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Abstract of the Dissertation 
Meadows comprise less than 1 percent of the land area of the Sierra Nevada, however, they play an 
important role, often linking the forested hillslope to the stream, in hydrologic processes of Sierra 
Nevada catchments. This study investigates evapotranspiration and groundwater patterns in montane 
meadows in the Sierra Nevada, CA. The dissertation is divided into three sections. 1) The first section 
uses direct eddy covariance measurements and Applied Neural Network models in order to determine 
annual evapotranspiration (ET) from 2008 to 2014; annual ET rates in Long Meadow ranged from 321 to 
392 mm and was higher in warm, dry years. Based on literature estimates of ET increases of 25-50%, due 
to meadow restoration, the overall increase in catchment ET, due to restoration efforts, would only 
amount to 0.03-0.05%. 2) The second section uses in situ measurements of groundwater table 
fluctuations and evapotranspiration in order to constrain soil specific yield. This study found that the 
variability of soil specific yield generally decreased with increasing depth to water; variability was also 
minimized when the surface slope was between 3-7 degrees. A method is proposed using these 
parameters for selecting monitoring well locations to estimated soil specific yield and, subsequently, ET 
for relatively low cost and impact. This method was demonstrated at 5 locations in two additional 
meadow systems. Average daily ET from July 1-31, 2013 ranged from 2.7 to 6.3 mm d-1 in these two 
meadows, compared to an average daily ET rate measured in Long Meadow of 4.6 mm d-1. 3) The third 
section investigates groundwater sources and patterns in a montane meadow and how the meadow 
links up-gradient hydrologic sources to the down-gradient stream. This was accomplished using a 
combination of physical measurements—including hydrostatic head, stream flow, snow depth, and soil 
moisture content, and analysis of water chemistry—including major ions, alkalinity, and stable and 
radioactive isotopes of water. Results show that meadow groundwater is comprised of two sources, a 
shallow subsurface flow with groundwater gradient signals dependent on snowpack, and a deeper 
subsurface flow that persists through the growing season—even after several years of drought. 
Individually and in combination, the studies in this dissertation significantly add to the knowledge of 
meadow hydrology in the Sierra Nevada. Both the first and third chapters found meadow systems still 
being supplied with groundwater, even after several years of the current drought in California. This 
suggests that meadow resilience in the face of drought is tied to significant groundwater storage 
capacity within a meadow catchment.    Systems where deeper groundwater sources can be identified 
through analysis of stream chemistry or where significant groundwater storage capacity can be 
identified through geophysics or physiographic analysis should be prioritized for restoration efforts.



1 
 

 

1 Introduction 
Meadows of the Sierra Nevada comprise a relatively small fraction of the land and provide a 

disproportionate amount of ecosystem services (Ratliff, 1985; Purdy and Moyle, 2006; Viers et al., 
2013). Meadows can be defined as a system comprised of fine textured soil, shallow groundwater (less 
than 1 m), and dominated by herbaceous species (Weixelman et al. 2011). Viers et al. (2013) expanded 
on this definition to restrict meadows to systems above 500 m in elevation that support vegetation that 
relies on the shallow groundwater; woody vegetation may also be present in the system, but does not 
dominate. While only making up a fraction of the landscape, meadows add disproportionate value to 
the Sierra Nevada providing critical habitat, biodiversity, water filtration and storage, flood attenuation, 
water quality improvement, carbon sequestration, and forage for stock animals (Purdy et al.; 2012). 
Many Sierra Nevada meadows have historically been degraded by human activities including stock 
grazing, road building, and logging (Ratliff, 1985). Degradation results in incision of stream channels and 
resulting gullying, lowered water tables, drier soils with less organic carbon, and changed meadow 
vegetation (Cooper & Wolf, 2006; Hill & Mitchell-Bruker, 2010; Purdy & Moyle, 2006; Ratliff, 1985; Viers 
et al., 2013). The USDA Forest Service and other government entities have made it a priority to restore 
impacted meadows in the Sierra Nevada (Hill & Mitchell-Bruker, 2010). The California Water Plan 
specifically targets mountain meadow restoration as a resource management strategy (State of 
California, 2016). Part of the justification for meadow restoration is that by restoring the groundwater 
table to pre-degradation levels, an increase in groundwater storage in meadows is obtained and 
groundwater storage capacity in the Sierra Nevada will increase. The State Water Project Update of 
2009 (State of California, 2009) estimated that the potential for increasing groundwater storage through 
Sierra Meadow restoration would be on the order of 50,000 to 500,000 acre-feet. Emmons (2011) 
further constrained the potential increase in groundwater storage capacity to between 86,000 to 
114,000 acre-feet of water. Although much effort exists to restore meadows in order to increase 
groundwater storage capacity, the hydrologic effects of meadow restoration is not well understood 

The hydrology of meadows in the Sierra Nevada has been the focus of several studies to date. 
Loheide et al. (2009) determined that lower permeability of meadow alluvium, higher rates of 
groundwater inflow, and a high rate of lateral basal groundwater flow all contributed to higher meadow 
water table elevations. In a comment responding to this article, Hill and Mitchell-Bruker (2010) discuss 
the importance of the variability in meadow alluvium permeability and implications for stream flow. Soil 
porosity in meadows can change as a function of organic carbon loss due to extreme weather patterns 
(Arnold, Ghezzehei, & Berhe, 2014). Near surface soil moisture conditions can also control the rate of 
greenhouse gases in meadows (Blankinship & Hart, 2014). Lowry et al. (2010) used the setting of 
Tuolumne Meadows, Yosemite National Park, to illustrate how hillslope and meadow snowmelt, as well 
as recharge from stream flow, control groundwater levels in the meadow. This study found that the 
depth to groundwater varied greatest near the meadow-hillslope boundary and decreased moving away 
from this boundary.  Loheide and Gorelick (2006) used remotely sensed forward-looking infrared images 
to map stream temperatures in a restored meadow system and subsequently modeled stream 
temperature using HeatSource V7.0. This study determined that groundwater discharge to the restored 
meadow center lowered stream temperature and hyporeic exchange buffered diurnal changes in stream 
temperature. Chambers (2004) show that vertical hydraulic gradients in meadows in Nevada were the 
result of variability in permeability of meadow alluvium.  In these studies, the physical properties of the 
meadow substrate, including saturated and unsaturated hydraulic conductivity, particle size distribution, 
and organic content, play a significant role in how groundwater enters and moves through the meadow. 
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The work in this dissertation quantifies daily and annual evapotranspiration rates in a montane 
meadow and puts meadow ET in the context of the greater watershed. In addition, a method is 
proposed for constraining meadow ET estimates at relatively low cost and low impact. Finally, this work 
investigates groundwater sources and patterns in a meadow in the Sierra Nevada.   

1.1 Organization of the Dissertation 
The research in this dissertation is divided into three chapters (2,3, and 4) written in manuscript format. 
Each chapter will subsequently be submitted for peer review and publication in scientific journals. 
Chapter 2, “Quantifying evapotranspiration in a montane meadow, Sierra Nevada, CA,” uses a 
combination of physical measurements and applied neural network models to quantify annual 
evapotranspiration rates in a montane meadow in the Southern Sierra Nevada. The same physical 
measurements were used in Chapter 3, “A method for constraining soil specific yield and estimating 
evapotranspiration from shallow groundwater table fluctuations,” to constrain soil specific yield. I use 
these constraints and propose a method for minimizing variability in estimating soil specific yield and 
applying the White equation (1932) to estimate ET. Chapter 4, “Meadow groundwater discharge 
patterns and influence on stream flow,” combines physical measurements and analysis of water 
chemistry to identify groundwater sources in the meadow and understand how meadow groundwater 
discharge patterns are reflected in downstream water chemistry. 
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2 Quantifying evapotranspiration in a montane 
meadow, Sierra Nevada, CA 
2.1 Abstract 
Meadows comprise less than 1 percent of the land area of the Sierra Nevada, however, they play an 
important role, often linking the forested hillslope to the stream, in hydrologic processes of Sierra 
Nevada catchments. This study uses direct measurements and Applied Neural Networks (ANN) to 
constrain montane meadow evapotranspiration rates (ET) in a pristine meadow in Sequoia National 
Park. Meadow ET was directly measured using eddy covariance techniques during parts of the growing 
season in 2013 and 2014. ANN models were trained on these measurements using proxies for ET 
including groundwater dynamics and meteorological parameters. ET was estimated for 2008 to 
2014using one of the ANN models—capturing the response of meadows in record warm years during the 
recent drought. Annual ET rates in Long Meadow ranged from 321 to 392 mm and was higher in warm, 
dry years. ET increased due to warmer temperatures, lack of water limitations in the wet meadow, and 
increased snow free days. Much effort and resources are being expended to restore degraded meadow 
systems; at least part of this effort is prompted by the desire to increase groundwater storage in the 
mountains. Restoration efforts are ongoing but often lack in knowledge of how the restoration will affect 
meadow and catchment hydrology, specifically ET. This study shows that put in the catchment context, 
meadow ET is minor compared to the surrounding trees. Based on estimates of ET increases of 25-50%, 
due to meadow restoration, the overall ET increase in a typical catchment, due to restoration efforts, 
would only amount to 0.03-0.05%. 

 

2.2 Introduction 
Meadows of the Sierra Nevada comprise a relatively small fraction of the land and provide a 

disproportionate amount of ecosystem services (Ratliff, 1985; Purdy and Moyle, 2006; Viers et al., 
2013). Many Sierra Nevada meadows have historically been degraded by human activity; degradation is 
reflected by stream channel, gullying, lowered water tables, drier soils with less organic carbon, and 
changed meadow vegetation (Cooper & Wolf, 2006; Hill & Mitchell-Bruker, 2010; Purdy & Moyle, 2006; 
Ratliff, 1985; Viers et al., 2013). The USDA Forest Service and other government entities have made it a 
priority to restore impacted meadows in the Sierra Nevada (Hill & Mitchell-Bruker, 2010). The California 
Water Plan specifically targets mountain meadow restoration as a resource management strategy (State 
of California, 2016). Part of the justification for meadow restoration is that by restoring the groundwater 
table to pre-degradation levels, an increase in groundwater storage in the meadows is obtained and 
groundwater storage capacity in the Sierra Nevada will increase. The State Water Project Update from 
2009 (State of California, 2009) estimated that the potential for increasing groundwater storage through 
Sierra Meadow restoration would be on the order of 50,000 to 500,000 acre-feet. More in depth study 
by Emmons (2011) further constrained potential increase in groundwater storage capacity to 86,000-
114,000 acre-feet of water. Although much effort exists to restore meadows in order to increase 
groundwater storage capacity, the hydrologic effects of meadow restoration is not well understood. 

The hydrology of meadows in the Sierra Nevada has been the focus of several studies to date. 
Loheide et al. (2009) determined that lower permeability of meadow alluvium, higher rates of 
groundwater inflow, and a high rate of lateral basal groundwater flow all contributed to higher meadow 
water table elevations. In a comment responding to this article, Hill and Mitchell-Bruker (2010) discuss 
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the importance of the variability in meadow alluvium permeability and implications for stream flow. Soil 
porosity in meadows can change as a function of organic carbon loss due to extreme weather patterns 
(Arnold et al., 2014). Near surface soil moisture conditions can also control the rate of greenhouse gases 
in meadows (Blankinship & Hart, 2014). Lowry et al. (2010) used the setting of Tuolumne Meadows, 
Yosemite National Park, to illustrate how hillslope and meadow snowmelt, as well as recharge from 
stream flow, control groundwater levels in the meadow. This study found that the depth to 
groundwater varied greatest near the meadow-hillslope boundary and decreased moving away from 
this boundary.  Loheide and Gorelick (2006) used remotely sensed forward-looking infrared images to 
map stream temperatures in a restored meadow system and subsequently modeled stream 
temperature using HeatSource V7.0. This study determined that groundwater discharge to the restored 
meadow center lowered stream temperature and hyporeic exchange buffered diurnal changes in stream 
temperature. Chambers (2004) show that vertical hydraulic gradients in meadows in Nevada were the 
result of variability in permeability of meadow alluvium.  In these studies, the physical properties of the 
meadow substrate, including saturated and unsaturated hydraulic conductivity, particle size distribution, 
and organic content, play a significant role in how groundwater enters and moves through the meadow. 

Little work has been done to quantify evapotranspiration (ET) in Sierra Nevada meadows. 
Meadow ET is a significant part of the meadow water balance, yet it has not yet been well quantified. 
Many methods exist for estimating ET such as using diurnal groundwater table fluctuations, chamber 
measurements, estimating ET from Penmen-Monteith equations, lysimeters, evaporation pans, and 
eddy covariance techniques. Monitoring groundwater table fluctuations can be accomplished simply 
and for relatively little cost by installing a small diameter groundwater monitoring well instrumented 
with a pressure transducer. However, using groundwater table fluctuations to estimate ET requires 
using the White (1932) or similar equation that requires a value for soil specific yield (Fahle and Dietrich, 
2014; Loheide et al., 2005; Meyboom, 1967; Nachabe, 2002; and others). Several laboratory and field 
methods for measuring specific yield have been established (Chen et al., 2010; Johnson, 1967; Nwanwor 
et al, 1984; Said et al., 2005; Song and Chen, 2010; and Steinwald et al., 2006). While these methods 
may accurately reflect the specific yield of a given soil under certain conditions, they do not account for 
the transient nature of specific yield in response to antecedent conditions—with exception taken for the 
study conducted by Said et al. (2005) who link Sy to soil moisture through curve fitting. Under shallow 
water table conditions, the specific yield of a soil can be dependent on the depth to groundwater, rate 
of change of the water table, time allowed for drainage, and whether the soil is wetting or drying. While 
Nachabe (2002) and Said et al. (2005) address the variability of specific yield in a shallow water table 
environment in regards to depth to water and time allowed for drainage, these studies do not address 
the complete set of parameters influencing soil specific yield. 

Chamber measurements of ET can provide accurate values but are labor intensive and are 
restricted in temporal and spatial resolution. Soil lysimeters are commonly used to measure ET and are 
often used as a reference ET when comparing models and/or measurements. Soil lysimeters may 
require significant disturbance to the soil and are limited in spatial resolution. Evaporation pans can be 
constructed for relatively cheap and can be instrumented with a pressure transducer; however, 
evaporation pans need to be referenced with a pan coefficient (Grismer et al., 2002). Evaporation pans 
do not incorporate transpiration or soil moisture conditions and are an upper limit on ET. 

Eddy covariance (EC) techniques for estimating ET are well established and are being used at an 
increasing rate (Aubinet, et al., 1999; Scott, 2010). Eddy covariance techniques are a direct 
measurement of ET at high temporal resolution and—depending on wind conditions—are spread out 
over a much larger footprint than chamber or pan evaporation measurements. Eddy flux techniques 
require an appropriate fetch and atmospheric conditions in order to produce reliable ET values 
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(Baldocchi, 2003). Eddy flux stations require significant maintenance and quality control (Baldocchi, 
2003). In order to get an annual estimate of ET, an eddy flux station needs to be deployed for the entire 
year and errors and data gaps need to be accounted for (Baldocchi, 2003; Goulden et al., 1996); this may 
prove difficult when the snowpack can get higher than the height of the eddy flux station. 

Applied Neural Networks (ANN) are one method used to gap fill eddy flux data (Moffat et al., 
2007). Gap filling may be required for times when atmospheric conditions are not conducive to reliable 
eddy flux measurements—such as stable atmospheric conditions or low wind speeds—or when the eddy 
flux station is not deployed or non-operational. ANN techniques use regression analysis to best predict a 
result, or set of results, with a provided set of inputs. The availability of ANN building packages in 
proprietary (Matlab, http://www.mathworks.com/) and open source (R, https://cran.r-project.org/) 
scripting platforms with user friendly interfaces make ANNs a convenient and powerful tool for 
parameter prediction. 

The purpose of this study is to use eddy flux techniques and ANN modeling to quantify meadow 
ET in the Sierra Nevada and to understand the significance of meadow ET in the context of greater 
watershed hydrology. We hypothesize that meadows transpire at greater rates in the peak of the 
growing season, but, because they are covered in snow for much of the year, transpire at lower annual 
rates than are observed in the forest.  

 

2.3 Methods 
Site Description 

This study was conducted in Long Meadow, Sequoia National Park, California. Long Meadow is 
approximately 1.5 km long, up to 100 m wide (Figure 2.1) and has a slope from south to north at an 
approximate 4% grade. The meadow lies in a glaciated valley within the Wolverton Creek catchment at 
approximately 2200 m above mean sea level. The meadow basin is constrained by granodioritic bedrock 
to the south, west and east, and by a glacial moraine and Wolverton Creek to the north; the valley was 
glaciated during the most recent ice age (Warhaftig, 1984). These hillslopes have shallow mineral soils 
and are populated by vegetation of the Red Fir forest. The meadow is underlain by granodioritic 
alluvium up to 30 meters in depth (Warhaftig, 1984). The climate in the Sierra Nevada is Mediterranean; 
precipitation falls mostly from December to March—at this elevation precipitation in the winter and 
spring falls mostly as snow—summers are typically warm and dry.  Two ephemeral streams supply 
surface water to the meadow; surface water in the meadow flows in a poorly defined stream channel as 
the meadow stream runs intermittently in both space and time. The stream channel in the meadow is 
not defined at all in some areas (Lucas et al., 2016). Sheet flow over the surface of the meadow is 
present during snowmelt when surface flow is not confined to the stream channel. By late summer, 
surface water flow is discontinuous longitudinally in the meadow. Subsurface flow from the surrounding 
catchment provides groundwater flow into the meadow. The meadow is open to the sky—only being 
shaded by the adjacent conifers in the early morning and late afternoon— and groundwater discharge 
persists through the warm summer months (Lucas et al., 2016). 

Meteorological Measurements 
Eddy flux measurements were collected using a Campbell Scientific Irgason integrated open-

path infrared gas analyzer and 3D sonic anemometer and the Campbell Scientific EC150 
(www.campbellsci.com). Data were collected at 10 Hz frequency, processed for 30 minute averages and 
logged using a Campbell Scientific CR300 Micrologger and compact flash storage module. A Hukseflux 

http://www.campbellsci.com/
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NR-01 (http://www.huksefluxusa.com/) 4-component radiometer measured radiation, air temperature 
was recorded with a Campbell Scientific T107 thermocouple housed in a radiation shield, and rain 
events were captured with a Campbell Scientific TE525 Tipping Bucket. The eddy flux station was 
deployed and operational from April to August in 2013 and from July to November in 2014. 

Meteorological data from the eddy flux station were used to calculate potential 
evapotranspiration for times when the station was deployed in the meadow using the Penman-
Monteith equation (Dingman, 1994): 

𝑃𝐸𝑇 =  
𝛥∙(𝐾+𝐿)+ 𝜌𝑎∙𝑐𝑎∙𝐶𝑎𝑡∙𝑒𝑎

∗ ∙(1−𝑊𝑎)

𝜌𝑤∙𝜆𝑣∙[∆+𝛾∙(1+
𝐶𝑎𝑡

𝐶𝑐𝑎𝑛
⁄ )]

       (1) 

 

where PET is the potential evapotranspiration, Δ is the slope of the relationship between saturation 
vapor pressure and temperature, K is the net shortwave radiation, L is net long wave radiation, ρa is the 
density of air, ca is the heat capacity of air, Cat is the atmospheric conductance, ea* is the saturation 
vapor pressure, Wa is the relative humidity, ρw is the density of water, λv is the latent heat of 
vaporization, γ is the psychometric constant, and Ccan is the canopy conductance. 

Additional meteorological data were collected for 2008 to 2014 at the Wolverton 
meteorological station and from the Giant Forest (GNF) meteorological station (Figure 1). These stations 
were used due to their proximity to Long Meadow and intact data streams from 2008-2014. Wolverton 
meteorological station, located 270 m from the meadow is equipped to measure air temperature and 
relative humidity (HMP-45AC , Campbell Sci., Logan, UT), wind speed and direction (Young 5103 
Anemometer, R. M. young Co., Traverse City, MI), net radiation (NR Lite , Kipp & Zonen, Delft, The 
Netherlands), precipitation (TE525 Tipping Bucket, Campbell Sci., Logan, UT) and barometric pressure 
(Barologger Gold, Solinst, Georgetown, ON, Canada). Data from the Wolverton meteorological station 
are available via the Southern Sierra Critical Zone Observatory (www.criticalzone.org). Daily incremental 
precipitation for 2008-2014 was downloaded from the Giant Forest meteorological station; the station is 
operated by the United States Army Corps of Engineers and data are available through the California 
Data Exchange Center (http://cdec.water.ca.gov/index.html).  

Two dimensional foot print models of the eddy flux station were produced using a freely 
available software package (Footprint, School of Geosciences, University of Edinburgh). This software 
package was developed to use the analytical model presented by Korman and Meixner (2001) and 
produces 2D station footprint models. 

Groundwater Measurements 
Data were collected from 6 groundwater monitoring wells in Long Meadow (Figure 1) –arranged 

in clusters of three to capture groundwater fluctuations at the edge and center of the meadow as well 
as on the slope in between. The monitoring wells were constructed with 3.18 cm inside diameter 
schedule 80 PVC pipe, screened with 0.25 mm slotted screen for the bottom 1.83 m of the well—the 
remaining well casing was constructed with blank tubing. Monitoring wells were instrumented with 
Solinst Levelogger Gold pressure transducers recording hydraulic head and temperature every 15 
minutes.  

The White Method (White 1932) has been used extensively to estimate ET from shallow 
groundwater table fluctuations (Fahle and Dietrich, 2014; Loheide et al., 2005; Meyboom, 1967; 
Nachabe, 2002; and others). White’s equation is given by: 

http://www.huksefluxusa.com/
http://www.campbellsci.com/
http://www.youngusa.com/
http://www.kippzonen.com/
http://www.campbellsci.com/
http://www.solinst.com/
http://www.criticalzone.org/
http://cdec.water.ca.gov/index.html
http://www.geos.ed.ac.uk/abs/research/micromet/EdiTools/
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𝐸𝑇 =  𝑆𝑦 × (𝑅𝑡 +  ∆𝑆)       (2) 

where ET is evapotranspiration, Sy is the specific yield of soil, R is the recharge rate calculated from the 
rate of water table rise from midnight to 4 am, t is the time term (24 hours for most White method 
approaches), and ΔS is the change in storage calculated by the difference between the maximum 
groundwater elevation from one day to the next. White’s equation has been further used and modified 
(Fahle and Dietrich, 2014; Loheide et al., 2005; Meyboom, 1967; Nachabe, 2002; and others) and each 
approach relies an accurate value for Sy—however Sy is transient in nature (Nachabe, 2002) and varies 
with the depth to groundwater, rate of change of the water table, time allowed for drainage, and 
whether the soil is wetting or drying (Loheide et al., 2005 and Nachabe, 2002). While Sy may be 
transient in nature, it is clear that the depth to groundwater and rate of change of the groundwater 
table elevation are directly linked to the rate of ET. 

Modeling ET 
Artificial Neural Networks were trained on ET values from the eddy flux station using available 

data inputs including meteorological data from the Wolverton station and ground water table elevation 
from meadow monitoring wells—see Table 2.1 for a complete list of ANN models and respective inputs 
used. For energy processes meteorological data were used—average, minimum and maximum air 
temperature, average and maximum wind speed, net solar radiation, relative humidity, and barometric 
pressure. For water availability proxies, depth to groundwater and the rate of change in water table 
elevation were used. The White equation (1932) is built on the rate of water table recovery and the daily 
change in the depth to water. Groundwater table elevation recorded in the six monitoring wells in the 
SM and AS clusters (Figure 2.1), as well as the rate of groundwater table change—using an eight hour 
running average of groundwater table elevation—was used in select ANN models; depth to water and 
rate of change were used as proxies to the White equation. Time inputs for ANN models included the 
time of day and the time from summer solstice. Sixteen different ANN models were trained on eddy flux 
ET measurements. The various ANN models were trained in order to assess the added value of the 
various inputs in producing a reliable model. ANN models were trained using the Matlab Neural 
Network Toolbox and utilized the Levenberg-Marquardt backpropagation algorithm (Wilamowski & Yu, 
2010) with 10 hidden nodes—the default number of hidden nodes in the MATLAB toolbox. ANN models 
were trained using daytime ET values—5:00 am to 7:00 pm—we assumed that ET is zero at night, 
consistent with nighttime chamber measurements conducted by Lucas et al. (2008). 

2.4 Results 
Meteorological Measurements 
 Wind blows primarily out of the south-southeast and the northeast Figure 2.2. Winds out of the 
south-southeast are dominated by low wind speeds (< 1 m s-1) while winds out of the northeast tend to 
be between 1.5-2.5 m s-1. These two dominant wind patterns were used to produce representative 
tower footprints (Figure 2.3) with the Footprint software package (Footprint, School of Geosciences, 
University of Edinburgh). Typical values of wind speed, air temperature, and sensible heat flux were 
used as inputs into Footprint for each of the two wind patterns used to estimate the tower footprint—
wind rose plots with temperature and sensible heat flux are included in the appendix of this chapter for 
reference. When the wind is blowing from the south-southeast, the vast majority of the modeled 
footprint exists within the meadow boundary; the entire 70% contour, as well as most of the 80% 
contour are contained within the meadow—a significant portion of the 90% contour falls outside the 
meadow boundary. When the wind is blowing from the northeast, less of the footprint is within the 
meadow boundary; in this case the vast majority of the 60% contour lies within the meadow while 
portions of the 70, 80 and 90% contours extend into the adjacent forested hillslope.  

http://www.geos.ed.ac.uk/abs/research/micromet/EdiTools/
http://www.geos.ed.ac.uk/abs/research/micromet/EdiTools/
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Half hour average values of ET measured at the eddy flux station range from 0 to 14 mm d-1 for 
the time presented (Figure 2.4). Half hour ET values follow the expected diurnal pattern for ET with low 
values in the morning and evening and peak values at noon (Figure 2.5). Daily values of ET track well 
with PET during May-August, but falls off at the end of August in 2014 (Figure 2.4). Daily ET values range 
from 0 to 7 mm d-1, are highest in summer months, June-August, and lowest—for the data presented—
in October (Figure 2.4).  

Groundwater Measurements 
 The groundwater table is high in March; as snowmelt subsides, the depth to water starts to 
increase—this occurs first at the meadow edge followed by the slope and the center (Figure 2.6(a)). The 
center well shows a negative depth to groundwater, indicating that water in the casing is above the 
meadow surface, until late in June. Precipitation events are reflected in abrupt decreases in the depth to 
groundwater in each of the wells—this is observed on May 6-10, July 22-23 and September 22-23, 2013. 
Groundwater elevation at the meadow edge follows a diurnal pattern where the depth to water (DTW) 
is lowest just before sunrise and starts to increase as meadow vegetation starts to draw on the 
groundwater for transpiration; after the sun sets and transpiration ceases, the DTW begins to decrease 
as groundwater recharges (Figure 2.6(b)).  

Precipitation and Temperature 
The vast majority of precipitation fell in the region between November and April from 2008 to 

2014 (Figure 2.7). Precipitation from 2008 to 2014 shows the inter-annual variability of precipitation 
with drought years, 2012-2014, indicated by red shades, the wet year, 2011, indicated in blue, and the 
near normal years, 2008-2009, indicated in shades of gray. The greatest amount of monthly 
precipitation is 622 mm in December, 2010—several of the summer months, June-September, 
experience zero precipitation.  

July and August are typically the warmest months and December-February are the coldest 
(Figure 2.8). The drought years 2012-2014 tend to be warmer than the wet year, 2011 for each month—
this is especially the case in during the growing season, March-August. 

ANN Modeling 
Good model fit was achieved for each of the models constructed (Table 2.1); the lowest R-

square (0.90) and MSE values (1.91 mm2 d-2) were achieved when all model time and groundwater 
inputs were excluded and only meteorological inputs were included. The highest R-square value (0.96) 
was achieved with three separate ANN models (Table 2.1); some or all of the groundwater dynamics 
inputs were used in each of these models. Model performance generally increased with inclusion of 
groundwater input parameters; for example, the model using all of the time and meteorological inputs 
had an R2 value of 0.94—this was increased to an R2 of 0.96 when using just the depth to water inputs 
from the SM monitoring wells. Good fit (R2 = 0.93) was achieved with the simplest model where only the 
time inputs and average temperature were used as inputs. 

2.5 Discussion 
 Analysis of meadow winds indicate that wind almost never blows from the west (Figure 2.2). The 
meadow lies in a glaciated valley and is aptly named for its length relative to its width. Hillslopes on the 
East and west sides shelter the meadow from wind. Wind patterns tend to flow longitudinally with the 
length of the meadow. The hillslope to the northeast of the meadow is less steep than the slopes to the 
west, and southeast. This lower slope allows wind to come out of the northeast as is indicated in Figure 
2.2. Two concerns regarding the integrity of the eddy flux measurements come from the wind rose 
presented in Figure 2.2. The first concern is the relatively low wind speeds. Eddy flux analyses tends to 
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use only data that meets a certain wind shear velocity threshold (Goulden et al., 1996). Low wind speeds 
in the meadow suggest that the atmosphere is stable and latent heat flux may be occurring due to free 
convection in addition to forced convection (Baldocchi, 2003). Assumptions used in eddy flux 
measurements assume no latent heat flux due to free convection. If latent heat loss was occurring due 
to free convection, the then measurements at the eddy flux station would underestimate total ET.  

The second concern that arises from Figure 2.2 is that higher wind speeds tend to come out of 
the northeast, where the meadow fetch is limited compared to the fetch in the north and south 
directions—eddy flux measurements are most accurate when the fetch is over uniform vegetation 
(Baldocchi, 2003). Measurements would be affected by non-uniform fetch depending on the vegetation 
types that are included in the fetch area that extends beyond the meadow boundary. The vegetation 
northeast of the indicated fetch (Figures 2.2 and 2.3) is red fir forest where the understory is sparse—
personal observations indicate that this area is dry and dusty in the summer time. The distance from the 
eddy flux station to the meadow boundary is only 50 meters to the northeast. Station footprint models 
suggest that this distance represents 65% of the tower footprint for vegetation of uniform 1 m height 
and 48% of the footprint for vegetation of 0.5 m height. Only 25% of the footprint resides within the 
station footprint for vegetation 0.1 m height. Schuepp et al. (1990) note that their solutions are only a 
first step and meant for an order of magnitude approximation. This analysis does produce some concern 
regarding the tower footprint when the wind comes out of the northeast. Influence on ET 
measurements from this relatively dry vegetation would result in measurements underestimating actual 
meadow ET. 

Daily ET rates in the meadow are at or near PET rates for much of the growing season (Figure 
2.4). This is expected as the meadow is not a water-limited system. Meadow ET rates start to fall off, 
compared to PET, starting in mid-August (Figure 2.4). At this time, the groundwater table is still shallow 
and the meadow vegetation is still not water limited. This fall off in ET is consistent with senescence of 
the meadow vegetation (Wood, 1975). Near PET rates of measured ET indicate that the eddy flux 
measurements are not underestimating meadow ET and the effects of low wind speeds and fetch 
extending beyond the meadow boundary are negligible.  

The depth to water changes seasonally as snow melt subsides and meadow vegetation draws on 
the groundwater for transpiration (Figure 2.6(a)). The vegetation demand on the groundwater is also 
exhibited in the diurnal fluctuation illustrated in Figure 2.6(b).  

Due to instrument malfunction, we were unable to obtain eddy flux data in the meadow for a 
full growing season (e.g. snow melt to snow covered). In order to better quantify seasonal and annual ET 
rates for the meadow, we constructed several ANN models to predict ET based on longer data streams 
from the Wolverton meteorological station and groundwater table fluctuations in the meadow. Several 
of these models performed very well (R2 > 0.95, MSE < 1.06 mm-2 d-2); see Table 2.1 for comparison of 
model performance. ET is driven by meteorological parameters and diurnal groundwater table 
fluctuations in the meadow are driven by ET, it is logical that both meteorological and groundwater 
inputs are effective for building a neural network model. The fact that we were able to build models 
with good fit by excluding various parameters suggests that a model could be constructed where some 
data available for input is limited, e.g. in a meadow with groundwater wells but no meteorological data 
or vice versa, and good estimates of ET could be obtained. Models generally performed slightly better 
when groundwater input parameters were included. This is consistent with use of the White method in 
that the state of groundwater and change in groundwater elevation in the meadow is dependent on ET 
processes.  
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In order to understand longer term, e.g. seasonal and inter-annual, trends in meadow ET, we 
applied the ANN using all of the time and meteorological inputs but none of the groundwater dynamics 
to seven years of Wolverton meteorological station data. This ANN was chosen as it was the best 
performing model with an intact dataset from 2009 to 2014. Wells deployed in the meadow were 
designed for minimal impact—due to being located in a National Park—and for collection of growing 
season data. Groundwater table data streams are interrupted each winter when the top few 
centimeters of water in each well freezes and obstructs the well to changes in atmospheric pressure. 
Additional breaks in groundwater table data streams were incurred when wells were damaged by 
wildlife activity. Cumulative ET, calculated from applying this ANN to Wolverton meteorological data for 
2009 to 2014 are presented in Figure 2.9. Annual ET in Long Meadow ranges from 321 mm in 2011 to 
392 mm in 2014. The lowest annual ET value occurs for the relatively wet year—1582 mm of 
precipitation was recorded at the GNF station in Water Year 2011 (October 1, 2010 through September 
30, 2011). The highest ET values occur in the three successive drought years 2012-2014. This trend of 
high ET in drought years and low ET in relatively wet years runs counter to what is expected in the Sierra 
Nevada. Lundquist and Loheide (2011) suggest that evaporative water losses in the Sierra Nevada, as a 
whole, should be higher in wet years, when more water is available, than in dry years. We attribute this 
contrast to the fact that Long Meadow is not a water-limited system whereas forests in the Sierra can be 
water-limited, especially late in the growing season (Kelly and Goulden, 2016; Goulden and Bales, 2014). 
Lundquist and Loheide (2011) focus on a single catchment in Yosemite National Park, California that is 
much larger than the area of Long Meadow and its associated watershed. Evaporative losses from the 
forest likely mute losses from meadows within their water shed. A significant finding is that in meadows 
not limited by water (e.g. with a high groundwater table), ET increases with increasing temperature. 

In order to understand the significance of meadow ET whether it be degraded or restored 
meadow ET, it is useful to compare our results to ET measured in other systems in the Sierra Nevada (i.e. 
forests and meadows). Goulden et al. (2012) present ET along an elevational transect in the Sierra 
Nevada. Annual ET rates calculated for long meadow compared to annual values measured at three 
eddy flux towers associated with the Southern Sierra Critical Zone Observatory (SSCZO) in Figure 2.10. 
The SSCZO has four eddy flux tower sites; Figure 2.10 compares meadow ET to the 3 highest elevation 
sites. Location and elevation of the SSCZO and Long Meadow eddy flux sites are presented in Table 4.2. 
The SSCZO eddy flux sites include Soaproot Saddle, a ponderosa pine forest at 1160 m elevation; P301, a 
mixed conifer forest at 2015 m elevation; and Shorthair Creek, a subalpine forest at 2700 m elevation. 
Long meadow is located at 2210 m in elevation and the forests around the meadow are red fir, jeffery 
pine and lodgepole pine forests, as well as wet meadow, meadow and willow shrubland, manzanita and 
ceonothus shrubs, and upland herbaceous plants (National Park Service Vegetation Inventory Project, 
2014). ET recorded by the SSCZO eddy flux stations ranges from 429 mm at Soaproot Saddle to 1128 mm 
at Shorthair, both in 2011. Shorthair annual ET values decrease significantly each year after 2011, 
corresponding to the drought in California—trees at Soaproot Saddle were dying by 2014; they were not 
at Shorthair and P301 (personal observation). Annual ET at P301 exhibits less variability (CV = 0.13, n = 
6) than SS (CV = 0.25, n = 4); P301 exhibits less ET in drought affected water years 2012-2014 than in the 
wet water year 2011 and normal water years 2009-2010. Though SH site has only 2 complete years of 
data, it shows a significant decrease in ET between 2010 and 2011. Goulden et al. (2012) suggest that 
the forest is temperature limited at that elevation. Long Meadow ET in all years modeled is less than all 
of the forest measurements of annual ET except at SH in 2011. Meadow ET is also less variable (CV = 
0.05) than the forest sites and shows an increase in ET in drought years. Meadow ET may be a significant 
part of the greater catchment water budget in dry years when the other parameters in the budget are 
reduced (less precipitations, streamflow, and reduced forest ET).   
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Although low precipitation was the main driver of the drought from 2012-2014, warm 
temperature also played a role in exacerbating the drought (Shukla et al., 2015; Mann and Gleick, 2015; 
Diffenbaugh et al., 2015; Griffin and Anchukaitis, 2014). Diffenbaugh et al. (2015) and Swain et al. (2014) 
show that climate change is increasing the risk of drought in California. Goulden and Bales (2014) predict 
an increase in annual ET at higher elevations in the Sierra as a result, in part, of warming temperatures 
due to climate change. Goulden and Bales (2014) conclude that lower ET at higher elevation reflects cold 
limitation. Long Meadow exhibits high annual ET even after 3 years of severe drought in California. This 
suggests that groundwater supply to the meadow is robust, at least through 3 years of drought. This is 
reinforced by the lack of tree die back at these elevations. The question remains of how long 
groundwater will supply the meadow; how many years of drought before the meadow starts exhibiting 
water stress. 

 Meadows in the Sierra Nevada have faced over 150 years of human impact, including grazing, 
logging, road building, and human caused wildfire. One result of meadow degradation of meadows is 
stream incision and the lowering of the water table (Ratliff, 1985). As the water table is lowered, mesic 
and hydric vegetation in the meadows can no longer survive and meadows can be encroached by woody 
shrubs such as sage (Darrouzet-Nardi et al., 2006; Odion et al., 1988). Mauer et al. (2006) report and 
annual ET of 457 mm in a bitterbrush/sagebrush area in the Carson River catchment (1470 m elevation) 
in 2004. Mauer et al. (2006) noted that 2004 was a relatively dry year and suggest that ET could be 
higher in wet years. Their reported value is on the same order of magnitude as ET predicted in Long 
Meadow. It is important to note that the system presented by Mauer et al. (2006) is lower in elevation 
and on the east side of the Sierra Nevada mountains; they suggest that this system is water-limited. 
Sagebrush may be able to transpire at rates similar to those predicted in Long Meadow even with a 
lowered water table as it has the capacity to draw from deeper water sources than the mesic and hydric 
vegetation typical of a meadow (Darrouzet-Nardi et al., 2006).  

The State of California has written into its Water Action Plan a line item intending to restore 
meadows in the Sierra Nevada in order to increase groundwater storage capacity (State of California, 
2016). One product of meadow restoration may be an increase in ET due to the presence of a higher 
water table (Tague et al., 2008). Groundwater discharge by ET can be a significant component of the 
water balance. Loheide and Gorelick (2005) created an ET mapping algorithm and estimated ET at wet 
meadow-vegetation sites and degraded meadow sites for one day in 2004. Loheide and Gorelick (2005) 
found that wet meadow vegetation transpired at a rate of 5-6 mm d-1 compared to 1.5-4 mm d-1 for the 
vegetation in the degraded parts of the meadow during the growing season (Table 2.3). Daily ET values 
measured in Long Meadow ranged from 2.3 to 7.6 mm d-1 during the growing season. While it is 
informative to look at the difference between these systems for a single day, this does not describe the 
significance of wet meadow ET over the course of a growing season. Hammersmark et al. (2008) used 
the MIKE SHE hydrologic modeling system to model Bear Creek Meadow (~100 km northeast of Redding, 
CA; ~1100m elevation). Models were constructed for both degraded and restored meadow conditions. 
Hammersmark et al. (2008) report that the degraded system lost 530 and 419 mm to annual ET and the 
restored meadow system lost 661 and 626 mm to ET 2005 and 2006, respectively (Table 2.3)—this 
represents a 25-50% increase in ET in the restored system. Loheide and Gorelick (2005) and 
Hammersmark et al. (2008) highlight the potential for increase in ET in restored meadows compared to 
degraded systems; these studies do not describe this increase in the context of the greater. 

More important than the difference between degraded and healthy meadow transpiration rates 
is the relative fraction of land area comprised of meadow versus that comprised of forested landscape. 
Ratliff (1985) estimated that meadows comprise less than 10% of the land area of the Sierra Nevada. 
Viers et al. (2013) compiled all available GIS layers for meadows in the Sierra Nevada and concluded that 
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meadows account for less than 1% of the area in the Sierra Nevada. Even if a degraded meadow 
transpires at half the rate of a healthy meadow as predicted by Hammersmark et al. (2008), restoring a 
meadow will have minimal impact on evaporative loss of a forested catchment. A catchment with a 
healthy meadow and 99% forest transpiring at the lowest rate measured by the SSCZO tower transect 
(429 mm at Short Hair in 2011) loses 428 mm of water to annual ET—assuming annual meadow ET of 
400 mm, which is slightly more than the highest annual value calculated for Long Meadow (392 mm). 
The same catchment with a degraded level transpiring at half the rate of a healthy meadow (253 mm) 
would lose 427 mm to ET. ET in the greater water shed is only increased by 0.4% if a degraded meadow 
is restored. This difference is further reduced if we use the high measured value of forest ET (1128 mm 
at Soaproot Saddle in 2011). 

This study illustrates the resiliency of the meadow system in the face of an exemplary drought in 
California; despite several years of drought, enough groundwater is available for meadow vegetation to 
transpire at near potential rates (Figure 2.4). When agencies prepare for meadow restoration, priority 
should be given to systems that have the capacity to supply groundwater even in extended drought 
periods. One method for assessing the potential for groundwater supply would be to use the 
Topographic Wetness Index (TWI). Grabs et al. (2009) show that TWI can successfully be used to predict 
areas where wetlands are present. This method could be applied to degraded systems as a first estimate 
for the potential resiliency of a restored meadow. 

2.6 Conclusions 
We successfully measure ET with and eddy flux station in a montane meadow in the Sierra 

Nevada California. We exploited these measurements to build Artificial Neural Networks and predict ET 
in Long Meadow for a 7-year period. Annual meadow ET is highest in drought years and lowest in the 
wet year, counter to the trend expected in the Sierra Nevada. At least through this point in this 
exceptional drought, the groundwater fed meadow system we studied has proven to be resilient; while 
forest systems at lower elevations showed some stress tree die off. Whether or not the meadow 
continues to exhibit resiliency to drought conditions will depend on the length and intensity of the 
drought and the magnitude of groundwater stored in the system. Forest ET as measured by the SSCZO 
eddy flux tower transect is generally greater than meadow ET. With the exception of the highest tower, 
SSCZO towers generally show a decrease in ET during drought years, consistent with the trend expected 
in the Sierra Nevada. When take in the context of greater watershed processes the effect of meadow 
restoration on ET losses is nominal. When agencies prepare for restoration activities, they should assess 
the potential for meadow resiliency in the face of extended drought periods by using tools such as the 
TWI.
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2.8 Tables 
Table 2.1—List of inputs used for each ANN model and R2 and root mean squared error (RMSE) for each model. 

 
Input Description ALL no GW TRHW TRH T GW MW 

S
M 

TOD  Time of day  yes yes yes yes yes yes yes yes 

TFS Time from solar noon of the summer solstice yes yes yes yes yes yes yes yes 

Tave Average temperature  yes yes yes yes yes no yes yes 

Tmax Maximum measured temperature  yes yes no no no no yes yes 

Tmin Minimum measured temperature yes yes no no no no yes yes 

RH  Mean relative humidity  yes yes yes yes no no yes yes 

Uave Mean wind speed yes yes yes no no no yes yes 

Umax Maximum wind speed yes yes no no no no yes yes 

NR Net radiation yes yes no no no no yes yes 

P Precipitation yes yes no no no no yes yes 

GWele SM1 Groundwater elevation at SM1 monitoring well yes no no no no yes yes yes 

GWslp SM1 average rate (8 hr) of GW elevation change at SM1  yes no no no no yes no yes 

GWele SM4 Groundwater elevation at SM4 monitoring well yes no no no no yes yes yes 

GWslp SM4 average rate (8 hr) of GW elevation change at SM4  yes no no no no yes no yes 

GWele SM5 Groundwater elevation at SM5 monitoring well yes no no no no yes yes yes 

GWslp SM5 average rate (8 hr) of GW elevation change at SM5  yes no no no no yes no yes 

GWele AS1 Groundwater elevation at AS1 monitoring well yes no no no no yes yes no 

GWslp AS1 average rate (8 hr) of GW elevation change at AS1  yes no no no no yes no no 

GWele AS2 Groundwater elevation at AS2 monitoring well yes no no no no yes yes no 

GWslp AS2 average rate (8 hr) of GW elevation change at AS2  yes no no no no yes no no 

GWele AS3 Groundwater elevation at AS3 monitoring well yes no no no no yes yes no 

GWslp AS3 average rate (8 hr) of GW elevation change at AS3  yes no no no no yes no no 
                    

Model 
Performance 

MSE (mm2 d-2) 0.89 1.13 1.17 1.47 1.58 1.39 0.88 1.02 

 
 

R2 
0.96 0.94 0.94 0.93 0.92 0.93 0.96 0.95 
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Table 2.1 (continued)—List of inputs used for each ANN model and R2 and root mean squared error (RMSE) for each model. 

 Input Description SMMW SM met No TFS/GW No TFS No TOD/GW No TOD 
No 
T 

No 
Tall 

TOD  Time of day  yes yes yes yes no no no no 

TFS 
Time from solar noon of the 
summer solstice 

yes yes no no yes yes no no 

Tave Average temperature  yes yes yes yes yes yes yes yes 

Tmax 
Maximum measured 
temperature  

yes no yes yes yes yes yes yes 

Tmin 
Minimum measured 
temperature 

yes no yes yes yes yes yes yes 

RH  Mean relative humidity  yes yes yes yes yes yes yes yes 

Uave Mean wind speed yes yes yes yes yes yes yes yes 

Umax Maximum wind speed yes no yes yes yes yes yes yes 

NR Net radiation yes no yes yes yes yes yes yes 

P Precipitation yes no yes yes yes yes yes yes 

GWele SM1 
Groundwater elevation at 
SM1 monitoring well 

yes yes no yes no yes no yes 

GWslp SM1 
average rate (8 hr) of GW 
elevation change at SM1  

no yes no yes no yes no yes 

GWele SM4 
Groundwater elevation at 
SM4 monitoring well 

yes yes no yes no yes no yes 

GWslp SM4 
average rate (8 hr) of GW 
elevation change at SM4  

no yes no yes no yes no yes 

GWele SM5 
Groundwater elevation at 
SM5 monitoring well 

yes yes no yes no yes no yes 

GWslp SM5 
average rate (8 hr) of GW 
elevation change at SM5  

no yes no yes no yes no yes 

GWele AS1 
Groundwater elevation at 
AS1 monitoring well 

no no no yes no yes no yes 

GWslp AS1 
average rate (8 hr) of GW 
elevation change at AS1  

no no no yes no yes no yes 

GWele AS2 
Groundwater elevation at 
AS2 monitoring well 

no no no yes no yes no yes 

GWslp AS2 
average rate (8 hr) of GW 
elevation change at AS2  

no no no yes no yes no yes 

GWele AS3 
Groundwater elevation at 
AS3 monitoring well 

no no no yes no yes no yes 

GWslp AS3 
average rate (8 hr) of GW 
elevation change at AS3  

no no no yes no yes no yes 

                    
Model 

Performance 
MSE (mm2 d-2) 0.89 1.03 1.39 0.87 1.68 1.02 1.91 1.06 

 R2 0.96 0.95 0.93 0.96 0.92 0.95 0.9 0.95 
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Table 2.2— Location and Elevation of Long Meadow and SSCZO eddy flux stations used in this study. 

Site Latitude Longitude Elevation 

Long Meadow 36.592 -118.737 2210 
Soaproot 
Saddle 37.031 -119.256 1160 

P301 37.067 -119.195 2015 
Shorthair 
Creek 37.067 -118.987 2700 

 

 

 

 

Table 2.3— comparison of meadow ET measured in this study and in studies that measured degraded and restored meadows in 
the Sierra Nevada. 

 Wet Meadow Degraded Meadow Restored Meadow 

This Study 366 (mm yr-1) -- -- 

Loheide and Gorelick (2005) 5-6 (mm d-1) 1.5-4 (mm d-1) -- 

Hammersmark et al. (2008) -- 419-530 (mm yr-1) 626-661 (mm yr-1) 
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2.9 Figures 
 

 

Figure 2.1—Map of Long Meadow in reference to Sequoia National Park and the State of California. 
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Figure 2.2—Wind rose of daytime (05:00 to 19:00) wind speeds and directions recorded at the eddy flux station in Long 
Meadow. 
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Figure 2.3—Footprint models of the eddy flux station for the two dominant wind patterns. Contours in dark blue represent wind 
from the northeast while contours in cyan represent wind from the south. Contours are delineated in 10% intervals starting with 
40% at the center and increasing to 90% at the outer counter; 50, 70, and 90% contours are labeled. 
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Figure 2.4—30 minute and daily ET values measured by the eddy flux station and plotted with daily PET for instrument 
deployments from April 28-August 5, 2013 (a) and July 1-October1, 2014 (b). 

  

a) 

b) 
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Figure 2.5—30 min values of ET as measured by the eddy flux station. 
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Figure 2.6—Depth to groundwater measured at the meadow edge, slope, and center for March 1-October 1, 2013 (a) and at the 
meadow edge for July 1-5, 2013 (b) 

  



14 
 

 

 

 

Figure 2.7—Monthly precipitation measured at the Giant Forest meteorological station.  Data are plotted in water years (Oct-
Sep) and color coded for wet (shades of blue), dry (shades of red), and near normal (shades of black) years. 
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Figure 2.8—Average monthly temperature measured at the Wolverton meteorological station. Data are plotted in calendar 
years (Jan-Dec) and color coded for wet (shades of blue), dry (shades of red), and near normal (shades of black) years. 
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Figure 2.9—Annual ET in Long Meadow calculated from the ANN model including all time and meteorological inputs and no 
groundwater dynamics as inputs for 2008-2014. 
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Figure 2.10—Annual ET in Long Meadow (modeled) and 3 Southern Sierra Critical Zone eddy flux stations (measured) for 2009-
2014. 
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2.10 Appendix 

 

Figure 2.10.1—Wind rose diagram displaying frequency and magnitude of air temperature as a function of wind direction. 

 

Figure 2.10.2—Wind rose diagram displaying frequency and magnitude of sensible heat flux as a function of wind direction. 
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3 A method for constraining soil specific yield 
and estimating evapotranspiration from shallow 
groundwater table fluctuations 
 

3.1 Abstract 
Techniques utilizing diurnal groundwater table fluctuations to calculate evapotranspiration are 
dependent on accurate values of soil specific yield.  Laboratory and field methods for measuring specific 
yield are well established but require significant disturbance to the soil or perturbation to the system in 
question. Soil disturbance or system manipulation (e.g. groundwater pumping) may have negative 
effects on a sensitive system such as a montane meadow.  Single measured values of soil specific yield 
fail to address the transient nature of specific yield in a shallow water table environment.  This chapter 
uses in situ measurements of groundwater table fluctuations and evapotranspiration in order to 
constrain soil specific yield. This study found that the variability of soil specific yield generally decreased 
with increasing depth to water; variability was also minimized when the surface slope was between 3-7 
degrees. Using these constraints and assuming potential evaporation rates, this study estimated soil 
specific yield in two additional Sierra Nevada meadows and estimated average daily ET at 5 locations in 
these two meadows. Average daily ET from July 1-31, 2013 ranged from 2.7-6.3 mm d-1 compared to an 
average daily ET rate measured in Long Meadow of 4.6 mm d-1. This work further highlights the 
difficulties and insufficiencies in using groundwater table fluctuations and soil specific yield to estimate 
ET in shallow water table environments. 

3.2 Introduction 
Use of groundwater table fluctuations to estimate evapotranspiration (ET) is well established in 

the literature. These methods are advantageous in that White (1932) first demonstrated the use of 
groundwater table fluctuations from one day to the next in combination with the soil specific yield to 
calculate daily ET rates. The White method has since been utilized in its original form or modified in 
many studies (Meyboom, 1967; Nachabe, 2002; Fahle and Dietrich, 2014; Loheide et al., 2005 and 
others); modifications of the White method are typically done in order to account the actual loss of 
water from soil as compared to the traditional definition of specific yield—the difference between soil 
saturation and wilting point (Nachabe, 2002; Fahle and Dietrich, 2014; Loheide et al., 2005). Both 
White’s method and its modifications rely on accurate values for soil specific yield in order for reliable 
estimates of ET (Meyboom, 1967; Nachabe, 2002; Fahle and Dietrich, 2014; Loheide et al., 2005 and 
others).  

Several laboratory and field methods for measuring specific yield have been established (Chen 
et al., 2010; Johnson, 1967; Nwanwor et al, 1984; Said et al., 2005; Son and Chen, 2010; and Steinwald 
et al., 2006). While these methods may accurately reflect the specific yield of a given soil under certain 
conditions, they do not account for the transient nature of specific yield (Nachabe 2002) in response to 
antecedent conditions—with exception taken for the study conducted by Said et al. (2005). Under 
shallow water table conditions, the specific yield of a soil can be dependent on the depth to 
groundwater, rate of change of the water table, time allowed for drainage, and whether the soil is 
wetting or drying (Nachabe, 2002; Said et al., 2005; Loheide et al., 2005). While Nachabe (2002) and Said 
et al. (2005) address the variability of specific yield in a shallow water table environment in regards to 
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depth to water and time allowed for drainage, these studies do not address the complete set of 
parameters influencing soil specific yield. 

White (1932) investigated diurnal groundwater table fluctuations in arid wetlands in Utah. In 
order to determine the specific yield of the soils in this study, White sealed off large, 12-18 inches 
diameter and 18-54 inches depth, columns of soil and added or removed known columns of water from 
the columns and measured the change in water levels. Soils were allowed 24-48 hours to come to 
equilibrium before subsequent water level measurements were collected. Loheide et al. (2005) 
conducted numerical simulations in order to assess how performance of the White method was affected 
by flow system geometry, soil texture, and water uptake by roots in unsaturated soil. Loheide et al. 
(2005) found that the greatest source of error in applying the White method was defining soil specific 
yield. Loheide et al. (2005) recommend that established laboratory and field methods for determining 
specific yield is appropriate for clean sands and provides a figure useful for estimating Sy in soils with 
greater than 10% fines when the depth to water is greater than 1m. Alternatively, Loheide et al. (2005) 
suggest that numerical modeling or observing water level response to precipitation events be used in 
order to determine the soil specific yield. This method of estimating readily available specific yield—a 
definition introduced by Meyboom (1967) referring to the amount of water lost from the soil in the time 
frame soil is allowed to drain—was used by Zhang et al. (2016) and Hill and Durchholz (2015). It is of 
import to note that Zhang et al. (2016) used different Sy values because they monitored ET in two 
separate years and the groundwater level was in different soil textures each year. Hill and Durchholz 
(2015) used the readily available specific yield, determined as described by Loheide et al. (2005) in order 
to develop algorithms for estimating Sy yield in systems that are at least partially submerged in surface 
water. 

While several methods have been described for estimating soil specific yield, each may method 
has its restrictions. Excavating large soil columns, as conducted by White (1932) me be prohibitive, 
especially in sensitive systems—such as a montane meadow. Using numerical simulations to predict soil 
specific yield requires some background knowledge of the system soil properties. The methods 
described above may be applicable to a single system, however investigators may find them restrictive 
when attempting to study a larger system or multiple systems in the same study. 

 The purpose of this study is to use eddy flux measurements of ET coupled with groundwater 
table fluctuations in order to constrain soil specific yield in a montane meadow. This study proposes 
using these constraints in order to minimize error in applying the White method (1932) and estimating 
meadow ET at relatively low cost and impact on meadow systems.  

3.3 Methods 
Site Description 

This study was conducted in Long Meadow, Sequoia National Park, Californian. An intermittent 
stream runs through the meadow and groundwater discharges to the edge of the meadow during 
snowmelt and to the center of the meadow for much of the year (Lucas et al.; 2016). Two transects of 
groundwater monitoring wells—designated as the SM and AS transects—were installed in Long Meadow 
(Figure 3.1). These transects included wells placed at the meadow center, the meadow edge, and in 
between the edge and center on the meadow slope. The monitoring wells were constructed with 3.18 
cm inside diameter schedule 80 PVC pipe, screened with 0.25 mm slotted screen for the bottom six feet 
of the well—the remaining well casing was constructed with blank tubing. Monitoring wells were 
instrumented with Solinst gold Levelogger pressure transducers recording pressure and temperature 
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every 15 minutes. This location is described in more detail by Lucas et al. (2016) and in the previous 
chapter of this dissertation. 

Measurements 
The soil column was augured with a hand auger at 5 locations adjacent monitoring wells in Long 

Meadow. The soil column was logged continuously for texture, color, organic content, moisture, and any 
additional distinct features observed in the field. 

A micrometeorological station instrumented for eddy covariance measurements was deployed 
in Long Meadow during the growing season (approximately April through November) in 2013 and 2014. 
The micrometeorological station was fit with integrated open-path infrared gas analyzer and 3D sonic 
anemometer (IRGASON, Campbell Scientific, Logan, Utah), a 4-component radiometer (NR01, 
HuksefluxUSA, Manorville, NY), a thermocouple housed in a radiation shield (T107, Campbell Scientific, 
Logan, Utah), and a tipping bucket (TE525, Campbell Scientific, Logan, Utah). 

Additional wells were installed in 8 other meadows in the Sierra Nevada as part of a United 
States Forest Service meadow project (Figure 3.1). Information for theses meadows are presented in 
Table 1. These meadows were selected to represent the variation in latitude, geology, and condition—
pristine, degraded, or restored. A meteorological station was deployed in the meadows for 1-4 days at a 
time. This station was instrumented with an all in one instrument (WXT520, Vaisala, Helsinki, Finland) 
measuring air temperature, relative humidity, barometric pressure, wind speed and direction, and 
precipitation; radiation was measured with a 4-component radiometer (NR01, HuksefluxUSA, 
Manorville, NY). 

Calculations 
 ET was calculated from groundwater table fluctuations using the White Method (White, 1932): 

𝐸𝑇 =  𝑆𝑦 × (𝑅𝑡 +  ∆𝑆)   (1)  

where ET is evapotranspiration, R is the recharge rate calculated from the rate of water table rise from 
midnight to 4 am, t is the time term (24 hours for most White method approaches), and ΔS is the change 
in storage calculated by the difference between the maximum groundwater elevation from one day to 
the next. Initial ET estimates were calculated by assigning Sy = 0.07; this value falls within the range of 
expected values of readily available specific yield for loam soil suggested by Loheide et al. (2005).  

Soil specific yield was calculated by rearranging equation 1 and solving for Sy: 

𝑆𝑌 =
𝐸𝑇

(𝑅𝑡+ ∆𝑆)
            (2) 

 

and using ET measured at the eddy-covariance station and groundwater table elevation data similarly to 
the method described by Steinwand et al. (2006). Calculations were limited to consecutive days where 
the maximum groundwater table elevation decreased and the recharge rate was positive.  

Potential evapotranspiration (PET) was calculated in additional USFS project meadow when the 
meteorological station was deployed using the Penman-Monteith equation (Dingman, 1994): 

𝑃𝐸𝑇 =  
𝛥∙(𝐾+𝐿)+ 𝜌𝑎∙𝑐𝑎∙𝐶𝑎𝑡∙𝑒𝑎

∗ ∙(1−𝑊𝑎)

𝜌𝑤∙𝜆𝑣∙[∆+𝛾∙(1+
𝐶𝑎𝑡

𝐶𝑐𝑎𝑛
⁄ )]

   (3) 

 

https://www.campbellsci.com/
http://www.huksefluxusa.com/
https://www.campbellsci.com/
https://www.campbellsci.com/
https://www.campbellsci.com/
http://www.vaisala.com/
http://www.huksefluxusa.com/
http://www.huksefluxusa.com/
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where Δ is the slope of the relationship of saturation vapor pressure and temperature, K is the net 
shortwave radiation, L is net long wave radiation, ρa is the density of air, ca is the heat capacity of air, Cat 
is the atmospheric conductance, ea* is the saturation vapor pressure, Wa is the relative humidity, ρw is 
the density of water, λv is the latent heat of vaporization, γ is the psychometric constant, and Ccan is the 
canopy conductance. 

3.4 Results 
Groundwater table fluctuations were observed in all of the wells deployed in this study (Figure 

3.2). Fluctuations were greater in amplitude at the meadow edge then observed in the meadow center. 
Fluctuations observed on the meadow slope were similar in amplitude to those observed at the 
meadow edge, however, the observed diurnal groundwater table depth trends were much nosier than 
at the meadow edge.  Groundwater table fluctuations behave on a diurnal cycle during the growing 
season with the groundwater elevation peaking just before dawn and being drawn down due to ET over 
the course for the daylight hours, after ET ceases for the day the groundwater table begins to recover. 

 Results from the micrometeorological station deployment are presented in the previous 
chapter, and show that Long Meadow ET rates are near potential rates during the summer.  

Meadow soils were characterized by a highly organic and peat layer from 15-45 cm thick at the 
surface; this layer was underlain by various layers of clayey sand, silt, silty sand, loam, sandy loam, silty 
sand, loamy sand, and sand. The organic layer was thickest at the meadow center and decreased in 
depth moving from the meadow center to the meadow edge. The soil column frequently consisted of 
poorly degraded organic matter including large woody organic content and biochar; the hand auger 
experienced refusal in at least two locations due to large woody organic matter in two locations. The 
depth of encountered poorly degraded organic matter increased from the meadow edge to the meadow 
center (Figure 3.3). Boring logs from other locations where the soil column was sampled are included in 
the supplemental information. 

Meadow ET calculated was using the groundwater table at the three SM cluster monitoring 
wells and assuming soil specific yield was 0.07—this value is average in the range for readily available 
specific yield proposed by Loheide et al. (2005) for sandy clay loam to loamy sand soil textures, which is 
consistent with soils sampled in our study. ET determined from the meadow edge and slope wells was 
much higher than ET determined from the meadow center well. When compared to ET measured at the 
eddy flux station, ET determined through groundwater table fluctuations underestimated meadow ET 
for much of time the eddy flux station was collecting data (Figure 3.4). ET calculated from SM1 
groundwater fluctuations matched eddy flux measurements well in August and overestimated ET in 
September and October. ET calculated from SM4 and SM5 groundwater fluctuations consistently under 
estimate ET –calculations from SM5, in the meadow center and on relatively flat ground, 
underestimated ET to a much larger degree than the SM4 well (Figure 3.4). 

Soil specific yield determined from equation 2, using measured ET rates from the eddy flux 
station and diurnal groundwater table fluctuations from six of the Long Meadow monitoring wells, vary 
across both space and time.  Variance in specific yield was less in the SM cluster than observed in the AS 
cluster and tended to be reduced for edge locations as compared to the meadow center (Table 3.2). As 
the depth to water increased, variance in soil specific yield decreases. Estimated values of soil specific 
yield tended to be more consistent when the depth to water was greater than 40 cm, the well location 
was away from the center of the meadows, and the slope of the ground surface was not too flat or too 
steep—between 3 and 7 degrees. 
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3.5 Discussion 
The mean values determined for the meadow edge are below the Sy values suggested by 

Johnson (1967) for a sandy loam soil but greater than that for a loam. Johnson (1967) suggests a Sy value 
of 0.34 for a sand; this value is less than the mean value determined for the meadow center at both well 
clusters in the meadow. In contrast, Meyboom (1967) define readily available specific yield as the 
amount of water that is released from the vadose zone during the time frame of diurnal fluctuations, for 
a sand is 0.32, 0.17 for a loam, and 0.075 for a silt. These calculations fail to account for processes that 
occur in the soil such as air entrapment, hysteresis, or unsaturated flow. Hand texture analyses 
conducted in the field shows that meadow soil textures range from sandy clay to sand. These soil 
textures correlate to a range in readily available specific yield from 0.015-0.32 (Loheide et al., 2005). 
Variation in soil texture within the soil column is consistent with the idea that a Sy is not a singular value 
for a given soil profile and is illustrated by the changes in specific yield with soil depth presented in 
Figure 5. Soil specific yield can vary with depth to water, duration of soil drainage, hysteresis, air 
entrapment, or source and sinks of water in the vadose zone (Nachabe, 2002; Said et al., 2005; Loheide 
et al., 2005). 

The soil profiles in the meadow are characterized by a 10-15 cm of peat underlain by 10-100 cm 
of highly organic soil. This layer combination is thickest at the meadow center, where the peat layer is 
approximately 10 cm and is underlain by approximately 100 cm of highly organic soil, and thinnest at the 
meadow edge, where 10 cm of peat is underlain by approximately 40 cm of highly organic soil. Physical 
properties of peat and organic soils are highly variable, even for the same soil (Gnatowski et al. 2010). 
Physical properties such as saturated hydraulic conductivity, porosity, and bulk density of highly organic 
soils can change depending on soil conditions (Weil and Brady, 2002). Soil specific yield determined for 
each of the SM monitoring wells shows a significant drop when the depth to water is about 20 cm below 
ground surface (Figure 3.5); this consistent drop is attributed to the transition from the highly organic 
surface layer to the more mineral soils at depth. The soil profile at SM5 in the meadow center, is 
characterized by abundant woody and poorly degraded biomass throughout most of the soil column. 
The larger spread of Sy values at this location is attributed to this. The spread of Sy calculated at SM1 
near the meadow edge generally increases with depth after the DTW is greater than 40 cm. It is likely 
that the trees adjacent to this location (within a few meters) are also utilizing this water for transpiration 
and are affecting the groundwater table fluctuations at this location. On the meadow slope, SM4, the 
interquartile range of Sy values decreased as the DTW falls below 40 cm (Figure 3.5). This location, away 
from the meadow center and the meadow-forest transition, may be the best location for using Sy and 
groundwater table fluctuations for estimating meadow ET. Use of the White method is commonly used 
to estimate ET in shallow water environments. Often a single value of Sy is used for White method 
calculations where the value is measured using one or more field or laboratory methods. Several studies 
(Nachabe, 2002; Said et al., 2005; Loheide et al., 2005) comment on the variability of Sy and even 
suggest algorithms for predicting specific yield as a function of depth to groundwater (Nachabe, 2002). 
Our calculations of specific yield illustrate the large variability of Sy in our system and are consistent with 
the transient nature of specific yield. This further highlights the limits of the White method and the 
degree of error associated with using single values of specific yield in the White equation. 

Diurnal groundwater tables have greater magnitude at the meadow edge than at the meadow 
center. This may be a result of the meadow center being down gradient of the meadow edge and 
receiving more lateral input of groundwater. This lateral input of water, would decrease the amount of 
groundwater draw down during the day—a higher specific yield may be appropriate for the meadow 
center. Specific yield at a given location, namely the meadow edge, varies with soil texture. As the water 
table falls, it moves through soil with varying texture and organic content. This change in soil texture 
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may coincide with a change in soil specific yield. For example, earlier in the growing season, such as in 
the top panel of Figure 3.3, the water table may reside in the organic upper part of the soil profile; once 
the water table drops to a more mineral based soil variability of specific yield decreases. As mentioned 
in previous studies, one of the highest sources of error in utilizing the White method is assigning an 
accurate value of specific yield for the calculations. Additional considerations need to be accounted for 
when the land surface is inundated or regarding the microtopography of the land surface (Mould et al., 
2010; Sumner, 2007) 

Well locations away from the meadow center and away from influence by trees in the forest and 
with a slope of ranging from 3-7 degrees optimize the ability to constrain Sy and estimate meadow ET. 
The depth to water must be sufficient to minimize variability due to high organic matter content in the 
soil, as well as presence of poorly degraded biomass. Assuming that the meadow is transpiring at near 
potential rates, Sy can be constrained using groundwater table fluctuations and PET—this assumption is 
consistent with findings in the previous chapter. These parameters will minimize error in applying the 
White method (1932) and estimating meadow ET. These criteria to meadows studied in the USFS 
Meadows project. Degraded meadows where vegetation associated with drier soils would not be 
transpiring at potential rates were ruled out. This resulted in applying these criteria to 5 restored 
meadows. Five monitoring wells in two of these meadows fit these criteria. Average daily ET calculated 
from July 1-31, 2013 ranged from 3.8-6.3 mm day-1 in Middle Perazzo Meadow and from 2.7-3.5 mm 
day-1 in Faust Cabin Meadow, compared to 4.6 mm day-1 measured at the eddy covariance station in 
Long Meadow during the same time interval (Figure 3.6). This application illustrates the utility in 
constraining where to apply the White method (1932) and uses PET to estimate soil specific yield. The 
parameters described above can also be used to inform investigators as to optimal locations in 
meadows to sink wells that will be used in estimates of ET. The cost of an eddy flux system will easily 
exceed $10,000 dollars, whereas the cost of pressure transducers and PVC monitoring wells may cost 
less than a $1000 dollars per location. Use of the parameters described above will allow investigators to 
constrain estimates of meadow ET at a fraction of the cost of a more advanced system. 

3.6 Conclusions 
Soil specific yield is transient in nature. Our results trying to predict soil specific yield are 

consistent with this. The standard deviation of Sy was frequently as large as the mean calculated. We 
show some relationship to the depth to water, standard deviation decreased as the depth to 
groundwater increased; even so the standard deviation of soil specific yield was still quite large—greater 
than 90% of the median at SM4, AS1, AS2, and AS3. While several studies have attempted to identify a 
consistent value for soil specific yield—either through field or lab techniques—or established an 
algorithm for soil specific yield as a function of the depth to water (Nachabe, 2002), our results indicate 
that a single value for soil specific yield is inadequate for good estimation of ET using the White method. 
This is especially important for sensitive systems, like a montane meadow, where disturbance from soil 
sampling may have detrimental impacts on the system.  

Instead of disturbing the system soil, we propose a set of parameters for selecting monitoring 
well locations in montane meadow systems where the values for soil specific yield can be constrained. 
These criteria include selecting a well away from the meadow center on a slope of 3-7 degrees. By 
deploying a met station while the system can be assumed to be transpiring at near potential rates, one 
can achieve the best estimate of specific yield. While the errors associated with calculating ET in this 
method are still significant, this can serve as a cost effective estimate of meadow ET.  
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3.8 Tables 
Table 3.1—USFS Meadows Project meadow locations and characteristics. 

  
Latitude/Longitude Elevation, m(ft) 

Drainage area, km2(mi2)/ 
Watershed/basin Geology 

Meadow 
Condition   Meadow area, ha(ac) 

Sequoia National Park            

Long Meadow 36.592/-118.737 2230(7300) 7.3(2.8)/59(146) 
Wolverton Creek/ Glaciated 

Granite 
Pristine 

Kaweah River 
             

Sierra National Forest           

P301 37.068/-119.197 1980(6500) 1(0.382)/20(49) 
Providence Creek/ Weathered 

Granite 
Pristine 

Kings River 
             

Stanislaus National Forest       

Wolfin Meadow 38.008/-120.031 1555(5100) 0.2(0.07)/3(8) 
Clavey River/Tuolumne 

River 
Weathered 

Granite 
Eroded 

Faust Cabin 38.046/-120.114 646(5400) 0.4(0.1)/2(5) 
Wright’s 

Creek/Tuolumne River 
Metamorphic Restored 

Round Meadow 38.163/-119.958 1951(6400) 3(1.0)/2(5) 
Bell Creek/ Glaciated 

Granite 
Eroded 

Tuolumne River 
             

Tahoe National Forest           

Cookhouse 38.791/-120.009 2134(7000) 13(5)/10(24) 
Big Meadow Creek/Lake 

Tahoe 
Glaciated 
Granite 

Restored 

Trout Creek 38.921/-119.973 1921(6300) 130(50)/23(55) 
Trout and Cold 

Creek/Lake Tahoe 
Glaciated 
Granite 

Restored 

Lower Perazzo 39.496/-120.326 1970(6460) 88(34)/15(38) 
Little Truckee 

River/Truckee River 
Volcanic Eroded 

Middle Perazzo 39.494/-120.347 1970(6460) 88(34)/61(150) 
Little Truckee 

River/Truckee River 
Volcanic Restored 

             
Plumas National Forest       

Big Flat 40.149/-120.460 1753(5750) 39(15)/10(25) 
Last Chance 

Creek/Feather River 
Volcanic Restored 

Thompson Meadow 39.978/-120.478 1677(5500) 10(4)/20(50) 
Thompson Creek/ 

Volcanic Eroded 
Feather River 
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Table 3.2—Slope and Soil specific yield for each monitoring well location at depth to water (DTW thresholds) with standard devastations in parentheses. 

 SM1 SM4 SM5 AS1 AS2 AS3 

Slope 7.03 5.53 2.82 13.08 3.79 1.24 

DTW > 0 cm 0.1067 (0.1070) 0.1282 (0.1135) 0.2582 (0.1678) 0.1660 (0.1719) 0.5177 (0.3437) 0.4808 (0.2915) 

DTW > 10 cm 0.1067 (0.1070) 0.1202 (0.0984) 0.2410 (0.1612) 0.1809 (0.1749) 0.4690 (0.3297) 0.4393 (0.2531) 

DTW > 20 cm 0.1067 (0.1070) 0.1226 (0.1036) 0.2185 (0.1483) 0.2034 (0.1809) 0.4792 (0.3401) 0.4345 (0.2600) 

DTW > 30 cm 0.0945 (0.0786) 0.1206 (0.1078) 0.2048 (0.1507) 0.2126 (0.1833) 0.4893 (0.3541) 0.4145 (0.2465) 

DTW > 40 cm 0.0889 (0.0791) 0.1185 (0.1161) 0.1786 (0.1356) 0.2249 (0.1856) 0.4957 (0.3662) 0.4055 (0.2501) 

DTW > 50 cm 0.0854 (0.0810) 0.1180 (0.1240) 0.1922 (0.1666) 0.2361 (0.1870) 0.4833 (0.3799) 0.4018 (0.2531) 

DTW > 60 cm 0.0839 (0.0832) 0.1095 (0.1219) -- 0.2440 (0.1890) 0.4679 (0.4055) 0.3863 (0.2537) 

DTW > 70 cm 0.0822 (0.0859) 0.1179 (0.1481) -- 0.2567 (0.1915) 0.4436 (0.4188) 0.3928 (0.2664) 

DTW > 80 cm 0.0743 (0.0533) 0.2798 (0.4017) -- 0.2570 (0.1825) -- 0.3880 (0.2919) 

DTW > 90 cm 0.0722 (0.0565) -- -- 0.2239 (0.1781) -- 0.1456 (0.1382) 

DTW > 100 cm 0.0628 (0.0347) -- -- 0.0759 (0.1314) -- -- 
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3.9 Figures 

 

Figure 3.1—Map of California showing the locations of the USFS Meadows Project meadows (a), site map of Long Meadow (b) 
with an enlarged view of the SM monitoring well transect (c). 
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Figure 3.2—Depth to water for SM1 (a), SM4 (b), and SM5 (c) wells for July 1-3, 2014.
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Figure 3.3—Boring logs from hand augured soil columns for SM1 (edge) and SM5 (center) monitoring wells. 
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Figure 3.4—Total weekly ET as measured at the eddy flux station and calculated using constant soil specific yield value of 0.07 for periods when the eddy flux station was 
deployed in 2013 and 2014. 
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Figure 3.5—Soil specific yield (calculated) plotted against the depth to waters at the meadow edge (a), meadow slope (b), and 
meadow center (c). Solid lines in panels a-c represent the median and the dashed lines represent the upper and lower quartiles. 
Panel (d) illustrates the change in depth to water for each of these locations from July 1 to November 1, 2014. 
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Figure 3.6—Average daily ET measured in Long Meadow and calculated in Middle Perrazzo and Faust Meadows for July 1-31, 
2013. Error bars show standard deviation of calculated values.
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3.10 Supplemental Boring Logs 

 

Figure 3.S.1—Boring log at for SM4 monitoring well. 
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Figure 3.S.2—Boring log for AS1 monitoring well. 
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Figure 3.S.3—Boring log for AS3 monitoring well. 
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4 Meadow groundwater discharge patterns and 
influence on stream flow 
 

4.1 Abstract 
Meadows in Sierra Nevada catchments comprise a relatively small percentage of the land area, 

yet they are important systems serving several ecohydrological functions—including water and food 
supply, nesting and breeding habitats.  This project identified groundwater sources and patterns in a 
montane meadow and how the meadow links up-gradient subsurface sources to the down-gradient 
stream. This study was conducted in the P301 sub-catchment in the Southern Sierra Critical Zone 
Observatory, CA and spanned water year 2011—a substantially wet year—through water year 2013 
including the first two years of the current drought in California. A combination of physical 
measurements—including hydrostatic head, stream flow, snow depth, and soil moisture content, and 
analysis of water chemistry—including major ions, alkalinity, stable water isotopes, and tritium were 
used in this study. Our results show that meadow groundwater is comprised of two sources, a shallow 
subsurface flow with magnitude and timing dependent on snowpack, and a deeper subsurface flow that 
persists through the growing season—even after several years of drought. These two sources exhibit 
spatial and temporal patterns in the meadow with the shallow source prevalent at the meadow edges 
and moving from a groundwater discharge to recharge signals as snowmelt subsides and the deeper 
source prevalent at the meadow center with a persistent groundwater discharge signal. These patterns 
affect stream chemistry with the stream being dominated by the shallow source during snowmelt and 
becoming more affected by the deeper groundwater source as the growing season progresses. Relatively 
deep groundwater sources are utilized as a buffer for meadows during drought years.  

4.2 Introduction 
Meadows of the Sierra Nevada Mountains, California, tend to lie in low gradient, groundwater-

fed areas (Ratliff, 1985).  Non-degraded meadows can be characterized by two physical conditions: 1) a 
shallow groundwater table; and, 2) a highly organic, fine textured surface material (Wood 1975).  
Although meadows account for a relatively small fraction of the area in the Sierra, they provide a 
disproportionate amount of ecological services, they are highly productive, and provide important 
services for a large number of terrestrial and aquatic vertebrates and invertebrates (Kattelmann and 
Embury, 1996; Purdy and Moyle, 2006).  Montane meadows serve as riparian wetlands (Purdy and 
Moyle, 2006) critical in connecting land and aquatic systems and play an important role in the transfer 
of water, energy, organic matter, and nutrients (Kattelmann and Embury, 1996).   

The hydrology of meadows in the Sierra Nevada has been the focus of several studies to date.  
Loheide et al. (2009) determined that lower permeability of meadow alluvium, higher rates of 
groundwater inflow, and a high rate of lateral basal groundwater flow all contributed to higher meadow 
water table elevations.  In a comment responding to Loheide et al. (2009), Hill and Mitchell-Bruker 
(2010) discuss the importance of the variability in meadow alluvium permeability and implications for 
stream flow.  Lowry et al. (2010) used the setting of Tuolomne Meadows, Yosemite National Park, to 
illustrate how hillslope and meadow snowmelt, as well as recharge from stream flow, control 
groundwater levels in the meadow.  This study found that the depth to groundwater varied greatest 
near the meadow-hillslope boundary and decreased moving away from this boundary.   Loheide and 
Gorelick (2006) used remotely sensed forward-looking infrared images to map stream temperatures in a 
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restored meadow system and subsequently modeled stream temperature using HeatSource V7.0.  This 
study determined that groundwater discharge to the restored meadow center lowered stream 
temperature and hyporeic exchange buffered diurnal changes in stream temperature.  Chambers (2004) 
show that vertical hydraulic gradients in meadows in Nevada were the result of variability in 
permeability of meadow alluvium.   In these studies, the physical properties of the meadow substrate, 
including saturated and unsaturated hydraulic conductivity, particle size distribution, and organic 
content, play a significant role in how groundwater enters and moves through the meadow. 

Investigation of stream chemistry as a window into watershed processes has been conducted at 
several locations in the Sierra Nevada. Williams and Melack (1991) used major ions to describe the ionic 
pulse from snow melt in the Emerald Lake catchment in Sequoia National Park; they found that a pulse 
in anions in the stream water associated with the first 30 days of snowmelt. Meixner et al. (1998) 
assessed biogeochemical processes in water chemistry modeling in the Tokapah Valley; among their 
major findings was that areas with exposed bedrock disproportionately contributed major cations and 
alkalinity to the stream chemistry. A prescribed burn resulted in significant increase in stream solutes in 
Tharps’ Creek (Willias & Melck, 1997). Holloway and Dahlgren (2001) use stream solutes in order to 
identify seasonal and event scale mixing of water typical of rainy season and water typical of the dry 
season. In addition to stream solutes, isotopes of water and solutes have been used to study Sierra 
Nevada waters. For example, Rademacher et al. (2005) used a combination of stream solute 
concentrations, CFC concentrations, and stable water isotopes to determine the mean resident time of 
groundwater in the Sagehen Creek catchment was 30±5 years. Liu et al. (2012) used stream solute 
concentrations and stable water isotopes to conduct end member mixing analysis on streams in the 
Kings River Experimental Watershed, including the catchment studied in this project, and found that 
stream flow was dominated by subsurface flow (approximately 60% of the stream flow) and snow melt 
runoff (approximately %40 of the stream flow). Shaw et al. (2016) used several isotopic signatures and 
found that snow was not an obvious end member the Merced River, or its tributaries, in Yosemite 
National Park; snowmelt was instead interacting with the soil before being released to the stream.  

While work has been conducted to understand how the up-gradient hillslope is connected to the 
meadow and some understanding of the spatial heterogeneity of groundwater movement in meadow 
has been established and several studies investigate stream chemistry in the sierra Nevada, the sources 
of meadow groundwater and how the meadow groundwater-surface water interactions affect stream 
flow is not well understood. In this study we set out to groundwater sources in the meadow, and 
understand meadow processes link up gradient hillslope and down stream processes. 

4.3 Methods 
Site description 

This study was conducted in the upper portion of the P301 catchment, hereafter referred to as 
the P301 sub-catchment (Figure 4.1), part of the United States Forest Service Pacific Southwest Research 
Station Kings River Experimental Watersheds (KREW) and the Southern Sierra Critical Zone Observatory 
(SSCZO) in the Southern Sierra Nevada, CA.  The SSCZO is located primarily in the rain-snow transition 
zone, ranging in elevation from approximately 1700-2000 meters on the west slope of the Sierra 
Nevada. Precipitation patterns in the P301 sub-catchment are typical of a Mediterranean climate with 
cool, wet winters, and warm dry summers; at this elevation, winter precipitation is dominated by snow.  
P301 feeds Providence Creek and, eventually, the Kings River. Vegetation consists of mixed conifers in 
the forest and grasses and sedges in the meadow.  Soils in the forest are comprised of loamy sands, 
sands, and gravels (Bales et al., 2011).  Hand-augured boreholes in the meadow revealed that the soil is 
characterized by a less than 10 cm thick peat layer underlain by high organic silts, silty loam, and loamy 
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sands; these soils are underlain by layers of sands and gravels at depths greater than 2m below ground 
surface.  Analysis of deeper subsurface lithology has been conducted via seismic refraction and 
resistivity surveys (Holbrook et al., 2014).  The P301 catchment lies outside the boundaries of recent 
glaciation (Jessup et al., 2011). The conceptual model presented by Holbrook et al. (2014) this study 
consists of a soil layer that is approximately 2 m thick, below which several meters of saprolite and 
weathered bedrock exist before un-weathered bedrock is encountered.  Sand and gravel encountered 
below 200 cm depth in the meadow are likely near the transition from soil to saprolite or are the result 
of deposition prior to the establishment of the meadow. 

Stream stage was measured just downstream of the Middle and Lower Meadows (Figure 4.1) 
with Solinst Gold Levelogger pressure transducers (www.solinst.com). Stream flow was determined with 
stage-flow relationships developed by determining stream flow with salt tracer tests and comparing 
flow to stage at the time of measurement. Data from these measurements are available on the SSCZO 
data library (http://criticalzone.org/sierra/data/).  

The P301 meadow complex consists of 3 smaller meadows: Upper, Middle and Lower Meadows 
(Figure 4.1). All three of the meadows are consistently wet during snowmelt; mounding, due to localized 
groundwater discharge (Sikes et al., 2013) has been observed in both the Upper and Middle meadows 
and groundwater can be observed seeping out of the headcut at the base of the lower meadow. The soil 
surface is noticeably drier in the upper meadow than in the Middle and Lower meadows during the 
summer; the soil surface squishes when stepped on in the Middle and Lower meadows in the summer. 

Physical measurements 
Groundwater elevation was measured in 12 monitoring wells in the three meadows of the P301 

meadow—groundwater elevation was also measured in three wells drilled into the saprolite outside of 
the meadow boundary in three locations. Depth specific hydrostatic head was measured in 12 
piezometers associated with 5 of the monitoring wells in the meadow. Monitoring wells were 
constructed with 3.18 cm inner diameter schedule 80 PVC pipe, screened with 0.25 mm slotted screen 
from the bottom of the hole to as near as the ground surface as possible; remaining length was 
equipped with blank casing. Piezometers were constructed with 5 cm of 0.25 mm slotted screen at the 
bottom of the hole and completed with blank casing. Piezometers were installed in clusters of 2-3 
depending on depth of auger refusal—three piezometer clusters were only completed in the middle of 
the middle meadow and in the middle of lower meadow. Location and elevation information for the 
monitoring wells and piezometers are presented in Table 4.1. Monitoring wells and piezometers were 
equipped with Solinst Levelogger Gold (Levelogger Gold, Solinst, Georgetown, ON, Canada) pressure 
transducers.  Barometric pressure was recorded with a single pressure transducer (Barologger Gold, 
Solinst, Georgetown, ON, Canada) at the P301 Eddy Flux Tower at approximately 1900 m elevation.  

The SSCZO water balance instrument cluster consists of snow depth, soil moisture and 
temperature, relative humidity and air temperature nodes. These instrument nodes are equipped with 
Judd Communications  Ultrasonic Depth Sensors (juddcom.com), Decagon Devices Echo-TM 
(www.decagon.com) soil moisture and temperature sensors deployed at 10, 30, 60, and 90 cm below 
ground surface, and Sensirion SHT2x (www.sensirion.com) humidity and temperature sensors.  Data 
from 25 of the sensor nodes were used in this study—five sensor nodes are located within the meadow 
boundary and 20 sensor nodes are distributed throughout the forest in the P301 catchment (Figure 4.1). 

 

http://www.solinst.com/
http://criticalzone.org/sierra/data/
http://www.solinst.com/
http://www.solinst.com/
http://www.juddcom.com/
http://www.decagon.com/
http://www.sensirion.com/
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Sampling 
Water samples were collected from the stream, groundwater monitoring wells, and snow pack.  

Grab samples were collected from monitoring wells and the stream at the Middle Meadow Outlet 
(MMO) and the Lower Meadow Outlet (LMO) between June 1, 2011 to October 15, 2011 (17 samples) 
and between May 30, 2012 to November 1, 2012 (13 samples); additionally, an automated sampler 
(Teledyne Isco, Lincoln, NE) was used to collect samples from the LMO between June 23 and July 21, 
2012 (7 samples).   Groundwater wells were purged—a total of three well volumes were pumped unless 
the well is purged dry before said volume is reached—and allowed to recover and sampled using a 
peristaltic pump.  Groundwater samples were collected from monitoring wells in all three meadows, 
three wells drilled into the saprolite outside the meadow boundary, and from the CZG-8 geoprobe 
borehole. CZG-8 is upslope from the Upper Meadow, was drilled to a depth of 7.82 m below ground 
surface—the bottom 2 m of the casing placed in the borehole are screened. CZG-8 was purged until dry 
and allowed to recover before being sampled using a peristaltic pump. Snow samples were collected 
throughout the Providence Creek watershed, including within the P301 sub-catchment; samples were 
collected using cleaned 40 cm long and 5.1 cm diameter PVC pipe pushed vertically into the snow pack 
during a snow survey on March 13-14, 2011—PVC tubes were capped and sealed with parafilm for 
transport to the lab. Once in the lab, snow samples were melted by running warm water over the PVC 
tubes; liquid samples were poured into polyethylene sample bottles and stored at 4 ˚C until further 
processing. All other water samples were collected in polyethylene sample bottles and stored at 4 ˚C 
until further processing. All samples were filtered with Millipore 0.45 μm filters and divided for analysis 
with a Dionex ICS-2000 Ion Chromatograph system.  Major ion analysis was conducted for presence of F-

, CL-, SO4
2-, NO3

-, NH4
+, Na+, K+, Mg2+, and Ca2+. Sample alkalinity was analyzed determined by titration on 

a Radiometer Analytical Titralab autotitration system. Select samples were analyzed for stable water 
isotopes on a Los Gatos Liquid Water Isotope Analyzer (http://www.lgrinc.com). Select samples were 
analyzed for tritium activity at Lawrence Livermore National Laboratory using methods described by 
Visser et al. (2016). Tritium activity in groundwater can be used to give a modern groundwater age due 
to tritium deposition post cold war nuclear bomb testing activities (Vogel et al., 1974). Sample locations, 
dates collected, and results from the analysis are presented in table 4.2. 

Diagnostic tool of mixing models (DMMT) developed by Hooper (2003) were used to determine 
which ion species behaved conservatively with member mixing. NO3

-, NH4
+ were omitted from DTMM 

because many of the samples had values below detection limits not analyzed for that particular 
constituent. DTMM requires non-zero values for analysis.  Missing values in the remaining constituent 
columns were filled with half of the lowest value measured above detection limit. Stable water isotope 
and tritium analyses were omitted from DTMM due to the lack of samples run for these constituents. 
DTMM is advantageous in that it distinguishes whether constituents are controlled by chemical 
equilibria or by mixing. DTMM also allows the user to determine the number of end members 
participating in mixing. End member mixing analysis (EMMA), as presented by Liu et al. (2008) was used 
to determine likely end members and percent contribution to stream flow from said end members. 

4.4 Results 
Physical Measurements 

Water year 2011 was one of the wettest years on record for this watershed while water year 
2012 was one of the driest years (Blankinship et al. 2014)—water year 2012 was the first year of the 
recent drought experienced in Californian. This difference between the two water years in the P301 sub-
catchment is illustrated by the accumulated snow depth measured by the P301 water balance 
instrument cluster; up to 300 cm snow depth was recorded in 2011 and up to 150 cm in 2012 (Figure 
4.2(a)). The reduced snowpack in 2012 resulted in earlier snowmelt, earlier drying out of the watershed 

http://www.isco.com/
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soils, reduced stream flow with earlier peak stream flow measured at the Lower Meadow Outlet 
compared to 2011 (Figure 4.2). 

  In synchronicity with snowmelt, middle meadow vertical hydraulic gradients follow two general 
patterns. The shallow gradient, measured as the difference in pressure head between the shallow and 
mid-depth piezometers—spanning approximately 65 to 120 cm below ground surface, exhibits a 
negative gradient, indicating groundwater discharge, during snowmelt and moves to exhibit positive 
gradient—groundwater recharge—as the growing season progresses (Figure 4.3(a)). The timing of this 
change in groundwater signal is dependent on the previous season’s snowpack—larger snow pack melts 
out later and the transition from negative to positive groundwater gradient is observed later. The timing 
of this change in groundwater signal is also dependent on location in the meadow—the edge 
piezometer clusters move from negative to positive gradient earlier than the clusters located in the 
middle of the meadow Figure 4.3(a); a groundwater discharge signal persist in the meadow center 
during the wet year (2011). Deeper groundwater gradients—spanning approximately 120 cm to 260 cm 
below ground surface—at the meadow center exhibit a groundwater discharge signal throughout the 
growing season Figure 4.3(b). In the relatively wet year, 2011, deep groundwater gradient is most 
negative at the end of snowmelt in June; this gradient signal is reduced in July and August and becomes 
stronger in September Figure 4.3(b). Deep groundwater gradient in the dry year, 2012, is least negative 
in June and becomes more negative in the subsequent months Figure 4.3(b). 

 Horizontal gradient calculated from the Middle Meadow monitoring wells indicate a higher 
gradient during snowmelt than exhibited in the fall (Figure 4.4). The April 1, 2013 gradient also exhibits 
more of a lateral influence perpendicular to the slope of the meadow (Figure 4.4). This is consistent with 
the vertical gradient patterns described above. 

Water Chemistry 
NO3

- and NH4
+ ions measured consistently low values with concentrations in many samples 

below detection limits (Table 4.2). Na+ exhibited positive correlation with concentrations of other major 
cations (Figure 4.5). Generally, stream water became saltier as it moved from spring into summer and 
fall. Electrical conductivity more than doubled at the Middle Meadow Outlet Stream (MMO) and nearly 
doubled at the Lower Meadow Outlet stream (LMO) from June to September of 2011 (Figure 4.6). 
Stream temperature measurements collected at the same time as the conductivity measurements show 
that both streams experienced rising temperatures from the end of snowmelt into the summer and fall 
(Figure 4.6). Ca2+ concentrations in both streams generally increased from spring into summer and fall in 
both 2011 and 2012 (Figure 4.7). Large charge imbalances persist and are consistently negative (Table 
4.2). Edge and Center meadow wells show distinct ion concentration signatures with the edge well 
groundwater being more dilute than the center meadow well; groundwater samples collected from 
wells drilled into the saprolite outside of the meadow area are also more dilute than the meadow center 
(Figure 4.8). 

Groundwater sampled from MMW4 at the meadow center exhibits are more depleted in tritium 
than the groundwater sampled at the meadow edge (Table 4.2). Both LMO and MMO streams exhibit a 
trend toward more depleted tritium signatures as the system moves from the end of snow melt into the 
summer and fall (Table 4.2). Ratios of δD to δO18 tend to fall along a local meteoric water line LMWL 
(Figure 4.9). The LMWL has a similar slope to the Global Meteoric Water Line and has an intercept shift. 
A few samples do exhibit a δO18 enrichment shift from the LMWL—this shift indicates evaporative 
processes. These samples were collected in the late fall from stream pools disconnected from the 
stream and from wells that had been kicked over by cows—evaporation likely altered the stable water 
isotope ratios in these samples. 
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Water chemistry data were analyzed using for DTMM for stream water samples and 
groundwater samples, including MMW3 (meadow edge) and MMW4 (meadow center). Conservative 
tracers were determined separately for stream and groundwater datasets. Ca2+, K+, Cl- and Alkalinity 
were all found to be conservative tracers. F- residuals from the DTTM analysis exhibited a linear 
relationship; SO4

2- residuals also exhibited a linear relationship in both 1 and 2D spaces for the meadow 
groundwater and in the 1D space in the stream water (Table 4.3). Additionally, SO4

2- concentrations 
were below detection limit for a number of both stream water and groundwater samples—thus making 
it a poor choice for EMMA. Na+ residuals generally had low R2 values (Table 4.3), however, Na+ was 
excluded in the EMMA consistent with Liu et al. (2012) considering Na+ a non-conservative tracer in the 
Providence Watershed. Approximately 85% of the variance in the stream chemistry is explained by the 
first two eigenvectors of the principal component analysis compared to 60% of the variance in the 
groundwater dataset described by the first two eigenvectors.  In both datasets, at least a 2D mixing 
space with at least 3 endmembers are required to complete the end member analyses.   

EMMA was conducted for the stream water dataset using Cl-, Ca2+ and alkalinity as conservative 
tracers (Figure 4.10(a)). Cl- and K+ were used for the mixing diagram constructed for meadow 
groundwater (Figure 4.10(b)). Endmembers projected include snow, groundwater, and fall rain. The 
snow end member for both datasets was collected near the upper Providence meteorological station on 
March 13, 2011; the fall rain end member represents a stream sample collected from the P301 stream 
shortly after a fall rain event on October 15, 2011. The groundwater endmember for the stream dataset 
was collected from the CZG-8 well just outside of the upper meadow; the groundwater endmember 
projected on the groundwater dataset is a groundwater sample collected from MMW4 (meadow center) 
late in the season. Both the stream dataset and the meadow groundwater dataset line up well along an 
axis where samples collected during snow melt line up closer to the snow endmember and samples 
collected later in the summer and into the fall lineup closer to the respective groundwater endmember. 
Deviation from this axis in both cases, is towards the fall rain end member; more deviation is observed 
in the meadow dataset than in the stream dataset. 

EMMA was carried out as described by Liu et al. (2008) In order to determine the contribution of 
each end member to stream flow and groundwater. Snowmelt contribution is highest the spring and 
early summer and falls off as the growing season progresses; snowmelt contribution to the stream is 
much higher (> 80%) in 2011 than in 2012 (Figure 4.12). Analysis of end member contribution is split into 
groundwater sampled at the meadow edge and at the meadow center. The meadow edge well exhibits 
significant input from snowmelt in the spring and early summer and falls off as the growing season 
progresses; more influence from snowmelt is observed in 2011 (40-60%) than in 2012 (10-20%) (Figure 
4.13(a)). The groundwater sample collected from the meadow edge well in October of 2011 is 
dominated by fall rain—this sample was collected shortly after a rain event in the catchment. The 
meadow center well has less of a snowmelt influence than the edge well and tends to be dominated by 
groundwater; the highest percentage of snowmelt influence is observed in November of 2012 (Figure 
4.13(b))—this is the same precipitation event that exhibited a strong fall rain contribution to the edge 
well.  

4.5 Discussion 
The pattern of groundwater discharge during snowmelt and recharge once snowmelt has 

subsided is consistent with previous studies in Sierra Nevada Meadows. Lowry et al. (2010) describe the 
timing of groundwater flux into Tuolumne Meadows, Yosemite National Park. They found that 
groundwater levels on the edge of the meadow were largely affected by timing and magnitude of 
snowmelt processes as well as by size of contributing area. They suggest that water levels in the 
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meadow are controlled by three main factors, snowmelt in the meadow, snowmelt from the hillslope, 
and stream levels within the meadow. In contrast to this P301 groundwater composition in the center of 
the meadow are influenced by a deeper groundwater source and not by a meadow stream. This 
difference may be the result of P301 being more of a wet meadow system than Tuolumne Meadows or 
by the fact that Tuolumne Meadows has been degraded by historical grazing and other human induced 
impacts (Cooper et al. 2006). 

In order for the deep groundwater discharge to persist, even after several years of drought, a 
significant groundwater reservoir must exist within the catchment or groundwater must be contributed 
from outside of the catchment. Groundwater sources to Sierra Nevada meadows are replenished 
annually by snow melt (Wood, 1975). Evidence for a significant storage reservoir in the P301 catchment 
is described by Holbrook et al. (2014), a study in which the depth of weathered bedrock was measured. 
Using geophysical analysis along a transect extending from the forest into the upper portion of P301 
meadow Holbrook et al. (2014) found weathered bedrock 10 to 35 m deep along the transect—the 
shallowest portion along the transect was under the meadow. A conceptual model of the meadow in 
relation to the hillslope, based on the Holbrook et al. (2014) transect is presented in Figure 4.14. The 
depth to bedrock has been exaggerated by a factor of two in the conceptual model. The depth to 
bedrock is greater on the hillslope and shallower in the flat to low sloped areas—including the top of the 
hillslope and the meadow. During snowmelt, groundwater on the hillslope drains to the meadow in both 
the mineral soil and the weathered bedrock/saprolite layers (Figure 4.14(a)) and vertical groundwater 
gradient signals at the meadow edge and meadow center indicate groundwater discharge (Figure 
4.14(a)). After snowmelt subsides, only the deeper weathered bedrock/saprolite layer drains toward the 
meadow; the vertical groundwater gradient in the meadow center continues to exhibit a discharge 
signal, however the vertical groundwater gradient at the meadow edge is indicative of groundwater 
recharge (Figure 4.14(b)). Volumetric water content of the soil remains near saturation until after the 
snowpack has melted off. Flint et al. (2008) describe a system in which snow melt rate exceeds the 
infiltration capacity of the fractured bedrock below the mineral soil. A similar scenario is likely occurring 
in P301. When snow melt exceeds the rate at which water can infiltrate the weathered bedrock layer, it 
runs laterally through the mineral soil—this would result in the observed shallow subsurface flow 
described in this study. 

Major ion chemistry and isotopic analyses are consistent with this the two groundwater source 
model. During snowmelt, when the shallow subsurface source dominates, major ion concentrations are 
more dilute than later in the season—this is evident with increasing conductivity (Figure 4.7(a)) and 
increasing CA2+ (Figure 4.8). Meadow groundwater also separates out spatially into more dilute 
groundwater and more concentrated groundwater. Samples from monitoring wells near the meadow 
edge (MMW3 and MMW5) are more dilute, as are samples collected from wells drilled into the saprolite 
just outside of the meadow (MMSPS1 and MMSPN1), whereas samples collected from monitoring wells 
closer to the center of the meadow (MMW2 and MMW4) have higher concentrations of Na+ and Ca2+ 
(Figure 4.6). This reinforces the idea that groundwater around the meadow edge is dominated by a 
shallow sub-surface source and the groundwater in the meadow center is dominated by a deeper 
groundwater source. This is further reinforced when tritium activity in the groundwater and surface 
water is taken into account. It is difficult to draw conclusions form the limited number of tritum samples 
run for this project, however the results that are presented do align with the trend described above. 
Water sampled at the meadow edge is more depleted in tritium activity than water sampled at the 
meadow center. The streams (both the Middle Meadow Outlet and the Lower Meadow Outlet) trend 
from more to less depleted tritium activity as the system moves from snowmelt and into the growing 
season. Based on the range in tritium activity in precipitation samples collected for another project 
(personal communication) groundwater collected at the meadow center is likely 4-5 years older than 
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water collected at the meadow center. Negative charge imbalances may persist due to lack of analysis of 
Fe2+; where water is observed seeping out of a headcut at the bottom of lower meadow and in stream 
pools in at the meadow outlet—during low flow, iron oxide precipitate collects.  

Liu et al. (2012) used DTMM and EMMA techniques to determine controls on stream flow in the 
Providence and Bull Creek catchments in the Sierra National Forest. DTMM results in this study are 
consistent with Liu et al. (2012) in that Ca2+, K+, Cl- and Alkalinity were determined to be conservative 
Tracers in both studies. Mg2+ was not identified as a conservative tracer in our studies—in agreement 
with the Liu et al. (2012) study. Also consistent with the Liu et al. (2012) study, EMMA analysis resulted 
in three distinct end members: snow melt, subsurface flow, and fall rain. In both studies, stream 
samples largely lined up along the mixing line between snowmelt and subsurface flow end members. 
Our study further conducted EMMA analysis on meadow groundwater samples. The meadow 
groundwater behaved similarly to the stream samples in that the same three end members were 
identified and samples largely lined up along the axis between snowmelt and groundwater 
endmembers. Groundwater samples varied from stream samples in that the groundwater samples 
deviated from the axis between snow melt and groundwater endmembers to a greater degree than did 
the stream samples (Figure 4.10). This may be due effects of fall rain being “stored” in the meadow 
substrate for a longer duration than in the forest hillslope—the fall rain endmember would then have 
more influence on the collected samples. Samples collected from the groundwater wells also separated 
out in the stream water U-space with samples collected from the meadow edge and outside the 
meadow in the saprolite wells plotting near the snow end member and samples collected from the 
meadow edge and the CZG-8 borehole plotting near the groundwater end member (Figure 4.11). While 
the groundwater samples do separate out, the groundwater exhibits a temporal trend moving from 
more closely aligned with snowmelt to more closely resembling groundwater as the season progresses. 

Our results show that the meadow provides two major groundwater inputs into the stream—a 
shallow subsurface source that resembles snowpack chemistry and a deeper subsurface source. The 
timing and magnitude of shallow source contribution is reflected in the timing and magnitude of 
groundwater discharge signals observed at the meadow edge; in years where less snowpack 
accumulates in the catchment, the magnitude of groundwater discharge from the meadow edge into 
the stream is reduced and the groundwater signal flips to groundwater recharge earlier. The chemical 
resemblance to snowpack and the spatial and temporal patterns of the wells dominated by this source 
suggest that the shallow subsurface source derived from recent infiltration. The deeper groundwater 
source is observed to continuously discharge at the meadow center, even after several years of drought. 
Increasing conductivity and temperatures in the MMO and LMO streams is consistent with this two 
source system; during and towards the end of snowmelt, stream water has low conductivity and 
temperatures with both parameters increasing as the season progresses into summer and fall. Tritium 
activity results are also consistent with this model. The shallow subsurface flow closely resembles 
snowpack, which is a more recent source than the deeper groundwater source; water sampled at the 
meadow edge is younger, in terms of tritium data, than the water sampled at the meadow center that 
resembles a deeper groundwater source. 

 

4.6 Conclusions 
This study illustrates the spatial and temporal responses of groundwater flux signals in 

relationship to snowpack and snowmelt magnitude in a montane meadow of the Sierra Nevada 
mountains. Shallow sub-surface processes are influence directly by snowmelt and are reflected in 
meadow edge groundwater signals. A deeper groundwater source is identified in the meadow center 
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and discharges even through several years of drought. Meadow resiliency to extended drought periods 
may be tied to the presence of a deeper groundwater source. DTTM and EMMA analysis techniques 
identified three contributing end members to both the stream outlets from the meadow and in the 
meadow groundwater. These end members are consistent with endmembers identified by Liu et al. 
(2013). The location of the P301 catchment outside of recent glaciation allows for deep weathered 
bedrock to persist which provides a reservoir for deeper groundwater sources to discharge into the 
meadow.  
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4.8 Tables 
Table 4.1—Monitoring well and piezometer information for the P301 meadow complex. TD is total depth in centimeters and 
CAGS is casing above ground surface in cm. Eastings and Northings have units of meters and are relative to the NAD 83 datum 
Zone 11. Surface and Bottom of the Hole (BOH) elevation are in units of meters above sea level. 

Location TD CAGS Easting Northing 
Surface 

Elevation 
(masl) 

Type 
BOH Elevation 

(masl) 

UPMW1 171 70 304963.81 4104844.32 1993 
Monitoring 

Well 
1992 

RMW1 178 24 304845.71 4104905.72 1991 
Monitoring 

Well 
1989 

RMP1.1 169 27 304845.35 4104905.68 1991 piezometer 1990 

RMP1.2 105 31 304845.12 4104905.79 1991 piezometer 1990 

MMW1 nm nm 304622.90 4104821.33 1984 
Monitoring 

Well 
nm 

MMW2 142 32 304639.14 4104814.92 1984 
Monitoring 

Well 
1983 

MMP2.1 118 13 304640.30 4104814.98 1984 piezometer 1983 

MMP2.2 113 27 304639.75 4104814.92 1984 piezometer 1983 

MMW3 211 56 304625.58 4104802.89 1983 
Monitoring 

Well 
1982 

MMP3.1 117 53 304624.60 4104803.80 1983 piezometer 1983 

MMP3.2 178 59 304624.94 4104803.49 1983 piezometer 1982 

MMW4 272 40 304658.89 4104832.11 1985 
Monitoring 

Well 
1983 

MMP4.3 304 45 304659.02 4104831.82 1985 piezometer 1982 

MMP4.2 199 43 304659.16 4104831.53 1985 piezometer 1983 

MMP4.1 101 40 304659.29 4104831.76 1985 piezometer 1984 

MMW5 179 52 304663.56 4104874.72 1987 
Monitoring 

Well 
1986 

LMW1 298 73 304342.42 4104724.77 1958 
Monitoring 

Well 
1956 

LMP1.1 303 65 304342.04 4104724.48 1958 piezometer 1956 

LMP1.2 165 44 304341.74 4104724.28 1958 piezometer 1957 

LMP1.3 105 36 304341.34 4104724.02 1958 piezometer 1957 

LMW2 307 52 304326.34 4104697.76 1957 
Monitoring 

Well 
1954 

RMSP1 247 41 304835.51 4104910.91 1992 Saprolite Well 1990 

MMSPS1 264 44 304667.96 4104807.85 1986 Saprolite Well 1984 

MMSPN1 44 544 304639.87 4104866.02 1987 Saprolite Well 1992 
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Location Date F (meq/l) Cl (meq/l) 
SO4 

(meq/l) 
NO3 

(meq/l) 
Na(meq/L) 

NH4 
(meq/l) 

K (meq/l) 
Mg 

(meq/l) 
Ca (meq/L) 

Alk 
(meq/l) 

total anion 
(meq/l) 

total 
cation 

(meq/l) 

residual 
(meq/l) 

residual %  
Processed 

Delta D 
Processed 
Delta 18O 

Tritium 
(pCi L) 

MMSPS1 6/8/2011 0.001620 0.018637 0.003486 0.000000 0.106269 0.005167 0.031849 0.015124 0.059250      -88.62588 -12.794553  
MMSPS1 7/1/2011 0.000000 0.006088 0.002109 0.001518 0.068163 0.003098 0.053735 0.038754 0.051290      -89.816129 -12.924393  
MMSPS1 7/12/2011 0.001130 0.022066 0.002547 0.001823 0.079113 0.000000 0.049756 0.030104 0.042027      -90.458132 -12.949639  
MMSPS1 8/3/2011 0.000351 0.012014 0.003082 0.000237 0.064908 0.002578 0.050506 0.057858 0.044253 0.290709 0.306393 0.220103 -0.086291 28.163347 -91.355983 -13.17205  
MMSPS1 8/29/2011 0.000560 0.007959 0.002259 0.000273 0.057207 0.002699 0.051437 0.054367 0.048242 0.293307 0.304357 0.213952 -0.090405 29.703464 -92.531592 -13.27639  

MMSPS1 
10/15/201

1 
0.000807 0.008241 0.002201 0.001020 0.055935 0.005489 0.052514 0.048386 0.050705 0.264136 0.276405 0.213029 -0.063376 22.928830    

MMSPS1 5/30/2012 0.000447 0.010433 0.005154 0.007008 0.061102 0.000000 0.022721 0.023565 0.022487 0.133467 0.156508 0.129875 -0.026633 17.017214    
MMSPS1 7/31/2012 0.001358 0.013085 0.010083 0.005150 0.093063 0.000000 0.027129 0.034400 0.034071 0.202797 0.232472 0.188663 -0.043809 18.844939    
MMSPS1 11/1/2012 0.000330 0.011796 0.006345 0.003794 0.081822 0.000000 0.022250 0.021711 0.028964 0.298701 0.320966 0.154747 -0.166219 51.787101    
MMSPN1 7/1/2011 0.001227 0.010275 0.003904 0.002069 0.097531 0.000000 0.033075 0.011812 0.057335      -88.167795 -12.760063  
MMSPN1 7/12/2011 0.001492 0.007777 0.003456 0.000000 0.103102 0.004898 0.033617 0.012889 0.058299      -88.745483 -12.743567  
MMSPN1 8/3/2011 0.001039 0.012070 0.002804 0.000255 0.120237 0.000000 0.039127 0.033059 0.064284 0.344056 0.360224 0.256707 -0.103517 28.736806 -88.330471 -12.804603  
MMSPN1 8/29/2011 0.000854 0.007189 0.002472 0.000014 0.121772 0.000000 0.040871 0.034079 0.067556 0.322478 0.333006 0.264279 -0.068728 20.638560 -86.062671 -12.463135  

MMSPN1 
10/15/201

1 
0.000929 0.011479 0.001868 0.007306 0.130605 0.000000 0.042564 0.034090 0.069823 0.367832 0.389414 0.277082 -0.112332 28.846386    

MMSPN1 5/30/2012 0.001364 0.012997 0.003234 0.003097 0.108871 0.000000 0.030448 0.037253 0.052606 0.295904 0.316597 0.229178 -0.087419 27.612114    
MMSPN1 7/31/2012 0.001150 0.012464 0.002959 0.000441 0.118018 0.000000 0.033970 0.037768 0.053132 0.295904 0.312918 0.242889 -0.070028 22.379176    
MMSPN1 11/1/2012 0.001047 0.014089 0.004995 0.007975 0.115128 0.000000 0.033682 0.036132 0.053411 0.165435 0.193540 0.238353 0.044813 18.801201    

RMW1 6/8/2011 0.001047 0.006312 0.001785 0.000000 0.106758 0.000000 0.017495 0.011097 0.050246      -88.640989 -12.740643  
RMW1 7/1/2011 0.001039 0.006504 0.001999 0.000701 0.104644 0.002191 0.019311 0.011311 0.050054      -88.041491 -12.683073  
RMW1 7/13/2011 0.001339 0.009588 0.002046 0.005730 0.127076 0.002681 0.022302 0.013592 0.059392      -83.869244 -12.163718  
RMW1 8/3/2011 0.001496 0.020252 0.001831 0.011727 0.167339 0.000000 0.028141 0.033222 0.068768 0.371828 0.407134 0.297470 -0.109664 26.935688 -84.000132 -12.161268  
RMW1 8/29/2011 0.001731 0.014923 0.002924 0.014981 0.180137 0.004760 0.038947 0.038631 0.079532 0.423776 0.458336 0.342007 -0.116329 25.380766 -85.068240 -12.330304  

RMW1 
10/15/201

1 
0.001720 0.009350 0.002969 0.004739 0.180980 0.005175 0.032475 0.034217 0.075602 0.423776 0.442554 0.328449 -0.114105 25.783322    

RMW1 6/1/2012 0.001926 0.012469 0.001992 0.013203 0.165775 0.000000 0.019452 0.053422 0.073653 0.373227 0.402816 0.312302 -0.090514 22.470333    
RMSP1 7/1/2011 0.002483 0.019987 0.002626 0.039607 0.224609 0.000000 0.053211 0.027276 0.120774      -83.068208 -12.162187  
RMSP1 7/13/2011 0.001955 0.109302 0.000725 0.036847 0.309050 0.000000 0.056052 0.026650 0.121350      -83.531171 -12.153772  
RMSP1 7/13/2011 0.001907 0.033531 0.002329 0.033208 0.220862 0.000000 0.050788 0.067639 0.110077         
RMSP1 8/3/2011 0.001748 0.036750 0.002675 0.034762 0.261998 0.000000 0.057920 0.053846 0.126529 0.623576 0.699512 0.500293 -0.199218 28.479652 -83.443769 -12.103279  
RMSP1 8/29/2011 0.001712 0.016495 0.002756 0.028648 0.243067 0.000000 0.058574 0.054474 0.126857 0.635564 0.685175 0.482972 -0.202203 29.511173 -82.792231 -12.128525  

RMSP1 
10/15/201

1 
0.001738 0.017863 0.002911 0.021197 0.253907 0.011375 0.061279 0.056348 0.129190 0.663536 0.707246 0.512100 -0.195146 27.592373    

RMSP1 6/1/2012 0.001719 0.034897 0.003049 0.016598 0.228764 0.000000 0.046850 0.065218 0.115018 0.603596 0.659860 0.455849 -0.204010 30.917206    
MMW1 5/30/2012 0.002232 0.031171 0.006053 0.099671 0.221539 0.000000 0.029916 0.059389 0.073800 0.349251 0.488378 0.384644 -0.103734 21.240423    
MMW1 7/31/2012 0.001916 0.008008 0.001390 0.015548 0.244286 0.000000 0.032996 0.070016 0.097348 0.564835 0.591696 0.444646 -0.147050 24.852307    
MMW1 11/1/2012 0.001956 0.011364 0.004462 0.019996 0.232801 0.000000 0.029663 0.031375 0.041168 0.287912 0.325689 0.335007 0.009318 2.781488    

MMOutlet 6/1/2011 0.001011 0.008263 0.001790 0.000321 0.044254 0.000000 0.004877 0.025920 0.018457 0.202797 0.214182 0.093508 -0.120674 56.341963    
MMO 6/7/2011 0.000913 0.006873 0.001437 0.000129 0.101039 0.000000 0.014098 0.011032 0.042732 0.221379 0.230730 0.168901 -0.061828 26.796898 -88.760715 -12.836050  
MMO 6/30/2011 0.001233 0.003004 0.000921 0.000046 0.113352 0.000000 0.008949 0.010350 0.046587 0.226773 0.231976 0.179238 -0.052739 22.734575 -87.225518 -12.507614  
MMO 7/13/2011 0.001302 0.002126 0.000804 0.000061 0.114067 0.000000 0.005006 0.008826 0.044252 0.229570 0.233862 0.172152 -0.061711 26.387656 -85.969642 -12.299564  
MMO 8/3/2011 0.001680 0.012053 0.000713 0.000294 0.195610 0.000000 0.048338 0.042273 0.087762 0.426374 0.441114 0.373983 -0.067130 15.218387 -83.820687 -12.011930  
MMO 8/29/2011 0.002727 0.060041 0.000000 0.001931 0.304788 0.000000 0.180286 0.107498 0.160081 0.794006 0.858705 0.752652 -0.106053 12.350343    
MMO 9/24/2011 0.002261 0.067186 0.000000 0.001137 0.323843 0.001459 0.222233 0.115756 0.158529 0.847353 0.917937 0.821821 -0.096116 10.470921    

MMO 
10/15/201

1 
0.001791 0.008565 0.000393 0.000157 0.246276 0.000000 0.113880 0.053615 0.070627 0.490310 0.501216 0.484397 -0.016818 3.355454    

MMO 2/27/2012 0.001025 0.007663 0.001693 0.000000 0.158743 0.000000 0.017994 0.031672 0.043372 0.261339 0.271719 0.251781 -0.019938 7.337759   8.4 
MM0 5/30/2012 0.002238 0.004112 0.001080 0.001482 0.165810 0.000000 0.022767 0.043120 0.056069 0.306693 0.315605 0.287766 -0.027839 8.820903   8.92 
MM0 6/28/2012 0.001777 0.002450 0.000852 0.002403 0.164878 0.000000 0.008686 0.049648 0.067890 0.352048 0.359530 0.291101 -0.068429 19.032912   8.66 
MM0 7/31/2012 0.002273 0.013222 0.002441 0.008438 0.223231 0.000000 0.033666 0.055076 0.087756 0.487512 0.513887 0.399728 -0.114159 22.214777   9.33 

MMO 
10/12/201

2 
0.001489 0.043255 0.003077 0.004156 0.248766 0.000000 0.028327 0.042518 0.065383 0.383816 0.435794 0.384994 -0.050800 11.656806    

MMO 11/1/2012 0.001374 0.004856 0.001135 0.000500 0.213183 0.000000 0.018200 0.030014 0.053204 0.352048 0.359913 0.314601 -0.045312 12.589782   7.6 
MMO 4/3/2013 0.001319 0.006142 0.001468 0.001209 0.128993 0.000000 0.016154 0.022892 0.034153 0.181419 0.191556 0.202193 0.010637 5.260880    

MMW2 6/8/2011 0.001679 0.019241 0.003203 0.000077 0.204883 0.000000 0.030861 0.025365 0.100302 0.538262 0.562461 0.361412 -0.201049 35.744573 -82.345820 -12.009494  
MMW2 6/30/2011 0.001853 0.015478 0.003603 0.000055 0.213582 0.005073 0.031819 0.025648 0.101526 0.559441 0.580430 0.377647 -0.202782 34.936570 -84.566374 -12.198373  
MMW2 7/12/2011 0.001782 0.017731 0.003422 0.000076 0.216092 0.000000 0.033156 0.025496 0.100425 0.562238 0.585249 0.375170 -0.210079 35.895589 -83.538777 -12.166206  
MMW2 7/12/2011 0.001556 0.013952 0.002787 0.000000 0.200117 0.000000 0.031603 0.062466 0.097360 0.562238 0.580533 0.391545 -0.188988 32.554155    
MMW2 8/3/2011 0.001485 0.016191 0.002687 0.000094 0.246127 0.000000 0.036987 0.053800 0.110468 0.586214 0.606671 0.447382 -0.159290 26.256378 -85.463345 -12.324830  
MMW2 8/29/2011 0.001750 0.015190 0.002920 0.006460 0.246800 0.000000 0.038399 0.050417 0.105766 0.532867 0.559188 0.441383 -0.117805 21.067190 -85.483599 -12.325618  

MMW2 
10/15/201

1 
0.001720 0.015723 0.002728 0.002200 0.255458 0.000000 0.039890 0.051830 0.109492 0.546254 0.568625 0.456670 -0.111954 19.688650    

MMW2 5/30/2012 0.001742 0.019930 0.003847 0.012421 0.208513 0.000000 0.030089 0.059751 0.096342 0.519680 0.557621 0.394693 -0.162928 29.218352    
MMW2 11/1/2012 0.001415 0.015834 0.003891 0.007828 0.229763 0.000000 0.035379 0.062107 0.101327 0.588811 0.617779 0.428576 -0.189203 30.626328    
MMW3 6/30/2011 0.001257 0.009069 0.004655 0.000040 0.069762 0.004669 0.013626 0.007533 0.028701 0.154845 0.169866 0.124290 -0.045576 26.830384 -91.258403 -13.031636  
MMW3 7/12/2011 0.001090 0.013260 0.004189 0.004866 0.076932 0.000000 0.016788 0.008535 0.033944 0.181419 0.204824 0.136199 -0.068626 33.504620 -91.783952 -13.102553  
MMW3 8/3/2011 0.000915 0.012815 0.003413 0.001127 0.097039 0.002677 0.022850 0.020436 0.042629 0.200000 0.218271 0.185631 -0.032640 14.953804 -91.154540 -13.065913  

MMW3 
10/15/201

1 
0.001117 0.011725 0.002627 0.000430 0.093307 0.006475 0.027336 0.022722 0.050389 0.223976 0.239875 0.200229 -0.039646 16.527744    

MMW3 5/30/2012 0.000000 0.143853 0.004167 0.006986 0.224213 0.000000 0.016808 0.025106 0.039127 0.200000 0.355006 0.305252 -0.049754 14.014856    
MMW3 11/1/2012 0.000919 0.018090 0.012173 0.020916 0.095439 0.000000 0.040796 0.024399 0.039965 0.205395 0.257493 0.200599 -0.056894 22.095307   9.51 
MMW4 6/8/2011 0.002301 0.032184 0.004451 0.000188 0.207573 0.000000 0.032654 0.024476 0.082300 0.474525 0.513649 0.347003 -0.166646 32.443589 -83.774527 -12.094349  
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MMW4 6/30/2011 0.002362 0.016740 0.003243 0.000950 0.206460 0.000000 0.035903 0.026675 0.088332 0.498302 0.521596 0.357370 -0.164226 31.485258 -84.168688 -12.073468  
MMW4 7/12/2011 0.002475 0.017677 0.002565 0.006848 0.210779 0.000000 0.037493 0.025971 0.086649 0.492907 0.522473 0.360891 -0.161582 30.926333 -82.761601 -12.054810  
MMW4 8/3/2011 0.001865 0.016966 0.001546 0.000005 0.241506 0.000000 0.041430 0.052349 0.099412 0.538262 0.558644 0.434698 -0.123947 22.187034 -83.108410 -12.077773  
MMW4 8/29/2011 0.001658 0.015115 0.002760 0.030340 0.243653 0.000000 0.045719 0.058027 0.103236 0.543656 0.593528 0.450635 -0.142893 24.075205 -83.929087 -12.103112  

MMW4 
10/15/201

1 
0.001878 0.011307 0.000550 0.000170 0.232922 0.000000 0.057812 0.062372 0.111916 0.586214 0.600118 0.465021 -0.135097 22.511737    

MMW4 5/30/2012 0.002126 0.018267 0.003045 0.011803 0.204241 0.000000 0.034588 0.059901 0.082162 0.466334 0.501575 0.380893 -0.120682 24.060623    
MMW4 7/31/2012 0.001970 0.018849 0.001645 0.001743 0.217186 0.000000 0.036984 0.063062 0.088685 0.535465 0.559671 0.405917 -0.153755 27.472315   7.64 
MMW4 11/1/2012 0.001831 0.017381 0.001561 0.004757 0.206803 0.000000 0.035009 0.058315 0.084829 0.508891 0.534421 0.384955 -0.149466 27.967834   7.43 
MMW5 6/8/2011 0.001025 0.015604 0.003492 0.000135 0.127920 0.003035 0.016695 0.011801 0.051572 0.271928 0.292183 0.211022 -0.081161 27.777347    
MMW5 7/1/2011 0.001098 0.011108 0.003332 0.000638 0.131678 0.013549 0.018147 0.012099 0.053188 0.293307 0.309482 0.228662 -0.080821 26.114847 -83.791613 -12.218718  
MMW5 7/12/2011 0.001169 0.011498 0.003298 0.000068 0.136494 0.000000 0.018926 0.013389 0.054092 0.304096 0.320130 0.222901 -0.097229 30.371787 -84.239444 -12.343827  
MMW5 8/3/2011 0.000917 0.009387 0.002710 0.000000 0.151098 0.000000 0.020876 0.026124 0.055817 0.314286 0.327300 0.253914 -0.073386 22.421526 -85.891213 -12.533865  
MMW5 8/29/2011 0.000962 0.006566 0.002749 0.000000 0.140095 0.000000 0.020325 0.024723 0.051543 0.282717 0.292994 0.236686 -0.056309 19.218329 -87.636713 -12.738156  

MMW5 
10/15/201

1 
0.000834 0.007088 0.002495 0.007839 0.151846 0.000000 0.022469 0.025100 0.058212 0.295904 0.314160 0.257628 -0.056532 17.994782    

MMW5 5/30/2012 0.001143 0.011327 0.002637 0.007263 0.100664 0.000000 0.014130 0.020742 0.034418 0.178821 0.201192 0.169954 -0.031238 15.526546    
MMW5 7/31/2012 0.001050 0.006892 0.004013 0.000705 0.123585 0.000000 0.017804 0.022634 0.038436 0.229371 0.242031 0.202458 -0.039572 16.350112    
UMW1 6/8/2011 0.002273 0.016484 0.002644 0.000030 0.159494 0.000000 0.018390 0.013111 0.069309 0.357243 0.378674 0.260304 -0.118371 31.259191 -82.062555 -11.972843  
UMW1 7/1/2011 0.002385 0.015267 0.003065 0.000000 0.190184 0.000000 0.022372 0.016168 0.083402 0.437163 0.457880 0.312126 -0.145754 31.832423 -84.031479 -12.259111  
UMW1 7/13/2011 0.002783 0.015745 0.003190 0.000126 0.198204 0.000000 0.021825 0.014748 0.076179 0.418382 0.440225 0.310956 -0.129269 29.364290 -83.162994 -12.069904  
UMW1 7/13/2011 0.002010 0.011287 0.002295 0.000000 0.166867 0.000000 0.019443 0.030854 0.067407         
UMW1 8/3/2011 0.002301 0.015224 0.002359 0.001427 0.211681 0.000000 0.025084 0.022900 0.077761 0.442358 0.463669 0.337426 -0.126243 27.226996 -83.394170 -12.074301  
UMW1 8/29/2011 0.002148 0.011760 0.003040 0.008383 0.216685 0.008459 0.030897 0.025507 0.081901 0.463736 0.489067 0.363448 -0.125618 25.685344 -83.121084 -12.066952  

UMW1 
10/15/201

1 
0.001716 0.168168 0.000000 0.000594 0.245379 0.012941 0.084626 0.032299 0.100191 0.431768 0.602246 0.475436 -0.126810 21.056144    

UMW1 6/1/2012 0.001924 0.010623 0.002149 0.004845 0.184460 0.000000 0.022440 0.033771 0.076108 0.383816 0.403358 0.316779 -0.086579 21.464570    
UMW1 7/31/2012 0.002283 0.011639 0.002194 0.008296 0.224403 0.000000 0.028600 0.038025 0.081985         

LMOutlet 6/1/2011 0.001118 0.008028 0.002016 0.000000 0.040537 0.000000 0.005608 0.024869 0.017303 0.205395 0.216556 0.088318 -0.128239 59.217312    
LMO 6/1/2011 0.000889 0.008128 0.002024 0.000095 0.102799 0.000000 0.016471 0.013619 0.043370 0.232168 0.243304 0.176259 -0.067045 27.555942 -87.862766 -12.706535  
LMO 6/7/2011 0.000924 0.008029 0.002078 0.000318 0.102565 0.000000 0.017042 0.013539 0.042926 0.223976 0.235325 0.176072 -0.059253 25.179198 -86.961943 -12.626221  
LMO 6/30/2011 0.001176 0.005425 0.001602 0.000157 0.111971 0.000000 0.015132 0.013011 0.044950 0.237363 0.245723 0.185063 -0.060659 24.686104 -87.724260 -12.553938  
LMO 7/12/2011 0.000990 0.003668 0.001108 0.000000 0.112122 0.000000 0.012332 0.031693 0.048736         
LMO 7/13/2011 0.001132 0.004674 0.001423 0.000051 0.121959 0.000000 0.013023 0.014234 0.052587 0.277323 0.284602 0.201803 -0.082799 29.092874 -85.984889 -12.235493  
LMO 8/3/2011 0.001260 0.010469 0.001448 0.000059 0.169397 0.000000 0.035325 0.047359 0.080400 0.367832 0.381068 0.332481 -0.048587 12.750249 -85.408973 -12.248666  
LMO 8/29/2011 0.001204 0.025254 0.001486 0.000000 0.193703 0.010348 0.060983 0.063327 0.098348 0.500899 0.528843 0.426709 -0.102134 19.312681 -83.121368 -12.005394  

LMO 
10/15/201

1 
0.001265 0.017728 0.001656 0.000259 0.190766 0.000000 0.054263 0.048611 0.075463 0.410589 0.431496 0.369103 -0.062393 14.459699    

LMO 2/27/2012 0.001043 0.010286 0.003018 0.000000 0.144272 0.000000 0.024149 0.033731 0.052777 0.304096 0.318443 0.254928 -0.063515 19.945424    
LM0 5/30/2012 0.001220 0.005512 0.001525 0.000000 0.142334 0.000000 0.022583 0.040447 0.059178 0.319880 0.328137 0.264543 -0.063595 19.380473   10.06 
LM0 6/19/2012 0.001177 0.006256 0.001717 0.000000 0.153541 0.000000 0.021508 0.050704 0.074262 0.391808 0.400958 0.300015 -0.100944 25.175596    
LM0 6/23/2012 0.000978 0.053564 0.002710 0.000000 0.181764 0.000000 0.035024 0.048641 0.073099 0.378621 0.435874 0.338528 -0.097346 22.333441    
LM0 6/28/2012 0.001539 0.008623 0.003676 0.001904 0.158652 0.000000 0.021862 0.049981 0.069232 0.378422 0.394165 0.299727 -0.094438 23.958958   9.46 
LM0 6/30/2012 0.001089 0.005428 0.001389 0.000526 0.149107 0.000000 0.019100 0.048881 0.071424 0.389211 0.397642 0.288512 -0.109131 27.444474    
LM0 7/3/2012 0.001144 0.006055 0.001295 0.000000 0.154423 0.000000 0.020945 0.049692 0.072471 0.397203 0.405697 0.297531 -0.108167 26.661926    
LM0 7/7/2012 0.001179 0.006372 0.001834 0.000971 0.153528 0.000000 0.022355 0.052091 0.075339 0.410589 0.420945 0.303313 -0.117632 27.944803    
LM0 7/10/2012 0.001156 0.007543 0.001623 0.000000 0.156509 0.000000 0.027077 0.051222 0.076742 0.413187 0.423509 0.311550 -0.111959 26.436073    
LM0 7/21/2012 0.001248 0.008919 0.002403 0.000727 0.158005 0.000000 0.025466 0.054589 0.079314 0.429171 0.442468 0.317374 -0.125095 28.272003    
LM0 7/31/2012 0.001027 0.008882 0.001566 0.000000 0.163763 0.000000 0.027410 0.042849 0.070078 0.391808 0.403282 0.304099 -0.099183 24.594032   6.22 
LM0 7/31/2012 0.001164 0.012777 0.001748 0.000678 0.152780 0.000000 0.030803 0.054921 0.079842 0.426573 0.442941 0.318347 -0.124594 28.128835    

LMO 
10/12/201

2 
0.000921 0.032523 0.002333 0.000000 0.152010 0.000000 0.044972 0.052747 0.077143 0.423776 0.459552 0.326873 -0.132680 28.871521    

LMO 11/1/2012 0.000949 0.011715 0.001855 0.000000 0.149973 0.000000 0.032092 0.047519 0.070739 0.402398 0.416917 0.300323 -0.116594 27.965752   7.88 
LMO 4/3/2013 0.000926 0.009674 0.002294 0.000000 0.131811 0.000000 0.020134 0.030586 0.047350 0.258741 0.271635 0.229881 -0.041754 15.371319    

LMW1 6/1/2011 0.000928 0.020109 0.002352 0.000000 0.155145 0.000000 0.024350 0.044116 0.070262      -84.103219 -12.215536  
LMW1 6/8/2011 0.001360 0.053673 0.004104 0.001097 0.185936 0.000000 0.024196 0.122671 0.066801      -84.125693 -12.217960  
LMW1 6/30/2011 0.000916 0.017339 0.002227 0.000000 0.154879 0.003696 0.026391 0.045595 0.073208         
LMW1 7/12/2011 0.000843 0.050649 0.001525 0.000087 0.195664 0.008907 0.027863 0.046022 0.074645         
LMW1 7/12/2011 0.000883 0.014497 0.002516 0.000042 0.153354 0.000000 0.026474 0.044882 0.071596      -85.174920 -12.163535  
LMW1 8/3/2011 0.000701 0.012068 0.002094 0.000044 0.185150 0.000000 0.031884 0.043931 0.084714 0.429171 0.444078 0.345679 -0.098399 22.158089 -83.629897 -11.913556  
LMW1 8/29/2011 0.000905 0.008862 0.001723 0.000080 0.187823 0.000000 0.032415 0.042771 0.084923 0.415784 0.427354 0.347932 -0.079422 18.584598 -85.134439 -12.182419  

LMW1 
10/15/201

1 
0.000598 0.013258 0.000948 0.000113 0.193918 0.000000 0.046853 0.053719 0.102543 0.478322 0.493238 0.397032 -0.096206 19.504978    

LMW1 5/30/2012 0.001138 0.011229 0.001930 0.000000 0.151121 0.000000 0.038629 0.062631 0.099440 0.487512 0.501809 0.351820 -0.149990 29.889744    
LMW1 11/1/2012 0.000889 0.012280 0.001833 0.014146 0.160207 0.000000 0.027828 0.041370 0.067830 0.373227 0.402375 0.297236 -0.105139 26.129653    
LMW2 6/8/2011 0.001239 0.029633 0.001572 0.000000 0.048035 0.000000 0.004761 0.017795 0.015603 0.229371 0.261814 0.086194 -0.175620 67.078020 -88.885675 -12.759709  
LMW2 6/30/2011 0.001181 0.015631 0.001324 0.000049 0.053178 0.000000 0.005223 0.027773 0.021748 0.322677 0.340862 0.107922 -0.232940 68.338531 -89.600838 -12.966077  
LMW2 6/30/2011 0.001021 0.013293 0.002637 0.000037 0.063959 0.000000 0.009790 0.039728 0.030449 0.407792 0.424781 0.143927 -0.280854 66.117362    
LMW2 7/12/2011 0.001097 0.013428 0.000427 0.000000 0.143275 0.001986 0.017602 0.042400 0.064208      -88.037823 -13.028572  
LMW2 8/3/2011 0.001199 0.019926 0.000438 0.000327 0.193697 0.000000 0.022135 0.046561 0.083513 0.418382 0.440273 0.345905 -0.094367 21.433815 -88.003527 -13.026774  
LMW2 8/29/2011 0.001313 0.028209 0.000000 0.000082 0.214814 0.000000 0.045358 0.067411 0.118326 0.564835 0.594439 0.445909 -0.148530 24.986542 -84.377847 -12.002483  

LMW2 
10/15/201

1 
0.000780 0.023850 0.000123 0.000128 0.190921 0.000000 0.032765 0.052695 0.096900 0.466334 0.491213 0.373281 -0.117932 24.008396    

LMW2 5/30/2012 0.001699 0.003671 0.001126 0.003401 0.149766 0.000000 0.042077 0.061889 0.070537 0.399800 0.409697 0.324270 -0.085427 20.851256    
LMW2 11/1/2012 0.001195 0.004194 0.000425 0.002048 0.169901 0.000000 0.028471 0.062521 0.091024 0.477123 0.484984 0.351917 -0.133068 27.437491    
CZG-8 4/3/2013 0.001872 0.029586 0.017537 0.000000 0.429613 0.000000 0.051970 0.067475 0.130353 0.831369 0.880364 0.679412 -0.200952 22.826032    
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CZG-8 4/3/2013 0.000995 0.014816 0.001984 0.000000 0.248342 0.000000 0.041638 0.057487 0.085024 0.559441 0.577235 0.432492 -0.144743 25.075304    
czg-8 4/3/2012 0.001338 0.025940 0.007906 0.000932 0.292419 0.000000 0.049674 0.067579 0.108810 0.667932 0.704049 0.518482 -0.185567 26.357088    
LM 

Headcut 
11/1/2012 0.001000 0.010673 0.001827 0.000611 0.143268 0.000000 0.032420 0.034845 0.047773 0.295904 0.310015 0.258306 -0.051709 16.679564    

UpperMet
Snow 

3/13/2011 0.000000 0.002754 0.000950 0.001040 0.000000 0.001517 0.000227 0.000338 0.035890 0.157443 0.162188 0.037971 -0.124216 76.588146    

UpperMet
Snow 

3/13/2011 0.000216 0.002099 0.001372 0.002224 0.000000 0.000000 0.000000 0.000000 0.040104 0.160240 0.166150 0.040104 -0.126047 75.863060    

LowerMet
Snow 

3/14/2011 0.002184 0.034679 0.004421 0.010345 0.000000 0.001508 0.001787 0.007242 0.139738 0.531668 0.583298 0.150275 -0.433023 74.237023    

LowerMet
Snow 

3/14/2011 0.000000 0.003721 0.002956 0.002654 0.002865 0.003938 0.000899 0.003700 0.059433 0.205395 0.214726 0.070835 -0.143891 67.011562    

Forest 
Snow 

3/14/2011 0.000140 0.010165 0.008632 0.002035 0.012191 0.025696 0.006184 0.013020 0.130042 0.471728 0.492700 0.187133 -0.305567 62.018815    

Forest 
Snow 

3/14/2011 0.000114 0.005642 0.002633 0.002208 0.004447 0.006876 0.001562 0.005406 0.076534 0.237363 0.247959 0.094824 -0.153135 61.758047    

CanopySno
w 

3/14/2011 0.000000 0.004681 0.003408 0.001280 0.003848 0.053956 0.032214 0.208966 0.336684 1.169830 1.179198 0.635668 -0.543531 46.093236    

CanopySno
w 

3/14/2011 0.001376 0.004967 0.002949 0.001642 0.003389 0.034565 0.011531 0.054131 0.138301 0.452947 0.463881 0.241917 -0.221964 47.849380    

MidForestS
now 

3/14/2011 0.000776 0.009538 0.003083 0.016427 0.004549 0.002182 0.001869 0.008844 0.095940 0.253347 0.283171 0.113385 -0.169786 59.958745    

P301Snow 3/13/2011 0.000074 0.004433 0.001073 0.001911 0.004291 0.007070 0.001724 0.005538 0.071198 0.200799 0.208290 0.089821 -0.118469 56.877144    
P301Snow 3/13/2011 0.000076 0.002586 0.001314 0.002024 0.001879 0.006235 0.000281 0.004484 0.065537 0.189411 0.195411 0.078416 -0.116995 59.871414    

  0.001306 0.017183 0.002634 0.004695 0.154482 0.001871 0.031418 0.038814 0.074415 0.392940        
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Table 4.3— Relative root mean squared errors and R2 values in 1- and 2-D mixing spaces for meadow groundwater and stream 
analyses 
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Table 4.4—Mean and standard deviation of samples collected at each point. Standard deviation only calculated if 3 or more samples were collected at a given location. Bd = 
below detection limit. CB is the charge balance- charge balance only calculated for samples that included alkalinity analysis. 

  F (meq/l) Cl (meq/l) SO4 (meq/l) NO3 (meq/l) Na(meq/L) NH4 (meq/l) K (meq/l) Mg (meq/l) Ca (meq/L) Alk (meq/l) CB (meq/l) 

MMSPS1 
mean 0.000734 0.012258 0.004141 0.002314 0.074176 0.002115 0.040211 0.036030 0.042365 0.247186 -0.079456 

std dev 0.000536 0.005170 0.002663 0.002466 0.017260 0.002239 0.013816 0.015034 0.011811 0.066129 0.049018 

MMSPN1 
mean 0.001138 0.011042 0.003212 0.002645 0.114408 0.000612 0.035919 0.029635 0.059556 0.298601 -0.066202 

std dev 0.000216 0.002463 0.000949 0.003277 0.010740 0.001732 0.004328 0.010795 0.006820 0.070961 0.057124 

RMW1 
mean 0.001471 0.011342 0.002221 0.007297 0.147530 0.002115 0.025446 0.027928 0.065321 0.398152 -0.107653 

std dev 0.000347 0.004987 0.000505 0.006046 0.033733 0.002240 0.008017 0.016315 0.012141 0.029594 0.029594 

RMSP1 
mean 0.001895 0.038404 0.002439 0.030124 0.248894 0.001625 0.054954 0.050207 0.121399 0.631568 -0.200144 

std dev 0.000277 0.032420 0.000789 0.008475 0.030633 0.004300 0.004986 0.016729 0.006905 0.025061 0.003874 

MMW1 
mean 0.002034 0.016848 0.003968 0.045072 0.232876 bd 0.030858 0.053594 0.070772 0.400666 -0.080489 

std dev 0.000172 0.012518 0.002371 0.047337 0.011373 bd 0.001855 0.019962 0.028212 0.145445 0.080734 

MM Outlet 
mean 0.001627 0.016654 0.001187 0.001484 0.183122 0.000097 0.049564 0.043347 0.069124 0.384229 -0.059927 

std dev 0.000544 0.021539 0.000842 0.002242 0.078096 0.000377 0.067676 0.031627 0.041126 0.203288 0.203288 

MMW2 
mean 0.001665 0.016586 0.003232 0.003246 0.224593 0.000564 0.034243 0.046320 0.102556 0.555112 -0.171564 

std dev 0.000147 0.001972 0.000479 0.004574 0.020542 0.001691 0.003548 0.016177 0.004985 0.023281 0.036419 

MMW3 
mean 0.000883 0.034802 0.005204 0.005728 0.109449 0.002304 0.023034 0.018122 0.039126 0.194272 -0.048856 

std dev 0.000452 0.053504 0.003488 0.007932 0.057296 0.002795 0.010003 0.007984 0.007421 0.023628 0.012766 

MMW4 
mean 0.002052 0.018276 0.002374 0.006311 0.219014 bd 0.039732 0.047905 0.091947 0.516062 -0.146477 

std dev 0.000278 0.005674 0.001168 0.009842 0.015943 bd 0.007840 0.016935 0.010447 0.038166 0.017056 

MMW5 
mean 0.001025 0.009934 0.003091 0.002081 0.132923 0.002073 0.018671 0.019576 0.049660 0.271304 -0.064531 

std dev 0.000115 0.003092 0.000526 0.003391 0.016506 0.004757 0.002609 0.006155 0.008524 0.045441 0.022528 

UMW1 
mean 0.002202 0.030689 0.002326 0.002633 0.199706 0.002378 0.030408 0.025265 0.079360 0.419209 -0.122663 

std dev 0.000305 0.051603 0.000959 0.003580 0.027723 0.004849 0.020730 0.009101 0.009558 0.036724 0.017963 

LM Outlet 
mean 0.001113 0.011897 0.001909 0.000239 0.143679 0.000431 0.026069 0.040786 0.064711 0.355262 -0.092075 

std dev 0.000149 0.011067 0.000594 0.000450 0.032953 0.002112 0.012934 0.015135 0.017625 0.080618 0.028022 

LMW1 
mean 0.000916 0.021396 0.002125 0.001561 0.172320 0.001260 0.030688 0.054771 0.079596 0.436803 -0.105831 

std dev 0.000211 0.016533 0.000828 0.004434 0.018728 0.002927 0.007176 0.024690 0.012882 0.047003 0.026437 

LMW2 
mean 0.001191 0.016870 0.000897 0.000674 0.136394 0.000221 0.023131 0.046530 0.065812 0.410789 -0.158592 

std dev 0.000245 0.009425 0.000850 0.001214 0.064937 0.000662 0.015174 0.016608 0.036075 0.101474 0.068295 

CZG-8 mean 0.001402 0.023447 0.009142 0.000311 0.323458 bd 0.047761 0.064180 0.108062 0.686247 -0.177087 
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  F (meq/l) Cl (meq/l) SO4 (meq/l) NO3 (meq/l) Na(meq/L) NH4 (meq/l) K (meq/l) Mg (meq/l) Ca (meq/L) Alk (meq/l) CB (meq/l) 

std dev 0.000442 0.007694 0.007850 0.000538 0.094538 bd 0.005425 0.005797 0.022673 0.136886 0.029048 

LM Headcut mean 0.001000 0.010673 0.001827 0.000611 0.143268 bd 0.032420 0.034845 0.047773 0.295904 -0.051709 

UpperMetSnow mean 0.000108 0.002426 0.001161 0.001632 bd 0.000758 0.000113 0.000169 0.037997 0.158841 -0.125132 

LowerMetSnow mean 0.001092 0.019200 0.003688 0.006500 0.001433 0.002723 0.001343 0.005471 0.099586 0.368531 -0.288457 

ForestSnow mean 0.000127 0.007903 0.005632 0.002122 0.008319 0.016286 0.003873 0.009213 0.103288 0.354545 -0.229351 

CanopySnow mean 0.000688 0.004824 0.003179 0.001461 0.003619 0.044260 0.021872 0.131549 0.237492 0.811389 -0.382747 

MidForestSnow mean 0.000776 0.009538 0.003083 0.016427 0.004549 0.002182 0.001869 0.008844 0.095940 0.253347 -0.169786 

P301Snow mean 0.000075 0.003509 0.001193 0.001968 0.003085 0.006652 0.001003 0.005011 0.068367 0.195105 -0.117732 
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4.9 Figures 

 

Figure 4.1—Map of the upper P301 catchment (a) with a n enlarged view of the Middle Meadow (b). 
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Figure 4.2— Snow melt (a) and soil moisture at 10 cm depth (b) measured on a south facing hillslope at and open canopy 
location between Middle and Lower Meadows (CZO17), and stream flow (c) measured at the Lower Meadow Outlet for 2011 
and 2012. Comparing the timing of snowmelt, drying of soil, and stream flow response for a wet (2011) and a dry year (2012). 



58 
 

 

Figure 4.3— Monthly mean shallow vertical hydraulic gradient at the meadow edge and meadow center for 2011 and 2012 (a), 
and the deep vertical hydraulic gradient at the meadow center for the same months (b). 
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Figure 4.4—Horizontal groundwater gradient for April 1, 2013 (top) and September 30, 2013 (bottom)—gradients are calculated 
from groundwater table elevation. 
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Figure 4.5—Major ions plot matrix. All units are meq L-1. 
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Figure 4.6—Ca2+ concentration  plotted against Na+ concentration for all of the monitoring wells in the Middle Meadow and the Middle Meadow Outlet Stream.

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

C
a2

+
(m

g
/L

)

Na+ (mg/L)

MMO

MMW2

MMW3

MMW4

MMW5

MMSPS1 (Saprolite)

MMSPN1 (Saprolite)



62 
 

 

Figure 4.7—Conductivity (a) and temperature (b) plotted for the Middle Meadow Outlet and Lower Meadow Outlet streams. 
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Figure 4.8—Ca2+ concentration for the Lower and Middle Meadow Outlet Streams plotted against the data samples were collected. 
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Figure 4.9—Stable water isotopes  results for all Middle Meadow well and stream samples plotted along the local meteoric water line (LMWL); the Global Meteoric Water Line 
(GMWL) is plotted for reference.
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Figure 4.10— Stream (a) and meadow groundwater (b) end members plotted in the u-space of the first two principal 
components of the diagnostic tools analysis.  Stream EMMA tracers: Cl-, Ca2+, and Alk; GW tracers: Cl-, K+. 
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Figure 4.11—Stream U space with edge, center, and saprolite well and all CZG-8 samples projected onto the plot. 
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Figure 4.12— End member percent contribution to stream flow. 
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Figure 4.13— Percent contribution of endmembers to groundwater sampled from MMW3 at the meadow edge (a) and MMW4 
in the meadow center (b). 
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Figure 4.14—Conceptual model of groundwater sources and vertical groundwater gradients in the meadow edge during 
snowmelt (a) and later in the growing season (b). The shallow subsurface groundwater source and corresponding meadow 
vertical gradients are indicated by the light blue; deeper groundwater source and corresponding meadow vertical gradients are 
indicated by the darker blue. The size of the vertical groundwater gradient arrows corresponds to the relative influence of that 
groundwater source. Vegetation is not to scale.
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5 Conclusions 
This project successfully measured ET with and eddy flux station in a montane meadow in the 

Sierra Nevada California. We exploited these measurements to build Artificial Neural Networks and 
predict ET in Long Meadow for a 7-year period. Daily and annual ET are quantified for more than just a 
few days—this is unique in the knowledge of meadows of the Sierra Nevada. Annual meadow ET is 
highest in drought years and lowest in the wet year, counter to the trend expected in the Sierra Nevada. 
At least through this point in this exceptional drought, the groundwater fed meadow system we studied 
has proven to be resilient; while forest systems at lower elevations showed some stress and tree die off. 
Whether or not the meadow continues to exhibit resiliency to drought conditions will depend on the 
length and intensity of the drought and the magnitude of groundwater stored in the system. Forest ET 
as measured by the SSCZO eddy flux tower transect is generally greater than meadow ET. With the 
exception of the highest tower, SSCZO towers generally show a decrease in ET during drought years, 
consistent with the trend expected in the Sierra Nevada. When take in the context of greater watershed 
processes the effect of meadow restoration on ET losses is nominal. 

Our results in constraining soil specific yield were consistent with the concept that soil specific 
yield is highly variable. However, we use our findings in order to propose a mechanism for selecting 
monitoring well locations in montane meadow systems where the variability of soil specific yield can be 
minimized. These criteria include selecting a well away from the meadow center and the meadow edge 
on a slope of 3-7 degrees. By deploying a met station while the system can be assumed to be transpiring 
at near potential rates, a best estimate of specific yield can be achieved. While the errors associated 
with calculating ET in this method are still significant, this can serve as a cost effective estimate of 
meadow ET.  

We identified two groundwater sources that feed the meadow system. The behavior of these 
two sources is reflected in the hydraulic gradients of the meadow. Even after several years of drought, 
the center of the meadow—which is dominated by the deeper groundwater source—indicates a 
groundwater discharge signal. 

While meadow ET increases during times of drought, meadow resilience may be dictated by the 
amount of deeper groundwater available to supply shallow groundwater systems during periods of 
below normal precipitation. Both the first and third chapters of this dissertation found meadow systems 
still being supplied with groundwater, even after several years of the current drought in California. This 
suggests that meadow resilience in the face of drought is tied to significant groundwater storage 
capacity within the meadow catchment.    Systems where deeper groundwater sources can be identified 
through analysis of stream chemistry or where significant groundwater storage capacity can be 
identified through geophysics or physiographic analysis—such as the topographic wetness index—
should be prioritized for restoration efforts.  

  



 

71 
 

Appendix 
Data Catalogue 

Dataset Format Digital Library Location 

eddy flux 
raw text files, consolidated 
matlab workspace https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wo

lverton/Long_Meadow/Flux_tower?sort_on=id&sort_dir=asc  ANN building Matlab work space 

ANN application Matlab work space 

Long Meadow 
Monitoring Well 
and Piezometer 
Data 

Raw .lev files, processed 
well level files (csv files), 
and Matlab workspaces 

https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wo
lverton/Long_Meadow/Wells_and_Peizometers 

Wolverton Met 
data 

raw .dat files, processed 
data by water year (excel 
spreadsheets) 

https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wo
lverton/Wolverton_Met_Station?sort_on=id&sort_dir=asc 

Giant Forest Met 
data 

Data downloaded from CA 
DWR CDEC 

http://cdec.water.ca.gov/cgi-progs/staMeta?station_id=GNF 

SSCZO Flux Data 
Data accessed from 
Goulden Lab webpage 

http://www.ess.uci.edu/~california/ 

Boring logs Excel files 
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wo
lverton/Long_Meadow/Wells_and_Peizometers/Level1?sort_
on=id&sort_dir=asc 

USFS well data 
processed data in dropbox 
folder  

currently not available on the digital library 

P301 
well/piezometer 
data 

Raw .lev files, processed 
water level files (.csv), and 
Matlab workspaces 

https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Souther
n_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_a
nd_Piezometers?sort_on=id&sort_dir=asc 

P301 Geochem Excel spreadsheets 
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Souther
n_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_a
nd_Piezometers/Level_1/GeoChemMaster_P301.xlsx 

P301 stream 
flow 

.lev, salt dilution 
spreadsheets, raitng curve 
spreadsheets, processed 
streamflow (.csv) 

https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Souther
n_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_a
nd_Piezometers/Level_1/SSCZO_P301_Meadow_Stream_Rati
ngs.xlsx 

snow/soil 
moisture 

.DAT raw files, .csv 
processed files. 

https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Souther
n_Sierra_CZO_KREW/P301_Water_Balance_Transect/Snow_S
oil_and_Radiation?sort_on=id&sort_dir=asc 

 

 

https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wolverton/Long_Meadow/Flux_tower?sort_on=id&sort_dir=asc
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wolverton/Long_Meadow/Flux_tower?sort_on=id&sort_dir=asc
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wolverton/Long_Meadow/Wells_and_Peizometers
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wolverton/Long_Meadow/Wells_and_Peizometers
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wolverton/Wolverton_Met_Station?sort_on=id&sort_dir=asc
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wolverton/Wolverton_Met_Station?sort_on=id&sort_dir=asc
http://cdec.water.ca.gov/cgi-progs/staMeta?station_id=GNF
http://www.ess.uci.edu/~california/
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wolverton/Long_Meadow/Wells_and_Peizometers/Level1?sort_on=id&sort_dir=asc
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wolverton/Long_Meadow/Wells_and_Peizometers/Level1?sort_on=id&sort_dir=asc
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/SEKI/Wolverton/Long_Meadow/Wells_and_Peizometers/Level1?sort_on=id&sort_dir=asc
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Southern_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_and_Piezometers?sort_on=id&sort_dir=asc
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Southern_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_and_Piezometers?sort_on=id&sort_dir=asc
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Southern_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_and_Piezometers?sort_on=id&sort_dir=asc
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Southern_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_and_Piezometers/Level_1/GeoChemMaster_P301.xlsx
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Southern_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_and_Piezometers/Level_1/GeoChemMaster_P301.xlsx
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Southern_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_and_Piezometers/Level_1/GeoChemMaster_P301.xlsx
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Southern_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_and_Piezometers/Level_1/SSCZO_P301_Meadow_Stream_Ratings.xlsx
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Southern_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_and_Piezometers/Level_1/SSCZO_P301_Meadow_Stream_Ratings.xlsx
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Southern_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_and_Piezometers/Level_1/SSCZO_P301_Meadow_Stream_Ratings.xlsx
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Southern_Sierra_CZO_KREW/P301_Water_Balance_Transect/Wells_and_Piezometers/Level_1/SSCZO_P301_Meadow_Stream_Ratings.xlsx
https://eng.ucmerced.edu/snsjho/files/MHWG/Field/Southern_Sierra_CZO_KREW/P301_Water_Balance_Transect/Snow_Soil_and_Radiation?sort_on=id&sort_dir=asc
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