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Abstract: In the parched Upper Santa Cruz River Basin (USCRB), a binational USA–Mexico basin,
the water resources depend on rainfall-triggered infrequent flow events in ephemeral channels to
recharge its storage-limited aquifers. In-situ data from the basin highlight a year-round warming
trend since the 1980s and a concerning decline in average precipitation (streamflow) from 1955–2000
to 2001–2020 by 50% (87.6%) and 17% (63%) during the winter and summer, respectively. Binational
sustainable management of the basins water resources requires a careful consideration of prospective
climatic changes. In this article we review relevant studies with climate projections for the mid-21st
century of four weather systems that affect the region’s precipitation. First, the North American
Monsoon (NAM) weather system accounts for ~60% of the region’s annual rainfall. The total NAM
precipitation is projected to decline while heavy rainfall events are expected to intensify. Second, the
frequency of the pacific cold fronts, the region’s prevalent source of winter precipitation, is projected
to decline. Third, the frequency and intensity of future atmospheric rivers, a weather system that
brings winter rainfall to the region, are projected to increase. Fourth, the frequency and intensity of
large eastern pacific tropical cyclones (TC) are expected to increase. On rare occasions, remnants of
TC make their way to the USCRB to cause storms with considerable impact on the region’s water
resources. In contrast to the high confidence projections for the warming trend to persist throughout
the mid-21st century, the precipitation projections of these four weather systems affecting the region
encompass large uncertainties and studies have often reported contradicting trends. An added
source of uncertainty is that the USCRB is located at the periphery of the four rain-bearing weather
systems and small mesoscale changes in these weather systems may have accentuated impacts on
their edges. Despite the high uncertainty in the projections of future precipitation, the early 21st
century drying trend and the projected mid-21st century decline in precipitation events serve as a
pressing call for planning and actions to attain sustainable water resources management that reliably
satisfies future demands.

Keywords: Santa Cruz River; climate change; water resources; transboundary aquifer; transboundary
aquifer assessment; Arizona; Sonora

1. Introduction

Water supply in the Upper Santa Cruz River Basin (USCRB), a binational United States
of America (USA)–Mexico basin, relies on a relatively storage-limited aquifer system that
is recharged primarily during occasional rain-triggered flow events in ephemeral desert
channels. Because of the region’s scarce water resources and the added complexity that
requires bridging binational regulatory and policy differences in order to manage the shared
aquifer, the region was selected for the USA−Mexico Transboundary Aquifer Assessment
Program (TAAP), a program that aims to improve the knowledge base of transboundary
aquifers between the United States and Mexico [1–4]. In order to consider a sustainable
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water resources plan for the USCRB that addresses binational needs, a comprehensive
impact assessment of future climatic changes on the region’s water resources is needed.
However, identifying quantitative future climate projections for the region that should be
used for hydrological impact assessments is challenging. This is because of the region’s
complex and variable climate, which includes two very different rainy seasons (i.e., winter
and summer). Winter (November–March) rain is caused by cold fronts from the Pacific
Ocean that yield widespread stratiform rainfall events while summer rain (July–September)
is triggered by the North American Monsoon (NAM) weather system that brings intense,
brief, and local rainfall events.

The Southwest chapter of the USA Fourth National Climate Assessment (hereinafter,
Fourth Assessment) [5] provides projections for the mid-21st century that, when being
interpreted for the USCRB, are uncertain and point to conflicting trends. For the winter, the
Fourth Assessment projects an increase in the frequency of high-pressure weather systems
that would trigger longer durations of dry spells, while also projecting an increase in the
frequency of rain-bearing atmospheric rivers to hit the Pacific Ocean’s eastern shore. For the
summer, although the Fourth Assessment projects an increase in extreme daily precipitation
due to a warmer atmosphere that can hold larger amount of water vapor, it also states
that the projected total summer precipitation is uncertain. The Fourth Assessment’s future
projections, which cover the entire domain of southwest USA, are clearly too general and
insufficient as a quantitative projection to be used for hydrologic impact assessment in
the USCRB. In addition, because the USCRB is located at the periphery of both the winter
and summer rain-bearing weather systems (as we will further discuss), the region is very
sensitive to small changes in these prevailing weather systems. The challenge of climate
models to represent the weather at the periphery of these rain-bearing weather systems is
an added source of uncertainty to the future climate projections of the USCRB.

In order to conduct a quantitative hydrologic impact assessment, time series of pro-
jected future precipitation and surface temperature are needed. These time series are
commonly available from dynamic simulations of coupled atmospheric-ocean global cli-
mate models (GCMs). The GCMs are often simulated in a spatial resolution that is too
coarse to represent the salient regional climatic features and therefore the GCMs’ simu-
lations require additional spatial downscaling. The uncertainty in the future rainfall and
temperature projections for the USCRB is demonstrated in Figure 1. In this figure, the
projected mid-21st century (2040–2069) changes in total winter (DJF) and summer (JJA)
precipitation and temperature for the study region are shown. These projections are from
20 statistically downscaled CMIP5 Global Climate Models (GCM) with Representative
Concentration Pathway 4.5 and 8.5 (RCP 4.5 and RCP 8.5), which are future greenhouse
gas (GHG) concentration trajectories [6]. The simulated projections all agree on the warm-
ing trends and the warmer projections are seen for RCP 8.5, which is the higher GHG
concentration scenario. Concerning precipitation, the average projected changes for both
GHG concentration trajectories suggest a future with a slightly (less than <5%) wetter
summer and dryer winter. However, there is a large spread and contradicting trends
among the GCM projections, pointing to wetter and/or dryer winters and/or summers.
The uncertainty in the projected precipitation is even larger when considering GCMs that
are dynamically downscaled using Regional Climate Models (RCM) [7,8]. Furthermore, the
projected changes in future precipitation are highly magnified as precipitation transforms
to runoff and streamflow that is eventually recharged into the aquifers [7,9,10].
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Figure 1. Projected 20402069 changes, as compared with 1971-2000, of average temperature and average precipitation 
relative changes (percent) in December-February (X-axis) and June-August (Y-axis). The projections are from twenty 4-km 
statistically downscaled CMIP5 GCMs with RCP 4.5 and RCP 8.5 emission scenarios. The downscaling is based on the 
Multivariate Adaptive Constructed Analogs procedure [6] using meteorological data and interpolation method as de-
scribed in Abatzoglou, (2013) [11]. The dataset was retrieved from https://climate.northwestknowledge.net/MACA/in-
dex.php (accessed on 13 May 2021). 

In view of this large uncertainty, our objective in this paper is to review and synthe-
size the current knowledge on climate change trends in precipitation and temperature that 
are relevant to the USCRB. 

2. Study Area 
The Santa Cruz River flows southward from its origin in the San Raphael Valley in 

south-central Arizona to cross the international border into the state of Sonora, Mexico. 
Flowing ~60 km into Mexico, the river initially flows south, bends west, and then bends 
again to the north and crosses the international border back into the USA, about 8 km east 
of the city of Nogales, Arizona. From its border crossing, the river flows in a general north-
ward direction to its confluence with the Gila River, which is a tributary of the Colorado 
River that drains much of southern Arizona and parts of western New Mexico. Our region 
of interest is the Upper Santa Cruz River Basin (USCRB) (Figure 2), which is composed of 
the drainage area of the river’s headwater in the San Rafael Valley USA (470 km2), the 
Mexican portion of the basin (1122 km2), and the USA Santa Cruz Active Management 
Area (1791 km2). 

  

Figure 1. Projected 20402069 changes, as compared with 1971-2000, of average temperature and average precipitation
relative changes (percent) in December-February (X-axis) and June-August (Y-axis). The projections are from twenty 4-km
statistically downscaled CMIP5 GCMs with RCP 4.5 and RCP 8.5 emission scenarios. The downscaling is based on the
Multivariate Adaptive Constructed Analogs procedure [6] using meteorological data and interpolation method as described
in Abatzoglou, (2013) [11]. The dataset was retrieved from https://climate.northwestknowledge.net/MACA/index.php
(accessed on 13 May 2021).

In view of this large uncertainty, our objective in this paper is to review and synthesize
the current knowledge on climate change trends in precipitation and temperature that are
relevant to the USCRB.

2. Study Area

The Santa Cruz River flows southward from its origin in the San Raphael Valley in
south-central Arizona to cross the international border into the state of Sonora, Mexico.
Flowing ~60 km into Mexico, the river initially flows south, bends west, and then bends
again to the north and crosses the international border back into the USA, about 8 km
east of the city of Nogales, Arizona. From its border crossing, the river flows in a general
northward direction to its confluence with the Gila River, which is a tributary of the
Colorado River that drains much of southern Arizona and parts of western New Mexico.
Our region of interest is the Upper Santa Cruz River Basin (USCRB) (Figure 2), which
is composed of the drainage area of the river’s headwater in the San Rafael Valley USA
(470 km2), the Mexican portion of the basin (1122 km2), and the USA Santa Cruz Active
Management Area (1791 km2).

Based on Scott et al., (2012) [12], about 60% of the water in the USCRB is consumed
by municipal demand (12.8 and 20.9 MCM/Yr in USA and Mexico, respectively) to pri-
marily supply the twin cities of Nogales, Sonora (~220,000 people) and Nogales, Arizona
(~20,000 people), the two largest population centers in the USCRB. The remaining ~40%
of the water is consumed by irrigated agriculture (13.2 and 7.4 MCM/Yr in USA and
Mexico, respectively). The main source of water supply in the basin comes from relatively
shallow alluvial aquifers with limited storage capacity. These aquifers that are also known
as the Transboundary Santa Cruz Aquifer system are composed of the Santa Cruz River
Aquifer and Nogales Aquifer in Mexico, and the aquifer system of the Santa Cruz Active
Management Area and San Rafael Valley in USA. The aquifers are being recharged through
infiltration during occasional and highly variable rainfall-driven streamflow events in the
ephemeral channels of the Santa Cruz River and its tributaries (e.g., [13,14]). The relatively
limited storage of the aquifers and their dependence on streamflow events for recharge
makes the region’s water resources availability tightly linked to the local prevailing climate
and its variability (e.g., [9,15–17]).

https://climate.northwestknowledge.net/MACA/index.php
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3. Climate and Historical Trends

The climate at the USCRB is classified as hot semi-arid according to Köppen-Geiger,
with an extremely hot summer (average daytime temperature is about 40 ◦C) and a mild
winter (average daytime temperature is about 15 ◦C). The monthly 1980–2020 average
temperature in Figure 3, confirms the reported warming trend that the southwest USA
has been experiencing (e.g., [5,18]). This warming is seen for all months with linear trends
ranging from 1 ◦C to 3 ◦C in 40 years. There is a consensus and high confidence among
various climate projections that this historical warming trend will persist in the future
(e.g., Figure 1; [5,18]). This near-surface warming leads to an increase in vapor pressure
deficit, which is likely to increase the potential evapotranspiration (ET). Potential ET (PET)
is the ET that would occur if a sufficient water source were available. However, because
the USCRB is already a region with a limited moisture supply in which the PET largely
exceeds the Actual ET (AET), changes in the AET due to the prospective future increase in
PET may be negligible. In a study conducted at the Mexican part of the USCRB, the annual
AET was estimated as 90–95% of the annual precipitation [19]. In this region, most of the
rainfall either quickly evaporates from the soil back to the atmosphere or runs off as surface
flow. With the absence of open water surfaces in the USCRB, such as lakes, reservoirs and
perennial sections of the river channels, the only perennial source of moisture available for
ET is the sedimentary aquifer underlining the river channels, which is tapped by the roots
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of the riparian vegetation. Serrat-Capdevila et al., (2011) [20], who studied the riparian
aquifer of the San Pedro River, a river east of the USCRB with similar geographical and
climatological features, found that although PET is projected to increase, the riparian AET
rates during the growing season will remain unchanged because of transpiration regulation
by the stomata. They also suggested that the future warming trend would prolong the
duration of the growing season, a change that may slightly increase the total annual AET.

The AET response to the warming atmosphere is often complex and dependent on
processes such as changes of the region’s land cover (e.g., [21]), physiological adaption
of the plants to carbon intake and regulation of transpiration (e.g., [20]), and complex
atmospheric mesoscale processes that may even cause for the warming to decrease the
AET (e.g., [22]). Another response to the warming that may be important in the USCRB is
the anthropogenic change in water demand. In summary, the impact of the existing and
projected warming trends on water resources in the USCRB is yet unclear and it is likely
secondary in its importance to prospective changes in the precipitation regime.
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Figure 3. Average 1981–2020 monthly temperature from the Santa Cruz River near the border crossing
from Sonora to Arizona. Data are available from the 4 km monthly climatological gridded surface
meteorological dataset [11]. The estimated linear trend are shown as red lines and the estimated
monthly rate of change over 40 years are indicated at the top left of the panels.

In Figure 4, the summer and winter precipitation from a gauge near the city of
Nogales, Arizona and observed streamflow from a hydrometric station on the Santa Cruz
River, less than a 1 km north of the border crossing from Sonora to Arizona, are shown
for the 1937–2020 and 1955–2020 water years, respectively. While the average summer
precipitation during these years (259 mm) was more than twice as much as the winter
(115 mm), the average winter streamflow (8.5 MCM) was only about 7% smaller than
the summer streamflow (9.15 MCM). Clearly, the inter-annual averages of the seasonal
values by themselves are insufficient descriptors of the statistical characteristics of these
highly variable and positively skewed seasonal precipitation and streamflow time series.
The differences between the winter and summer, as well as changes in the statistical
distributions as the rainfall transforms into streamflow, point to the complex and seasonal-
dependent hydrological processes of the region, which must be considered for water
resources assessment.
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Figure 4. Observed summer (July–September) and winter (November–March) 1955–2020 precipitation (mm) from a rain
gauge near Nogales, Arizona (USC00025924) and 1937–2020 streamflow (1000 m3) on the Santa Cruz River near the border
crossing from Sonora to Arizona (USGS-09480500). The inter-annual averages are indicated as horizontal solid lines. The
seasonal and the water year (blue) 10-year moving averages are indicated as solid lines.

An alarming drying trend of a sizeable decline in the early 21st century is shown in
Figure 4 and Table 1. This drying trend is seen when comparing the early 21st century
(2001–2020) to the average historical record from the 20th-century of streamflow (1937–2000)
and precipitation (1955–2000) for both winter and summer seasons. The average decline
from 1955–2000 to 2001–2020 in summer precipitation is 10%, and the reduction in winter
precipitation is 33%. These declines are substantially larger at the streamflow record (65%
and 78% for summer and winter flow, respectively). The 10-year moving averages that are
shown in Figure 4 shows that both for summer and winter the precipitation and streamflow
are below the inter-annual averages since about 2000. Although dry seasons were seen in
the historical records, the consequence of having both dry winters and summers is shown
when looking at the total annual 10-year moving average (blue), which indicates that the
2001–2020 period is the dryer period in the observed record.

Table 1. Observed average summer and winter precipitation (mm) in USC-00025924 and streamflow
(MCM) in USGS-09480500. The square parentheses indicate the percent reduction of the averages for
the precipitation and streamflow respectively from 1955–2000 and 1937–2000 to 2001–2020.

Summer Winter

Precipitation (mm)

1955–2000 259 115

2001–2020 233 (10%) * 77 (33%)

Streamflow (MCM)

1937–2000 9.2 8.5

2001–2020 * 3.2 (65%) * 1.9 (78%)
* Null hypothesis in which the 2001–2020 is from the same distribution as 1955–2000 and 1937–2000 for the
precipitation and the streamflow, respectively was rejected at 1% significance level using the non parametric
Kolmogorov-Smirnov test.

We used the agnostic non-parametric Kolmogorov–Smirnov test to examine the null
hypothesis, stating that the seasonal precipitation and streamflow during the early 21st-
century (2001–2020) and the 20th-century (1955–2000 and 1937–2000 for the precipitation
streamflow, respectively) can be considered as statistical samples that were taken from
the same seasonal population. Except for summer precipitation, the null hypothesis was
rejected at 1% significance level for the summer precipitation and for both winter and
summer streamflow. The rejected null hypothesis implies that the statistical distributions of
the early 21st century (2001–2020) seasonal hydrometeorological time series are significantly
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different than the distributions of the historical data that are available from the 20th century.
While the reduction in the precipitation is most likely attributed to climatic factors, the
intensified reduction of the streamflow during the early 21st century should be further
investigated to understand whether this reduction can entirely be attributed to climatic
factors, or whether other factors such as changes in land cover, land use, and/or water
resources management are responsible for this reduction as well.

The significant change in winter precipitation, as seen in Table 1, are also seen in two
other in-situ stations from the region (i.e., USC000026282 in Patagonia (1980–2020) and
USC000028865 in Tumacacori (1965–2020)). In these two stations the null hypothesis was
rejected in a significant levels of 0.01 and 0.05 for the Patagonia and Tumacacori stations,
respectively. A streamflow analysis of the Lochiel hydrologic station (USGS 09480000),
a station on the Santa Cruz at the border crossing from Arizona to Sonora, showed a
significant decrease in 2001–2020 streamflow when compared to 1950–2000 during both
summer and winter seasons. We note that data from the Lochiel hydrologic station were
missing during 2014–2019.

4. Summer

Summer rainfall in the USCRB is mainly driven by the North American Monsoon
(NAM) climate system that triggers localized convective cells, which often produce thun-
derstorms and intense short-lived rainfall events. The NAM starts in early June along
the western slopes of the Sierra Madre Occidental in southern Mexico and later expands
northward to reach the USCRB by early July, lasting until early September. A high-pressure,
subtropical ridge forming over northwest Mexico in June causes hot and dry weather, with
southwesterly winds in Arizona. As summer progresses, the subtropical ridge normally
moves northward until its center of circulation is located over west Texas and New Mexico.
This northward movement of the sub-tropical ridge alters the low-level winds in Arizona
to a southerly or southeasterly direction. The southerly-southeasterly wind direction com-
bined with the daytime surface low pressure (thermal low) caused by the intense heating
of the desert ground, conveys pulses of low-level moist air from the Gulf of California and
the eastern Pacific to the region. The Gulf of California moisture surges—which is a major
source for the low-level moisture transport into Arizona and Sonora [23]—are triggered by
tropical easterly waves and passing tropical cyclones (e.g., [24]). Additional upper-level
moisture is transported by easterly winds aloft from the Gulf of Mexico (e.g., [25]). This
combination of a seasonally warm land surface and ample atmospheric maritime moisture
is conducive to the development of local convective clouds that produce afternoon isolated
thunderstorms followed by local and short-lived intense precipitation events. From mid-
September the NAM withdraws as the southwestern ridge decays and retreats southward
(e.g., [25]).

We present the 1981–2020 climatological spatial extent of the NAM’s precipitation
in Figure 5a–c. Inspecting these climatological maps, we outline the core of the NAM to
be in western and southeast Mexico as the areas with precipitation exceeding 500 mm
(a) and a relatively small inter-annual variability (coefficient of variation (CV) smaller than
0.3 (c)). Our study area (demarked with purple dots) that received an average of about
~200 mm per summer with a CV greater than 0.3 is noticeably situated at the northern edge
of the NAM weather system. However, as the contribution of the NAM to the total annual
precipitation quickly diminishes northward of the study region (Figure 5b), the NAM
precipitation accounts, on average, for ~60% of the annual precipitation at the USCRB. The
increase of the precipitation inter-annual variability in the NAM’s northern boundaries is
attributed to the variability in the strength and latitudinal position of the subtropical ridge
and the low-level moisture surges from the Gulf of California (e.g., [26,27]).
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The NAM’s onset and rainfall amount are influenced by Sea Surface Temperature (SST)
anomalies that shape the land-sea thermal contrast. During El Niño–Southern Oscillation’s
(ENSO) El Niño (La Niña) phase, periods when the SST of the eastern Pacific Ocean near
the equator are warmer (colder) than normal, later (earlier) monsoon onset in southwestern
USA was observed [29]. Moreover, dry summers in the northern edge of the NAM system
tend to follow wet winters that are associated with El Niño phase [29]. However, in the
USCRB, ENSO indices were found to have a weak association with summer rainfall [16,30].

4.1. Historical Changes

As seen in Figure 3 and as reported by previous studies, an apparent positive trend
in summertime temperatures have been observed in recent decades in the southwestern
USA (e.g., [5,18,31]). This warming can potentially trigger two competing processes that
may affect the NAM precipitation regime. On the one hand, higher terrestrial temperatures
that increase vapor pressure may enhance convective activity to produce more intense
rainfall events. On the other hand, the warming SST may decrease the contrast between
the land and sea to reduce the maritime moisture transport and increase atmospheric
stability that suppresses convection activity [32]. Although we observed a reduction in
the total summer rainfall in the USCRB (Figure 4; Table 1), studies on historical changes
of NAM precipitation characteristics asserted, at times, contradicting conclusions. These
studies are commonly based on regional analyses of either daily to seasonal precipitation
observations (e.g., [27]), or high-resolution atmospheric model simulations (e.g., [31,33,34]).
The interpretation of the trends from these studies to Northern Mexico–Southern Arizona
(NMSA) and in particular to the USCRB, is challenging because of the region’s high inter-
annual variability within the NAM weather system. Moreover, these analyses are often
deficient in representing the small temporal and spatial scale of NAM precipitation events,
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typical to the study region. A recent study by Demaria et al., (2019) [35] analyzed 1961–2017
sub-daily precipitation in the densely gauged Walnut Gulch Experimental Watershed
(149 km2) in southeastern Arizona (about 150 km northeast of the Santa Cruz river at its
border crossing from Sonora to the USA). Attempting to represent the region’s rainfall
small spatiotemporal scale, they reported intensification of NAM precipitation starting
at the mid-1970s. Studies conducted in the USCRB indicated several observed changes
in the region’s hydrologic regime, such as a reduction in summer streamflow volume, a
reduction in the number of summer streamflow occurrences [30,36] and a reduction in the
duration of baseflow [17]. These reductions increased the monthly inter-annual variability
of streamflow since the 1970s (e.g., [30]). Again, we point to the results shown in Table 1 of
~63% reduction in average summer streamflow from 1937-2000 to 2001–2020. With respect
to precipitation, the analysis presented in Table 1 indicates a 17% reduction in total summer
precipitation, which agrees with Shamir et al., (2007a) [37], who reported a reduction in the
number of summer precipitation events.

4.2. Future Projections

The future of the NAM weather system is an active study area and recent detailed
reviews have been presented by Wang et al. (2021) [26] and Pascale et al. (2019) [32]. In
the following, we attempt to review the findings that are relevant to the USCRB. Almost
all future climate projections agree that the increase in atmospheric moisture associated
with the warming of the atmosphere will increase the intensity of the extreme rainfall
events (e.g., [5,26,32]). However, future NAM projections are uncertain mainly because the
horizontal resolution of the GCMs is often too coarse to adequately represent the complex
topography of the NAM’s region and the regional (mesoscale) atmospheric processes that
control the NAM convective storms. Some important processes for assessing the NAM
characteristics and their simulations that are challenged by the GCMs include the location
and characteristics of the North American subtropical high pressure, the regional wind
patterns, the near-surface onshore flow into NMSA, and the northward low-level jets along
the Gulf of California (e.g., [23,38–41]). Furthermore, GCM biased simulations of NAMs’
teleconnections, such as SST in the North Atlantic and the Pacific, often leads to unrealistic
easterly low-level moisture flux across the Caribbean region, which affect the simulations
of the NAMs precipitation (e.g., [42]).

Several studies that analyzed CMIP5 GCMs, reported an expected future seasonal-
ity shift of the NAM with no significant change in the total seasonal precipitation. This
seasonal shift is expressed as a delay of the NAM’s onset at the beginning of the summer
(June–July) due to increased atmospheric stability and increased precipitation during the
late summer (September–October) [43–45]. Geil et al., (2013) [41] evaluated the skill of 21
CMIP5 GCMs to simulate the NAM system. They identified several GCMs that failed to
simulate NAM characteristics. Among the well-performing GCMs, large differences in
their future projections with contradicting trends were identified. They also concluded
that all the evaluated GCMs, because of simulated SST biases, simulated excessive pre-
cipitation in September and failed to effectively simulate the retreat of the seasonal NAM
(as also reported by Colorado Ruiz et al., 2018 [46]). Correcting for the GCM’s SST biases,
Pascale et al., (2017) [42] projected a reduction in NAM rainfall over the Southwestern U.S.
that is attributed to an increase in the atmospheric stability due a uniform warming of
the SST, which dampens the convective activity. Bukovsky et al., (2013 and 2015) [39,40]
evaluated four CMIP3 GCMs that were dynamically downscaled by six different RCMs.
When RCMs were used to downscale the historical reanalysis data, various atmospheric
patterns of the NAM were simulated with high skill, but all simulations showed a dry bias
over Arizona. Bukovsky et al. (2013) [39] concluded that except from one GCM, all other
GCMs provided reasonably adequate boundary conditions to the RCMs during the summer
season. All the RCM simulations suggested an overall trend of decrease NAM precipitation.
However, the RCMs were varied in their skill to simulate the NAM’s climatological regional
features. Based on the best-performing GCM-RCM, a slight but significant trend for drying
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summers by mid-21st century across the southwestern USA, with increased frequency and
intensity of heavy precipitation events, was projected (Bukovsky et al., 2015) [40].

Castro et al. (2017) [38] implemented a dynamically downscaled high horizontal reso-
lution (3 km) RCM with a convective permitting scheme in order to skillfully simulate the
thermodynamic conditions during extreme NAM rain events. These extreme rain events are
infrequent late summer events of organized monsoon thunderstorms over relatively large
geographic areas, bringing large amounts of rainfall (e.g., [47]). Castro et al., (2017) [38]
observed a fewer severe, strong, and organized convective summer events in the southwest
USA over the past sixty years. However, this frequency reduction was accompanied by
increase in the intensity of these severe events. Their analysis points to a future that is
consistent with the trends of the historical record. We note that the organized severe thun-
derstorms events that are documented in Castro et al., (2017) [38], Maddox et al., (1995) [47]
and the 27–31 July 2006 event that brought heavy rainfall to Santa Catalina Mountains and
the lower Santa Cruz River [48] had not caused exceptional storm events in the USCRB. As
of now, we are unaware of an extreme summer event in the USCRB that was the result of
well-organized convective complexes.

In summary, most studies point to a future with warmer temperature during the NAM
season. With respect to precipitation, the studies remain uncertain. Some studies reported a
seasonal shift but these observed projected shifts may be associated with GCM simulations’
biases in SST. An agreed upon projection points to an overall decrease in total seasonal
precipitation but an increase in rainfall intensity during large events. A major caveat of
these projections is that the results of most studies are dominated by the core region of
the NAM system, while the USCRB, which is at the fringe of the NAM, experiences much
higher inter-annual variability than in the core.

5. Winter

The 1981–2020 climatological spatial extent of winter precipitation (Figure 5d–f) displays
the importance contribution of the winter season (~50%) to the annual precipitation (d). How-
ever, as was shown for the summer precipitation, the USCRB is located at the southeast edge
of the winter weather system, which is shown by the region’s large inter-annual variability
(f). This large inter-annual variability, which makes the region sensitive to subtle changes, is
likely to increase the uncertainty of future winter precipitation projections.

In recent years, winter storms in the region are broadly classified into two categories:
Pacific cold fronts and Atmospheric Rivers. The Pacific cold fronts are large-scale low-pressure
cold front systems approaching from the Pacific Ocean. These storms bring high winds and
cloudy skies that cause persistent rain over large areas. The frequency of these storms
is closely associated with SST in the Pacific Ocean. During El Niño years, the southwest
experiences wetter winters because the upper-level, subtropical, westerly jet stream over
California and Baja California (Mexico) is displaced southward, a displacement that transports
onshore moisture to the southwest. During La Niña years, the northward displacement of the
subtropical jet stream brings dryer winters in the southwest (e.g., [49,50]).

Specifically, in the USCRB, Shamir (2017) [16] reported that during 1949–2016 most
years with September–October ENSO3.4 anomalies greater than 1.5 ◦C experienced above-
normal winter rainfall. On the other hand, during most of the strong September-October
La Niña conditions (ENSO3.4 < −1 ◦C), excluding one year, the winter rainfall was below
normal. Winter rainfall had no clear association with neutral years that experienced
September-October ENSO3.4 anomalies between −1 and 1.5 ◦C. It is interesting to note that
during strong El Niño years the streamflow at the Upper Santa Cruz River was not always
above normal. However, during all strong La Niña years the annual streamflow was below
normal. Although the ENSO phases show a firm association with winter precipitation, the
wettest years and the largest inter-annual variability were observed during the neutral
ENSO years.
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Atmospheric Rivers (ARs) are a middle latitude synoptic phenomenon that transports
high water vapor concentration from the tropical ocean to the land through a relatively
long and narrow corridor. Although ARs are a year-round phenomenon, summer ARs are
prevalent in high latitudes and do not affect the precipitation in NMSA. During 1988–2011,
an average of seven ARs-related rainfall events per year penetrated inland to hit Arizona
causing about half of the largest winter streamflow events [51]. The region in Arizona that
is most impacted by ARs is the Salt and Verde watersheds, draining the Central Highlands
and Mogollon Rim (e.g., [52]). In the USCRB, about 10% of the largest annual flow events
and 38% of the winter flow events are attributed to ARs [51] and about 10–15% of the
cool season precipitation during 1998–2008 are caused by ARs [53]. The ARs that reach
the USCRB are ARs with a northeastward trajectory that make landfall along the Baja
California Peninsula, south of the U.S.–Mexico border (32.5◦ N Latitude). These are about
8% of the cool season ARs that hit the eastern Pacific coast [54]. Water vapor concentration
near the coast in these southern ARs are typically smaller than those ARs farther to the
north. The southern ARs often deplete their moisture over the mountains of Southern
California and the Baja California Peninsula while about half maintain their AR properties
as they penetrate to the lower Colorado River basin [54]. The association of ARs with
ENSO is still inconclusive. Some evidence exists for ARs to be more pronounced during El
Niño and neutral ENSO conditions [55].

Future Projections

Most studies projecting increased probability of drier winters attributed to the pro-
jected widening of the high-pressure subtropical Hadley cell, which in turn will displace
the moisture carrier subtropical jet stream northward (e.g., [18,56]). Some studies also
point to an expected increase in the frequency of winter’s prolonged dry spells during the
21st century in the Southwest [57]. However, AR related storms in the USCRB are a small
fraction of the ARs to hit the Pacific coast, they constitute a substantial portion of the re-
gion’s winter precipitation. The projected AR changes stated by the Fourth Assessment [5]
is that for higher GHG concentration trajectories (RCP 8.5), AR frequency, and intensity
in the mid-21st century is projected to increase. This has been the general agreement
since the analysis of selected CMIP3 GCMs by Dettinger et al., (2011) [58]. Increase in
atmospheric water vapor holding capacity due to increasing temperature is the main driver
for the projection of significant increases in AR frequency and magnitude (e.g., [58–61]).
The magnitude and characteristics of these projected changes are still a vibrant research
topic. Warner et al., (2015) [60] who analyzed 10 CMIP5 GCMs using RCP 8.5, projected an
increase in winter-average precipitation along the southern offshore transect of 11%–18%
when comparing 1970–1999 to 2070–2099. In their analysis, however, the southernmost
sampling site was just offshore the Santa Barbara’s coast (35 ◦N Latitude), about 2 degrees
north of the U.S.–Mexico border.

Gershunov et al. (2019) [62] compared 1951–2000 to 2051–2100 of selected five well-
performing statistically downscaled CMIP5 GCMs using RCP 8.5 trajectories. In general,
an agreement among the GCMs about the ARs hitting the Eastern Pacific Coast, projected
positive linear trends in their intensity (~10%), frequency (~20%), and duration (~20%).
Taking a spatial perspective, it appears that the projected increase in AR intensity is shown
north of 33◦ latitude while in Baja California Peninsula this increase is less than 5%. The
largest increase in AR contribution to annual precipitation is projected for Northern Baja
California Peninsula coast (>20%). This increase in potential AR contribution to annual
precipitation along the coast is diminished to ~5% in the USCRB region. The large reduction
in the impact of the ARs may also be attributed to the relatively large portion of summer
contribution to the annual rainfall in the USCRB, which is not the case in the coastal regions.

Since AR s are commonly formed immediately south of the subtropical jet stream, the
projected future poleward shift of the jet stream is expected to reduce the AR frequencies
in the south and increase them in the north. However, studies of GCM projections point
to significant uncertainty with respect to shifts in future ARs. While some support the
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hypothesis of a northward shift in AR frequencies, which will reduce the frequency of
ARs hitting south of the U.S.–Mexico border [63], others do not support this projected
shift [59–61].

6. Tropical Storms

Northeastern pacific tropical cyclones (TC), which are prevalent during May-November,
often transport surges of moisture from the Gulf of California to enhance the NAM activity
in the region. About half of the Gulf of California moisture surges to the southwest are
associated with TCs in the eastern Pacific. These surges yield more precipitation than
non-TC surges [24]. Ritchie et al. (2011) [64] reported that, during 1992–2005, an average of
about three TC per year affected the NAM precipitation in NMSA. In the USCRB, about
10% of the summer precipitation was attributed to TC moisture and in 1992 about 30–40%
were attributed to TC.

Although relatively infrequent events, during autumn months (September–October)
the eastern north Pacific TC can potentially bring torrential rainfalls with substantial
contribution to the USCRB water resources. In the hydrometric station (USGS 09480500)
on the Santa Cruz River at the Sonora–Arizona border crossing, at least two of the largest
instantaneous flow events recorded since 1930 were associated with remnants of TC events
(880 m3/s on 9 October 1977 from Hurricane Heather; 484 m3/s on 4 August 1974; and;
459 m3/s on 2 October 1983 from Hurricane Octave). Most TC in the northeastern Pacific
travel in a northwest trajectory, rarely cross the 25◦ N, to weaken and eventually dissipate
over the cold Pacific water. Occasionally, later in the season (September–October), a storm
may shift to a northward trajectory towards NMSA or southern California. These storms,
upon their landfall, weaken to a tropical depression (winds lower than 35 knots). When
accompanied with a stable middle-latitude upper-level trough over the eastern Pacific,
these tropical depressions can funnel a large quantity of tropical moisture to NMSA region.
These storms that bring torrential precipitation to the region have a recurrence interval of
five years.

At present, despite clear evidence for warming oceans and atmosphere, there is no
clear evidence for detectable changes in northeast Pacific TC activity (e.g., [65]). Future
projections of global and regional TC have been an active research topic that suffers from
the limited skill of many GCMs in simulating TC climatological features, mainly because
of their relatively coarse horizontal resolution [66]. In a recent review of the expected TC
changes in the northeastern Pacific Ocean the following was suggested: the frequency of
TC events would decrease (median 5%; with range from 90% of the projections of 30–20%),
frequency of large TC (4–5 Saffir-Simpson Scale) would increase (~35%, 10–100%), average
TC intensity would increase (6%, 3–10%), and TC rainfall rate would increase (20%, 5–30%).
Furthermore, there were no clear indications for projected systematic changes in the TC
tracks and locations [66].

Although future changes in TC characteristics may have a substantial impact on the
water resources in the USCRB, using the projected regional changes to comprehend the
rare TC events that affect the USCRB is clearly thus far problematic.

7. Previous Climate Assessment Studies in the Region

In a study over the state of Sonora Mexico, Magaña et al. (2012) [67], who analyzed 20
CMIP3 statistically downscaled scenarios, projected a 10–25% decrease in annual precip-
itation for 2040−2099. However, although most models showed a decreasing trend, the
magnitude of the average projected precipitation change is smaller than the variability
among the GCMs. Several other climate assessments that were conducted in the USCRB
and NMSA are based on projected CMIP3 and CMIP5 downscaled simulations of selected
GCMs that were found to adequately simulate climatic indicators of southwest USA [68].
Dominguez et al., (2010) [68] graded CMIP3 GCMs with respect to their performance in
simulating monthly temperature and precipitation climatology over southwest USA (i.e.,
the states of Arizona, New Mexico, Utah, and Colorado). In addition, they assessed the
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GCMs skill to simulate ENSO teleconnection with winter precipitation and the location
of the subtropical jet stream. Among the CMIP3 GCMs, they identified the Max Planck
Institute ECHAM5 and the UK Met Office HadCM3 as the best performing GCMs. These
GCMs projected amplification of the La Niña conditions that is accompanied with drying
trends in winter precipitation.

Following the recommendations of Dominguez et al. (2010) [68], Ajami et al., (2012) [69],
in a study at the San Pedro River, reported an average change in annual precipitation
of 14–7% projected for 2050–2099. This projected change in precipitation transforms to
a decline in the aquifer recharge rate of 15–27%, with higher sensitivity to changes in
winter precipitation. Another study from the San Pedro River Basin, which used a multi-
model approach of 17 statistically downscaled CMIP3 GCMs with four different emission
scenarios, projected 17–30% changes in average annual precipitation [70]. Evaluating
the impact of the changes in precipitation on the recharge of the San Pedro aquifer, they
estimated a substantial decline in the recharge rate through 2100. Nevertheless, this
projected decline in the groundwater recharge includes a large variation among the GCMs
that ranged from 100% to 30%. Meixner et al. in their 2016 synthesis of previous studies
for the San Pedro River basin, which is mainly based on the two mentioned above studies,
projected an average decline in groundwater recharge of 10–20%.

Shamir et al. (2015) [9] used dynamically downscaled 35 km simulations of the two
CMIP3 GCMs recommended by Dominguez et al., (2010) [68] using an A2 emission scenario
(model configuration is described in Castro et al., 2012 [23]) to assess the future climate
impact on water resources in the shallow aquifers on the American side of the Santa Cruz
River. Their analysis reveals that a dominant climatic change element with direct impact
on water resources is the occurrence rate of three seasonal wetness categories (i.e., wet,
medium, or dry) in both the winter and summer rainy seasons. They reported for the mid-
21st century (2041–2070) a clear trend for drying summers that is expressed by an expected
increase (decrease) in the occurrence frequency of dry (wet) summers. For the winter,
they reported an expected increase in the frequency of both dry and wet winter seasons,
implying a lower chance of experiencing a moderate winter. They provided a probability
assessment given different management schemes of the aquifer. They concluded that the
projected changes in precipitation would introduce challenges for the City of Nogales,
Arizona to meet water demand, a long-term increase in cumulative water deficit, and a
general decrease in the aquifer recharge rate to the aquifer.

The impacts of the CMIP5 version of the GCMs that were recommended by
Dominguez et al., (2010) [68] on the USCRB water resources were assessed by Shamir and
Halper, (2019) [7] and Tapia et al., (2020) [15]. These studies used dynamically downscaled
simulations at 25 km of RCP 8.5 emission scenario [38]. Projected CMIP5 precipitation
changes from the two selected models provided contradicting results. The downscaled
simulations of the Hadley GCM expected a wetter mid-21st century (2020–2059) in the
USCRB, expressed by the frequency of dry and wet winters to increase and the frequency
of dry summer to decrease and wet summer to increase. On the other hand, the MPI
dynamically-downscaled simulations points to a much dryer mid-21st century with pro-
jections for an increase in the frequency of dry winters and summers, and a decrease in
frequency of wet winters and summers. The projected changes in the seasonal frequency
of the wetness categories were compared with statistically downscaled simulations of the
same models to find similar but substantially weaker trends. In their study, Shamir and
Halper [7] provided a probabilistic perspective to represent the variability and known
sources of uncertainties. Herein we use the distributions’ median to report the range of
the projected changes. The dry (wet) projections of the MPI (HAD) expect a −15% (7.5%)
annual change in precipitation that is transformed to a −22% decline (13% increase) in
streamflow and a 15% increase (7.3% decrease) in water supply for the City of Nogales,
Arizona expected to be substituted from a different source.

Tapia et al. (2020) [16] used the same precipitation projections to evaluate the impact
on water resources to the effluent dominant region of the USCRB. In this region of the
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USCRB, the impact of the projected median change on the region’s water deficit would
increase (decrease) for the MPI (HAD) by about 4.5 MCM/year, which is about 22% of the
annual groundwater withdrawal in this region.

8. Summary

In this review, we summarize the current state-of-knowledge of future climatic changes
in the binational USCRB that are thought to be relevant for the region’s water resources.
In the USCRB water resources replenishment is primarily depends on rainfall-triggered
streamflow in ephemeral channels that recharge the alluvial aquifers. This aquifer recharge
in the region is contingent on highly variable and different winter and summer rainy
seasons. Since the USCRB is located at the geographical edge of these weather systems,
small future changes in their cores may prompt unforeseen consequences in the USCRB.
Observations of local in-situ data from the basin for 1980–2020 reveals a warming trend
for all months, since the 1980s. While the warming trend is in agreement with other
previous reports (e.g., [5,18]), we also observed an alarming declining trend in summer and
winter precipitation in the USCRB that is likely not explained by the observed inter-annual
variability. The declines in average precipitation from 1955–2000 to 2001–2020 of 50% in
the winter and 17% in the summer were accentuated by reductions in streamflow on the
Santa Cruz River of 87.6% and 63%, respectively.

Our review of projected climate in the region points to an overall agreement that the
historical warming trend will highly-likely to continue in the future. Nevertheless, the
impact of this future warming on the region’s water resources is yet unclear. To synthesize
the future projected precipitation for the region, we reviewed climate studies that addressed
four rain-bearing weather systems that influence the USCRB (i.e., summer North American
Monsoon, winter cold fronts, atmospheric rivers, and tropical cyclones). Although highly
uncertain, most studies reported that for the mid-21st century the total summer NAM
precipitation is expected to decline with the expectation for intensification of the large
events. For the winter, the Pacific cold fronts’ frequency and intensity are projected to
decline due to SST warming that will displace the subtropical jet poleward to resemble
a La Niña like conditions. On the other hand, the frequency and the intensity of future
ARs that will likely to hit the USCRB in the winter are projected to increase. Although
rare, TC remnants can cause very significant rain events for replenishing the region’s water
resources. While the frequency of TC in the eastern Pacific are expected to decrease, the
rain rate and the frequency of large TC are expected to increase by mid-21st century.

We note that the general projection statements listed above are highly uncertain and
many studies of projected future precipitation reported ranges of projected changes that
often have contradicting trends.

Although large uncertainty is associated with the projected future precipitation, many
of the possible outcomes carry large risk, as the majority of the projections suggest a
dryer future. Because non-linear processes dominate the hydrologic response in desert
environment, the prospective drying will likely to intensify when rainfall is transformed
to runoff and eventually recharged into the aquifers. Thus, even small changes in the
precipitation regime can introduce severe ramifications to the region’s water resources. In
addition to the projected climatic and hydrologic uncertainties an added complication for
sustainable water resources management is the inter-dependency of the water systems on
both sides of the international border, in which an action on one side of the border influences
water availability on the other side. Clearly, sustainable water management in a border
setting requires collaboration. A first step for a collaborative transboundary effort is an
advancement of the knowledge base, which is the aim of this manuscript. As a final point,
given the projected uncertain future and the worrisome observed historical trends, we stress
the urgency and the severe risk of water shortages that the region may potentially undergo.
This urgent risk for water shortages calls for proactive and collaborative binational planning
to achieve a sustainable transboundary aquifer system.
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Such a binational effort can be supported by the International Boundary and Water
Commission (IBWC), a USA–Mexico joint commission that is responsible for applying the
boundary and water treaties between the two countries and settling differences that may
arise in their application. Although in its mission statement, the IBWC does not explicitly
mention sustainable management of water resources as an objective, it issued in the past
several binding interpretations (hereinafter referred to as Minutes) to the 1944 Water Treaty
regarding the utilization of waters of the Colorado River, Tijuana River, and Rio Grande
that addressed binational collaborative management schemes. Some examples of Minutes
that are relevant to the USCRB are the groundwater pumping limits within eight kilometers
of the Arizona–Sonora border near San Luis (Minute 242) and the conveyance, treatment,
and disposal of the Ambos Nogales’ sewage (Minutes 206, 227, 276, and 294). Minute 323,
signed in 2017, is the first IBWC Minute that addresses binational adaptation strategies for
allocating water resources during water scarcity periods. The Minute specifies cooperative
measures and a contingency plan during years of water scarcity in the Colorado River basin.
These Minutes can provide a framework for collaborative water resources management in
the USCRB to ensure sustainable conditions and provide mitigation measures that address
the projected climatic changes.
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