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Abstract

The Rio Grande-Bravo basin shared by the United States and Mexico is experiencing
a severe water crisis demanding urgent attention. In recent'decades, water storage
reservoirs, aquifers, and annual streamflow volumes havebeen substantially
depleted, leaving little buffer for continued over-consumption of renewable water
supplies. Despite the great scarcity ofywater andfintensifying water shortages in this
basin, a full accounting ef the river's.consumptivesuses and losses has never been
undertaken. In this study We assemble detailed,water consumption estimates from
a broad array of sourcés toydescribe how'surface and ground water were consumed
for both direct uses {agrietiltural, municipal, commercial, thermoelectric power
generation) andsindirect uses (resérveir evaporation and riparian evapotranspiration)
in each of 14 sub-basins duringyreeent decades. We estimate that only half (48%)

of water directly consumed fer anthropogenic purposes is supported by renewable
replenishment; the otherthalf (52%) has been unsustainable, meaning that it is
causing depletion of reserveirs, aquifers, and river flows. The over-consumption of
renewable water supplies'is primarily due to irrigated agriculture, which accounts for
87% of direct water censumption in the basin. At the same time, water shortages
have contributed to the loss of 18% of farmland in the river’s headwaters in Colorado,
36% along theRio Grande in New Mexico, and 49% in the Pecos River tributary in
New"Mexico'and Texas. Farmland contraction in the US portion of the basin has
resulted in'lowered irrigation consumption and many cities have been able to
reduce their water use as well, but irrigation in the Mexican portion of the basin

has increased greatly, causing basin-wide consumption to remain high. This severe
water crisis presents an opportunity for envisioning a more secure and sustainable
water future for the basin, but a swift transition will be needed to avoid damaging
consequences for farms, cities, and ecosystems.
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1 Introduction

Water scarcity has a long history in the binational Rio Grande-Bravo (RGB)! basin. The
RGB is the fourth longest river in the United States (~ 3,000 km), but its meager flow of
water belies its ‘grand’ name; the river conveys less water than the 50th longest river in
the country [1]. The river flowed perennially throughout its length until the late nine-
teenth century, when intensive irrigation in the San Luis Valley headwaters in Colorado
began to dry the snowmelt-fed river during the irrigation season, resulting in dimin-
ished flows as far downstream as El Paso, Texas (Fig. 1) [2, 3]. As water consumption
increased throughout the rest of the basin during the past century, the river began to dry
up entirely since the 1950s [4] in the “Forgotten Reach” from Fort Quitman to Presidio
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Fig. 1 Map of the Rio Grande-Bravo basin

!The river is known as the Rio Grande in the US but is the Rio Bravo in Mexico. We have combined these names as
Rio Grande-Bravo (RGB) in this paper.
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(Fig. 1) and has intermittently failed to reach its delta at the Gulf of Mexico since 2001
[5, 6]. In recent decades, river drying has expanded to previously perennial stretches in
New Mexico and the Big Bend region [7, 8]. Today, only 15% of the estimated natural
flow of the river remains at Anzalduas, Mexico near the river’s delta at the Gulf of Mex-
ico [9].

A multi-decadal megadrought has substantially reduced water supplies in the RGB.
Since 2000, snowmelt inflows from the basin’s headwaters in Colorado have been 17%
lower than during the twentieth century [10]. Climate scientists have reframed the long-
running drought as the onset of long-term aridification and are forecasting additional
river flow diminishment of 16—28% in coming decades as the climate continues to warm
[11]. These climate-induced flow declines have greatly increased the challenge of balanc-
ing water consumption with renewable replenishment.

Despite attempts by both urban and agricultural water users to reduce their consump-
tion [12], a persistent imbalance between water consumption and replenishment has led
to severely depleted reservoirs, aquifers, and river flows throughout the RGB basin. As a
result, farmers dependent upon irrigation and numerous cities face an eXistential water
crisis. In the San Luis Valley of Colorado (Fig. 1), diminished river flows and aquifer
recharge have led to continued over-pumping, causing aquifer levels(to/decline [13]. The
Colorado state engineer has threatened to shut off hundreds of groundwater wells if the
aquifer supporting irrigated farms cannet be stabilized [14]. In New Mexico, reservoir
storage fell to just 13% of capacity by theiend of 2024, and‘reservoirs in the Rio Conchos
sub-basin of Mexico have fallen to under 20% of their capacity, increasing the vulnerabil-
ity of drying up completely with just/one or two mere dry years.

Reduced water supplies have also led to political and legal disputes among state and
national governments. In 2013, Texas sued New Mexico in the US Supreme Court over
repeated failure to receive its annual water deliveries as specified under the interstate
Rio Grande CompaCct [15]; the case has yet to be decided. Mexico’s shortfalls in deliver-
ing water to the 1S as’specified underthe 1944 “Treaty on Utilization of Waters of the
Colorado and Tijuana Rivers and of the Rio Grande” has raised tension between the two
national governments [15-17].

1.1 Impacts on biodiversity, farmers, and cities

The RGB basin is renowned for its biological diversity and endemism, supporting more
than 130 mammals, 3,000 plant and 500 bird species [2]. Wetlands and riparian forests
supported by the river are critically important to birds migrating along the Central Fly-
way [18]. Nearly half of the basin’s native fish species are found nowhere else, but flow
depletion has become a major factor in the imperilment of at least 75 freshwater species
supported by the river system [19].

The river and underlying aquifers provide drinking water for more than 11 million
people in Mexico and 4 million in the US and are used to irrigate more than 7,800 km?
(1.9 million acres) of farmland in the two countries [2]. As a result of decreased river
flows and depleted water storage, farmers on both sides of the border have experienced
severe reductions in irrigation supplies from surface water, leading to increased ground-
water pumping [17]. In many recent years, no surface water has been available after June
in a region with a growing season typically lasting through October. Summer monsoon
rains in 2025 provided farmers in the Middle Rio Grande Conservancy District in central
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New Mexico two extra weeks of irrigation until mid-July, while farmers in irrigation dis-
tricts along the Texas portion of the Pecos River and in the Rio Conchos basin of Mexico
did not receive any surface water supplies at all. Rapidly growing urban populations and
industries in the RGB basin are also becoming increasingly vulnerable to water scarcity
[20].

Despite the great scarcity of water and intensifying water shortages in the RGB basin, a
full basin-wide accounting of consumptive water uses and losses has never been under-
taken. In this study we assemble detailed estimates of water consumption (water with-
drawals minus return flows) from a broad array of sources to reveal how surface and
ground water was consumed in each of 14 sub-basins during recent decades. We have
also developed estimates of changes in reservoir storage, groundwater volumes, and
annual river volumes to quantify the degree to which annual water consumption has
exceeded annual replenishment in recent decades.

2 Results

2.1 Accounting for consumptive water uses

An important first principle in resolving water scarcity is to develop @ sound under-
standing of how water is consumed in a river basin [21]. Such accolinting enables con-
sideration of which water-use sectors may be able to reduce water uSe to the degree
needed to rebalance consumption with replenishment.

In this study we have accounted for all'water consumed.in the'Rio Grande-Bravo basin,
based on three “direct use” categories‘and two “indirect,use™ categories. The direct use
categories—in which water is directlyjused for humanspurposes—include municipal &
commercial; thermoelectric géneration at power ‘plants; and crop irrigation including a
small volume of water exported out of the basin for agricultural use. The agricultural use
is further differentiated by individual creps grown in the basin to help facilitate discus-
sions about the,potential water benefits of transitioning to alternative crop mixes [22].
The indirectd{categories include reservoir evaporation and riparian evapotranspiration
(ET). The annual average volumetof water consumed in each category has been esti-
mated for the entire basin @nd‘each sub-basin shown in Fig. 2, with results summarized
in Fig. 3 and Table 1/(a tabulatr summary in Imperial units is provided in Supplementary
Information Table SI-1).

Compiling estimates for consumptive use across multiple states and two countries
required use of data that were collected by numerous agencies using differing monitor-
ing and measurement approaches, each with varying degrees of accuracy or certainty.
For some consumption categories we also needed to perform extensive calculations to
derive our own estimates—such as for crop water consumption, riparian evapotrans-
piration, or groundwater depletion—by compiling climate and satellite data from mul-
tiple sources. While we cannot offer confidence limits or assess the potential magnitude
of uncertainties quantitatively, we are confident that we have used the best available
approaches and methods in accessing and analyzing the data assembled. Our Methods
section describes the data sources and approaches used in this study.

2.2 Irrigated agriculture dominates water consumption
As indicated by Table 1 and Fig. 3, agriculture is the dominant direct water consumer in
the basin, accounting for 87% of direct consumption. In some sub-basins such as the Rio
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Fig. 2 Sub-basin accounting units. This map illustrates the locations of the 14 sub-basin accounting units used
in quantifying water consumption, as well as four focal areas for which additional analysis and summary statistics
have been compiled. The area identified as “Closed Basin” was excluded from the analysis because water in this

basin is hydrologically disconnected from other sub-basins

Grande in Colorado, or the Rio Conchos in Mexico, virtually all direct consumption goes

to irrigated farms. Overall, agricultural consumption is nearly seven times the volume of

all other direct uses combined.

Within agriculture, cattle-feed crops (i.e., alfalfa, grass hay, and pasture) account for
56% of irrigation water consumed. These crops are particularly dominant in the North-
ern New Mexico and Middle New Mexico sub-basins, where they consume almost all

irrigation water (Table 1).
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2.3 Trends in water consumption

As mentioned previously, snowmelt runoff (the primary source of water supply) has
decreased in the RGB basin by 17% in the twenty-first century. At the same time, total
direct water consumption has been increasing at the basin level since 2000, at the aver-
age rate of 12.1 million cubic meters/year (MCM/yr), equivalent to 9,828 acre-feet/year
(AF/yr). Direct consumption has decreased on the US side at an average rate of 43.1
MCM/yr (34,960 AF/yr), primarily due to reductions in the total area of irrigated farm-
land. However, these gains were more than offset by increases on the Mexican side of
55.2 MCM/yr (44,788 AF/yr). Figure 4 illustrates annual volumes of consumptive use in
each direct water-use category as well as the trend in overall direct water consumption,
and Fig. 5 shows trends in agricultural consumption, which is by far the largest direct
water-use category (trends in individual crops are illustrated in Supplementary Informa-
tion Figure SI-1).

2.4 Indirect water uses are substantial
Indirect uses and losses of water—which include both riparian evapotr

reservoir evaporation—account for 56% of overall water consumption i

ervoir evapora-

tion. Riparian ET is the single largest water con yaccounting for 44% of
total water consumption.
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Fig. 4 Annual volumes of direct water consumption in each water-use sector. Values in million cubic meters.
M&C MX, municipal and commercial consumption in Mexico; M&C US, municipal and commercial uses in the US;
Thermo MX, thermoelectric power generation in Mexico; Thermo US, thermoelectric power generation in the US;
Crops MX, irrigated crops in Mexico; Crops US, irrigated crops in the US. Red dashed line indicates average annual
increase in total direct consumption of 12.1 MCM/year
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Table 2 Estimates of water resource trends in sub-areas of the RGB basin

Region Reservoir  Aquifer River out-  Total Total direct Percent over-
trend trend flow trend volumetric  water consumption
change consumption | *(unsustainable)
Rio Grande, +0.3 -110 -06 <1103 995.9 11%
Colorado (+223) (—89,179) (—468) (=89,424) (807:412)
Rio Grande, -255 -630 -9% —665.2 7800 85%
New Mexico (-=20662)  (=510,750) (—17,852) (—539,264) (©32,411)
Pecos River, +238 —-950 =0.0009 —947.2 675.7 140%
New Mexico &  (+2,268) (=770,179) (—07) —764918 (547,811)
Texas
Rio Conchos +1.6 -490 -0.01 =4885 8984 54%
(+1,260) (—397250) (=11) (—396,001) (728,375)
Entire Basin —-1776 —2700 —224 —2900.0 5574.6 52%

(—143,945), (2,189,000)  (#18)147) (=2,351,092) (4519,434)

All values in MCM/yf with'AF/yr/in parentheses. The Rio Grande in New Mexico focal area includes three sub-basins as
indicated in Fig. 2: RiodGrande Northern New Mexico, Rio Grande Middle New Mexico, and Rio Grande Southern New
Mexico. The Pecos River focal area includes twe sub-basins: Pecos River New Mexico and Pecos River Texas. Annual trend
values are based on thejslope of linear regression trendlines across 23 years (2002-2024) of daily or monthly volumetric
data

3 Impacts of overconsumption on reservoir and aquifer storage and river
outflows

A persistent imbalance between water consumption and supply has severely depleted
multiple water sources in the RGB basin. The volume being depleted ‘feeds’ or enables
the overconsumption [23]. We estimated the annual average volume of depletion (or
gain) in each water source during 2002—-2024 that helped support the consumptive uses
summarized in Table 2.

The three trends used to evaluate overconsumption include volumetric changes in
reservoir storage, aquifer storage, and river outflows. We assessed annual average volu-
metric changes for each of these three components for the four focal areas identified in
Fig. 2 and the entire RGB basin, for a common period of 2002—-2024. We note that some
of the most severe depletions in these water sources occurred during 2000-2001, but
data available on groundwater losses do not begin until 2002 (see Methods) so trends in
the three water sources were assessed with 2002 as the starting point.
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3.1 Loss of reservoir storage

An estimated 12% of all water stored in basin reservoirs has been lost since 2002 (aver-
age annual loss of 177.6 MCM/yr or 143,945 AF/yr). The loss of reservoir storage has
been most severe in New Mexico, where 71% of the reservoir storage that existed at the
start of 2002 was gone by the end of 2024 (Fig. 6). We note that due to substantial intra-
and inter-annual variability in reservoir volumes, the least squares goodness of fit for our
linear regressions is weak, but trends are visually apparent, nonetheless.

3.2 Groundwater depletion

Groundwater depletion in the RGB basin (Fig. 7) has been much more severe (roughly
15 times greater in volume) than reservoir depletion. As surface water supplies have
declined over recent decades, groundwater pumping has increased substantially [24]. An
estimated 2,700 MCM/yr (2,189,000 AF/yr) of groundwater loss occurred during 2002—
2024, with the Pecos River (950 MCM/yr; 770,179 AF/yr), Rio Grande New Mexico (630
MCM/yr; 510,750 AF/yr), and the Rio Conchos (490 MCM/yr; 397,250 AF/yr) experi-
encing the greatest overdrafts.

3.3 Depletion of river outflows

In addition to the loss of water stored in reseryoirsyand aquifefs, it i also important
to assess trends in annual river flow volumes. Changes in totahoutflow provide another
indicator of the sustainability of water consumption withifi a region and can be counted
as another component of water overdraft/in the basifisRiver outflow measured at the
RGB basin outlet near Brownsville,/Texas indicatessannual volumetric outflow declines
averaging 22.4 MCM/yr (18,147/AF/yr) since 2002. We note that this indicates ongoing
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Fig. 6 Reservoir depletion in New Mexico. Higher levels of snowmelt runoff in the Rio Grande’s headwaters during
2005-2009 helped to temporarily bolster reservoir levels in Colorado and New Mexico. However, the volume of
water stored in RGB reservoirs has been declining rapidly since 2010. Total water storage in the Rio Grande New
Mexico focal area fell to 13% of capacity by the end of 2024
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Fig. 7 Groundwater depletion. The volume of groundwater storage (GWS) in many RGB aquifers declined sub-
stantially during 2002-2024, with particularly severe depletion in the Pecos River, Rio Grande New Mexico, and
Rio Conchos of Mexico. Map indicates millimeters of change in groundwater levels, based on data from the (US)
National Aeronautical and Space Administration’s Gravity Recovery and Climate Experiment (GRACE and GRACE
Follow-On) satellite missions. Groundwater changes in terms of both depth (mm) and volumes (MCM/yr) are pro-
vided in Table SI-3 of Supplementary Information

(further) depletion of an already heavily depleted river that had lost~85% of its flow
prior to 2002. Similar to reservoir trends discussed previously, substantial intra- and
inter-annual variability in river outflow volumes causes the least squares goodness of fit

for our linear regressions to be weak, but trends are visually apparent, nonetheless.

3.4 Quantifying the proportion of direct consumption that is unsustainable

The three sub-components of change used to evaluate overconsumption include res-
ervoir storage, aquifer storage, and river outflow volumes. Summing these three sub-
components at the full basin level results in average annual water depletion totaling
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2,900 MCM/yr (2,351,092 AF/yr) since 2002. By dividing the average volume of annual
depletion by the average annual volume of direct water consumption in each sub-area
we obtain estimates of the degree (%) of overconsumption (i.e., unsustainable use). At
the whole basin scale, 52% of direct consumption is unsustainable. However, overcon-
sumption is much greater in some sub-areas of the basin such as in the Pecos River in
New Mexico and Texas, where 140% of all water directly consumed is unsustainable
(overconsumption is 66% of total water consumption), and in the Rio Grande New
Mexico sub-basins where 85% of direct consumption is unsustainable. Table 2 pro-
vides over-consumption estimates for the overall basin and four focal areas identified
in Fig. 2. Figure 8 illustrates the role of water depletion in supporting the RGB basin’s
overconsumption.

4 Discussion

The water scarcity challenges within the RGB basin have received much less attention
from media outlets and national policymakers as compared to the Colorado River Basin
(CRB) in the American Southwest. This can largely be explained by theé\comparatively
smaller volume of water it carries (natural flows of 11,225 MCM/yr or (9.1 million AF/
yr) in the RGB [25] vs. 18,996 MCM/yr (15.4 million AF/yr) in the CRB)[26], as well as
the smaller population it serves with drinking water (15 million ih RGB*s. 40 million in
CRB) and the area of irrigated farmland it suppoxts«7,800 km™in RGB vs. 22,300 km? in
CRB) [2]. However, the water crisis facing the’'RGB is arguablysmore severe and urgent
than the CRB, as illustrated by these conditions:

+ Groundwater in the San Luis, Valley of Coloradoyhas been depleted at a rate of 110
MCM/yr ((89,179 AF/year), equivalent tg11%"of the annual average of direct water
consumption in the valley (Table 2). The'state’s engineer has threatened to shut off
hundreds of groundwater wells if.thesaquifers cannot be stabilized and restored to
near 1976devels [27, 28]. A water'conservation program has been charging farmers to

Water Source Water Consumption by Water Consumption by

Sector Crop
Alfalfa
1987

Aquifer depletion

270e Other hay
Irrigated agriculture 549
4862
Rlver depletion Cotton
o5 430
Reservolr depletion 9 Corn
177 369
= Munliclpal & commerclal
375 Sorghum
327
Power generation
= Pecans
256
Raeservoir evaporation Other
Rlo Grande-Brave natural river 1475 934

flow & groundwater recharge
€611

Riparlan evapotransplration
5450

Fig.8 Water sources and consumptive uses in MCM/year. This diagram illustrates the role that water source deple-
tion is playing in enabling the over-consumption of water in the RGB basin since 2002. The water sourced from the
RGB's natural river flow and groundwater recharge is deemed to be the sustainable portion of water supply. The
remainder of water needed to support direct consumptive uses is being provided by (unsustainable) depletions of
annual river volumes, aquifers, and reservoirs in the basin
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pump groundwater and has paid farmers since 2012 to fallow farm fields voluntarily,
yet aquifer levels continue to fall [29]. Efforts to recover these aquifers have been
greatly impacted by 17% declines in snowmelt runoft this century.

+ New Mexico has fallen into water debt to Texas under the terms of the interstate
Rio Grande Compact, leading to a lawsuit before the US Supreme Court [15]. New
Mexico’s cumulative debt to Texas as of December 2024 was 153 MCM (124,000 AF).
New Mexico's water debt poses an extremely difficult challenge for the state given
that it has also lost much of its reservoir and aquifer storage in recent decades, and
climate warming is projected to further reduce the state’s water supplies by 16—-28%
in coming decades [11].

+ In recent years, Mexico has fallen into mounting water debt to the US under the
terms of the 1944 Treaty on Utilization of Waters of the Colorado and Tijuana Rivers
and of the Rio Grande [30]. Mexico’s water debt—which amounted to 1,280 MCM
(1.04 million AF) at the end of 2024—is causing political conflict between the two
countries. The current federal administration in the US asserts that Texas farmers
along the lower Rio Grande-Bravo have been unduly suffering from water shortages
[31]. Texas farmers in the lower valley experienced losses of nearly USD$500 million
in 2024 due to insufficient irrigation supply [32]. At the same time,/Mexican farmers
are also experiencing irrigation shortfalls and asseciated crop’lossesf{17].

The severe water crisis emerging in the RGB, basin requireéSiurgent action. At the end
of 2024, total reservoir storage in the basin stood at just'26% of capacity (~4.24 million
AF) and has continued to decline in"2025¢Within the Rio*Conchos sub-basin in Mexico,
reservoirs were at 20% of capagity, at the end of 2024.3In New Mexico, reservoirs were at
13% of capacity within the Rio'@rande sub-basins, and 12% in the Pecos River sub-basins
in New Mexico and Texas. "Without a substantial reduction of water consumption,
a repeat of the four:year rate of reservoindepletion experienced in 2010-2013 would
completely wipe out allremaining surface water stored in the RGB basin. All remaining
water stored inNew Mexico reséryoirs could be gone in just one or two low runoff years.

Notably, large cities such as, Albuquerque and El Paso have been able to substantially
lower their water use even while their populations have grown rapidly in recent decades.
For example, Albuquerque’s population grew by 40% while its water use declined by
17% [33], and El Paso’s¥population grew by 36% while water use declined by 6% [34].
Additional urban water conservation could help alleviate water over-consumption in the
basin. However, given that municipal and commercial water consumption account for
only 7% of all direct consumption in the basin, reductions in urban water use will do lit-
tle to rebalance water consumption with replenishment. Even if cities and power plants
in the basin were able to stop using water altogether, it would reduce the basin’s over-
consumption by only 25% (Table 1). Additionally, continued rapid population growth
and development of water-intensive data centers [35] will challenge most cities in simply
holding water use levels constant in coming years.

Most of the needed water savings must come from irrigated agriculture, given its dom-
inant 87% share of direct water consumption. Proven strategies for reducing consump-
tion in irrigated agriculture exist [22, 36] but must be rapidly deployed at sufficient scale
and financially sustained by governments, companies, and credit institutions to rebal-
ance the basin’s water budget at sub-basin, state, and binational levels. Achieving nec-
essary levels of reduction in consumptive use will be extremely difficult given the high
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levels of over-consumption existing presently (Table 2), as well as expected declines in
water availability due to climate change and associated increases in fire frequency and
severity (see Supplemental Information for discussion of fire impacts).

Understandably, farmers are strongly resistant to mandatory cutbacks in water use
as irrigation is essential to their livelihoods in the dry climate of the RGB basin. For
instance, when the Mexican federal government began releasing water from a large dam
on the Rio Conchos in 2020 to comply with the international water treaty between Mex-
ico and the US, more than 2,000 protestors fearing loss of their scarce irrigation supplies
erupted into violence, resulting in the death of a protestor [30, 37]. Political leaders and
water managers have been loath to mandate water-use reductions in the face of such
resistance and hostility. Voluntary water conservation programs that pay farmers to
temporarily fallow farmland have been implemented in both Colorado and New Mexico,
but these programs have never achieved targeted reduction levels due to an inability to
offer sufficient financial incentives to participants [27]. Given the recent elimination or
reduction of US federal programs that have helped finance these water conservation pro-
grams, the funding challenge will fall largely on already-strained state andlocal budgets.

4.1 Institutional challenges

The RGB has a fragmented water governance that is,to some dégree stitched together
by multiple interstate and international water ‘agreéments. The“régulatory autonomy
of individual states within the US andiameng irrigation‘districts in Mexico—and the
absence of a basin-wide planning commission—complicates the ability to conduct trans-
boundary water planning exercisessand largely explainsywhy basin-wide accounting of
water use has not been undertakenquntil now.

Within the US, each stateymanages water tights and allocations independently, con-
ditioned only by interstate legal agreements such as the Rio Grande Compact and the
Pecos River Compact. Anradditional{challenge is that within each state, multiple water
and natural fesource*agencies or’departments operate according to their own legisla-
tively mandated'tesponsibilities, oftentimes without sufficient coordination and collabo-
ration among agencies. While the problem of water overconsumption is evident, these
jurisdictional separationstoo often frustrate coordinated action that require integrated
institutional alignmentand strong political will.

Conceptually, Mexico should have stronger governance capabilities because there is
only one regulatory framework (Ley de Aguas Nacionales or National Water Law) and
one regulatory water agency (CONAGUA) in the country. In practice, however, water
management remains fragmented due to the role of irrigation districts. As summa-
rized in this paper, irrigated agriculture is by far the largest water user throughout the
RGB basin, and in Mexico irrigation districts largely control the distribution of water
resources. Each irrigation district is located along a river and downstream of a dam in
which virtually all available water in the river is stored and allocated within the irriga-
tion district. Rivers have become disconnected throughout the basin and water is rarely
conveyed among reservoirs, except when water deliveries from Mexico to the U.S. are
lagging and coordinated reservoir releases are needed to meet treaty requirements.

The existing interstate and international agreements governing water sharing in the
RGB have the great benefit of ‘pulling’ water downstream across these fragmentations,
however; it is quite plausible that in absence of these agreements there would be no
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water moving from Colorado to Texas, or from tributaries in both countries into the Rio
Grande. Additionally, the under-delivery of water across state and international bound-
aries as required by these water-sharing agreements may trigger forcing mechanisms
(i.e., through court cases) that stimulate urgently needed water-use reductions within
each sub-basin, helping to rebalance consumption with available supplies and moving
sub-basins toward long-term sustainability.

Existing water planning systems within the US states and Mexico should provide use-
ful platforms for facilitating the challenging but necessary dialogue and decision-making
about how to substantially reduce water consumption. Regional Water Planning Groups
with diverse sectoral representation were activated in Texas in 1997, Colorado similarly
launched Basin Roundtables in 2005, and New Mexico has established Regional Water
Security Planning Councils that will become active in 2026. Similarly, River Basin Coun-
cils (Consejos de Cuenca) were established in Mexico in 2004. These planning entities
now face unprecedented challenges to rapidly reduce water consumption to the degree
outlined in Table 2.

5 Conclusions

If water consumption cannot be substantially reduced through regtlatory or incentiv-
ized means, a likely outcome will be continued'loss ef farmland’due t6 financial insol-
vency from lowered crop production and ethemfaetors includingsthe aging of farmers
and lack of affordable farm labor [38]. Our analysis reveals thatiduring 2000-2019, Col-
orado lost 18% of its farmland in the \RGB basin, New,MexXico lost 28% along its Rio
Grande sub-basins, and the Pecos Riyer sub-basinglost)49%. While this loss of farm-
land explains much of the reduction in US agricultural water consumption illustrated
in Fig. 5a, farmland attrition due to financial inselvency is not a desirable strategy for
reducing water consumption. Strategiesfor reducing farm water use must be carefully
planned and executed with considerationjof social, cultural, economic, and environmen-
tal impacts.

It is important, to acknowledge ‘that urban and agricultural water conservation pro-
grams have thus far been unable to produce the reductions in water consumption
required to stabilize—muchless restore—the water sources within the RGB [27]. It is
also highly unlikely that imported or desalinated water sources will resolve this crisis,
given that the costs of such importation or treatment will not be affordable for farmers.
The unaffordability of new supplies leaves only three plausible non-exclusive options: (1)
transform the agricultural landscape to produce crops that require little to no irrigation
[22]; (2) financially incentivize ‘deficit irrigation’ to substantially reduce the duration of
irrigation during the growing season [39]; or (3) permanently convert some portion of
irrigated farmland to other uses such as wildlife habitat, solar farms, or other purposes
that require much less water. If water consumption for municipal, commercial, and ther-
moelectric power generation remains constant, irrigation reductions would need to be
at the level of over-consumption indicated in Table 2.

Given severe groundwater depletion across much of the RGB basin, an immediate
first step should be to place a moratorium on new wells in over-drafted areas of the
basin (Fig. 7). Moratoriums would need to be supplemented with sub-basin groundwa-
ter pumping caps (limits) that reduce the total volume of pumping to a level that halts
groundwater depletion and stabilizes aquifer levels. Wight et al. (2025) [40] surveyed
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nearly 50 global case studies where caps on surface water diversions and groundwater
pumping have been imposed; many of these cases focused on aquifer management, and
many have successfully averted or reversed groundwater depletion. However, it is also
important to note the causes of failure in many cases highlighted by Wight et al., includ-
ing inabilities to enforce such restrictions adequately. Moratoriums have been set for
many over-exploited aquifers in Mexico including in the RGB basin, but these efforts
have been plagued by enforcement shortcomings [41].

This water crisis presents an opportunity for the residents of the RGB to envision a
new, more sustainable water future. The ‘Multi-benefit Land Repurposing Program’
underway in the water-stressed Central Valley of California provides one example of
productive community dialogue around possible future scenarios [42]. The “Exploratory
Scenario Planning” approach being advanced by the Lincoln Institute of Land Policy in
various communities in the western US similarly offers ways to engage local communi-
ties in planning for their water future [43]. Any transformational strategies will require
careful and inclusive planning, provision of strong financial incentives for farming com-
munities to facilitate needed changes, and a bold willingness of watér, management
agencies and decision makers to ensure water and food security for the region: Alternate
pathways toward a sustainable water future are available for the RGB(basin, but time is of
the essence in correcting the highly unsustainable conditions, that presently exist.

6 Methods

6.1 Estimating municipal & commercial'water consumption for US sub-basins

Municipal and commercial consumptive use estimatesiwere sourced from the United
States Geological Survey’s (USGS)public supply reanalysis dataset for 2000—2020 [44,
45]. This dataset applies a machine learning'model to refine water use estimates using
existing USGS data and supplemental inputs from local, state, and federal sources, aim-
ing to improve,spdtialjand temporal resolution and standardize estimation methods
across sectors. The public supply delivery model provides monthly estimates of with-
drawals and consumptive use (inWmillion gallons per day) for domestic, commercial,
industrial, institutional, and irrigation (MCI/CII) uses at the Hydrologic Unit Code
12-digit (HUC12) or'Water Service Area (WSA) scale. For this study, we used total con-
sumptive use (surface ‘water + groundwater) estimates at the HUC12 level, reflecting the
complex and dynamic interactions between surface and groundwater in the basin.

For each HUCI12 unit /4, we aggregated the monthly public supply consumptive use
estimates for each year ¢ and multiplied the sum by 365.25 to convert to annual total
use in million gallons. This produced annual consumptive use estimates for each HUC12
from 2000 to 2020. These values were spatially referenced by merging with the USGS’s
Woatershed Boundary Dataset [46], which defines the geographic extents of each HUC12.

To assign these calculated values to the relevant sub-basins in our study area, we used
spatial intersection [47]. Because some HUC12s extend across multiple sub-basins, we
apportioned their annual consumptive use proportionally based on the area of overlap.
Specifically, for each intersecting pair of HUC12 4 and sub-basin s, the portion of /'s
annual use attributed to s was weighted by the ratio of the area of & within s to the total
area of /1.

It is important to note that our Municipal and Commercial estimates do not include
self-supplied domestic and industrial water use, which we know are present in the basin
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[48]. However, these self-supplied uses are known to be quite small relative to public
supplies. In 2015, self-supplied uses accounted for less than 2% of all water withdrawals
in the Upper Rio Grande above Fort Quitman, Texas [48], and most of this self-supplied
water was returned to surface and groundwater systems after domestic or industrial use.

6.2 Estimating municipal & commercial water consumption in Mexican sub-basins
Estimates of 2000—2020 annual water use for domestic and manufacturing water con-
sumption in Mexico were obtained from the WaterGAP global hydrologic modeling
team at the University of Kassel, Germany [49]. The gridded WaterGAP water use data
were aggregated to the RGB sub-basins in a Geographic Information System.

6.3 Estimating thermometric power plant water consumption for US sub-basins
Thermoelectric power plant water use values for the US were obtained from the recent
USGS reanalysis of the thermoelectric power plant water use dataset [50]. This dataset
provides monthly water withdrawal and consumption values from 2008 to 2020 at the
HUC-12 scale. Using the HUC-12 basins on the US side of the RGB basin, we summed
the thermoelectric water use values into their respective HUC-8 basin-scale member-
ship. To obtain water use estimates for missing data between 2000 and 2007, we devel-
oped a backcasting Seasonal Autoregressive Integrated Moving Average’(SARMIA) time
series model [51, 52]. After testing both pooled and«pér-plant specifications, we adopted
individual SARIMA models for each HUE-12 containing thermoelectric records, as
pooled models performed poorly and produced implausible dynamics. This design
captures local temporal dynamics, preserves facility-level heterogeneity, and provides
conservative, reproducible estimates of historical‘'water use continuity rather than high-
precision reconstructions of, plant-level variability. Model performance was evaluated
using mean absolute error (MAE) and reot mean square error (RMSE), which ranged
from 0.11-2.51 to 0.15-4"78 Mgal/day, respectively (Table SI-3), and all backcasts were
generated with 95% confidence interyals”(Figures SI-3-SI-10). We acknowledge that this
methodological“choice introducesilimitations, particularly residual non-normality and
occasional heteroskedasticity, and adds some bias and uncertainty to the backcasted val-
ues; however, we view these impacts as acceptable trade-offs to ensure basin-scale con-
tinuity under significant data constraints. For detailed model specifications and results,
see Supplemental Information discussion including Table SI-3 and Figures SI-3-SI-10.

6.4 Estimating thermoelectric power plant water consumption for Mexican sub-basins
Annual estimates of thermoelectric water consumption for the Mexican portion of the
RGB basin from 2000 to 2020 were obtained from the Estadisticas del Agua en México
annual reports and the Compendio Basico Del Agua en México reports published by
the Sistema Nacional de Informacién del Agua [53]. There were missing thermoelec-
tric water consumption values for the years 2000, 2002, 2003, and 2004 as the value
was combined with industrial water consumption. Additionally, in 2011 and 2012 only
thermoelectric water withdrawal were reported. To address this gap we obtained the
thermoelectric water consumption value for 1998 and used this as the starting value to
linearly interpolate across the 19982020 period to fill these data gaps.

The resulting annual values for the RGB basin were then proportionally allocated to
individual Mexican HUC-8 basins based on the installed total generation capacity (in
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Table 3 Average crop acreage for 26 major crops and pastureland in the Rio-Grande across

2000-2019

Crop Crop area (Acres) Percentage (%)
Alfalfa 299,117 308
Other Hay 134,323 13.8
Cotton 94,035 9.7
Corn 76,956 79
Pasture 76,731 79
Sorghum 69,566 72
Potato 60,195 6.2
Barley 49,538 5.1
Pecan 39,280 40
Sugarcane 28,078 29
Winter Wheat 12,073 1.2
Spring Wheat 9,332 1.0
Qats 5434 0.6
Oranges 4,793 05
Durum Wheat 4,673 0.5
Dry Beans 1,836 0.2
Sunflower 1,551 0.2
Canola 1,119 0.1
Soybean 1,035 0.1
Peanuts 918 0.1
Sugarbeet 594 0.1
Sweet Corn 508 0.1
Apples 477 0.1
Tomato 130, 0.01
Grapes 45 0.00
Peas 4 0.00
Total 972,351 100.0

Note that only 26 of the 30 crops reported by MirAG-US and HarvestGRID are grown in the region

megawatts) and the operational start year of each thermoelectric power plant. Infor-
mation on installed plant generation capacity and commissioning dates was manu-
ally collected from the Global Energy Monitor Wiki [54]. Unfortunately, the only plant
operational characteristics\that were accessible were the plant’s fuel, generator tech-
nology, spatial coordinates, and generation capacity. This approach assumes that water
use scales linearly with'installed capacity and does overlook differences in cooling tech-
nologies, fuel types, or efficiency upgrades that affect water use intensity; however, this
approach was necessary given the lack of detailed, plant-level operational data. For a
detailed explanation of the interpolation and proportional allocation processes, see Sup-
plemental Information discussion including Tables SI-4 and SI-5.

6.5 Estimating crop water consumption for US sub-basins

We determined volumetric crop water requirements (VCWR) for 30 major crops (see
Table 3 for acreage estimated for the RGB basin), accounting for 94.2% of the total
irrigated area in the US [55], for the period 2000-2019. The VCWR for each crop was
calculated by taking the product of the crop water requirement (CWR), measured as
the depth of consumed water per unit area, by a crop’s irrigated harvested area within
each 2.5 arc-minute grid cell within the conterminous United States (CONUS). The
CWR for these crops was adapted from Modeled Irrigated Agriculture of the United
States (MirAG-US), which provides monthly blue and green CWR at a 2.5 arc-minute
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resolution for CONUS [56]. The irrigated harvested areas for the 30 major crops were
obtained from HarvestGRID, which provides yearly crop-specific irrigated acreage, at
a 2.5 arc-minute resolution across CONUS [57]. We aggregated the monthly blue and
green CWR to obtain yearly CWR and calculated the crop-specific VCWR using the
corresponding yearly CWR and irrigated harvested area.

For pastureland, which MirAG-US does not account for but is widely irrigated in the
basin, we estimated VCWR by leveraging CWR, both blue and green, for alfalfa from
MirAG-US. For locations where pasture/hay was cultivated within individual subbasins,
we obtained the annual green CWR for pastureland by averaging the green CWR for
alfalfa at a subbasin scale. We estimated the annual blue CWR for pastureland at the
subbasin level by adjusting the blue CWR for alfalfa using the reported applied irriga-
tion depth from the Irrigation and Water Management Surveys for the years 2003 [58],
2008 [59], 2013 [60], and 2018 [55]. The adjustment factor was derived by calculating
the state-average irrigation depth ratio between pastureland and alfalfa in New Mexico,
where most of the study area is located. Subsequently, this adjustment factor was multi-
plied by the annual alfalfa blue CWR for each 2.5 arc-minute grid cell andithen averaged
across the subbasin.

To identify irrigated pasturelands at the subbasin level, we combined)National Land
Cover Database (NLCD) [61] 30 m resolution rasters with the ¢orresponding Landsat-
based National Irrigation Dataset (LANID)![62],30-m resolutionwrasters. Since NLCD
classifies both pasture and hay under asingle category, we, caleulated the effective pas-
tureland area of each subbasin by subtracting irrigatéd,other hay areas from irrigated
pasture/hay areas from NLCD. For/2008-2019, ascombination of the Cropland Data
Layer (CDL) [63] and LANID(were used to identify irrigated other hay, which was then
subtracted from NLCD’s pasture/hay category. For pre-2008 years when CDL data were
not available, we used\average subbasin:level irrigated area for other hays calculated
from available year§, which was then subtracted from NLCD to estimate irrigated pas-
tureland. The'VCWRfor pastureland was determined at the subbasin level according to
Eq. 1.

areaCDL

. . i ; 0 NLCD
VCWRpastureland = adjustiment factor * CWR,jg,¢, * (area other hay, irrigated) (1)

pasture/hay, irrigated ~

where, subscripts denotefthe crop type and superscripts NLCD and CDL denote the
data sources of irrigated crop acreage We note that the adjustment factor is applied only
to blue CWRs.

6.6 Estimating crop water consumption for Mexican sub-basins

Actual evapotranspiration (ET) for major annual crops in Mexico was simulated using
the Environmental Policy Integrated Climate (EPIC) model [64, 65] at a 30-arcminute
spatial resolution, with crop-specific parameters assigned to each crop type. Perennial
crops, including fruit trees and alfalfa, were modeled separately using the CropGBWater
model—a Python-based global gridded tool designed to estimate green and blue water
consumption in crop production [66].

To distinguish between rainfed and irrigated agriculture, we used municipal-level
agricultural statistics from Mexico [67] to generate harvested area maps at a 5-arc-
minute resolution for the major crops. Combined with the ET outputs from the crop
models, these maps were used to compute green and blue water consumption for crop
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production at 5-arcminute resolution. The resulting grid-level estimates were then
aggregated to the sub-basin scale using sub-basin polygon boundaries. These estimates
were further verified using data from the Comision Nacional del Agua’s Agricultural Sta-
tistics database [68], using some of the main irrigation districts for comparisons.

6.7 Estimating reservoir evaporation

To estimate monthly evaporative water loss from reservoirs we utilized the Global Lake
Evaporation Volume dataset [69]. This dataset provides evaporation estimates for global
lakes and reservoirs derived from the HydroLAKES database [70]. We spatially associ-
ated each lake with its corresponding sub-basin by overlaying the HydroLAKES dataset
with a delineated RGB sub-basin layer. Through this spatial intersection, we identified
37 reservoirs within the basin (Table SI-2). We computed the annual mean evaporation
during 2000-2018 for each of these reservoirs using their monthly evaporation values
over the study period.

6.8 Estimating riparian evapotranspiration

Riparian and wetland vegetation along the RGB river corridor were mapped at~30 m
resolution using spatial data products and the Google Earth Engine Python API [71].
The riparian corridor was delineated using Strahlerstream order\information within
the USGS’s National Hydrography Dataset<«Plustversion 2 [72]vand*Mexico’s RED Digi-
tal Hydrographic database [73]. The total, width of the riparian‘corridor for each stream
segment was established based on the'corresponding Strahler stream order designation
[74]. The valley floor within the river corridor wassdelineated using the Global Shuttle
Radar Topography Mission Landferms dataset (~90 m resolution) [75]. Riparian and
wetland vegetation within the riparian corrider’s valley floor was mapped annually over
the 2000-2022 period+«by masking out crepland, bare ground, impervious surfaces, and
water/snow/ice from the Global 30 m'Land Cover Change Dataset [76].

Total annual ET (AF/yr) of riparian ‘and wetland vegetation mapped within the RGB
sub-basins werelestimated over the,2000-2022 period using OpenET [77] (~30 m res-
olution) for the United States‘and the Penman—Monteith-Leuning Evapotranspiration
V2 (PML-V2) product [78=80] (~ 500 m resolution) for Mexico. OpenET estimates were
prioritized for ripariamand wetland vegetation, and PML-V2 estimates were used where
OpenET data were not available. The PML-V2 estimates include a sum of the vegetation
transpiration (Ec), soil evaporation (Es), and interception from vegetation canopy (Ei)
bands. Total annual precipitation was also estimated for riparian and wetland vegetation
over the 2000-2022 period using gridMET [81] (~4.6 km resolution). For each basin,
the median evapotranspiration and precipitation values for riparian and wetland vegeta-
tion were calculated. Precipitation-derived ET is highly variable across riparian and wet-
land vegetation and depends on the species and water table depth [82-84]. Based on our
review of literature cited here, we assume that half of the annual precipitation supports
riparian ET, either directly as enhanced soil moisture or indirectly as monsoon runoff.
Total annual ET was calculated per basin by subtracting half of the precipitation depth
from the ET depth and then converted into volumetric units by multiplying the annual

riparian area.
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6.9 Estimating inter-basin transfer volumes

Using the Interbasin Transfer Database Standard Version 1.0 (IBTDS 1.0) [85], we iden-
tified 54 unique interbasin water transfer (IBT) projects comprising 274 transfer links
within the RGB basin. Of the 274 identified links, 16 links (corresponding to 14 unique
IBT projects) had water transfer volumes: 13 included average and daily time series data,
while 3 had only average transfer volumes. Among the 13 links with daily time series
data, 12 links (corresponding to 10 unique projects) contained records covering all or
part of the 2000-2019 study period. For each of these 12 links, we assessed the com-
pleteness of daily flow data and retained only those years with complete daily records
(i.e., no missing values). We then calculated total annual transfer volumes for each valid
year and computed the mean annual IBT volume by averaging across the valid years.
Many of the IBTs in the RGB basin are small and may represent seasonal water transfers.
While the larger IBT projects are well represented in the dataset, particularly those with
associated flow data, some small IBTS may not be captured by IBTDS 1.0.

6.10 Estimating depletion of river outflow volumes

Annual runoff volumes were obtained from the USGS’s “Water Data for the Nation”
webpages [86] and the International Boundary & Water Commission [87]. Data were
obtained from monitoring stations closest to eachwiver’s exit/from™a sub-basin that
included measurements for the 2002-2024,peried-of record. These gauges include the
Rio Grande at Lobatos, CO; Rio Grande,below Elephant ButteyReservoir, New Mexico;
Rio Conchos near Ojinaga, Mexico; Pecos River near Girvin, Texas; and Rio Grande at
Brownsville, Texas. The average annitalrate of change was estimated using the slopes of

the linear regression lines.

6.11 Estimating reservaoir depletion volumes

Daily estimates_ of resetyoir volume were)obtained from multiple sources including the
US Bureau of Reclamation’s “Reclamation Information Sharing Environment (RISE)”
webpages [88], the Natural Resources Conservation Service’s “Air & Water Database
Report Generator” webpages [89], the Texas Water Development Board’s “Water Data
for Texas” webpages{90], and'the International Boundary & Water Commission’s “Water
Data Portal” webpagesy[87]. A listing of reservoirs used in estimating evaporation is pro-
vided in Table SI-2. The average annual rate of change was estimated using the slopes of

the linear regression lines.

6.12 Estimating groundwater depletion volumes

We followed Rodell and Famiglietti [91], Yeh et al. [92], Rodell et al. [93], and Rodell
et al. [94] to estimate groundwater storage changes using NASA GRACE and GRACE
Follow-On (GRACE/FO) satellite observations from 2002 to 2024. The GRACE/FO mis-
sions provide monthly observations of Earth's gravity field, which are used to estimate
changes in TWS at local and global scale [95, 96]. These GRACE data are particularly
useful for monitoring groundwater and other water components that are difficult to
measure directly [97, 98]. The GRACE/FO mascon solutions offer improved spatial pix-
els resolution and reduced leakage compared to earlier GRACE spherical harmonic data
(GRACE-SH), enhancing hydrological applications in complex hydrological systems
[99].
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In this work, we used the average of three mascon solutions: NASA’s Jet Propulsion
Laboratory (JPL-RL0O6.1 M [100], the University of Texas Center for Space Research
(CSR-RL06.02 M [101]), and NASA Goddard Space Flight Center (GSFC-RL06v2.0 M
[99, 102, 103] for our TWS estimates.

We analyzed total water storage (T'WS) variations across the entire RGB and its sub-
basins. Groundwater storage (GWS) variations were derived by subtracting measured
surface water reservoir storage (SWRS) and modeled soil moisture storage (SMS) and
from TWS. The SWRS variations were estimated by compiling daily storage data for
major RGB reservoirs from data sources stated in Sect. 5.11 above. SMS was obtained
from the North American Land Data Assimilation System (NLDAS) [104], which
includes three land surface models (NOAH, VIC, and MOSAIC) [91-94]. NLDAS inte-
grates multiple land surface models to provide high-resolution hydrometeorological
variables across the continent. It offers gridded outputs of soil moisture, evapotranspi-
ration, and surface runoff, among others. This case study used SMS from three NLDAS
models to isolate groundwater storage variations. Snow water equivalent (SWE) was not
included in this analysis, as it contributes minimally to total water storagé‘across most of
the RGB, particularly outside the headwater regions, and is commonly excluded in simi-
lar large-scale groundwater assessments [94].

To isolate long-term trends and suppress the, seasonal signal, we ‘applied Seasonal-
Trend decomposition using LOESS (STIs) toNallemonthly timeseries of all water
compartments (TWS, SWRS, SMS, and "GWS). STL's4an iterative, non-parametric
decomposition procedure that separates a time series ifito three components (trend, sea-
sonal, residual). This process involyed first fillingsn, any missing monthly values using
linear interpolation. Next, the time series were decomposed into seasonal and trend
components using the STL(Seasonal-Trend'decomposition based on LOESS) method.
Finally, the deseasonalized component, representing the long-term trend, was extracted
from the original seriesy[105, 106]. The resulting nonseasonal time series were then used
to calculate afinual and'decadal trends in'water storage across the basins.

Uncertainty in,TWS was assessed by calculating the standard deviation among the
three GRACE/FO solutions. For SMS, uncertainty was estimated as the standard devia-
tion among the thrée NEDAS models (NOAH, VIC, and MOSAIC). Since reservoir
storage datasets did not include error estimates, we followed Liu et al. [98] in assigning
a 15% uncertainty to the SWRS values. The overall uncertainty in GWS (cGWS) was
determined by combining the individual uncertainties from TWS, SWRS, and SMS in
quadrature (Eq. 2)

oGWS = /(¢TWS)2 + (¢SWRS)? + (cSMS)? )
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