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1.  Introduction
Understanding subsurface flow and transport in hillslopes is needed for predicting a number of important processes 
including exports into riparian zones and surface waters (Jencso et  al.,  2010; McGuire & McDonnell,  2010; 
Penna et al., 2015; Spencer et al., 2021), bedrock weathering (Ameli et al., 2017; Anderson & Dietrich, 2001; 
Wan et al., 2019), and slope stability (Arnone et al., 2011; Godt et al., 2008; Uchida et al., 2001). Because of the 
stratified nature of solute concentration profiles in the subsurface, distributions of water fluxes among different 
zones need to be understood for predicting solute exports. However, the heterogeneous subsurface hydraulic 
properties that modulate flow can only be sparsely characterized, and local measurements in soil and shallow 
saprolite are known to severely underestimate values of hydraulic conductivity, K, needed to represent flow at the 
hillslope scale (Brooks et al., 2004; Di Prima et al., 2018; Glaser et al., 2016, 2019; Uchida et al., 2001; Weiler 
et al., 2005; Wilson et al., 2016). Characterization of spatially complex aqueous geochemistry of the hillslope 
subsurface via pore water sampling is also challenging (Boggs & Adams, 1992; Weihermuller et al., 2006), yet 
needed in combination with water fluxes for determining transport of solutes. Thus, simplifying approximations 
are needed in order to predict hillslope behavior based on sparse local measurements. In hillslopes where values 
of K increase toward to the soil surface, the transmissivity feedback model provides a practical simplification 
for the problem of groundwater flow responses to recharge events (Bishop et al., 2004; Kendall et  al., 1999; 
Rodhe, 1989). The transmissivity feedback model describes downslope flow responses to rainfall or snowmelt 
recharge through accommodating new recharge within a rising water table, that is, within a thicker and hence 
more transmissive saturated zone.

When combined with pore water chemistry, a prominent advantage of the transmissivity feedback framework is 
that it provides insights into the time- and depth-dependent transport of solutes in hillslope pore waters, thereby 
directly yielding relations between solute concentrations C and rates of hillslope discharge Q. Catchment- and 
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watershed-scale C-Q relations are commonly obtained from measurements in rivers, yet such integrated results 
lack insights into relative contributions from distinct strata. Models of C-Q relations for river waters some-
time assume that overland flow occurs, and that the dilute endmember water quality is equivalent to that of the 
precipitation (snow or rainfall) deposited on the watershed (Chanat et al., 2002; Evans & Davies, 1998). More 
general two-component C-Q models implicitly include infiltrated rainfall and snowmelt fluxes through the shal-
low surface as part of the runoff end-member (Miller et al., 2014; Pinder & Jones, 1969). An important aspect 
of the water balance on this hillslope is that although the water table can rise from the weathering zone into the 
soil during snowmelt, overland flow has never been detected in more than 5 years of field observations. Lack of 
overland flow simplifies and constrains the flow domain to remain within the subsurface, and at our hillslope 
the most dilute endmember in subsurface C-Q consists of snowmelt flowing downslope within the soil while the 
water table is at its highest level.

We recently applied an estimate of total subsurface flow over the course of 1 year to help constrain transmissivity 
feedback calculations for a hillslope in the Rocky Mountains of Colorado, idealized as a four-layer system consist-
ing of fractured bedrock, weathering zone, subsoil, and surface soil, and introduced an approach for predicting 
subsurface concentration-discharge (C-Q) relations (Tokunaga et al., 2019). This methodology provided a frame-
work for quantifying chemical weathering of bedrock (Wan et al., 2019), and for explaining the importance of 
bedrock weathering for nitrogen (N) exports to the hydrosphere and atmosphere (Wan et  al., 2021). In those 
recent applications, P-ET, the difference between annual precipitation P and calculated annual evapotranspiration 
ET, for a single year (from 12-1-2016 to 11-30-2017) was equated to the net subsurface flow for that time interval, 
and transmissivities were adjusted within different layers in order to meet this water mass balance requirement. 
The measured K profile could be made compatible with P-ET by adjusting the thickness of the bedrock layer (i.e., 
adjusting the depth to impermeable bedrock). Because K values obtained from flow measurements in auger holes 
and boreholes poorly represent field-scale K, combinations of K values varying by orders of magnitude were able 
to match the required net subsurface flow over the year, leaving high levels of uncertainty for flow and transport 
within each layer. Although the chemistry of pore waters varies among the different zones, average values within 
each zone vary by less than an order of magnitude. Therefore, the uncertainties in K largely dictate the uncertain-
ties in overall solute exports from the hillslope, and point to the need for improving estimates of flow.

A fundamental shortcoming of the procedure used in our earlier work (Tokunaga et al., 2019) was that subsurface 
flow based on P-ET over only a single year was used to estimate hillslope-scale hydraulic properties, resulting 
in poor constraints on K values as well as on distributions of fluxes among all layers. These shortcomings were 
magnified by the fact that calibrations were done using a water year that received nearly the highest recorded 
precipitation. In order to understand climate-dependent trends relating reduced flow, and changes in water qual-
ity of rivers and lakes, accurate representations of hillslope and watershed responses under lower recharge are 
needed (Rogora et al., 2020; Todd et al., 2012). Given the potential increased frequency of snow drought years 
under changing climate (Dierauer et al., 2019; Marshall et al., 2019; Shrestha et al., 2021), improved estimates 
of hillslope K profiles are clearly needed to represent subsurface flow over widely ranging amounts of recharge. 
Given the dependence of subsurface flow on water exchanges with the atmosphere, the representativeness of P 
and calculated ET also warrant further examination.

While variations in P-ET over multiple years are reflected in year-to-year differences in subsurface discharge, 
this strategy remains an approximation because of interannual variability in subsurface storage (Niu et al., 2017; 
Rice & Emanuel, 2019; Wang, 2012). From the water balance equation, total annual discharge from the hillslope 
is given by

𝑄𝑄𝑎𝑎 = 𝑃𝑃 − 𝐸𝐸𝐸𝐸 − Δ𝑆𝑆� (1)

and storage changes, ∆S, are generally needed, especially when considering multiple water years with signifi-
cantly different P-ET. Because the fractured bedrock remained saturated throughout the 5 years of our study, ∆S 
represents saturation changes soil and the weathering zone. It should be noted that annual intervals here are based 
on water years beginning on October 1.

Previously obtained evidence that ET was sufficiently high for preventing groundwater recharge from summer 
monsoon rains (Tokunaga et al., 2019) suggests that variations in snowmelt recharge largely influence interannual 
differences in subsurface storage at our hillslope. Indeed, given large variations in snowpack accumulation among 
different water years, portions of recharge from high snowpack years can contribute to flow in the subsequent 
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year. Thus, a second shortcoming in our previous approach was that “excess” snowmelt from 1 year was not 
allowed to carry over into the following year's subsurface flow. In this work, ∆S is not explicitly tracked, but 
instead is approximated through transferring the portion of winter snow precipitation that exceeds a threshold 
level Ptsp to the following year's precipitation. In high snowpack years, the effective annual precipitation Pe equals 
annual P minus the excess snow precipitation. Otherwise, Pe equals annual P plus any carryover from the previ-
ous year. With this simplification, the water balance is effectively closed as

�� = �� – ��� (2)

Uncertainty in this approach will be quantified through the minimized root mean square differences (rmsd) 
between Qa and Pe-ET over 5 years that included a near-record high snowpack and snow droughts.

Poorly constrained K profiles for the hillslope also diminish predictive capabilities with respect to solute exports 
into the floodplain and river receiving subsurface fluxes because transport produces flow-weighted concentra-
tions, and concentrations of dissolved components vary with depth. For example, base cations (Ca 2+, Mg 2+, Na +, 
K +) tend to be most concentrated in the weathering zone, while soluble reduced species (e.g., Fe 2+) are released 
in pore waters of deeper strata (Wan et al., 2019). Conversely, dissolved organic carbon (DOC) concentrations 
are highest within surficial soil horizons (Michalzik et al., 2001) that also have the highest K, such that DOC 
export is greatest when snowmelt raises the water table up into this most transmissive shallow zone (Tokunaga 
et al., 2019).

In the present work, the water balanced transmissivity feedback approach is calibrated over 5 years having wide 
ranges in annual P, with an approach that assumes negligible storage changes while transferring the portion of 
snowpack P exceeding a threshold level to ∆S for contribution to the following year's subsurface flow. It is empha-
sized that increasing the number of years included in the calibration cannot significantly improve constraints on 
hydraulic properties when only small interannual variations in P and ET occur, because little variability would 
result in annual recharge hydrographs. However, multi-year calibration becomes advantageous when they include 
years with and without sufficiently high recharge to raise the water table into the soil to activate rapid, shallow 
flow. The advantage arises with these conditions because a suitable transmissivity profile must be found to 
satisfy flow in years when the very high K soil zone does and does not participate in discharge. The resulting K 
profile combined with water table data closely reproduces recharge responses from both high snowpack and snow 
drought years. Representation of both P and ET are improved through using data from a weather station closer to 
the hillslope. In addition, independent analyses of soil water losses during summer and fall were performed that 
provide support for model calculations of ET losses.

The ability to accommodate large variations in annual recharge with transmissivity feedback discharge predictions 
is important in view of highly variable annual snowfall (Cayan, 1996; Lute & Abatzoglou, 2014; Woodhouse & 
Pederson, 2018; Xiao et al., 2018), and the previously noted occurrence of snow drought years. These considera-
tions also lead to improved estimates of the partitioning of downslope flow along the different zones (surface soil, 
subsoil, weathering zone, and bedrock) throughout each water year. Improvements to flux calculations resulting 
from multiyear water balances and more representative weather data also increase the reliability of predictions for 
subsurface solute exports, illustrated here for export of dissolved nitrogen from the hillslope.

2.  Materials and Methods
Here, an overview of the hillslope site is provided, followed by descriptions of the weather-based annual water 
balance approach, water table and hydraulic gradient monitoring, calculations of hydraulic properties and flow, 
pore water quality measurements, and the soil water mass balance approach for determining ET during summer 
and fall. The weather data and calculated ET are presented here because they provide the basis for the subsur-
face flow analyses. Furthermore details of the hillslope hydrologic characterization were presented previously 
(Tokunaga et al., 2019), and are summarized below.

2.1.  Site Description and Instrumentation

This meadows-vegetated hillslope in the Colorado Rocky Mountains (USA) is situated on a northeast facing 
slope (centered at 38.9198°, −106.9493°), and drains into a willows-vegetated floodplain along the upper East 
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River (Figure 1a). Topography is used to delineate surface boundaries of the hillslope system. From its local peak 
(2,936 m elevation), the nearly 1 km long drainage transect consists of upper and lower hillslope segments that 
drain into a floodplain of the East River. The East River flows into the Gunnison River, a major tributary of the 

Figure 1.  Hillslope site. (a) Location map with outline of Colorado River Basin. (b) Aerial view of site and its relation to the East River. (c) Cross-section through 
hillslope boreholes showing depths of sensors and pore water samplers in red. (d) Cross-section depiction of upper and lower hillslope sections draining into floodplain 
and river. The subsurface is subdivided into soil, weathering zone, and fractured bedrock, underlain by effectively impermeable rock at unknown depth.
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Colorado River. The upper hillslope segment is not monitored, but provides about 72% of the total subsurface 
flow exiting the lower transect based on its topography and horizontally projected area estimated by an isosce-
les triangle with 690 m sides and a base of 1.0 m at the interface with the lower hillslope segment (Figure 1b). 
Subsurface flow is analyzed along the lower segment of the hillslope, varying in elevation from 2,760 to 2,787 m 
over a distance of 137  m (Figure  1b). Although topography is useful for estimating lateral flow boundaries 
(Freeze, 1972; Hubbert, 1940; Toth, 1963), it should be noted that subsurface flow diversion along zones with 
large differences in K (not detected here) can drive flow across boundaries inferred from surface elevations 
(Freeze & Witherspoon, 1967; Gleeson & Manning, 2008).

The lower hillslope subsurface consists of about 1.0 m thick loam to silt loam soils, overlying about a 2.6 m thick 
zone of weathering shale, overlying fractured Mancos Shale bedrock. Measurements of K were obtained from 
steady-state flow in augered boreholes and transient water level recovery in piezometers (Tokunaga et al., 2019), 
yielding average values for the 0.5 m thick surface soil, 0.5 m subsoil, weathering zone, and fractured bedrock of 
Ks1 = 9.7 𝐴𝐴 ×  10 −6, ks2 = 7.9 𝐴𝐴 ×  10 −6, Kwz = 1.1 𝐴𝐴 ×  10 −5, and Kbf = 1.7 𝐴𝐴 ×  10 −7 m s −1, respectively. These K values and 
the transmissivity of the bedrock are adjusted later to best match annual subsurface fluxes predicted from multi-
year P-ET. Monitoring of the subsurface was conducted at three stations (PLM1, PLM2, and PLM3/6 depicted 
in Figure 1c) along the lower hillslope, with their locations having the advantage of integrating flow and trans-
port from a larger upslope area while groundwater remains within a few meters of the soil surface. Instruments 
embedded in the bedrock, weathering zone, and soil via 10.0 m deep boreholes included matric potential sensors 
(Decagon MPS-6), volumetric water content sensors (Decagon 5 TE), and pore water samplers (Soil moisture 
Equipment 1920F1L06-B02M2). In addition, piezometer pipes installed at PLM1 and PLM6 were instrumented 
with pressure transducers (AquaTROLL 200) for continuous recording of water table elevations.

2.2.  Weather Data, Modeled Evapotranspiration, and Annual Water Balance

Daily air temperature and precipitation data were obtained from the Butte SNOTEL weather station (USDA, 2021), 
located 3.1 km south of the hillslope. This station is 2.2 km closer to the hillslope than the one at Gothic used 
in our earlier work, and received on average 22% less annual precipitation over WY2017–WY2,021. Correla-
tions between Butte SNOTEL air temperatures and shorter-term air temperature data from station ER-CSMWS 
(Versteeg & Williams, 2021) located 0.3 km from the hillslope were used to estimate daily average (Figure 2a), 
minimum, and maximum air temperatures at the hillslope needed for ET calculations. Because precipitation 
data at ER-CSMWS are incomplete, the Butte SNOTEL station was used for daily P values (Figure 2b) and for 
calculating daily ET for the hillslope (Figure 2c) with the Community Land Model (CLM) (Oleson et al., 2013; 
Tran et al., 2019). However, some CLM-predicted winter ET rates were as low as 0 mm day −1 in our previous 
work, and recent evaluations of the CLM4 indicated that representations of sublimation could be improved (Toure 
et al., 2016, 2018). Therefore, during periods with snow cover, largely within the months of November through 
April, ET was assigned the average sublimation rate of 0.3 mm day −1 obtained from eddy covariance measure-
ments in forest openings at other Colorado Rocky Mountain sites (Sexstone et al., 2016). As described later, CLM 
predictions for summer and fall ET are checked against soil water balance measurements.

Note that annual P varied by nearly a factor of 2 between WY2017 with its above-average snowpack and the 
following snow drought WY2018, and that a large difference also occurred for annual P in WY2019 and WY2020 
(Figure 2b). Compared to variations in annual P, the calculated annual ET was less variable from year to year 
(Figure 2c), consistent with findings from many other studies (Fatichi & Ivanov, 2014; Garbrecht et al., 2004; 
Huntington & Billmire, 2014; Niu et al., 2017). Given relatively low variability in annual ET, magnitudes of 
annual subsurface flow are expected to be strongly correlated to annual P.

The subsurface hillslope water balance at this site was calculated based on water year cycles that begin on Octo-
ber 1 of the previous calendar year and end on the following September 30. Although subsurface water storage 
continues to decrease with the gradually declining water table into March, the selection of October 1 has the 
advantage of initiating each year without the presence of a snowpack. As noted earlier, the annual subsurface 
flow was previously simply estimated from the difference between measured annual P and annual ET calculated 
using CLM. However, this approach assumed negligible year-to-year changes in net subsurface water storage, 
hence omits effects of net water storage increases from melting of above-average snowpack that can contribute 
to the following year's subsurface flow. Indeed, the approximate nature of using P-ET is evident upon consider-
ing WY2018, when this approach yielded −8 mm (Figure 2c), indicative of negative discharge and contrary to 
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measured hydraulic gradients that showed continuous discharge from the hillslope throughout the study. Inade-
quacy of the negligible storage change assumption is further demonstrated through examination of year-to-year 
variations in water table elevations. Therefore, our recharge-constrained transmissivity feedback approach 
requires the ability to forward “surplus” snowpack P to effectively contribute to recharge in the following year, 
as described in Section 2.4.

2.3.  Hillslope Water Table Dynamics and Hydraulic Gradients

Continuous monitoring of the water table with pressure transducers at PLM1 and PLM6 showed that the water 
table only rises during recharge by infiltrating snowmelt, and trends for 5 years are shown in Figure 3a. Reliability 
of the pressure transducer records was confirmed through occasional comparisons with direct tape measurements 
of water table depths, and were also shown to be consistent with pressure measurements obtained on pore water 
samplers (Tokunaga et al., 2019).

Figure 2.  Meteorological conditions at the hillslope site for WY2017–WY2,020. (a) Average daily air temperatures. The inset graph shows 5-day running average 
T during March and April, highlighting the increase above 0°C indicative of snowmelt initiation. Color-coded arrows along the abscissa of the inset graph indicate 
dates when 5-day average air T began exceeding 0°C. (b) Monthly precipitation (filled = snow, unfilled = rain) and cumulative precipitation. (c) Evapotranspiration 
calculated with the Community Land Model and an estimated sublimation rate of 0.3 mm day −1 from snow cover.
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Differences between the water table elevations at PLM1 and PLM6 were divided by their separation distance 
(137 m) to obtain daily values of the hydraulic gradient driving downslope flow, also shown in Figure 3a. The 
piezometric gradient along the transect remains similar to the overall slope of the soil surface (0.197 m m −1), and 
ranges between 0.19 and 0.21 m m −1. Based on this behavior, we applied the Dupuit-Forcheimer assumptions 
that hillslope groundwater flow lines remain parallel, the hydraulic gradient is invariant with depth, and that 
an impermeable lower boundary is aligned with the parallel flow paths. In addition, Childs' corrections  to  the 
Dupuit-Forchheimer approximation for flow along a sloping water table was applied, where groundwater equi-
potential surfaces are perpendicular to the slope rather than being vertically oriented (Childs,  1971). Thus, 

Figure 3.  Temporal trends in hillslope water table depth. (a) Average water table depth below the hillslope soil surface and 
hydraulic gradient between PLM1 and PLM3/6. The water table rises from the weathering zone into the soil zones s2 and s1 
when snowmelt recharge is high during WY2017 and WY2019. The trend for the drought WY2018 indicates that residual 
drainage from the unusually high snowmelt from WY2017 supported water table rise into the soil zone despite low 2018 
snowmelt. Annual water table depth variations, showing variations in local behavior among different water years at upslope 
PLM1 (b) and downslope PLM6 (c), respectively. Color-coded arrows along the abscissa indicate times when 5-day average 
air T began exceeding 0°C.
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cross-sectional areas for flow are obtained by scaling down the saturated vertical thickness by cosθ, where θ is 
the slope between PLM1 and PLM3. For this hillslope with θ = 11.2°, cosθ = 0.98, a minor reduction. However, 
on steeper hillslopes, this correction becomes important.

Water level variations from March 1 and February 28(29) are superimposed for the different water years for 
PLM1 (Figure 3b) and PLM6 (Figure 3c) in order to identify interannual differences. The early occurrence of 
water table rise at both locations in 2017 relative to the subsequent years is consistent with the early rise of air 
T shown in Figure 2a. Aside from this T-dependent response in 2017, water table dynamics at PLM6 remained 
fairly similar between different years because of its location at the base of the hillslope and close proximity to the 
river. Although WY2017 and WY2019 had above-average snowmelt recharge, water table rise at PLM6 extended 
only about 0.4 m higher than in other years.

In contrast, the water table dynamics observed at the upslope PLM1 piezometer showed greater sensitivity to 
magnitudes of snowmelt recharge, with increased peak heights during snowmelt exceeding 1.0 m in WY2017 and 
WY2019 relative to the other years. Moreover, from Figure 3b it is clear that the magnitude of snowmelt recharge 
influences later stage baseflow water levels as well, even into the following water year. This further indicates that 
interannual storage is important and that snowmelt recharge above some high threshold contributes to flow in the 
following water year. Thus, improvements in the multiyear analyses of subsurface flow will include identification 
of a threshold level of snowpack P above which snowmelt recharge in a given year is not included in immediate 
recharge, but instead is carried over to the following year. It should be noted that while the average water table 
elevation rains above the fractured bedrock throughout the study (Figure 3a), water table recession during the few 
months prior to snowmelt allows up to about 0.5 m of the uppermost bedrock in the upslope PLM1 location to 
partially drain (Figure 3b). Nevertheless, because of the unknown yet deep extent of the shale bedrock underlying 
the hillslope, it will be treated as remaining fully saturated.

2.4.  Calculating Hillslope Scale Hydraulic Properties and Flow

In order to calculate downslope flow, the daily average water table elevation along the hillslope is first used to 
determine the saturated thickness within the weathering zone (1.00–3.60 m depth, wz) and within the two soil 
regions (surface 0–0.50 m depth designated s1, deeper 0.50–1.00 m depth designated s2). Because the fractured 
bedrock remained below the water table during this study, its T was not saturation-dependent. These cosθ -scaled 
thicknesses were multiplied by the saturated K assigned to each layer to obtain their respective transmissivities, 
Ts1, Ts2, and Twz. It should be noted that downslope flow parallel to the slope within the soil layer is only effective 
when the water table resides within the soil, hence Ts1 and Ts2 are usually zero. Because boreholes were drilled to 
depths of only 10.0 m below ground surface (bgs), deeper flow cannot be quantified. Therefore, the transmissivity 
of the permanently saturated fractured bedrock Tfbr was among the parameters adjusted to match the estimated 
annual subsurface flux. Daily subsurface flow was equated to the sum of the four T values times the hydraulic 
gradient, and these daily flows were summed in order to obtain yearly subsurface flow, Qa.

Target values for Qa were equated with Pe-ET, where the effective yearly precipitation Pe is obtained by augmented 
in P years preceded by heavy snowpack with carryover recharge from that previous year's snowmelt. To conserve 
overall water mass over multiple years, any snowpack recharge in a given year that exceeded a threshold value 
was not include in that year's recharge and instead was forwarded to the following water year's precipitation 
input. The threshold amount of snowpack precipitation, Ptsp, above which additional snowmelt is allocated to 
the following year's subsurface flow is among the adjustable parameters to be optimized. Additional constraints 
included were that Ks1, Ks2  >  Kwz  >  Kfbr, in keeping with original framework of the transmissivity feedback 
model. It should be noted that Ks1 was not required to be greater than Ks2 because studies of soil pipes have 
provided evidence for hydraulically important buried channels within soils (Uchida et al., 2005). Daily water 
table-dependent transmissivity-based fluxes for all layers were summed on a yearly basis for WY2017 through 
WY2021, with variables Ks1, Ks2, Kwz, Tfbr, and Ptsp optimized with the assistance of the Solver regression tool in 
Microsoft Excel, in order to minimize the rmsd between calculated annual subsurface fluxes Qa and their associ-
ated effective annual Pe-ET. This procedure was implemented with constraints that all variables have finite, posi-
tive values, using different initial values for the variables in order to assess suitability of their optimized values. 
To examine the importance of interannual transfer of snowmelt recharge, the 5-year hydraulic responses were also 
fit without including Ptsp. It is worth noting that while these procedures lead to optimized values of Tfbr, values of 
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bfbr and Kfbr remain individually unknown. Indeed, Tfbr is a simplifying parameter use in place of depth-dependent 
bedrock K profiles that can extend kilometers into the subsurface (Kuang & Jiao, 2014; Sanford, 2017).

Because the hydraulic parameters were optimized to yield Qa that best matched annual Pe-ET, with Pe depending 
on P, and because annual P and ET are not directly measured at the hillslope, the sensitivity of calculated hydrau-
lic parameters to net water inputs is worth examining. Differences between annual P from the Butte SNOTEL and 
ET from the CLM are the best available estimates for the hillslope, and will be designated as “reference P-ET.” 
Therefore, deviations of P-ET at the hillslope relative to the reference P-ET were tested to determine their impacts 
on calculated values of Ks1, Ks2, Kwz, Tfbr, and Ptsp. The weather station at Gothic, Colorado records about 27% 
greater annual P relative to the Butte SNOTEL, and has more persistent snow than the lower montane hillslope 
site. Therefore, ±27% deviations from the reference P-ET are unrealistic, and ±15% deviations were applied to 
examine sensitivity of hydraulic parameters to uncertainties in water exchanges with the atmosphere.

2.5.  Dissolved Nitrogen in Pore Water

In order to examine how improving flow calculations impact export of solutes, depth profiles of dissolved nitro-
gen were obtained by analyses of pore water samples collected from pressure-vacuum samplers. As in our previ-
ous study (Wan et al., 2021), dates associated with pore water samples were interpolated between the sampling 
date and the previous vacuum application date in recognition of the time-dependent inflow of pore waters 
(Tokunaga, 1992). Based on observations of average sampler response times, the interpolated dates were assigned 
at one-third the interval between vacuum application and sample collection. For determining TDN, a Shimadzu 
TOC-VCPH equipped with a total nitrogen module was used. Solute concentrations in each zone were multiplied 
by their associated transmissivity-dependent flow rates (Section 2.4) to obtain zone-specific solute export rates.

2.6.  Summer-Fall ET Measured Through Soil Water Mass Balance

Because the CLM-calculated ET was previously calibrated over coarser scales to encompass variability within the 
larger upper East River watershed (Tran et al., 2019), independent quantification of ET on the hillslope is useful 
for assessing the model predictions. While previous soil water potential measurements and predictions from 
CLM-modeled ET indicated that summer rainfall amounts were insufficient to drive groundwater recharge, actual 
amounts of ET can be quantified by considering the soil water balance. The soil water balance approach to deter-
mining ET is applicable when rainfall and soil moisture measurements are available, especially after soil drainage 
ceases (Denager et al., 2020; Maule & Chanasyk, 1987; Rana & Katerji, 2000). After drainage cessation, ET is 
equal to the sum of rainfall and measured net loss of soil water, so that the monitored hillslope can be evaluated 
like a field-scale weighing lysimeter for determining ET and for evaluating model ET calculations. Although the 
matric potential ψ at which drainage ceases is dependent on soil texture and can occur at values as low in magni-
tude (less negative, “wetter”) as −3 to −4 kPa (Assouline & Or, 2014; Maule & Chanasyk, 1987), the traditional 
“field capacity” ψ of −33 kPa is a more conservative indicator (Colman, 1947), and was used here to determine 
the volumetric soil water content θw profiles at the beginning of summer ET measuring periods. Using this more 
conservative criterion, the post-snowmelt date on which the deepest matric potential sensor in each soil profile 
showed that ψ declined to −33 kPa was taken to indicate cessation of soil drainage. Because the specific moisture 
capacity, 𝐴𝐴 𝐴𝐴𝐴𝐴𝑤𝑤∕𝜕𝜕𝜕𝜕 , decreases with larger magnitude ψ, the −33 kPa criterion has the additional advantage of 
more stable θw values, relative to near-zero ψ that are susceptible to residual drainage of macropores. It is also 
worth noting that the root mean square errors in the θw measured with Decagon 5 TE of about 0.01 (Rosenbaum 
et al., 2010) are small compared to the differences in water contents among the three hillslope soils (shown later). 
Among the three hillslope monitoring stations, the drainage cessation condition was generally reached on differ-
ent days within a given year, and the latest date was selected as the start for cumulative ET calculations. The end 
of each year's post-snowmelt ET calculation interval was set at 31 October, given common appearance of snow 
cover during November. Soil and weathering zone samples retrieved by coring rarely contained plant roots below 
the 1.00 m depth (Wan et al., 2021), therefore ET was calculated from net water loss within the 1.00 m thick soil 
zone, based on the sum of changes in volumetric water content θw from each sensor, weighted by the thickness 
of each sensor's zone. Boundaries between sensor zones were located midway between adjacent sensor depths, 
and at the soil surface for the shallowest sensor. Although the soil water balance approach is only applicable at 
the hillslope over periods of about 4 months out of each year, such intervals are long enough to provide useful 
comparisons with models.
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Net changes in soil water storage at the three monitoring stations were determined through differences between 
volumetric water content θw profiles at cessation of drainage and on October 31 of each year. Most of the θw data 
were obtained with the continuously recording Decagon 5 TE sensors. However, the moisture content sensors 
at 1.00 and 1.05 m did not provide representative volumetric water contents of deeper hillslope soils because 
they were embedded in fine sand. For these depths, data from matric potential sensors (Decagon MPS-6) were 
combined with data on their clay and sand percentages (Tokunaga et al., 2019), and a texture-based model for 
ψ-dependent volumetric soil water content θw(ψ) was used to estimate θw (Saxton et al., 1986).

3.  Results and Discussion
3.1.  Optimized Hillslope Scale Hydraulic Properties and Subsurface Fluxes

To demonstrate improvements obtained from multiyear fitting of the hydraulic properties profile, it is useful to 
first present our earlier strategy of using measured K profiles and matching annual subsurface flow Qa to P-ET 
for a single year by adjusting the bedrock transmissivity Tfbr. When transmissivity feedback calculations are done 
with the average values of measured K within each layer (Section 2.1), Tfbr must be set to 1.4 𝐴𝐴 ×  10 −5 m 2 s −1 in 
order for the calculated annual subsurface discharge Qa to equal P-ET for WY2017. However, applying these 
hydraulic properties to the following four years resulted in large overestimates of Qa relative to P-ET as well as 
to Pe-ET (Figure 4a). The rmsd between annual P-ET and calculated Qa for all 5 years was 221 mm, indicating 
very large overestimated magnitudes of subsurface flow. The sizable errors obtainable with these original param-
eters becomes even more evident when noting that this rmsd is greater than the calculated 5-year average annual 
recharge of 175 mm based on either P-ET or Pe-ET.

Optimizing the parameters (Ks1, Ks2, Kwz, Tfbr, and Ptsp) to match Pe-ET for WY2017 and WY2018 has the 
advantage of constraining their values to fit a lower recharge year where influences of transmissive flow in the 
soil layers was minimal. Ranges of Ks1, Ks2, Kwz, Tfbr, and Ptsp can exactly fit Pe-ET for WY2017 and WY2018 
(Figure 4a), with combinations of moderately varying hydraulic properties (Figure 4b). This 2-year optimization 
yielded a rmsd between Qa and Pe-ET for the five water years of 71 mm, a substantial improvement over the rmsd 
obtained with the original parameter set.

By optimizing K and Ptsp over years all 5-years, the rmsd between calculated Qa and Pe-ET was further reduced to 
43 mm (Figure 4a). Optimizing the hydraulic properties and threshold snowpack Ptsp to all five years (Figure 4b) 
resulted in values of Ks1, Ks2, and Kwz of 1.43 𝐴𝐴 ×  10 −4, 2.68 𝐴𝐴 ×  10 −4, and 3.97 𝐴𝐴 × 10 −6 m s −1, respectively, Tfbr = 2.20 

𝐴𝐴 × 10 −6 m 2 s −1, and Ptsp = 508 mm. The range bars on the two- and 5-year fit K and T in Figure 4b indicate stand-
ard deviations for values that are within 1 mm of the rmsd minima for Qa and Pe-ET. The fit Ks1 and Ks2 values 
are 19- and 34-times greater than their respective auger hole-based field measurements described in our earlier 
study (Tokunaga et al., 2019), consistent with the previously noted findings that hillslope-scale soil K values are 
underestimated by local measurements. Conversely, the optimized Kwz value is 35% that of the field measure-
ments, the fit Tfbr value is only 8% of the estimate obtained in our earlier work (Tokunaga et al., 2019). These 
improved estimates of hydraulic properties lead to predictions of higher snowmelt recharge responses transmitted 
downslope via the soil, slight moderation of flow via the weathering zone, and slower baseflow within bedrock. 
From the optimized threshold snowpack Ptsp value of 508 mm and the snowpack water values (inset table within 
Figures 2b), 46 mm of the P in WY2017 effectively contributes to subsurface flow in WY2018, and 41 mm of 
the WY2019 P is carried over into WY2020. The occurrence of recharge delay/carryover during these years is 
consistent with the observed persistence of a shallower water table at PLM1 during these years (Figure 3b).

3.2.  Sensitivity of Optimized Parameters to P-ET

K and T obtained by matching Qa to 5 years with P-ET that are 15% greater and 15% less than reference P-ET 
are shown in Figure 4b for comparison with their values optimized to reference P-ET. Systematically higher K 
and T are obtained for the +15% case in order to accommodate the required increase in subsurface flow. Simi-
larly, lower K and T are obtained for the −15% case in order to transmit reduced subsurface flow. Nevertheless, 
magnitudes of changes in K and T are not large, indicating that their values for the reference P-ET are suitable. 
Optimized Ptsp of 501 and 522 mm were obtained for the +15% and −15% scenarios, respectively, and are small 
deviations from the reference value of 508 mm. Next to each of the bars for K and T optimized for the hypothetical 
higher and lower amounts of recharge is the ratio of its value relative to the corresponding reference case K or T. 

 19447973, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022W

R
032902, W

iley O
nline L

ibrary on [21/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Water Resources Research

TOKUNAGA ET AL.

10.1029/2022WR032902

11 of 19

These ratios deviate from 1.15 for the +15% scenario and from 0.85 for the −15% scenario because of the zone- 
and time-dependent distribution of fluxes described next.

3.3.  Seasonal Dependence of Subsurface Flow, and Responses to Snow Drought

The strong seasonal dependence of subsurface flow on water table depth obtained with the optimized values for 
hydraulic properties and Ptsp, is shown in Figure 5. Figure 5a shows the snowmelt-dependent variation in water 
table depth (left ordinate), and predicted subsurface fluxes transmitted via different zones (right ordinate). In 

Figure 4.  The dependence of calculated annual subsurface flow Qa on hydraulic properties. (a) Estimates of annual 
subsurface flow based on P-ET, Pe-ET, transmissivity feedback fluxes using measured K and Tfb calibrated to yield total 
subsurface flow in agreement with P-ET for WY2017, and fitting of hydraulic properties to yield fluxes that best match Pe-ET 
over five years. (b) Comparisons between average local hydraulic properties obtained from measurements in auger holes and 
piezometers and fit parameter values obtained by matching annual subsurface flow Qa to Pe-ET. The 2-year fits result in a 
rmsd between Pe-ET and Qa of 71 mm when applied to all 5 years. Optimizing hydraulic properties over all 5 years reduces 
this rmsd to 43 mm. Hydraulic properties consistent with ±15% changes in P-ET are also shown. The uncertainty bars 
span ranges of K and T that yield rmsd that are within 1 mm of rmsd minima. Ratios of optimized K and T relative to their 
reference values are shown for the ±15% [P-ET] cases.
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this figure, subsurface flow through the transect is expressed in terms of daily volumetric water flow per unit 
width (normal to the flow direction). Baseflow through the bedrock stays practically steady because it remains 
fully saturated and the hydraulic gradient only undergoes minor fluctuations during snowmelt events. Flow along 
the weathering zone fluctuates in response to the continuously varying water table depth that drives continu-
ous variations in its saturated thickness and Twz. Downslope flow along the soil zones is only activated when 
snowmelt is sufficient to raise the water table from the weathering zone to within 1.0 m of the hillslope surface, 
and Figure 3a showed that this occurred every year of this study except for the snow droughts of WY2020 and 
WY2021. Although such periods with high water table elevations are short, they facilitate very high flow rates 
because of the high Ks1 and Ks2. The importance of transmissive flow within the soil layer during snowmelt is 
further illustrated in Figure 5b, where subsurface flow in each zone is expressed as a fraction of the daily total 
subsurface flow. In high snowpack years, over 90% of the snowmelt pulse can be transported along the soil 
during short periods while the water table resides close to the surface. Outside of periods dominated by spring 
snowmelt, Figure 5b shows that fractional contributions to subsurface flow in the weathering zone and fractured 
bedrock annually oscillate, with flow via the bedrock typically becoming dominant during the 2 months prior to 
snowmelt.

The recharge-dependent patterns shown in Figure 5 point to changes in subsurface flow and transport that can 
be anticipated from increased frequency of snow drought years. Recall that WY2018 and WY2020 received 
below-average snowfall, but were preceded by years with above-average snow (Figure 2b) that provided carry-
over of storage from WY2017 and WY2019, respectively. In contrast, WY2020 and WY2021 were consecutive 
snow drought years. As the frequency of snow droughts increases, depletion of subsurface water storage from 
back-to-back snow drought years may become more common (Alvarez-Garreton et  al.,  2021). Because such 
depletion is strongly linked to greater depths of annual water table recession prior to snowmelt recharge, previ-
ously continuously water saturated bedrock will become exposed to atmospheric oxygen with greater frequency. 
Indeed, this phenomenon was demonstrated in water table elevations at PLM1 immediately following snowmelt 
in WY2021, with water levels declining by more than 0.50 m relative to previous measurements obtained at the 
same time of the year (Figure 3b). Given the importance of water table elevation on oxidative weathering of shale 
bedrock (Brantley et al., 2013; Wan et al., 2019; Winnick et al., 2017), climate change-induced alteration of the 
snowpack in mountainous watersheds can be expected to accelerate bedrock weathering.

Figure 5.  Impacts of annual water table fluctuations on subsurface flow. (a) Annual variations in water table depth and 
resulting calculated downslope flow along different zones of the hillslope. (b) Time-dependence of fractional contributions of 
flow along the soil, weathering zone, and fractured bedrock to overall subsurface flow.
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3.4.  Transport of Dissolved Nitrogen

The use of transmissivity feedback for calculating how subsurface flow drives the export of hillslope solutes to 
the floodplain and river is demonstrated here for total dissolved nitrogen (TDN), consisting primarily of nitrate 
and ammonium ions. Individual values for measured TDN concentration in pore waters from soil, weathering 
zone, and bedrock are shown as data points in Figure 6a, along with trendlines through linearly interpolated daily 
average concentrations in each zone. Concentrations are usually highest in the weathering zone, the source of 
most of the TDN released during weathering of shale (Wan et al., 2021). Lowest TDN concentrations occur in the 
bedrock porewaters, consistent with denitrification in reducing waters.

Flow-weighted overall average TDN concentrations in discharge waters were obtained by summing products 
of daily zone-specific TDN concentrations and their associated fractional fluxes (Figure 5b), and are presented 
as the black curve in Figure 6a. Multiplying the daily values of pore water concentrations (Figure 6a) by their 
zone-specific flow rates (Figure 5a), yields the transport rates for TDN within each zone shown in Figure 6b. 
The trends for TDN export rates show that most of the nitrogen export occurs during two-month periods of 
snowmelt, accounting for 82% of the annual export during WY 2017, and averaging 57% of TDN exports for 
all five years. Although nitrogen concentrations were on average greatest in the weathering zone, TDN exports 
occurred primarily via the soil when snowmelt was large enough to support very high flow rates when the shal-
low water table rose into the soil. Based on the improved estimates of subsurface fluxes, the overall TDN export 
rate amounts to 3.0 kg N ha −1 y −1, a value that is lower than that previously reported 10.6 kg N ha −1 y −1 (Wan 

Figure 6.  Hillslope subsurface total dissolve nitrogen (TDN) concentrations and transport. (a) Time trends in TDN 
concentrations in pore waters, (b) calculated TDN export rates along different zones of the hillslope, and (c) subsurface C-Q 
relations for TDN over five water years.
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et al., 2021). The decrease in calculated TDN export results from lower over-
all estimated recharge obtained using the Butte SNOTEL data and improved 
winter sublimation, greater influence of dilute fluxes via the soil zone during 
snowmelt, and inclusion of two snow drought years (WY2020 and WY2021) 
that had low subsurface recharge, hence low TDN export rates.

Subsurface C-Q relations for TDN were generated by plotting correlations 
between daily values of flow-weighted TDN concentrations (black curve 
in Figure 6a) and their corresponding total subsurface flow (blue curve in 
Figure 5b), and presented for each water year in Figure 6c. These results are 
analogous to more familiar C-Q relations obtained from measurements in 
rivers (Chanat et al., 2002; Evans & Davies, 1998; Godsey et al., 2009), but 
reflect predictions of exports along the hillslope transect rather than inte-
grated responses over broader catchments and watersheds. Characteristics of 
surface water C-Q such as being hysteretic or nonhysteretic, and fitting to the 
power-law C = aQ b to describe relations reflecting displacement (b > 0.1), 
chemostasis (−0.1 ≤ b ≤ 0.1), or dilution (−1 ≤ b < −0.1), are also useful for 
examining subsurface C-Q behavior. The subsurface C-Q relation for TDN 
(Figure  6c) are approximately chemostatic, and exhibit weaker clockwise 
hysteresis for the higher snowmelt years (2017, 2019). The asymmetry in 
the peaks for total subsurface TDN export rate relative to the peaks in total 
subsurface flow (Figure 6b) is reflected in clockwise C-Q hysteresis during 
major snowmelt events (Figure 6c). These patterns are consistent with TDN 
depletion over the course of subsurface flow during spring snowmelt. Nitrate 
accounts for most of the TDN in the hillslope subsurface (Wan et al., 2021), 
and the hysteretic patterns reflecting dissolved N losses may be attributed 
to denitrification and assimilation (Burns et al., 2019; Ebeling et al., 2021; 
Ocampo et al., 2006). It should be noted that these processes are also acting 
in the floodplain to further deplete TDN from pore waters prior to discharge 
into the river.

3.5.  Post-Drainage ET

As noted earlier, cessation of snowmelt drainage was assigned to dates at 
which ψ ≤ −33 kPa. MPS-6 sensors are not sensitive to ψ > −10 kPa, and 

cannot record positive pressure potentials. The matric potential sensors embedded in hillslope soils show rapid 
increases in ψ toward zero during early stages of snowmelt, followed by declining ψ as soils drained. Examples of 
time trends in ψ during and shortly after snowmelt from the three hillslope stations on different years are shown 
in Figure 7, with the date at which the sensors shallower than 1.00 m decline back to ψ ≤ −33 kPa indicated along 
the time axis. For example, at PLM2, the date for drainage cessation in WY2017 was assigned to July 8, 2017. 
Collectively, the matric potential sensors showed that snowmelt drainage from soils ceased by June or July of 
each year. It is worth noting that while sensors at 1.00 m and deeper show less negative ψ, the drainage cessation 
condition identified by ψ at shallower depths also assures that the hydraulic gradients reflect ET-driven upwardly 
directed flow.

We now examine soil water contents on dates each year by which soil drainage is insignificant, and compare 
these amounts with water contents on October 31 in order to determine soil water losses. Example comparisons 
between such volumetric water content θw profiles are shown in Figure 8 for data from 2017 to 2021. Although 
summer monsoon rain left increased θw at the end of October in some of the shallowest soil intervals (e.g., PLM3 
2017, and PLM2 2021), net water losses were recorded over all soil profiles, expressed in terms of mm water on 
each of the graphs. The fact that monsoon rains only increased θw and ψ within the shallowest portions of soil 
profiles indicates that these events do not directly recharge groundwater. The average soil water lost among the 
three hillslope stations during the monitored post-snowmelt period is indicated above each set of three graphs, 
and are similar to losses recorded for the other 3 years of this study.

Figure 7.  Examples of soil matric potential sensor responses during snowmelt 
events, illustrating selection of drainage cessation dates when ψ declines below 
−33 kPa at depths shallower than 1.00 m.
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Soil water losses averaged over the three stations for all 5 years are plotted in Figure 9, along with post-drainage 
rainfall amounts. Values of soil water mass balance ET obtained from sums of rainfall and soil water loss are 
compared with ET(CLM) for the same time intervals in Figure 9. The good agreement between water losses 
determined by soil mass balance and CLM indicate that model predictions during these approximately 4-month 
periods of summer through fall months were fairly reliable.

Figure 8.  Profiles of volumetric water contents in soils in 2017 and 2021, at cessation of soil drainage (blue), and on October 31. The mm values in each plot indicate 
soil water losses over the summer to fall intervals.

Figure 9.  Soil water balance calculations of ET, compared with ET (Community Land Model [CLM]) over summer-
fall intervals following cessation of snowmelt drainage. Uncertainties in rainfall and ET (CLM) were estimated as 10% 
of their respective values, except for the 2021 ET uncertainty which was taken as 15% because its October 2021 ET was 
estimated from the average of previous Octobers. Uncertainties in soil water losses were assigned to standard errors from 
values obtained at PLM1, PLM2, and PLM3. Uncertainties in ET (water balance) were estimated as the root mean square 
uncertainties from summing soil water losses and rainfall.
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4.  Conclusions
To understand subsurface flow and transport in hillslopes receiving precipitation primarily as snow, annual 
recharge was used to provide the water mass balance constraint on discharge predicted by the transmissivity feed-
back model. When measured K profiles were constrained by annual P-ET over only a single year (WY2017), the 
thickness of the bedrock was adjusted in order for calculated annual subsurface flow to match measured P minus 
CLM-modeled ET. However, use of the measured K profile in combination with water table elevations measured 
over all 5 years led to very large discrepancies between predicted subsurface flow and annual P-ET. Indeed, the 
rmsd of 212 mm obtained based on this approach exceeded the expected average recharge (175 mm) for the five 
years of this study. In view of scale-dependence of K, local measurements are unlikely to properly represent 
hillslope-scale values, and even the reliability of P-ET was limited because it neglects interannual changes in 
subsurface water storage.

Based on evidence that local measurements typically underestimate field scale K, the mass balance-constrained 
transmissivity feedback approach was improved by allowing the three K values (Ks1, Ks2, Kwz) to be optimized in 
addition to Tfbr. Based on evidence that groundwater storage remained higher at the end of water years receiving 
exceptionally high snowfall, interannual storage variation was represented by allowing snowmelt precipitation 
that exceeded a threshold level Ptsp to contribute to subsurface flow in the subsequent year rather than in the 
current year. For purposes of estimating subsurface flow, the annual P is replaced by an effective precipitation Pe 
that reflects interannual transfer of subsurface storage in years when Ptsp is exceeded. Thus, five parameters (Ks1, 
Ks2, Kwz, Tfbr, and Ptsp) were adjusted to minimize differences between yearly subsurface flow and Pe-ET.

The much greater K values of the soil layers relative to the underlying weathering shale facilitates rapid discharge 
of snowmelt via temporarily shallow groundwater flow. The resulting hydrograph for subsurface flow during 
snowmelt rises and falls rapidly, resembling hydrographs of flashy runoff in rivers. Despite the fact that solute 
concentrations in soil pore waters are generally low, hillslope solute exports during snowmelt in most years 
largely occur via the soil because of very rapid shallow groundwater flow within the highly transmissive satu-
rated soil. Solute export behavior exemplified here with TDN further support our recent findings that bedrock 
weathering is the primary source for reactive nitrogen discharged from the hillslope (Wan et al., 2019, 2021). 
Acceleration of bedrock weathering from consecutive snow drought years is anticipated to result from water 
table lowering to greater depths, exposing previously permanently reducing shale bedrock to oxygen and driving 
dissolution of pyrite and carbonate minerals.

Given the importance of ET in determining how much of P becomes subsurface flow, field measurements of 
ET were included for evaluating model predictions. The soil water balance approach utilizing rainfall data and 
soil water measurements at three stations long the hillslope yielded measurements of ET from summer through 
fall that supported CLM calculations. These measurements further support previous conclusions that summer 
monsoon rainfall does not directly recharge into the hillslope groundwater and underscores the primary role of 
snowmelt in driving hillslope groundwater flow and solute exports in the study area.

This study showed how hillslope subsurface flow and transport can be quantified based on measurements of 
water table depths and pore water chemistry, with hydraulic properties constrained by estimates of P and ET. 
Years with very high recharge from snowmelt raise the water table through the highly transmissive weathering 
zone and into the even more transmissive soil layers, thereby discharging primarily along these shallow path-
ways. On the other hand, in snow drought years, low volumes of snowmelt restrict water table rise to remain 
within the weathering zone, through which most of the snowmelt flow is discharged. Thus, optimizing calculated 
hydraulic responses to the contrasting discharge dynamics resulting from high snowpack and from snow drought 
years is essential for improving constraints on estimated K and T. The good agreement (rmsd = 43 mm) between 
subsurface flow predictions and water mass balance over five water years having large differences in snowpack, 
and P ranging from 408 to 764 mm, supports this approach for refining transmissivity feedback calculations of 
hydraulic properties. Moreover, the optimized hydraulic properties were shown to remain well constrained under 
reasonable variations in assumed P.

After calibration of a hillslope's transmissivity profile with years having widely differing P, future subsurface 
flow and transport can be estimated based only on measurements of water table depth and pore water chemistry. 
The ability to represent flow and transport over wide ranges of input from snowmelt is attractive in view of large 
interannual variations in snowfall and anticipated climate change-driven increased frequency of snow drought 
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years (Dierauer et al., 2019; Marshall et al., 2019; Shrestha et al., 2021). Given the simplicity of this approach, it 
can be used for estimating subsurface flow and transport in other catchments instrumented with piezometers and 
pore water samplers, when measurements or reasonable estimates of P and ET are available.

Data Availability Statement
Data (Tokunaga et al., 2022) used in this study are deposited in the U.S. DOE Environmental Systems Science 
Data Infrastructure for a Virtual Ecosystem (ESS-DIVE).
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Erratum
In the originally published version of this article, the second author’s first name was incorrectly spelled as Ahn, 
and his affiliation was incorrectly listed as Water Research Institute. The spelling has been corrected to Anh, and 
the affiliation has been corrected to Water Resources Institute. Also, there were five errors in section 3.1 which 
involved the insertion of an extraneous “1” in the exponents. 10 −15 should read 10 −5. 10 −14 should read 10 −4 (two 
instances). 10 −16 should read 10 −6. These errors have corrected, and this may be considered the authoritative 
version of record.
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