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INTRODUCTION

Allocation of water resources among different entities
isakeyaspect of river basin management that becomes
particularly important as demands approach and
exceed supplies. Streamflow and reservoir storage
capacity in mgjor river basins are typically shared by
many water users. Water rights systems provide a
basisto (1) allocat e resources among users, (2) protect
exiging users from having their suppli es diminished
by new users, and (3) govern the sharing of limited
streamflow and water in storage during drought swhen
supplies areinadequateto meet all needs. Water rights
have higoricdly played a greater role in reservoir
system operationsinthemor eari d wester n statesof the
United States than in the eastern staes with more
abundant water resources. However, wate rights are
growing in importance throughout the nation with
increasing demands on limited water resources.

The institutional framework for reservoir system
management may involve an hierarchy of water
allocation systems. For example the water resour ces
of the Rio Grande, Colorado, and Col umbia River
Basins are alocated between nations by treaty. In
these and other major river basins, water is allocated
among states through river basin compacts and other
means. Within individual states water is shared by
river authorities, municipa water districts, cities,
irrigation districts, individual farmers, industries, and
privatecitizensthrough wate rights systems. A water
district or river authority distributes water to its
customers in accordance with contractual
commitments.

A water right isthe legal right for an entity to store,
regulate, and/or divert water for beneficial use. Water
rights systems are established primarily at the state
level and vary between states. Legal rights to theuse
of streamflow are generally based on two aternative
doctrines, riparian and prior appropriation. Thebasic
concept of theriparian doctrineis that wate rightsare
incidental to the ownership of land adjacent to a
stream. The prior appropriation doctrine i s based on
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theconcept of protecting seni or water usersfram having
their supplies dminished by newcamers devdoping
water supplies later in time. In a prior appropriation
sygem, water rightsarenot inherent in land ownership,
and priorities are established based on dates that wat er
isappropriated. Water law in 29 eastern states is based
primarily on the riparian doctrine.  The prior
appropriation doctrine governs water rights in nine
wedern states. Ten other states, including Texas,
originally had riparian systems but later converted to
appropr iati on systemswhile preserving existing riparian
rights. The remaining states, Hawaii and Louisiana,
have unique types of hybrid sygems (Rice and White
1991; Getches 1997). To assig states in formulating
wate rightssystems, theWate Law Committee of the
American Sod ety of Civil Engineersrecently published
a model water code for riparian rights (Dellapenna
1997) and isin the process of publishing amodel code
for prior appropriation systems.

The expeaience of the state o Texas illustraes the
issues involved in managing rese’voir systems within a
water rightsframework. During the past three decades,
the state has estabished two aurface water rights
permitting systems similar to those of other western
states (Skillern 1988). One water rights system has
been developed in the Lower Rio Grande Valley, and
another otherwise statewide systam is administered for
theremainder of the state. Water ri ghts have becomea
governing consideation in resavoir management
throughout the state. Major efforts are presatly
underway for expanding capabilities for water
management within this institutional sgting. The
issues and complexities encountered in Texas are
representative of other statesas well.

The objective of the paper isto ue the stateof Texasas

a case study to outline key condderaionsin:
developing and administering a water alocati on
system
modding resavoir/river systems and assessing
water availability/religbility within theframework
of aallocation system

The paper first describes water alocation in the state



and then highlights issuesand complexitiesi dentified
in areview of the Texas experi ence.

WATER MANAGEMENT IN TEXAS

Texas is a large state with diverse geography,
economy, climate, and water resources. For example,
mean annual precipitation varies from 8 inches (20
cm) at El Paso, on the RioGrandein arid West Texas,
to over 56 in (140 cm) in the humid lower Sabine
River Basin inEast Texas. Themgor river basns and
larger cities of the state are shown in Figure 1.

Texasisill ustrative of a full range of small to large
resavoirs operated by a variety of entities.
Conservation storage capacities totaling 40 million
acre-feet (50 billion m®) and flood control capacities
totding 19 million ac-ft (23 bil lion m®) are provided by
189 major reservoirs with individual capacities of
5,000 acre-feet (6,170,000 m®) or greater. Although
there are several thousand smaller reservoirs, the 189
resavoirswith at least 5,000 ac-ft capacity account for
over 95% of the storage capecity in the state. Lake
Texomaon the Red River and Ami stad Reservoir on
the Rio Grande are the largest reservoirs in the state
with capacities of 5.3 and 5.1 million ac-ft (6.6 and 6.3
billion m®. Two reservoirs on the Rio Grande,
operated by the International Baundary and Water
Commissian, and 32 U.S. Arnmy Caps o Engineers
resavoirsin eight other river basins account for about
43% of the conservation storage capacity and 89% of
the fload control storage capacity in the 189 mgor
reservoirs. Nineteenriver authorities play key rdesin
compr ehensive development and management of the
water resources of all or portions of sevea river
basins. The river authorities contract for storage
capacity in federal reservoirs as well ascongruct and
operate nonfederal reservoirs. Water distri cts, cities,
and electric power companies al so own and opeaate a
number of the major reservoirs.

Texas partici pates in five interstate river compads
administered by commi ssions representingthe member
states. The rivers and the datesthe compacts became
effective are Rio Grande (1939), Pecos (1948),
Canadian (1952), Sebine(1954), and Red (1980). The
purposes of the interstate compacts are to provide for
equitable apportionment of water between the states
and to facilitate cooperative planning and
management.

Population growth and diminishing groundwater
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reserves are resulting in increasing demands on the
surface water resour ces of the state. Groundwater use
has significantly exceeded recharge for many years
resulting in water level declinesin severa of themagjor
aquifer systems. 1n 1980, about 61% of thewater usein
thestatewas supplied from ground wat er and 39% from
surface supply. 1n 1990, ground water supplied 47%
and surface water 53% of the total water use. Theshift
from groundwater to surface water is expected to
continue.

Water resourcesdevel gpment and management in Texas
is greatly influenced by the need to be prepared for
infrequent severedroughts. Typica ly inthemajority of
the reservoirs, dorage capacity is sized to provide
dependable supplies during a severe multiple-year
drought, and drawdowns are minimal inwet years. The
present water rightssystem, with current demands and
develgoment, has not been tested by a majar drought
comparableto those of the 1910's, 1930's, and 1950's.
The hydrologically most severe drought of record in
Texasbeganin 1950 and ended in April 1957 with one
of the largest floods on recard. Although svee dry
condtions and reservoir drawdowns such as the 1995-
1996 drought have occurred periodically, the last
severd decades have been characterized by relatively
abundant preci pitation and str eamflow compared to the
droughts of the 1950's and earlier peri ods.

Histarical Development of Waer Rightsin Texas

Rights to use streamflow in Texas have been granted
historicallyunder Spanish, Mexican, Republicof Texas,
and State of Texaslaws. Early water rights were based
on various versions of the riparian doctrine. The prior
appr opriation doctrine was adopted in the1890's, while
still maintaining existing riparianrights. Anessentially
unmanageable sysem evolved, with various types of
water rights exi i ng smultaneously, with many rights
being unrecorded. Thedrought of the 1950’ s motivated
a 20-plus year effort to merge the numerous varied
rights into a unified permit system. The 1995-1996
drought provided an impetus for further refinements.
Two somewhat similar butyet distinctlydifferentwater
rights systems have been developed, one in the Lower
Rio Grande Valey and another for the rest of the state.

The Rio Grande is unique relati ve to the other river
basins of Texas fram seveal perspedives. It is an
international river shared by two nations. The Lower
Rio Grande Valley accounts for the majarity of the
surface water irrigation in Texas. The intensve



agricultural production of the region depends al most
exclusively on the Rio Grande with little use of
groundwater. Other major irrigation regions of the
staterely primarily on groundwater. Thewater rights
system for the Lower Rio Grande was developed
separately and has distinct differences fram the rest of
the state partiaularly in regard to the priority system
and water master operations.

A map o the entire 356,000 mi* (870,000 km?) Rio
Grande Basin is provided as Figure 2. Only about
176,000 mi? of the basin actually contri butes runoff to
theRioGrande Thenon-contributing areasdrain into
internal closed subbasins. About 50% of the
contributing watershed lies in the United States, and
about 26% isin Texas. The Texas portion of the Rio
Grande Basin encompasses about 18% of the state.
Fort Quitman, located 90 milesdownstream o the City
of El Paso, is a key location in the both the
international and state water allocation systems. Fart
Quitman is 1,150 river miles above the Gulf of
Mexico. The Texas share of the waters of the Ro
Grande below Fort Quitman was allocated among
numerous wate rights holdes in conjunction with a
massi ve lawsuit, State of Texas v. Hidalgo County
Water Control and Improvement District No. 18,
commonly called the Lowe Rio Grande Valey Water
Case. Thelawsuit wasfiled in 1956, thetrial washeld
in 1964-1966, and thefinal judgment of the appellate
court was filed in 1969. In 1971, the Texas Water
Rights Commission adopted rules and regulations
implanenting the court dedsion. The assorted
verdgons of riparian and appropriative rights were
combined into a permit sygem. The litigants in the
Rio Grande law suit included 42 water distrids and
2,500 individuals. More than 90 lawyers appeared
before the court. The expense and effort involved
demonstrated the impracticality of a purely judicial
determination of wate rightsfor the entire date and
led to enactment of the Water RightsAdjudication Act
of 1967 (Templer 1981).

The present surface water rights system applicable to
al of Texas, except for the Rio Grande below Fort
Quitman, wasestablished pursuant to theWater Rights
Adjudi cation Act passed by the gate legislature in
1967. The stated purpose of the Act wasto require a
recarding of all claimsfor water right swhich were not
already recorded, to limit the exerdse of those daims
to actual use, and to provide for the adjudication and
administration of water rights. The adudication
process required to merge dl exigting rights into a

59

permit sysgem was initiated in 1968 and campleted in
thelate 1980's. All unrecorded claimswere required to
be filed with the Texas Water Rights Commission.
Minor exceptions were made for those using only small
quanti ties of water for domesticand livestock purposes.
Claimswererecognized only if valid under exiging law
and onlyto theextent of the maximum actual beneficial
use of water without waste during any year from 1963
through 1967. Statewide 11,600 unrecorded daims
were filed. Most were for riparian rights since most
appropriative rightswere already recorded. More than
half the claims were rejected because they showed no
water use during the base period. Shortly after
recaving the clams, the Texas Water Rights
Commission initiated a series of administrative
adjudications of wate rights by river segment, and
permits called certificates of adjudication were issued.
The adjudication process was essentially completed in
the late 1980's. With the permit system now in place,
applications for additional water rights are submitted
and processed following prescribed procedures.

Unlike other westen states with groundwate permit
systems, groundwater rights in Texas are based
essentially on the common law rule allowing land
ownersto pump asmuch water asthey wish from under
their land. Thewater rights permit system applies anly
to aurface water.

Somecentr alized agen cy hasadminister ed sometype of
water rightssystemstatenidesincel913. However, the
agencies and waer rights system have changed over
time. TheBoard of Water Engineerswas establishedin
1913; reorganized as the Texas Water Commission in
1962; and renamed the Texas Wata Rights
Commission in 1965 with non-water rights functions
being transferred to the Texas Water Devdopment
Boad which had been previously created in 1957. In
1977, the Texas Department of Water Resources was
created by combining the Water Rights Commission,
Water Development Board, and Water Quality Board.
In 1985, the Texas Department of Water Resaurces was
dissolved, and the T exas Water Commission and Texas
Water Development Board became separate agencies.
TheTexas Water Development Board isresponsible for
developing and updating the State Water Plan and
adminigeringanarray of financia assistanceprograms.
TheTexasNatura Resource Conser vation Commi ssion
was creaed in 1993 by merging the Texas Water
Commission and Texas Air Quality Board.

State Water Allocation System




The Texas Naturd Resource Conservation
Commission (TNRCC) is one of the largest and most
comprehensivestate envir onmental protection agencies
in the nation. The TNRCC consists of three full-time
commissioners appanted by the governor and a
professional and administrative staff of over 3,000
employees. Water rights represent just ane of many
statewideregulatory regponsibilitiesof the TNRCC.

The TNRCC presently admini sters about 7,000 active
water rights permits including about 1,600 rights in
theL ower RioGrande Valley. Numerousother claims
and permits have been canceled due to lack of water
use or ather reasons. The rights are held by river
authoriti es, cities municipal water digtricts, irrigation
districts, individual farmers, companies, and private
citizens. Water rightsare granted by astatelicense, or
permit, which allows the holder to divert a specified
amount of water annually at a spedficlocation, for a
specific purpose, and to store water in reservoirs of
specifiad capacity. The water allocation system
described next is applicable to the entire state, except
there are significant differences for the Rio Grande
bdow Fort Quitman, which are noted in the
disaussion.

Anyone may submit an applicati on to the TNRCC for
a new water right or to change their existing water
right at any time. The TNRCC will approve the
application if unappropriated weter is available, a
beneficial use of the water is contemplated, water
conservation will be practiced, exiding water rights
arenot impaired, and the water useis not detrimental
tothe public wdfare. After approval of an application,
the TNRCC isaues a permit giving the applicant the
right to use a stated amount of water i n a prescribed
manner. Once the right to the use of water has been
perfected by the issuance of a permit by the TNRCC
and the subsequent benefi cid use of the water by the
permittee, the wate authorized to be appropriated
under the terms of the parti cular per mit is not subject
to further appropriation until the permit is canceled.
A permit may be canceled if water is nat used during
a 10-year period. The Rio Grande has been over
appropriated for many years with no new rights for
additional wate use being granted. However, rights
are commonly transferred between users in the Rio
GrandeBasin.

A wate permit holder has noactual title to the water
but only aright to use the water. However, a water
right can be sold, leased, or transferred to another
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person. The Lower Rio Grande Valley has been the
only region of Texaswith an active water market in the
past. In 1993, the Texas Legslature established a
statewide water bank to be administered by the Texas
Water Development Board. Although transfers can be
accomplished independently of the water bank, the
program was cregted to encourage and facilitate water
marketing, trander, and redlocation.

Thelegal right to use or sall the water from areservoir
isusudly granted to the owner prior to construction of
theproject. Many reservoi rsar e owned and operat ed by
cities to provide water to their citizens for domestic,
public, and commercial use The dty holdsthe permit
or water right and sells the water to its citizen
customers. Another common case is a reservoir or
system of several reservars owned and operated by a
river authority which sdlls the water to a number of
cities, water districts, industries, businesses, and/or
irrigators. The river authority holds the wate right
permit. The entities tha purchase thewata from the
river authority are nat required to hold a water right.
The river authority goerates the resavoirs to med its
contractual obligationstoitscugomers. Thenonfederal
project sponsors which contract for the conservation
storage in federa reservoirs are responsible for
obtai ning theappropriate water rights permits through
the TNRCC.

Individual farmers, industries, and cities also holdwater
rights permits notassodated with reservars. In several
of the river basins, a number of reservoir operators, all
holding appropriate water rights permits, operate
resavoirs in the same basin. Reservoir operators ae
required to make releases typically na exceedng
inflows, to dlow senior downstream users not
associated with the reservoir access to the water for
which they are legally entitled.

Although water-master operations arecommonin other
wegern states, the Rio Grandeand South Texas watea-
master offices, which are components o the TNRCC,
are the only such programsin Texas. A water-master
office has administered water rights and accounted for
water use in the Rio Grande Badn since the 1960's.

The South Texas water-master was established in the
late 1980's to administe water rightsallocationsin the
Guadalupe, Nueces, and San Antonio River Basins.
Plans during the 1980's to establish water-master
programsthroughout the statehave been abandoned due
to political considerations. The TNRCC responds to



reports of illegal water use anywhere in the state.
However, with the exception of the Lower Rio Grande
Vd ley, water withdrawal sare not routinely monitored.

The Texas Water Code is based on the prior
appropriation doctrine. For permitsissued during the
adjudicati on of existing rights pursuant to the Water
Rights Adjudication Ad of 1967, priority dateswere
established based on histarical legal rights and actual
water use. Since cmpletion o the adjudication
process, prioritiesfor additional new rights are based
upon the dates that the permit applications are filed.
In general, senior water users are legally protected
from more junior appropriatars taking their water.
However, aprovision of the TexasWater Code, known
as the Wagstaff Act, isan exception tothisrude. The
Waggtaff Act, orignally enacted in 1931, statesthat
"Any appropriation made after May 17, 1931 for any
purpose other than domestic o municipal use is
subject to the right of any city or town to make further
appropriation of the water without paying fa the
water." Theimplicationsof the Wagstaff Act havenot
yet been defined by court cases Majar appropriations
by cities under the Wagstaff Act have not occurred to
date. However, the stature is expeded to become
increasingly important as demands on limited
resourcesintensfy.

For the Lower Rio Grande, priorities wae set in
conjunction with the previously discussed lawsuit.
Water rights are divided into three categories.
Municipal rights have the highest priority. Irrigation
rights are divided into Class A and Class B rights,
with Class A rights recelving more storage in Falcon
and Amistad Reservoirs storage accounts in the
alocation procedure described next. Although this
weighted priority system for irrigation rights haslittle
significance during years of plentiful water, its effect
inwater-short yearsistodistributethe shartageamong
all users, with thegreater shartages occurringon lands
with Class B water rights.

Allocation of the Waters of the Rio Grande

Allocation of the water resources of the Rio Grande
Basinisgoverned bytwointernational treaties andtwo

interstate compacts. Allocation of the Texas shar e of
thewatestoirrigators, cities, and other usersis based
on dtate law.

A 1906 Treaty between the United States and Mexico
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provides for delivery of 60,000 acre-fee/year of Rio
Grande water to Mexico in the El Paso-Juarez Valey
above Fort Quitman, Texas. Elephant Butte Reservair
in New Mexico, operated by the U.S. Bureau of
Redamation, and the American and International
diverson dams near El Paso, qoerated by the
International Boundary and Water Commission
(IBWC), have been constructed toimplement the water
alocation provisions of the treaty. The treaty furthe
provides that if water is unavdlable, the amount
allocated to Mexico shall be diminished in the ssme
propation as wate delivered to irrigate lands in the
United States. Thisprovision hasbeeninvokedinabout
athird of the years since 1951.

The Rio Grande Compact approved by thelegislatures
of Colarado, New M exico, and Texas in 1939 allocated
the uncommitted waters of the Rio Grande above Fort
Quitman. The PecosRiver Compact adopted in 1949
alocates the watersof that tributary between Texasand
New Mexico.

The 1944 Water Treaty expanded the International
Boundary Commission to the International Bounday
and Water Commission (IBWC), provided for the
digribution of waters of the Rio Grande from Fart
Quitmantothe Gulf of Mexico between the two nations,
and authorized construction of Amistad and Falcon
Reservoirs. The 1944 Treaty also includes provisions
for allocation of the watersof the Cd orado River.

The International Amigad and Faloon Reservoirs are
operated by the IBWC primarily for flood contrd and
water supply for the Lower Rio Grande Valley and aso
provide hydrodectric powe and recreation. Amistad
Reservar contains 3,380,000 acre-feet of conservation
storage and 1,740,000 ac-ft of flood control storage.
Facon Reservoir contains 2,670,000 acft of
conservation storage and 510,000 ac-ft of flood contr ol
storage. Inaccordancewiththe 1944 Treaty, the United
States has 56.2% and 58. 6% of the conser vation storage
capacity of Amistad and Falcon, respectively, with
Mexico owning the remaining conservation storage
cgpacity. The IBWC operates the Anzaldus and
Retamal Dams on the lower reach of the Rio Grandeto
facilitate diversions. The travel time for releases from
Facon Reservoir to reach the mog downgream
diversion locations is ébout a week. The Retamal and
Anzaldus diversion dams and Falcon and Amistad
storage damsare at river miles 133, 170, 275, and 574,
respectively, on the Rio Grande above the Gulf of
Mexico.



Streamflows into Falcon and Amistad Reservoirs are
also alocated between the two countries Flows an a
number of majar tributaries named in the treaty are
gaged and allocated as specified by the treaty. All
other flows not otherwise a located are divided equally
between the two cauntries. Mexico recaves al the
flows from severd specified Mexican tributaries and
two-thirds of the fl owsfrom other specifiedtributaries.
The United Statesreceives al the flows from certain
U.S. tributaries and onethird o the flows from the
other specified tributaries. Computations ae
performed weeklyto allocate thereservoir inflov and
evaporation volumes which are combined with
recorded releases to determine the amount of water
that each country hasin storage.

The IBWC is taally responsible for flood control

operations. Hydroelectric power generation is
essentially limited to using water released anyway for
other purposes. The United States share of the water
supply storage in Amistad and Falcon Reservoirs is
used to meet demandsi n the lower basin administer ed
by the TNRCC in accordance with the water rights
sysem. Irrigation districts, individual farme's, and
cities communicate their wate needs directly to the
TNRCCWate-Mager Office, which in turn schedules
releases from the Fal con and Amistad Reservoirs. The
IWBC makes releases as direded by the TNRCC
Water-master. The Water-master Office maintains a
weeklyaccounting of the amaunt of wate used and the
amount of water in reservar storage al located to each
of the 1,600 water rightsaccounts. The Waster -master
supervises the distribution of al water diverted from
theRioGrandein Texas below Fart Quitman. Mot of
the water is used in the very praductive agricultural
region below Faloon Reservoir.

The Water-Master performs computati ons each week
to allocate the United States share of the storage in
Amistad and Falcon Reservoirs to each of the 1,600
water rights accaunts. The allocation rules include
first providing a reserve of 225,000 acre-feet in
Amistad and Falcon Reservoirs for domestic,
municipal, and industrial uses, which is called the
municipal pool. Next, availablewater is allocated to
an operating reserve that fluctuates between 380,000
ac-ft and 275,000 ac-ft, dgoending on the amount of
water in storage. The operating reser ve provi des for
loss of water by seepage and evaporation, adjustments
requir ed asthe United States-Mexi co water ownership
computati onsarefinaized each month, and emergency
requirements. The remaining water in storage is

62

dlocated among all theirrigation alldttees. Thestorage
is basically allacated in proportion toannual diversion
rights, except the Class A rights are multiplied by a
factor of 1.7 to alow them a greater storage dl ocation
than Class B rights. Other provisionsinclude limiting
each storage a lotment to not exceed more than 1.41
times its authorized diverdon right. If an irrigation
right does not use water for two consecutive years, its
storage account i s reduced to zero.

MODELING AND ANALY SIS CAPABILITIES

Effective management of the highly variable water
resour ces of ariver basin requires an understandi ng of
thereliabil ity with which vari ousquanti tiesof water can
be supplied, under various conditions, within
institutional constraints.  Two genera types of
simulati on modelsare envisoned. Long-termplanning
models support planning studies and preparaion and
evaluation of pemit applications. Drought
management models support decisions regarding
curtaling water use and other actions during the weeks
and months ahead given known gorage | eve s today.
Although the second typeof model is being considered,
effartsto date in the state have focused on the first type.
The following discusson of computer modding
capabilities fird addresses staewide gfarts excludng
the Rio Grande, with a later sedion focusing
specifically on modding the Rio Grande system.

StatewvideReservar/River Sysem Modding

Under the prior appropriation doctrine, an application
for awater use per mit can be approved only if water is
available and its use does not impair vested water
rights. Thus, the TNRCC must dete'mine theamount
of water availalefor appropriation at variouslocations
in each rive basin of the state. The impacts of
proposed watea management plans on exiging water
rights must be evaluated.

Water availabil ity models for eight of the magor river
basins (Brazos, Colorado, Guadalupe, Lavaca, Nueces,
San Antonio, San Jacinto, Trinity) were developed
during the 1970's and 1980’ s in conjunction with the
water rights adjudication process. The models consist
of compute programs and data files for analyzing
alocation of the surface wates of each river basin
under the water rightssystem. The primary pur pose of
the models was to determine unappropriated
streamflows. Datafrom past runs of the modelsare still
used along with other infarmation to evaluate permit



applications. However, the Fortran programs ae no
longer operative and have na been executed in recent
years.

TheWater RightsAnalysis Package (Wurbsand Dunn
1996) is a recently develgped generalized
river/reservoir system simulation modd based on the
Texas water rights permit system. This madel has
been applied tothreeriver basins(Brazos, San Jaci nto,
Lavacd) to update previouswater availability analyses.

Senate Bill 1 enacted by theTexas Legislaturein 1997
ishaving amajor impact on water resources planning
and management in the state. The Act provides for
development of comprehensive regiond plans for
water management which are to be incorporated into
a statewide plan. Another provision df Senate Bill 1
authorizesthe T NRCC to expand modelingcapabilities
in support of water rights administration functions.
Funds have been appropriated and a schedule
mandated to develop modelsfor 22 river basins, which
cover the entire state except for the RioGrandeBasin.
Modelsfor six basins must be completed by December
1999, and the remaining 16 basins compleed by
December 2001.

Themodel sdevd oped in the past aswell as the model
devel opmenteffort currently underway involveawater
availabilitymodeling process consisting of two phases:
(1) development of monthly naturalized streamflow
sequences for pertinent locations covering the
hydrdogic peiod-of-analysis, and

smulation of the water rights/management
sygem, for the input sequences of naturali zed
flows, to determine reliability indices,
unappraopriated flowvs, and related information.

)

Naturalized or unregulated flows represent natural
hydrology without the effectsof reservoirs and human
water use. Modds developed in the past have
incorporated monthly naturalized flow sequences
covering a period of typically about 1940 to 1980.
Models currently bang develgped will likely use a
hydrologic period-of-analysis o about 1940 to the
present.

Each water right isrepresented by an annual water use
requirement distributed nonuniformly over the 12
months of the vyear, associated return flow
specifications, priority date, reservoir stor agecapacity,
and location. Madel input also includes reservar
opeating rules and storage capacity versus surface
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area relati onships.

The models simul ate capabilities for meeting water
demand requirements, reflecting current water rights
and reservoir facilities, during each month of a
hypotheti cal assumed r epeti ti on of hi sori cd hydrol ogy,
represented by naturaized flow and evaporation rate
sequences covering the historical period-of-analysis.
Model output indudesan arrayofinformationincluding
reliability indices for satisfying water rights
requirements and unappropriated flovs gill remaining
after the water rights are satisfied.

Modeling the Rio Grande System

ThelBWC and athershave performed variousmodding
studies over the past several decades. The Lower Rio
Grande Valley Development Council, Valey Water
Policy and Management Council, and Texas Water
Development Board are currently conducting a
compr ehensive study of the Lower RioGrande Basinto
develop an integrated water management plan.
Partici pates in the sudy include Turner Collie &
Braden, Inc., Perez/Freese & Nichols, Inc., Freese &
Nichols Inc., other consulting firms, and Texas A&M
Uni versty. Modeling capabil itiesar ebeinginvesti gated
asone component of thissudy.

The Valley Water Management and Policy Council
recently contracted with the consuting engineeaing
firms of R. J. Brandes Company and Michael Qullivan
& Assiates to develop models for smulating the
operation of Fdcon and Amigdad Reservoirs in
accordance with the international and Texas state
allocation systems. They ar e nearing completion of two
models called the Reservoir Operations Model (ROM)
and the Conditional Probability Model (CPM).

TheReservoir OperationsModd (ROM)wasdevel oped
by modifying SIMYLD-Il to incorporate (1) the
previously discussed rules for allocating Amistad and
Facon inflows and storage between Mexico and the
United States pursuant tothe 1944 Treaty and (2) water
use requi rementsrefl ecting the alocation of the United
States share of streamflow and storage in accordance
with the state water rights system. SIMYLD-Il is a
general ized model for simulating reser voir/river system
operations and water allocation developed by the Texas
Water Development Board (1972). SIMYLD-II
computations are based on a network flow linear
progranming formulation and solution algorithm.
Variousstudesincluding firm yield analysesare being



performed using the ROM with a monthly time step
and 1945-1996 period-of-analysis.

TheConditional Probability Model (CPM) isdesigned
to estimate the praobahility of meeting demands during
the next season or year given known storage levels
today. The ROM is executed far many different
starting storage levels to develop input for the CPM.
ROM simulations have been made for eachyear of the
1945-1994 periad using histarical monthly inflovsand
evaporation rates. For each year with each specified
starting storage level, the ending storage level of the
reservars and number of months that specified
demands could not be met are recorded. This matrix
of dataisinput to the CPM to esti mate probabi liti es of
failure to meet demands during the next year
conditioned upon the storage level at the beginning of
the year.

KEY ISSUES AND COMPLEXITIES

Allccating a highly variable water resource to
numerous water management entities and users is
necessarily complex. The issuesand considerations
noted below are illustrative of the compl exities of
managing reservar sysems within the institutional
framework of a water rightssysem.

Allocation of Water AmongUsa's

The prior appropriation concept of protecting early
water users from having their supplies diminished by
newcomers is achieved in two ways.
Permits are not granted to new water users if
senior rights would be adversely affected.
Duringdroughts, junior appropriators must curtail
their water use if <eniar appropriatas are
otherwise adversely affected.
Although Texas and other states are viewed as
adopting the prior appropriation dodrine, strictly
speskingapure prior appropriation systemis probably
not feaside and perhaps doesnot exist.

In dealing with the uncertainties of managing a
stochastic water resource, although the effect may be
extremely small, develgoing additional supplies for
new users aways affects the i nflows and thus water
supply reliability of existing reservoirs located
downstream on the same stream. Al<, in drought
situaions invdving insuffident water supply, the
shortages will be shared, to some degree, by water
usersregardless of the relative seniority of their ri ghts.

64

Temporary demand management measures will be
implemented. Sharing of water during drought will
likely depend on political negotiations, aternative
demand management and supply augmentation
measures available to different entities, and other
factorsin addition to the wate rights permit system.
Although the issueis being addressed, detaled drought
contingency plans do not exig at this time for most of
Texas. Although regions o the state have experienced
significant water shortages in recent years, the water
rights system has not yet been tested and refined by a
major drought comparable to the 1930's and 1950's.

Therelationship between basing priorities on seniority
(date) of use versus type of use is also not clearly
defined. Except for the Lower Rio Grande, water rights
priorities in Texas are set by the priority date specified
in each permit. Rel ativepriorities for types of use stated
in the Texas Water Code have been interpretedto mean
that types of use are to be considered if multiple
applications for the same water are being considered
samultaneously. After permits are issued, the filing
dates govern priority. However, though not yet
thoroughly tested, the Wagstaff A ct appears to dl ow
cities to take water from mare seniar non-municipal
water rights. The Rio Grande alocation system
explicitly givesmunicipal use priority over other usesin
the formula for allocaing storage in Amistad and
Falcon Reservoirs.

Assigning wate rights priorities to mantaining
reservoir storage levels relaive to diversion rights is
another important issue. Reservoir opeaation in Texas
is based on providing long-term storage as pr otecti on
against infrequent but severe droughts. The right to
store water is asimportant as theright todivet water.
If junior gppropriators located upstream of a reservoir
diminish inflowstothereservoir whenit isnot spilling,
reservoir dependable yield is adversely affected. Each
drawdown coud padentially be the beginning of a
seveal-year critical drawdown which empties the
resavoir. Thus, protecting resavoir inflowsis critical
to achieving the purpose of the reservoir, which is to
provide adependabl e water supply. On the other hand,
forang appropriators, withrightsjunior totherights of
the reservoir owner, to curtail diversions to maintain
inflows to an almost full, or even an almost empty,
reservoir i sdifficult and often isnot the optimal use of
the water resource. If junior diversons are not
curtailed, the reservoir will likdy later refill anyway,
without any shortages occurring.



Although wate right permits often include reservar
storage, handling of the storage aspect of water rights
isnot ye precisdy defined in Texas except for the Rio
Grande. The Rio Grande is simpler in this regard
because essential ly al of the water users are supplied
by two large storage reservars operated jointly. In
other major river basins, hundreds of small reservoirs
and several large reservoirsare owvnedand operated by
variaus entities in thesamebadn.

With the exception of the Rio Grande, water rights
permits in Texas are for individua reservoirs.
However, in some cases multiple reservoirs are
operated in combination to meet common demands.
For exampe, the Brazos River Authority (BRA)
operates a systam consisting of four of its own
reservoirs and the conservation pools of nine federal
reservoirs. All of thedversion rightsheld by the BRA
weregrantedin conjunction withindividual reservoirs.
The BRA pemits have been modified to allow
multiple-reservar releases to meet common
downstream diversion requirements aslong asthetotal
of the diversi ons specified in the individual reservoir
permits are not exceeded. Flexibility has aso been
provided for shifting beween types of water use &
well. Significant complexities arise in attempts to
relate individual reservadr water rights to multiple-
reservoir sydem opeations. Innovative strategiesare
needed for incorporating multiplereservoir system
operations into water rights permits.

Unregulated local inflows enteing a river bdow any
dams and/or uncontrolled reservoir spills may be
adequateto meet water needsmuch of the timewithout
resavoir releases IntheRio Grande, during periods
of high flows users are alowed to divert no charge
water without having their allaments charged. In the
Brazos River Basin, an excess flows permit allows the
Brazos River Authorityto divertwater from the lower
reach of the river withou releasing from their
resevoirsaslong asother water rightshol dersare not
adversely affected.

Although some recently issued water rights have
addressed return flows, most permitsdo not edfythe
amount of the diversion to be returned to the stream.
Return flows can significantly impad the availability
of water to downstream users. Thisissueis aurrently
being addressed particularly in the Trinity River Basin
whereplansfor reuse of municipal wastewater effluent
for urban irrigation in the Dallas-Fort Worth
metroplex in the upper basin will affect Trinity River
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flows including inflovs to a major downstream
reservoir.

Instream flow needs and related environmental issues
are important considerations in formulating and
evduatingwater rights permits. Maintaining specified
instream flow requirementsis a part of the operating
policies of a number of reservoirs. Instream uses
include maintenance of aguatic habitat and species,
protectingorimproving waer quality, publicrecreation,
preservation of wetlands, and providing freshwater
inflows for bays and estuaries. The TexasWater Code
requires that the TNRCC conside existing instream
uses and water quality issues in the water rights
permitting process. In recent years establishment of
diverson restrictions to maintain instream flows is an
integral part of evaluaing water availahility.
Detamining instream flow requirements and the
impacts of water rights permits on instream flows are
complex tasks.

Hydroel ectric power operations can have beneficial as
well as advese impacts on downstream water
availability. Although hydroelectric plants typically
have water rights permits, some federal hydrodectric
projectsdonot. For these projects, hydroel ectric energy
is generated by unappropriated o unused flonvs and
water supply releases.

From the perspective of hydrology and water resources
management, ground water and surface water are two
inter related phases of the hydrologi c cycle. Use of one
resource often has significant impacts on the other.
However, there is little governmental control over the
use of ground water in Texas. Consequently,
conjunctive management of ground and surface water
resources isextremely difficut. Depleting groundwat er
reserves are forcing the state to move toward greater
groundwater regulation and shift to a greater reliance
on surface water.

Admini strati on of a Water All ocation System

Texasisillustr ative of two general approaches adopted
indifferentwedern statesfor adminigeringwater rights
permit systems, namely with and without water -master
operations. The Rio Grande Water-Master Office
maintains a predse accounting o water use, working
closelywith the irrigators cities, and other water users
in the Lower Rio Grande Valley. For the mgjority of
thestate, thereisno water-master operation to maintain
awater use accaunting sysem.



Acoording to Rice and White (1991), the prior
appropriation water rights sygems in maost wegern
states arevirtually self-administering. Thisis true of
Texas. Upon request, the TNRCC takes enfarcement
action statewide to stop reported unauthorized
divesions or water use in violation of water rights
permits. However, water diversions are na closely
monitored and may not be accurately measured and
recorded. Many wate rights hddershaveno meters
to measure their diversions. The impacts of junior
divesionsat certain locati onson senior rightsat other
locations in the basin may na be clearly evident.
M onitoringof withdrawal sisrelatively unimportant as
long as everyone has plenty of water but become
important during drought when shortages begin to
ocaur. Monitoring and curtailment of water use
occurred in several areas during the 1995-1996
drought.

With compl etion of the adjudication processin thelate
1980's, the stateplanned to eventual ly establish water-
master opeations in all the major river basins. The
South Texas Water-Mastea Program was initiated in
thelate 1980’ swith responsihil ities for the Guadalupe,
Nueces, and San Antonio River Basins. However,
statewide, many water usea's were reludant to have
requirementsimposed upon them for ingallingmete's
and monitoring and regulating diversions. Political
pressures have prevented the egablishment of water-
master officesin other river basins.

Assessment of Water Availability/Reliability

Since streamflowvs, evaporation rates, reservoir
sedimentation rates water use, and othe fadorsare
highly variable and the future is unknown, water
availability must be viewed from a reliability,
likelihood, or percent- of-time perspective. Tradeoffs
occur between the amount of water to commit for
beneficial use and the level of reliability that can be
achieved. Beneficial use of wate is based on assuring
a high level of reliability. However, if water
commitments are limited as required to assure an
extremely high level of reliaklity, the amount of
streamflow availablefor beneficial useis nstrained,
and a greaer proportion of the water flows to the
ocean or is lost through reservoir evaparation. The
optimal level of reiability varies with type of water
use. Municipal supplies are typically viewed as
requiring particuarly high reliability.

Water management decisions necessarily require
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qud itativejudgmentin determiningaccept ablelevel sof
reliability for various situations. Previous studies have
demongtr ated that rel iabil ities are not very sensitive to
changes indiversionamounts. Typi cd ly, theamount of
water supplied by a reservoir/river system can be
increased significantly by accepting somewhat higher
risks of shortages or emergency demand reductions.
Reservoir yield versus reliability estimates are not
highly precise and can vary significantly with
incorporation of different but yet still reasonable
assumptions in a modd.

The concept o firmyield hastraditionally been used in
water supply planning and management in Texas. Firm
yield is defined as the maximum annual diversion rate
that can be maintained continuously during a
hypothetical repetition of historical period-of-record
hydrology based on specified modeling assumpti ons.
However, the strategy of committing wate to different
usersat different levels o reliability has been pursued
to some extent in recent years. Certan water users are
curtail ed if reservar storage drops below prespecified
levels. Thisstrategy iscammon in aher western states
but relatively new in Texas.

Water availability is condrained by water quality as
well aswater quantity. Benefidal use of streamflowis
severely limited by natural sat contamination from
geologicformations underlying the upper watersheds of
seveaa major Texas river badns, indudingthe Brazos,
Canadian, Colorado, Pecos, and Red Rivers (Wurbs
1996). At many locations, water availahlity is
governed by highly vari able salinity leves rather than
sreamflow amounts. The larger reservoirs with high
salinity levelsinclude Lake Texoma on the Red River
(the largest reservoir in Texas), Possum Kingdom,
Granbury, and Whitney Reservoirson the Brazos River,
and Lake Meradith on the Canadian Rver.
Quantification of theimpactsof salinity on water supply
reliabilities has really not been incor porated into the
process of evduating applications far wate rights
permits. Expanded modeling and analysis capabilities
are needed to incorporate water quality considerations
in reservoir system reliability analyses.

Reservoir/River System Modds

Asprevioudy discussed, major effarts are underway to
develop expanded modding capahilities far evduating
thewater supply capabilities of reservoir/river systems.
Under the provisions of Senate Bill 1, water
availability/reliability modelsfor the 22 ri ver bas ns of



the sate, excluding the Rio Grande, are to be
completed by December 2001. Reservoir system
simulation modds are also being develgped and
applied in a comprehensive study o the Lower Rio
Grande. The focus is on simulation models that
combine current water rights and reservoir system
operating policies with sequences of monthly
natur alized flows and evaporaion raes represanting
hisorical periad-of-record hydrolagy.  Drought
management models for predicting the likelihood of
meeti ng demands during the next season or year given
current reservoir storage levds are also being
investigated. Theremainder of this section highlights
several key issues related to the madeling effort.

A set of generalized simul ation modd s and databases
conveniently accesside to the entire water
management community is envisioned for the future.
Computer programs and data files can easily be made
publicthrough theinternet aswell asother distributi on
mechanisms. The motivation for the current model
development effat is to expand dedsion support
capabilitiesfor theTNRCCwat er ri ght sadmini stration
functions, including planning studi esand evduation of
permit applications, and support of water alocation
actions during drought conditions. Howeve, the
softwareand databases used by the TNRCC to evaluate
water rights permit applicati ons may aso by used by
water agencies and consulting firms in performing
various feasibility dudies as well as for prepaing
permit applications for submittal tothe TNRCC.

Theadopted madeling processfar planningstudiesand
evaluation of water rights permit applications caonsists
of two phases: (1) developing of monthly naturalized
streamflows covering the hydrol agic period-of-analysis
at all relevant locations and (2) simulati on of current
water management reflected by existing reservoir
facilities and water rightsfor an assumed repetition of
historical hydrology represented by the sequences of
natur alized flowsand reservoir evgporation rates. The
array of infor mati on provided by modd resultsinclude
reliability indices for satisfying the water rights
requirements included in the model and
unappropriated flows still available for additional
rights. Proposed new water rights and reservoir
operating plans can beincorporated in the model to
assess the impacts on existing rights as well as
reliabil ities associat ed with the proposed new project.

M ethodol ogies for devel oping sequen cesof naturalized
sreamflows are beinginvestigated. Natural ized fl ows
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at sreamflow gaging dations are devel oped by
adjusting the adbsearved historical flows to remove the
effectsof resavoirs, diversians, return flows, and other
past water control ectivities. Regresson techniques are
usedtofillin misdng recordsand extend recordlengths
based on flows at other gages. Naturalized flows at
gages arethen transferred to ungaged locations of water
rights. The author iswaorking with the TNRCC on a
study of methods for developing naturalized montly
sreamflow sequences, particularly methods for
determining flows at ungaged locations.

A reservoir/river system model is usad to simulate
allocation of input naturalized flows, for each monthly
time step, to meet current diversion, instream flow, and
storage requirements in accordance with the water
rights priority sydem. The 7,000 water rightsin effect
in the 23 river basins (Ro Grandeand 22 ahers) vary
by basin from just afew in smaller basinsto over a
thousand in three of the larger basins. For example,
recent simulation studies for the Brazos Rive Basin
using the generalized Water Rights Analysis Package
(WRAP) model (Wurbs and Dunn 1996) simulated
present water management requirementsassociated with
1,200 water rights and 600 resavoirs duing an
assumed repetiti on of historical hydrology represented
by naturalized flows and evaporation rates for each
month of a 1940-1984 period-of-analysis. A recent
WRAP smulation of the San Jacinto River Basin
involved 105 water rights with two large reservoirs,
about 70 small reservoirs, and a 1940-1980 hydrdogic
period-of-analysis.

The TNRCC is presetly investigating various
aternative reservoir/river sysem water alocation
modelsfor usein modelingthe 22 river basins. Hexible
capabilitiesare required for simulating thewater rights
priority system, resa’voir systemoperating policies, and
numerous water use requirements. The many ar eas of
potential improvementsin modeling capabilitiesinclude
better representation of channel losses and
surface/subsurface interactions, multiple-reservoir
system operations, return flows, instream flow
requirements, water quality constraints, and reliability
indices. Improved strategies for using smul ation
resultsto assesswater availahility/reliability and support
decsion-making processes areimportant.

Datacompilation and management isakeyfundamental
aspect of the overal | modeling effort. Time series data
compiled from field observations incl ude str eamfl ow,
predpitation, resevoir evgooration raes, storage



contents, water use diversions, and return flows.
Computed time series data include naturalized
streamflows and unappropriated streamflows.
Watershed parameters are required to transfer
naturalized flows from gaged to ungaged locations.
Storage-area rel ationships and other infarmation are
needed for modding the numeraus reservoirs The
water rights database is of course also fundamental to
the modeling process. Software for managing time
series, gpatial, and other types of data and
methodologies for colleding these data are extremdy
important components of the modeling and analysis
processwhich are receiving considerableattention.

CONCLUDING REMARKS

Water rights and associated institutional
condderations play key roles in governing reservoir
system operations. With gr owing demands on limi ted
water resources water rightshavebecomeincreasingly
important in Texasand elsewhere. The establishment
of sygematic approaches for administering water
rights, for bath the Rio Grande and the remainder of
thestate has been amajor thrust of water management
in Texas sincethe 1960’s. A current emphasisison
expanding modeling and analysis capahlities to
support administration o the water rights system.
Water allocation policies and practices vary between
states. However, the Texas experience isill ustr ative of
the complexitiesand issues encountered in developing
and managing waer dlocaion systems in general.
Lessons learned and capabilities developed in Texas
should have broade applicability throughout the
nation.
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Figure 2. Rio Grande Basin



