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Executive Summary

In the western United States, prior appropriation is the dominant form of water rights. In times of
scarcity, the most senior water rights are given priority. Water right transfers can increase economic
efficiency by moving water toward higher value uses, but the parties involved must prove that transfers
do not reduce water availability for third-party users.

In this study, prior appropriation and water right transfers were studied using the Upper
Gunnison River Basin in Colorado as a test case. NHDPlusV2 streams data were combined with
diversion rights and instream flow data from the state of Colorado. These were combined into a network
object in the R language and simplified to preserve only nodes and edges necessary for flow allocation. A
flow allocation model was then developed to solve for the set of withdrawals and streamflows consistent
with mass balance constraints as well as prior appropriation.

The first objective of this work was to explore the drivers on water availability under prior
appropriation. There was a great deal of spatial variability in water availability throughout the basin,
based on both local supply of water and density of high-priority water rights. Yearly hydrologic
variability was also important, with a large degree of difference in hydrologic stress and right curtailment
between median flow and extreme drought (Fig. E[)

Additionally, the effects of these drivers on water right transfers and third-party injury were
explored. A major takeaway from this work is that water right transfers in prior appropriation states
often have complicated secondary effects. These effects are highly dependent on local context and
difficult to predict and generalize. Of prime importance are the local availability of water, the set of
upstream and downstream allocation priorities, and the presence of tributary flow between buyer and
seller.

Firstly, it is important for the buyer to be confident that they will actually be able to utilize
the purchased allocation. If the buyer is on a more stressed tributary than the seller, than a secure
right at the seller’s location may not be secure at the buyer’s location (Fig. . If assured of the
right’s security, the buyer must also ensure that there will be no negative impacts on other water users.
Third-party injury occurs when a water right transfer alters stream flows in a way that negatively
impacts other users’ ability to withdraw water. Transfers with third-party injuries are denied by the
Water Court.

It can be difficult to predict when third-party injuries will occur, which again highlights
the importance of due diligence. Broadly speaking, injuries can occur in streams where withdrawals
are limited by water availability. A stream is particularly vulnerable when a relatively senior user
withdraws the entire flow of the river and forces more junior upstream users to forgo a portion of their
allocations. These partially fulfilled junior users will be forced to reduce use further if an upstream
right transfer reduces instream flows (Fig. . Similarly, they will appropriate excess water generated
by downstream transfers if priority allows, causing injury to junior users downstream (Fig. . The
traders must also ensure that a trade does not cause flow reductions in any reaches with deficient
instream flow decrees.

Next, a number of case studies were developed which showcase strategies for using carefully
constructed multi-party water right transfers for various ends. First, multi-party water right transfers
were found to be a promising solution to the problem of third-party injury. By pairing the flow
reductions from an upstream transfer with the flow increases from an overlapping downstream transfer,



the equal and opposite effects can cancel each other. This allows two trades which would be infeasible
individually, due to third-party injuries, to avoid injuries and become feasible when bundled as a single
transaction (Fig. . The need for equal and opposite trades does limit the range of applicability for
this strategy, but it should still be valuable in some situations.

Multi-party water right transfers were also suggested as a means of reducing transaction costs
in water right transfers. By bundling a number of different overlapping transfers together, consulting
work could aggregated (Fig. . This would reduce the average consulting costs and make smaller,
less valuable transfers more economically feasible.

Symmetric paired water right transfers, where two users bilaterally exchange water rights
differing only in priority date, are another exciting strategy (Figs. . These transfers could
help reallocate risk to those most willing to accept it, thereby reducing the impacts of drought and
increasing economic efficiency within the basin.

Each of these three strategies could help water right markets operate more efficiently. The
state should encourage greater coordination between potential water right transfers. This would benefit
the agricultural sector and the state at no cost to third-parties.

Lastly, downstream water right transfers were suggested as a tool for increasing instream
flows in vulnerable reaches (Figs. 22). The state of Colorado (and environmental NGOs on its
behalf) can acquire instream flow decrees, but the process is lengthy and the decrees generally have
junior priority. It may be simpler in some cases to contribute expertise or funding to help transfer
water downstream, rather than acquiring the water directly or paying farmers to forgo withdrawals.

In addition to these heuristic strategies, a web-based tool was developed (http://co-wre.web.
duke.edu/) which can be used to explore water availability and potential water right transfers in the
Upper Gunnison River Basin. There are a number of limitations to the model, so the tool is not
intended to replace more rigorous hydrologic analysis. However, it is a useful pedagogical tool which
can help water managers, regulators, and educators to better understand the factors affecting water
availability, water right security, and water right transfers under prior appropriation.


http://co-wre.web.duke.edu/
http://co-wre.web.duke.edu/
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1 Introduction

1.1 Prior Appropriation Doctrine and Water Right Transfers

In the western United States, prior appropriation is the dominant form of water rights. Under this
doctrine, loosely summarized as “first in time, first in right,” a water right is perfected by diverting a
quantity of water for “beneficial use.” In times of scarcity, water allocations fulfillment is ordered by
appropriation date, so that the most senior right holders can divert their full allocations, while junior
right holders are forced to forgo their allocations. These water rights are usufructuary, meaning that
they grant the owner an exclusive right to use water if it is available, rather than granting ownership

of the water itself.

In Colorado, as in the majority of the western United States, the prior appropriation system
evolved naturally as a way to bolster security of supplies to the miners and farmers settling the
harsh, sparse nineteenth century environment. When Colorado first approved its Constitution in
1876, it stipulated that “water of every natural stream, not heretofore appropriated, within the state
of Colorado, is hereby declared to be the property of the public [1]” and that “The right to divert the
unappropriated waters of any natural stream to beneficial uses shall never be denied [2].” The Colorado
Supreme Court further solidified the law in Coffin v. Left Hand Ditch [3]. Over the next few years,
the General Assembly adopted adjudication statutes, authorized water commissioners to enforce water
rights [4], and created the Office of the State Engineer [5]. By the turn of the century, the courts and
General Assembly had recognized the transfer and the change of water rights, provided the rights of
other vested appropriators were unharmed. The priority date of a right is preserved in both water right
transfers and changes. In Strickler v. Colorado Springs, the Colorado Supreme Court summed up the
idea of water rights as salable property rights: “The authorities seem to concur in the conclusion that
the priority to the use of water is a property right. To limit its transfer, as contended by the appellee,
would in many instances destroy much of its value. It may happen that the soil for which the original
appropriation was made has been washed away and lost to the owner, as the result of a freshet or
otherwise. To say, under such circumstances, that he could not sell the water right to be used upon
other land would be to deprive him of all benefit from such right. We grant that the water itself is the

property of the public. Its use, however, is subject to appropriation, and in this case it is conceded



that the owner has the paramount right to such use. In our opinion this right may be transferred by
sale so long as the rights of others, as in this case, are not injuriously affected thereby. If the priority to
the use of water for agricultural purposes, is a right of property, then the right to sell it is as essential

and sacred as the right to possess and use [6].”

Since that time, the prior appropriation doctrine has been remarkably stable in the state.
Many statutes and court decisions have clarified and refined the rules governing water right decrees,
exchanges, beneficial uses, injuries, etc., but the core character has been preserved. While all other
western states have adopted permitting systems, Colorado has eschewed this type of regulated ap-
propriation system for surface waters, so that water right decisions and disputes are handled in the
water courts. In 1969, the Water Rights Determination and Administration Act created seven water
divisions [7]. Each division has a Division Engineer, a Water Court, and Water Commissioners. The
division Water Courts preside over surface water right decree applications, as well as applications for
transfers and changes of water rights, conditional water rights, augmentation plans, and appeals from
State or Division Engineer enforcement orders. In any Water Court application, the applicant is re-
quired to prove that the new decree or transfer will not cause injury to other decreed water rights in the
area. They must specify the historic extent, magnitude, timing, and other aspects of the flow right, and
prove that these will not be altered [8]. Since only the consumptive portion of any allocation is allowed
to be transferred, the parties must spend considerable time and money quantifying the magnitude and

timing of the historic return flows.

In the modern era, a number of problems with the prior appropriation system have emerged.
First is the requirement of beneficial use. Once a right for a defined diversion volume has been
established, a user is required to apply the entire volume to beneficial use. This encourages waste
because irrigators fear that efficiency improvements could lead water right curtailments. Secondly, it
is economically inefficient because the most senior uses are often less economically valuable than more
junior uses. For example, low-value irrigated agriculture is often more senior than high-value municipal

or industrial uses.

In principle, water right transfers can help reduce these inefficiencies. Right holders can sell
the right to unused water, encouraging efficiency improvements. High value users can buy out senior

right holders with low value uses, as when farmers find that their water rights are worth more than



their irrigated crops. For a good summary of the benefits of market-driven solutions to water allocation

problems, as well as some of the social and environmental issues on this topic, see Clayton [9].

In practice, water right transfers in most states have been underwhelming, due mostly to
the high transaction costs [10]. The largest hurdle is accounting for “third-party effects.” Due to the
hydrologic connectivity of soils and waterways, and the fact that most uses are not fully consumptive,
water can be diverted by multiple users in its journey downstream. This means that if the diversion
point or the type of use changes, downstream appropriators dependent on return flows can be negatively
affected. Before a water right transfer can be approved by the Water Court, the parties involved
generally must either prove that the transfer will not harm third-parties, or adequately compensate
all third parties (a costly and time-consuming process). This typically involves hiring engineering and
legal consultants, and the resulting transaction costs have limited all but the largest transfers, often
from agriculture to high-value municipal users. Smaller transfers between agricultural users are much

less common because of the low marginal value of water in agriculture.

1.2 Instream Flow Decrees

Since the 1960’s, the public has become increasingly aware of the importance of instream flows for
environmental health, waste dilution, and recreation. Many states have sought new ways to guarantee

instream flows in heavily allocated systems.

In 1973, in an attempt to “correlate the activities of mankind with some reasonable preser-
vation of the natural environment,” the General Assembly adopted the Instream Flow and Lake Level
Law |11], which provided a mechanism by which the state could safeguard aquatic habitats. Previously,
diversion had been a strict requirement for an appropriative right. This law removed the diversion re-
quirement and allowed the Colorado Water Conservation Board (CWCB) to make new appropriations
on lakes and streams that were not yet fully appropriated. This right was granted only to the CWCB;
private entities, other governmental entities, and non-governmental organizations are still required to
divert water to perfect an allocation. The instream flow appropriations must remain within the stream
channel, which cannot be diverted by others within a specified stream reach. The CWCB has since been

granted the authority to “acquire, by grant, purchase, donation, bequest, devise, lease, exchange, or



other contractual agreement, from or with any person, including any governmental entity [12]” existing

senior water rights.

As of April 2016, the board has appropriated flow rights on over 1,600 stream segments,
totaling over 9,250 stream miles, and 480 natural lakes. There have also been more than 35 voluntary
water acquisition transactions. These include sales, leases, and donations to the CWCB. The permanent
acquisitions total 405.307 cubic feet per second (cfs) of flow and 5200 acre-feet (AF) of storage. Long-

term leases and contracts add another 73.5 cfs of flow and 4154.21 AF of storage [13)].

However, compared to the total volume of water in Colorado, these gains appear meager.
Additionally, most of the CWCB’s instream flow rights are relatively junior and are not secure during
droughts, when the instream flow protections are most important. Ken Ransford, a member of the
Colorado River Basin Roundtable, spoke at an event celebrating the 40th anniversary of the instream
flow program in 2014. He noted that the CWCB holds pre-1923 water rights (those rights not suscep-
tible to a Colorado River Compact call) that total approximately 0.31% of the volume of water used
in agriculture in 2005. The pre-1900 rights (generally seen as very secure) total 0.21% of agricultural

usage [14].

1.3 Quantifying Effects of Water Right Transfers

A sizable body of research has been performed to try to quantify the economic value in water allocations
and transfers. Kirby et al. [15] used an integrated hydrology-economics model to calculate the effects of
various water management strategies on flow and agricultural production, in the face of climate change
and increasing environmental flow reallocations in the Murray-Darling Basin in Australia. They also
provide a great review of hydrology-economics models used in evaluating the effects of various changes
to flow patterns. McMahon et al. [16] used an input-output model to predict the economic effects of
the Arkansas Valley “Super Ditch”. Characklis et al. [17] used hydrologic-water market simulations
and optimization to identify the ideal portfolios of different types of water rights, for cities looking to
minimize cost while meeting reliability requirements. Wang et al. [18] used a node-link river network
model along with a game theoretic approach to develop fair and efficient water reallocation strategies.

However, we are unaware of any work studying the effects of multi-party exchanges, as proposed in



this work.

The Colorado Water Conservation Board and Division of Water Resources host a number of
software tools on the Colorado Decision Support System website [19]. These include StateCU, for es-
timating historical consumptive use, StateMod, for modeling surface water allocation and accounting,
StateWB, for estimating state-wide water balance, and the Lease Fallow Tool, for modeling effects of
lease-fallowing projects, as well as tools for processing and viewing data. However, these are compli-
cated models with many input parameters that require extensive training. Additionally, the modeling
scale is coarsened by aggregating smaller diversion structures. For this project, it was preferable to
build a model from scratch that would be more tailored to the research goals and maintain individual

diversion structures.

1.4 The Study Area

The Gunnison River Basin is a tributary of the Colorado River and is one of the state of Colorado’s
major river basins (Fig. . The Gunnison is formed at the confluence of the East River, which forms
in the Maroon Bells-Snowmass Wilderness before passing through the town of Crested Butte, and the
Taylor Park River, which forms in Gunnison National Forest and is controlled by Taylor Reservoir.
The Gunnison is then joined by Ohio Creek, a smaller tributary which runs mostly through private
lands and is used for cattle and hay operations, north of the city of Gunnison. Just west of Gunnison,
the river is joined by Tomichi Creek, a major tributary. Tomichi Creek and its tributaries Cochetopa
Creek and Quartz Creek run through a mix of private and public property and are also heavily used

for ranching operations.

Near the confluence of the Gunnison River with Tomichi Creek, they form the Blue Mesa
Reservoir, the first in a series of large hydroelectric power and water supply reservoirs through the
Black Canyon of the Gunnison. Below these reservoirs, the river is joined by a number of other
tributaries. One of major importance is the Uncompahgre River, which runs through the productive
agricultural region of the Uncompahgre Valley. The Gunnison Tunnel diverts additional water from

the Black Canyon of the Gunnison River into the Uncompahgre Valley for summer irrigation.

The Gunnison River Basin, like most basins in the western United States, is over-allocated.
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Figure 1: Visualization of the Upper Gunnison River Basin. Stream colors represent mean June flow
rate: less than 10 cfs in orange, less than 200 cfs in green, and greater than 200 cfs in blue. Grey
polygons behind the streams are irrigated parcels. Inset shows Basin within the state of Colorado.



In 2015, the Gunnison Basin Roundtable stated that the protection of existing water uses was the
primary goal of the Basin Implementation Plan. Other important goals related to water security
for agricultural, municipal, environmental, and recreational needs. Agricultural water is especially
important, as it is the largest contributor to the economy. For example, in Gunnison County, the
cattle industry generated $46 million in 2003. Water-related recreation is also important, generating

23% of the Basin economy [20].

For this work, the study area was limited to the Upper Gunnison River Basin, upstream of
Blue Mesa Reservoir. The first reason for this is that it limits the computational burden. A second
important reason is that it is less heavily engineered than the Uncompahgre Valley and much of the
rest of the state. Taylor Park Reservoir does affect the flow of the Taylor and Gunnison Rivers, but
there are no major transmountain diversions upstream of the reservoir and all other tributaries are
unaffected by the reservoir outflows. This low level of engineering eases the modeling of flow within the
basin relative to other basins in the state. There is a significant agricultural presence within the basin
(mostly ranching and hay operations), along with relatively small municipal demand around Gunnison
and Crested Butte. The river is over-allocated, so in most years there are some users without water.

For all of these reasons, it is a good test case for this project.

Over the entire Gunnison River Basin, the total surface water system efficiency averaged 28%
between 1950 and 2006. Surface water system efficiency is calculated as the total consumptive use
divided by total diversions. Within the districts contributing to our test subwatershed (districts 28,
59), irrigated acreage is almost entirely composed of flood-irrigated grass pasture. The elevation is
7,700 feet at the town of Gunnison, with an average growing season of 144 days, and the elevation

nears 14,000 feet in the alpine headwaters [21].

1.5 Objectives

The first objective of this work was to explore the drivers on water availability under prior appropri-
ation, using the Upper Gunnison River Basin in Colorado as a test case. Specifically, I explored the
effects of spatial and temporal hydrologic variability, as well as the set of upstream and downstream

priorities, on water availability for a given water right holder. Additionally, the effects of these drivers



on water right transfers and third-party injuries were explored.

Next, a number of case studies were developed which showcase strategies for using carefully
constructed water right transfers for various ends. Multi-party water right transfers were considered as
a solution to the problem of third-party injury. Multi-party water right transfers were also suggested
as a means of reducing transaction costs in water right transfers. Symmetric, bilateral water right
transfers were considered as a way of transferring hydrologic risk. Lastly, downstream water right

transfers were explored as a strategy for increasing instream flows in vulnerable reaches.

In addition to these heuristic case studies, I developed a web-based tool which allows users
to explore water availability and potential water right transfers within the Upper Gunnison River
Basin. The user can also test and visualize the effects of multi-party transfers on third-parties and
instream flows. I believe that this tool will be useful for water managers, regulators, and educators
who would like to develop a better understanding of prior appropriation rules and the effects of water

right transfers.

2 Methods

2.1 Data Sources

A variety of state and federal data sources were used for this project. For the stream network, the
NHDPIlus Version 2 dataset for the Upper Colorado region was downloaded. This included a stream
polylines file with attributes such as segment length, reach code, name, etc. Version 2 comes with
Extended Unit Runoff Method (EROM) mean annual and monthly flow estimates for each reach [22].
Additionally, there is a polygon shapefile with the HUC 12-digit Watershed Boundary Dataset (WBD).

Instream flow decree data were retrieved from the Colorado Decision Support System (CDSS),
a website run by the Colorado Water Conservation Board (CWCB) and the Colorado Division of Water
Resources (DWR) that hosts water-related data and models for the state. “Instream Flow Reaches
- Decreed and pending reaches” was downloaded [23], which included “ISF_Reaches_Decreed.shp,” a

shapefile with a polyline feature for each decreed instream flow right. A second shapefile with pending



flow reaches was also included, but only decreed reaches were included for this analysis. Feature
attributes included the Case Number, which could be used to look up the appropriation date, flow
rate, and seasonal dates for each right using the Colorado Water Control Board database [24]. The

relevant details were manually entered into the instream flow shapefile as attributes.

Water right data was also retrieved from the CDSS. The most recent water rights GIS data
for the Gunnison Basin, “Division 4 Irrigated Lands 2010,” was downloaded [25]. This included
“Div4_2010_Ditches.shp,” a shapefile with a point feature for every diversion structure within the di-
vision. Also included is “Div4_Irrig_2010.shp”, a shapefile with a polygon feature for every irrigated

parcel within the division.

Lastly, the water right allocation information (“Water Rights - Net Amounts”) was downloaded
from the DWR HydroBase Bulk Export site [26]. The entire table was downloaded as a CSV. This
dataset lists each water right held by diversion structures in the state, along with the location, diversion

rate, appropriation date, and type of use.

2.2 Data Preparation

Initial data preparation was performed in ArcMap 10.3 [27]. In order to limit the analysis to a
manageable size, the streams and diversions were cropped to include only the features upstream of
Blue Mesa Reservoir (more specifically, upstream of NHD segment with “ComID” 3254097). This

cropping was performed using the HUC 12-digit WBD features from NHDPlus Version 2.

Next, the stream network was cleaned in order to aid the flow allocation algorithm. Because
there are many agricultural diversions in this region, the NHD dataset contains a number of low-flow
side channels. These features were removed in order to simplify the routing of flow within the system.
First, all features for which the the NHD “FLOWDIR” attribute was “Uninitialized” were removed.
Next, all cycles (braided streams or diversion channels) within the network were manually inspected.
For each, the section with the highest EROM flow attribute was considered to be the main channel
and preserved, while the lower-flow segments were eliminated. These side channels generally had very
low flow, presumably lower than EROM uncertainty, so their elimination should not significantly alter

overall mass balance within the system.



Next, the instream flow decree information was integrated into the NHD streams shapefile.
Only decreed reaches within the study area, and only those with at least part of the reach downstream
of at least one diversion structure, were needed. Headwater reaches upstream of all diversion structures

are irrelevant to this analysis, since their flow is unaffected by diversions.

For each of these relevant instream flow reaches, the closest NHD flowline was manually
identified. The two sets of streams were closely related but not exactly overlapping. The relevant
instream flow decree information (case number, appropriation date, June decreed flow rate) from each
instream flow reach were copied as attributes to the related NHD stream segments. When necessary,
the NHD stream segments were manually split to allow for changes in decree within a continuous NHD

segment.

All further analysis was performed in the R statistical computing language [28]. Non-standard
packages used were igraph [29], shiny [30], leaflet [31], sp [32], boot [33], rgdal [34], mapview [35], and

foreign [36].

The NHD stream data and diversion structure shapefiles were imported into SpatialLines-
DataFrame and SpatialPointsDataFrame objects, respectively, using the sp package [32]. These objects
behave similarly to shapefiles; each feature has both attributes and coordinates. They can be mapped

with basemaps using the Leaflet package [31] (Fig. [2).

The EROM attributes, stored in a separate table, were joined to the spatial dataframes using
the “ComlID” attribute, a unique ID for NHD stream segments. There are a number of different EROM
flow estimates. For this analysis, the Q0001C was used, which is an estimate of natural flow that is
adjusted using reference gages. This is considered the most accurate estimate of natural flow before
accounting for withdrawals or reservoir operations. The flow estimates for each month were joined as

attributes to the stream features.

Next, the diversion structures were joined with the relevant data from the water rights file.
Each structure has at least one unique WDID number associated with it. Each WDID has at least
one (often more than one) water right associated with it. These unique identification numbers were
used to join the attributes for each set of water rights to the associated diversion structure. The most

important attributes were the appropriation date (used to assign priority for withdrawals), the type
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of structure, the type of use, and the decreed amount of water. Only the rights with type “Ditch” or
“Pipeline” were retained, eliminating a small number of rights labeled “Reservoir,” “Spring,” or “Well.”
These rights were eliminated for simplicity, since they are subject to different sets of allocative rules
than surface diversions. In total, there were 1081 non-zero water rights associated with 497 diversion
structures. There were additional conditional water rights which were excluded from this study but
may become active in the future. For this study, all water right allocations were rounded to the nearest
0.1 cfs. Rights smaller than 0.05 cfs were rounded up to 0.1 cfs. This rounding was performed in order

to reduce numerical rounding error in the flow allocation model (Section [2.4]).

2.3 Creation of Stream and Diversion Network

In an NHD shapefile, a stream system is represented as a collection of polylines. Each polyline rep-
resents a single stream segment. A polyline has two main components: an ordered collection of
coordinates, tracing the path of the stream segment in space, and a set of named attributes, such as
ID, name, watershed, flow rate, flow direction, etc. The attributes relate to the entire polyline object,
rather than individual coordinates. An entire stream system is represented as a collection of polyline
stream segments. Two adjacent stream segments are connected at a single common coordinate. At
a junction, where two tributaries meet, three polylines share a single location. A graph (or network)
is a collection of objects and the relationships between objects. The objects are represented as nodes
(or vertices). Their relationships are represented as edges (or lines) connecting nodes. A graph can
be undirected, meaning that all edges represent “two-way streets,” or directed, allowing for travel in
only one direction. The branch of mathematics known as graph theory has found many applications

in fields ranging from operations research and electrical engineering to sociology.

The computer representation of a stream system can be conceptualized as a directed graph.
Each node is a location along the stream, and each edge represents a stream segment along which
water can flow. Flow is unidirectional: upstream to downstream. In the graph conceptualization, only
the two coordinates at the beginning and end of each segment are important. Water flows from the

beginning to the end; the route is unimportant.

With this conceptualization in mind, the NHD polylines were converted to graph objects
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using the shp2graph package [?] in R. The collection of polylines was converted to a collection of nodes
and edges. The attributes of each segment were stored as edge attributes in the graph object. By
eliminating the fine spatial detail of each segment, the computational burden of analyzing the system

was greatly diminished .

In order to analyze water rights, it was necessary to incorporate diversion structures into
the stream network. Again using the shp2graph package, the NHD polylines and diversion structure
points were combined into a single graph (Fig. [3)). Each diversion structure was inserted into the
stream network as a new vertex, at the closest point along a neighboring stream. The attributes
associated with each diversion structure (ID, diversion right information, etc.) were stored as vertex

attributes.

Both the streams-only graph and the graph with diversion structures were then transformed
into directed graph objects of the igraph class. igraph is a powerful package with tools for network

analysis which were relied upon heavily for this project [29].

For the streams-only graph object, NHD stream segment attributes were preserved as edge
attributes. However, this was not the case in the combined graph due to the insertion of the diversion
structures as new vertices. In order to overcome this, stream attributes were added back to the

“parent” segment in the streams graph. For the

combined graph by matching each segment to its
segments with one or two new diversion vertices, the parent segments were found by marching upstream
or downstream along the graph until the nearest two non-diversion vertices (i.e. original stream vertices)

were found. The stream segment in the streams-only graph which had these two endpoints was located,

and the attributes were copied to the segments of interest in the combined graph.

Next, in order to ease the computational burden, the network was simplified by removing un-
needed nodes. Only segments between two diversion points were important. Headwater streams above
the highest diversion were eliminated, as were tributaries with no upstream diversions. Additionally,
all vertices that were neither diversion points nor tributary junction points nor points where instream
flow decrees began or ended were eliminated. With each eliminated vertex, the two associated edges
were also eliminated. A new edge, connecting the two vertices upstream and downstream of the deleted

vertex, was created. Because the EROM flow attributes in NHDPlusV2 are relative to the lower end
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Figure 3: Visualization of partially simplified stream network, after joining diversion structures to
stream segments and coarsening stream segments. Stream colors represent mean June flow rate: less
than 10 cfs in orange, less than 200 cfs in green, and greater than 200 cfs in blue. Grey polygons
behind the streams are irrigated parcels. Black dots are diversion structures.
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of each segment, the stream attributes for the downstream of the two deleted edges were assigned to
the newly created edge. These two simplification steps greatly reduced the size of the network, which

reduced the computational burden in later analyses (Fig. |4f).

The EROM natural flow attributes from NHDPlusV2 were used to estimate the natural flow
(cfs) at each segment. These are monthly values, so this analysis could be performed for each month
separately in order to study the seasonal trends in water availability. For this study, only June flow
was considered. This is the peak yearly flow and is an important month for irrigation. For each node
in the simplified graph, the total inflows were calculated by summing the flow of all input segments
into the node in the original full stream network. Next, for each edge in the simplified network the
difference between the total flow at its two vertices was calculated. This value, which we will call s,

represents the net supply minus losses flowing into the stream system between the two nodes.

2.4 Flow Allocation Model

With the network of diversions in place, the next step was to build a model for flow routing and
withdrawals within the watershed. In a prior appropriation state such as Colorado, the right to
withdraw water depends on the priority of the right. The oldest rights have the most senior priorities,
commonly expressed as “first in time, first in right.” This means that in over-allocated basins, the
most senior rights will be allowed to withdraw their full allocations before junior users are allowed to
withdraw anything. Given a set of natural flows, how can we programmatically decide which rights

will receive their allocations?

We have a graph object in which the nodes represent discrete locations within the stream sys-
tem. Some but not all of these nodes correspond to diversion structures, which are allowed to withdraw
water in accordance with prior appropriation. The edges of the graph represent the stream segments
by which water flows downstream from node to node. We would like to calculate the withdrawals w
at the many diversion structures, along with the subsequent flows ¢ along the edges of the graph. As
withdrawals increase, flows decrease. These two sets of decision variables must be consistent with a

number of constraints.

First, the water availability constraint: the sum of all withdrawals j at node ¢ cannot exceed
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the sum of all stream inflows k to that node, plus the supply/loss sl; into the node. If N is the
total number of vertices in the simplified graph, including both diversion structures and diversion-free

junctions with zero withdrawals, then there are N of these constraints.
iji < ZQki + sl;
j k

Second, the mass balance constraint: assuming a consumptive ratio at node ¢ of cr;, and
assuming the non-consumptive portion of withdrawals reenters the stream at the same node, the
outflow from node ¢ plus the consumed portion of the total withdrawals must be equal to the sum of

all stream inflows & to that node plus sl. There are IV of these constraints.
qi +cri iji = qui + sl;
J k

Third, the water right constraint: each withdrawal j at node ¢ is limited by the decreed size
of its respective water right allocation, a. If M is the total number of allocations (remember that some

vertices have multiple allocations and others have none), then there are M of these constraints.

Wi < Gy

Fourth, the pour point constraint: a certain flow rate gpy,, must be maintained out of the
last node N in the stream network. In our case, this is flow into Blue Mesa Reservoir. It turns out
that there is no required flow into Blue Mesa Reservoir, because there are no senior “calls” to the water
above the reservoir, so we set qpoy = 0. However, it is worth leaving in the model formulation, since

it may vary in different locations.

qN Z qPour

Fifth, the non-negativity constraint: all decision variables (flows and withdrawals) must be

non-negative. There are N + M of these constraints.

gri > 0
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Lastly, the entire system of M withdrawals must be consistent with prior appropriation doc-
trine. This means that no senior right can be denied its allocation if there exists a junior right that is
withdrawing water that could otherwise be withdrawn by the senior. Additionally, the instream flow
right decrees have priorities, which are functionally similar to the diversion priorities. A junior diverter
may not divert water if it will lower the water in a reach with a senior instream flow decree below
the decreed flow amount. There is no simple way to write these prior appropriation constraints as an

equation, but they must be ensured by the chosen flow allocation algorithm.

A number of different strategies were attempted for the solution of this problem. At first
glance, it appears particularly well suited to linear programming (LP), since the first four sets of
constraints are all linear in the N + M decision variables, ¢ and w. If suitable coefficients c¢j; could
be found for each of the M allocations, which would assign flow to the allocations with the highest
priorities, then we could simply maximize the objective function z = };; cj;w;; with an LP algorithm

such as the widely used simplex method.

In fact, if all diversions are entirely consumptive (cr = 1) (and there are no instream flow
decrees) then this formulation should lead to the correct allocations if ¢; = pyar + 1 — pi, Where prmas

is the priority rank of the most junior allocation.

However, if withdrawals are not entirely consumptive (¢r < 1), it becomes much more difficult
to find suitable coefficients. The reason is that with the above coefficients, it can become optimal to
short a senior user in order to route water to multiple consecutive junior users. It can also become
optimal to short a senior user to benefit a junior user with a smaller consumptive ratio, as this allows
more water to enter back into the stream system and be reused. This means that the optimal solution,

as defined above, will not necessarily be consistent with prior appropriations.

Israel and Lund have proposed a framework for systematically setting optimization coefficients
for prior appropriations systems [37]. In order for a senior right to be filled, its optimization coefficient
must be greater than the sum of all coefficients along the next best potential flow path of junior rights,

adjusted for consumption. For our system, with no storage nodes and the assumption that all return
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flows reenter the stream at the same node as the diversion, all objective coefficients must meet the

following constraint.

cs > max{(l — asen) chd, cju/ (1 — aju)}
jd

The first term on the right ensures that the senior coefficient ¢, is larger than all potential
downstream flow paths through junior withdrawals jd, discounted by the consumption at the senior
node. The second term ensures that it is larger than the best possible upstream allocation by a junior

ju, increased by the inverse of the consumption at the junior node.

However, Israel and Lund warn that this system is only appropriate for relatively small
systems, due to the growing differences in magnitude between coefficients in larger systems. Indeed,
when this method was applied to our system, the coefficients spanned 49 orders of magnitude! The
problem is due to the highly linear nature of our stream network; the diversions near the top of the
system have hundreds of downstream allocations, which causes coefficients to grow at an alarming rate.
With such large differences in objective coefficients, a linear programming solution is impractical due

to numerical difficulty.

In the end, a simpler iterative method was developed which proved much more practical
for this flow allocation problem. The allocations and instream flow decrees were ranked according
to priority. The set of allocations were looped over, beginning with the most senior priority. The
following method was used for determining the allowable withdrawal for each allocation. Because the
withdrawals are calculated individually in order of priority, the end result is implicitly consistent with

the prior appropriations doctrine.

First, the withdrawal of interest is assumed to receive its full decreed allocation: wj; = aj;.
Next, the mass balance equations for each of NV nodes are rewritten with stream flows (outflow minus
total inflows) on the left hand side and with supply minus the consumptive portion of withdrawals on
the right hand side. A simple way to also guarantee that the pour point constraint will be met is to

subtract the required outflow from the supply at the end node, sly; = sy — ¢Ena.

G — Y aqri=sli—criy wy, Vi€l:N
g j
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With this setup, the left hand side has the unknown quantities and the right hand side has
the known quantities, since withdrawals are set constant for each iteration. This can be rewritten in
matrix form by defining an N x N dimensional network connectivity matrix A. Row i of A will have
1 in column ¢, representing outflow from node ¢, —1 in the columns of each node which flows directly
into node i, and zeros elsewhere. If we write the flows out of each node ¢ and the right hand side as a

single vector b for clarity,

—

AT=1

This equation can be inverted to solve for the set of outflows ¢ consistent with mass balance
of the supplies and withdrawals. However, these flows will not necessarily satisfy the other constraints
on the system. We need to check whether all g are greater than all previously declared senior instream
flow rights, or zero if there are none. We also need to check whether the water availability constraint
is met. If both of these are true for all nodes, then the most recently set withdrawal is feasible, and is
set as such in all future iterations. We then move on to the next highest priority allocation and repeat

this process.

However, if the flow non-negativity and water availability constraints are not met, then this
withdrawal is not allowable. We need to reduce the size of the withdrawal and try again. If we define
a resolution Aw, which is the minimum difference in withdrawal amount that we will test (for the
current analysis, Aw = 0.01 cfs), then after testing the full allocation wj; = aj;, we test the minimum
testable withdrawal wj; = Aw. If this is also infeasible, then we decide that this allocation will not be
able to withdraw any water and set w;; = 0 for all future iterations. If, on the other hand, this test
is feasible, then we need to iteratively search through the space between Aw and aj; until we find the

maximum feasible withdrawal (with resolution of Aw for the search).

This process is repeated for each diversion allocation, in order of decreasing seniority. In
between each allocation, we check if there are any instream flow rights with priority falling in between
the next allocation and the previous allocation. If so, then it is assigned the lessor of either the full
decreed amount, or the rate of flow currently in the reach given all senior withdrawals. Now any junior

diversion allocation will not be allowed to reduce the flow in this reach below the assigned level.

By performing this process for each allocation in the system, ordered by appropriation date, we
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can find the optimal set of withdrawals consistent with prior appropriations and the other constraints.

2.5 Testing Potential Water Right Transfers

With a functional water right allocation model, it is possible to test potential water right transfers.
We need to select a buyer, a seller, a particular allocation within the seller’s set of allocations, and
an amount to be transferred. The amount to be transferred is subtracted from the seller’s allocation,
and a new allocation of that amount is created at the buyer’s node. This new allocation acquires the

priority date from the seller.

Having created a new network object with this transfer in place, the flow allocation model
can be rerun. Then the two sets of allocations and flows can be compared. In order for this to be a

feasible trade, the following conditions must be met:

1. The buyer must receive the full amount purchased.
2. The seller must lose the full amount purchased.
3. No third parties can suffer reductions in withdrawal.

4. No reaches with instream flow decrees can suffer reductions in flow, unless the reduced flow is

still larger than the amount of the decree.

If these conditions are met, then the proposed trade is allowable. In addition, we should check

whether there are any positive externalities to third parties:

1. One or more third parties see increased withdrawals.

2. One or more reaches with instream flow decrees, with flow less than the decreed amount, see

increased flows.
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3 Results and Discussion

Before going into specific results from this analysis, it is important to note that the modeling performed
in this study is not intended to be exhaustive. A number of assumptions were made for simplicity which
will decrease the accuracy of the results. The streamflows and withdrawals have not been calibrated
to the real system. Rather than rigorous hydrology which would hold water in court, the goal of this
study was to explore general patterns and case studies. I hope that these patterns and case studies will
be helpful for developing the reader’s intuitions about prior appropriation and water right transfers.

These concerns are further discussed in Section [l

3.1 Water Withdrawals and Hydrologic Variability

First, it was desirable to test a number of flow levels in order to explore the effect of hydrologic
variability on water right security. Remember that the NHD stream data provides Extended Unit
Runoff Method (EROM) mean flows for each month, for each stream reach. For this study, only June
flow was considered. Because this region’s water use is almost exclusively agricultural, the majority of
use is in the growing season, between May and September. June was chosen as representative of this

period, but it would be interesting to see the effects of monthly variation in a future study.

It was assumed for this study that all diversions consumed 20% of withdrawals. For the entire
Gunnison Basin, consumption is estimated to be 28% |21]. This includes the more intensively cultivated
Uncompahgre Valley, North Fork, and Grand Valley regions, which grow more cash crops and likely
invest in more efficient irrigation infrastructure. Within our study area, all irrigated parcels are flood
irrigated. For this reason, it should be reasonable to assume that our study area has lower consumption
than the Basin as a whole. 20% was chosen as a nice round number, which helps to reduce numerical
rounding error in the flow allocation model. However, it should be noted that in practice, consumption
ratios are variable both in space (due to differences in soils, vegetation, irrigation practice) and in
time (due to seasonal differences in irrigation practice, soil moisture, temperature, vegetation needs).

Unfortunately, better data for this region is not available.

In order to generate different hydrologic conditions, discharge data from USGS gage 0910711,
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above Taylor Reservoir, was used. This is the only gage within the watershed without significant
upstream diversions. Data was available over the period 1988-2016, for a total of 29 years. The mean
of the mean June flow rates was calculated. Next, the mean June flow rates from each year were
ranked and the median, 20th percentile, and minimum flows were found. Each of these three flows

were converted to a percentage of the mean: 97.7%, 65.9%, and 23.3%, respectively.

Now to generate three hydrologic simulations, these percentages for gage 0910711 were as-
sumed to be representative of natural flow variability throughout the system. The EROM values for
the entire system were multiplied by each percentage, yielding three distinct flow scenarios: median
flow (return interval of 2 years), low flow with a 5 year return interval, and the drought of record over

29 years.

By running the flow allocation model for each of these three flow levels, the security of
different water rights were explored (Fig. |5). Those with the highest level of security would receive
full allocations even during the drought of record. Those with medium security level would receive full
allocations during the 5 year low flow event, but could be denied some or all of their allocations during
more extreme droughts. Those with the lowest security level would receive their full allocations during

median flow, but could be denied some or all of their allocations during lower flow.

We expect that the rights with highest security should have the highest value. The rights
with medium security may lose water approximately once every five years, during which time they
would be forced to fallow their land or obtain water from other sources. The lowest security rights
would likely be valued significantly lower, as it is very difficult to fallow land every other year in such

an arid environment.

The effect of water diversions within the stream network can be seen by comparing the natural
flow rates (Fig. @ with the actual flow rates after accounting for withdrawals (Fig. @ By subtracting
the two, we can visualize the magnitude of depleted flow throughout the system (Fig. , and by

dividing this by the natural flow, we can visualize the percentage of flow depleted (Fig. E[)

As can be seen from these figures, the Upper Gunnison River Basin is not uniform in its water
stress. Ohio Creek (the westernmost major tributary) is the most stressed branch; it is over-allocated

even in median flow years. The Taylor River (northeastern major tributary) is the least stressed, with
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Figure 5: Visualization of diversion right fulfillment under three different low flow scenarios: median
flow (upper left), 5 year return low flow (upper right), drought of record over 29 years (lower left).
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Figure 6: Visualization of natural stream flow under three different low flow scenarios: median flow
(upper left), 5 year return low flow (upper right), drought of record over 29 years (lower left).

25



. —

CC-BY-5A

|

Log10{actual streamflow + 1cfs)
-0.0
-0.5
1.0
1.5
2.0
25

30
35

Leafist

Figure 7: Visualization of actual stream flow, after accounting for diversions, under three different low
flow scenarios: median flow (upper left), 5 year return low flow (upper right), drought of record over
29 years (lower left).
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Figure 8: Visualization of depleted water (natural minus actual flow) under three different low flow
scenarios: median flow (upper left), 5 year return low flow (upper right), drought of record over 29
years (lower left).
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Figure 9: Visualization of depleted water (natural minus actual flow), as a percentage of natural flow,
under three different low flow scenarios: median flow (upper left), 5 year return low flow (upper right),
drought of record over 29 years (lower left).
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Figure 10: Visualization of decreed instream flow deficits (top) and deficits as a percentage of decreed
flow amounts (bottom) in affected reaches, during the drought of record over 29 years.
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high flows from Taylor Park Reservoir and very few diversion structures. In medium security flow,
Tomichi Creek (southeastern major tributary) begins to become severely stressed. During the drought

of record, the East River (northernmost major tributary) also becomes severely stressed.

Interestingly, the depletion within Cochetopa Creek (southernmost major tributary) actually
decreases during the drought of record. This occurs because the more senior rights downstream on
Tomichi Creek begin to require outflows from Cochetopa Creek as Tomichi Creek becomes drier, forcing
more junior upstream appropriators to forgo withdrawals. This is also true of many small headwater

streams throughout the basin.

The spatial heterogeneity in water right fulfillment is a function of both the local water

availability and size of downstream senior priority rights.

There are extensive instream flow decrees within the Upper Gunnison River Basin, but the
decreed amounts are small compared to natural flow. For this reason, flow is always above the decreed
amount for all decreed reaches in the low and medium security scenarios. However, in the high security
(drought of record) scenario, a number of reaches have flow lower than the decreed flow (Fig. [10). The
instream flow rights all have priority dates junior to the diversions around them, so none are able to

stop withdrawals from happening.

3.2 Water Right Transfers and Third-Party Injury

In order to ensure that a water right transfer will be approved by the Water Court, the parties involved
must first prove that no third parties will be harmed by the transfer. The law is not clear about the
hydrologic risk level that should be used in this proof. It appears that this process is performed on
a case-by-case basis. For the purposes of this study, I assumed that a transfer would be approved so
long as there were no third-party injuries in the most extreme drought scenario. For this reason, all
of the trades that follow were performed using the highest level security water rights, calculated using

the 29-year drought of record.

As explained previously, it was assumed that all diversions within the Upper Gunnison River

Basin consume 20% of their diversions, so that 80% of the water runs back into the stream. It was
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Figure 11: Downstream transfer of water right from upstream seller (S1, orange circle) to downstream
buyer (B1, blue circle), causing an increase (blue line) in flow between diversion points, with magnitude
equal to 20% of the right transfer.

also assumed that these return flows return to the stream immediately and at the point of diversion.
This means that for any given diversion, there is a reduction in flow downstream of the diversion, with

a magnitude equal to the 20% of the diversion.

Subsequently, when a water right is transferred downstream, from an upstream seller to a
downstream buyer, there is an increase in flow between the two diversion points (Fig. . This
increase is equal to the previously consumed portion of the seller’s diversion: 20%. Since it was
assumed that the downstream user will divert and consume the same amount of water, the increase of
flows downstream of the seller is exactly canceled by a decrease in flows downstream of the buyer, so
that flows downstream of the buyer will be unaffected by the trade. Only the stream segment between

buyer and seller is affected.

Similarly, when a water right is transferred upstream, there is a decrease in flow between the

diversion points, with a magnitude of 20% of the transfer (Fig. .

These types of simple pairwise trades with no third-party effects are possible when flows

between the two diversion points are sufficiently large. However, in sections of the network with a
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Figure 12: Upstream transfer of water right from downstream seller (S1, orange circle) to upstream
buyer (B1, blue circle), causing a decrease (orange line) in flow between diversion points, with magni-
tude equal to 20% of the transfer.

higher degree of water scarcity, the local stream network and the set of upstream and downstream

priorities become increasingly important.

One example is an upstream trade into a tributary with higher scarcity and more senior rights
(Fig. . In certain scenarios, it is possible that the buyer, with the newly purchased right, will not
actually be allowed to withdraw any water. Even though the right had been fulfilled in the seller’s
location, the more fierce competition at the buyer’s location precludes any withdrawal. Since the buyer
cannot withdraw any water, and since the seller can no longer withdraw the water either, instream
flows are increased downstream of the seller by the amount of the transfer. In this case there were no
downstream third-parties able to appropriate the excess flows, but in other scenarios this flow could
have been withdrawn by a third-party beneficiary, representing a positive externality. This water right
transfer would be unwise from the buyer’s position, highlighting the importance of due diligence before

making a trade.

The next example concerns third-party injury, a topic of great importance. One situation

where this can occur is when a water right is transferred upstream along a strained reach (Fig. .
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Figure 13: Upstream transfer of water right from downstream seller (S1, orange circle) to upstream
buyer (B1, black circle). Bl cannot withdraw water due to low flow, causing an increase (blue line) in
flow downstream of the S1, with a magnitude equal to the total transfer.

The upstream transfer causes flows between the buyer and seller to decrease by 20% of the transfer
amount. For any third-parties between the buyer and seller, if total withdrawals before the trade are
close to the amount of flow in the stream (within 20% of the transfer amount), then after the trade
there will no longer be sufficient water in the stream for the third-party’s diversion. The third-party

will thus be forced to reduce withdrawals and can claim injury.

In the specific case in Fig. an upstream transfer is proposed from a downstream seller
S1 to an upstream buyer B1l. Before the trade, the seller S1 has a very senior water right and can
withdraw the entire flow of the river during the drought of record flow. An intermediate third-party,
T1, only receives a partial allocation, because any increase in withdrawal would harm the senior user

S1.

After the sale of a portion of S1’s water rights to B1, the consumption of that water moves
upstream, reducing flows between the two parties. This reduces the water available to the third-party,
forcing T1 to reduce withdrawals. This constitutes a third-party injury. Due to T1’s reduction, flows

are increased downstream of S1, which subsequently allows two other third-parties T2 and T3 to
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Figure 14: Upstream transfer from downstream seller (S1, orange circle) to upstream buyer (BI,
blue circle), which decreases flow downstream of Bl (orange line, decreased 20% of transfer). This
reduces water availability and thus withdrawals for a third-party between them (T1, red circle, 20% of
transfer amount), a third-party injury. Due to the reduction in T1 withdrawals, flows are neutralized
downstream of T'1 and increased downstream of the seller (blue line, increased 4% of transfer amount),
allowing two third-party beneficiaries to increase withdrawals (T2, T3, green circles, 20% of transfer
amount).

increase their withdrawals by an amount totaling T1’s reduction. One of these parties, T3, is located

on a tributary, causing a reduction in flows along the tributary.

Despite the equivalent benefits to the downstream third-party, the injury to the intermediate

third-party user will prevent this trade from being approved, .

3.3 Using Multi-Party Transfers to Avoid Third-Party Injury

One of the objectives of this work was to test whether multiple trades with disqualifying third-party
injuries can be combined in such a way that the total transaction has no third-party injury. The
idea is that an upstream trade which decreases streamflow could be paired with a downstream trade
which increases streamflow. If structured properly, we might expect the negative and positive effects

on streamflow to cancel each other in the section of stream where the trades overlap, so that the net
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Figure 15: Multi-party trade. In addition to trade in Fig. add downstream trade from upstream
seller (S2, orange circle) to downstream buyer (B2, blue circle). Third-party injuries and beneficiaries
unaffected.

effect to third-parties is zero. This would be an interesting way to use multi-party transfers to increase

the number of allowable beneficial trades within a stream network.

As an example, reconsider the seller S1 and buyer B1 considering an upstream trade in Fig.
They learn that their trade would have a third-party injury and thus would be denied by the Water
Court. However, let us assume that they hear of another trade being considered by their neighbors:
a downstream trade from S2 to B2 (Fig. . This trade overlaps with their trade, so they wonder

whether the two trades could be combined into a single transaction with zero net third-party injury.

Unfortunately, after investigating this multi-party transfer, they find that due to the relative
priorities involved, the entirety of the second trade is earmarked for B2. The intermediate third-party
T1 cannot touch this excess water and is forced to watch it flow by. Thus, the second trade has no

effect on T'1, who is still injured by the first trade.

Not to be dissuaded, S1 and B1 are able to convince S2 to sell to a different buyer, who is
downstream of S1 (Fig. . Perhaps this new buyer B2 is willing to pay a higher price for the water,

or perhaps S1 and B1 are even willing to pay a portion of the price if this sale will help cancel the
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Figure 16: Multi-party trade. In addition to trade in Fig. add downstream trade from upstream
seller (S2, orange circle) to downstream buyer (B2, blue circle). Third-party is able to increase with-
drawals (T1, green circle, magnitude of the second trade minus 20% of the first trade). Downstream
junior third-parties are then forced to reduce withdrawals (T2, T3, red circles, magnitude of the second
trade minus 20% of the first trade).

negative effects of their trade. S1 and B1 believe that this new trade will succeed where the previous

example failed, due to the location of the second buyer downstream of the first seller.

The first seller S1 is the most senior user on this section of the river, so that all upstream use
defers to S1’s priority. This is true even after S1 sells a portion of the allocation to B1. For this reason,
the effects of the trade are drastically different depending on whether the second buyer is upstream or
downstream of S1. S1 and B1 believe that if B2 is downstream of S1, where water is less scarce, then
the affected third-party T1 will be able to increase withdrawals back to the baseline level, which will

eliminate the third-party injury.

However, this plan backfires. Due to the priorities involved, T1 is actually able to appropriate
much of the flow from S2 to B2 (Fig. . This increase in withdrawals is equal to the full magnitude of
the second trade minus 20% of the magnitude of the first trade. T1 has increased withdrawals relative
to the no-trade baseline. This does not affect B2, who still receives the full purchased volume of water,

but it does force two parties downstream (T2 and T3) to reduce withdrawals due to reduced flow from
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Figure 17: Multi-party trade. Same as Fig. except upstream and downstream trades are same
magnitude. No third-party effects.

T1. Thus, this multi-party transfer also has third-party injuries and would be rejected.

In desperation, S1 and B1 try one final combination. In Fig. the third-party benefit to
T1 occurred because the downstream trade was larger in magnitude than the upstream trade. This
resulted in a net increase in flow in the overlapping region inhabited by T1. However, if S2 and B2
reduce the size of the transfer, so that the two trades are of exactly the same magnitude, then there
is zero net change in flow in the overlapping section of stream (Fig. . This allows the intermediate

third-party to be neither an injured nor a beneficiary.

Finally, S1 and B1 have found a way to use a multi-party trade to avoid their third-party
injury. In this scenario, both the upstream trade (S1 to B1l) and the downstream trade (S2 to B2)
would have third-party injuries in isolation. The upstream trade would cause a decrease in instream
flow, leading to a third-party injury between buyer and seller and a pair of third-party beneficiaries
downstream. The downstream trade would cause an increase in instream flow, leading to a third-party
beneficiary between buyer and seller and a pair of third-party injuries downstream. However, as long
as the effects are of equal and opposite magnitudes, then by bundling the two transfers into a single

transaction, the effects on streamflows and third-parties are neutralized. If processed together, this
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multi-party transfer would be expected to be accepted by the Water Court.

This example shows that multi-party transfers can be used to avoid third-party injury in
water right transfers. Utilization of this strategy could help to increase the number of water right
transfers in Colorado and other prior appropriation states. This type of multi-party arrangement
should be encouraged by the Water Court as part of a larger effort to improve technical and economic
efficiency in water use. However, as this example shows, the conditions for such synergistic multi-party
arrangements are quite specific. The parties involved must be careful to do due diligence and ensure

that the transfers are structured in such a way that third-party users will not be injured.

3.4 Using Multi-Party Transfers to Reduce Transaction Costs

In addition to helping avoid third-party injuries, multi-party water right transfers could be useful
for reducing transfer transaction costs. In order to get a transfer approved by the Water Court, a
prospective buyer and seller must hire consultants to prove that there will be no third-party injuries.
This typically includes both hydrologists and lawyers, and represents a significant transaction cost
to water right transfers. Transfers between farmers within a watershed are often too small to be

worthwhile investments, given the high transaction costs.

However, if there are multiple small trades under consideration within a watershed, then there
is likely to be a large degree of “overlap” in the consulting work. If the parties involved could bundle
the trades into a single large multi-party transfer, then this could significantly reduce the average

transaction costs.

Fig. shows an example, with five distinct trades modeled at once. Withdrawals in this
section of the river are controlled by a senior user downstream, rather than by local water availability.
None of the individual trades have third-party injuries, so each transfer could be processed individually.
However, if the parties coordinated and bundled the transfers as a single multi-party transfer, they

could pay a single set of consultants and significantly reduce costs relative to individual transfers.

By reducing the transaction costs, this type of arrangement could significantly increase the

feasibility of smaller intrasectoral water right transfers. This would help incentivize both technical and
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Figure 18: Five overlapping trades combined into a single transaction in order to reduce transaction
costs.
economic efficiency within the state. The state should encourage this type of arrangement and help

potential parties to coordinate.

3.5 Using Symmetric Transfers to Swap Water Right Security Levels

Another exciting type of multi-party water right transfer is a symmetric paired transfer between two
parties, for the purpose of swapping water right security levels. Consider one water user with a highly
secure right which receives a full allocation during the drought of record, and a second water user with
a medium security right which loses water during the drought of record but is satisfied during the 5
year return low flow event. If the user with the medium security right actually values security more
highly than the user with the high security right, then they may wish to swap rights. The medium
security right holder purchases the high security right and the high security right holder purchases the

medium security right. Both purchases are for the same quantity of water.

In most years, with flow higher than the five year low flow event, the swap will have no effect

because both users will still be allowed to divert the same amount of water (Fig. [19). However, in the
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Figure 19: Swap of water rights between a user with a high security right (S1, black dot) and a user
with a medium security right (B1, black dot), during a 5 year return low flow event. Because both
rights receive their allocations during this event, there is no effect on flows or withdrawals within the
System.

lowest flow years, there is an effective transfer of water (Fig. [20). As long as there are no third-party

injuries during the drought of record, this trade would be allowable in Water Court.

Different water users have differing preferences for water right security. A farmer may be more
willing than a municipality to forgo water during drought years. A farmer growing low-value annual
crops may be more willing to forgo than a farmer growing high-value perennial crops. Even within a
relatively homogeneous region such as the Upper Gunnison River Basin, where most of the water is
used for flood irrigated pasture, farmers may have differing preferences for risk based on differences in
soil fertility, irrigation infrastructure, livestock density, debt obligations, etc. Symmetric paired water
right transfers could help reallocate risk to those most willing to accept it, thereby reducing the impacts

of drought and increasing economic efficiency within the basin.
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Figure 20: Swap of water rights between a user with a high security right (S1, orange circle) and a
user with a medium security right (B1, blue circle), during a 5 year return low flow event. During low
flows, there is effectively a unilateral transfer from S1 to B1.

3.6 Using Downstream Transfers to Improve Environmental Flows

The final water right transfer strategy we will discuss is the use of downstream transfers to benefit
environmental instream flows. As discussed in Section the Colorado Water Conservation Board
(CWCB) is allowed to declare decrees for unappropriated instream flows, for the purpose of protecting
environmentally vulnerable reaches. Individuals and governmental or non-governmental organizations
(NGOs), such as local water conservation districts or The Nature Conservancy, can also acquire existing
rights and donate them to the CWCB on a permanent or temporary basis. However, these rights are
often junior to the surrounding diversion rights, so that during low-flow events the decreed instream

flows are not fulfilled.

An alternative strategy would be for the CWCB or NGOs to encourage downstream water
right transfers that would indirectly increase flow in vulnerable reaches. Consider the river section
introduced in Fig. The highly stressed Ohio Creek tributary is almost entirely depleted by the
time it meets the Gunnison River, which has much higher flow. There is an instream flow decree at

the end of Ohio Creek, but as it is junior to the diversion rights, it is deficient during the drought of
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Figure 21: Downstream transfer of water right, from upstream seller (S1, orange circle) to downstream
buyer (B1, blue circle). The transfer also benefits a third-party diverter (T1, green circle, 20% of
transfer) and a deficient instream flow decree (I1, green line, 16% of transfer), due to increased flow
along the strained tributary. Flow out of B1 is decreased (orange line, 4% of transfer), but in this case
there are no third-party injuries.

record.

However, if a user near the end of Ohio Creek sells water to a user downstream on the
Gunnison River, this will increase flow between the two points. Although another third-party user
appropriates a portion of this excess flow, another portion of it is allowed to flow downstream through
the vulnerable reach. This increases the flow in the deficient reach, making the instream flow decree a
third-party beneficiary (Fig. . However, it is worth noting that this example may not be realistic; if
there is excess, unappropriated flow along the mainstem of the Gunnison River, then there is no reason
for this buyer to purchase water from the seller on Ohio Creek. The buyer could simply appropriate
the excess water from the Gunnison River at no cost. However, there may be similar examples in other

stream systems where this type of downstream tributary-to-mainstem transfer is helpful.

In the previous case, instream flows at the bottom of a stressed tributary were increased as a
result of a downstream transfer into a larger river. Most of the deficient instream flow decrees, however,

are located in headwater streams, with only one or a handful of upstream diversions. For example,
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Figure 22: Downstream transfer of water right, from upstream seller (S1, orange circle) to downstream
buyer (B1, blue circle). The transfer also benefits a deficient instream flow decree (I1, green line, 20%
of transfer).

consider the most severely depleted instream flow reach, in the northernmost headwaters of the Basin
along the East River branch (Fig. . Similar to the last case, a downstream transfer can increase
flows in the deficient reach (Fig. [22). Flow in the reach increases by 20% of the transfer amount.
Once the transfer has taken place, no future trades will be allowed to increase diversions upstream of
the reach if the instream flow decree is injured. However, because there are no additional diverters
upstream, there is no more course of action for increasing flows. In the specific case shown in Fig. [22]
there is an instream flow deficit of 38.1 cfs (out of the 65 cfs decree). By transferring the upstream
diverter’s entire right to 9 cfs, the flow in the reach is increased by 20%, or 1.8 cfs. Although this will
be ecologically beneficial, there will still be a large deficit which will not be reconcilable. However, it
is worth noting that in the 5 year return low flow event, the reach received its entire instream flow
allocation. Because there are no upstream diverters, flows in the reach should be close to natural, so

that it will bear the full untempered effects of drought.

The government and environmental NGOs should consider encouraging downstream water

right transfers that would increase flow in vulnerable reaches. It may be simpler in some cases to
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contribute expertise or funding to help transfer water downstream, rather than acquiring the water
directly or paying farmers to forgo withdrawals. Some NGOs have begun to consider this strategy, but

it is not yet widespread [38].

3.7 Interactive Web Tool

Lastly, an interactive web tool was created using the R Shiny package [30] for web-based interactivity

and the Leaflet package for mapping. Please visit http://co-wre.web.duke.edu/ to try the tool.

The first part of the tool is an exploratory section. The user can select a diversion structure,
by identification number, for which they are interested in purchasing additional water rights. The user
can also specifiy either an upstream or downstream search, a number of potential trades to locate, a

minimum trade size (cfs), and minimum right security level.

Using these user inputs, the network is visualized. Diversions with fully allowable withdrawals
are visualized in blue, those with partial withdrawals are in orange, and those with no allowable
withdrawals are in red. Additionally, the user can choose to visualize the original stream network
(rather than the simplified graph). The lowest flows (<10 cfs) are visualized in orange, medium in

green (<200 cfs), and highest in blue (> 200 cfs).

Also shown are the best potential trades for this buyer, given the user specifications (Figs.
. These are the closest (by network node adjacency) diversions from which the buyer could
purchase water without any expected third-party effects. By clicking on each diversion structure, the
user can see a number of parameters, such as the structure name, the set of water rights (along with

the associated priorities, allocations, and withdrawals), and the total outflow.

However, these trades are only tested for feasibility using a simple approximation. In order
to test any particular trade (or set of trades) more rigorously for third-party effects, the user can
switch to the second tab of the web page. This tab allows the user to input up to five pairs of water
right transfers and run a full flow allocation model in order to create visualizations of the results and
check for positive and negative effects on third-parties and instream flows. This full model takes a few

minutes to run.
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Figure 23: Example of exploratory analysis using the interactive web tool. There are many potential
sellers downstream of the given buyer node with high security and at least 1 cfs.
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Figure 24: Example of exploratory analysis using the interactive web tool. There is only one potential
seller upstream of the given buyer node with high security and at least 1 cfs.



This tool, like the case studies in the preceding sections, is not intended to model the Upper
Gunnison River Basin with fine hydrologic accuracy. Rather, it is seen as an approximation and an
educational tool. While the particular effects to particular users within the basin may not be accurate,
the general types of interactions seen between flows, withdrawals, transfers, and third-party injuries
should be true to form, so that the tool can be helpful for developing the user’s intuitions regarding

the quirks of prior appropriation and water markets. This will be discussed further in the next section.

4 Conclusions

In the western United States, prior appropriation is the dominant form of water rights. In times of
scarcity, the most senior water rights are given priority. Water right transfers can increase economic
efficiency by moving water toward higher value uses, but the parties involved must prove that transfers

do not reduce water availability for third-party users.

In this study, prior appropriation and water right transfers were studied using the Upper
Gunnison River Basin in Colorado as a test case. NHDPlusV2 streams data were combined with
diversion rights and instream flow data from the state of Colorado. These were combined into a network
object in the R language and simplified to preserve only nodes and edges necessary for flow allocation. A
flow allocation model was then developed to solve for the set of withdrawals and streamflows consistent

with mass balance constraints as well as prior appropriation.

The first objective of this work was to explore the drivers on water availability under prior
appropriation. There was a great deal of spatial variability in water availability throughout the basin,
based on both local supply of water and density of high-priority water rights. Yearly hydrologic
variability was also important, with a large degree of difference in hydrologic stress and right curtailment

between median flow and extreme drought (Fig. E[)

Additionally, the effects of these drivers on water right transfers and third-party injury were
explored. A major takeaway from this work is that water right transfers in prior appropriation states
often have complicated secondary effects. These effects are highly dependent on local context and

difficult to predict and generalize. Of prime importance are the local availability of water, the set of
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upstream and downstream allocation priorities, and the presence of tributary flow between buyer and

seller.

Firstly, it is important for the buyer to be confident that they will actually be able to utilize
the purchased allocation. If the buyer is on a more stressed tributary than the seller, than a secure
right at the seller’s location may not be secure at the buyer’s location (Fig. . If assured of the
right’s security, the buyer must also ensure that there will be no negative impacts on other water users.
Third-party injury occurs when a water right transfer alters stream flows in a way that negatively
impacts other users’ ability to withdraw water. Transfers with third-party injuries are denied by the

Water Court.

It can be difficult to predict when third-party injuries will occur, which again highlights
the importance of due diligence. Broadly speaking, injuries can occur in streams where withdrawals
are limited by water availability. A stream is particularly vulnerable when a relatively senior user
withdraws the entire flow of the river and forces more junior upstream users to forgo a portion of their
allocations. These partially fulfilled junior users will be forced to reduce use further if an upstream
right transfer reduces instream flows (Fig. . Similarly, they will appropriate excess water generated
by downstream transfers if priority allows, causing injury to junior users downstream (Fig. . The
traders must also ensure that a trade does not cause flow reductions in any reaches with deficient

instream flow decrees.

Next, a number of case studies were developed which showcase strategies for using carefully
constructed multi-party water right transfers for various ends. First, multi-party water right transfers
were found to be a promising solution to the problem of third-party injury. By pairing the flow
reductions from an upstream transfer with the flow increases from an overlapping downstream transfer,
the equal and opposite effects can cancel each other. This allows two trades which would be infeasible
individually, due to third-party injuries, to avoid injuries and become feasible when bundled as a single
transaction (Fig. . The need for equal and opposite trades does limit the range of applicability for

this strategy, but it should still be valuable in some situations.

Multi-party water right transfers were also suggested as a means of reducing transaction costs

in water right transfers. By bundling a number of different overlapping transfers together, consulting
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work could aggregated (Fig. . This would reduce the average consulting costs and make smaller,

less valuable transfers more economically feasible.

Symmetric paired water right transfers, where two users bilaterally exchange water rights
differing only in priority date, are another exciting strategy (Figs. . These transfers could
help reallocate risk to those most willing to accept it, thereby reducing the impacts of drought and

increasing economic efficiency within the basin.

Each of these three strategies could help water right markets operate more efficiently. The
state should encourage greater coordination between potential water right transfers. This would benefit

the agricultural sector and the state at no cost to third-parties.

Lastly, downstream water right transfers were suggested as a tool for increasing instream
flows in vulnerable reaches (Figs. 22). The state of Colorado (and environmental NGOs on its
behalf) can acquire instream flow decrees, but the process is lengthy and the decrees generally have
junior priority. It may be simpler in some cases to contribute expertise or funding to help transfer

water downstream, rather than acquiring the water directly or paying farmers to forgo withdrawals.

In addition to these heuristic strategies, a web-based tool was developed (http://co-wre.web.
duke.edu/) which can be used to explore water availability and potential water right transfers in the
Upper Gunnison River Basin. There are a number of limitations to the model, so the tool is not
intended to replace more rigorous hydrologic analysis. However, it is a useful pedagogical tool which
can help water managers, regulators, and educators to better understand the factors affecting water

availability, water right security, and water right transfers under prior appropriation.

Many assumptions were made in the development of this flow allocation model and tool which
limit its usefulness for rigorous study in the Upper Gunnison River Basin. A subset of these limitations
are as follows. The flow estimates, from the NHDPlusV2 Enhanced Unit Runoff Method, have not
been validated for this region and contain significant uncertainties. Additionally, it was assumed that
the historical variability of June discharge at the Taylor River headwater gage (USGS gage 0910711)

was representative of historical variability throughout the basin.

It was assumed that return flows reentered the stream system at the point of diversion and
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immediately, which is inaccurate. The consumptive ratio was set at 0.2, based on an intuition that it
should be somewhat lower than the average of 0.28 for the entire Gunnison River Basin. The ratio
also should vary from plot to plot based on soils, irrigation infrastructure, vegetation, etc. These
assumptions surrounding return flows are critical because the magnitude and timing of return flows
are often one of the most contentious aspects of a water right transfer application. This important
aspect was not considered in this work, but it would be interesting to see the effect of these factors in

future studies.

The stream network was simplified by removing artificial irrigation canals. Diversion struc-
tures were assumed to withdraw water from the closest NHD stream segment, but in reality the
structures may use canals which alter their ordering within the network. Reservoir operations of Tay-
lor Park Reservoir were not considered. Seasonal restrictions on water rights were ignored. Only June
flow was used, but water may be even more contentious later in the growing season after snowmelt
flows have subsided. Flows and withdrawals were considered on a monthly scale, ignoring daily or
hourly water variability. And lastly, the prior appropriation doctrine was treated as a hard constraint,

but in reality people may have softer ways of dealing with their neighbors.

With this long list of assumptions, the modeling performed in this study is not intended to
be exhaustive. More advanced engineering models would be needed to accurately represent the flow
allocation in the basin. Nevertheless, I believe that the general patterns associated with the rules of
prior appropriation should be true to form, and I hope that the heuristic water right transfer strategies
explored in this study will be useful to western water professionals and academics. I also believe that
the online tool will be useful as a pedagogical tool for anyone interested in visualizing withdrawals
and the effect of water right transactions and developing an intuitive sense for the quirks of prior
appropriation. Lastly, I hope this work can serve as a starting point for a more involved modeling

study of these types of effects.
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