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ABSTRACT 

Salberg, Lauren (M.S., Geological Sciences) 
 
Coupling Field Data and a Flow Model to Characterize the Role of Groundwater in a 
Montane, Semi-Arid, Headwater Catchment, Gordon Gulch, Colorado  

Thesis directed by Professors Suzanne P. Anderson and Shemin Ge 
 

Groundwater is critical in sustaining streamflow, especially in mountain catchments, 

because of its ability to supply baseflow in the absence of precipitation. In water-limited arid and 

semi-arid mountain environments, the need to characterize groundwater recharge and discharge 

has grown in tandem with demands to effectively manage current and future water resources. 

However, studying groundwater is challenging in complex terrain due to limited field 

measurements. Nearly a decade of monitoring data collection at Gordon Gulch in the Colorado 

Front Range provides a unique opportunity to study such an environment. The field data is used 

to parameterize and calibrate a groundwater flow model (MODFLOW-NWT). Model results 

reveal spatial and temporal patterns in groundwater recharge and discharge to the stream. 

Groundwater is recharged primarily by one to two recharge events each year, driven by spring 

snowmelt and rain. The majority of groundwater recharge occurs in upper Gordon Gulch and is 

stored in saprolite and weathered bedrock. Groundwater is discharged to the stream via long, 

deep flowpaths sourced from upper Gordon Gulch and short, shallow flowpaths from soil and 

saprolite in lower Gordon Gulch.  Using Gordon Gulch as a case study, this model and data 

analysis contribute to a larger effort to understand and constrain the mechanisms driving 

groundwater recharge and groundwater-stream exchanges in semi-arid, montane environments.  
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1. INTRODUCTION 

Groundwater discharge to headwater mountain streamflow is now recognized as a critical 

component of the hydrologic system. Studies recognizing and estimating mountain block 

recharge (MBR) have highlighted the importance of groundwater storage and discharge in 

mountain watersheds through the water balance method (Feth et al., 1966; Huntley, 1979), 

chloride mass balance (Anderholm, 2000; Maurer et al., 1997), and numerical modelling (Flint et 

al., 2001; Hibbs and Darling, 1995; Sanford et al., 2004). While snowmelt provides the majority 

of annual streamflow in mountain catchments (up to 80% of the total water budget, Caine, 1995), 

groundwater buffers streamflow supply in the absence of precipitation by discharging stored 

winter precipitation in the form of baseflow (Baraer et al., 2009; Carroll et al., 2018; Fujimoto et 

al., 2016; Gordon et al., 2015; Harrington et al., 2018; Saberi et al., 2019). In the Rocky 

Mountains, groundwater-derived baseflow can account for more than 75% of streamflow during 

dry conditions (Clow et al., 2003) and more than 60% during the early snowmelt season (Liu et 

al., 2004). This store and release process offers a mechanism for providing a reliable source to 

maintain streamflow, even during warmer and drier months, which often coincide with the 

highest environmental and anthropogenic demands (Markovich et al. 2019; Wilson and Guan, 

2004). Somers and McKenzie (2020) summarized 26 studies on groundwater contributions to 

streamflow in a variety of high mountain catchments (from the Rocky Mountains to the 

Himalayas) and reported that groundwater contributes anywhere from 10% (Huth et al., 2004; 

Maurya et al., 2011) up to 100% (Harrington et al., 2018) of streamflow depending on the time 

of year and definition of baseflow.  

Baseflow in mountain environments can be derived from both shallow and deep 

groundwater flow (Kosugi et al., 2008). Although early assumptions considered water that 



2 

 

infiltrated deep bedrock groundwater a lost component of the water budget, this deep 

groundwater has a prominent role in mountain water budgets.  Deep groundwater recharge can 

be routed downstream, discharged to adjacent streams, driven deeper into bedrock groundwater, 

or recharge lower-lying aquifers (Caine et al., 2006; Duffy, 2004; Markovich et al., 2019; Wilson 

and Guann, 2004). Over the past twenty-five years, studies have identified substantial 

groundwater flow through bedrock through the use of numerical modelling (Frisbee et al., 2011; 

Gleeson et al., 2008), field experiments (Montgomery et al., 1997), tracers (Frazier et al., 2002; 

Liu et al., 2008; Noguchi et al., 1999; Liu et al., 2008; Anderson et al., 1997), soil temperature 

variations (Uchida et al., 2003), pore water pressure measurements (Kosugi et al., 2006), 

groundwater level measurements (Katsura et al., 2008), and noble gas, age, and temperature 

measurements (Manning and Caine, 2007). Studies have also identified bedrock groundwater 

contributions to streamflow through deep and slow discharge into soil layers adjacent to the 

stream channel (Anderson et al., 1997; Hattanji and Onda, 2004; McGlynn et al., 1999; 

Mulholland, 1993; Uchida et al., 2003), and in some cases, identified that deep groundwater 

contributes up to 50-95% of streamflow during low-flow conditions (Uchida et al., 2003).  

The growing recognition of the importance of groundwater in the mountain water budget 

has highlighted the need to quantify groundwater in specific settings such as semi-arid, 

subalpine, and/or forested catchments. Semi-arid catchments increase groundwater storage 

during wet periods and release groundwater to sustain streamflow when precipitation is low; in 

this setting, studies have shown that groundwater contributions to streamflow can range from 19 

to 31% annually (Cowie et al., 2017) and can range from 28% during snowmelt (Liu et al., 2004) 

to 50% from mid-July to September (Carroll et al., 2018). However, very few studies explicitly 

examine how groundwater interacts with the stream in mountain environments and even fewer 
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model these interactions. For the studies that have coupled groundwater-surface water models, 

the focus has been on a mountain-to-coast watershed scale (Foster and Allen, 2015), bedrock 

outflow (Voeckler et al., 2014), and responses to climate-driven recharge rates (Engdahl and 

Maxwell, 2015).  

The limited number of studies on groundwater processes in mountain aquifers reflects 

some of the challenges in studying these systems.; e.g., mountain environments involve complex 

topography and geology, often lack data or instrumentation, require expensive and prohibitive 

monitoring of deep aquifer layers, and flow and transport systems are heterogeneous. All of these 

factors complicate the ability to create a regional flow model (Manning and Solomon, 2005). To 

reconcile these challenges, the community must develop approaches to study subsurface 

responses that rely on shallower measurements that can constrain deeper flow and transport 

(Tokunaga et al., 2019).  

The nearly continuous, nine-year record of monitoring in Gordon Gulch provided a 

unique opportunity to study the interaction of groundwater and streamflow. Field measurements 

of groundwater elevation and stream discharge were used to constrain shallow and deep 

groundwater flow with the numerical groundwater flow model MODFLOW-NWT. This study 

seeks to identify spatio-temporal distributions of groundwater recharge and discharge to 

streamflow in a semi-arid, montane environment and uses Gordon Gulch as a case study. We 

rely on model results and the analysis of field data to gain insights on the following:   

1. When and where is groundwater recharged in a semi-arid, montane, headwater 

catchment? 

2. When and where does groundwater contribute to streamflow in a semi-arid, montane, 

headwater catchment?  
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2. STUDY AREA 

Gordon Gulch is a small (2.6 km2), semi-arid, montane, headwater catchment within the 

Colorado Front Range (Figure 1). The catchment (40.02°N, 105.48°W) is located approximately 

30 km west of Boulder, Colorado, within the Boulder Creek watershed at an elevation of 2,500 

to 2,700 meters above sea level. The catchment averages 580 mm of precipitation annually with 

a mean annual air temperature of 6.5°C, as summarized in Table 1. The catchment is divided 

into two sub-catchments, informally called upper and lower Gordon Gulch. The stream in 

Gordon Gulch is both ephemeral (upper Gordon Gulch) and perennial (lower Gordon Gulch).  

Gordon Gulch is part of Boulder Creek Critical Zone Observatory (BcCZO), one of ten 

U.S National Science Foundation (NSF) research sites across the United States and Puerto Rico 

that examine climate, geology, vegetation, and watershed dynamics (White et al., 2015). As 

such, the catchment is instrumented with six groundwater monitoring wells (three with 

automated pressure transducers), two meteorological (MET) stations, two stream gauges, soil 

moisture sensors, time-lapse cameras, and snow depth poles (Figure 1). Additional data 

collection in the catchment includes weekly and monthly water sampling (e.g., Burns et al., 

2016), airborne LiDAR (e.g., Harpold et al., 2014), and geophysical surveys (Befus et al., 2011; 

Leopold et al., 2013). These combined resources provide a wealth of data on the hydrology and 

climate of the Gordon Gulch and are utilized in the development of a groundwater flow model as 

part of this study. 
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Table 1. Climate summary of Gordon Gulch based on field measurements made at climate stations within the 
catchment (North-facing (NF)and South-facing (SF) MET stations) and nearby climate stations. The location of 
nearby climate stations and distance from Gordon Gulch are identified in the figure footnotes. 

Parameter Value Climate Station Period of 
Record 

Mean annual temperature  6.5°C 

NF and SF MET stations 
2012 - 2020 

Mean temperature, warmest month 
(July) 17.5°C 

Mean temperature, coldest month 
(February) -3°C 

Temperature range over period of 
record -23.7°C to 24.7°C 

Mean annual precipitation  580 mm NADP CO94a station, 
NF MET and SF MET 

Mean annual precipitation as snow  59%b - 70%c NADP CO94 station 2009 - 2011 
Mean annual evapotranspiration  941 mm B1 station 1987 - 2006 
Mean annual wind speed  1.8 m/s NF and SF MET stations 2012 - 2020 

a. National Atmospheric Deposition Program (NADP) National Trends Network site CO94 is located 2 km southwest of 
Gordon Gulch at an elevation of 2,524 m.  

b. Source: Cowie, 2010 
c. Source: Anderson and Rock, 2020 
d. B1 climate station, east of Niwot Ridge, Colorado at an elevation of 2591 m (Morse and Losleben, 2019) 
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Figure 1. Gordon Gulch study area, located in the Colorado Front Range of the Rocky Mountains, USA. Selected 
instruments within the watershed are identified, including groundwater wells (wells 1, 2, and 6 are equipped with 
pressure transducers), stream gauges, meteorological (MET) stations, and snow poles. Site of snow pit digging is the 
solo red diamond near the transect of the wells. Inset: shaded relief map of Colorado; star locates Gordon Gulch.  
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2.1 Topography  

Gordon Gulch is located between the steep topography of the crest of the Front Range 

and the western edge of the High Plains (Anderson et al., 2021). The catchment is in an area of 

rolling, low relief at an elevation below the extent of the Pleistocene glaciers but above the 

incised canyons (Aguirre et al., 2017; Anderson et al., 2006). Gordon Gulch is oriented 

approximately east to west, creating distinct north- and south-facing slopes. Slope aspect exerts 

control on weathering depths (Anderson et al., 2013; Anderson et al., 2014), snowpack depth and 

persistence (Langston et al., 2015), subsurface hydrology (Hinckley et al., 2014a), vegetation 

(Peet, 1981), and evapotranspiration rates (Barnard et al., 2017). On the north-facing slopes, 

vegetation is dense and populated by lodgepole pine (Pinus contorta); south-facing slopes are 

less vegetated and populated by shrubs, grasses and a scattering of ponderosa pine trees (Pinus 

ponderosa) (Adams et al., 2014) (Figure 2). South-facing slopes intercept a greater amount of 

solar, shortwave radiation than the north-facing slopes; at mid-winter, the south-facing slope 

receive 50% more radiation than a flat surface whereas the north-facing slope receives 50% less 

radiation (Anderson et al., 2021). Because the south-facing slope receive more solar radiation 

(Anderson et al., 2021), the snowpack is thin and experiences multiple cycles of snow 

accumulation and melt. Conversely, the north-facing slope retain a snowpack from the late fall 

through spring. On the north-facing slope, colder temperatures resulting from less solar radiation 

result in more pervasive frost (Rush et al., in press). In addition to greater thickness of weathered 

rock and saprolite on north-facing slopes (Befus et al., 2011), the saprolite is more porous and 

granulated than on south-facing slopes, where it is more intact and fractured (Bandler, 2016).  
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Figure 2. Photograph of north-and south-facing slopes in Gordon Gulch. The forest on the north-facing slope is a 
closed canopy of Lodgepole pine, while the forest on the south-facing slope is an open woodland composed of 
Ponderosa pine. Photo taken by Noah Hoffman, 2019. 

Although slope aspect is not expressly addressed in this study, it is acknowledged that 

this may be a critical mechanism driving differences in groundwater recharge in the catchment 

(e.g., Hinckley et al., 2014; 2017). Differences in the annual precipitation, snow depth and 

duration, and evapotranspiration rates across the north- and south-facing slopes are apparent in 

field data and discussed in detail in Appendices B-E. 

2.2 Geology 

The bedrock underlying Gordon Gulch is Precambrian biotite gneiss, with minor 

granodiorite intrusions (Gable, 1996). We recognize four hydrogeologic units: soil, saprolite, 

weathered bedrock, and fresh bedrock (Anderson et al., 2007; Anderson et al., 2021). Weathered 

bedrock is fractured and moderately chemically altered bedrock (Anderson et al., 2007).  

Saprolite is defined as in-situ chemically weathered material that retains its original rock fabric 

and represents a transitional phase between bedrock and soil. Soils are sands and silty sands 

(Dethier et al., 2012; Hinckley et al., 2014a).  

Depth of the weathering front (representing the base of weathered bedrock) averages 12 

m in Gordon Gulch based on seismic refraction surveys (Befus et al., 2011), but varies 
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considerably (see Appendix A for a summary). Bedrock may be at the surface (~10% of the 

catchment is comprised of bedrock outcrops (or tors), Anderson et al., 2021), or up to 30 m deep 

(Dethier and Lazarus, 2006). The weathering front tends to be deeper on the north-facing slopes 

(10-15 m) than the south-facing slopes (5-10 m), resulting in different thicknesses of saprolite 

and weathered bedrock across the two aspects (Befus et al., 2011) (Figure 3). Soil is uniformly 

0.4±0.2 m on both aspects, not including tors (Anderson et al., 2021). 

Groundwater is unconfined in the soil, saprolite, and weathered bedrock and within 

fractured bedrock (Henning, 2016).   Hydraulic conductivity varies greatly across these 

hydrogeologic units, which exerts control over groundwater flow. Based on field measurements 

and literature reviews, soil has the highest hydraulic conductivity and bedrock has the lowest 

(see Appendix A). Fractures in the weathered bedrock and bedrock act as channels for 

groundwater (Pandey and Rajaram, 2016). The differences in the hydraulic conductivity and 

layer thickness are believed to result in different rates of recharge, hydraulic gradients, fracture 

vs. matrix flow, and water table elevations across the north-and south-facing slopes (Bandler, 

2016; Henning, 2016; Bandler, 2016).  
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3. DATA AND METHODS  

3.1 Data 

A groundwater-specific version of the water budget guided the data analysis process. 

This groundwater-specific budget is referred to as the groundwater budget of Gordon Gulch. The 

groundwater budget was modified from a catchment-scale water budget, which includes 

processes both above and below the water table. The catchment-scale water budget for a 

headwater catchment is:  

 𝑃𝑃 − 𝐸𝐸𝐸𝐸𝑐𝑐 −  ∆𝑄𝑄𝐶𝐶 =  ∆𝑆𝑆𝑐𝑐  = 0 (1) 

where the subscript c denotes that the term is catchment-scale and includes surface and 

subsurface processes, P is total precipitation, ETc is the total evapotranspiration (sum of 

evaporative losses from surface and soil waters and plant transpiration), ΔQc is streamflow out of 

the catchment, and ΔSc is the change in water storage (Figure 3). If the system is in equilibrium, 

there are no changes in storage (ΔSc = 0). 

To assess the processes occurring at and below the water table, the groundwater budget 

was extracted from the catchment-scale water budget, as follows (modified from King, 2011; 

Scanlon et al., 2002): 

 𝑅𝑅 −  𝐸𝐸𝐸𝐸 ±  ∆𝑄𝑄 =  ∆𝑆𝑆 (2) 

where R is recharge (the fraction of precipitation that reaches the groundwater table), ET is 

evapotranspiration water from the saturated zone, ΔQ is net groundwater-stream exchanges 

(defined as the difference between groundwater losses to streamflow (Qout) and groundwater 

gains from stream leakage to the aquifer (Qin)), and ∆𝑆𝑆 is the change in groundwater storage in 

the saturated zone (Figure 3) (King, 2011; Scanlon et al., 2002).  
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Data collected in Gordon Gulch from 2011 through 2020 were used for the development 

and calibration of a groundwater flow model and to calculate the catchment-scale water budget 

(Figure 4). When data gaps occurred, data from nearby sites were used.  Data were processed 

and analyzed by water year (defined as October 1 through September 30) to identify seasonal, 

annual, and interannual trends (Figure 5). 

 

Figure 3. Conceptual model of Gordon Gulch.  This figure presents a cross-sectional view of the catchment, 
identifying the four primary geologic layers and the sources and sinks of in the mountain water budget. Minimum 
and maximum recorded water table measurements for the three monitoring wells are identified, along with the 
average depth of the water table. Geologic layers are interpreted from well drilling logs and seismic refraction 
studies (Anderson and Ragar, 2021d; Befus et al., 2011; Bandler, 2016). 
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Figure 4. Time series of data from Gordon Gulch for water years 2012 to 2019. a) daily and total monthly 
rainfall, b) daily snowmelt (as SWE) on the north-facing (NF) and south-facing (SF) slopes, c) stream 
discharge in lower Gordon Gulch, and d) depth to water table at the valley well (2), south-facing well (6), 
and north-facing well (1).    

a) 

b) 

c) 

d) 
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Figure 5. Daily values for individual water years (colored lines) and the average water year based on 
daily mean values (black dashed line) for data in Gordon Gulch from 2012 to 2019. a) rain, b) snow depth 
on the south-facing slope, c) snow depth on the north-facing slope, d) stream discharge, and e) depth to 
the water table for the valley well (well 2), south-facing well (well 6), and north-facing well (well 1).   

a) 

b) 

c) 

d) 

e) 



14 

 

3.1.1 Precipitation 

Precipitation measurements were recorded at three meteorological stations. Two stations, 

the north-facing (NF) and south-facing (SF) meteorological (MET) stations, are located within 

Gordon Gulch and recorded daily precipitation in an unheated tipping bucket at 10-minute 

intervals from 2012 to 2020 (Anderson and Ragar, 2021a; Anderson and Ragar, 2021b). NF 

MET station is located under canopy on a north-facing slope while SF MET station is located in 

the open on a south-facing slope. The third station, National Atmospheric Deposition Program 

(NADP) National Trends Network site CO94, is a heated tipping bucket located approximately 2 

km southwest of Gordon Gulch at an elevation of 2,524 m. CO94 has collected daily 

precipitation measurements since 1986, but data available and used in this study was from 2011 

to 2017. None of the stations had a complete precipitation record. Therefore, a ranked, gap-fill 

procedure was performed to create a complete daily precipitation record for water years 2012 – 

2020, with precipitation records from CO94 ranked highest and records from the NF MET 

station ranked lowest (see Appendix B). None of the stations accounted for undercatch or 

vegetation interception; we assumed these processes to have a minimal impact on the overall 

record and did not adjust the data to account for them. 

Average annual precipitation in Gordon Gulch ranged from 415 mm to 836 mm, with a 

mean value of 580 mm. April, May, and July were the wettest months of the year, accounting for 

approximately 42% of the annual precipitation (Figure 3a and Figure 4a). July was the most 

variable month (outside of the exceptional September event in 2013; Gochis et al., 2015), with 

mean monthly precipitation ranging from 29 mm to 214 mm. The winter months (November 

through January) were the driest, contributing only 12% to the total precipitation.  
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3.1.2 Snowmelt 

As snow melts, the water becomes available for evaporation, runoff, and/or infiltration. 

We used changes in snow depth (ignoring compaction) and average snow density to compute 

snowmelt. Snow depth was visually estimated by reviewing 10-minute time-lapse imagery, when 

available, from two cameras in Gordon Gulch for water years 2012 – 2019 (Anderson and Ragar, 

2021c). These cameras are aimed at snow poles on the north- and south-facing slopes, so the 

depth of the snow can be visually estimated using the markers on the snow poles as a guide. 

There were significant gaps in the snow depth images; the camera on the north-facing slope 

lacked consistent wintertime imagery in 2013, 2015, and 2018. Peak snow depths recorded up to 

0.80 m on the north-facing slopes (water year 2012) and 0.76 m on the south-facing slopes 

(water year 2016) (Figure 3b and Figure 4b, c).   

Average snow density in Gordon Gulch was calculated from measurements made in snow 

pits dug on 16 dates between 2008 and 2017 (Anderson and Rock, 2020). Pits were sited in the 

same general area in upper Gordon Gulch; a snow cutter was used to measure density at 10 cm 

increments through the full snow depth. On average, snow density was 264 kg/m3 but ranged 

from 214 to 323 kg/m3.  

Snow melt, as snow water equivalent (SWE), was calculated by multiplying negative 

changes in daily snow depth by the ratio of average snow density to the density of liquid water. 

Average annual SWE was approximately 254 mm per water year and ranged from 170 to 320 

mm (Table 2). The majority of snowmelt occurred in April, and 54% of total annual snowmelt 

occurred between February through April. The SWE estimate procedure and a more detailed 

analysis of findings are described in Appendix C.   
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Table 2. Total annual snowmelt, as SWE for Gordon Gulch for water years 2012 – 2019. The percentage of total 
annual precipitation as snow represents snowmelt as a fraction of total annual precipitation.   

Water 
year 

Total annual 
snowmelt 

(SWE, mm) 

% of 
precipitation 

as snow 
2012 208 39 
2013 310 37 
2014 320 56 
2015 270 42 
2016 202 43 
2017 290 50 
2018 170 41 
2019a 259 47 
Mean 254 44 

SD 51 6 
a. Incomplete year, so total annual snowmelt was estimated using by multiplying total annual precipitation by 

the average annual percent of precipitation as snow. 

3.1.3 Groundwater Levels 

Six groundwater monitoring wells, located in upper Gordon Gulch (Figure 1), were 

drilled and completed during the winter of 2010-2011 (Anderson and Ragar, 2021e; Anderson 

and Ragar, 2021f; Anderson and Ragar, 2021g). Three of the wells (wells 1, 2, and 6) are 

equipped with pressure transducers to measure water table position at ten-minute intervals 

(Anderson and Ragar, 2021d). The steps to convert raw pressure measurements to water table 

depth are described in Appendix E. Well construction details for all six wells are presented in 

Table 3, a cross-section is presented in Figure 3, and well characteristics for the three active 

monitoring wells are summarized below:  

North-facing well (well 1) is located on the north-facing slope side of a broad divide 

between upper and lower Gordon Gulch. It is the deepest well, drilled to a total depth of 

18.55 m. The well is screened from 9.41 m to 18.55 m, an interval that includes saprolite, 

weathered bedrock, and bedrock (Anderson and Ragar, 2021e).  
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Valley well (well 2) is located in the valley bottom, approximately five meters north of 

the perennial stream. Well 2 is approximately 4 m deep and screened exclusively in soil 

and saprolite (Anderson and Ragar, 2021f).   

South-facing well (well 6) is located on the south-facing slope of upper Gordon Gulch 

and is drilled to a total depth of 17.34 m. Well 6 is screened from 8.20 m to 17.34 m, an 

interval that includes weathered bedrock and bedrock (Anderson and Ragar, 2021g). 

Bedrock is encountered at a much shallower depth in well 6 than well 1 (7.6 m and 14.6 

m, respectively).  

Depth to water measurements were made at the three monitoring wells during water years 

2012 – 2019 (see Figure 3d and Figure 4e). The groundwater table mimics topography with 

deeper groundwater on the hillslopes (wells 1 and 6) and shallower groundwater in the valley 

floor (well 2). On average, depth to water ranged from 0.68 m (well 2) to 5.70 m (well 6) to 9.27 

m (well 1), as shown in Table 3. Peak groundwater elevations occurred in the spring (peak dates 

ranging from April 14 through May 29), following spring rain and snowmelt, and generally 

decreased throughout the summer, with the exception of summer rainstorms. During a typical 

water year, the valley well was first to peak, occurring on average on May 8 (Table 4). The 

south-facing well peaks a few days later, followed by the north-facing well approximately five 

days after the peak in the valley well. The lowest groundwater elevations typically occurred in 

early spring for the deeper wells, ranging from March 18 (north-facing well) to April 18 (south-

facing well), while the shallow valley well experienced its annual low in mid-September.  

Throughout the water year, groundwater elevations fluctuated by approximately 1.8 m but 

ranged from 0.8 m (at the valley well in 2019) up to 4.5 m (at the south-facing well in 2013).   
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Table 3. Well construction parameters for the monitoring wells in Gordon Gulch. The total depth, depth to first 
water, screened interval, and depth to bedrock were recorded during drilling in the winter of 2010-2011.  

Well 
ID 

Elevation 
of well top 

(m) 

Well 
depth 
(m) 

Screened 
interval 

(m) 

Average 
depth to 

water table 
(m) 

Weathering description Position in 
catchment  

Well 1 2633  18.55 9.41 – 
18.55 9.27 

Tan/brown weathering to 
12.2 m; gray weathered 
rock to 14.60 m; 
unweathered below 

North-facing 
slope 

Well 2 2623 4.45 1.41 – 4.45 0.68 

Brown “loamy” material to 
4.45 mc 

Riparian / 
catchment 
valley Well 3 2624 4.48 1.44 – 4.48  - 

Well 4 2625 4.53 1.49 – 4.53 1.90c 
South-facing 
slope 

Well 5 2627 6.30 0 – 6.30 -  

Well 6 2643 17.34 8.20 – 
17.34 5.70 Slow drilling; unweathered 

bedrock at 7.60 md 
a. Based on depth to water measurements from 2011 to 2019.  
b. Anderson and Ragar, 2021e 
c. Anderson and Ragar, 2021f 
d. Anderson and Ragar, 2021g 

Table 4. Summary of water table behavior for water years 2012 - 2019. The fluctuation of the water table is defined 
as the difference between the maximum and minimum groundwater elevation. The average dates of minimum and 
maximum depth to water (DTW) measurements identify when DTW is highest and lowest throughout the water 
year. Minimum DTW measurements identify when the peak in the water table occurs, typically following recharge, 
whereas maximum DTW measurements identify when the water table is deepest.  

Parameters North-facing well 
(well 1) 

Valley well  
(well 2) 

South-facing well  
(well 6) 

Depth to water (m) 
mean (min - max) 9.3 (8.0 – 9.9) 0.7 (0 – 1.4) 5.7 (1.7 – 6.3) 

Average annual water table fluctuation (m) 1.4 1.1 3.0 
Average date of minimum DTW May 13 May 8 May 11 
Average date of maximum DTW March 18 September 14 April 18 
Average number of days per water year of 
water level rise 180 197 195 

Average number of days per water year of 
water level decline 159 158 145 

3.1.4 Streamflow  

The unnamed stream in Gordon Gulch is ephemeral in upper Gordon Gulch and perennial 

in lower Gordon Gulch.  Flow is intermittent in some segments of the channel during summer 

(Martin et al., 2021). The overall stream gradient is approximately 0.026, but the channel is 

steeper in the north-south oriented reach between the upper and lower basins. There are two 

stream gages in Gordon Gulch; one at the top of the steep reach between upper and lower 
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Gordon Gulch and one at the downstream end of lower Gordon Gulch (Figure 1).  Stage 

measurements were recorded at 10-minute intervals using pressure transducers (Anderson and 

Ragar, 2021h). Streamflow for the lower gauge is computed using a stage-discharge rating curve 

derived from the automatic stage and manual discharge measurements made by salt dilution. 

Because of challenges imposed by snow and ice, and very low discharge in winter, streamflow 

data is unavailable from approximately November to April each year (dates vary). Streamflow 

from the lower gauge is exclusively used as part of this study because of its location at the 

catchment outlet which represents streamflow moving downstream, out of Gordon Gulch. 

Streamflow statistics for water years 2012 – 2019 are shown in Table 5. Stream 

discharge averages 0.013 m3/s. There are three distinct seasonal streamflow regimes in Gordon 

Gulch; low-flow period from August through March, a period of peak streamflow associated 

with spring snowmelt and rain (April through May), and a period of streamflow recession in the 

summer (June and July) (see Figure 3c and Figure 4d). During the low-flow period streamflow 

averages 0.0064 m3/s. Peak streamflow averages 0.037 m3/s, while streamflow during the 

recession period ranges from 0.0004 to 0.05 m3/s. The highest discharge peak monitored 

occurred on May 9, 2015, where streamflow measured 0.41 m3/s and remained above 0.10 m3/s 

through May 11, 2015. A much larger flow on Sept. 13, 2013 destroyed the gage during an 

exceptional storm that hit the Front Range (Gochis et al., 2015); peak flow was estimated at 3-5 

m3/s from a post-flow analysis using Manning’s equation and measured channel cross section 

(Brenner et al., 2014).   

From 2012 – 2019, peak spring streamflow in most years occurred between mid-April 

and late May. In 2012, absence of spring rain prevented a spring peak. That year, a series of 

heavy summer monsoon storms produced peak flow in July that was comparable to typical 
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spring peaks. In 2013, the flood in the September storm surpassed the spring discharge peak.  

Spring peaks in streamflow are attributed to sustained melt of the snowpack on the north-facing 

slopes in April and May augmented by rain and rapidly melted spring snowfall. The late-spring 

snowmelt results in a hydrograph with a steep rising limb and a falling limb that lasts from 

summer through early fall. However, as 2012 illustrates, rapid increases in stream discharge can 

occur during the summer due to heavy rainfall events. Over the study period, three summer 

rainstorms were large enough to show up in the streamflow record; July 2012, September 2013, 

and July 2015. Cowie (2010) identified that no significant increases in discharge occur after the 

summer monsoon season (mid-July to September), suggesting that the water table may remain 

elevated enough and keep the unsaturated zone moisture levels high enough to push soil water 

out of the aquifer and into the stream channel during summer rain events during June and July 

(Cowie, 2010).   

Table 5. Stream and streamflow statistics for Gordon Gulch calculated from data measured during water years 2012 
through 2019.  

Parameter Value 
Elevation of stream gauge (m amsl) 2435.75 
Average stream gradient (m/m) 0.026 
Mean annual discharge (m3/s) 0.013 
Mean annual low-flow (m3/s) 
(August – March) 0.00064 

Mean annual recession flows (m3/s) 
(June – July) 0.0097 

Mean annual maximum discharge (m3/s) 
(April – May) 0.1425 

Range of mean annual maximum discharge 
(m3/s) 0.023 - 5 

Mean date of annual maximum discharge  May 8 

Range of date of annual maximum discharge April 13 - September 12  
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3.2 Groundwater Flow Model 

A catchment-scale model was developed for Gordon Gulch using MODFLOW NWT 

with ModelMuse as a graphical user interface. MODFLOW is a three-dimensional, finite-

difference numerical model used to solve equations of groundwater flow (Harbaugh, 2005). 

MODFLOW-NWT is the Newton-Raphson formulation of MODFLOW-2005, which applies a 

smoothed continuous function of groundwater heads to rewet unconfined cells that have run dry, 

ensuring that these cells remain active (Niswonger et al., 2011). MODFLOW-NWT is better 

suited to model unconfined aquifer conditions, like headwater catchments such as Gordon Gulch. 

MODFLOW-NWT calculates head at the center of each model cell and groundwater flow at the 

interface of adjoined cells (Harbaugh, 2005; Niswonger et al., 2011).   

Inflows and outflows to the modeled aquifer system are based on the groundwater budget 

(Eq. 2). Inflows include groundwater recharge from precipitation and SWE and stream leakage 

to the aquifer. Outflows include groundwater seepage to the stream and evapotranspiration of 

groundwater.  

3.2.1 Development of a Groundwater Flow Model 

The three-dimensional groundwater flow model domain was delineated by the catchment 

boundaries of Gordon Gulch (Figure 6). The model topography was defined by a 20 m digital 

elevation model (DEM) derived from a 1 m digital surface model (DSM) from airborne LiDAR 

collected in August 2010 (Anderson et al., 2012). The four primary hydrogeologic units (soil, 

saprolite, weathered bedrock, and bedrock) were discretized into 13 model layers. In total, the 

model domain extends 75 m below the surface and model layers range from 1 m to 30 m in 

thickness, as summarized in Table 6. Hydrogeologic unit thicknesses were estimated using a 

literature review, soil pits, and well logs (see Appendix A), and are treated as homogenous in the 
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model. Initial values of hydraulic conductivity were based on field measurements, including 

double-ring infiltrometer tests in soil (Buraas, 2009), slug tests in saprolite and weathered 

bedrock (Henning, 2016), lab measurements on field samples (Hinckley et al., 2014a), and on 

literature values for similar rock types (see Appendix A). The model is unconfined to a depth of 

11 m, representing the base of the saprolite. 

Table 6. Hydraulic parameters and calibrated values for the hydrogeologic units and associated model layers used in 
the MODFLOW-NWT model.  

Hydrogeologic 
unit 

Unit discretization 
(# of model layers) 

Aquifer 
type 

Cited range 
of K (m/d) 

Selected value 
of K (m/d) 

Model layer 
thickness (m) 

Soil 1 
Unconfined 

0.2 – 20.7 16 1 

Saprolite 5 0.006 – 3.5 0.17 - 0.57 10 

Weathered 
Bedrock 3 

Confined 

0.032 – 17.3 0.01 5 

Bedrock 4 0.00009 – 2 0.000032 59 

Streambed - - - 7.6 0.75 
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Figure 6. Model geometry and cross-section of Gordon Gulch used in MODFLOW-NWT. (a) 3-dimensional 
perspective view of the model domain, showing channel, locations of groundwater wells and stream gauge, and 25 x 
25 m MODFLOW grid cells. (b) Cross-section of the model domain from A to A’ identifying the13 model layers 
used to discretize the four primary hydrogeologic units in the catchment.   
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The model is approximately 2700 m by 1930 m, capturing the entire 2.6 km2 area of 

Gordon Gulch (Figure 6). The model is discretized to 25 m by 25 m cells. There are 77 rows and 

108 columns and 13 layers of these cells for a total of 15,246 active cells. The base of the 

groundwater flow model represents low-permeability bedrock and is defined by a no-flow 

Neumann boundary. The catchment boundaries are topographic highs (inferred to act as 

groundwater divides) are also defined by no-flow boundaries. Five constant head cells (four on 

the model boundary and one at an internal topographic high) were assigned to maintain 

topographic control on the head values at these locations.  

MODFLOW’s streamflow-routing (SFR) package was assigned to the stream in Gordon 

Gulch to simulate exchanges between groundwater and surface water and to route streamflow 

through the model domain. The SFR package calculates fluxes between groundwater and the 

stream (Prudic et al., 2004) based on head values and the hydraulic gradient between them 

during each time step, using Darcy’s law. The stream was assigned a stage of 0.10 m across the 

span of the channel (representing a spring discharge levels), a stream width of 0.25 m, a stream 

gradient of 0.026, and streambed thickness of 0.75 m. The streambed conductance was initially 

set to 2 m/d and adjusted during the calibration process. A model gauge was assigned at the 

outlet of the lower reach (aligned with the true location) to report modeled baseflow moving out 

of the catchment (see Figure 1 and Figure 6).  

MODFLOW recharge (RCH) and evapotranspiration (ET) packages were applied to 

simulate inputs and outputs to the aquifer system. Recharge is defined as the total water available 

to enter the subsurface, which includes rainfall and snowmelt as SWE. Recharge and ET rates 

were assigned to the model top across the entire model domain. ET was assigned an extinction 

depth of 5 m. Recharge rates in the model vary monthly and were based on mean daily rates 
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calculated using data from water years 2012 to 2019. ET rates were initially based off a literature 

review for values of ET at sites with similar elevations and/or vegetation communities to Gordon 

Gulch (Appendix D), but rates were ultimately used as a fitting parameter during model 

calibration.   

3.2.2 Model Calibration 

Estimating Baseflow for Model Calibration 

Baseflow is the portion of streamflow that comes from groundwater storage and is often 

used interchangeably with the term groundwater discharge (Hall, 1968). Baseflow was estimated 

by applying the Eckhardt digital filter to measured stream discharge from lower Gordon Gulch 

for water years 2012 - 2019. The Eckhardt method uses a two-parameter recursive digital filter 

(RDF) to parse hydrographs into two components: direct runoff and baseflow (Eckhardt, 2005).  

High-frequency discharge variations are assumed to be direct runoff derived from surface runoff 

and interflow, while low-frequency discharge variations are considered baseflow derived from 

stored groundwater (Eckhardt, 2005). The USGS Groundwater Toolbox was employed to 

estimate baseflow using the Eckhardt two-parameter method (Barlow et al., 2017; Eckhardt, 

2005). Appendix F describes the baseflow separation process in more detail.  

Steady State initial condition and transient model calibration 

MODFLOW was run in steady state to set initial background conditions for transient 

model runs. Initially, the steady state run was done using long-term mean annual recharge 

(precipitation and snowmelt), but the monthly fluctuations of these values created mean values 

higher than values typical of the fall (October, the start of the water year).  Instead, recharge 

values for the steady state run were derived from average values for the months of July, August, 

and September, i.e., recession conditions at the end of the water year. Steady-state head values 
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derived from the steady-state run were then used as initial conditions to simulate transient 

conditions.    

After establishing initial conditions, a ten-year transient simulation was run, driven by 

measured climate parameters (precipitation and snowmelt) for water years 2012-2019. Stress 

periods identify changes in aquifer ‘stresses’ like monthly fluctuations in evapotranspiration or 

recharge rate, and stresses are held constant until the subsequent period where they can change. 

A total of 140 stress periods were run in the transient simulation. Each stress period represented 

monthly rates of ET and recharge, except for May, which was broken into three separate stress 

periods to account for high rates of recharge during the middle of the month. Stress periods were 

discretized into three-day time steps.   

The transient model was calibrated using mean daily groundwater levels recorded at the 

north-facing well and south-facing well (the wells on hillslopes that accessed groundwater in 

weathered rock) and mean estimated baseflow. A typical water year profile of the groundwater 

table was created from the 2012-2019 monitoring data by computing the average daily depth to 

water (DTW) at wells 1 and 6 for each day of the year (Figure 7a, b); the resulting annual 

behavior was used as calibration targets for modeled head. The same process was applied to 

baseflow estimates; the average value for each day across water years 2012 to 2019 was 

computed to create a typical water year history of baseflow (Figure 8a), and used as a 

calibration target for modeled baseflow. During calibration, values of recharge, ET, and 

hydraulic conductivity of the model layers were adjusted through trial-and-error until simulated 

seasonal patterns of baseflow and groundwater elevation produced a good visual match to 

observed patterns and values. Calibrated hydraulic conductivity values (Table 6) were 

comparable to previously cited values for similar rock types (Appendix A).  
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Figure 7. Observed vs. simulated groundwater head values for wells 1 and 6. (a) Well 1 simulated head for an 
average water year (red line), average daily observed head (black dashed line), and observed head values measured 
for each water year 2012 – 2019 (colored lines); (b) Well 6 simulated head for an average water year (red line), 
average daily observed head (black dashed line), and observed head values measured for each water year 2012 – 
2019 (colored lines); (c) scatter plot of residuals calculated from simulated and observed groundwater head values at 
wells 1 and 6. Observed head values plotted are the mean daily measurements calculated from water years 2012-
2019 for wells 1 and 6.  
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Figure 8. “Observed” vs. simulated baseflow values. “Observed” values of baseflow are estimated from measured 
values of streamflow, as described in Section 3.2.2 (a) Simulated baseflow values for an average water year (black 
dashed line) and observed baseflow values from measured streamflow recorded for water years 2012 – 2019 
(colored lines); (b) Simulated baseflow (black dashed line), average daily baseflow estimated from streamflow (solid 
blue line), and average daily streamflow values (blue dashed line) repeated over a three-year simulation period. The 
average daily streamflow values were calculated from mean daily measurements across the eight water years of data 
from water years 2012 – 2019; (c) scatter plot of residuals calculated from simulated and observed baseflow, along 
with the reported R2 value. Observed baseflow values plotted are the mean daily measurements calculated from 
water years 2012-2019.  
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Calibrated model results show good agreement between simulated and observed 

groundwater head (Figure 7) and baseflow (Figure 8). Notably, the model underestimates values 

of both baseflow and head in the spring. This pattern is most pronounced in the south-facing 

well. Although modeled values of head and baseflow don’t quite capture the magnitude of the 

spring peak, modeled values closely match observed values for the rest of the simulated water 

year. Additionally, by plotting modeled values of baseflow and head over the water years of 

observed data (as done in Figure 7a, b and Figure 8a), it was apparent that model results fall 

within reasonable bounds of observed values. 

R2 values were calculated for simulated and observed values of head and baseflow as a 

first order assessment of the correlation between the modeled values and the field data. The R2 

value for baseflow was 0.92, indicating a strong correlation between the modeled and observed 

values (Figure 8c). The mean absolute error was 0.0007 m3/s. R2 values for simulated and 

observed heads were lower than baseflow; R2 of 0.50 at the north-facing (well 1) and R2 of 0.10 

at the south-facing well (well 6). For the north-facing well, the R2 value indicates there is a 

moderate correlation between observed and modeled head values; the R2 value for the south-

facing slope indicates the correlation between the two data sets is weak. Values of the mean 

absolute error further corroborate this difference. The mean absolute error for the north-facing 

well was 0.10 m and 0.28 m for the south-facing well. The springtime elevation in head is lagged 

at the south-facing well, offering explanation (in addition to underestimated spring values) as to 

why the correlation between the observed and modeled data is weaker at the south-facing well 

than the north-facing well.  

During model calibration it was found that baseflow was more sensitive to recharge and 

ET rates than groundwater elevations, since baseflow is closer to the surface than the 
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groundwater levels and most influenced by these rates applied directly to the surface. 

Groundwater elevations were most sensitive to values of hydraulic conductivity.  

The distribution of groundwater head from the final time step of the calibrated transient 

model was plotted to ensure the model produced reasonable results (Figure 9). Groundwater 

contours indicate that groundwater is driven by topography, flowing from high to low elevations 

in the catchment.   

Figure 9. Modeled distribution of groundwater elevation in Gordon Gulch. 
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Groundwater Flowpath Tracking 

To examine groundwater flowpaths, advective transport was simulated during the ten-

year transient period using the forward particle tracking method in MODPATH. MODPATH is a 

MODFLOW post-processor that uses the distribution of head to calculate velocity and trace 

particle flowpaths (Pollock, 2012). Particles were placed in upstream locations and tracked to 

reveal groundwater flowpaths in soil, saprolite, weathered bedrock, and bedrock. 
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4. RESULTS 

4.1 Catchment-Scale Water and Groundwater Budgets of Gordon Gulch 

4.1.1 Catchment-Scale Water Budget 

The catchment-scale water budget (Eq. 1) for Gordon Gulch was estimated using data 

from water years 2012 – 2019 (Table 7). Precipitation (P) and streamflow (ΔQc) were measured 

in Gordon Gulch (Anderson and Ragar, 2021b; Anderson and Ragar, 2021h) and ETc was 

estimated as the difference between total annual precipitation and streamflow. Based on this 

data, the runoff ratio (defined as the ratio between precipitation and streamflow) for Gordon 

Gulch is approximately 14%. The runoff ratio provides a first order estimate of how much water 

is available for groundwater recharge each year (up to 80 mm). ETc removes the remaining 86% 

of precipitation from the catchment each year (580 mm).  

Results from the catchment-scale water budget were compared to the results of the 

groundwater budget, in order to confirm the model was producing reasonable results (i.e., model 

results did not exceed values of precipitation, streamflow, or ET estimated for the catchment). 

This comparison is described in detail in Section 5.1.  

Table 7. Catchment-scale water budget of Gordon Gulch based on measured mean data from water years 2012-
2019. 

Water budget 
component 

Inflows Outflows 
Mean annual 
total (mm/yr) 

% of catchment-
scale water budget 

Mean annual 
total (mm/yr) 

% of catchment-scale 
water budget 

Precipitation (P) 580 100% - - 
Evapotranspiration 

(ETc) - - 500 86% 

Streamflow (ΔQc) - - 80 14% 
Change in 

catchment storage 
(ΔSc) 

580 100% 580 100% 



33 

 

 4.1.2 Groundwater Budget  

The groundwater budget for Gordon Gulch was extracted from the results of the 

groundwater flow model. Following the groundwater budget (Eq. 2), recharge (a fraction of total 

precipitation that reaches the water table) is the inflow to the groundwater system and is 

balanced against losses to the system from evapotranspiration (ET). The net exchanges between 

groundwater and the stream (ΔQ) may be either a net gain or loss to the groundwater system, 

depending on the dominant exchange (balanced between groundwater discharge to the stream 

(Qout) and stream leakage to the aquifer (Qin)).  

The annual groundwater budget based off model results is presented in Table 8. The 

volume of these exchanges produced during model simulations (m3/d) were area-corrected to 

Gordon Gulch to produce a net change represented in millimeters. During the simulated water 

year, recharge from precipitation and snowmelt totaled 62 mm (160,781 m3) and 56 mm of 

groundwater were lost to ET. Groundwater exchanges with the stream represented a net loss of 

13 mm from the aquifer; 6 mm were added to the aquifer from stream leakage (Qin), but 19 mm 

of water were discharged from groundwater into the stream (Qout). Although constant head cells 

were included in the model to exert a topographic control on head, water from these cells were a 

minimal component of the model groundwater budget, representing only 0.1% and 0.04% of 

inflows and outflows, respectively.  
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Table 8. Annual groundwater budget of Gordon Gulch based on the calibrated transient model. Values reported in 
mm/yr were normalized to the catchment area. R is recharge, ET is evapotranspiration, ΔS is the change in aquifer 
storage, ΔQ represents the net flux between groundwater and the stream and is calculated as the difference between 
groundwater discharge to the stream (ΔQout) and stream leakage to the aquifer (ΔQin). Constant head is a model term 
that represents flow from the modeled constant head cells to maintain head.   

Groundwater 
Budget Component 

Input Output Input - Output 

m3/yr mm/yr % of 
total m3/yr mm/yr % of 

total m3/yr mm/yr 

Recharge (R) 160,781 62 57% - - 0% 160,781 62 

Evapotranspiration 
(ET) - - 0% 144,666 56 51% -144,666 -56 

Change in aquifer 
storage (ΔS) 105,487 41 37% 88,588 34 31% 16,899 6 

Net groundwater-
stream fluxes (ΔQ)        -13 

Stream leakage to the 
aquifer (ΔQin) 

16,696 6 6% -  - 16,696 6 

Groundwater 
discharge to the 

stream (ΔQout) 
- - - 49,768 19 18% -49,768 -19 

Constant head 166 0.1 0.10% 101 0.0 0.04% 65 0 

Total 283,130 109 100% 283,124 109 100% 6 0.0 

4.2 Groundwater – Stream Exchanges 

4.2.1 Spatial and Temporal Distribution of Exchanges 

The spatial and temporal distributions of groundwater-stream exchanges over an average 

water year are presented in Figure 10. Stream leakage to the groundwater system (‘losing’ 

stream conditions) is represented as a positive rate and groundwater discharge to the stream 

(‘gaining’ stream conditions) is represented as a negative rate. Locations along the stream that 

are not plotted with a colored cell indicate there was no net gain or loss within that cell.  

Overall, Gordon Gulch is a gaining system. Gaining stream conditions were observed 

consistently in lower Gordon Gulch throughout the water year and across the entire stream reach 

in the spring. Despite the presence of segments with losing conditions, the rates of stream 

leakage were consistently lower than those of groundwater discharge to stream. As identified in 

Table 8, stream leakage to the aquifer supplied approximately 6 mm of water to the aquifer 
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whereas groundwater discharge to the stream contributed approximately 19 mm to the stream as 

baseflow over the course of a water year. 

The spatial extent of groundwater-surface water exchanges contracts and expands 

seasonally, as shown in Figure 10. The majority of groundwater discharge to the stream occured 

in the spring through late summer, with the highest rates occurring in May. In lower Gordon 

Gulch, the stream was consistently gaining throughout the water year but flux rates peaked in 

May at a rate of 15 m3/d. In upper Gordon Gulch, exchanges in the main stream channel and 

branch were seasonally dependent. In the spring, these locations were extensively under gaining 

conditions, but the extent of exchanges contracted so that by the winter there were no net gains 

or losses to the system. Gaining stream conditions were still observed in lower Gordon Gulch in 

the winter, but the rates of groundwater discharge to the stream were at a minimum, ranging up 

to 6 m3/d. 
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Figure 10. Groundwater – stream exchanges in Gordon Gulch over four distinct seasons over the average water 
year: January, May, July, and September. Positive values represent upwards groundwater seepage (gaining stream) 
and negative fluxes represent downwards streamflow leakage (losing stream).
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4.2.2 Groundwater Flowpaths 

Particle tracking showed that groundwater flow predominantly occurs in saprolite and 

weathered bedrock (Figure 11). Particles released in bedrock remained fairly stationary 

throughout the ten-year model period, indicating slow to minimal groundwater flow in the 

bedrock. Flowpaths indicate groundwater flow follows topography. Along the steepest 

topographic gradients (such as those along the catchment boundary), flow moved in the direction 

towards the catchment axis. Along the valley floor where topographic gradients are low, flow 

was in the downgradient direction which is generally to the southeast near the outlet stream in 

lower Gordon Gulch. 

Flowpaths also identified the spatial distribution of groundwater recharge and discharge 

in the catchment. Downward flowpaths that transition to long, lateral flow were located mainly 

in upper Gordon Gulch (Figure 11a) whereas in lower Gordon Gulch flowpaths bent upwards at 

the channel, supporting baseflow and gaining conditions in the stream (Figure 11b, c). Hillslope 

flowpaths showed long, slope-parallel flow within weathered bedrock toward the channel 

(Figure 11c). In lower Gordon Gulch, these emergent groundwater flowpaths coincided with 

consistent gaining stream conditions and the location of a perennial spring in the catchment. 

These shallow, upward flowpaths moved groundwater primarily from upper saprolite and soil 

into the stream.  

Groundwater flow velocity estimates from MODPATH indicate that groundwater moved 

fastest in lower Gordon Gulch, especially in soil, where velocities averaged 2 m/d.  Long, deeper 

flowpaths were observed moving from topographic highs in the catchment, such as those along 

the catchment boundary, towards the catchment valley and stream, as shown in Figure 11b. 

These longer groundwater flowpaths moved through saprolite and weathered bedrock upon 
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exiting into the stream. Groundwater flowed most slowly from the steepest portions towards the 

catchment axis at a rate of approximately 0.6 m/yr through saprolite, weathered bedrock, and 

bedrock.  

 

Figure 11. Simulated groundwater flowpaths in Gordon Gulch. Three distinct patterns of groundwater flowpaths are 
identified in a, b, and c. (a) Long horiztonal groundwater flowpaths along the stream channel in upper Gordon Gulch 
which move through the saprolite and weathered bedrock layers, along with concentrated groundwater recharge into 
the weathered bedrock and bedrock layers; (b) Groundwater flow from topographic highs of the catchment towards 
the valley, moving through the saprolite and weathered layers until ultimately discharged to the stream; (c) short, 
shallow groundwater flowpaths along the stream in lower Gordon Gulch where upwards, vertical gradients drive 
groundwater discharge to the stream. These flowpaths coincide with the location of a perennial spring in the 
catchment.   
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5. DISCUSSION 

5.1 Catchment-Scale Water Budget vs. Groundwater Budget 

The groundwater budget based on transient model results from MODFLOW was 

compared to the catchment-scale water budget for Gordon Gulch to gain perspective on the 

groundwater processes relative to catchment-wide processes (Table 9). The comparison shows 

that groundwater plays a significant role in the catchment. Groundwater recharge is 

approximately 62 mm/yr, indicating that approximately 11% of total annual precipitation 

(snowmelt and rain) infiltrates the subsurface and reaches the water table (Figure 12). ET from 

groundwater is approximately 56 mm/yr, indicating that approximately 11% of total catchment 

ETc is sourced from below the water table. Groundwater discharge to stream baseflow accounts 

for approximately 13 mm/yr, which represents approximately 16% of total streamflow out (ΔQc) 

of Gordon Gulch.  

Table 9. MODFLOW groundwater budget and comparison to the catchment-scale water budget of Gordon Gulch.  

Ground-
water 
budget 

component 

Inflows Outflow Parameter from 
catchment-scale 

water budget used in 
comparison 

Mean 
annual total 

(mm/yr) 

% of catchment-
scale budget 

Mean 
annual total 

(mm/yr) 

% of catchment-
scale budget 

Recharge 62 11% - - P 
ET - - 56 11% ETc 
ΔQ - - 13 16% ΔQc 
ΔS 7 n/a   ΔSc 

 

Overall, model results produced a groundwater budget that was reasonable within the 

context of the catchment-scale water budget. MODFLOW-estimated recharge in Gordon Gulch 

was approximately 11% of total annual precipitation (including snowmelt and rain). Compared 

to studies of settings similar to Gordon Gulch, estimated recharge ranges from 14% (Huntley, 

1979) to 52.5% (King, 2011) with a range of rates in-between (Earman et al., 2004; Kormos et 

al., 2015). To obtain a rough estimate of the percent of recharge from precipitation in Gordon 
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Gulch, the water table fluctuation method was applied to groundwater levels (see Appendix G). 

Based on results from the water table fluctuation method, recharge ranged from 19-38% of total 

annual precipitation. However, compared to the catchment-scale, modeled recharge is less than 

the calculated runoff ratio of 14%, indicating the total modeled recharge is consistent with 

catchment-scale groundwater recharge (up to 80 mm). Overall, modeled recharge is compatible 

with the supply estimated from the catchment-scale water budget.   

The modeled groundwater budget had an overall percent discrepancy of 0.002% reflected 

in net loss of 7 mm of groundwater storage over the mean water year. The likely culprit for the 

loss in groundwater storage is due to overestimating ET in the model.  

Overestimating ET likely underestimated ΔQ by removing excess groundwater that 

otherwise could have been discharged to the stream. Hydrograph analysis using the Eckhardt 

two-parameter method showed that baseflow in Gordon Gulch was approximately 34% of total 

streamflow; using the catchment-scale estimate of 80 mm of total streamflow (ΔQc), this means 

baseflow should have accounted for approximately 27 mm. However, MODFLOW-estimated 

baseflow (ΔQ) was approximately 13 mm (or 16%) of total streamflow. Modeled baseflow is 

approximately half of what was expected based on hydrograph separation estimate. 

Contextualizing modeled baseflow within the catchment-scale water budget further highlights 

that the model underestimated baseflow (initially observed during model calibration), but 

produced results reasonable enough to be interpreted.   
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Figure 12. The annual catchment-scale water and groundwater budgets of Gordon Gulch. Catchment-scale water 
budget components are identified in gold and with a ‘c’ subscript. Catchment-scale and represents both surface and 
subsurface processes Groundwater budget components are listed in navy and pertain to all processes at or below the 
water table. Arrow lengths are scaled to total precipitation. 

 

5.1.1 Seasonal Trends in the Groundwater Budget 

The dominant components of the groundwater budget changed seasonally (Figure 13). 

Notably, precipitation, recharge, streamflow, and groundwater discharge to the stream were 

highest in the spring. Precipitation during April and May accounted for approximately 30% of 

total annual precipitation; total recharge during April and May represented 50% of total annual 
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recharge. This indicates that the spring snowmelt period is a significant driver of groundwater 

recharge.  

Net groundwater-stream exchanges are positive throughout the year, indicating the 

stream is under gaining conditions year-round (meaning groundwater discharge to the stream 

(Qout) exceeds stream leakage to the aquifer (Qin)). However, seasonally, the fraction of baseflow 

to total streamflow varies significantly. As shown in Figure 13, baseflow accounts for 

approximately 8% of total streamflow during April and May. In the winter and during periods 

with less total precipitation, baseflow accounts for nearly 30% of total streamflow. The variation 

in fraction of baseflow to total streamflow throughout the year highlights the importance of 

baseflow in this catchment especially during dry periods. In the spring, the relative contributions 

of baseflow to streamflow were low because rain and snowmelt were high and contributed to an 

overall higher total streamflow. In the winter and late summer when precipitation was low, 

baseflow was a more significant component of total streamflow.  
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Figure 13. Monthly variations in the components of the groundwater budget (top) and catchment-scale water budget 
(bottom). The total monthly amount of each term is plotted as a bar graph. The top graph also overlays the fraction 
of the groundwater budget component compared to the total monthly catchment-scale water budget component (i.e., 
groundwater recharge as a fraction of total precipitation, groundwater evapotranspiration as a fraction of total 
evapotranspiration, and groundwater-stream exchanges as a fraction of total streamflow).   
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5.2 Groundwater Recharge 

5.2.1 Temporal Trends 

Model results indicate recharge is approximately 11% of total annual precipitation. Based 

on the nine-year data record and trends in groundwater table fluctuations, this recharge is 

concentrated within one to two major groundwater recharge events per water year. Annually, the 

primary recharge event occurs in the spring driven by rainfall and widespread snowmelt on 

north-facing slopes. The groundwater recharge period begins in March and ends in May, as 

supported by the model water budget, which shows that rising groundwater levels occur during 

this period. Maximum recharge varies from 0.002 m/d to 0.009 m/d during these three months. 

With the exception of a secondary recharge event (discussed below), groundwater elevations 

recede until the following recharge period in the spring of the following water year.       

In some years, a secondary recharge event occurs in the summer driven by heavy, 

sustained rainfall in convective storms. Recently, such events have been identified as significant 

in snow-dominated alpine settings (Carroll et al., 2020). In Gordon Gulch, these recharge events 

are observed approximately every three years, with events occurring in the summers of 2012, 

2013, and 2015. Though the response of the groundwater table to the second recharge event is 

usually not as pronounced as that to the primary recharge event, the secondary event results in an 

overall elevated water table, which promotes a greater groundwater response to recharge events 

in the following spring. For example, the July 2015 storm added 0.06 m of rain over a five-day 

period (64% of the total monthly precipitation), resulting in 1 m and 0.48 m rise in groundwater 

elevations at well 6 and well 2, respectively, five days after the start of the rain event and a 0.32 

m rise in the groundwater elevation at well 1 nine days after. In the following spring (2016) 

depth to water peaked at 8.4 m, the surface, 3.1 m at wells 1, 2, and 6, respectively. 
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Comparatively, the summer of 2017 was relatively dry with only 0.03 m cumulative rainfall in 

the month of July and depth to water at all wells declined. During the spring recharge event of 

the following year (2018), depth to water levels peaked at 8.8 m, 0.3 m, and 4.3 m at wells 1, 2, 

and 6. In this sense, the secondary recharge event ‘preps’ the system for future recharge, 

allowing for a more substantial rise in the water table the following year.  

5.2.2 Spatial Trends 

Modeled groundwater flowpaths illuminate differences in the spatial distribution of 

groundwater recharge. The majority of groundwater recharge occurs in upper Gordon Gulch 

whereas the majority of groundwater discharge occurs in lower Gordon Gulch. This is consistent 

with patterns in the exchange between groundwater and the stream, which show that 

groundwater discharges to the stream in lower Gordon Gulch throughout the water year and that 

groundwater flow is driven by topography (Figure 9). The topographic highs and hillslopes 

create hydraulic gradients that drive groundwater towards lower elevations along the catchment 

valley and outlet. These gradients drive recharge into the saprolite and weathered bedrock in 

upper Gordon Gulch; these are the layers where the majority of groundwater recharge occurs. 

Some deep recharge occurs into the bedrock also, but widespread groundwater flow in this layer 

is minimal. In lower Gordon Gulch, gradients are mostly upwards, moving groundwater into the 

stream channel. Here, groundwater flow is shallow and generally confined to the upper portion 

of saprolite.  

5.3 Groundwater-Stream Interactions 

The model attributes 16% of streamflow as sourced from groundwater discharge 

(baseflow). Results from the Eckhardt two-parameter method estimated baseflow as 

approximately 34% of streamflow for water years 2012 - 2019. This estimate of baseflow is 
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similar to findings from an EMMA, which found that baseflow ranged from 23 – 33% of 

streamflow from 2010 to 2012, averaging 28% annually (Cowie et al., 2017). We conclude that 

annual baseflow ranges between 16% to 34% of total streamflow. The discrepancy between these 

two estimates is likely due to the differences in the components of baseflow estimated and 

because model results underestimated baseflow in the spring. The Eckhardt two-parameter 

method considers baseflow to be the low-frequency portion of streamflow that responds slowly 

to precipitation, while groundwater discharge simulated by MODFLOW is exclusively sourced 

from the saturated zone (Eckhardt, 2005; Harbaugh, 2005). Therefore, the lower estimate of 16% 

may be underestimated also because of unaccounted for unsaturated and vadose zone 

contributions to streamflow, which likely contribute to baseflow in Gordon Gulch (Smull, 2015). 

The Eckhardt two-parameter method results represent an upper estimate of 34% as it may be 

overestimated due to the oversimplification of baseflow generation processes by digital filter 

methods (Xie et al., 2020). Both estimates highlight the important role of groundwater in 

sustaining streamflow in Gordon Gulch.  

5.3.1 Spatio-Temporal Distribution of Groundwater-Stream Interactions 

Model results constrain the spatio-temporal distribution of groundwater-stream 

interactions. Groundwater discharge occurs throughout the water year, especially in lower 

Gordon Gulch, but peaks during periods of increased precipitation and streamflow (April 

through July). The highest rates of groundwater discharge occur in May, at rates up to 15 m3/d. 

The months of April through July are the wettest (accounting for 42% of total annual 

precipitation), observe the highest rates of streamflow (77% of total annual streamflow moves 

through the downstream gage), and experience higher exchanges between the aquifer and the 

stream (accounting for 61% of total annual groundwater discharge to the stream). The connection 



47 

 

between increased streamflow and groundwater discharge corroborates Wilson’s (2017) finding 

that the magnitude of groundwater-stream exchanges correlate with the magnitude of 

streamflow. During drier portions of the year, such as the late summer and winter, the connection 

between the stream and groundwater recedes. This result indicates drier, climate- driven 

conditions may likely result in overall less connectivity across the catchment, especially in upper 

Gordon Gulch.  

Groundwater discharge also varies significantly depending on location in the catchment. 

The majority of groundwater discharge occurs in lower Gordon Gulch, driven by shallow, 

upward gradients towards the stream. Deeper flowpaths observed in upper Gordon Gulch also 

play a critical role in sustaining baseflow because the groundwater recharge that occurs in upper 

Gordon Gulch later supplies groundwater in the absence of precipitation and snowmelt through 

the long, deep flowpaths in saprolite and weathered bedrock. These deeper flowpaths emerge 

further downstream in lower Gordon Gulch.  

The data record supports the importance of both deep and shallow flowpaths in sustaining 

streamflow when comparing the timing of peak stream discharge and peak groundwater 

elevation. Following peak snowmelt on the north-facing slope, peak stream discharge occurs 

approximately two days afterwards, followed by a peak in groundwater level at the valley well 

one day later, the south-facing well three days later, and the north-facing well four days later. 

Based on the various depths of the groundwater levels (the valley well being the shallowest and 

the north-facing well being the deepest) and hillslope positions, we observe the rise in the water 

table and thus groundwater storage in upper Gordon Gulch, the dominant locale of recharge in 

the catchment. The saprolite and weathered bedrock layers act as a storage and delivery system, 

delivering groundwater to lower Gordon Gulch and ultimately to the stream throughout the year. 



48 

 

Previous studies of groundwater-stream interactions in Gordon Gulch applied chemical 

separation methods to parse streamflow hydrographs. Smull (2015) and Mills et al. (2017) 

identified baseflow conditions in Gordon Gulch in the late summer and early fall. Smull (2015) 

identified the baseflow period in Gordon Gulch occurs from October to November using 

observations of in-stream nitrate removal (losing lateral hydraulic gradients were associated with 

increased baseflow). Mills et al. (2017) used the absence of silica colloids (characteristic of 

groundwater, but not surface water) in stream water and identified the baseflow period from late 

July through early October in 2011. However, Wilson (2017) found the opposite and identified 

primarily losing conditions in lower Gordon Gulch using tracer tests to show that a 100 m reach 

in lower Gordon Gulch lost water to the subsurface from late-July to late-October. Wilson (2017) 

found that leakage is heavily dependent on stream discharge, with higher rates of stream 

discharge driving in higher rates of leakage. Her observations, however, are confined to late 

summer months and a small reach.  

Our model results support the former conclusions that baseflow supports streamflow in 

lower Gordon Gulch throughout the water year, including during the baseflow period from late 

summer through early fall.  However, we acknowledge that rates of groundwater discharge are 

tied to rates of stream discharge, observing that peak groundwater discharge occurs in the spring 

(associated with peak streamflow) and declines throughout the water year. We conclude that the 

stream in Gordon Gulch is typically under gaining conditions, though temporal and spatial 

variations exist. 
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6. CONCLUSIONS  

MODFLOW was employed to study the spatial and temporal distribution of groundwater 

recharge and groundwater-surface water interactions in Gordon Gulch as an example of the 

hydrogeologic system in a semi-arid, montane environment. Field measurements of groundwater 

elevation and baseflow estimated from stream discharge measurements were used to calibrate the 

model. Model results and supporting field data characterize Gordon Gulch as an interconnected 

system highly dependent on and responsive to precipitation and snowmelt, and with connectivity 

between groundwater and the stream and from upper to lower Gordon Gulch. Below are the key 

findings from this study: 

• Groundwater recharge is highly dependent on snowmelt and rain.  

o Temporally, groundwater recharge is concentrated in one or two events each 

water year, driven by spring snowmelt and summer rainstorms. The spring 

snowmelt period in April and May accounts for approximately 50% of total 

annual recharge.  

o Spatially, groundwater recharge mainly occurs in upper Gordon Gulch where 

water is driven into saprolite and weathered bedrock.  

• The stream in Gordon Gulch is overall a gaining system. Groundwater discharge to the 

stream as baseflow accounts for 16 to 34% of total annual streamflow.  

o Spatially, the majority of groundwater discharge to the stream occurs in lower 

Gordon Gulch. Groundwater flowpaths to the stream are derived from storage in 

saprolite and weathered bedrock and may be primarily sourced from the deeper, 

upstream flowpaths coming from upper Gordon Gulch topographic highs in the 

catchment. The short, shallow, and emergent flowpaths in lower Gordon Gulch 

ultimately deliver groundwater to the stream.  
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o Temporally, the highest rates of groundwater discharge to the stream occur in the 

spring.  

This study highlights the importance of groundwater in a semi-arid, montane, headwater 

catchment. Our model offers a promising use as an assessment of the groundwater budget in 

similar environments. Future investigations on the spatial and temporal distribution of 

groundwater recharge and groundwater-surface water interactions are warranted considering the 

importance of water resources in montane, headwater environments. 
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Appendix A. Summary of Geologic Investigations in Gordon Gulch  

The four primary hydrogeologic units of Gordon Gulch include soil, saprolite, weathered 

bedrock, and bedrock. A comprehensive literature review was performed to identify the range in 

thickness and values of hydraulic conductivity for each geologic unit. Findings from the 

literature review on the differences in the thickness of the hydrogeologic units are summarized in 

Table A-1.  

Table A-2 summarizes the range of hydraulic conductivity values identified for the four 

hydrogeologic units from the literature review. Cited literature includes studies done in Gordon 

Gulch, along with values for similar rock types across different locations. The range in values of 

hydraulic conductivity was used during model calibration as upper and lower constraints of 

appropriate values to be modeled.  
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Table A-1. Summary of the thickness and depth to the four hydrogeologic units in Gordon Gulch based on studies 
performed in the catchment. 

Unit 

Hydrogeologic Unit Thickness (m) Depth to Hydrogeologic Unit 
(m) 

Reference 
Avg. Range 

Avg. 
North-
Facing 
Slope 

Avg. 
South-
Facing 
Slope 

Avg. 
Depth 

to 
Layer 

Avg. – 
North-
Facing 
Slope 

Avg. 
South-
Facing 
Slope 

Soil 

0.9 0.3 – 
2.0 

  

N/A 

Befus et al., 2011 

 0.1 - 
0.8   Leopold, 2013 

0.39 0.3 to 
2.5 0.44 0.37 Shea, 2013 

  2.3±0.7
6 2±0.80 Bandler, 20161 

0.90 0.20-
1.70 0.74 1.1 Eilers et al., 2012 

  0.4 - 
0.45 

0.3 - 
0.35 Hinckley et al., 2014a 

Saprolite 

  8 10    Bandler, 2016 
    3.2 ± 

1.9 
  Befus et al., 2011 

 0.4 - 
5.1 

  3.0 – 
4.1 

  Leopold, 2013 
 5 to 10      Henning, 2016 

  2.4     
Anderson and Ragar, 
2021a; Anderson and 
Ragar, 2021b 

8.8 8 – 14   3.3 8  Dethier and Lazarus, 
20062 

     12.2  
Anderson and Ragar, 
2021a; Anderson and 
Ragar, 2021b 

    4.3 ± 
3.0 

  Leopold, 2013 

10 2 – 21*    < 10 5 - 7 Befus et al., 2011 
15       Henning, 2016 

Bedrock N/A 

0 to 30 15 5 to 10 Dethier & Lazarus, 2006 
10 to 40   St. Clair, 2015 

 8.5 14 Eldam et al., 2016 

 14.6 7.6 
Anderson and Ragar, 
2021a; Anderson and 
Ragar, 2021b 

 15 10 Leopold, 2013 
 10.9± 3.6 8.7 ± 1.3 Bandler, 2016 

11.7 to 
14.8 15 5 - 10, avg 

= 8 Befus et al., 2011 

1. Reported from seismic survey results which includes soil and mobile regolith. 
2. Depth and thickness of saprolite inferred from well log data interpolated throughout the foothills using a kriged surface in 

ArcGIS.  
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Table A-2. Summary of literature review of hydraulic conductivity values for soil, saprolite, weathered bedrock, and 
bedrock in Gordon Gulch or similar settings.  

Unit Average Hydraulic 
Conductivity (m/d) 

Range in Hydraulic 
Conductivity (m/d) Location Source 

Soil 

5.0 0.2 - 20.7 m/d 

Gordon Gulch 

Hinckley et al., 
2014a 0 – 10cm: 2.8  

10 -25cm: 7.1  
2  Henning, 2016 

7.6  Langston et al., 
2015 

6.9 0.1 - 45 Buraas, 2009 
 0.9 – 0.09 Handcart Gulch, 

CO 

Caine et al., 2006 

17.3  
 Kahn et al., 2008 

Saprolite  

1  
Gordon Gulch 

Henning, 2016 

0.02   Langston et al., 
2015 

 10-2 – 10 
Saprolite aquifer 
in Zambia & 
Tanzania 

Jones, 1985 

0.3 0.05 – 3.5 Victoria Province Houston and 
Lewis, 1988 

0.09 0.006 – 0.9 Burkina Faso Compaore et al., 
1997 

0.35 0.012 – 0.9 Africa Wright, 1992 
0.09  Africa Jones, 1985 
0.04 0 – 0.4 Malawi McFarlane, 1992 

0.008  Tennessee Van der Hoven, 
2003 

0.2  Andhra Pradesh, 
India  

Dewandel et al., 
2006 

Weathered 
Bedrock 

3.2 x 10-2  Gordon Gulch Henning, 2016 
 0.001 – 0.01 Niwot Ridge, CO King, 2011 

0.9  Andhra Pradesh, 
India  

Dewandel et al., 
2006 

 0.09 – 17.3 Panola hillslope, 
GA James et al., 2010 

Bedrock 

0.05 m/d (fractured 
granite)  

Gordon Gulch 

Anderson, 
Rajaram, 
Anderson, 2019 

3.2x10-3  Henning, 2016 

2 (fractured bedrock)  Langston et al., 
2015 

 0.00009 – 0.09 Handcart Gulch, 
CO 

Caine et al., 2006 
0.0004  Kahn et al., 2008 

 0.0009 – 0.2 Panola hillslope, 
GA James et al., 2010 

1. Value not measured; hydraulic conductivity value for granitic bedrock sourced from Freeze and Cherry, 1979 
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Appendix B. Precipitation Data  

Precipitation data was collected from three meteorological stations; two within Gordon 

Gulch (the North and South MET stations) and a third located approximately 2 km southwest of 

Gordon Gulch (CO94 station).  Of these three precipitation stations, none had a complete 

precipitation record for water years 2012 through 2020. Additionally, winter precipitation data 

from the MET stations in Gordon Gulch cannot be used because precipitation gages are 

unheated, so precipitation cannot be separated by rain or snow.  Therefore, a gap-fill ranked 

procedure was applied to create a complete precipitation record for water years (WY) 2012 – 

2020. CO94 station was used as the base dataset. Inaccurate or missing measurements in the 

CO94 dataset, such as during September 2013 and after 2017 when the CO94 data record ends, 

were replaced with data from the South MET station. However, the South MET station was 

missing and/or produced inaccurate precipitation measurements from September 2013 and 

throughout water years 2016 – 2017. During these periods, data was instead replaced with 

measurements from the North MET station. Lastly, an average water year precipitation record 

was produced by calculating the mean daily amount across each individual day of water years 

2012 – 2020. Due to extreme precipitation events in September 2013 and July 2015, data from 

these two months were excluded from the average dataset, so as not to skew mean precipitation 

towards these extreme events. The compiled dataset of mean daily precipitation measurements 

showing measured daily values from the gap-fill ranked procedure and the mean daily 

measurements are presented in Table B-1 and Figure B-1.  The compiled dataset of precipitation 

measurements was used for model calibration.   

During the gap-fill ranked procedure, precipitation records from the North and South 

MET stations were compared to identify differences between them. The two MET stations are 
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located on opposing hillslopes. The South MET station is located in an exposed clearing while 

the North MET station is located under the tree canopy. Both stations are located approximately 

1m above ground surface and neither precipitation gage is heated. Rainfall records from the 

North and South MET stations were compared to identify differences between them. On average, 

the South MET station records 20% more precipitation annually than the North MET station 

(0.55 m per year vs 0.40 m per year, respectively). The difference in precipitation is likely a 

result of canopy interception at the North MET station. This phenomenon is well known 

(Hamilton and Rowe, 1949), and is consistent with a Reynolds and Knight (1973) finding that 

rain events less than 10 mm in subalpine forests rarely penetrated soil layers because the rain was 

mostly intercepted by the canopy or absorbed by forest litter (Reynolds and Knight, 1973; 

Cowie, 2010).  
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Figure B-1. Graph of total daily precipitation measurements recorded at the North-facing and South-facing MET 
stations, the CO94 station, and the rank-filled revised precipitation record for water years 2012 through 2019.  
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Table B-1. Summary of precipitation data, reported by month of the water year for years 2012 – 2020. The total 
annual precipitation, along with the mean monthly precipitation across the data record is also reported.  Dashes 
indicate data is unavailable.  

Month of 
Water Year 

Total Monthly Precipitation, by Water Year (m) Mean 
Monthly 
Total (m) 2012 2013 2014 2015 2016 2017 2018 2019 2020 

October 
0.16 

0.030 0.035 0.026 0.050 0.012 0.059 0.053 0.049 0.039 
November 0.002 0.000 0.024 0.030 0.024 0.022 0.024 0.029 0.019 
December 0.034 0.021 0.017 0.000 0.040 0.015 0.006 0.023 0.019 
January 0.021 0.007 0.055 0.016 0.006 0.077 0.013 0.037 0.002 0.026 
February 0.014 0.061 0.052 0.099 0.024 0.027 0.023 0.010 0.056 0.041 
March 0.000 0.060 0.055 0.021 0.090 0.038 0.035 0.052 0.044 0.044 
April 0.036 0.079 0.070 0.135 0.098 0.082 0.049 0.055 0.037 0.071 
May 0.041 0.108 0.110 0.140 0.054 0.136 0.081 0.094 0.030 0.088 
June 0.014 0.016 0.006 0.039 0.015 0.006 0.041 0.083 0.039 0.029 
July 0.214 0.125 0.081 0.086 0.029 0.033 0.051 0.064 0.034 0.080 
August 0.025 0.081 0.057 0.030 0.042 0.052 0.007 0.036 0.012 0.038 
September  0.233 0.034 0.005 0.032 0.054 0.020 0.036 - 0.052 
Total 
Annual 
Precipitation 
(m) 

0.53 0.84 0.58 0.64 0.47 0.58 0.42 0.55 0.36*  

*Total annual precipitation is not a complete record due to months without precipitation data.  
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Appendix C. Snow Data 

Snow depth, snow cover duration, and density data were measured by the BcCZO using 

snow poles and snow pits in Gordon Gulch for water years 2012 through 2020. Snow depth was 

visually estimated by reviewing time-lapse imagery at 10-minute intervals from two cameras, 

each aimed at a snow pole with 10 cm intervals marked; one was stationed on the north-facing 

slope, and one on the south-facing slope (Anderson and Ragar, 2021c). Snow density was 

measured in snow pits on 16 dates between 2012 and 2018, using a snow cutter.  

The average daily snow depth is 0.08 m in Gordon Gulch, but depth varies greatly over the 

winter and across the north- and south-facing slopes, as shown in Table C-1 and Figure C-1.  

Table C-1. Average daily snow depth measured on the north and south facing slopes for years 2012 through 2020. 

Year 

Average Daily Snow Depth (m) 
North-

facing slope 
(m) 

South-facing 
slope (m) 

Difference 
(m) 

2012 0.29 0.06 0.31 
2013 0.05 0.05 0.04 
2014 0.03 0.07  0.04 
2015 0.19 0.04 0.15 
2016 0.12 0.03 0.07 
2017 0.10 0.02 0.06 
2018 0.07 0.01 0.06 
2019 0.11 0.03 0.11 

Mean 0.12 0.04 0.12 
SD 0.08 0.02 0.09 
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Figure C-1. Daily snow depths measured by snow poles on the north- and south-facing slopes throughout water 
years 2012 through 2019.   

The daily change in snow depth was calculated to identify days with negative changes in 

depth, which were assumed to be due to melt (ignoring compaction). Next, average snow density 

was calculated using density cutter measurements taken from 16 snow pits in Gordon Gulch 

between 2008 to 2017 (Anderson, 2020). On average, snow density was 264 kg/m3 but ranged 

from 214 to 323 kg/m3, as shown in Table C-2. SWE was calculated by multiplying the negative 

change in daily snow depth by the average snow density. Since snow density data wasn’t 
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available for water years 2018 and 2019, the nine-year snow density average (from 2008 – 2017) 

was applied instead.   

Table C-2. Summary of average annual snow density, by water year 

Year Average Snow Density 
(kg/m3) 

Standard 
Deviation 

Number of 
measurements 

2008 – 2009 323.81 36 56 
2010 319.26 81 128 
2011 263.51 71 119 
2012 225.39 79 131 
2013 224.45 75 81 
2014 284.92 70 104 
2014 214.75 68 42 
2016 233.62 50 26 
2017 251.18 71 51 
Mean 264 83 74 

Std. deviation 39 14 38 
 

To calculate snowmelt in Gordon Gulch, the snow water equivalent (SWE) was estimated 

from snow depth and density measurements. The average annual snow density was multiplied by 

the daily decline in snow depth to estimate the total snowmelt available as SWE. Since snow 

density data wasn’t available for water years 2018 and 2019, the nine-year snow density average 

(from 2008 – 2017) was applied instead.  Figure C-2 plots daily estimated SWE on the north- 

and south-facing slopes for Gordon Gulch for water years 2012 through 2019.  
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Figure C-2. Daily estimate of snowmelt as SWE on the north- and south-facing slopes in Gordon Gulch for water 
years 2012 through 2019.  
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Several other metrics were also derived including the number of melting events and the 

lag time between melting events. The persistence of snow was obtained by counting the number 

of days between the first day of snow and the last day of snow observed at the two snow poles. 

There were 19 discrete snow events on the north-facing slope for years 2012 through 2020. On 

the south-facing slope, there were 98 events over the same time period. On average, there were 

two major melt events on the north-facing slopes, while on the south-facing slopes there was an 

average of 11 melt events, as summarized in Table C-3.  

Table C-3. Number of days with snow coverage on the north- and south-facing slopes by season. Data reported is an 
average value across years 2012 to 2020.  

Year 
Number of snow events 

North-facing 
slope 

South-facing 
slope 

2012 1 8 
2013 3 14 
2014 2 14 
2015 1 7 
2016 1 9 
2017 4 6 
2018 1 12 
2019 4 23 

Mean 2 11 
Standard 

Deviation 1.3 5.1 

The lag time between snow melt events on the north and south facing slopes was also 

quantified by examining seven discrete spring melting events in 2012 and 2016-2019 as shown 

in Table C-4. The lag time is defined as the period between one slope having no snow present on 

the ground until the other slope also has no snow on the ground (recorded as 0 m depth of snow). 

This calculation is made by comparing the greatest differences in precipitation recorded at the 

MET stations (which mostly occur in the fall and the spring) and reviewing images of the ground 

surface to determine when snow is present. On average, snow melts entirely from the south 

facing slope 10 days prior to complete melt on the north facing slope. The start of melting occurs 

1-2 days earlier on the south facing slope than on the north facing slope.  
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Table C-4.  Days between snow melting events 

Year Days between Melt Month 
2012 27 March 
2016 12 April 
2016 2 May 
2017 18 March 
2017 2 April 
2019 6 April 
2019 2 May 
Mean 10 

 

Standard 
deviation 9 

 

To characterize snow by aspect, the snowpack on the north-facing slope is persistent, 

deeper, and melts in one or two major events, whereas the snowpack on the south facing slope is 

intermittent and shallower. The snowpack on the north-facing behaves like a snowpack for a 

typical of alpine systems in the western United States. Conversely, the snowpack on the south-

facing slope is episodic and experiences an average of 11 melt events per year. The difference in 

the number of melt events is attributed to a higher solar radiation due to less vegetation relative 

to the north-facing slopes (Langston et al., 2015). Snow is also observed on the ground longer on 

the north-facing slopes than the south-facing slopes, averages 154 days (5 months) vs. 4.5 days, 

respectively during the winter months (defined as December through March), see Table C-3. In 

2011, snow remained on south-facing slopes for a maximum duration of 8 days and reached a 

maximum depth of 30 cm (Langston et al., 2015). During the same period on the north-facing 

slopes, snow remained on the surface from October through April, with a maximum depth of 35 

cm (Langston et al., 2015). Hale (2018) determined that snow persistence on the south-facing 

slope was 33% and 58% on the north-facing slope (Hale, 2018). Langston et al. (2015) modeled 

six snowmelt events on the north facing slope and 20 snowmelt events on the south-facing slope 

over a 2-year period from 2010-2012 (Langston et al., 2015). As a result, there is more total 

SWE available from the south-facing slope than the north-facing slope (0.45 m vs. 0.40 m per 
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water year, respectively) due to the episodic melts. During the big melt in the spring, snow melts 

from the south-facing slopes one to two days prior to melt on the north-facing slopes.   
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Appendix D. Evapotranspiration Literature Review  

A literature review was conducted to identify the range in ET values for Gordon Gulch 

estimated or used in other studies. A summary of the literature review is presented in Table D-1.  

Previous works have stated that overall ET rates are higher on the south-facing slopes 

than the north-facing slopes due to higher temperatures, higher radiations, and less shade 

(Langston et al., 2015; Cowie, 2014). The periodic melting of snow on the south-facing slopes 

throughout the winter produce more supply of water to be used for ET. However, the 

concentrated snowmelt on the north-facing slope in the spring results in a greater availability and 

volume of water available for ET in the late spring and summer months, thus resulting in a 

shorter duration of high summer ET (this is also suspected to be the driver of a higher density of 

trees on the north facing slopes) (Cowie, 2010).  
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Table D-1. Summary of evapotranspiration measurements or values used in other studies for Gordon Gulch or 
similar environments.  

ET (mm/yr) Period of 
Record Description Location Source 

647 
2010 - 2013 

Estimated ET through the Budyko framework 
and a 10-year average end-of-century climate 
anomalies from the Weather Research 
Forecasting model (WRF)  Gordon 

Gulch 

Hale, 20181 
955 

182.5 – 365 Not reported 
ET rates used in a 2D numerical model of 
vadose zone dynamics under concentrated and 
episodic wetting conditions 

Langston et 
al., 2015 

710 2006 - 2009 Estimated from precipitation data, assuming 
33% of precipitation consumed by ET 

Saddle 
catchment, 
Niwot Ridge, 
CO 

King, 2011 

941 1987 – 2006 
Daily ET measurements at B1 station, an 
upper montane ecological zone at an elevation 
of 2591 m 

B1 Station, 
Niwot Ridge, 
CO Niwot Ridge 

LTER2 

930 1951 – 1980 
Daily ET measurements at C1 station, a 
subalpine environment at an elevation of 3022 
m 

C1 Station, 
Niwot Ridge, 
CO 

54 - 178 2004 - 2005 Estimated ET using water budget and assumed 
ET ranged from 10% to 33% of precipitation 

Handcart 
Gulch, CO 

Kahn et al., 
2008 

474 

2008 – 2012 

ET estimated using the Hamon method 

Como Creek, 
CO 

Knowles et 
al., 2020 

971 ET estimated using the Priestley-Taylor 
Method 

1297 ET estimated using the Penman Method 

257 1951 - 1985 
Daily ET measurements at D1 station, an 
alpine tundra environment at an elevation of 
3739 m 

D1 Station, 
Niwot Ridge, 
CO 

Greenland, 
19893 

Not reported 1987 
Direct measurements of ET using lysimeters 
and indirect measurements using the Penman 
method  

Niwot Ridge, 
CO 

Isard and 
Belding, 
1989 

2190 1980 – 2009 

Daily forecast reference ET estimated by 
NOAA using temperature, cloud coverage, 
and solar radiation to be used as a reliable 
predictor for actual evapotranspiration  

United States 

NOAA 
Forecast 
Reference ET 
(FRET) 

2555 - 4380  Network of agricultural weather stations in 
Colorado that calculate ET for various crops Colorado CoAgMET4 

1. Used PET in the Distributed Hydrology Soil Vegetation Model (DHSVM) to investigate effects of climate change in 
Gordon Gulch. A rate of 647 mm/yr was applied as the base case, while 955 mm/yr was applied under a warming scenario. 
The basis for these values is based off the Budyko (1974) framework which is an empirical relationship that relates a 
catchment’s evaporative fraction to an index of its aridity (PET/P).  

2. LTER = long-term ecological research program  
3. This study also determined that ET accounts for 41% to 66% of precipitation losses 
4. Colorado Agricultural Meteorological Network (CoAgMet). No stations were located near Gordon Gulch or at similar 

elevations.  
5. Greenland, 1989 quantified that 33% of precipitation was lost to ET at the D1 station and 50% of precipitation was lost to 

ET at the C1 station.   
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Appendix E. Groundwater Level Data 

Three of the six wells, wells 1, 2, and 6, are equipped with Solinist Levelogger Junior 

pressure non-vented transducers set to automatically measure and record pressure at ten-minute 

intervals. The pressure transducer has a full-scale range of 10 m, and accuracy of ±1%; this 

results in accuracy of ±10 mm.  The signal must be corrected for atmospheric pressure, which is 

measured with a Solinst Barologger suspended in a tree nearby in upper Gordon Gulch. There is 

also a Solinst Barologger suspended from a tree in lower Gordon Gulch that can be used to 

correct for errors in pressure readings, particularly during periods when temperatures drop below 

the datalogger specifications of -20°C. The pressure measurements are converted to depth to 

water measurements through a compensation process that corrects for sensor errors and uses the 

length of the cord attached to the pressure transducer (Figure E-1). Depth to water is then 

measured by subtracting the air-pressure corrected water pressure from the depth of the 

transducer (Table E-1). Manual depth to water measurements are also taken by the BcCZO field 

staff on a monthly basis for quality control purposes along with downloading the recorded data 

from the pressure transducers and collecting water samples. The resulting measurements in depth 

to water from period 11/21/2011 to 9/10/2019 from the compensation process are shown in 

Figure E-2.  

Table E-1. Elevation of well tops and depth of pressure transducer in the well for the three monitored wells. 

Well ID Elevation of Well Top (m) Depth to 
transducer1 (m) 

Well 1 2633.40 10.34 
Well 2 2623.22 1.37 
Well 6 2642.90 7.42 

1. As measured by BcCZO field staff in July 30, 2020.  
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Figure E-1. Well schematic illustrating the method of measuring water levels in the three active monitoring wells in 
Gordon Gulch using a Solinist Levelogger and correcting for the depth to the transducer.  
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Figure E-2. Time series data of compensated depth to water measurements for wells 1, 2, and 6 for water years 
2012 through 2020.  
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Appendix F. Baseflow  

Description of Baseflow and Common Methods 

Baseflow is an important component of streamflow; groundwater sustains stream 

discharge during dry periods when precipitation is low. Despite its importance, separating 

baseflow from streamflow is challenging, leading to some ambiguity about the term. For 

instance, some define baseflow by water source, usually identified as a source from deep 

groundwater (e.g., Hall, 1968; Weirman et al., 2019), while others define baseflow as the slowly 

varying component of hydrographs (Hewlett and Hibbert, 1967; Foks et al., 2019).  Another 

approach is to use stream chemistry to identify baseflow (e.g., Hooper et al., 1990). While the 

details differ, baseflow is associated with the background flow in the channel, which most would 

attribute to discharge from long, deep flowpaths that travel in groundwater.  

There are several methods of performing baseflow separation including isotopic or 

chemical tracers, which can be costly, time-intensive, and require field measurements, or non-

tracer based methods which estimate baseflow using only streamflow discharge data through 

graphical and digital filter methods. Graphical methods estimate baseflow by identifying and 

connecting low-flow points of a streamflow hydrograph. Digital filter methods estimate baseflow 

by separating high and low-frequency signals from direct runoff and baseflow, respectively. For 

our purposes, a graphical method is the easiest approach to identifying baseflow. Xie et al. 

(2020) evaluated nine baseflow separation methods (four graphic methods and five digital filter 

methods) and found that the Eckhardt (2005) digital filter method had the best performance and 

the method’s performance was independent of catchment characteristics (Xie et al., 2020).  

The Eckhardt method is a recursive, two-parameter digital filter that parses streamflow 

hydrographs into two components: direct runoff and baseflow. Baseflow is associated with water 
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discharged from groundwater storage into the stream and is identified by low-frequency 

variations in streamflow (Eckhardt, 2005). Direct runoff is associated with surface runoff and 

interflow and identified by high-frequency variations in streamflow (Eckhardt, 2005). The 

Eckhardt two-parameter filter expands upon the common form of the digital filter method and 

establishes two assumptions: 1) total streamflow at each timestep is the sum of baseflow and 

direct runoff, and 2) during long periods of streamflow recession (in which streamflow is 

assumed to be maintained only by groundwater), groundwater discharge from the aquifer to the 

stream is linearly proportional to the aquifer’s storage. The filter relies on two parameters, a 

recession constant (α) and the maximum baseflow index (BFImax).  

The recession constant, α, describes baseflow decay in terms of the rate of volumetric 

storage depletion between timesteps; it is essentially the rate at which streamflow declines in the 

absence of groundwater recharge (Foks et al., 2019; Eckhardt, 2005):   

 𝛼𝛼 = 𝑒𝑒
−∆𝑡𝑡
𝜏𝜏    (1) 

where Δt is the time step length (typically, equal to one day) and τ is the characteristic recession 

time constant (days per log cycle) (Eckhardt, 2008). Typical values of the recession constant 

range from 0.90 to 0.978 with values of 0.925 and 0.978 being common in cited literature 

(Nathan and McMahon, 1990; Chapman, 1991). The recession constant can be determined 

through recession analysis in which the recession curve, or the falling limb of a streamflow 

hydrograph, is related to groundwater storage depletion and flow to a stream (Rutledge, 1998). In 

the USGS Groundwater Toolbox, the RECESS program offers an automated approach to 

reviewing recession curves and estimating values of the recession time constant and recession 

constant from daily stream hydrographs.  
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 The second parameter, BFImax, is the long-term maximum value of the baseflow index 

(BFI) for a given recession constant. BFI is defined as the ratio of baseflow to streamflow and is 

influenced by catchment geology (Bloomfied et al., 2009). Short-term values of BFI may exceed 

BFImax. This parameter is less established and currently there are no objective methods to 

estimate BFImax. Generally, BFImax should reflect the hydrologic and hydrogeologic conditions of 

the stream catchment (Barlow et al., 2017). Eckhardt (2008) suggested values of BFImax based on 

hydrogeological conditions for three types of catchments: BFImax = 0.8 for perennial streams with 

porous aquifers, 0.5 for ephemeral streams with porous aquifers, and 0.25 for perennial streams 

with hard rock aquifers. However, to estimate site-specific values of BFImax without a field 

investigation of hydrogeological conditions, Collischonn and Fan (2013) developed a backwards 

filter method that uses stream discharge and estimated the recession constant to calculate BFImax. 

Collischonn and Fan’s method to estimate BFImax uses the relationship between the recession 

constant and baseflow, which is expressed as (Nathan and McMahon, 1990):   

 𝑏𝑏𝑘𝑘 = 𝛼𝛼𝑏𝑏𝑘𝑘−1 (2) 

where bk is baseflow (L3/t-1) and bk-1 is baseflow from the prior timestep (k-1) (L3/t-1). Eq. (2) 

can be transformed into a backwards moving filter that by rearranging the terms. The backwards 

filter can then be applied to a stream hydrograph to estimate the maximum possible value of 

baseflow for a given value of 𝛼𝛼, where:  

  𝑏𝑏′𝑘𝑘−1 = 𝑏𝑏′𝑘𝑘
𝛼𝛼

  (3) 

where b’ and b’k-1 are estimates of baseflow obtained by the backwards filter. The backwards 

filter of Eq. (3) can then be applied to a stream hydrograph which ends with a recession (ex: 

August 30), when observed streamflow is assumed to be entirely composed of baseflow 

(Collischonn and Fan, 2013). The backwards filter is applied to estimate baseflow for the day 
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prior to the end of the recession period (b’k-1, ex: August 29) and the procedure is repeated 

backwards to the first day of observed recession period (ex: July 1). Results from the backwards 

filter estimate a hydrograph of b’ which represents the maximum amount of possible baseflow 

for a given recession period, for a given value of 𝛼𝛼. The value of BFImax can then be estimated 

by dividing the sum of calculated daily baseflow values (b’) by the sum of daily streamflow 

values:  

 𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 = ∑ 𝑏𝑏′𝑘𝑘𝑁𝑁
𝑘𝑘=1
∑ 𝑦𝑦𝑘𝑘𝑁𝑁
𝑘𝑘=1

 (4) 

where BFImax is the ratio of total baseflow to total streamflow, N is the length of the recession 

period (days), yk is the total streamflow (L3t-1) at time step k, and b’ is baseflow obtained from 

the backwards filter. Collischonn and Fan’s backwards filter has been implemented in the USGS 

Groundwater Toolbox, which offers an automated approach to apply the backwards filter to 

stream hydrographs, obtain estimates of b’, and ultimately, estimate BFImax from daily stream 

hydrographs.  

After obtaining estimates for 𝛼𝛼 and BFImax, the Eckhardt two-parameter filter can be 

applied to the stream hydrograph to estimate baseflow:  

 𝑏𝑏𝑘𝑘 = [(1− 𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚)𝛼𝛼𝑏𝑏𝑘𝑘−1+ (1−𝛼𝛼)𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚𝑦𝑦𝑘𝑘 ]
(1− 𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚)

 (5) 

subject to bk ≤ yk. The Eckhardt two-parameter filter is passed over the streamflow hydrograph 

only once (as opposed to the single parameter filter method in which the filter can be passed over 

as many times as desired to increase the ‘smoothing’ effect of the filter). For values of bk < 0 and 

the initial value of baseflow where k=1, bk is set to:  

 bk = 0.9(BFImax)(yk)  (6) 

The final result is a daily estimate of baseflow, derived from daily streamflow records.   
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Estimating Baseflow in Gordon Gulch 

The USGS Groundwater Toolbox (Barlow et al., 2017) was employed to estimate the two 

digital filter parameters, α and BFImax, and then apply the Eckhardt two-parameter filter to 

estimate baseflow in Gordon Gulch using. The process involved four-steps:  

1. Select recession curves to analyze from the streamflow record and select the duration of 

recession period 

2. Estimate α from the recession curves  

3. Estimate BFImax using the estimate of α and a backwards filter   

4. Apply the Eckhardt two-parameter filter using estimates of α and BFImax to compute 

baseflow 

Baseflow was estimated from average daily streamflow measurements from the lower gauge 

for water years 2012 to 2019.  

Step 1. Recession Analysis:  

The recession analysis for Gordon Gulch streamflow was performed using the RECESS 

program of the USGS Groundwater Toolbox (Barlow et al., 2017; Rutledge, 1998). The 

recession curve, or the falling limb of a streamflow hydrograph, is related to groundwater storage 

depletion and groundwater discharge to the stream. The recession constant (α) can be determined 

by constructing a master discharge recession curve over a period of declining streamflow. The 

length of time to analyze recession following a discharge peak is a matter of some discussion; if 

the number of days in a recession period is too large, then too few recession periods will be 

detected. Previous studies cite a range of recession lengths from 10 days (Miller et al., 2016), 32 

days (Sanchez-Murillo et al. 2015; Brutsaert and Lopez, 1998), up to 67 days (Sanchez-Murillo 

et al. 2015; Brutsaert and Lopez, 1989). Eckhardt (2005) states that the standard recession length 
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is 45 days while Rutledge (1998) recommends a recession period of 10 – 20 days with at least 20 

recession periods to analyze.  

We found a recession period of at least10 days to be appropriate for streamflow in 

Gordon Gulch. For years with complete records of streamflow, the recession period was applied 

and USGS Groundwater Toolbox identified a number of recession periods starting from one day 

after peak streamflow until the next increase in streamflow. These graphs of streamflow 

recession were reviewed and non-linear graphs were modified (periods shortened to remove any 

non-linearity) or removed entirely. An example of a good recession graph from May 2017 to 

June 2017 is provided in Figure F-1. The slope of the semilogarithmic recession graph is equal 

to the characteristic recession time constant (τ) which can be used to solve for the recession 

constant, per Eq. (1).  

In total, 19 recession curves were analyzed using Gordon Gulch streamflow data, as 

shown in Table F-1. In Gordon Gulch, the majority of recession periods occurred in July. 

Estimated time constants ranged from 7 to 40 days with a median value of 21 days, indicating 

that recession periods in the Gordon Gulch stream lasted approximately three weeks long. There 

were seasonal differences in the recession periods, however, with September having the shortest 

average recession period (nine days) and July having the longest recession period (26 days). The 

majority of substantial recession periods (those exceeding 10 days) occurred between May and 

August, with only one in September. Estimated values of the recession constant ranged from 

0.905 - 0.985, with a mean value of 0.956.   
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Figure F-1. Recession curve from May to June 2017 used for analysis of the recession constant for the stream in 
Gordon Gulch. The plot is a good example of a linear recession curve shape, which was used to estimate the slope of 
the recession curve and therefore the recession constant (α).  The slope of the line is 1/τ, here about 0.073 d-1, 
yielding a value of τ of about 13 days.  

 

Table F-1. Summary of recession periods and estimated values of the recession time constant (τ) and the recession 
constant analyzed from the Gordon Gulch streamflow record between 2012 and 2019, reported by month of the 
water year.  

Month of water 
year 

# of recession 
periods 

Average recession 
time constant 

(τ, days) 

Recession constant 
(α) 

May 6 21 0.953 
June 4 24 0.959 
July  5 26 0.962 
August 3 19 0.948 
September 1 9 0.894 

Mean  4 22 0.956 
Median 4 21 0.963 
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Step 2. Estimate BFImax 

A range of BFImax estimates were then obtained using the estimated values of the 

recession constant obtained from RECESS and commonly cited values of α, 0.925 of 0.978 

(Nathan and McMahon, 1990; Chapman, 1991). Estimating BFImax is a more subjective process. 

The USGS Groundwater Toolbox employs Collischonn and Fan’s (2013) backwards filter 

method to estimate BFImax per Eq. (3) and (4). Daily streamflow measurements, the estimated 

recession constants (from step #1), and minimum number of recession days were input into the 

USGS Groundwater Toolbox. Visual inspections of the backwards filter were performed to 

remove any estimates that weren’t a good visual fit for the data (i.e. non-linear trends or 

inconsistencies in recession). As summarized in Table F-2, BFImax ranged from 0.28 to 0.56, 

with a mean BFImax of 0.34.  

Table F-2. Summary of BFImax estimates using variable recession periods and recession constants estimated in the 
USGS Groundwater Toolbox for Gordon Gulch streamflow from 2012 to 2019. Values reported produced a good 
visual fit from the backwards filter in the USGS Groundwater Toolbox. 

α Minimum recession 
length (N, days) 

BFImax 
Min Max Mean Median 

0.985 

45 0.00 0.48 0.26 0.28 
32 0.00 0.78 0.31 0.33 
15 0.00 0.66 0.27 0.29 
10 0.00 0.78 0.35 0.38 

Mean 0.00 0.67 0.30 0.32 

0.978 

15 0.00 0.84 0.37 0.44 
10 0.00 0.84 0.42 0.49 
5 0.00 0.86 0.49 0.52 

Mean 0.00 0.84 0.42 0.48 

0.971 

45 0.00 0.71 0.43 0.56 
15 0.00 0.87 0.43 0.56 
10 0.00 0.87 0.48 0.56 

Mean 0.00 0.82 0.45 0.56 
Mean  0.00 0.58 0.29 0.34 
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Step 3. Estimate Baseflow 

Once α and BFImax were estimated, the Groundwater Toolbox was again employed to 

calculate baseflow from Eq. (5). For various combinations of the estimated values of the 

recession constant and BFImax, the Eckhardt two-parameter filter was applied to hydrographs of 

daily streamflow records from Gordon Gulch in the USGS Groundwater Toolbox to estimate 

daily records of baseflow.  

The best suited combination of parameters for streamflow in Gordon Gulch were a 

recession constant of 0.978 and a BFImax value of 0.34. Overall, total annual baseflow accounts 

for 34% of total annual streamflow. Results from the hydrograph separation process are shown in 

Figure F-2, which identifies daily baseflow and total daily streamflow for water years 2012 

through 2019 in Gordon Gulch.  
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Figure F-2. Daily estimate of baseflow from the Eckhardt RDF method for water years 2012 through 2019. Daily 
streamflow is also plotted based on measurements from the lower gauge in Gordon Gulch. 
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Appendix G. Water Table Fluctuation Method 

The water table fluctuation (WTF) method is based on the assumption that groundwater 

levels in an unconfined aquifer rise due to recharge (Healy and Cook, 2002). The WTF method is 

most often applied to aquifer systems that are responsive to discrete precipitation events, which 

are typically shallow, unconfined aquifers (Healy and Cook, 2002). If groundwater level 

measurements are available, recharge can be estimated as (Healy and Cook, 2002):  

 ∆𝑆𝑆𝑔𝑔𝑔𝑔 = 𝑅𝑅 =  𝑆𝑆𝑦𝑦
𝑑𝑑ℎ
𝑑𝑑𝑑𝑑

=  𝑆𝑆𝑦𝑦
∆ℎ
∆𝑑𝑑

  (1) 

where R is recharge, Sy is the specific yield (the ratio of water volume that drains from a 

saturated rock due to gravity to the total volume of the rock), dh or Δh is the rise in water table, 

and dt or Δt is the time interval over which the rise occurs.  

There are three underlying assumptions that the WTF method relies on, which include:  

1. A rise in groundwater level is caused only by recharge arriving to the water table 

2. Specific yield is constant over the period of the water table fluctuations, and  

3. The water level recession can be extrapolated to determine Δh/Δt (indicating long term 

records at appropriate temporal discretization are available).  

To calculate recharge using the WTF method, groundwater level measurements and an 

estimate of the specific yield of the aquifer material are required. Groundwater level 

measurements are used to estimate Δh and Δt. First, peaks in the groundwater level hydrograph 

are identified. Where these peaks occur, an antecedent recession curve is extrapolated to 

continue the pattern of groundwater level decline that would occur in the absence of recharge. Δh 

is then estimated as the difference between the peak of the groundwater level rise and the low 

point of the extrapolated recession curve (Figure G-1). Δt is defined as the time between the 

start of the extrapolated recession curve until the peak in the groundwater hydrograph.  
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Figure G-1. Example calculation of ΔH and ΔHn (net change in groundwater level). Solid black lines are the 
measured groundwater levels, dashed black lines are extrapolated antecedent curves, the vertical dashed lines 
identify ΔH and ΔHn, and the dotted black line identifies Δt. Groundwater recharge is then calculated as Sy times ΔH. 
Adapted from Healy and Cook, 2002. 

 

The WTF method deemed appropriate for use in this study because conditions in Gordon 

Gulch overcome several of the limitations of the method which include:  

1. Variable recharge rates within a watershed because of differences in elevation, geology, 

slope, vegetation, etc. To overcome this, it is recommended that multiple wells be used 

throughout a watershed to ensure estimates of recharge represent the entire watershed and 

not just one specific site. Three wells sited in Gordon Gulch were used to estimate 

recharge, representing conditions on the north-facing slope (well 1), south-facing slope 

(well 6), and in the riparian area of the valley (well 2). Additionally, precipitation is 

weakly dependent on elevation in this catchment (Rossi et al., 2020).  

2. Limited measurements of groundwater levels; fewer measurements result in an 

underestimated rate of recharge (Delin et al., 2007). Delin et al. (2007) recommended that 

at least weekly measurements of groundwater levels be used for this method. Water level 

Δt 
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measurements were available at 10-minute intervals from wells 1, 2, and 6 for water 

years 2012 – 2019, although the measurements used ultimately were daily mean values.  

3. Heterogeneity of specific yield.  Natural heterogeneity of geologic materials can result in 

variations of specific yield over short distances. Usually, specific yield can be determined 

through laboratory methods, field, methods, water budget methods, or numerical 

modelling. However, if this data isn’t available, specific yield is difficult to measure and 

there is no widespread method of deriving it from other data. Therefore, estimating the 

specific yield of the aquifer at the depth of the zone of the water table fluctuation can be a 

huge challenge and represents uncertainty in the estimate of recharge using the WTF 

method. No available estimates of specific yield were available for Gordon Gulch, so this 

represents the greatest uncertainty in estimating recharge via the WTF method.  

Daily mean groundwater levels from wells 1, 2, and 6 for water years 2012-2019 were 

used to estimate recharge in Gordon Gulch. These wells are unaffected by human activities, 

pumping, cycles of the ocean, etc. so there is a fair assumption that rises in the water table are 

due to precipitation. Since values of specific yield are unknown for the aquifer in Gordon Gulch, 

a graphical procedure was applied to first obtain an estimate of specific yield of the aquifer. 

Using estimates of specific yield, recharge was then calculated by applying the WTF method to 

groundwater levels measured at the three wells in Gordon Gulch, as described below.   

 

Estimating specific yield:  

No estimates of specific yield were available for the hydrogeologic units in Gordon 

Gulch. Therefore, we applied the water budget method to estimate specific yield (Delin et al., 

2007; Healy, 2010; King, 2011):  
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 𝑅𝑅 = 𝑃𝑃 −  𝑄𝑄
𝐴𝐴

 (2) 

where R is recharge, P is precipitation, Q is streamflow, and A is the area of Gordon Gulch (2.6 

km2). The recharge term in Eq. (1) was substituted into Eq. (2) and then be rearranged to solve 

for Sy:  

 𝑆𝑆𝑦𝑦 =  𝑃𝑃− 𝑄𝑄 𝐴𝐴�
∆ℎ

∆𝑑𝑑�
 (3) 

Eq. (3) was applied to observed rises in groundwater levels that occurred in mid to late 

summer in the hydrographs for the three wells in Gordon Gulch. During this period 

(approximately June through September) streamflow and groundwater levels are generally in 

recession and all precipitation arrives as rain. Antecedent recession curves were manually 

extrapolated on the hydrographs of wells 1, 2, and 6 to estimate values of Δh/Δt (an example of 

this is presented in Figure G-2). The estimate of Δt was used to constrain the period to calculate 

total precipitation and total stream discharge. Daily values of precipitation and stream discharge 

measurements were available for this time period, as described in Appendix B and Appendix F. 

The results from estimating specific yield for wells 1, 2, and 6 are presented in Table G-

1, Table G-2, and Table G-3, respectively. The average specific yield across all three wells for 

water years 2012-2019 was 0.14, but ranged from 0.02 to 0.32 depending on the precipitation 

event and well. The average estimate of specific yield varied by well with an average value of 

0.14 at well 1, 0.17 at well 2, and 0.10 at well 6. The range in the estimates of specific yield 

reflect the range in the aquifer material at the level of the water table fluctuation. Wells 1 and 6 

are screened in saprolite, weathered bedrock, and bedrock (at varying thicknesses) whereas well 

2 is screened exclusively in saprolite. A literature review was also performed (Table G-4) to 

compare estimated values of specific yield with those for similar hydrogeologic units. Compared 
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to cited values of specific yield for saprolite, the estimates from the water budget method tended 

to fall in the upper range of cited values.  

 

 

Figure G-2. Example calculation of Δh and Δt to use to estimate Sy for two peaks in the 2013 hydrograph from well 
6. Δh1 and Δt1 occurred in July 2013; Δh2 and Δt2 occurred in September 2013. Red lines are depth to water 
measurements, black circles identify the summer peaks, black lines are the extrapolated antecedent curves off the 
two hydrograph peaks, and purple lines identify the values of h and t to be used to calculate Δh and Δt.   

Δt1 Δt2 

Δh1 

Δh2 
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Table G-1. Estimates of specific yield for well 1 using the water budget method for water years 2012 – 2019. P is 
the rate of precipitation, Q is the total stream discharge over time (Δt), A is the area of Gordon Gulch, Δh is the 
change in head over a period of time, and Sy is the estimated value of specific yield from Eq. (3). 

Water 
Year P (m/d) Q/A (m/d) Δh (m) Δt 

(days) 
Month of 

Water Year Sy 

2012 0.014 0.00035 0.83 10 July 0.16 
2013 0.001 0.00027 0.29 7 July 0.02 
2013 0.027 0.00237 1.29 7 September 0.13 
2014 0.004 0.00019 0.16 7 August 0.17 
2015 0.006 0.00047 0.58 14 July 0.14 
2016 0.001 0.00015 0.10 4 August 0.05 
2017 0.004 0.00013 0.16 14 August 0.30 
2019 0.004 0.00042 0.22 10 July 0.14 
Mean 0.01 0.00055 0.46 9 August 0.14 

SD 0.01 0.00070 0.39 3 -- 0.08 
 

Table G-2. Estimates of specific yield for well 2 using the water budget method for water years 2012 – 2019. P is 
the rate of precipitation, Q is the total stream discharge over time (Δt), A is the area of Gordon Gulch, Δh is the 
change in head over a period of time, and Sy is the estimated value of specific yield from Eq. (3). 

Water 
Year P (m/d) Q/A (m/d) Δh (m) Δt 

(days) 
Month of 

Water Year Sy 

2012 0.005 0.00043 1.17 6 July 0.02 
2013 0.010 0.00018 0.34 9 July 0.26 
2013 0.022 0.00112 0.92 8 September 0.19 
2014 0.004 0.00014 0.18 12 August 0.27 
2015 0.007 0.00032 0.63 10 July 0.10 
2017 0.003 0.00011 0.2 12 August 0.18 
2018 0.001 0.00002 0.1 8 August 0.09 
2019 0.001 0.00006 0.2 8 August 0.05 
2019 0.003 0.00024 0.09 9 July 0.32 

Mean 0.01 0.00029 0.43 9 August 0.17 
Std. 0.01 0.00032 0.37 2 -- 0.10 
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Table G-3. Estimates of specific yield for well 6 using the water budget method for water years 2012 – 2019. P is 
the rate of precipitation, Q is the total stream discharge over time (Δt), A is the area of Gordon Gulch, Δh is the 
change in head over a period of time, and Sy is the estimated value of specific yield from Eq. (3). 

Water 
Year P (m/d) Q/A (m/d) Δh (m) Δt 

(days) 
Month of 

Water Year Sy 

2013 0.008 0.00016 0.93 11 July 0.09 
2013 0.018 0.00008 4.16 12 September 0.05 
2014 0.004 0.00014 0.24 10 August 0.18 
2015 0.006 0.00039 1.14 11 July 0.06 
2016 0.002 0.00010 0.03 1 August 0.08 
2017 0.004 0.00001 0.13 5 September 0.16 
2019 0.004 0.00033 0.56 8 August 0.05 

Mean 0.01 0.00017 1.03 8 August 0.10 
Std. 0.00 0.00013 1.33 4 -- 0.05 

 

Table G-4. Literature review of specific yield values for similar hydrogeologic units to Gordon Gulch (saprolite and 
weathered bedrock).  

Reference Geology and Specific Yield Location 
King, 2011 0.033 (fractured rock) Niwot Ridge, Colorado 

Durand et al., 2017 0.07 to 0.15 (saprolite) 
0.01 to 0.03 (fractured rock)  Brittany, France 

Maréchal et al., 2006 0.014 (fractured granite)  Andhra Pradesh State, India 
Creutzfeldt, 2010 0.024 (saprolite) Wetzell, Germany 
Hisz and Murdoch, 
2006 0.0001 to 0.5 (saprolite) Piedmont Physiographic Province, eastern U. S 
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Estimating recharge using the WTF method:  

Using the range of estimates of specific yield obtained in the previous step, recharge was 

estimated by applying the WTF method (Eq. 1) to wells 1, 2, and 6. The cumulative individual 

rises of groundwater level for each year were obtained for each well by adding up individual 

recharge events over each water year. Estimates of recharge were then calculated for each well 

by multiplying the range of specific yield estimates from the previous step to the net cumulative 

groundwater rise for each water year.  

Table G-5, G-6, and G-7 summarize the results of estimating recharge as a percentage of 

total annual precipitation for wells 1, 2, and 6, respectively, for water years 2012-2019. Despite 

estimating specific yield using a graphical method, specific yield represents a considerable 

uncertainty. The mean estimate of specific yield (0.14) produced unreasonable results of 

recharge (i.e. recharge exceeded total precipitation), as did any estimate of specific yield greater 

than 0.086. Ultimately, we applied the lowest estimate of specific yield of 0.02 to the WTF 

method to estimate recharge. Specific yield of 0.02 may be the minimum estimate across the 

three wells in Gordon Gulch, but it is comparable to other estimates of specific yield for saprolite 

and fractured rock found in cited literature (Table G-4). Mean annual recharge ranged from 19% 

(well 2) to 38% (well 6) of total precipitation. The greatest annual recharge occurred in 2013 

across the three wells, attributed to the extreme precipitation event in September of 2013. The 

minimum annual recharge occurred in 2018 where total annual precipitation was the lowest of 

the data record from 2012 to 2019.  Mean annual recharge was consistently largest at well 6 and 

consistently lowest at well 2. Variation in the recharge rates across the three wells reflects the 

differences in the distribution of precipitation, snowmelt, hillslope position, and hydrogeologic 

unit(s) that the water table fluctuations occur. Well 6 is located on a long, planar south-facing 
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hillslope, is recharged by upslope infiltration and lateral flow, and recharge is stored within 

weathered bedrock. Well 2 is located in the riparian zone, is recharged from shallow flow and 

lateral, upslope flow, and recharge is stored in saprolite. 

Figure G-3, G-4, and G-5 plot the annual recharge (Sy = 0.02) versus the corresponding 

total annual precipitation for wells 1, 2, and 6, respectively. Total annual precipitation had the 

strongest effect on recharge at well 6 (R2 = 0.74) and weakest effect on recharge at well 2 (R2 = 

0.42).  

Table G-5. Estimated recharge as a percentage of total precipitation (P) at well 1 for a range of specific yield values 
using the WTF method. P is precipitation, Δh is the total annual rise in head, and specific yield values were 
estimated for each well using the graphical water budget method as described in Appendix G. Selected values of 
recharge using a specific yield of 0.02 are in bold.  

Year P (m) Δh (m) Δt (m) 
Recharge (% of P) 

Sy = 0.02 Sy = 0.033 Sy = 0.086 Sy = 0.14 

2012 0.53 4.95 176 39% 62% 166% 271% 
2013 0.84 4.32 149 25% 41% 109% 177% 
2014 0.58 4.77 179 34% 54% 145% 236% 
2015 0.64 5.53 196 32% 52% 139% 226% 
2016 0.47 4.29 199 34% 54% 144% 235% 
2017 0.58 4.60 186 31% 50% 134% 219% 
2018 0.42 3.88 189 36% 57% 153% 250% 
2019 0.55 3.79 169 30% 48% 128% 208% 
Mean 0.57 4.51 180.4 33% 52% 140% 228% 
std. 0.12 0.54 15.1 32% 6% 16% 26% 
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Table G-6. Estimated recharge as a percentage of total precipitation (P) at well 2 for a range of specific yield values 
using the WTF method. P is precipitation, Δh is the total annual rise in head, and specific yield values were 
estimated for each well using the graphical water budget method as described in Appendix G. Selected values of 
recharge using a specific yield of 0.02 are in bold.  

Year P (m) Δh (m) Δt (m) 
R (% P) 

Sy = 0.02 Sy = 0.033 Sy = 0.086 Sy = 0.14 

2012 0.53 3.54 193 25% 42% 109% 177% 

2013 0.84 3.43 188 16% 26% 68% 111% 

2014 0.58 3.88 219 22% 37% 96% 157% 

2015 0.64 3.26 209 18% 29% 77% 125% 

2016 0.47 2.63 207 20% 33% 85% 139% 

2017 0.58 2.48 188 17% 27% 72% 117% 

2018 0.42 2.18 212 18% 29% 77% 125% 

2019 0.55 1.95 161 16% 27% 69% 113% 

Mean 0.57 2.84 197.1 19% 31% 82% 133% 

std. 0.12 0.66 17.4 3% 5% 13% 22% 
 

Table G-7. Estimated recharge as a percentage of total precipitation (P) at well 6 for a range of specific yield values 
using the WTF method. P is precipitation, Δh is the total annual rise in head, and specific yield values were 
estimated for each well using the graphical water budget method as described in Appendix G. Selected values of 
recharge using a specific yield of 0.02 are in bold.  

Year P (m) Δh (m) Δt (m) 
Recharge (% of P) 

Sy = 0.02 Sy = 0.033 Sy = 0.086 Sy = 0.14 
2012 0.53 5.4 198 38% 62% 163% 265% 
2013 0.84 9.3 206 40% 65% 170% 277% 
2014 0.58 5.3 203 33% 55% 143% 233% 
2015 0.64 8.6 201 49% 81% 210% 342% 
2016 0.47 5.5 195 44% 72% 187% 305% 
2017 0.58 5.8 164 45% 74% 192% 313% 
2018 0.42 3.6 200 31% 52% 135% 220% 
2019 0.55 4.5 195 31% 51% 133% 216% 
Mean 0.57 5.8 194.83 38% 63% 165% 268% 
Std. 0.12 1.8 12.33 6% 10% 27% 44% 
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Figure G-3. Total annual precipitation vs. total annual recharge (Sy = 0.02) estimated at well 1 for water years 2012 
– 2019.  

 

Figure G-4. Total annual precipitation vs. total annual recharge (Sy = 0.02) estimated at well 2 for water years 2012 
– 2019.  
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Figure G-5. Total annual precipitation vs. total annual recharge (Sy = 0.02) estimated at well 6 for water years 2012 
– 2019.  

 

y = 0.47x - 0.05
R² = 0.74

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.00 0.20 0.40 0.60 0.80 1.00

To
ta

l A
nn

ua
l R

ec
ha

rg
e 

(m
)

Total Annual Precipitation (m)


	1. INTRODUCTION
	2. STUDY AREA
	2.1 Topography
	2.2 Geology

	3. DATA AND METHODS
	3.1 Data
	3.1.1 Precipitation
	3.1.2 Snowmelt
	3.1.3 Groundwater Levels
	3.1.4 Streamflow
	3.2 Groundwater Flow Model
	3.2.1 Development of a Groundwater Flow Model
	3.2.2 Model Calibration
	Estimating Baseflow for Model Calibration
	Steady State initial condition and transient model calibration
	Groundwater Flowpath Tracking




	4. RESULTS
	4.1 Catchment-Scale Water and Groundwater Budgets of Gordon Gulch
	4.1.1 Catchment-Scale Water Budget
	4.1.2 Groundwater Budget
	4.2 Groundwater – Stream Exchanges
	4.2.1 Spatial and Temporal Distribution of Exchanges
	4.2.2 Groundwater Flowpaths


	5. DISCUSSION
	5.1 Catchment-Scale Water Budget vs. Groundwater Budget
	5.1.1 Seasonal Trends in the Groundwater Budget

	5.2 Groundwater Recharge
	5.2.1 Temporal Trends
	5.2.2 Spatial Trends

	5.3 Groundwater-Stream Interactions
	5.3.1 Spatio-Temporal Distribution of Groundwater-Stream Interactions


	6. CONCLUSIONS
	REFERENCES
	Appendix A. Summary of Geologic Investigations in Gordon Gulch
	Appendix B. Precipitation Data
	Appendix C. Snow Data
	Appendix D. Evapotranspiration Literature Review
	Appendix E. Groundwater Level Data
	Appendix F. Baseflow
	Description of Baseflow and Common Methods
	Estimating Baseflow in Gordon Gulch

	Appendix G. Water Table Fluctuation Method

