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Abstract:

Intraseasonal interaction of the ground and surface water system figures prominently in this
irrigation-planning study of a river basin. A model for optimizing use of variable streamflows and
supplemental groundwater reserves is developed that simultaneously evaluates economic interaction
occurring within the ground and surface water system during four discrete periods of the irrigation
season.

Development of the model encompasses three stages. First, the hydrologic system is analyzed and
groundwater discharge is functionally related to water table height in eight hydrologic subareas over
four time periods. Second, a nonstochastic model is developed to allocate intraseasonal surface supply
and utilize supplemental groundwater subject to interspatial-intertemporal groundwater interactions
determined by water table balances in each period. This model is used to compute well investment
levels associated with assumed fixed surface supplies and different distribution efficiencies.

Third, the probability distribution of annual streamflow is evaluated and the optimal level of well
investment (within the class of well developments computed above) is determined for each field
efficiency condition with stochastic surface input.

Post-optimal analysis, including sensitivity analysis of variable pumping costs, well investment costs,
tolerable water table heights, and crop allotment restrictions, is also applied.

Empirical results of the model indicated that with optimal surface water use, development of
groundwater reserves for irrigation supply in the Gallatin Valley would increase average net annual
irrigated income by $8 per acre or 18.2 percent on the 124,416 acres in the study area. If field
efficiency can be raised from the present level to the recommended level, a comparable increase in
irrigated income may be attained without groundwater development. Conjunctive use of ground and
surface water together with increased field efficiency in irrigation would result in a potential annual
income gain of $13 per acre of 30 percent overall.
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ABSTRACT

Intraseasonal interaction of the ground and surface water
system figures prominently in this irrigation-planning study of a
river basin. A model for optimizing use of variable streamflows
and supplémental groundwater reserves is developed that simultane-
ously evaluates economic interaction occurring within the ground and

surface water system during four discrete periods of the irrigation
season.

Development of the model encompasses three stages. First, the
hydrologic system is analyzed and groundwater discharge is func-
tionally related to water table height in eight hydrologic subareas
over four time periods. Second, a nonstochastic model is developed
to allocate intraseasonal surface supply and utilize supplemental
groundwater subject to interspatial—intertemporal groundwater inter—
actions determined by water table balances in each period. This
model is used to compute well investment levels associated with assumed
fixed surface supplies and different distribution efficiencies.
Third, the probability distribution of annual streamflow is evaluated
and the optimal level of well investment (within the class of well
developments computed above) is determined for each field efficiency
condition with stochastic surface input. .

Post-optimal analysis, including sensitivity analysis of variable
pumping costs, well investment costs, tolerable water table heights,
and crop allotment restrictions, is also applied.

Empirical results of the model indicated that with. optimal surface
water use, development of groundwater reserves for irrigation supply
in the Gallatin Valley would increase average net annual irrigated
income by $8 per acre or 18.2 percent on the 124,416 acres in the
study area. If field efficiency can be raised from the present level
to the recommended level, a comparable increase in irrigated income
may be attained without groundwater development. Conjunctive use of
ground and surface water together with increased field efficiency in
irrigation would result in a potential annual income gain of $13
per acre of 30 percent overall.

xi




CHAPTER I
" INTRODUCTION

In many irrigation prdjects, the most limiting fac;or affecting
producti&ity ié a high water table resuiting from & basic disequil-
iﬁrium in the hydrologic system. The damage caused by excessive
water tables has become a serious problem for irrigated ag?iculture
in many parts of the world. 'In'West Pakistan, for example, some, 26
million acres of lrrigated cropland has been damaged by waterlogging
and saltiﬁg, and the sp;ead of salinity is continuing to force many
more thousands of acres out of production every year. 1/

The full significance of this problem is often underestimafed
at the outset of irriéaﬁion.development-as the damage may not be
evidén£ until several years later. Accumulation of damage in the
case of gradual soil salinization or loss of permeability has,
generally, a very long time horizon. Damage ismore easily assessed
when farm income is directly affected by crop bogging or interference
with harvesting.

In addition to artificial drainage, the most commén method for
controlling water tables, there are often several other stfatégies
available for control of this problem, For example, the distribution
system can be designed and water supply allocated so that percolation

losses are minimized in the areas of the project that are most -

1/ D.E. Naylor, "Control of Waterlogging and Salinity in West
Pakistan," International Journal of Agrarian Affairs, Vol. IV,
No. 1, October 1963, pp. 1-12.




2

susceptible to bogging. Also, whefe ground%ater can be used to
supplément surface water, the water table may be controlled by
concentrating pumping on lower lands of the project.

In most cases, however, the economic potential of employing
these alternative strategies is not appreciated until after all‘irriga—
tion structures are completed and some experience is obtained in opera-
tion of the irrigation system. At this stage, artificial drainage
may be the only practical choice left for relieving high water tables
although less costly control could have been at£ained‘formerly with
another strategy, e.g., by changing the layout of the distribution

system.

Nature of the Investigation

The economic significance of high water tables to irrigated
agriculture and some alternative strategies for controlling this
problem have been discussed in general, An important implication
to be derived from this discussion is that a more systematic approach
in planning irrigation systems is needed Wﬁere high water table condi-
tions are likely to be encountered. In view of the drainage problems.
experienced in some completed projects, e.g., in West Pakistan,_g/

it would appear that more cémpreheqsivejﬁlannimg-models would be

advantageous even if based on relatively~3paise hydrologic information,

2/ 1Ibid.
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A general equilibrium model including all hydrologic relation-
ships offers several advantages over partial equilibrium methods
for analyzing water-table problems. For example, the evaluation of
alternative strategies for water~table control may be directly
incorporated within a composite criterion function for overall
6ptimal system organization. This is not possible in the partial
equilibrium approach. Allocation of water flows and the location
of irrigation wells within a system can be important strategies in
water-table control, particularly for localized problem areas. The
use of a composite criterion function as postulated above greatly

facilitates analysis of these more complex strategies for controlling

water tables.,

The problem of surface water-groundwater interaction in a
hydrologic system may be simply explained by Darcy‘s Law governing
linear flow of fluids. ,Aécording to Darcy's Law, groundwater
velocity for laminar flgwtis proportional to the hydraulic gradient
along the path of flow. 3/

The following are two examples of interaction which may be

explained by Darcy's Law:

O e e e e

3/ S.N. Davis and R. J. DeWiest, Hydrogeology, John Wiley & Sonms, —.
Inc., New York, 1966, p. 156,
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1) If‘groundwater is pumped adjacent to a stream, water loss
from the stream will tend to increase in proportion to the change
in the hydraulic gradient between the stream level and the adjacent
aquifer's declining water table level; and

2). If the water table in the adjacent aquifer is higher than
thg stream level, e.g., from heavy irrigation buildup, the surface
water supply provided by the stream may be expanded by increased
groundwater outflow from the adjacent aquifér.

The two examples cited are very simple cases of possible inter—
action between surface and groundwéter. The analysis becomes more
complicated when a Qéter table change in one part'of an aquifer
region triggers a chain reaction of interactions throughout the
rest of the system. A simulation model for evaluating this latter
problem is presented in Chapter IIT. |

| In addition to the above physical ipteractions, some important

economic interactions also take placé between the ground and surface
water system. A major source of intergction is the economic alterna-~
tive of using the aquifer as-a aistribufion system for irrigation
-supply instead of surface canals. Thié method of distribution is
feasible in the present study as most of the.aquifer area is located
under agricultural land. Advantages in distribution efficiency
coupled with low puméing 1lift associated with high water table

levels make groundwater a relatively cheap alternative source of
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water supply in the Gallatin Valley. Reiiability of groundwater
supply is also assured because of the large volume curréntly in
storage and the high aﬁﬁﬁal rate of reéharge to the aquifer in the
Gallatin Valley. .‘

It should be evident from the above discussion that high
water—table levels are a pfimary cause of surface and groundwater
interactions within a hy&rologic system as well as a major threat
to productivity of an irrigation project, ~This further jﬁstifies
the use of a general equilibrium model for irrigation project
planning which includes all hydrologic rélationships of concern
in optimal water allocation. ’

Pﬁrpose of thé Study

This thesis involves the fo;mulation, solution and evaluation
of a general equilibrium model for conjunctive intraseasonal use of
groundwatér and surface water in the Géllétin Valléy,'Montana. The
purpose of the model is to optimize the combined use of available
surface and groundwater resources in the Gallatin Valley subject
to specified intertemporal and interspatial hydrologic relation-
ships that restrict the use of these resources. Since the major‘
restriction on water use is the level .of the water tabie, evaluation of

water tables during the irrigation season enters prominently in

—
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construction of the model. The identification and quantificatior
of hydrologic relationships affecting water table balance are
important features of the methodology followed in this study. The
analysis in Chapter III of this study is entirely devoted to
sbecification and quantification of hydrologic relationships.

Specific empirical objectives of the present study are to
determine the economic' benefits of groundwater development in the
Gallatin Valley, the'value of improved irrigation efficiency resulting
from better farm practices, ditch consolidagion and/or 1iniﬁg,and the
relative importance of current surface water supply in the study
region; "Empirical objectives also include an evaluation of optimal
cropping patterns in different subareas of the Valley under different
water supply conditions aﬁd the optimal level of well de&elopment
in each subarea. A furthér‘objective is to idéntify what institu-
tional changes will be reéuired to provide flexibility in water
exchange and encourage cooperatioﬁ'among water users so that optimal

irrigation development may be obtained in the Gallatin Valley.

Justification for the Study
The primary reason for undertaking a comprehensiveé water study
of the Gallatin Valley is that this region provideé excellent oppor-
tunity for a systems analysis of interreiated drginage‘and water

scarcity problems within the regioﬁ. The higher lands in the
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Valley generally run short of surface water early in July each
season whereas the lower lands with the early water rights tend
to have an abundance of surface water supply during all of the
irrigation season. - In the lower part of the valley, once fertile
lands are now bogged due to misuse of water resources in this area. 4/
It would appear that major increases in economic efficiency should
result from reallocation of the valley's water resources,

I;‘addition to the need for a quantitative economic study of
the Gallatin Valley, the study was madg\feasible by the relative
abundance of empirical data available on water use and crop produc—
tion in this region. A detailed investigation of the hydrology in
the Gallatin Valley had beeﬁ completed by USGS, 5/ and several -
feasibility studies of proposed water storage ﬁrojects had been
completed by the U.S. Bureau of Reclamation. 6/ The availability
of this type of data plus considerable iocal crop p?oauction data
at the Montana State Uﬁiversity Experiment Station near Bozeman

was an important consideration in undertaking a study of this nature,

4/ H.E. Murdock, Irrigation and Drainage Problems in the Gallatin

Valley, Mont. Agr. Expt. Sta. Bulletin 195, Bozeman, November
1926, p. 1.

5/ Hackett, et. al., Geology and Groundwater Resources of the

Valley, Gallatin County, Montana, Geological Survey Water-
Supply Paper 1482, U.S. Government Printing Office, Washington,
D.C., 1960.

é/ United States Bureau of Reclamation, Report on Three Forks

Division, Upper Missouri Project Office, Great Falls, Montana,
1958,
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Statement of Hypotheses and Assumptions

The major hypothesis guiding this study is that a reallocation

of surface water use inkthe Gallatin Valley, and in particular,
deﬁelopment of groundwater pumping facilities for supplementing
surface supply, would result in significant income gains and sizable
improveﬁents in efficient use of the Valley's natural resources.
. It is further hypothesized that the basic irrigation problem in the
Gallatin Valley is resource management—*makiné the right quantity of
water available at the right place at the right tiﬁgf—as opposed to
aggregate water shortages.

Important assumptions in the study which will not be tested
are:

1) Evaluation of interfempor#l and interspatial hydrologic
relationships between surface and groundwater use will result in
substantially more optimal use of these two resourceé in the Gallatin
Valley than an optimization method which abstracts from this inter-
action between surface and groundwater use.

'2) Groundwater depletion in-the Gallatin Valley will ﬁot present
a problem in this study as the probable annual withdrawal by pumping
will not exceed annual recharge, on the average. Thus, the only
effective storage function performed by the aquifer is an intra-

seasonal one.
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3) " Irrigation use of surfacé water in the Gallatin Valley
will have no perceptiblé'éffect on the volume or quality of water
supply for downstream users lécated on the Missouri River.
4) Dewatering of étreams adjacent to irrigated lands in the )
Gallatin Valley will ‘have no significant economic effect on thé

fishery. 7/

Scope of- the Study
Following a review of the literature in the suBsequent chapter,
. considerable attention is devoted to the develdpment.oan-simple
hydrologic model fo? approximatiné groundwater discharge from eight
subareas of the Gallétin Valley as a‘lingar func£ion of water tabie ;
heights in these.subareas; All diécharge relatiéﬁéhips régarding
groundwater flows across subarea ~aquifer béundarieé and inter-
'actions with stream flow are'determinedlffom historical hydtologic
data on the Gallatin Valley utilizing fundamental principles of
hydrolééy. The linear model for p;edicting groundwater discharge
in the system is tested for empigical validity by comparingAestimated

grouhdwatér discharge from subareas adjacent to the sStream with

7/ This assumption could not be tested in this study as the value
of the fishery is not known., The shadow prices associated with
stream flow constraints in the model do provide a cost estimate .
of maintaining minimum stream flow levels for the fishery.




10

measured stream flow gains attribpted to groundwater discharge.
A1l subsequent groundwate? discharge in the model is assumed to
have the same linear relationship to other water table heights as
for the particular class of water tables used in testing this model. -

A theoretical general equilibrium modél for irrigation optimiza-
tion is formulated in Chapter IV with a nonlinear objective function
and linear constraints largely determined from the hydrologic analysis:
in Chapter III. Evaluation of the relative economic importance of
intertemporal apd interspatial hydrologic relationships between
ground and surface water use will constitute an important considera-
tion in fhis theoretical model, Kuhn;Tucker theory is utilized to
derive economic implications of the probable effects of surface-
groundwater interactions which Woulq result under different water
supply conditions in the model, These theoretical interprétﬁtions
provide a valuable guide’for subsgquent interpretation of the
empirical resuits and sensitivity analysis of the empirical model.

Attention in Chapter V is mainly devoted to assembly of
empirical data on water supply, crop water response and production
cost for use in a linear programming model. A further methodological
consideration is to utilize the soil reservoir for water storage
during different time periods of the irrigation season for trans-—

ferring water from high streamflow periods to periods later in the
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season when surface water is in relatively short supply. This
particular strategy is of value in the Gallatin Valley as the volumé
of stream flow normally tends to recede as the irrigation season
progresses. Also, storage capacity of the soil reservoir is rela&ively
large cémpared with average monthly crop water requirements.
Different soil water carryover levels are considered in defining
various linear programming activities presented-in Chapter V.
Formulation of the empirical linear programming model presented
in Chapter VI is éimilar to the former theoretical model but
simplified for éase in computation and accommodation of data.
Measurement of net welfare in the applied criterion function is
accomplished by delineating various segments of the concave
theoretical objective function and defining separate activities of
a linear program to be assogiated with these segments. Essentially,
the same hydrologic constréints are retained aé they are already
linear in form. Additional constraints are also required for éropland
acreage, wheat allotment restrictions, and crdp rotation limitations
in the eight subareas.' The’completed 1inear~pﬁogramming model
contains 209 constraints, 458 activities, and Z,Olétmatrix entries.
The linear programming model is first analyzed as a determin-
istic model using the algorithm of pafamétfic.programming to
evaluate 16 optimal levels of well developmeﬁt'associated with

eight different surface water supplies and two different distribution
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efficiencies for water supply. Probabilify of these surface water
supplies is détermined by fitting a gamma function to historical inter-—
seasonal streamflows. Intraseasonal flow in each of four irrigation
time periods during each season is assumed‘to be a constant proportion
of total annual flow. Expected.value and standard deviation of net
income are computed for each of éeveral well development levels, These
two statistics for net income in the Gallatin Valléy are evaluated
under various hypothesized situations ana are the main quantitative
measures from the economic analysis.

The two distribution efficieﬁcies represent estimated present low
field efficiency in the study area and a recommended higher field
efficiency level that may potentially be adopted under a changed insti—
tutional system allowing more flexibility in water exchange, Parametric
changes in distributioﬁ‘efficiency provide estimates 6f the value of
ditch consolidation in the study region as well as an estimate of

benefits emanating from improvements in on-farm irrigation efficiency.’

s




CHAPTER II

IRRIGATION DEVELOPMENT IN THE GALLATIN. VALLEY

A Literature'Review
This chapter is dividéd into three major parts, Part I is a
brief review of the historical development of irrigation in this
region. Part II is a more exhaustive review of previous studies by
government agencies and researchers at Montana State University on
proposed irrigation development of the Gallatin Valley. Part III is
a survey of some of the methodology employed and results obtained in

other area studies involving related problems,

Part I.- -Historical Development’

Irrigation ditches were first excavated during 1864 in the -
Gallatin Valley. 1/ As the area became more populated, new settlers
continued to add on more ditghes and appropriate water fights in
the local streams with little regard to the overall benefit of the
irrigation~system. The outcome of this ad hoc piece-meal develop-
ment policy is a wasteful distribution system and dn over—appropriated
surface water supply. . Many.of.these ditches still in use parallel each
other and have- other construction'defécts.'“SeVQrE'water shortages

were reported as early.as 1919. _Z)

-1/ Water Resources Survey, Gallatin County, State Engineer's Office, --
Helena, Montana, January 1953, p. 6.

2/ Murdock, H.E., Irrigation and Drainage Problems in the Gallatin
Valley, Agr. Expt. Sta., Montana State University, Bulletin 195,
Bozeman, November 1926.

v
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Irrigation management has also been inefficient in the Gallatin
Valley. This is in part associated with early use of the western
appropriation doctrine in the acquisition of water rights. 3/ Manage-
ment was considered to be one of the key problems in 1953 in the
Gallatin Valley by the State Engineer: 4/

Poor irrigation practices on the part of some users is

causing a waste of water and depriving other land of its uge.

The waste of water on higher areas, and seepage from the too

numerous ditches is causing some land in the wvalley bottoms to

become water-logged. This once productive land is now of no
use except as pasture, some of it growing nothing more than

swamp grass.

Under the institutionally-fixed ownership of water rights, little
incentive exists for users with early surface rights to be efficient in
their use of this resource or to take prbper care of their ditches.
Some, in fact, deliberately use excess water during heavy run-off
periods to build up their watér tablés.for sub«ir;igatfon in other
periods. This aggravates the bogging problem on lower lands.

This cursive review on historical irrigation development in the
Gallatin Valley is intended to highlight current problems in the area

and to explain their evolvement. What are some of the past proposals

for solving these problems?

A3/ Gopalakrishnan; C., The Economics of Water Transfer: An Institu-
tional Appraisal, Ph.D. Thesis, Montana State Univyersity, Bozeman,
1967. .

14/ Water Resources Survey, op. cit., p. 14.
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Part II: Proposals for Development

A severe drought in 1919 provided impetus for an early extensive
- investigation of irrigation and drainage problems in the Gallatin
Valley. 5/ Murdoék's recommendations for relieving the water shortage
problem were: (1) build storage reservoirs in the mountains; (2) line
the irrigafion canals; (3) change the irrigation system; and (4) drain
the seeped lands and use this water for irrigation. 'Thesé proposals
were investigated in more depth in later studies and will be evaluated

in turn along with other possible alternatives.

Surface Storage

A series of studies were begun in 1938 by the Bureau of Reclama-
tion: (1) on the feasibility of diYerting‘water from Hebgen .Reservoir —
on the Upper Madison River to the Gallatin Valley; 6/ and (2) con-
structing a dam on the West Gallatin)River below Spanish Creek for
storing irrigation water. 7/ The iatter alternative was later found
~to be more practical and the Hebgen diversion project was abandoned.
Four altgrnate storage schemes-at the Spanish Creek site were

compared; the most optimal plan having a benefit-cost ratio of 1.52.

In the course of this investigation, the Bureau also evaluated

5/ Murdock, op. cit.

Senate Document No. 191, Missouri River Basin, 1944,

2

U.S. Department of the Interior, Report on Three Forks Division,
Bureau of Reclamation, Upper Missouri Project Office, Great Falls,
Montana, Appendix M, '

[~
S
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a groundwater pumping plan. &his had a benefit-cost ratio of 2.41.
Consequently, the Bureau recommended .that the groundwater plan.be
adopted in place of a surface Watér storage project.

A storage reservoir with 8,000 aére*feet capacity was consfructed
in 1948 on Middle Creek, a Gallatin River tributary, by the Montana

State Water Board.

Ditch Comsolidation and Lining

Murdock's recommendations for ditch lining and consolidation
have not been pursued further or promoted any related construction
to the writer's knowledge. This may be a promising area for further

research.

Drainage B

Subsurface drainage of bogged lands in Central.Park and Belgrade
subareas has been investigated by the United States Soil Conservation
Service. 8/ SCS recommended that deep-interception drains be
constructed at one-mile intervals in these subareas and that provision
be made. for one-half mile spacing should shorter spacing be necessary.

Artificial drainage of this scale is an expensive undértaking.

Since the bogging problem has been attributed to apparent gross

8/ U.S. Soil Conservation Service, Preliminary Examination Report
on Water Supply and Distribution Investigation, Gallatin Valley
Area, Gallatin County, -1948 and Survey Report on Central Park
Drainage Project, Three Rivers Soil Conservation District in
Gallatin County, Montana, 1950.
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inefficiencies in surface water distfibution and management,
correction of these inefficiencies may alleviate much of the prob-
lem. At least this matter could be investigated before dfainage
commitments aae made in the future. The present study will be
concerned with effects of groundwater pumping and variation in

surface water distribution in the valley on bogged areas.

Use of Groundwater

-

The Bureau of Reclamation plan to pump groundwatar in the
Gallatin Valle§ has been investigated further by McConnen and
“Mennon, 9/ Sammons, 10/ and Boyd. 11/ |

The Bureau proposed to pump about 92,300 acre-feet annually
from 193 wells overlying tha aquifer region into established ditches
now diverting from West ‘and East Gallatin Rivers. The pumped water
would be used to replace surface water reallocated to other water-—

deficit lands outside the aquifer region.

9/ McConnen, R.J. and G.M. Mennon, Planning the Integrated Use of

" Ground and Surface Water: A Linear Programming Study of the
Gallatin Valley, Montana, Mont. Agr. Expt. Sta, Bul. 616,
Bozeman, 1967.

10/ Sammons, R.W., Irrigation Development: Tnstitutional .Blocks to
Ground- Surface Water Integration in the Gallatin Valley, Montana,
Ph.D. Thesis, Montana State University, Bozeman, 1964,

11/ Boyd, D.W., Simulation Via Time-Partitioned Linear Programming:
A Ground and Surface Water Allocation Model for the Gallatin
Valley of Montana, Report No. 10, Montana Water Resources Center,
Bozeman, June 1968.
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McConnen and Mennon used a linear programming model to evaluate
net benefits of transferring surface water from surplus to deficit
aréas and replacing this water with pumped water in ditches as
proposed by the Bureau. They estimated that net annual farm income
under assumed Cooperative District organization in the Gallatin
Valley would increase by $210,738 with the use éf 190 wells.

" Sammons did a case study of Highline Canal in the Gallatin
System and investigated the cost of sﬁpplementing canal flows by
pumping during the period July 15 to September 1 when surface water
supplies are generally short. He estimated that 25 wells would be

needed to meet the supplementary requirements of 7,875 acre<feet at

a cost per season of $32,é78,0r $4,17 per acre<foot. He also -

analyzed institutional blocks to groundwater integration in the area,
A recommendation for imstitutional change was: 12/

A model of an institutional organization that would allow
farmers to exchange surface water for groundwater without
endangering their present water rights is needed. This
institutional structure would delineate legal responsibilities
for both parties during its operation and dissclution.

Boyd used linear programming to allocate water among competing
uses in the Gallatin Valley: agricultural, municipal, industrial
and recreational; and between surface and sub-surface storage.

Adjustments were made in parameters of the model to simulate stream

flow over 30 years of record during the testing phase, Pumping was

12/ Sammons, op. cit.,'p. 103.
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employed to supplement surface water at a cost of $2 per acre-foot.
Boyd did not analyze effects of pumping on the water table in
different subareas or the optimal allocation of water among the
different subareas of the wvalley.

This perusal of previous studies on proposed irrigation develop-
ment suggests that further investigation is needed on the following
issues before an overall optimal development plan can be implemented
in the Gallatin Valley:

1) What is the optimal allocation of ground and surface water
during the irrigation season among various subareas of the valley
having different access to these resources?

2) How.is the optimal allocation. of ground and.surface water use

~affected. by the presence of high water table'conditions.in different
" subareas? . Can bogging be'controiled‘by.utilizing wells for drrigation
'of low lands' and restricting the use of surfacé.wager?

3) What wvalve Wéuld ditch consolidation and lining have for
conserving use of water in the system and alleviating the boéging
problem?

4)- What institutional changes are needed to permit comprehen-
sive reallocation of water supplies, both ground and surface, within
the valley to conform with results of an optimization model?

Answers aré requiréd to these important questions before optimal

use can be made of water resources in the Gallatin Valley.
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The following literature review is of selected studies where
related questions have been investigated in other subareas, Method-
ology employed and results obtained in these studies will furnish

valuable guidance for the present study.
Part ITI: A Survey of Selected Studies

Water Resource Allogation

A'sizable literature has evolved on the use of allocation
models and alternate methods of systems analysis in water resource
studies during the past 15 years.

The Ha?vard Water Resources Group discusses a number of systems
analysis techniques applied to allocation probiems. iéj Recent -
favored allocation models are inventory models and dynamic program-
ning fifst used in water resourcé studies by Masse! and Little: 14/ An

example of an inventory model applied in optimal use of a reservoir

. with stochastic input is a 1963 Israeli study. 15/

13/ Maass, A.M., R. Hufschmidt, H.A. Dorfman, Thomas S. Marglin,
Jr. and G. Fair, Design of Water Resource Systems (Cambridge,
Mass.: Harvard University Press, 1962).

lﬁ/. The jdea of using dynamic programming to determihe temporal .alloca-

© tion,of water from'a reservoir 'is attributed to.Pierre Masse!
Rept. to the Societe".de Statistique de Paris, Berger-Levrault,
Paris, June 21, 1944. The. first known application of the model

. .in water research is reported in J.D.C. Little, "The Use of
Storage Water in..a Hydroelectric’ SysLem, J. Operations Research.
Soc. of America, Vol. 3, May 1955, .

15/ Avi-Itzak,_B., and S. Ben—TuV1a, "A Problem of Optlmlzlng a

CollectingsRese1v01L System," Operations Research, Vol. II,
No. 1, 1963, p. 122,
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Allocation studies on conjunctive use of grouné and surface water

have been done by Burt, 16/17/ Leonard, 18/ Dracup, 19/ Aron, 20/ and
Buras. 21/ Buras used dynamic programming in an engineering study to
derive operating rules which determine the amounts of water to be
allocated from a surface reservoir and a groundwater aquifer to
several irrigation uses and to recharge. Burt also used this tool

to derive decision rules for surface and groundwater use in an

economic study. 1In another study, Burt considers optimal use of

16/ Burt, O.R., Economics of Conjunctive Use of Ground and Surface
Water, Ph. D Thesis, University of California, Berkeley, 1962,

17/ Burt, O.R., ”Economlcs of Conjunctive Use of Ground and Surface
Water," Hilgardla Journal of Agricultural Science, University 3
of California, Vol. 36, No. 2, December 1964,

18/ Leonard, R.L., Integrated Management of Ground and Surface Water

in Relation to Water Importation: The Experience of Los Angeles

County, Ph.D. Thesis, University of California, Berkeley, 1963
(unpublished).

19/ Dracup, J.A., The Optimum Use of Groundwater and Surface Water

System: A Parametric Linear Programming Approach, Water Resources
Center, University of California, Berkeley, Report 6-24, July 1,
1966.

20/ Aron, G., Optimization of Conjunctively Managed Surface and

Groundwater Resources by Dynamic Programming, Water Resources
Center, University of Califormnia, Davis, Project No. W1l32,
June 1969.

21/ Buras, N., "Conjunctive Operation of Dams and Aquifers," Journal
L ’ J

of the Hydradllcs Division, American Society of Civil Engineers,
Vol. 89, No. HY6, November 1963, pp. 111-131. There are some impor~
tant dlStlnCthnS between the study by Buras and the above

studies by Burt concerning the evaluation of groundwater storage
"and the use of recharge under declining aquifer ccnditions. :-Discus-—
sion of these differences is omitted as the problem of groundwater
depletion will not be an issue in the present study.
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a single resource, groundwater, which may be in fixed supply o
partially renewable. By using the recursion relationship which
results from application of Bellman's 'Principle of Optimality," Burt
derives approximate decision rules for determining groundwater use as
a function of current supply. 22/

In general, these allocation studies tend to have a long-run plan-
ning horizon and treat surface and groundwater as independent physical
resourcés related only through their joint contribution to economic
output. UndeF high water table conditions, as found in the Gallatin
Valley, surface supplies are not independent of groundwater use during
irrigation periods. Evaluation of these dependencies in an intra-
seasonal optimization model should serve to distinguish the present
study from most former allocation studies.

A recent Harvard study by, Rogers and Smithfgéj_includes an eyalua-—,
tion of water table balance for a éingle irrigated area in East
Pakistan., Tt is assumed in this study fhat part of the diverted surface
water is lost to groundwater recharge, nonbenefici@l evapotrénspira—

tion, and surface runoff in each decision period. The remainder is

22/ Burt, 0.R., "Optimal Resource Use Over Time with an Application
to Groqndwater," Management Science, Vol. 11, No., 1, September
1964, pp. 80-93.

23/ Rogers, Peter, and D.V. Smith, "The Integrated Use of Ground and
Surface Water in Irrigation Project Planning," American Journal
of Agricultural Economics, Vol. 52, No. 1, February 1970, pp.
13-24.
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employed for crop use. It is noted that tube wells are utilized
for both supplemental irrigation supply and removing'excess subsur-
facé water. The médel applied is assumea to be in a steady state
thus simplifying the computation of fixed investment in canal
facilities and wells. l

A primary distinction between the above Harvard study and the
current study is that stochastic variation in interseasonal surface
water supply is an imp;rtant coﬁsideration in determining the optimal
level of well investment. Allowancgs are also made for the effects
of intraseasonal water shortages upon crop resbonse. All water
table le;els in eight subareas of the present modei are evaluated
e#ﬁlicitiy in each decision period and all groundwater

movement related to water table conditions is simulated.

An intraseasonal irrigation planning study involving allocation

of limited surface water among competing irrigated crops in different

time periods of the irrigation season was recently completed by

Anderson, 24/ also reported by'Anderson and Maass. 25/ Anderson

24/ Anderson, R.L., "A Simulation Program to Establish Optimum
" Crop Patterns on Irrigated Farms Based on Preseason Estimates
of Water Supply,'" American Journal of Agricultural Ecomomics,
Vol. 50, No., 5, December 1968, pp. 1586-1590,

25/ Anderson, R.L., and A. Maass, "A Simulation Technique to Estimate

Crop Production of Irrigatiom Projects, Based on Crop Response
to Varying Schedules of Irrigation Water," Intermational
Commission on Irrigation and Drainage, R34, Question 23, pp.
547-558.
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used a computer simulation program to allocgte water supply initially
among farms and theﬁ among crops on each farm during tﬁo—week intervals
of the crop-growing season. Plant response to water suppl& in each
period was -estimated from evapotranépiration studies. Irrigation

timing is also an important consideration in the current study.

Water Relationships

The literature on intraseasonal surface and grouﬁdwater rela-
tionships is relatively sparse. Some engineering studies ﬁave
appeared on groundwater basin behaﬁior, €.8., Tyson‘and Weber. 26/

Tygon and Weber simulated groundwater flows in an aquifer region
divided into "polygonal zZones" using an electric analog model.
Equationé for continuity and Darcy's Law Wére used in estimating
flow relationships. The aquifer was not known to interact with

surface water streams as is the case in the Gallatin Valley.

Ditch‘Consolidation Studies

A recent feasibility study on ditch consolidation was completed

by Huszar 27/ in Colorado which has application to the present study,

26/ Tyson, H.N., Jr., and E.M. Weber, "Groundwater Management for
the Nation's Future~-Computer Simulation of Groundwater Basins,"
Journal of The Hydraulics Division, Proceedings ASCE, Vol. 90,
No. HY4, July 1964, pp. 59-77.

27/ Huszar, P.C., Economics of Irrigation System Consolidationm,
M.S. Thesis, Colorado State University, Fort Collins, March 1969.
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Huszar evaluated the expected benefits of a local irrigation system
(upper system) and the expected losg to downstream users (lower
system) resulting from proposed consolidation in the upper system.
Consolidation was found to be infeasible because of the reduction

in important return flows to the lower system.

Institutional Studies

Institutional problems of ground-surface water transfers have
been investigated by Hartman, 28/ Hartman and Seastone, 29/30/31/

Bittinger, 32/ Smith, 33/ and Snyder. 34/

28/ Hartman, L.M., "Economics and Groundwater bgvelopment,” Ground-_
water, Vol, 3, No, 2, April 1965.

29/ Hartman, L.M. and D.A. Seastone, '"Welfare Goals and Organization
of Decision-Making for the Allocation of Water Resources,"
Land Economics, Vol. XLI, No. 1, February 1965, pp. 21-30.

30/ Seastone, D.A. and L.M. Hartman, '"Resource Transfers and
Economic Externalities in the Public Sector,'" Proceedings of
the Fifty-Eighth National Tax Conference, New Orleans, Louisiana,
November 8-12, 1965.

31/ Seastone, D.A. and L.M. Hartman, "Alternative Institutions for
Water Transfers: The Experience in Colorado and New Mexico,"
Land Economics, Vol. XXXTX, No. 1, February 1963, pp. 32-43,

32/ Bittinger, M.W., "The Problem of Integrating Groundwater and
Surface Water Use," Groundwater, Vol. 2, No. 3, 1964,

33/ Smith, S.C., "Problems in the Use of the Public District for
Groundwater Management,'" Land Economics, August 1956.

34/ Snyder, J.H., Economic Implications and Appraisal of the Court
Reference Procedure for Allocating Groundwater, Committee on the
Economics of Water Resource Development, Report No. 5, 1957,
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Hartman justifies public intervention when'private interest
. decisions regarding resource development and use have external
effects or repercussions upoﬁ other parties. 35/ He states that
intervention is necessar§ to ensure that welfare gains are balanced
aéainst losses. This welfare criterion is applicable to both the
bogging and water shortage problem in the Gallatin Valley as they
both result from'the waste of surface water by certain users.
Seasfone and Hartman §§j suggest that flexibility in water
transfer may be accomplished by: (1) organization syétems such as
conservancy-districts and_ditch,companiésé (2) public policy deﬁices
such as eminent domain, public ownership and condemnation; (3}
pr;vate'purchase and sale‘transactions;'and (4) through some combina—""
tion of these institutional arrangements. These alternate methods

will be evaluated in respect to their applicabiiity to the Gallatin

Valley after an optimal irrigation policy is estimated.

35/ Hartman, op. cit., p. 2.

36/ Seastone and Hartman, "Alternative Instltutjons for Water --
Transfer,” p. 31. :




CHAPTER III
HYDROLOGIC RELATIONSEIPS OF THE MODEL

The present chapter is basically concerned with the estimation of
hydrologic relationships among subareas in the study region. These
estimates are needed for simulating the operation of existing irriga-
tion ditches in the subareas, and for allocating diverted irrigation
water to different consumptivé uses, to underground percolation and
to surface water reuse in the system. 'Groundwater movement is aﬁ
important factor in this analysis since irrigation water lost by
underground percolation may have beneficial reuse‘in the system if
it reappears as surface water, or it may cause crop damage through
excessive watering of low-lying and poorly drained land in certain
suﬁéreas. |

This chapter is divided into four stages of analysis:

Part T is a general physical description of the Gallatin Valley
and of polygonal subareas into which the study area in the Gallatin
Valley was partitioned.

Part II involves the development of a hydrologié model for
relating groundwater flow to water-table height conditions in different
subareas. These estimated flow relationships and computed coefficients
"are specified in constraints of the system optimizétion model to
follow in a later chapter of this study.

Part III evaluates the efficiency of the present irrigation system

and the allocation of diverted surface water to different purposes.
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Part IV is concerned with the validity of estimates obtained

with the hydrologic model.

Part I: Description of Study Area

The Gallatin Valley-

The Gallatin Valley floor is about 25 miles long and 20 miles wide;
encompassing an approximate area of 540 square miles. Altitude ranges
from‘5,400 feet on the south end to\4,100 feet on the north Witﬁ an
average fall of 40 feet per mile along the valley floor. 1/ Invpre—
historic time, the area was la?gely covered gy a lake. There still
exists a subterranean dam or barrier near the head of the‘Missouri
River which holds back underground water, keeping the water table high.2/

Crops Grown.-—A number of différent'irpigated crops "are grown in
the éallatin Valley, comprising most of the production for all of
Gallatin County. In 1967 there were 2,900 acres of oats; 300 acres of
corn; /54 acres of potatoes; 2,500 acres of spring wheat (other than

durum); 7,300 acres of winter wheat; 11,100 acres of barley; and 45,300

2/ Water Resources Survey, p. 13.

1/ Hackett, et. al., Geology and'Groundwater Resources of the Gallatin
Valley, Gallatin County, Montana, Geological Survey Water—-Supply
Paper 1482, U.S. Govermment Printing Office, Washington, D.C.,
1960, pp. 12-13. '
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acres of hay (all types) recorded for Gallatin County. 3/ Wheat,
barley, and hay-are, currently, the most important irrigated crops
in the wvalley.

_Sgilg.——Soils in the Gallatin Basin are derived chiefly from
Tertiary Age sediments which ha?e been modified over time by wind and
stream action. 4/ Whilé.soils are quite varied over the.area, they are
considered to be equally'prﬁductive under irrigation. 5/ However,
their efficiency in water use is affected by structural differenégs.
This efficiency factor %ill be considered iﬁ Part I11I of this chapter
after subareas have been delineated.

Water Resources.-—Surface water drainage streams in Gallatin

County are shown in Fig;re 3-1. The study area is also delineated
on this map.

Records of West Gallatin River runoff measured at Gallatin Gateway,
which date back to 1926, indicafe a low flow'in the 1954 water year of
295,700.acre—féet, a ﬁigh‘in the 1952 water yeér of 714,600 acre-feet

and a 1926~1952 average of 520,000 acre~feet amnual flow.

3/ Montana Agricultural Statistics, Montana Department of Agriculture
and U.S. Department of Agriculture, Helepna, Montana, Vol. XII,
‘December 1968. Approximately 1,000 acres of potatoes were grown in
1970 near Amsterdam mainly for seed. Gross income from this crop
in 1970 was nearly $500,000. This crop is not analyzed in the
present study because of the limited acreage involved.

4/ Water Resources Survey, p. 11.

5/ 1Ibid.
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The Bureau of Reclamation 6/ has estimated that there is generally
sufficient water for full irrigation of 67,434 acres of ‘irrigated land
above the head of White Ditch, three miles west and one mile soﬁth of
Belgrade as shown in Figure 3-1, until July 1~5 on the a&erage.

White Ditch diversion point is a minimum-flow point on the West
Gallatin River; the river normally gains in flow dowﬁstream, and lower
ditches serving some 3,849 acres-are rarély short of supply.

Above White Ditch, however, the Bureau estimated that more than
30,000 acres would be short by July 31, and over 45,000 acres would be
cut off by August 31l. Their plan, discussed previously, was to meet
these shortages using groundwater.

‘Groundwater flow iﬁ'the Gallatin Valley Was‘estimated ét 240,000 "
acre-feet per year on the average during 1934-1953. 7/ The range was
120,000 to 320,000. This annual flow is in addition to confined ground-
water in storage. ‘However, only certain subareas have good acces; to

this groundwater.

Selection of Subareas in the Model

It may be concluded from the Bureau study on surface water short-

‘ages ‘and the USGS report on groundwater resources that the problem area

6/ Report on Three Forks Division, Appendix B, pp. 148-157.

7/ Ibid.
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in Gallatin Valley is basically confined to regions bordered by the
East and Wesf Gallatin Rivers above their junction, and the west side
of the West Gallatin River as shown in Figﬁre 3-1. The ﬁpper end tends
to have a water shortage problem in most years and the lower, end a
bogging problem.

The study area, deliﬁeated in Figure 3-1, consists of éight
separate subareas, i.e., (1) Camp Creek Hills Subérea, (2) Vest Gateway
Subarea, (3) East Gateway Subarea, (4) Bozeman Fan Subarea, (5) East
Belgrade Subarea, (6) We;t Belgiade Subarea, (7) Cent?al Park Subarea,
and (8) Manhattan Subarea. These eight subareas are shown in Figure
3-2. Also shown in Figure 3-2-are groundwater table contours estimated
by USGS 8/in 1953. These contours are utilized in estimating both the

direction and velocity of groundwater flow through these-eight subareas.
fart II: Hydrologic Model

General Design

The prime objective of the proposed simulation model is to follow
the movement of groundwater through adjacent hydrologic subareas with
respect to quantity of flow, destination and origin of flow. Major

water inputs, outputs and losses are shown below.

8/ Hhackett, op. cit., plate 5.
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A. Water Inputs to Area. 1. Diverted Surface Water
2. Runoff Surface Water
3. Groundwater Inflow
4. Precipitation

-B. Water Losses in-Area. 1. Evaporation Loss
2. Transpiration Use

C. Water Outputs from Area. 1. Surface Water Outflow
2. ‘Groundwater Outflow

In constructing a complete simulatibn model, it is necessary to
consider time and space dimensions (source and déstination) of all
basic flow relationships in the hydrologic system. The time dimension
is imporfant for water suppl?_since-the value of water, particularly
for irrigation use, is directly related ?o the time it is 'available.
Evaluation of the sources and destination of water movement is aléo

necessary in planning optimal use of this resource.

Specific Design

The specific design of the simulation model should link related

_ groundwater areas and streams together in time and space. An approxi-
mate method for estimating flow characteristics and the rate of ground-
water movement is the use of transmissibility coefficients in.conjunc-
" tion With'prepared'groundwater contour maps of the study area. As
defined by USGS, the coefficient of transmissibility is ''the number of
gallons 0% water per day, at the prevailing water temperature, that is

transmitted through each mile strip extending the full saturated
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thickness of the aquifer under a hydraulic gradient of one foot per
mile." 9/ |

It is possible to estiméte both the quantity of flow and the
velocity of flow through an aquifer region since all of these units .
‘are specified in the coefficient of transmiséibility. Other basic
hydrologic properties utilized in the model are? (1) groundwater
flow is perpendicular to the equipotential surface of the acquifer,
and (2) the velocity of groundwater flow is proportional to the
hydraulic gradient in an unconfined aquifer. These propertieS'ére
discusséd in most standard texts on hydrology. 10/

The:groundwater contour lines in the study area shown in Figure
3~2 indicate that perpendicular ground&ater outfloyw from each subarea_
may have several destinations. Furthermore, the contour lines do not
have equal spacing, indicating that the slope of the hydraulic gradient
also varies within each subarea. In'thé hydrologic model both the
gradient slope and transmissibility coefficients: are averaged in each
subarea.

The destination of groundwater flow from each subarea is estimated
as shown in Figure 3-3 by'constructingAdirectional lings or vectors

perpendicular to groundwater contour lines in each subarea such that

Ibid.

10/ TFor example see S.S. Butler, Engineering Hydrology, Prentice-Hall,
Inc., New Jersey, 1957.
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all sections of land iﬁ each subarea are intercepted. Vectors are
rounded off to the nearest five degrees on the compass scale and
_ groundwater discharge from each aquifer subarea is allocated to each
vector in proportion to the approximate number of sections of land in
the path of flow. This approach is illustrated in Figure 3-3 for a
hypothetical square aquifer area. Outflow for.each vector is then

assigned to the adjacent subarea 'or stream in the path of flow.

N

Computing Groundwater Discharge
Computations for groundwater outflow from each subarea source
(i) for time (t) and destinations of this flow (j) 'are based on the

following formulae:

: (cT (6 ) (W) .
e, _=—=it=i L (3.1)
it-1 - 325,872.36
(6D ) (A, )
S it-1
GDijt-l = %) (3.2)
i
(8, )(GD,,
6D, (i, ) = —r——a L 3 (3.3)
J it-1 ‘ :
where: GD.t__l = the average rate of total groundwater discharge from
+ subarea i during time (t-1) (A.F./day);.
CT,t_l = average transmissibility coefficient in subarea 1 for
+ time (t-1) (gpd/ft.);
G't—l = average gradient slope of the water table in subarea
+ i for time (t—l) (ft./mi.);
Wi = the average aquifer width of subarea i (miles);
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GDi't—l = the estimated groundwater discharge from subarea i
J to destination (j) for time (t-1) (A.F./day);

a 11near function for- computlng subsequent ground-

GD.(Hit)
3 water dlschalge as a function of GD -1 ‘ground-

water discharge and subsequent water table height

in subarea i for time (t) (A.F./day);

= the average height of the water table in subarea i

H,
it for time (t) (feet);

A,, = the area of the aquifer in subarea i discharging

13 groundwater to destination (j) (sq. miles);

A, = the area of subaiea i (sq. miles) for which total
discharge is computed;

t = the time of the estimate; time (t-1) refers to the
period in 1953 when the coefflclents of transmissi-

bility were computed.

The divisor, 325,872.36 in (3.1) is the number of gallons‘per‘
acre foot.

Computed daily, groundwater discharge data for each subdrea on April 1,
1953 are shown in Table 3-1.

Formula 3.3 will be applied in a general equilibrium model pre-
sented in Chapter IV for defining the relationship of subarea ground-

water discharge to water table height in subsequent time periods.
Part III: Evaluation of the Gallatin Valley Irrigation System

Water Losses din Canal System

Measurements of actual daily flow in all irrigation ditches and
streams in the Gallatin Valley were obtained by the Bureau of

Reclamation for estimating efficiency of the system in .1952 and
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TABLE 3-1. Groundwater Flow Data for Eight Subareas in 1953%

a b c d € £ g h i .

sa (1) CTieer Ciemn Wi OPyeq D@ Ay Afs ODige 1 Hieq uJ
1 11,000 80 24 64.64 SA3 37 5  B8.73 12 20
1 11,000 80 24 64.64 SA6 37 24  41.93 12 20
1 11,000 80 24 64.64 SAS 37 8 13.98 12 20
2 275,000 40 1 33.67 WGR 16 16 33.67 43 55
3 275,000 40 1 33.67 WGR 8 8 33.67 43 55
4 48,000 80 7 92.28 EGR 61 21  28.33 140 150
4 48,000 80 7 82.28 SA5 61 40 53.95 140 150
5 206,000 30 7 132.42 SA7 53 40 99.94 160 200
5 206,000 30 7 132.42 EGR 53 7 17.49 160 200
5 206,000 30 7 132.42 WGR 53 6 14.97 160 200
6 206,000 . 30 2 37.83 SA8 14 14 37.83 160 200
7 86,000 30 8 63.18 EGR 40 40 63.18 20 25
8 3 35.81 EGR 8 8 35.81 25 40

130,000 30

%Average-coefficient of transmissibility on April 1, 1953 (gpd trans-
- mitted through each mile strip of aquifer). ‘

bAverage'gradient élope (feet/mile) on April 1, 1953.
cAverage width of aquifer area (miles).

d‘I'otal estimated groundwater discharge from subarea i during time (t-1)
(A.F./day). '

e . . . .
This is the destination of groundwater discharge from subarea i (SA or
stream) .

fTotal area of subarea i (sq. miles).

. 8This is the estimated area of the aquifer in subarea i which discharges
groundwater to destination j (sq. miles).

hEstimated groundwater discharge from subarea i to destination j for
time (t-1) (A.F./day). _

1Average water table height on April 1, 1953 (number of feet above
aquifer floor level).’ :

JAverage alluvial thickness of aquifer (feet).

*Computed from data in Hackett, et. al., pp. 104-157. As this discharge
data is used in the present study for estimating subsequent discharge,
the time period when this data was obtained will be subsequently

- referred to as t-1. i




-40

1953. 11/ Gross irrigation requirements for lands in the Gallatin

Valley were estimated by the Bureau as follows: 12/

Acre~Feet Percent Diverted

Per Acre Surface Water
Effective Precipitation -
(80% of 5 dry years) .72
Consumptive Use ‘ .31 32.8
Field Losses A 1.21 30.2
Canal Losses . . 1.48 - 37.0
Gross Lrrigation Requirément - 4.72

In the present study, irrigation will subplement average effective
precipifation during four discrete time periods of each irrigation
season. ‘Consumptive use will &ary with different crops selected as
activities in the model., Field losses will var& according to soil
conditions and field slopes in the subareas of the study. The
irrigation ditches are assumed to be about equally efficient and 37
percgnt.of the divérted‘surface water will be assigned to canal

seepage in all subareas as estimated by the Bureau above.

Water Losses in Field

‘Irrigation losses in the field include: surface runoff, evapora-

tion from canals, and deep percolation. Field losses largely depend

11/ Gallatin Valley Hydrologic Survey, U.S. Bureau of Reclamation,
"Great Falls, Montana, 1954. -

12/ Report on Three Forks Division, U.S. Bureau of Reclamation,
Appendix M, September 1958, p. 41.
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on the water storage capacity of the soil in the root zone, the slope
of the field, and the care exercised by the irrigator. These factors

will be evaluated in turn for the eight subareas of Gallatin Valley.

1. Soil Storage.~-Water losses ﬁay be correlated with the

frequency of irrigation as some surface evaporation loss will occur

in each irrigation application before the root zone is penetrated. The

amount of soil storage capacity is therefore of interest in evaluating
irrigation efficiency. To estimate potential storage of available
moisture, it is necessary to know the depth of soil in the root zone
for different‘crops and the a&erage water-holding capacity of the soil.
Descriptions of the soil profile in the upper two strata and major
soil types in the eight subareas are shown in Table A-1, Appendix A.
This data is used to compﬁte available moisture storage capacity and
net irrigation requirements shown in Table 3-2 for the eight subareas.
In making these computations, the writer also utilized.columms 2-6 of

a technical irrigation guide. 13/

2. Slope of the Field.--The slope of the field being irrigated,

together with the soil-profile characteristics, affects soil intake

of water, and the efficiency of water spreading. Average slopes of

‘drrigated fields in the eight subareas are estimated from a surface-—

13/ Irrigation Guide for Intermountain and Foothill Area East of
Continental Divide, USDA, Soil Conservation Service, Bozeman,
Montana, May 1957, pp. 10-28.




TABLE 3-2. Estimated Available Moisture Storage Capacity of Soils and Net Irrigation Require-
ments in Eight Subareas of the Gallatin Valley.*

A M, Storage Capacity' Extraction Depth Net Irrigation Require-
for crops for crops ment/Treatment
Subarea Name Alfalfa Other Alfalfa Other: Alfalfa - Other
————— Incheg————-— Feet—-- ———-~Incheg——=——
Camp Creek Hills ' 10.0 6.0 5.0 - 3.0 5.0 3.0
West Gateway 10.0 6.0 5.0 3.0 5.0 3.0
East Gateway 10.0 6.0 5.0 3.0 5.0 3.0
Bozeman Fan 10.0 6.0 5.0 3.0 5.0 3.0
East Belgrade 5.0 4.0 4.0 3.0 2.5 2.0
West.Belgrade 5.0 4.0 4.0 3.0 2.5 2.0
Central Park 7.5 6.0 4.0 3.0 3.8 3.0
Manhattan 3.5 3.5 3.0 3.0 1.6 1.6

®other crops are small grains, pasture, and hay.

b, L . . .
It is assumed that the crop is irrigated when available moisture in storage drops to 50 percent.

*Source: Table A-1, Appendix A.

Y
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contour map of the Gallatin Valley. 14/ Estimated gross irrigation
requirements in tﬁe subareas are shown in Table 3-3. The border
method of ‘irrigation is assumed for slopes up to 4 percent, and contour
ditches for slopes over 4 percent.

It is apparent in Table 3-3 that from 30-50 percent of the
irrigation water is lost to return flow, deep-percolation and evapora-
tion. Since most Gallatin Valley soils are well-drained, evaporation
losses should be relatively minor. Whether remaining losses would occur
as surface return floW or deep—percolatién losses depends on water-—
table cbnditions below the irrigated field aﬁd how long Qater is
allowed to ruﬁ on-the field.

3. TIrrigation Management.--It was stated in 1900 that farmers

in-the Gallatin Valley—often permit irrigation Qater to run "wild"
because of insufficient help. 15/ This matter was discussed with local.
. 5C5 officials who were familiar with present irrigation practices in

the Gallatin Valley. It was suggestéd that the farmers were 'probably
only obtaining about half of the recommended efficiency lével at

present because of the shortage of labor and because the present system

of water rights in the Gallatin Valley provided little incentive for

14/ Surface Contour Maps, USGS, Manhattan Quadrangle 1949 and
Bozeman Quadrangle 1953.

15/ Fortier, S., "Duty of Water in the Gallatin Valley," Office of
Experiment Station Bulletins, II, 1900, pp. 81-90.




TABLE 3-3. Estimated Gross Irrigation Requirements in Eight Subareas of the Gallatin Valley.*®

Ave. Slope Basic Estimated Gross
of Net Irrigation Intake - Field Irrigation
Fields 1/ Requirements 2/ Rate §] Efficiency Water Loss Requirement
Subarea Name . Alf. Other All Crops  Alf. Other Alf. Other Alf. Other
(Percent) (Inches) (In. 1 Hr,) (Percent) (Inches) (Inches)
Camp Creek Hills 4.0-8.0 5.0 3.0 1.8 50 50 5.0 .3.0 10.0 6.0
West Gateway 1.0-2.0 5.0 3.0 1.8 © 70 70 2.0 1.5 7.0 4.5
East Gateway 1.0-2.0 5.0 3,0 1.8 70 70 2,0 1.5 7.0 4.5
Bozeman Fan 1.0-2.0 5.0 3.0 1.8 70 70 2,0 1.5 7.0 4.5
East Belgrade 1.0-2.0 2.5 2.0 1.8 70 70 1.0 1.0 3.5 3.0
West Belgrade 1.0-2.0 2.5 2.0 1.8 70 70 1.0 1.0 3.5 3.0
Central Park 0.5-1.0 3.8 3.0 1.8 70 70 1.6 1.3 5.4 4.3
Manhattan 0.5-1.0 1.6 1.6 3.0 65 65 0.9 0.9 2.5 2.5
1/ Surface contour maps, USGS, Manhattan Quadrangle1949 and Bozeman Quadrangle1953. R
. &~

2/ Taken from Table 3-2.

§/ Choriki, R.T., The Influence of Different Soil Types, Treatments and Soil Properties on the
"‘Efficiency of Water Storage, M.S. Thesis, Montana State University, Bozeman, August 1959,
p. 53.

#*Source: Irrigation Guide, loc. cit., cels. 10, 14 and 15.
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users to be efficient in-irrigation. The recommended higher efficiency
level would also entall some increase in cost for labor and ditch
management whiéh may not be justified at the present time.

In recognition of the current management problem, the writer
reasoned that the suggested low field efficiency level was a rational
irrigation strategy on the part of farmers given the present system
of fixed water rights, but that under a moré flexible system allowing
exchange of water rights, the farmers would likely increase their
efficiency in water use to the level recommended in the irrigatiom
guide cited previously. 16/ The difference in efficiency levels may
then be interpreted as a cost imposed on society because of thE‘preéent
institutional system of water rights along with other costs resulting’
“from the improper allocation.of resources. It 'was therefore concluded
that the investigation of water use in the Gallatin Valley should
.include an evaluation of Both levels of efficiency to determine the
effect on regional income.

The problem of surface return flow is also related to management
as the-irrigator could prevent aﬁy surface runoff with reasonable Eare
in the regulation of water supply to the‘fieldJ Since the subareas

analyzed in this study are relatively large, there should not be much

16/ Irrigation Guide, op. cit., pp. 1-9.
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net surface return f16w from each subarea even though some individual
fields have surface runoff, Itlwill therefore be assumed for each
subarea that there should be very little loss resulting from surface
return flow; the bulk of surface outflow is assumed to be causea by
water—-table drainage which is predicted with Fhe hydrologic model
formulated in this chapter. 17/ Consequently, all water losses in
field irrigation will be assigned to deep—percolatioﬁ in the analysis

of water use in the Gallatin Valley.

Part IV: Validation of the Hydrologic Model

The hydrologic model formulated in this chapter could only be
tested fo¥ the year 1953 as estimates of groundwater-discharge were
not available for other years. A comparison of predicted groundwater
discharge in 1953 from each subarea and USGS estimates of this discharge
is shown in Table 3-4.- The USGS estimates of discharge are based on
measurements of gain in streamflow taken during 1953. Since the Camp
Creek Hills Subarea énd the Bozeman Fan Subaréa are not adjacent to
a'major stream, USGS did not provide estimates for these subareas.

Except for Central Pafk,'predicted groundwater discharge from the
subareas in Table 3~4 compares closely with USGS estimates of this

discharge during 1953. The large discrepancy for Central Park is

17/ TUSGA has also estimated that very little diverted water returns
to the river as waste surface return flow in ‘this region, at
least during July and Apgust. Hackett, op. cit., pp. 116~117.
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TABLE 3-4. Model Predictions and USGS Estlmates of Annual Groundwater
Discharge For 1953.%

Average Average
Water Table Gradient Predicted Estimated
Subarea (i) Height Slope Discharge Discharge
(Feet) (Ft/Mi) (Acre~Feet) (Acre-Feet)
Camp Creek Hills (1) 12 80 23,594 na?
West Gateway (2) 43 40 12,290 25,000P
East Gateway (3) 43 40 12,290
Bozeman Fan (4) 140 80 30,032 na?
East Belgrade (5) 170 80 85,412 135,000P
West Belgrade (6) 170 80 24,401 c
Central Park (7) 20 30 23,061 300,000

Manhattan (8) 25 30 12,471 14,000

ot available.
bEstimate is aggregated over this and the following subarea.

CEstimate includes a considerable amount of surface water discharge
since groundwater discharge is restricted by a fault.

*Source: Hackett, et. al., pp. 136-151.
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explained by the geologic fault in this subarea and by large inflow of

_ groundwater from outside the study region., Most of the groundwater

Jeaving Ceﬁtral Park appears as surface water due to the severe
restriction of the fault.

Most of the agricultural land in Central Park is confiped to the
interior part.of the subarea just below East Belgrade Subarea. This
interior area, encompassing about 19 square miles, is not affected by
inflow from outside the study region and receives all of its grouﬁd—
ﬁater recharge from the East Belgrade Subarea. During the remainder
of the present study, Central Park Subarea wili.be defined as this
interior -area only., |

Predicted dischargé rates comparable to those shown in Table 3-4~
will be utilized to predict‘the change in groundwater discharge associ-
ated with reallocation of water resources in the study-area. As
stated previously, the volume of groundwater discharge has important
implicatiéns for optimal ailocation of water resourées in the Gallatin

Valley and therefore should be evaluated in conjunction with any "irri-

gation system.optimization.

Evaluation of Recharge to Subareas

The hydrologic model also explains recharge to subareas where

groundwater discharge from adjacent subareas and irrigation percolation

losses are the major sources of recharge. However, there are other
important sources of recharge for certain subareas which are not

explained by the model,
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It is stated in the Hackett report that the two Gateway subareas

and the Bozeman Fan 'subarea are partially recharged by runoff of small

streams entering these subareas from adjacent highlands. This outside
recharge may be accounted for in the hydrologic model by treating pre-
season water tables as a parameter. It is assumed that these small
streamS'arg largely spring runoff, and irrigation percolation losses
are the major source of recharge to these three upper subareas during
most of the season.

West Gallatin seepage loss is a major source of recharge in the
two Belgrade subareas. This stream is influent for about 4 miles
adjacent to these subareas throughout the season. Stream l.ss in this
- reach was estimated by USGS to be about 10 percent of floﬁ, comprisiné
a total loss of 63;006 acre-feet in 1952 and 37,000 acre-feet in
1953. 18/ The 10 percent éstimate will be used in the hydrologic model
for compﬁting recha?ge to Beigrade subareas.

Both the West Gallatin and East Gallatin Rivers-atre effluent below
the Belgrade subéreas, and -are not a source of recharge to the

Manhattan and Central Park subareas.

General Appraisal of Hydrologic Model

The hydrologic model for predicting groundwater movement is not

claimed to be a particularly precise model for this purpose. However, -

18/ Hackett, op. cit., p. 143.
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it does consider the key variables affecting groundwater flow and
provides useful approximations of flow relationships within the
system. It is assumed that the approximations are adequéte'to yield
significant improvements in the integrated ground-surface water model
over a model that ignores tﬁg hydrologic interdependencies. In a
sense, a model that assumes away hydrologic interdgpendencies also
tacitly uses quantitative measures of flow among subareas-—all

flows are taken as zero.
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.CHAPTER Iv
A GENERAL EQUILIBRIUM OPTIMIZATION MODEIL,

A relatively simplé hydrologic model for approximating ground-
water flow as a linear function of water table height was presented
in Chapter III. The derived linear functions for eight interrelated
hydrologic subareas of the Gallatin Vallé&'provide the necessary
link betﬁeen the surface and groundwater system for genmeral equilibrium
analysis of the overall'optimai allocation of water in the study area.

The nature of water response relationships in the criterion func-
tion of the applied model will be governed by selection of crop
activities which are adaptable to the Gallatin Valley study area. TFor
the'pfésent, however, we need only be concerned with some hypothetical
water-response relationship for each of the eight subareas. This
response function is assumed to imply the most profitable combination
of ‘crop activities at each level of water.supply. The function could
be computed in practice by a priori specification of profit levels
by crops at various levels of water supply in a parametric:p;ogram~
ming model, and then changing the water supply by increments. A
separate analysis would be required for each subarea.

In each subarea, water response dgpends on the timing of

irrigation deliveries as well as the total quantity of water
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delivered during the irrigation season. For simplification, the
éime horizon for water deliveries in the present studylis divided
into four discrete timé periods of the irrigation season: (1)
June 1 to July 1; (2) July 1 to August 1; (3) August 1 to September 1;
and (4) September 1 to October 1. In each of the four time periods
(subsequently identified by t=1,...,4), water response will be jointly
deétermined by the volume of water delivered in that period and in all
other periods.

Water supply to each subarea may come from various sources
depending upon access of the respective subarea to alternate streams
and groundwater reserves. Of céufse, water needs can be at least
partially met by natural precipitation and soil moisture in storage - -
at the beginning of the irrigation season. Since the latter éources
are not génerally subject to control by the decision~maker, they
are notAof immediate concern in formulation of the ﬁodel. Delinea-
tion of water supply by ground and surface water sources is necessary
in formulation of the médel for the following reasons: (1) these
two sources of supply usually have quite different procurement
costs and efficiencies in delivery; (2) their respective use is of
paramount concern in analysis of the hydrologic system, particularly
for control of water tables; and (3) some of the subareas are entirely
dependent upon surface water suppiy for their'irrigation requirements.
The source of water supply, the subarea served and the time period

of delivery are identified in the model criterion function by
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Git in the case of groundwater, and by Sit in the case of surface
water, The first subscript, i, denotes the subarea served; i=1,...,8;
and the second subscript, t, denotes the time period of delivery,

t=1,...,4. All surface water supply variables are prefixed by the

symbol, Ei’ in the criterion function to indicate possible differences

in conveyance efficiency among the eight subareas. Delivery efficiency

and also field efficiency of irrigation water is subject to control in

project planning; for simplifi;ation, howéver, these efficiency levels

are specified to be parameters iﬁ.the theoretical model formulation.
The volume of groundwater supply available for use in each

" subarea is restricted by the level of development of irrigation

wells. The wells represent long-term capital investments, and their

optimal level of development is dependent upon both intraseasonal and

interseasonal expectations of surface water supply. For simplification

in presentation of the theoretical model, it is assumed that all water
supply in each time period of analysis is known with certainty. The
empirical model, however, will consider the problem of stochastic
variation in the interseasonal surface water supply.

Net Welfére'is assumed to be additive over all subareas in the
model since the output of each'crop in the Gallatin Valley is an
insignificant parf of supply in the national market. Net welfare for
a representative ith subarea may be defined ip terms of the following

criterion function:




54

.
Vi( iSit’Git’Ki’Hit)

where Sit denotes the vector of variables with components determined

by both stream source and timing of stream diversions for ir;igation,
Ei is a parameter scalar repr?senting delivery efficiency, Git denotes
the vector for variable groundwater‘supp}y with components determined
only by"time, Ki is a scalar denoting the level of ‘irrigation well
development governing effective groundwater supply, and Hit denotes a
vector of variable water table levels. It is assumed that the water
table level is not limiting groundwater supply for irrigation in the
‘present example. In the applied versién of this model, the eﬁpirical

problem resulting from the water table béing too high for normal

‘producfion response to irrigétion may be avoided by assuming this

critical water table level to be an irrational production region since
it may be controlled by groundwater pumping. As the groundwater table

height would affect production only if above some threshold level,

" this influence may be evaluated by imposing an inequality constraint

on the maximum level that will be tolerated. However, a more general

applied moael would measure the rapid decline‘in'pro&uctioﬁ resulting

from'p;ogressive saturation of remaining soil space above the critical

water table level. A detailed statement of all variables affecting Vi

in the applied model for the Gallatin Valley area is given in Chapter VL.
Regardless of whether production is cénstfained by the

water table level or not, the criterion function is theoretically
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subject to diminishing returns in spite of the many linearities
assumed in the model regarding profits, costs, and other coefficients
for each activity. With inc#éasing émployment of certain activities
the rate of increase in net product would tend to decline as a result
of using less productive land and incurring higher distribution costs
for water supply. Crop returns are also restricted by acreage limita-
tions imposed by the governmént allotment progrém and crop rotation

requirements. The criterion function is defined to be a concave

-
- '

surface due to the effect of diminishing returns.

Interdependencies that exist among different subareas regarding
the use of water resources and related hydrologic interactions are
.specified in side conditions of the model. Inlview of the rathér
complex ngture of fhese interrelationships, the set ofldefinitions
and notation required fér statement of the mathemaéical constraints
is quite detailed. |

Specifications of Terms in the Model

Functions: Defined for i=1,...,8;

V, = .the net welfare or benefit obtained in the ith subarea assuming
* that an optimal production program is followed. Implicit in
V. are linear cost functions for such items as amortized costs
of well development, irrigation labor costs, crop enterprise
costs, variable pumping costs, and ditch operation and maintenance

costs., . —

Parameters: Defined for i=1,...,8; t=1,...,4;

v
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E, = a coefficient for determining the net amount of diverted
i .
surface water delivered at the farm headgate (proportion) ;
o e \ . .

Hi = the initial water table height in subarea i prior to the growing
season, i.e,, for t=0. H? is assumed to be a parameter in the
‘present study as average annual recharge far exceeds the expected
withdrawal of groundwater for irrigation use each season.

WG . .

St = West Gallatin surface supply available for use in time t (acre-

' feet);

MC

St = Middle ‘Creek surface supply available for use in tlme t (acre-
feet) ;

"=SC

St = Sourdough Creek surface supply available for use -in time t
(acre-feet) ;

EG . . . .

St = East Gallatin surface supply available for use in time t less
appropriated water outside the study area and less SS
“tributary inflow (acre-feet);

Sgc = Camp Creek surface supply available for use in time t (acre—
feet) ; :

WG . . .

Ht = the average surface water height of the West Gallatin River

during time t (feet); 1/

a, = a coefficient for estimating total groundwater outflow of subarea
i in relation to water table height in subarea i (acre-feet);

a,, = a coefficient for estimating total groundwater outflow of subarea
J j entering subarea i- from water table height in subarea j (acre-
feet) ;

bi = a percolation-loss coefficient for field irrigation (proportion);

Wi = the average width of aquifer i (miles);

Li = the average length of aquifer i (miles);

0.15 = the average coefficient of water storage for all subareas; and

C = average monthly pumping capacity of each well (acre-feet).

1/ This parameter is meeded for estimating groundwater discharge as
surface water from adjacent subareas. The stream level is compared
with subarea water table height in determining the volume of ground-
water discharge as surface water.
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Variables: Defined for i=1,...,8; t=1,...,4

WG - .
Sit = the number of acre-feet of surface water diverted from the West
Gallatin to subarea i during time t; :
- o . . . th . .
Hit = average water table height in the i subarea during time t
(feet above aquifer floor); : ‘
MC ' . . .
Sit = the number of acre-feet of surface water diverted from Middle
Creek to subarea i during time t;
SC ' . -
Sit = the number of acre-feet of surface water diverted from Sourdough
‘Creek to subarea i during time t; ' '
EG ) ' g . .
Sit = the number of acre~feet of surface water diverted from the East
Gallatin to subarea i during time t;
cc . ' ) ,
Sit = the number of acre-feet of surface water diverted from Camp
"Creek to subarea i during time t;
= the number of acre~feet of groundwater pumped in subarea i

it . .
g during time t; -and

Ki = the number of 2 cfs wells developed in subarea i.

, ) \
Transformations: Defined for i=1,...,8; t=1,...,4 2/
Hit = Hit - HzG, (B, dis the differential water table height affecting

~ groundwater discharge to the West Gallatin--feet);

B8, = 1-E, + b .E., (B, is the fraction of surface water diverted which
i i Tpidi ) . . .
is lost in conveyance and field percolation--
‘proportion) ;
Gi = l—bpi, (Gi is the field consumptive use coefficient--proportion) ;

2/ These transformations are intended to simplify use of notation
in the model. They represent combinations of parameters and —_—
variables that have been defined earlier.

~
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Ai = (O.lSWiLi) (640 acres/mi.z) (1 ft.), (A, is the aquifer storage
volume per unit water table height
in subarea i--acre-feet);

W .
C,. =8 G, (C is total surface water supply available for use
it t- it |
in subareas 1, 2 and 3--acre-feet);
WG MC SC
= + + i i
C2t St' St St R (C2t is total surface water surface available

for use in subarea 4--acre-feet);

C =5 + S~ + 8 , (C is total surface water supply available
3t y t t 3 .
for use in subarea 5--acre-feet);

C, = 0.90 s"C 4 gCC » (C, is total surface water supply available
bt t t 4 :
for use in subarea 6--acre-feet);
WG EG . ,
C., =0.208 "+ 5., (C is total surface water supply available
5t t t St .
for use in subarea 7--acre-feet); and
C = 0.90 SWG + SCC (C is total surface water supply available
6t ) t t 6t

for use in subarea 8--acre-feet).
Explanation of Terms in Model -
The relevance of these gpecified éarameters, variables and trans-
formations in the model is illustrated by the following flow diagrams.
All surface flows in the system are shown in Figure 4-1.
It is evident in Figure 4-1 that there are five streams sﬁpplying
eight subareas in the study region. The West Gallatin River, however,
is the only stream accessible to all subareas. Stream flow constraints

are respectively: E. Gallatin River, SSG, W. Gallatin River, S?G,

Sourdough Creek, Sic

, Middle Creek, Sfc, and Camp Creek, Sic. Combined
stream constraints for each subarea were denoted earlier by Ci in the
list of transformations.

These stream comnstraints are at least partially relaxed by ground-

water discharge flows illustrated in Figure 4-1. The discharge flows
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East Gallatin River West Gallatin River
-___+[ Camp Creek Hills (1) |

LEast Gateway (3) ]

e

Sourdough - Middle | Camp
Creek Creek |iCreek

v
| Bozeman Fan (4) ]f::,il Wi LA

s ."...»;
| East Belgrade (5) ]2::,:: .I___é

j?:

a____) g

;"[ West Belgrade (6) |

-—>[ Manhattan (8ﬂ

T -
ST .. "IN AR T
é’ LEGEND -
Missouri
River Surface Water Diverted____
Surface Water Return..........
Stream Flow BRI

Figure 4-I. Flow diagram for study area, showing direction of stream
flows, sources of diversion to subareas, and surface-water
return flows.
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may be rediverted for'irpigation'use in adjacent subarea i or in other
downstream subareas.

Recall from Chapter III tha;'groundwatgr outflows ‘are functionally
related to groundwater heights in subareas adjacent to streams. As
defined in the hydrologic model of Chapter IIIL, groundwater outflows

arise'froﬁ groundwater movement and they occur where the groundwater
table intercgpts a stream bed or other low elevation. The general
‘direction of groundwafer movement in the system is shown in Figure 4-2.
This movement is based on'groundwafer flows during 1952-53 shown‘in
Table 3-1, Chapter III. The only subareas obtaining much groundwater
recharge from the West Gallatin Ri%er‘are East and West Belgrade as
shown in Figure 4~2. West Gallatin stream loss to these subareas is
estimated to be about 10 peréent of flow near Cameron Bridge. 3/ The
other streams in the study area are assumed to have no effect on
~ groundwater recharge or discharge to subareas.

It may be recalled from'Chapter ITT that the exterior part of the
Central Park Subarea receives about 190,000 acre-feet of recharge
annually from outside the study area. However, this part‘of Central
Park has been omitted from the present study as very little agricultural
land is involved in the region affected.

With these exceptions, all groundwater movement is determined

endogenously in relation to water table heights of adjacent subareas

in the study area.

3/ Hackett, op. cit., p. 143.










































































































































































































































































































































































































