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ABSTRACT: Groundwater pumping depletes streamflow, which can have significant ecological impacts depending on the magnitude of depletion relative to environmental flow needs. Streamflow depletion estimates from
groundwater pumping have been quantified using both analytical and numerical methods, but are not routinely
compared to environmental flow needs or used in practical water management tools. Decision support tools that
incorporate groundwater dynamics are becoming increasingly necessary for water managers as groundwater
regulations become more important in environmental policy, particularly concerning the preservation of environmental flow needs. We develop and apply methods for a web-based decision support tool for conjunctive groundwater and surface water management, demonstrated using a case study watershed in British Columbia,
Canada. Open-source data are analyzed with a combination of spatial algorithms and previously developed analytical models, such that the tool can be applied to other regions. Streamflow depletion estimates are calculated
in four regions in the largely undeveloped Bulkley Valley, British Columbia. Our transparent methodology has
geographic and data input flexibility which is a significant improvement on currently existing water management tool methods.
(KEYWORDS: streamflow; streamflow depletion; environmental flow; groundwater hydrology; groundwater
management; surface water/groundwater interactions; watershed management; geographic information system
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streamflow below local water requirements such as
the ecological flow needs of the stream (Sophocleous
et al. 1995; Baldenkov and Shtengelov 2015). In
extreme cases, groundwater abstractions can transform a perennial stream to an ephemeral one, as has
been observed in the High Plains aquifer for example
(Gleeson et al. 2010). Compromising environmental
flow needs results in detrimental impacts on aquatic
ecosystems, water quality, and biotic interactions
(Watson et al. 2014), meaning environmental flows
are an important consideration when evaluating proposed groundwater developments.

INTRODUCTION

Groundwater and surface water resources are
intrinsically connected (Winter et al. 1998) and
groundwater abstraction inevitably leads to streamflow depletion, defined as the loss of streamflow due
to pumping (Barlow and Leake 2012; Konikow and
Leake 2014). Groundwater withdrawals cause
decreased groundwater discharge (baseflow) and/or
increased stream infiltration to aquifers (Chen and
Shu 2002). Streamflow depletion can reduce
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withdrawal fit within a four-category “Adverse
Resource Impact” zonal rating which quantifies the
ability of the affected streams to support fish populations. Zone A indicates a low risk of causing an
adverse resource impact, zones B and C indicate
increasing risk, and zone D indicates that an adverse
resource impact would occur, and which would
require a site-specific review before development
could occur (Hamilton and Seelbach 2011).
The Water Withdrawal Assessment Tool was a significant advance in interactive and conjunctive
groundwater and surface water management since it
explicitly considers low flows, the thermal regimes
that support fish populations, and multiple withdrawal sources. However, the tool also possesses limitations. The Water Withdrawal Assessment Tool is
applicable solely for the state of Michigan as it uses
spatial models that were developed to suit the local
geologic and ecologic characteristics throughout the
state and as its data are partially proprietarily
sourced. Additionally, the Tool’s Report Assessment
lacks transparency and specificity through its zonal
results. To our best knowledge, the methods for an
online and interactive tool for conjunctive water management that is geographically flexible, that operates
solely on open-source data, and that quantitatively
evaluates and presents streamflow depletion estimates at the resolution of individual stream reaches
do not exist.
Our objective was to develop and apply the
methodologies for a novel, interactive decision support tool for conjunctive water resources management. The motivation for the development of such a
tool is to provide resource managers, water users,
and other stakeholders with an easily accessible
view of the current and future cumulative effects of
water withdrawals from surface and groundwater
sources. In this study, we apply the most feasible
and appropriate analytical models to a case study
watershed in British Columbia, Canada, with novel
and replicable methods that can be applied across
any geography with sufficiently available and appropriate data.

Streamflow depletion has been assessed using both
simple analytical solutions (e.g., Glover and Balmer
1954; Jenkins 1968; Hunt 1999) and more complex
numerical models (e.g., Eggleston et al. 2012; Nielsen
and Locke 2012; Starzyk 2012). Numerical models
provide the opportunity to represent system features
that cannot be included in analytical solutions such
as three-dimensionality, complex and realistic river
geometries, spatial variability of hydraulic properties
within hydrogeologic units, and recharge. However,
numerical models are also more computationally
expensive, require data that are often not available,
and are specific for the region of study, thus they are
not readily transferable between regions. For these
reasons, we focus on analytical solutions that have
been evaluated generally (Christensen 2000; Rathfelder 2015), compared to numerical solutions (Sophocleous et al. 1995; Rathfelder 2015), tested and
validated in a single drainage ditch (Hunt et al.
2001) and compared to a numerical model from one
specific hydrologic environment: humid, low topography Michigan (Reeves et al. 2009; Li et al. 2016).
Analytical models solve the unsteady groundwater
flow equation (Theis 1941) and differ by their geometric and hydrogeologic simplifications. Early analytical
models are based on significant geometrical and
hydrogeological simplifications, such as a stream of
infinite length, linear geometry, homogeneous aquifer
properties, and a nonimpeding, fully penetrating
streambed (Glover and Balmer 1954). Later, more
complex analytical models have been developed for
partially penetrating streams with streambed conductance and semiconfined or layered aquifers (Hantush
1965; Hunt 1999, 2009; Singh 2003; Ward and Lough
2011). A central and critical component of analytical
model selection is the evaluation of data availability
and reliability.
The most prominent online, conjunctive, management screening tool to date is the State of Michigan’s
Water Withdrawal Assessment Tool, developed to
prevent adverse resource impacts, improve public
understanding of groundwater withdrawal impacts,
minimize water use conflicts, and facilitate planning
for sustainable water use (Hamilton and Seelbach
2011). The Water Withdrawal Assessment Tool integrates three models sequentially: a groundwater
withdrawal model, a streamflow model, and a fish
impact model (Miller 2008). The groundwater withdrawal model implements a modified version of the
Hunt (1999) analytical model (Reeves et al. 2009).
The online tool allows users to input a proposed
water withdrawal with a specified location, pumping
capacity, well casing depth, aquifer type, pumping
schedule, and withdrawal source. The final output,
an aggregate of the three sequential models, is the
evaluation of how the proposed groundwater
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Data Requirements
Streamflow depletion models have three general
data requirements: surface water data, groundwater
abstraction data, and hydrogeologic data (Figure 1).
Surface water data include the stream network with
flow rates, stream widths, streambed properties, and
1025

JAWRA

HUGGINS, GLEESON, ECKSTRAND,

AND

KERR

resolutions, yet calculable for all locations, regardless
of data resolution. Thus, estimates determined with
this method possess varying degrees of physical accuracy, as determined by local data resolution and quality. The benefit of this method is to allow for
streamflow depletion estimates to be attuned with
local data availability and quality, yet to consistently
provide streamflow depletion estimates in any location meeting minimum data requirements, often in
regions where no streamflow depletion estimates currently exist. While hydrogeologic data were used in
the example above, the same “overlay-and-replace”
process can be applied to all other required data. For
example, regional-scale stream networks may be
inclusive of only higher order perennial streams and
rivers, while local-scale watercourse data may append
lower order streams to the watercourse network. Similarly, regional-scale groundwater abstraction data
may only include commercial and industrial water
withdrawals, while local-scale well data may include
domestic water wells. In regions where variable
streamflow data such as mean monthly streamflows
are unavailable, mean annual streamflow data may
be used. Thus, the method uses all available data,
and then preferentially selects, based on scale, the
data to use to ensure the best possible depletion estimates given the local data availability.

streambed penetration (Figure 1a). Stream networks
with flow rates have been mapped globally, for
example, by Lehner et al. (2008) as well as at higher
resolution (Chapman et al. 2012; Carlisle et al.
2016). However, stream width, streambed properties, and stream penetration are generally poorly
known and mapped. Well withdrawal data consist of
well location, depth, pumping rates, and operation
dates or schedules (Figure 1a). Well locations and
depths are generally available but well pumping
rates and operation dates or schedules are generally
rarely available. Hydrogeologic data can consist of
aquifer and subsurface properties such as porosity,
permeability, hydraulic conductivity, aquifer thickness, transmissivity, storativity, and thus aquifer
diffusivity (Figure 1b). The availability of hydrogeological data varies greatly. All of the aforementioned
hydrogeological data are available for select regions,
but this availability is not universal. Porosity and
permeability (which can be subsequently converted
to hydraulic conductivity and transmissivity) have
been mapped globally (Gleeson et al. 2014; de Graaf
et al. 2015). Other data such as anisotropy, heterogeneity, or storativity, however, have not been
mapped or estimated globally or even systematically
across any continent to the best knowledge of the
authors (Figure 1b). Aquifer properties can also be
quantified with the parameter aquifer diffusivity
which is the ratio of transmissivity and storage.
Globally available porosity and permeability data
were selected as the base hydrogeologic data layer
in this method.
To ensure the method consistently uses the bestavailable data, we overlay and replace low-resolution
data with higher resolution data where available. As
an example, low-resolution coarse hydrogeologic data,
shown in Figure 1b, can be directly overlain and
replaced by local, higher resolution hydrogeologic
data (Figure 1c). Thus, streamflow depletion estimates utilizing this method will be more accurate in
locations where more data are available in higher

Analytical Models
Since the layering of hydrogeologic systems and
the distribution of confined aquifers is generally
poorly understood and mapped globally, contemporary analytical models such as Hunt (2009) or Ward
and Lough (2011) that incorporate these settings are
not appropriate for the geographic flexibility this
method seeks. Instead, we focus on analytical models
of unconfined aquifers in connection with adjacent
streams, selecting a low complexity model (Glover
and Balmer 1954; henceforth referred to as the

FIGURE 1. (a) Generic watershed with a homogeneous subsurface and randomly located wells. Blue lines represent surface watercourses,
and black dots represent wells. (b) The same watershed, now incorporating low-resolution hydrogeologic data, represented by red, blue, purple, and green layers indicating distinct hydrogeologic units. (c) The same watershed, with high-resolution hydrogeologic data replacing lowresolution hydrogeologic data where available, with the yellow layer representing the high-resolution hydrogeologic unit. It can be seen that
the low-resolution hydrogeologic data are retained where no better alternative data exist.
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Glover method) and a moderate complexity model
(Hunt 1999; henceforth referred to as the Hunt
method). Glover and Balmer (1954) derived an early
and highly simplified analytical solution for streamflow depletion similar to Theis’ (1941) solution (Singh
2000) but with a fully penetrating stream as one
boundary condition (Figure 2a). Major limitations of
this solution lie in its simplifying assumptions
(Table 1). Therefore, the Glover method provides
environmentally conservative estimates, and actual
streamflow depletion may be significantly less than
calculated for a given pumping time. However, the
Glover method was selected to be the first analytical
model due to its ease of implementation, with only
four required input parameters: the pumping rate of
the well, the well to stream distance, and the aquifer’s transmissivity and storativity. Where available
hydrogeological data can be sparse across regions, a
solution that requires minimal data inputs is important. The governing equation of the Glover method is:
DQs
¼ erfc
Qw

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
Sy d2
;
4st

CONJUNCTIVE WATER MANAGEMENT DECISION SUPPORT TOOL

Both dynamics are included in Hunt’s governing
equation, which is presented below.
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
Sy d2

4st
0sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1
!
2
2
k2 t
kd
@ k t þ Sy d A;
þ
erfc
exp
s
s
4Sy
2s
4Sy
4st

DQs
¼ erfc
Qw

ð2Þ
where k is streambed conductance [L/T].
The Hunt method builds from the Glover method and
will produce a depletion less severe than would be predicted by the Glover method for given pumping times
shorter than the time required to reach a new steady
state. The Hunt method introduces a term for streambed
conductance, k, defined as the product of the width and
the hydraulic gradient of the streambed divided by the
thickness (Christensen 2000), and represents the ability
of the streambed to conduct water between the stream
and the subsurface (Chen and Shu 2002). Vertical
hydraulic conductivity and stream dimensions are very
rarely available thus approximations are required.
Reeves et al. (2009) considered the vertical aquifer conductivity and depth as an approximation of the
streambed conductance term in the following:

ð1Þ

where DQs is streamflow depletion [L3/T], Qw is the
well’s pumping rate [L3/T], Sy is the aquifer’s specific
yield [–], d is the shortest well to stream distance [L],
s is the aquifer’s transmissivity [L2/T], and t is time
since the beginning of pumping [T].
Hunt (1999) derived a slightly more complex analytical solution that incorporates streambed impedance and a nonfully penetrating streambed through
the thickness of the aquifer (Figure 2b). Key differences from the Hunt model, when compared to the
Glover model, lie in the simplifying assumptions
(Table 1), most notably: the semipervious streambed,
and the partial penetration of the streambed through
the aquifer that are accounted for in the Hunt model.

k¼

wKv
;
ds

ð3Þ

where w is streambed width [L], Kv is vertical
hydraulic conductivity [L/T], and ds is vertical distance between streambed and top of well screen [L].
Reeves et al. (2009) further suggested that vertical
hydraulic conductivity is approximated at one-tenth
of the horizontal hydraulic conductivity, and well
depth be used as an approximation of the vertical distance between the bottom of the streambed and the

FIGURE 2. Representative cross sections of: (a) the Glover and Balmer (1954) solution and (b) the Hunt (1999) solution.
A fully penetrating stream, without streambed, can be seen in the Glover cross section, while a partially penetrating stream,
with streambed, can be seen in the Hunt cross section.
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TABLE 1. Assumptions for the Glover and Hunt methods.
Glover method assumptions

Hunt method assumptions

• Stream is straight, infinitely long
• Constant stream stage
• Streambed penetrates entire thickness of aquifer
• No streambed impedance
• Aquifer has constant thickness
• Aquifer has infinite extents; lateral boundary
•
•
•
•
•
•

• Stream is straight, infinitely long
• Constant stream stage
• Aquifer has constant thickness
• Aquifer has infinite extents; lateral boundary

conditions do not influence the response to pumping

• Aquifer is homogeneous and isotropic in all

conditions do not influence the response
to pumping
Aquifer materials have homogeneous properties
Aquifer is bound, at bottom, by impervious layer
Stream is only source of recharge
Operating well is screened over entire aquifer
thickness
Pumping rate is constant, steady
Water table drawdown due to pumping is
negligible

horizontal directions

• Water table drawdown due to pumping is negligible
• Streambed cross section has horizontal and
•
•
•

top of the well screen, resulting in the following, simplified version of Equation (3):
k¼

sw
;
10bdw

Two approaches were considered for estimating
stream width. The first method was consistent with
the approach taken by de Graaf et al. (2015) in their
high-resolution, global-scale groundwater model, an
empirical formula from Lacey (1930):

ð4Þ

where s is transmissivity [L2/T], b is aquifer thickness [L], and dw is well depth [L].
We adopt the same approximations as made in the
State of Michigan’s Water Withdrawal Assessment
Tool (Reeves et al. 2009) with further minor modifications. First, due to the topography, particularly in
mountainous regions, the bottom of wells can be
located above streams which result in negative dw
values and thus negative values for k, which are not
physically meaningful. Therefore, we replace dw with
the absolute value of ds (vertical distance between
streambed and top of well screen) to represent vertical elevation difference. Second, some combinations of
parameter values in Equation (4) lead to large values
of streambed conductance (k ≫ 1) even though k is
generally considered to be 1 such as 103 or 104
(Christensen 2000; Hunt et al. 2001). Large k lead to
Equation (2) being computationally unsolvable on
standard computing devices due to large exponents
(> order 200) within the complementary error term in
Equation (2), exceeding maximum precision limits.
We therefore set an upper limit of k = 1 by setting all
k > 1 to k = 1, and conducted a sensitivity analysis to
determine if this upper limit impacted results. In all
cases, streamflow depletion for situations where large
k were reset to k = 1, produced insignificant differences in the modeled streamflow depletion.
JAWRA

vertical dimensions negligible to the saturated
aquifer thickness
Pumping rate is constant, steady
Seepage flow rates from the stream into the
aquifer are linearly proportional to the change
in piezometric head across the semipervious layer
The Dupuit approximation

Wchn  Pbkfl ¼ 4:8 

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Qbkfl ;

ð5Þ

where Wchn is stream width [L], Pbkfl is wetted
perimeter at bankfull flow [L], 4.8 is an empirical
coefficient [T0.5/L0.5], and Qbkfl is stream discharge at
bankfull flow [L3/T].
The second method took the approach of Reeves
et al. (2009) which utilizes drainage area to derive
stream width. This formula is presented below.
w ¼ 3:28  10ð0:522358logðda 1:6093

2

Þ0:18786Þ

;

ð6Þ

where w is bankfull stream width [L] and da is drainage
area [L2]. The second approach was selected for implementation for a number of reasons: (1) stream width
results were found to be more accurate within the study
area, (2) the method does not require bankfull discharge
estimates which are not widely available, and (3) existing streamflow depletion assessment tools employ similar methodologies.

Depletion Apportionment
A well withdrawing water may impact streamflow
in multiple streams, thus the depletion caused by any
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well must be apportioned between impacted streams.
Reeves et al. (2009) examined different stream apportionment algorithms for a single watershed in Michigan, finding that none of the methods produced a
statistically significant difference in error characteristics compared with a numerical groundwater model.
Reeves et al. (2009) thus implemented an inverse distance weighting apportionment method since it: (1)
produced a reasonable overall pattern of streamflow
depletion compared with the numerical model, (2) is
the most straightforward to implement in a web application, and (3) has some theoretical basis (Wilson
1993). While Reeves et al. (2009) utilized inverse distance weighting, this methodology employs squared
inverse distance weighting apportionment approach to
minimize the summative weighting of numerous distant stream reaches from skewing the depletion estimates for the most proximal streams.
fi ¼

1
d2i

Rj¼1 ; n d12

;

CONJUNCTIVE WATER MANAGEMENT DECISION SUPPORT TOOL

magnitudes in all radial directions, as is required
when implementing squared inverse distance
weighted apportionment, a spatial algorithm was created that determines the nearest point on each
stream reach that is linearly exposed to the well. The
spatial algorithm generates 360 straight lines at onedegree increments propagating radially away from
the well. At each intersection of a line vector and a
stream reach, the distance is calculated between that
intersection with the stream and the well. Where
many straight line vectors intersect with a common
stream reach, the distance associated with the nearest intersection per stream reach was retained. This
distance was subsequently used to perform the
squared inverse distance weighting process. It is with
these identified stream reaches, and their respective
distances that the inverse distance squared weighting
is applied (Figure 3). It should be noted that only
stream reaches directly exposed to the well (i.e., with
no surface water features existing directly in-between
the stream reach and the well) are considered in the
depletion apportionment process. While stream
reaches that are not exposed to the well do not
receive direct apportionment in the depletion calculations, they may well still be predicted to deplete due
to associative depletion estimates in their upper
reaches.
The depletion relationship between each well and
stream reach, as dictated by the analytical model

ð7Þ

j

where fi is the fraction of pumping rate attributed to
stream reach i, di is the distance from well to stream
reach i, and n is the number of stream segments
affected by well.
Based on an assumption that each well’s cone of
depression propagates at equivalent rates and

FIGURE 3. Conceptual depiction of the streamflow depletion apportionment method, for an artificial scenario where only one well is in the
vicinity of a stream network. It can be seen that only stream reaches C, G, and H will receive apportioned streamflow depletion from the
operating well. Stream reaches A, B, D, E, and F will not be apportioned streamflow depletion as they are not linearly exposed to the operating well. The stream reaches C, G, and H will have their depletion estimates calculated with the distances of c, g, and h, respectively, as dictated by their nearest point to the operating well. In this scenario, the depletion experienced by stream reach G would include the depletion
apportioned to its upstream reach C.
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SFDN ¼

QNaturalized

 100;

CASE STUDY

A case study was conducted to demonstrate the
feasibility and function of the methods presented
above and the necessity of such a water management
decision support tool. The case study watershed of
the Bulkley Valley (British Columbia, Canada) was
selected due to its topographical variation (bounded
by the Hudson Bay and Babine Mountains), its variety of watercourse sizes (from ephemeral headwaters
to the 260-km long Bulkley River), and its spectrum
of development (from undeveloped regions to towns
such as Smithers, population approximately 5,000).
The stream network and well locations were derived
from the British Columbia Freshwater Atlas (Province of British Columbia 2010), and wells data (Province of British Columbia 2017) which are both freely
available to the public. A hydrologic model was previously developed for the region after Chapman et al.
(2012) and used to determine naturalized monthly
average flow for stream reaches. Global-scale hydrogeological data were retrieved from the freely available GLobal HYdrogeology MaPS (GLHYMPS) of
permeability and porosity (Gleeson et al. 2014). More
detailed aquifer data were accessed through the British Columbia Ministry of Environment’s aquifers
database (Province of British Columbia 2011).
As depicted in Figure 4, four regions within the
stream network in the Bulkley Valley were selected
for modeling streamflow depletion. The four regions
were visually selected, based on the intentions
to select regions that captured a representative
spectrum of the topography and stream network
complexity present in the Bulkley Valley. The
detailed, step-by-step methods developed are presented throughout this section for the West Topley
region, while final depletion estimates are ultimately
provided for all four case study regions. Figure 5

ð8Þ

where SFDN is normalized streamflow depletion [%],
DQ is the estimated change in streamflow due to
pumping [L3/T], and QNaturalized is the naturalized,
nondepleted estimated streamflow [L3/T].
The streamflow depletion apportionment method is
influenced by the structure of the spatial data representing the stream network. The algorithm identifies
unique reach entities in the data, but does not distinguish these reaches by length or modify the apportionment to incorporate reach length or geometric
relationship or angle of exposure into the calculation.
This will result in increased depletion being allocated
to segmented stream reaches exposed to operating
wells, and decreased depletion being allocated to long,
nonsegmented stream reaches also exposed to the
same operating wells. Thus, directional inequalities
of depletion exist in this method, yet to our best
knowledge, a better alternative does not exist. The
effect of river geometry between wells and associated
streams has also been determined to be a factor due
to the length of river that is exposed to pumping (Li
et al. 2016). Additionally, in this methodology, lakes
and ponds are treated as stream reaches. The
throughflow rate of the water body is used as
the stream reach’s flow rate, and the spatial extent of
the water body is considered in the apportionment process. Perched lakes were not considered in the development of our method, which stands as a limitation of
the methodology, yet are also a class of lakes which do
not apply to the analytical models utilized herein.
All wells are modeled to estimate streamflow
depletion from their recorded start date of pumping
JAWRA
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operations. Thus, streamflow depletion estimates for
present time will include the progressed depletion
impacts of the preexisting well network, as will
streamflow depletion estimates for a specified time in
the future with the further developed impacts of said
preexisting wells. Where pumping schedules are not
specified in the best-available data, constant pumping
rates are assumed. In the governing analytical equations of our method (Equations 1 and 2), the parameter of time simply needs to be consistent with the
other parameters whose dimensions include the
dimension of time. In our method, we calculate all
streamflow depletion estimates with the time unit of
days but report all estimates at a monthly frequency.

applied, is preserved throughout the apportionment
process. Thus, it is possible for a stream receiving less
apportionment from one well than another stream to
experience greater depletion if the first stream has
high transmissivity material between it and the well.
Ultimately, the cumulative depletion in a surface
water network by a well is limited by its abstraction
rate; however, the rate of progress of depletion is
determined by individual well-stream reach dynamics
and the distribution of apportionments between them.
In sum, the estimated volumetric depletion per
stream reach is calculated at any given time through
the product of the operating well’s steady pumping
rate, the value of the Hunt or Glover equation (ratio
of volumetric depletion to pumping rate) at the given
time, and the apportioned percentage of streamflow
depletion allocated to the specific stream reach. Subsequently, this estimated volumetric depletion can be
normalized to predepletion streamflow rates utilizing
the formula presented below:
DQ

AND
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FIGURE 4. The location of the Bulkley Valley watershed within British Columbia and the four case study locations within the watershed.

proposal query, imitating the ultimate purpose of the
methodology. The proposed well was modeled at the
depth of the average groundwater well in British
Columbia, approximately 49.8 m (as determined from
the British Columbia Ministry of Environment well
dataset), and with a continuous pumping rate of 100
gallons per minute. For simplicity, the results presented in each component of Figure 6 are the results
of the Glover method, calculated to the month of
August in 2050.
To demonstrate the fine temporal specificity of the
developed methods, Figure 7 presents streamflow
depletion estimates using both the Glover method
and the Hunt method for four representative months
of the years 2016 and 2050, and represents a scenario
inclusive of the complete well network. The methods
allow for depletions to be calculated at any time in
the future. The four months presented in Figure 7
(February, May, August, and November) were
deemed by the authors to be representative months
of every season, and sufficient to present as to avoid
presenting all 12 months for both methods and for
both years (2016 and 2050).
Figure 8 quantifies the variation between methods
more explicitly than in Figure 7 by showing the normalized depletion results for the stream reach in the
West Topley case study region with the smallest flow
rates. The results are presented for each month of
the year, showing the depletion estimate progression.
The bottom of each bar represents the 2016 depletion
estimate (denoted with a hollow circle), and the top of
each bar represents the 2050 depletion estimate

demonstrates the depletion apportionment process for
both a single well and the complete, more complex well
network in the West Topley region. In the well network, each well has its spatially assigned hydrogeologic data, which is implemented in tandem with the
inverse distance squared weighting apportionment to
each individual stream reach to create a unique relationship between each well and every stream reach
exposed to it. The number of relationships simultaneously modeled is illustrated by the number of green
linkages, which become numerous even in a small case
study such as this.
To illustrate the process of the tool, results are
provided in Figure 6 by increasing levels of complexity, and demonstrated in the West Topley case study
region. To begin, we look at the simplest level of
analysis: the depletion a single well imparts on a single stream (Figure 6a). This calculation is performed
as if no other streams or stream reaches exist. Predictably, this depletion estimation is significant as it
is not apportioned among streams. Subsequently
(Figure 6b), we look at the depletion that a single
well imparts on the entire stream network. Depletion
apportionment is performed in this step, thus the
depletion from the single well is allocated between
all exposed stream reaches. Figure 6c introduces the
entire well network and presents the depletion due
to the entire well network on the entire stream
network, applying the same methodology used in the
Figure 6c but simultaneously for every well in the
network. Lastly, in Figure 6d, a proposed well in
the well network is implemented to simulate a well
JOURNAL
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FIGURE 5. Stream apportionment algorithm results for (a) a singular well and (b) a small well network.

estimates that envelop a lake represent normalized
depletions as if the lake were simplified to its
throughflow rate; however, inverse distance weightings for apportionment are calculated to the nearest
shoreline of the lake. Across geographies, the developed methods estimate streamflow depletions dynamically through time, identify depletions that would
indicate threatened environmental flows of streams,
and support the need for environmental foresight of
groundwater withdrawals through governance.

(denoted with a filled circle), per method. The Glover
method always begins with initial depletion estimates
that are greater, and that progress at a faster rate,
than the Hunt method, as discussed in Analytical
Models. The Glover method results predict the
stream would be entirely depleted for seven months
of the year by 2050 (months January, February,
March, July, August, September, and December). The
initial depletion estimate in the month of August,
thus for the year 2016, using the Glover method produces an estimate already at 100% of naturalized
streamflow and is the reason why no progress bar is
visible for the month. However, when observing Hunt
method results, it can be seen that only the month of
August has flows that are vulnerable to becoming
completely depleted by the well network operating
status quo. Significantly, the Hunt method shows
months January, February, March, July, August,
September, and December having depletion estimates
exceeding 20% by or before the year 2050. Thus, the
Hunt method still provides valuable insight regarding
streamflow depletions while being less inflated and
more physically relevant than the Glover method.
To illustrate the geographic flexibility of the methods presented above, the analysis conducted on the
West Topley case study region thus far is replicated
over three other geographies within the Bulkley Valley watershed, as identified in Figure 4. The results
presented below, in Figure 9, are for the four characteristic months in the year 2050 (as presented in Figure 7), using only the Hunt method. The depletion
JAWRA

DISCUSSION

The primary utility of the methodology will be in
providing initial assessments of conjunctive surface
water and groundwater sustainability. The Glover
method consistently provides depletion estimates far
greater than the Hunt method for the time spans in
which they were evaluated but both methods have
significant geometric and hydrogeologic simplifications. In areas where a more complete knowledge of
the subsurface is available, more complex numerical
investigations are advised.
The use of the methods in the study region proved to
be a successful application of integrated streamflow
depletion analytical models using open-sourced data.
The study region revealed individual stream reaches
that are at risk of depleting below ecological flow
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FIGURE 6. Streamflow depletion model results presented with incremental complexity. (a) Where a single operating well is depleting the
most proximal stream with unapportioned impacts. (b) Where a single operating well is depleting the adjacent stream network with apportioned impacts. (c) Where the network of existing wells is depleting the adjacent stream network with apportioned impacts. (d) Where the
network of existing wells with the addition of a proposed well is depleting the adjacent stream network with apportioned impacts. All results
are presented for August 2050, utilizing the Glover method and demonstrate the additive effects of multiple wells within a network.

Glover and the Hunt analytical models were developed under assumptions that are often inconsistent
with physical realities (Table 1). The assumptions of
straight streams of infinite length, constant stage,
and homogeneous and isotropic aquifers of constant
thicknesses and infinite horizontal extents that exist
in both models, severely reduce the quantitative pertinence of both models. The Glover model, which
assumes a streambed penetration of the entire thickness of the aquifer, and neglects streambed impedance, even less resembles typical physical
conditions.

needs, and even more pronounced instances of stream
reaches estimated to turn ephemeral due to streamflow depletion from groundwater abstraction. The
major limitation of the methodology remains data
availability and, subsequently, the necessary simplifying assumptions required to enable the use of available
data. While data availability is significantly increased
through the strategy of utilizing open-sourced data,
uniform data coverage over broad geographies is
lacking. We hope that tools similar to those that
this methodology would support will motivate the
increased collection and release of data. Both the
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FIGURE 7. Normalized streamflow depletion results for the West Topley case study region, as depicted in Figure 4,
for (a) the Glover method in 2016, (b) the Hunt method in 2016, (c) the Glover method in 2050, and (d) the Hunt method in 2050.
All results are presented for the months of February, May, August, and November.
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FIGURE 8. A comparison between (a) the Glover method and (b) the Hunt method for approximating streamflow depletion. The selected
stream utilized for this comparison is buffered in red, and is subject to one operating well, unapportioned among other streams. The bottom
of each bar in the graph above (hollow circle) indicates the estimated normalized depletion in 2016, while the top of each bar (filled circle)
represents the estimated depletion in 2050. It should be noted that the Glover model result for the month of August begins in 2016 at value
of 100% of mean monthly discharge, and thus its progress bar is not visible.

technological ability to model complex hydrogeological
dynamics proportionately.
This methodology extends the State of Michigan’s
Water Withdrawal Assessment Tool, making necessary modifications to enable a comparable equivalent
wherever sufficient data exist, while making
improvements to its function and its presentation of
results, as identified by the authors. Particular modifications in the technical approach to that of the
Water Withdrawal Assessment Tool include modifications in determining streambed conductance values,
particularly in taking the absolute value of the well
bottom to stream elevation difference and in putting
a limit on the streambed conductance value, in estimating streamflow depletion on the time scale of
decades into the future, in employing square inverse
distance weighting apportionment as opposed to
inverse distance weighting, and in developing the
spatial algorithm to execute the apportionment
process, as described above. While the Water Withdrawal Assessment Tool will remain more pertinent
for the state of Michigan, this methodology will
allow any region meeting the minimum data

A limitation in testing this methodology is that
streamflow depletion is not a directly measurable
phenomenon, so existing streamflow observations or
models in the case study region of the Bulkley Valley
(British Columbia, Canada) cannot be used directly
for validation of the methodology. However, and as
aforementioned, the utility of this method is to support an initial water management screening tool for
locations that have no currently existing water management modeling results. Furthermore, the authors
do not claim this method to be equivalent of any siteor region-specific study, but rather an initial tool for
water managers to consult. The novelty of the presented methodology is most evident in (1) its flexibility that enables screening-level, streamflow depletion
estimates to be made over any geography where the
minimum data requirements exist; (2) how environmental impacts are not aggregated and presented in
categorical or zonal scores, but in explicit streamflow
depletion quantities at a stream reach resolution and
at any month within the simulation period; and (3)
the spatial algorithm created for the apportionment
of streamflow depletions is an advancement on
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FIGURE 9. Normalized streamflow depletion results for the four case study locations: (a) North Smithers, (b) South Smithers, (c) Telkwa,
and (d) West Topley, as depicted in Figure 4. Results are reported for the months of February, May, August, and November for the year
2050 using the Hunt method. The variability and severity of normalized depletion is perhaps best observed in (b) South Smithers.
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requirements to execute and consult preliminary,
screening-level groundwater-driven streamflow depletion estimates.
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CONCLUSIONS

Here, we present a methodology to analytically
model streamflow depletion at unprecedented detail,
per stream reach and per month until the year
2050. Our use of open-source data enables geographic adaptability in implementation. The results
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manage water resources including environmental
flow needs:
1. The methodology is an advancement on the
application of open-sourced groundwater and
surface water analytical methods to support
informed, proactive decision-making and sustainable development of groundwater resources,
especially to better safeguard ecological flow
needs.
2. The method’s main successes are in the implementation and optimization of a wide variety of
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