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Abstract

As the arid western half of the United States faces increasing population, its

problems with water shortages are becoming headline news across the nation. Issues

ranging from farmers in Klamath basin fighting for their water rights, rafters and

kayakers fighting to raft down rivers enclosed by private properties, endangered species

residing in the flowing waters, interstate river treaties, and massive drought conditions

across the west have all left the western states asking: "Is there enough water to go

around?" Increases in population, protection of endangered species, recognition of

federal and tribal water rights, and aesthetic preferences all put pressure on the water

system practiced in the West. All western states deal with the entire water system in

various ways. Scientific reality shows that the stream-aquifer system is not two separate

entities, but is one. As decision makers face this hydrologic reality, they realize that the

current policy and political boundaries are not well suited to the intricacies of nature.

Many of the western states currently apply two separate doctrines to surface water and

groundwater, providing very little protection, if any, for senior surface water users from

junior groundwater users.

This thesis' purpose is threefold: (1) To provide and explain the basic

hydrological principles that all decision makers should be aware of and understand; (2) to

present a current summary of both surface water law and groundwater law in several

western states, and, specifically, the laws pertaining to groundwater/surface water

9
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interaction; and (3) to present a discussion of a few models being used in assessing how

section 2's laws are affecting the system as a whole. Section One will discuss basic

aquifer properties, groundwater flow, pumping effects on an aquifer, and the concept of

capture. The goal of this section will be to illustrate the system as a whole and how

pumping always has an effect on a stream system that is hydraulically connected to an

aquifer. Section Two presents the pertinent groundwater and surface water laws for

Arizona, Colorado, Kansas, Nebraska, New Mexico, Oregon, Texas, and Washington.

This area highlights the laws that pertain to the interaction between surface water and

groundwater. In many of these states the evolution of these laws is also provided through

legislative bills, acts, and court cases. Finally, Section Three discusses several models or

techniques being used to assess the effects these laws have on the groundwater/surface

water system.



Part I: Hydrology and the Concept of Capture

1.0 INTRODUCTION

Though the law tries to separate groundwater and surface as two entities, the

reality is that the two "types" of water are one system. Both waters affect each other. A

highly simplified example of this interaction is a large square pan filled with dirt. If this

pan then has water added to it, the water will collect on the bottom and pool after some

time (Fig. 1). Next, if a trench was dug deep enough into the dirt and the soil removed.

The trench would have water, much like a stream (Fig. 2).

11

Figure 1: Square pan filled with dirt
and water

Figure 2: Pan with trench dug out;
water fills trench.

If the water is then drained from the pan, the water level in the pan will go down. The

water in the trench will also go down eventually drying out if the water level goes below
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the bottom of the trench. This process also works the other way. If more water is added

to the pan, the water level will rise, and the water in the trench will get deeper. This

example is quite intuitive, but as we will see the actual system is not quite so simple.

In this section, I hope to begin with very simple examples that will evolve into

complex explanations. The goal of this section is to understand the basics of groundwater

hydrology, stream-aquifer interaction, and the effects of groundwater pumping on a

stream.

1.1 AQUIFERS 

To understand how the dirt pan example is an example of a highly simplified

stream-aquifer system it is necessary to develop some general concepts. First, an aquifer

is defined by the U.S. Geological Survey as the "layer of underground sand, gravel, or

permeable rock in which water collects" (USGS, USGS Glossary). The water table is the

surface at which the fluid pressure is equal to zero gage pressure, or atmospheric pressure

(Fig.3.) (Freeze and Cherry, 1979). The material below the water table is saturated and

the material above is unsaturated. This does not mean that the material above the water

table contains no water all; it is just not saturated with water. In addition, it is a common

misconception to define the water table as the top of the saturated zone. Though the

water table is not always the top of the saturated zone, this conceptual description is

adequate for our purposes.
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Figure 3: Cross Section
of a Generalized
Aquifer System

Aquifers can also be confined or unconfined. A confined aquifer has an impermeable

layer of rock, or an aquitard, above and below (Fig 4). Many times a confined aquifer is

presented with having a potentiometric surface. This surface is similar to the water tab

corresponding with an unconfined aquifer, but this surface represents a contouring of the

water level in wells drilled into and screened over the confined aquifer (Fig. 4).

Figure 4: Confined aquifer with potentiometric surfacq unconfined aquifer with
water table
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1.2 GROUNDWATER FLOW

Once the concept of an aquifer is understood, we can look at how groundwater moves in

an aquifer. Groundwater flow is dependent on many things. Darcy's Law states that

-K(dhl dl)

where
q= flux
Q= flow rate
A= cross-sectional area
K= hydraulic conductivity
dh/d1= hydraulic gradient

From Darcy's Law we can see that groundwater flow is dependent upon hydraulic

gradient (dh/dl). Hydraulic gradient is the change in hydraulic head over a change in

length. Both elevation and pressure make up hydraulic head. Groundwater flow is

always in the direction from high hydraulic head to low hydraulic head. In an unconfined

aquifer, the water table represents zero gage pressure. The water at the water table is then

dependent on changes in elevation. Going back to the dirt pan example, imagine lifting

up one corner of that pan a few inches off the ground. Where will the water go? It will

go to that bottom corner still touching the ground. By lifting the corner of the pan, we

have increased the elevation head of that side, and, therefore, we have changed the

hydraulic head. Three corners of the box now have a higher hydraulic head and the

corner remaining on the ground still has the original hydraulic head. Since water moves

from high head to low head, the water will flow from all three raised corners to the corner

remaining on the ground.

The definition of hydraulic head also illustrates that groundwater flow is not

always parallel with the land surface, or elevation. Since hydraulic head is composed of
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both elevation and pressure heads, it is easy to see that pressure can be the governing

factor in groundwater flow. For instance, imagine two areas only a few feet apart. Area

one has an elevation of 2 cm and is under 10 cm of pressure. Area two has an elevation

of 0 cm and is under 20 cm of pressure. According to our definition of hydraulic head,

area one has a total hydraulic head of 12 cm while area two has a total hydraulic head of

20cm. Since water will flow from high head to low head, the water will flow form area

two to area one, or uphill.

Many conceptual models of aquifers present the geologic formations as being

perfectly horizontal to aid in understanding the basics. Aquifers in reality are rarely ever

flat horizontal strata of permeable rock. Geologic events such as faulting and

deformation misshape the aquifer making the originally horizontal strata tilted, bent, or

broken apart. Fig.5 shows an aquifer that follows the elevation of the ground surface

(this is not always the case). The corresponding hydraulic head v. distance graph shows

that the hydraulic head drops linearly with the decreasing elevation change across the

aquifer.
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Figure 5: Aquifer and corresponding hydraulic head graph

Many properties of the geologic medium that make up tir aquifer can affect how

water will flow through it. Going back to our example with the pan with the raised

corner, we can notice that the water will move to the bottom corner more slowly than it

would if it was just water in a pan. The dirt will hinder the water's movement. The

water, in a sense, will have to "find" its way around all of the dirt granules to get to that

bottom corner. A water molecule will not be able to make a straight line to the bottom

corner. Its path will be twisted and curved as it makes its way past and around these

particles of dirt. This property is called tortuosity (Fig. 6).

16
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Figure 6: The tortuous path of a water molecule through a material

There will also be areas in the dirt that are more conducive to water flowing

through it, or areas that are more permeable. The spaces between the granules may be

larger, and so the water molecule may not have to curve and dodge between particles as

much. This conduciveness to the passing of water is called hydraulic conductivity. A

high hydraulic conductivity means water can easily pass through the material. The

conductivity of a material has as much to do with porosity as connectedness of the pores.

In other words, a pore space may be large, but if there are no exits, the water has nowhere

to flow. In general, large grained sands and gravel have high hydraulic conductivity

whereas very fine materials and clays have low conductivity.

Sorting also plays a part in hydraulic conductivity. There is a well-known "email

of wisdom" that tells the story of a professor standing in front of his class. The professor

proceeds to take out a large jar and pour marbles into it. He asks the class if it is full.

Some in the class nod, yes. He then pours some small pebbles into the jar. He asks again

if it is full. Again, some in the class nod. Next, he adds sand to the jar and finally a can

of beer. In the email, the professor compares the marbles, pebbles, and sand to priorities

in our life. The moral of this email is not our concern. What the email about the jar
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shows is how a highly conductive material, like gravel, can have, sands and such added to

it. The sand and pebbles fill in the spaces between the gravel pieces. The effect of this

addition of materials is to lower the conductivity of the material as a whole. The jar

would be considered a poorly sorted material, and poorly sorted materials are generally

low in conductivity. In nature, we find both poorly sorted and well sorted materials.

This, again, is just one of several factors that have an effect on a material's conductivity.

1.3 HYDRAULIC CONNECTION

Another significant concept is hydraulic connection. This will be interchangeably

referred to as hydraulic connection, hydraulic continuity, hydrologic connection, and

hydrologically continuous in this paper. Hydraulic connection between a stream and an

aquifer exists if there is a saturated condition between the two "waters." Going back to

Fig. 3 shows the water table as also being the surface of the water in the stream. This

does not mean that the water table is always the surface water level of a stream.

1.4 STREAMFLOW

Streamflow consists of baseflow and runoff. Baseflow is the groundwater

contribution to streamflow. Runoff is from precipitation and any other inputs to a stream

system other than groundwater. In times of low precipitation, the streamflow is made up

of groundwater, or baseflow. Groundwater either enter the streambed from the aquifer or
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it can leave the streambed towards the aquifer. This occurrence is conventionally

referred to as a gaining and losing stream, respectively.

Streams can also gain water on some reaches and lose water on other reaches.

That is, a stream does not have to be gaining or losing for its entirety. The dirt pan

example can again provide the foundation for illustrating this occurrence. By taking our

pan example and making it into a land surface demonstrates that the water table does not

necessarily follow the land surface elevation (Figs. 7 & 8). If the water table is higher

than the stream stage elevation, the stream is gaining groundwater from the aquifer. If

the water table is below the stream stage elevation, the stream loses water to the aquifer.
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From these examples, we can also see how high flow events from precipitation

can raise the stream stage resulting in a gaining stream changing into a losing stream

temporarily. It is important to keep in mind that the stream-aquifer system is not static; it

changes continuously and in response to many events. Several events or properties affect

the water table; they are: pumping, flooding, evapotranspiration by plants, hydraulic

properties of the aquifer, and seasons. It is the purpose of the next section to explain how

pumping groundwater affects streamflow.

1.5 PUMPING

A pumping well creates what is known as a cone of depression. This cone is

caused by the rate of withdrawal exceeding the rate at which the aquifer can replenish the

water in the area (Glennon and Maddock, 1997). The result is a radially, sloping water

table down to the well (Fig. 9). The area of depression does not usually take the shape of

a perfect cone. Heterogeneities in the aquifer, such as hydraulic conductivity, will

misshape the cone of depression.

Figure 9: A pumping well and corresponding
cone of depression. The dashed line represents
the original water table elevation.I

As pumping continues, the cone grows laterally increasing its zone of influence and its

chance to intercept a stream. A well's cone of depression can have three effects on the
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stream-aquifer system; they are: (a) a gaining stream can become a losing stream, (b) a

losing stream can lose more water to the aquifer by an increase in the gradient of the

water table, and (c) a gaining stream can have less water moving into the stream from the

aquifer (Fig. 10 &1 1 ).

Figure 10: A losing stream that is
losing more water due to the cone
of depression.low

Figure 11: A gaining stream becomes
a losing stream due to the cone at
depression.

In all three of these cases, the stream winds up with less water for streamflow. The

pumping well can either directly draw water from the stream or it can draw water from

the aquifer that would have gone to the stream. Either way, the well depletes streamflow.

When a pumping well's cone of depression affects a gaining stream, the

relationship is linear. That is, for every gallon of water pumped a gallon of water is lost

for the stream (Glennon and Maddock, 1997). When a pumping well's cone of
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depression affects a losing stream, the relationship will be linear as long as the water

table is not lowered too much (Glermon and Maddock, 1997). If the water table is

lowered excessively, the seepage from the stream will be mostly controlled by gravity

(Glermon and Maddock, 1997). This is called unit gradient flow. According to Glennon

and Maddock, the change between a linear relationship where seepage is controlled by

the difference between groundwater level and stream stage and a non-linear relationship

where seepage is controlled by gravity occurs when the difference between groundwater

level and stream stage is about two stream widths (Glennon and Maddock, 1997). They

give an example of a 100 ft wide stream. When the difference between the groundwater

levels and the stream stage is greater than 200 ft, seepage will be controlled by gravity

and will approach a constant value (Glennon and Maddock, 1997). Refer back to Figs 7

& 8.

1.6 CAPTURE 

A more advanced look at capture requires a look at the system as a whole. Before

wells began withdrawing water from an aquifer, the entire groundwater basin was in

equilibrium. That is, the input into the system equaled the output over time. The

recharge of the aquifer from losing streams and adjacent aquifers would equal the

discharge from the aquifer to gaining streams, evapotranspiration by plants, and adjacent

aquifers (Glennon and Maddock, 1997), and, therefore:

R = D	 Equation 1
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The introduction of groundwater wells introduces a new variable to this equation.

In order to re-equilibrate the system there must be an increase in recharge, a decrease in

discharge, a change in aquifer storage, or a combination of the above (Glennon and

Maddock, 1997). This equilibrium can be represented by the following equation:

(R± AR) _ (r) _ AD) _	 AS/At 	 Equation 2

In this equation recharge, R, has changed to (R+AR), discharge, D, has changed to (D-

AD), pumping is represented by Q, and the change in storage over time is represented by

AS/At . All of the units on the right side of the equation are in [L3 ]/[T] creating the need

for a time unit on the left hand side of the equation, At. Now using the before mentioned

knowledge that R = D, the following equation can be produced:

AR ± AD = AS/At
	 Equation 3

Capture is then defined mathematically as AR+AD. To make this easier to understand,

Glennon and Maddock, applied this equation to the analogy of a rational consumer. In

their example, a person's income was equal to R, and a person's expenditures were equal

to D so that R = D. Now our rational consumer wants to buy an expensive luxury car

with a price of Q. Since R = D, where will the money come from? Maybe there is some

savings, AS/At , and perhaps our consumer will take on a second job, R + AR. Finally,

even more money can be found by stopping all that impulse buying, D - AD. For some, it

may be easier to see that taking Equation 3 and rearranging it shows that the cost of the

car, Q, is equal to the amount of savings withdrawn, AS/At , plus the amount of salary
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increase by taking a second job, AR, and the amount of money saved by decreasing

spending, AD. Capture, however, does not include the amount withdrawn from savings.

Capture is only represented by how much the consumer's salary increased summed with

how much their spending decreased. This analogy also shows that capture is a response

to an introduction to the system, a new car. If the new car had not been purchased, there

would have been no need for a second job, a withdrawal from savings, or a decrease in

spending habits.

It is important to note that capture only occurs when there is a saturated

connection between a stream and the aquifer. When the aquifer/stream system is in

hydraulic connection, the extra recharge can come from intercepting water on its way to a

stream and thereby reducing the amount of water the stream can gain; drawing so much

water out of the aquifer that a gaining stream becomes a losing stream; or by increasing

infiltration from a stream to the aquifer (an already losing stream loses even more)

(Glennon and Maddock, 1997).

Even after pumping ceases, the cone of depression created by the well will

continue to capture water until the cone is undetectable. This continued capture is caused

by the refilling of the cone of depression. Though pumping has stopped, water will fill

the void created by the cone until it has completely filled.
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1.7 HYDROLOGY CONCLUSION

In years past, groundwater has been seen as an independent system. We now

know that groundwater plays a vital role in the hydrologic cycle. In fact, groundwater

pumping can have severe detrimental effects on our surface streams. These effects can

be seen in the city of Tucson's Santa Cruz River. Only half a decade ago, the Santa Cruz

had perennial reaches and intermittent reaches lined by cottonwood trees, mesquite tress,

and other riparian vegetation. Presently, the river is a dry wash except in times of rain.

The cottonwoods and mesquite are long since gone, killed by the lack of water.

Ultimately, groundwater pumping killed the river. Municipal groundwater pumping for

the city of Tucson jumped dramatically between 1940 and 2000 lowering the water table

and cutting off the groundwater supply or baseflow to the river (Glennon, 2002).

In the Santa Cruz River Case, groundwater pumping lowered the water table.

Early on, this lowering would have only caused less water to flow to the stream. As the

water table continued to lower, gaining reaches would have become losing reaches until

the water table was so far depleted that the saturated hydraulic connection between

stream and aquifer was severed. This case is an example of how wells can capture water

from a river.

It is important to recognize that hydrologic capture does not only apply to when a

well is taking directly right out of a stream, but that it also applies to the interception of

water on its way to the stream. This aspect is incredibly important in that many state
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laws, though recognizing that there is a connection between stream and aquifer, do not

apply rules that pertain to a well's interception of water on its way to the stream.

The western states evaluated in this paper, all recognize the stream-aquifer

system, but the protection afforded for senior surface water users from junior

groundwater pumpers varies from state to state. This evaluation can be further illustrated

by the Santa Cruz River case. In this case, municipal groundwater pumping severed the

aquifer contribution to the flow in the river, or the portion referred to earlier as baseflow.

Streamflow disappeared unless it rained. How would these changes in flow affect senior

surface water users? They would have no water to claim. Groundwater pumping is

obviously damaging these surface water users. This poses the next question: How are

surface water users protected by the law from groundwater pumping? The following

section will discuss western water policy and the protection that various western states

provide for senior surface water users from junior groundwater pumpers.



Part II: Western Water Law: Cases and Legislation

2.0 INTRODUCTION

Within the United States, two water doctrines prevail. In the humid east, the

riparian doctrine dominates. Riparianism allows that a landowner with land adjoining a

surface water body has a right to that water. In the arid west, the doctrine of prior

appropriation prevails. Prior Appropriation is often referred to as the "first in time, first

in right" doctrine meaning that whomever is the first to put water to a beneficial and

reasonable use, has the better right. Appropriated rights depend on time of first use.

These rights do not depend on if the landowner lives alongside the river.

Historically in the West, laws were first developed for surface water rights.

Mainly, this was due to a lower population of people, and the amount of surface water

available was suitable for the population's needs. Additionally, the turbine pump was not

developed until the early 1940's excluding most groundwater withdrawals to low

amounts. Once groundwater was recognized as a viable source of water, separate laws

were developed to apply to groundwater as surface water laws were already in place.

Unlike surface water law where every western state almost universally accepts the prior

appropriation doctrine, groundwater law took several forms in the different states.

27
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There are four main doctrines pertaining to the use of groundwater prevalent in

the West:

1. Absolute Ownership
2. Reasonable Use
3. Correlative rights
4. Prior Appropriation

Absolute Ownership, sometimes referred to as the rule of capture, allows a groundwater

withdrawer to pump as much as he wants/can with no consideration of the harm to other

users. If a party is injured by this pumping they have no course for legal action; this

doctrine provides no legal protection (Sax et al., 2000). On the other hand, the doctrine

of reasonable use allows an injured party to claim damages against a well pumper who

has pumped unreasonable amounts of water. If, however, the defendant is pumping

reasonable amounts, the injured party has no claim. The basis for this doctrine is

reasonableness. In general, the courts have defined reasonable use as the proper amount

of water needed to fulfill the specified benefit with no waste. The doctrine of reasonable

use also requires the water be put to use on overlying tracts of land (Sax et al., 2000).

Notably different from absolute ownership or reasonable use is correlative rights.

Correlative rights allows for an equitable sharing amongst users based upon overlying

tract size. In this doctrine, he who will water a larger lot of land will get the larger

amount of water to pump. Water can be used for off-tract purposes, but when there is no

surplus of water their use will be cut off first. Legal action can be taken against those

who use more than their share (Sax et al., 2000). Table 1. shows the doctrines pertaining

to the different states.
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STATE
LAW FOR SURFACE

WATER
LAW FOR GROUNDWATER

Arizona Prior Appropriation Reasonable Use / "Subflow" is governed
by Prior Appropriation

Colorado Prior Appropriation

Tributary groundwater is governed
under Prior Appropriation /
Nontributary groundwater is governed
by the overlying land

New Mexico Prior Appropriation Prior Appropriation

Oregon Prior Appropriation Prior Appropriation

Texas Prior Appropriation
Absolute Ownership / Underflow is
subject to Prior Appropriation

Washington Prior Appropriation Prior Appropriation

Nebraska Prior Appropriation Modified Correlative Rights

Kansas Prior Appropriation Prior Appropriation

Table 1: Laws pertaining to various Western States.

Another aspect of western water law that deserves mention is the process of adjudication.

In many western states, adjudications are taking place or have already taken place on

many river systems. In this paper, the Arizona Gila River adjudication is given much

attention, as it has been fundamental in the shaping of Arizona's rule of "subflow".

During an adjudication all those who believe they hold a water right must submit their

right to the courts. It is then the job of the court to decree who holds a viable right, how

much water they have a right to, and the seniority of the right. According to Hurd and

Ward, "adjudications fulfill three basic functions: (1) public recording and validation of

all water claims and rights; (2) facilitating the fair distribution of water; and (3) enabling
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improved and more efficient watershed planning and management of future water

allocations" (Hurd et al., 2002).

The purpose of this section is to provide a summary of eight Western States' laws

pertaining to the stream-aquifer system. Both case law and legislative law have been

included in the evolution of water policy for each state.



2.1 ARIZONA

2.1.1 Background

The state of Arizona uses a bifurcated water allocation system. Surface waters are

allocated by the prior appropriation doctrine, whereas, groundwater is allocated by the

reasonable use doctrine. The doctrine of reasonable use "permits an overlying landowner

to capture as much groundwater as can reasonably be used upon the overlying land and

relieves the landowner from liability for a resulting diminution of another landowner's

water supply" (GILA II).

2.1.2 Evolution of Groundwater Law

Arizona state law did not always include groundwater. Before statehood, the Territory of

Arizona enacted the Howell Code in 1864 (Gelt, 1994). Within this code was the "formal

recognition of the prior appropriation doctrine," (Gelt, 1994) and this code refers to "all

rivers, creeks and running streams in the Territory of Arizona" (Maricopa County v.

Southwest Cotton). This code was the first law applying to water in Arizona, but it did

not recognize groundwater. The first referral to groundwater -however ambiguous- was

in the 1904 case, Howard v. Perrin. In this case, the Supreme Court of Arizona stated

"waters percolating generally through the soil are the property of the owner" (Maricopa

31
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County v. Southwest Cotton). This decision was again affirmed in McKenzie v. Moore in

1918 by the Supreme Court of Arizona (Maricopa County v. Southwest Cotton).

In 1912, Arizona became a state, and the Arizona constitution both denied the

riparian doctrine as having any effect within the state (Maricopa County v. Southwest

Cotton) and confirmed any existing rights to water for a beneficial purpose (Maricopa

County v. Southwest Cotton). A few years later, in 1919, Arizona adopted its water code.

Section one of this code states that "the water of all natural streams, or flowing in any

canyon, ravine or other natural channels, or in definite underground channels, and of

springs and lakes, belongs to the public, and is subject to beneficial use" (Maricopa

County v. Southwest Cotton). Again, under this code groundwater is ambiguously

included under the usage of "underground channels."

In the year 1933, a Supreme Court Case presented Arizona groundwater law with

a defining moment. In Maricopa County v. Southwest Cotton, the Supreme Court of

Arizona declared "all underground waters in the state would be considered percolating

unless litigants convincingly proved otherwise" and gave the first definition of

"subflow"(Gelt, 1994). Unfortunately, the Southwest Cotton court based its definition

and fundamental understanding of hydrology on Clesson S. Kinney's The Law of

Irrigation and Water Rights, published in 1912. Kinney's work is severely outdated and

is described as demonstrating an understanding of hydrology comparable to "nineteenth
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century practices in medicine, with blood letting and leeches" (Glennon and Maddock,

1994).

It wasn't until 1948 that the Arizona legislature explicitly addressed groundwater.

The Critical Groundwater Code was enacted to fulfill a groundwater law prerequisite for

authorization of the Central Arizona Project (CAP) (Water Resources Research Center,

1988). Under this code, the State Land Department received the power to designate

critical groundwater areas (CGA's) (Water Resources Research Center, 1988). A CGA

was described as having "insufficient groundwater to assure a reasonably safe supply to

support continued irrigation at its then current level" (Water Resources Research Center,

1988). Once and area was designated as a CGA no new wells were allowed for new

irrigation; however old wells were not limited to the amount that could be pumped for

irrigation or non-irrigation uses for groundwater (Water Resources Research Center,

1988).

In reaction to another threat of withdrawal of federal support for the CAP, the

Arizona Legislature passed the 1980 Groundwater Management Act (GMA). This act

had two primary objectives. First, the GMA was enacted as an attempt to control

groundwater depletion. Secondly, the GMA was established to provide a framework for

allocating groundwater resources (Water Resources Research Center, 1988). The act has

created five Active Management Areas (AMA's), areas that have experienced severe

groundwater overdraft. The original four areas are Phoenix, Tucson, Prescott, and Pinal.



34

The Santa Cruz AMA was created from a portion of the Tucson AMA in 1994 by the

Arizona Department of Water Resources (ADWR) (ADWR website). The management

goals for the Phoenix, Tucson, and Prescott AMA's are to obtain safe-yield by 2025

(Governor's Water Management Commission, 2001). Safe yield is defined as "when

long-term groundwater withdrawals do not exceed recharge of the aquifer" (Water

Resources Research Center, 1988). The Pinal AMA goal is to "preserve the agricultural

economy for as long as feasible, while preserving supplies for future municipal and

industrial use" (Governor's Water Management Commission, 2001). The Santa Cruz

AMA goal is to "maintain safe-yield plus a requirement to manage water levels"

(Governor's Water Management Commission, 2001). The Santa Cruz AMA has special

concerns about international water management issues (Governor's Water Management

Commission, 2001). According to the GMA, each management area is required to have a

management plan for five sequential periods between 1980 and 2025 with each

management plan being more rigorous than the previous in terms of conservation (Water

Resources Research Center, 1988).

The GMA also created the Arizona Department of Water Resources to implement

provisions of the Groundwater Code (Ariz. Rev. Stat. §§ 45-401 to 45-704). The

groundwater code under the GMA established requirements for new subdivisions within

an AMA to "demonstrate that sufficient water supplies of adequate quality are physically,

continuously and legally available for 100 years" (Governor's Water Management

Commission, 2000). These Assured Water Supply Rules were adopted in 1995



35

(Governor's Water Management Commission, 2000). In addition, the code established

two other levels of water management below an AMA. The first level of management

includes statewide general provisions. The second level applies to Irrigation Non-

Expansion Areas (INA's) where groundwater overdraft is less severe than that in AMA's

(ADWR website).

In summary, the code includes six main provisions:

1. "The establishment of a program of groundwater rights and
permits.

2. A provision allowing for no new agricultural irrigation within
AMA's

3. The preparation of five water management plans for each
AMA.

4. The development of a program that requires the demonstration
of an assured water supply for new growth.

5. A requirement to meter/measure water pumped from all large
wells.

6. A program for annual water withdrawal and use reporting.
These reports may be audited to ensure water-user compliance
with the provisions of the Groundwater Code and management
plans. Penalties may be assessed for non-compliance" (ADWR
web site).

2.1.3 Gila River Adjudication

Another significant factor in Arizona water law is the 28-year adjudication for the

Gila River. Within an adjudication the relevant waters include (A) "those subject to prior

appropriation and (B) those subject to claims based on federal law" (GILA III). In 1974,

the Salt River Valley Water Users Association filed a petition under the Arizona State

Land Department for the Gila River adjudication in order to detemiine water rights in a
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section of the Salt River (GILA I). This petition was then transferred to the Maricopa

County Supreme Court where other petitions enlarged the adjudication area to include the

Salt, Verde, and San Pedro rivers (GILA I). Under the trial court, more petitions were

consolidated and the adjudication included the Upper Agua Fria, Upper Gila, Lower Gila,

and Upper Santa Cruz Rivers (GILA I). On Dec 11, 1990, the Arizona Supreme Court

granted interlocutory review of six issues (GILA I). The six issues are:

1. Do the procedures for the filing and service of pleadings adopted
by the trial court violate the due process clauses of either the
Arizona or United States Constitutions?

2. Is the trial court's adoption of the 50%/90day test for
appropriability under ARIZ. REV. STAT. ANN § 45-141 an
error?

3. To define the appropriate standard for determining the amount of
water reserved for federal lands.

4. Is non-appropriable groundwater subject to federal reserved rights?
5. Do holders of federal reserved rights enjoy greater protection from

groundwater pumping than state law right holders?
6. Can claims of interference with water rights or conflicting water

use be resolved as part of the general adjudication? (Glennon and
Maddock, 1994).

In In re the General Adjudication of All Rights to Use Water in the Gila River

System and Source (1993) ("Gila II"), the trial court found that "subflow" was the

"saturated floodplain Holocene alluvium." The court defined this specific area because

the evidence presented on remand and expert opinions pointed to that "geological unit,

[the Holocene alluvium], as the most credible `subflow' zone" (GILA II).

Though "subflow" is not a scientific term, it has been used by the courts for

seventy years and was defined as "those waters which slowly find their way through the



37

sand and gravel constituting the bed of the stream, or the lands under or immediately

adjacent to the stream, and are themselves a part of the surface stream" (Maricopa

County v. Southwest Cotton). However, this term is noted by the courts as "not a

scientific, hydrological term" (GILA IV). This notion of "subflow" is noteworthy in

Arizona law since it recognizes that a pumped well can significantly diminish the

streamflow of a stream; therefore, "subflow" is subject to the laws that apply to surface

water (GILA IV). In addition, this notion also allows protection of surface water users

from the damaging effects of groundwater pumpers (GILA IV).

In Maricopa County v. Southwest Cotton (1931) the Supreme Court of Arizona

stated, "the presumption is that underground waters are percolating in their nature"

(Maricopa County v. Southwest Cotton). In addition, to prove that the underground

waters in question are not percolating then it must be proven "by clear and convincing

evidence" (Maricopa County v. Southwest Cotton). The ADWR enacts a test that deems

whether a well is pumping appropriable surface water. A positive result for pumping

surface water constitutes the "clear and convincing evidence" called for by Southwest

Cotton (GILA IV). This test was the subject of Gila II.

Under Arizona Statute

"the waters of all sources, flowing in streams, canyons, ravines or
other natural channels, or in definite underground channels,
whether perennial or intermittent, flood, waste or surplus water,
and of lakes, ponds and springs on the surface, belong to the public
and are subject to appropriation and beneficial use" (Ariz. Rev.
Stat. § 45-141).
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The Gila Adjudication trial court ruled that for a pumping well to be pumping

appropriable streamflow then "the volume of stream depletion would reach 50% or more

of the total volume pumped during. . . a period of withdrawal [that] is equivalent to 90

days of continuous pumping for purposes of technical calculation" (GILA IV). However,

the Arizona Supreme Court felt that this test was arbitrary by setting "time and volume

limits rather than determining the nature of the water being pumped" and directly

conflicted with Southwest Cotton (GILA IV). In addition, the AZ Supreme Court felt the

50%/90 test would allow too many wells to be considered to be pumping "subflow," and

that this test was "broad enough to include all underground water hydraulically connected

to a surface stream" (GILA IV).

The AZ Supreme Court then remanded the case back to the trial court to

determine a set of criteria to define "subflow." The AZ Supreme Court suggested that a

test might take into account "such characteristics as elevation, gradient, and perhaps

chemical makeup" of both the surface stream and underground water in order to

determine whether the water in question "is more closely associated with the stream than

with the surrounding alluvium" (GILA IV). The trial court then proceeded with a ten-day

evidentiary hearing and two days traveling the San Pedro river basin where experts

explained the geology and hydrology of the sites visited (GILA IV). Taking into account

all of the above stated criteria set forth by the AZ Supreme Court for a proper test, the

trial court found that "the most accurate of all markers is the edge of the saturated
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floodplain Holocene alluvium" because this alluvium "is the only stable geologic unit

which is beneath and adjacent to most rivers and streams, except those in the mountains

where bedrock surrounds the flow" (GILA IV). Further criteria included that the

alluvium must be fully saturated to declare a hydraulic connection between the stream

and the "subflow" and that the "parts of the alluvial plain which it may be a part of or

which it is connected to must be the alluvial plain of a perennial or intermittent stream

and not an ephemeral stream or a part of a tributary aquifer" (GILA IV). The trial court's

conclusions were:

1. "A `subflow' zone is adjacent [to] and beneath a perennial or
intermittent stream and not an ephemeral stream.

2. There must be a hydraulic connection to the stream from the
saturated `subflow' zone.

3. Even though there may be a hydraulic connection between the
stream and its floodplain alluvium to an adjacent tributary
aquifer or basin-fill aquifer, neither of the latter two or any part
of them may be part of the `subflow' zone.

4. That part of the floodplain alluvium which qualifies as a
' subflow,' beneath and adjacent to the stream, must be that part
of the geologic unit where the flow direction, the water level
elevations, the gradations of the water level elevations and the
chemical composition of the water in that particular reach of
the stream are substantially the same as the water level,
elevation and gradient of the stream.

5. That part of the floodplain alluvium which qualifies as a
`subflow' zone must also be where the pressure of side
recharge from adjacent tributary aquifers or basin fill is so
reduced that it has no significant effect on the flow direction of
the floodplain alluvium.

6. Riparian vegetation may be useful in marking the lateral limits
of the `subflow' zone [,] particularly where there are
observable seasonal and / or diurnal variations in stream flow
caused by transpiration. However, riparian vegetation on
alluvium of a tributary aquifer or basin fill cannot extend the
limits of the `subflow' zone outside of the lateral limits of the
saturated floodplain Holocene alluvium.
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7. All wells located in the lateral limits of the `subflow' zone are
subject to the jurisdiction of this adjudication no matter how
deep or where these perforations are located. However, if the
well owners prove that perforations are below an impervious
formation which preclude[s] `drawdown' from the floodplain
alluvium, then that well will be treated as outside the 'sub flow'
zone.

8. No well located outside the lateral limits of the `subflow' zone
will be included in the jurisdiction of the adjudication unless
the 'cone of depression' caused by its pumping has now
extended to a point where it reaches an adjacent 'sub flow'
zone, and by continual pumping will cause a loss of such
`subflow' as to affect the quantity of the stream" (GILA IV).

The AZ Supreme Court upheld the findings of the trial court. Originally, the Gila

II court felt that their role was to "interpret, not to expand or in any way change, the

holdings in [Southwest Cotton]" (GILA IV). After upholding the trial court's criteria for

subflow, the AZ Supreme Court stated that "Southwest Cotton should not serve as a

straitjacket that restricts [the court] from reaching in the direction of the facts and, so far

as possible under those decisions, conforming to hydrological reality" (GILA IV).

A significant factor in the trial court's criteria is the recognition that a well

pumping outside of the saturated Holocene alluvium can affect "subflow" if the cone of

depression intersects the "subflow" zone. There is no test for deteimining whether a

well's cone of depression intersects the "subflow" zone. Both trial court and the AZ

Supreme Court agree that each well in question should be evaluated separately and that

"whatever test ADWR finds is realistically adaptable to the field and whatever method is

the least expensive and delay-causing, yet provides a high degree of reliability, should be

acceptable" (GILA IV).
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During the 1999-2000 term the Supreme Court of Arizona decided the cases for

interlocutory review for issues No. four and No. Five (Gila III). Issue Number four asks:

"Is nonappropriable groundwater subject to federal reserved rights?" (Glennon and

Maddock, 1994). Issue Number five asks: "Do federal reserved water rights holders

enjoy greater protection from groundwater pumping than holders of state law rights?"

(Glennon and Maddock, 1994). Gila III held that "the federal reserved rights doctrine

encompasses groundwater and, by extension, that federal water rights holders enjoy

greater protection from underground water pumping than do state water rights holders"

(Arizona Supreme Court, 2001). The Federal Reserved Right as defined by Cappaert v.

United States is established

"When the Federal Government withdraws its land from the public
domain and reserves it for a federal purpose, the Government, by
implication, reserves appurtenant water then unappropriated to the
extent needed to accomplish the purpose of the reservation. In so
doing the united States acquires a reserved right in unappropriated
water which vests on the date of the reservation and is superior to
the rights of future appropriators" (Cappaert v. United States).

This is the first high court to find that the federal reserved right applies to groundwater

(Arizona Supreme Court, 2001).

In determining if a federal reserved right for groundwater exists the AZ Supreme

Court used two well-known cases as a "guidepost": Winters v. United States and Arizona

v. California. Under Winters the court found that "the federal government cannot reserve

arid lands for the purpose of creating an inhabitable and fertile environment without
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implicitly reserving nearby waters" and that due to this notion the reserved right must

apply to groundwater because "federal reservations without present or future access to

perennial water sources must have reserved other sufficient water sources to sustain life

on the Indian reservation" (Arizona Supreme Court, 2001).

A second guidepost was found in Cappaert v. United States where the U.S.

Supreme Court recognized that "groundwater and surface water are physically

interrelated as integral parts of a hydrologic cycle" (Arizona Supreme Court, 2001).

Using both guideposts the court found that "if the United States implicitly intended, when

it established reservations, to reserve sufficient unappropriated water to meet the

reservation's needs, it must have intended that reservation of water to come from

whatever particular sources each reservation had at hand" (Arizona Supreme Court,

2001). In fact, the court found that the more significant question is whether the water is

"necessary to accomplish the purpose of the reservation" (Arizona Supreme Court, 2001).

The court never stated that particular reservations had reserved rights to

groundwater, but the court found that a reservation had a right to groundwater "where

other waters are inadequate to accomplish the purpose of the reservation" (Arizona

Supreme Court, 2001). In terms of a federal reserved right being protected from

groundwater pumping, the court sated that "once a federal reservation establishes a

reserved right to groundwater, it may invoke federal law to protect its groundwater from

subsequent diversion to the extent such protection is necessary to fulfill its reserved
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right" (Arizona Supreme Court, 2001). Currently, ADWR uses MODFLOW to "model

impacts on large, regional aquifer systems" (ADWR, 2002).



2.2 COLORADO

In the State of Colorado, surface water is under the administration of the prior

appropriation doctrine, "first in time, first in right." Nontributary groundwater is

allocated based upon ownership of the overlying land. Colorado recognizes the

interrelationship of surface water and groundwater, and the prior appropriation system

includes designated or tributary groundwater, groundwater that is hydraulically connected

to a natural stream. In addition, all groundwater in Colorado is assumed tributary to a

stream unless proven otherwise.

2.2.1 History

Colorado water law has its foundation from the nineteenth century New Mexican

Settlers (Romero, 2002). They set up a system of appropriation constrained by the notion

of reasonable use to cope with the extremes in weather associated with mountainous

areas (Romero, 2002). Groundwater law also has its roots in this time. Anyone could do

whatever they wished with groundwater even if it harmed their neighbor (Romero, 2002).

During the Gold Rush (1870's), the Colorado miner's developed the rule of "first

in time, first in right" (Romero, 2002). Though Legislation during this time seemed to

44
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offer up both riparian rights and the doctrine of prior appropriation, the courts, however,

threw out the notion of riparianism applying to Colorado water law (Romero, 2002). In

Coffin v. Left Hand Ditch Co. (1882) the Colorado Supreme Court made the following

statement:

"We conclude, then, that the common law doctrine giving the
riparian owner a right to the flow of water in its natural
channel.. .is inapplicable to Colorado.. .And we hold that, in the
absence of express statutes to the contrary, the first appropriator of
water from a natural stream for a beneficial purpose has...a prior
right" (Coffin v. Left Hand Ditch).

The court clearly stated that the doctrine of prior appropriation is the law to be followed

and that riparianism has no application to Colorado's waters.

Until 1951, tributary groundwater was not to be adjudicated or administered under

the doctrine of prior appropriation. In Safi-anek v. town of Limon (1951), the Colorado

Supreme Court saw it fit to declare that

"Linder our Colorado law, it is the presumption that all ground
water so situated finds its way to the stream in the watershed of
which it lies, is tributary thereto, and subject to appropriation as
part of the waters of the stream" (Safi-anek v. Town of Limon).

This statement established the need for legislative action for recognizing tributary

groundwater. The Legislature, however, took until May of 1965 to institute an Act that

recognized that Colorado should administer surface water and tributary groundwater

together under the doctrine of prior appropriation (Hobbs, 1999).
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2.2.2 Groundwater Management Act

The Colorado Groundwater Management Act passed by the legislature in 1965

had two main purposes: (1) to define the different types of groundwater referred to in

Colorado water law, and (2) to create the Colorado Groundwater Commission that would

have the power to designate groundwater basins. The Act defines designated ground

water as "ground water which in its natural course would not be available to and required

for the fulfillment of decreed surface rights, or ground water in areas not adjacent to a

continuously flowing natural stream wherein ground water withdrawals have constituted

the principal water usage for at least fifteen years preceding the date of the first hearing

on the proposed designation of the basin, and which in both cases is within the

geographic boundaries of a designated ground water basin" (Colo. Rev. Stat. 3 79-90-

103). On the other hand, nontributary ground water is defined as "that ground water,

located outside the boundaries of any designated ground water basins in existence on

January 1, 1985, the withdrawal of which will not, within one hundred years, deplete the

flow of a natural stream ... at an annual rate greater than one-tenth of one percent of the

annual rate of withdrawal" (Colo. Rev. Stat. 379-90-103). Groundwater is decided to be

designated or nontributary based upon the aquifer conditions at the time of permit

application (Colo. Rev. Stat. 379-90-103). Under this act, designated ground water

should be devoted to "beneficial use in reasonable amounts through appropriation,"

(Colo. Rev. Stat. 379-90-102) and this act declares that the prior appropriation doctrine

"should be modified to permit the full economic development of designated ground water
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resources" (Colo. Rev. Stat. 379-90-102). This system has another complication, not

non-tributary waters. Not non-tributary water is "ground water located within those

portions of the Dawson, Denver, Arapahoe, and Laramie-Fox Hills aquifers that are

outside the boundaries of any designated ground water basin in existence on January 1,

1985, the withdrawal of which will, within one hundred years, deplete the flow of a

natural stream, including a natural stream" (Colo. Rev. Stat. 379-90-103). Finally, the

Act also created the Colorado Groundwater Commission with the ability to determine

designated groundwater basins (Colo. Rev. Stat. 379-90-106).

This Act created a system of groundwater types in addition to the already existing

tributary groundwater. Tributary groundwater is firmly established to be subject to

appropriation while designated, non-tributary, and not non-tributary groundwater are

subject to allocation based on ownership of the overlying land.

2.2.3 Water Rights Determination and Administration Act

Colorado water law was carried out by 70 water districts corresponding with

county boundaries until 1969 (Hobbs, 1999). The Water Rights Determination and

Administration Act reclassified the water districts into seven corresponding watersheds

(Hobbs, 1999). The Act declared "that all water in or tributary to natural surface streams,

not including nontributary ground water ... originating in or flowing into this state have

always been and are hereby declared to be the property of the public, dedicated to the use
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of the people of the state, subject to appropriation" (Colo. Rev. Stat. 379-92-102). Justice

Gregory Hobbs of the Colorado Supreme Court described this declaration of surface and

tributary groundwater as "momentous," and the entire act as "a political, legal, technical,

and administrative breakthrough of major dimensions" (Hobbs, 1999). In addition, it

proclaims as state policy "to integrate the appropriation, use, and administration of

underground water tributary to a stream with the use of surface water in such a way as to

maximize the beneficial use of all of the waters of this state" (Colo. Rev. Stat. 379-92-

102). This act was indeed momentous tackling one of the problems so many states have

struggled with: how to cope with the differences between political and natural

boundaries. Tributary groundwater was again proclaimed to be subject to appropriation

to maximize the benefits of Colorado's waters under this act.

2.2.4 Groundwater Permitting

Under the Colorado system an applicant seeking a groundwater withdrawal must

present convincing evidence that the proposed groundwater is nontributary to a natural

stream and will not deplete streamflow within 100 years of the time of pumping by no

more than one tenth of one percent of the annual rate of withdrawal as stated in the

Groundwater Management Act (Patrick, 1994). When applying for a groundwater

appropriation in a designated groundwater basin the applicant must specify for the

Groundwater Commission the following:

a. the particular designated ground water basin,
b. the beneficial use for which the proposed appropriated water

will be applied,
c. the location of the proposed well,
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d. the name of the owner of the land on which such well will be
located,

e. the estimated average annual amount of water applied for in
acre-feet,

f. the estimated maximum pumping rate in gallons per minute,
and,

g. if the proposed use is irrigation, the description of the land to
be irrigated and the name of the owner thereof (Colo. Rev. Stat.
379-90-107).

While evaluating the application for " unreasonable waste or unreasonably affect[ing] the

rights of other appropriators" the Commission shall follow the following

guidelines/considerations:

(a) the area and geologic conditions,
(b) the average annual yield and recharge rate of the appropriate

water supply,
(c) the priority and quantity of existing claims of all persons to use

the water,
(d) the proposed method of use,
(e) and all other matters appropriate to such questions (Colo. Rev.

Stat. 379-90-107).

Colorado statute describes the impairment of an existing right as including "the

unreasonable lowering of the water level, or the unreasonable deterioration of water

quality, beyond reasonable economic limits of withdrawal or use" (Colo. Rev. Stat. 379-

90-107).

2.2.5 AWDI v. City of Alamosa

The 1994 case, American Water Development, Inc. v. City of Alamosa, the

American Water Development, Inc (AWDI) filed an "Application for Underground

Water Rights or, in the Alternative, for the Determination of Rights to Nontributary



50

Groundwater Outside of Designated Groundwater Basins" (AWDI v. Alamosa).

Numerous parties objected to this application (AWDI v. Alamosa). AWDI claimed that

the waters were nontributary by the following premises:

1. Water should be determined nontributary by evaluating the
pumping effects on surface flow only and not the effects on
tributary aquifers;

2. If there is little hydraulic connection between the stream and
the aquifers, then pumping the unconfined aquifer would not
increase losses of the stream to the aquifer that would
otherwise occur;

3. Streams lose their status as a natural stream when they enter
the Closed Basin (AWDI v. Alamosa).

All of these premises were rejected by the trial court (AWDI v. Alamosa). Evidence

presented to the trial court showed that underlying the San Luis Valley and the Closed

Basin are two hydrologic units separated by a clay layer (AWDI v. Alamosa). These

units are hydrologically connected at various points although the units have always been

administered as separate entities (AWDI v. Alamosa). Both AWDI and the objector used

ground water flow models to illustrate the effect the proposed pumping would have on

the Rio Grande River, San Luis Creek, Big Spring Creek, and other surface streams in the

vicinity (AWDI v. Alamosa).

The trial court found that the objector's model was more credible due to

underestimated streambed conductances and faulty evapotranspiration data and misuse of

that evapotranspiration data by AWDI (AWDI v. Alamosa). The trial court also found
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that the objector's model was much more thorough, and that this model "was adequate

for a determination of whether depletion to certain streams would exceed the statutory

standard" (AWDI v. Alamosa). This model, prepared by the Colorado state engineer,

found that the unconfined aquifer is "in connection with most surface streams in the San

Luis Valley and their alluvium for all or portions of most years" (AWDI v. Alamosa).

In addition, the trial court found that the unconfined aquifer was part of a natural

stream as defined in Colorado statute:

"A stream system which arises as a natural surface stream
and...terminates within the state of Colorado through naturally
occurring evaporation and transpiration of its waters, together with
its underflow and tributary waters, is a natural surface stream
subject to appropriation" (emphasis added) (AWDI v. Alamosa &
Romero, 2002).

Being part of a natural stream, the tributary groundwater is subject to the rules of

appropriation. The Colorado Supreme Court upheld the trial Court's findings that the

unconfined aquifer was in hydraulic connection with surface streams and that the

proposed pumping would exceed the acceptable limit that within one hundred years one

tenth of one percent of the pumping amount would not be depleted from the surface

stream.
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2.3 KANSAS 

In Kansas both surface water and groundwater are subject to the doctrine of prior

appropriation. Kansas first wrote into law that prior appropriation applied to surface

water in 1886 (Ashley, 1999). By 1945, prior appropriation was also declared by law to

be used for groundwater (Ashley, 1999). Currently the Division of Water Rights,

Department of Agriculture holds the responsibility of administering these water rights.

Kansas has recognized an interrelationship between surface water and groundwater. In

1881, the courts ordered the city of Emporia to stop pumping groundwater from a well

since it lowered the water level in a downstream pond used by a mill owner in City of

Emporia v. Soden.

2.3.1 History

Before Kansas was a prior appropriation state for groundwater, it applied the

English common law. As stated in State ex rel. Peterson v. State Board of Ag,riculture

(1944) "from the beginning of our history as a state the common law of England has been

the basis of the law of this state". Common law, or absolute ownership, allows the

landowner to withdraw as much water without consideration to its effect on other

landowners since the groundwater under the owner's tract of land is his property by law

(Ashley, 1999).
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An 1886 statute allowed riparian users to file and register an appropriation of

water in a stream for the purpose of irrigation (Frizell v. Bindley). Though this statute

was passed, the doctrine of prior appropriation was not accepted by the courts. In the

1905 case, Clark v. Allaman, the district court granted damages to the plaintiff,

apportioned the waters of the creek in question, and rejected the common law of

riparianism. The Kansas Supreme Court, however, disagreed with the district court

(Clark v. Allaman). It referred to prior appropriation as "in vogue in certain of the Rocky

Mountain states" (Clark v. Allaman). The Supreme Court's opinion launched into a legal

history to determine if "cherished principles of a system of law worthy of such profound

respect.. .is vulnerable to the challenge of the judgment of the district court" (Clark v.

Allaman). In its conclusion, the Court upheld the common law of riparian rights and

reversed the district court's decision (Clark v. Allaman). Furthermore, it remanded the

court to enter judgment against the plaintiff for costs (Clark v. Allaman).

Another case, Frizell v. Bindley, in 1936 involved a creek where one of the

riparian irrigators had applied for and received an appropriation of water. Being the first

on the creek to appropriate, he had the most senior right and requested an adjudication of

the creek, since the other irrigators were using excessive amounts of water causing him to

shut down his pumping plant and discontinue irrigation (Frizell v. Bindley). The district

court found that there had been times when the defendants had used more water than

reasonable, but at the time of the court proceedings the problems had been corrected.

The court, therefore, did not grant an injunction (Frizell v. Bindley). The Kansas
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Supreme Court subsequently remanded the case back to the district court to include a

provision allowing the plaintiffs to bring back this case whenever the defendant's were

using more than their reasonable share of water (Frizell v. Bindley). Fifty years after the

statute of 1886 the Kansas Supreme Court still had not adopted the doctrine of prior

appropriation. In both of the above cases, the Kansas Supreme Court cited that prior

appropriation was better suited for the western half of the state but riparianism was better

suited for the eastern half. Allowing this bifurcation then raised the question about what

to do with the middle of the state, this notion was also mentioned in both cases.

The 1944 case, Peterson v. State Board of Agriculture, declared that a land owner

"owns its surface and underground water by the same title as he owns the land itself, and

the clay, gravel, coal or oil within it, even though these items of property differ in

component parts". The Kansas Supreme Court emphasized that "the court has continued

to recognize the common-law doctrine respecting water as set forth in Clark v. Allaman,

supra, and earlier cases, and the legislature has continued to base statutes upon the

common-law doctrine with respect to water right" (Peterson v. State Board of

Agriculture). This case marked over fifty years that the Kansas courts ignored an 1886

statute declaring surface waters subject to appropriation, but it was the last year the courts

ignored prior appropriation as law in this state.
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2.3.2 Water Appropriation Act

The 1945 Water Appropriation Act allowed both vested rights and appropriation

rights. Vested rights are the rights of a " person under a common law or statutory claim

to continue the use of water having actually been applied to any beneficial use, including

domestic use, on or before June 28, 1945" (Kansas Statutes, Annotated, sec 82a-701 ).

An appropriation right is a right "to divert from a definite water supply a specific quantity

of water at a specific rate of diversion, provided such water is available in excess of the

requirements of all vested rights...and all appropriation rights of earlier date" (Kansas

Statutes, Annotated, sec 82a-701). All claims to vested rights had to be filed with the

chief engineer before or on July 1, 1980 (Kansas Statutes, Annotated, sec 82a-704a). All

water rights, both vested and appropriated, are subject to the following preference of use:

domestic, municipal, irrigation, industrial, recreational and power (Kansas Statutes,

Annotated, sec 82a-707).

The Kansas Water Appropriation Act also recognized the relationship between

ground and surface waters. It held that no proposed use can impair an "existing use

under an existing water right [or] prejudicially and unreasonably affect[s] the public

interest" (Kansas Statutes, Annotated, sec 82a-711). This impairment was defined as "the

unreasonable raising or lowering of the static water level or the unreasonable increase or

decrease of the streamflow" (Kansas Statutes, Annotated, sec 82a-711).
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The 1962 case, Williams v. Wichita, the Kansa Supreme Court was presented with

the idea that groundwater is moving and not stagnant; the court noted, "we are dealing

with a right to use the underground waters as they pass through the owner's soil". This

case brought an action to bring an injunction to the City of Wichita's use of a well-field

citing that the Water Appropriation Act was unconstitutional and that the pumping of the

wells would injure his water rights (Williams v. Wichita). Upholding the

constitutionality of this Act, the Court stated that the act provided the plaintiff with the

right to bring suit against those whom he feels have injured his water right (Williams v.

Wichita).

2.3.3 Groundwater Management District Act

In 1972, the Kansas legislature passed the Kansas Groundwater Management

District Act (Ashley, 1999). This act was created to recognize "that a need exists for the

creation of special districts for the proper management of the groundwater resources of

the state; for the conservation of groundwater resources; for the prevention of economic

deterioration..." (Kansas Statutes, Annotated, sec 82a-1020). Under this act,

groundwater management districts (GMD's) could be created. GMD's were required to

submit a groundwater management plan to the Chief Engineer before they could manage

groundwater resources (Ashley, 1999). The legislature empowered GMD's in 1978 to

create "intensive groundwater use control areas" (IGUCA) (Ashley, 1999; Peck, 1995).

This power was also granted to the chief engineer in areas outside of GMD boundaries
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(Kansas Statutes, Annotated, sec 82a-1036). Any of the following conditions can exist to

qualify an area to be designated as an IGUCA:

1. "Groundwater levels in the area in question are declining or
have declined excessively; or

2. The rate of withdrawal of groundwater within the area in
question equals or exceeds the rate of recharge in such area; or

3. Preventable waste of water is occurring or may occur within
the area in question; or

4. Other conditions exist within the area in question which require
regulation in the public interest" (Kansas Statutes, Annotated,
sec 82a-1036).



2.4 NEBRASKA

2.4.1 Background

Nebraska is a prior appropriation state. Under the Nebraska Constitution "the

right to divert unappropriated waters of every natural stream for beneficial use shall never

be denied" (Neb. Const., art. XV, 6). The use of the state's public ground water,

however, is based on the overlying land or a modified version of the correlative rights

doctrine. Under the correlative rights doctrine, ground water users in a basin are allowed

to pump water on an equitable basis, "sharing," and apply the water on the overlying

land. Only in times of surplus can groundwater be applied to off-tract land.

2.4.2 Olson v. City of Wahoo 

This modified doctrine first began in Olson v. City of Wahoo (1933) in which

Olson claimed the city's pumping had drained the water out of his gravel pit. In this case

the trial court admitted to not adopting either the American rule on percolating waters or

the common-law rule, but the court did state that the American rule was "supported by

the better reasoning" (Olson v. City of Wahoo). The American rule states that

"the owner of land is entitled to appropriate subterranean waters
found under his land, but he carmot extract and appropriate them in
excess of a reasonable and beneficial use upon the land which he
owns, especially if such use is injurious to others who have
substantial rights to the waters, and if the natural underground

58
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supply is insufficient for all owners, each is entitled to a reasonable
proportion of the whole" (Olson v. City of Wahoo).

On the other hand, the common-law rule allows the owner to "appropriate such waters

while they are upon his premises, regardless of the fact that such use cuts off the flow of

such waters to adjoining land" (Olson v. City of Wahoo).

2.4.3 Metropolitan Utilities District v. Merritt Beach Company

The Metropolitan Utilities District (M.U.D.) applied for well permits on the north

shore of the Platte River and a nearby island in 1966. Objectors to this application

argued that, as riparian landowners, the proposed wells essentially would be diverting

surface water and would damage their rights (M.U.D. v. Merritt Beach). The court

admitted that the Nebraska law was "silent" regarding groundwater pumpers who damage

surface water appropriators (M.U.D. v. Merritt Beach). Furthermore, the court stated that

"every appropriation of water from a stream would be defeated by lower riparian owners

having subirrigated lands because of the lowering of the water table which every

diversion does to some extent" (M.U.D. v. Merritt Beach). It was not the case to decided

if the use of "the entire flow of a stream.. .for subirrigation cannot be held to be a

reasonable use of water" (Tulare Irrigation District v. Lindsay-Strathmore Irrigation

District). This statement referred to testimony that the proposed pumping would not

lower the river stage adjacent to the objectors' lands more than 1.1 inches and that this

will only be a "negligible effect upon [the] objectors' underground water which they
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assert is controlled by the rise and fall of the Platte River" (M.U.D. v. Merritt Beach).

The court later referred to the American rule for percolating waters and concluded

"that where the taking of water beyond a watershed causes no
injury to appropriators or riparian owners, no reason exists for not
permitting the use of waters for a public and beneficial purpose
which would be otherwise lost" (M.U.D. v. Merritt Beach).

The permit was granted to the Utilities District. The court also upheld that "underground

waters, whether they be percolating waters or underground streams, are a part of the

waters referred to in the Constitution as a natural want" (M.U.D. v. Merritt Beach). The

court upheld that it is the responsibility of the Legislature to mold groundwater policy as

it is "the right of the Legislature, unimpaired, to determine the policy of the state as to

underground waters and the rights of persons in their use" (M.U.D. v. Merritt Beach).

2.4.4 Prather v. Eisenmann

The 1978 case Prather v. Eisenmann involved a domestic well owner requesting

the courts to enjoin an irrigation well owner from pumping ground water. In deciding

this case, the court not only upheld the Nebraska modified correlative rights doctrine but

it also referred to Nebraska statutes, which give an order of preference of underground

uses. According to statute, domestic users have top preference then agricultural,

manufacturing, and industrial, respectively (Prather v. Eisenmann; Neb. Rev. Stat. § 46-

613). This statute has not changed since 1978. Using this statute as a guideline, the court

found that the domestic well users would have sufficient water if their well was drilled to

the top of the low-permeability shale layer at the bottom of the aquifer (Prather v.
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Eisenmann). In addition, the court found that the "plaintiffs have been damaged by the

operation of the defendants' well" (Prather v. Eisenmann). As a solution, the court

"permanently enjoined defendants from lowering their pump and from pumping for the

period of time reasonably required by plaintiffs to lower their pumps" (Prather v.

Eisenmann).

2.4.5 State ex rel. Douglas v. Sporhase

In State ex rel. Douglas v. Sporhase, again, the courts upheld the Nebraska

modified doctrine pertaining to underground waters. Appellants in this case owned two

adjacent tracts of land. One tract was in Nebraska, and the other tract was in Colorado.

The State of Nebraska brought an action to the court to enjoin the defendants from

pumping groundwater from a well in Nebraska and transferring some of it to the land

owned in Colorado. The court granted the injunction and cited both Olson and MU.D.

in its reasoning.:

"the public, through legislative action, may grant to private
persons the right to the use of publicly owned waters for private
purposes; but as the Olson opinion demonstrates, with its emphasis
on sharing in times of shortage, the public may limit or deny the
right of private parties to freely use the water when it determines
that the welfare of the state and its citizens is at stake" (State ex
rel. v. Sporhase).

However, this case was later overturned in Sporhase v. Nebraska in 1982. The U.S.

Supreme Court ruled that the Nebraska statute that prohibited withdrawal of groundwater

for use in another state was in violation of the commerce clause.
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2.4.6 Creation of Natural Resource Districts 

In 1957 the legislature created the Department of Water Resources (DWR) and

gave it all the duties and powers of the Bureau of Irrigation, Water, Power, and Drainage

in the Department of Roads (Ashley, 1999). Natural Resource Districts (NRD's) were

created in 1969 by the Legislature. Today the statute states the following:

"the Legislature further declares that the functions performed by
soil and water conservation districts, watershed conservancy
districts, watershed districts, advisory watershed improvement
boards, and watershed planning boards shall be consolidated and
made functions of natural resources districts" (Neb. Rev. Stat. § 2-
3201).

In addition, this statute also encouraged other special-purpose districts, including rural

water districts, drainage districts, reclamation districts, and irrigation districts to merge

with the Natural Resource Districts (Neb. Rev. Stat. § 2-3201). These NRD's received

further power in 1975 under the Nebraska Ground Water Management Act (Ashley,

1999). The Legislature ratified this act in response to groundwater depletion concerns

(Ashley, 1999). Under this act the legislature found that "ground water is one of the most

valuable natural resources in the state and that an adequate supply of ground water is

essential to the general welfare of the citizens of this state" (Neb. Rev. Stat. § 46-656.02).

This act gave the NRD's the option to regulate groundwater by creating control areas

(Ashley, 1999). The name of the act was changed to Nebraska Ground Water

Management and Protection Act in 1982, and the legislature further empowered NRD's

to establish management areas that did not include state approval (Ashley, 1999). If a

management area was established, a management plan would have to be written
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including a groundwater reservoir life goal (Ashley, 1999). By 1984 the legislature

required all NRD's to have groundwater-management plans in two years (Ashley, 1999).

2.4.7 Legislative Bill 108 

Nebraska is the only state that rejects both the rule of subflow or tributary

groundwater and the doctrine of prior appropriation for groundwater (Aiken, 2001).

Nebraska, however, does recognize the interrelation between groundwater and surface

water. Nebraska's LB 108 "authorizes conjunctive-use management...[and] allows for

the creation of groundwater- management areas for the sole purposes of integrated

management of groundwater and surface water (Ashley, 1999).

LB 108 became effective in 1996. The bill achieved five main purposes. First,

the legislature noted that "the management, conservation and beneficial use of

hydrologically connected groundwater and surface water are essential to the continued

economic prosperity and well-being of the state" (Neb. Rev. Stat. § 46-656.05). Second,

LB 108 directly noted than hydrologically connected waters may need to be managed

differently that unconnected waters so as to "to permit equity among water users and to

optimize the beneficial use of interrelated ground water and surface water supplies" (Neb.

Rev. Stat. § 46-656.05). Third, it declared that NRD's are the "preferred entity" to

regulate groundwater through the groundwater management areas and that the

Department of Water Resources was responsible for surface water (Neb. Rev. Stat. § 46-

656.05). Fourth, the DWR was also given authority to oversee groundwater issues if the
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NRD was not utilizing its power and authority in a "reasonable manner" (Neb. Rev. Stat.

§ 46-656.05). In sum, this bill allowed "the creation of groundwater-management areas

for the sole purpose of integrated management of groundwater and surface water"

(Ashley, 1999).



2.5 NEW MEXICO

2.5.1 Background

New Mexico allocates both surface water and ground water according to the

doctrine of prior appropriation. The New Mexico Constitution states that

"the unappropriated water of every natural stream, perennial or
torrential, within the state of New Mexico, is hereby declared to
belong to the public and to be subject to appropriation for
beneficial use, in accordance with the laws of the state... [and the]
priority of appropriation shall give the better right" (N.M. Const.,
art. XVI, § 2).

Under New Mexico constitution, the right to use water is based upon beneficial use

(N.M. Const., art. XVI, § 3). The 1957 New Mexico Supreme Court case of Erickson v.

Mclean described beneficial use as "the use of such water as may be necessary for some

useful and beneficial purpose in connection with land from which it is taken".

2.5.2 New Mexico Statutes

Under New Mexico's statute

"the water of underground streams, channels, artesian basins,
reservoirs, lakes, having reasonably ascertainable boundaries, are
declared to be public waters and to belong to the public and to be
subject to appropriation for beneficial use" (N.M. STAT. ANN. §
72-12-1).

65
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Any person, firm, or corporation must apply to the New Mexico state engineer to

appropriate underground water. Once the permit request is filed and a public notice has

been posted the state engineer may grant the appropriation if he finds "that the proposed

appropriation would not impair existing water rights from the source" (N.M. STAT.

ANN. § 72-12-3). One exception for an appropriation peimit is if the underground

waters are not in a basin declared by the state engineer to have "reasonably ascertainable

boundaries", then no permit or license is required for in-state use (N.M. STAT. ANN. §

72-12-20).

New Mexico Statute also recognizes a lack of hydrologic information regarding

groundwater hydraulically connected to the Rio Grande River below Elephant Butte dam.

Due to this lack of information, there is a "stay.. .declared on the granting of permits with

respect to all pending and future applications to appropriate unappropriated ground water

from aquifers hydraulically related to the Rio Grande at or below Elephant Butte dam"

(N.M. STAT. ANN. § 72-12-3.1).

New Mexico law also allows the holder of a underground water right to drill a

supplemental well as long as the well is drilled into "the same and only the same

underground stream, channel, artesian basin, reservoir or lake as the well;" the new

supplemental well does not increase the amount appropriated; and the new supplemental

well does not impair existing rights (N.M. STAT. ANN. § 72-12-24). A well user can

also drill a replacement well "within one hundred feet of the original well" under the
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same location and amount conditions (N.M. STAT. ANN. § 72-12-22). A replacement

well over one hundred feet from the original well is subject to the same conditions as the

well within 100 feet and the condition that the state engineer does not find that the

replacement well will impair existing rights (N.M. STAT. ANN. § 72-12-23).

2.5.3 Templeton Doctrine 

Under these statutes, New Mexico provides protection of senior surface water

right holders from junior groundwater right holders. The statutes state several times that

groundwater permits will be denied if they are found to impair the rights of others. An

integral part of the New Mexico system is the Templeton Doctrine. Under this doctrine, a

senior surface water user is protected by groundwater pumping by being allowed to

switch from diverting surface water to groundwater (New Mexico State Engineer Office,

2001). In Templeton v. Pecos Valley a surface water diverter on the Rio Felix River

applied to drill wells. The river is hydrologically connected to the aquifer and

groundwater pumping was lowering the water table. The proposed wells were meant to

replace the unsatisfied surface water right (Glennon and Maddock, 1997). The

protestants and the State Engineer held that the waters of the river and the aquifer are

"distinct and separate" (Glennon and Maddock, 1997). In addition, the protestants

asserted that this request for a change in diversion amounted to a new appropriation in a

fully appropriated basin and would impair the rights of other users (Glennon and

Maddock, 1997). The Supreme Court upheld the district court's decision that the new

wells were a change in diversion and would not impair existing rights. In fact, the change
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was "merely a request to follow the source of their original appropriation" (Glennon and

Maddock, 1997). The court also rejected the protestant's claims that the river and aquifer

were separate. Under the Templeton doctrine a senior surface water user is protected by

groundwater pumping but this doctrine also has pitfalls. Once a senior water user

switches to groundwater they will begin capturing water heading to the stream in addition

to pulling water form the stream, and the overall effect will be to decrease the flow even

more (New Mexico State Engineer Office, 2000). Consider the effect it will have on

other surface water users who may switch to groundwater and the result is a dry river.

2.5.4 Texas v. New Mexico 

It is predicted that by 2050 New Mexico's population will increase by 85% (up to

3.3 million people) (Office of the State Engineer and the Interstate Stream Commission,

2001). Most of the state's water is allocated by agricultural users, yet with the predicted

increase in population and the corresponding urbanization there will be a competition

with the agricultural demand for water (Office of the State Engineer and the Interstate

Stream Commission, 2001). In addition, the State has to comply with eight different

river compacts with bordering state's (Office of the State Engineer and the Interstate

Stream Commission, 2001). In Texas v. New Mexico New Mexico had to pay Texas

"damages of up to $14 million for under-delivering an average of 10,000 acre-feet of

water per year" from the Pecos River (Office of the State Engineer and the Interstate

Stream Commission, 2001). From this litigation, it is obvious that the U.S. Supreme

Court expects states to deliver the declared amount of water to the downstream state
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(Office of the State Engineer and the Interstate Stream Commission, 2001). To further

exasperate New Mexico's water bind new endangered species declared by the federal

government have "taken water from storage reservoirs on the Rio Grande and the Pecos

River" (Office of the State Engineer and the Interstate Stream Commission, 2001). On

June 29, 2001, an agreement over an Endangered Species Act lawsuit between New

Mexico and the U.S. was finalized (New Mexico Interstate Stream Commission, 2001).

Under this agreement, the U.S. must obtain permits from the New Mexico State Engineer

for water to be stored and released in upstream reservoirs for the benefit of the silvery

minnow (New Mexico Interstate Stream Commission, 2001). No more than 30, 000 acre-

feet each year will be available for release (New Mexico Interstate Stream Commission,

2001). The U.S. will be allowed to provide additional water by pumping from selected

wells, but the U.S. must also "provide offset water to insure that this pumping impairs no

other water user" (New Mexico Interstate Stream Commission, 2001). Under this

agreement, the U.S. stated that New Mexico complied with the Endangered Species Act

while "acknowledging the inevitability of some drying of the Rio Grande" (New Mexico

Interstate Stream Commission, 2001).

In order to deal with these conflicting uses New Mexico applies conjunctive

management of its ground water and surface water resources. By using conjunctive

management, New Mexico recognizes the hydraulic connection of groundwater and

surface water.
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2.5.5 City of Albuquerque v. Reynolds 

In the City of Albuquerque v. Reynolds Albuquerque claimed it was a successor to

the Pueblo de Albuquerque and held pueblo rights which would allow the city to

appropriate all underground water and surface water in the basin (Dumars, 1996). The

city filed four applications for a permit to appropriate underground water from the Rio

Grande Basin (Dumars, 1996). In reviewing the applications, the state engineer found

that the underground waters in the Rio Grande basin were hydraulically connected to the

river and the river was fully appropriated (Dumars, 1996). A grant of these peunits

would impair existing water rights. The applications were denied since the city would

not "take the steps required by the state engineer to offset the impacts" (Dumars, 1996).

The city appealed. The district court found that the city did hold pueblo rights and the

state engineer could not impair those rights (Dumars, 1996). The state engineer appealed.

The Supreme Court found that it was within "the state engineer's authority in this case to

impose the retirement condition to protect existing rights" (Dumars, 1996).

The result of this case brought about the dedication v. transfer debate. After the

Supreme Court's ruling, the state engineer began imposing conditions on all groundwater

permits. The conditions included demonstrating the proposed well's impact on the river,

acquiring sufficient surface rights to offset those impacts, and "dedicating" those

acquired rights to the state engineer (Dumars, 1996). A dedication allows a person or

corporation that wants to drill a well and pump underground water to pay a surface water

user to "retire" their surface water right "equal to the long-term impacts" of the pumped
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groundwater well (Dumars, 1996). Many find this process "illegal, unfair, or both"

(Dumars, 1996). Instead, dedication opponents believe "groundwater applicants should

have to buy rights from a river user and transfer those rights up to the location where the

pumping is taking place" (Dumars, 1996).

To further clarify the distinction between a dedication and a transfer, a dedication

allows a surface water holder to be paid to cease irrigating that allows water to remain in

the river. Dedication does not give a new point of diversion nor does it give an amount to

be diverted at a new diversion point. On the other hand, a transfer preserves the priority

date from the surface water right and the water quantity used (Dumars, 1996). Transfers,

however, do not meet hydrologic reality. When a surface right is transferred to a well,

the new point of diversion is not the well in reality, but it is a zone that extends to the

river and encompasses a portion of the river. This zone increases the longer a well is

pumping pulling more water from the stream or river (Dumars, 1996).



2.6 OREGON 

2.6.1 Background

In Oregon, prior appropriation is applied to both surface water and groundwater.

The Water Resources Department (WRD) holds the responsibility of appropriating

available water. The Water Resources Commission, or Commission, is a citizen body

with a representative from each basin management area. This commission is empowered

by Oregon statute to "set water policy and oversee activities of the WRD in accordance

with state law" (Oregon Water Resources Department, 2001).

2.6.2 Oregon's Water Code

Oregon legislature passed their water code in 1909 establishing four general

principles:

1. Water belongs to the public
2. Any right to use it is assigned by the State through a permit

system
3. Water use under that permit system follows the "prior

appropriation doctrine."
4. Permits may be issued only for beneficial use without waste.

(Bastasch, 1998).

Under this code, Oregon declared that percolating waters were not subject to

appropriation but waters in known and defined streams were appropriable (Ashley,
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1999). In 1927, Oregon legislature enacted laws that applied to underground waters east

of the Cascades (Ashley, 1999). These laws required ground water users to obtain

permission from the State Engineer by proving a beneficial use, and they subjected these

waters to appropriation (Ashley, 1999). The areas west of the cascades were added in

1955 by the Groundwater Act (Ashley, 1999). Oregon also recognized "vested rights" or

rights to water that were used before the 1909 code and were still being continuously

used (Oregon Water Resources Department, 2001). These rights could only be made a

matter of legal record through the adjudication process (Oregon Water Resources

Department, 2001). Not all areas have been adjudicated, so legislation passed in 1987

required people who claim a vested right to apply for a surface water registration by 1992

(Oregon Water Resources Department, 2001). If claimants failed to file by the appointed

time, they lost any claim to a right to that water (Oregon Water Resources Department,

2001).

2.6.3 Groundwater Act of 1955 

Today, the "Groundwater Act of 1955", as stated in Oregon's Revised Statutes,

says that "the Legislative Assembly recognizes, declares and finds that the right to

reasonable control of all water within this state from all sources of water supply belongs

to the public" (Oregon Rev. Stat., sec 537.525 to 537.795). Under this statute the

Legislative Assembly finds that it is necessary that:

"reasonably stable ground water levels be determined and
maintained" and that "whenever...impairment of or interference
with existing rights to appropriate surface water, declining ground
water levels,..., interference among wells, overdrawing of ground
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water...exists or impends, controlled use of the ground water
concerned be authorized and imposed under voluntary joint action
by the Water Resources Commission and the ground water users
concerned whenever possible, but by the commission under the
police power of the state.. .when such voluntary joint action is not
taken or is ineffective" (emphasis added) (Oregon Rev. Stat., sec
537.525 to 537.795).

In reviewing and granting a permit to appropriate ground water, the WRD can write

limits and conditions into the permit or can request the commission to create a Critical

Ground Water Area if the proposed use is found to cause an "undue interference with

existing wells" or will interfere with senior surface water rights then (Oregon Rev. Stat.,

sec 537.525 to 537.795).

Critical Ground Water Areas are designated by the commission. Areas qualify for

critical ground water status if:

1. Ground water levels are declining or have already declined
excessively; or

2. Wells are interfering with each other; or
3. Wells are interfering with senior surface water appropriators;

or
4. Wells are interfering with a restriction placed upon a senior

surface water appropriator or a minimum perennial streamflow;
or

5. The groundwater supply is being overdrawn;

Once an area is designated as such the commission can impose the following provisions:

1. Closing the area to any further ground water appropriations.
2. Determine an allowable total withdrawal per day, month, or

year.
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The commission created and established 11 "groundwater limited areas" in the Wilamette

Valley in 1992. These areas were experiencing groundwater declines in volcanic

formations where much of their groundwater is located. Within these areas, pumping

was restricted to only a few designated uses (Oregon Water Resources Department,

2001).

Oregon statutes outline guidelines for aiding the WRD in deteiniining well

interference with surface water (Oregon Admin. Rules, 690-009-0010 to 0050). These

guidelines set up a bright-line test to determine hydraulic connection and "potential for

substantial interference" (Oregon Admin. Rules, 690-009-0010 to 0050). The test states

that" all wells located a horizontal distance less than one-fourth of a mile from a surface

water source that produce water form an unconfined aquifer shall be assumed to be

hydraulically connected to the surface water source" (Oregon Admin. Rules, 690-009-

0010 to 0050). For wells that lie outside of this one-fourth mile bright-line, the WRD

first needs to ascertain if the well in question produces water from a confined or

unconfined aquifer and then if the aquifer is hydraulically connected to a surface water

source (Oregon Admin. Rules, 690-009-0010 to 0050). The guidelines direct the WRD

to the Water Well report and if there is no Water Well Report or if it is inadequate then

the WRD should use the best available information (Oregon Admin. Rules, 690-009-

0010 to 0050). Finally, all wells that draw water from a hydraulically connected aquifer

shall be assumed to have "the potential to cause substantial interference with the surface

water source" if the proposed use falls into one of the following categories:
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For wells within the range of one-fourth to one mile from a surface water source.

1. "The rate of appropriation is greater than five ft3/s."
2. "The rate of appropriation is greater than 1% of the pertinent

adopted minimum perennial streamflow or instream water right
with a seniority priority date"

3. "The rate of appropriation is greater than 1%.. .of the discharge
that is equaled or exceeded 80% of the time"

4. "The ground water appropriation, if continued for a period of
30 days, would result in stream depletion greater than 25% of
the rate of appropriation" (Oregon Admin. Rules, 690-009-
0010 to 0050).

Category number 4 also is given special methods for determining this streamflow

depletion. WRD can use either suitable equations or graphical techniques that have been

published or a computer program or ground water model (Oregon Admin. Rules, 690-

009-0010 to 0050). In addition, Oregon rule reiterates that any well in a hydraulically

connected aquifer can be determined by WRD to have the potential to cause a substantial

interference (Oregon Admin. Rules, 690-009-0010 to 0050). In this determination, the

WRD is instructed to take into account the following factors:

1. "The potential for a reduction in streamflow or surface water
supply; or

2. The potential to impair...the public interest; or
3. The percentage of the ground water appropriation that was, or

would have become, surface water; or
4. Whether the potential interference would be immediate or

delayed; or
5. The potential for a cumulative adverse impact on streamflow or

surface water supply" (4 Oregon Admin. Rules, 690-009-0010
to 0050).

Within these factors is Oregon's recognition of the concept of capture by instructing

WRD to consider how much ground water would have made it to the stream if the
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pumping well had not been placed there in addition to how much the well pumps from

the stream itself. When the WRD has found that a well is causing substantial interference

the department can control the groundwater appropriation with "controls similar to or

compatible with, but not more restrictive than controls on the affected surface water

source, in accordance with the relative dates of [priority]"( Oregon Admin. Rules, 690-

009-0010 to 0050). Again, WRD is instructed to use suitable equations, graphical

techniques, computer/groundwater models to determine if any control would 'provide

relief to the surface water supply in an effective and timely manner" if the well is farther

than 500 feet from the surface water source (Oregon Admin. Rules, 690-009-0010 to

0050). The WRD can only control wells farther than one mile from the surface water

source through a critical ground water area (Oregon Admin. Rules, 690-009-0010 to

0050).



2.7 TEXAS 

2.7.1 Background

Texas is one of the rare western states that both uses the prior appropriation

doctrine and recognizes the riparian rights that were in place before the doctrine was

adopted. Texas began using the riparian doctrine when the Spanish settled San Antonio.

These Hispanic practices were continued until 1840 when the Texas Congress adopted

the common law of England and the English riparian doctrine (The Handbook of Texas

Online). By 1895 the state recognized the unsuitability of riparianism and adopted the

doctrine of prior appropriation (The Handbook of Texas Online); however, the state does

recognize preexisting riparian rights (The Handbook of Texas Online): "This code does

not recognize any riparian right in the owner of any land the title to which passed out of

the State of Texas after July 1, 1895" (Texas Water Code, Ann, sec 11.001). The state

introduced more strict administration rules for granting water rights including making an

application to the Texas Water Commission (TWC) in 1913 (The Handbook of Texas

Online).

2.7.2 Water Adjudication Act

The Water Adjudication Act was passed in 1967to remedy the problems

encountered with the adjudication proceedings of the Lower Rio Grande. This act set up
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a "complex administrative and judicial adjudication procedure" requiring all unrecorded

water right claims to be filed with the TWC by 1969 (The Handbook of Texas Online).

Following this act, a number of things happened for the first time "nebulous riparian

rights and other unrecorded water rights were ... limited to a specific maximum quantity

of water,.. .the number of permit holders [was] limited, and permits became subject to

cancellation for nonuse "(The Handbook of Texas Online).

2.7.3 Percolating Waters and Underground Streams 

Groundwater is divided into two classes under Texas law: percolating waters and

water in well-defined underground streams (The Handbook of Texas Online). The Texas

courts assume all underground waters are percolating unless they are proven to flow in

defined underground streams (The Handbook of Texas Online). Percolating waters are

subject to the English common law, or absolute ownership. As stated in the water law

introduction, common law is the right to pump as much underground water underlying

your property with no consideration of the effects on others. This doctrine was

established as the rule for Texas's percolating waters in the Houston and Texas Central

Railroad Company v. WA. East. In this suit East, an underground water pumper, called

for the repayment of damages by the railroad company when it drilled and pumped

caused his well to dry up (Houston v. East). The trial court decided in favor of East

believing the railroad company's use was not reasonable. The Court of Civil Appeals

then reversed the decision citing the common law as its reasoning (Houston v. East). In

Pecos County v. Williams, the plaintiff claimed that the drilling and use of wells
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southwest of their land by the defendants had caused Comanche Springs to dry up (Pecos

County v. Williams). Comanche Springs was the source of water for irrigation for the

plaintiffs for many years (Pecos County v. Williams). The court rejected the request for

an injunction to be placed on the defendant's and states as part of its reasoning that

"with reference to plaintiffs claim of appropriation it is clear on
the authority of the Texas cases cited above that its appropriation,
if any, could extend only to the waters of Comanche Springs at and
after their emergence from the ground, and the same is true of
riparian rights" (Pecos County v. Williams).

Absolute ownership, or sometimes referred to as the rule of capture (a legal term

not to be confused with the hydrologic term "capture"), is still the rule governing Texas's

underground water resources. Though this law will eventually prove detrimental to the

community it is still being upheld by the courts. The 1998 case of Fain v. Great Springs

Waters of America, Inc., upheld the rule of capture when a water bottling company

drained the domestic wells of nearby landowners. The landowners proposed, "it was

time to overrule the 'absolute ownership rule' (Fain v. Great Springs). In response to

this proposition, the court stated "it would be more appropriate for the legislature or the

Supreme Court of Texas to fashion a new rule if it should be more attuned to the

demands of modern society" (Fain v. Great Springs). The 2001 case of Lamesa v. High

Plains Underground Water Conservation District found that the water code does not

"clearly authorize the District to revoke or deny a well pennit to
prohibit the production of a disproportionate amount of
groundwater as it relates to the tract size...because the right to
withdraw underground percolating water is not correlative, but is
"absolute," and the Legislature has not enacted a "reasonable use"
rule as exists in other jurisdictions.. .the Legislature [has] provided
that nothing in the Code shall deprive or divest the owners of



81

groundwater of their ownership rights, we hold that the applicable"
(Lamesa v. High Plains).

2.7.4 Underflow

Texas, however, does recognize underflow and subjects it to the rules of prior

appropriation. Underflow is "that portion of the flow of a surface watercourse occurring

in sand and gravel deposits beneath the surface of the bed of the stream" (Caroom, 1999).

Underflow is considered to be hydrologically connected to the stream, and, therefore,

underflow is a property of the state and subject to the rules of prior appropriation as

stated in Texas law:

"The water of the ordinary flow, underflow, and tides of every
flowing river, natural stream, and lake, and of every bay or arm of
the Gulf of Mexico, and the storm water, floodwater, and rainwater
of every river, natural stream, canyon, ravine, depression, and
watershed in the state is the property of the state" (Texas Water
Code, Ann., sec 11.021).

In 1949, the Texas legislature passed a law allowing for the voluntary

establishment of underground water conservation districts (UWCD's) and the designation

of underground reservoirs (Ashley, 1999). These groundwater districts then had

"discretionary power to regulate groundwater withdrawals as long as landowners did not

lose their 'ownership' of groundwater" (Ashley, 1999). The following abilities all fall

under the power of a UWCD:

1. "To provide for the spacing of water wells;" and
2. "To regulate the production of wells;" and
3. "To minimize as far as practical the drawdown of the water

table" Ashley, 1999; & Texas Water Code, Ann., sec 52.117).
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By 1985, the underground reservoir concept was changed to a management area. This

new management area could also take into consideration political boundaries not just

aquifer boundaries (Texas Natural Resource Conservation Commission and the Texas

Water Development Board, 2001). In addition, the critical area program was developed

(Texas Natural Resource Conservation Commission and the Texas Water Development

Board, 2001). In 1989, management areas were again renamed as groundwater

management areas and groundwater districts were required to develop a management

plan (Texas Natural Resource Conservation Commission and the Texas Water

Development Board, 2001).

2.7.5 Senate Bill 1 

In 1997, the Texas Legislature passed Senate Bill 1 (SB 1), "a comprehensive

water resource planning, management, and development bill" (Hubert, 1999). Under SB

1, the groundwater conservation district was recognized as the state's preferred method to

manage the groundwater resources (Hubert, 1999). In general, this bill granted more

power to the districts. Districts could now require "more thorough permits for

groundwater withdrawal, exempt more types of wells from obtaining permits when

appropriate, and promulgate rules to require a permit before water is transferred outside a

district" (Hubert, 1999). Along with the power comes more accountability; so districts

are now required to have an even more comprehensive plan and to have the plan certified

by the Texas Water Development Board (TWDB) (Hubert, 1999). Addressing areas with

a high risk of groundwater problems, the state renamed the former critical areas as
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priority groundwater management areas (PGMA's) and told the Texas Commission on

Environmental Quality (TCEQ) and TWDB to complete designations of PGMA's by

Sept 1, 1998. The TCEQ and TWDB will also have to submit a biannual report to the

legislature pertaining to the status of these PGMA's (Hubert, 1999). SB 1 also

considered the role of educating the public. The state charged the Texas Agricultural

Extension Service with beginning an educational program geared toward the residents of

PGMA's to increase awareness of the area's water resources and management options

(Hubert, 1999).

2.7.6 Senate Bill 2 

The passage of Senate Bill 2 (SB 2) in 2001 focused on the financing of water

resources management; however, it did include certain statues relating to the stream-

aquifer system. Under SB 2, the state created the Texas Water Policy Council (Council).

The Council will "heighten the level of dialogue on significant water policy issues, and

will strive to provide focus, guidance, and direction on state water policy initiatives"

(Texas Water Foundation). Some key areas that the council will provide guidance on are:

1. "promoting conjunctive use / management of surface and
groundwater;

2. acting as policy liaison regarding the ongoing role and function
of groundwater districts;

3. optimal financing for surface water and groundwater projects;
4. ensuring commonality of technical data and information for

seamless transition between water planning and water
permitting" (Texas Water Foundation).
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Under SB 2 the groundwater districts' management plans must be consistent with the

state water plan (Texas Water Foundation). The designation of groundwater management

areas is now under the responsibility of the TWDB, and the TWDB must designate

groundwater management areas for all major and minor aquifers by September 2003. All

PGMA's must be designated by TCEQ by September 2005 (Texas Water Foundation).

The completion of the TWDB water survey was made mandatory (Texas Water

Foundation). SB 2 encouraged the creation of groundwater districts within PGMA's and

GMA's, and the bill substantially increased the joint planning responsibilities of

groundwater districts that share a management area by allowing joint contracting of

studies and the request for any inquiry of the neighboring district by the TCEQ if that

district refuses to join in the planning process (Texas Water Foundation).

2.7.6 Edwards Aquifer

The Edwards Aquifer is worth mentioning for Texas water law. The aquifer is

located in Southwest Texas and provides the sole source of water for San Antonio (sax et

al., 2000). One portion of the aquifer emerges as springs and provides the habitat for

numerous endangered species (Sax et al., 2000). Groundwater pumping, especially in

times of drought, severely affects these springs drying up the habitat of the endangered

species. Under the protection provided by the Endangered Species Act, the Sierra Club

filed a lawsuit against the Secretary of the Interior, Sierra Club v. Babbit (Sax et al.,

2000). The lawsuit requested that pumping should be restricted to allow sufficient water

for the springs for a suitable habitat. The court's ruling was in favor of the Sierra Club,
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and the court required the state to enact a plan that would protect the species of this

aquifer. Texas, in turn, created the Edwards Aquifer Authority, which was granted the

power to regulate groundwater withdrawals and to manage the aquifer (Sax et al., 2000).

Though Texas strictly adheres to the rule of absolute ownership of groundwater,

the Edwards aquifer case shows that abuse of this rule affected the aquifer causing the

discharge to critical springs to decrease dramatically (Miles, 1997). Absolute ownership

only allows other water users protection from malicious users or needless waste of the

water. Both of these protections are rarely seen in the courts. The Texas law provides no

recourse for those who wish to conserve a natural resource or protect their own more

senior rights on a watercourse. A surface water user can only find protection by proving

that groundwater user is pumping underflow. The cost of the burden is on the senior

surface water appropriator affording very little protection for that senior user.



2.8 WASHINGTON

2.8.1 Background

Both surface water and ground water are subject to the prior appropriation

doctrine in the state of Washington. In 1913 the Supreme Court of Washington in

Patrick v. Smith adopted the concept of correlative rights as pertaining to percolating

waters:

"The principles of natural justice and equity demand the
recognition of correlative rights in percolating subterranean waters,
so that each landowner may use such water only in a reasonable
manner and to a reasonable extent upon his own land and without
undue interference with the rights of other landowners to a like use
and enjoyment of waters percolating beneath their lands" (Patrick
v. Smith).

Later in Evans v. Seattle the Supreme Court of Washington upheld the Patrick v. Smith

ruling: "The reasonable use and the correlative rights doctrine seem to us not only to have

been already adopted in this state by the Patrick case, supra, but to be the more

reasonable and just mie" (Evans v. Seattle).

2.8.2 Washington Water Code

Prior appropriation was first applied to surface water by the Washington Water

Code of 1917. This code called for a beneficial use, that water must be available, that no
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other rights should be impaired, and that the use should not be detrimental to the public

welfare (Department of Ecology). Before this code was in place, the state of Washington

recognized riparian rights. After its passage, a State Supreme Court case called for a 15-

year period after the code enactment for riparian users to put their water to a beneficial

use to have their rights recognized (Department of Ecology).

Almost thirty years later, the Groundwater Code of 1945 applied the prior

appropriation doctrine to groundwater (Department of Ecology). This code gave a 3-year

period for existing groundwater users to prove the water had been put to beneficial use to

acquire an appropriated right (Department of Ecology).

2.8.3 Water Resources Act

The Water Resources Act of 1971 authorized data collection and comprehensive

management plans (Department of Ecology). Under this act, minimum instream flow

levels were enacted basin-wide. Now, proposed water rights are granted until these

levels have been declared (Department of Ecology). The priority date of the instream

flow corresponds with the date of the adoption of the plan (Depaitinent of Ecology).

Currently, under Washington code groundwater belongs to the public and is

subject to prior appropriation (Washington Revised Code § 90.44.040). Washington law

also explicitly recognizes the interconnection of surface and ground water:
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"to the extent that any underground water is part of or tributary to
the source of any surface stream or lake, or that the withdrawal of
ground water may affect the flow of any spring, water course, lake,
or other body of surface water, the right of an appropriator and
owner of surface water shall be superior to any subsequent right
hereby authorized to be acquired in or to ground water"
(Washington Revised Code § 90.44.030).

This is again reiterates the recognition of the concept of capture in Washington state law.

Washington's Department of Ecology (DOE) is the only state agency with the power to

establish and designate minimum instream flows and levels. Once one of these

flows/levels is designated any new permit for surface waters or ground waters will be

conditioned to discontinue pumping if the flow or level falls below the designation

(Washington Revised Code § 90.03.247). These flows/levels are considered an

appropriation and are given the priority date as "of the effective date of their

establishment" (Washington Revised Code § 90.03.345).

Washington also does not distinguish "percolating" waters as other western states

do. Under the regulation of public ground waters section in the revised code the term

ground waters is defined as

"all waters that exist beneath the land surface or beneath the bed of
any stream, lake or reservoir, or other body of surface water within
the boundaries of this state, whatever may be the geological
formation or structure in which such water stands or flows,
percolates or otherwise moves" (Washington Revised Code §
90.44.035).

More recently, several developments have added to or clarified Washington statute. In

July 1996, the Pollution Control Hearings Board (PCHB) opined that hydraulic continuity
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is established if any water being extracted would have eventually contributed to the

surface water (Glennon and Maddock, 1997). The PCHB also offered that the DOE

could consider the cumulative impacts of multiple numbers of proposed ground water

extractions that are considered to have negligible effects on the surface water (Glennon

and Maddock, 1997).

In May 1997, the Washington Court of Appeals reiterated that "the rights of

surface water appropriators are superior to those subsequently acquired of underground

water that is tributary to the source of the surface water or that may affect the flow of the

surface water" (Hubbard v. Washington). Second, the court clarified Washington statute

that ground water permits may be conditioned if minimum instream flows / levels were

designated for a surface water (Hubbard v. Washington). Behind the court's reasoning

was a Washington statute that declared minimum instream flows/ levels as appropriations

with priority dates. As long as there was a determined hydraulic connection between the

ground water and the surface water source, all new ground water extractions should be

subject to a conditioned permit. This permit should protect the existing senior right of a

minimum instream flow from impairment (Hubbard v. Washington).

2.8.4 Postema v. The Pollution Control Hearings Board

In 2000, Postema v. The Pollution Control Hearings Board the Supreme Court of

Washington concluded that "hydraulic continuity between groundwater and a surface

water source with unmet minimum flows or which is closed to further appropriation is
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not, in and of itself, a basis on which to deny an application to withdraw groundwater"

(Postema v. Jorgensen) and that the PCHB's "determination that hydraulic continuity

equates to impairment as a matter of flow" is wrong (Postema v. Jorgensen).

Furthermore, the court said, "however, where there is hydraulic continuity and

withdrawal of groundwater would impair existing surface water rights, including

minimum flow rights, then denial is required" (Postema v. Jorgensen). Addressing

hydraulic continuity and stream closures the Supreme Court stated:

"Stream closures by rule embody Ecology's determination that
water is not available for further appropriations. Since this is a
basis on which a water permit application must be denied under
[statute] independent of the question whether a withdrawal would
impair an existing right, we hold that a proposed withdrawal of
groundwater from a closed stream or lake in hydraulic continuity
must be denied if it is established factually that the withdrawal will
have any effect on the flow or level of the surface water" (Postema
v. Jorgensen).

The court agreed that a minimum flow designation was an appropriation (13). The court

also agreed that the Department of Ecology's intent was "to prevent interference with

instream flows" (Postema v. Jorgensen). The court further declared "all senior rights in a

stream could be impaired by incremental impacts of groundwater withdrawals, none of

which alone was 'direct and measurable', (Postema v. Jorgensen) which was in

reference to an appellants assertion that Ecology should be able to directly measure the

wells impact. Rejecting the Board's conclusion that unmet minimum flows for a

substantial amount of time constituted an impairment of senior rights, the Supreme Court

cited the findings of King County Superior Court. This court found that:
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"existing rights may or may not be impaired where there is
hydraulic continuity depending upon the nature of the
appropriation, the source aquifer, and whether it is upstream or
downstream from or higher or lower than the surface water flow
level, and all other pertinent facts" (Postema v. Jorgensen).

According to the Supreme Court of Washington the Department of Ecology's

current preferred method for determining the effects groundwater withdrawals will have

on surface waters is the use of a three-dimensional computer model (Postema v.

Jorgensen). In addition, the DOE concluded that the published Morgan and Jones model

for Puget Sound could be used for the watersheds concerned in the Postema v. The

Pollution Control Hearings Board case since the "climate, topography, and geology in

[those] watersheds were similar" (Postema v. Jorgensen). Finally, "Ecology should not

be able to rely on use of out-of-date methodology which would allow impairment of

surface water rights...[and] would be inconsistent with the statutes prohibiting the grant

of applications where impairment would occur" (Postema v. Jorgensen), and applicants

should also be allowed the opportunity to challenge Ecology's findings (Postema v.

Jorgensen).
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2.9 WATER LAW CONCLUSION

All of the eight western states' legislatures included in this study had adopted

prior appropriation as applying to surface waters by 1920. Kansas, however, was the

only state where the courts continually rejected the legislature's declaration until 1945.

Once the Kansas Legislature passed the Water Appropriation Act in 1945 and declared

surface waters subject to prior appropriation, the courts accepted prior appropriation as

the state water law. Groundwater doctrines were officially adopted by the 1950's by

either case law or legislative action in each state. Texas declared absolute ownership as

its groundwater doctrine in the early 1900's while the Arizona legislature did not

explicitly refer to groundwater until 1948 in its Critical Groundwater Code. By far, most

states did not have an official doctrine for groundwater until the 1930's to 1940's when it

was necessary to address the subject due to the invention of the turbine pump. Actual

recognition of the stream-aquifer system ranged from when the states adopted prior

appropriation for all waters to when hydraulic connectivity was explicitly recognized by

recent law, as in Nebraska's LB 108. Other states have recognized the connection

between groundwater and surface water through a series of court cases. For instance,

Texas does not have any specific laws pertaining to this interaction other than underflow

which must be proven to flow in defined underground streams, but the it does have the

notable Edwards Aquifer case where well pumping was restricted for its impact upon

surface waters and endangered species.
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Other than Texas, each of the studied states has some larger form of recognition

of the stream-aquifer system. Four of the states use one of the four groundwater

doctrines while the rest use the doctrine of prior appropriation. Arizona has a defined

"subflow" zone that has gone through some changes and redefining in recent years. A

well's cone of depression that reaches the subflow zone can be considered as pumping

within the "subflow" zone allowing for even greater protection from junior groundwater

pumpers for senior surface water right holders.

Colorado takes a different approach. Under its law, all groundwater is considered

tributary to a stream unless proven otherwise. As long as groundwater is considered

tributary it falls under the doctrine of prior appropriation. Since the burden of proof lies

on a groundwater user to provide evidence that the groundwater is in fact nontributary,

the senior surface water user is provided protection from a junior groundwater user.

Nebraska uses a modified correlative rights doctrine that allows a sharing of water

in times of shortage. Several court cases have upheld this doctrine as the rule for

Nebraska and have enjoined pumpers. Since this doctrine provides little, if any,

protection to senior surface water users, Nebraska explicitly recognized the stream-

aquifer system in its 1996 Legislative Bill 108. LB 108 allowed for the creation of

groundwater-management areas that have the sole purpose of integrating the management

of groundwater and surface water, and it noted that hydraulically connected waters may

deserve special attention.
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Regarding the four states that apply prior appropriation to both surface water and

groundwater, Washington appears to be the most advanced. New Mexico, Oregon, and

Kansas all provide senior surface water right holders some protection from junior

pumpers. New Mexico applies the Templeton doctrine that allows a senior surface water

right holder to switch to groundwater pumping if the surface water right is not being

fulfilled. This doctrine leaves little room for when all surface water users have switched

to pumping groundwater. It provides minimal protection for the surface water user by

allowing them to supplement their right with groundwater, but the cost of installing a

production well falls on the surface water user. Only time will show that more protection

for surface water users will be needed.

Oregon applies several conditions upon groundwater users where the aquifer is in

hydraulic connection with a stream. If any of these conditions are met then the well is

"presumed a potential cause of substantial interference with the surface water source"

(Maddock and Glennon). Once the well is presumed as a potential cause for interference,

the Oregon Department of Water Resources can place restrictions upon groundwater

pumping.

Kansas recognizes the interaction in its Water Appropriation Act where it is stated

that no proposed use can impair an existing use. An impairment was defined as an

unreasonable lowering of the water table. Though, the Nebraska law provides some
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protection from junior pumpers it still has room for improvement. The definition for

impairment is vague and subject to interpretation. A groundwater pumper could see a

certain lowering as reasonable while a surface water user watching his water right seep

into the aquifer could see that lowering as unreasonable.

Washington on the other hand offers the most comprehensive package and

scientific reality. Its instream flow appropriations allow for minimal stream flows. As an

appropriation, these instream flow rights have an appropriation date of the date when the

minimal flow was proclaimed. Any junior groundwater right is then conditioned so that

its pumping does not diminish the minimal flow thereby protecting surface water rights

from damage. The recent PCHB hearings have weakened the protection provided by

these instream flows by opining that damage to the minimal flow is not enough to close

the river to appropriations. To deny a proposed groundwater right the Washington DOE

must establish both hydraulic continuity between the stream and aquifer and impairment

to the surface flow including minimal flows. The PCHB also reinforced that it is the job

of the DOE to protect stream flows from interference and noted that cumulative impacts

from seemingly negligible individual withdrawals can impact the surface flows.

Washington has been described as the "scientific ideal. By far, it is the most progressive

state in recognizing the stream-aquifer system and the concept of capture. Not only does

Washington integrate its rights for both surface and groundwater, but it also recognizes

the inherent value of water in rivers for ecological reasons and for providing protection to

senior surface water users.



Part III: Modeling: Case Studies

3.0 INTRODUCTION 

Most of the Western states recognize the stream-aquifer interaction. The

bifurcation of laws such as in Arizona requires delicate handling and informed decision

making on the part of ADWR. Other states integrate their water rights, both groundwater

and surface water, by applying prior appropriation to both "types" of water. In either

case, most states either have stipulations for wells capturing surface flows such as

Colorado's tributary waters and Texas's underflow or the states call for the establishment

of hydraulic continuity and no impairment to surface flows such as in Washington. To

determine impairment, underflow, or if the con of depression reaches a "subflow" zone,

many state water agencies turn to numerical models. Numerical modeling is an

"effective method to track stream flows, evaluate water rights diversions and assess

return flows...,[and it] removes personal bias inherent in the visual observations often

relied upon by water resources managers and makes results available to a wider spectrum

of the water management community" (McCurry, 2002).

One of the most widely used models is the U.S. Geological Survey's modular

three-dimensional finite difference groundwater flow model, MODFLOW. This model

simulates groundwater flow in either three or two dimensions using the groundwater flow

equation. The program consists of several subroutines, or modules. In turn, these
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modules are grouped together in packages. Packages include Basic, Clock-Centered

Flow, Well, River, Drain, Evapotranspiration, Recharge, and Solver. The modular

makeup of the program allows specific hydrologic features to be examined separately and

allows more packages to be developed and easily added to the model (McDonald and

Harbaugh, 1988).

Depending upon a case by case basis, other models may be chosen to model the

particular situation needing attention. Several modeling packages are available for

modeling the stream-aquifer system, as is the option of developing a case specific model.

Some of the more commonly used programs are the hydrologic River Operation Study

System (HYDROSS) developed by the Bureau of Reclamation in 1977. HYDROSS is

capable of simulating the effects of existing and proposed demands on a river basin

(Colorado Decision Support System's Website; Task Memorandum 1.15-1). Another

common model is MODSIM-DSS developed at Colorado State University. MODSIM-

DSS is a generalized river basin decision support system and network flow model

(Colorado State University). It can be linked with stream-aquifer models to determine

the effects on conjunctive use (Colorado State University). RiverWare was developed by

the Center for Advanced Decision Support for Water and Environmental Systems

(CADSWES) at the University of Colorado at Boulder. This model can simulate river

basins and their operations and planning. In addition, policy is entered as user-defined

data. Its capabilities include modeling groundwater return flow, diversions, and aquifer

storage. Currently, RiverWare is used by the U.S Bureau of reclamation and the
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Tennessee Valley Authority (TVA) as replacements for their obsolete models (RiverWare

website).

This section presents three case studies of how models or techniques have been

used to determine groundwater pumping's effect on surface flows. The first case

examines the model being used in Kansas v. Colorado. The Hydrologic Institutional

Model (HI Model) was designed by the Kansas team to determine the quantity of water

depleted from the Arkansas River by Colorado groundwater wells. The second case

study is the development of the Colorado Decision Support Systems by the Colorado

Department of Water Resources. These systems are being designed to determine the

overall effects on the basins from interstate compacts, policy, and water rights

administration. Finally, the third case study examines the Arizona Department of Water

Resources' proposed technique for determining the jurisdictional subflow zone and a

well's cone of depression.



3.1 HYDROLOGIC INSTITUTIONAL MODEL

3.1.1 Arkansas River Compact

Like most interstate river compacts, the Arkansas River Compact (ARC) was the

result of a dispute between Colorado and Kansas over the surface waters of the Arkansas

River. Both states have been using Arkansas River water for irrigation since the 1880's,

and both states have used groundwater to supplement surface water diversions (Robbins,

2001). The largest reservoir on the river, the John Martin Reservoir (JMR) in Caddoa,

Colorado, was completed in 1948 to provide flood control and water conservation for

both Colorado and Kansas (Robbins, 2001). Apportionment of the benefits of this

reservoir was the job of the commissioners of the ARC (Robbins, 2001).

The commissioners from Kansas and Colorado signed the ARC in 1948; it was

ratified the following year by Congress and the legislatures in both states (Robbins,

2001). In general, the Compact pertains to the apportionment and related matters of the

waters of the Arkansas River.
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Apportionment for each state is dependent upon "the right of both states to make

demands for releases from John Martin Reservoir (JMR) at the times and rates specified

in the Compact" (Robbins, 2001). According to the ARC, the available storage in JMR

allows 60% to be given to Colorado and 40% to be given to Kansas (Robbins, 2001).

Measurements of released water are taken in different areas along the river. Colorado's

measuring point is at JMR dam, and Kansas's measuring point is downstream at the

Stateline. These two different locales are beneficial for Colorado. Instead of measuring

Kansas's portion of releases at the dam, Colorado gets the added benefit of accretions and

return flows in the areas between the dam and the Stateline to help make up the Kansas

delivery (Robbins, 2001).

Pueblo Reservoir and the Winter Water Storage Program

In 1962, Congress authorized the construction of Pueblo Reservoir just upstream

of Pueblo, Colorado (Littleworth, 1994). The reservoir's purpose was to provide flood

control, regulate transmountain water imports from the western side of the Rockies, and

regulate wintertime flows (Littleworth, 1994). The Winter Water Storage Program

(WVVSP) allowed Pueblo Reservoir, JMR, and other various off-channel reservoirs to

store winter flows for use during the summer irrigation season (Littleworth, 1994). This

program officially began in 1976, but was not put into effect until 1978 (Littleworth,

1994).
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The 1980 Operating Plan

The 1980 Operating Plan of JMR gives 40% of the conserved water in the

reservoir to Kansas and 60% to Colorado (Littleworth, 1994). The plan allows for

Kansas or Colorado to call for the release of water at any time (Littleworth, 1994). The

Colorado portion is divided into specific proportions for various canal companies

(Littleworth, 1994). Certain canal companies also hold rights to store water in JMR

under the 1980 plan (Littleworth, 1994). Winter flow water is also stored in JMR as part

of the 1980 Operating Plan (Littleworth, 1994).

3.1.2 Kansas v. Colorado

In Kansas v. Colorado, Kansas sued Colorado for not complying with the ARC.

In 1986, the Supreme Court granted Kansas leave to file a complaint against Colorado, in

which it was alleged that increased groundwater pumping by Colorado since the signing

of the Compact had decreased the amount of "usable" flow at the Stateline. A 1985 study

showed Colorado had 2,062 permitted wells, all of which were wells with a 100 g.p.m.

pumping capacity or larger (Littleworth, 1994). This complaint referred to violation of

Article IV-D, which states:

"This Compact is not intended to impede or prevent future
beneficial development of the Arkansas River basin in Colorado
and Kansas by Federal or State agencies, by private enterprise, or
by combinations thereof, which may involve construction of dams,
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reservoir, and other works for the purposes of water utilization and
control, as well as the improved or prolonged functioning of
existing works: Provided, that the waters of the Arkansas
River...shall not be materially depleted in usable quantity or
availability for use to the water users in Colorado and Kansas
under this Compact by such future development or construction"
(emphasis added) (Kansas v. Colorado, 1995).

In response to the allegation, the Special Master required Kansas to prove its point by a

"preponderance of evidence." Colorado made an exception, arguing that Kansas should

have to present clear and convincing evidence. The Special Master rejected this

exception and concluded that "regardless of which burden of proof applies" he has "no

difficulty in concluding that [post-Compact] pumping in Colorado had caused material

depletions of the usable Stateline flows of the Arkansas River" (Kansas v. Colorado,

1995).

The Supreme Court agreed and overruled Colorado's exception. The trial was

split into two phases: the liability phase and the remedy phase (Robbins, 2001). During

the liability phase, the Hydrologic Institutional Model (HI Model) was used to determine

depletions to usable Stateline flows. The remedy phase used the HI Model to determine

further Stateline depletions, compact compliance, and the adequacy of the rules instituted

by the Colorado State Engineer to alleviate the capture of Arkansas River water by

groundwater pumpers. In addition, during the liability phase, Colorado developed its

own model. During the trial Colorado decided to shelve its model and agreed to use the

HI Model for determining Stateline depletions and compact compliance. This report will

focus solely on the HI Model, its versions, evolution, and criticisms. In its evolution, the
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HI Model went through several revisions by both the Kansas and Colorado Teams. The

goal of this section is to present a chronologically concise summary of each model

revision. All model versions mentioned in this Section are versions of the HI Model.

Each Model version has been specifically named. Many of the expert reports refer to

some of the versions by several names. This paper will reference those names as they

apply but will attempt to keep the appointed name to avoid confusion.

3.1.3 Kansas's Original HI Model 

General Info and Structure of Model

Timothy J. Durbin, the former District Chief, California District, for the USGS,

developed Kansas's Original HI Model in 1985. To begin his analysis of the ARC

compliance, he initially concluded from statistical and water budget analyses that

"Stateline flows were substantially lower in the late postcompact period (1970-85) than in

the earlier postcompact period *1948-59), and that increased consumption within

Colorado had caused the decline" (Littleworth, 1994). Since his statistical plots and

analyses did not explain the decline, he developed the HI Model (Littleworth, 1994). The

purpose of the model was to "distribute the overall effects to individual causes" and to

"quantify the effects of an individual cause of depletions" (Littleworth, 1994). Durbin's

model was designed to receive input as both direct data and as generated output from

other models/analyses (Fig. 12). In addition, the design attempted to represent surface

,
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and groundwater processes and their effect on each other. This model version and

sequential model versions extend from Pueblo, Colorado, to the Stateline and contain 18

river reaches and 89 water rights for 23 canal companies (Littleworth, 1994). Describing

the task undertaken by this model, the Special Master, Arthur Littleworth, noted that the

HI Model "represents an enormously difficult task, the complexities of which may not

have been fully appreciated when Durbin began to develop the basic structure of the

model" (Littleworth, 1994). 

Hydrologic Institutional Model   

Raw Data        

Other Models or Analyses
(i.e. Rainfall/Runoff Model) 

Figure 12: Generalized Hydrologic Institutional Model Input.

Durbin "relied upon" a 1974 USGS model of the Arkansas River that covered the

years 1941-1965 (Littleworth, 1994) and that was "neither required nor intended to

provide the level of accuracy and detail demanded in an adversarial trial" (Littleworth,

1994). The USGS model had several shortcomings some of which are: no winter

diversions by ditches, no representation of conservation storage in JMR, and well
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pumping was not determined but instead wells were allowed to pump to maximum

capacity until the water right was fulfilled (Littleworth, 1994). His new model consisted

of several models, modules, and sub-routines. Twelve groundwater models were used:

two for the valley fill, eight for the bench aquifers, and two for long canals (Fort Lyon

and Amity). A rainfall-runoff model estimated runoff from ungaged tributary basins.

This annual data produced by the rainfall-runoff model was then run through a special

version of the HI Model to estimate monthly tributary flow. Subroutines calculated

amounts of water consumed by crop evapotranspiration and "the amounts of applied

water returned to the river as surface runoff or recharged to the groundwater system"

(Littleworth, 1994).

The study period for the model was January 1950 to December 1985 with output

in monthly time intervals. The model took into account all major diversions, irrigation

pumping (valley fill and bench), off-channel reservoirs, operations of JMR,

transmountain deliveries, consumption by phreatophytes, evaporative losses, canal and

lateral seepage, return flow from irrigation, tributary inflow, precipitation, and crop and

non-crop evapotranspiration (Littleworth, 1994).

Conditional Runs

Depletion to Stateline flow required two different runs of the HI Model: a

historical run and a compact run. First, the model was run with actual historical
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conditions including historic pumping, the WWSP, transmountain water imports, and the

1980 Operating Plan of JMR. The subsequent compact run included all of the historic

conditions except the groundwater pumping that occurred after the 1948 compact. The

difference between the flows at the Stateline in the two runs showed the depletion due to

groundwater pumping. This depletion, however, was not the depletion to "usable"

Stateline flows. This version of the HI Model calculated 1,581,000 acre-feet total

depletion for the 1950-85 period (Littleworth, 1994). The method to calculate usable

flow was agreed upon later in trial. Discussion of usable flow can be found in the

Papadopulos-Spronk Model section.

Conditional cases were also run for the Winter Water Storage Program,

transmountain imports, and the 1980 Operating Plan for JMR to determine each of their

effects on Stateline flow. Depletions were calculated in the same manner as post

compact pumping depletions (Littleworth, 1994).

Colorado's Criticism

Colorado delegated the task of analyzing the HI Model to one of its expert

witnesses, Dewayne R. Schroeder. He identified 16 coding errors and various

inappropriate assumptions contained in the Original HI Model. Schroeder and other

expert witnesses for Colorado also identified other problems (Littleworth, 1994):
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1. A reliance upon the rainfall-runoff model to estimate ungaged
tributary inflow;

2. a failure to calibrate the groundwater model to water levels;
3. the treatment of the groundwater aquifer as a linear system;
4. the unreasonable estimates of deep percolation;
5. a failure to divide the river into sufficient reaches;
6. a failure to account for precipitation in the logic used to predict

Kansas' demands for releases from John Martin Reservoir;
7. the inaccurate assignment and distribution of pumping and

irrigated acreage figures among the various canal companies;
and

8. the underestimation of water consumption by phreatophytes
(Littleworth, 1994)

Not only would some of these problems be addressed in later versions of the

model, but the Kansas experts also testified that "the results of the original HI

Model were not reliable" (Littleworth, 1994).

Calibration

Colorado's expert witness, Dr. Devraj Shall	 ia, considered the Original HI Model

to be poorly calibrated. To support his position he called attention to Durbin's

hydrographs. Durbin had used a series of hydrographs to show the match between

predicted and observed groundwater levels. Sharma revealed that these hydrographs had

been "clipped" or values had been intentionally removed to obtain more favorable results.

When all of the values were used in these hydrographs, it showed that 30% of the wells

had predicted water above the surface or below the bedrock (Littleworth, 1994). Dr.

Freeze agreed with Dr. Sharma and concluded that the Original HI Model was not
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"properly calibrated" (Littleworth, 1994). Schroeder, too, noted that the HI Model

problems "go quite deep" (Littleworth, 1994).

3.1.4 Replacement HI Model 

During the part of the trial that concerned the HI Model, Durbin was hospitalized

and, consequently, unable to continue work on the model. Kansas instituted a

replacement team of Brent E. Spronk and Dale E. Book from Spronk Water Engineers

and Dr. Lawrence J. Lekoff to continue their work and to testify for the Original HI

Model and their new model version, the Replacement Model. Two new members

subsequently joined the Kansas team: Steven P. Larson from S.S. Papadopulos and

Associates and Thomas A. Prickett from Thomas A. Prickett and Associates (Littleworth,

1994).

The replacement model not only fixed many of the glaring errors in the Original

HI Model, but it also attempted to improve upon matters raised in the cross examination.

Colorado agreed that the 16 code errors identified in the Original model were now

corrected (Littleworth, 1994). Larson testified that the Replacement HI Model still

supported Durbin's original conclusions that Stateline flows were lower in postcompact

years and that as the years went by flows continued to decrease at the Stateline for the

same basin inflows (Littleworth, 1994).
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New Changes

1. the annual data from the rainfall-runoff model was now
directly entered into the HI Model; previously it had monthly
data that had been converted from the annual data;

2. calibration was made with winter streamflows instead of
groundwater levels;

3. diversion reduction factor and a canal capacity reduction factor
were inserted to achieve calibration (Littleworth, 1994).

The diversion reduction factors and the canal capacity reduction factors immediately

came under fire by the Colorado Experts as improper factors to use for calibration.

Colorado argued that the factors did not "represent any physical process." These

diversion reduction factors (drf's) were applied to the Amity and Colorado Canals, to the

Fort Lyon junior rights, and to the Great Plains reservoir system. Depending on where

they were applied, the drf's caused a reduction in diversion amount of 15 to 25%

regardless of whether water was available to fulfill the entire right in demand. This 15 to

25% of unused water was then transported directly to storage in JMR or to the Stateline

and was not available to downstream users. The canal capacity reduction factors were

similar and caused numerous canals appear to be able to carry less water than they

physically could in reality resulting in less water being diverted to fulfill a right. Unused

water was treated in the same manner as in the case of the drf (Littleworth, 1994). These

factors proved to be an enormous source of contention between the two states Kansas's

experts testified that these constraints (drf's and canal capacity reduction factors) were

necessary to achieve calibration (Littleworth, 1994). Colorado, on the other hand, argued
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that the insertion of these factors do not represent hydrologic reality and are logically

flawed.

Calibration

Proof of model calibration was presented by Kansas through two types of

charts/diagrams. First, Kansas presented line diagrams of observed streamflow and

predicted streamflow along several points on the Arkansas River. Again, the streamflow

used for calibration was winter streamflow. The scale of this chart was noted by the

Special Master as having a small scale, however, the correlation seemed to be

"reasonable." The second diagram was a scatter-plot showing the correlation between

observed and predicted diversions. Kansas's experts alleged that calculating the

difference in results by different model runs (i.e. the historic run minus the run with only

pre-compact pumping) would reduce the amount of uncertainty by canceling out the

errors found in approximating input data. Kansas testified that the model was both

calibrated and that it did "a very good job" of predicting diversions (Littleworth, 1994).

Duane D. Helton was another expert witness for Colorado, the official state member on

the compact administration, and chairman of the special engineering committee for the

administration (Littleworth, 1994). He testified that the HI Model "give[s] a rough idea

of impacts from well pumpage. But I think that rough idea is valid only on a long-term

average" (Littleworth, 1994).
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Both Colorado and the United States presented evidence that compared observed

and predicted flows across the Stateline. The United States, however, removed flood

events from their comparison, and therefore the U.S. comparison proved superior since

the HI Model was not developed to predict such extreme events. In the U.S. calculations,

the Stateline flow from1951 to 1985 was observed to be 119,954.9 acre-feet annually on

average. The HI Model predicted that the flow would be 121,973.3 acre-feet annually on

average. A difference of only 2018.5 acre-feet (Littleworth, 1994).

In this replacement version of the HI Model, the Kansas experts believed that the

calculated usable flow depletion should include effects from both post-compact pumping

and the WWSP because of their potential impact on each other. This calculation also

included the 1980 Operating Plan in effect at the time. When calculating the combined

effects of pumping and the WVVSP, however, Kansas excluded the 1980 Operating Plan

of JMR in both the historical and the "what if' runs. Colorado did not argue against this

exclusion but did note that:

With respect to releases during the period from 1980 to the present,
Kansas claims that it was entitled to the releases that would have
been made to Kansas in accordance with the 1980 Operating Plan
absent the depletion above John Martin Reservoir caused by post-
Compact pumping and the Winter Water Program in Colorado
(Special Master quoting Colorado counsel) (Littleworth, 1994).

Kansas's expert witness, Spronk, argued that the WWSP allowed for the 1980 Operating

Plan. Under his reasoning, if the simulation was not running the WWSP then it couldn't

run the 1980 Operating Plan, and, therefore, the 1980 Operating Plan could not be used in
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the historical run since it would create another variable in the comparison. However, the

U.S. believed that

Kansas can [not] accept a portion of the WWSP water stored
under the 1980 and at the same time demand the same schedule of
inflows that would have occurred had the WWSP not been
implemented (Special Master quoting the United States)
(Littleworth, 1994)

Though Kansas believes the 1980 Operating Plan for JMR should be left out of the

historical run for comparison purposes, it did believe the plan should be included in the

historical run used for model calibration. Both the Special Master and Kansas agreed that

the 1980 Operating Plan could not be seen as an offset to the depletions caused by well

pumping. The Special Master, however, did see that its exclusion from the model runs

used by Kansas was a poor modeling technique. Littleworth noted that the plan had only

been in effect for five years, but as time goes by its effect will become ever larger

(Littleworth, 1994).

Both the Original HI Model and the Replacement HI Model have exhibits that

show depletions alone and depletions minus accretions. Accretions recognize that

"releases from upstream storage reservoirs, and pumping from groundwater storage, may

at times enhance river flows" (Littleworth, 1994). Depletions concerning usable flow do

not reflect accretions, but the Replacement Model "does offset daily accretions against

daily depletions within the same month" (Littleworth, 1994). Accretions in the

Replacement HI Model are also an "artifact of the modeling process" (Littleworth, 1994).

Most of the accretions produced in the model are a result of how the reservoir operates in
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the model, and, therefore, accretions in the model may not be able to be replicated in the

actual operation (Littleworth, 1994).

3.1.5 The Papadopulos-Spronk Model

Event Summary

The Special Master's First Report (July 1994) determined that Colorado post-

compact pumping depleted Stateline usable flow and violated Article IV-D of the ARC.

Depletion, however, was not officially quantified. The Colorado model (which will not

be discussed in this paper) and the Kansas Model used different pumping values to

calculate depletion resulting in significantly different depletion levels; neither calculated

depletion was therefore agreed upon. Kansas and Colorado also disagreed on the

appropriate method to calculate usable flow depletion at the Stateline. The Special

Master concluded in his first Report that Durbin's approach was best to determine the

depletion to usable flow using the Larson coefficients (Littleworth, 1994).

Usable Flow Calculation

Durbin's approach to calculating usable flow entailed plotting actual diversions in

Kansas during the irrigation season against actual Stateline flow (Littleworth, 1994). By

plotting this data annually, he was able to illustrate a relationship between diversion and
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flow (Littleworth, 1994). He concluded that river flows above 40,000 acre-feet/month

between April and October or 140,000 acre-feet total were not usable (Littleworth, 1994).

In addition, he found that only 78% of the Stateline flow during the summer was diverted

(Littleworth, 1994).

The same process was used for the winter months. This relationship showed that

only 24% of flow on average was diverted (Littleworth, 1994). He also found that flows

above 7,500 acre-feet/month or 40,000 acre-feet total were unusable (Littleworth, 1994).

Durbin also looked at Stateline flows that recharge groundwater in Kansas. A

non-waterbearing rock unit underlay the area from the Stateline to the Bear Creek Fault

Zone in Kansas, but after this fault zone groundwater recharges the Ogallala Formation.

Durbin noted this geology in his testimony and decided only the area after the zone

would be a groundwater recharge area. He used an upstream gage and a downstream

gage to compute the amount of groundwater recharge in this area. He subtracted the

downstream gage and all the diversions between the two gages from the upstream gage.

By doing this for the period 1925 to 1940 he concluded that an average 15% of Stateline

flow was groundwater recharge (Littleworth, 1994).

During the Replacement Model development, Kansas expert Larson adjusted

Durbin's methodology in calculating usable flow (Littleworth, 1994). His adjustments

included eliminating high flow events and using a longer period to develop relationships.
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He concluded that 72% of flows in the summer are usable, 25% of the flow in the winter

is usable, and 9.9% of Stateline flow recharges the groundwater in Kansas (Littleworth,

1994).

Colorado Announcement

At a status conference in July of 1995, Colorado announced that it had shelved its

own Water Budget Model and had decided to work solely on the HI Model. Kansas was

initially wary of this proposal but decided to accept this new proposal (Littleworth,

1997).

In his Second Report (June 1997 DRAFT) Littleworth listed four items that the

report discusses. They are:

1. Quantifying the depletions in Stateline flow for the period
1950-85;

2. quantifying depletions for the period subsequent to 1985;
3. bringing Colorado into current compliance with the provisions

of the compact;
4. considering a remedy for past depletions. (Littleworth, 1997)

3.1.6 Changes to the Model

S.S. Papadopulos and Spronk Water Engineers revised the Replacement Model.

For the 1950-85 period, the following required changes were made to the HI Model:
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1. The pre-compact pumping allowance was changed from an
average of 11,000 acre-feet annually to 15,000 acre-feet
annually.

2. The Durbin methodology was adopted with Larson coefficients
to quantify depletion to usable flow.

3. Kansas's post-compact pumping was adjusted to be in
"accordance with Colorado's evidence on declining pump
efficiencies and non-electric pumping (Littleworth, 1997)

The Papadopulos-Spronk HI Model calculated the depletion to usable Stateline flow for

the 1950-85 period as 328,505 acre-feet. In addition, "this result allowed predicted

depletions to be offset by accretions shown by the model during the same irrigation

season." Both states agreed to this value on October 30, 1995 (Littleworth, 1997)

For the period 1986-94, the Kansas experts, S.S. Papadopulos and Spronk Water

Engineers, modified the HI Model to determine depletions. Colorado data from

individual power records for individual wells was used for new pumping amounts. This

estimate was 1,238,987 acre-feet, with an annual average of 137,665 acre-feet. When

using these values in the model, the pre-compact pumping amounts would be subtracted.

(Littleworth, 1997)

Coding Changes

Papadopulos and Spronk also made various coding changes to the HI Model

including "technical modifications to better replicate the historical operations of John

Martin reservoir, and modifications to the operations of the Rocky Ford and Colorado

Canals to reflect transfers of water rights for municipal use." Colorado accepted these
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changes, but opposed the changes made by Papadopulos and Spronk for farm

efficiencies. The farm efficiency is the percent of the water delivery that is available to

the crop. Losses that consist of tailwater runoff, on-farm lateral losses, and deep

percolation beyond the root zone are subtracted from the total amount of water delivery

and the water then available to the crop is represented as a percentage. In the HI Model,

if this "factor is lowered, depletions increase, and vice-versa" (Littleworth, 1997)

Calibration

Recalibration was necessary after all of the adjustments. In the Papadopulos-

Spronk version of the model, Kansas's experts compared the predicted model output with

observed values for the entire period between 1950 and 1994. To achieve acceptable

calibration, Kansas adjusted the "secondary evaporation factors (SEV values), monthly

Stateline demands with the 1980 Resolution in effect, irrigation demand factors (WANT

factors) for several canal systems, and restoration of canal capacities for the Fort Lyon,

Holbrook and Lamar canals." Kansas defended these changes and suggested that this

version should be used over the Replacement Model. Again, Colorado voiced concerns

about the diversion reduction factors, reduced canal capacities, and the WANT factors

(Littleworth, 1997)
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3.1.7 Colorado's 1996 Use Rules

On September 27, 1995, Hal Simpson, State Engineer for Colorado, adopted the

1996 Use Rules. The purpose of these rules was to bring Colorado into compliance with

the ARC by delivering the decreed amount of water to the Stateline and to protect senior

surface water rights downstream from upstream groundwater pumpers. These rules

stated that Colorado would use the HI Model, Durbin's usable flow method and the

Larson coefficients to determine Stateline depletion to Kansas (Simpson, 2000).

Presumptive Stream Depletions

The rules also proposed "presumptive stream depletion percentages to determine

stream depletions for replacement plans" (Simpson, 2000). Specifically, these

presumptive depletions are 30% for wells that supplement a flood and furrow irrigation

practice, 50% for wells that are the only source for flood and furrow irrigation, and 75%

for wells that are the only source for sprinkler irrigation (Littleworth, 1997). These

percentages are percents of the amount of water pumped (Littleworth, 1997). In part, this

method was chosen for its ease and simplicity (Simpson, 2000).
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Discontinuance of Diversions

Also included in the rules was a provision for the discontinuance of all diversions

for irrigation from the aquifers along the Arkansas River to the Stateline unless the

depletions caused by such pumping could be replaced with an approved plan

(Littleworth, 1997). Only pre-compact wells are exempt to this rule (Littleworth, 1997).

3.1.8 Schroeder's Test & Updated Model

By 1996, both Colorado and Kansas had agreed to use the HI Model to detemiine

depletions to usable Stateline flow (Simpson, 2000). Dewayne Schroeder, an expert

witness for Colorado, revised the Papadopulos-Spronk Model (Schroeder, 2000). This

model will be referred to as the TEST HI Model (Schroeder, 2000). Further revisions of

the TEST Model by Schroeder will be referred to as the UPDATED HI Model

(Schroeder, 2000).

TEST Model

The TEST Model's purpose was to "evaluate the adequacy of presumptive stream

depletion percentages established in the 1996 Use Rules" (Schroeder, 2000). Two

general changes were made to the model. First, for the period 1995 to 1996, new data
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"and revisions necessary to represent the replacement plans that had begun in Colorado in

1996 were added (Schroeder, 2000). Second, for 1997 and 1998, revisions that included

results of the irrigated acreage study by the Colorado Division of Water resources and

revisions "to more accurately represent the hydrology of the Arkansas River and the

capacities of the Colorado canals" were added (Schroeder, 2000). Calibration included

adjusting the following factors: irrigation demand factors (WANT factors), secondary

evaporation factors (SEV factors), and diversion reduction factors (drf's) (Schroeder,

2000).

Irrigated Acreage

The 1998 Irrigated Acreage Study conducted by the Colorado Department of

Water Resources (CDWR) found acres that were not irrigated in 1998; however,

Schroeder kept these acres as part of the irrigated acreage for each ditch system since

these acres were not permanently without irrigation (Schroeder, 2000). Schroeder also

included acres that had been dried up for replacement plans in the total amount of

irrigated acreage (Schroeder, 2000). To determine the acreage irrigated by both surface

water and groundwater, Schroeder used the Irrigated Acreage Study and the decreed and

permitted acreage (Schroeder, 2000).
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Re-routing Return Flows

Schroeder attempted to create more realistic return flow routes in the model by re-

routing the flows (Schroeder, 2000). Instead of returning flows from the Fort Lyon Canal

back to the reach where it could again be used by the same canal, he took 100% of the

return flow that was assigned to that reach from the canal and routed it to the next reach

downriver (Schroeder, 2000). (See Fig. 13). All of the return flow from Fort Lyon canal

that went to reach 7 now goes to reach 8; this flow does not account for all of the return

flow from the canal (Schroeder, 2000). Also, he took portions of return flows from two

other canals upriver of the Fort Lyon Canal, and returned those flows to the same reach

as the Fort Lyon return flows (Schroeder, 2000).

Figure 13: Idealized section
of the AR river (Schroeder,
2000).

To simulate the interception of return flows from the Fort Lyon Canal by Amity Canal,

Schroeder added some of the return flows from Fort Lyon to the diversions of Amity
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(Schroeder, 2000). This simulated take on the physical system resulted in better model

predictions for stream flows at nearby gages and the amount of water supply available to

the Amity Canal (Schroeder, 2000). It also allowed for the removal of the diversion

reduction factor on the canal, a problematic concept for the two states (Schroeder, 2000).

In addition, the observed leakage on the Fort Lyon canal was represented by 30 c.f.s

(Schroeder, 2000). Other changes to the model included increasing or decreasing canal

capacities after reviewing daily diversion rates from 1950 to 1985 (Schroeder, 2000).

Calibration

With all of the changes made to the model, it had to be re-calibrated. Calibration

was achieved by adjusting the secondary evaporation factors (SEV factors) and the

irrigation demand factors (WANT factors) (Schroeder, 2000). The predicted results were

calibrated to observed values between 1970 and 1994 (Schroeder, 2000). Schroeder

chose this period because more accurate data was available and this time period was more

representative of present conditions with the Winter Water Storage plan and the 1980

Operating Plan for JMR (Schroeder, 2000).

Diversion Reduction Factors

Although the Colorado team had serious concerns about using drf's, Schroeder

was unable to calibrate the model without eliminating all of the drf's (Schroeder, 2000).



123

Schroeder, however, did change how the drf s work in this model. Until this model

version, the drf s had taken a fraction of the water diversion and displaced it to JMR or

the Stateline; this displacement would occur even when water was available to fulfill the

entire right (Little worth, 1994). In addition, the displacement did not allow the water to

be available to downstream users (Littleworth, 1994). In the TEST model, Schroeder

changed this operation somewhat. Instead of "reducing the remaining canal capacity and

irrigation demand by the amount that is diverted plus the amount bypassed, the TEST

model reduces the remaining canal capacity and the irrigation demand only by the

amount of the predicted diversion" (Schroeder, 2000).

Results

In comparison with the Papadopulos-Spronk Model, Schroeder claimed that the

TEST model was better at predicting both streamflow and diversions (Schroeder, 2000).

Only two streamflow gage locations were estimated better by the Papadopulos-Spronk

Model than the TEST model (Schroeder, 2000), and Schroeder claimed that these ditches

were of no matter since neither ditch has actually diverted water since the early 1970's

(Schroeder, 2000). Schroeder also noted that his TEST model underpredicted total

annual diversions by 0.1%, while the Papadopulos-Spronk model under-predicted by

3.3% (Schroeder, 2000).
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UPDATED Model

For the years 1997 and 1998, Schroeder updated the TEST Model and added new

data to determine depletions and accretions at the Colorado-Kansas Stateline (Schroeder,

2000). Two general changes to the model were adopted. First, the TEST model was

updated to include the years 1995 and 1996 and the new replacement plans begun in 1996

(Schroeder, 2000). Second, new data for 1997 through 1998 was added, and more

revisions made to better represent the replacement plan implemented in 1997 and 1998

(Schroeder, 2000). Much of the new data added to the model was the replacement water

that was required from groundwater users to replace "out-of-priority depletions to surface

water rights" and other replacement plans (Schroeder, 2000).

Results

The UPDATED model was then used to determine depletions to Stateline flows

from 1997-1998 (Schroeder, 2000). Using the same methodology for all of these models,

Schroeder made two model runs, a historical and a compact run (Schroeder, 2000).

Schroeder also used the UPDATED model to determine if the replacement plans

instituted by Colorado were effective. Based on the results of the model, he concluded

that the plans were effective and that the stream depletion percentages established in the

1996 Use Rules were reasonable for replacement plans (Schroeder, 2000).
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Kansas's Criticism of the TEST Model

In reviewing Schroeder's report on the TEST and UPDATED models, the Kansas

experts believed the information presented misled the readers to believe that the TEST

model was better calibrated than the Papadopulos-Spronk model (Spronk Water

Engineers, 2002). In his analysis, Schroeder set streamflows to the predicted streamflows

on days with outlier events (Spronk Water Engineers, 2002). Kansas pointed out that

simply removing these outlier events had already been approved by the court as the

correct methodology and that Schroeder's method would make the model look better

calibrated statistically (Spronk Water Engineers, 2002).

In addition, the Kansas team disagreed with Schroeder's claim that the TEST

model predicted every stream gage except two better than the Papadopulos-Spronk

Model. In fact, Kansas claimed their model was superior since it predicted monthly

average Stateline flows better in 10 of 12 months (Spronk Water Engineers, 2002).

Kansas also pointed out that the TEST model tended to underpredict Stateline flow

during summer months (Spronk Water Engineers, 2002).

Kansas also felt that diversion prediction was misleading in the TEST and

UPDATED models. They disagreed with the Colorado claims that the Papadopulos-

Spronk Model underpredicted diversions by 3.3% and the TEST model overpredicted by

0.5% (Spronk Water Engineers, 2002). The Kansas team claimed these percentages were
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based on incorrect data at the Fort Lyon Canal (Spronk Water Engineers, 2002). In

calculating overprediction and underprediction, Mr. Schroeder had apparently forgotten

to remove the diversion for Kickingbird Canal from the Fort Lyon Headgate and counted

a diversion twice. By removing this duplication, Kansas claimed the TEST model

overpredicted by 4.5% instead of their previously claimed 0.5% (Spronk Water

Engineers, 2002). For all of these reasons, the Kansas team believed that the

Papadopulos-Spronk Model was the better calibrated model (Spronk Water Engineers,

2002).

3.1.9 Revised Papadopulos-Spronk Model

Changes to the Papadopulos —Spronk Model

The Papadopulos-Spronk model was revised after review for the period 1997 to

1999 (Schroeder, 2002; Spronk Water Engineers, 2002). The accepted revisions by the

Colorado team in their TEST model included their changes to precipitation data and

tributary inflow data (Spronk Water Engineers, 2002).

The following changes were made to the model:

1. New percentages were added for acres irrigated by
supplemental groundwater;

2. new PET values were added;
3. new method was adopted for calculating deep percolation and

tail water;
4. new methods representing how return flows from Fort Lyon

are intercepted were adopted;
5. new canal capacities were added (Schroeder, 2002).
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Irrigated Acreage

The Kansas experts believed the CDWR's analysis of satellite imagery using GIS

omitted both irrigated and non-irrigated lands and lumped fields together when they

should not have been classed together (Spronk Water Engineers, 2002). Using their own

GIS and classification system, the Kansas experts added 17,500 acres to Colorado's

unadjusted estimate of 282,361 acres for a total of 299,970 acres to be used by the Kansas

team (Spronk Water Engineers, 2002). Kansas justified these changes as

"necessary.. .[due to] the inherent inaccuracies of the automated classification and

limitations on ground truth" (Spronk Water Engineers, 2002). Kansas also pointed out

that Colorado did not produce an accuracy assessment of their classification method nor

did they digitize irrigated lands that Kansas had previously identified (Spronk Water

Engineers, 2002).

Acres Irrigated by Wells

Kansas found that the model assumed that acres supplemented by surface water

received the same amount of water from surface water diversions as lands that used

solely surface water (Spronk Water Engineers, 2002). In reality, lands that use both

groundwater and surface water receive less surface water allotted to them than lands that

use only surface water. To fix this problem, the Kansas experts reclassified the lands

with supplemental groundwater pumping (Spronk Water Engineers, 2002). Their report

did not expand on their method to reclassify lands or explain how they instituted this
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system into the model, but it did mention that it resulted in increasing the amount of acres

irrigated by supplemental groundwater from 95,000 to 110,000 acres (Spronk Water

Engineers, 2002).

Potential Evapotranspiration Values (PET)

In the Revised Papadopulos-Spronk this version of the HI Model, the Kansas

experts decided to change the method used to calculate crop water needs. Previously, the

model had used the Modified Blaney-Criddle formula, a temperature-based equation

(Spronk Water Engineers, 2002). The Kansas experts used the ASCE Penman-Monteith

equation in their model instead (Spronk Water Engineers, 2002). It was their opinion that

this equation is widely used, is based on more climatic data, and "is considered to be

significantly more accurate than temperature based methods" (Spronk Water Engineers,

2002).

Amity Canal Interception of Return Flow

Colorado's change to the HI Model to account for the interception of Fort Lyon

return Flows by Amity Canal in its TEST Model was well-intentioned, but in the opinion

of the Kansas experts it allowed too much water to be available to the Amity Canal

(Spronk Water Engineers, 2002). Kansas presented evidence from Amity Canal sources

that showed the canal intercepts flows from drains on the Fort Lyon user land (Spronk

Water Engineers, 2002). After investigating these drains, Kansas pointed out that the
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drains have very junior rights. Some drain flows are delivered downstream, and

wintertime flows are discharged to Big Sandy Creek (Spronk Water Engineers, 2002).

They also asserted that the Colorado solution was unreasonable because not all return

flows would be intercepted by the drains and the simulated interception would result in

much higher flows than historically measured flows (Spronk Water Engineers, 2002).

Since Kansas agreed that their attempt at simulating return flow interception was

a good idea that was poorly executed, it adjusted the Colorado method. In this version of

the model, all surface water runoff to reaches 13 and 14 was intercepted by Amity and

spill return flows between November and March were intercepted by reach 15 (Big

Sandy Creek) (Spronk Water Engineers, 2002).

Leakage at Fort Lyon Headgate

In Schroeder's TEST and UPDATED models, he proposed instituting a 30 cis.

bypass flow at the Fort Lyon Headgate. Kansas found this concept to be reasonable

"since the efficiency of a diversion dam in the river has practical limits" (Spronk Water

Engineers, 2002). Again, Kansas claimed it was well intended but poorly executed.

They asserted that this bypass was essentially another diversion reduction factor, a model

parameter that's use has been disputed by the Colorado team since the Original HI Model

(Spronk Water Engineers, 2002).
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The Kansas team believed the bypass did not operate as it was intended by

allowing the 30 c.f.s. to be used by upstream water users. Kansas also argued that the

quantity of the bypass (30 c.f s.) was too large (Spronk Water Engineers, 2002). For

these reasons, Kansas did not adopt the change to the model (Spronk Water Engineers,

2002).

Calibration

Kansas recalibrated the Revised Papadopulos-Spronk Model to the flow levels

during the 1950 to 1994 period. Kansas also presented an argument against Colorado's

calibration to the 1970-1994 period as used in the TEST and UPDATED models instead

of a longer period (Spronk Water Engineers, 2002). Conceding that Schroeder's use of

the 1970-94 period would result in parameters that represent the recent conditions, the

Kansas team pointed out that the same parameters would not be representative of the

early post-compact period (Spronk Water Engineers, 2002). In recalibration, Kansas used

the canal demand factors and the SEV factors (Spronk Water Engineers, 2002).

Results and Compliance

In comparing the observed and predicted values for the Revised Papadopulos-

Spronk Model, the TEST Model, and the original Papadopulos-Spronk Model, the

Kansas team believed that this model was "at least as good as the calibration of the

approved HI Model" (Spronk Water Engineers, 2002). The following time-periods were
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used in comparison: 1950 to 1994, 1950 to 1969, and 1970 to 1994 (Spronk Water

Engineers, 2002). Using the gages at Las Animas and the Stateline, the Kansas experts

found that average annual flows were predicted most accurately by the revised

Papadopulos-Spronk Model for the 1950 to 1994 period. In addition, for 1970 to 1994

the Kansas team found that the revised Papadopulos-Spronk model predicted flows at Las

Animas more accurately than the TEST model and that the revised Papadopulos-Spronk

model was comparable to the TEST model at the Stateline (Spronk Water Engineers,

2002).

Diversions were also predicted more accurately by the revised Papadopulos-

Spronk model according to Kansas (Spronk Water Engineers, 2002). Using the 1950-

1994 period, the Kansas experts found that the revised Papadopulos-Spronk model

overpredicted diversions by 2.0% and the TEST model overpredicted by 6.3% (Spronk

Water Engineers, 2002). For this same period, the Kansas team examined the accuracy

of prediction below JMR. Their analysis found that the revised P-S model overpredicted

diversions in this area by 0.1 % while the TEST model overpredicted by 7.5% (Spronk

Water Engineers, 2002). Kansas also claimed that for the other two periods (1950-1969

and 1970-1994) the revised Papadopulos-Spronk model was better at predicting total

diversions than the TEST model (Spronk Water Engineers, 2002).

Kansas's compact compliance analysis for 1997 to 1999 was performed by

running the historical condition, which included pumping and the replacement plans, and
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a second run that was limited to pre-compact pumping, with no transmountain diversions,

and no replacement plans (Spronk Water Engineers, 2002). Their calculated usable

depletion minus accretions was 8,585 acre-feet for the 3-year period (1997-1999) (Spronk

Water Engineers, 2002). Kansas also pointed out that the majority of accretions in this

period were due to spills at JMR, and therefore the Colorado replacement plan (1996 Use

Rules) could not be adequately analyzed for its reasonableness (Spronk Water Engineers,

2002).

Analysis of the 1996 Use Rules

To analyze the 1996 Use Rules, Kansas ran three different model simulations

(Spronk Water Engineers, 2002). The first run was over a 45-year study period, with all

historic plans in operation except the replacement plans (Spronk Water Engineers, 2002).

The second run had pre-compact pumping but no transmountain deliveries, and the third

run had the replacement plans (Spronk Water Engineers, 2002). Their final analysis

using these three simulations showed that without replacement plans in effect the average

annual usable Stateline depletion was 20,000 acre-feet. With the replacement plans in

effect, usable Stateline depletion was still too high with an average annual depletion of

14, 900 acre-feet (Spronk Water Engineers, 2002).
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Colorado's Criticism

Colorado's experts again did not believe that this version of the model was

calibrated properly (Schroeder, 2002). Their conclusions focused on unreasonably low

WANT factors, unreasonably high PET values, and over-predicted diversions before

1980 and under-predicted diversions after 1980 (Schroeder, 2002).

Though the Kansas experts used an automated calibration procedure developed by

the Colorado expert, Dewayne Schroeder, the Colorado team believed that the "resulting

parameters should be reviewed to determine their reasonableness" (Schroeder, 2002).

This procedure overcompensated for other changes to the model inputs and resulted in

unreasonably low WANT factors (Schroeder, 2002). The increased PET values caused

the WANT factors to be lowered in order to prevent over-prediction of diversions

(Schroeder, 2002). Some of these factors were so low that they "suggest that ditches

below John Martin Reservoir do not and will not divert water to satisfy the crop

consumptive use values in the model, even though water is available for diversion"

(Schroeder, 2002).
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3.1.10 Schroeder's Revised TEST and UPDATED Models

Both of Schroeder's TEST and UPDATED Models were again revised to incorporate

1999 data (Schroeder, 2002). The Kansas experts reviewed both of these models and

raised several points of contention (Schroeder, 2002). Many of these concerns were

addressed in the revised versions of the TEST and the UPDATED Models, or the

concerns were once again debated (Schroeder, 2002).

Additional Changes

In these revised versions, Schroeder again adjusted irrigated acreage based on the

Kansas experts' recommendations and observations, CDWR investigations, and other

corrections that had been pointed out to the Colorado team (Schroeder, 2002). The

rerouting of return flows to be intercepted by the Amity Canal was changed to allow a

smaller portion of return flow to be intercepted by the Amity Canal during the summer

months (April to October) and to be returned to Big Sandy Creek during the winter

months (November to March) (Schroeder, 2002). These rerouting changes improved

predicted flows at the Lamar gage and still allowed the removal of the diversion

reduction factors on the Amity Canal (Schroeder, 2002). Schroeder also removed the

leakage bypass at the Fort Lyon headgate (30 c.f.s.) (Schroeder, 2002). The Kansas

experts believed the idea of a bypass was sound but the application was incorrect

(Schroeder, 2002). The Kansas experts believed that the model code allowed the bypass
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to be used by upstream junior water right holders (Schroeder, 2002). Schroeder was

unable to confirm if this was true or whether it operated as he intended; therefore, he

removed the bypass (Schroeder, 2002). Kansas also asserted that the bypass was

effectively another diversion reduction factor (Schroeder, 2002). Schroeder disagreed

since drf s transport bypassed water to storage at JMR or the Stateline (Schroeder, 2002).

The instituted bypass flow did not directly transport the bypassed water to JMR or the

Stateline and the bypass was instituted to simulate a physical occurrence (Schroeder,

2002).

Calibration

In reviewing the TEST and UPDATED Models, the Kansas experts had problems

with the time period that Schroeder used to calibrate the model (1970 to 1994)

(Schroeder, 2002). It was their belief that all data available should be used for calibration

(Schroeder, 2002). It is generally accepted that more data will improve a model's

calibration. Schroeder, however, believed this model to be an exception (Schroeder,

2002). His main reason was that the Winter Water Storage Plan was put into effect in

1974 and the 1980 Operating Plan for JMR began in that period (Schroeder, 2002). His

reasoning purported that the 1970-1994 calibration period better represented the same

conditions for the time that the model was being used to calculate depletions (1997-1999)

(Schroeder, 2002). He asserted that the preceding period (1950-1969) did not represent

the current conditions well and that the data was less reliable and did not suitably
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represent the rapid well development during that period (Schroeder, 2002). For all of

these reasons, Schroeder decided to use the 1970-1994 period to calibrate the TEST and

UPDATED Models and their revised versions (Schroeder, 2002).

Results

After calibration, Schroeder believed that these revised versions were the best

models to calculate depletions to Stateline flow for the 1997-1999 period (Schroeder,

2002). Again, he stated that the model was only suitable for long-term depletion

calculations (Schroeder, 2002). This model version was also used to determine the

adequacy of the 1996 Use Rules instituted by Colorado (Schroeder, 2002). The results of

this model again showed that the presumptive stream depletion percentages were

adequate in preventing depletion to Stateline flow (Schroeder, 2002).

3.1.12 Model Concerns

Models are generally accepted in the scientific realm, and they are used frequently to

solve numerous water problems. The HI Model had an unusual task of determining what

flow would have been if several historical events had not occurred. Usually, models are

more frequently asked to predict future conditions or the effects certain events or policies

will have on the system. Dr. R. Allan Freeze, a renowned expert in the field of

Hydrology and the author of the widely used hydrology text Groundwater, characterized
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the HI Model's task as a "different kind of game" (Littleworth, 1994). He also said that

there are "inherent difficulties in trying to reproduce conditions over 36 years along 150

miles of river, and a certain lack in reliable data" in reference to the Original HI Model

(Littleworth, 1994). The Special Master of the case referring to the Original and

Replacement model versions noted that "not only are there critical data problems in the

more distant years, but he process even requires assumptions about what people would

have done if their actual behavior had not been allowed" (Littleworth, 1994). Including

the Special Master's observation several other concerns about the HI Model (all versions)

have been expressed. These concerns include:

1. lack of documentation
2. the validity of certain calibration factors, specifically the

diversion reduction factors
3. the period of time for which the HI Model is accurate;
4. problems with uniqueness
5. general problems in representing the actual hydrology of the

Arkansas River and the priority system
6. model Structure

Lack of Documentation

Charles Brendecke, a Colorado expert, believes many of the developmental

problems with the HI Model could have been caught if the model had been properly

documented (Brendecke, 2001). He expounds upon the protocols of developing and

applying a hydrologic model that include proper documentation of the model, and he

finds the "failure to document the model is completely contrary to commonly accepted

engineering practice for software development" (Brendecke, 2001). Not only does the
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lack of documentation severely hamper the peer review process, a process highly

advocated by the scientific community, but the failure to document also hampers those

who must apply the model in the future (Brendecke, 2001). Dr. Thomas Maddock III,

another Colorado expert, agrees with Brendecke. In his own words:

"As a scientist, I find it appalling that the HI Model has such a lack
of documentation. How the model truly works has had to be
dragged out by reviewing the model code, testimony, and exhibits"
(Maddock, 2000).

Maddock believes the following items should be included in a proper documentation of

the HI Model:

1. State the purpose of the model and all assumptions;
2. Include an overview of the model's structure and design;
3. Describe and provide flow-charts for all subroutines;
4. Define all variables;
5. Describe all inputs to the model and their associated

subroutines;
6. Describe the format of the inputs; and
7. Introduce error-trapping codes within all subroutines to

determine when and where the model breaks down (Maddock,
2000).

Calibration Factors

All of the Colorado experts disagree with the use of diversion reduction factors as a

means to calibrate the model. Schroeder states that

all versions of the HI Model over-predict diversions by the
Colorado Canal, the Fort Lyon Canal, and certain water storage
rights when the diversion reduction factors are removed because
the HI Model does not accurately represent the amount of water



139

that is available for diversion in the Arkansas River on a daily
basis (Schroeder, 2000).

Though Schroeder did not agree with the use of the drf's, he was unable to calibrate the

model without leaving some of them in place (Schroeder, 2000). He stated that he left

them in place since Larson, a Kansas expert, felt that replicating observed streamflows

and diversions with the model was highly important for the use of the model (Schroeder,

2000). In a later testimony, Schroeder again explained his objections to the use of drf s

as a calibration parameter (Schroeder, 2002). "These bypasses result in overstating the

increase in conservation storage and Stateline flows in the compact run, which increases

depletions to usable Stateline flows when the historical and compact runs are compared"

(Schroeder, 2002).

Dr. Maddock also finds the use of drf s troubling. In his testimony, he said the

calibration parameters have no physical meaning (Maddock, 2000). Noting that

"tweaking" of parameters is an accepted calibration method, he warned, however, that

"we are always forced to maintain a sense of reality because of the physical basis of these

parameters" (Maddock, 2000). Maddock's direct testimony on drf s described the

calibration factors used by the Kansas team as "problematic," providing an "illusion that

the model represents the hydrologic system," and as "strictly calibration parameters that

mask the inaccuracies of the HI Model" (Maddock, 2000).
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The WANT factors are another source of contention. Brendecke believes that

these factors also constrain the prediction of diversions (Brendecke, 2001). He believes

many of the values are unrealistically low while others imply a 100% efficiency

(Brendecke, 2001). In addition, he performed a sensitivity analysis on the Compact run

to see how the WANT factors constrain diversions (Brendecke, 2001). By increasing

every WANT factor by 0.05, Brendecke was able to see how the WANT factors reacted

when water was more available (Brendecke, 2001). The historical run has established

WANT factors, and the results from the sensitivity analysis were compared to the

Original Compact run result (Brendecke, 2001). He concluded that if some other factor

such as water availability or canal capacity was the constraining factor on diversions then

the diversion would not have changed with the increased WANT factor values

(Brendecke, 2001). His results show that from April to October each ditch showed an

increase in diversions from the original Compact run (Brendecke, 2001). This proved to

Brendecke that the WANT factors "unduly constrain" the diversions and that the effect is

"to inflate the apparent state line depletions when the Compact and historical runs are

compared" (Brendecke, 2001).

Brendecke not only finds the use of certain calibration parameters questionable,

but he also finds the manner of calibration and testing questionable (Brendecke, 2001).

He believes that proper calibration and testing would have not only focused on the model

as a whole but would also have considered the sub-units (Brendecke, 2001). In addition,
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calibrating the sub units (at each gage location, diversion, and reservoir contents) would

help prevent a non-unique calibration (Brendecke, 2001).

Accuracy of the Model

All of the Colorado experts agree that none of the HI Model versions are accurate

on a monthly or yearly basis. Each expert states that the model should only be used over

a multi-year time period. Dr. Maddock sees no logic in using a model that does not

accurately predict diversions, streamflows, or reservoir storages on a monthly or yearly

basis to determine Stateline flow on a monthly to yearly basis (Maddock, 2000). On

numerous occasions in his testimony, Schroeder stated that he too did not believe that any

of the HI Models were accurate on a short-term basis (Schroeder, 2000). Brendecke

performed a sensitivity analysis of the model error to the period over which it was

calculated (Brendecke, 2001). His analysis illustrated that when the entire calibration

period was over 43 years the bias was only 1%. On the other hand, when the model is

run over a calibration period of 1 year the bias is approximately 110% and over 4 years is

approximately 45% (Brendecke, 2001). The longer the period for which the model is run

the more accurate the results.

Problems with Uniqueness
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In addition to problems with the actual parameters used to calibrate the model,

questions about the uniqueness of such calibrations have been raised. In his testimony,

Dr. Maddock remarked that it is well known that any particular calibration may not be

unique (Maddock, 2000). The HI Model uses four different parameters to calibrate the

model to observed streamflows and diversions (Maddock, 2000), and, therefore, it is

highly likely that any calibration will not be unique. In other words, one person could

calibrate the model one way and a second person could calibrate it a completely different

way. The two calibrations, however, would be equally valid.

Hydrologic Reality

Dr. Maddock also questioned the ability of this model to represent the complex

hydrology of the system (Maddock, 2000). He described the model as being "highly

simplified" and supported this description by noting the linearization of the model to aid

in the use of unit response functions, the lack of representation of overbank flow and

bank storage, and the homogenization of the aquifer properties (Maddock, 2000).

Model Structure

In his testimony, Brendecke listed several well-known models that are capable of

simulating various river and reservoir operations and could predict diversions
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(Brendecke, 2001). In modeling the Arkansas River Basin, Durbin did not use any of

these models. He chose to develop his own simulation (Brendecke, 2001). Brendecke

believes, "that the original modeling concepts advanced by Mr. Durbin were generally

sound" (Brendecke, 2001). The implementation of such concepts, however, is not

acceptable according to Brendecke (Brendecke, 2001). It is his opinion that the model

code is oversimplified and does not use the correct calculations, and, therefore, the bad

model structure will produce bad model results (Brendecke, 2001). One of the main

areas under dispute is, again, the diversion reduction factor. Brendecke calls the drf s

"institutionally incorrect" (Brendecke, 2001). Since the drf s essentially cause the

bypassed water to be protected and unavailable to downstream users, Brendecke believes

the simulation of the physical and institutional system are not being represented correctly

(Brendecke, 2001).

Brendecke also criticizes the WANT factors. These factors calculate the demand

of the user. Since these factors are used in calibration, they can have varied values and

values that are inconsistent with similar values in the model (Brendecke, 2001). He also

says that the use of daily, monthly, and annual data used in its calculations is a source for

error (Brendecke, 2001).



3.3 COLORADO'S DECISION SUPPORT SYSTEMS

3.3.1 Background

According to Ito, the Chief engineer at the Department of Water Resources in

Tokyo, Japan, integrated water management is "costly and time consuming" due to the

complexities of water systems; however, recent advances are ushering in improvements

in the management of these systems (Ito et al., 2001). One of these advances, a decision

support system, "focuses on the interaction between the user and the data, models, and

computers" (Ito et al., 2001). A DSS combines models, data, analysis, a geographic

information system (GIS), and a graphical user interface (GUI) in order to aid decision

makers in forming management policy (Integrated Decision Support Group website).

The state of Colorado is in the process of creating five Decision Support Systems.

The Colorado Water Conservation Board (CWCB) and the Colorado Department of

Water Resources (CDWR) are the developers of these systems. Currently, both the

Colorado River Decision Support System (DSS) and the Rio Grande Support System

have been completed. The South Platte DSS is under development, and both an Arkansas

River DS S and a Republican River DSS are planned for development in the future

(Colorado's Decision Support Systems website (CDSS)).

144
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3.3.2 The Colorado River DSS 

The Colorado River Decision Support System (CRDSS) was designed to help

decision makers "to simulate potential decisions and policies, and examine potential

consequences related to the following:

1. interstate compact policy, including the evaluation of alternative
reservoir and river operating policies, the detellnination of
available water for development, and maximization of Colorado's
apportionment.

2. water resource planning, including the development and use of a
water resource planning model (i.e. new projects, water exchanges,
operating plans) and the evaluation of impacts of instream flow
appropriations (e.g., endangered fish flow, minimum flows).

3. water rights administration, including the optimization of water
rights administration, the on-line sharing of information between
water users, and the administration of water rights within compact
allocations (i.e., alternative strategies of administration which will
enable the maximum use of available resource)." (CRDSS
Overview)

This DSS is data-centered. The database will be composed of a relational database

management system (RDBMS) and a geographic information system (CDSS, CRDSS

Overview). The RDBMS will interface with the state of Colorado's relational database,

HydroBase (CDSS website).

HydroBase contains data on streamflow, diversion, water rights, etc (CDSS

website). The data can be categorized as physical characteristic data, historical data, or

water rights data (CDSS website). The physical characteristic data describes the static
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physical features of basins (i.e., crop types, reservoirs, stock ponds, streams, structures,

and population densities) (CDSS website). The historical data is used "to drive the

calibration efforts for both the Water Rights Planning Model and the Consumptive Use

model" (CDSS website). Historical data includes diversions, streamflow, precipitation,

and irrigated acreage among other things (CDS S website). The water rights data

"contains all the static information, transactional history and uses for the water rights

within the State of Colorado" (CDS S website). This data includes priority, ownership,

structural name at which the water is diverted, and transactional history (CDS S website).

Three models are used to simulate the river environment in order to evaluate

different scenarios (CDS S website). The Colorado River Basin Simulation Model is used

"to evaluate river and reservoir operations throughout the Colorado River System and

allow examination of present and future interstate compact policies and operating

criteria" (CDSS website). To this date the Colorado DSS website does not have any

available documentation of this model. The second model, the Water Resource Planning

Model, or StateMod, "allows the evaluation of existing and proposed water systems

within Colorado, including reservoir operations, water rights transfers, exchanges and

impacts of instream flows on other resources" (CDSS website). The third model is the

Consumptive Use model or the StateCU model. The StateCU model is "used to calculate

the amount of water used by agriculture, including crops and livestock by municipal,

domestic and industrial users and depletions from other miscellaneous uses" (CDSS

website).
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StateMod, which was developed by the State of Colorado, estimates natural flow

(Riverside technology et al., 1998). It "allocates water to a diversion, instream flow, or

reservoir based upon physically available river flow, legally available flow (priority),

decreed right, delivery capacity and demand" (CDSS website). Users specify the demand

at each diversion point either based upon historic diversions or upon estimating future

demands (Riverside technology et al., 1998). Using these specified amounts the model

will try to meet these demands for water while being constrained by prior appropriation,

canal delivery capacities, and available supply (Riverside technology et al., 1998).

The interaction between groundwater and surface water is modeled "by providing

a unit response function (URF)" (email correspondence). This URF will then provide

information on the effect a pumping well has on a stream and where the well affects the

stream (email correspondence). The URF essentially takes a percentage of the amount of

diverted water and uses it as a return flow to the river (Riverside technology et al., 1998).

These return flows are then "returned" to the stream over time (a lag) (Riverside

technology et al., 1998). The return point is specified by the user and will not vary

(Riverside technology et al., 1998).

Wells included in StateMod represent both tributary and nontributary

groundwater wells in order to take into account all return flows (email correspondence).

When considering a well water right, StateMod "allocates water to a well ... [and] is not
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limited to physical availability of flow in the river" (CDSS website). If flow is fully

depleted from the river, the well will pump only groundwater storage and "well

depletions for future time periods are determined and stored" (CDSS website). In

addition, StateMod takes into consideration that a well can capture water that would have

reached the stream had the well not been in place (email correspondence).

StateMod has four major components: the Base Flow Module, the Simulate

Module, the Report Module, and the Data Check Module. The Base Flow Module

creates a set of base streamflows based on the impacts from "historical diversions, return

flows, well pumping, and reservoir storage, release, evaporation, and seepage" (CDSS

website). In this module the user can also select a natural streamflow setting that does

not include any of the above impacts on the river (CDSS website). The Simulate Module

simulates the direct, instream, storage, well, and operational rights from the most senior

to junior priority for each time step (CDSS website). The Report module provides, in

addition to many other things, a ranked list of all the water rights in the simulation and

"detailed monthly descriptions of reservoirs, diversions and stream gages, instream flows,

well structures, and operational rights" (CDSS website).

3.3.3 The Rio Grande River DSS 

Though all of the Colorado Decision Support Systems are designed to aid

decision makers and represent physical reality, the Rio Grande Decision Support System
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(RGDSS) has a large focus on the interaction between surface and ground water (Wilson,

2002). The objectives of the Rio Grande Decision Support System include the following:

1. provide comprehensive, accurate, user-friendly databases
compatible with the CD'WR HydroBase database;

2. provide data and models to evaluate alternative water
development and administration strategies that can maximize
the use of available resources in all types of hydrologic
conditions and the development of sound water resources
management strategies;

3. provide a functional, integrated system that can be maintained
and upgraded by the State;

4. have the capability to accurately represent current and potential
federal and state administrative and operational policies and
laws;

5. promote information sharing among government agencies and
water users (CDSS, RGDSS Overview).

In the Rio Grande Feasibility Study Performed in 1998, Riverside Technology, Boyle

Engineering, and HRS Water Consultants proposed that the RGDSS should consist of the

already existing components from the Colorado River DSS in addition to new

components specific to the Rio Grande (Riverside technology et al., 1998). The final

DSS consisted of a consumptive use model, a surface water model, a groundwater model,

a geographic information system, the Colorado Water Rights Administration Tool

(CWRAT), and a water budget (Riverside technology et al., 1998).
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Surface Water Model

The Rio Grande Water Resources Planning Model is the surface water model component

of this DSS (Armbruster, 2002). The purpose of a surface water model in this DSS is to

predict the amount of water available for each user by basing the answer on hydrologic

principles, legal constraints, and reservoir operation (Riverside technology et al., 1998).

To make this prediction, the model must contain administrative features. The following

features are included in this surface water model:

1. Groundwater Use
2. Closed Basin Project
3. Rio Grande Compact
4. Direct Flow Storage
5. Reservoir Operations
6. Soil Moisture Use (Armbruster, 2002).

In addition, the model "attempts to simulate 100% of the basin's consumptive use by

explicitly modeling all major structures and spatially aggregating minor structures"

(CDSS website). The State of Colorado's stream simulation model, StateMod, was the

foundation for this model.

By upgrading StateMod, this surface water model can simulate the effects of

pumping on streams (Riverside technology et al., 1998). Though pumping is not

represented by individual wells, this version of StateMod allows pumping on several land

areas under one ditch system to be represented as one diversion point (Riverside

technology et al., 1998). Pumping is estimated by crop consumption, application
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efficiency, and the demand amount after surface water diversions are distributed

(Riverside technology et al., 1998).

Keeping with simulating the ground/surface water interaction, this updated

version of StateMod models the effect aquifer recharge has on streams (Riverside

technology et al., 1998; Armbruster, 2002). In order to simulate both pumping and

recharge effects on streams the DSS applies Glover lag functions to specific zones based

on "distance from the stream and intervening aquifer transmissivity" (Riverside

technology et al., 1998). These Unit Response Functions (URF's) were developed using

the San Luis Valley Groundwater Model created by the CDWR (Armbruster, 2002).

The model is calibrated to historical diversions, gages, and reservoir end-of-

month contents (Riverside technology et al., 1998). Calibration of the historic scenario to

historical streamflow, reservoir content and diversions resulted in excellent marks

(Armbruster, 2002). The calculated scenario calibration received good marks

(Armbruster, 2002). Each scenario has its own data set. The historical data set

developed baseflows and was used to calibrate parameters for return flows and reservoir

operations (Armbruster, 2002). The calculated data set is the historical data set while

allowing ditch systems to turn on and off according to demand (Armbruster, 2002). The

baseline data set is the calculated set but allows reservoirs, structures, and operating rules

to operate in a consistent manner as they did for the study period (Armbruster, 2002).

For instance, if the rules applying to a reservoir changed during the study period, the
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baseline data set reflects this change. The baseline data set is the set used for "what if"

scenarios that decision makers may use or test when deciding water management policy

(Armbruster, 2002).

Consumptive Use Model 

The Consumptive Use Model of the DSS estimates evapotranspiration,

supplemental or primary pumping, and the amount of applied water that is available for

recharge in the basin (Riverside Technology et al., 1998; Wilson, 2002). This model is

based on the State of Colorado's consumptive model code, StateCU (Wilson, 2002). As

stated earlier, the StateCU model is "used to calculate the amount of water used.. .and

depletions from other miscellaneous uses" (CDSS website). Results from the

consumptive use model are used as direct input into the ground water and surface water

models (Wilson, 2002). The ground water model uses the StateCU results for

1. Surface water diversions
2. Ditch conveyance losses
3. Surface and ground water applied to crops in excess of crop

irrigation water requirements (maximum water available for
recharge on irrigated acreage)

4. Estimated ground water pumping (Wilson, 2002).

The surface water model uses the following consumptive use results as input:

1. Historic irrigation water requirement over time
2. Historic ground water pumping over time (Wilson, 2002).
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Ground Water Model 

The groundwater model for the RGDSS is new and is not a part of the CDSS.

Several objectives are identified for this model:

1. evaluate the rate and timing of ground-water pumping
depletions to rivers and streams;

2. evaluate the water level changes (unconfined) or head changes
(unconfined) resulting from large-scale increases or decreases
in ground water withdrawals;

3. evaluate, on a gross scale, the potential for drying up wet areas
of the valley due to large diversions of water from the
unconfined aquifer;

4. evaluate, on a gross scale, the effectiveness of large-scale plans
for stream augmentation or wetland mitigation;

5. evaluate the net effect of proposed ground water appropriations
on the Rio Grande and the Conejos River, with respect to Rio
Grande Compact administration;

6. evaluate the changes in upward leakage due to confined or
unconfined aquifer ground water pumping;

7. evaluate water level changes in the unconfined aquifer due to
artesian head decline in the confined aquifer resulting from
ground water withdrawal;

8. evaluate, on a gross scale, the magnitude of potential land
subsidence due to concentrated confined aquifer pumping
(Riverside Technology et al., 1998).

It is important to note that this model alone is not meant to measure or analyze well-to-

well drawdown interference or a pumping well's depletion to a stream or river (Riverside

Technology et al., 1998).
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The basis of this model is the state's San Luis Valley ground water model (SLV

model), which was last updated in 1991 (Riverside Technology et al., 1998). The SLV

Model is a four-layer MODFLOW model (Riverside Technology et al., 1998). In

addition to providing the foundation for the ground water model portion of this DSS, the

SLV model was used for determining where new data collection is needed (Riverside

Technology et al., 1998). Some of the changes made to the SLV model include:

1. Adding new data including any new conceptualization of the
aquifer properties or boundaries

2. Using a Digital Elevation Model to produce higher definition
in terrain

3. Re-calibrating the new model
4. Using an updated stream package to simulate the

ground/surface water interaction (Riverside Technology et al.,
1998).

The new steady state model was calibrated and used for transient runs (Riverside

Technology et al., 1998). The model was also tested and assessed over a historic period

where different stresses have affected the basin (Riverside Technology et al., 1998).



3.4 METHOD TO DETERMINE THE SUBFLOW ZONE AND THE CONE OF
DEPRESSION

Arizona's bifurcated system allows a "subflow" zone of groundwater to be

governed under the prior appropriation doctrine. The declaration of this zone recognizes

that pumping wells can have a significant impact on the stream flow. This "subflow"

zone has been defined by the courts (Gila II) as the saturated floodplain Holocene

alluvium (GILA II). In addition, any well with a cone of depression intercepting the

subflow zone would also be subject to prior appropriation (GILA II). In Gila IV the

courts turned over the responsibility of determining a method to delineate this subflow

zone to Arizona Department of Water Resources (ADWR or DWR) as stated in the

following:

"DWR, in turn, will determine the specific parameters of that zone
in a particular area by evaluating all of the applicable and
measurable criteria set forth in the trial court's order and any other
relevant factors.. .All wells located in the lateral limits of the
subflow zone are subject to this adjudication. In addition, all wells
located outside the subflow zone that are pumping water from a
stream or its subflow, as detelinined by DWR's analysis of the
well's cone of depression, are included in this adjudication" (GILA
IV).

In January of 2002 the trial court asked ADWR to "prepare a report that identifies

and describes 'the procedures and processes that it proposes to use to establish the limits

of the subflow zone within the San Pedro river watershed'"(ADWR, 2002). In response

155
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to this request ADWR published what it determined to be a suitable methodology for

delineating the subflow zone in the Subflow Technical Report, San Pedro River

Watershed: In Re the General Adjudication of the Gila River System and Source. 

3.4.1 Determination of the Jurisdictional Subflow Zone

In determining the jurisdictional subflow zone in the San Pedro River watershed

ADWR identified five steps:

1. Locating perennial streams
2. Locating intermittent streams
3. Locating effluent fed streams
4. Locating lateral extent of the floodplain Holocene

alluvium; and
5. Locating the saturated portion of the floodplain Holocene

alluvium (ADWR, 2002).

These five steps have also been approved as suitable for any watershed within the Gila

River adjudication.

ADWR performed an intensive search for Arizona streamflow maps that have

predevelopment conditions for perennial streams. Using Geographic Information System

(GIS) technology the department overlaid a recent perennial stream map with a

predevelopment perennial stream map. The predevelopment map (early 1900's to 1940)

was developed by USGS using historic accounts, field data from that time period, recent

data from basins which have experienced little to no change in water levels, and
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numerical models (ADWR, 2002). The overlay technique takes into account that

perennial reaches now exist where they once did not.

Locating intermittent streams for predevelopment times was unable to be

determined due to lack of historical data. However, recent data from the Arizona Game

and Fish Department (AGFD) will be overlaid using GIS with the perennial stream

composite map (ADWR, 2002).

Within the San Pedro River watershed, there are only three stream reaches that are

fed by effluent. Of these three reaches, two of them were perennial reaches during

predevelopment. The third reach will be declared to be non-hydraulically connected to

the underlying aquifer due to a clogging layer. Clogging layers frequently occur in

effluent fed stream reaches due to high nutrient loads and organic content resulting in

layers with low permeability that restricts seepage (ADWR, 2002).

To determine the lateral extent of the floodplain alluvium surficial geology maps

for those areas designated with having perennial or intermittent streams will be identified

and evaluated to select the best map depicting the Holocene alluvium. Evaluation of

maps will be based on the following criteria:

1. Field work (was the field work conducted by the author of
the map?)

2. Map coverage (does the map cover the entire subwatershed
in question?)

3. Dating methods (how many dating methods of the
floodplain were used?)
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4. Map scale (Does the map have a smaller scale and therefore
more accurate?) (ADWR, 2002).

To delineate the saturated portion of the floodplain, ADWR concluded that the

best method would be to assume that the entire lateral extent of the Holocene alluvium

was saturated. A determination of the saturated portion would require knowledge of both

the thickness of the floodplain Holocene alluvium and of the depth to the water table

beneath the floodplain. Both of these requirements were determined to be impractical

due to a high variance, "both spatially and temporally," in floodplain thickness and water

level (ADWR, 2002).

3.4.2 Determination of the Cone of Depression

According to court ruling any well that has a cone of depression intercepting the

jurisdictional subflow zone will impact stream flow, and thereby it is subject to the rules

of prior appropriation. ADWR has outlined the following steps for determining a well's

cone of depression:

1. Determine well location, elevation, and distance from
jurisdictional subflow zone;

2. Determine pumping history;
3. Determine frequency of pumping;
4. Determine how the well is constructed
5. Characterize local hydrogeologic conditions;
6. Define local aquifer properties;
7. Construct a conceptual model of the aquifer system;
8. Select a mathematical model;
9. Input data and run a simulation using mathematical model;
10. Analyze model output; and
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11. Determine whether a well should be adjudicated (ADWR,
2002).

ADWR recommends that a cone of depression test should be performed on a well-by-

well basis, and they encourage combining several of the above steps for wells that are in

the same vicinity (ADWR, 2002).

Global Positioning Satellite (GPS) coordinates should be used to determine the

location of a well. These coordinates can then be plotted on top of a USGS seven and

half minute quadrangle topographic map using GIS technology. Distance to the

jurisdictional subflow zone can be established from this composite map, and well

elevation can be extrapolated from a digital elevation model (DEM) (ADWR, 2002).

Pumping history should be listed on the Statement of Claimant (SOC) filed by the

well owner. This pumping history should include the following information:

1. The date pumping began or date of well completion; and
2. Average quantity of water pumped (ADWR, 2002).

If the SOC does not list the amount of water pumped the following information can be

used singly or in combination to estimate the amount:

1. Pump capacity (well registration documents);
2. Power records (requires type of pump and distance the

pump lifts water); and/or
3. Claimed type of use (ADWR, 2002)
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Many agricultural pumps are not pumped continuously year round. This type of

pumping would result in a cone of depression that would" expand and contract over

time" (ADWR, 2002). For these wells, ADWR recommends that either the well owner

be contacted for this information or that power records be used to determine seasonal

uses (ADWR, 2002). If no data is available it can be assumed that the well is pumped

continuously" at a rate based on the annual pump volume" (ADWR, 2002).

Well depth, where the well is screened, location of annular seals, and the geologic

unit which supplies the well are all extremely important characteristics when determining

the cone of depression. All of this information can be found in the well driller's report,

construction reports filed in Active Management Areas (AMA's), or other applications

and reports kept by ADWR. If this data is found to be unreliable, it can be assumed that

the well is screened over its entire depth (ADWR, 2002).

Hydrogeologic conditions should be illustrated by the construction of

hydrogeologic cross-sections. These cross-sections should be created using lithologie

logs, geophysical measurements, and water level data. Many cross sections may be

needed to adequately describe the area of interest (ADWR, 2002).

Aquifer properties also need to be defined. Specifically, ADWR calls for the

defined values for the hydraulic conductivity and storage coefficient of the geologic units
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from which the well draws water. These values should be drawn from published studies

performed preferably near the area of interest (ADWR, 2002).

The first step in modeling is the design of a conceptual model. This conceptual

model will provide "a verbal and graphical description of an aquifer system and the

stresses on that system" (ADWR, 2002). A mathematical model will then be created

based on the conceptual model ADWR recommends using the program THWELLS

(version 4.01, 1996) by P.K.M. van der Heijdge of the International Ground Water

Modeling Center. THWELLS is an analytical model that calculates the drawdown from

up to 100 wells (International Ground Water Modeling Center). The numerical model,

MODFLOW, should only be used when the "aquifer system is exceedingly complex and

the flow equations can only be solved by recasting them in algebraic form" (ADWR,

2002).

Using either THWELLS or MODFLOW the following information may be needed:

1. Model area and model grid;
2. Location, aerial extent, and thickness of all aquifer and

aquifer confining layers;
3. Location and type of aquifer boundaries;
4. Aquifer properties and their variation across the model

domain;
5. Initial position of the water table and/or potentiometric

surface before pumping began;
6. Location and quantity of natural aquifer recharge and

discharge;
7. Location and quantity of artificial recharge
8. Location, depth, and open interval of cone of depression

and image wells; and
9. Rate and schedule of well pumping (ADWR, 2002).
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The model simulation output will be used to create a map that "shows the simulated cone

of depression and its relation to the jurisdictional subflow zone" (ADWR, 2002). The

need for further calibration will be determined by a comparison of simulated depth to

water in the well to past and current pumping levels (ADWR, 2002).

Finally, ADWR recommends that two conditions at the time of modeling need to

be met before a well outside of the subflow zone should be included in the adjudication.

First, "the simulated cone of depression has reached the edge of the jurisdictional subflow

zone and drawdown at that point is greater than or equal to 0.1 foot" (ADWR, 2002).

Second, "the water level in the well is below the water level in the jurisdictional subflow

zone during pumping" (ADWR, 2002). If both of these conditions are met then the well

will be subjected to the rules of prior appropriation. The result of imposing these

conditions of potential subflow wells is to limit the amount of wells that will then fall into

the category of pumping subflow. Many wells will have a higher water level in them

than at the Holocene alluvium interface. In addition, the 0.1 feet drawdown is within the

range of seasonal groundwater level fluctuations. These conditions will result in the

exclusion of wells which are pumping subflow but do not meet this limiting criteria or

wells that are intercepting water on its way to the stream; however, these criteria provide

ease in assessment and will not hinder the adjudication process.
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3.4.3 Determining a de minimis Effect

ADWR agrees with the Special Master's definition of de minimis that is

"individual domestic uses for single residences, serving household purposes and

associated outdoor activities on adjoining land not exceeding 0.2 acres" (ADWR, 2002).

The Special Masters also stated that these de minimis uses" should be summarily

adjudicated with water rights characteristics" (ADWR, 2002). ADWR, however,

disagrees. The department believes that excluding these uses would "simplify and

accelerate the adjudication by reducing the work involved" (ADWR, 2002).
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3.5 MODELING CONCLUSION

This section presented three different case studies illustrating how models are

used as tools in determining a well's effect on a stream. The first study of the HI Model

showed how a newly developed model is being used to determine the quantity of river

water depleted by well development. This model predicts how much water there would

have been in the Arkansas River at the Colorado-Kansas Stateline if the well

development in Colorado had not occurred after the signing of the ARC. Since this

model is part of a lawsuit, it has undergone numerous revisions by both the plaintiff's

team and defendant's team. The expert witness testimonies clearly illustrate that models

are tools, and as tools, they are only accurate and useful if they are applied properly to the

question at hand. Testimonies repeatedly assert that there are fundamental errors in the

logic of diversion reduction factors in the HI Model and that the model is not accurate

over a short time period.

The Colorado Decision Support Systems, on the other hand, are being developed

and used to predict the outcome of future "what if' scenarios. These DS S's can be used

as conceptual tools for decision makers to see the effect certain plans may have on the

system as a whole. The Rio Grande DSS in particular examines the stream-aquifer

system. Specifically, the Rio Grande DSS has a groundwater model that is used to

calculate the depletion to streams by pumping wells.
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The Arizona technique for determining the "subflow" zone is the third case study

included in this report. Since the "subflow" zone is a geological unit, a series of map

overlays using GIS technology will determine the "subflow" extent. ADWR also

concluded that the entire Holocene alluvium extent should be considered saturated. Since

Arizona law also states that a well whose cone of depression reaches the subflow zone is

then part of the subflow zone, ADWR plans to determine this cone of depression by using

the program THWELLS to map drawdown from the water table. Furthermore, ADWR

stipulates two conditions for a well outside the technical subflow zone to be considered

pumping subflow. First, the cone of depression must reach the edge of the subflow zone

and have drawdown of over 0.1 foot and the water table outside the subflow zone must be

lower in elevation than the water table inside the subflow zone. If these conditions are

met, the well will be deemed to be pumping subflow and subject to appropriation.

Most state water right permitting agencies decide for the need of the use of a

model on a case-by-case basis. Many times the agency decides that only a conceptual or

simple water budget model is needed. The use of the model is also restrained by the lack

of hydrological information. If accurate information is not available to use as input for a

model, the model will not predict accurate outcomes. It is a simple as garbage in equals

garbage out.
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4.0 Daubert Criteria

Another noteworthy subject is the outcome of a 1993 court case, Daubert v.

Merrell Dow Pharmaceuticals. This case established criteria for scientific evidence that

is being entered in trial. Daubert calls for the judge in the courtroom to act as a

"gatekeeper" and ensure scientific evidence as reliable and valid (Faigman, 2002). In

Daubert the court established four criteria to base the reliability of scientific

evidence/testimony (Faigman, 2002). These criteria are:

1. Is the opinion testable and has it been tested?
2. Is the error rate associated with the technique or opinion

acceptable?
3. Has the basis for the opinion survived peer review and has

it been published?
4. Is it generally accepted among scientists in the pertinent

field?

In trial a model or scientific concept presented by an expert witness can be assessed

under the Daubert criteria. Most lawyers will only call for an assessment of the Daubert

criteria if the model (in our case) is almost assured to fail the Daubert test. Otherwise, an

assessment of the criteria resulting in a passing of the criteria gives more clout to the

other side's case.

The HI Model obviously fails several criteria. It has not been documented or

subjected to peer review. Though the concept of numerical models has passed peer

review, it is still important for each individual model to undergo a peer review to catch

small details or misconceptions within the model. The model also does not have a

published error rate. Colorado expert witness reports showed that the model produced
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more accurate predictions when run over a multi-year period illustrating that the model's

error rate decreased when applied over multi-year periods. Kansas, on the other hand,

proposes to use the model on a yearly basis. Under this type of condition, the model

error rate is quite large and unacceptable in Colorado opinion as well as the scientific

community majority. This individual model is testable, some expert witnesses performed

sensitivity analyses, though an extensive and comprehensive testing of this model and its

many versions by an objective party is lacking. This type of objective testing would be

very useful for this case. The final criteria calls for general acceptability of the concept

in question within the scientific community. In general, numerical models are highly

accepted by the scientific community and are seen as great tools. The scientific

community does, however, make exception to this statement by providing the stipulation

that models are acceptable as long as they are applied correctly, are properly calibrated,

and contain reliable data fueling the model. In this light, the idea of the HI model is

acceptable, but numerous arguments have been raised against the model calibration and

the different types of data used, for instance the irrigated acreage. The HI model would

face some challenges if it was assessed under the Daubert criteria. Its lack of objective

peer review, questionable calibration practices, questionable data, and questionable error

rates would all contribute to these challenges. Full assessment of this model by an

objective party would, however, be needed to make a comprehensive assessment of the

model. This full assessment could include full sensitivity analyses of each model version

including an extensive analysis of the effects of the diversion reduction factors and the

canal capacity factors.
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The Colorado Decision Support Systems (DSS) cannot be evaluated for the

Daubert criteria as extensively as the HI model due to lack of information. Again, each

DSS is composed of several models, a GIS, and a GUI. All of these components are

individually accepted by the scientific community and are testable. These components

are also acceptable as forming a DSS. This DSS can also be tested. Each DSS is

documented including each model portion, and, therefore, the DS S is subject to peer

review. Error rates in terms of proper calibration were seen as insignificant in the two

DS S's considered, or, more clearly, both DSS's were deemed to be properly and well

calibrated.

Finally, ADWR'S technique for the Determination of the Subflow zone can be

broken down into it's several steps for the Daubert criteria assessment. GIS, THWELLS,

and MODFLOW are all well-known applications in the scientific community that have

undergone peer review, and they are testable. Since it is more of a technique than an

actual model, each separate portion would have to be assessed each time it is applied for

a determination of an error rate.

Of the three case studies examined, the HI model passes the least amount of

Daubert criteria. It has questionable calibration technique and a lack of peer review. In

general, modeling is an accepted technique within the scientific community; however,

this community does stress the importance of proper model application and proper
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calibration. The Colorado DSS's show a broad understanding of the system especially

the Rio Grande DSS. The DSS concept combines GIS technology that is proving quite

useful in the modeling world. It also provides a graphical user interface (GUI) that

enables ease in understanding and use of the model for a decision maker. These DSS's

pass the Daubert criteria, but do need objective research as to their error rates and further

peer review. ADWR's subflow zone determination passes the Daubert criteria; however,

each application of this technique would need to be reassessed to evaluate proper

application and calibration in determining error rate.



Part IV: Conclusion

Western water rights policy is far from embracing hydrologic reality. This lack of

science in the law is not to be blamed entirely on the courts and state legislatures. During

the conception of these laws, the hydrological system was unknown territory. Population

size was much lower allowing for water needs to be satisfied by the available surface

water. Groundwater extraction was limited until the invention of the turbine pump. Once

groundwater became a viable source of water, the courts finally faced the problem of

applying laws to a complex system. Laws are constrained by political boundaries;

groundwater basins are not. Scientists are still studying the stream-aquifer system and

the principles of groundwater in general. Indeed, the courts had their work cut out for

them when they began applying laws as though groundwater and surface water were two

separate entities.

The water law section illustrates the struggles of both the courts and the

legislatures of western states as they grapple with the complexities of this system. Some

states, such as Washington, are more progressive and have applied laws that recognize

the interaction between stream and aquifer and that protect senior surface water users.

Other states, such as Arizona, recognize the interaction but struggle with an outdated

system already in place. Finally, there is Texas that applies the antiquated concept of
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underground streams or underflow placing the burden of proof on the surface water right

holder.

All of the Western states considered in this study have some form of recognition

of the stream-aquifer system, antiquated recognition or not. This recognition provides

some form of protection in each state for senior surface water right holder from junior

groundwater pumpers. The protection varies from great to little and may depend on the

resources of the surface water holder to prove that their water right is impacted by a

groundwater pumper.

Many times the resources needed include a numerical model. The three case

studies included in this report illustrate how models can be used as a tool in aiding

lawmakers or the agencies that grant water right permits. All of these cases also illustrate

the importance of reliable data. Without data, there is no model; without reliable data,

there is no reliable model. That is not to say that reliable data makes a reliable model.

The HI Model case study shows that a model can have more problems than just

unreliable data. Indeed, it is as important to apply the model correctly and calibrate the

model correctly as it is to have reliable data to build the model. The latter two

models/techniques illustrate the utility of models for evaluating the future impacts of

policy changes or, on a smaller scale, a well on a stream.
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Though models are useful tools, it is extremely important to recognize model bias.

Model bias can enter the model through various pathways. These pathways can include

sponsorship and expertise. In the creation of a model, the modeler wants to please the

person or group that is providing financial assistance. Perhaps, this financer is a

developer. In the arid southwest, it would most likely behoove a developer to show high

rates of recharge. Model data that is not easily obtained can be inferred by the use of

mathematical functions relating known data to the unknown data. Several functions may

exist that can be utilized, and some of these functions may result in more "preferable

values."

Bias can also be seen in expertise. Perhaps, the modeler has been modeling for

quite some time and is stuck in her ways. She is then therefore not willing to use a new

technology or technique that may result in a better-calibrated model or a more properly

applied model.

These are not all the pathways that bias can enter a model. There are most likely

much more subtle pathways and other obvious pathways such as model calibration.

Calibration involves the "tweaking" of model parameters to better predict what is

observed. This "tweaking" is commonly accepted by those in the modeling world;

however, this community recognizes that a sense of reality needs to be maintained due to

the physical basis on which these parameters are founded (Maddock, 2000). The

calibration process needs to remain within a physical reality. Parameters changed to
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physically unrealistic values should be seen as poor calibration technique, and, therefore,

these model should also be seen as poorly calibrated.

Models are also evolving into much more complex entities, such as Colorado

DSS's. More complex models entail more specialized creators and interpreters. This in

turn creates a larger gap between those people behind the science and those trying to take

the model results and apply it to the legal system. The laws discussed already show a gap

in the understanding of the physical system between scientists and lawmakers. Though

this gap is partially due to existing laws hindering the development of more physically

based policy, more complex models increasing the amount of material needed to be

understood by the decision makers does not alleviate the gap.

Models can be proven as extremely useful tools especially in the legal realm.

Their disadvantages should be noted and exposed to the courts and legislatures with a

well-known procedure including full documentation of the model. Water policy will only

begin to represent scientific reality to its full capability when scientists and lawmakers

collaborate and share their tools. Western water law is in need of adjustment to protect

senior surface water holders; some states are in greater need than others are. It is

imperative for lawyers and decision makers to understand the basic principles of

hydrology, and, likewise, the scientists to understand the laws that govern our waters.



APPENDIX A: Acronyms for Water Law

Acronyms for Water Law Portion
ADWR Arizona Department of Water Resources AZ
AMA Active Management Area AZ
CAP Central Arizona Project AZ
CGA Critical Groundwater Area AZ
GMA Groundwater Management Act AZ
INA Irrigation Non-Expansion Area AZ

AWDI American Water Development, Inc. CO
GMD Groundwater Management District KS

IGUCA Intensive Groundwater Use Control Areas KS
DWR Department of Water Resources NB

M.U.D. Metropolitan Utilities District NB
NRD Natural Resource District NB

Commission Water Resources Commission OR
WRD Water Resources Department OR

Council Texas Water Policy Council TX

Council Texas Water Policy Council TX
PGMA Priority Groundwater Management Area TX

TCEQ Texas Commission on Environmental Quality, previously the TNRCC TX

TNRCC Texas Natural Resource Conservation Commission TX

TWC Texas Water Commission TX

TWDB Texas Water Development Board TX

UWCD Underground Water Conservation District TX

DOE Department of Ecology WA

PCHB Pollution Control Hearings Board WA
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Appendix B: Acronyms for Modeling

Acronyms for Modeling Portion

ARC Arkansas River Compact HI Model
CDWR Colorado Department of Water Resources HI Model

DRF Diversion reduction factor HI Model
HI Model Hydrologic Institutional Model HI Model

JMR John Martin Reservoir HI Model
PET Potential evapotranspiration Values HI Model
SEV Secondary Evaporation values HI Model

WANT Demand factors HI Model
WWSP Winter Water Storage Program HI Model
CDWR Colorado Department of Water Resources CO's DSS's
CRDSS Colorado River Decision Support System CO's DSS's
CWCB Colorado Water Conservation Board CO's DSS's

CWRAT Colorado Water Rights Administration Tool CO's DSS's
DSS Decision Support System CO's DSS's
GIS Geographic Information System CO's DSS's
GUI Graphical User Interface CO's DSS's

RDBMS Relational Database Management System CO's DSS's
RGDSS Rio Grande Decision Support System CO's DSS's

SLV model San Luis Valley Model CO's DSS's
URF Unit Response Function CO's DSS's

ADWR Arizona Department of Water Resources Subflow
AMA Active Management Area Subflow

DEM Digital Elevation Model Subflow
DWR Arizona Department of Water Resources Subflow

GIS Geographic Information System Subflow

GPS Global Positioning Satellite Subflow

SOC Statement of Claimant Subflow
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Appendix C: Water Law Timetable

YEAR STATE EVENT SIGNIFICANCE

1840 Texas
Texas Congress adopts common
law of England and the riparian
doctrine

Prior Appropriation is not recognized

1864 Arizona Howell Code Howell code recognized prior
appropriation for surface water

1881 Kansas City of Emporia v. Soden
Courts order a groundwater pumper to
cease and desist since well was lowering
the level in nearby pond

1882 Colorado Coffin v. Left Hand Ditch Co. Denies riparianism, adopts prior
appropriation

1886 Kansas Wrote Prior Appropriation into
law; Courts did not accept it.

First declaration of prior appropriation is
to be used for surface water; Courts,
however, ignored it

1895 Texas Drops riparianism and adopts Prior
appropriation

Riparianism is recognized as unsuitable;
but recognizes prior riparian rights

1904 Arizona Howard v. Perrin
First case in Arizona to refer to
groundwater; declared groundwater the
property of the owner

1904 Texas Houston and Texas Central
Railroad Company v. WA. East

Establishes the common law, or absolute
ownership, as the law pertaining to
percolating waters; rejects doctrine of
reasonable use

1905 Kansas Clark v. Allaman
Courts reject prior appropriation and
upholds common law of riparian rights

1909 Oregon Passes their water code

Surface water and water in known and
defined streams are subject to
appropriation; percolating waters are not
subject to appropriation

1911 New Mexico Adopts its constitution Constitution declares waters are subject to
appropriation

1912 Arizona
Clesson S. Kirmey's The Law of
Irrigation and Water Rights was
published.

Its understanding of hydrology severely
affected Arizona courts thinking

1912 Arizona Statehood Denied riparianism

1913 Washington Patrick v. Smith Adopts correlative rights for groundwater

1917 Washington Water Code
Prior Appropriation applied to surface
water

1919 Arizona Adopts its water code Declares waters, including underground
waters, as belonging to the public

1920 Nebraska
Nebraska constitution adopts prior
appropriation

Nebraska officially adopts prior
appropriation
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YEAR STATE EVENT SIGNIFICANCE

1927 Oregon
Legislature applies laws which
pertain to underground waters

Required groundwater users to obtain
permission to use the waters

1931 New Mexico Extends Prior appropriation to
groundwater

Prior appropriation applied to
groundwater

1933 Arizona
Maricopa County v. Southwest
Cotton

First definition of "subflow"; assumed all
 underground waters to be percolating
unless proved otherwise

1933 Nebraska Olson v. City of Wahoo
Declares a modified correlative rights
doctrine for groundwater

1936 Kansas Frizell v. Bindley Court does not recognize plaintiff's
appropriation

1944 Kansas
Peterson v. State Board of
Agriculture

Court reiterates its support of the
common law of riparian rights

1945 Washington Groundwater Code

Applies prior appropriation to
groundwater; allows time for
groundwater users to prove water use was
beneficial

1945 Kansas Water Appropriation Act Declares prior appropriation for all waters
of the state and allows for vested rights

1948 Arizona Critical Groundwater Code
First time to explicitly recognize
groundwater; Power to create Critical
Groundwater Areas

1949 Texas
Law passed allowing for voluntary
creation of Underground Water
Conservation Districts

Districts can regulate groundwater
withdrawals

1951 Colorado Safranek v. Town of Limon
Courts presume all groundwater to be
tributary and therefore subject to prior
appropriation

1955 Oregon Groundwater Act
Allows for controlled use of groundwater
by creating a Critical Ground Water Area

1958 New Mexico Templeton v. Pecos Valley
Protects senior surface water right holders
by being allowed to switch to pumping

1965 Colorado Groundwater Management Act
Legislature defines tributary,
nontributary, and not nontributary
groundwater

1967 Texas Water Adjudication Act Set up a complex adjudication process

1969 Colorado
Water Rights Determination and
Administration Act

Reclassifies water districts to correspond
with watersheds; Declares tributary
groundwater subject to prior
appropriation

1969 Nebraska
Legislature Creates Natural
Resource Districts

NRD's were a consolidation of mayny
types of conservation Districts

1971 Washington Water Resources Act
Established minimum instream flow
levels; priority date of instream flow is
date of management plan.

1972 Kansas
Groundwater Management District
Act

Created Groundwater Management
District Areas to help conserve
groundwater
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YEAR STATE EVENT SIGNIFICANCE

1974 Arizona
Beginning of Gila River
Adjudication

Forces the court to consider relevant
issues

1975 Nebraska Ground Water Management Act
NRD's received the power to regulate
groundwater

1980 Arizona Groundwater Management Act
Enacted to control groundwater depletion;
allowed for five Active Management
Areas

1992 Oregon
Water Resource Commission
creates 11 groundwater limited
areas

Created due to groundwater decline in
the areas

1993 Arizona Gila II decision

"subflow" is defined as the saturated
floodplain Holocene Alluvium; allows a
cone of depression extending to
"subflow" zone will be considered
"subflow"

1996 Nebraska LB 108
Authorizes conjunctive use management;
recognizes hydrologic connection
between surface and ground water

1997 Texas SB 1 Gave more power to the districts

1998 Texas
Fain v. Great Springs Waters of
America, Inc

Court uphold rule of absolute ownership
and states it is more appropriate for the
legislature to change the law.

1999 Arizona Gila III
Federal Reserved Rights extend to
groundwater

2000 Washington
Postema v. The Pollution Control
Hearings Board

Hydraulic continuity in streams with
unmet instream flow levels or streams
closed to further appropriation Is not a
sole reason to deny an application for
groundwater withdrawal

2001 Texas SB 2 Created Texas Water Policy Council
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