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Groundwater Banking in the Rio Grande Basin

Samuel Sandoval-Solis': Daene C. McKinney, M.ASCE?; Rebecca L. Teasley, A.M.ASCE®; and
Carlos Patino-Gomez*

Abstract: The water planning and management policies of the Rio Grande basin no longer respond to the sustainable needs of water
users, environment, and international commitments of this transboundary basin between Mexico and the United States. This paper
describes how groundwater banking through an in liew method is one approach leading to better water management in this basin. In lieu
groundwater banking is a conjunctive water allocation policy applicable to water users supplied from surface water and groundwater
sources. A basin simulation model of the Rio Grande basin, built in the water evaluation and planning system (WEAP) software, was used
to evaluate the groundwater banking policy. Two scenarios are discussed: a baseline scenario without new water allocation policies
implemented and a groundwater banking scenario considering the in Heu groundwater banking method implemented in the Meoqui
aquifer. Results show that groundwater banking can significantly improve water management in the basin, increasing system storage,

improving water supply for users in the basin, and enhancing compliance with the treaty obligations.
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CE Database subject headings: Groundwater storage; Rio Grande; Untea)States; Mexico, Waler management, International agree-

ments and treaties.
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Introduction

Background

The Rio Grande basin is a transboundary dadin Geiween fhe
United States and Mexico [Fig, 1(a)]. Tt is a fundanhtal reshurce
for the economy, environment, health, and Guality of life for the
people in both countries and along tig, Oerder. Cities, Juch as
Albuquerque, Las Cruces, El Paso, Frownsvilie, and (Vicllen in
the United States and Monterrsy, Cindad Juarez, Mawuioros, and
Reynosa in Mexico, depend oi, the 1vater resources\of this basin.
The important agriculture econotties of the Ft Fyso/Juarez Valley,
the lower Rio Grande Valley, and the Rio Gonshos irrigation dis-
tricts also depend on the waters of thisvhasi’.. The environmental
health of the Big Bend National Park is aitected by the quantity,
quality, and timing of the Rio Grande streamflows. In addition,
interpational obligations under the U.S.-Mexico Convention of
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1906-and. e Treaty of 1944 apply for both countries [Interna-
tiofial Beundary and Water Commission (IBWC) 1906, 1944; Or-
swn State University (OSU) 2005}

Due to its geographical position, the Rio Grande basin {known
as the Rio Bravo basin in Mexico) is one of the most stressed
basins in the world [World Wildlife Fund (WWTF) 2007] not only
due to the increase of population and industry but because of the
natural water scarcity in the region [Secretaria de Medio Ambi-
ente y Recursos Naturales (SEMARNAT) 2004]. Historically, cy-
clic periods of drought and wet conditions have occurred in the
basin, for instance, dry conditions from the late 1940s to the
mid-1960s, wet conditions fromn the mid-1960s to the early 1990s,
and dry conditions again from the mid-1990s to the mid-2000s
(Tae-Wong et al. 2002; Vigerstol 2002). The latest drought
(19942003} put water administrators, stakeholders, and decision
makers in an extremely problematic situation because of its se-
verity and length. In the 5-year cycle from 1992 to 1997, Mexico
was not able to deliver to the United States the amount of water as
mandated by the 1944 Treaty (SEMARNAT 2004). Furthermore,
in the following treaty cycle, the water debt of Mexico increased,
and the situation at that point was very tense between both coun-
tries. Meetings between the presidents of both countries took
place in order to discuss possible solutions, and drastic measures
were taken by the Mexican government to reduce the water debt.
In 2002, such measures included stopping the supply for Mexican
irrigation districts 025 Bajo Rio Bravo and 004 Don Martin and
transferring Mexican storage to the United States in the interna-
tional Amistad and Falcon reservoirs (IBWC 2002), During 2005,
the water debt of Mexico was paid, but it was evident that water
planning and management of the Rio Grande basin no longer
meets the complex and challenging situation in the basin.

In 2002, a consortium of eight institutions from both the
United States and Mexico (universities, nongovernmental organi-
zations, and governmental research agencies) was formed to as-
sess opportunities to improve water management in the Rio
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Grande basin. An important tool fes s assessment=is w.basin-
wide model to simulate water allbcation in the basin‘and evaluate
the effects of alternative managemeit policises(Danner et al.
2006). Extensive basin stakeholder interyiesus\wifn water users,
planning agencies, research institutes, tiongo)ernmental organi-
zations, and local, state, and national géufrnment institutions
were used to define a broad suite of scenarios with some possi-
bility of improving water management in the basin [Thomas and
McKinney 2006]. This paper presents the results of assessing one
of these proposed scenarios, in lien groundwater banking.

In Lieu Groundwater Banking

In many regions, it has been recognized that due to their hydraulic
and operational interdependence, conjunctively managing sur-
face and groundwater can lead to increased benefits (Wagner and
Vaquero 2002; Pulido-Veldzquez et al. 2006). Conjunctive man-
agement of ground and surface water has been studied for some
time (Buras 1963); mostly, as optimization models for small-
(Pulido-Veldzquez et al. 2006), medium- (Reining et al. 1999),
and large-scale areas (McPhee and Yeh 2004). Since the 1970s,
groundwater banking studies have considered the economic and
hydraulic feasibility of storing water in aquifers in wet periods
and recovering it later in dry periods (Thomas et al. 2001). Since
then, groundwater banking projects have been implemented in
water stressed areas such as the Semitropic Groundwater Bank
[Semitropic Water Storage District (SWSD) 2004], Kern Water

Bank [(KWB) 2008], and Arvin-Edison Water Storage District
(Thomas et al. 2001) in California. In these cases, the groundwa-
ter bankers are irrigation districts with groundwater rights, the
programs are supported by external clients, such as the Metropoli-
tan Water District of Southern California, and they involve the
storage of a client’s surplus of water in wet years in local aquifers
and recovery in dry years. The development of groundwater
banks requires the assessment of hydrogeology and water quality,
legal and financial issues, as well as proper water planning and
management.

The in lieu groundwater banking method stores natural re-
charge in aquifers. Consider a water user that has a right to two
different water sources: surface water from a reservoir and
groundwater from an aquifer [see Fig. 2(a)]. Recharge to a
groundwater bank in the aquifer may take place in wet years
when there is sufficient surface water to supply the water demand.
In this case, aquifer pumping is stopped and natural recharge
accumulates in the bank. The maximum water credited to the
bank will be equal to the user’s groundwater right. Withdrawal
from the bank takes place in dry years when there is insufficient
surface water to supply the demand [see Fig. 2(b)]. In this case,
water from the reservoir is used to supply as much water as pos-
sible, and withdrawals from the bank are used to cover any defi-
cit. To model this situation, aquifer storage is divided into two
accounts: an aquifer account and a groundwater bank account.
The aquifer account tracks water in the aquifer as if the banking
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Fig. 2. Scheme of the groundwater banking through the in lieu
method

did not take place. In contrast, the bank account tracks the water
deposits and withdrawals from the bank. In lieu groundwater
banking has three main characteristics: (1) water users that want
to use this method must be supplied by at least two different water
sources; (2) the operation of the bank depends on the surface
water available to the water user; and (3) the accumulation in the
bank by natural, rather than artificial, means.

Assume that in period 7, without groundwater banking, water
demand is to be met from a combination of surface water (SW,)
and groundwater (GW,), and that the conveyance efficiency for
surface water deliveries (including seepage and evaporation
losses) is CE. The available surface water (Av_S,) in period ¢ is
the sum of the available storage in the reservoirs supplying tife
user (Ava;‘, i=1,...,0). This is equal to the reservoir ifiral
storage (', i=1,...,]) minus any required minimume;torage
(S:nim i=1 LR ’])

I !
Av_S,= 2, Av_Si=>, (s, - 9% ) (1)

=1 i=1

To wtrack the water deposited in ardd Withdrawn froms the
groundwater bank, the following thred caset ate consilered:
1. Available surface water exgeealréguirement

Av _ 8, = (0% GW)/GE (2)

In this case, in lien groundwater b¢nking 18" Invoked, curtail-
ing groundwater pumping and provi¥ing all water from sur-
face water sources. A deposit of GW, is credited in the bank

Bank, = Bank,_, + GW, (3)

2. Available surfuce water is more than the surface water de-
mand (plus losses), but less than total demand

SW/CE < Av _S, < (SW,+ GW,)/CE (4)

In this case, water is supplied from both surface and ground-
water and the bank is unaffected. For simplicity in the
groundwater bank operation, we consider that either the com-
plete amount of GW, is deposited in the bank or none.

3. Available surface water is less than surface water right (plus
losses)

Av _S, < SW,/CE (5)

In this case, water is supplied from surface water to the ex-
tent possible, but there will be a surface water deficit,
Av _S,—SW, <0, that must be covered from a combination of
groundwater and withdrawals from the bank

Bank, = Bank,_, — (SW,— Av _S)) (6)

D i

In order for a groundwater bank to be created, a number of
incentives (legal, institutional, and economic) may be necessary.
In particular, the bank’s depositors must have assurance that water
deposited in the bank will be available to them for withdrawal at
a later time. On the other hand, the managing authority may sim-
ply buy the rights and deposit them in the bank for later sale. The
possibility of withdrawing extra water from the bank during
drought periods may encourage groundwater users to switch to
this method. The costs of implementing a groundwater bank or
the details of the aquifer hydraulic conditions as a result of bank
operations are not considered here; rather, we are seeking to as-
sess the feasibility of the overall management policy. If it appears
feasible, then these and other issues (legal, institutional, and po-
litical) will be investigated,

Water Management Principles of the Rio Grande
Basin

Treaty of 1944 for the Rio Grande/Bravo

The 1944 Treaty between United States and Mexico specifies the
waterfalipeation for the Rio Grande, Colorado, and Tijuana rivers
(IBW&A914). Arihsles 4-9 define the Rio Grande water alloca-
f1og for both couritriel The United States has ownership of (1) all
thie waters rehciing the Rio Grande from the Pecos and Devil
Kivers, GgOlgtwugh Spring, and Alamito, Terlingua, San Felipe,
and Pito“Creeks; (2) one-third of the flow reaching the Rio
Granlle¥rom the six Mexican tributaries Rio Conchos, San Diego,
Sar) Rodrigo, Escondido, and Salado Rivers and Arroyo Las
Vacas Creek provided that this third shall not be less than
431.721 million m*/year as an average over cycles of 5 consecu-
tive years; and (3) one-half of all other flows not otherwise allot-
ted along the Rio Grande. Mexico has ownership of (1) all the
waters reaching the Rio Grande from the San Juan and Alamo
Rivers including the return flows from lands irrigated from these
rivers; (2) two-thirds of the flow reaching the Rio Grande from
the six tributaries named above; and (3) one-half of all other flows
not otherwise allotted occurring along the Rio Grande.

Amistad and Falcon international dams, authorized as joint
projects in the 1944 Treaty, are used to store and manage the
water for both countries and each country has its own storage
account in each reservoir. Amistad dam has a conservation capac-
ity of 3,887 million m?, of which 56.2% belongs to the United
States and 43.8% belongs to Mexico. Falcon dam has a conser-
vation capacity of 4,889 million m?, of which 58.6% belongs to
the United States and 41.1% belongs to Mexico. The treaty cycles
mentioned above can expire in less than 5 years if the U.S. stor-
age in both dams is filled with water belonging to the United
States.

The Mexican water deliveries specified in the treaty must be
fulfilled from the one-third outflow of the six Mexican tributaries
listed above. At the end of a 5-year cycle, the delivery from these
tributaries is evaluated to determine compliance with the treaty
obligations. If there is a deficit in the treaty delivery, it must be
paid in the following cycle using the one-third outflow of water
coming from the six tributaries.

Water Authorities

The International Boundary and Water Commission is the inter-
national organization in charge of the 1944 Treaty execution,
which includes water and storage accounting for each countries,
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treaty accounting, and mainterance and operation of the hydraulic
infrastructure along the border, among other activities. In Mexico,
the National Water Commission “Comision Nacional del Agua”
{CONAGUA) is the federal authority responsible for water man-
agement on the Mexican side of the Rio Grande. CONAGUA
carries out water planning and management along the border ac-
cording to the accounting of water provided by the IBWC.

In the United States, the Texas Commission on Environmental
Quality (TCEQ) is the state agency in charge of water manage-
ment in Texas. The Texas Rio Grande Watermaster Program regu-
lates the U.S. water diversion from Amistad reservoir to the Guif
of Mexico (TCEQ 2005a). Similar to CONAGUA, TCEQ per-
forms water planning and management along the Rio Grande por-
tion of the border according to the accounting of water provided
by the IBWC.

Rio Grande Water Demands

U.8. Demands

The Texas Watermaster allocates water on an account basis
(TCEQ 2006) according to five water use types: irrigation, mu-
nicipalities, mining, industrial, and other. Also, below Falcon Res-
ervoir water rights are divided into Types A and B based on the
Texas Watermaster Rules. Municipal and industrial accounts have
the highest priority and they are guaranteed an amount for each
year. The rest of the users are not guaranteed and their allocatiotf.
depends on the water remaining in their accounts from the prey.-
ous year. Bvery month the Texas Watermaster determirts et
amount of unallocated water in the U.S. account of the intorna-
tional reservoirs after the municipal and industrial ~Movation has
been subtracted. If there is surplus water remainng it 1; allocateu
to agricultural users of Type A, then Type B, thén mining, and
finally other uses.

Mexican Demands

Mexican water demands are chargcterized by use. In s research,
only agricultural and municipal water users a‘e cpnsidered since
these are the dominant uses in the bgSin. The”National Water
Regulation of Mexico “Ley de Aguas Nadiontdes” establishes the
priority for all water uses (LAN 2004). Municipal and domestic
users have the highest priority and they are guaranteed an amount
for each year. Agricultural users are not guaranteed and their al-
jocation depends on the available storage in the respective dam
that supplies them.

At the beginning of each October, CONAGUA determines the
available reservoir storage after deducting municipal allocations,
evaporation, and operation losses (Collado 2002). Then, a nego-
tiation between CONAGUA and the irrigation districts sets the
agricultural water allocation for the coming water year. In 2002,
CONAGUA conducted a water use survey and defined annual
water concessions (legal definition of walter rights in Mexico) for
each agricultural water user (SEMARNAT 2002). CONAGUA
tries to deliver this volume of water if there is enough water in the
available storage in the respective reservoirs.

Simulation Model of the Rio Grande Basin

In order to evaluate the water management of the basin, a hydro-
logic planning model has been built for the Rio Grande basin. The

water evaluation and planning system (WEAP) (Seiber 2006) is
used to model water management in the Rio Grande basin. Details
of WEAP and its application to other basins can be found in Yates
et al. (2005) and Purkey et al, (2006), respectively.

The period of analysis for the scenario considered here is 60
years from October 1940 to September 2000. This period of
analysis contains drought of record (1948-1957), a smaller
drought in the 1960s {1961-1965), & wet period {1966-1991), and
part of the most recent drought (1994-2007). Hydrological input
data, such as naturalized flow, evaporation, streamflow data, res-

‘ervoir siorages, etc., were available for this period.

The data used in the Rio Grande model come from different
agencies in both countries. Main tributary inflows and incremen-
tal flows in reaches were taken from the TCEQ ‘“naturalized
stream flow” data for the Rio Grande basin (R. J. Brandes Com-
pany 2003). The model contains channel loss factors for the river
reaches accounting for conveyance, evaporation, evapotranspira-
tion, and seepage losses (IBWC 2005; CONAGUA 2007; TCEQ
2003). Details of the model components, coefficients, and perfor-
mance are available in Danner et al. (2006).

U.S. water demands in the model were derived from the
TCEQ (2005b). Annual demands used in the model correspond {o
60% of the maximum annual use in the period 19902000 (R. J.
Broadve/ pmpanwy, 2003} and these are disaggregated into
muathty aemands! Meyican water demands were derived from the
public databagt 4f water rights (REPDA 2004), which is the of-
ficial database, (S CONAGUA. For Mexico, annual water uses for
2004 were dissggregated into monthly values. Return flow factors
were (devived from TCEQ (2005b), Instituto Mexicano de Tec-
nploai, del Agua (IMTA) (Coltado 2002), CONAGUA (REPDA
2004, and water users (CONAGUA 2005; L. R. Caballero, per-
vonal communication, May 2005).

The Rio Grande model includes 197 water demands. Due to
the large number of individual water users along the river in both
couniries, many of the water demands were aggregated in the
model, U.S. demands were aggregated based on use type, iec.,
municipal, irrigation, etc., type of water right (A or B), and loca-
tion in the basin relative to the river reaches defined by the TCEQ
Rio Grande Watermaster. The Watermaster Rules define 13 river
reaches, referred to as Watermaster Sections (R. J. Brandes Com-
pany 2003). Similarly, Mexican demands were aggregated by
type of use and location in the basin relative to the river reaches.
Since the priority system for both countries is based on the type
of use, there is no bias in the aggregation of water demands.
Surface water and groundwater use in both countries is consid-
ered in the model. Most of the semiformal irrigation districts in
Mexico {(called Uderales) and many of the individual water users
in the United States use groundwater as their main source of
water supply. Groundwater is represented in the model as simple
“tanks” for each regional aguifer in the basin.

There are 24 reservoirs in the model with a total storage ca-
pacity of approximately 26.3 billion m®. Sixteen of the reservoirs
are located in Mexico (11.4 billion m?, total storage capacity),
six are in the U.S. (3.4-billion m® capacity), and two of them are
binational, Amistad and Falcon (11.6-billion m® total capacity).

The model contains rules to replicate the accounting and allo-
cation logic of the 1944 U.S.-Mexico Treaty. This logic includes
tracking inflows from the treaty tributaries, allocafing those flows
to the respective countries, accounting for storage for each coun-
try in the international reservoirs, calculating evaporation losses
for each country, accounting of the Mexican treaty deliveries per
year and cycle, and resetting treaty cycles when the international
veservoirs are filled.
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Although the model contains inflow data for 60 years, model
calibrafion was done for 15 years from October 1978 to Septem-
ber 1993 (Danner et al. 2006). During this period construction of
most of the basin infrastructure had been completed including
both international dams, Although there was no specific water
allocation policy in Mexico during this period, the records of
historic diversions exist for almost all of the water users. For
Mexico, historical diversions were provided by CONAGUA
{2008} and for the United States these data were derived from the
IBWC withdrawal records available online (IBWC 2008). In gen-
eral, two important sefs of parameters were calibrated in the
model: the conveyance losses along the streams and the rules
governing the release of water from the conservation pools of the
Mexican and international dams. This section briefly describes the
testing process for the Rio Grande model. A complete description
of this process is presented in Danner et al. (2006).

To test the model, historic water demands for this period were
lIoaded into the model, and model results were compared to his-
torical values for reservoir storage and gauged streamflow. Dan-
ner et al, (2006) presented the comparison of the historic and the
model values for 12 reservoir storages and 8 streamflow gauges.
During the calibration and validation process, the storage in the
international reservoirs Amistad and Falcon was used as indica-
tors to evaluate the performance of the model because (1) they
store the water for each country according to the Treaty of 1944
and (2) both reservoirs are influenced by the water managemen
in the entire basin, Thus, if there is a problem in the modeling £
certain regton or with the water allocation for each county, i
storage in the international reservoirs shows it immedifitely.

Two coefficients are to evaluate the goodness AN for the
model validation (Legates and McCabe 1999): Miewosfficieny/of
efficiency (Nash and Sutcliffe 1970) and the qoeffidient of agrey;
ment (Willmott et al. 1985). These coefficients compare tl= ob-
served against the predicted valueg™from Jhe malell, The
coefficient of efficiency ranges (0 tainus infinity ™o with
higher values indicating better Gereerient. The indoy of agree-
ment varies from O to 1 with higner values dnaigating a better
agreement between the model and the o¥servatieds (Legates and
McCabe 1999). The coefficients of efficiency and agreement for
Mexico’s storage in the international reservoirs are (.825 and
0.953, and for the United States are 0.805 and 0.945, respectively.
These values indicate that the model is representing adequately
the water resources system. Considering that during this period
most of the dams had no defined operating policy, the reservoir
storage results are satisfactory for the purpose here. Model and
historical streamflow were compared at four stations along the
Rio Grande stream and six in the main tributaries. For the four
control points at the Rio Grande siream (Johnson Ranch, Foster
Ranch, Laredo, and Below Falcon), the coefficients of efficiency
and agreement are bigger than 0.297 and 0.741, respectively. For
the six main tributaries (Arroyo Las Vacas, San Diego, San Rod-
rigo, Escondido, and Salado), the coefficients of efficiency and
agreement are bigger than 0.536 and 0.883, respectively. Differ-
ences between the simulated and historical values are bigger in
drought periods than in wet periods. Results from the testing sug-
gest that in the overall, the model is representing properly the
water allocation of the Rio Grande basin. This result is important
considering the lack of defined operating policies for many of the
dams in the basin,

In Lieu Groundwater Banking in the Rio Conchos
Basin

As mentioned earlier, a suite of scenarios was developed by a
binational consortium of researchers for the possible improve-
ment of water management in the Rio Grande hasin, The model
discussed in the previous section has been used to evaluate some
of these scenarios. The results of assessing one of them—in lien
groundwater banking—are discussed in this section. The assess-
ment is an incremental comparison of a baseline scenario, where
current practices of water allocation are implemented, and the
groundwater banking scenario, where in lien groundwater bank-
ing in the Rio Conchos basin is implemented.

Mexican irrigation district 005 Delicias {DR-005) is located in
the Rio Conchos basin, a subbasin in the middie part of the Rio
Grande basin [see Fig. 1{c)]. DR-005 has a combined surface and
groundwater concession of 1.13 billion m* and it is supplied by
two sources, 189 million m®/year from groundwater out of the
Meoqui aquifer and 941 million m3/year from surface water via
the La Boquilla and Francisco I Madero reservoirs (744 and
197 million m?/ year, respectively). The conveyance efficiency of
delivering surface water is estimated to be 80% (Collado 2002);
no conveyvance loss is assumed for delivering groundwater. Thus,
the thieshiid of available storage that controls deposits to the
grdundwater bankisNSW,+GW,)/ CE=1.409 billion m* and the
tigeshold to omtial/withdrawals from the bank is SW,/CE
21,173 billion i’ *For DR-005, the available surface water in
the systemlis tie sum of the available storage in F. 1. Madero and
La Bogmnila Teservoirs. The minimum operating storages for La
Bogililla and F. 1. Madero reservoirs are 165 and 8.5 million m?,
dhpectively.

‘n the case of the Rio Conchos basin, an agreement between
U'ONAGUA and DR-005 Delicias could be undertaken to imple-
ment the groundwater bank. DR-005 water users would seek per-
mission from CONAGUA to temporarily interrupt groundwater
deliveries and, in exchange, use surface water, while CONAGUA
must ensure the return of the groundwater to the users in case of
drought. According to Mexican water law, water in the bank
would belong to CONAGUA {(LAN 2004).

Results

The results of applying the in lieu groundwater banking method
in the Rio Conchos basin are presented in this section. The ad-
vantages and disadvantages are estimated for water users in both
nations and for the treaty obligations. First, the effects on system
storage are discussed. This is followed by a description of several
performance criteria (zeliability, resilience, and vulnerability) and
a sustainability index, :

System Storage

The system storage considered here is the sum of the storage in
the Mexican dams: La Boquilla, F. L. Madero, Luis L. Leon, the
international dams: Amistad and Falcon dams, and the storage in
the Meoqui aquifer. These dams are selected because they have
significant storage capacity and they are affected by water man-
agement policies in the Rio Grande basin. In addition, the Meogui
aquifer is included since it is used for the groundwater bank.
Considering the system storage under the baseline scenario to be
100%, the groundwater banking policy is measured relative to
that (see Table 1}. Groundwater banking leads to a 19% increase
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Table 1. System Storage under the Bascline and Groundwater Banking
(GW Bank) Scenarios

Table 2. Groundwater Bank
Scenario

Balance for the

Groundwater Banking

Storage
(%) . :
Evaporation  Spills
Dam Agquifer GW bank Total (%) (%)
Baseline 96 4 0 100 100 100
GW bank 93 13 12 119 92 71

in system storage over a 60-year period. Even though the ground-
water bank scenario has lower reservoir storage than the baseline
scenario, it has larger system storage because of the groundwater
bank. Considering the total volume ol evaporation and spill under
the baseline scenario to be 100%, the groundwater banking policy
reduces these values to 92 and 71%. respectively.

Fig. 3 shows the reservoir, aquifer, and groundwater bank stor-
age for the two scenarios. During wet periods, when the available
storage is larger than the threshold to deposit water in the bank
[Fig. 3(a)], surface water is used, allowing deposits to the bank
[Fig. 3(b)]; surface water storage is lower than in the baseline
scenario, decreasing the probability of spills and reducing evapo-
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Fig. 3. (a) Available storage in dams; (b) aquifer storage including
groundwater bank under the baseline scenario and groundwater bank-
ing scenario (GW bank)

Groundwater Volume Period
bank (million m?) (year)
Deposits 5,857.7 31
Withdrawals 4,646.5 18
No activity — 11
Balance 1,211.3 60

ration losses. In dry periods, when the available storage is smaller
than the threshold to withdraw water from the bank, a combina-
tion of surface water, groundwater, and bank water is used to
meet demand. Pulido-Veldzquez et al. (2006) noticed a similar
behavior in a conjunctive surface-groundwater model when the
water allocation policy was set to minimize groundwater use; they
also found the policy to be economically optimal. In the Rio
Conchos, there is an intensive use of groundwater during drought
periods (1947-1958, 1961-1965, and 1994-2000). From 1978 to
1994 (16 years), there were no bank withdrawals and all banked
water was saved for future use, e.g., in the drought of the 1990s.

Taki,2 shows the deposits, withdrawals, and balance of the
gromndwatir bank\aver the 60-year simulation period. During 31
viars, %58 billiorl m ot water were deposited in the bank (an
average of 15Yhmiilion m*/year). On the contrary, during 18
Jears, 4.6 Asillion'm? of water were withdrawn from the bank to
cover Ntiue J surface  water deficits (an  average of
258 ¢Miliba m?/year). At the end of the simulation period, there
is A pusitive balance in the bank of 1.2 billion m? of water.

The actual capacity of the pumping facilities in the Meoqui
aquifer is 130 million m®/year (Caballero 2005), less than the
groundwater concession value (189 million m?/year) used to es-
timate deposits to the bank. We consider the groundwater conces-
sion amount here in order to evaluate the groundwater banking
policy and its possible negative effects on water users down-
stream. In fact, if the groundwater bank turns out to be feasible
and efficient, then we can expect increased pumping capacity to
be installed in the aquifer, so this higher limit on deposits is a
reasonable assumption.

Extractions from the groundwater bank vary from 17.5 to
694.2 million m?/year. From a duration curve of bank withdraw-
als, the 25th, 50th, 75th, and 95th percentiles correspond to with-
drawals of 117, 223, 450, and 694 million m*/year, respectively.
So, if the pumping capacity increases by 223 million m*/ year (to
353 million m*/year considering the actual pumping capacity of
130 million m?/year), there is 50% probability that any deficit to
DR-005 will be covered. Other groundwater banks, such as the
Semitropic Groundwater Bank or the Kern Water Bank, have re-
covery capacities of 247 ( SWSD 2004) and 296 million m?/year
(KWB 2008), respectively. For recovery, the major issue is related
to avoiding injury to other groundwater users, clear rules and
limits on the recovering of water must be defined, and water
tables would not be allowed to fall below the levels that would
occur in the absence of a conjunctive use program. The recharge
and recovery operations would be controlled by the local ground-
water management authority. In addition, it is necessary to avoid
potential environmental impacts with moving water into and out
of groundwater banks. The recovery capacity depends on several
factors such as geohydrology, aquifer capacity, water demand,
and investment, among others. We suggest, as a first approach, a
recovery capacity of 223 million m*/year over the concession
amount for the Meoqui aquifer because this capacity covers the
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Table 3. Reliability, Resilience, Vulnerability, Maximum Deficit, and Sustainability for the Various Stakeholders in the Rio Grande Basin under the

Baseline and Groundwater Banking {GW Bank) Scenarios

Reliability Resilience Vulnerability Maximum deficit Sustainability
Stakeholder Scenario (%) (%) (%) (million m?) (%)
DR-005 Baseline 72 29 36 89 514
GW bank 87 38 38 59 58.6
DR-(25 Baseline 93 25 25 34 559
GW bank 90 50 19 36 71.3
WMS 8-13 Baseline 85 22 15 37 54.3
GW bank 85 23 13 35 553
Treaty . Baseline 83 50 38 41 63.0
GW bank 83 50 36 41 64.3

50% of the surface water deficits and it has been installed in other
groundwater banks, which is physically and technically feasible.
Additional technical, geohydrologic, and economic studies must
be done to determine the best recovery capacity.

Performance Measures

Results from the groundwater banking scenario for irrigation dis-
tricts 0035 Delicias (DR-005) and 025 Bajo Rio Bravo (DR-025)
in Mexico and Texas Watermaster sections 8-13 (WMS 8-13) in
the United States [see Fig. 1(b)] are discussed in this section,
These are the largest and economically most important watey
users in the basin, Three performance criteria are used to charac-
terize this scenarjo: reliability, vulnerability, and resilizne
(Loucks and van Beek 2005).

Reliability is the frequency with which a wates,Gemand is
satisfied over the simulation period (Hashimoto et 274932), Table
3 shows the reliability for the selected irrigating Wistlicts upler
the groundwater banking scenario. Under this scebario, reliabili-
ties for most of the stakeholders incteass eg ave unchangd? (DR-
005 increased by 15%, WMS 8-13, and Usliviries to s thoaty
obligations did not change). The sligit debrease in fhe Yeliubility
of DR-025 (3%) is due to the fdilowilg."In wet pefiadsthere is a
lower storage in Amistad and \alcen reserveiss, the source of
water for DR-0235, because of the intensiveaise of surface water in
the Rio Conchos due to operation of thelerouridwater bank. In dry
periods, even though the outflow from thesRéo Conchos is larger
under the groundwater bank scenario than in the baseline sce-
nario, this additional water is not enough to cover the difference
in the storage for DR-025,

Resilience is the probability that a deficit period will be fol-
lowed by a successful period during the simulation period (Hash-
imoto et al. 1982). Table 3 shows the resilience for the selected
users and the treaty obligations. The results show an increase in
the resilience for all of these entities. Groundwater banking pro-
motes a more resilient system by using the groundwater in dry
periods and letting the surface water increase rapidly, so the sys-
tem recovers faster than under the baseline scenario. When a defi-
cit occurs, the recovery is faster under the groundwater banking
policy.

Vulnerability is the magnitude of water delivery deficits over
the period of simulation as a percentage of the demand (Hash-
imoto et al. 1982). Table 3 shows the valnerability (average defi-
cit over the period of simulation as a percent of fotal demand) for
the selected users and treaty obligations. The resulis show a de-
crease in vulnerability for DR-025, WMS 8-13, and the deliveries
to the treaty obligations and a slight increase for DR-005. For
DR-025, WMS 8-13, and the treaty, when deficits occur, they are

smaller under the groundwater banking policy than the baseline
scenatio. For DR-005 there is a smaller probability that deficits
will occur (higher reliability), but when they happen, they will be
slightly larger (by 2% on average). During drought periods, DR-
0035 utikizes surface water, groundwater, and banked water to sup-
ply its requirements. Deficits occur when the bank is empty, and
the other two sources are unable to satisfy the demand. Even
though ti= bank helps supply water to DR-005 (improved reli-
ahlny “wdd resiliepaz), the fength and severity of droughts in the
hasin result in_dcplelion of the banked water and increase the
dedicits.

Tahle 7 anoshows the maximum annual deficit over the 60-
year sipmiation period for both scenarios, The results show a
decreasenin’the maximum deficit for DR-005 and WMS 8-13 (30
and\2%, respectively), a shight increase for DR-025, and no
change for the treaty deliveries. For DR-025, the increase in the
maximum deficit has the same reasons as the decrease in the
reliability described above: during wet periods the storage in the
reservoirs that supply DR-025 is lower and in dry periods, the
extra outflow from the Rio Conchos is not enough to make up for
the difference in the reservoir storage,

Sustainability indices have been used to summarize the three
performance criteria discussed above (Loucks 1997; McMahon et
al. 2006). We use a variation of the sustainability index proposed
by Loucks {1997), the geometric average of reliability, resilience,
and vulnerability. For the ith stakeholder we have

Sust; ={Rel;Res{(1 - Vul)]'"? 7)

Table 3 shows the sustainability index values for the selected
water users, The results show an increase in the sustainability
index for all users and the treaty deliveries. This resuft means
that, overall, the groundwater banking policy bencfits all of the
basin users considered as well as the treaty.

Trealy Obligations

One of the most important aspects of water management in
the Rio Grande basin is the delivery of water from Mexico (o
the United States. In short, the required delivery is
431.7 million m*/year averaged over a 5-year period. Fig. 4
shows the minimum, maximum, standard deviation, and median
annual delivery for the six tributaries listed in the 1944 Treaty in
terms of the percent delivery relative to the required average an-
nual volume. Under the groundwater banking policy there is (1)
no decrease in the minimuwm treaty delivery, which means no
harm to water users downstream during drought periods; (2) a
slight decrease in the median delivery (2%), which does not affect
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Fig. 4. Treaty deliveries for the six tributaries listed in the 1944
Treaty under the baseline scenario and groundwater banking scenario
(GW bank)

the treaty obligations since the median is above the minimum
required; (3) a decrease in the maximum delivery (16%), which
indicates an improvement in basin management efficiency during
wet periods, since the baseline maximum delivery is well aboye
the requirement; and (4) a decrease in the standard devialipl,
indicating a reduction in the variability of treaty deliverieSiana™a
more stable delivery of water, which is preferable frdin a nian-
agement point of view (Collado 2002; Teasley asisMgKinney
2005, CONAGUA 2007).

Table 3 shows the reliability, resilience, yulnerability, maii-
mum deficit, and sustainability for the tgeaty \eliveries oyer the
60-year period of simulation. Reliability “and Jesilienge™iorsihe
treaty obligations do not change »2dés tho groundwatenhanking
scenario compared to the bas(line “ccnario. Thit, means that
the periods with deficit and the“pabability oferecovering from
a deficit are the same as in the baselips=scinaro. In contrast,
the vulnerability, which is the average@defici), 1s 2% less in the
groundwater banking scenario than in baswlifle scenario. The re-
sults show an increase in the sustainability index of 0.7%.

These results imply that the groundwater banking policy im-
proves the ability of Mexico to comply with the treaty obligations
and that this is physically feasible for the Rio Grande basin. The
sustainability index results show that there are improved bene-
fits for water users in the whole basin. There is a significant
increase in reliability for irrigation district DR-005 Delicias, the
average deficits (vulnerability) are decreased, and the ability to
recover from a deficit (resilience) is improved for irrigation dis-
trict DR-025 Bajo Rio Bravo in Mexico and WMS 8-13 in the
United States.

In order to develop groundwater banking in the Rio Conchos
basin, the water users of DR-005 and CONAGUA would need to
execute an agreement to implement the groundwater bank in the
Meoqui aquifer. For CONAGUA, benefits from this agreement
would be an improvement in water management, and for the
water users, benefits would include better long-term water supply.
For the success of the groundwater bank, stakeholders would
need to consider local water management, avoiding hydrologic
risks, monitoring programs, dispute resolution, promotion of local
benefits, and financial arrangements, among other characteristics

(Thomas et al. 2001). For the specific case of hydrologic risks,
pumping limits, maximum water table depletion, and locating
wells so as not to affect third parties, among others, must be
considered. In addition, it is necessary to install a monitoring
system that tracks the water deposited to and extracted from the
bank. It is important to include all of the Meoqui aquifer water
users in the process and to respect the groundwater banking meth-
odology. An intensive campaign of communication by the water
authorities would need to be carried out to ensure the success of
the policy. Further research on the hydraulics of the Meoqui aqui-
fer needs to be carried out in order to validate the results dis-
cussed above. Another limitation is the naturalized flow data
for recent periods (after September 2000). The TCEQ (2005b)
and R. J. Brandes Company (2003) developed the naturalized
flows from 1940 to 2000; however, since that time, no more natu-
ralized flows have been added to the database by any agency from
either country. It would be beneficial to have naturalized flows for
the whole basin through 2007 since treaty cycle 27 finished then
and the Mexican debt of water to the United States was paid, and
the extended drought of the 1990s ended.

Regarding the treaty obligations, the benefits include a de-
crease in the average deficit (vulnerability) and in the variability
of treatyhdeliveries. Water authorities responsible for implement-
ing_and monitorin@the 1944 Treaty (i.e., IBWC-CILA) will ex-
péiiends “€ss stallehylder pressure when dealing with deficit
conditions becdle e deficits will be smaller than under current
pulicies. Water(authorities in charge of water allocation (i.e.,
TCEQ @nd CONAGUA) will have a more stable supply from the
Rio Goichus, allowing a more reliable water allocation to water
usefs along the Rio Grande.

Zonclusions

In lieu groundwater banking has been presented here as an alter-
native water management policy that may improve water supply
in water stressed basins. In order for this method to be applied, it
is necessary to have a water user that is supplied by a combina-
tion of surface and groundwater. The method was tested on a case
study in the Rio Grande basin. In lieu groundwater banking in the
Meoqui aquifer in the Rio Conchos subbasin appears to be hydro-
logically feasible for improving the sustainability of water sup-
plies into users in the basin (DR-005) and it does not diminish
benefits enjoyed by other Rio Grande water users downstream in
the United States or Mexico. There are wet periods when the
irrigation district DR-005 demand can be supplied completely
from surface water, allowing deposits to the bank by natural re-
charge, and there are drought periods when this banked water can
be withdrawn to supply the irrigation district without harming
other water users in the basin. The procedure to operate the aqui-
fer and groundwater bank storage to account for the water stored
and withdrawn from each account has been demonstrated here.
In the case presented here, in lieu groundwater banking im-
proves the total system storage in the basin (an increase of 19%),
mostly in the aquifer. Evaporative losses from reservoirs are re-
duced, and spills are less likely to occur. In addition, water supply
to users is improved, reliability and resilience are increased, and
vulnerability is decreased under normal and drought conditions.
Mexican irrigation district DR-005 is the basin water user with
the greatest benefit from this policy. Even though no water from
the bank was delivered to users in the lower part of the Rio
Grande basin (irrigation districts DR-025 and WMS 8-13), these
users experienced small increases in their water supply under nor-
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mal and drought conditions. Groundwater banking improves
treaty deliveries from the Rio Conchos tributary, During drought
periods, more water ts delivered when it is most needed and dur-
ing wet conditions, less water is delivered when it is less needed.
In addition, treaty obligations are fulfilled more often, and the
variability and vulnerability of the deliveries are reduced.

According to Mexican law, it is possible to establish a ground-
water bank in the Meoqui aquifer, but it would have to be owned
and operated by CONAGUA. The possibility of obtaining an
extra amount of water from the bank during drought periods may
encourage groundwater users to switch to this method. It would
be important for CONAGUA to supervise and guarantee the
proper operation of the groundwater bank according to the agreed
method.

Further research is necessary to determine the hydraulic char-
acteristics of the Meoqui aquifer such as hydraulic conductivity,
storage capacity, unsaturated aquifer space, surface-groundwater
interaction, and groundwater flow, among other characteristics.
These data will provide detailed information to define the opera-
tion rules for deposits and withdrawals, restrictions, capacity, and
limits of the groundwater bank proposed in this paper. The meth-
odology presented in this paper assumes that the aquifer hosting
the groundwater bank is completely disconnected from the sur-
face water system; thus there are neither losses of groundwater to
surface flow (i.e., due to springs or recharge to streams) nor to
any groundwater flow outside the aquifer bounds. In practice,
these assumptions may change and modifications to the policy
must be required to account for losses in the aquifer system dus®
discharge to surface flow, springs, and/or groundwater flowito
other aquifer systems. For instance, groundwater losses,could be
subtracted to the aguifer and bank account proportionafly to the
amount storages in each account. The analysisl of the physicaly
geohydrological, and economical characteristics Wl the aquifer
hosting the groundwater bank will redefine tl\is policy for,each
particular case. This analysis will ultimateiy ae.ine the feasibility
to implement the groundwater banking\turough the, in) leu
method.
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