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ARTICLE INFO ABSTRACT
Keywords: Study region: This is study of the Rio Conchos Watershed, Chihuahua, Mexico.
Climate variability Study focus: This study provides assessment of climate variability from analysis of instrumental

Climate change
Sustainability
Conjunctive water use

climate and reservoir operations data, plus nearby tree-ring indices in Chihuahua, Mexico. Water
demand include international treaty deliveries, growing agricultural land use, and intensified
Water demand crop production. Analysis of climate cycles includes frequency analysis of local multidecadal
International treaty deliveries instrumental hydrologic time series and multi-century tree-ring indices. In addition, tree-ring
Land use indices were compared with *C content in tree rings to assess the presence of the millennial
Surface-water management solar cycle.

New hydrological insights for the region: Most of the climate variability within inter-annual to
interdecadal periods are aligned with Pacific Decadal Oscillation (PDO)-like climate cycles. New
multi-century climate cycles were discovered from tree-ring indices that have a profound impact
on sustainability of food and water security. Historical droughts of 8-year average duration within
PDO-like cycles that span longer (12-43 year) periods were newly identified which are longer
than the 5-year delivery cycles used in the 1944 International Treaty of the Rivers. Mega-droughts
were discovered to occur within multi-century climate cycles. Multi-century cycles identified in
tree-ring indices were likely driven by solar luminosity changes from the millennial solar cycle
and not just recent anthropogenic climate change. Climate variability and temperature increases
will further amplify cycles of supply and demand and exacerbate sustainability, mitigation, and
management strategies. Conjunctive use combined with reservoir operations will broaden sus-
tainability portfolio of options, reducing demand effects as well as enhance supply options and
replenishment effects.

1. Introduction

The overreaching problem is that mega-droughts and multidecadal wetter and drier periods occur within multidecadal driven by
AMO and PDO cycles and within multi-century cycles influenced by changes in solar radiation from the Millennial Climate Oscillation
(MCO) (ENC, 2021) that need to be considered along with Anthropogenic Climate Change (ACC) to prepare for sustainability.
Alignment of management cycles with local climate cycles and related global climate drivers is fundamental to successful development
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of sustainability and mitigation strategies. To steward the water resources and help achieve both sustainability and adaptability,
resource management systems need to be able to assess climate change and variability linkages at different time scales that include:
Operations/Uses (Seasonal to multi-year); Governance/Management (Seasonal to inter-decadal); and Capital-Improvement Project-
s/Infrastructure (Inter-annual to multi-century). Climate cycles that drive the supply and demand for water are largely unknown for
transboundary watersheds and aquifers and remain relatively unknown along the US-Mexico border reaches of the Rio Grande River
such as the Rio Conchos River watershed (Fig. 1).
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Climate change, combined with growing human demand for water and evolving land use, is amplifying a crisis in demand relative
to the supply of water resources, along with related issues of food and land-use security (Hanson et al., 2012; Vorosmarty et al., 2000).
Climate change encompasses nonperiodic changes in global or regional climate patterns, in particular a change apparent from the mid
20th century onwards, and is attributed largely to increased levels of atmospheric carbon dioxide produced from fossil fuel use.
Climate variability is driven by both oceanic and atmospheric forcings which are also potentially influenced by cycles of change in
solar luminosity at millennial-scale (Clemens, 2005). This solar cycle, estimated at 1,470 years, has been the possible contributor to
glacial climate cycles (Braun, 2005) and climate variability driven by millennial-scale solar variability through the Holocene (Zhao
et al., 2021). Climate variability includes all the quasi-periodic climate variations lasting longer than individual weather events with
periods from interannual and decadal to multiple-century duration and, consequently, is a critical factor influencing water supply and
demand. Sustained dry periods spanning two or more decades are referred to as mega-droughts. These extreme climate events now
identified as part of the ongoing anthropogenic climate change (Hegerl et al., 2007) also were common in the past resulting in the rise,
fall, and migration of many civilizations over the past 10,000 years (Fagan, 2008).

The major periodic climate forcings juxtaposed in the study area include the Pacific/North American Oscillation (PNA, <1-4 year
cycle), El Nino Southern Oscillation (ENSO, 2-7 years), the North American Monsoon System (NAMS, 7-10 years) (Hanson et al., 2006;
Gutzler, 2004; Adams and Comrie, 1997), the Pacific Decadal Oscillation (PDO 11-30 years) (Mantua et al., 1997, Mantua and Hare,
2002), and the Atlantic Multidecadal Oscillation (AMO, 30-80 years) (Kuss and Gurdak 2017; Velasco et al., 2014; Gurdak et al., 2009;
Deser, 2010). The Interdecadal Pacific Oscillation (IPO) (Henley et al., 2015) and North Atlantic Oscillation (NAO) may also contribute
to climate variability, but are largely aligned with these other oceanic indices (Deser, 2010).

Previous continental-scale studies addressed relations of decadal-scale variability (Cayan et al., 1998) in relation to ENSO cycles
(McCabe and Dettinger, 1999), related sea-surface temperature variability (Deser et al., 2010), relations of megadroughts, and
monsoon variability to PDO cycles (Parsons et al., 2018; Henley et al., 2015; Newman et al., 2003, 2016; Meehl and Hu, 2006), and to
AMO cycles (Hu and Feng, 2012; Nigam et al., 2011) that also may drive global-scale variability (Young-Min et al., 2020). Both Pacific
and Atlantic oceans influence multidecadal drought frequency (McCabe et al., 2004) through influence on atmospheric dynamics (Erb
etal., 2020). The collapse of northern hemisphere monsoons over multidecadal to multi-century scales (super droughts) may be related
to North Atlantic sea-surface temperatures (AMO cycles) and northern hemisphere temperatures over the last millennium based on
speleothem data (Asmerom et al., 2013). However, Eastoe and Dettman (2016) cast doubt on the interpretation of speleothem isotope
data in terms of precipitation amount. The mechanisms of decadal-drought variability encompass these phenomena, an adequate
understanding of which may lead to the predictability of drought beyond seasonal to interannual timescales (Seager and Ting, 2017).
The Medieval Warm Period and Little Ice Age may be climate responses to longer-term natural cycles of solar radiative forcing (Mann
etal., 2009). While water-resource and climate analysis methods have advanced in recent decades, there still remain many areas where
the relationship between supply and demand of water resources remains unknown and not considered in the context of historical or
future climate variability.

Cycles of climate variability affect the sustainability of transboundary water resources as well as related management and
governance. Nevertheless no comprehensive analysis of climate variability spanning decades to centuries exists for the US-Mexico
transboundary region. Additionally, climate cycles that drive the supply and demand for water are unknown for transboundary wa-
tersheds and aquifers and remain relatively unknown along the US-Mexico border reaches of the Grande River. Mega-droughts and
their potential relationship to long-term climate cycles and known periodic climate drivers has not been previously analyzed in this
part of transboundary northern Mexico. While Williams et al. (2020) consider the period 2000 — 2019 as a modern mega-drought the
relation of this to historical mega-droughts remains uncertain. Climate variability and related supply-and-demand drivers within
regional transboundary watersheds like the Rio Conchos in Chihuahua, Mexico, need to be re-assessed in the context of conjunctive use
with due attention to both surface-water reservoir operations and potential use of aquifer storage as well as the long term factors that
control them. While some studies have analyzed hydrologic time series and tree-ring indices for regional drought (Woodhouse et al.,
2012), the combined analysis of these data was lacking and needed to answer some fundamental management and sustainability
questions. What are the major drivers of climate cycles and how do they affect transboundary water resources as well as related
management and governance within climate change and variability? Are the mega-droughts and multidecadal wetter and drier periods
occurring within multi-century cycles influneced by solar radiation within the millenial solar cycle?.

This study estimates climate cycles over multiple time scales from new data and novel estimations of hydrologic and climate
variability analysis through: a) analysis of the instrumental records assessment at three man-made surface-water reservoirs in the
transboundary Rio Conchos watershed, tree-ring indices from nearby sites in Chihuahua, Mexico (Fig. 1), and global data for **C in
biomass as a proxy for solar luminosity; b) a new broader approach to assessing attributes of climate variability, with implications for
conjunctive-use operations of man-made reservoirs in the Rio Conchos watershed; and c) a re-evaluation of the cycles of surface-water
deliveries from Mexico required under the 1944 Treaty of the Rivers (USA-Mexico, 1944). These cycles are used to estimate the range
of historical drought, their potential relation to known climate indices, and their potential relationship to international treaty
water-delivery obligations. In turn, this will help understand how climate variability affects transboundary water supply, related
reservoir operations, and transboundary governance within the Rio Conchos watershed, and support future hydrologic model and
sustainability frameworks for management and governance of water and land in this US-Mexico transboundary region of the Rio
Grande River.

1.1. Previous studies

The Mexican Drought Atlas (MXDA) documents a history of droughts over the past 600 years (1400 — 2012) from tree-ring
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reconstructions (Stahle et al., 2016), but does not relate this history to climate indices. Droughts affecting all of Mexico have been rare
over the past 600 years and their frequency has not increased, though. selected droughts occurred (Stahle et al., 2016) (Fig. 2).

Extreme wet-year periods also have occurred, as documented in California for the Central Valley Delta from tree-ring index
reconstruction (Malamud-Roam et al., 2006) and for the Rio Colorado (Woodhouse and Lukas, 2006). Since 1900, several exceptional
wet periods have occurred in Western North America, including 1905-07, 1917, 1939-42, 1957, 1969, 1978, 1983-86, 1998, and
2011. Prolonged periods of drought (or wet climate) may include shorter wet (or dry) events; as shown for dry periods of 10-45 years
duration in coastal Ventura, California, over the interval 1770-1995 CE (Hanson et al., 2003). Analysis of long-term aridity in the
Western United States indicates that the current mega-drought is more severe than previous events estimated from the historical record
(Cook et al., 2004) and the past holds insights for future climate (Alley, 2003). Environmental sustainability has been afffected by
recent extreme drought, which threatens to limit the allocation of water resources in the western USA and Mexico. For example, the Rio
Grande River at Elephant Butte Reservoir is at 4% of capacity (https://www.usbr.gov/newsroom/#/news-release/3958) in August,
2021, and there is a call for a shortage declaration for 2022 on Lake Meade on the Lower Colorado River (http://crc.nv.gov/index.php?
p=info&s=drought) at 34% of capacity in October, 2021 (https://www.usbr.gov/lc/region/g4000/weekly.pdf). Future climate
variability is expected to lead to repeated water-supply crises in the Rio Grande Basin (Mu and Ziolkowska, 2018).

The Rio Conchos is one of the largest contributors of surface water from Mexico to the Rio Grande, as well as to local irrigation and
urban-water supply (Cervera Gomez, 2008). Operation of the three major reservoirs in Rio Conchos watershed is affected by the Treaty
of the Rivers between the USA and Mexico (USA-Mexico, 1944; Mumme, 2019) with an earlier treaty (USA-Mexico, 1906). Contri-
butions from six tributaries within Mexico, including the Rio Conchos, are required to provide deliveries from Mexico to the Rio
Grande (Rio Bravo). Dry periods occurred on the Rio Conchos, in 1940, 1948, 1950-51, 1956-57, 1959, 1969, 1982, 1985, 1994-95,
and 1997-98, and wet river-climate conditions occurred in 1938, 1941-42, 1958, 1966, 1968, 1978, 1981, 1984, 1986, and 1991
(Cervera Gomez, 2008). More recently, the reconstruction of streamflows from tree-rings for the Rio Conchos (Martinez-Sifuentes
et al., 2020) estimated extreme hydroclimate events and identified several 10-year droughts over the past 243 years. Similarly,
Woodhouse et al. (2012) identified regional droughts across the entire Rio Grande and Rio Conchos watersheds over the past four
centuries in the 1770 s, 1890 s and 1950 s. Such extreme periods have affected local water use and treaty-delivery obligations, with the
National Commission of Water (CONAGUA) recently implementing modifications to reservoir operations (Enciso, 2020). Relations
between drought, land use, native riparian vegetation, and soil salinity were identified from 10 years of remote sensing images
(Gutierrez et al., 2004) that highlighted additional issues of conjunctive use in the Rio Conchos Basin. This watershed is also un-
dergoing transitions in types of agriculture and growth of other water uses (Walsh, 2009).

The 1950 s and 1990 s droughts in the Rio Conchos basin were compared and contrasted in terms of changes in the mean and
variability of stream inflows, and implications for delivery obligations to the Rio Grande under the 1944 Treaty over five-year periods
(Cervera Gomez, 2008). The 1944 Treaty considers “extraordinary drought” but there is no metric or threshold that delineates this
condition or specifies contingent responses. Instead, the Treaty simply reassigns any deficit in delivery to the next five-year period. This
assessment of droughts in the Rio Conchos basin was based on the Palmer Standardized Drought Index (PDSI) for Ojinaga, Texas from
1895-2000 (Cervera Gomez, 2008). However the PDSI is an indicator of soil moisture normalized to average conditions during the
period of observation, and therfore may not identify longer droughts that might emerge from more extended periods of observation.
Using a drought threshold of PDSI < —0.5, the 1950 s drought lasted seven years (86 months), and between 1992 and 1998, 7.4 years
(89 months) including four years (45 months) of intense drought. These two droughts showed differences in stream inflow for the two
upstream reservoirs in the Rio Conchos watershed. The most recent modification to the 1944 Treaty, Minute 325 (IBWC/CILA, 2020),
provides for supplemented deliveries in light of deficits from 2015 to 2020. However, this action does not mitigate long-term
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water-management issues or provide guidance for future crises arising from climate variability and prolonged droughts.

Climate forcing has been recognized through empircal analysis as a driving mechanism of change in hydrologic systems (Hanson,
2003; Dickinson et al., 2004; Hanson et al., 2004, 2006, 2009, 2020; Gurdak et al., 2009; Hanson, 2015; Velasco et al., 2017). Periodic
forcings collectively contribute to wet and dry periods that control water supply-and-demand variations. At local and regional scale,
wet and dry periods result from the interaction of multiple climate cycles and related climate drivers. Climate cycles operate at
different frequencies and amplitudes, and their effects in southwestern North America vary as they move into and out of phase with
each other (Hanson et al., 2006, 2020). Climate variability in numerous other watersheds of Southwestern North America has been
studied with frequency analysis. In California, these include Central Valley (Faunt et al., 2009), Mojave River Basin, (Hanson et al.,
2004), Pajaro Valley (Hanson, 2003), Santa Clara-Calleguas Basin (Hanson et al., 2003), coastal Southern California (Hanson et al.,
2009), and the Santa Clara Valley (Hanson, 2015), as well as in Arizona, in Tucson Basin and San Pedro Valley (Hanson et al., 2006),
and the transboundary region of the Lower Rio Grande (Hanson et al., 2020) in Texas and New Mexico, USA and Conejos-Medanos,
Chihuahua, Mexico. Frequency analysis also was used to explore the principal aquifers across the USA (Kuss and Gurdak, 2014).

Multi-century cycles are evaluated with tree-ring indices and 14¢ data. Changes in the production rate of 14C in the upper atmo-
sphere provide a proxy for changes in solar luminosity, provided lag and attenuation arising from the properties of atmospheric,
biomass, and oceanic reservoirs of 14C are taken into account (Beer et al., 2012). The C content of the near-surface carbon reservoir
(lower atmosphere plus biomass) is the integrated result of changes in ¢ production over thousands of years. Changes in production
rate for cycles of 1000, 100 and 10 years appear as inflections of biomass C content with lags of about 125, 10 and 2 years,
respectively (Beer et al., 2012, Fig. 13.5.3.2-2).

2. Methodlogy
2.1. Study area

The study area, in the middle and lower areas of the Rio Conchos Watershed of southeastern Chihuahua, Mexico, of 74,372 km?
covers 61% of the watershed (Fig. 1) including three reservoirs in this arid region, where rainfall does not exceed 400 mm/year. Rains
are abundant in the summer (June-October), annual temperatures range between 18 and 20 °C, and maximum temperatures are up to
40 °C (INEGI, 2017). Of the six tributaries that flow into the lower Rio Grande from Mexico, the Rio Conchos is the largest contributor
to the Treaty’s Mexican delivery obligation, and its watershed makes up about half of the Rio Grande watershed in Mexico (Cervera
Gomez, 2008). Three reservoirs support local uses of water for agriculture, water supply, recreation, power production, ecological
flows, and flood control. Lago Toronto (La Boquilla) and Luis L. Le6n (El Granero) reservoirs are on the Rio Conchos. The Francisco L.
Madero (FIM) reservoir is located on Rio Conchos tributary, San Pedro River. La Boquilla and FIM reservoirs store water for the largest
Irrigation District DR-005 in Delicias, and El Granero reservoir supplies water for the Irrigation District 090 in Bajo Rio Conchos.The
DR-005 covers 67,275 ha with more than 8,113 water users while the DR-090 covers 4,077 ha with 955 water users (SINA-CONAGUA,
2018). Irrigation consumes 95% of available water (SIAP, 2020). The combined utility capacity of the three reservoirs is 3,370 Mm?®
with 82% in La Boquilla, and 8% and 10% in FIM and El Granero, respectively.

Tree-ring analyses were completed just northwest of the reservoir watersheds (Cook et al., 2020; Stahle et al., 2016) (Fig. 1).
Tree-ring indices from sites near Casas Grandes, about 300 km northwest of the Rio Conchos and San Pedro Watersheds, provides the
longest record (733-2010 CE). Casas Grandes (Paquimé), located in an arid plain bounded on the west by the Sierra Madre Occidental,
was built about 1130 C.E. in the middle of the Medieval Warm Period (900-1300 CE). It relied on irrigation for agriculture from the
Casas Grandes or San Miguel Rivers. It was one of few pre-Columbian civilisations with a water well and sewer systems, indicating a
long history of conjunctive use in this region. Colonial settlers also started irrigation systems as early as the 1580 s that included
conjunctive use (Saldana, 2012). Casas Grandes burned in 1340 and slowly declined from 1350 to 1450 (Fig. 2). The Tutuaca
(1534-2012 CE) and Tabacote-Tomochi (1583-1993 CE) tree-ring data provide shorter records from the Sierra Madre Occidental to
the southwest of Casas Grandes, in the Temosachi and Guerrero municipalities, respectively. While the analysis of climate variability
with frequency methods is similar to other studies worldwide, this study also incorporates analysis of climate indices and tree-ring
indices for longer time periods relevant to alignment with cycles of management and governance, as well as multi-decade infra-
structure projects.

2.2. Sources and processing of data

Analysis of climate cycles for this study includes frequency analysis of local multidecadal instrumental hydrologic time series and
multi-century tree-ring indices. Instrumental data include monthly precipitation, July minimum temperature and temperature dif-
ferences, and reservoir attributes including storage, releases, and evaporation (CONAGUA, 2020a, Central Water and Sanitation Board
JCAS, 2013). From these data, seasonal to decadal variability has been determined for 1950-2019 with seasons representing the
seasons of a calendar year. Climate indices used for additional correlation analysis in this study included the AMO for 1856-2020
(NOAA_AMO, 2020), PDO for 1854-2020 (NOAA_PDO, 2020), and ENSO34 for 1871-2020 (NOAA_ENSO, 2020). While climate
indices for NAMS were developed based on precipitation (Gutzler, 2004) and vapor movement (Hanson et al., 2006), no NAMS index
was used for analysis in this study. Instead the range of years for NAMS periodicity is used for comparison with frequency analysis.
Decadal to millennial climate variability has been determined from tree-ring indices for Casas Grandes (Cook et al., 2020; Stahle et al.,
2016), Tabacote-Tomochi (Stahle et al., 2002), and Villanueva Tutuaca (Stahle et al., 2016). In addition, tree-ring indices are
compared with 1%C content in tree rings spanning the interval 733-1953 CE (compiled by Eastoe et al., 2019).
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The spectral analysis of hydrologic variability is statistically compared with reported climate-cycle intervals and time series and
range of cycles of climate indices (AMO, PDO, NAMS, ENSO). to assess the similarity and provide statisitical inference between
variability in hydrologic time series and known climate-cycle drivers (Hanson et al., 2004, 2006). All time series are first converted to
cumulative departure curves which embeds serial correlation and provides a surrogate for the interannual climate variability rate (i.e.
first derivative). Cumulative-departure time series are analogous to time series representing changes as hydrologic accumulation or
depletion such as groundwater levels for changes in groundwater storage, reservoir stage for changes in reservoir storage, and the
accumulation of '*C in biomass. The cumulative-departure curves are detrended with a low-order polynomial because most time series
encompasses fragments of even larger cycles as the method was originally described by Hanson et al. (2004). The
cumulative-departure time series and the residuals from 4th-order polynomial detrending are analyzed using singular spectral analysis
(SSA) to estimate the periodic frequencies that can be summed to represent the historical cumulative-departure residual time series. All
frequency analysis used the established methods of the United States Geological Survey’s HydroClimATe Toolkit (Dickinson et al.,
2014). This toolkit facilitates climate variability analysis methods developed by Hanson et al. (2004) including the Singular Spectral
Analysis methods (Dettinger et al., 1995). All frequency analyses were significant with respect to red noise. Climate change and the
amplification of climate variability within climate change, can potentially result in more extreme events as well as nonstationarity of
the mean and variance of climate parameters (Milly et al., 2008, 2015). However, weak-stationarity appears to persists in frequency
analysis of historical and future climate cycles (Hanson et al., 2004, 2006, 2012).

The estimated cycles are compared with the typical cycles of climate indices of known climate drivers, AMO, PDO, NAMS, and
ENSO. ENSO has two modes, El Nino and La Nina, that differ from other climate drivers in their patterns and teleconnections (Gurdak
et al., 2009). Previous frequency analysis shows that PDO also has two modes with periods of about 10-15 years and 24-30 years.
While others have studied surrogates for soil moisture using the normalized PDSI, these studies did not collectively address natural and
anthropogenic variability on multiple time scales needed for water-resource management. Additionally, PDSI is not a reliable indicator
for longer periods or for conjunctive use in agricultural lands where soil moisture is typically well managed through irrigation.

Data from the three reservoirs were analyzed to provide an integral depiction of their recent historical condition and sustainability
under variable climate. Analysis of reservoir operations in the context of historical performance relative to climate leaves certain issues
unaddressed. It includes the operation of the reservoirs in response to multiple types of demand governed by a hierarchy of operating
rules that attempt to mitigate disparities between supply and demand while taking account of diverse requirements such as irrigation,
recreation, power generation, and flood safety. Strategies for mitigating risk, maximizing reliability and optimizing storage as climate
changes reaffirms the important role of reservoir capacitance under increased stress from climate change plus human demand (Ehsani
etal., 2017) for a series of transboundary reservoirs in the northeastern United States. Reservoir operations become even more critical
in arid northern Mexico and the entire USA-Mexico transboundary region. For example, drought has curtailed releases from Elephant
Butte and Caballo reservoirs on the Rio Grande, resulting in major increases of groundwater use to supplement surface-water irrigation
and Treaty deliveries (Hanson et al., 2020; Ferguson and Llewellyn, 2015). As both supply and demand contribute to the balance of
sustainbility, recent changes in agricultural demand are also competing with treaty deliveries obligations from Mexico to the Rio
Grande. Finally, the estimated hydrologic cycles are compared with known cycles from climate indices and to requirements of 5-year
Treaty surface-water delivery periods from Mexico.

Tree-ring indices, as regional indicators of changing precipitation and temperature, allow climate-variability analysis over cen-
turies across Southwestern North America (Salzer and Kipfmueller, 2005). Such analyses not only provide longer time periods (Hanson
et al., 2004) but also indicators of tree and forest health subject to drought and climate variability (Anderegg et al., 2013). While the
Twentieth Century Reanalysis Project (20CR) compiled global atmospheric data (Compo et al., 2011) since 1871 for improving and
comparing the skill of climate models, they did not include ice core, tree-ring, or solar luminosity proxy data. Such information may
provide constraints on climate change and climate variability over decadal to millennial-scale periods. It could be used to drive and
constrain models and better understand the longer cycles of climate variability and now climate change too.

Speleothem data provide similar information on longer term climate variability. Asmerom et al. (2013) suggested a positive
correlation between NAMS and AMO in the context of multidecadal to multi-century collapse of northern hemisphere monsoons like
NAMS. The speleothem record indicates that PDO cycles modulate the NAMS across Southwestern North America, and those super
droughts coincided with the Medieval Climate Anomaly (Warm Period) and the Little Ice Age (Fig. 2). This illustrates how droughts
occur within longer wetter and drier cycles. These longer multi-century cycles may be related to the millennial sun cycle (called the
Eddy cycle, Zhao et al., 2021) with the most recent cycle embedding the Medieval Warm period and Little Ice Age (Fig. 2).

The analysis of tree rings and 1*C data from tree rings was performed to identify correlations between overlapping datasets for the
Casas Grandes tree rings (733 — 2010 CE) compared with 14 C content in tree rings spanning the interval 733-1953 CE (compiled by
Eastoe et al., 2019), in order to examine whether solar luminosity influences the tree-ring index time series for periods on the order of
100 and 1000 years. Both datasets are filtered (using moving averages) and detrended (using fitted 3rd-order polynomials) to enhance
the graphical depiction of cycles at each time scale. The 14C dataset includes high-precision measurements on the cellulose fraction of
dendrochronologically-dated wood by liquid scintillation counting (998-1953) at laboratories in Tucson (Eastoe et al., 2019) and
Seattle, USA (Stuiver et al., 1998), and by accelerator mass spectrometry (prior to 998) in Nagoya, Japan (Miyahara et al., 2004;
Miyake et al., 2012, 2013). The 14C data are plotted as -AC (Stuiver and Polach, 1977), a parameter that accounts for mass-dependent
fractionation and radioactive decay of 14¢. The production of 14Cin the upper atmosphere is a proxy for solar luminescence, provided
lag and attenuation arising from the properties of atmospheric, biomass and oceanic reservoirs of C are taken into account (Beer
et al., 2012). A 14¢ dataset from tree-rings in the western USA and Japan (Eastoe et al., 2019) overlaps most of the Casas Grandes
tree-ring index data set, and incorporates data from Stuiver et al. (1998), Miyahara et al. (2004), and Miyake et al., (2012, 2013). For
the purposes of this study, periods of a century-scale and shorter length were filtered out by calculating 200-year running means for
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both the *C and Casas Grande cumulative departure (CGCD) time series. Century-scale events were investigated using decadal means
detrended for longer-period variation with third-order polynomial expressions. The 1C data are plotted as -A'*C (Stuiver and Polach,
1977), a parameter that accounts for mass-dependent fractionation and the radioactive decay of *C.
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3. Results
3.1. Local climate cycles

Analyses of local instrumental data include precipitation and reservoir releases and storage that represent cycles of water supply,
and temperature, temperature differences, and evaporation at reservoirs that represent cycles of water demand. The relatively short
length of instrumental records precludes assessment of effects from the larger AMO cycles, but correlations are estimated for their
period of record relative to cumulative departure time series for comparable windows of AMO, PDO, and ENSO34 indices with
instrumental records.

3.1.1. Precipitation

Annual and seasonal cumulative departure of precipitation at FIM, La Boquilla, and El Granero (Fig. 3) indicate the largest vari-
ability occurs during the rainy season summer months. Summer (61 — 69%) and Spring (16 — 17%) precipitation dominating the
distribution of annual precipitation. These preciptation cycles are largely coincident with PDO and ENSO/ENSO-PNA-like climate
cycles (Fig. SM-1, Table SM-1). Historical winter precipitation cycles are dominated by PDO-like (48 — 83%) and ENSO/ENSO-PNA-
like (10 — 35%) cycles, indicating that climate variability from PDO is more important than ENSO-like cycles. While PDO-like cycles
still contribute between 49% and 78% of the variance in spring, summer, and fall these seasons also include 10-31% variability from
cycles coincident with ENSO and ENSO-PNA. There is also a contribution from cycles coincident with NAMS for summer (10%) and fall
(30%) at La Boquilla (fig. SM-1). Aggregate series from cumulative departures of precipitation and climate patterns show negative

z

30

y = 0.0535x - 85.746
25 y =0.0219x - 24.01 R*=10.0992

R? = 0.1095\ /

20

10 —FIM

——La Boquilla

——EIl Granero

5 | e Linear (FIM)

------ Linear (La Boquilla)
-+ Linear (El Granero)

y =0.0196x - 25.755
R*=0.0619

July minimum average temperature, in degrees Celcius
&

0
1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Calendar Year

(B)
25
—FIM
——La Boquilla \
20 El Granero f\
------- Linear (FIM)

o

N W,Z/\ N~ \/\/“ “\ VA ’/\v%

Y \V4 \y - ““"’\/’V\y \/ \/vﬁ

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Calendar Year

Celcius

-
=)

July average temperature difference, in degrees
o,

Fig. 4. Historical data of (A) Minimum July avearge temperature with linear regressions for all three reservoir sites, and (B) July temperature
differences for all three reservoir locations plus linear regression for FIM reservoir temperature differences, Chihuahua, Mexico.



M. Renteria-Villalobos et al. Journal of Hydrology: Regional Studies 44 (2022) 101207

correlations with AMO (—0.77 at FIM; p-value <0.05); negative and positive correlations with PDO (—0.41 at La Boquilla and 0.30 at
FIM; p-value <0.05); and ENSO (—0.38 at La Boquilla, 0.41 at FIM, and 0.4 at El Granero; p-value <0.05).

Long intervals of predominantly dry-years occurred during 1950-64 and 1992-2001 at La Boquilla. At FIM wet and dry-year
periods were different (wet: 1968-92/2002-10, and dry:1950-67/1993-2001). The shorter record at El Granero shows more inter-
annual variability with shorter wet and dry-year periods (wet: 1972-74, 1977-81, 1984-87, 1990-91, and 2003-2017, and dry:
1965-71, 1975-76, 1982-83, 1988-89, and a longer period 1992-2002).

3.1.2. Temperature

Increases in minimum temperature as well as increases and more variability of monthly average temperature differences are in-
dicators of climate change. At FIM, the rainy-season month of July indicates the minimum temperature time series includes cycles with
PDO-like periods of 37.5 and 25 years (69% of total cyclic variance) with a 7.5 year NAMS-like cycle (22%), and ENSO and ENSO-PNA-
like cycles accounting for the remaining 9% of the variance (Table SM-1). The average July temperature difference shows a 25 year
PDO-like cycle (91%), 8.3 year NAMS-like cycle (4.7%), and ENSO and ENSO-PNA-like cycles (2.7%) account for the rest of the
variance (Table SM-1).

Average July minimum temperature and differences at FIM reservoir indicate that in the middle of the rainy season (July) there is
an apparent increase in variability between the periods 1945-1984 and 1986-2019 (Fig. 4a,b). This partitioning overlaps the 1982-88
period, which is a series of El Nino and La Nina ENSO events. Over the 75-year period, the average minimum temperature at FIM
increased by about 1.5 °C, which exceeds the standard deviation of the earlier period and is comparable to the more recent period. The
average July temperature difference also increased by about 0.4 °C between these two historical periods. The temperature-difference
standard deviation for the more recent period is 1.4 times greater than the earlier period. This suggests increased minimum tem-
perature, temperature difference, and more variable temperature difference. This is potentially consistent with climate change and
increased climate variability within climate change.

3.2. Reservoir Cycles

The cycles summarized from reservoir operations are related to analysis of supply from reservoir releases and storage, and of
demand from evaporation. These reservoir-use attributes are reviewed in the context of climate variability, sustainability of surface-
water supplies, and treaty delivery requirements. A detailed summary analysis of these cycles is included in the Supplementary
Material.

Variability of reservoir releases is aligned with climate cycles that control runoff, but lags precipitation-based climate cycles. As
with precipitation, the releases are predominantly coincident with PDO-like cycles with a lesser contribution from ENSO-like cycles
(Fig. SM-2). The time series of reservoir releases shows PDO-like cycles of period ranging from 17.3 to 35 years and representing 78%
(FIM) to 97% (La Bogqilla) of the cyclic variability with ENSO and ENSO-PNA-like cycles providing the remainder of the variability
(Table SM-1). Without additional inflows, average historical releases relative to utility capacity have total periods of delivery ranging
from 3.3 years for La Boquilla, 1.5 years for FIM, and 0.4 years for El Granero, which are all less than the 5-year window of delivery
obligations required under the 1944 Treaty.

Cumulative departures of releases and climate indices (fig. SM-2) show some relation to increasing PDO index and decreasing AMO
index. Releases show negative correlations with AMO (—0.87 at La Boquilla, —0.49 at FIM, and —0.83 at El Granero; p-value<0.05),
positive correlations with PDO (0.76 at La Boquilla and 0.57 at El Granero; p-value<0.05), and negative correlations with ENSO
(—0.50 at La Boquilla; p-value<0.05). Correlation between changes in storage and climate indices, show negative correlations with
AMO (-0.57 at La Boquilla and —0.90 at El Granero; p-value <0.05), positive and negative correlations with PDO (—0.48 at FIM and
0.50 at El Granero; p-value <0.05), and negative correlations with ENSO — 0.59 at FIM; p-value < 0.05). Thus storage and releases are
both correlated with climate indices and appear sensitive to shorter and longer climate cycles that are longer than their utility-capacity
periods of delivery.

Reservoir evaporation is a surrogate indicator for water demand and the effects of temperature on water supply. Evaporation shows
positive correlations with AMO (0.90 at FIM and 0.28 at El Granero; p-value <0.05), and negative correlations with PDO (—0.28 at La
Boquilla, 0.63 at FIM and —0.59 at El Granero; p-value <0.05) and with ENSO (—0.33 at La Boquilla, 0.43 at FIM and —0.65 at El
Granero; p-value <0.05). Thus, evaporation as a demand on water resources shows generally opposite climate-based behavior to the
supply components of storage and releases and is largest during the Spring season at all three reservoirs.

3.3. Decadal to century-scale climate cycles

Analysis of cumulative-departure of tree-ring indices that span 1278 years (733 — 2010 CE) from nearby Casas Grandes (CGCD),
Chihuahua, Mexico (Figs. 2 and 5) (Cook et al., 2020) show multiple wet- and dry-periods superimposed on a much longer wet-dry
cycle of about 639 years. It includes a predominantly 300-year drier period (1181-1483) followed by a protracted 477-year wetter
period 1470-1947 with the mega-drought of the late 1500 s embedded in this longer wetter cycle. Cumulative departures in tree-ring
and climate indices show small but significant correlations (p-value <0.05): for Casas Grandes (r = —0.2) and Tutuaca (r = —0.3) with
AMO; for Casas Grandes (r = 0.4) and Tabacote-Tomochi (r = 0.5) with PDO; and minor correlations with ENSO for Casas Grandes
(r = 0.2), Tabacote-Tomochi (r = 0.3), and Tutuaca (r = 0.2). The longer climate forcings of the multi-century cycles (>AMO) may be
related to millennial (Zhao et al., 2021; Geel et al., 1999) and centennial (Clemens, 2005) solar cycles, and are addressed below.

Frequency analysis of the CGCD indicates longer cycles (>AMO and AMO) are present as significant contributions to decadal wet-
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and dry- periods (Table SM-1). Frequency analysis indicated multiple cycles that include longer-term >AMO-like (91.8%; 107, 426,
and 639 years), AMO-like (6.5%; 35-75 years), PDO-like (1.4%; 10.5-32.8 years), NAMS-like (0.2%; 7.0-10 years), ENSO-like (0.1%,;
4.0-6.8 years), and ENSO-PNA-like (0.1%; 2-4 years). The cumulative departure series from tree-ring indices represent composites of
these cycles, with decadal dry periods that are not always strictly coincident with the recent PDO cycles. Overall, the groups of dry
years range from 12 to 43 years in duration over the past 1.2 millennia (Fig. 5). Using a 15-year window moving average based on the
median cycle length of 15 years from PDO-like cyles, yielded an average number of dry years of about 8 years based on the Casas
Grandes series. Thus, the 5-year delivery cycles established for the 1944 Treaty of the Rivers does not reflect the average or range of
dry-year periods typical for this region over the past millennium.

Tree-ring indices from nearby Tabacote-Tomochi (Fig. 5) also indicate >AMO-like (51.5%; 137 years), AMO-like (29.8%; 58.7
years), PDO-like (16.8%; 14.7-27.4 years), NAMS-like (0.9%; 7.4-10.8 years), and ENSO plus ENSO-PNA-like (0.5%; 2-6 years)
(Table SM-1). Tree-ring indices from nearby Tutuaca (Fig. 5) also indicate cycles of >AMO-like (86.4%; 120-240 years), AMO-like
(7.7%; 53.2 years), PDO-like (5.2%; 11.7 and 30 years), NAMS-like (0.3%; 7.5 and 9.6 years), and0.5% of ENSO plus ENSO-PNA-
like cycles.

While the series from these three sites are similar, only two show the mega-drought of the late 1500 s. The Tabacote-Tomochi trees
show a different response to some of the longer-cycles such as the dry period from 1700 to 1735 as well as different amplitude that may
reflect larger climate variability. Similarly, the Tutuaca index does not show the mega-drought of the late-1500 s and responds
differently to the wetter periods of 1152-1568, 1829-1860, and the more recent wet period that includes the period earlier warm PDO
cycle 1925-46. Like Tabacote-Tomochi, it has a different response to the recent warm PDO cycle of 1977-99. However many periods of
drier conditions are common in all three series. These differences may be partly due to differences in location, higher elevation, or
orographic effects that may potentially contribute to localized microclimates (Fig. 1).

3.4. Solar forcing and the millennial cycle

Time series filtered by calculation of 200-year moving average yield curves from CGCD and -A'*C that resemble each other closely
(Fig. 6a), and show cyclic variation with a period of about 1000 years. Changes in *C in near-surface reservoirs lag solar luminosity
changes (SLC) by about 125 years (Beer et al., 2012, Fig. 13.5.3.2-2). Two major inflection points indicate that the 14C inflection points
lag the CGCD inflection points by a few decades. The CGCD inflection points lag the SLC by about 90 and 75 years (Fig. 6a).

3.5. Solar forcing and century-scale cycles

The CGCD and -A'*C time series are used for correlation analysis, in the form of decadal means (Fig. 6a) in order to filter out short-
period variations such as Schwabe and related cycles, each curve is detrended for analysis of millennial cycles using a third-order
polynomial. Departures above and below the polynomial curves are compared for periods of 100-200 years (Fig. 6b). Some de-
partures correspond for both CGCD and -A'*C, e.g. near 1200, 1500 and 1800 CE, but there is no consistent correspondence observed.
Scatter plots of the detrended decadal means (CGCD vs. -A*G) show no relationship except for a weak but significant correlation (R? =
0.51; p-value < 0.05) between 1700 and 1950 CE. This relation may be coincident with other factors such as the onset and growth of
CO- emissions with increased hydrocarbon use for energy production starting with the industrial era.
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Fig. 5. Cumulative departure of tree-rings from Tabacote-Tomochi, (1583-1993) (modified from Stahle et al., 2002, 2016), Villanueva Tutuaca
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4. Discussion

This study has identified and evaluated the historical hydrologic cycles that have controlled recent supply from precipitation and
reservoir operations and demand through temperature and evaporation. The study has also identified longer cycles that also must be
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Fig. 7. Cumulative departure curves for Tabacote-Tomochi (1583-1993 CE) and Casa Grande tree-ring indices (733-2010 CE) with cumulative
departure (CumbDep) of the AMO, PDO and ENSO34 climate indices, dry-year periods estimated from the Tabacote-Tomochi tree-ring index series,
and recent warm and cold PDO cycles.
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considered for sustainability, management, and governance. This study has identified that mega-droughts and multidecadal wetter and
drier periods occurr within multidecadal to multi-century cycles influenced by cycles of solar radiation from the Millenial Climate
Oscillation (MCO) that need to be considered along with Anthropogenic Climate Change (ACC) to prepare for sustainability as well as
treaty obligations of surface-water deliveries from the Rio Conchos watershed.

4.1. Climate Variability

Variability of precipitation in the Rio Conchos watershed is associated mainly with the phases of PDO, which modulates precip-
itation in winter more than in summer. The seasonality of precipitation also varies depending on the El Nino/La Nina influence, and its
phase relationship with PDO and AMO cycles with positive correlation with PDO and negative correlation with AMO over different
cyclic periods, as shown with tree-ring indices (Fig. 7). The shorter supply periods from precipitation are similar to the time frames of
the capacity of the reservoirs. Thus, these reservoirs respond in a lagged fashion to local climate variability and related runoff. The
precipitation records from these reservoir sites do not appear to show the potential effects of the 2000-2019 mega-drought (Williams
et al., 2020) but instead show interaction with the composite of the climate cycles that appear to create long periods of predominantly
wet-years (1965-81, 2002-04 and 2005-19); indicated as increasing cumulative departure of annual and summer precipitation
(Fig. 3a). The drier-year periods observed in La Boquilla and FIM are similar to those identified in forests to southwest of Chihuahua
but with oscillations of different magnitude and duration driven by climate variability (Navar and Lizarraga-Mendiola, 2013). many of
these periods differ from known wet and dry-year periods from the southwestern United States, such as the severe droughts of 1976-77
and 1987-92 (Hanson, 2003), even in an area as close as Las Cruces, New Mexico that showed predominantly dry years from 2003 to
2014. This collectively may suggest that NAMS events along with ENSO events and east Pacific tropical storms may provide localized
relief from the regional mega-drought identified by broader regional assessments (Williams et al., 2020; Woodhouse et al., 2012).

Modulation of winter precipitation is likely to affect long-term groundwater storage and recharge. In Chihuahua city (Fig. 1),
winter precipitation for 1962-1988 made up only 22% of the annual total and had seasonal weighted mean isotope composition
between winter and summer precipitation (Fig. 8) (IAEA, 2021). Groundwater isotope data for nearby Chihuahua City (Mahlknecht
etal., 2008) form a broad evaporation trend of the slope near 5, originating almost entirely in winter precipitation, and probably only
from large precipitation events (Fig. 8). Recharge therefore occurs mostly in winter, despite the small annual fraction of winter
precipitation. Radiocarbon data from this same study also suggests that winter recharge has dominated for much of the Holocene. At
least in the area near Chihuahua city, groundwater storage and recharge are likely to change in response to the PDO-related modu-
lation of winter precipitation. Summer recharge may be present locally, as in the transboundary Upper San Pedro Basin of Arizona,
where recharge in a mountain block includes 35 + 25% summer precipitation (Wahi et al., 2008). Segregation of groundwater
recharge estimates using a summer and winter ratios of mountain system recharge (Ajami et al., 2011) have been assessed for nearby
transboundary Upper San Pedro Basin in Arizona, but this approach does not account for the additional climate variability from
forcings such as PDO that were found to dominate in the Rio Conchos and across the Southwest (Hanson et al., 2004, 2006, Dickinson
et al., 2004).

The minimum monthly temperature and temperature differences are increasing with increased climate variability. The average
minimum temperature at FIM increased by about 1.5 °C over the 75-year period, which exceeds the standard deviation of the earlier
period and is comparable to the more recent period (Fig. 4a). Average July temperature difference also increased by about 0.4 °C
between the two historical periods (Fig. 4b), with the temperature-difference standard deviation for the more recent period 1.4 times
greater than the earlier period. Global climate model estimates of Tmin indicate similar increases from the IPCC, the Sixth Assessment
Report IPCC interactive atlas (IPCC, 2021) for regions coincident with the Rio Conchos Basin. Using the CMIP6 model projection,
RCP-2.6, with warming 1.5°C conditions, these models allow subregional assessment of change of Tmin based on the historical period
1850-1900 for the North American Monsoon region, Northern Central America, and the Rio Grande Basin. In the Monsoon region,
Tmin increased from 0.39 to 1.7°C above the average global Tmin from 1980 to 2020, with an average estimated increase of 1.6°C for
the entire region. In the Northern Central America region, the Tmin increased from 0.28 to 1.5°C for the same period, average
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Fig. 8. Isotopic composition (52H vs.5180) for groundwater from nearby Ciudad Chihuahua area (modified from Mahlknecht et al., 2008),
compared with amount-weighted seasonal means for precipitation in Ciudad Chihuahua, calculated from data for 1962-1988 (International Atomic
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estimated increment of 1.2°C. Furthermore, in the Rio Grande basin region, Tmin increased from 0.19 to 1.6°C for the same period,
with an average estimated increase of 1.4°C. These similar modeled and instrumental estimates of increased minimum temperature are
influenced by a combination of the variable climate patterns presented here and increased concentrations of greenhouse gases in the
atmoshpere.

The Mexican Drought Altas (Stahle et al., 2016) indicated that the ENSO signal has a stronger and more time-stable correlation with
drought across northern Mexico than either the AMO or PDO, yet the present study clealy shows negative correlations with AMO and
positive correlations with PDO and lesser correlations with ENSO indices. This is similar to the recent analysis of reconstructed
streamflow from tree-ring indices also showed similar relations with AMO and PDO (Martinez-Sifuentes et al., 2020). The 70-year
instrumental records analyzed here, show PDO (83 - 41%) was the largest contributors to climate variability for annual and sea-
sonal periods for interannual to interdecadal periods and lesser conributions from ENSO (58 — 15%) (Table SM-1, fig. SM-1). Longer
time intervals from tree-ring indices, show much larger and longer cycles that control multidecadal to multi-century wet and dry
periods. Tree-ring indices and summer soil-moisture reconstruction (Williams et al., 2020) indicated that 2000 — 2019 mega-drought is
additionally driven (by almost half, 47%) by anthropogenic climate change due to CO;, emissions. This analysis suggests that 2000 —
2019 mega-drought may be the worst drought since the late 1500 CE mega-drought (1569-1607) across the entire sourthwest of North
America, including northern Mexico. The tree-ring records from Casas Grandes and Tutuaca overlap the recent dry periods and the cold
(negative) PDO cycle (1947-1976 and 2000 — 2014) (Fig. 5) and appear to be driven by the combination of these climate forcings.
However, the precipitation analysis (Fig. 2) indicates wetter conditions relative to the previous protracted dry period (1992 — 2001),
which is consistent with analysis from the Lower Rio Grande (Hanson et al., 2020). Together, these observations indicate that the
present drought is not pervasive in this part of the US-Mexico transboundary region. In contrast, the current drought advisory
(CONAGUA, 2020a, 2020b) indicates that severe drought is not developing in northern Mexico yet their analysis does not include
subregional analysis or this longer context of droughts within climate variability and climate change.

In this part of northern Mexico, multidecadal droughts have occurred such as the mega-drought of the late 1500°s CE (1569-1607),
and more recently a protracted dry period in the 20th Century (1943-1982) that are separated by about 350 years. There are mul-
tidecadal droughts with some embedded in longer cycles of increasing wetter conditions or sustained drought. For example there is a
477 year wetter period from 1470 to 1947 that encompasses the late-1500 mega drought along with a few shorter droughts. This
pattern is also similar to the GCM projections under the previous GCM A2 scenario (“business-as-usual” CO3 emissions) analyzed for
the Central Valley, California, which also showed the potential of several multidecadal droughts ocurring in the later part of the 21st
Century (Hanson et al., 2012).

4.2. Conjunctive use and sustainability

Many transboundary conflicts focus on sharing of surface-water and do not address climate variability and conjunctive use with all
water sources, including groundwater (Rivera and Hanson, 2021; Sanchez et al., 2021). Under the ISARM (International Shared
Aquifer Resources Management) program (https://en.unesco.org/themes/water-security/hydrology/programmes/isarm), UNESCO
and OAS recently included transboundary groundwater management (Rivera, 2015; Hanson et al., 2015) as an integral part of
management of all transboundary water resources. The National Program Against Drought (Rubio Gutiérrez, 2017) was proposed as a
framework for the National Drought Policy (Federman et al., 2014), developed with the Mexican Insitute of Water Technology (Cortés
et al., 2016), and implemented by the National Commission of Water (CONAGUA). However, this framework shares the shortcomings
of the United States NIDIS program, as it does not address conjunctive use and replenishment of water, or a more comprehensive
strategy for dealing with changes in supply and demand cycles in response to long-term climate changes. This type of planning can
minimize the effects of drought, support longer-term sustainability, and development of infrastructure and related governance.

Drought and sustainability of water resources are best viewed in the context of both supply-and-demand and conjunctive use. In
this arid region, climate variability has driven variable supply during the period of historical record, during which the margin between
supply and demand has narrowed as water consumption increases. As in many of the watersheds in the USA-MX transboundary regions
about 90% of surface water and 84% of pumped groundwater are used for irrigation in the State of Chihuahua (CONAGUA, 2020b).
Water-resource management must therefore be approached from an integral perspective taking longer and shorter climate cycles into
account.

Conjunctive use in the Rio Conchos, is a combination of groundwater and surface-water use, that largely represents agriculture.
Sustainability is driven by demand from irrigation that has grown with increased land use and changed from seasonal to permanent
crops that hardened demand and intensified agricultural production that rely even more on both surface water and groundwater
supply. Drought combined with agricultural intensification and hardening of demand contributed to reduced availability of surface
water stored in local reservoirs. For example, drought conditions in 1994-1995, resulted in the closure of La Boquilla and FIM res-
ervoirs to irrigation releases (Ortega-Gaucin et al., 2009). Lack of surface water was then compensated by installation of about 280
wells, which accelerated aquifer depletion and further reduced conveyance of surface water on the Rio Conchos for irrigation and
treaty deliveries. Adaptation to climate varaiblility not only affects large-scale agricultur but also small-scale farmers in rural Mexico
(Campos et al., 2014). Reduced supply was combined with increased demand as local farmers kept the most profitable crops. Increased
irrigation demand has resulted from hardened demand from orchard crops, longer growing periods, more ET, and intensification of
crop production through more density of cultivation. This evolution of supply and demand is similar to that developing in the Lower
Rio Grande, where growth of irrigation demand is driven mainly by the “hardening of demand” as seasonal crops such as alfalfa and
cotton are supplanted by permanent crops such as pecan orchards (Hanson et al., 2020).

The Mexican Institute of Water Technology (IMTA) estimated runoff for replenishing reservoirs in the Conchos River Basin will
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decrease by 10-12% based on future scenarios of CO, emissions (IMTA, 2013). Therefore, agricultural lands will have less surface
water for irrigation which will rely more on groundwater that will further interefere with obligated surface-water treaty deliveries,
similar to ongoing water conflicts of Lower Rio Grande (Hanson et al., 2020). These projections also show wet periods, with an increase
in median temperature of around 2 °C, with a proposal to establish resource contingency plans that should be developed and
implemented as soon as possible. Currently competition for water resources in the region has increased, yet there are no compre-
hensive water-management strategies in the region that account for the climate variability delineated in this study, resulting in
conflicts over local allocation of surface water for irrigation and other uses, as well as binational treaty obligations.

Modifications to reservoir operations in Chihuahua, Mexico are controversial among farmers and local governments in Mexico. The
two main demands are transboundary water deliveries and irrigation within the Rio Conchos watershed. The former are treaty ob-
ligations (USA-Mexico, 1944) and are tracked on a sliding scale of 5-year cycles, with an additional 5 years for any remaining deficits.
Rio Conchos provides a large percentage of the treaty deliveries from Mexico. The 35 cycles of delivery since 1953 are generally
coincident with the wet and dry-year periods from precipitation data at La Boquilla reservoir. If the total delivery for a 5-year period is
achieved early within the period, then a new 5-year period begins immediately for deliveries from Mexico. Eight of the 35 cycles
required the entire 5 years, and six of the eight full 5-year cycles still had a deficit delivery (10/1953 — 9/1968, 6/1982 — 6/1987,
9/1992 -9/2007, and 10/2010 — 10/2015). Consequently, the contribution from the Rio Conchos is relatively largest during dry-year
periods. The Rio Grande treaty deliveries from the USA are sustained by regional climate and snowmelt from the Southern Rocky
Mountains in the Colorado headwaters of the Rio Grande. Yet deliveries for agriculture and the treaty from the Rio Conchos are
dependent on local runoff from rainfall and related climate cycles (Figs. 2 and 3). To align the deliveries with the climate cycles, the
delivery cycles from Mexico should be 8-15 years in length (based on the moving window analysis of Casas Grandes tree-ring data), as
opposed to periods of 5 years or less (less when a reset occurs after delivery completion in less than 5 years) used by the current treaty.
Overall 25 of the 35 cycles (71%) were less than 5 years and 23 cycles less than 2 years (66%). A more dynamic range of delivery
periods would consider the likelihood of such short cycles, but could also take account of longer dry periods possibly with a threshold
of 5 dry years. In the Casa Grandes cumulative departure tree-ring time series (Figs. 5, 6), 23% of the historical dry periods lasted 5
years or less. This threshold could potentially trigger a drought contigency for amounts and/or time periods of deliveries. The drought
contingency strategy also could be similar to what is used by the USBR to reduce deliveries during drought periods for the Lower Rio
Grande Project and the related 1906 Treaty (USBR, 2016, 2017, USA-Mexico, 1906).

4.3. Long-term solar forcing of climate

Both groundwater and near-surface 1*C are replenished by continuous small additions from the atmosphere to larger reservoirs. The
sizes of the near-surface reservoirs therefore reflect long histories of replenishment at changing rates (e.g., for 1*C, Beer et al., 2012).
Cumulative departures of tree-ring indices from long-term average values, as indicators of climate variation, might thus be more
closely related than simple departures to time series such as A1*C in biomass and groundwater volumes. The similarity of the 200-year
moving average curves (Fig. 6a) shows that this is the case at millennial time scale in the Rio Conchos region of northern Mexico. The
similarity also indicates a strong relationship between solar luminosity and tree-ring indices, and by extension to variations in climate,
at millennial time scales. Whether the climate variations involve changes in precipitation and evapotranspiration, a connection be-
tween solar luminosity and surface-water and groundwater accumulation emerges.

At century time scales, other factors, in addition to solar luminosity, are likely operating. Based on the analysis presented here, solar
forcing does not appear to be consistent across the entire span of data, and where present, and accounts for half at most of observed
variance. Thus additional research may be needed to better understand all of the forcings that control climate at century to millenial
time periods in this region.

The lag between SLC and climate recorded in Casas Grande tree-rings constitutes a third example of lag between millennial-scale
SLC and corresponding climate responses at Earth’s surface. The lags reported here (about 90 and 75 years) can be compared with a
100 year lag reported by Helama et al. (2010) on the basis of tree-ring widths in Scandinavia, and 125-175 years reported by Eastoe
etal. (2019) from a comparison of AYC and 8'3C timeseries in sequoia tree-rings in California. Lags may differ with time and locality,
but it is likely that the climatic effects of an approaching (or contemporary) millennial maximum in solar activity will not be felt until
about 100 years after the solar maximum. The three studies demonstrate that the climatic response is sufficient to affect widths or 5'3C
of tree rings.

4.4. Time Scales

This study shows cycles of drier and wetter climate at a variety of time scales. Combining tree-ring data and instrumental records
indicates the importance of PDO-like cycles. Shorter cycles are indicated in the historical and recent instrumental records. These
correspond to phase relationships between AMO, PDO and ENSO. Construction of reservoirs attempts to mitigate the effects of the
shorter cycles and the timing disparity between supply and demand at interannual time periods. Local tree-ring data indicate cycles at
100- to 1000-year time scales, and global **C data provide evidence of solar forcing at the millennial scale.

Long climate cycles of the past, operating without human mitigation, may have contributed to the rise and fall of pre-Columbian
civilizations in the region (Fig. 2). The reservoirs reflect more recent development of water-resource infrastructure to enhance reli-
ability and sustain water-food security. Besides the mega-drought of 1569-1607 (39 years), additional dry-year periods occurred for
the periods of 1666-1688 (23 years), 1695-1735 (41 years), 1798-1809 (12 years), 1853-1868 (16 years), 1875-1917 (43 years),
1952-1991 (40 years), and 1999-2012 (14 years) (Fig. 7), which are all within the range of the two modes of the PDO-like cycles. Thus
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in the recent past of instrumental data and over recent centuries, the cycles are similar to the PDO-like cycles. However, the AMO and
ENSO-like cycles may also be significantly contributing to the overall variation as shown in the past two centuries, as the cycles come
into and out of phase with each other (Fig. 7) and collectively contribute to decadal drought periods of 12-43 years (Figs. 5 and 7).

5. Conclusions and future work

This study has provided a new data and novel assessment of climate variability in the Rio Conchos watershed over multiple time
scales, and its potential effects on water supply-and-demand through analysis of climate, instrumental data, historical reservoir op-
erations, changes in '*C concentrations, and tree-ring indices. Multiple levels of climate variability occur from interannual and
interdecadal to multi-century and millenial periods. Unlike some previous studies of this region, at multi-decade scales, estimated
climate cycles are predominantly PDO-like cycles, with additional but lesser contributions by AMO and ENSO-like cycles. Mega-
droughts and periodic multidecadal droughts occur within climate cycles at 100- to 1000-year time scales. Climate variability
including MCO, now combined with climate change (ACC), will dictate future cycles of supply and demand that will require mitigation
and management to achieve sustainability and reliability. In turn, sustainability will require conjunctive use to not only reduce the
effects of demand but also to enhance the effects of supply and related replenishment during periodic wet periods.

The 5-year cycle of transboundary water deliveries under the 1944 Treaty of the Rivers is inadequate for management of the Rio
Conchos watershed, where droughts average about 8 years within the median 15-year window of PDO-like cycles, and longer dry
periods span 12-43 years. The delivery agreement of the Treaty may also benefit from an additional drought contingency and some
kind of threshold metric that initiates a drought contingency for protracted or severe droughts. Reservoir operation strategies
reflecting the longer climate cycles may serve local and national communities better than strategies at present required by the 1944
Treaty. Improved strategies are required as competition for water increases because of changes in land use and shifts to more profitable
perennial crops.

This study has identified frequencies and correlations of climate variability over a broad spectrum of time periods. While corre-
lation does not constitute causation, these analysis provide a basis for understanding the context of climate variability by using a wide
variety of data types and time periods, and provides higher-order observations that can help develop integrated modeling of the
processes that control the use and movement of water resources. Future holisitc analysis of adaptation and mitigation strategies taking
account of climate variability will require an integrated hydrologic model (Boyce et al., 2020) that can simulate and assess the
conjunctive use and movement of water at the multiple time scales of climate cycles identified in this work. This could be similar to the
analysis and modeling of the Lower Rio Grande Operating Agreement by USBR (USBR, 2008) performed to evaluate deliveries under
historical Climate variability (Hanson et al., 2020) and potential future climate change (USBR, 2016, 2017; Ferguson and Llewellyn,
2015). While some analysis has been performed locally (DOF, 2011), future work will need to develop an integrated hydrologic model
that can replicate these climate cycles, use and movement of water and related changes in land use, and simulate the related physical
processes of supply and demand. This will provide a neutral and comprehensive avenue of analysis and management and assess the
proportions and timing of supply and demand components that includes reservoir operations. This, in turn, will provide a vehicle for
combined analysis of sustainable allocation of surface water and groundwater across the watershed as well as possible framework for
adjustments in management and governance of all water resources and related land use.
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