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Abstract 40 

Water management often requires accounting for reductions in streamflow caused by 41 

groundwater pumping (‘streamflow depletion’). Since streamflow depletion cannot be quantified 42 

from observational data, it is typically modeled. Analytical depletion functions (ADFs) are a 43 

low-cost, low-complexity approach for estimating streamflow depletion with utility for decision 44 

support, but ADFs adopt several simplifying assumptions, including an infinite supply of water 45 

within the stream. Here, we develop an approach to incorporate stream drying into ADFs to 46 

improve their estimation of streamflow and streamflow depletion. Using Scott Valley 47 

(California) as an example, we compare ADF results to observed streamflow data and the Scott 48 

Valley Integrated Hydrologic Model (SVIHM), a process-based numerical model. ADFs 49 

incorporating stream drying have strong agreement with observed streamflow and SVIHM 50 

results. Critically, ADFs with drying can simulate a temporal shift in streamflow depletion that 51 

occurs when summer stream drying causes stream network disconnections and a substantial 52 

fraction of streamflow depletion is lagged until the fall/winter, when the stream network rewets. 53 

Estimates of what streamflow would have been without groundwater pumping are required to 54 

incorporate stream drying into ADFs, and we evaluate the ability of a statewide statistical model 55 

of unimpaired monthly streamflow (the California Natural Flows Database [CNFD]) to meet this 56 

need. ADFs using CNFD data simulate appropriate temporal dynamics but overestimate 57 

streamflow. This suggests that regional unimpaired flow estimates combined with local bias-58 

correction could provide a mechanism to apply ADFs in watersheds without local numerical 59 

models.  60 

 61 

Graphical Abstract 62 
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1. Introduction 68 

 While surface water and groundwater resources have historically been managed and 69 

regulated separately (Gage & Milman, 2020), in many settings they are a single interconnected 70 

resource (Winter et al., 1998). Reductions in streamflow caused by groundwater pumping, 71 

known as ‘streamflow depletion’ (Barlow et al., 2018; Barlow & Leake, 2012), are a primary 72 

mechanism by which groundwater use can affect surface water resources and groundwater-73 

dependent ecosystems (Rohde et al., 2017). In recent decades, water management frameworks 74 

have emerged which require quantifying and accounting for interconnections between 75 

groundwater and surface water, such as streamflow depletion, when developing water 76 

management plans. For example, the European Water Framework Directive and the Australian 77 

National Water Initiative both specify that groundwater use cannot impair interconnected surface 78 

water resources (Kallis & Butler, 2001; Rohde et al., 2017; Ross, 2018; Vázquez-Suñé et al., 79 

2006). In the United States, California’s Sustainable Groundwater Management Act (SGMA) 80 

was passed in 2014, requiring specific priority groundwater subbasins to achieve groundwater 81 

sustainability by 2040. SGMA defines sustainability as long-term groundwater management 82 

which prevents significant and unreasonable undesirable results, including the depletion of 83 

interconnected surface waters (Harter, 2020; Leahy, 2016; Owen et al., 2019). Under SGMA, 84 

groundwater managers are expected to estimate the location, timing, and quantity of streamflow 85 

depletion occurring due to groundwater pumping (California Department of Water Resources, 86 

2024).   87 

 Quantifying streamflow depletion is challenging because pumping impacts are frequently 88 

obscured by other causes of variability such as weather/precipitation dynamics, surface water 89 

impoundments/diversions, and lags between groundwater pumping and streamflow impacts 90 

(Barlow & Leake, 2012). Streamflow depletion can only be directly measured using 91 

observational data at the scale of a stream reach over short timescales (Flores et al., 2020; Hunt 92 

et al., 2001; Kollet & Zlotnik, 2003; Malama et al., 2024; Nyholm et al., 2002). However, due to 93 

the intensity of data requirements, streamflow depletion cannot be quantified using solely 94 

observational data at management-relevant scales such as aquifers or watersheds, and is instead 95 

modeled using a variety of approaches (Zipper et al., 2022a). Numerical models, such as 96 

MODFLOW, MIKE-SHE, and HydroGeoSphere, simulate stores and fluxes of water in 97 

groundwater and surface water systems using physical governing equations (Falke et al., 2011; 98 

Fienen et al., 2018; RRCA, 2003; Tolley et al., 2019). Numerical models are generally 99 

considered the most reliable tools for assessing streamflow depletion due to their process-based 100 

foundation and opportunity for site-specific calibration. Due to their complexity they also have 101 

high development costs in terms of data, effort, and expertise (Barlow & Leake, 2012; Zipper et 102 

al., 2022a).  103 

 Analytical depletion functions (ADFs) have been proposed as a low-cost and scalable 104 

approach for estimating streamflow depletion (Zipper et al., 2019). ADFs are based on analytical 105 

models for streamflow depletion, which mathematically simplify physical governing equations 106 

by adopting assumptions, commonly including a well pumping in a homogeneous subsurface 107 

connected to a single stream partially or fully penetrating into the aquifer system (Glover & 108 

https://www.zotero.org/google-docs/?FENVdQ
https://www.zotero.org/google-docs/?WEyamO
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https://www.zotero.org/google-docs/?IwEs0Y
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Balmer, 1954; Hantush, 1965; Huang et al., 2018; Hunt, 1999). Simplifications in analytical 109 

models can introduce uncertainty, for example by neglecting spatial heterogeneity in the 110 

hydrologic response to pumping. ADFs extend analytical models by using empirical approaches 111 

to address some of these assumptions, for example by identifying multiple potentially affected 112 

stream segments by each well and distributing depletion among stream segments using geometric 113 

approaches known as depletion apportionment equations (Zipper et al., 2018; additional details 114 

in Section 2). However, a key simplifying assumption that remains is the assumption of an 115 

infinite supply of water in the stream. Non-perennial (intermittent or ephemeral) streams are 116 

common, estimated to make up more the half the global river network (Messager et al., 2021), 117 

and are becoming increasingly widespread due to climate change and human activities (Sauquet 118 

et al., 2021; Tramblay et al., 2021; Zipper et al., 2021a). Furthermore, in settings where pumping 119 

is a substantial fraction of the water balance, streamflow depletion itself can lead to reductions in 120 

stream storage and stream drying (Datry et al., 2022; Malama et al., 2024; Zipper et al., 2022b), 121 

which violates the assumption of infinite water. 122 

 To advance integrated groundwater-surface water decision-making capabilities in 123 

watersheds affected by groundwater pumping, this study asks, how does the incorporation of 124 

stream drying and the downstream accumulation of streamflow depletion affect the timing of 125 

streamflow depletion and the ability of ADFs to simulate spatiotemporal patterns of streamflow 126 

and streamflow depletion? To accomplish this, we compare ADF simulations of streamflow and 127 

streamflow depletion to observed streamflow data and output from the process-based Scott 128 

Valley Integrated Hydrologic Model (SVIHM; Foglia et al., 2013, 2018; Tolley et al., 2019) in 129 

the Scott River Valley (California, USA). We develop a novel and simple water budget-based 130 

approach to represent stream drying when coupled with ADFs. We thus account for temporal 131 

shifts in streamflow depletion caused by stream network drying and can propagate both pumping 132 

and drying impacts through the river network. We also demonstrate how a regional statistical 133 

model of unimpaired streamflow provides a potential approach for ADF implementation in 134 

ungauged and unmodeled watersheds.  135 

 136 

2. Analytical depletion function (ADF) theory and development 137 

 Analytical depletion functions have three primary steps to estimate the impacts of 138 

groundwater pumping on streamflow (Figure 1a), which are described in Zipper et al. (2019). 139 

First, ‘stream proximity criteria’ are used to identify the stream segments that could be affected 140 

by a well based on stream network geometry (Zipper et al., 2019). Second, ‘depletion 141 

apportionment equations’ distribute depletion among the affected segments using stream network 142 

geometry (Huggins et al., 2018; Reeves et al., 2009; Zipper et al., 2018). Third, streamflow 143 

depletion is calculated separately for each affected stream segment using an analytical model 144 

(Glover & Balmer, 1954; Hantush, 1965; Hunt, 1999) and scaled based on the apportioned 145 

depletion from step two. The resulting output is a three-dimensional streamflow depletion 146 

response matrix (White et al., 2021) that quantifies the individual response of each stream 147 

segment to each pumping well at each simulated timestep. The impacts of multiple wells are 148 

https://www.zotero.org/google-docs/?HSzCG7
https://www.zotero.org/google-docs/?Vr9TKm
https://www.zotero.org/google-docs/?Vr9TKm
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https://www.zotero.org/google-docs/?OOgSKn
https://www.zotero.org/google-docs/?lLKQft
https://www.zotero.org/google-docs/?AgaOPH
https://www.zotero.org/google-docs/?LeIvb9
https://www.zotero.org/google-docs/?4p99nj
https://www.zotero.org/google-docs/?ndGsuK
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assumed to be linearly additive. Each step can be carried out using different algorithms, and the 149 

specific methods used for each of these steps in this study are described in Section 3.4.  150 

 Past work has evaluated multiple different approaches for each of these steps via 151 

comparison to numerical models in a variety of hydrogeological settings including coastal 152 

California, coastal and interior British Columbia, and the U.S. High Plains aquifer region (Li et 153 

al., 2020; Zipper et al., 2018, 2019, 2021b). This work has shown that ADF and numerical model 154 

simulations largely agree for several aspects of pumping impacts on stream networks, including 155 

identifying the segment with the greatest streamflow depletion by a given well, the magnitude of 156 

depletion in that segment, and the overall spatial distribution and magnitude of depletion across 157 

all affected stream segments (Li et al., 2022; Zipper et al., 2019). However, this past work has 158 

only used intermodel comparisons for accuracy assessment and has not included any direct 159 

comparison to observational data, such as streamflow from gauging stations. Additionally, these 160 

evaluations focused on segment-resolution changes in stream-aquifer flux rather than the 161 

accumulated streamflow depletion within the stream network and do not account for limited 162 

surface water supply (stream drying).  163 

 In this study, we advance the development of ADFs through two interlinked process 164 

representations: (i) the routing of streamflow and streamflow depletion through the stream 165 

network, and (ii) stream drying, which leads to a redistribution of depletion in time and space 166 

(Figure 1b). To accomplish this, we defined the stream network as a directed graph, with each 167 

stream segment represented by a node. To account for potential drying at a given segment, we 168 

incorporated an estimate of the streamflow that would have occurred in a segment if there were 169 

no groundwater irrigation, which we refer to as “water available”.  170 

Combining the two steps, for each timestep, the resulting streamflow is calculated as the 171 

difference between water available and ADF depletion if and only if the calculated cumulative 172 

depletion by the ADFs in that segment and in upstream segments is less than the water available. 173 

If the depletion exceeds the amount of water available, the depletion is assumed to dry the stream 174 

and any calculated depletion exceeding water available is “banked” for a later timestep in the 175 

same stream segment. 176 

Once additional water is available in the stream, banked streamflow depletion is added to 177 

the calculated depletion for each timestep, but only up to the water available for depletion in the 178 

segment. Thus, a timeseries of redistributed depletion is generated. For each simulated timestep, 179 

streamflow and streamflow depletion are calculated starting from headwater segments and 180 

moving downstream through the stream network so that any temporal redistributions of 181 

streamflow depletion are propagated to downstream segments. This approach to depletion 182 

routing and stream drying adopts several assumptions, including that pumping impacts can 183 

propagate from upstream to downstream in the stream network within the length of a timestep, 184 

and that accurate information about segment-resolution water available can be obtained for each 185 

timestep. Details for how these steps are specifically implemented for our study domain are 186 

provided in Section 3. 187 

https://www.zotero.org/google-docs/?LS3rZ0
https://www.zotero.org/google-docs/?LS3rZ0
https://www.zotero.org/google-docs/?FlCaaQ
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 188 
Figure 1. (a) Overview of analytical depletion functions (ADFs) and (b) methods for incorporating depletion routing 189 
and stream drying into ADFs. The specific equations and variables used in the figure are defined in Section 3.4. 190 

 191 

3. Methods 192 

In this study, we develop and test ADFs including stream drying and depletion routing via 193 

comparison to stream gauging data and a process-based numerical hydrologic model (SVIHM) in 194 

the Scott Valley region of California.  195 

3.1 Study domain: Scott Valley, California 196 

Nestled in the Siskiyou mountains in Northern California, Scott Valley is a 197 

Mediterranean-climate montane valley 800 m above sea level and approximately 200 km2 in area 198 

(Tolley et al., 2019). The Scott River runs north through the valley (Figure 2), draining an area 199 

approximately 2100 km2 and eventually flowing into the Klamath River. Land use in the flat 200 

portions of the valley floor is almost entirely agricultural, with alfalfa and pasture land 201 

comprising the largest proportions, while the surrounding uplands are largely managed as part of 202 

Klamath National Forest. Agricultural irrigation is the primary use of water, as the 500 mm of 203 

average precipitation that occurs in the valley falls between October-May, while the primary 204 

growing season is April-September. 205 

https://www.zotero.org/google-docs/?xVdvg2
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 The Scott River provides habitat to a variety of native aquatic fauna, including Chinook 206 

salmon and threatened coho salmon. Quantifying streamflow depletion therefore is critical to 207 

effective ecohydrological management. In an attempt to protect these aquatic populations, 208 

minimum flow requirements (details in Section 4.4.1) have been suggested for the Scott River at 209 

the Fort Jones gauge operated by the U.S. Geological Survey (USGS; gauge 11519500). The 210 

Scott River at Fort Jones gauge is located immediately downstream of the closed intermontane 211 

valley floor (41.64069017°N, 123.015037°W) at the top of a narrower bedrock canyon, and has 212 

streamflow records dating back to 1941. The valley floor is underlain by an aquifer made up of 213 

fluvial and alluvial deposits of gravels, sands, silts and clays that form a productive aquifer 214 

greater than 120 m thick in places (Mack, 1958), underlain by very low permeability, 215 

heterogeneous fractured bedrock. This aquifer system is strongly connected to the river system 216 

and stream-aquifer exchange is highly spatially and temporally heterogeneous (Tolley et al., 217 

2019). 218 

 219 
Figure 2. Scott Valley study domain. The grey shaded area is the active SVIHM model domain, which encompasses 220 
the valley bottom aquifer. Blue lines show the stream network, with the watershed outlet in the northwest corner of 221 
the domain. Pumping wells are colored by their average water use over the period of comparison. 222 

 223 

https://www.zotero.org/google-docs/?xqtk24
https://www.zotero.org/google-docs/?awki2a
https://www.zotero.org/google-docs/?awki2a
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3.2 Scott Valley Integrated Hydrologic Model (SVIHM) 224 

SVIHM consists of three models run sequentially: an upper watershed tributary 225 

streamflow regression model, a soil-crop-water balance (agricultural water demand) model, and 226 

a numerical groundwater-surface water flow model using MODFLOW-NWT (Niswonger et al., 227 

2011). The streamflow regression model predicts inflows into the topographically flat portion of 228 

Scott Valley overlying the aquifer system using statistical relationships estimated between the 229 

tributary gauges (dependent variable) and the Fort Jones gauge (independent variable). The soil-230 

crop-water balance model estimates surface water and groundwater abstraction using a crop-231 

coefficient based ET estimation and field-scale information about crops, soils, irrigation systems, 232 

their efficiency, and water sources (Foglia et al., 2013; Tolley et al., 2019). Recharge to the 233 

underlying aquifer system is estimated for each field using a tipping-bucket approach; the 234 

method and underlying equations are fully documented in Tolley et al. (2019). The MODFLOW-235 

NWT model simulates the coupled groundwater-surface water system. The model consists of 2 236 

layers, 440 rows and 210 columns (19,869 and 14,054 active nodes in layers 1 and 2, 237 

respectively), each 100m x 100m in size, and aquifer properties vary spatially via nine 238 

contiguous, homogenous hydrogeologic zones (Tolley et al., 2019). The model has monthly 239 

stress periods, daily time steps, and uses tab files to input the tributary inflows into the valley on 240 

a daily basis.  241 

SVIHM has been used as a decision-support tool in Scott Valley for over a decade 242 

(Foglia et al., 2013, 2018; Kouba & Harter, 2024; Siskiyou County Water Conservation and 243 

Flood Control District, 2021; Tolley et al., 2019). Agricultural water use data are not available in 244 

the region, and thus the model serves an important purpose in estimating the valley water use and 245 

water balance. Additionally, SVIHM facilitates a wide variety of scenarios to be tested, e.g., 246 

removal/addition of pumping wells, land use changes, irrigation method changes, groundwater 247 

and surface water curtailments, droughts, etc. The specific SVIHM scenarios used in this study 248 

are described in Section 3.4.3. 249 

3.3 California Natural Flows Database (CNFD) 250 

The California Natural Flows Database (CNFD) is the result of a modeling approach 251 

developed in partnership between the California Environmental Flows Framework 252 

(https://ceff.ucdavis.edu/) technical team and the U.S. Geological Survey (USGS) that uses 253 

machine learning models to predict monthly unimpaired flows across the state of California. 254 

Unimpaired flows are a key water resource management consideration, particularly for the 255 

conservation of aquatic ecosystems. Modeling the natural flow regime allows for an increased 256 

understanding of existing alteration across surface water systems. Zimmerman et al. (2018) 257 

identified 250 reference stream gages with minimal flow alteration and divided them into three 258 

regions based on climate and hydrologic conditions. Using observed monthly flows, climate and 259 

run-off variables, and fixed physical watershed characteristics, they developed random forest 260 

statistical models for each region. These random forest models were then applied to predict flows 261 

for all streams in the state, estimating natural flow values from 1950 to 2015 at stream segment 262 

https://www.zotero.org/google-docs/?Gathfx
https://www.zotero.org/google-docs/?JdTDiR
https://www.zotero.org/google-docs/?ieLKor
https://www.zotero.org/google-docs/?ieLKor
https://ceff.ucdavis.edu/
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resolution (based on the resolution of the U.S. National Hydrography Dataset [NHD]), along 263 

with the range of uncertainty (Zimmerman et al., 2018).  264 

Predictive accuracy of the model was assessed by comparing predicted monthly 265 

minimum, mean, and maximum flows to observed flows at randomly selected reference stream 266 

gages believed to have natural flows (locations lacking upstream hydrologic alteration). Average 267 

model performance results included the ratio of observed to predicted value of 0.94, an r-squared 268 

value of 0.80, a percent bias of -3.30 and a Nash-Sutcliffe Efficiency of 0.75 (Zimmerman et al., 269 

2018). Studies have expanded upon this approach, utilizing modeled natural flows to propose 270 

ecologically functional flow metrics for riverine ecosystems statewide (Grantham et al., 2022). 271 

The CNFD is continuously updated, and monthly unimpaired flow estimates are available up to 272 

the present day (https://rivers.codefornature.org/). The specific CNFD data used in this study are 273 

described in Section 3.4.3. 274 

3.4 ADF implementation to calculate depletion, streamflow, and drying in Scott Valley 275 

3.4.1 Calculating potential streamflow depletion from ADFs 276 

ADFs directly calculate the potential streamflow depletion, defined as the amount of 277 

streamflow depletion that would occur if the stream had an unlimited supply of water, for each 278 

stream segment at each timestep. The primary data sources for ADFs are the hydrostratigraphic 279 

parameters of transmissivity and storativity; the locations and pumping schedules for any wells; 280 

and the stream network. For our comparison, we used data from SVIHM to parameterize ADFs 281 

to maximize input data commensurability for an ‘apples to apples’ comparison. Therefore, our 282 

study is intended to understand the differences in simulated streamflow and streamflow depletion 283 

that can be attributed to differences in model structure and complexity, rather than differences 284 

that may be caused by model input data source or uncertainty. While we do not carry out a 285 

formal sensitivity analysis in this study, we do evaluate multiple data sources related to water 286 

available to understand the sensitivity of ADF performance to this input data. For transmissivity 287 

(Tr), we developed gridded maps by multiplying horizontal hydraulic conductivity (K) by aquifer 288 

thickness (b) at each SVIHM grid cell. For storativity (S), we summed specific yield (Sy) and the 289 

product of specific storage (Ss) and b. Since Sy is substantially larger than Ss*b, variation in S is 290 

primarily driven by Sy zones within SVIHM. Pumping locations were defined as the center of 291 

each SVIHM grid cell with a pumping well, and pumping schedules (Qw) were obtained from 292 

SVIHM as described in Section 3.2. The stream network was also defined based on the SVIHM 293 

grid. We then summarized hydrostratigraphic input parameters for each potential combination of 294 

wells and affected streams using the average Tr and S value for any grid cell along a line 295 

connecting each well to the closest point on each stream segment. 296 

For ADF implementation, we used the ‘adjacent + expanding’ stream proximity criteria 297 

(Figure 1a, step 1), which allows wells to affect streams in any adjacent catchment or within a 298 

radial distance that expands with time (details in Zipper et al., 2019). The allowable radial 299 

distance at each timestep was based on the 10th percentile of S and 90th percentile of Tr for all 300 

well-stream pairs. Since low values of S and high values of Tr are generally associated with a 301 

greater fraction of pumping from streamflow depletion, these values are meant to represent an 302 

https://www.zotero.org/google-docs/?F5Q1fK
https://www.zotero.org/google-docs/?I3X55b
https://www.zotero.org/google-docs/?I3X55b
https://www.zotero.org/google-docs/?mc06wo
https://rivers.codefornature.org/
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inclusive stream proximity criteria and ensure that all potentially impacted streams are identified. 303 

For the depletion apportionment equation (Figure 1a, step 2), we used the web-squared approach 304 

developed in Zipper et al. (2018) that distributes fractional depletion based on a weighted inverse 305 

distance of evenly spaced points along each affected stream segment. Compared to a simple 306 

inverse-distance approach, the web squared approach accounts for both the distance from wells 307 

to streams as well as the geometry of each stream segment. The ‘adjacent + expanding’ and ‘web 308 

squared’ approaches have generally been found to provide the best performance in past studies 309 

(Li et al., 2020; Zipper et al., 2018, 2019, 2021b), so we did not conduct additional testing of 310 

alternate stream proximity criteria and depletion apportionment equations in this study.  311 

To estimate the amount of streamflow depletion due to pumping in each stream segment 312 

(Figure 1a, step 3), we used the analytical model developed in Hunt (1999) which simulates a 313 

partially-penetrating stream with a streambed layer that impedes flow as a function of its 314 

conductance (λ). For the conductance of the streambed layer, we used the λ values in each 315 

segment defined in SVIHM. In practice streambed conductance has tremendous fine-scale 316 

spatiotemporal variability (Abimbola et al., 2020b, 2020a; Korus et al., 2018, 2020) and is rarely 317 

known with any confidence (Christensen, 2000), and therefore this parameter is typically 318 

unknown or calibrated. To evaluate the potential impacts of the analytical model selection, we 319 

repeated our analysis using the Glover & Balmer (1954) analytical solution that assumes a fully 320 

penetrating stream with no resistance to flow and therefore does not require λ. We found that 321 

simulated depleted streamflow at the watershed outlet was insensitive to the selection of an 322 

analytical model in this domain (Figure S4), and therefore only results from the Hunt model are 323 

shown throughout the rest of the manuscript. All ADF simulations were done using a five-day 324 

timestep for the period from October 1, 1990 to September 30, 2023 and were implemented 325 

using the streamDepletr package for R (Zipper, 2023). 326 

3.4.2 Incorporating depletion routing and stream drying 327 

The ADF as described in Section 3.4.1 and shown in Figure 1a calculates the potential 328 

streamflow depletion, pSDk,t at each stream segment k and time-step t, with no regard to whether 329 

there is sufficient water in the stream to meet this demand. In this section, we describe how 330 

incorporating the water available in each segment at each timestep (WAk,t) allows us to calculate 331 

the estimated depleted streamflow (Qdk,t) and actual streamflow depletion (aSDk,t) for each 332 

segment and timestep (five days) as shown in Figure 1b. To do this, we consider that each stream 333 

segment has a “memory” of the amount of potential streamflow depletion that could not actually 334 

occur due to lack of instream flow, which we define as the banked depletion (BD). Initially, BDk 335 

for each segment is zero. BDk increases whenever pSDk,t exceeds WAk,t, which occurs when 336 

instream flows are insufficient for the streamflow depletion demand. BDk decreases when BDk is 337 

greater than 0 and pSDk,t is less than WAk,t, which occurs when there is both banked depletion 338 

and water available in the stream beyond simulated potential depletion. Specifically, the 339 

following algorithm is used to compute streamflow depletion (aSD) and streamflow (Qd) for 340 

each segment k and time t: 341 

https://www.zotero.org/google-docs/?NJ8PEt
https://www.zotero.org/google-docs/?F1AqMs
https://www.zotero.org/google-docs/?F1AqMs
https://www.zotero.org/google-docs/?F1AqMs
https://www.zotero.org/google-docs/?esdlV9
https://www.zotero.org/google-docs/?zcbh6v
https://www.zotero.org/google-docs/?k2sQ2p
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● Using the directed graph stream network (Figure 1b), aSD in time-step t upgradient of 342 

segment k is summed and added to the pSDk,t  to provide the ‘cumulative potential 343 

streamflow depletion’ CpSDk,t in a segment: 344 

CpSDk,t = pSDk,t + sum[aSDt for all segments upstream of k] {Eq. 1} 345 

● If CpSDk,t   ≤ WAk,t, then: 346 

○ The actual streamflow depletion, aSDk,t, equals the cumulative potential 347 

streamflow depletion plus any accumulated banked depletion, BDk,t (see below), 348 

up to the amount of water available in the stream: 349 

aSDk,t = min[(CpSDk,t + BDk,t), WAk,t)]  {Eq. 2} 350 

○ For the following time-step, BDk,t+1 is then adjusted by the amount of delayed 351 

depletion that occurred in time-step t, unless it is zeroed out: 352 

BDk,t+1 = max[0, (BDk,t - (aSDk,t - CpSDk,t )]  {Eq. 3} 353 

● Else, if CpSDk,t  > WAk,t, then: 354 

○ The actual streamflow depletion is equal to the amount of water available and the 355 

stream has dried:  356 

aSDk,t = WAk,t      {Eq. 4} 357 

○ The amount of potential streamflow depletion that did not occur is added to the 358 

accumulated delayed depletion available in the next time step, BDk,t+1: 359 

    BDk,t+1 =  BDk,t + (CpSDk,t - WAk,t)   {Eq. 5} 360 

● For each timestep, the depleted streamflow is then calculated as the difference between 361 

water available and actual streamflow depletion: 362 

Qdk,t = WAk,t - aSDk,t     {Eq. 6} 363 

● Calculations are done sequentially, starting at the headwaters (nodes in the directed graph 364 

that do not have any inflowing segments) and moving downstream so that the actual 365 

streamflow depletion following banking and redistribution (aSDk,t) propagates 366 

downwards to influence the timing of streamflow and depletion in downstream segments. 367 

3.4.3 Defining water available 368 

Incorporation of depletion routing and stream drying requires input data on the amount of 369 

water available, which is the streamflow that would have occurred without pumping. For this 370 

study, we compared two different water available sources: SVIHM and CNFD. The simulations 371 

using SVIHM to simulate water availability are intended to maximize commensurability with 372 

SVIHM estimated streamflow depletion, allowing us to understand the differences between 373 

observed streamflow, SVIHM, and ADFs when the non-depleted streamflow is well-known. The 374 

use of CNFD data is intended to test the potential applicability to watersheds that do not have 375 
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locally-developed estimates of non-depleted streamflow to help understand potential applications 376 

of ADFs for unmodeled regions. 377 

From SVIHM, we used output from two specific SVIHM simulations: the calibrated 378 

basecase (#1 in Table S1), with historical land use and water withdrawals for the period from 379 

10/1/1990 to 9/30/2023; and a no-groundwater-irrigation scenario (#3b in Table S1), in which all 380 

model parameters and inputs are the same except that there is no groundwater pumping and 381 

groundwater-irrigation-dependent crops are replaced by natural vegetation. For ADF 382 

implementation, we used the segment-scale results of the SVIHM no-groundwater-irrigation 383 

scenario as our water available input. In SVIHM, we compared differences between these two 384 

scenarios to quantify the magnitude of streamflow depletion caused by groundwater pumping 385 

(Barlow & Leake, 2012; Zipper et al., 2022a). Other factors causing streamflow variability and 386 

groundwater-surface water exchange are identical to the basecase (including weather variability, 387 

surface water diversions, land use practices associated with surface water irrigation, etc). Hence,  388 

the differences between these two scenarios provide the hydrologic response to both changes in 389 

pumping and associated differences in the water balance that occur as a result of land use 390 

reverting to natural vegetation due to the lack of groundwater irrigation (Kouba & Harter, 2024). 391 

For our segment-resolution evaluation of ADF performance, we also compared ADF output with 392 

water available defined using an additional SVIHM scenario in which there was no groundwater 393 

pumping, but land use practices stayed the same throughout the watershed (i.e., groundwater-394 

irrigated fields reverted to rainfed agriculture; scenario #2 in Table S1). While this is not a 395 

realistic agricultural practice for the region, this comparison allowed us to isolate the direct 396 

effects of pumping on streamflow, ignoring other changes to the water balance associated with 397 

conversion of groundwater-irrigated fields to natural vegetation. To assess the overall influence 398 

of the SVIHM scenario used for defining water available, we tested nine different SVIHM model 399 

configurations (Table S1, Figure S5, Figure S6). All SVIHM simulations used the version of the 400 

model calibrated and described by Tolley et al. (2019). 401 

  402 

https://www.zotero.org/google-docs/?Lk6C8G
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Table 1. Model simulations compared in this study. 403 

Name Streamflow depletion 

model 

Water available source Consideration of 

stream drying 

ADF + SVIHM, No Drying ADF SVIHM, no irrigation in 

groundwater-dependent cropland 

scenario (#3b in Table S1) 

No 

ADF + SVIHM + Drying ADF SVIHM, no irrigation in 

groundwater-dependent cropland 

scenario (#3b in Table S1) 

Yes 

ADF + CNFD, No Drying ADF CNFD v2.1.1 No 

ADF + CNFD + Drying ADF CNFD v2.1.1 Yes 

SVIHM SVIHM basecase with 

historical irrigation and 

land use (#1 in Table 

S1) 

SVIHM, no irrigation in 

groundwater-dependent cropland 

scenario (#3b in Table S1) 

Yes 

 404 

To assess the potential for ADF applications in locations without locally calibrated 405 

streamflow models, we used data from version 2.1.1 of the CNFD database as water available 406 

input for ADFs. This version of CNFD has a Nash-Sutcliffe Efficiency > 0.9 for the 2010-2021 407 

period via comparison to reference gages around the state, though reference gages are largely not 408 

available for northern portions of the state such as the Scott Valley area. We extracted monthly 409 

CNFD predicted flow for the October 1990 to September 2023 study period at each NHD 410 

segment in the study domain. In some parts of the study domain, the NHD stream segments used 411 

in CNFD were more finely discretized than the MODFLOW stream segments used by SVIHM  412 

(i.e., < 100 m resolution). For these segments, we averaged the predicted unimpaired flow from 413 

CNFD segments to match the spatial scale of SVIHM. This produced a timeseries of monthly 414 

CNFD unimpaired flow at the same spatial resolution of SVIHM. Since CNFD does not 415 

incorporate surface water diversions (which are not simulated by ADFs), we then subtracted out 416 

estimated surface water diversions from SVIHM at each segment. Therefore, the ADF + CNFD 417 

simulations provide an evaluation of the potential for ADFs to estimate streamflow depletion in 418 

settings where non-depleted streamflow is unknown, but estimates of surface water diversions 419 

have been developed. 420 

For each water available source, we compared ADF simulations without stream drying 421 

(i.e., only steps shown in Figure 1a and described in Section 3.4.1) and with stream drying (i.e., 422 

including steps shown in Figure 1b and described in Section 3.4.2). The full collection of 423 

scenarios is described in Table 1. 424 
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3.5 ADF model evaluation 425 

 To evaluate the performance of the ADFs and the importance of incorporating stream 426 

drying into these models, we compared a variety of variables for each model configuration in 427 

Table 1. To evaluate the ability to simulate streamflow, we compared streamflow simulated by 428 

ADFs and SVIHM with observations from the USGS streamflow gauging station at the 429 

watershed outlet. This was primarily done at the model output timestep (5-day), though we also 430 

tested fit for monthly/annual average streamflow and the number of days streamflow dropped 431 

below important management thresholds. Since low flows are of particular management interest 432 

in this domain due to their impact on salmonid habitat, we used log-transformed streamflow, 433 

referred to as log(Streamflow), for our comparison. For the calculation of fit statistics when 434 

streamflow was equal to 0, we added a small value (1% of the minimum observed streamflow) to 435 

avoid infinite log(Streamflow) values. Beyond streamflow, at the watershed outlet we compared 436 

the total depletion at each timestep between ADFs and SVIHM. To evaluate performance 437 

throughout the network, we also compared segment-resolution streamflow and streamflow 438 

depletion between the ADFs and SVIHM.  439 

We calculated fit statistics including the Kling-Gupta Efficiency (KGE; Gupta et al., 440 

2009), coefficient of determination (R2), and root mean squared error as a percentage of the 441 

range of observed streamflow values (normalized RMSE). The KGE is a fit statistic that 442 

integrates bias, correlation, and relative variability between simulated and observed values , with 443 

a KGE of 1.0 indicating a perfect agreement between simulated and observed data and KGE < -444 

0.41 indicating that using the mean of the observational data would be a better fit than the model 445 

(Knoben et al., 2019). The R2 represents the overall degree of correlation between the model and 446 

observations. The normalized RMSE provides an indication of the degree of error in proportion 447 

to the magnitude of observed variability.  448 

4. Results and Discussion 449 

4.1 Simulating streamflow and streamflow depletion at the watershed outlet 450 

 The ADF + SVIHM models were able to accurately simulate both streamflow (Figure 3a, 451 

Figure S1) and streamflow depletion (Figure 3b, Figure S2) when drying was included. Across 452 

most years, ADFs without drying underestimate streamflow and overestimate streamflow 453 

depletion during summer and early fall, and as a result incorrectly predict that the stream should 454 

dry at the watershed outlet during the summer. In contrast, the ADF + SVIHM + Drying models 455 

accurately simulate the depletion of flow without drying across all years (Figure 3a). Overall, the 456 

performance of the ADF + SVIHM + Drying models for simulating for log(Streamflow), 457 

assessed via comparison to the USGS stream gauging data, is comparable to the performance of 458 

SVIHM (Figure 4). The ADF + SVIHM + Drying models have a KGE of 0.91 (compared to 0.94 459 

for SVIHM), an R2 of 0.92 (compared to 0.93 for SVIHM), and a normalized RMSE of 5.9% 460 

(compared to 6.5% for SVIHM). The ADF + SVIHM, No Drying models have substantially 461 

worse agreement with observations (KGE of 0.02, R2 of 0.76, normalized RMSE of 27.2%), 462 

highlighting the strong improvements in ADF performance from the incorporation of stream 463 

drying.  464 

https://www.zotero.org/google-docs/?Q9DhgM
https://www.zotero.org/google-docs/?Q9DhgM
https://www.zotero.org/google-docs/?F3KUWn
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Due to their lower data requirements relative to numerical models, ADFs are potentially 465 

useful for water management decision support in settings without existing integrated 466 

groundwater-surface water models (Huggins et al., 2018; Li et al., 2022). Our ADF + CNFD 467 

simulations provide one opportunity to evaluate their potential application in these settings. We 468 

found that the ADF + CNFD models, which define water available based on the statewide 469 

unimpaired flow model, effectively captured temporal patterns of streamflow and streamflow 470 

depletion, but streamflow is biased high (Figure 3). The ADF + CNFD models were 471 

parameterized using calibrated hydrostratigraphic parameters from SVIHM to maximize the 472 

commensurability of the comparison, and absent this information, may have performed 473 

differently (see Section 4.4.2 for more discussion of ADF parameterization and uncertainty). The 474 

ADF + CNFD model results also have a blockier pattern because the CNFD is a monthly model, 475 

unlike the daily SVIHM output.  476 

The high bias in depleted streamflow in the ADF + CNFD model occurs because 477 

unimpaired flow estimates from the CNFD model tend to be higher than the SVIHM no-478 

groundwater-irrigation scenario (Figure S5), which may result from several factors. The first is 479 

that the two models are not designed to simulate the same thing. The SVIHM no-groundwater-480 

irrigation scenario still includes agricultural land cover in areas of the domain where irrigation is 481 

supplied by direct surface water diversions, while the CNFD is meant to represent unimpaired 482 

flow under a natural vegetation land cover and unaltered land use (though the volume of the 483 

diversions is subtracted out). Non-irrigated agricultural land and an unaltered landscape without 484 

modifications such as ditching would likely produce differences in the timing and magnitude of 485 

fluxes such as groundwater recharge and evapotranspiration that can lead to differences in 486 

streamflow, even in the absence of pumping. To assess this potential driver of differences, we 487 

compared CNFD to additional SVIHM model scenarios with a variety of different natural 488 

vegetation parameterizations. We found that the SVIHM natural vegetation scenarios still had a 489 

lower simulated streamflow than CNFD (Figure S5). A second potential reason for disagreement 490 

between these two models could be that the CNFD is trained on reference watersheds across the 491 

state (Zimmerman et al., 2018), most of which are watersheds discharging from mountain 492 

regions without upstream alluvial valleys. Therefore, it is possible that the important 493 

hydrological processes in the Scott Valley are outside the range of training watersheds and may 494 

have different dynamics that are not well-captured by CNFD. Finally, we would generally expect 495 

SVIHM to be more accurate for the Scott Valley because it is locally calibrated, while CNFD is a 496 

statewide model. It may be possible to mitigate the high bias of CNFD or other unimpaired flow 497 

models through approaches such as regional bias-correction or ADF calibration, which are not 498 

tested in this study but discussed in Section 4.4.2. 499 

https://www.zotero.org/google-docs/?Pmjg5E
https://www.zotero.org/google-docs/?EVihBH
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 500 
Figure 3. Comparison of ADFs to stream gauge and numerical model data at the watershed outlet over the last 5 501 
years of the study period. (a) Streamflow. (b) Streamflow depletion. The USGS Obs. data is not included in panel 502 
(b) because streamflow depletion cannot be quantified from observational data alone. Results from all 33 study years 503 
are shown in Figure S1 and S2. 504 

 505 
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 506 
Figure 4. Model fit metrics for daily log(Streamflow), for SVIHM and ADFs with and without drying, calculated via 507 
comparison to USGS gauge at the watershed outlet. Normalized RMSE is the RMSE divided by the range of 508 
observed values. For fit statistics based on water year type, see Figure S3. 509 

 510 
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4.2 Impacts of stream drying on timing and magnitude of streamflow depletion 511 

 The ADF models including stream drying have better agreement with observations 512 

compared to the no drying models (Figure 3, Figure 4). Simulating stream drying is critical 513 

because upstream flow intermittency can lead to delays in the manifestation of streamflow 514 

depletion at the watershed outlet, even if the outlet itself does not dry, due to changing stream 515 

connectivity and storage dynamics within the stream network. This can lead to a behavior in 516 

which there are multiple peaks in streamflow depletion within a year, including outside the 517 

pumping season (Figure 3b), which has not to our knowledge been described in the literature.  518 

Mechanistically, the multiple streamflow depletion peaks are caused by changes in 519 

hydrologic connectivity in both the longitudinal (upstream-downstream stream network 520 

disconnection) and vertical (stream-aquifer) dimensions. In the Scott Valley, the first streamflow 521 

depletion peak occurs early in the pumping season, when seasonal pumping has led to the onset 522 

of streamflow depletion in the watershed but there is still sufficient surface water available from 523 

snowmelt (Peak 1 in Figure 5). This pumping steadily depletes streamflow until drying occurs, 524 

typically first in relatively small tributaries flowing into the main stem of the river, at which 525 

points these tributaries become longitudinally disconnected from the outlet. Once the stream 526 

network starts to dry, additional pumping leads primarily to groundwater depletion, rather than 527 

streamflow depletion, and the water table drops below where it would have been in a non-528 

pumped condition. As a result, once fall/winter rains begin and the stream network starts to 529 

rewet, there is enhanced infiltration through the streambed in order to refill groundwater storage 530 

and reconnect the stream to the aquifer (peak 2 in Figure 5). These changes in hydrologic 531 

connectivity are explicitly simulated in the process-based SVIHM and reasonably reproduced in 532 

the simple ADF water budget approach developed in this study (Figure 1b). Since the primary 533 

impacts of drying are changes in the timing (but not total volume) of streamflow depletion, 534 

incorporating these dynamics is important to accurately simulate daily and monthly average 535 

streamflow, but not influential for annual streamflow estimates (Figure 6).  536 

The timing of stream drying and rewetting, and related changes in stream connectivity, 537 

are critically important for local aquatic ecosystems and downstream water users (Price et al., 538 

2021, 2024). In the Scott River, the timing of the transition from the dry to wet season is a key 539 

ecohydrological process supporting local salmonid populations (Kouba & Harter, 2024). Since 540 

stream intermittency is globally widespread, particularly in semi-arid to arid regions where 541 

irrigated agriculture is common (Hammond et al., 2021; Messager et al., 2021; Shanafield et al., 542 

2021), it suggests these lagged depletion peaks during stream rewetting may be a common 543 

phenomena that require explicit consideration when developing integrated groundwater and 544 

surface water management plans (Lapides et al., 2022). The water budget-based method we 545 

developed provides a parsimonious approach that appears to work well in seasonally dry 546 

watersheds like the Scott River Valley. In watersheds with different drying regimes (Price et al., 547 

2021), particularly those with multi-year shifts between dry and wet regimes driven by 548 

interconnections between alluvial and regional aquifer systems (Zipper et al., 2022b), additional 549 

evaluation is needed to determine whether this approach is suitable.  550 

https://www.zotero.org/google-docs/?RK9dgD
https://www.zotero.org/google-docs/?RK9dgD
https://www.zotero.org/google-docs/?CUi6ar
https://www.zotero.org/google-docs/?az4TRK
https://www.zotero.org/google-docs/?az4TRK
https://www.zotero.org/google-docs/?GTJbGl
https://www.zotero.org/google-docs/?hflhx5
https://www.zotero.org/google-docs/?hflhx5
https://www.zotero.org/google-docs/?O6uIVP
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 551 

Figure 5. Example illustrating multiple streamflow depletion peaks, which forms the basis for the ADF 552 
implementation of drying in Figure 1b. The blue line shows the SVIHM no-groundwater-irrigation scenario, which 553 
defines water available, and the red shading shows the difference between the SVIHM no-groundwater-irrigation 554 
scenario and basecase scenario, illustrating the double peak dynamics in the process-based numerical model. The 555 
brown line shows ADF estimated depletion without drying to illustrate what depletion would have been in the 556 
absence of stream drying. Data shown here are for Patterson Creek, a tributary to the Scott River on the west side of 557 
the study domain, for the March 2020 to May 2021 period. SVIHM scenarios are detailed in Table S1. 558 

 559 
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 560 

Figure 6. Model fit metrics based on timescale of comparison for log(Streamflow), for SVIHM and ADFs with and 561 
without drying, calculated via comparison to USGS gauge at the watershed outlet. ADFs shown here are using the 562 
SVIHM no-groundwater-irrigation scenario as available water. Normalized RMSE is the RMSE divided by the 563 
range of observed values. The Yearly fit is calculated as April-March average streamflow, based on the timing of the 564 
onset of seasonal pumping in the watershed.  565 

 566 
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4.3 Simulating streamflow and streamflow depletion throughout the watershed 567 

 To evaluate the accuracy and utility of ADFs throughout the Scott Valley watershed, 568 

including in settings where there was no stream gauging data available, we compared segment-569 

resolution ADF + SVIHM + Drying output to results from SVIHM. We excluded stream 570 

segments where SVIHM results indicated depletion was < 1% of non-depleted streamflow > 571 

90% of the time to focus only on locations with substantial pumping impacts. We found that 572 

agreement between the two modeling approaches was generally good (KGE > 0) to excellent 573 

(KGE > 0.5) for log(Streamflow) when using the SVIHM no-groundwater-irrigation scenario to 574 

define ADF water available (Figure 7a). Agreement in terms of streamflow depletion (Figure 7b) 575 

was worse than agreement for streamflow, primarily in tributary regions, but generally had KGE 576 

> 0.5 along the main stem of the Scott River.  577 

 While our primary comparisons between the ADFs and SVIHM used output from 578 

SVIHM that modified pumping and land use simultaneously (scenario #3b from Table S1), we 579 

also compared streamflow depletion using an alternate SVIHM parameterization, in which 580 

pumping was turned off but groundwater-irrigated areas remained in agricultural land cover 581 

(scenario #2 from Table S1). This is not a realistic representation of feasible land use practices in 582 

the Scott Valley, since groundwater-supported agriculture would likely revert to non-agricultural 583 

land cover if irrigation was unavailable, but rather a model experiment that allows us to isolate 584 

the impacts of groundwater pumping on streamflow in SVIHM to provide a more commensurate 585 

comparison to ADF results which directly simulate the impacts of pumping (not land use change) 586 

on streamflow. We found that agreement in simulated streamflow depletion was much stronger 587 

using scenario #2 compared to scenario #3b (Figure 7d), with only a slight degradation in 588 

simulated streamflow (Figure 7c). This comparison among SVIHM scenarios highlights the need 589 

for segment-level management decision-making to consider the full suite of hydrologic changes 590 

associated with land use and water management decisions. Since ADFs directly simulate 591 

streamflow depletion caused by changes in pumping and do not simulate other changes in the 592 

water balance associated with conversion between natural and agricultural land cover, it suggests 593 

that ADF performance could be further improved by developing complementary approaches to 594 

assess holistic changes to the water balance associated with pumping decisions, such as 595 

differences in recharge, infiltration, and runoff. If independent estimates of changes in 596 

consumptive water use could be developed (for example, through approaches like remote sensing 597 

of evapotranspiration; Asarian et al., 2025), these water balance changes could be integrated with 598 

ADF-based estimates of pumping impacts on streamflow to provide a full accounting of changes 599 

in the water balance and impacts on streamflow. 600 

 Agreement for both streamflow and streamflow depletion tends to be best for the higher-601 

streamflow and more heavily-depleted segments along the main stem (Figure 7, Figure S7) and 602 

worst in isolated tributaries where there is little streamflow and little depletion. In tributaries, 603 

ADF estimates of streamflow depletion tended to be greater than SVIHM and therefore ADF 604 

streamflow estimates were lower than SVIHM and included more frequent drying than SVIHM. 605 

However, the strong agreement in the more heavily-depleted areas means that ADFs are 606 

capturing the majority of pumping impacts accurately. KGE is > 0.5 in ~55% of the segments for 607 
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log(Streamflow) (Figure 8a), and these segments represent >80% of total streamflow depletion in 608 

the domain (Figure 8b). Similarly, KGE is > 0.5 in ~25% of segments for streamflow depletion 609 

(Figure 8a), but these represent ~70% of the total streamflow depletion in the domain (Figure 610 

8b). This indicates that the impacts of pumping are best-simulated by ADFs in the settings where 611 

depletion is greatest and accuracy is most important. In sum, the ADF simulations including 612 

drying effectively simulate both the magnitude and spatial distribution of streamflow depletion in 613 

this domain. 614 

  615 
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 616 
Figure 7. Distribution of segment-resolution agreement between ADFs and SVIHM for (a) streamflow and (b) 617 
streamflow depletion. ADF models shown here include drying. Panels (a) and (b) use the SVIHM no groundwater 618 
irrigation scenario (#3b from Table S1) and panels (c) and (d) use the SVIHM no pumping scenario (#2 from Table 619 
S1). A KGE < -0.41 indicates that the model performs worse than using the mean of observational data (Knoben et 620 
al., 2019). 621 

 622 

https://www.zotero.org/google-docs/?2QKgXW
https://www.zotero.org/google-docs/?2QKgXW
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 623 
Figure 8. Segment-resolution agreement between ADFs and SVIHM, expressed as (a) the percentage of the number 624 
of segments in the model domain and (b) the percentage of mean simulated streamflow depletion (from SVIHM) in 625 
the model domain. NA values indicate segments where a KGE could not be calculated because the ADFs did not 626 
simulate any depletion, which are the two segments at the southern inlet to Scott Valley. These results show the 627 
ADF + SVIHM + Drying model configuration with water available and SVIHM streamflow depletion calculated 628 
using the SVIHM no-pumping scenario (#2 in Table S1), as visualized in Figure 7c-d. 629 

 630 

4.4 Integration with water management decision-making 631 

4.4.1 Simulation of critical streamflow management thresholds 632 

 Accurate estimates of streamflow depletion are critical to effective integrated 633 

groundwater and surface water management. To determine if ADFs have sufficient accuracy to 634 

support local ecohydrological management decisions, we evaluated their ability to simulate the 635 

duration of streamflow below monthly minimum streamflow requirements for the gauging 636 

station at the Scott Valley watershed outlet. These streamflow thresholds are designed to provide 637 

ecological flows sufficient for salmonid survival at all life stages and vary throughout the year 638 

(Figure S8), from a minimum of 0.85 m3/sec (30 ft3/sec) in August to a maximum of 5.7 m3/sec 639 

(200 ft3/sec) in January (California State Water Resources Control Board [SWRCB], 2025). The 640 

monthly minimum streamflow requirements were developed in 2021 by the SWRCB, as 641 

recommended by the California Department of Fish and Wildlife in coordination with the 642 

National Marine Fisheries Service, and were readopted in 2022, 2024, and 2025 under additional 643 

drought emergency regulations. Under emergency drought regulations, the SWRCB has the right 644 

to curtail water users if Scott River flows fall below minimum flow requirements. As of 2025, 645 

the SWRCB is in the process of pursuing the development and implementation of permanent 646 

instream minimum flow requirements for the Scott River. As a result, the ability of streamflow 647 

depletion models to accurately estimate streamflow relative to these minimum instream flow 648 

thresholds is critical to water resources management and the future development of decision-649 

support tools.  650 

https://www.zotero.org/google-docs/?AWwfO9
https://www.zotero.org/google-docs/?AWwfO9
https://www.zotero.org/google-docs/?AWwfO9
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 The ADF + SVIHM + Drying models simulate the annual duration of threshold 651 

exceedance with comparable accuracy to the locally-calibrated SVIHM model (Figure 9). The 652 

duration of model-simulated threshold exceedance agrees well with observations, with a mean 653 

absolute error (MAE) of 7.3% for the ADF + SVIHM + Drying model and 9.5% for the SVIHM 654 

model. In general, the models (both SVIHM and ADF + SVIHM + Drying) tend to simulate 655 

slightly more threshold exceedance than was observed during dry years.  656 

 For basins without locally calibrated models, which are areas that ADFs can provide 657 

potentially useful and low-cost estimates of streamflow and streamflow depletion, input data of 658 

water available without pumping are necessary to convert depletion calculated by ADFs to 659 

streamflow and, if needed, redistribute in time to account for stream drying. We tested the 660 

applicability of the CNFD for this purpose and found that threshold exceedance predicted by the 661 

ADF + CNFD + Drying models was positively correlated (r = 0.42) with the observed threshold 662 

exceedance, but the percent of time exceeding the thresholds is underestimated by the ADF + 663 

CNFD + Drying model (MAE = 24%; Figure 9b). This occurs because the CNFD unimpaired 664 

flow estimates are higher than the SVIHM no-groundwater-irrigation scenario (Figure S5), as 665 

discussed in Section 4.1. The resulting overestimates in depleted streamflow and underestimates 666 

in threshold exceedance when using the CNFD could lead to inaccurate predictions of when and 667 

where streamflow is below critical environmental thresholds and/or streams are dry. For 668 

example, depleted streamflow in the ADF + CNFD + Drying models tends to remain above the 669 

in-stream flow thresholds for most of the year, even during dry conditions like 2015 and 2021. 670 

This indicates that, for decision-making processes, locally refined CNFD estimates may be 671 

valuable for improving ADF model predictions (see Section 4.4.2 for additional details). 672 
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 673 
Figure 9. (a) Number of days per year with watershed outlet streamflow below California Department of Fish and 674 
Wildlife management thresholds for each modeling approach and USGS observed flow. (b) Comparison of each 675 
modeling approach to USGS observations. ADF simulations plotted here include drying. 676 

 677 

4.4.2 Transferability to other settings 678 

 Scott Valley was an ideal setting to develop and test the methods developed in this study 679 

due to the highly transmissive aquifer that is well-connected to the stream, the availability of 680 

high-quality input datasets developed as part of the creation of SVIHM, and the presence of both 681 

SVIHM simulations and streamflow observations for evaluation. The potential applicability of 682 

ADFs in other watersheds would be dependent on the suitability of analytical models for those 683 

settings. For example, ADFs would not be expected to work well in settings where the water 684 

table is disconnected from the stream (e.g., by a confining layer) since ADFs assume a 685 

connection between the groundwater being pumped and the surface water network. Additionally, 686 

settings with a highly heterogeneous subsurface, such as where fracture flow dominates stream-687 

aquifer interactions, may not be well-simulated by ADFs since the simplifying assumptions in 688 

analytical models are violated. These types of hydrogeologic settings are also notoriously hard to 689 

simulate with numerical models and an area where additional method development is needed. 690 
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However, where the subsurface is heterogeneous but groundwater flow is still through porous 691 

media, it is possible to incorporate some heterogeneity into ADFs by integrating multiple 692 

geological units into calculations of effective transmissivity and storativity (as described in 693 

Appendix A of Li et al., 2022) and defining different hydrostratigraphic parameters separately 694 

for each well-stream pair to account for spatial differences in subsurface properties. This 695 

averaging process, however, inherently will reduce the ability of ADFs to represent spatial 696 

heterogeneity of responses to pumping and lead to uncertainty in model output.  697 

ADFs are also applicable only where there is sufficient input data. Groundwater pumping 698 

locations, rates, and schedules are critical inputs to both analytical and numerical models, but 699 

water use data are unavailable in many settings (Marston et al., 2022). Flowmeters on pumping 700 

wells are the most accurate approach to developing water use input datasets, but these data are 701 

rarely collected or publicly available (Foster et al., 2020). Remote sensing approaches may be a 702 

potentially valuable tool for estimating field-resolution water use (Ott et al., 2024; Zipper et al., 703 

2024, Jalilvand et al., 2023), though these approaches can struggle to identify changes in 704 

irrigation efficiency when consumptive use does not change (Asarian et al., 2025). Other 705 

approaches to estimate groundwater use include interpretation of groundwater hydrographs 706 

(Brookfield et al., 2024) and the application of crop models (Lamsal & Marston, 2025). The 707 

SVIHM estimates water using process-based simulations of crop water requirements to estimate 708 

local water needs, and partitions these between surface water and groundwater sources (Tolley et 709 

al., 2019). Since water use is a primary control over the volume of streamflow depletion, 710 

continued refinement of techniques for estimating the timing and location of groundwater 711 

withdrawals is critical to improving analytical, numerical, or statistical models of streamflow 712 

depletion.  713 

For incorporation of stream drying into ADFs, estimates of segment-resolution water 714 

available (i.e., the WAk,t term described in Section 3.4.2) are required. In settings that do not have 715 

locally-calibrated streamflow models, there are multiple approaches that could be explored to 716 

develop reliable water available estimates. In California, regional statistical models like CNFD 717 

are available, and in other domains there is an increasing abundance of data-driven models that 718 

could provide local non-depleted streamflow estimates (Kratzert et al., 2019, 2022). Since data-719 

driven modeling, to date, has primarily focused on reference watersheds with relatively minor 720 

human impacts, predictions from these models for ungauged basins may be representative of 721 

non-depleted streamflow. However, these data-driven modeling efforts primary focus on 722 

watershed-scale predictions, rather than providing segment-resolution data that is needed for 723 

incorporation into ADFs. There are also an increasing number of regional- to national-scale 724 

process-based models, such as the National Hydrologic Model (NHM; Regan et al., 2019) or 725 

ParFlow-CONUS (Condon & Maxwell, 2019; Maxwell et al., 2015), which simulate streamflow 726 

at the resolution of individual stream segments based on governing physical equations. Since 727 

many national-scale models do not explicitly incorporate groundwater pumping (Bosompemaa et 728 

al., 2025; Towler et al., 2023), or can be run in both pumping-on and pumping-off configurations 729 

(Condon & Maxwell, 2019), their flow estimates could provide a useful segment-resolution 730 

water available input for the ADF models.  731 

https://www.zotero.org/google-docs/?G7Bx8P
https://www.zotero.org/google-docs/?Ru9UZv
https://www.zotero.org/google-docs/?KhjAN9
https://www.zotero.org/google-docs/?AGp2iV
https://www.zotero.org/google-docs/?AGp2iV
https://www.zotero.org/google-docs/?5VUm1h
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Beyond input data needs, incorporating a local calibration and bias correction approach 732 

into ADF workflows would likely improve transferability and better match observed streamflow. 733 

The ADFs used in this study are not calibrated, though they use calibrated model parameters 734 

from SVIHM as inputs. In most settings, hydrostratigraphic inputs (such as transmissivity and 735 

storativity) and ADF-specific parameters (such as the weighting factor for depletion 736 

apportionment) will need to be estimated and refined based on local data. Developing 737 

appropriate parameter estimates can add time and expense to the model development process, but 738 

could decrease model uncertainty by better constraining ADF inputs. The primary ADF 739 

uncertainty addressed in this study is the result of different water available input datasets, 740 

through our comparison of CNFD and multiple SVIHM scenarios (in Table S1), and we find that 741 

selection of an appropriate water available data source is essential to developing accurate 742 

estimates of depleted streamflow and stream drying. For use in settings without well-known 743 

input data, ADF model parameters and inputs (including water available) could be calibrated to 744 

improve agreement with observed streamflow data, as is typically done for numerical models of 745 

streamflow depletion (Barlow et al., 2018; Fienen et al., 2018; Foster et al., 2021). This process 746 

would provide an opportunity for calculating robust uncertainty estimates, which are critical to 747 

effective decision-support modeling efforts (Doherty & Moore, 2020) and enhance user 748 

confidence in model outputs (Afzal et al., 2025). There are existing open-source tools for 749 

parameter estimation and uncertainty analysis that are well-suited for integration with ADFs 750 

(Ford et al., 2024; White et al., 2021).  751 

For ungauged areas where no streamflow data are available for calibration, additional 752 

work would be needed to identify locally-appropriate refinements. One potential pathway for this 753 

could be parameter regionalization, in which calibrated parameters are developed for locations 754 

where outputs can be compared to observations, and then these parameters are transferred to 755 

other settings with similar hydrological characteristics (Bawa et al., 2025; Beck et al., 2016; 756 

Mihret et al., 2025). Future work evaluating the feasibility of this approach, and resulting 757 

uncertainties, would be valuable to better understand the potential for transferability to other 758 

domains. 759 

4.4.3 Integrating multiple modeling approaches to meet management needs  760 

Streamflow depletion cannot be measured directly at the scales relevant to regional water 761 

resource management, and therefore modeling tools must be developed to support decision-762 

making (Zipper et al., 2024). While a globally relevant issue, this technical need has recently 763 

emerged within two management contexts in California. As previously mentioned, assessing 764 

depletion of interconnected surface waters is a requirement under SGMA, and many 765 

groundwater managers across the state must develop models capable of estimating streamflow 766 

depletion. Additionally, courts in California have recently ruled that groundwater withdrawals 767 

are subject to regulation under the Public Trust Doctrine on the basis that groundwater 768 

withdrawals have the potential to harm navigable waterways (Environmental Law Foundation v. 769 

State Water Resources Control Board, 2018). This has resulted in county agency efforts to revise 770 

well permitting regulations and has highlighted the need for modeling tools to estimate potential 771 

https://www.zotero.org/google-docs/?IgnMx0
https://www.zotero.org/google-docs/?qb6hwG
https://www.zotero.org/google-docs/?qb6hwG
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impacts of streamflow depletion on public trust resources such as navigable waters or aquatic 772 

ecosystems.  773 

In many management contexts, it is likely that a combination of analytical and numerical 774 

methods will be implemented as groundwater managers balance resource constraints (time, cost, 775 

available technical expertise, risk of significant impacts, etc., as discussed in Zipper et al., 776 

2022a). Our analysis demonstrates that ADFs may be implemented effectively as low-777 

complexity, low-cost techniques in hydrogeologic settings where their simplifying assumptions 778 

hold (i.e. alluvial groundwater subbasins where a high degree of interconnectivity between 779 

surface and groundwater resources exist) and ADFs can be accurately extended outside these 780 

conditions where reasonable process-representations can be developed, as we demonstrate with 781 

our simplified approach for stream drying (Figure 1b). For example, remote sensing tools could 782 

provide an opportunity to estimate consumptive water use by agriculture, which could be used to 783 

account for potential changes in the water balance associated with changes in pumping such as 784 

irrigation return flows (Asarian et al., 2025). This emerging ADF modeling framework is 785 

promising based upon its ability to be developed as a cost-effective solution to estimating 786 

streamflow depletion due to groundwater pumping and potential integration into web-based 787 

decision support tools (Huggins et al., 2018). Numerical models will continue to be key tools in 788 

complex settings where water resources management decision-making benefits from a detailed 789 

representation of water balance dynamics or necessitates complex management scenario 790 

simulations (managed aquifer recharge, phreatophytic evapotranspiration dynamics, reservoir 791 

operations, etc.). Importantly, pumping changes are often associated with changes to land use 792 

and impact other hydrological fluxes including recharge, evapotranspiration, and runoff. To 793 

avoid unintended consequences, effective water management strategies must account for the 794 

holistic impacts of pumping decisions on the water balance. A unified modeling philosophy that 795 

utilizes a suite of streamflow depletion modeling methods in varying contexts and considers 796 

integrated impacts of land use and water management changes simultaneously will provide 797 

groundwater managers with the flexibility to develop decision-support tools appropriate to the 798 

scope of their specific needs. 799 

 800 

5. Conclusions 801 

Analytical depletion functions (ADFs) are a low-complexity and scalable approach that 802 

provide accurate estimates of both streamflow and streamflow depletion for the Scott River 803 

Valley. This work describes pumping-induced stream drying and resulting lagged pumping 804 

impacts on streamflow, where disconnection during drying delays streamflow depletion until the 805 

seasonal rewetting period, and provides a mechanistic, water-budget-based framework for 806 

simulating these processes. We find that ADF estimates of streamflow are comparable to 807 

observed streamflow from a USGS gauging station at the watershed outlet (KGE = 0.91, R2 = 808 

0.92, normalized RMSE = 5.9%) and consistent with simulated streamflow by SVIHM, a 809 

process-based integrated hydrologic model developed for the watershed. ADFs also accurately 810 

predict how frequently streamflow drops below critical management thresholds (MAE = 7.3%). 811 

https://www.zotero.org/google-docs/?XlSvmr
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However, developing accurate estimates of streamflow and streamflow depletion using ADFs 812 

requires a locally accurate estimate of non-depleted streamflow (what streamflow would have 813 

been without groundwater pumping). ADFs simulate the direct effects of pumping on 814 

streamflow, and do not explicitly account for other changes in the water balance caused by the 815 

conversion of natural vegetation to irrigated agriculture, and therefore could be enhanced by 816 

integration with estimates of other water balance changes associated with pumping practices,  for 817 

example remotely sensed estimates of differences in consumptive water use. We show that using 818 

a regional statistical model, the California Natural Flows Database (CNFD), provided reasonable 819 

temporal dynamics, but estimated non-depleted streamflow by CNFD is higher than the non-820 

depleted streamflow simulated by SVIHM. As a result, ADFs using CNFD as an input 821 

overestimate streamflow. This suggests that developing an approach to locally calibrate and 822 

refine ADFs using CNFD may have potential for streamflow depletion assessments in ungauged 823 

and unmodeled watersheds. For integration into decision-support applications, future work 824 

should also include explicit quantification of uncertainty associated with different structural and 825 

parametric components of ADF estimates to ensure reliability. 826 

Incorporating stream drying, and associated temporal redistribution of streamflow 827 

depletion, is critical to accurately estimate streamflow and streamflow depletion in this domain at 828 

sub-annual scales. We demonstrate that reductions in hydrologic connectivity caused by stream 829 

drying can lead to substantial lags in the manifestation of streamflow depletion. These lags occur 830 

because, when the streams dry, continued pumping leads to increased groundwater depletion as 831 

the stream and aquifer are disconnected. When the hydrologic system rewets in the fall/winter 832 

rainy season, there are greater stream losses due to increased infiltration through the streambed 833 

until the depleted groundwater system is replenished and the stream-aquifer system is 834 

reconnected. We incorporate this process into ADF models using a simple water budget 835 

approach at the stream reach resolution and route the resulting changes in the timing of 836 

streamflow downstream through the river network. This representation of stream drying shows 837 

strong agreement with both SVIHM and observed streamflow and advance ADFs towards 838 

potential application as a water management decision-support tool. 839 
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Supplemental Information for “Lagged impacts of groundwater pumping on streamflow 1195 

due to stream drying: Incorporation into analytical streamflow depletion estimation 1196 

methods” by Zipper et al. 1197 

 1198 

 1199 
Figure S1. Streamflow comparison among ADFs, SVIHM, and observations at the watershed outlet for the 33 year 1200 
study period. 1201 

  1202 
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 1203 
Figure S2. Streamflow depletion comparison between ADFs and SVIHM at the watershed outlet for the 33 year 1204 
study period. 1205 

  1206 
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 1207 
Figure S3. Model fit metrics by water year classification. Metrics are calculated via comparison to USGS gauge for 1208 
log(Streamflow). ADF models include drying. Normalized RMSE is the RMSE divided by the range of observed 1209 
values. 1210 

  1211 
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 1212 

Figure S4. Evaluation of sensitivity of model to choice of analytical solution used in ADFs. The Glover and Hunt 1213 
models produce near-identical results, so the solid and dashed blue lines overlie each other. This indicates that 1214 
streambed conductance is not a limiting factor on streamflow depletion in this domain. All other figures in the 1215 
manuscript use the Hunt model results. 1216 

  1217 
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Table S1. Summary of SVIHM model scenarios used in analysis. Scenarios 1 (Basecase) and 3b (No GW Irr Fields) 1218 
are used in the main text. 1219 

 1220 

  1221 

ID Scenario Land cover or 

water source 

changes 

SWBM 

natVeg 

root 

depth 

natVeg 

kc for 

SWBM 

natVeg 

MODFLOW 

extinction 

depth 

Interpretation of difference 

from basecase 

1 Basecase Basecase land 

cover. 

Basecase 

(2.4 m) 

Basecase 

(0.6) 

Basecase (0 m; 

0.5 m in the 

Discharge 

Zone) 

N/A 

2 No Pumping Basecase land 

cover.  

 

Water source 

changes: GW-

only →  Dry 

Farming; 

mixed-GW-SW  

→ SW only 

Direct pumping effects, 

neglecting other land cover-

driven changes in water 

balance. This is not a realistic 

possibility for real-world, but 

isolates pumping signal. 

3A No GW-

Irrigated 

Fields 

Assign NatVeg 

land cover to all 

GW and Mixed-

GW-SW fields 

1.2m 0.6 3.05 m Direct pumping effects + 

difference in water balance 

due to natural veg replacing ag 

in GW irrigated fields 
3B 2.4m 0.6 

3C 1.2m 1.0 

3D 2.4m 1.0 

4A Native 

Vegetation 

(unimpaired 

flow) 

Assign NatVeg 

land cover to all 

cultivated fields 

1.2m 0.6 Combined effect of all human 

modifications 

4B 2.4m 0.6 

4C 1.2m 1.0 

4D 2.4m 1.0 
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 1222 

Figure S5. Comparison of streamflow at watershed outlet. The black line shows observed streamflow (source: 1223 
USGS) and the red line shows the SVIHM basecase (pumped) scenario. The colored lines included in the legend 1224 
include CNFD unimpaired flows and nine different SVIHM model configurations. The “basecase” (red) and 1225 
“NoGWirr3b” (blue) scenarios are the basis for results shown in the main text. The other scenarios are meant to 1226 
show sensitivity to vegetation parameterization, which is described in Table S1.  1227 

  1228 
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 1229 
Figure S6. Comparison of depleted streamflow at watershed outlet based on ADF simulations using different water 1230 
available data sources. The black line shows observed streamflow (source: USGS) and the red line shows the 1231 
SVIHM simulated basecase (pumped) scenario. The colored lines show ADF predicted depleted streamflow using 1232 
CNFD unimpaired flows and nine different SVIHM model configurations as the water available. ADF models on 1233 
this plot include drying. The “basecase” (red) and “NoGWirr3b” (blue) scenarios are the basis for results shown in 1234 
the main text. The other scenarios are meant to show sensitivity to vegetation parameterization, which is described 1235 
in Table S1.  1236 
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 1238 
Figure S7. Segment-resolution agreement between ADFs and SVIHM as a function of segment mean streamflow 1239 
depletion (from SVIHM) in each segment. These results show the ADF + SVIHM + Drying model configuration 1240 
with water available and SVIHM streamflow depletion calculated using the the SVIHM no-pumping scenario (#2 in 1241 
Table S1). 1242 
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 1244 

Figure S8. Streamflow drought thresholds (red dashed lined) and long-term median, interquartile range, and 5th-95th 1245 
percentile range for streamflow from the USGS observations, SVIHM, and ADF + SVIHM + Drying models.  1246 

 1247 


