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The Role of Bedrock Circulation Depth and Porosity in
Mountain Streamflow Response to Prolonged Drought
Rosemary W. H. Carroll1 , Andrew H. Manning2 , and Kenneth H. Williams3,4

1Desert Research Institute, Reno, NV, USA, 2United States Geological Survey, Denver, CO, USA, 3Lawrence Berkeley
National Laboratory, Berkeley, CA, USA, 4Rocky Mountain Biological Laboratory, Gothic, CO, USA

Abstract Quantitative understanding is lacking on how the depth of active groundwater circulation in
bedrock affects mountain streamflow response to a multi‐year drought. We use an integrated hydrological
model to explore the sensitivity of a variety of streamflow metrics to bedrock circulation depth and porosity
under a plausible extreme drought scenario lasting up to 5 years. Endmember depth versus hydraulic
conductivity relationships and porosity values for fractured crystalline rock are simulated. With drought, a
deeper circulation system with higher drainable porosity more effectively buffers minimum flow and
significantly limits perennial stream loss in comparison to a shallow circulation system. Streamflow buffering is
accomplished through extensive groundwater storage loss. However, deeper circulation systems experience
prolonged recovery from drought in comparison to storage‐limited shallow systems. Research highlights the
importance of characterizing the deeper bedrock hydrogeology in mountainous watersheds to better understand
and predict drought impacts on stream ecosystem health and water resource sustainability.

Plain Language Summary Our study uses a computer model to explore how mountain streamflow
responds to depth of groundwater flow in snow‐fed areas. We compare streamflow in bedrock systems where
groundwater flow stays close to the surface, with those where groundwater can travel hundreds of meters below
ground. Our detailed model simulations account for snow accumulation and melt, soil moisture, vegetation
water use and changes in water table elevations. Results indicate that shallow systems, which rapidly transport
water from snowmelt and rain into streams, drain their groundwater more quickly during dry periods, with the
stream going dry for months during an extreme drought. In contrast, deeper groundwater flow systems can store
more water underground and release it over time to help maintain winter streamflow and sustain streamflow
during dry spells. These deeper systems are better at handling prolonged droughts but take longer to recover
once the drought is over. Understanding these differences helps us better predict how changes in climate will
affect water supplies and ecological health in mountainous regions. More detailed studies and data are needed,
particularly from the deeper bedrock flow system, to improve our models and our ability to quantify and manage
water originating from mountain basins.

1. Introduction
The importance of groundwater in supporting mountain streamflow is becoming increasingly recognized. Studies
indicate that groundwater comprises 10%–87% of the annual stream water budget for mountain streams (Table 1
in Somers and McKenzie (2020)), and is critical for supporting perennial streamflow and cold‐water refugia for
sensitive species (Kaandorp et al., 2019; Mejia et al., 2023). Though the importance of groundwater flow through
the top 10m of highly weathered saprolite is well established (Brooks et al., 2015), the importance of groundwater
flow at greater depths is often uncertain and may vary considerably across different geologic settings (Markovich
et al., 2019). There is growing evidence that hydrologically active groundwater commonly occurs to depths of
hundreds of meters in mountain bedrock (Condon et al., 2020; Frisbee et al., 2017; Saar &Manga, 2004; Welch &
Allen, 2014), though few studies have confidently constrained the active circulation depth (Manning et al., 2021).
Recent modeling studies have demonstrated that seasonal and event‐scale streamflow variations are sensitive to
the vertical distribution of hydraulic conductivity within the active bedrock flow system (Rapp et al., 2020;
Roques et al., 2022). Previous research also suggests that hydrologic response is less sensitive to interannual
climate variability and more resilient to drought if water inputs exceed storage capacity (Hahm et al., 2019).
However, a quantitative understanding of how mountain streamflow responds to and recovers from a multi‐year
drought as a function of the groundwater active circulation depth and bedrock porosity (drainable storage) is
lacking. Such an understanding is needed because collecting hydrogeologic data at depth is logistically
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challenging and costly. Resources to parameterize the deeper bedrock system are justified if its misrepresentation
produces substantial errors in predicted mountain streamflow.

To address the potential importance of deeper groundwater, we ask, how does the depth of groundwater flow
affect streamflow during and after drought? Effectively answering this question requires accounting for hy-
drologic feedbacks at fine spatial (e.g. 100–250 m) and temporal scales (≤daily) in order to estimate water and
energy budgets in highly seasonal and steep landscapes. In particular, snow accumulation and melt (Baba
et al., 2019; Bales et al., 2006; Mott et al., 2018) and evapotranspiration (ET) (Foster et al., 2020) are scale‐
dependent. Mountain hydrology is highly reliant on the lateral transport of shallow subsurface water from
energy‐limited, higher elevations toward downgradient convergent zones to subsidize vegetation water use
(Sprenger et al., 2022), groundwater recharge below the rooting zone (Carroll et al., 2019), and streamflow
generation (Li et al., 2017; Sprenger et al., 2024). Recharge supports variably saturated groundwater flow with
alluvial and bedrock properties dictating highly heterogenous distributions in water table elevations and
groundwater flow paths. To capture this hydrologic complexity in mountain systems and explore streamflow
sensitivity to groundwater flow depth, we leverage a previously published integrated hydrological model of
Copper Creek (24 km2) (Carroll et al., 2019), a typical alpine snowmelt‐dominated catchment of the Colorado
River.

2. Methods
2.1. Modeling Approach

Copper Creek elevations range from 2,880 to 4,124 m (Figure S1 in Supporting Information S1). Land cover is
predominantly barren rock or sparsely vegetated with conifer forests and smaller proportions of alpine meadow,
shrubs and aspen (Landfire, 2015) (Figure S2a in Supporting Information S1). Snow accumulation is greatest in
high‐elevation cirque valleys on north‐northeast aspects (Figure S4 in Supporting Information S1). The integrated
hydrological model uses the U.S. Geological Survey (USGS) numerical code Groundwater and Surface water
Flow (GSFLOW v2.0.0, Markstrom et al., 2008) at a 100‐m grid resolution. GSFLOW dynamically couples the
USGS Precipitation‐Runoff Modeling System (PRMS, Markstrom et al., 2015) and the Newton formulation of
the USGS 3‐D Modular Groundwater Flow model (Niswonger et al., 2011) and 1‐D simplification of Richards
equation for the unsaturated zone (Niswonger et al., 2006). The model describes daily surface and groundwater
interactions related to ET including soil ET, canopy interception, snow sublimation, and groundwater ET.
Streamflow is conceptualized as containing three sources. Surface runoff is water flowing over the land surface as
either infiltration or saturation excess. Interflow is the lateral movement of water through the soil zone with the
soil zone typically <1 m in thickness. Groundwater flows to streams are contributions from underlying alluvial
and bedrock units. Streams can gain or lose water from/to the groundwater system. Losing conditions tend to
occur in low‐order, high elevation tributaries during the spring and along alluvial fans (Carroll et al., 2024). The
hydrologic model estimates snow accumulation and melt, interflow, groundwater recharge, change in ground-
water storage, and groundwater‐surface water exchanges derived from differential gradients between ground-
water and stream water elevations (Huntington & Niswonger, 2012) and deeper groundwater flow as functions of
subsurface hydraulic properties related to transmissivity and storage.

The land surface and soil parameterization from the original model are maintained in this study to reflect
reasonable estimates in snow accumulation and melt, ET, recharge (Figure 1a) and interflow across complex,
mountainous terrain. A description of the original Copper Creek model and its appropriateness for use in a
sensitivity analysis of streamflow to bedrock parameterization is provided in Text S1–S2, Figure S1–S10 in
Supporting Information S1. The groundwater model contains 12 layers and extends 400 m into the subsurface
(Figure 1b). We assume an exponentially decaying K with depth, assuming K = Koe

− AoZ, where K = hydraulic
conductivity at depth below land surface Z, Ko = hydraulic conductivity at land surface, and Ao = the decay
coefficient (Jiang et al., 2009). The K value in the top 8 m of 10− 5 m/s is consistent with heavily weathered
saprolite (Welch & Allen, 2014). Below the saprolite, we adopt the following two Ao values to roughly mimic low
and high ends of the K‐range reported in literature for fractured crystalline rock (Figure 1c; Table S1 in Sup-
porting Information S1): (a) Ao = 0.164 m− 1, represents a shallow circulation case (henceforth “shallow case”);
and (b) Ao = 0.023 m− 1, represents a deep circulation case (henceforth “deep case”) (Gleeson et al., 2011;
Ranjram et al., 2015; Shmonov et al., 2003; Stober & Bucher, 2007; Welch & Allen, 2014). For shallow and deep
cases, K values ≥10− 7 m/s, which are generally associated with active flow (Welch & Allen, 2014), extend to
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depths of 28 and 200 m, respectively. A minimum K of 10− 9 m/s was assumed, given that further reductions in K
yield negligible changes in groundwater flow. Reasonable low‐ and high‐end drainable porosity values for
fractured crystalline rock of 1% and 3% were assumed based on literature, along with a porosity of 4% for the
saprolite (Aquilina et al., 2004; Manning et al., 2013; Mazurek et al., 2003; Stober & Bucher, 2007; Tullborg &
Larson, 2006).

Each bedrock configuration was “spun‐up” with daily climate conditions for an average water year (WY, defined
as 1 October to 30 September) with average water year daily climate repeated until unsaturated and saturated
groundwater storage stabilized. The depth of active groundwater flow and ages are calculated with particle
tracking (Pollock, 2016) through the saturated portion of the groundwater model based on spatially distributed
recharge fluxes extracted from GSFLOW. Particles are draped onto the water table surface and run forward in
time with individual flow paths weighted by spatially explicit recharge estimates following Gusyev et al. (2014).

2.2. Climate Scenarios

Daily climate inputs rely on two snow telemetry (SNOTEL) stations that reside near the catchment (refer to Figure
S1 in Supporting Information S1), Schofield (ID: 737) and Butte (ID: 380) at elevations 3,261 and 3,097 m,
respectively. Minimum and maximum temperature are spatially distributed assuming a daily lapse rate between
the stations and adjusted for aspect. Schofield precipitation was spatially distributed as rain using the monthly 30‐

Figure 1. Integrated modeling was used to simulate hydrologic feedbacks in Copper Creek, Colorado (24 km2). (a) The spatial distribution of simulated groundwater
recharge given average climate conditions. Recharge below the rooting zone is estimated at 100 m grid resolution as functions of snow dynamics, evapotranspiration,
soil moisture and interflow. Modeled stream cells are indicated. Daily recharge supports groundwater generation and is dynamically coupled to a (b) three‐dimensional
groundwater flow model that contains 12 layers and extends 400 m below ground surface with the bedrock (depth 8–400 m) parameterized with depth‐dependent
hydraulic conductivity. (c) Hydraulic conductivity (K) versus depth for modeled shallow and deep cases are compared to published relationships for fractured crystalline
rock. References are provided in the text. The original model development is explained in Text S1, Figures S1–S9 in Supporting Information S1.
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year Parameter‐elevation Regressions on Independent SlopesModel (OSU, 2012) while snowfall distribution was
informed by observed airborne lidar to implicitly account for snow redistribution by wind and avalanche (Painter
et al., 2016) (Figures S3 and S4 in Supporting Information S1). Observed SNOTEL data for WY 1987 to 2022
were used to define climate scenarios. WY 2003 represents the closest mean condition for annual minimum and
maximum daily temperature and total precipitation for the period of record (Figure S11 in Supporting Infor-
mation S1). For drought conditions, daily climate inputs were stitched together based on observed hottest and
driest seasonal condition at each SNOTEL location (Tables S2 and S3 in Supporting Information S1). Seasonal
conditions are defined for autumn (Sept‐Nov), winter (Dec‐Feb), spring (Mar‐May), and summer (Jun‐Aug).
Given all climate inputs have been observed, albeit not all together in the same water year, the concept was to
generate a plausible extreme drought scenario for Copper Creek. Schofield SNOTEL seasonal conditions are
provided in Figures 2a–2c. Annually, temperatures during the drought are approximately +2°C higher than the
representative average water year, with the largest seasonal increases occurring in the autumn and the smallest
seasonal increases occurring in the summer. SNOTEL annual precipitation during the drought is 58% reduced
compared to average conditions, with the largest decreases in precipitation occurring in the spring.

2.3. Hydrologic Assessment

Streamflow metrics evaluated include average annual streamflow, shifts in perennial to non‐perennial stream
reaches and no flow duration, net groundwater inflow, and time to recovery. Each of these streamflow metrics
were evaluated given average climate conditions and for a drought lasting up to five consecutive years. A
maximum of a 5‐year drought is based on the historical monthly Palmer Drought Severity Index (PDSI) for the
Upper Colorado River Basin from 1895 to 2024 with the longest continuous period of PDSI > 0 values equal to
5.5 years (Figure S12 in Supporting Information S1). Model simulations extend for a total of 11 years to allow for
streamflow recovery following the drought with average climate conditions simulated.

3. Results
Under average steady state recharge conditions for the shallow case, approximately 70% of groundwater flow
occurs within the saprolite. Flow paths are hyper‐localized with only 4% of groundwater moving at depths greater
than 30 m. For the deep case, the median depth of groundwater flow is 100 m with approximately 13% of
groundwater flow occurring within the saprolite and only 7% at depths >200 m. We thus consider the active
circulation depth for shallow and deep cases to be 30 and 200m, respectively, given the relatively small amount of
flow occurring at greater depths (Figure S13a in Supporting Information S1). Longer and older flow originates
from cirque valleys and ridge tops (Figures S13 and S14 in Supporting Information S1).

3.1. Hydrologic Effects of Drought

For average climate conditions, snow water equivalent (SWE) peaks in early April and is gone by late July
(Figure 2d). Soil moisture in the winter is supported by summer/fall rain and remains stable. Soil moisture peaks
in the spring in response to snowmelt (i.e., decreasing SWE) and is at a minimum in the summer due to ET (Figure
S15 in Supporting Information S1). Snowmelt and increased soil moisture support recharge (Figure 2f) and
interflow to streams. Streamflow increases above winter baseflow during snowmelt to peak at the end of May. As
snowmelt diminishes, streamflow recedes toward baseflow with small transient increases in response to rain
(Figures 2g and 2j). Baseflow is achieved in the fall as temperatures cool and vegetation senesces. Given average
climate conditions, stream hydrographs for the deep and shallow cases look similar, though the shallow case tends
to have slightly larger spring and summer discharge and lower winter baseflow. A 2% difference in drainable
porosity has only a small effect on daily streamflow. For the deep case, stream flow source is primarily from
interflow (65%) with substantial groundwater contributions (35%) and only minimal surface runoff (<1%).
Stream water source for the shallow case is similar. It contains 71% interflow and 29% groundwater. For both
cases, the entire river network is activated during snowmelt from mid‐May to mid‐June with no dry reaches
simulated (non‐perennial fraction = 0) (Figures 2h and 2k). Otherwise, the shallow case has a lower average
fraction of the stream network going dry than the deep case due to a shallower water table depths and a greater
fraction of groundwater intercepting land surface even at higher elevations.

During drought, snow accumulation is drastically reduced by 83% compared to the average climate condition, and
average daily snow‐covered area (SCA) declines 46% (Figure S17 in Supporting Information S1). Rising
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Figure 2.
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temperatures increase atmospheric demand, and reduced SCA lengthens the growing season with ET increasing
earlier in the year but with reduced precipitation results in an average annual decline in total ET by 22%. Despite a
reduction in ET volume with drought, the ratio of ET to precipitation increases from 45% for average climate
conditions to 86% under drought. Warmer temperatures result in an earlier onset of snowmelt to initially increase
soil moisture, recharge and interflow contributing to streamflow. However, early water fluxes occur at the
expense of all three later in the water year to result in an annual net decline. There is a 22% decline in soil
moisture, 53% decline in recharge, and in year 1 of a drought, an 83% decline in interflow to streams. Low soil
moisture during drought extends into the subsequent water year to reduce interflow to streams by 7% and recharge
by 11% despite the return to average climate conditions.

The bulk of streamflow response to extended drought occurs within the first 2 years for all simulated cases and
generally plateaus for droughts of longer duration. Average streamflow during drought drops dramatically for
both deep and shallow cases (Figure 3a). However, in relative terms, average annual streamflow remains sub-
stantially higher for the deep case, being approximately 80% and 60% greater than the shallow case in year two of
the drought for porosities of 3% and 1%, respectively. Perhaps more importantly, in the shallow case, the majority
of the stream network goes dry in July after only 1 year of extreme drought (Figures 2j–2l and 3b) and remains dry
for an extended period (approx. 3.3 months). With 2 years of drought, Copper Creek remains dry for 5.5 months
(Figure S18 in Supporting Information S1). In contrast, the deep case limits non‐perennial expansion and
maintains streamflow exiting the catchment valley for all drought durations tested (Figures 2g–2i and 3b).
Increasing drainable porosity from 1% to 3% has little effect for most streamflow metrics given a 1‐year drought,
but for droughts lasting two or more years, the effect is to buffer the negative effects of drought. For example, in
the deep case after 2 years of drought, a 3% porosity results in 30%more streamflow, and decreases the maximum
fraction on non‐perennial streams up to 13% compared to the 1% porosity example. Average groundwater flow
into stream channels for the shallow case given no drought is 0.15 m3/s, or about 20% lower than the deeper case
(Figure 3c). After 2 years of drought, groundwater flow in the shallow case and assuming 3% porosity is reduced
by 78%. This is compared to the deeper case that experiences a 42% groundwater inflow reduction. The deeper
case, however, does experience a more consistent decay in groundwater inflow with drought duration compared
to the shallow case, such that after 5 years of drought, groundwater inflow to streams is diminished by 67%.

3.2. Time to Recover

The time to recovery was evaluated for average streamflow (Figure S19 in Supporting Information S1), the
average fraction of stream network that is non‐perennial (Figure S20 in Supporting Information S1), no‐flow
duration (Figure S21 in Supporting Information S1), average groundwater to streams (Figure 3e and Figure
S22 in Supporting Information S1) and groundwater storage (Figure 3d and Figure S23 in Supporting Infor-
mation S1). Recovery is assumed once pre‐drought conditions are achieved. For groundwater flow to streams,
recovery is assumed when groundwater flow is less than 0.015 m3/s from pre‐drought conditions (∼10% average
condition). This was done because the exact timing of recovery is slightly uncertain in the deeper case due to the
oscillation of recovery response at/near historical condition related to lag effects of recharge through its relatively
thick unsaturated zone compared to the shallow case (Figure S24 in Supporting Information S1). For the shallow
case given 1% porosity, streamflow metrics and groundwater storage recovered to pre‐drought conditions in
approximately 2 years. Increasing porosity to 3% in the shallow case increased groundwater recovery by
approximately half a year for droughts lasting at least 4 years. Short recovery times in the shallow case reflect
storage‐limited conditions in which active groundwater storage is less than average annual recharge. Recovery
time for stream metrics given a 1‐year drought in the deep case and 1% porosity are approximately 3 years, with
recovery of groundwater sourcing to streams increasing to 5 years with increased drought duration. For the deep
case and 3% porosity, recovery time for groundwater flow to streams increases by 1 year over the 1% porosity

Figure 2. Simulated hydrologic effects given 1 year of an extreme drought in comparison to average climate conditions. Annual and seasonal climate differences at the
Schofield SNOTEL: (a) average daily minimum temperature, (b) average daily maximum temperature, (c) total precipitation, with temperature (°C) and precipitation
(%) differences between average and drought provided. Daily land surface responses: (d) snow water equivalent, SWE, (e) soil moisture, and (f) recharge. Hydrologic
responses in the deep case: (g) daily streamflow, (h) daily fraction stream network that goes dry, or is non‐perennial, and (i) 7‐day minimum flow during drought for 3%
porosity. Hydrologic responses for the shallow case: (j) daily streamflow, (k) daily fraction stream network that goes dry or is non‐perennial, and (l) 7‐day minimum
flow during drought with 3% porosity. Water table contours at 50 m provided for 1 August. DL = deep case and 1% porosity, SL = shallow case and 1% porosity,
DH = deep case and 3% porosity, SH = shallow case and 3% porosity.
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across different drought scenarios. Longer recovery in the deeper case reflects large decreases in groundwater
storage during drought compared to the shallow case with recovery in the subsurface lasting up to a decade for
drought durations of 3 years (Figure S25 in Supporting Information S1).

Figure 3. Hydrologic response to drought duration of 0–5 years for different bedrock parameterizations: average annual (a) streamflow, (b) maximum fraction of stream
network that is dry, and (c) net groundwater to streams. (d) A comparison of groundwater storage change from average climate conditions for the deep case with 3%
porosity and shallow case with 1% porosity for 1‐year to 5‐year drought durations followed by average climate conditions for change in groundwater storage. Diagrams
schematically illustrate changing water table elevations during simulated drought and maximum drainable storage in the (e) shallow case and (f) deep case. DL = deep
case, 1% porosity, SL = shallow case, 1% porosity, DH = deep case, 3% porosity, SH = shallow case, 3% porosity.
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4. Discussion
Links between mountain streamflow and the depth of hydrologically active groundwater flow have been explored
empirically using temperature (Briggs et al., 2018), solute concentrations (Frisbee et al., 2017) and age tracers
(Carroll, Gochis, & Williams, 2020; Carroll, Manning, et al., 2020; Thiros et al., 2024); as well as numerical
modeling studies given theoretical (Gleeson & Manning, 2008; Rapp et al., 2020) and real‐world examples
(Ameli et al., 2018; Tague et al., 2008). In particular, Rapp et al. (2020) found that stream discharge was most
sensitive to shallow subsurface conductivity. We expand upon earlier models by including multi‐year drought
scenarios and accounting for dynamically coupled land surface and subsurface processes at high spatial and
temporal resolution. Additionally, our bedrock hydraulic conductivity and porosity parameterizations span nearly
the full range of values observed for crystalline rock in previous studies, to represent bedrock systems with
substantially different circulation depths. For the shallow case, the majority of groundwater flow occurs in the
shallow saprolite (depth <8 m), while the deep case promotes a median groundwater flow depth of 100 m.

Simulations of long‐term average climate indicate similar hydrographs and stream sourcing for the shallow and
deep case. Seasonally, the shallow case supports slightly higher spring and summer flow because more snowmelt
and rain are transported toward streams as interflow given shallow water tables exfiltrate groundwater into the soil
zone (Figure S26 in Supporting Information S1). However, steep hydraulic gradients and limited bedrock storage
capacity drain groundwater more quickly and exiting streamflow out of the catchment exhibits a decreasing trend
over the winter period. Higher ratios of winter streamflow to annual streamflow, or winter flow index (WFI), that
are simulated for the deeper case compared to the shallower case agrees with previous research indicating larger
WFI in higher permeability and porosity systems (Paznekas & Hayashi, 2016). Likewise, activation of deeper
storage has been shown to increase minimum flows and potentially reduce peak flows (Bennett et al., 2023).
Nonetheless, differences in hydrographs under long‐term average climate conditions are not drastically different
as a function of groundwater circulation depth.

During drought, streamflow is decreased, in part, through reductions in interflow related to preferential parti-
tioning of soil water toward ET due to low snow accumulation, a longer growing season (Milly & Dunne, 2020)
and lack of monsoon rain (Carroll, Gochis and Williams, 2020). Reduction in soil moisture reduces groundwater
recharge. Dry soils in the fall extend through the winter and require more snowmelt in the spring to achieve the
water capacity threshold necessary for initiating interflow (McNamara et al., 2005) and recharge (Carroll
et al., 2024) in the year following drought. Thin mountain soils, however, lessen the cumulative influence of soil
moisture on these fluxes for droughts greater than 2 years (Figure S27 in Supporting Information S1). Given land
surface parameterization during drought is identical for all model scenarios, changes in soil moisture, interflow,
ET and recharge are relatively the same between the deep and shallow cases.

Differences in drought response between the deep and shallow bedrock cases occur with low‐flow streammetrics.
Low flow is important to habitat availability, species composition, water quality, nutrient cycling and overall
biodiversity (Rolls et al., 2012). For the shallow case, active groundwater storage is effectively drained in 2 years
(Figure 3e) and streamflow metrics do not appreciably further decline for droughts longer than 2 years. With a 2‐
year drought (or greater), groundwater flow to the stream is effectively eliminated and the stream network goes
dry for nearly half of the year. While theoretical, model results suggest greater ecological hardship in shallow
circulation systems as drought severity increases even if drought duration is relatively short. Specifically,
drought‐induced declines in flow magnitude and increased duration of these events will likely reduce macro-
invertebrate abundance and composition through reduced stream depth, velocity, and dissolved oxygen
(Munasinghe et al., 2021); stress critical fish populations (Hakala & Hartman, 2004); and potentially increase
colonization and biomass of periphyton (Suren et al., 2003). Likewise, habitat fragmentation and lost refugia
during drought‐induced drying of stream segments are expected to reduce species survival and recovery (Vander
Vorste et al., 2020). Despite sensitivity of low‐flow streammetrics to relatively short drought durations in shallow
bedrock systems, resilience is also high. A return to average climate, in which recharge exceeds drainable storage,
rebounds streamflow metrics to pre‐drought conditions in approximately 2 years.

Tague et al. (2008), using hydrographic analysis and physically based models, attributed mediated streamflow
loss during warming to deep groundwater. We also find that deeper groundwater storage release subsidizes low
flow in mountain streams and does so even under extreme meteorological stress. As an example, the release of
groundwater from a larger subsurface storage reservoir maintains perennial streamflow in at least 26% of its
stream network even after a 5‐year drought. While porosity is less influential on overall storage capacity of
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shallow bedrock systems, a small 2% increase in porosity in the deeper case substantially increases buffering
capacity of groundwater to streams and limits non‐perennial expansion. Results indicate groundwater storage
declines are linear for each successive year of drought (Figure 3d). This suggests groundwater decline does not
reach the maximum drainable storage available (Figure 3f) and further groundwater release could maintain
perennial conditions in the catchment for longer lasting droughts. However, this buffering of streamflow is done
at a cost. For example, large and persistent water table declines may degrade water quality through increased
sulfate and metals concentrations (Manning et al., 2013), enhanced weathering along longer flow paths (Bondu
et al., 2016), and stream waters becoming more dependent on solute‐rich groundwater. In addition, for bedrock
systems with deep circulation, even in a cold and wet mountain basin such as Copper Creek with ample estimated
recharge under average climate conditions, the time for stream recovery is twice as long as the shallow case, and
groundwater storage recovery approaches a decade following drought. Long memory in the deeper groundwater
system reduces stream generation up to 5 years after the meteorological drought has ceased and makes the
catchment more vulnerable to future droughts that may occur prior to full groundwater storage recovery. As
climate in the Colorado River Basin headwaters becomes warmer and possible aridification propagates (Overpeck
& Udall, 2020) deeper groundwater systems may eventually not recover (e.g., Peterson et al., 2021).

We acknowledge that direct observations (i.e., tracer tests), and surrogate tests for specific yield (i.e., pumping
tests, water table observations, and packer tests) are difficult and expensive to perform in mountainous terrain.
However, given the sensitivity of low‐flow metrics to reasonable endmember parameterization of crystalline
rock, and the importance of the magnitude, duration, and spatial extent of low‐flow conditions during drought on
ecologic health, downstream water availability, and possible implications on water quality, we recommend site‐
specific observations of bedrock properties at depth to better parameterize our hydrologic models and more
accurately predict drought response in mountain basins.

5. Conclusions
Our study advances understanding of the effect of the depth of hydrologically active groundwater flow on
streamflow response to drought by using a numerical model that integrates dynamic land surface and subsurface
processes at high spatial and temporal resolution. The analysis reveals that shallow‐circulating systems are
considerably more sensitive to droughts of shorter (2‐year) duration than deeper‐circulating systems. Deeper
circulating systems more effectively buffer low‐flow stream conditions against prolonged drought through the
release of groundwater from storage but do so at a cost of a more protracted recovery. These findings align with
previous research but specifically highlight the sensitivity of streamflow magnitude and extent during low‐flow
periods to the active circulation depth and deeper bedrock porosity. Our results emphasize the importance of
accurately characterizing the deeper bedrock hydraulic conductivity and porosity in mountainous regions, as these
factors are crucial for predicting hydrologic responses to climate variability and long‐term changes.

Data Availability Statement
The GSFLOW code version 2.0.0 and all documentation are provided by the U.S. Geological Survey at https://
www.usgs.gov/software/gsflow‐coupled‐groundwater‐and‐surface‐water‐flow‐model. Copper Creek GSFLOW
model files (Carroll and Williams, 2024) are provided to the public with no restrictions.
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