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ABSTRACT 

Snowmelt-dominated systems are a significant source of water supply for the 

Western United States. Changes in timing and duration of snowmelt are predicted to 

continue under climate change; however, the impact this change will have on water 

resources is not well understood. The ability to compare hydrologic processes across 

space and time is critical to accurately assess the physical and chemical response of 

headwater systems to climate change. This dissertation builds upon previous work by 

using long-term data from two snowmelt dominated catchments to investigate the 

response of hydrologic processes at different temporal and spatial scales. First, results 

from an hourly spatially-distributed energy balance snowmelt model were spatially 

and temporally aggregated to provide daily, catchment-wide snowmelt estimates, 

which, along with measured discharge and hydrochemical data were used to assess 

and compare hydrologic processes which occur on an annual scale in two headwater 

catchments for an eleven year study period. Second, the magnitude and timing of 

snowmelt, discharge fluxes and hydrochemical data were used to assess and compare 

inter-annual catchment response in two headwater catchments for an eleven year 

study period. Third, a pseudoinverse method was developed to compare mineral 

weathering fluxes in a series of nested sub-catchments over an eleven year study 

period. Advances from this work include the use of an independently-created energy 

balance snowmelt model for spatially-distributed hydrologic input for catchment-

scale water balance, application of a quantifiable measure of catchment-scale 

hydrologic flux hysteresis and the development of a method to quantify and compare 

mineral weathering reactions between source waters across space and time. These 
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methods were utilized to quantify and assess its role of dynamic storage in mitigating 

climate change response. 
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1 INTRODUCTION 

Snowpack provides the majority of water resources to the water-limited 

Southwestern United States (Gleick, 1986; Carroll and Cressie, 1997; Christensen et 

al., 2004; Mote et al., 2005). The timing of snowmelt has been observed to occur 

earlier in several western mountain ranges, a trend which has been linked to climate 

change (Stewart et al., 2004; Mote et al., 2005; Clow, 2010) and this trend is 

predicted to continue (Knowles et al., 2006). The water resources vulnerability to 

climate change in the Southwest begins with headwater catchment response to 

snowmelt conditions. These studies build upon previous catchment-scale 

investigations on the role of storage at the catchment-scale (Kirchner, 2009; Williams 

et al., 2009; Soulsby et al., 2011; Frisbee et al., 2012; Godsey and Kirchner, 2014), 

focusing on snowmelt-dominated headwaters in an effort to better understand how 

climate change will influence water resources for the American Southwest.  

This dissertation focuses on the role of dynamic subsurface storage through 

development of methods to measure the change in magnitude and timing between 

snowmelt input and discharge output. Changes in timing and magnitude of hydrologic 

flux and the hydrochemical evolution of waters between input and output are due to 

catchment-scale hydrologic processes (Frisbee et al., 2012; Heidbüchel et al., 2012). 

Hydrologic processes such as subsurface flowpaths and storage control physical and 

chemical buffering of snowmelt variability; these studies aim to measure the extent to 

which these processes are able to buffer impacts of climate change. The mechanisms 

of catchment-scale physical and chemical hydrologic buffering have been described 

as a black box (Frisbee et al., 2012); previous studies have described these 

mechanisms as functions of contributions of source waters (Christophersen and 
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Hooper, 1992; Liu et al., 2004), transit time distributions (McGuire et al., 2007; 

Broxton et al., 2009; Heidbüchel et al., 2012) or residence time (McGuire et al., 2005; 

Maher, 2010, 2011). Comparable quantification of the response to hydrologic events 

can lead to better understanding of catchment processes and function, and may lead to 

assessment of the vulnerability of water resources to climate change (Williams et al., 

1996; Christensen et al., 2004; Clow, 2010). 

The ability to compare results across space and time is critical to the furthering of 

catchment hydrology (McNamara et al., 2011). This study uses data measured and 

collected from two headwater, snowmelt-dominated areas collected over an eleven-

year study period (1996-2006). These long-term data in conjunction with an energy-

balance snowmelt model which was developed for both areas allows for the 

development of methods to assess the role of storage on catchment response to 

snowmelt variability on annual and daily timescales. Results from these studies 

indicate that storage plays a critical role in buffering both timing and magnitude of 

snowmelt on annual and daily scales. Mineral weathering fluxes, resulting from 

water-rock contact of long-residence waters, are variable from year to year, and 

increase with decreasing elevation. 

1.1 Dissertation Format 

This document contains a summary chapter entitled Present Study, in which the 

three manuscripts to be submitted for publication are briefly described, and general 

conclusions based upon the three manuscripts are identified. The appendices which 

follow the initial chapter describe the motivations, methods, results and discussions of 

each individual chapter.  
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2 PRESENT STUDY 

The present study is divided into three manuscripts that are included in this 

dissertation as Appendices A, B and C. The manuscript order reflects a logical 

progression of concepts: Appendix A introduces the two study catchments, Green 

Lake 4 (GL4) and Emerald Lake Watershed (ELW) and explores catchment-response 

through mass-balance approaches and use of snowmelt model results for an estimate 

of hydrologic input. Annual catchment storage and annual and daily hydrochemical 

response are calculated over an eleven year study period, Appendix B uses the daily 

data from these two catchments over the snowmelt season to quantify the inter-

seasonal catchment response to snowmelt conditions, and Appendix C explores a 

mass-balance hydrochemical approach to compare hydrochemical response between a 

series of subcatchments across the eleven year study period. The following is a 

summary of each manuscript. 

2.1 Summary of Paper 1: Catchment response to modelled snowmelt in two high-
elevation headwater catchments in the Western United States 

The primary objective of this paper was to establish a methodology of using 

spatially-distributed snowmelt model results for catchment-scale mass-balance to 

measure residual hydrologic flux (i.e. storage) over an eleven-year time period in two 

headwater study catchments. Results of this study are 1) Annual data show a greater 

dampening of variability between input and output in GL4 relative to ELW, 2) 

Snowmelt and discharge timing difference is greater in GL4 than ELW, 3) higher 

silica concentrations in ELW relative to GL4, 4) daily hydrochemical data shows a 

change in concentration range in GL4 and no change in ELW, and 5) statistically 

significant negative correlation between snowmelt volume and hydrochemical 
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concentrations exist in both catchments. The first two results indicate the role of 

storage is more significant at an annual scale in GL4 than ELW. The third and fourth 

results, in light of the first two, indicate other mechanisms drive hydrochemical 

variability in ELW such as cation exchange or limited precipitation of amorphous 

silica. The fifth result suggests that as snowmelt volume decreases under climate 

change conditions, concentrations of mineral weathering products indicative of long-

term storage (silica in GL4) and short-term storage (sodium in ELW) are likely to 

increase, showing increased dependence on storage in both catchments. 

2.2 Summary of Paper 2: Catchment-scale elliptical flux response and the role of 
dynamic storage on the mitigation of climate change 

The primary objective of this study was to examine the catchment response at a 

daily time scale in headwater catchments using a spatiotemporally aggregated 

snowmelt model for input flux. Daily snowmelt and discharge fluxes were compared 

between ELW and GL4 over eleven snowmelt seasons. A method of fitting ellipses 

was used to hydrologic response over time between snowmelt and discharge fluxes. 

The results of this study are: 1) response ellipses between daily snowmelt and 

discharge fluxes are effective for showing both magnitude and timing differences 

between years, 2) both catchments show a counter-clockwise response ellipse 

evolution over time, and 3) response ellipses were used to quantify differences in 

hysteresis loops to provide an integrated timing and magnitude measure which show a 

measurable differences between ELW and GL4. These results show that snowmelt 

flux precedes discharge as the dominant hydrologic flux in both catchments, but the 

temporal lag between these hydrologic processes is longer in GL4 than ELW 

indicating a larger mitigating role of storage in GL4.  
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2.3 Summary of Paper 3: Inverse geochemical modelling at the catchment scale in 
nested sub-catchments using a pseudoinverse approach 

The primary objective of this paper was to compare mineral flux variability over 

time at different spatial scales. A pseudoinverse approach was developed to quantify 

mineral fluxes between pairs of source waters, which was used over an eleven-year 

time period between pairs of sequentially downgradient nested catchments in the 

Green Lakes Valley. This approach differs to previous mass-balance mineral 

weathering approaches (e.g. Garrels and Mackenzie or Parkhurst’s PHREEQC) 

because it uses a statistical method (similar to end-member mixing analysis) to reduce 

possible results to provide a comparable result. Results of this study are 1) mineral 

flux magnitudes vary from year to year in between sub-catchment source water pairs, 

2) relative mineral flux magnitudes are consistent from year to year between 

upgradient sub-catchment pairs, and variable in the downgradient sub-catchment pair, 

and 3) annual snowmelt volume from GL4 correlates well with ten out of thirteen 

mineral flux magnitudes. These results show that mineral flux variance is due to 

longer residence waters with greater concentrations of solutes inconsistently 

connected to outlet flow. The correlation with snowmelt may indicate that decreases 

in snowpack increase the role of subsurface storage on hydrochemistry, specifically 

through the influence of longer residence waters.  
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ABSTRACT 

Results from a spatially-distributed snowmelt model were used as hydrologic input in 

a mass-balance approach to study hydrologic connectivity to subsurface storage in two 

snowmelt-dominated headwater catchments. Snowmelt model results were spatially and 

temporally aggregated to provide daily snowmelt input flux per unit area for eleven 

snowmelt seasons (1996 to 2006) in Emerald Lake Watershed (ELW), located in the 

Southern California Sierra Nevada, and Green Lake 4 (GL4), located in the Colorado 

Rocky Mountain Front Range. Annual residual hydrologic flux (cumulative snowmelt 

minus cumulative discharge) shows a statistically significant (p > 0.05) positive 

correlation with time over the study period in ELW, whereas there is a weak statistically 

insignificant correlation in GL4 over the study period. Residual flux is consistently 

negative in GL4, which is likely due to the contribution to discharge from glacier and 

permafrost melt, which are not included in the model. Characterization of the catchment-

scale physical role of subsurface storage over the study period was measured by the 

standard deviation of snowmelt relative to standard deviation of discharge, which shows 

dampened variability in GL4 and increased variability in ELW. Sodium and silica 

concentrations were used as indicators of mineral weathering processes, and therefore 

connection to subsurface storage. Residence time of waters in subsurface storage 

reservoirs leads to mineral weathering, producing greater silica concentration for long-

term residence waters and sodium for short-term residence waters. Correlation between 

total snowmelt and discharge silica concentration show different responses in the two 

study catchments; ELW shows a weak negative correlation (Pearson’s r = -0.146, p-value 

= 0.815) while GL4 shows a strong negative correlation (Pearson’s r = -0.770, p-value = 

0.00557). Correlation between snowmelt flux and these hydrochemical response 
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indicators show how catchment processes are driven by snowmelt, which is affected by 

climate change. Correlation between total snowmelt and discharge sodium concentration 

show weaker responses in both catchments; ELW shows a weak positive correlation 

(Pearson’s r = 0.052, p-value = 0.879) while GL4 shows a moderate negative correlation 

(Pearson’s r = -0.448, p-value = 0.167). The relatively stronger correlation between total 

snowmelt and hydrochemical response in GL4 indicates further changes in snowpack will 

impact water quality more in catchments with connections to longer-term storage 

reservoirs.  
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1 INTRODUCTION 

Snowpack provides the majority of water resources to the water-limited Southwestern 

United States (Gleick, 1986; Christensen et al., 2004). The timing of snowmelt has been 

observed to occur earlier in several western mountain ranges and this change has been 

ascribed to a warming climate (Stewart et al., 2004; Mote et al., 2005; Clow, 2010). In 

order to understand how water resources will be impacted by climate change, we must 

first be able to quantify snowmelt timing and duration, and the correlation of these 

properties to catchment response. Observed trends of earlier streamflow timing and 

reduced snowpack in the western United States are predicted to continue (Knowles et al., 

2006). Mitigation of earlier snowmelt through subsurface storage exchange may 

influence the quality and quantity of water resources in these headwater systems, 

resulting in degradation of these source water ecosystems.  

The ability of high-elevation headwaters to buffer atmospheric deposition is 

dependent on the chemical weathering reactions which occur within these systems due to 

the lack of biological processes above treeline in these alpine systems (Mast et al., 1990; 

Clow and Drever, 1996; Meixner et al., 2004). The physical path of water through the 

catchment along surface and subsurface flowpaths is therefore directly to catchment 

outflow hydrochemistry (Garrels and MacKenzie, 1967), and the ability of these 

catchments to buffer acidic atmospheric deposition (Christophersen et al., 1990; Mast et 

al., 1990). Subsurface storage has an important role in mitigating changes of hydrologic 

input flux, both physically (Laurenson, 1964; Williams et al., 1993; McGuire and 

McDonnell, 2006; Ajami et al., 2011) and chemically (Laurenson, 1964; Williams et al., 

1993; Seibert et al., 2003; Godsey et al., 2009; Clow and Mast, 2010).  
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Source waters contributing to watershed outflow have been described as a spatially-

dependent three-dimensional distribution of groundwater, shallow groundwater and 

surface water flowpaths of variable lengths (Frisbee et al., 2011). This study tests the role 

of storage in mitigating the physical and chemical variability of snowmelt in two small 

headwater snowmelt-dominated catchments with different physical storage capacities. 

Temporally and spatially aggregated physical and hydrochemical data from these 

catchments will be used to address the following questions:  

(1) How does the magnitude and timing of streamflow respond to changes in 
the magnitude and timing of snowmelt in headwater catchments with 
different storage capacities at an annual scale?  

(2) How do high-elevation headwater catchments with different storage 
capacities respond hydrochemically to different snowmelt conditions at 
annual and daily timescales?  

(3) What can similarities and differences of these physical and hydrochemical 
responses in these two catchments show about the role of subsurface 
storage at the catchment scale?  

 
These questions will quantify the role of storage as a catchment-scale process though 

investigating relative variability of snowmelt and outflow data on annual and daily 

timescales at two high-elevation headwater catchments: Emerald Lake Watershed (ELW) 

and Green Lake 4 (GL4). Results from this study will build from results of previous 

studies of snowmelt (Molotch et al., 2008; Jepsen et al., 2012a) and hydrochemical 

(Williams et al., 1993, 1996; Meixner et al., 2000; Sickman et al., 2001, 2003; Liu et al., 

2004; Meixner et al., 2004; Williams et al., 2009; Perrott et al., 2014) processes at these 

study areas. An eleven year study period for each catchment will be assessed to measure 

the temporal variability of catchment-scale processes, as well as compared between 

catchments to assess the influence of storage capacity on these processes.  
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1.1 Site Descriptions 

This study uses data from eleven consecutive years (1996-2006) in two high-

elevation, alpine catchments with different storage capacities to compare catchment 

response. The two catchments chosen for this study were ELW and GL4 because of the 

long-term data available at both sites (Williams et al., 1993, 1996; Sickman et al., 2003; 

Meixner et al., 2004; Molotch et al., 2008) and similar alpine settings. ELW, which has 

an area of 1.2 km2, is located in the Tokopah Basin within California’s Southern Sierra 

Nevada (36° 35’ N, 118° 40’ W) and spans from 2800 to 3400m above sea level.  GL4, 

which has an area of 2.2 km2, is located within the Green Lakes Valley in the Colorado 

Front Range (40° 03’ N, 105° 35’ W) and spans from 3250 to 4000m above sea level (fig. 

1). These two catchments are also geochemically similar; both have intrusive felsic 

terranes with similar bulk geochemistry (and therefore similar expected mineral 

weathering reactions) (Williams et al., 1993; Meixner et al., 2004; Platts-Mills and 

Williams, 2005). ELW has been shown to have a very short residence time (less than one 

day), and therefore is presumed to have a small storage capacity (Williams et al., 1993), 

while GL4 has been shown to have greater contribution to streamflow of waters from 

previous snowmelt seasons (Liu et al., 2004). 

1.2 Data Collection 

GL4 data collection was managed by the University of Colorado at Boulder in 

conjunction with the Long-Term Ecological Research site and Mountain Research Station 

at Niwot Ridge. ELW data collection was managed through the University of California 

at Riverside. Data from both catchments were analyzed over the same time period, from 

1996 through 2006. This project has benefitted from the careful collection and 

documentation of data by many researchers over an eleven-year period, from 1996 to 
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2006, as well as collaborative efforts to look at catchment-scale hydrologic processes 

(Jepsen et al., 2012a).  

ELW and GL4 catchments have been the subjects of a variety of catchment-scale 

studies, most of which have focused on catchment-scale hydrochemistry. Some insight 

has been gained through these previous studies on the contribution from waters from 

within these catchments to the output through tracer and hydrograph separation 

techniques (Liu et al., 2004). Previous hydrograph separation results in both ELW and 

GL4 have quantified contribution from source waters using hydrochemical tracers over 

the snowmelt season. In both catchments, as snowmelt begins the percent contribution 

from near-surface (soil, talus) stored waters is initially high, and then decreases over the 

course of the snowmelt season as infiltration capacity is reached and a greater volume of 

snowmelt flows to the catchment outlet as overland flow (Huth et al., 2004; Liu et al., 

2004; Williams et al., 1993) . In GL4 the contribution from groundwater increases over 

time (F. Liu et al., 2004; Williams et al., 1996), which results in a lower relative 

contribution from overland flow in GL4 compared to ELW. This structural difference 

between these two catchments (e.g. greater storage capacity in GL4 and the absence of 

storage capacity in ELW) allows for a comparison of different catchment storage 

capacity, and how this variable might impact hydrologic and geochemical response to 

changing input conditions. 

A spatially-distributed energy balance snowmelt model has been successfully 

developed for GL4 and the significantly larger Tokopah Basin, which includes ELW 

(Jepsen et al., 2012a) and used for a measure of hydrologic input by previous studies 

(Perrott et al., 2014). Snow surveys were conducted annually at approximately maximum 
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snow accumulation over the eleven-year period at both these sites. This information, 

along with geospatial and atmospheric measurements and remote sensing imagery, were 

used to develop a spatially-distributed snowmelt model for both basins at an hourly 

timestep (Jepsen et al., 2012a; Molotch et al., 2008). Snowmelt inputs for this study were 

determined using daily modelled values from Jepsen et al. (2012) based on the snow 

reconstruction method (Molotch, 2009). The hydrologic input used in the water flux term 

for this study, snowmelt, relies on a modeled variable, and therefore inherits the models’ 

assumptions. These assumptions included spatial interpolation of meteorological 

parameters to determine energy fluxes (Jepsen et al. 2012). The ELW is a subsection of 

the much larger Tokapah Basin; this larger area was the focus of the model and 

calibration, and this spatial scaling difference may accentuate some model assumptions. 

While it is reasonable to presume this change in spatial scale between calibrated model 

area and study catchment my lead to greater snowmelt input value error in ELW relative 

to GL4, model results are an improvement from point measurements of precipitation in or 

nearby the study area (Nash and Sutcliffe, 1970; Beven and Hornberger, 1982; Goodrich, 

1990; Faurès et al., 1995). In snowmelt-dominated catchments, errors associated with 

spatial interpolation can be minimized using a combination of energy balance and 

satellite observations (Molotch et al., 2008; Jepsen et al., 2012a).  Through methods 

described in further detail below, the specific areas of the study catchments were isolated to 

quantify daily snowmelt input to the respective catchments. The difference in total calibrated 

model area to these study catchment areas is larger in ELW than GL4, though the specific impact 

of how this scale difference might affect the accuracy of the snowmelt model results used has not 

been quantified.  
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2 METHODS 

2.1 Hydrologic Fluxes  

Spatially-distributed hourly snowmelt data from the snowmelt model were aggregated 

to daily data as well as spatially integrated for the area of each catchment. These daily 

snowmelt catchment input data were calculated for the duration of the modelled 

snowmelt season (Julian day 60-243) for each year of record (1996-2006) for both ELW 

and GL4 (fig. 2).  

Discharge data were collected using pressure transducers and weirs or natural control 

and then recorded on data loggers (GL4: Niwot Ridge LTER website, ELW: J. Sickman, 

personal communication, 2014), which collected data at each site daily from the onset of 

snowmelt through the end of the season. These daily flow data were combined with daily 

snowmelt to calculate a daily residual water flux term. This residual water flux can be 

negative (more output than input for that year) or positive (more input than output for that 

year).  

Hydrologic input variables are generally spatially extrapolated from daily point 

sources (e.g. NADP), which ignores the spatial heterogeneity of these inputs (Beven and 

Hornberger, 1982; Tetzlaff and Uhlenbrook, 2005). The results from Jepsen et al. (2012) 

provide hourly, spatially-distributed snowmelt for ELW and GL4, and allow for an 

integrated volumetric estimate of daily hydrologic input flux.  

Spatially-explicit modelled snowmelt, extrapolated point-measured precipitation and 

measured outflow were used to calculate the daily residual water flux in the catchment 

(fig. 4). An inverse mass-balance approach was used to calculate an annual residual water 

flux term:  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆 = 𝑅𝑅𝑆𝑆𝐷𝐷𝐷𝐷𝑅𝑅𝑅𝑅𝑎𝑎𝑆𝑆 𝑊𝑊𝑎𝑎𝑆𝑆𝑆𝑆𝑎𝑎 𝐹𝐹𝑆𝑆𝑅𝑅𝐹𝐹  (1) 
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Calculation of a residual flux term from the difference of cumulative snowmelt and 

discharge at the catchment scale may show a relationship to the catchment storage 

exchange (the amount of water entering or leaving subsurface storage). This simplified 

water balance does not consider water entering (e.g. glacial melt, rain) or leaving (e.g. 

evaporation, transpiration or deep groundwater flowpaths) the catchment. While 

evaporation and sublimation exist, data suggest that its influence on the water balance 

during snowmelt is not significant (Williams, 2006) and therefore we argue that ignoring 

ET is reasonable, with the additional caveat if ET does have an effect, it is likely similar 

at both locations due to lack of vegetation. Hydrographs from both catchments show 

spring snowmelt is the dominant hydrologic event, and for this reason as well as the 

complication of not having a way to accurately measure the spatial heterogeneity of 

rainfall, this flux was also ignored in these calculations. We assume that if rainfall were a 

significant component of the water budget for these catchments that the discharge would 

reflect this through peaks at times other than spring snowmelt season. We applied these 

assumptions to our two catchments, normalizing by catchment area, to measure the role 

of storage capacity. Omission of vapor losses allowed the calculation of a residual water 

flux term in both catchments; however, if vapor losses play a larger role than presumed, 

this would result in an overestimate of this residual flux term, with a larger influence at 

ELW due to more vegetation cover compared to GL4. Omission of rainfall as an input 

may result in an underestimate of hydrologic input, resulting in a positive residual flux of 

equal magnitude to the influence of rainfall.  

2.2 Hydrochemical Analysis 

Chemical data were analyzed by the University of Colorado at Boulder and 

University of California at Riverside for the GL4 and the ELW, respectively. Major 
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anions and cations including sodium and silica were analyzed for both catchments. 

Chemical analysis procedures follow previous studies (Clow et al., 2003; Sickman et al., 

2003; Williams et al., 1996). These data were made available for this study from a 

publically-available online database (GL4: Niwot Ridge LTER) and communicated 

directly (ELW: J. Sickman). Silica data were collected for GL4 from all years (1996-

2006), and 1996 through 2002 in ELW. Hydrochemical sampling did not occur the same 

time intervals in both catchments; ELW data were collected weekly at the onset of 

snowmelt through ice-freezeup at GL4. These data were linearly interpolated to calculate 

daily values between the first and last sample during the snowmelt season. These 

interpolated daily values were used in conjunction with measured discharge data to create 

annual volume-weighted mean hydrochemical data for analyses in both catchments.  

2.3 Physical and Chemical Correlation  

Annual data from both ELW and GL4 catchments were tested for linear correlation 

using Pearson correlation coefficient. Physical data (annual cumulative total snowmelt 

and discharge) were compared to hydrochemical data (volume-weighted mean sodium 

and silica) for both catchments. Hydrochemical response was measured in both 

catchments through linear regression of the annual mean values of silica and sodium 

concentrations with snowmelt and discharge fluxes. Silica and sodium were chosen as 

representative of long- and short-term storage (respectively) due to their independence 

from biomass and cation exchange pools (Clow and Drever, 1996), and relative presence 

in crystalline bedrock and soils, respectively (Platts-Mills and Williams, 2005). Both 

high-elevation catchments derive their solute concentrations from mineral weathering and 

dry atmospheric deposition. Weathering of primary minerals (silicate minerals in deep 

subsurface reservoir material in both catchments) results in increased silica concentration 
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at the catchment outlet, and secondary mineral weathering (in shallow subsurface 

reservoirs and soils) results in increased sodium concentration. Correlation, or lack 

thereof, between hydrologic flux and hydrochemistry will indicate how hydrologic 

structure may be related to input variability in catchments with different overall storage 

capacities. 

3 RESULTS 

3.1 Water Flux 

Daily, catchment-area normalized input flux (modeled snowmelt), output flux 

(measured discharge), and residual flux (snowmelt minus discharge) were aggregated to 

cumulative annual values for each year in the study period (n=11; years 1996 through 

2006) for each catchment (fig. 3). The magnitude of hydrologic flux entering and leaving 

ELW (μ snowmelt=1.210m, μ output=1.113m), located in a wet, coastal snow regime, is 

greater than GL4 (μ snowmelt=0.622m, μ output=0.779m), located in a dry, continental 

snow regime (table 1). 

Both catchments show a variable amount of snowmelt input, however the mean and 

standard deviation of snowmelt per unit area is higher in ELW than GL4 (μ =1.210m and 

0.622m, respectively and σ=0.320m and 0.185, respectively). The coefficient of variance 

(cv) is similar for melt for ELW and GL4 (cv=0.265 and 0.297, respectively). The cv for 

output is greater in ELW than GL4 (cv=0.390 and 0.132 respectively).  

3.2 Snowmelt Rate and Timing 

Mean annual snowmelt rates in GL4 were generally slower than ELW, which is 

related to the greater snow-water equivalent (SWE) and more consistent snow-covered 

area (SCA) in ELW (because the number of days in the snowmelt season is constant for 

all years in both catchments, greater volume means faster snowmelt rates). While there is 
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a slightly stronger correlation in GL4 relative to ELW with respect to annual snowmelt 

volume and discharge volume, both catchments show similar positive relationships 

between these variables; this result is expected if snowmelt is the dominant hydrologic 

process in both catchments. The similarity of response in ELW and GL4 show that there 

is not an influence of storage on the relationship between annual melt and discharge rate 

(volume). 

Comparison of timing of snowmelt and discharge in the two catchments gives us an 

estimate of flowpath routing and physical processes (fig. 6). The timing of half the total 

volume of streamflow passing the catchment outlet has been used as a measure of 

snowmelt timing (Mote et al., 2005; Clow, 2010). The timing of snowmelt was compared 

to the timing of output for each year in each catchment (fig. 4). The snowmelt model only 

produced results from day of year (DOY) 60 through 243, though discharge often 

continued past this day. These values include all flux data available for the calendar year.  

The diagonal 1:1 line shows the division of when half the total snowmelt occurs 

before half of the annual discharge (above the 1:1 line) or when discharge occurs before 

half of the snowmelt (below the 1:1 line). Data below the line are not expected. Greater 

positive vertical difference between the 1:1 line and data show greater lag between 

snowmelt and discharge timing. ELW and GL4 show different behaviors; ELW data are 

closer to the 1:1 line, GL4 data show timing of discharge timing is greater, showing a 

greater lag between snowmelt and discharge. Annual mean snowmelt rates are generally 

lower in GL4 than ELW (fig. 8). There is a significant correlation between snowmelt and 

discharge rates in GL4 (R2=0.427, p < 0.05), but not in ELW (R2=0.362, p > 0.05).  
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3.3 Annual Hydrochemical Response 

The annual volume-weighted mean silica concentration has a similar range for both 

catchments in most years, though four years show higher values in GL4 (fig. 9). There is 

a weak correlation between the silica concentration and both melt and discharge rates in 

GL4 (R2=0.3772, p < 0.05 and 0.1211, p > 0.05, respectively), and very weak correlation 

in ELW (R2=0.004, p > 0.05 and 0.0124, p > 0.05, respectively). Faster melt is related to 

lower silica concentration in GL4, indicating disconnection to deeper subsurface 

flowpaths. No correlation indicates there is no connection between input and deep storage 

in ELW.  

The annual mean melt and discharge rates and the annual volume-weighted mean 

sodium concentration show an inversely proportional relationship in GL4 and no 

relationship in ELW. The standard deviation of sodium volume-weighted mean values is 

significantly smaller in ELW compared to GL4 (table 1).  

Linear correlation between hydrologic variables (total cumulative snowmelt input, 

discharge output and residual flux) and hydrochemical variables (annual volume-

weighted mean silica and sodium concentrations) are show there is a strong negative 

linear correlation between snowmelt and silica concentration in GL4, and a strong 

negative linear correlation between discharge and sodium in ELW. Both of these 

correlations are statistically significant (p < 0.05) (table 2).  

3.4 Daily Hydrochemical Response 

Hydrochemical evolution over the snowmelt season for daily silica and sodium were 

assessed for minimum and maximum timing years in both ELW and GL4 (figs 8 and 9). 

ELW silica data are not available past 2002, these data are from the data available from 

1996-2001. The relationship of snowmelt and solute concentration over time were shown 
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instead of discharge versus concentration to explore the relationship between the driver 

(snowmelt) and the resulting catchment processes (e.g. mineral weathering). In 

snowmelt-dominated catchments where changes in snowmelt driven by climate change, 

correlation of input variability with mineral weathering products could have implications 

for changes in catchment processes resulting in changes in water quality in these 

headwater systems. 

The range of concentration values for both silica and sodium were similar in both 

catchments, and generally the pattern for all years in both catchments show a high 

concentration early in the snowmelt season evolving to a lower concentration later in the 

snowmelt season. There is not a significant difference of silica concentrations over time 

in ELW between the minimum and maximum timing difference years. There is a 

difference between years in GL4; there is less of a variation in concentration in during the 

maximum timing difference year, when exchange with stored water is expected to be 

higher. Sodium data does not show as consistent of a pattern as silica data: ELW sodium 

concentrations have a greater range of values in the minimum timing difference year, and 

almost no variation in concentration in the maximum timing difference year. GL4 sodium 

data shows less concentration variability in the minimum timing difference year, and 

more in the maximum timing difference year.  

4 DISCUSSION 

This study assessed the role of subsurface storage with respect to mitigation of 

snowmelt variability at the catchment scale over an eleven year study period. The two 

study area catchments have different storage capacities (ELW with less, and GL4 with 

more). Response to hydrologic input was expected to be dependent on storage capacity, 

and therefore was expected to be different in ELW and GL4.  
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(1) How does the magnitude and timing of streamflow respond to changes in 
the magnitude and timing of snowmelt in headwater catchments with 
different storage capacities at an annual scale?  

 
Measured daily discharge was compared to modelled snowmelt to compare the 

variability of hydrologic flux input relative to output each yeas as well as over the eleven 

year study period. Results show annual water fluxes for each catchment show no 

noticeable correlation between years, dispelling the notion of catchment memory, or 

exchange into or from subsurface storage reservoirs from the previous year, being 

significant in either ELW or GL4 over the study period. While there is a positive trend in 

residual flux values in ELW over the study period, GL4 residual flux values are 

consistently negative for each year. 

The timing of snowmelt and discharge shows a categorical difference between 

catchments; GL4 shows a greater lag between the date of half-mass of snowmelt and the 

date of half-mass of discharge, despite having the same date range of snowmelt half-mass 

timing as ELW. GL4 also shows less variability in timing of discharge whereas ELW is 

more variable in terms of discharge timing. We attribute the timing difference in GL4 – 

and not ELW – to catchment processes and flowpath connection to stored waters, which 

does not occur in ELW, indicating that storage capacity has a role in snowmelt and 

discharge timing. Residual flux and timing values differ from the Jepsen et al. (2012) 

results because 1) the complete discharge record for the year was used and 2) only a 

portion of the original snowmelt model was used for ELW.  

Catchment subsurface storage may also dampen any input variability or magnitude 

(Seibert et al., 2003; Spence, 2007; McNamara et al., 2011; Soulsby et al., 2011; 

Heidbüchel et al., 2012). In GL4 (larger storage capacity), the annual input variability is 
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greater than annual output variability (input cv=0.297, output cv =0.132), indicating that 

catchment processes (flowpaths and connection to stored waters) play a significant role in 

dampening that input variability. In ELW (limited storage capacity), annual input and 

output volume variability is similar (input cv =0.278 and output cv =0.409); the variability 

actually increases through catchment processes. Reduction of output variability in GL4 

shows the role of storage in the catchment; stored waters sustain a constant output 

independent of input variability. This role of storage is not shown in ELW, where 

snowmelt variability is less than discharge variability.  Greater discharge variability 

relative to snowmelt variability was measured where there is less storage capacity (ELW) 

relative to the catchment with more storage capacity (GL4). The result of catchment 

processes in GL4 reducing the snowmelt variability at an annual scale may show greater 

resilience of the physical variability due to climate change where there is greater storage 

capacity. 

 (2) What can similarities and differences of these physical and hydrochemical 
responses in these two catchments show about the role of subsurface 
storage at the catchment scale?  

 
Above treeline there are minimal influences from biological processes due to the lack 

of vegetation. Mineral weathering along hydrologic flowpaths through the subsurface are 

therefore are expected to be the main influence on catchment discharge hydrochemistry. 

Snowmelt chemical composition is very dilute relative to stored water (Liu et al., 2004), 

which has more contact time with minerals and therefore higher concentrations of 

weathering products (Garrels and MacKenzie, 1967; Mast et al., 1990; Clow and Drever, 

1996). Displaced water from higher-concentration, longer-residence storage mixes with 

dilute waters from excess melt, resulting from quick, overland flow. Previous studies 
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have used hydrochemical variability to create models, such as end member mixing 

analysis, to determine the source or extent of mixing to build conceptual models of 

flowpaths and catchment hydrologic processes (Christophersen et al., 1990; Hooper and 

Christophersen, 1992; Liu et al., 2004). Concentration-discharge relationships at the 

catchment scale have shown chemostatic behavior; consistent weathering solute fluxes 

independent of discharge volume (Godsey et al., 2009). Evaluation of the relationship of 

discharge hydrochemistry to snowmelt flux over different time scales shows the 

hydrochemical influence of storage capacity at the catchment scale. 

Primary permeability of both ELW and GL4 is low; however, secondary permeability 

at GL4 is high due to fractured bedrock. Snowmelt rate may be related to infiltration, and 

therefore contribution to/from subsurface storage (Laurenson, 1964; Bergstrom, 1976). 

Faster snowmelt years (earlier timing) may result in greater excess overland flow relative 

to slower snowmelt years (later timing) due to low primary permeability in both 

catchments. Slower snowmelt years in either catchment could result in relatively more 

infiltration and displacement of stored waters during that year, resulting more chemically-

evolved waters contributing to catchment discharge. The high secondary permeability in 

GL4 does not exist in ELW, and therefore connection between snowmelt infiltration and 

deep storage is not expected. 

Contact time with geologic material leads to a higher concentration of weathering 

products in a system where no minerals are saturated (Garrels and MacKenzie, 1967; 

Velbel, 1985; Mast et al., 1990). Higher solute concentrations could also be the result of 

glacial melt, which has been shown to contribute weathering products to GL4 output, 

particularly in dry years (Barnes et al., 2013). Inverse modelling results in GL4 show 
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dissolution of pyrite, epidote, chlorite and minor calcite, and the precipitation of silica 

and goethite (Williams et al., 2006). Silica, produced from chemical weathering of 

minerals such as epidote, is precipitated in amorphous silicate forms in both GL4 and 

ELW (Williams et al., 1993, 2006), resulting in decrease of measured silica 

concentration. The decrease in concentration of sodium may be due to dilution from 

snowmelt; however, the decrease of silica concentration could be due to dilution from 

snowmelt or precipitation of amorphous silicate minerals. The difference in response 

between sodium and silica in ELW and GL4 could be due to the precipitation of silicate 

minerals, which has a greater influence in GL4 where there is more contribution to 

discharge from longer residence stored waters (Liu et al., 2004). Different concentrations 

of solutes at the beginning and end of the snowmelt season may indicate hydrochemical 

processes during the off-season (during snow accumulation) such as mineral weathering, 

or the influence of glacial melt (Barnes et al., 2013).  

(3) How do high-elevation headwater catchments with different storage 
capacities respond hydrochemically to different snowmelt conditions at 
annual and daily timescales?  

 
In ELW, where storage is limited, the timing of snowmelt does not have a large 

impact on the hydrochemistry at the outlet of the catchment. The late snowmelt year 

shows no change in hydrochemistry over the snowmelt season, which indicates the 

geochemical source (or sources) contributing to the outlet remains constant, independent 

of the snowmelt.  The total volume of snow, however, does have an impact on the 

concentration of silica or sodium at the outlet of ELW.  

This study shows that ELW may be more vulnerable relative to GL4 to snowmelt 

variability in terms of discharge timing, but not with respect to hydrochemistry. The 
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consistency of discharge timing in GL4 may show a significant buffering through 

subsurface storage, or the influence of melting ice (e.g. glacier, rock glacier, permafrost). 

Both subsurface storage and glacier melt would be temporally disconnected from the 

snowmelt season, resulting in poorer hysteresis relationships between discharge and 

hydrochemistry to snowmelt flux. The consistency of hydrochemical response, 

independent of timing difference or snowmelt flux, may indicate that processes which 

influence hydrochemical composition in ELW occur on quicker timescales than the 

snowmelt season, chemically evolving dilute melt waters within the snowmelt season.  

Correlation between hydrologic flux and hydrochemical flux indicates connectivity to 

stored waters; stored waters with long residence times and higher hydrochemical 

concentrations may be pushed out of storage by infiltrating snowmelt. Silica and sodium 

concentrations represent examples of chemical weathering-derived solutes; products of 

primary and secondary mineral dissolution. Mineral primary mineral weathering rates, 

sources of silica, are lower than secondary mineral weathering rates, sources of sodium.  

The limited temporal variability of hydrochemical data within the snowmelt season in 

both ELW and GL4 indicate connection to higher-concentration waters is bimodal 

through the snowmelt season, though the greater range in silica concentration over the 

snowmelt season at GL4 indicates a more significant hydrochemical response to changes 

in snowmelt timing relative to ELW. This is counter-intuitive relative to the physically-

limited subsurface storage capacity in ELW relative to GL4. The greater complexity of 

subsurface flowpaths through susbsurface storage in GL4 result in more variability of 

hydrochemical response, the disconnection from longer-residence waters results in larger 

hydrochemical variability.    
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While the silica flux per unit volume is higher in ELW, there is no linear correlation 

to hydrologic flux, indicating the silica may be derived from a process not driven by 

catchment hydrologic processes (table 2). Possible mechanisms include atmospheric 

deposition, chemical weathering processes in soils (e.g. cation exchange, weathering and 

precipitation of amorphous silica), or other processes external and independent of 

catchment hydrology (Williams et al., 2006; Clow and Mast, 2010). Silica flux in GL4 is 

lower, however shows some correlation (higher for melt relative to discharge). The 

relationship shows higher silica flux when there is lower hydrologic flux; when there is 

less snowmelt and discharge, there is more contribution from stored, more chemically-

evolved waters to discharge. The connectivity between physical and hydrochemical flux 

per unit volume, measured by the similarity of annual coefficient of variance over the 

eleven year study period, in GL4 may be due to larger storage capacity volume. 

Disconnection of physical and hydrochemical data show a different catchment response 

in ELW, which may be due to a hydrologic system which is more vulnerable to snowmelt 

variability.  

Larger storage capacity in GL4 has more contribution to discharge from stored waters 

which do not exist in a storage-limited catchment, such as ELW. Consistently higher 

correlation between chemical and physical fluxes, as well as increased timing between 

snowmelt and discharge, confirm that storage capacity plays a larger role in GL4 relative 

to ELW. Results from this study confirm previous area studies (Williams et al., 1996; F. 

Liu et al., 2004; Perrott et al., 2014); the catchment discharge in ELW is primarily 

influenced by shallow or overland flow, while GL4 has a greater contribution from 

deeper subsurface flowpaths. The results from this study also build upon previous studies 
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of intracatchment processes controlling streamflow and hydrochemistry (Frisbee et al., 

2011) by acknowledging that the size of the subsurface storage reservoir (which can be 

correlated with drainage area) is the factor which likely controls these processes. While 

subsurface storage exchange allows for greater physical buffering of snowmelt timing, 

the correlation of annual chemical response in GL4 to changes in snowmelt show that the 

connectivity to stored waters (resulting in outflow chemical variability) in GL4 may be 

influenced by snowmelt variability.  

5 CONCLUSIONS 

Analysis of physical (hydrologic flux, flux timing and rate) and chemical (solute 

concentration) response at the catchment scale provides insight into how snowmelt 

moves through the catchment enroute to the catchment outlet. The role of storage at the 

catchment scale provides physical buffering of snowmelt variability, however may 

increase hydrochemical variability due to connection to more chemically-evolved waters 

from long-term storage (fig. 10).We hypothesized that the variability of snowmelt would 

be greater than discharge in GL4, where storage capacity is greater. In ELW, where 

storage capacity is more limited, we expected that snowmelt and discharge variability to 

be more similar. While GL4 data show greater dampening of physical variability through 

storage, the correlation between snowmelt and hydrochemical flux indicates that 

snowmelt variability would impact water quality in GL4 more than ELW. The greater 

hydrochemical variability may be due to the connection with more chemically-evolved 

waters, and the ability of snowmelt conditions to drive the connection to these waters. 

Results show there is a stronger correlation between annual hydrologic and chemical 

fluxes in catchments with larger storage capacity, and weaker to no correlation in 
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catchments with limited storage capacity, and that these relationships are statistically 

significant.  
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6 FIGURES 

 

Figure 1: Site map showing the location of the two study areas: Tokopah Basin (ELW) in 
California and Green Lakes Valley (GL4) in Colorado.  
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Figure 2: Aggregation of spatially distributed hourly data to create spatially-distributed 
daily snowmelt maps. Spatial trimming of snowmelt values at the catchment boundary 
followed by the sum of all values within the catchment boundary gave daily water input 
values. Both panels show the same daily snowmelt data, but only the values within the 
bounds of the catchment boundary (right) used to create that day’s snowmelt value. The 
values within the bounds of the catchment were added and normalized for area to 
determine the depth of water in meters contributed into the catchment each day. Sum of 
the raster snowmelt input values within the catchment analyzed over the snowmelt season 
(DOY 60- DOY 273) provide annual snowmelt input. 
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Figure 3: Mean daily snowmelt and discharge for ELW (red) and GL4 (blue) for the 
study period (eleven years, 1996 through 2006). Snowmelt is the dominant hydrologic 
event in both catchments. 
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Figure 4: Annual total water flux for both catchments (ELW upper, GL4 lower). The 
input and output magnitude are larger in ELW, where the snowpack is warmer and wetter 
(greater SWE and SCA) than the cold dry continental pack at GL4. Residual flux in ELW 
has a positive statistically significant linear correlation (r = 0.700, p-value = 0.016) with 
time over the study period. Residual flux switches from negative to positive over the 
study period. GL4 residual flux is consistently negative, with a weak negative statistically 
insignificant linear correlation (r = -0.214, p-value = 0.527 with time over the study 
period.   
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Figure 5: Cumulative annual hydrologic flux. The consistently negative residual in GL4 
may indicate a systematic underestimation of input from the snowmelt model or 
contribution to output from an unmodeled source, such as glacier melt, in the catchment. 
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Figure 6: Conceptual model of timing of snowmelt and discharge. We expect discharge to 
be delayed relative to snowmelt, and the longer it is delayed we hypothesize the more 
connection to longer flowpaths and therefore greater influence of stored waters.  
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Figure 7: Timing of discharge and snowmelt for GL4 (blue squares) and ELW (red 
circles). The mean and standard deviation for each catchment show the range of 
snowmelt timing is similar in both catchments; however, discharge is more delayed in 
GL4. The variability of discharge timing is also lower in GL4 relative to ELW. Daily 
discharge data from the entire year were used for timing calculations; modelled snowmelt 
data span from DOY60 to DOY 243. 
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Figure 8: Hydrochemical response of silica in ELW (left) and GL4 (right) in years of 
minimum (upper) and maximum (lower) timing differences (see table 2) in both 
catchments.  
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Figure 9: Hydrochemical response of sodium in ELW (left) and GL4 (right) in years of 
minimum (upper) and maximum (lower) timing differences (see table 2) in both 
catchments. 
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Figure 10: Conceptual model of catchment storage processes.  
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7 TABLES 

 
Table 1: Annual hydrologic flux and hydrochemical data and summary statistics for ELW 
and GL4. Melt and Discharge are cumulative annual totals, and Silica and Sodium are 
volume-weighted mean values. The mean (µ), standard deviation (σ) and coefficient of 
variance (cv) were calculated for each variable. 
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Hydrologic Flux 
Variable 

Hydrochemical 
Variable ELW GL4 

Total Melt Silica -0.146 -0.770 
Discharge Silica -0.273 -0.590 
Residual  Silica 0.168 -0.651 
Total Melt Sodium 0.052 -0.448 
Discharge Sodium -0.731 -0.517 
Residual  Sodium 0.609 -0.235 

 
Table 2: Pearson correlation coefficients, which range from -1 to 1. Positive values show 
a positive linear correlation between variables, negative values show a negative linear 
correlation between variables. The absolute value of the magnitude shows the strength of 
the correlation; values closer to zero are very weakly correlated. Statistically significant 
correlations (n=ll, p-value < 0.05) are shown in bold.  
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9 APPENDIX AA: ANNUAL DATA FOR ELW AND GL4 

 

 ELW Snowmelt (mm/day) GL4 Snowmelt (mm/day) 
 Median Mean StDev Median Mean StDev 
1996 1.51 5.85 7.42 1.72 3.49 4.08 
1997 4.26 6.76 6.68 2.50 5.26 7.88 
1998 4.55 7.79 8.74 2.01 3.92 4.50 
1999 2.43 4.71 6.00 1.15 2.97 4.30 
2000 2.47 5.60 7.14 1.52 3.13 4.27 
2001 0.31 4.03 6.39 1.25 2.43 3.31 
2002 2.94 6.85 7.67 1.01 1.77 1.95 
2003 1.74 4.95 6.96 2.47 3.44 4.58 
2004 4.40 6.72 6.68 1.68 2.85 3.64 
2005 6.73 9.36 9.17 3.74 5.10 5.60 
2006 4.51 9.71 10.45 1.61 2.86 3.55 

 

  ELW Outflow (mm/day) GL4 Outflow (mm/day) 
  Median Mean StDev Median Mean StDev 
1996 6.46 9.78 9.53 4.20 4.34 4.25 
1997 4.28 7.17 7.55 0.00 4.72 5.41 
1998 5.27 7.14 6.54 4.46 4.38 4.78 
1999 4.98 9.71 9.84 4.80 4.54 4.90 
2000 2.09 4.61 5.16 4.48 3.84 3.41 
2001 1.29 4.82 6.36 4.34 4.16 3.87 
2002 0.36 3.62 5.84 2.94 2.89 2.71 
2003 1.82 4.16 5.22 5.09 4.89 5.29 
2004 0.89 3.78 5.91 4.17 3.76 3.48 
2005 1.85 3.32 3.78 4.65 4.90 5.01 
2006 2.72 8.46 9.00 4.36 4.15 4.35 
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 ELW Si (umol/L) GL4 Si (umol/L) 
 Median Mean StDev Median Mean StDev 
1996 20.60 16.06 14.45 30.16 32.62 8.68 
1997 29.52 27.50 16.37 25.25 27.76 19.07 
1998 23.70 17.76 18.16 26.24 25.86 13.33 
1999 24.43 18.50 14.32 40.15 39.18 19.67 
2000 0.00 9.48 12.47 37.24 31.57 15.95 
2001 0.00 9.06 14.67 37.91 35.25 17.64 
2002 0.00 0.00 0.00 46.42 43.96 11.06 
2003 0.00 0.00 0.00 43.59 38.78 12.89 
2004 0.00 0.00 0.00 37.81 36.26 11.37 
2005 0.00 0.00 0.00 31.71 26.67 14.62 
2006 0.00 0.00 0.00 35.39 36.48 11.97 
 

 

 ELW Na (umol/L) GL4 Na (umol/L) 
  Median Mean StDev Median Mean StDev 
1996 7.50 5.73 5.07 28.21 27.52 5.29 
1997 10.45 9.01 4.98 25.07 23.17 9.95 
1998 9.00 6.53 6.34 28.27 24.59 9.44 
1999 12.80 9.45 6.39 29.62 26.24 11.96 
2000 0.00 6.72 7.89 27.27 23.50 11.66 
2001 0.00 3.85 6.11 26.39 26.12 9.54 
2002 12.70 7.66 7.43 28.97 28.23 6.76 
2003 12.99 9.62 8.29 25.78 25.26 11.32 
2004 0.00 6.18 7.60 25.04 25.13 9.65 
2005 12.01 8.06 7.72 17.21 19.10 13.29 
2006 0.00 5.03 6.00 22.74 21.61 7.79 
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ABSTRACT 

The role of dynamic subsurface storage on catchment discharge response to earlier 

snowmelt timing has not been fully quantified. Green Lake 4 (GL4, located in the Colorado 

Front Range) and Emerald Lake Watershed (ELW, in the Southern Sierra Nevada 

Mountains) have similar high-elevation settings but GL4 has greater estimated storage 

capacity due to differences in physical subsurface structure. A sine wave was used as a 

representation of the input from single hydrologic event (e.g. snowmelt) to a catchment. 

Catchment processes were represented through phase shift (delay between input and 

output) and magnitude (volumetric storage exchange) of a second, output sine wave. 

Response ellipses, generated from plotting the input and output sine waves, were used to 

develop quantitative relationships between the input and output properties and the 

eccentricity (delay) and angle (storage exchange) of the response ellipses. Response 

ellipses were generated using real data from two alpine catchments with different storage 

capacities, Green Lake 4 in Colorado and Emerald Lake Watershed in California.  

Daily catchment area-normalized modelled snowmelt estimates and daily measured 

discharge for eleven snowmelt seasons from GL4 (more storage) and ELW (less storage) 

were used to generate response ellipses to assess the role of dynamic storage at the 

catchment scale. The eccentricity of the fitted ellipses provides a quantified estimate of the 

delay between snowmelt and discharge due to connection to subsurface storage; narrower 

loops show minimal storage delay whereas wider loops show greater storage delay. Fitted 

ellipse properties allow for comparison of multiple years of data as well as between 

catchments. Both catchments show a moderate linear correlation between fitted ellipse area 

and total snowmelt volume (GL4 R2=0.516, ELW R2=0.614). Ellipse eccentricity is more 

consistent among years in ELW (range from 0.81 to 0.94) than in GL4 (range from 0.54 to 
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0.95), indicating a more consistent flowpath structure and connectivity to shallow storage 

at ELW. The linear correlation between eccentricity versus snowmelt timing is stronger in 

ELW than GL4 (R2=0.741 and 0.223, respectively). The larger storage capacity of GL4 

allows for a greater range of physical response to input conditions, which may be due to 

longer residence waters in both subsurface and glacier reservoirs. The limited storage 

capacity of ELW shows greater vulnerability of physical response to changes in snowmelt 

conditions.  

58 
 



1 INTRODUCTION 

Snowmelt from montane catchments is a key component of water resources for the 

Western United States (Carroll and Cressie, 1997; Mote et al., 2005). Quantification of 

the response to snowmelt can lead to better understanding of catchment processes and 

function, and may lead to assessment of the vulnerability of water resources to climate 

change (Williams et al., 1996; Christensen et al., 2004; Clow, 2010). Quantification of 

hydrologic processes which control the physical buffering of snowmelt input will provide 

information on how headwater systems might respond to earlier and faster snowmelt 

conditions under continued climate change.  

The response of streamflow to alterations in catchment input (e.g. snowmelt), such as 

investigations of concentration-discharge relationships, has been used on large-scale 

hydrologic systems (Nash and Sutcliffe, 1970; Bowes et al., 2005; Godsey et al., 2009; 

Andermann et al., 2012) to provide insight into processes between the hydrologic input 

(event) and output (discharge measurement). The timing difference of hydrologic input 

and output volume in watershed models is due to routing of water through subsurface 

storage reservoirs (Ajami et al., 2011; Andermann et al., 2012; Heidbüchel et al., 2012; 

Soulsby et al., 2011; Williams et al., 2009). At the catchment scale, timing differences 

between input and output can be aggregated to develop an average timing variable, such 

as mean residence time or master transit time distribution (Heidbüchel et al., 2012; 

McGlynn et al., 2003), and volumetric differences can be described through water mass 

balance.  

Snowmelt-dominated catchments provide a robust physical setting to study the 

physical and chemical response to a single, prolonged hydrologic event (Kendall et al., 

1999; Soulsby et al., 2011). Spatially-distributed snowmelt models (Jepsen et al., 2012b; 
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Molotch et al., 2008) also provide an important quantitative improvement over 

extrapolation of point-measured precipitation (Beven and Hornberger, 1982; Tetzlaff and 

Uhlenbrook, 2005). The snowmelt output of these models provides a robust spatially-

distributed estimate of hydrologic input at the catchment scale. This paper aims to 

quantify the role of subsurface storage on hydrologic response in two snowmelt-

dominated headwater catchments, one with minimal storage capacity and the other with 

greater storage capacity (Tonnessen, 1991; Williams et al., 1996). We seek to answer the 

following three questions:  

(1) How does storage capacity mediate the impact of snowmelt variability on 
discharge?  

(2) How can catchment response be quantified using response ellipses? 
(3)  How do response ellipses provide insight into catchment response to 

climate forcing? 
 
The comparison of the hydrologic response in two snowmelt-dominated catchments, 

Green Lake 4 (GL4) and Emerald Lake Watershed (ELW), with different total storage 

capacity volumes (GL4 greater than ELW) over eleven snowmelt seasons (1996-2006) 

will lead to a robust evaluation of how malleable response is to perturbation due to 

climate forcing. Climate change in high elevation ecosystems will change the timing and 

duration of snowmelt (Christensen et al., 2004; Clow, 2010; Mote et al., 2005). The 

ability to relate input to hydrologic processes at the catchment scale will advance our 

understanding of how changes in climate may impact water resources. 

1.1 Site and Data Descriptions 

ELW and GL4 are located in the Tokopah Basin within the Southern Sierra in 

California and Green Lakes Valley within the Front Range in Colorado, respectively 

(Figure 1). ELW is located at 36° 35’ N, 118° 40’ W, and spans from 2800m to 3400m 

above sea level. GL4 is located at 40° 03’ N, 105° 35’ W, and spans from 3380m to 
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4084m above sea level. The hydrology of both catchments is dominated by snowmelt, 

which occurs between May and October each year. ELW and GL4 catchments have been 

the subjects of a variety of catchment-scale studies, many of which have focused on 

hydrochemistry and storage capacity through tracer and hydrograph separation 

techniques (F. J. Liu et al., 2004; Meixner et al., 2000; Williams et al., 1996, 1993; 

Wolford et al., 1996).  

Snowmelt model results used as hydrologic input data for this study used measured 

snow survey data collected at both catchments along with geospatial and atmospheric 

measurements from in-situ climate data stations to model hourly snowmelt for each 30m 

by 30m raster within the modelled area (Jepsen et al., 2012b; Molotch et al., 2008). Use 

of model data for this study means the inheritance of the model’s assumptions, which 

include spatial interpolation of meteorological parameters to determine energy fluxes. 

Snowmelt model results are the most comprehensive spatially-distributed daily 

hydrologic input values available at this time for the two study catchments. The 

difference in snowmelt model extent and catchment area is larger in ELW than GL4, 

though the specific impact of how this spatial scale difference might affect the accuracy 

of the snowmelt model results has not been quantified.  

Modelled snowmelt and discharge measured at the catchment outlets were used for 

these analyses over eleven years (1996 to 2006). GL4 discharge data collection was 

managed by Colorado University at Boulder in conjunction with the Long-Term 

Ecological Research site and Mountain Research Station at Niwot Ridge. ELW discharge 

data collection was managed by James Sickman through the University of California at 
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Riverside. Data from both catchments were analyzed over the same time period, from 

1996 through 2006.  

2 METHODS 

Hydrologic processes at the catchment scale may influence the timing or volumetric 

difference between input and output fluxes. Catchment response over time can be shown 

by plotting the daily hydrologic input flux (snowmelt) versus the daily hydrologic output 

flux (discharge) for each snowmelt season, resulting in an elliptical response over time. 

Comparison of these response ellipses for different snowmelt seasons within the same 

catchment as well as between catchments will allow for quantification and 

characterization of hydrologic processes at the catchment scale, and the role of those 

processes towards mitigating variability of hydrologic input due to climate change. 

2.1 Spatiotemporal data normalization 

Data for this analysis were not generated or collected specifically for the purpose of 

this study, and therefore spatiotemporal normalization was required to allow for 

comparison between snowmelt seasons and catchments. Model output of hourly 

snowmelt data from both catchments were aggregated to daily data. The spatial extent of 

the snowmelt model was larger than the study catchment areas, so the daily snowmelt 

data were spatially clipped to the catchment area and spatially aggregated to provide the 

daily snowmelt input to the catchment in meters. Measured discharge volume from both 

catchments were normalized by catchment area to provide daily discharge output from 

the catchment in meters. 

2.2 Timing difference between snowmelt and discharge 

A center of mass approach (Clow, 2010) was used to evaluate timing of discharge as 

well as snowmelt. The difference in the timing for these annual processes— the number 
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of days between snowmelt and discharge— may quantify the degree to which catchment 

response is delayed due to physical flow through storage (fig. 3). We expect greater 

timing difference (more delayed response) would be due to input waters follow longer 

flowpaths with connections to deeper stored waters, and therefore greater timing 

difference in GL4, which has greater storage capacity, than ELW. 

Hydrologic fluxes were aggregated for the catchment area for the snowmelt season 

(day of year 60 to 243). 

𝐹𝐹𝑆𝑆𝑅𝑅𝐹𝐹50% = �∑ 𝐹𝐹𝑆𝑆𝑅𝑅𝐹𝐹𝑗𝑗
𝑗𝑗=273
𝑗𝑗=60 � × �1

2
�     ( 1 ) 

 
Where j is the Julian day of year. After the volume of Flux50% has been calculated, the 

day of year on which Flux50% equals the cumulative sum of snowmelt flux is equal to the 

value of half of the total melt flux. These 50% flux days of year were calculated 

seasonally for snowmelt and discharge in ELW and GL4 from 1996-2006. The timing 

difference for this study is defined as the number of days between these two 50% flux 

days for the same season: 

𝑄𝑄50% −𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆50% = 𝑇𝑇𝐷𝐷𝑆𝑆𝐷𝐷𝑆𝑆𝑎𝑎 𝑅𝑅𝐷𝐷𝑑𝑑𝑑𝑑𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆    ( 2 ) 
 

The timing difference describes the seasonal lag between snowmelt and discharge, 

which may have implications for the role of intra-seasonal storage in each catchment. 

Annual snowmelt volume and timing data will be correlated to intra-annual catchment 

response parameters.  

2.3 Response ellipses: synthetic data 

An elliptical shape, known as a Lissajous curve (Lissajous, 1849), can be created by 

applying a phase shift or amplitude variation to a sine wave, and plotting against the 

original sine wave. This concept was applied to this hydrologic context as the original 
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sine wave representing the input flux (snowmelt) over time, and the second, manipulated 

sine wave representing the output flux (discharge) over time. Relationships between the 

sine wave manipulation (phase shift, amplitude) and resulting ellipse (eccentricity, angle) 

were developed and compared to data from ELW and GL4 to assess and compare the 

temporal variability of catchment response in these two headwater catchments. 

2.3.1 Timing difference and response ellipse eccentricity 

The relationship between the phase shift and the eccentricity was evaluated using the 

hysteresis package (Maynes et al., 2015) in R, which creates and measures a fitted ellipse 

to given data. This package was used to calculate the eccentricity of a fitted ellipse: 

𝑆𝑆𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝐷𝐷𝐷𝐷𝐷𝐷𝑆𝑆𝑒𝑒 = 

 �(((𝐷𝐷𝑆𝑆𝑆𝑆𝐷𝐷 𝑆𝑆𝑎𝑎𝑚𝑚𝑆𝑆𝑎𝑎 𝑎𝑎𝐹𝐹𝐷𝐷𝐷𝐷)2 − (𝐷𝐷𝑆𝑆𝑆𝑆𝐷𝐷 𝑆𝑆𝐷𝐷𝑆𝑆𝑆𝑆𝑎𝑎 𝑎𝑎𝐹𝐹𝐷𝐷𝐷𝐷)2) (𝐷𝐷𝑆𝑆𝑆𝑆𝐷𝐷 𝑆𝑆𝑎𝑎𝑚𝑚𝑆𝑆𝑎𝑎 𝑎𝑎𝐹𝐹𝐷𝐷𝐷𝐷)2⁄ ) ( 3 ) 
 
Sine wave data were used to calculate eccentricity (eq. X) for an incremental phase shift 

between zero and 𝜋𝜋
2
, or a quarter of the full sine wave period (2𝜋𝜋). Shift values greater 

than this result in ellipses with different angle rotations (e.g. a Lissajous curve). The 

eccentricity of the response ellipse varies nonlinearly with the phase shift. To translate 

this relationship to real data, the positive portion of the sine wave with positive values 

( 0 ≤ 𝑆𝑆 ≤ 180 ) was used as the response period, which relates to the snowmelt season, 

or day of year 60 to 243 (183 days): 

𝑑𝑑(𝑆𝑆) = sin(𝜔𝜔𝑆𝑆) = ℎ𝑒𝑒𝑅𝑅𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝐷𝐷𝐷𝐷 𝑑𝑑𝑆𝑆𝑅𝑅𝐹𝐹      ( 4 ) 
 

𝑑𝑑(𝑆𝑆) = sin(𝜔𝜔𝑆𝑆 − 𝛿𝛿𝜋𝜋) = ℎ𝑒𝑒𝑅𝑅𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝐷𝐷𝐷𝐷 𝑎𝑎𝑆𝑆𝐷𝐷𝑟𝑟𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆 𝑑𝑑𝑆𝑆𝑅𝑅𝐹𝐹   ( 5 ) 
 

Where the phase shift (𝛿𝛿, from 0 to 1) applied to the response sine wave is in terms of 

percent of the response period. Phase shift, or delay of hydrologic response flux (eq. 2) 

relative to the hydrologic flux into a catchment (eq. 1), could be due to the physical 
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routing of water through the catchment via overland or subsurface flowpaths. A full 

phase results in a circle (eccentricity = 0), whereas no phase shift results in a straight line 

(eccentricity = 1) (fig. X). 

2.3.2 Amplitude and response ellipse angle 

The relationship between amplitude and angle (measured counter-clockwise from the 

x-axis to the semi-major axis) of the response ellipse was also evaluated using the sine 

wave synthetic data: 

𝑑𝑑(𝑆𝑆) =  ∝0 sin(𝜔𝜔𝑆𝑆) = ℎ𝑒𝑒𝑅𝑅𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝐷𝐷𝐷𝐷 𝑑𝑑𝑆𝑆𝑅𝑅𝐹𝐹      ( 6 ) 
 
𝑑𝑑(𝑆𝑆) =  ∝1 sin(𝜔𝜔𝑆𝑆) = ℎ𝑒𝑒𝑅𝑅𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝐷𝐷𝐷𝐷 𝑎𝑎𝑆𝑆𝐷𝐷𝑟𝑟𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆 𝑑𝑑𝑆𝑆𝑅𝑅𝐹𝐹     ( 7 ) 

 

Where the amplitude of the hydrologic flux is controlled by the value of ∝, from 0 to 1, 

and the relative value of  ∝1 to  ∝0 may be related to the amount of hydrologic flux 

which is exchanged with stored water; higher amplitude in the response flux may indicate 

water from storage contributing to response flux,  lower amplitude may indicate water 

entering storage and not leaving the catchment within the same season. No amplitude 

difference results in a response ellipse of 45 degrees, and the larger the amplitude 

difference the further from 45 degrees (reduced amplitude results in angles < 45 degrees, 

increased amplitude results angles > 45 degrees) (fig. X).  

2.3.3 Application of response ellipses with real data 

The daily input and output flux were plotted for each season in both catchments to 

determine how storage capacity and snowmelt conditions influence catchment response. 

Area-normalized daily input flux versus output flux was expected to show a counter-

clockwise response ellipse for a catchment with hydrologically connected storage, where 

input is greater than output initially, followed by output greater than input. While each 
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graph of this hydrologic flux evolution shows a unique progression over the snowmelt 

season (Appendix BA), the snowmelt and discharge data were used to generate a fitted 

ellipse using a pre-defined fitting algorithm (‘direct’) through the ellipse package in R 

(Maynes et al., 2015). Ellipses fitted using the same method for each year of hydrologic 

flux data (n=11) provided a measure of catchment response, allowing for annual 

comparison, as well as a method to compare hydrologic response between catchments. 

The fitted ellipse area, angle and eccentricity are related to the difference in magnitude 

and timing of hydrologic snowmelt and discharge fluxes (figs.s 4 and 5).  

It was expected that fitted ellipse area would correlate with the total snowmelt 

volume; i.e. the higher the input flux, the larger the ellipse. The fitted ellipse eccentricity 

(the measure of elongation or separation of ellipse foci, where eccentricity = 0 is a circle 

and eccentricity = 1 is a line) shows the within season lag between snowmelt and 

discharge fluxes. Narrow response ellipses have a higher eccentricity (the distance 

between ellipse foci), and less displacement to/from storage than wider, lower 

eccentricity response ellipses. The eccentricity of fitted ellipses for each snowmelt season 

provides a comparable quantification of the role of storage in these catchments.  

The difference between the fitted ellipse angle from 45 degrees were subtracted from 

the fitted ellipse angle to measure the distance from the 1:1 line of each ellipse. Angles 

greater than 45 degrees (positive angles after this conversion) would have more discharge 

than snowmelt, and therefore are expected to have a negative residual flux for the year. 

Angles less than 45 degrees (negative after conversion) would have more input than 

output, and therefore are expected to have a positive residual flux. 
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Response ellipse data from ELW and GL4 were also compared to the relationships 

between phase shift and amplitude derived from synthetic sine wave data. 

 
The fitted ellipse shape measures the degree to which the annual water balance is zero 

through the symmetry of flux magnitude and timing. The angle of the semi-major axis 

also shows the dependence of discharge on melt. The angle of the fitted ellipse provides a 

metric to describe the symmetry of both the magnitude and the timing of the interaction 

with catchment dynamic storage for the snowmelt season. When total snowmelt equals 

total streamflow we expect the angle to be 45 degrees.  

The strength of correlation of the fitted ellipse measurements with snowmelt timing 

and volume quantifies catchment response to changes in snowmelt. The comparison of 

the hydrologic response in two snowmelt-dominated catchments, Green Lake 4 (GL4) 

and Emerald Lake Watershed (ELW), with different total storage capacity volumes (GL4 

greater than ELW) over eleven snowmelt seasons (1996-2006) will lead to a robust 

evaluation of how malleable response is to perturbation due to climate forcing. Climate 

change-driven increases in air temperature in high elevation ecosystems will result in 

earlier and quicker snowmelt. The ability to relate input to hydrologic processes at the 

catchment scale will advance our understanding of how changes in climate may impact 

water resources. 

3 RESULTS 

Snowmelt and discharge timing were compared for each year in ELW and GL4 (fig. 

3).  All data plot above the 1:1 line, showing that the center of mass of snowmelt occurs 

before the center of mass of discharge. The normal distance from the 1:1 line is the 

timing difference between snowmelt center of mass and discharge center of mass. GL4 
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shows no correlation between the center of mass of melt and the center of mass of 

discharge (R2=0.069, p > 0.05), but ELW shows a statistically-significant positive 

relationship between annual snowmelt center of mass and discharge center of mass values 

(R2=0.822, p < 0.05) (Table 1). 

Mean daily snowmelt versus mean daily discharge in GL4 and ELW show a generally 

counterclockwise evolution over the snowmelt season; initially the magnitude of 

snowmelt is greater than discharge in the early season, transitioning to the magnitude of 

discharge being greater than snowmelt in the late season (fig. 5). The timing of crossing 

over the 1:1 of when discharge becomes greater than melt also occurs later in GL4 and 

earlier in ELW (yellow and green, respectively). The horizontal distribution of points in 

GL4 also shows greater variability of the day-to-day snowmelt flux relative to discharge. 

The evolution of hydrologic flux in ELW does not show the same variability in horizontal 

or vertical directions; the independence of catchment discharge relative to snowmelt, also 

measured in the consistency of discharge timing, results in a poorly defined ellipse. The 

lack of correlation of discharge relative to snowmelt may indicate a more hydrologically-

connected or shallower catchment storage system in ELW. 

The eccentricity of the given ellipse in the first quadrant along a 45-degree axis is 

inversely proportional to the delay in timing of the hydrologic input and output fluxes 

along a sixth-order polynomial curve (R2 = 0.9958)  

Daily snowmelt and discharge hydrologic fluxes over time were used to generate 

fitted ellipses. The metrics of these fitted ellipses (area, angle and eccentricity) were 

calculated from each year of the study period in both catchments (Table 2). The 

variability of response ellipse data (standard deviation of eccentricity, angle, and area for 
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the eleven study years) is greater in GL4 than ELW. The extent of correlation between 

the response ellipse measurements and hydrologic flux parameters were calculated for 

ELW and GL4 (n=11). Total annual snowmelt was compared to fitted ellipse area (fig. 

6). Both GL4 and ELW show statistically significant linear correlation between snowmelt 

volume and fitted ellipse area (GL4: n=11, R2=0.5158. p < 0.05 ; ELW: n=11, 

R2=0.6139, p < 0.05) . Timing difference is significantly correlated to eccentricity in 

ELW (n=11, R2=0.7413, p < 0.05), and not significantly correlated in GL4 (n=11, 

R2=0.01306, p > 0.05) (fig. 7). When GL4 data are regrouped, there is a statistically 

significant correlation between eccentricity greater than 0.80 and timing difference (n=5, 

R2=0.8712, p < 0.05). Annual residual hydrologic flux (total input minus output) values 

were not significantly correlated in either catchment to the offset from 45 degrees of the 

fitted ellipse angle (GL4: n=11, R2=0.0241. p > 0.05; ELW: n=11, R2=0.2048, p > 0.05) 

(fig. 8). 

Response ellipse eccentricity and angle data from ELW and GL4 were also compared 

to the relationships developed using synthetic sine wave data (figs. 9 and 10). Generally, 

smaller phase shift (timing difference) relates to higher eccentricity, and smaller change 

in amplitude relates to lower semi-major axis angle. The eccentricity of the response 

ellipse and percent of total phase shift of the sine wave data shows a complex non-linear 

relationship, which is roughly followed by the data from ELW and GL4 (fig. 9). ELW 

data have a higher eccentricity and lower phase shift (timing difference) values, and GL4 

data have lower eccentricity values and higher timing difference values. The relationship 

between response ellipse angle and change in amplitude is followed generally by ELW 
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data; however, GL4 data do not show any relationship to the relationship defined by the 

synthetic data.  

4 DISCUSSION 

The extent to which hydrologic processes mitigate input timing and magnitude 

variability is a measure of the aggregation of catchment-scale hydrologic processes 

(Heidbüchel et al., 2012). Snowmelt-dominated headwater catchments are vulnerable to 

reduced snowpack and earlier snowmelt due to climate change (Carroll and Cressie, 

1997; Clow, 2010; Mote et al., 2005). The influence of earlier, faster snowmelt seasons, 

driven by climate change (Christensen et al., 2004; Clow, 2010), is different in ELW and 

GL4, where the capacity of subsurface storage capacity is different (Williams et al., 1993, 

2006, 2009; Perrott et al., 2014, Driscoll et al., in prep). The role of catchment processes 

in mitigating hydrologic input flux variability has been assessed through measurement of 

residence and transit-time distributions (McGlynn et al., 2003; McGuire and McDonnell, 

2006; Broxton et al., 2009; McGuire et al., 2007; Heidbüchel et al., 2012) using a tracer 

and isotopic analysis techniques. This study uses an inverse approach to measure the 

difference in timing and magnitude of a single hydrologic event (snowmelt) and the 

resulting hydrologic response (discharge) to quantify catchment processes, comparing 

catchment response over eleven years in ELW and GL4. 

(1) How does storage capacity mediate the impact of snowmelt variability on 
discharge?  

 
Previous studies have shown ELW to have limited storage capacity relative to GL4 

using geochemical analyses (Williams et al., 1993, 2006; Perrott et al., 2014). 

Comparison of timing differences from both catchments over the study period suggest 

discharge timing is independent of snowmelt timing in GL4, where there is greater 
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storage capacity. This disconnection between snowmelt and discharge, which could be 

snowmelt contributing to deeper storage (Jepsen et al., 2012b). The buffering of 

snowmelt timing observed in GL4 is not shown in ELW, where storage capacity is 

limited. Snowmelt influences discharge because there are no intermediate hydrologic 

processes to buffer variability, resulting in increased vulnerability of catchments with 

limited storage capacity. The effect of snowmelt variability will therefore have a greater 

influence on discharge in ELW, and may be generalized to catchments with limited 

storage capacity.  

(2) How can catchment response be quantified using response ellipses? 
 

The physical role of dynamic storage in the catchment is measured by the fitted 

response ellipse of the daily data over the snowmelt season; the area, angle and 

eccentricity describe the aggregation of hydrologic processes in the catchment over the 

snowmelt season. Response ellipses show changes in the relationship of two variables 

over time, starting with an initial value and ending at the same value. With respect to 

concentration-discharge relationships, hysteresis has been used to explain the response to 

lagged response to solute flushing (Walling and Foster, 1975)  as well as changing 

contribution from source waters (e.g. soil water, groundwater, event water) over time 

(Evans and Davies, 1998; Hooper et al., 1990). The availability of hydrologic input flux 

values from a single, prolonged hydrologic event (snowmelt) allow for the comparison of 

snowmelt and discharge to assess the causes of physical catchment response.  

(3) How do response ellipses provide insight into catchment response to 
climate forcing? 
 

The complex network of subsurface flowpaths which contribute to catchment 

discharge can be difficult to directly measure (Bishop et al., 2004; McGuire and 
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McDonnell, 2006; Frisbee et al., 2012). Response ellipses provide a quantified measure 

of catchment hydrologic processes which effect the timing and magnitude of hydrologic 

flux. These measures can be compared from year to year, and from catchment to 

catchment, providing a direct method of characterization of catchment response. This 

method provides a framework for assessing the vulnerability of hydrologic systems to 

climate change by using these response ellipses to approximate the storage capacity 

available to buffer hydrologic input variability. The development of relationships 

between synthetic sine wave data and factors which influence catchment response 

provide an estimation of expected catchment response to climate change as a function of 

estimating the role of storage in buffering hydrologic input variability.  

Decline in total snowpack and earlier snowmelt will affect catchment response 

through altered timing and magnitude of hydrologic input flux. The negative correlation 

between eccentricity and timing difference in ELW but not in GL4 indicates a difference 

in catchment response between the study areas, which may be a result of their different 

storage capacities. Storage capacity has been shown to generate more variable 

hydrochemical response in GL4 relative to ELW, indicating connection to deeper 

flowpaths through longer residence storage. 

While the data from ELW and GL4 appear to follow the relationship generated with 

sine wave data with respect to eccentricity and timing difference, the angle of the 

response ellipses and amplitude of hydrologic flux does not fit well with real data. The 

lack of good fit may indicate other, more important factors which are not incorporated 

into this relationship, or it may show the limitations or the assumptions of using sine 

wave data to represent a hydrologic event and response.  
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5 CONCLUSIONS 

Response ellipses provide a quantifiable method to compare catchment response to 

hydrologic events across space and time, as well as generate expected relationships 

between driver variables and hydrologic response. Response ellipse variability is directly 

related to the variability of hydrologic exchange to or from dynamic storage for each 

snowmelt season. The physical mitigation that catchment storage provides in snowmelt-

dominated systems is necessary means to absorb the annual variability of snowmelt due 

to climate change. Results fall in line with previous hydrochemical investigations: ELW 

is likely to be more vulnerable to continued shorter, quicker snowmelt seasons, due to the 

lack of storage capacity to mitigate this variability. 
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7 FIGURES 

 
Figure 11: Location of the Emerald Lake Watershed within the Tokopah Basin in 
California and Green Lakes 4, within the Green Lakes Valley in Colorado. 
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Figure 12: Annual timing of melt and discharge for each season in ELW and GL4. The 
timing of discharge is independent of melt in GL4, however there is a positive correlation 
in ELW where we see later melt relating to later discharge timing. 
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Figure 13: Response ellipse phase shift and eccentricity: Synthetic hydrologic flux data 
(sine waves) were used to develop a relationship between phase shift and resulting 
change in eccentricity of the response ellipse (in quadrant I), top, and translation to a 
conceptual model of the relationship of storage capacity to response ellipse eccentricity 
via phase shift or timing difference between input and output fluxes, below. 
  

𝑑𝑑(𝑆𝑆) = sin(𝜔𝜔𝑆𝑆 − 𝛿𝛿0𝜋𝜋) = 𝑑𝑑𝑆𝑆𝑅𝑅𝐹𝐹0 

𝑑𝑑𝑆𝑆𝑎𝑎 0 ≤ 𝑆𝑆 ≤ 180 𝑎𝑎𝑆𝑆𝑅𝑅 0 ≤ 𝛿𝛿 ≤ 1 
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Figure 14: Response ellipse amplitude and angle: Synthetic hydrologic flux data (sine 
waves) were used to develop a relationship between amplitude and resulting change in 
angle of the response ellipse (in quadrant I), top, and translation to a conceptual model of 
the relationship of hydrologic exchange to angle, below.
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Figure 15: Conceptual model of catchment cross-sections and relationship to catchment 
response from limited storage capacity to more storage capacity (upper, left to right) and 
less exchange with subsurface storage to more exchange with subsurface storage (lower, 
left to right). These relate to ELW and GL4 where ELW is more like the catchments to 
the left (less timing difference, minimum exchange with storage), and GL4 is more like 
the catchments to the right (more timing difference, greater exchange with storage). 
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Figure 16: Mean daily snowmelt and discharge fluxes (left), change in storage (middle) 
and response ellipses (right) for day of year 60-243 (blue=60 transitioning to red=273) 
over the 1996-2006 study period for ELW (upper) and GL4 (lower). Both show a similar 
counterclockwise response ellipse, which reflects higher snowmelt at the beginning of the 
season leading to higher discharge later in the season. 
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Figure 17: Fitted ellipse area versus total snowmelt in ELW and GL4 for 1996 to 2006. 
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Figure 18: Fitted eccentricity versus timing difference in ELW and GL4 for 1996 to 
2006. 
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Figure 19: Fitted ellipse angle versus annual residual flux in ELW and GL4. 45 degrees 
were subtracted from the angle reported in table 2 to calculate the separation from the 1:1 
snowmelt flux:discharge flux line. 
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Figure 20: Catchment response ellipse data in relation to sine wave data with respect to 
eccentricity change and phase shift. 
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Figure 21: Catchment response ellipse data in relation to sine wave data with respect to 
angle versus change in amplitude. 
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8 TABLES 

Table 1: Annual timing and flux data from each catchment. 
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ay of 
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ol/L
)

(m
m

ol/L
)

1996
1.076

1.800
-0.725

140
149

0.142
0.035

0.641
0.798

155
199

-0.157
0.034

0.029
1997

1.244
1.319

-0.076
135

141
0.173

0.043
0.968

0.869
158

203
0.099

0.023
0.023

1998
1.433

1.313
0.120

166
167

0.152
0.045

0.721
0.805

153
198

-0.085
0.020

0.026
1999

0.866
1.786

-0.920
135

149
0.151

0.054
0.547

0.835
170

195
-0.289

0.041
0.024

2000
1.030

0.849
0.181

142
147

0.139
0.050

0.576
0.706

153
194

-0.130
0.042

0.031
2001

0.741
0.886

-0.145
134

148
0.174

0.051
0.447

0.765
152

195
-0.318

0.052
0.035

2002
1.260

0.666
0.595
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N
A

0.057
0.326

0.532
139
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0.032
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0.911
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0.145

146
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N
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0.633

0.899
148
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0.029
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0.524

0.692
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0.032
0.018
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1.723
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1.112
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0.938
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2006
1.787
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N
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0.017
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Table 2: Annual fitted ellipse data for ELW. 

 

Table 3: Annual fitted ellipse data for GL4. 

 
 

Year
Total 

Snowmelt 
(m)

Timing 
Difference 

(days)
Area* Angle*^

Semi-major 
Axis 

Length*

Semi-minor 
Axis Length*

Eccentricity*'

1996 1.0755 16 3.52E-04 52.91 1.49E-02 7.51E-03 0.86
1997 1.2436 17 2.38E-04 54.13 1.22E-02 6.21E-03 0.86
1998 1.4328 5 3.99E-04 48.7 1.72E-02 7.38E-03 0.9
1999 0.8663 13 2.03E-04 38.83 1.09E-02 5.92E-03 0.84
2000 1.0295 6 2.84E-04 46.68 1.45E-02 6.23E-03 0.9
2001 0.7411 6 2.00E-04 39.98 1.21E-02 5.24E-03 0.9
2002 1.2603 25 3.05E-04 27.04 1.30E-02 7.45E-03 0.82
2003 0.9105 9 2.27E-04 43.93 1.43E-02 5.06E-03 0.94
2004 1.2369 27 1.57E-04 14.69 9.19E-03 5.44E-03 0.81
2005 1.7225 17 4.11E-04 37.98 1.61E-02 8.15E-03 0.86
2006 1.7869 15 4.52E-04 44.88 1.81E-02 7.96E-03 0.9

ELW Snowmelt Volume, Timing, and Fitted Ellipse Calculations by Year

* : Area of the fitted ellipse.
 ̂: Angle is measured counter-clockwise from the x-axis to the semi-major axis of the fitted ellipse.

' : Eccentricity = √(((semi-major axis)2-(semi-minor axis)2)/(semi-major axis)2)

Year
Total 

Snowmelt 
(m)

Timing 
Difference 

(days)
Area* Angle*^

Semi-major 
Axis 

Length*

Semi-minor 
Axis Length*

Eccentricity*'

1996 0.6414 31 1.05E-04 1.11 7.25E-03 4.59E-03 0.77
1997 0.9684 33 4.25E-04 19.77 2.10E-02 6.45E-03 0.95
1998 0.7208 17 1.25E-04 35.73 7.90E-03 5.05E-03 0.77
1999 0.5465 19 1.23E-04 25.28 7.86E-03 4.99E-03 0.77
2000 0.5759 32 9.45E-05 0.22 8.64E-03 3.48E-03 0.92
2001 0.4467 35 1.00E-04 1.71 6.39E-03 4.98E-03 0.63
2002 0.326 57 5.24E-05 36.63 5.31E-03 3.14E-03 0.81
2003 0.6335 39 4.78E-04 36.58 1.77E-02 8.61E-03 0.87
2004 0.524 65 7.67E-05 151.84 5.39E-03 4.53E-03 0.54
2005 0.9379 39 3.72E-04 12.9 1.58E-02 7.49E-03 0.88
2006 0.5261 40 1.57E-04 142.54 7.82E-03 6.38E-03 0.58

 ̂: Angle is measured counter-clockwise from the x-axis to the semi-major axis of the fitted ellipse.

' : Eccentricity = √(((semi-major axis)2-(semi-minor axis)2)/(semi-major axis)2)

GL4 Snowmelt Volume, Timing, and Fitted Ellipse  Calculations by Year

* : Area of the fitted ellipse.
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9 APPENDIX BA: ANNUAL FITTED ELLIPSES FOR ELW AND GL4 

 
 

 

Figure 22: Fitted ellipses for each snowmelt season in ELW. 
  

93 
 



 

Figure 23: Fitted ellipses for each snowmelt season in GL4. 
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ABSTRACT 

The effect of declining snowpack and earlier snowmelt due to climate change on 

water quality in headwater catchments is not well understood. A tool to quantify and 

compare subsurface hydrologic processes across space and time will allow for assessment 

of the vulnerability of snowmelt-dominated catchments to climate change. Subsurface 

hydrologic processes are related to mineral weathering, which occurs along flowpaths 

between snowmelt and discharge, and are a function of residence time. The 

hydrochemical evolution of water between two locations along an elevation gradient was 

quantified from four nested catchments over an eleven year study period using a mass-

balance inverse geochemical modelling approach. An optimization method was applied 

to reduce multiple solutions to a single, comparable result. The application of this method 

to a series of nested catchments over an eleven year study period allowed a test of our 

conceptual model of how subsurface flowpaths vary in time and space. Mineral flux 

magnitude varies over time between catchments and increases as elevation decreases, 

indicating that longer-residence waters contribute more to lower elevations. Variability 

over time of relative mineral fluxes to produce chemostatic solute concentrations at 

catchment outlets suggest catchment-scale subsurface flowpath networks which respond 

to snowmelt conditions mitigate climate change impacts on water quality.   
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10 INTRODUCTION 

The effects of declining snow-water equivalent and earlier snowmelt due to climate 

change (Stewart et al., 2004; Mote et al., 2005; Clow, 2010) on the quality of water 

resources is not well understood; while long-term ecological research has identified 

temporal trends in water chemistry derived from mineral weathering related to climate 

change (Heath and Baron, 2013), the mechanism of this connection between snowmelt 

and subsurface processes is unknown. The ability to quantify the impact of climate 

change in snowmelt-dominated catchments requires an analytical tool to compare 

subsurface catchment processes, which control the hydrochemistry of these catchments 

across space and time.  

The discrepancy between physical variability (Frisbee et al., 2012, 2011; Heidbüchel 

et al., 2012) and chemical consistency (Godsey et al., 2009; Maher, 2010) has been 

described as a paradox in catchment hydrology (Bishop et al., 2004). Catchment-scale 

hydrologic processes, specifically subsurface flowpaths, can dampen hydrologic input 

variability, both physically and chemically (Heidbüchel et al., 2012). Mechanisms of 

catchment-scale hydrologic processes have been described as a black box (Frisbee et al., 

2012); previous studies have described hydrochemical processes as functions of source 

water contribution (Christophersen and Hooper, 1992; F. J. Liu et al., 2004), transit-time 

distributions (McGuire et al., 2007; Broxton et al., 2009; Heidbüchel et al., 2012) or 

residence time (McGuire et al., 2005; Maher, 2010, 2011). These past studies 

characterized hydrologic processes for a given study area; however, measuring how these 

processes change across space and time will allow for assessment of the vulnerability of 

snowmelt-dominated areas to climate change (Murdoch et al., 2000).  
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Groundwater is a major (greater than 50%) contributor to streamflow in snowmelt-

dominated catchments (Suecker et al., 2000; Liu et al., 2004), therefore quantifying the 

variability of subsurface flowpaths is critical for understanding the hydrology of these 

systems. Mineral weathering reactions, which control the chemical buffering capacity of 

headwater catchments, occur along on a network of subsurface flowpaths (Frisbee et al., 

2011). The water contact time with geologic materials plays an integral role in the 

hydrochemical evolution of water in the catchment; a longer contact time with geologic 

material along longer flowpaths leads to higher concentration of weathering products 

(Garrels and MacKenzie, 1967; Velbel, 1985; Mast et al., 1990; Rademacher et al., 

2001). Mineral weathering reactions along subsurface flowpaths provide a hydrochemical 

signature (Clow and Drever, 1996; Meixner et al., 2004; Godsey et al., 2009; Clow and 

Mast, 2010) specific to the native mineralogy of the subsurface geology (Garrels and 

MacKenzie, 1967; Mast et al., 1990; Clow and Drever, 1996). The variability of mass 

flux of weathering products shows the variability of hydrologic structure (the aggregation 

of subsurface hydrologic processes, which occur at different spatial and temporal scales) 

at the catchment scale. 

This study introduces a method which uses hydrochemical data from four snowmelt-

dominated nested catchments over an eleven different snowmelt seasons to quantify the 

mineral fluxes between these catchments to answer the following questions: 

1) How do subsurface flowpaths vary over space and time along a elevation gradient 
in a snowmelt-dominated watershed? 

2) How does the variability of subsurface flowpaths influence the vulnerability or 
resilience of snowmelt-dominated catchments to climate change? 

 
The flux of minerals resulting from weathering reactions along subsurface flowpaths 

can be calculated using an inverse approach between the two hydrochemically-distinct 
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waters. Geochemical models such as PHREEQC provide a robust geochemical 

framework for this approach (Parkhurst and Appelo, 1999); however, these models use 

dynamic assumptions, making direct comparison of model results difficult. This study 

introduces a method of reducing the multiple solutions from an inverse geochemical 

model to provide comparable results over space and time. Comparison of these results is 

critical to further the understanding of how networks of subsurface flowpaths (hydrologic 

structure) may be subject to change due to earlier snowmelt predicted with climate 

change.  

10.1 Study Area 

The Colorado Front Range rises from the Colorado Plateau to form the eastern slope 

of the Rocky Mountains to the Continental Divide.  The Green Lakes Valley (GLV), 

located in the Colorado Front Range (40° 03’ N, 105° 35’ W), is an eastern-facing 

watershed with an elevation range from 3380m at Lake Albion to 4084m at Arikaree 

Peak, located on the Continental Divide (fig. 1). The hydrology of the watershed is 

dominated by snowmelt, which occurs between May and October each year.  Snowmelt 

contributes 80% of the total annual water input to the system (Caine, 1995). The lakes of 

the GLV are connected by seasonal wetland areas where surface water flows from lake to 

lake.   

The bedrock geology of the GLV is composed of sillimanite-biotite gneiss, granite, 

granodiorite, monzonite and monzogranite (Gable and Madole, 1976). There are two 

quartz-monzonite intrusions in the catchment: the Silver Plume and the Audubon-Albion 

(Aleinikoff et al., 1993). The geomorphology of the valley is a stepped-form glaciated 

surface, which contains a series of subcatchments within the same watershed. The 

subcatchment outlets within the GLV study area are Arikaree Glacier (ARK, elevation: 
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3798m), Green Lake 5 (GL5, elevation: 3620m), Green Lake 4 (GL4, elevation: 3515m), 

and Lake Albion (ALB, elevation: 3380m). Each of these catchments is fully contained 

within the catchment downgradient. The upper gradient catchments (ARK, GL5 and 

GL4) are above treeline with exposed bedrock, talus and minimal soil coverage.  

A glacier (Arikaree Glacier), rock-glacier (RG5), and permafrost/blockfield sites are 

contained within the upper portions of the study area above GL4 (Barnes et al., 2013; 

Williams et al., 2006). The area below GL4 subcatchment has more soils, vegetation 

coverage and less exposed bedrock. The northern boundary of GLV watershed is Niwot 

Ridge, where a metrological station and sampling have occurred in conjunction with the 

LTER Network and the Mountain Research Station since 1952.  The water resources 

originating in the headwaters of the GLV contribute to the water supply for the City of 

Boulder, Colorado.  

Hydrochemistry samples were collected approximately every other week from ARK, 

GL5, GL4, and ALB from 1996 to 2006 by the University of Colorado at Boulder in 

conjunction with the Long-Term Ecological Research site and Mountain Research Station 

(MRS) at Niwot Ridge. Major anion, cation and silica data were analyzed by the Kiowa 

Lab at the MRS. Analytical procedures follow previous studies (Clow et al., 2003; 

Williams et al., 1996). The data for this study were accessed from a publically-available 

online Niwot Ridge LTER database 

(http://culter.colorado.edu/NWT/data/datmansearch.html). 

The physical setting of high-elevation nested subcatchments and long-term 

hydrochemical data of the GLV provides the necessary means to explore the variability 

of subsurface flowpaths across space and time. The nested catchments provide a measure 
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of the aggregation of hydrologic processes at each catchment outlet. Conceptually, we 

expect the higher-gradient catchments to have fewer, shorter subsurface flowpaths 

contributing to the catchment outlet compared to the lower-gradient catchments, which 

are expected to have contribution from longer subsurface flowpaths in addition to shorter 

flowpaths (Frisbee et al., 2011, 2012; Heidbüchel et al., 2012). The series of nested 

catchments in GLV provide an aggregation of processes at each subsequently 

downgradient catchment, inclusive of the aggregation of processes from each of the 

upgradient catchments (fig. 2). This inclusiveness is critical for separating processes 

along an elevation gradient to measure how the hydrochemical contribution from 

subsurface flowpaths varies across space. 

11 METHODS 

Inverse geochemical modelling uses the hydrochemical concentrations of an initial 

and final water and the addition and subtraction of solutes through available mineral 

weathering reactions to quantify how much of each mineral dissolves or precipitates to 

explain the difference in composition between an initial water to a final water along a 

subsurface flowpath. In this study the annual median concentration of each chemical 

parameter (Ca2+, Na+, Mg2+, K+, Cl-, SO4
2-, Si) for each subcatchment (ARK, GL5, GL4, 

ALB) was used for this study (fig. 3). These median data were used as input for a mass-

balance approach (Garrels and MacKenzie, 1967; Mast et al., 1990) to determine the 

change in chemistry from snowmelt to discharge. The change in concentration (∆𝑆𝑆) of 

each solute between sequential catchments was calculated for each year: 

∆𝑆𝑆 = 𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 −  𝑆𝑆𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  
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For each catchment, outlet hydrochemistry is the sum of upgradient hydrologic 

processes; the difference in chemistry (∆𝑆𝑆) between catchments shows the change in 

hydrochemical contribution between these two measured points. Three sequential 

catchment pairs (ARK to GL5, GL5 to GL4, GL4 to ALB) were used for each of the 

eleven snowmelt seasons in the study period. 

Hydrochemical data from the outlet of each of the four nested catchments provide an 

aggregation of hydrogeochemical processes upgradient of the collection location. The 

difference between subcatchment outlet hydrochemistry is a measure of the hydrologic 

processes within bands of elevation differences; by using consecutive subcatchments as 

initial and final waters in a mass-balance approach we can test how hydrologic processes 

vary along an elevation gradient. 

The assemblage of GLV minerals (table 1) includes primary and secondary minerals 

and their weathering reactions which produce or dissolve minerals and solutes. Due to 

mineral stability at standard temperature and pressure, primary minerals can only dissolve 

at standard temperature and pressure, whereas secondary minerals (e.g. primary 

weathering products, such as clays) can either dissolve or precipitate (Goldrich, 1938). 

Products of primary mineral weathering reactions, therefore, add to solute concentration 

in waters in the study area, and secondary mineral weathering reactions can add or 

subtract, either concentrating or diluting solute concentrations. While more advanced 

chemical models (e.g. PHREEQC) allow for designation of primary and secondary 

mineral weathering, the results are non-unique; there are generally many possible 

solutions to solve the hydrochemical differences.  
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11.1 Inverse versus Pseudoinverse Approach 

The hydrochemical difference of the water from upgradient to downgradient 

catchments is due to the addition and subtraction of solutes through chemical weathering 

processes along subsurface flowpaths. Using an inverse approach, the change in 

chemistry (Δm) between initial and final water hydrochemical compositions is used to 

solve for the amount of mineral weathering which account for that hydrochemical 

difference (fig. 4). The mineral weathering reactions available in this inverse model were 

based on the minerals available in GLV (Table 1) and changes in hydrochemistry (tables 

2-5) between catchment waters:  

𝐹𝐹 = (𝐴𝐴)−1 × 𝑏𝑏 

where x is the flux (mmol/L) of each mineral phase, A is a matrix of the major cation, 

anion and silica breakdown of each mineral phase (table 1) and b is the array of Δm, the 

difference of catchment outlet concentrations (tables 2-5). The amount of mineral phase 

flux (x) can be either positive or negative; positive values indicate that the mineral added 

to solution (weathered) while negative values indicate the mineral was removed from 

solution (precipitated).  

A Moore-Penrose pseudoinverse (PINV) approach was used to yield a single unique 

solution for an overdetermined system of equations. While the inverse approach will 

work with an A of equal dimensions (m=n), our application of this approach to mineral 

weathering between source waters does not have equal dimensions; the number of 

minerals in the system and the number of weathering products measured as solutes are 

not the same. In this case, there are more weathering reactions than hydrochemical 

parameters, making the system of equations overdetermined an unsolvable in these strict 
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terms. The PINV approach, however, allows for a singular solution to evaluate for each 

hydrochemical evolution of waters in overdetermined system. This pseudoinverse 

approach finds the set of vectors such that the Euclidian norm, ‖𝐴𝐴𝑏𝑏′ − 𝐹𝐹‖, is minimized 

in terms of least squares (Barata and Hussein, 2011). 

𝐹𝐹 ≈ (𝐴𝐴)† × 𝑏𝑏 

The inverse matrix to PINV changes A-1 to A†, and replaces equals with 

approximation. This allows for a single, unique result (x) for each A-b pair. This 

approach has been applied to a variety of problems which require an optimization of 

linear least squares problems such as seismic analysis. This pseudoinverse method is also 

applied to principal component analysis (PCA) used in end-member mixing analysis 

(EMMA) (Hooper et al., 1990).   

The dimensions of A in our application is m by n, or the number of solutes by the 

number of minerals, and the dimensions of b is 1 by n, or 1 by the number of solutes. An 

example of these matrices is shown below: 

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝑃𝑃𝑆𝑆𝑎𝑎𝑎𝑎𝐷𝐷𝑆𝑆𝐷𝐷𝑆𝑆𝑎𝑎𝐷𝐷𝑆𝑆
𝐵𝐵𝐷𝐷𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆𝑆𝑆
𝐾𝐾 − 𝐷𝐷𝑟𝑟𝑎𝑎𝑎𝑎
𝐶𝐶𝑎𝑎𝑆𝑆𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆
𝐾𝐾𝑎𝑎𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆𝐷𝐷𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆𝐷𝐷𝑆𝑆𝑆𝑆
𝑃𝑃𝑒𝑒𝑎𝑎𝐷𝐷𝑆𝑆𝑆𝑆
𝐻𝐻𝑎𝑎𝑆𝑆𝐷𝐷𝑆𝑆𝑆𝑆 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

 ≈    �
𝐶𝐶𝑎𝑎𝑢𝑢𝑝𝑝𝑑𝑑𝑑𝑑 𝑀𝑀𝑎𝑎𝑢𝑢𝑝𝑝𝑑𝑑𝑑𝑑 𝐾𝐾𝑢𝑢𝑝𝑝𝑑𝑑𝑑𝑑

⋮ ⋮ ⋮
𝐶𝐶𝑎𝑎ℎ𝑑𝑑𝑝𝑝𝑑𝑑 𝑀𝑀𝑎𝑎ℎ𝑑𝑑𝑝𝑝𝑑𝑑 𝐾𝐾ℎ𝑑𝑑𝑝𝑝𝑑𝑑

    
𝑁𝑁𝑎𝑎𝑢𝑢𝑝𝑝𝑑𝑑𝑑𝑑

⋮
𝑁𝑁𝑎𝑎ℎ𝑑𝑑𝑝𝑝𝑑𝑑

    
𝑆𝑆𝐷𝐷𝑆𝑆2𝑢𝑢𝑝𝑝𝑑𝑑𝑑𝑑 𝐶𝐶𝑆𝑆𝑢𝑢𝑝𝑝𝑑𝑑𝑑𝑑 𝑆𝑆𝑆𝑆4𝑢𝑢𝑝𝑝𝑑𝑑𝑑𝑑

⋮ ⋮ ⋮
𝑆𝑆𝐷𝐷𝑆𝑆2ℎ𝑑𝑑𝑝𝑝𝑑𝑑 𝐶𝐶𝑆𝑆ℎ𝑑𝑑𝑝𝑝𝑑𝑑 𝑆𝑆𝑆𝑆4ℎ𝑑𝑑𝑝𝑝𝑑𝑑

� †  ×

⎣
⎢
⎢
⎢
⎢
⎢
⎡
 ∆𝐶𝐶𝑎𝑎   
∆𝑀𝑀𝑎𝑎 
∆𝐾𝐾 

  ∆𝑁𝑁𝑎𝑎  
 ∆𝑆𝑆𝐷𝐷  
 ∆𝐶𝐶𝑆𝑆  
 ∆𝑆𝑆𝑆𝑆4 ⎦

⎥
⎥
⎥
⎥
⎥
⎤

  

The temporal variability of mineral fluxes between catchment pairs along a elevation 

gradient are expected to show greater contribution from longer-residence waters at the 

downgradient pairs relative to the upgradient pairs. These contributions may vary in time 

relative to snowmelt conditions. While contribution from subsurface flowpaths is 

expected all years, snowmelt conditions may influence the degree to which stored water 
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is displaced from subsurface reservoirs. A faster snowmelt year may result in a smaller 

relative contribution from stored waters due to increased overland or near-surface flow, 

whereas years with smaller, slower snowmelt may result in greater contribution from 

subsurface storage due to more snowmelt infiltration and subsequent displacement of 

stored waters.  

11.2 Geochemical Modelling Perspective 

In this framework, the ability to measure the change in subsurface flowpaths is 

contingent on the ability to compare mineral fluxes between years and pairs of source 

waters. The more complex inverse geochemical methods (e.g. PHREEQC) which 

produce mineral flux solutions do not produce results which are easily comparable 

between years or between different pairs of initial and final waters. In order to compare 

model results, the assumptions within the model need to be as consistent as possible; 

otherwise, the comparison between results loses meaning because it is not clear if 

differences in results are due to the processes or the model. While the complexity of 

PHREEQC has many benefits, the dynamic assumptions due to the programmed 

chemical properties make comparison of model results a nontrivial challenge. 

PHREEQC, with the same inputs, may have many solutions, and choosing one solution 

from those is a subjective process which is difficult to reproduce for each of this studies’ 

thirty-three source water pairs over the study period. 

The linear algebra approach used in this study did not specify primary or secondary 

mineral conditions. This method uses the same methodological inverse model approach 

as PHREEQC, but reduces the number of results between sources waters to one, 

producing a single solution between two source waters. This single-solution approach 

allows for comparison between years and catchments without a subjective component of 

105 
 



selecting from a suite of solutions, allowing the only changing variable to be hydrologic 

processes at the catchment scale. The consistent application of assumptions may lead to 

physically or chemically impossible results; however, these change in solutions show 

changes in catchment response through mineral fluxes that provide useful insights into 

subsurface flowpaths.  

12 RESULTS 

12.1 Hydrochemistry in Green Lakes Valley 

Time-series of annual median solute concentrations (Ca2+, Na+, Mg2+, K+, Cl-, SO4
2-, 

Si) show spatial and temporal variability (fig. 3). Solute concentrations increase along the 

elevation gradient. Each catchment hydrochemistry shows interannual variability for each 

solute; however, this temporal variability is less than the spatial variability.  

The difference in hydrochemical concentrations between consecutively downgradient 

catchment pairs (delta m) show both temporal and spatial variability as well (fig. 4). 

Delta m values are the same order of magnitude for each pair of catchments; however, the 

distribution of solutes varies between catchment pairs. Temporal variability varies 

spatially for delta m values; the most temporally consistent are upgradient and 

increasingly variable downgradient. Some solutes have a negative delta m value in the 

downgradient GL4 to ALB catchment pair; these are more concentrated at the upgradient 

outlet than the downgradient outlet.  

12.2 PINV Results 

In the specific terms of this analysis, the variables in this PINV operation are also 

shown graphically (fig. 6). Using the PINV approach, we calculated mineral fluxes 

between source waters for each year of the study period. Pairs of waters which show 

higher variability of mineral fluxes may indicate a more variable subsurface flowpath 
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structure, which may be linked to the variability of hydrologic input (snowmelt). If the 

distribution of mineral flux between source waters is consistent for all study years, 

subsurface flowpath structure may be rigid and uninfluenced by snowmelt variability. 

Characterization of the variability of mineral fluxes between source waters will be an 

important step in assessing the vulnerability of water quality in a given headwater 

catchment. 

Individual and overall mineral fluxes for each year of the study period (1996 to 2006; 

n=11) were calculated for each catchment pair (ARK to GL5, GL5 to GL4, and GL4 to 

ALB; n=3) (figs. 7—9). The cumulative magnitude of positive and negative mineral 

fluxes is near zero; many dissolution reactions are matched in magnitude by precipitation 

reactions to create the necessary distribution of solutes to solve the set of equations for 

the pseudoinverse approach. The interdependence of the positive and negative fluxes for 

each year allow comparison between years to focus solely on the positive mineral fluxes 

(dissolution reactions). Mineral fluxes for each catchment pair are shown relative to the 

residual hydrologic flux 

The magnitude of mineral flux for the ARK to GL5 pair are less than 0.75 mmol/year 

for five years (1996 to 2000) and greater than 0.75 mmol/year for six years (2001 to 

2006). The mineral flux magnitudes for the GL5 to GL4 source water pair are low for six 

years (1996 to 1999 and 2005 to 2006) and high for four years (2000 to 2004). Mineral 

flux magnitudes between the GL4 to ALB are less than 0.75 mmol/year for nine years 

(1996 to 2000, 2002 and 2004 to 2006), and greater than 0.75 mmol/year magnitudes for 

two years (2001 and 2003). The mineral flux magnitude is greatest in 2001 for each pair 

of catchments. 
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Pearson’s r was calculated for each mineral flux magnitude and snowmelt (volume 

normalized by catchment area for GL4) for each year. Eleven of thirteen mineral fluxes 

for the GL5 to GL4 source water pairs show statistically significant (p < 0.05) linear 

correlation with snowmelt. The two phases which do not show statistically significant 

correlation are calcite and illite. There are no statistically significant correlations between 

the other source water pairs and snowmelt. The difference in correlation relative to source 

water pairs may be because of a spatial relationship between snow covered area and 

subsurface flowpath structure. 

The relative magnitudes of mineral fluxes were also calculated for each pair of source 

waters (figs.s 10—12), which removes the concentration/dilution effect between source 

water pairs to investigate the distribution of minerals for each year of the study period. 

The relative fluxes are similar for each year for ARK to GL5 and GL5 to GL4 catchment 

pairs, and are more variable for the GL4 to ALB. Mineral fluxes in GL4 to ALB show 

more variability year to year with respect to the proportion of mineral fluxes, and overall 

the mineral fluxes between this catchment pair are different than the upgradient pairs 

ARK to GL5 and GL5 to GL4; many of the minerals which have negative fluxes between 

the upgradient pairs are positive between this downgradient pair of waters, and vice 

versa.  

The consistency of hydrochemistry was measured for the four subcatchment outlets in 

GLV through the calculation of a coefficient of variance for each solute (fig. 12). The 

variance of cation concentration decreases as elevation decreases; however, there is not a 

consistent trend with elevation for Cl, SO4 or Si. Silica concentration coefficient of 

variance decreases with elevation for ARK, GL5 and GL4, but then increases for ALB.  
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The coefficient of variance was calculated for the absolute value of mineral flux for 

each mineral phase for the three source water pairs (fig. 13). The absolute value was used 

due to the change in sign of some mineral fluxes in the GL4 to ALB source water pair; 

the average value for these was significantly smaller than the standard deviation, which 

skewed the results to a different scale. The variance of mineral flux increases as elevation 

gradient decreases for ten of thirteen phases. Calcite, illite and anorthite show an increase 

of variance from the ARK to GL5 pair to the GL5 to GL4 pair, but then a decrease for the 

GL4 to ALB source water pair. 

13 DISCUSSION 

1) How do subsurface flowpaths vary over space and time along an elevation 
gradient in a snowmelt-dominated watershed? 

 
Previous studies have shown that the magnitude of groundwater contribution is a 

function of increasing catchment size (Frisbee et al., 2011). Mean water residence time 

and median catchment area have been shown to have a strong positive relationship 

(McGlynn et al., 2003). Flowpaths through subsurface storage have been shown to be 

hydrochemically important in GLV (Williams et al., 1993, 1996, 2009; Perrott et al., 

2014). This study builds from these results to quantify the role of storage in terms of 

mineral fluxes, which contribute to the hydrochemistry of catchment discharge. Previous 

inverse model results show saturation with respect to silica, suggesting the precipitation 

of amorphous silicates (Williams et al., 2009). The results from this approach include the 

dissolution and precipitation of silicates, however a direct comparison between these 

results and previous inverse model results is not recommended due to the difference in 

inverse methods.  
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The variance of mineral flux may be due to longer flowpaths, and their connectivity 

to the outlets (Frisbee et al., 2011) within the study area. Primary permeability in GLV is 

low, however there are bedrock fractures which result in high secondary permeability. 

These preferential flowpaths may be the physical mechanism which allows for 

connection of snowmelt to longer-residence, deep flowpaths. Longer flowpaths with 

longer residence time include higher mineral fluxes; if these long flowpaths are not 

always contributing to catchment discharge, or are overwhelmed by overland flow, 

waters may show greater variability of mineral flux.  

While subsurface flowpaths may play an increasingly important role in streamflow 

contribution downgradient, the higher elevation subcatchment outlets are influenced by 

surface waters associated with high solute concentrations: glacier melt (Barnes et al., 

2013). The contribution from glacier/rock glacier melt may dominate the hydrochemistry 

at the upper gradient subcatchments in GLV. The similarity of relative mineral fluxes at 

the two subcatchment pairs ARK to GL5 and GL5 to GL4 may be due to the dominance 

of this glacial contribution. The source water pair GL4 to ALB effectively removes this 

glacier hydrochemical signal by subtracting the GL4 outlet hydrochemistry from the 

ALB hydrochemistry.  

2) How does the variability of subsurface flowpaths influence the vulnerability or 
resilience of snowmelt-dominated catchments to climate change? 
 

The correlation between total melt and mineral flux magnitude suggests a connection 

between total snowmelt volume and the subsurface flowpaths; however, this connection 

is not consistent across the entire elevation gradient of the study area. While the GL4 to 

ALB source water pair mineral flux magnitudes did not correlate with snowmelt, there 

was a change in relative fluxes for different years, including a shift for most minerals to 
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the opposite sign for the last two years of the study period (2005 and 2006). These years 

came after several years of minimal snowpack in GLV (Barnes et al., 2013; Williams et 

al., 2006). 

The physical variability of hydrologic event response has been measured through 

transit-time distribution and master transit-time distributions at the catchment scale 

(Heidbüchel et al., 2012; McGuire et al., 2005; McGuire and McDonnell, 2006; Tetzlaff 

et al., 2009). Mineral weathering reactions, which occur along these flowpaths while 

water resides in subsurface storage, have been shown to influence hydrochemistry at 

catchment outlets; however, solute concentration from mineral weathering products are 

often chemostatic (Godsey et al., 2009; Maher, 2010). Previous studies have shown the 

consistency of hydrochemistry catchment outlets with respect to weathering products 

(Clow and Mast, 2010; Godsey et al., 2009; Maher, 2011) reinforces the concept of a 

master transit time distribution (Heidbüchel et al., 2012) at the catchment scale. The 

aggregation of variable-length flowpaths contributing to catchment outlets integrates 

upgradient physical and chemical processes at the catchment scale (Frisbee et al., 2011). 

This network of subsurface flowpaths contributing to discharge represents catchment-

scale flowpath structure, which describes the physical routing of water and 

hydrochemical processes contributing to streamflow (fig. 14). 

14 CONCLUSIONS 
 

The temporal distribution of greater mineral fluxes is different for each pair of source 

waters, indicating hydrologic flowpath structure varies relative to elevation in GLV. By 

using waters from sequentially downgradient catchments within the same basin in GLV 

we are able to test sections of the subsurface hydrologic flowpath structure. Each source 
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water is in itself an aggregation of upgradient flowpaths, so by calculating the difference 

between two source waters the upgradient aggregation is removed from the downgradient 

water, which leaves the inverse model to solve for the mineral fluxes which occur to 

explain the section between the two source waters. By selecting three pairs of waters, we 

are able to measure the hydrologic flowpath structure of three sections, defined by their 

elevation. Hydrochemical concentrations at catchment outlets do not reflect this 

variability, and exhibit increasingly chemostatic behavior as mineral flux variance 

increases. The chemostatic behavior of solutes at the catchment scale suggests variable 

hydrochemical processes which vary proportionally with snowmelt volume. While 

catchment area may be important, this study suggests that elevation may also influence 

outlet water composition.   
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16 FIGURES 

 
Figure 24: Site map of the Green Lakes Valley, and the series of stepped lakes (ARK, 
GL5, GL4, and ALB) within the same drainage.  
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Figure 25: Conceptual model of a cross section of GLV and relative elevation of 
catchments within the valley and bedrock fracturing providing secondary permeability in 
the subsurface.  
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Figure 26: Annual median chemistry (Ca, Mg, NA, Si, K, Cl and SO4) for each 
catchment (ARK, GL5, GL4 and ALB).   
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Figure 27: Δm for each pair of source waters for each year. 
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Figure 28: Graphical representation of the mass-balance inverse approach; downgradient 
minus upgradient hydrochemistry equals Δm (top) and the inverse matrix operation using 
the mineral assemblage chemical composition (A) and Δm. PINV results for each year 
are shown for each catchment pair in figures 5, 7 and 7.  
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Figure 29: PINV results for each year for GL4 to ALB with total snowmelt volume 
normalized by GL4 catchment area. The sign of mineral flux is relative to solution; 
positive values indicate weathering products are added (dissolution), negative values 
indicate weathering products are removed (precipitation). The magnitude of mineral 
fluxes vary from year to year, though the relative proportion of mineral flux is similar for 
each pair of waters for the study period. 
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Figure 30: PINV results for each year for GL5 to GL4 with total snowmelt volume 
normalized by GL4 catchment area. The sign of mineral flux is relative to solution; 
positive values indicate weathering products are added (dissolution), negative values 
indicate weathering products are removed (precipitation). The magnitude of mineral 
fluxes vary from year to year, though the relative proportion of mineral flux is similar for 
each pair of waters for the study period.  
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Figure 31: PINV results for each year for GL4 to ALB with total snowmelt volume 
normalized by GL4 catchment area. The sign of mineral flux is relative to solution; 
positive values indicate weathering products are added (dissolution), negative values 
indicate weathering products are removed (precipitation). The magnitude of mineral 
fluxes vary from year to year, though the relative proportion of mineral flux is similar for 
each pair of waters for the study period. 
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Figure 32: Percent of total mineral flux for ARK to GL5. 
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Figure 33: Percent of total mineral flux for GL5 to GL4. 
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Figure 34: Percent of total mineral flux for GL4 to ALB.  
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Figure 35: Coefficient of variance for each solute from each subcatchment in GLV from 
each year (n=11). 

 

 

Figure 36: Coefficient of variance for each mineral between each pair of waters for each 
year (n=11).  
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Figure 37: Conceptual model of subsurface hydrologic flowpath structure of the stepped 
lakes along an elevation gradient in GLV, including bedrock fracturing. The aggregation 
of flowpaths is a function of elevation difference between the lowest subcatchment and 
the highest elevation point in the catchment is divided into zones of contribution. Lower 
elevation zones include connection to deeper flowpaths. The variability of flowpath 
lengths contributing to subcatchments increase as elevation decreases. 
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17 TABLES 

Table 1: GLV Mineral Assemblage 
 

  

Phase Formula Ca Mg K Na Cl S(6) Si
Kaolinite Al2Si2O5(OH)4 0 0 0 0 0 0 2
Smectite Ca0.17Mg1.83Al2Si2O10(OH)2 0.17 1.83 0 0 0 0 2
Calcite CaCO3 1 0 0 0 0 0 0
Halite NaCl 0 0 0 1 1 0 0
Sylvite KCl 0 0 1 0 1 0 0
Chlorite Mg5Al2Si3O10(OH)8 0 5 0 0 0 0 3
Biotite KMg3AlSi3O10(OH)2 0 3 1 0 0 0 3
Illite K0.6Mg0.25Al2.3Si3.5O10(OH)2 0 0.25 0.6 0 0 0 3.5
Anorthite CaAl2Si2O8 1 0 0 0 0 0 3
K-spar KAlSi3O8 0 0 1 0 0 0 3
Ca-Monmorillite Ca0.165Al2.33Si3.67O10(OH)2 0.165 0 0 0 0 0 3.67
Na-Monmorillite Na0.33Al2.33Si3.67O10(OH)2 0 0 0 0.33 0 0 3.67
Thenardite Na2SO4 0 0 0 2 0 1 0
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Table 2: Arikaree Median Chemistry: Major cations, anions and silica in mmol/L. 

 
 
Table 3: Green Lake 5 Median Chemistry: Major cations, anions and silica in mmol/L. 

 
 
Table 4: Green Lake 4 Median Chemistry: Major cations, anions and silica in mmol/L. 

 
 
Table 5: Albion Median Chemistry: Major cations, anions and silica in mmol/L. 

 
  

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
Ca 0.0052 0.0066 0.0064 0.0080 0.0103 0.0129 0.0170 0.0146 0.0167 0.0092 0.0123
Mg 0.0009 0.0011 0.0009 0.0012 0.0016 0.0021 0.0030 0.0021 0.0026 0.0018 0.0021
Na 0.0038 0.0015 0.0019 0.0024 0.0024 0.0036 0.0055 0.0047 0.0042 0.0036 0.0027
K 0.0008 0.0010 0.0007 0.0009 0.0014 0.0014 0.0021 0.0015 0.0015 0.0016 0.0013
Cl 0.0013 0.0019 0.0011 0.0015 0.0020 0.0017 0.0021 0.0014 0.0017 0.0019 0.0013

NO3 0.0075 0.0109 0.0087 0.0115 0.0159 0.0166 0.0142 0.0163 0.0223 0.0179 0.0132
SO4 0.0031 0.0045 0.0031 0.0044 0.0072 0.0078 0.0071 0.0068 0.0070 0.0059 0.0043

Si 0.0016 0.0029 0.0038 0.0043 0.0028 0.0049 0.0065 0.0077 0.0056 0.0048 0.0034

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
Ca 0.0201 0.0240 0.0277 0.0308 0.0272 0.0479 0.0499 0.0433 0.0409 0.0377 0.0359
Mg 0.0042 0.0046 0.0050 0.0057 0.0054 0.0103 0.0090 0.0094 0.0086 0.0070 0.0067
Na 0.0102 0.0093 0.0107 0.0111 0.0090 0.0141 0.0163 0.0136 0.0152 0.0148 0.0143
K 0.0028 0.0032 0.0036 0.0037 0.0037 0.0049 0.0049 0.0049 0.0050 0.0043 0.0040
Cl 0.0022 0.0028 0.0019 0.0022 0.0024 0.0026 0.0031 0.0024 0.0031 0.0023 0.0021

SO4 0.0113 0.0155 0.0158 0.0182 0.0152 0.0351 0.0337 0.0265 0.0301 0.0249 0.0219
Si 0.0148 0.0190 0.0242 0.0255 0.0193 0.0238 0.0267 0.0263 0.0281 0.0283 0.0271

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
Ca 0.0318 0.0326 0.0374 0.0423 0.0533 0.0724 0.0694 0.0669 0.0669 0.0510 0.0515
Mg 0.0071 0.0071 0.0079 0.0088 0.0111 0.0154 0.0148 0.0158 0.0144 0.0112 0.0103
Na 0.0126 0.0125 0.0136 0.0143 0.0161 0.0182 0.0199 0.0180 0.0208 0.0172 0.0186
K 0.0048 0.0052 0.0056 0.0057 0.0067 0.0079 0.0085 0.0079 0.0075 0.0064 0.0060
Cl 0.0028 0.0031 0.0021 0.0022 0.0031 0.0032 0.0043 0.0027 0.0034 0.0025 0.0027

SO4 0.0205 0.0223 0.0247 0.0293 0.0377 0.0670 0.0572 0.0545 0.0551 0.0353 0.0338
Si 0.0232 0.0281 0.0321 0.0326 0.0322 0.0369 0.0301 0.0359 0.0328 0.0316 0.0332

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
Ca 0.0584 0.0591 0.0637 0.0685 0.0693 0.0759 0.0919 0.0755 0.0877 0.0846 0.0812

Mg 0.0114 0.0112 0.0123 0.0127 0.0133 0.0146 0.0186 0.0152 0.0174 0.0161 0.0154

Na 0.0275 0.0261 0.0292 0.0291 0.0298 0.0308 0.0391 0.0301 0.0346 0.0328 0.0334

K 0.0056 0.0059 0.0062 0.0065 0.0066 0.0066 0.0077 0.0074 0.0073 0.0071 0.0067

Cl 0.0032 0.0036 0.0032 0.0031 0.0031 0.0032 0.0040 0.0033 0.0037 0.0038 0.0031

SO4 0.0265 0.0266 0.0299 0.0323 0.0355 0.0413 0.0605 0.0427 0.0537 0.0458 0.0442

Si 0.0235 0.0382 0.0376 0.0430 0.0434 0.0381 0.0559 0.0394 0.0356 0.0425 0.0451
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