1 

represents complete cloud cover. 
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Stream temperatures vary in both space and time (Figure 2.3d); we monitored stream temperatures 

over the 3.9 km stream reach beginning at 12:20 PM on June 20th and ending at 9:10 AM on June 

25, 2014 (7010 minutes). Stream temperatures rise quickly during the day, shortly after the onset 

of intense, high-altitude, solar radiation, and generally peak about an hour after incoming solar 

radiation peaks. Stream temperatures then cool more slowly during the night. While observed air 

temperature is below 0 °C during the night, the minimum stream temperature is similar each night 

at approximately 5 °C, likely because of the warming effect of groundwater base flow to the 

stream. 

Five groundwater observation wells provided average groundwater temperatures over the study 

period, which ranged from 9.4 to 11.1 °C with a mean of 10.6 °C. These measurements are 

evidence of the temperature of groundwater that advects directly to the stream through the 

streambed. However, groundwater that reaches the stream through spring flow and subaerial 

channels may experience some change in temperature between where it upwells in the meadow 

and where it reaches the main channel.  

2.6.2 Heat tracing simulation results 

When the incoming groundwater flux is set to 0, HFLUX has a RMSE of 0.647 °C. Groundwater 

inflows improve the model fit, reducing the RMSE (Figure 2.2). The three HFLUX simulations 

(Simulations A, B and C) provide three different estimates of groundwater discharge to the stream 

over the study section, shown in Table 2.2, where ΔQ is the total increase in stream discharge over 

the experimental reach and Qf is the stream discharge at the downstream end of the experimental 

reach. Simulation C has the lowest RMSE (0.378 °C) and yields a total increase in stream discharge 

of 270 l/s over the 3925 m section of stream.  Although the RMSE values for simulations A, B and 
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C are similar, the three simulations show us that when higher rates of groundwater discharge are 

simulated in the meadow segments, relative to the moraine segments, there is further improvement 

in the model fit to observed temperatures. Furthermore, Simulation C has the same total increase 

in stream discharge as simulation A (270 l/s), but the majority of that groundwater discharge occurs 

in the meadow segments. It should be noted that Simulation C has only a small improvement in 

model fit, but when combined with our understanding of the physical processes (e.g. Gordon et 

al., 2015),  it seems that this is the most plausible scenario. Although the total stream experimental 

reach consists of 77% meadow reaches, in Simulation C 93% of the net total groundwater 

contribution enters the stream in the meadow reaches, indicating that the groundwater input rate is 

disproportionately higher in the meadows than in the moraines with respect to distance covered. 

Table22.2: Simulation results.  

Model 
Number of 

Variables 

Groundwater Inflow 

rates (l/s/100m) 
ΔQ (l/s) 

ΔQ (%) 

(ΔQ/Qf) 

RMSE (°C) 

A 1 
full experimental 

reach 
5.8 270 29.5 0.383 

B 2 

Moraines: 4 

230 26.2 0.382 

Meadows: 6.5 

C 4 

Moraine 1: 0 

270 29.4 0.378 
Meadow 1: 6.3 

Moraine 2: 2.5 

Meadow 2: 12.7 
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2.6.2.1 Simulation error 

The results of Simulation C were found to match well with the observed data. Figure 2.4a, 

compares the modeled and measured stream temperature through distance, averaged through time, 

while Figure 2.4c shows modeled and measured stream temperatures through time, averaged 

through distance. Figure 2.4b shows the residuals (modeled – measured stream temperature) in 

both space and time. The largest errors occur close to the peak daily stream temperature each day 

and this error is particularly pronounced downstream of 1600 m on the warmest days. The modeled 

peak temperatures are higher, and thus have higher amplitude, than the measured peak 

temperatures on days 1, 2, 3 and 5. 
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Figure92.4: (a.) Simulated and measured stream temperature versus distance downstream, 

averaged through time, (b.) Residuals between simulated and measured stream temperature 

(modeled – measured), (c.) Simulated and measured stream temperature versus time, averaged 

through distance. 

 

In Figure 2.4c we also note that there is a slight timing shift where the simulated stream 

temperature is warming up before the measured temperature. This may be because the weather 
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station was located at the upper end of the reach and sunlight hits this area first in the morning and 

leaves this area first in the evening. Since weather station data was used in HFLUX, the simulated 

temperatures have a slight forward time shift relative to the observed temperatures. 

2.6.2.3 Heat tracing sensitivity analysis 

Sensitivity analysis was performed for Simulation C. Input variables were perturbed individually 

by increasing and then decreasing each variable as described in Table 2.3. For parameters that have 

a range of values through time or space, the entire range is perturbed as indicated.  Where the 

increased and decreased RMSDs are different, the average is used to rank sensitivity.  

Table32.3: Sensitivity Analysis 

Input Parameter Name Absolute perturbation Sensitivity 

Ranking 

+RMSD -RMSD 

Groundwater temperature 

(TL) 

±0.47°C 1 0.068 0.068 

Air temperature ±0.78°C (air temp 

ranges from -1.0 – 

14.6°C 

2 0.053 0.054 

Stream width 

(B) 

± 5% 

 (0.11 - 0.7 m)  

3 0.055 0.050 

Shading ±5% 4 0.051 0.051 

Short wave radiation ±5% 

(0 - 53.4 W/m2) 

5 0.048 0.048 

Upstream discharge ±33 l/s 6 0.044 0.047 

Total groundwater input ±14 l/s 7 0.054 0.016 

Streambed temperature ±0.3°C 8 0.008 0.008 
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The model is most sensitive to groundwater temperature. This is a potential source of uncertainty 

in our modeling process because the range of data collected from the groundwater wells is greater 

than the perturbation interval. The next-most sensitive parameters are air temperature, stream 

width, shading, and shortwave radiation. However, all of these parameters are measured at high 

accuracy and are considered to be low sources of uncertainty. The upstream discharge was 

measured using dye tracing which has a moderate uncertainty (Schmadel et al., 2010; Winter, 

1981; Briggs, 2012) and finally the model is least sensitive to changes in total groundwater input 

and streambed temperature.  

2.6.3 Dye tracing 

A dye concentration profile was recorded from synoptic sampling along the study section of the 

Quilcay River. As expected, the analyzed grab samples from synoptic sampling show that RWT 

tracer concentration decreases with distance downstream, and therefore apparent discharge, Q*, 

increases with distance downstream. 

RWT concentration through time was recorded at the lower fluorometer just downstream of the 

Casa del Agua gauging station, and was converted to apparent discharge through time using the 

mass injection rate. This apparent discharge-through-time curve shows a peak in discharge shortly 

after 8 pm both nights, with a steady decrease throughout the night.  

4.3.1 Gross gains and losses from HFLUX and dilution gauging results 

Using the net increases calculated with HFLUX and the apparent discharge profile from dye 

tracing, the maximum and minimum gross gains and losses of water from the channel were 

calculated. Table 2.4 lists the minimum gross gains and losses that were calculated.  
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Table42.4: Minimum gross gains and losses estimated based on HFLUX discharge profiles 

Simulation Gross Qloss (l/s) Gross Qgain (l/s) Net ΔQ (l/s) % Exchange 

A -461.39 723.47 262.08 51 

B -483.73 703.89 220.16 53 

C -446.88 694.06 247.18 49 

 

Net ΔQ in Table 2.4 is the total gain in discharge over the entire study section calculated from 

HFLUX and is equal to the sum of the minimum gross loss and minimum gross gain. The ΔQ 

values are slightly smaller than those in Table 2.2 because the dye tracing experiment was 

conducted over a slightly smaller stretch of stream than heat tracing. These results indicate that 

over the study reach, a minimum of approximately 49% (Simulation C) of downstream discharge 

is exchanged with groundwater. In other words, 49% of the downstream discharge was lost to the 

subsurface and replaced with unlabeled water at some point in the study section.  

A few sources of error should be noted for the dilution gauging experiment including incomplete 

mixing of tracer across stream cross sections, changing discharge through time, and uncertainty in 

tracer concentration measurements (Schmadel et al., 2010). Nonetheless, the combination of dye 

tracing and heat tracing allows us to better understand the processes by which a stream experiences 

net and gross gains of water. 
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2.7 Discussion 

2.7.1 Heat tracing 

The groundwater temperature used in the model was 9.4°C, which is between the maximum and 

minimum daily stream temperatures of 13.1°C and 4.7°C respectively. Therefore, groundwater 

discharge to the stream warms the stream during the night and cools the stream during the day, 

decreasing the amplitude of the daily temperature fluctuation (Webb and Zhang, 1997). This 

thermal dynamic is typical of low latitude regions because the daily air temperature fluctuation is 

greater than the seasonal change in mean air temperature (Kaser and Georges, 1999). 

Having a groundwater temperature which is bracketed by daily stream temperature variation 

makes heat tracing more challenging because a given increase in groundwater advection to the 

stream will result in a smaller change in stream temperature (e.g. adding 10 °C groundwater to a 

10 °C stream will not change the stream temperature). Therefore at times when the stream 

temperature is close to the groundwater temperature, such as around noon on days 4 and 5 (Figure 

2.4), the modeled stream temperature is not sensitive to groundwater inputs. However, the model 

is sensitive to groundwater inputs at times of minimum and maximum stream temperature. 

In both simulations B and C, the net gain in groundwater was found to be higher in the meadow 

sections than in the moraine sections. While the hydraulic conductivity in the moraines is thought 

to be higher than in the meadows, the meadow sections have numerous springs that contribute to 

steam flow while the moraines have none. These springs may be an important pathway by which 

groundwater reaches the stream (Baraer, 2015; Mark, 2005). Quantification of spring water 

tributaries to the main channel is needed to confirm the hypothesis that springs are potentially a 

main pathway for groundwater to enter the main channel. If this is correct, a combination of diffuse 
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and point sources of groundwater could be used to more accurately represent field conditions in 

heat tracing.  

When determining groundwater contribution based on stream temperature, one limitation is that 

we cannot distinguish between warming caused by either a loss of stream water from the channel 

to the subsurface, or by a gain in warmer groundwater. In our case, however, we can generally rule 

out large losses of stream water, as a significant net loss would be required to achieve the observed 

warming downstream. Additionally, while HFLUX is able to model losses of stream water to the 

subsurface (Glose and Lautz, 2013), it does not have the capacity to model concurrent gains and 

losses. This could be modified to improve future versions of the model. 

2.7.2 Dye tracing 

The dye tracing results of this study can be compared to the discharge profile measured over the 

lower moraine in the Quilcayhuanca Valley in 2012 by Gordon et al. (2015). For the same section 

of stream, gross gains and losses were found to be larger in 2012 than in 2014, particularly at the 

boundary of the lower moraine and lower meadow where 2012 results indicate significant tracer 

dilution occurs. This difference may be a result of different precipitation amounts in 2012 than 

2014. In both 2014 and 2012, a loss and subsequent gain in stream discharge over the lower 

moraine was observed. Stream water is lost to the subsurface in the upper half of a moraine reach 

and then gained towards the bottom of the moraine, resulting in only a small net change in 

discharge.  

One source of uncertainty for dye tracing is the potentially non-conservative behaviour of RWT 

where it may sorb to suspended sediment, porus media and organics in natural stream channels 

(Runkel, 2015). Significant decay of RWT in our experiment would result in an over estimate of 



Somers 2019 

45 
 

dye dilution and therefore of groundwater-surface water exchange. However, since we are not 

using RWT as a tracer through the hyporheic zone, stream water has limited contact with sediment 

and sorption is not through to have a significant impact on the observed dye concentrations. 

Figure 2.5 compares the apparent discharge profile from dilution gauging to the discharge profile 

from Simulation C (from heat tracing) on the primary axis. On the secondary axis, the minimum 

calculated gross gains and losses are shown for each of the four sections. The minimum gross gains 

and losses represent the amount of dilution needed for the heat tracing discharge profile to match 

the apparent discharge profile. The gross gains and losses have been normalized by dividing by 

the length of the reach. 

 

Figure102.5: Net and apparent stream discharge profiles (lower graph) and gross gains and 

losses (upper graph). In the upper graph, positive values indicate a gross increase in stream 
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discharge, and negative values indicated a gross decrease in stream discharge. Positive gross loss 

shown in Meadow 2 are a result of dye tracing error. 

From Figure 2.5 we see that the largest gross gains and losses occur over the lower moraine, 

suggesting that greater exchange of groundwater and surface water occurs here. This agrees with 

the suggestion of previous research (Gordon et al., 2015; Clow et al., 2003), which found that the 

moraines have larger and more heterogeneous particle sizes and therefore are thought to have a 

higher hydraulic conductivity. The meadows experience the smallest gross gains and losses but 

the largest net gains in stream flow due to the contribution of springs.  

It should be acknowledged that the contribution of groundwater to stream flow likely changes throughout 

the dry season as well as from year to year. Inter-annual variability in both precipitation and glacier melt 

influence the degree of subsurface saturation and the amount of water stored in the valley. 

2.7.3 Comparison between methods 

In this paper, heat tracing and dye tracing are used to complement each other, with heat tracing 

providing information on net gains, and dye tracing providing information on gross gains and 

losses. However, these two methods have some differences in a.) the nature of the tracer used and 

b.) how they quantify groundwater exchange. 

Using heat as a tracer is methodologically appealing because it requires little to no disruption to 

the environment, though it does require both time and substantial data collection. However, heat 

can be transmitted in several different ways. For example, in the hyporheic zone water lost to the 

subsurface can travel advectively within or out of the hyporheic zone. Alternatively, conductive 

heat transfer can occur in this zone, not only within the groundwater but also with the subsurface 

material, adding uncertainty to the thermal regime of the area below the streambed. The thermal 
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regime below the streambed is important because it determines the temperature of groundwater 

which is being contributed to the stream. 

Unlike heat, there is only one source of dye in our study area – the injection site. At the time scale 

of our experiment, it is assumed that when dye is lost to the subsurface it is not stored and later re-

contributed to the stream in any significant proportion.  

As mentioned in section 3.2.2, there is a potential methodological contradiction in the way that the 

two methods deal with groundwater–surface water exchange. Thermally, the calculated exchange 

should result in a stronger influence of groundwater on the temperature of the stream than that 

which is observed. Therefore, the exchange calculated from dye tracing may be overestimated. 

We believe this two-step approach is desirable because it goes beyond what either method can do 

in isolation and provides a way to investigate groundwater exchange.  

2.8 Conclusion 

Heat tracing results suggest that over the 3925 m study reach, the Quilcay River experiences a net 

gain of approximately 29% of its outflow discharge from groundwater during the dry season. The 

meadow sections experience more net gain in groundwater than the moraine sections. This 

suggests that springs, which upwell in the meadows, are a significant pathway for groundwater 

reaching the stream. These groundwater contributions from the HFLUX simulations are similar to 

the 24% groundwater contribution presented by Baraer et al. (2015), determined using 

hydrochemical mixing analysis in a similar study area in the Cordillera Blanca.  

The apparent discharge profile from dye tracing was used, in combination with the heat tracing 

results, to calculate gross gains and losses of water along the stream section. These results indicate 
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that 49% of the stream discharge at the section outlet, is exchanged with the subsurface, while 

producing no net gain in stream discharge. Gross gains and losses were larger over the moraine 

sections, particularly the lower moraine, indicating that more groundwater–surface water exchange 

occurs in the moraine sections. 

The stream heat budget in combination with dye tracing techniques is a viable way to quantify 

groundwater contributions at the reach scale in a remote catchment. These methods are 

complementary, allowing us to investigate both net and gross groundwater-surface water 

interactions. 

These results suggest that groundwater in the Quilcayhuanca Valley of the Cordillera Blanca 

provides a net contribution to stream flow during the dry season as well as significant exchange 

between the stored precipitation in the groundwater and the glacial melt derived surface water. 

Along with the work of Gordon et al. (2015) and Baraer et al. (2015), these findings support the 

paradigm that groundwater is an important contributor to stream flow in proglacial valleys of the 

Cordillera Blanca. As glaciers recede, groundwater will become increasingly important for water 

supply. The results from this study indicate that the amount of groundwater exchanged between 

the river and subsurface is substantial, and suggests that stored groundwater is recharged from not 

only precipitation (as is often assumed) but also partially from glacier melt derived stream-water. 

This creates complex feedbacks in predicting the impact of glacier melt on valley hydrology and 

further investigation is needed to determine if decreased glacial melt water may also lead to 

decreased groundwater- surface water exchange. 
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Chapter 3. Climate impacts on Andean water resources using a mountain systems approach 

Authors: Lauren D. Somers, Jeffrey M. McKenzie, Bryan G. Mark, Pablo Lagos, Gene-Hua 

Crystal Ng, Andrew Wickert, Christian Yarleque, Michel Baraer, Yamina Silva 

3.1 Context within thesis 

Hydrochemical mixing analyses by others (Baraer et al., 2015; Crumley et al., 2015) and work 

presented in Chapter 2 provide “snap shots” in time, which demonstrate groundwater’s importance 

in the mountain hydrological system and elucidate the processes and pathways involved. 

Numerical hydrological modelling is commonly used to transform this process understanding into 

a temporally continuous representation of hydrological conditions and also to project future 

hydrological change under climate change. Additionally, glaciers, surface water and groundwater 

systems are often modelled in isolation but, in mountain settings, these three systems are tightly 

coupled and interact to shape water resources. 

In this manuscript, I integrate glacier melt, surface water and groundwater modelling approaches 

to gain a holistic understanding of the hydrologic dynamics of the Shullcas Watershed in central 

Peru. I then use the calibrated model in combination with climate projections to project future 

glacier recession and changes in the amount and timing of stream discharge.  

3.2 Abstract 

Mountains act as vital water towers for downstream populations because the buffering capacity of 

snow and ice helps to sustain water resources during dry periods (Barnet et al, 2005; Viviroli et 

al, 2007; Prichard, 2017). Under a warming climate, glaciers in the tropical Andes are retreating 

faster than mountain glaciers anywhere else on earth (Paul et al., 2004; Bradley et al., 2006; 
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Rabatel et al. 2013; Vuille et al., 2018). Climate, glacier, surface water and groundwater systems 

are usually considered in isolation when assessing the impact of climate change on Andean 

hydrology (e.g. Juen et al., 2007; Huss & Hock, 2018; Yarleque et al., 2018). Here we show that 

the interactions between these systems shape the response of mountain water resources to climate 

change and that groundwater has an important and nuanced role to play. We use a novel mountain-

systems modelling approach to elucidate water storage and discharge dynamics in a proglacial 

Andean watershed and project the future impacts of climate change. For all climate scenarios, 

glacier coverage in the Shullcas Waterhsed, central Peru, is likely to disappear completely by 2100. 

The loss of glacier melt water is buffered to some extent by consistent groundwater discharge 

which only receives minor recharge (<2%) from glacier melt. However, increasing temperature 

and changes in precipitation act to decrease groundwater recharge in the long term, leading to 

decreased groundwater inputs to streams, particularly for “business as usual” carbon emission 

scenario RCP 8.5.  

3.3 Introduction 

Glaciers worldwide have been experiencing accelerated retreat since the 1980s due to climate 

change (Paul et al., 2004, Kaser et al., 2006) with tropical alpine glaciers experiencing the most 

rapid retreat (Paul et al., 2004; Bradley et al., 2006; Rabatel et al. 2013; Vuille et al., 2018). 70% 

of the world’s tropical glaciers are in the Peruvian Andes where glacier coverage has decreased by 

over 40% since the 1970s (Autoridad Nacional del Agua, 2014). Communities and industries in 

the Andes and on the Arid Pacific coast are vulnerable to intensifying climate-driven, dry season 

(May-September) water shortages (Vuille et al., 2018) as 80% of annual precipitation falls during 

the austral summer in the Peruvian Andes (Bury et al, 2013). 
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Recent studies in the Peruvian Andes have demonstrated the importance of groundwater for 

mountain streamflow generation (Baraer et al., 2015; Gordon et al., 2015; Somers et al., 2016; 

Glas et al., 2018) and are echoed in other high mountain environments including the Canadian 

(McClymont et al., 2010; Hood and Hayashi, 2015) and American Rocky Mountains (Liu et al., 

2004; Frisbee et al., 2011), and Himalayas (Anderman et al., 2012). These studies suggest that 

mountain groundwater, previously considered a minor contributor to streamflow, may provide 

resilience to climate change impacts (Tague et al., 2008). However, groundwater is frequently 

neglected or over simplified in hydrological modelling of proglacial mountain catchments due to 

the computational intensity of joint modelling and a lack of observational groundwater data (Juen 

et al., 2007; Ragettli et al., 2014). Unlike previous research, our contribution integrates lateral 

groundwater flow by integrating distributed groundwater modelling with surface water, and glacier 

melt modelling. We combine our extensive field observations with a systems modelling approach 

to elucidate the role of groundwater in a proglacial mountain hydrological system and assess the 

capacity of mountain groundwater to buffer the hydrological impacts of climate change and glacier 

recession.  

The Shullcas Watershed, central Peru, is a typical proglacial Andean watershed comprised of steep 

alpine grasslands and flatter valley bottom wetlands. It is underlain by glacio-fluvial soils above 

metamorphic rock of the Huaytapallana Complex in the north and weakly metamorphosed 

sedimentary rock of the Mitu, Cabanilla and Pucara Groups in the south (Chew et al., 2016). The 

Shullcas River is partially fed by glaciers of the Cordillera Huaytapallana, which have retreated 

55% between 1984 and 2011 (Lopez-Moreno et al., 2014). The outflow river is the primary water 

source for the city of Huancayo (population: 365K; Instituto Nacional de Estadistica y Informatica, 

2012) which frequently experiences water shortages during the dry season (Mark et al., 2017). The 
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social and economic importance of this watershed and availability of climate, glacier, hydrologic 

and hydrogeological data, make the Shullcas Watershed an ideal test site to use a parsimonious 

(Voss, 2011) systems approach to assess the impact of climate change on Andean hydrology. 

 

3.4 Methods 

3.4.1 Field data collection and processing 

We obtained monthly streamflow data at the watershed outlet from 1985 to 2009 from the Peruvian 

National Water Authority (ANA). Daily meteorological records, including maximum and 

minimum air temperature, and precipitation, are from the National Meteorology and Hydrology 

Service of Peru (SENAMHI) for two primary meteorological stations (Huaytapallana, 4684 masl, 

and Shullcas, 3839 masl; Figure 3.1a) within the watershed from 2008 to 2018. 

(https://www.senamhi.gob.pe/?&p=estaciones). Two additional weather stations (Huayao and 

Santa Ana) located within 20 km of the watershed and data from NASA’s Tropical Rainfall 

Measurement Mission (TRMM version 3B42 RR, Huffman and Bolvin, 2018) at 0.25 degree 

resolution, were used to extend temperature and precipitation inputs, respectively, back to 1998 

and fill data gaps using linear regression to the primary stations. To account for orographic effects, 

precipitation and temperature were spatially distributed across the model domain based on 

elevation lapse rates calculated from the two main stations within the watershed. 

In June, 2015 we installed 5 stream discharge gauges and 2 lake level gauges (3 years of data 

available). In July 2016 we installed an additional stream gauging station and 7 shallow (<2.5m) 

groundwater table wells (2 years of data available, Figure 3.1a). Streamflow at each station is 

https://www.senamhi.gob.pe/?&p=estaciones
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calculated based on stage observations and a calibrated rating curve. Both streamflow and water 

table depth were recorded at a minimum frequency of one hour across all gauges and are 

compensated for barometric pressure changes. 

3.4.2 Integrated groundwater-surface water modelling 

We use GSFLOW (Markstrom et al., 2008) version 2.0.0, a combined surface water and 

groundwater numerical model created by the U.S. Geological Survey, which we couple to a glacier 

melt module, to simulate the hydrological system of the Shullcas Watershed. The surface water 

component is based on the Precipitation Runoff Modeling System (PRMS) and discretized into 

hydrologic response units (HRUs). HRUs exchange water with the finite difference groundwater 

model, MODFLOW, a widely used groundwater flow model. MODFLOW-NWT, which employs 

a Newtonian formulation for solution, is used to improve model convergence in the steep 

topography of the study site. Input files are prepared using GRASS-GSFLOW version 1.0.0 (Ng 

et al, 2018).  

The ASTER Global Digital Elevation Model with 30-m resolution (Tachikawa et al., 2011) is used 

to define the watershed boundaries and topography. Land cover types and associated inputs are 

assigned for the HRUs based on separate analysis of Landsat satellite imagery of the Shullcas 

Watershed (Sadler et al., in review). Input parameters are based on field measurements where 

possible, or literature values, if not. A table of selected input parameters and GSFLOW input files 

are included in the Supplementary Materials, Table 3.2. 
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3.4.3 Glacier melt module 

A semi-distributed, modified temperature-index model is used to simulate glacier melt and mass 

balance for the Huaytapallana glaciers. The glacier area is divided into 100 m elevation bands. 

Temperature and precipitation lapse rates are calculated from the two weather stations in the 

Shullcas Watershed and are applied to calculate the temperature and precipitation for each 

elevation band per time step. Seasonal melt factors are calibrated to match glacial lake outflow for 

the Chuspicocha lake. For projection runs, glacier area observations by Lopez-Moreno (2014) are 

used to validate the calibrated glacier module. Simulated glacier melt is applied to the GSFLOW 

model as precipitation. 

Temperature-index modelling is not ideal for tropical glaciers because the seasonality of humidity 

and solar radiation can de-couple melt from air temperature (Hock, 2003). In our case, lack of 

humidity and radiation data makes energy balance modelling impossible. Therefore, we employ 

seasonal melt factors, where the dry and rainy season have different melt factors (after Quick and 

Pipes, 1977, see equation 3.1 in supplementary materials), to help account for this limitation. Our 

temperature index model was able to reproduce general trends in glacier melt and retreat. 

3.4.4 Model setup and calibration 

The model has a daily time step and uses a steady state spin up followed by a 30-year, transient 

spin up period. The transient spin up repeats weather from 2001 when annual precipitation was 

close to the long-term average. We confirm that the model is stabilized after the spin up period by 

comparing the saturated groundwater storage for the last two years of the spin up, and find less 

than 0.5% difference. Furthermore, three constant head MODFLOW cells are placed downstream 
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of the watershed outlet point to allow for some groundwater out of the modeled domain. This 

boundary flow is very small compared to groundwater discharge to the stream. 

The joint GSFLOW and glacier model is calibrated using an aggregate error metric that combines 

multiple data sources to ensure process representation of the model. The aggregate error metric is 

calculated based on the root mean square error of the model output to the long-term monthly 

streamflow record and 6 short-term stream flow records (locations shown in Figure 3.1a) and is 

formulated such that downstream gauges are weighted more heavily, proportional to discharge. 20 

key parameters were manually calibrated within a range of probable values. A detailed description 

of the aggregate error metric and parameter calibration procedure are included in the 

supplementary materials.  

The model is run over 2 time periods: The first is from 1998 to 2018 where the model is driven by 

meteorological observations from within the Shullcas Watershed. This time period is used for 

model calibration and analysis of hydrograph components. The second is from 1961 to 2099 where 

the model is driven by the downscaled GCM outputs and is used for hydrologic projections. 

3.4.5 Sensitivity analysis 

Given limited computational capacity, a one-at-a-time sensitivity analysis (Zheng and Bennet, 

2002) is performed to assess the uncertainty of the results. We select 4 sets of input parameters of 

high uncertainty and define a range of extreme possible values and run the model using each one. 

We then calculate the RMSE between the altered and base case stream discharge from 2015 to 

2018, the period of record for our 6 daily stream gauges (Table 3.4). The resulting conservative 

estimate of uncertainty on modeled streamflow is ± 23% (p=0.05), calculated by adding the 
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resulting RMSE together and defining the confidence interval assuming normally distributed 

model outputs (See supplementary materials). 

3.4.6 Climate projections 

Climate projections were generated from the regional dynamic ETA model (Chou et al., 2014a; 

2014b) by the Center for Weather Forecasting and Climate Studies (CPTEC) at the Brazilian 

National Institute for Space Research (INPE). The ETA model uses the MIROC5, CanESM2, and 

BESM GCMs under historical, and future (RCP4.5 and RCP8.5) downscaling scenarios with a 

spatial resolution of 20 km and a daily time step from 1961 to 2099. The regional simulations were 

obtained by request at http://projeta.cptec.inpe.br. 

The atmospheric variables required for hydrologic modelling include maximum and minimum 

temperature, and precipitation. Daily temperatures were corrected using the (classical) additive 

bias correction technique (Bordoy and Burlanto 2013; Hawkins et al., 2012), while daily 

precipitation raw data were corrected in two steps. First, Linear scaling (Smitha et al 2018) or 

multiplicative shift (Ines and Hansen 2006) bias correction was used, with a 3-months sliding 

windows precipitation. Second, the Quantile mapping bias correction technique (Ines and Hansen, 

2006) was applied following the Grillakis et al. (2013) procedure.  

 

3.5 Results 

Daily measurements of precipitation, and maximum and minimum temperature from two 

meteorological stations within the watershed and several others nearby are used to calculate lapse 

rates and force the model between 1998 and 2018. Input parameters for integrated modelling were 
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selected through field observation and literature search (Supplementary Materials, Table 3.2). 

Given the large number of parameters, we manually calibrate (>100 calibration runs) selected input 

parameters to long-term monthly streamflow records at the watershed outlet from 1998 to 2009 

and daily streamflow records at six stations within the watershed from 2015 to 2018 (Figure 3.1a 

and Figure 3.4). The glacier melt module is manually calibrated to outflow from the glacial 

Chuspicocha Lake from 2015-2018. Dry and rainy season melt factors of 2.8 and 3.0 mm d-1°C-1 

respectively yielded the best fit to observed meltwater production. The relatively low melt factors 

are consistent with the dry, high radiation setting where more of the energy for melt is partitioned 

to sublimation (Hock, 2003; Fernandez and Mark, 2016). Sensitivity analysis is then used to assess 

the impact of parameter selection on our results.  

Nash-Sutcliffe Model Efficiency (EN-S) for stream discharge ranged from -0.46 to 0.74 (See 

supplementary material Figure 3.5, Table 3.2), with 4 of the 6 gauging stations having EN-S greater 

than 0.5 (A hydrological model is often considered to adequately represent observed data if EN-S 

> 0.5; Moriasi et al., 2007). Operation of a small dam at gauge 1 and road construction upstream 

of gauge 5 may have led to interference with the natural hydrograph and explain the low model 

efficiency at these locations (discussed further in supplementary materials). Average modeled 

water table depth matched well with observations from our two groundwater table well clusters 

with root mean square errors (RMSE) of 0.20 and 1.50 m for the Chuspicocha and Huacracocha 

areas respectively from 2016 to 2018. The model underestimates the range in water table 

fluctuations due to the comparatively large grid-cell size.  
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Figure113.1: Maps of the Shullcas 

Watershed. (A, inset) location of Huancayo 

city (pop: 365 000) which relies on the 

nearby, proglacial Shullcas Watershed for 

the majority of its water supply. (A) Land 

surface elevation, locations of field 

measurements and Huaytapallana Glaciers 

in the north. (B) Water table elevation for 

January 1, 2000 mimics the land surface 

elevation. (C) Change in water table 

elevation between average levels for 2000-

2009 and 2090-2099 inclusive, using 

regional ETA climate projections 

downscaled from MIROC5 RCP 4.5.  
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3.5.1 Groundwater dominates dry season streamflow 

The calibrated model allows us to continuously quantify sources and pathways of streamflow 

generation. On average, modeled glacier melt contributes only 8.0% of Shullcas River outflow 

discharge from 1998 to 2018. As additional validation, hydrochemical mixing analysis by Crumley 

(2015) found that between 8.9 and 17% of Shullcas River outflow from July 10-22, 2014 was 

sourced from glacier melt and the remainder from groundwater. Over the same time period, our 

results indicate an average glacier melt contribution of 11% of the outflow stream discharge with 

maximum and minimum on individual days of 12 and 8.5% respectively, increasing confidence in 

our results. 

Figure 3.2a shows the breakdown of the modeled hydrograph at the watershed outlet for one 

sample year (2016-2017). Over the modeled period from 1998 to 2018, modeled groundwater 

discharge from the saturated zone to the stream ranges from -4.4 to 93 % of total outlet stream 

discharge. Negative groundwater discharge indicates that the stream is recharging the groundwater 

system, which occurs on days with very high precipitation. During the dry season, groundwater 

from the saturated zone contributes, on average, 72% of stream discharge and is the dominant 

pathway for streamflow generation. Interflow (shallow, preferential flow through the unsaturated 

zone) to the stream ranges from 6.9 to 100% of outlet stream discharge and dominates (60%) 

during the rainy season.  
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Figure123.2: Modeled stream fluxes and storage reservoirs for the Shullcas Watershed between 

Aug 1, 2016 and 2017 (arbitrarily selected year). (A) plot of precipitation, and stacked plot of 

stream flow contribution pathways. Streamflow without glacier melt is shown by the black line 

separately form the stacked plot since glacier melt can contribute through overland flow, interflow 

or groundwater discharge. (B) Cumulative change in water storage for modeled reservoirs. The 

capillary reservoir, gravity reservoir and unsaturated zone storage have a net storage change that 

is close to zero while the saturated zone storage has a net negative storage change, indicating that 

it is dominated by multi-year trends in recharge. 
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3.5.2 Glacier melt contributes little to groundwater recharge 

While glacier area accounted for 2.4% of the watershed area in 2015, only 1.9% of saturated zone 

groundwater discharge to the stream was originally sourced from glacier meltwater. This is 

attributed to the high (overland) runoff ratio of bare rock near the glacier termini and suggests that 

glacier sourced groundwater recharge is localized to the area near the glacier. The low contribution 

of glacier melt to groundwater suggests that overall, groundwater recharge in this watershed will 

be resilient to a reduction in glacier meltwater input.  

To our knowledge, the only other quantitative estimate of glacier melt contribution to groundwater 

comes from a headwater catchment on Volcán Chimborazo in Ecuador, where 18% of groundwater 

discharge is sourced from glaciers which cover 34% of the watershed area (Saberi et al., 2019). 

This may suggest a useful relationship between glacier coverage as a proportion of watershed area, 

and glacier sourced groundwater discharge, similar to the relationship proposed by Baraer et al. 

(2015) between glacierized area and glacier melt contribution to streamflow. However, this 

relationship likely varies with climate and topography, and requires more estimates in different 

basins to expound.  

Our results show that 37% of total annual streamflow reaches the stream through the saturated 

groundwater zone. These results complement work by others (Hood and Hayashi, 2015) to 

demonstrate that mountain groundwater is an important contributor to streamflow, including 

Andermann et al., (2012) who estimate that groundwater accounts for 2/3 of annual river discharge 

of three Himalayan basins.   

An analysis of simulated groundwater head distribution (Figure 3.1b) shows the water table 

remains close to the ground surface in valley bottoms and near streams, but drops well below the 
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unconsolidated surficial aquifer (0-20 m below ground surface (bgs)) in highland and steep areas 

(as low as 176 m bgs). Therefore, much of the modeled groundwater flow towards the streams 

occurs, at least partially, through the fractured bedrock aquifer, as suggested in other mountain 

hydrological studies (Clow and Sueker, 2000; Liu et al., 2004; Andermann et al., 2012). The longer 

and slower flow paths through bedrock allow groundwater to contribute to streamflow year round. 

3.5.3 Soil water and unsaturated zone storage fluctuate seasonally while saturated 

groundwater storage follows multi-year trends  

Soil zone storage (i.e. the sum of capillary storage and gravity storage calculated in GSFLOW), 

and unsaturated and saturated groundwater zone storage all fluctuate seasonally as they are 

recharged during the rainy season and drained during the dry season. Figure 3.2b shows the 

cumulative storage change in the model reservoirs for the 2016-2017 hydrologic year. The range 

in cumulative storage change (i.e.annual storage) is largest in the unsaturated groundwater zone 

(0.0158 km3), followed by the soil zone (0.0095 km3) and the saturated groundwater zone (0.0060 

km3). For reference, a city the size of nearby Huancayo uses approximately 0.023 km3 of water 

per year based on the population and an average Peruvian water usage of 175L/day (United Nations 

Development Report, 2006).  

However, the timing of changes in storage is an important parameter for water resources. While 

the unsaturated and soil zones have large annual storage, these reservoir are quickly depleted after 

the end of the rainy season. Annual storage in the saturated groundwater zone is smaller, but 

continues to drain throughout the dry season. The negative net change in saturated storage in this 

particular year (Figure 3.2b) illustrates the multi-year time scales on which groundwater acts and 

its ability to buffer inter annual climatic variability. It also supports the characterization of 
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groundwater as a resource with a long memory (Cuthbert et al., 2019), even in a mountain 

environment where hydraulic gradients are high.   

3.5.4 Rapid projected climate warming causes disappearance of Huaytapallana Glaciers 

We simulate future hydrologic conditions using dynamically downscaled climate projections from 

three general circulation models (GCMs): MIROC5, CanESM2 and BESM under historical and 

future (RCP4.5 and 8.5) scenarios from 1961 to 2099. The ETA regional climate model (RCM) 

(Chou et al., 2014a; 2014b) is used for downscaling and results are corrected to historical data 

from the Huayao meteorological station (1975-2005). 

Observed historical warming at the Huayao Meteorological station from 1975 to 2005 was 0.42°C 

per decade. The projected rates of warming from the ETA RCM over the 21st century were 0.46 

and 0.88 °C per decade for RCP 4.5 and 8.5 emission scenarios respectively (Figure 3.3a). For the 

RCP 4.5 scenario, minimum and maximum temperature begin to stabilize around 2070. The high 

projected rate of warming is consistent with elevation dependent warming (EDW) that has been 

observed and projected in areas of high elevation (Urrutia and Vuille, 2009; Seth et al., 2010; 

Mountain Research Initiative EDW Working Group, 2015). For RCP 4.5, little change is projected 

in precipitation and the GCMs disagree on the direction of change, whereas RCP 8.5 projects more 

negative trends in precipitation.  
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Figure133.3: Climate, glacier and hydrologic projections. (A) Projected change in maximum, 

minimum temperature and glacier area from 1960 to 2099 and observed glacier areas reprocessed 
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from Lopez-Moreno, 2014. (B) Modeled dry season streamflow, groundwater discharge and 

glacier melt. Peak glacier runoff occurs in 2017. (C) Change in mean monthly streamflow between 

the first and last decade of the 21st century. (D) Change in groundwater discharge between the 

first and last decade of the 21st century. (E) The proportion of streamflow that comes from 

groundwater discharge, where a value of 1 means that all streamflow is sourced from groundwater 

discharge. 

 

We reanalyzed remote sensing results from Lopez-Moreno et al. (2014) and determine that the 

glacier area within the Shullcas Watershed decreased by 30% between 1984 and 2011. Figure 3.3a 

shows that the simulated glacier area for the historical period compares well with remote sensing 

observations (R2 = 0.67).   

All emission scenarios and GCMs run through our glacier melt module project the complete 

disappearance of the Huaytapallana glaciers by the end of the 21st century (Figure 3.3a) with the 

most conservative scenario projecting disappearance (glacier area <100m2) in 2085. These 

projections are comparable to equilibrium line elevation projections for the Quelccaya Ice cap, 

approximately 400 km to the southeast of our study area with a summit elevation of 5680 m a.s.l. 

(Yarleque et al., 2018) (Huaytapallana summit elevation is 5557 m a.s.l.). Though climatic settings 

vary, approximately 2330 glaciers in the Peruvian Andes have summit elevations of less than 5500 

m a.s.l (as of 2014, Calculated from ANA, 2014) and therefore likely face similar outlooks. 

The glacier melt module uses a temperature-index scheme to calculate melt and therefore is 

insensitive to possible changes in humidity and solar radiation (Hock, 2003). However, lacking 

both historical data or future projections of humidity and solar radiation, the temperature index 
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approach serves as a good estimate of future glacier melt (Fernández & Mark, 2016). Furthermore, 

the glacier module does not include edge effects feedbacks, where longwave radiation from rock 

surrounding the glacier plays an increasingly important role as the glacier retreats (Aubry-Wake 

et al., 2015); or elevation feedbacks, where glacier thinning lowers the elevation of the glacier 

surface and is subjected to higher temperatures (Weertman, 1961) making our glacier melt 

projections conservative. 

3.5.5 Groundwater temporarily buffers loss of glacier melt under future climatic conditions 

As glaciers recede, meltwater production initially increases to a maximum, known as “peak water”, 

before dropping off as the glacier continues to retreat (Gleick and Palaniappan, 2010). Glacier 

peak water has passed for approximately half of glaciered drainage basins globally (Huss and 

Hock, 2018) and an even higher proportion in the Andes (Baraer et al., 2012). Our results show 

modelled glacier meltwater production peaks when glacier areal retreat is fastest, around 2013, 

during a relatively warm period in the climate projections, then steadily drops off until it becomes 

zero when the glacier disappears.  

The projected decrease in glacier melt in turn affects the stream discharge. During the dry season, 

glacier melt contribution to streamflow steadily decreases after peak water but groundwater 

discharge to the stream remains relatively constant (Figure 3.3b), thereby maintaining a buffer to 

stream flow during the dry season when downstream water stress is at a maximum. However, as 

temperature increases, so does potential evapotranspiration (PET), calculated using a Priestley-

Taylor approach, which reduces groundwater recharge. The effect of increasing ET can be seen in 

the gradual decreasing trend in dry season groundwater discharge (Figure 3.3b). This effect is more 
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severe in the RCP 8.5 scenario where temperature continues to increase through 2099 and there is 

a severe reduction in precipitation for some GCMs. 

Table 3.1 and Figure 3.3c,d,e summarize modeled changes in climatic and hydrological variables 

between the first and last decade of the 21st century. Though both RCP 4.5 and 8.5 predict complete 

loss of glacier melt water, there is a marked difference in streamflow between the scenarios. RCP 

8.5 has lower stream flow and groundwater discharge year round due to both lower precipitation 

and higher ET. These projections do not account for changes in vegetative community and 

increases in the vertical vegetation threshold that may further increase ET. Furthermore, 2000-

2009 was, in general, dryer than other decades, meaning that the changes in precipitation, ET and 

streamflow may be understated. Both future scenarios project that a larger proportion of 

streamflow will come from groundwater (Figure 3.3e).  

Table53.1: Changes in model fluxes between 2000-2009 and 2090-2099  

Model Flux RCP 4.5 RCP 8.5* 

2000-

2009  

2090-

2099 

% 

change 

2000-

2009  

2090-

2099 

% 

change 

Precipitation (m3/d) 563 079 529 630 -5.94 518 658 375 939 -27.5 

Evapotranspiration 

(m3/d) 

211 772 250 567 +18.3 210 809 231 848 +10.0 

Glacier melt (m3/d) 26 220 0 -100 26 839 0 -100 

Stream flow (m3/d) 

       Dry season 

       Rainy season 

349 480 

132 801 

504 249 

278 011 

97 053 

407 266 

-20.5 

-26.9 

-19.2 

314 713 

129 431 

447 058 

156 527 

87 516 

205 821 

-50.3 

-32.4 

-54.0 

Groundwater discharge 

to stream (m3/d) 

103 905 85 651 -17.6 101 408 65 523 -35.4 

    * Excluding BESM simulations so that RCP 4.5 and 8.5 are averaging the same number of runs 

 

All of the modeled climate scenarios project a decrease in water table elevation and groundwater 

storage (Supplementary Materials Table 3.5). On average, the groundwater table drops by 8.8 and 
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13.4 m for RCP 4.5 and 8.5 respectively, over the 21st century. The loss of groundwater storage in 

the watershed is not spatially uniform. Figure 3.1c shows the change in water table between the 

beginning and end of the 21st century for the MIROC5 RCP 4.5 scenario. The greatest changes in 

head occur beneath the Huaytapallana glaciers where the loss of meltwater decreases groundwater 

recharge, and beneath the steepest hillslopes in the watershed where hydraulic gradient is greatest. 

The least amount of change occurs near the stream network and in the high flat areas of the 

watershed. Spatial patterns between climate scenarios differ slightly and are described in 

Supplementary Materials Table 3.5. Similarly, groundwater projections in a forested watershed in 

eastern Canada also exhibit the largest water table changes beneath topographic highs (Cochand 

et al., 2018).  

3.5.6 Uncertainty of results 

A one-at-a-time sensitivity analysis indicates that model results are most sensitive to the priestly-

Taylor  coefficient for calculating ET, followed by the hydraulic conductivity of the fractured 

bedrock layer, the interflow coefficient and the glacier melt factors (see Supplementary Materials, 

Table 3.4). The uncertainty associated with the climate projections is larger than the uncertainty 

associated with any individual hydrological input parameters, consistent with other studies (Teng 

et al., 2012) and the difference between GCMs is greater than the difference between RCPs 4.5 

and 8.5. However, since our analysis is limited to the 3 GCMs in the regionally focused ETA 

model, we cannot comprehensively quantify the associated uncertainty.  

3.6 Conclusions 

Though historically considered a minor component of mountain streamflow (Liu et al., 2004), our 

results demonstrate the current and future importance of groundwater in the mountain system. We 
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use a distributed, deterministic approach to show that groundwater is the dominant source of 

streamflow throughout the dry season in the Shullcas watershed, a typical proglacial Andean 

watershed. Furthermore, though glacier melt contributes approximately 8% of streamflow, glacier 

melt contributes little (<2%) to groundwater recharge, making watershed groundwater storage 

resilient to decreases in glacier melt. By applying an ensemble of climate models, we project the 

complete disappearance of the Huaytapallana glaciers by 2085. In the near term, consistent 

groundwater discharge mediates the loss of glacier melt. But, in the long term, increasing ET and 

decreasing precipitation decrease groundwater recharge, particularly for the high carbon emission 

scenarios. These hydrologic projections results in decreases in dry season streamflow of 27% (RCP 

4.5) to 32% (RCP 8.5) over the 21st century. Figure 3.4 is a conceptual representation of projected 

hydrologic changes in a proglacial Andean watershed under climate change.  
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Figure143.4: Conceptual model of an Andean proglacial watershed showing hydrologic pathways 

and future changes in hydrologic variables including groundwater storage (i.e. lower water table), 

glacier melt, dry season streamflow. 

 

Recent global-scale glaciological studies (e.g. Huss and Hock, 2018) provide critical information 

about future glacier change and the timing of glacier peak water. However, our findings contribute 

important context to these glacier projections and show that water resource response to climate 

change in proglacial mountains is shaped, not only by glacier change but by surface and 

groundwater hydrological processes.   
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3.8 Supplementary Material 

 

3.8.1 Glacier melt module 

The glacier melt module employs a modified temperature-index approach which calculates melt, 

m, for each band, b, as: 

𝑚𝑏 =  {
𝑀𝐹𝑠(𝑇 − 𝑇𝑐𝑟𝑖𝑡), 𝑇 > 𝑇𝑐𝑟𝑖𝑡

 0,                           𝑇 ≤ 𝑇𝑐𝑟𝑖𝑡 
                                               (3.1) 

 

(e.g. Where MFs is the melt factor of a given season, s (dry or rainy), T is the average daily 

temperature and Tcrit is the minimum temperature where melt is possible (0 in this case), both in 

degrees Celsius.  

At each time step, t, the mass balance of the glacier, Mass, is calculated as: 

𝑀𝑎𝑠𝑠𝑡 =  𝑀𝑎𝑠𝑠𝑡−1 + 𝜌 ∑ (𝑆𝑛𝑏 − 𝑚𝑏 − 𝑆𝑢𝑏𝑏) ∗ 𝐴𝑏       𝑏
1                        (3.2) 
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Where 𝜌 is the density of water, 1000kg/m3, Sn is the total daily snow fall in meters of water 

equivalent, Sub is the daily sublimation in meters and A is the area of the elevation band in square 

meters. Sublimation is included since it represents an important energy flux for tropical glaciers. 

It is calculated in the same way as glacier melt using Equation 3.2 but using sublimation factors 

that are one tenth of the melt factors since sublimation requires approximately ten times as much 

energy as melt. 

Net change in glacier mass, calculated with Equation 3.2, is applied to the glacier where 20% of 

the mass change comes from the thickness and 80% of the change is from the glacier margin. As 

the glacier recedes, mass is lost from the bottom most elevation band until there is no mass 

remaining. For the sake of simplicity, there is no accounting for glacier flow. 

Given the available data, this methodology provides a realistic though approximate estimate of 

glacial retreat. However, glacier retreat is likely to respond to changes in incoming solar radiation 

and humidity that are beyond the scope of our study.  

3.8.2 Selection of GSFLOW model input parameters 

Selected input variables and the range of calibration values where applicable, are included in Table 

3.2 to facilitate comparison with other studies. Further details on specific input parameters are 

listed below. 

Hydraulic conductivity of the upper layer is assigned using the createSpatialHydCond function in 

GRASS-GSFLOW which distributes hydraulic conductivities according to the distance from the 

stream network (Ng. et al., 2018). This assumes higher hydraulic conductivities closer to the 

stream network where subsurface materials are coarser and fluvial in origin, and lower further 
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from the stream at higher elevations where bedrock is closer to the surface. To simplify model 

calibration, hydraulic conductivity of the bedrock layer is constant across geologic facies. 

Shallow boreholes in two flat wetland areas in Chuspicocha and Huacracocha valleys (Figure 3.1a) 

showed a mixture of silty clay with sand and gravel seams. Road cuts approximately 10 m deep 

showed poorly sorted glacial soils ranging from boulders to silt. See Sadler et al., (in review) for 

complete description of soil profiles. These field observations provided a starting point for 

estimation of hydraulic conductivities from literature values (Heath, 1983).  

Subsurface layer thickness for the unconsolidated upper layer is 20m based on road cut 

observations that expose over 10 m of poorly sorted soils. The fractured bedrock layer extends 180 

m below the unconsolidated layer under the assumption that bedrock can be considered 

impermeable below that depth. Though this approach allows for a parsimonious model structure, 

it is limited in that it does not allow for deep groundwater circulation (Frisbee et al., 2017). Future 

work should seek to elucidate model sensitivity to the inclusion of this process. 

 

The Priestley-Taylor α coefficient is used to calculate PET. A value of 1.26 is often considered a 

default for mid-latitudes. However, a value of 1 or lower is used in the literature to represent alpine 

grasslands and arctic tundra due to moisture limitations (Saunders et al., 1997; Eaton et al., 2001; 

Hood and Hayashi, 2015) and values as low as 0.35 have been reported for bare soil (Khaldi and 

Hamimed, 2014). For HRUs which represent a mixture of glacier and rock, a value of 0.1 is used 

to represent the limited evaporation from rock surfaces in these areas since sublimation is 

calculated in the glacier module.  
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Table63.2: Model Setup and selected Input parameters for GSFLOW 

Input 

Parameter 

GSFLOW 

variable 

name 

Value  

(Calibration 

Range if 

applicable) 

Notes, Source and References 

MODFLOW Subsurface Zone 

Number of layers NLAY 2 (1-2) Upper layer represents 

unconsolidated material. Lower layer 

represents fractured bedrock. 

Subsurface Layer 

Thickness (m, Top, 

bottom) 

DZ 20, 180 Estimation of unconsolidated layer 

thickness supported by road cut 

observations 

Number of rows NROW 90  

Number of columns NCOL 63  

Width, Length of 

MODFLOW cells (m) 

DELR, DELC 242.3 m, 245.8 m  

U
p

p
er

 L
a
y
er

 

Horizontal 

Hydraulic 

Conductivity (m/d) 

HK 0.05-0.2 

(0.005-0.5) 

Unconsolidated glacial and fluvial 

sediments. Higher hydraulic 

conductivities closer to stream 

network representing deeper soil 

development.  

Vertical hydraulic 

conductivity (m/d) 

VKS 0.025-0.1  

(0.0025-0.25) 

Anisotropy = 2 

Specific Yield  Sy 0.35 (0.2-0.35)  

Specific Storage Ss 2 e-6 * 

L
o
w

er
 L

a
y
er

 Horizontal 

Hydraulic 

Conductivity (m/d) 

HK 0.01 (0.01-0.2) Fractured metamorphic bedrock 

Vertical hydraulic 

conductivity (m/d) 

VKS =HK Anisotropy = 1 

Specific Yield  Sy 0.15 (0.15-0.35)  

Specific Storage Ss 2 e-6 * 

Spin-up recharge (m/d) FINF 0.0007  

(0.00025-0.0007) 

Approximately equal to average 

daily precipitation * 0.25 

Brooks-Corey Epsilon EPS 3.5 * 

MODFLOW Streamflow Routing 

Manning’s n ROUGHCH 0.035 For combination gravel, cobbles and 

boulder bed river 

Overbank Manning’s n ROUGHBK 0.060 For grassland 

Channel Width (m) WIDTH 3 Average field Measurement 

Number of stream 

Segments 

NSEG 59  

PRMS Soil Zone 

Number of HRUs nhru 45 Generated using GRASS-GSFLOW 

(Ng et al., 2018) 
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Priestly-Taylor α 

       Glacier and Rock 

       Moraine 

       Humid grassland 

       Grassy hillslope 

pt_alpha  

0.1 

0.5 

0.8 

0.9 

A PT-α value of 1.26 is often 

considered a default for mid-

latitudes. However a value of 1 or 

lower is used in the literature to 

represent the alpine grasslands and 

arctic tundra due to moisture 

limitations (Saunders et al., 1997; 

Eaton et al., 2001; Hood and 

Hayashi, 2015) and values as low as 

0.35 have been reported for bare soil 

(Khaldi and Hamimed, 2014).  

Vegetation threshold (m 

asl) 

 4700  Approximate elevation above which 

there is no vegetation 

Soil Type for ET 

calculation 

soil_type Loam (2), sand (1) Field observation from boreholes, 

shallow excavations and road cuts 

Land cover type Cov_type Grasses (1),  

Shrubs (2) 

Field observation and remote sensing 

by Sadler et al., (in review) 

vegetation cover density 

(summer, winter) 

covden_sum, 

covden_wi 

0.8 (0.6-0.8) Field observation* 

Rain interception 

capacity (inches, 

summer, winter) 

Srain_intcp, 

Wrain_intcp 

0.05 

* 

Maximum capillary 

storage (in) 

soil_moist_ma

x & 

soil_rechr_ma

x 

1-1.5  (1-12) 

* 

Linear coefficient to 

compute transfer from 

PRMS to MODFLOW 

Ssr2gw_rate 0.05 (rock and 

glacier) – 0.15 

(other) (0.04-4) 
* 

Exponent to compute 

transfer from PRMS to 

MODFLOW 

Ssr2gw_exp 0.75 

* 

Decimal fraction of soil 

zone available for 

preferential flow 

pref_flow_den 0.05 (0.05 - 0.3) 

* 

Soil zone saturation 

threshold (in) 

sat_threshold 3-4  (3-20) 
* 

Linear coefficient for 

slow interflow (per day) 

slowcoef_lin 0.015  

(0.001-0.02) 
* 

Non-linear coefficient 

for slow interflow (per 

inch day) 

slowcoef_sq 0.05  

(0.001-0.1) * 

Linear coefficient for 

fast interflow (per day) 

fastcoef_lin 0.1  

(0.05-0.4) 
* 

Non-linear coefficient 

for fast interflow (per 

inch day) 

fastcoef_sq 0.1-0.15  

(0.01-0.6) * 

* Values from Sagehen example in Markstrom et al. (2008) were used or used as a starting point for 

parameter calibration 
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3.8.3 Coupled model calibration 

The climatic setting of the Shullcas watershed lends itself well to the calibration of a joint surface 

water and groundwater model. Since very little precipitation falls during the dry season, the 

baseflow recession pattern and dry season streamflow serves as an excellent calibration target for 

the groundwater flow parameters. Meanwhile, the rainy season hydrograph serves as a good 

calibration target for the interflow parameters.  

In order to calibrate the joint glacier-surface-groundwater model, we calculate an aggregate 

performance metric which includes our six, three-year, daily streamflow records and the 11 year 

monthly streamflow record (Figure 3.5). The root mean square error (RMSE) is calculated for each 

available record and the aggregate error is calculated as follows:  

𝐸𝐴𝑔𝑔 =
𝐸1985−2009+𝐸1+𝐸2+⋯+𝐸6

7
                                                  (3.3) 

Where EAgg is the aggregate error, E1985-2009 is the RMSE of the monthly discharge record from 

ANA, and E1-6 are the calculated RMSR for each of the six daily discharge stations between 2015 

and 2018. This scheme weights errors proportionally to the discharge such that, downstream 

gauges are more heavily weighted than headwater gauges.  
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Figure153.5: Comparison of modeled and measured streamflow for six short-term daily stream 

records (panels A-F) and ANA long term stream gauge record (G). Note the impact of the 

operation of a small dam at gauge 1 in sudden changes in discharge. 

 

We use the Nash-Sutcliffe Efficiency (EN-S) to express model fit where: 

𝐸𝑁−𝑆 =
∑ (𝑄𝑖

𝑜𝑏𝑠−𝑄𝑖
𝑠𝑖𝑚)

2
𝑛
𝑖=1

∑ (𝑄𝑖
𝑜𝑏𝑠−𝑄𝑜𝑏𝑠̅̅ ̅̅ ̅̅ ̅)

2𝑛
𝑖=1

                                                       (3.4) 

Qobs  and Qsim  are observed and simulated stream discharge respectively at any time step, i. EN-S 

for all streamflow records are listed in Table 3.3.   

Table73.3: Model Goodness of Fit 

Map 

Location 

Gauge 

Name 

Time Period Nash-Sutcliffe 

Efficiency (EN-S) 

1 Chuspi_Out 2015-2018 -0.4688 

2 TP_Non 2015-2017 0.5522 

3 TP_Galcier 2015-2016 0.7082 

4 TP_Conf 2015-2018 0.3648 

5 Huacra_Rio 2016-2017 0.5517 

6 Trout_Hist 2015-2018 0.7397 

6 ANA_Hist 1998-2009 0.7040 

 

Simulated discharge at gauge 1 performs poorly compared to measured discharge in part because 

a small security dam at the Chuspicocha glacier lake outflow is occasionally operated as a water 

supply reservoir during the measured time period. To mitigate this challenge, we initially installed 

a gauge in the Chuspicocha proglacial like. By comparing lake level and outflow we are able to 

calculate the inflow to the lake, neglecting evaporation. However, the lake level had a greater range 
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than expected meaning that for certain periods, the sensor was out of the water, while at other 

times the lake level was too high for the gauge to be downloaded, leading to data gaps,. Figure 3.6 

compares the lake inflow and outflow, and demonstrates that they follow similar trends since the 

dam is usually opened in response to high water levels. Given that the time series for the outflow 

is more complete than the inflow, we elected to use it for calibrating the glacier melt factors but 

this does decrease model efficiency. 

 

Figure163.6: Comparison of measured outflow from Chuspicocha proglacial Lake and inflow 

calculated from lake level and area. 
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3.8.4 Sensitivity analysis 

Our research utilizes projections of future hydrological conditions that depend upon our chosen 

parameters which each have some uncertainty. Integrated modelling inevitably introduces 

additional variables and therefore increases the sources of uncertainty in numerical modelling. 

Therefore, we perform sensitivity analysis to gauge the sensitivity of our modeled streamflow to 

four key groups of parameters that we identified during calibration as relatively uncertain given 

our inability to measure them across the modeled domain (Forster & Smith, 1988): (1) vertical and 

horizontal hydraulic conductivity of bedrock, (2) Priestly-Taylor α coefficients which are used to 

calculate PET, (3) interflow coefficients, and (4) glacier melt factors.  

Given already long model run times, a Monte-Carlo style sensitivity analysis (e.g. Wilby, 2005) is 

not possible. Instead, we select an offset of the final calibrated values that represents a broad range 

of possible values based on a literature search. The joint model is run using one perturbed 

parameter at a time (Figure 3.7) and the RMSE to the base case streamflow from 2015 to 2018 is 

calculated and ranked in Table 3.4. 
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Table83.4: Sensitivity ranking for selected Input variables for GSFLOW 

Sensitivity 

Ranking 

Parameter Calibrated 

value 

Perturbation 

 

RMSE 

 

+ - 

1 PT α (unitless) 0.85 ± 0.25 0.6358 0.4036 

2 Hydraulic Conductivity 

(m/d) 

0.01 */ 5 0.1523 0.1502 

3 Fast Interflow 

coefficients (per day) 

0.1 */ 4 0.1043 0.0897 

4 Glacier melt factors 

(unitless) 

Dry season: 2.8 

Rainy season: 

3.0 

± 1.5 0.0491 0.0589 

*/ signifies multiplied by and divided by 
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Figure173.7: Sensitivity of streamflow to selected input variables. (A) Streamflow at gauge 7 from 

2015 to 2018. (B) Close up section of streamflow using different input variables which are 

perturbed by the amounts indicated in Table 3.4. 
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We can produce a conservative estimate of uncertainty in modeled streamflow based on several 

assumptions: (1) the range of possible inputs is normally distributed and result in normally 

distributed outputs. (2) Our selected perturbed values are 3 standard deviations from the mean or 

“true” value and therefore represent 99.7% of possible values, and (3) the sum of the resulting 

uncertainties represents all combinations of inputs. This is a very conservative estimate of total 

uncertainty since many combinations of different inputs will act in opposite directions, or will 

otherwise interact, and would almost certainly be less than the sum.  

Using those assumptions, the total RMSE (averaged for the positive and negative perturbations) is 

0.82 m3/s at Gauge 7 or 0.5351 m3/s at a 95% confidence. Given an average daily streamflow over 

this period of 2.30 m3/s, the streamflow uncertainty is ± 23% (p=0.05). This is notably less than 

the difference in projected streamflow between RCP 4.5 and 8.5 (~30%) implying that the 

uncertainty in climate projections is larger than that of the hydrological inputs. 

3.8.5 Spatial patterns in groundwater projections 

As mentioned in the main text, there are slight variabtions in the spatial patterns in groundwater 

table change for the different GCMs. Table 3.5 describes the different spatial patters. Figure 1c 

shows the spatial pattern for the MIROC 4.5 climate model. 
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Table93.5: Groundwater projections: 

GCM Change in water table 

head between 2000-2009 

and 2090-2099 

Spatial Patterns 

MIROC5 4.5 -14.14 Largest water table declines beneath 

topographically steep areas and glacier 

MIROC5 8.5 -16.97 “ 

CanESM2 4.5 -3.33 Largest water table declines in steep areas. 

Magnitude of decrease is less than MIROC5, 

particularly in high flat planes near streams. 

CanESM 8.5 -9.74 “ 

BESM -5.27 Largest water table declines beneath high 

glaciated peaks and near the watershed 

outlet. Some decline in topographically steep 

areas.  
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Chapter 4. Does hillslope trenching enhance groundwater recharge and baseflow in the 

Peruvian Andes? 

Authors: Lauren D. Somers, Jeffrey M. McKenzie, Samuel C. Zipper, Bryan G. Mark, Pablo 

Lagos, Michel Baraer 

4.1 Context within thesis 

Hydrologic projections for the Shullcas Watershed in central Peru from Chapter 3 indicate that the 

glaciers at the river headwater are likely to disappear before the end of the 21st century. These 

results are comparable to other studies projecting glacier retreat in the tropical Andes (e.g. 

Yarleque et al., 2018) and are likely representative of the many glaciers under 5500 m above sea 

level in the region. Furthermore, changes in precipitation patterns and increased evapotranspiration 

will likely decrease groundwater recharge. Meanwhile, downstream users (e.g. the population of 

the city of Huancayo in this case) are searching for adaptation strategies to alleviate intensifying 

dry season water shortages.  

In this manuscript, we assess the effectiveness of hillslope trenching, a climate change adaptation 

strategy that has been implemented in the Shullcas Watershed. We employ newfound 

understanding of groundwater flow developed in the previous manuscripts to model the effect of 

infiltration trenching on dry season baseflow and thus its ability to increase water supply during 

dry periods.  

4.2 Abstract 

As Andean glaciers rapidly retreat due to climate change, the balance of groundwater and glacial 

meltwater contributions to stream discharge in tropical, proglacial watersheds will change, 
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potentially increasing vulnerability of water resources. The Shullcas River Watershed, near 

Huancayo, Peru, is fed only partly by the rapidly receding Huaytapallana glaciers (<20% of dry 

season flow). To potentially increase recharge and therefore increase groundwater derived 

baseflow, the government and not-for-profit organizations have installed trenches along large 

swaths of hillslope in the Shullcas Watershed. Our study focuses on a non-glacierized sub-

catchment of the Shullcas River Watershed, and has two objectives: (1) create a model of the 

Shullcas groundwater system and assess the controls on stream discharge; and (2) investigate the 

impact of the infiltration trenches on recharge and baseflow. We first collected hydrologic data 

from the field including a year-long hydrograph (2015-2016), meteorological data (2011-2016), 

and infiltration measurements. We use a recharge model to evaluate the impact of trenched 

hillslopes on infiltration and runoff processes. Finally, we use a three-dimensional groundwater 

model, calibrated to the measured dry season baseflow, to determine the impact of trenching on 

the catchment. Simulations show that trenched hillslopes receive approximately 3.5% more 

recharge, relative to precipitation, compared with unaltered hillslopes. The groundwater model 

indicates that because the groundwater flow system is fast and shallow, incorporating trenched 

hillslopes (~2% of study sub-catchment area) only slightly increases baseflow in the dry season. 

Furthermore, the location of trenching is an important consideration: trenching higher in the 

catchment (further from the river) and in flatter terrain provides more baseflow during the dry 

season. The results of this study may have important implications for Andean landscape 

management and water resources. 

4.3 Introduction 

Mountain regions play an important role in global water supply and are highly sensitive to climate 

change (Barnett et al., 2005; Bradley et al., 2006; Viviroli et al., 2007; Viviroli et al., 2011; 
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Rangwala and Miller, 2012). In the Peruvian Andes, communities and industries along the 

cordillera and on the arid coast depend on proglacial alpine watersheds for water resources. Glacial 

meltwater and stored groundwater supply consistent stream discharge during the dry season when 

precipitation is minimal (Mark et al, 2005; Baraer et al., 2009; Baraer et al., 2012; Bury et al. 

2013).  

In Peru, glaciological and hydrological research in the Cordillera Blanca has explored the rapid 

recession of glaciers (Georges, 2004; Mark and Seltzer, 2005; Schauwecker et al., 2014) and their 

threat to water resources (Mark et al., 2010; Baraer et al., 2012), as well as the mediating influence 

and importance of groundwater discharge to alpine streams (Baraer et al., 2009; Gordon et al., 

2015; Somers et al., 2016).  

Similarly, the smaller and less studied Cordillera Huaytapallana in the central Peruvian Andes has 

undergone extensive glacial recession in recent decades (IGP, 2010; ANA, 2014; Lopez-Moreno 

et al. 2014). Meltwater from the Huaytapallana glaciers feeds the Shullcas River, which in turn 

provides municipal water to the city of Huancayo and irrigation water to local agricultural 

operations (ANA, 2010). Previous work has indicated that glacial melt accounted for less than 

20% of dry season discharge in 2014 (Crumley, 2015), with the remainder coming from 

groundwater discharge to the Shullcas River. As the Huaytapallana glaciers continue to retreat, 

dry season stream discharge is expected to decrease, making groundwater discharge an 

increasingly significant source of water for this economically and socially important watershed.  

While dams or reservoirs are effective and are typically constructed in response to this type of 

seasonal water shortage, they can also be costly, induce evaporation, and be ecologically harmful 

(Nilsson et al., 2005). Increasing groundwater recharge in times of excess surface water supply is 
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one alternative method for increasing dry season water availability. Several different schemes have 

been proposed, and are referred to in general as artificial aquifer recharge or managed aquifer 

recharge (MAR). While some systems divert excess river water to injection wells (Bouwer, 2002, 

and references therein; Dillon, 2005), others divert excess water to infiltration fields, channels or 

basins (HeilWeil et al., 2015; Mastrocicco et al., 2015; Heviánková et al., 2016).  

The Peruvian government and not-for-profit organizations have installed infiltration trenches over 

large swaths of hillslope in the Shullcas River watershed. Unlike most MAR schemes, the purpose 

of these trenches is to capture surface runoff (as opposed to diverted river water) during the rainy 

season and allow more time for infiltration. In theory, this passive aquifer recharge scheme could 

increase recharge to groundwater, thereby increasing groundwater baseflow to the river during the 

dry season with the additional benefit of reducing erosion (CARE Peru, 2013). However, direct 

measurement of recharge is challenging and very little research has been done to determine the 

effectiveness of this strategy.  

Techniques for measuring groundwater recharge include use of lysimeters, tracers, and water table 

fluctuations (Scanlon, 2002). However, these techniques are not easily applied to a hillslope scale 

application. Furthermore, recharge can be divided into distinct processes which occur 

heterogeneously in time and space, and may not be adequately captured by point measurements. 

Meixner et al. (2016) suggest a four-fold classification of recharge processes: diffuse; focused; 

mountain system recharge; and irrigation. The addition of infiltration trenches essentially changes 

the proportions of diffuse and focused recharge. Since direct measurement of groundwater 

recharge is difficult, researchers often rely on various estimation techniques, including numerical 

modeling of hydrological processes at the land surface and the unsaturated zone (Scanlon, 2002).   
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Furthermore, it is hypothesized that a change in recharge caused by the installation of trenches 

should affect groundwater baseflow to the stream. However, mountain hydrogeological systems 

are highly heterogeneous and still relatively poorly understood (e.g. Clow et al., 2003; Roy and 

Hayashi, 2009; Harpold et al, 2010). Therefore the impacts on the annual stream hydrograph are 

unknown.  

The objectives of this paper are to better understand and quantify the groundwater flow system in 

the Shullcas River watershed and to determine if and how infiltration trenches increase 

groundwater discharge during the dry season. To test the hypothesis that hillslope trenching will 

increase baseflow, we incorporate surface trenching into an infiltration and recharge model in 

order to estimate the difference in groundwater recharge between trenched and non-trenched 

terrain. The model is driven by high-frequency meteorological data and incorporates 

measurements of soil infiltration capacity and observations on vegetation and trench configuration. 

We then apply the resulting recharge rates to a groundwater model of a study catchment to estimate 

the change in quantity and timing of groundwater baseflow to the stream. Sensitivity analysis is 

performed on both models to quantify uncertainty and determine what conditions are favorable for 

infiltration trenches.  

4.4 Study Area 

The Shullcas River Watershed is a high-altitude proglacial watershed within the Huaytapallana 

Conservation Area in the Cordillera Central and is a tributary to the Mantaro River in the Amazon 

Basin (Figure 4.1 inset). The river provides the city of Huancayo, Junín Region, central Peru 

(latitude ~12.1°S, longtitude ~75.2°W, population: 466 000), with 60% of its municipal water as 

well as irrigation water for local agricultural projects (Crumley, 2015). Due to these diversions, 
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the Shullcas River runs dry or almost dry before it reaches the city of Huancayo during the dry 

season. Average annual precipitation in the Shullcas Basin is approximately 800 mm and varies 

with elevation (ANA, 2010). Precipitation is highly seasonal, with most of the annual precipitation 

during the rainy season from October to April. Conversely, air temperature stays almost constant 

throughout the year.  

 

Figure184.1: Map of study catchment within a non-glacierized basin of the Shullcas watershed. 

The ephemeral streams shown are not included in the groundwater model as river nodes. 
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The watershed is mainly composed of steep alpine grasslands with some bedrock outcropping, 

flatter hummocky wetlands known as bofedales (see Fonkén, 2015), and valley bottom alpine 

meadows known as pampas. Aerial photography and satellite imagery have shown a 55 percent 

decrease in glacial area from 1984 to 2011 (López-Moreno et al., 2014). Additionally, Crumley 

(2015) performed a hydrochemical mass balance analysis for the watershed (using HBCM method 

from Baraer et al., 2009) and found that glacier meltwater contributed approximately 9-16 percent 

of dry season stream discharge in 2014. 

Between 2009 and 2012, the Peruvian Ministry of Agriculture, in collaboration with non-

government organizations CARE and the World Bank, undertook a project entitled “Adaptation to 

the Impact of Rapid Glacier Retreat in the Tropical Andes,” known in Spanish as PRAA. Among 

other components, this project included the excavation of infiltration trenches in the Shullcas 

Watershed where 800 hectares of land were covered in trenches (CARE Peru, 2013). Local 

communities were employed to manually dig trenches in several areas of the catchment. The 

trenches are trapezoidal in shape, roughly 30 cm deep, 40 cm wide at the top and are spaced 9-10 

meters apart on steep grassy hillslopes (Figure 4.2). It has been suggested that channels known as 

mamanteo were used in a similar manner by pre-Incan peoples in the Andes, but instead would 

drain into an infiltration pond (Fraser, 2015; Bardales et al., n.d.). 
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Figure194.2: a. Construction of infiltration trenches as part of the World Bank and Care funded 

PRAA project. Photo taken from Comunidad Andina presentation; b. Infiltration trench with 

ponded water; c. Aerial view of trenched hillslope in the Shullcas Watershed, from Google Earth™ 
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In order to isolate the hydrologic influence of trenches from glacier melt, a non-glacial sub-basin 

of the Shullcas River Watershed was chosen for this study (Figure 4.1). Table 4.1 shows total, 

trenched and bedrock outcrop area of the study catchment, as determined from 2014 satellite 

imagery (Landsat imagery accessed through Google Earth™). Bedrock outcrop area is listed 

because of its potential relationship to soil depth and runoff characteristics. 

Table104.1: Basin and Sub-basin properties and discharge 

Zone Zone Area 

(km2) 

Trenched Area 

(km2) 

Outcrop Area 

(km2) 

Stream discharge change 

(total) Aug, 2016 (L/s) 

1 4.39 0.09 (2%) 0.59 (13%) 14 (14) 

2 2.85 0.23 (8%) 0 (0%) 0 (14) 

3 2.02 0.03 (1.5%) 0.66 (33%) 4 (18) 

4 1.14 0.14 (12%) 0.12 (10%) 5 (23) 

Total 10.40 0.49 (5%) 1.37 (13%) 23 

 

4.5 Methods 

Our study employs both field and numerical modeling approaches to explore the recharge and 

hydrogeological regime in the study catchment.  

4.5.1 Data collection 

Field data was collected between 2011 and 2017. In August 2016, stream discharge was measured 

at 4 locations along the stream (shown in red on Figure 4.1) to correlate stream discharge with the 

contributing trenched area. The hypothesis to be tested with the discharge measurements is that 

zones with more trenched area should contribute more baseflow to the stream during the dry 

season. (It should be noted that differential gaging can have large errors in estimating groundwater 

inflows; e.g. Briggs et al., 2012). 
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 Infiltration capacity was measured with a double ring infiltrometer during the dry season (August 

2016) and the rainy season (March 2017) at a variety of sites in the Shullcas Watershed. The 

infiltrometer had an outer ring diameter of 40 cm and an inner ring diameter of 25 cm. At each test 

site, the infiltrometer was inserted 5 cm into the ground and infiltration measurements were carried 

out as described in Bodhinayake (2004), mostly reaching steady state between 25 – 60 minutes. 

High frequency meteorological data was obtained from SENAMHI, the Peruvian national weather 

service, from January 2011 to June 2014. This data includes precipitation, air temperature, 

humidity, wind speed, shortwave and long wave radiation at 30 minute intervals from the Lazo 

Huntay automatic weather station, located less than 2 km outside of the study catchment. From 

July 2015 to August 2016, daily precipitation measurements for the Lazo Huntay station were 

obtained from SENAMHI’s online data base (http://www.senamhi.gob.pe/?p=data-historica; 

visited Oct. 10, 2016). 

Because the Lazo Huntay weather station is located at an elevation of approximately 4650 masl 

and most of the study catchment is between 4200 and 4700 masl with a midpoint of 4450 masl, 

the temperature was corrected using the dry adiabatic lapse rate of the atmosphere (1°C per 100m 

x 200m elevation difference), adding 2°C over the entire record. Similarly, precipitation varies 

with elevation. However, precipitation was not corrected for elevation because, at the time, 

precipitation data from a second weather station was not available.  

Stream discharge was recorded from July 2015 to August 2016 at 15 minute intervals at our 

gauging station located approximately 700 m below the outlet of the study catchment using a 

Solinst LTC Levelogger and Barrologger. A correction was applied to the discharge data to 

compensate for the difference in gauging location such that the study area outlet discharge is 82% 



Somers 2019 

113 
 

of the discharge recorded at the gauging station, based on simultaneous discharge measurements 

at the two sites.  

4.5.2 Recharge model 

We created and applied an un-calibrated, one-dimensional infiltration model which is used as input 

to MODFLOW’s Unsaturated Zone Flow (UZF) package to estimate recharge to the groundwater 

system (Figure 4.3).  

 

Figure204.3: Recharge model schematic. Red arrows indicate movement of water through the 

relevant hydrological processes. 
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For each 30 minute time step, incoming precipitation may first be intercepted by vegetation up to 

the available interception storage. Intercepted water stored on the vegetation is evaporated over 

time, creating space for interception in future time steps. Precipitation which exceeds the available 

interception capacity reaches the ground surface and infiltrates at a rate less than or equal to the 

infiltration capacity. Runoff is generated when the precipitation that reaches the ground surface 

exceeds infiltration capacity as follows: 

                                                           𝑅 =  𝑃 − 𝐼𝑆𝑓 −  𝐼                                                         (4.1) 

Where R is runoff, P is precipitation, ISf is available interception storage and I is infiltration, all 

expressed as depth of water per unit area. In the non-trenched, base case scenario, runoff is lost to 

the stream and therefore eliminated from the model domain. In the trenched scenario, runoff is 

ponded in ditches where it is evaporated and infiltrated according to: 

                                                 
𝑃𝑉

𝑊𝑡
= 𝑃 + 𝑅 × 𝑊𝑛 −  𝐼 − 𝐸                                                 (4.2) 

Where PV is volume of ponded water (per unit section of hillslope), Wt is the width of the trench, 

Wn is the width of hillslope between trenches, E is evaporation from the surface of the ponded 

water. Potential evaporation from the ponded water in trenches is calculated using a Dalton-Type 

equation for open water evaporation (Dingman, 2002, Eq. 7-18a) and potential evapotranspiration 

from the grass land is calculated using the Penman-Monteith Formulation as outlined in Dingman 

(2002, Eq. 7-56).  

The MODFLOW UZF package is then used for conditions representing an idealized hillslope to 

calculate recharge from infiltration. In the UZF package, a maximum ET rate is assigned at the 

ground surface and decreases linearly with depth to an assigned extinction depth. Infiltrated water 
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moves from the ground surface towards the water table according to a kinematic wave 

approximation of the Richards’ Equation (Niswonger et al., 2006). The UZF package also requires 

a vertical hydraulic conductivity, and Brooks-Corey Epsilon Exponent value (Niswonger et al., 

2006). Input parameters for the UZF package are calculated or estimated based on field 

observations when possible or sourced from literature otherwise (Table 4.2). The UZF module is 

applied to a two-dimensional, 100 m wide, idealized hillslope that is representative of catchment 

terrain so that the results represent average recharge rate over the entire slope. More details on the 

UZF domain setup is included in the supporting information. 

This coupled recharge model is driven by three and a half years of high temporal resolution 

meteorological data (including precipitation, temperature, solar radiation, longwave radiation, 

humidity and wind speed) to estimate the proportion of precipitation that becomes groundwater 

recharge for two scenarios: the base case (no trenching) and trenched case.  

4.5.3 Groundwater model 

Once the net recharge for the base case and trenched scenarios is determined, a three-dimensional 

groundwater model of the study catchment is used to evaluate the impact of trenching on 

groundwater baseflow to the stream. The ASTER Global Digital Elevation Model (DEM) with 30 

m resolution (https://asterweb.jpl. nasa.gov/gdem.asp; Tachikawa et al., 2011) was used to define 

the model domain and 2014 satellite imagery accessed through Google Earth™ was used to define 

the location of trenched hillslopes and bedrock outcrop. 

The groundwater model was constructed using MODFLOW-NWT (Niswonger, 2011) and uses 

two MODFLOW Packages: the Recharge Package (RECH) and River Package (RIV). The surface 

of the model has 1034 square grid cells with a side length of 100 m representing an area of 10.34 
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km2. The model has two layers that are each discretized into two levels, for a total of 4136 grid 

cells (4 x 1034). The top layer of the model is unconfined and represents unconsolidated silty sand 

and gravel glacial and fluvial deposits and has a depth between 1 and 30 m. Surficial layer depths 

are based on topography, satellite imagery of rock outcrops and field observation of sediment 

depth, such as road cuts. The surficial layer is considered isotropic because of the coarse and poorly 

sorted nature of the deposits. The bottom layer represents fractured bedrock and is simulated as 

confined to help with model convergence. Rock below 60 m in depth is considered impermeable. 

Bedrock fracture flow is considered isotropic in absence of detailed bedding information and to 

simplify calibration. An orthographic view of the model domain, is included in Figure 4.9 of the 

supporting information.  

The model is run with daily time steps. The initial conditions are set by a steady state spin-up that 

uses long term average conditions followed by one year of transient spin-up to allow the model to 

reach dynamic equilibrium. Then the model is run for a period of 428 days between July 1, 2015 

and August 31, 2016. 

Because of limitations in the available data, the high temporal resolution meteorological data 

(January 2011- July 2014) does not overlap with the stream discharge record (July 2015 – August 

2016), and only a daily precipitation record was available during this time period. Therefore, the 

overall relationship observed between precipitation and recharge for the high temporal resolution 

run of the recharge model is recreated empirically for the 2015-2016 period, preserving the overall 

recharge amount as a percentage of precipitation.  

Ten day intervals were used to average the relationship between amount of precipitation and 

recharge during the recharge model run. These coefficients were then applied to the 2015-2016 
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precipitation data to produce a recharge data set, also with 10 day intervals. The recharge data set 

was adjusted manually to smooth outliers resulting from periods of unusual or extreme weather in 

the 2011-2014 data and lag time between precipitation and recharge was reduced to improve model 

fit. The average proportions of precipitation that becomes recharge for the base case and trenched 

case, as found in Section 3.2 were preserved over the entire model period and are used along with 

the daily precipitation record to create two daily recharge time series for the period from July 2015 

to August 2016.  

The base case and trenched case recharge time series are applied to the appropriate model area 

according to the presence or absence of trenching. The model output, groundwater baseflow to the 

stream, is calibrated to dry season stream discharge. Three calibration variables are used to achieve 

the best fit: hydraulic conductivity of the surficial layer, specific yield of the surficial layer and 

hydraulic conductivity of the fractured bedrock layer. 

A simple surface runoff component is added to the baseflow hydrograph in order to compare with 

the observed stream discharge. Precipitation depth is multiplied by the area of the catchment, 

combined into three day intervals and lagged by two days to smooth the runoff response. Several 

different intervals and lag times were tried to optimize the fit. The percentage of precipitation 

becoming runoff is then varied to find the best fit to the observed hydrograph. This simple runoff 

estimate is used because the goal is to roughly compare to the hydrograph and not to investigate 

in detail the precipitation-runoff response. Furthermore, the dry season discharge, which is of 

particular interest, is dominated by baseflow. 

The ZONEBUDGET and MODPATH modules are used to post-process the MODFLOW-NWT 

model results. ZONEBUDGET (Harbaugh, 1990) is used to analyze the water budget entering and 
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leaving different zones of the model. MODPATH (Pollock, 2012) is used to analyze flow paths 

and travel times through the subsurface. This module tracks particles of water from some assigned 

launch point until they exit the model domain, in our case, through the river. Ten sites were 

randomly selected throughout the catchment and two particles were released at different depths at 

each site, vertically distributed between the top-most active layer and the model bottom. The flow 

paths and travel times were analyzed for each particle.  

4.5.4 Sensitivity Analysis 

To quantify uncertainty and determine the optimal setting for hillslope trenching, sensitivity 

analysis is applied to the recharge and groundwater models. 

For the recharge model, a one-at-a-time sensitivity analysis is used (Hamby, 1994; Pianosi et al., 

2016). A range of plausible values is selected for each input variable and the model is run 

repeatedly, changing one variable while all others remained the same. For each sensitivity run, 

three results are recorded: the percentage of precipitation that becomes recharge for the base case 

scenario, the trenched scenario and the difference between the two. Sensitivity is ranked based on 

the difference between the two scenarios which can be thought of as an indicator of the benefit of 

trenching. 

For the 3-dimensional groundwater model, sensitivity analysis is performed on the configuration 

of trenching within the catchment. Within the model domain, the trenched area is moved or 

expanded for consecutive model runs and the impact on the timing and magnitude of groundwater 

discharge to the river is examined.  
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4.6 Results 

4.6.1 Data collection 

Measured stream discharges at several points along the stream from August 2016 are shown in 

Table 4.1. However, there is no clear connection between the trenched area and the increase in 

stream discharge from a given zone of the catchment. We must, therefore, rely on the modeling 

results. 

Thirteen infiltration measurements were taken with the double ring infiltrometer. The dry season 

measurements were performed between August 15 and 19, 2016 and ranged from 0.07 to 5.76 with 

an average of 2.4 m/d (n = 9). Rainy season measurements were taken between March 7 and 10, 

2017 and ranged from 0.17 to 0.24 with an average of 0.20 m/d (n = 4). These measured infiltration 

capacities are within range of literature values for mountain grassland (Gaither and Buckhouse, 

1983; Leitinger et al., 2010; Roa-Garcia et al., 2011). 

Meteorological data from the Lazo Huntay automatic weather station was obtained from 

SENAMHI. The data set from January 14, 2011 to June 17, 2014 was recorded at 30 minute 

intervals. Precipitation followed the typical seasonal pattern with the majority of precipitation 

falling between November and April while air temperature stayed relatively constant throughout 

the year (Figure 4.4a). Due to field malfunction, there is a data gap from January 29 to April 1, 

2013. For the three complete years recorded, the total annual rainfall was 1390 mm, 1240 mm and 

1250 mm for 2011, 2012 (starting January 14 of each year) and 2013-2014 (April 1, 2013 – April 

1 2014) respectively. These values were substantially higher than the literature value for average 

annual rainfall in the Shullcas Basin of 800 mm (ANA, 2010), likely because of the location of the 

weather station higher in the catchment.  
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Figure214.4: Input variables and results for the recharge model for an idealized grassy hillslope. 

a. Precipitation and air temperature; b. Potential evapotranspiration as calculated using the 

Penman-Monteith Formulation (red) and potential evaporation as calculated using the Dalton-

type Equation (blue); c. Depth of ponding; d. Depth of precipitation and infiltration, where red 

indicates times where the trenched case infiltration exceeds the base case. Grey area indicates 

missing input data. 

 

For the period between July 1, 2015 and August 31, 2016, daily precipitation measurements for 

the Lazo Huntay station were taken from SENAMHI’s online data base and showed the same 

seasonal pattern with a total annual precipitation of 736 mm recorded between July 1, 2015 and 

July 1, 2016. The measurement period coincided with El Niño, which is associated with anomalous 
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weather in Peru. While El Niño often results in excess precipitation in the northern coastal desert, 

the impact in Huancayo can be either an excess or deficit of precipitation (Kane, 2000) and may 

explain a drier rainy season than usual in the Shullcas Basin. 

Stream discharge was recorded from July 21, 2015 to August 17, 2016 at 15 minute intervals 

(Figure 4.5). The peak flow of 1.040 m3/s was recorded on March 10, 2016 and the minimum flow 

of 0.016 m3/s was recorded on August 20, 2015. Due to field malfunction, there is a gap in the data 

between January 3 and March 5, 2016. The stream discharge during this period was estimated 

using an empirical relationship between the study gauging station and a gauging station in an 

adjacent catchment (r2 = 0.53).  
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Figure224.5: a. Precipitation, infiltration and recharge for the base case and trenched scenarios. 

b. Difference in infiltration and recharge amounts for the base case and trenched case. Both plots 

are aggregated over ten day periods. Grey area indicates missing input data. 

 

4.6.2 Recharge model 

Input variables for the recharge model were selected based on field observations and literature 

values (Table 4.2). The rainy season infiltration capacity was used because this is the only time 

that the precipitation intensity exceeds the infiltration capacity and runoff is generated.  

 

 



Somers 2019 

123 
 

Table114.2: Model input parameters 

Infiltration Input Variable Value Source 

Infiltration capacity 0.2 m/d Rainy season double ring infiltrometer 

measurements 

Interception storage 1 mm Burgy and Pomeroy, 1958; Dunkerley 

and Booth, 1999; Zou et al., 2015. 

Width, spacing of trenches 0.4 m, 9 m Field measurement, CARE Peru, 2013. 

Potential Evapotranspiration 

time series 

 

0 – 16 mm/d 

(average 1 

mm/d) 

Calculated using Penman-Monteith 

Formulation. Eq. 7-18a in Dingman, 

2002. 

Open water evaporation 0-19 mm/d  

Average 

(0.8mm/d) 

Calculated using Dalton-type Equation. 

Eq. 7-56 in Dingman, 2002. 

Recharge Input Variable   

Maximum ET 1 mm/d Average of ET time series 

ET extinction depth 

 

2 m Shah, 2007 (approximate value for sandy 

loam with grass cover) 

ET extinction water content 0.05 USDA, 1955. (approximate wilting point 

for sandy, silty loam) 

Vertical hydraulic conductivity 

of the unsaturated zone 

1 m/d Table 3.7 in Fetter, 2001. (order of 

magnitude estimation for sandy, silty 

loam) 

Brooks Corey Epsilon 3.5 Niswonger et al., 2006 

Saturated water content 0.3 Table 3.4, Fetter, 2001. Estimation for 

porosity of silty soil 

 

The one-dimensional model was run for the three and a half year period from January 14, 2011 to 

June 17, 2014 using 30 minute interval meteorological data. The calculated potential evaporation 

from ponded water, calculated using the Dalton-type Equation, and the potential 

evapotranspiration from the grassland, calculated using the Penman-Monteith Formulation (Figure 

4.4b), had average values of 0.8 and 1.0 mm/d respectively. Ponding occurred during only the 

highest intensity precipitation events (Figure 4.4c) and trench overflow occurred only once during 

the model run.  

The pattern of infiltration closely follows that of precipitation (Figure 4.5). Infiltration for the 
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trenched scenario exceeded the base case scenario at times of heavy precipitation when runoff is 

captured and at times when vegetation cover is dry. This is because ditches are not subject to 

interception, while grassland is (Figure 4.4d). The pattern of recharge is dampened and delayed 

relative to infiltration, with peak recharge occurring towards the end of the rainy season. Like 

infiltration, recharge in the trenched scenario exceeds the base case during times of high 

precipitation and particularly on the rising limb of the recharge curve. 

The results of the recharge model indicate that in non-trenched hillslopes, 79.6% of precipitation 

infiltrates into the ground and 48.6% becomes groundwater recharge (reaches the water table). 

Whereas for trenched hillslopes, 83.3% of precipitation becomes infiltration and 52.1% becomes 

recharge. This value is fairly high compared to some studies (Jodar, 2017) but is within range of 

other studies that have estimated recharge relative to precipitation in alpine catchments (Crosbie 

et al., 2010; Voeckler et al., 2014; Fan, 2014). 

4.6.3 Three dimensional groundwater model 

The model output, net groundwater discharge to the river, served as the target variable for 

calibration. The model was visually calibrated to the dry season stream discharge from July 21 to 

October 15, 2015 and May 1 to August 17, 2016 (Figure 4.5), by varying the hydraulic conductivity 

of the two layers and specific yield of the surficial layer. The calibrated hydraulic conductivities 

are 7 m/d and 0.5 m/d for the surficial deposits and fractured bedrock respectively. The calibrated 

specific yield of the surficial deposits is 0.09. 

Once calibrated, modeled groundwater baseflow compares well with the measured dry season 

stream discharge, specifically during baseflow recession at the beginning of the dry season (May 

- June). The root mean square error (RMSE) of the model base flow during the dry season was 
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0.011 m3/s and the normalized RMSE (NRMSE) was 7.5%.  

Three “peaks” in baseflow can be observed in the modeled baseflow hydrograph, the first in early 

January, the second and largest in early March and the third in late April (indicated in Figure 4.6). 

These peaks correspond to periods of heavy precipitation and are followed by periods where 

baseflow becomes the dominant water source (baseflow recession), as is expected. 

 

Figure234.6: Measured stream discharge compared to modeled baseflow and modeled stream 

discharge over the 14 month groundwater simulation period. The estimated stream discharge fills 

the data gap by regressing to a nearby stream gauge. 

 

In order to compare to the measured hydrograph throughout the rainy season, a simple runoff 

component was added to the modeled baseflow (Figure 4.6). Using 20% of precipitation to 

represent aggregate runoff and shallow interflow over the study catchment provided the best fit to 
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the measured hydrograph. This combined modeled hydrograph is generally slightly lower than the 

measured hydrograph during the rainy season and slightly higher during the dry season. This is 

likely because the simple runoff model does not include any treatment for antecedent moisture 

content of the soil and vegetation.  

During the simulation, the groundwater table was generally shallow closer to the stream and deeper 

higher up on the hillslopes. In these higher and steeper areas of the catchment, the surficial layer 

was never saturated and groundwater flow was channeled through the fractured bedrock. Once the 

groundwater flow meets the valley, part of it flows into the saturated surficial layer and then to the 

stream. 

In this way, most of the groundwater flow reaching the river did so through the surficial layer due 

to its higher hydraulic conductivity. Using ZONEBUDGET, the river zone was delineated as the 

cell containing the river, plus one 100m cell on either side, in all layers. Averaged over the modeled 

period, 72% of groundwater flow to the river zone was transmitted through the surficial layer and 

28% was transmitted through the fractured bedrock layer. Slightly more groundwater reached the 

river zone through the fractured bedrock layer during the early rainy season from December to 

January (maximum 33% bedrock flow, 67% surficial flow) and slightly less during the early dry 

season from May to June (minimum 25% bedrock flow, 75% surficial flow).  

Flow paths were analyzed for 20 particles using MODPATH. Two particles were launched at each 

of ten locations randomly chosen throughout the catchment. Travel times ranged from 198 days to 

1859 days (~5 years), from release until reaching the river. The average travel time for the top 

most particle at each of the ten locations was 545 days (1.5 years). A map of the resulting flow 

paths is included in Figure 4.10 of the supporting information. This is compatible with a conceptual 
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model based on hydrochemical analysis by Baraer et al. (2015) in which, the retention time is 

estimated to be long enough to maintain lateral springs through the dry season in glaciated valleys 

of the Cordillera Blanca.  

4.6.4 Sensitivity Analysis 

Sensitivity analysis was used for both models. For the recharge model, two types of sensitivity 

were evaluated: first, the sensitivity of the amount of recharge, in both scenarios, to the input 

variables; and second, the sensitivity of the difference in recharge between the base case and 

trenched scenarios to the input variables. For example, increasing the maximum ET decreases the 

amount of recharge for both the trenched and non-trenched scenarios (sensitive to max ET). 

However, increasing max ET does not greatly change the difference in recharge between the 

trenched and non-trenched scenarios (not sensitive to max ET). 

Table 4.3 shows the range of likely values selected for each input variable and the resulting 

recharge rates and difference in recharge between the base case and trenched scenarios. The 

resulting recharge rates (column 3 and 4 of Table 4.3) are most sensitive to maximum ET, followed 

by infiltration capacity, ET extinction water content, interception storage, ET extinction depth and 

the potential ET time series. All other input variables had little impact (<0.1% difference) on the 

overall recharge rate.  
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Table124.3: Hillslope sensitivity analysis 

1.  Sensitivity Variable (original 

value) 

2. Range 

of values 

3. Recharge 

base case 

(%) 

4. Recharge 

with 

trenching 

(%) 

5. Difference 

between base case 

and trenched case 

(%) 

Unperturbed (from section 4.2) - 48.51 52.05 3.54 

Infiltration capacity (0.2 m/d) 0.3 m/d 

0.1 m/d 

50.69 

42.07 

52.53 

50.66 

1.84 

8.59 

Interception storage (1 mm) 1.5 mm 

0.5 mm 

47.00 

51.84 

50.58 

55.26 

3.58 

3.42 

Width of trenches (0.4 m) 0.6 

0.2 

48.56* 

48.56* 

52.40 

51.37 

3.84 

2.81 

Spacing of trenches (9 m) 15 

5 

48.56* 

48.56* 

51.96 

53.24 

3.40 

4.68 

Potential Evapotranspiration time 

series (-22 – 16 mm/d, average 1 

mm/d) 

+10% 

-10% 

47.77 

49.41 

51.32 

52.92 

3.55 

3.51 

Open water evaporation (0-19 

mm/d, average 0.8 mm/d) 

+10% 

-10% 

48.56* 

48.56* 

52.09 

52.09 

3.53 

3.53 

Maximum ET (1 mm/d) 1.5 mm/d 

0.5 mm/d 

40.70 

57.97 

44.15 

61.49 

3.45 

3.52 

ET extinction depth (2 m) 1 m 

3 m 

49.53 

47.79 

53.01 

51.26 

3.48 

3.47 

ET extinction water content 

(0.05) 

0.075 

0.025 

53.55 

48.56 

57.02 

52.03 

3.47 

3.47 

Vertical hydraulic conductivity of 

the unsaturated zone (1 m/d) 

1.2 m/d 

0.8 m/d 

49.09 

47.85 

52.57 

51.33 

3.48 

3.48 

Brooks Corey Epsilon (3.5) 4 

3 

46.32 

51.13 

49.79 

54.60 

3.47 

3.47 

Saturated water content (0.3) 0.35 

0.25 

48.79 

72.38 

52.27 

75.81 

3.48 

3.43 

*Unchanged because parameter does not affect base case 

 

The difference in recharge between the two scenarios (column 5) is most sensitive to infiltration 

capacity followed by the spacing of trenches and then the width of trenches. All other input 

parameters had minimal impact on the difference in recharge between the two scenarios meaning 

that they affect the base case and trenched hillslopes similarly. 

Sensitivity analysis was also performed on the groundwater model for different trenching 
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configurations. Six different scenarios were tested and compared to a scenario with no trenching. 

Figure 4.7 shows the difference (increase) in base flow between each different trenching 

configuration and the base case. Doubling the trenched area approximately doubled base flow, as 

expected and did not greatly change timing. Trenching low in the catchment or in steep areas made 

the baseflow increase flashier, with increases higher in the rainy season but then dropping off to 

almost zero in the dry season. Alternatively, trenching high in the catchment and trenching in flat 

areas both had the effect of delaying the peak baseflow increase and providing more base flow 

longer into the dry season. A similar plot showing the difference in baseflow expressed as a percent 

difference is included in the supporting information (Figure 4.11). 
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Figure244.7: Sensitivity to trenching configuration, demonstrating how location and area of 

trenching can affect groundwater baseflow generation. Six different trenching scenarios were 

compared to the base case (no-trenching) baseflow hydrograph and the differences are plotted. 

4.7 Discussion 

4.7.1 Groundwater flow system 

The calibration of the MODFLOW groundwater model yielded relatively high hydraulic 

conductivities (K) for both the surficial deposits and the fractured bedrock layer. These parameters 

are reasonable considering the coarse, gravel-rich nature of much of the surficial layer and the 

fractured nature of the shallow metamorphic bedrock. Our surficial deposit K is lower than the 

range reported by Langston et al. (2013) for a moraine in the Canadian Rockies (0.3–3 × 10-3 m/s) 
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and is similar to that reported by Magnusson et al. (2014) for a glacier forefield deposit in the 

Swiss Alps (0.8 - 5  × 10-4 m/s). The specific yield value on the other hand was low compared to 

typical values for the mixed silt, sand and gravel soil. Fetter (2001) suggests values ranging from 

0.03 to 0.19 for silt and 0.20 to 0.35 for gravelly sand.  

The calibrated model indicated that the catchment is dominated by relatively fast and shallow 

groundwater flow. This agrees with hydrogeological research done in mountain regions elsewhere. 

McClymont et al. (2010) used geophysics to examine groundwater flow paths in a talus and 

meadow complex in the Canadian Rockies. They found that unconsolidated deposits were less 

than 10 m thick and that precipitation inputs well exceeded the groundwater storage capacity of 

the small headwater catchment, meaning that the stored groundwater was replenished on a sub-

annual basis. Voeckler et al. (2014) used a coupled groundwater-surface water model (MIKE SHE 

by DHI) to investigate the role of deep groundwater flow in a headwater catchment in the 

Okanagan highlands of British Columbia, Canada. They found that outward groundwater flux 

through the deep bedrock layer amounted to only 2% of the annual water budget. However, other 

research has emphasized the importance of deep groundwater flow in mountain environments 

(Gleeson and Manning, 2008; Graham et al., 2010). Welch and Allen (2012) simulated 

groundwater flow in different mountain topographic scenarios and looked at how the groundwater 

recharge is partitioned into baseflow and mountain block recharge (MBR). They estimated 12 to 

15 (reported as BF/MBR ratios from 5.8 to 7.3) percent of groundwater recharge goes to mountain 

block recharge. 

During model development, incorporating deeper groundwater flow through intact bedrock with a 

realistic hydraulic conductivity dampened the annual pattern in baseflow such that the model’s 

prediction of dry season baseflow well exceeded the measured value (not shown). Therefore it was 
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determined that shallow subsurface flow through the surficial and fractured bedrock layers 

dominates baseflow to the stream.  

Our characterization of the montane groundwater flow regime suggests that the Shullcas system 

does not have significant multi-year groundwater storage and may be sensitive to changes in 

precipitation and temperature. This agrees with Carey et al. (2010) who looked at ten cold regions 

catchments in North America and Northern Europe, and found that steep catchments had stronger 

correlations between monthly precipitation and stream discharge, meaning that they were less 

resistant to hydrologic perturbations. Furthermore, as the Huaytapallana Glaciers continue to 

retreat, glacial meltwater contribution to streamflow will decrease, strengthening the coupling of 

precipitation and stream discharge and decreasing the ability of the catchment to resist hydrologic 

change. Conversely, the strong seasonality of precipitation in the Shullcas Basin could mean that 

the shallow aquifers are fully replenished each rainy season and that changes in rainy season 

precipitation do not greatly affect dry season stream discharge. In this case, the addition of trenches 

would provide no benefit. Multi-year streamflow analysis is needed to tackle this question.  

4.7.2 Effectiveness of infiltration trenches 

The recharge model showed that the difference in recharge between the base case and trenched 

scenarios was small, only 3.5% relative to precipitation. This small increase in recharge over the 

trenched area of the study catchment, results in increased groundwater discharge to the stream 

(Figure 4.7). For current trenching conditions, the maximum increase in groundwater contribution 

is 1.3 L/s (112 300 L/d) and occurs in early March during the late rainy season in the Peruvian 

Andes. The dry season increase is smaller at approximately 0.1 L/s (8 640 L/d). Given that the 

average Peruvian uses 175 litres of water per day (UNDP, 2006), the dry season baseflow increase 
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discharge could theoretically supply 49 more people with water during the dry season. 

Furthermore, the study catchment is only a small part of the Shullcas Basin which has a total of 8 

km2 of trenches. Multiplying our result over the total trenched area of the Shullcas Basin, 806 more 

people could be served during the dry season, ignoring losses in the distribution system which are 

often significant in municipal water systems. 

While direct field measurement would be ideal to demonstrate the effectiveness of these infiltration 

trenches and compare to our modeling results, this is very difficult in practice. We hypothesized 

that one way of doing this could be to install a series of soil moisture meters below adjacent 

trenched and non-trenched hillslopes for a comparison. However, heterogeneity in soil textures, 

installation technique and even incoming precipitation mean the noise would almost certainly be 

greater than the difference between the two slopes. Furthermore, a large number of sensors would 

be required to achieve a statistically significant result if a difference was present. A similar problem 

was encountered by Mastrocicco et al. (2016) when attempting to measure the resulting 

groundwater mound from an MAR scheme in Italy. The calculated expected mound was well 

within natural variations in the water table and it was not possible to distinguish the impact of the 

enhanced recharge.  

The effectiveness of the trenches is also likely to change over time. For example, vegetation will 

re-colonize the trenches as was observed in some areas of the catchment, such that interception 

will return to pre-trenching levels. Mastrocicco et al., (2016) also suggested that the effectiveness 

of MAR schemes may be affected by pore size reduction from clogging and biologic activity. 

4.7.3 Best settings for infiltration trenches 

Sensitivity analysis indicated that infiltration trenches provided differing benefits depending on 
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the setting. Most prominently, trenching is more effective in areas with low infiltration capacity 

and therefore more overland flow for the trenches to intercept, provided that the density of trenches 

and infiltration capacity is sufficiently high to accommodate all the overland flow generated 

without additional spillover. This is the opposite of MAR systems which require high infiltration 

capacities to work (Bouwer, 2002). For the same reason, areas that receive higher intensity 

precipitation are better candidates for hillslope trenching. Otherwise stated, hillslopes that do not 

generate overland flow would receive no added benefit from this type of hillslope trenching.  

However, if the infiltration capacity is too low, trenches may be filled with water for extended 

periods of time, overflowing during precipitation events and limiting their effectiveness. For 

example, in March, 2016, the higher elevation trenched area in the northwest corner of the study 

catchment was observed to have ponding in trenches at a time when the lower elevation trenched 

area in the south west corner of study area was not. This likely has to do with differing infiltration 

capacities where the high elevation trenched area has a siltier soil and low vegetation cover while 

the lower trenched area has a rockier soil and tall grass. It should be noted that the difference in 

ponding is probably also a function of elevation difference between the two sites, resulting 

difference in orographic precipitation and general heterogeneity of mountain weather.  

Trenching configuration is also an important consideration. Trench spacing and width should 

correspond to the anticipated volume of runoff based on land cover and soil properties. Our 

recharge model (or a similar code) could serve as a tool for selecting the width and spacing of 

trenches. Furthermore, the sensitivity analysis of the groundwater model indicated that trenching 

higher in the catchment, further from the stream, or in flatter terrain is better for delaying the peak 

and increasing dry season baseflow. Differentiating between the impact of the trenching location 

and the flat terrain is difficult because of the overlap in these terrain characteristics. This is 
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consistent with Smith et al. (2014) which found that the spatial distribution of inputs, in their case 

snow melt, is an important control on stream response. 

Here we have outlined some practical considerations for hillslope trenching but many additional 

concerns exist including the risk of water logging, changes to slope stability, ecosystem damage 

from modifying large areas of the land surface (Dillon, 2005) and impact on local herding 

communities.  

4.7.4 Assumptions and Limitations 

Infiltration capacity is a highly heterogeneous physical property (Haws, 2004). One limitation of 

the recharge model is that the results represent a small margin of increase compared to the 

uncertainty on the input variables. While many infiltration observations were performed in order 

to obtain a representative value, it should be emphasized that the uncertainty in this input parameter 

has the potential to change the model results significantly. However, the one-dimensional model 

was only sensitive to three input variables, increasing confidence in our results.  

Additionally, our precipitation input data does not vary spatially. Mountain weather is highly 

heterogeneous but we depended on a single weather station to drive the model and therefore could 

not apply an orographic correction based on multiple stations. However, this source of error is 

partially mitigated by the facts that the study area is fairly small (10.4 km 2) and the weather station 

is close by (<2km).  

Roy and Hayashi (2009) showed that multiple complex flow paths exist in mountain groundwater 

systems, complicating the modeling process. One limitation of our groundwater model is that we 

lack detailed hydrogeological data including the depth of sediments and permeability field test 
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information. Due to the remote location of the Shullcas Watershed inside a conservation area and 

the heterogeneity of the hydrogeological materials in the catchment, it was not feasible to execute 

a field program to gather this information in detail. Therefore, the groundwater model is non-

unique, meaning that there is more than one possible combination of input parameters that could 

provide the same or similar solution. However, fast and shallow groundwater flow is a consistent 

result across different parameter sets.  

Furthermore, our groundwater model set-up assumes that all water leaving the model domain flows 

out through the river. However, in reality, there is likely some minor groundwater flow out of the 

catchment through the valley bottom sediments below the river and through the intact bedrock that 

we did not attempt to account for.  

While these limitations may affect our ability to duplicate exactly what was observed in the field, 

the recharge and groundwater modeling exercises do allow us to better understand the groundwater 

system and the role of trenching on the hydrological regime as per the goal of this study.  

4.8 Conclusions 

We used a recharge model to evaluate the potential impact of hillslope trenching on groundwater 

discharge to a stream in the Shullcas River Watershed in the Peruvian Andes. Simulations showed 

that trenched hillslopes received approximately 3.5% more recharge than the base case, relative to 

precipitation, compared with unaltered hillslopes. We then applied the calculated recharge rates to 

a groundwater model of the study-basin. The MODFLOW groundwater model indicated that 

incorporating trenched hillslopes (~2% of study catchment area) slightly increases baseflow in the 

mid-late rainy season but has only a small impact on dry season baseflow. If multiplied over the 

entire trenched area of the Shullcas Watershed, it could result in water service for an additional 
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800+ people during the dry season, neglecting losses to the distribution system which are 

substantial for most municipal water systems. Therefore the effectiveness of the trenches in 

augmenting dry season baseflow is limited and the hydrogeological characteristics of the area 

should be considered in installing similar technology. 

To our knowledge, this constitutes the first scientific study on hillslope trenching as a passive 

aquifer recharge technology. Additionally, the results indicate that the groundwater flow system 

in this mountain catchment is relatively fast and shallow and is an important contributor to stream 

flow which should not be neglected in modeling efforts. Improving our understanding of mountain 

groundwater systems will allow better projection of the impact of climate change and allow better 

design of climate change adaptation strategies. The results of this study may have important 

implications for Andean landscape management and water resources. 
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4.10 Supplementary materials 

4.10.1 Unsaturated Zone Flow (UZF) Package Setup 



Somers 2019 

138 
 

After calculating the infiltration for trenched and non-trenched terrain, the MODFLOW UZF 

Package was used to calculate recharge. The amount and timing of recharge is affected by the 

depth to the water table, among several factors. In order to calculate representative recharge 

characteristics, a 2D hillslope cross section was used for the UZF package, that includes a sloped 

water table. 

The two-dimensional hillslope was set up with a 1:2 slope that represents the steep grassy 

hillslopes that cover much of the study catchment. The hillslope is 100 m wide and 20 m thick 

with only one unconsolidated layer. A constant head node at the top of the hill and a river node at 

the bottom maintain a sloped water table. For the trenched case, trenches are spaced 9 m apart 

based on field observations. Figure 4.8 shows the set up for the trenched case. The base case set-

up is identical, only without the trenches. 

The amount of water reaching the water table was extracted and averaged over the entire length of 

the hillslope to calculate the reported recharge rates.  
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Figure254.8: Unsaturated Zone Flow Package 2D model domain for the trenched scenario. Base 

case scenario is identical, only without trenches.  

 

4.10.2 MODFLOW-NWT model Setup 

The MODFLOW-NWT model was set up using MODELMUSE (Winston, 2009), a graphic user 

interface for MODFLOW. Figure 4.9 shows the top, front and side views of the model domain. 
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Figure264.9: Groundwater flow model domain. Top, front and side views of the MODFLOW-

NWT Groundwater flow model as visualized using MODELMUSE, a graphic user interface for 

MODFLOW. The locations of the cross sections for the front and side views are indicated on the 

top view by the row and column highlighted in green and blue respectively. The surficial layer, 

which varies in thickness, is highlighted in red in the front and side views. 
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4.10.3 MODPATH Setup and Results 

Porosities for the MODPATH analysis were based on the calibrated specific yield of the model 

layers. A porosity of 0.1 was used for the surficial layer and 0.05 for fractured bedrock. The 

simulation was set up to repeat the year of inputs used in the main simulation, since travel times 

exceeded the length of the main simulation (14 months). Particle release locations were chosen 

randomly in order to get a representative sample. Figure 4.10 shows the particle paths from their 

release locations to where they exit the model domain in the river nodes. In most cases, the lower 

of the two particles launched at each location has a longer travel time. Additionally, particles 

launched farther from the stream and in flatter terrain experienced longer travel times. 
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Figure274.10: Map of the study catchment showing particle path lines, as calculated using 

MODPATH. Travel times are indicated by the path colour.  

4.10.4 Groundwater model sensitivity analysis 

Figure 4.11 shows an alternative presentation of Figure 4.7 where the difference in baseflow 

between the base case and trenched scenarios are presented as a percentage of the modeled 

baseflow instead of absolute flow. 
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Figure284.11: Sensitivity to trenching configuration in percent difference. The six baseflow 

scenarios shown in Figure 4.7 are plotted here as a percent difference from the base case 

simulation. 
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Chapter 5. Discussion 

The research presented in this thesis elucidates the details of how, when, and where groundwater 

contributes to streamflow in proglacial mountain systems and suggests that as glaciers recede, the 

importance of groundwater in Andean rivers is growing both as a natural phenomenon (Chapters 

2 and 3) and as a potential method for human enacted adaptation (Chapter 4). In this section I 

discuss some of the challenges and opportunities that have arisen through my PhD research and 

comment on potential future research directions.  

5.1 Challenges and opportunities 

 

One of the main challenges in hydrological and hydrogeological research in a mountain watershed 

– or indeed any watershed - is the inherent heterogeneity in the landscape and hydro-climatic 

variables (e.g. McDonnell et al., 2007). For example, mountain soils can range from fine clays 

produced in glacial weathering of rock to moraines and talus deposits consisting of cobbles and 

boulders (Romeo et al, 2015). Thus, constraining hydraulic conductivity in modelling of these 

environments is difficult. Similarly, precipitation and temperature can vary widely within a 

watershed with upland areas tending to be colder and wetter (Roe, 2005). Additionally, mountain 

basins are often remote and the difficulty in accessing them means that both the spatial coverage 

of field measurements and the length of time series measurements is often a limiting factor in 

researching them.  

Evapotranspiration (ET) is another hydrologic flux that is spatially variable and poorly constrained 

in mountain basins, adding uncertainty to my results as noted in Chapters 3 and 4. While there are 

many methods for calculating ET, most are data intensive and are of limited applicability in remote 

mountain regions. Eddy flux instruments are capable of directly measuring ET but are expensive 
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and not widely used in places like Peru where scientific funding is limited.  Constraining the 

response of ET to future climate conditions is a central limitation of projecting future groundwater 

recharge and therefore groundwater discharge to surface water bodies. This problem is 

compounded in the Andes because of the low agreement between climate models on the direction 

of change of precipitation and humidity, which influence ET (Vuille et al., 2018 and references 

therin).  

In this dissertation, the uncertainty in hydrologic heterogeneity was approached in two ways. First, 

in Chapter 2, we tackle heterogeneity directly by doing a small-scale field experiment to 

interrogate spatial patterns in groundwater-surface water interactions. Second, in Chapters 3 and 

4, we employ integrated modelling based on a relatively dense network of hydrologic monitoring 

sites. For example, we benefit from using multiple records of stream discharge, multiple weather 

stations, multiple boreholes and many observations of infiltration capacity to characterize the 

watershed. By combining these two approaches, we can improve fundamental scientific 

understanding while also using that improved understanding to produce results that are useful to 

policy makers. 

In addition to heterogeneity within mountain basins, there is also substantial variability between 

the hydrological settings of mountain basins in different mountain chains (e.g. Viviroli et al., 2007; 

Glas et al., 2018). Furthermore, the results presented in Chapter 3 suggest that the change in water 

table depth resulting from climate change is not spatially uniform over the Shullcas Watershed and 

seems to be related to topographic gradients.  

Despite the challenges in the spatial and temporal variability of parameters, the climatic setting of 

the tropical Andes provides some advantages over other mountain regions, to examine the role of 
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mountain groundwater in maintaining streamflow. The lack of precipitation during the dry season 

effectively isolates groundwater discharge from runoff and interflow. Furthermore, by including 

analysis of non-glacial sub-basins, as was done in Chapters 3 and 4, we further isolate the 

groundwater system from the influence of glacier melt. Design of future projects could take further 

advantage of the natural isolation of different water sources.  

5.2 Directions for future research 

 

Modelling in Chapter 3 allows us to estimate the magnitude of glacier sourced groundwater 

recharge in the Shullcas Watershed. However, only one other study globally presents an estimate 

of the magnitude of this flux (Saberi et al., 2018). Therefore, more work in other mountain basins 

to determine what controls the relationship between glacier coverage and influence on 

groundwater is imperative to understand the vulnerability of groundwater reserves to glacier 

recession. Furthermore, no physical measurement of this flux have been documented in the 

scientific literature and could be an interesting, if not logistically challenging, future research 

direction. 

While this thesis examines the contribution of groundwater to mountain streams, future work could 

target the contribution of groundwater recharged in the Andes to higher order streams and to distal 

groundwater resources. For example, intensive groundwater pumping in Peru’s Ica region, south 

of Lima, has allowed for the rapid expansion of export agriculture in the coastal desert that receives 

little rain. The underlying aquifer is thought to receive recharge from the Andes and is being 

rapidly depleted (Williams and Murray, 2018). Despite pressing social and economic 

consequences, little research has been done to quantify Andean contribution to these groundwater 

resources. Potential research questions include: What is the residence time of water in coastal 
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aquifers? Can we detect the proportion of Andean water based on water chemistry? Was this water 

recharged in part when glacial coverage was much larger? And, to what extent will Andean glacier 

recession impact coastal groundwater resources and on what time scale? 
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Chapter 6. Conclusions and summary 

Mountains play a critical role in global water supply. Over 80% of arid and semi-arid regions 

depend on water sources that originate in mountains (Messerli, 2001). For instance, villages, cities 

and industries in the Andes and on the arid western coast of South America depend on a 

combination of glacier melt and stored groundwater from the Andes to sustain dry-season flow 

(Bury et al., 2013). As per the objectives listed in Section 1.6, my PhD research has interrogated 

the current and future role of groundwater in proglacial Andean watersheds as tropical glaciers 

disappear. 

First, I elucidated spatial patterns of groundwater discharge to a stream in the proglacial 

Quilcayhuanca Valley watershed in the Cordillera Blanca, central Peru. I used a novel procedure 

for tracing groundwater–surface water interaction using dye and temperature as tracers, to 

establish that groundwater contributes approximately 30% of stream discharge over a 4 km 

stream reach. Furthermore, results indicated that stream sections which crossed the steeper and 

coarse-grained moraines were sites of substantial exchange between the surface and subsurface, 

but that larger net gains of groundwater to the stream were observed in the flat and fine-grained 

meadow sections.   

Second, I integrated glacier melt, groundwater and surface water modelling techniques to better 

understand the dominant pathways of streamflow generation in the proglacial Shullcas 

Watershed in Central Peru. The calibrated model indicated that glacier melt contributed 

approximately 8% of the outlet streamflow and only 1.9% of groundwater recharge between 1998 

and 2018. I applied climate projections to the integrated model to project that the watershed’s 

glaciers would likely disappear before the end of the 21st century and that while groundwater helps 
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to buffer the loss of glacier melt, increasing temperatures and decreasing groundwater recharge act 

to diminish groundwater storage and thus groundwater discharge to the Shullcas River.  

Third, I used field data in conjunction with infiltration and groundwater flow numerical modelling 

to assess the ability of infiltration trenching to delay the transmission of precipitation to the 

Shullcas River, thereby increasing dry season baseflow. My results show that infiltration trenching 

could increase infiltration by around 3%, but is limited because overland flow and thus pooling in 

the infiltration trenches is only generated by the most intense precipitation events. Furthermore, 

the additional infiltration translates to less than 1% increase in dry season baseflow because of the 

limited spatial extent of trenching and rapid baseflow recession. Sensitivity analysis indicates that 

trenching higher in the watershed and in flatter areas should result in a larger increase in baseflow 

because of longer groundwater transit times.  

The research presented in my thesis contributes to the small but growing body of literature 

concerning the role of groundwater in high mountain and glaciered watersheds. Where previous 

work has established that groundwater discharge is an important contributor to streamflow 

through hydrochemical and hydrograph analyses, I expound the pathways of that contribution 

as well as the spatial distribution of groundwater storage in Andean mountain watersheds. 

Furthermore, I use this understanding to improve on projections for climate change implications 

for water resources in these vulnerable watersheds. 

My research has immediate application for water managers in Peru and by extension, the millions 

of people who depend on Andean water resources. My results will be particularly important in 

planning for future water stress in cities like Huancayo, central Peru, where further reductions in 

stream flow are projected beyond the loss of glacier melt water. A workshop disseminating the 
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findings of this research in Huancayo is planned for June 2019. Additionally, the assessment of 

infiltration trenching will serve to inform further implementation of climate change adaptation 

strategies by government and non-government organizations. 

While my research focuses on two watersheds in the Peruvian Andes, the ideas are applicable 

for other high mountain regions like the Himalaya, Rocky Mountains and Alps. My results also 

provide important context for global scale glacier hydrology studies like Huss and Hock (2018) 

who estimate that glacier peak water has passed for roughly half of large glacierized basins 

worldwide. Furthermore, many studies focus on surface water processes in mountain basins, 

but my work suggests that any hydrological modelling in mountain regions should include a 

well-considered and physically based representation of groundwater processes given its 

importance in feeding streamflow.  
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