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ABSTRACT 

Alluvial groundwater systems are an important source of water for communities 

and biodiverse riparian corridors throughout the arid and semi-arid Basin and Range 

Geological Province of western North America. These aquifers and their attendant desert 

streams have been depleted to support a growing population, while projected climate 

change could lead to more extreme episodes of drought and precipitation in the future. 

The only source of replenishment to these aquifers is recharge. This dissertation builds 

upon previous work to characterize and quantify recharge in arid and semi-arid basins by 

characterizing the intra-annual seasonality of recharge across the Basin and Range 

Province, and considering how climate change might impact recharge seasonality and 

volume, as well as fragile riparian corridors that depend on these hydrologic processes. 

First, the seasonality of recharge in a basin in the sparsely-studied southern extent of the 

Basin and Range Province is determined using stable water isotopes of seasonal 

precipitation and groundwater, and geochemical signatures of groundwater and surface 

water. In northwestern Mexico in the southern reaches of the Basin and Range, recharge 

is dominated by winter precipitation (69% ± 42%) and occurs primarily in the uplands. 

Second, isotopically-based estimates of seasonal recharge fractions in basins across the 

region are compared to identify patterns in recharge seasonality, and used to evaluate a 

simple water budget-based model for estimating recharge seasonality, the normalized 

seasonal wetness index (NSWI). Winter precipitation makes up the majority of annual 

recharge throughout the region, and North American Monsoon (NAM) precipitation has a 

disproportionately weak impact on recharge. The NSWI does well in estimating recharge 

seasonality for basins in the northern Basin and Range, but less so in basins that 

experience NAM precipitation. Third, the seasonal variation in riparian and non-riparian 
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vegetation greenness, represented by the normalized difference vegetation index (NDVI), 

is characterized in several of the study basins and climatic and hydrologic controls are 

identified. Temperature was the most significant driver of vegetation greenness, but 

precipitation and recharge seasonality played a significant role in some basins at some 

elevations. Major contributions of this work include a better understanding of recharge in 

a monsoon-dominated basin, the characterization of recharge seasonality at a regional 

scale, evaluation of an estimation method for recharge seasonality, and an interpretation 

of the interaction of seasonal hydrologic processes, vegetation dynamics, and climate 

change.  
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1.  INTRODUCTION 

Changing climate will influence the hydrologic cycle in ways that are not fully 

understood, threatening already scarce freshwater resources throughout the western 

United States (Milly et al., 2008). In order to anticipate how freshwater systems might 

respond to changes in climate, it is necessary to more fully characterize the movement of 

water through the terrestrial system by quantifying and describing the partitioning of 

rainfall into groundwater recharge, surface runoff, and evapotranspiration. In the Western 

U.S., where many communities are dependent on groundwater resources for human 

consumption, and perennial desert streams fed by groundwater give life to vibrant 

riparian corridors (Leenhouts el al, 2006), it is particularly critical to understand the 

current groundwater recharge regimes and how those regimes might shift in the face of 

climate change.  

Prior studies of groundwater recharge in the western deserts of the U.S. have 

found that despite up to two-thirds of yearly precipitation falling during high-intensity, 

convective summer monsoon storms in the North American Monsoon (NAM) zone, this 

type of precipitation contributes comparatively less to groundwater recharge (Wilson and 

Guan, 2004). Methods for partitioning groundwater recharge into mountain system 

recharge and flood recharge, and their relationship to streamflow have been thoroughly 

developed, and include the water budget method (Vivoni et al., 2006), empirical 

modeling (Ajami et al., 2011&2012), coupled land-surface modeling (Abdulaziz et al., 

2012; Serrat-Capdevila et al., 2013), geochemical methods (Plummer et al., 2004; 

Manning, 2011), and isotopic methods (e.g., Winograd et al., 1998; Eastoe et al., 2004; 

Thiros and Manning, 2004; Anderson et al., 2006; Baillie et al., 2007; Blasch and Bryson, 

2007; Druhan et al., 2008; Wahi et al., 2008; Jasechko et al., 2014). 
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This dissertation aims to expand our understanding of recharge seasonality in 

these arid and semi-arid systems by characterizing recharge in a more southern, 

monsoon-dominated basin and describing the spatial variation in recharge seasonality 

across the climate gradient of this region. Understanding the regional patterns in recharge 

seasonality allows for the evaluation of a new index based on climatic data to estimate 

the seasonality of recharge without extensive sampling campaigns. The ability to model 

recharge seasonality would improve parameterization of hydrologic models used to 

project future water resources availability under climate change. Another aim of this 

dissertation is to evaluate the relationship between the timing of precipitation and 

recharge in these basins, and seasonal cycles in riparian vegetation productivity. A better 

understanding of the hydrologic and climatic controls on riparian vegetation could help 

inform water management decisions with an eye toward maintaining these important 

corridors of biodiversity. 

Results from these studies suggest that although winter precipitation throughout 

the Basin and Range has a greater recharge efficiency than summer precipitation and 

dominates mountain-system recharge, summer precipitation plays an important role in 

monsoon-dominated basins and in sustaining riparian vegetation. 

1.1  Dissertation format 

This document contains a summary chapter entitled Present Study, in which the 

three manuscripts that will be submitted for publication are briefly described, and general 

conclusions arising from the manuscripts are discussed. The appendices following the 

initial chapter contain the three manuscripts, and describe the motivations, methods, 

results and discussions of each individual chapter. 
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2.  PRESENT STUDY 

The present study is divided into three manuscripts that are included in this 

dissertation as Appendices A, B and C. The manuscripts are arranged in an order of 

progressive concepts. Appendix A involves the application of established stable isotope 

methods for characterizing recharge seasonality in a poorly-studied region and 

geochemical techniques for identifying recharge zones. Appendix B compares the results 

of that basin-scale study to those from basins across the Basin and Range Geological 

Province so that regional trends in recharge seasonality and their implications for climate 

change impacts to groundwater resources may be evaluated. Finally, Appendix C takes 

the knowledge gained about regional patterns in recharge seasonality and examines its 

relationship to seasonal variations in the productivity of riparian corridors in this arid and 

semi-arid region. 

2.1  Summary of Paper 1: Climate and Geographic Controls on Groundwater 

Recharge and Baseflow: a Geochemical Analysis of the Río San Miguel Basin, 

Sonora, Mexico 

The primary objective of this paper was to characterize recharge sources and 

seasonality in the Río San Miguel Basin, Sonora, Mexico using isotopic and geochemical 

methods. Past studies in the Basin and Range Province have shown that recharge is 

dominated by winter precipitation (e.g., Simpson et al., 1972; Winograd et al., 1998), but 

southern basins influenced by NAM precipitation have a greater contribution to recharge 

from summer precipitation (e.g., Wahi et al., 2008). Results of this study are 1) winter 

precipitation contributes 69% ± 42% of annual recharge in the San Miguel, 2) recharge 

occurs primarily in headwater and upland sub-basins, with less new water entering in 

lower sub-basins where water is well-mixed and relatively homogenous, and 3) the 
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isotopic composition of individual storms and event water can vary greatly, perhaps 

depending on the source of precipitation. 

2.2  Summary of Paper 2: Seasonality of Groundwater Recharge in the Basin and 

Range Province, Western North America 

The primary objectives of this paper was to characterize recharge seasonality 

across a climatic gradient in the arid and semi-arid Basin and Range Province using 

isotopically-derived fractions of winter recharge for basins throughout the domain, and to 

test a new climatic index for estimating recharge seasonality. Results of this study are 1) 

basins that experience more summer (monsoon) precipitation have a greater contribution 

of summer precipitation to recharge, but all basins are still dominated by winter recharge, 

2) the marked difference between the timing of precipitation and the timing of recharge in 

the southern Basin and Range illustrates the weak impact of the NAM on recharge in the 

region, 3) the NSWI does well in estimating recharge seasonality for some basins, 

primarily in the northern Basin and Range and in basins without significant quick runoff 

from summer precipitation events, and 4) projected declines (increases) in winter 

precipitation in the southern (northern) Basin and Range would lead to decreased 

(increased) total annual recharge. 

2.3  Summary of Paper 3: Seasonal Hydrologic Controls on Riparian Corridor 

Productivity in the Arid and Semi-arid Western United States 

The primary objective of this paper was to examine the relationship between 

recharge seasonality, as determined in the previous paper, and seasonal variations in 

riparian vegetation productivity, represented as NDVI. The seasonality of precipitation 

and annual temperatures ranges were also examined as climatic factors potentially 

impacting the productivity of riparian corridors. Results of this study are 1) seasonal 

variations in riparian NDVI are not significantly correlated with the seasonality of 
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recharge, 2) seasonality of precipitation and annual temperature ranges had a greater 

impact on seasonal riparian NDVI changes, and 3) summer precipitation likely plays an 

important role in riparian productivity. 
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ABSTRACT 

The seasonality of groundwater recharge has been shown to be dominated by winter 

precipitation in many aquifers of the Basin and Range Geologic Province. The Río San 

Miguel Basin is a rural watershed in Sonora, Mexico located in the southern-most extent 

of the Basin and Range, where recharge studies are scarce. Major ion chemistry and 

stable water isotopes are analyzed for groundwater and surface water samples taken up 

and down the length of the river from May 2006 to October 2012 to determine the 

sources and timing of groundwater recharge in the basin. Although 60-67% of annual 

precipitation occurs during summer months due to the North American Monsoon (NAM), 

stable water isotope data shows that 69% ± 42% of groundwater recharge occurs as a 

result of winter precipitation. Major ion data indicate that recharge occurs primarily in the 

upper part of the basin, and groundwater is well-mixed by the time it passes into the 

lower-most sub-basin. Significant variability in the isotopic composition of storm flows 

suggest a variety of sources of monsoonal precipitation occur in the basin.  
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INTRODUCTION 

In studies throughout the arid and semi-arid Basin and Range Province of Western 

North America, stable water isotope values of seasonal precipitation and groundwater 

have been used to show that winter precipitation and mountain system recharge processes 

dominate annual groundwater recharge (Winograd et al., 1998; Rose et al., 2003; 

Anderson et al., 2006), even in basins with a strong influence from the North American 

Monsoon (NAM) on annual precipitation (Simpson et al., 1972; Eastoe et al., 2004; 

Blasch and Bryson, 2007; Eastoe et al., 2008; Wahi et al., 2008). Climatic and 

hydrological processes combine to create recharge regimes characterized by seasonal 

variations in recharge volume and timing. In order to better understand how regional-

scale climate forcings and basin-scale hydrogeological circumstances impact the timing 

and quantity of recharge, it is useful to compare recharge regimes between geologically 

similar basins across a climatic gradient. In the southern reaches of the Basin and Range 

Province in northern Mexico, where the NAM has the greatest influence on annual 

precipitation (Dominguez et al., 2009), no studies to characterize the recharge regime of 

this type of basin have been conducted. 

The U.S.-Mexico border region provides a useful case study to compare how 

climate challenges to water resource sustainability play out in different sociocultural, 

economic, and political settings. This paper examines groundwater recharge in the Río 

San Miguel Basin, a rural, predominantly agricultural river basin in the northwestern 

Mexican state of Sonora. Though vegetation dynamics and evapotransipiration have been 

well-studied in this basin, the hydrology of recharge and stream-aquifer interactions that 

impact vegetation has been less studied (Méndez-Barroso et al., 2009&2014).   
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The previous studies of this kind conducted in the U.S. have demonstrated a trend 

of increasing recharge contribution from summer precipitation southward into the NAM 

region. As the southernmost basin studied in this region, it is expected that the Río San 

Miguel Basin will have a proportion of winter recharge less than or equal to southern 

Basin and Range sites in the U.S. with a monsoon influence. This hypothesis is based on 

the expectation that as basins common to the same geological region, this southernmost 

basin and its northern neighbors will share similar recharge processes and pathways. In 

the Río San Miguel Basin, does a stronger monsoon translate to greater summer recharge 

than in more northern basins? What recharge locations and processes dominate in the 

basin? 

Recharge in Basin and Range aquifers 

The Río San Miguel Basin is located in the Basin and Range Geological Province 

of western North America, which is characterized by a series of horst and graben basins 

trending north-south from the Sierra Nevada and Sierra Madre mountain ranges in the 

west to the Colorado plateau and the Río Grande Valley in the east (McPhee, 1980). 

These basins contain highly productive groundwater aquifers in the alluvial fill of the 

valleys, making them a critical source of freshwater for human use in an arid and semi-

arid region. 

Recharge is difficult to measure directly, since much of the water that infiltrates in 

semi-arid basins never actually reaches the water table, but is transpired by plants or re-

evaporated back to the atmosphere (de Vries and Simmers, 2002). There can be a variety 

of different recharge pathways in a basin, with different recharge rates. The different 

recharge pathways include mountain-block bedrock zones, mountain-front alluvial fan 

zones, diffuse basin recharge, and near-river floodplain recharge (Wilson and Guan, 
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2004; Meixner et al., in review). Estimating recharge in a basin involves creating a basin 

water budget and deducing recharge from measureable quantities such as annual 

precipitation, runoff and evapotranspiration, as well as infiltration and tracer tests to 

determine zones of high and low recharge rates. Another method to estimate periodic 

fluctuations in recharge uses long-term data on water table levels (Dickinson et al., 2004). 

Since climate interacts differently with each of the recharge pathways occurring 

in these basins due to geology, topography, and vegetation dynamics, it is essential to 

identify which pathways are contributing most to annual recharge in order to understand 

how climate change might alter that balance. 

Study area 

The Río San Miguel Basin is a rural tributary watershed to the Río Sonora in 

north-central Sonora, Mexico covering 4,220 km2 (CONAGUA) (Figure 1). It is located 

in the southern-most extent of the Basin and Range, where the Sonoran Desert meets the 

Sierra Madre Occidental. The Río San Miguel has its headwaters in the Sierra Azul, from 

which it flows south and west to Hermosillo, the capital of Sonora. It passes through 

several small municipalities, the largest of which is Rayón (Figure 2). The primary 

industry in these towns is agriculture, and both shallow and deep wells have been 

developed to supplement river diversions for irrigation and the filling of stock ponds. 

Climatology 

As compared to other Basin and Range watersheds, local climatology in the San 

Miguel Basin is under greater influence of the NAM. Analysis of meteorological data 

collected for over five decades in the municipalities of Cucurpe and Rayón, and at the 

river gauging station El Cajón indicate variations in mean annual precipitation along the 

north-south gradient of the river course (Rangel-Medina et al., in-prep). The 



21 

 

northernmost site, Cucurpe, experienced a mean annual rainfall of 530.3 mm, 59.6% of 

which occurred during the late summer monsoon season of July to September. At Rayón, 

in the center of the basin, mean annual precipitation was 498.1 mm, 66.4% of which 

occurred during the monsoon season. At the southern end of the basin at El Cajón, mean 

annual precipitation was 416.4 mm, comprised of 66.8% monsoon precipitation. Mean 

annual precipitation increases upstream, while the relative contribution of monsoon 

precipitation increases downstream. 

One issue in estimating the amount of recharge in a basin is climatic variability. 

In addition to geography, recharge is dependent upon atmospheric factors such as 

precipitation and temperature. The amount of recharge in any year varies depending on 

climate patterns. With climate change, the amount of precipitation from year to year 

could vary, affecting the amount of recharge that occurs (Castro et al., 2012; Dominguez 

et al., 2012). The seasonality, or timing, of precipitation over the year could also impact 

the amount of recharge if the ratio of precipitation that becomes recharge to precipitation 

that becomes runoff or evapotranspiration varies between seasons. 

Beyond climatic variation within basins, there is variation in climate across the 

domain of the Basin and Range Province, with more southern basins showing greater 

influence from the NAM. Therefore, the seasonality of recharge varies throughout the 

region, and comparing basins as they are today can be a useful tool for predicting how 

basins will change under altered climate (Grimm et al., 1997). Downscaled global 

circulation models indicate the possibility that in the future, the NAM will extend its 

influence further north, resulting in a stronger monsoon signal in the southwestern U.S. 
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(Castro et al., 2012). Thus, current recharge conditions in the San Miguel Basin could 

inform forecasts of future groundwater availability in basins of the southwestern U.S. 

Hydrogeology 

Like other Basin and Range watersheds, the San Miguel Basin is characterized by 

north-south trending mountain ranges and valleys created by longitudinal faulting. The 

horst structures are typically composed of intrusive igneous and metamorphic bedrock, 

while the grabens contain tertiary and quaternary alluvial and sedimentary deposits, and 

particularly conglomerates of the Báucarit Formation (CONAGUA, 2008). 

The aquifer is contained in high-permeability unconsolidated sands, gravels, and 

outcroppings restricted to fluvial zones along the river and its tributaries, which are 

surrounded by impermeable granite, andesite, and rhyolite outcroppings (CONAGUA, 

2008). In upper parts of the watershed and at the base of alluvial sediments, water is 

contained in bedrock fractures. Wells that permeate these areas have produced waters of 

abnormally high temperatures. At several points, the river course passes through 

impermeable igneous bedrock which serves to divide the multiple sub-basins contained in 

the San Miguel watershed. These areas are zones of upwelling of groundwater into the 

stream channel as bedrock intrudes upward, and they occur near the towns of Cucurpe, 

Meresichic, and Rayón. South of Rayón, the river course becomes entrenched in bedrock 

layers, with perennial flow occurring at the El Cajón gauge located between Rayón and 

San Miguel de Horcasitas. 

METHODS 

Data collection 

In the San Miguel Basin, surface water and groundwater samples were collected 

in the months of May, July, and February from May 2006 until February 2008, and again 
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in January 2009, June 2011, and February, June, July, and October 2012. These sampling 

times were chosen to capture the three seasons of the basin: dry early summer (April-

June), wet late summer monsoon season (July-October), and wet winter (November-

March). Samples were taken at several sites along the river course and from basin wells 

near the towns of Cucurpe, Opodepe, Meresichic, Santa Margarita, Rayón, and San 

Miguel de Horcasitas (Figure 3). 

When possible, samples were filtered in the field using 0.45 μm MCE membrane 

filters. Some monsoon flood flow samples were filtered before analysis in the lab using 

vacuum-driven stand filtration systems. Filtered samples were analyzed for major cations 

using an inductively coupled plasma optical emissions spectrometer (ICP OES), and for 

anions using a Dionex Ion Chromatograph (IC) located at the University of Arizona. δ18O 

and δD values were measured using a gas-source isotope ratio mass spectrometer 

according to standard methods for oxygen (Craig, 1957) and hydrogen (Gehre et al., 

1996). The standard used for comparison was Vienna Standard Mean Ocean Water 

(VSMOW; Gonfiantini, 1978). 

The δ18O and δD values of summer (April-May) and winter (October-March) 

precipitation used in this study were determined using Isoscapes Modeling, Analysis and 

Preciption (IsoMAP), a precipitation isotope modeling program which uses observed 

stable water isotopes in precipitation measurements to interpolate a map of values across 

a geographical area defined by the user (Bowen et al., 2015). These models use 

precipitation isotope data from long-term precipitation sampling sites across western 

North America to interpolate δ18O or δD  values of summer (April-September) and winter 
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(October-March) precipitation using latitude and longitude as input variables (Welker, 

2000; IAEA/WMO, 2011; Neff 2014a&b; Neff 2015a&b). 

Seasonalization of recharge using stable water isotopes 

Past studies in the Basin and Range have shown that it is possible to parse out 

geographical and temporal sources of recharge using stable isotopic tracers of water (e.g., 

Simpson et al., 1972; Winograd et al., 1998). Using volume-weighted mean values for 

δ18O and δD of summer and winter precipitation as two endmembers, in addition to mean 

values for groundwater in a basin, a two-endmember mixing model can be used to 

determine the percent contribution of summer and winter precipitation to groundwater 

recharge. Analysis of stable water isotopes in river baseflow and flood flows can further 

elucidate flow paths and seasonal hydrologic variability in a basin. 

Once the precipitation endmember isotopic values are known, it is possible to 

determine their relative contribution to basin groundwater. This analysis relies on a mass-

balance two-component mixing model approach to determining the relative contributions 

of source water with differing isotopic signatures (Genereux and Hooper, 1998). The 

endmembers are the δ18O or δD values of summer and winter precipitation, and they are 

assumed to be conservative tracers within the basin. The mixing model is solved to 

determine the fraction of winter and summer precipitation (fw and fs): 
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𝑔𝑤

= 𝑓𝑤[𝛿 O18 ]
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There is uncertainty in the fraction of winter recharge arising from the variation of 

samples used to interpolate the seasonal precipitation isotope values over the study area, 

as well as in the execution of the interpolation itself, which is a simplified model that 

ignores topographical effects and seasonal variability. There is additional uncertainty 

introduced by variation in the groundwater samples used here to determine mean isotopic 

values of basin groundwater. This uncertainty was quantified by propagating endmember 

uncertainty through the winter recharge fraction equation for each stable isotope. The 

equation was solved nine times for each isotope, using various combinations of the mean 

and standard deviation values of the three end members, producing a suite of eighteen 

estimates of percent winter recharge (Table 1). The mean and standard deviations of these 

eighteen solutions is reported for the overall mean, and the nine solutions per isotope are 

reported as the isotope-specific means. 

RESULTS 

Hydroclimatology of the Río San Miguel 

The amount of precipitation available for runoff or recharge for the various sub-

basins of the Río San Miguel shows more favorable climatologic conditions for recharge 

in upstream sub-basins (Figure 3). Between basins, the ratio of precipitation to annual 

potential evapotranspiration (PET) decreases between 1.1% to 1.6% with each shift 

toward the next downstream basin. PET was calculated using the Turc method (Rangel-

Medina et al., in-prep). 

Analysis of 30 years of daily streamflow data from CONAGUA’s El Cajón gauge 

located between Rayón and San Miguel de Horcasitas highlights the impact of local 

climatology on river flows. There is considerable interannual variability in annual 

streamflow (Figure 4). Years of exceptionally high flows tend to follow years in which 
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the El Nino-Southern Oscillation (ENSO) brings heavy precipitation to western North 

America. In a representative year, the largest streamflows occur during the late summer 

monsoon season, and are magnitudes greater than baseflow (Figure 5).  

Mean monthly streamflow values reflect the seasonality of precipitation in the 

basin, with the impact of the late summer monsoon and the importance of October 

tropical cyclones visible in elevated mean monthly totals for those time periods (Figure 

6) (Camargo et al., 2008). Finally, the streamflow duration curves for the Río San Miguel 

exhibit steep slopes characteristic of a basin with highly variable streamflow that derives 

its flow primarily from quick runoff (Figure 7) (Searcy, 1959). The shallow slopes at the 

lower end of the flow duration curves indicate the basin has a large amount of storage 

which maintains baseflow. 

Seasonality of recharge 

Stable water isotopic signatures of precipitation, groundwater, and river water tell 

the story of the geographical location and timing of groundwater recharge (Table 2 and 

Figure 9). While there is significant variability in the isotopic signatures of surface water, 

there is less variability in groundwater samples (Figure 9). The mean δ18O and δD values 

of basin groundwater fall along the local meteoric water line (LMWL), which has a slope 

shallower than the global meteoric water line (GMWL), indicative of an evaporative 

trend in the basin (Clark and Fritz, 1997). Modeled precipitation δ18O and δD values for 

summer and winter precipitation became lighter with increasing latitude, and an increase 

was also seen from west to east in winter precipitation (Figure 8). Winter precipitation 

was more negative than summer precipitation, with basin groundwater values falling 

between the two (Table 2 and Figure 9).  
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Interannual variability in isotopic signatures 

When the stable water isotope data for both groundwater and surface water are 

examined based on the timing of the samples, greater variability is seen in the summer 

samples than in the winter and spring samples (Figure 10). Surface water samples from 

summer 2006 monsoon flooding are the least negative samples from the entire sampling 

period, whereas surface water samples from summer 2007 monsoon flooding, the very 

next year, are the most negative samples from the sampling period (Figure 10). The low 

variability in basin groundwater values indicates that this high interannual variability in 

precipitation and surface water is dampened by basin recharge processes. 

Seasonal contribution of precipitation to recharge 

The δ18O  and δD values for winter and summer precipitation from the isoscape 

model and mean basin groundwater from observed samples were used to solve the two-

endmember mixing model (Table 1). The percent contribution of winter precipitation to 

recharge calculated from δ18O values is 61% ± 45% (from δD values: 77% ± 45%). The 

overall mean contribution of winter precipitation to recharge is 69% ± 42%. The 

dominance of winter precipitation in recharge stands in contrast to the seasonality of 

precipitation in the basin, which is dominated by summer precipitation from the NAM 

and tropical cyclones, varying from 60-67% of total annual precipitation across the basin 

(Rangel-Medina et al., in-prep). 

Water chemistry 

Geographical zones of significant recharge can be identified using geochemical 

and climatologic data for the San Miguel Basin. Chloride and sulfate concentrations 

generally increase with distance downriver, as the body of water experiences evaporation 

(Figures 11 and 12). By considering the ratio of sulfate to chloride in water samples, it is 
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possible to identify waters of similar and dissimilar origins (Baillie et al., 2007). In the 

Río San Miguel Basin, groundwater and surface water samples collected at upland sites 

exhibited greater variability in SO4/Cl ratios, suggesting that a variety of different 

recharge zones with different source waters contribute to recharge and streamflow in 

those areas (Figures 13 and 14). The ratio of sulfate to chloride in groundwater samples 

decreased downstream (Figure 13). The downstream sites of Rayón and San Miguel de 

Horcasitas exhibit little variability in SO4/Cl ratios as Cl increases (Figure 14). Among 

the sampling sites, only sites around the town of Rayón had samples that had SO4/Cl 

ratios similar to either upstream or downstream sites. A ternary diagram of major cations 

in surface water and groundwater samples tells a similar story (Figure 6). There was 

greater variability in the chemical composition of surface water samples and samples 

from upland sample sites. 

DISCUSSION 

Recharge locations and processes 

Variability of the sulfate to chloride ratio in groundwater and surface water 

samples decreases downstream (Figures 13 and 14), and variability in major ion 

chemistry is greater for upstream sites than downstream sites (Figure 15). If only 

evaporation was affecting the concentration of chloride and sulfate in groundwater and 

surface water, there would be no change in the ratio of sulfate to chloride over the course 

of the river. However, there is a pattern of decreasing variability in the sulfate to chloride 

ratio downstream. This decreasing variability can potentially be explained by several 

hypotheses: 1) halite dissolution which increases downstream chloride concentrations 

relative to sulfate; 2) gypsum precipitation, which decreases downstream sulfate 

concentrations relative to chloride; 3) large subsurface storage below Rayón that 
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dampens upstream variability; or 4) mixing of diverse waters above and at Rayón, with 

little new water entering the system below Rayón. 

Halite dissolution is not a likely cause of decreasing variability in major ions 

downstream. There are no known halite deposits in the San Miguel Basin (CONAGUA, 

2008). There are many igneous rocks in the basin that could be a source of sulfate. 

However, simple modeling using PHREEQC of the evaporation of water with starting ion 

concentrations similar to groundwater in Cucurpe, close to the headwaters, indicates that 

these waters do not reach saturation for sulfate. While this does not completely rule out 

gypsum precipitation as a driver of decreasing and homogenizing sulfate to chloride 

ratios, sulfur isotope data would be necessary to investigate potential markers of sulfur 

transformation (Gu et al., 2008).  

The influence of a large reservoir of stored groundwater below Rayón is unlikely 

to cause decreasing major ion variability downstream. The sharp decrease in variability in 

sulfate to chloride ratios between Rayón and San Miguel de Horcasitas could be an effect 

of large storage in the lower two sub-basins, with surface areas of 976.4 km2 and 

1,454.36 km2 for the Rayón and San Miguel de Horcasitas sub-basins, respectively. 

However, water table depths were the greatest in this sub-basin, reaching over 100 m in 

some locations (Rangel-Medina et al., in-prep). Given that even flood flows at San 

Miguel de Horcasitas experienced decreased variability and a narrow range similar to 

groundwater samples from that location (Figure 13), the homogenization of waters with 

respect to sulfate to chloride ratios must occur prior to the arrival of waters in the San 

Miguel de Horcasitas sub-basin, likely coinciding with perennial upwelling at the 

bedrock high at Rayón. 
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Having ruled out halite dissolution, gypsum precipitation, and a large reservoir 

effect, the remaining explanation for downstream trends in sulfate to chloride ratios is the 

integration of diverse waters above and at Rayón. The hypothesis that little new water 

enters the basin below Rayón is supported by the water balance study conducted for the 

basin, which found that recharge normalized by sub-basin area in the San Miguel de 

Horcasitas sub-basin was 68% less than in the Rayón-Opodepe sub-basin (Rangel-

Medina et al., in-prep).  

But where does the mixing that leads to the downstream integration of anion 

concentrations occur? Calcium ion concentrations as a function of distance downstream 

take on a funnel shape, with variance decreasing downstream (Figure 16). In basins 

where deep groundwater flow plays a significant role in stream generation, cation 

concentrations would be expected in increase with drainage size (or distance 

downstream) (Uchida et al., 2005; Frisbee et al., 2011). In the San Miguel Basin, cation 

concentrations decrease in value and variance. This finding, together with the 

characterization of the basin derived from the streamflow generation curves, suggests that 

groundwaters and surface waters are derived from mixing of recharge following 

shallower, shorter flow paths as well as deeper groundwater as far as Rayón and the El 

Cajón stream gauge.  

This finding indicates that the major inputs of new water (recharge) occur from 

the headwaters regions down to Rayón, with negligible new water entering the basin 

downstream of Rayón. New water recharges in the upland catchments in the mountain 

block and along the mountain front before mixing in the subsurface or riparian zone. Past 

studies have found that winter recharge is generally dominated by mountain-system 
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processes, so this finding is supported by the determination of a winter-dominated 

recharge regime for the basin (Winograd et al., 1998; Wahi et al., 2008). 

Hydrogeological characterization of the basin shows that bedrock intrusions 

between the sub-basins of the Río San Miguel cause hydrological separation of the 

basins, with interbasin flow occurring in or near the stream course (CONAGUA, 2008). 

Current understanding of the hydrogeology of the system indicates sub-basin aquifers 

connected to each other by perennial river reaches (Figure 17). Recharge occurs primarily 

in the uppermost sub-basins, some new recharge also occurs in the Rayón sub-basin, and 

water flows between basins through narrow channels and riparian aquifers. By the time 

waters enter the San Miguel de Horcasitas sub-basin, they are well-mixed and early 

differences in ion composition are no longer observed. 

Stream-aquifer interactions 

Storm flows in the basin are characterized by quick runoff, which can be seen 

both in 26 years of flow duration curves for the basin, and in the extreme variation in the 

isotopic composition of flood waters between summer 2006 and 2007 (Figures 4 and 10). 

During large monsoon and tropical cyclone flood events, the river is made up primarily 

of event water. This event water may come from direct surface runoff, or it may come 

from recent bank storage, as there is increasing evidence that near-stream recharge to 

shallow riparian aquifers can support riparian vegetation in times of reduced baseflow 

(Baillie et al., 2007; Simpson et al., 2013). During dry periods, the river is composed 

primarily of baseflow discharging from the aquifer whose isotopic composition is similar 

to mean basin groundwater. 

The variation in isotopic composition between those monsoon flood flows in 2006 

and 2007 might be explained by differences in precipitation source or storm size for those 
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storms. NAM systems have been shown to have three distinct sources of moisture with 

differing isotopic signatures: the eastern equatorial Pacific, the Gulf of Mexico, and 

finally re-evaporated terrestrial water from Mexico (Hu and Dominguez, 2015). The less 

negative δ18O and δD  values of the summer 2006 flood flows might be attributed to a 

monsoon event whose water was sourced primarily from the Gulf of Mexico. 

Alternatively, there has been observed an amount effect in stable isotope values of 

precipitation, with larger precipitation events tending to have more negative δ18O and δD  

values (Dansgaard, 1964). The more negative 2007 flood flow could be the result of a 

storm that deposited more precipitation in the basin. Examination of streamflow data 

from the El Cajon gauge reveals that flood flows in July 2007 were about double the flow 

in July 2006, supporting the amount effect hypothesis. The amount effect might have an 

impact also on the seasonal precipitation isotopic endmembers, with larger storms 

causing the endmembers to be more negative and storm size causing interannual 

variability in the isotopic composition of summer and winter precipitation. 

Recharge seasonality 

In comparison to more northern basins in the Basin and Range Province, the San 

Miguel Basin has a greater influence of summer precipitation on recharge, with 69% ± 

42% winter recharge. The Spring Mountains in Nevada were found to have groundwater 

composed of about 80% winter precipitation, with the Verde Basin in north central 

Arizona is estimated to receive greater than 90% of its recharge from winter precipitation 

(Winograd et al., 1998; Blasch and Bryson, 2007). However, the nearby Upper San Pedro 

Basin, only some 200 km away from the San Miguel Basin, was found to have a winter 

recharge fraction very similar to the San Miguel: 65% ± 25% (Wahi et al., 2008).  
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This difference between the northern basins and the southern basins reflects the 

greater influence of NAM precipitation in the south. The seasonality of recharge in the 

NAM zone basins indicates that summer precipitation is converted into recharge at a less 

efficient rate than winter precipitation. Still, all these basins are dominated by winter 

recharge. Winter recharge in other Basin and Range aquifers have been shown to be 

dominated by mountain-system recharge processes occurring in the mountain-block and 

mountain-front areas of the basins (Simpson et al., 1972; Thiros and Manning, 2004; 

Wilson and Guan, 2004; Druhan et al., 2008; Wahi et al., 2008). Evidence for greater 

recharge in the upland sub-basins of the San Miguel Basin indicates that mountain-

system recharge processes similarly dominate recharge in this basin. 

The greatest challenge in generating an estimate of recharge seasonality in these 

Basin and Range systems is quantifying and addressing the many sources of uncertainty 

in endmember δ18O and δD values. Elevation has been shown to have an impact on δ18O 

and δD values, with a gradient of -1.6‰ per 1000 m rise determined empirically for δ18O 

in the Upper San Pedro Basin and -11‰ per 1000 m rise determined empirically for δD 

in the Tucson Basin (Wright, 2001). The impact of elevation was taken into account here 

by adding 1.6‰ to the error of the δ18O and 11‰ for the δD seasonal precipitation 

endmembers, assuming that the mean value as calculated from the models represented 

precipitation in the center of the basin, and the relief of the basin is approximately 2000 

m.  

Because the precipitation endmembers were modeled based on latitude only, there 

are several sources of uncertainty that were not quantitatively incorporated into the 

seasonal recharge calculation. In precipitation samples, there can be significant inter- and 
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intra-annual variation in δ18O and δD values for samples taken at the same location. In 

Tucson, Arizona, δ18O of summer precipitation samples for the period 1981-2008 ranged 

from -17‰ to 17‰ (Wright, 2001). Because these precipitation values were modeled 

using empirical data from stations far afield from the basin, the inter- and intra-annual 

variability in this basin are represented by the error in the models themselves. For 

summer δ18O values, the mean squared error of the model was 4.63; for winter δ18O 

values, 11.32; for summer δD values, 295.71; and for winter δD values, 724.06. The 

model error was a magnitude greater for the summer values, representing the great 

variability in the isotopic composition of NAM precipitation as demonstrated in flood 

flow samples in this study, and examined systematically by Hu and Dominguez (2015). 

Another source of uncertainty arises from the use of mean basin groundwater as 

an endmember. Groundwaters in the Basin and Range that travel long flow paths through 

bedrock can have very long residence times, raising the question of whether climate and 

its attendent δ18O and δD values of precipitation have been stationary over the period in 

which waters now present in the basin recharge. The δ18O of calcite record at Devils Hole 

in southern Nevada indicates that prior to 17.5 ka, the climate of the western U.S. was 

warmer and wetter (Winograd et al., 2006). This finding is corroborated from studies of 

paleolake shores in the modern day Great Basin desert (Lyle et al., 2012). Meanwhile, 

paleo-vegetation recorded in packrat middens in the Mojave Desert indicate that between 

6,800 and 5,060 years ago, the region was drier than the present (Spaulding 1991). 

Waters up to 35 ka have been identified in the nearby Middle San Pedro Basin, a period 

which encompasses those climate shifts (Hopkins et al., 2014). While climate variation 

over the period of recharge of modern groundwater does introduce uncertainty into the 
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use of δ18O and δD values of precipitation as endmembers, the analysis conducted here 

remains useful. 

CONCLUSIONS 

Although the Río San Miguel Basin is dominated by summer precipitation, the 

majority of groundwater recharge in the basin occurs as a result of winter precipitation 

(69% ± 42%). This result can be explained by the dominance of mountain-system 

recharge processes in the Basin and Range Province, and the high runoff coefficients of 

monsoon storms. The San Miguel shares this shift between the timing of precipitation and 

timing of recharge with other basins in the southern Basin and Range, such as the Upper 

San Pedro Basin, which receives a similar average fraction of its recharge from summer 

precipitation as does the San Miguel Basin. Both basins receive more recharge from 

summer precipitation than do more northern basins. This difference is likely due to the 

influence of the NAM on the climatology of the southern basins. 
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TABLES 

Table 1. Suite of nine solutions applied to each set of endmembers (both δ18O and δD) to determine the isotope-

specific and overall estimates of fraction winter recharge. 

Delta �̅�𝒈𝒘 �̅�𝒈𝒘 + 𝝈 �̅�𝒈𝒘 − 𝝈 

�̅�𝑷 𝑓𝑤 =
(𝑔𝑤 − 𝑃𝑠)

(𝑃𝑤 − 𝑃𝑠)
 𝑓𝑤 =

((𝑔𝑤 + 𝜎) − 𝑃𝑠)

(𝑃𝑤 − 𝑃𝑠)
 𝑓𝑤 =

((𝑔𝑤 − 𝜎) − 𝑃𝑠)

(𝑃𝑤 − 𝑃𝑠)
 

�̅�𝑷 + 𝝈 𝑓𝑤 =
(𝑔𝑤 − (𝑃𝑠 + 𝜎))

((𝑃𝑤 + 𝜎) − (𝑃𝑠 + 𝜎))
 𝑓𝑤 =

((𝑔𝑤 + 𝜎) − (𝑃𝑠 + 𝜎))

((𝑃𝑤 + 𝜎) − (𝑃𝑠 + 𝜎))
 𝑓𝑤 =

((𝑔𝑤 − 𝜎) − (𝑃𝑠 + 𝜎))

((𝑃𝑤 + 𝜎) − (𝑃𝑠 + 𝜎))
 

�̅�𝑷 − 𝝈 𝑓𝑤 =
(𝑔𝑤 − (𝑃𝑠 − 𝜎))

((𝑃𝑤 − 𝜎) − (𝑃𝑠 − 𝜎))
 𝑓𝑤 =

((𝑔𝑤 + 𝜎) − (𝑃𝑠 − 𝜎))

((𝑃𝑤 − 𝜎) − (𝑃𝑠 − 𝜎))
 𝑓𝑤 =

((𝑔𝑤 − 𝜎) − (𝑃𝑠 − 𝜎))

((𝑃𝑤 − 𝜎) − (𝑃𝑠 − 𝜎))
 

 

Table 2. Mean δ18O and δD values of summer and winter precipitation and basin groundwater, and percent 

contribution of seasonal precipitation to recharge as determined using a two-endmember mixing model. 

Sample Mean δ18O 

(‰VSMOW) 

Mean δD 

(‰VSMOW) 

Summer precipitation -4.16 ± 1.99 -25.7 ± 3.0 

Winter precipitation -7.81 ± 2.04 -51.2 ± 3.6 

Groundwater -6.38 ± 0.26 -45.1 ± 1.3 
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FIGURES 

 

 

Figure 1. Location of Río San Miguel Basin 
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Figure 2. Basin elevation and municipalities Figure 3. Sample sites and P/PET of micro basins 
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Figure 4. Annual streamflow of the Río San Miguel has varied in the past, with greatest streamflow 

occurring in conjunction with El Nino events. 

 

Figure 5. In the course of a year, the Río San Miguel experiences large stormflows in the late summer 

months due to monsoon storms. Baseflow at the El Cajón gauge is generally around 10,000 m3/s. 

 

Figure 6. Mean monthly streamflows in exhibit the bimodal precipitation regime of monsoonal 

summer storms and winter frontal storms. A spring snowmelt peak seen elsewhere in the Basin and 

Range is absent. 
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Figure 7. Streamflow duration curves in the Río San vary through time with some years being 

particularly dry (maximum probabilities of exceedance below 0.4). 

 

Figure 8. Modeled values of δ18O and δD in summer and winter precipitation created from existing long-term 

datasets using the IsoMAP program and based on latitude and longitude. 
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Figure 9. Stable water isotopes of groundwater, surface water, and precipitation samples. 

 

 
Figure 10. Stable water isotopes of groundwater and surface water samples for various seasons and 

years. 
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Figure 11. Chloride concentrations of groundwater (GW), baseflow (BF), and flood flow (FF) samples along a 

downstream gradient. 

 

 

Figure 12. Sulfate concentrations of groundwater (GW), baseflow (BF), and flood flow (FF) samples along a 

downstream gradient. 
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Figure 13. Sulfate to chloride ratio of groundwater (GW), baseflow (BF), and flood flow (FF) samples along a 

downstream gradient.  
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a) 

 
 

b) 

 
Figure 14. Sulfate-chloride ratio plotted against chloride for Río San Miguel by a) sampling location 

and b) sample type, including groundwater (GW), baseflow (BF), and flood flow (FF) samples. 
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a) 

 
b) 

 
 
Figure 15. Ternary diagrams (Na++K+, Ca2+, and Mg2+) of water samples collected in the Río San 

Miguel Basin from 2005-2012, a) grouped by sample type; b) grouped by location. 
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Figure 16. Sulfate to chloride ratio of groundwater (GW), baseflow (BF), and flood flow (FF) samples along a 

downstream gradient. 

 

 

Figure 17. Conceptual flow model of the San Miguel Basin. Points of upwelling produce perennial reaches 

between sub-basins separated by shallow bedrock.  
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ABSTRACT 

For water-scarce communities in the western U.S., it is critical to understand groundwater 

recharge regimes and how those regimes might shift in the face of climate change, 

impacting the availability of groundwater resources. Watersheds in the Basin and Range 

Geological Province are characterized by a variable precipitation regime of wet winters 

and variable summer precipitation. The relative contributions to groundwater recharge by 

summer and winter precipitation vary throughout the province, with winter precipitation 

recharge dominant in the northern parts of the region, and recharge from summer 

monsoonal precipitation playing a more significant role in the south, where the North 

American Monsoon (NAM) extends its influence. Stable water isotope data of 

groundwater and seasonal precipitation from sites in Sonora, Mexico and the U.S. states 

of California, Nevada, Utah, Arizona, Colorado, New Mexico, and Texas were examined 

to estimate and compare groundwater recharge seasonality throughout the region. 

Contributions of winter precipitation to annual recharge vary from 69% ± 42% in the 

southernmost Río San Miguel Basin in Sonora, Mexico, to 100% ± 44% in the 

westernmost Mojave Desert of California. The Normalized Seasonal Wetness Index 

(NSWI), a simple water budget method for estimating recharge seasonality from climatic 

data, was shown to approximate recharge seasonality well in several winter precipitation-

dominated systems, but less well in basins with significant summer precipitation.   
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INTRODUCTION 

Most of the Earth’s liquid freshwater is present as groundwater in subsurface 

aquifers, and groundwater is a primary source of freshwater for human communities and 

unique habitats around the world. However, population growth and increasingly extreme 

climate conditions have led to the depletion of groundwater resources across the globe 

(Famiglietti, 2014). In the United States, the West and particularly the communities of the 

Basin and Range Geologic Province are dependent upon groundwater for municipal 

supply, agricultural irrigation, and the maintenance of biodiverse arid and semi-arid 

ecosystems (Leenhouts el al, 2006). The only natural source of replenishment in these 

aquifer systems is groundwater recharge.  

Groundwater recharge is the amount of water that infiltrates into the ground and 

eventually reaches the water table, augmenting the supply of groundwater. Recharge is 

difficult to measure directly, since much of the water that infiltrates in arid and semi-arid 

basins may never actually reach the water table, but is transpired by plants or evaporated 

back to the atmosphere (de Vries and Simmers, 2002). It is important to be able to 

estimate the amount of recharge in a basin so that educated decisions can be made to 

achieve sustainable water management. Existing strategies to estimate annual recharge 

include the water budget method, empirical modeling, and coupled land-surface modeling 

(ex. Serrat-Capdevila et al., 2013). 

In the arid and semi-arid Basin and Range Province, recharge is characteristically 

small; less than 5% of annual precipitation in un-irrigated rangelands becomes recharge 

(McMahon et al., 2011). As aquifers have been pumped for human use in the past 

century, water tables have fallen across the region, indicating that pumping has outpaced 

natural replenishment by recharge. Declining water tables have negatively impacted 
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native vegetation in the region (Stromberg et al., 1996; Nguyen et al., 2014). Meanwhile, 

global climate models are predicting dramatically increased probabilities of decadal and 

multi-decadal droughts in the American Southwest over the next century, increasing the 

stress on already scarce freshwater resources and the ecosystems that depend on them 

(Cook et al., 2015).  

Predicting how recharge processes will respond to climate change is a difficult but 

necessary task to understand future water availability (Earman and Dettinger, 2011). As 

communities attempt to manage their groundwater resources for the future, accurate 

estimates of annual recharge are necessary to improve groundwater modeling and inform 

decision makers. This includes better characterization of seasonal variability in recharge 

rates, as well as how those seasonal trends will be impacted by predicted climate change 

on a regional scale (Serrat-Capdevila et al., 2007). 

Jasechko et al. (2014) showed that the seasonal timing of recharge varies globally, 

with pronounced differences between summer and winter recharge ratios in arid and 

semi-arid zones, but stopped short of engaging with process-based explanations of this 

phenomenon. Isotopically-based seasonal recharge ratios in arid and semi-arid zones 

differed greatly from those estimated using a land surface model, indicating that regional-

scale characterization and interpretation of recharge seasonality is necessary, as well as 

better methods for modeling recharge seasonality using available data resources. Ajami et 

al. (2012) proposed a new normalized seasonal wetness index (NSWI) to seasonalize 

recharge using readily-available climatic data that showed promise in its application in 

one semi-arid basin in the U.S. southwest. 
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This study uses stable water isotopes of groundwater, summer precipitation, and 

winter precipitation to characterize recharge seasonality across a climate gradient in this 

geologically distinct region, and to address the following questions: how does recharge 

seasonality vary across the Basin and Range Province? What is the impact of climate and 

hydrogeology on the timing of recharge in these basins? How will climate change 

impacts propagate through these groundwater systems? Is the NSWI a useful tool for 

modeling recharge seasonality? 

This research brings together data from published basin-scale studies, and 

involved processing and analyzing a number of historic stable water isotope data points 

available in the USGS National Water Information System (NWIS) database to expand 

the number of sites for which recharge seasonality is estimated from stable water 

isotopes. A new multi-year study of groundwater and surface water isotopes was 

conducted in the Río San Miguel Basin in Sonora, Mexico, in order to expand the domain 

of the study to the southern reaches of the Basin and Range (Neff et al., in prep). The 

seasonality of recharge in different basins is compared throughout the region, and spatial 

patterns are evaluated to identify drivers of recharge seasonality and quantity. Potential 

climate change impacts to recharge in the region are described in the context of those 

drivers. 

Study Area 

Quantifying and characterizing recharge in arid and semi-arid environments has 

been a focus of research in recent years (Dickinson et al., 2004; Hogan et al., 2004; 

Manning and Solomon, 2005; Anderson et al., 2006; Blasch and Bryson, 2007; Druhan et 

al., 2008; Manning, 2011; Ajami et al., 2012; Hopkins et al., 2014). The Basin and Range 

Province is of particular interest because of its productive aquifers and arid and semi-arid 



57 

 

environment. The Basin and Range consists of north-south trending horst and graben 

structures across the western American deserts: the Mohave, the Great Basin, the 

Sonoran, and the Chihuahuan (McPhee, 1980). The Basin and Range extends across the 

U.S. states of Nevada, Utah, Arizona, New Mexico and west Texas, and in the Mexican 

states of Sonora and Chihuahua (Figure 1).  

These horst-graben features consist of hard-rock units of igneous and 

metamorphic rock which broke apart along north-south running faults when the North 

American plate was released from compression about 30 million years ago (McPhee, 

1980; Wernicke, 1981). The hard rock blocks faulted and tilted, producing the many 

parallel mountain ranges that are characteristic of the region. The low valleys between the 

basins filled with alluvium, the product of rock weathering, with a high porosity ideal for 

aquifer formation (McPhee, 1980). Given the desert climate of the region, the 

groundwater stored in these extensive alluvial basins has become a primary source of 

freshwater for communities throughout the region, in addition to sustaining spatially 

modest but biologically diverse riparian corridors (Leenhouts et al., 2006). 

Two major climatic phenomena play important roles in determining the climate of 

the Basin and Range. First, the North American Monsoon (NAM) brings warm, 

convective storms to the region from the Gulf of Mexico and Sea of Cortez during the 

summer months (Hales, 1974; Hu and Dominguez, 2015). The second climatic 

phenomenon affecting the region is the El Niño/Southern Oscillation (ENSO), which is 

responsible for the cycling of wet and dry winter and spring precipitation seasons in the 

Basin and Range Province (Cayan and Webb, 1992). In an “El Niño” year, which occurs 

every 4-5 years, the Basin and Range often experiences greater than average winter 
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frontal precipitation. Recently, an increasing influence of tropical cyclones has been 

noted in the late summer and fall months in the NAM zone (Camargo et al., 2008). These 

storms are characterized by high rainfall intensity, but also lower temperatures and are a 

potentially significant source of recharge. 

Recharge seasonality 

Prior studies of groundwater recharge in the western deserts of the U.S. have 

found that despite approximately one-third of yearly precipitation falling during high-

intensity, convective summer monsoon events, this precipitation type contributes 

comparatively less to groundwater recharge (e.g., Simpson et al., 1972; Blasch and 

Bryson, 2007; Wahi et al., 2008). Climate interacts with geology in Basin and Range 

aquifers to create a recharge regime encompassing the timing, location, and pathways of 

recharge. In Basin and Range systems, there are a variety of different recharge locations 

with different recharge pathways and rates, including mountain-block bedrock zones, 

mountain-front alluvial fan zones, diffuse recharge across the basin floor, and focused 

channel recharge (de Vries and Simmers, 2002; Wilson and Guan, 2004) (Figure 2). 

The Basin and Range is characterized by steep elevation gradients between 

recharge sites in the mountain-block (via fractures) and mountain-front. Minimal 

recharge occurs dispersed over the basin floor (Stonestrom et al., 2004; Wahi et al., 2008; 

Meixner et al., in review). Mountain-block recharge (MBR) is recharge that occurs by 

percolation through the mountain bedrock over long time scales (Wilson and Guan, 

2004). Mountain-front recharge can be a combination of surface runoff or shallow 

groundwater from the mountain block infiltrating in the alluvial fans of the basin, and 

runoff generated on the alluvial fans that recharges through ephemeral stream channels. 
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Past work in Basin and Range systems indicates that mountain-system recharge 

(including mountain-block and mountain-front pathways) is dominated by winter frontal 

precipitation that coalesces around the mountain-fronts due to orographic precipitation 

effects (Wilson and Guan, 2004). Wahi et al. (2008) in the San Pedro and other studies in 

the region (e.g., Simpson et al., 1972; Winograd et al., 1998; Thiros and Manning, 2004) 

estimate that mountain-system recharge is made up of 75-90% winter precipitation. 

Recently, there has been increasing attention paid to the role of summer floods in 

recharging near-stream riparian groundwater (Vivoni et al., 2006; Baillie et al., 2007; 

Simpson et al., 2013). Additionally, several studies in the Basin and Range have shown 

that recharge from losing rivers passing through basins may be contributing a greater 

portion of recharge than previously thought (Guay et al., 2006; Druhan et al., 2008; 

Eastoe et al., 2008; Manning, 2011). 

METHODS 

Stable water isotopes as tracers of seasonality  

Since the first study of its kind by Simpson et al. (1972), stable water isotope 

analysis has been used to determine the sources and timing of precipitation contributing 

to groundwater recharge in many Basin and Range systems (e.g., Winograd et al., 1998; 

Blasch and Bryson 2007; Wahi et al., 2008). Stable water isotope analysis for recharge 

seasonality is founded in the observed global pattern of the ratios 2H/H and 18O/16O in 

precipitation: less negative water occurs in warm, tropical zones and more negative 

waters occur in alpine and arctic zones, with all other water falling along a linear line 

relating the relative ratios of 2H/H and 18O/16O, called the global meteoric water line 

(GMWL) (Craig 1961a). This pattern provides the basis for stable isotope analysis to 

distinguish the sources of meteoric waters by comparing all waters to a standard mean 
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ocean water (Craig, 1961b). Here, water samples are compared against the reference 

Vienna Standard Mean Ocean Water (VSMOW) to determine their relative isotopic ratios 

(Clark and Fritz, 1997): 

𝛿 O18
𝑠𝑎𝑚𝑝𝑙𝑒 = (

O18 O16⁄
𝑠𝑎𝑚𝑝𝑙𝑒

O18 O16⁄
𝑉𝑆𝑀𝑂𝑊

− 1) ∙ 1000 ‰ VSMOW 

Using volume-weighted mean δ18O and δD values of summer and winter precipitation as 

two endmembers, in addition to mean δ18O and δD values for groundwater in a basin, a 

simple two-endmember mixing model can be used to determine the fraction contribution 

of summer and winter precipitation to groundwater recharge. 

Factors affecting the isotopic signature of precipitation 

In the Basin and Range Province, climate, continental, and topographic effects 

contribute to the differentiation of isotopic values in regional precipitation. The isotopic 

composition of a vapor mass as it forms over the ocean and then travels across land is 

determined by Rayleigh fractionation processes. The composition of the initial vapor 

mass is a function of the temperature and pressure during cloud formation, with higher 

temperatures and pressures creating less negative vapor masses (Clark and Fritz, 1997). 

As vapor masses move across the continent, Rayleigh distillation proceeds during 

rainout, with heavier isotopes preferentially precipitating and raining out first. 

Topography plays a role, as vapor masses precipitate more as they move up an elevation 

gradient, such as a mountain ridge, leaving the most negative waters to continue moving 

across the continent in the rain shadow of the mountains. 

In the western U.S., winter frontal storms begin as less negative air masses 

formed at cooler temperatures, and then traverse the coastal and Sierra Nevada mountains 

of California before entering the Basin and Range, so precipitation from these storms is 
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generally more negative, growing more so the further from the Pacific coast that the 

precipitation occurs (Friedman et al., 2002; Lechler and Niemi, 2011). Snow deposited on 

mountaintops by these storms have some of the most negative δ18O and δD  values in 

precipitation in the region (Earman et al., 2006). Summer monsoon precipitation in the 

Basin and Range tends to be less negative, as monsoon vapor masses form at higher 

temperatures and carry heavier isotopes further across the continent, often parallel to the 

comparatively smaller mountain ranges of the Basin and Range and thus experiencing 

less of the rain shadow effect than winter precipitation. 

A major complication in using stable water isotopes to create mixing models of 

seasonal recharge in the Basin and Range is the mountainous setting. Not only do 

seasonal shifts in precipitation source and temperature of formation contribute to isotopic 

differences, but altitude effects can make it difficult to distinguish between high-elevation 

summer precipitation and low-elevation winter precipitation. The altitude effect on δ18O 

values in the Tucson basin was found to be -0.16‰ per 100 m rise and in the Verde 

Valley, -0.23‰ per 100 m rise (Wahi et al., 2008; Blasch and Bryson 2007). These data 

mean that summer recharge that occurs at high elevation could have a similar isotopic 

signature to winter recharge that occurs at low elevation and travels over a shorter flow 

path. 

Basin data collection 

Stable water isotope data were collected for winter precipitation, summer 

precipitation, and basin groundwater, primarily from previously published basin-scale 

studies (Table 1). Two additional data points were collected to fill out the domain of the 

Basin and Range Province: a new study site in the Río San Miguel Basin in northwestern 
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Mexico (Neff et al., in-prep), and a collection of samples in the Carson Valley of 

northwestern Nevada from the National Water Information System (NWIS 2014).  

Criteria for basin selection 

Basins were selected based on their location within the Basin and Range and the 

availability of robust datasets (Figure 2). Because of demonstrated inter-annual 

variability in isotopic values for precipitation in the region (Eastoe et al., 2004), sites 

were chosen for which data was collected over an extended time period (at least one 

year), and for which seasonal precipitation values were reported. The previously 

unpublished sites in Nevada and Mexico were chosen for their geographical locations to 

fill out the domain of the Basin and Range. 

Stable isotope data sources 

When using environmental tracers in groundwatear to measure recharge, it is 

assumed that groundwater is well-mixed and that the impact of a the variety of different 

recharge locations and flow path lengths present in a basin is dampened by integration of 

these waters in the aquifer. Geophysical tests of infiltration in a semi-arid system have 

shown this to be a reasonable assumption (Dickinson et al., 2004). Under this 

assumption, it is better to use regional average data than data from a single station when 

estimating recharge rates. It has been shown that vertical groundwater age gradients are 

less distinct in aquifers with pumping for agricultural irrigation and/or public supply, 

suggesting that developed aquifers will be better-mixed (McMahon et al., 2011). 

Assuming that recharge is well-mixed, and choosing appropriate sampling sites to ensure 

optimal mixing, the use of mixing models to determine the relative contribution of 

seasonal precipitation to annual recharge is supported.  
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In most cases, the average or volume-weighted average δ18O and δD values for 

winter precipitation, summer precipitation, and groundwater were reported in the source 

studies (Table 1) (Thiros and Manning, 2004; Blasch and Bryson, 2007; Druhan et al., 

2008; Eastoe et al., 2008; Wahi et al., 2008). Lacking this explicit data, average values 

were calculated from reported sample datasets or interpreted from published figures 

showing individual samples (Kalin, 1994; Winograd et al., 1998; Izbicki et al., 2000; 

Wright, 2001; Friedman et al., 2002; Rose et al., 2003; Newton et al., 2009). For some 

basins, a variety of groundwater sample types were collected, including spring water and 

basin groundwater (Newton et al., 2009; Druhan et al., 2008). In these cases, the stated 

average value or a representative value based on basin groundwater samples was used. In 

the Spring Mountains (NV), the only groundwater data reported came from mountain 

springs, not basin groundwater (Winograd et al., 1998). In the Salt Lake Valley and 

Hueco Bolson aquifer, basin groundwater and seasonal precipitation values were taken 

from different sources (Friedman et al., 2002; Thiros and Manning, 2004 Druhan et al., 

2008; Eastoe et al., 2008). In the Mojave Desert, soil water from cores of the unsaturated 

zone were used instead of basin groundwater values (Izbicki et al., 2000). A 

representative value for core water samples unaltered by Rayleigh distillation and 

therefore representative of recharge was reported. 

In two cases, precipitation values were adjusted to reflect the elevation difference 

between precipitation and groundwater sample collection sites. In the Tucson Basin, the 

value used for winter precipitation was the average seasonal value for the high elevation 

Palisades Ranger Station sample site, to reflect the importance of mountain-system 

recharge in that basin (Wright, 2001). The summer precipitation value was taken from 
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low-elevation sample sites to reflect the greater spatial heterogeneity in the location of 

monsoon precipitation. In the Sacramento Mountains, precipitation samples collected at 

elevation in the mountains were adjusted down-gradient using the isotope-elevation 

gradient observed in the Tucson basin by Wright (2001): 

𝛿 O18
𝑏𝑎𝑠𝑖𝑛 = 𝛿 O18

𝑚𝑜𝑢𝑛𝑡𝑎𝑖𝑛 + (0.19
‰

100𝑚
× ∆𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛) 

𝛿𝐷𝑏𝑎𝑠𝑖𝑛 = 𝛿𝐷𝑚𝑜𝑢𝑛𝑡𝑎𝑖𝑛 + (0.8
‰

100𝑚
× ∆𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛) 

This was done to adjust for the high elevation locations of the precipitation sampling 

sites. Since the foothills of the Sacramento Mountains, where groundwater samples were 

collected are at lower elevation, this was done to better reflect the isotopic values of 

precipitation in the foothills, where much of the annual rain occurs. 

In the Hueco Bolson, four bulk seasonal precipitation samples were collected over 

the course of one year. Unexpectedly, the reported seasonal δ18O and δD values indicated 

that winter precipitation was the not lightest isotopically (Eastoe et al., 2008). 

Interpretation of stable water isotope values of shallow groundwater in the northern 

Hueco Bolson by Druhan et al. (2008) suggest that recent recharge from winter storms in 

that area resulted from precipitation with a δ18O value of -11‰, lower than even the 

lowest value for precipitation reported by Eastoe et al. (2008). Assuming this winter 

precipitation would not feature a deuterium excess indicative of re-evaporated 

precipitation, a δD value was calculated using the GMWL, and these values were used as 

the winter precipitation endmembers for the Hueco Bolson (Craig, 1961b): 

𝛿D = 8.0 × 𝛿 O18 + 10 
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This approach made the winter precipitation endmembers for the Hueco Bolson and 

Sacramento Mountains more similar, as expected given their geographic proximity. 

Seasonalization of recharge using stable water isotopes 

Seasonal precipitation endmember δ18O and δD values were used to determine 

their relative contribution to basin groundwater. This analysis relies on a mass-balance 

two-component mixing model approach to determine the relative contributions of source 

water with differing isotopic signatures (Simpson et al., 1972; Winograd et al., 1998; 

Jasechko et al., 2014). Concentrations of a conservative tracer are determined in the two 

sources and related to their concentration in basin groundwater to determine the percent 

volume contribution of each (Genereux and Hooper, 1998). The model is solved to 

determine the fraction winter precipitation (fw): 

 

[𝛿 O18 ]
𝑔𝑤

= 𝑓𝑤[𝛿 O18 ]
𝑤𝑖𝑛𝑡𝑒𝑟 𝑝𝑟𝑒𝑐𝑖𝑝

+ (1 − 𝑓𝑤)[𝛿 O18 ]
𝑠𝑢𝑚𝑚𝑒𝑟 𝑝𝑟𝑒𝑐𝑖𝑝

 

 

𝑓𝑤 =
[𝛿 O18 ]

𝑔𝑤
− [𝛿 O18 ]

𝑠𝑢𝑚𝑚𝑒𝑟 𝑝𝑟𝑒𝑐𝑖𝑝

[𝛿 O18 ]
𝑤𝑖𝑛𝑡𝑒𝑟 𝑝𝑟𝑒𝑐𝑖𝑝

−[𝛿 O18 ]
𝑠𝑢𝑚𝑚𝑒𝑟 𝑝𝑟𝑒𝑐𝑖𝑝

 

 

𝑓𝑠 = 1 − 𝑓𝑤 

This method was repeated using δD values in place of δ18O values for each of the basins, 

yielding two estimates of winter recharge fraction. 

This approach is complicated by the nature of the endmembers. The δ18O and δD 

values of summer and winter precipitation are represented as a volume-weighted average 

of precipitation samples, but samples can have significant variation in isotopic values 

seasonally. There is uncertainty in such studies, but they remain useful for estimating 

recharge seasonality in the absence of economical measurement alternatives. Where 

statistics on the variation of basin groundwater and seasonal precipitation endmembers 
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were available, a suite of 9 estimates for the fraction winter recharge were calculated 

using the upper and lower end standard deviation values of each endmember and 

propagated through the fraction winter recharge calculation (Neff et al., in-prep) (Table 

3). This was done with the goal of quantifying the uncertainty inherent not only in 

sampling groundwater, but in averaging seasonal precipitation samples that may vary 

greatly within a season. In the cases where standard deviations of mean endmembers are 

known, uncertainty is reported as the standard deviation of the suite of 18 estimate 

calculations (9 estimates each for δ18O and δD). In cases where a winter recharge fraction 

estimate was reported explicitly in the source study, that value was also reported here in 

addition to the average of the mixing models. 

Creation of isoscapes for groundwater, seasonality of recharge, and seasonality of 

precipitation 

Once final values for fraction winter recharge had been determined for all basin, 

these values were used to create an interpolated isoscape of recharge seasonality across 

the Basin and Range. Where winter recharge fraction values were reported in the 

literature, they were used in place of the averages calculated here to conduct the 

interpolation. Basin winter recharge fraction values were used to create a tension spline 

interpolation in ArcMap 10. A tension spline interpolation was chosen because it creates 

the smoothest surface, with the most gradual change between input data points. Tension 

spline interpolations were also created for winter precipitation fraction as determined 

from mean monthly precipitation values from nearby long-term precipitation stations 

(WRCC, 2015), mean δ18O of groundwater, mean δ18O of winter precipitation, and mean 

δ18O of summer precipitation. 
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Seasonalization of recharge using NSWI 

While isotopically-derived seasonal recharge estimates provide a way to observe 

recharge seasonality, they are time-intensive and costly to determine. An alternative that 

uses readily available climatic data in a physical process-based model to estimate 

seasonal recharge fractions could increase the applicability of recharge seasonalization in 

modeling the hydrologic cycle. Ajami et al. (2012) proposed the use of a Normalized 

Seasonal Wetness Index (NSWI) to calculate seasonal scaling factors for recharge in 

groundwater basins from climatic data. The NSWI is a simple water budget model which 

assumes that any precipitation not evapotranspired is available for groundwater recharge. 

Ajami et al. (2012) demonstrated the effectiveness of the NSWI in estimating the 

seasonal fractions of precipitation in the Upper San Pedro Basin, and here we expand that 

analysis to the other U.S. basins examined in this study. 

North American Regional Reanalysis (NARR) results from 1979 to 2009 were 

used to calculate the NSWI for each NARR node contained in the study basins using both 

potential evapotranspiration (PET) and actual evapotranspiration (AET) from the NARR 

dataset (Ajami et al., 2012): 

𝑁𝑆𝑊𝐼𝑤, 𝐴𝐸𝑇 =
(

𝑃𝑤

𝐴𝐸𝑇𝑤
)

(
𝑃𝑤

𝐴𝐸𝑇𝑤
+

𝑃𝑠

𝐴𝐸𝑇𝑠
)
 

𝑁𝑆𝑊𝐼𝑤, 𝑃𝐸𝑇 =
(

𝑃𝑤

𝑃𝐸𝑇𝑤
)

(
𝑃𝑤

𝑃𝐸𝑇𝑤
+

𝑃𝑠

𝑃𝐸𝑇𝑠
)
 

Summer and winter total lengths of precipitation were calculated for each season using a 

MATLAB script to aggregate the seasonal totals. NSWI values using PET and AET were 

calculated for every NARR node in a basin for each year. NARR ET data has been shown 
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to be well-correlated to Ameriflux measurements of ET in the southwestern U.S. 

(Dominguez et al., 2009). 

Estimates for total annual recharge length for each NARR node within the study 

basins were calculated from empirical equations developed for regions within the Basin 

and Range, and modified here to be independent of basin area. In the northwestern extent 

of the Basin and Range, the Maxey-Eakin method was applied to the Salt Lake Valley, 

Carson Valley (NV), central Nevada, Spring Mountains (NV), and Mojave Desert (CA) 

sites (Maxey and Eakin, 1949). Maxey-Eakin was derived empirically from data for the 

Great Basin Desert:  

𝑅𝑀𝐸 = ∑ 𝑎𝑖 × 𝑃𝑖

5

𝑖=1

 

where ai is a scaling factor determined by the amount of annual precipitation (Pi) (Table 

2). For all three Arizona sites, the Anderson equation developed for the San Pedro basin 

was used (Anderson et al., 1992): 

log(𝑅𝑎) = −1.4 + 0.98 × log(𝑃𝑎)  

Similar to the Maxey-Eakin method, the Anderson equation assumes that any rainfall less 

than 8 inches results in no recharge. Finally, for the two Río Grande Valley sites, the 

Waltemeyer (2001) method was applied, which was developed from a regression analysis 

of water balance estimates in the Tularosa Basin, southern New Mexico: 

𝑅 = (1.7 × 10−4) × 𝐴1.35 × 𝑃1.65 (
1

𝐴
) 

The Waltemeyer method was modified from its original form to produce recharge 

estimates normalized by and therefore independent of area. 
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Empirical recharge estimates for each NARR node were multiplied by the 

isotopic, NSWI-AET, and NSWI-PET winter scaling factors to determine an estimate of 

winter recharge length for each node for each year. The values for individual NARR 

nodes were averaged across all nodes in a basin for each year to determine an average 

winter recharge length for each basin for each year. 

RESULTS AND DISCUSSION 

Stable water isotope signatures of winter precipitation, summer precipitation, and 

basin groundwater in study basins 

For every basin, the isotopic value of groundwater fell between summer and 

winter precipitation, with winter precipitation being more negative than summer 

precipitation (Table 4 and Figure 3). The basin with the most negative waters was the Salt 

Lake Valley, the northernmost basin, and the least negative waters occurred in the Río 

San Miguel Basin, the southernmost basin. 

Groundwater values for many of the basins exhibit an evaporative trend, plotting 

slightly to the right of their basins’ local meteoric water lines (LMWLs), which would 

connect the winter and summer precipitation endmembers (Figure 3). Evaporation 

impacts the isotopic composition of water through differential kinetic fractionation 

between deuterium and oxygen-18 (Clark and Fritz, 2007). When evaporation occurs, 

lighter isotopes preferentially transition from the liquid to vapor phase, leaving the heaver 

isotopes in the water body. This kinetic fractionation occurs at a faster rate for oxygen-

18, leaving a deuterium excess in the water body. On δ18O-δD plots, this manifests as a 

break from the local meteoric water line with a shallower slope that is dependent on 

relative humidity. This evaporative trend is most pronounced at the Mojave Desert site 

(Figure 3).  
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Spatial patterns in stable water isotopic composition of seasonal precipitation and 

groundwater 

Groundwater in the Basin and Range is more negative in the north than in the 

south (Figure 5b). The spatial distribution of mean groundwater δ18O values highlight 

some of the topographic features of the region. In the region east of the Sierra Nevada, 

groundwaters are more negative. In Arizona and New Mexico, isolines follow the shape 

of the Colorado Plateau. The emergence of topographical features in the groundwater 

isotope dataset indicates that topographical effects on precipitation isotopic composition 

are recorded in basin groundwater. 

Winter precipitation δ18O values have a similar spatial distribution to mean 

groundwater in the region, supporting the dominance of winter precipitation in annual 

recharge (Figures 5b and 6a). Summer precipitation has a slightly different spatial 

pattern, with isolines at the east and west edges of the Basin and Range trending 

southward (Figure 6b). For winter precipitation and groundwater, the isolines trend 

northward at the east and west. This difference in spatial patterns may be due to the 

influence of monsoon precipitation entering the Basin and Range from the south, and 

diminishing further northward, eastward, and westward within the region. Summer 

precipitation δ18O values are also less negative than winter precipitation and groundwater 

values across the domain. (Figure 6b).  

The interpolations for δ18O of winter precipitation and mean basin groundwater 

compare favorably with similar interpolations made for δ18O of river water across the 

U.S. (Kendall and Coplen, 2001). The isolines in Figures 5b and 6a have a similar shape 

to those of the river water interpolations, indicating that the results of this study are 

supported by other datasets. The spatial distribution of δ18O values of summer 
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precipitation in the study area does not match the distribution of δ18O values in river 

water effectively, suggesting that streamflow throughout the Basin and Range is also 

dominated by winter precipitation. 

Spatial patterns in seasonality of precipitation and recharge 

The seasonality of precipitation in the Basin and Range shifts from winter-

dominated in the western parts of the region to summer-dominated in the southeastern 

part of the basin (Figure 4a). There is a steep transition zone from winter-dominated to 

summer-dominated across central and southern Arizona and northern Sonora. This result 

reflects the greater influence of the NAM in Arizona and New Mexico, and summer 

precipitation in areas of the Basin and Range closer to the U.S. Gulf Coast. 

While some parts of the Basin and Range do receive most of their precipitation in 

the summer months, winter precipitation makes up greater than 50% of recharge 

throughout the region (Table 4 and Figure 4b). A monsoon signal in winter recharge 

fraction reaching from northern Mexico up into the Four Corners area is apparent in the 

southern Basin and Range, where relatively more recharge comes from summer 

precipitation. But even in these basins, recharge is still dominated by winter precipitation. 

A pocket of greater fraction winter recharge is visible near the Hueco Bolson Basin site 

near El Paso, Texas. This pocket of greater winter dominance in recharge may simply be 

an artifact of endmember selection, or it may be the result of mixing with higher 

elevation and high latitude waters, often snowmelt, entering the aquifer from the Rio 

Grande River, that would cause the δ18O and δD values of mean basin groundwater to be 

more negative than recharge occurring from precipitation within the basin. 

In the southern Basin and Range, there is the greatest discrepancy between the 

seasonality of precipitation and the seasonality of recharge, as shown by the ratio of 
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fraction winter recharge to fraction winter precipitation (Figure 5a). This marked 

difference illustrates the disproportionate impact of recharge from winter precipitation as 

compared to recharge from summer precipitation in the southern Basin and Range. 

Summer precipitation must be partitioned into recharge less efficiently than winter 

precipitation. This difference is likely because evaporative demand at the time of 

precipitation and the intensity of the precipitation event are factors in the partitioning of 

precipitation to recharge. Frontal, low-intensity storms arriving in the Basin and Range 

Province from the Pacific Coast during the fall, winter and spring months result in a 

higher rate of recharge per unit rainfall. There is less evaporation of rainfall during these 

frontal storms because they do not occur in summer at peak solar radiation. Furthermore, 

higher storm intensities during monsoon precipitation cause infiltration capacity of soils 

to be reached more quickly, leading to greater partitioning of precipitation into quick 

runoff. Not only can a greater fraction of precipitation infiltrate and recharge during the 

typical winter storm, but a lesser fraction is lost to the atmosphere via re-evaporation. The 

result is a greater recharge efficiency of winter precipitation than of summer 

precipitation.  

Uncertainty in the fraction winter recharge calculated from isotopic data is high 

for all sites, reflecting uncertainty arising from high variability in endmember datasets 

(Table 4). Other sources of uncertainty exist beyond the quantified variability. A central 

question in the validity of using stable water isotopes to estimate recharge seasonality is: 

on what time scales are these values representative of the system? In the Middle San 

Pedro Basin in southern Arizona and the Espanola Basin in central New Mexico, 

groundwaters with radio carbon ages up to 35,000 years BP have been found (Manning, 
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2011; Hopkins et al., 2014). In the Sacramento Mountains, however, waters a generally 

younger, on the order of thousands of years (Eastoe and Rodney, 2014). Proxy records 

for paleoclimate provide insights into past climate in the region. The δ18O of calcite 

record at Devils Hole in southern Nevada indicates that prior to 17.5 years BP, the 

climate of the western U.S. was warmer and wetter (Winograd et al., 2006). This finding 

is corroborated from studies of paleolake shores in the modern day Great Basin desert 

(Lyle et al., 2012). Meanwhile, paleo-vegetation recorded in packrat middens in the 

Mojave Desert indicate that between 6,800 and 5,060 years ago, the region was drier than 

the present (Spaulding 1991). 

Variability in past climate within the age of groundwaters present today could 

impact the isotopic composition of groundwater. A weak monsoon would mean a 

southward shift in the geographic center of the monsoon, and fewer less negative vapor 

masses reaching the southern Basin and Range. This change would mean a shift in the 

bulk seasonal isotopic value of summer precipitation toward more negative δ18O and δD 

values, making it more difficult to distinguish between current winter recharge occurring 

in the mountain-blocks and past summer precipitation. Alternatively, an intensification of 

the monsoon would increase the amount of annual precipitation with less negative δ18O 

and δD values. A warmer, wetter past climate might have resulted in less negative 

groundwater, as larger precipitation events are associated with more negative isotopic 

values (Dansgaard, 1964). Because the region has been both wetter and drier in the time 

frame in which present day groundwater recharged, it is difficult to say if their might be a 

bias in the winter recharge fraction estimations. Assuming that most of the groundwater 
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samples used to determine these values were not taken from very deep wells or wells in 

areas of upwelling of very old groundwater, the estimates here are reliable. 

Evaluation of the NSWI in estimating seasonal recharge 

Comparison of isotopically-scaled and NSWI-scaled winter recharge fractions 

indicate that the NSWI can be applied to many sites in the Basin and Range Province to 

successfully estimate seasonal recharge volumes. The northernmost Great Basin sites had 

the strongest correlations between isotopically- and NSWI-scaled recharge lengths 

(Figures 7 and 10). These sites, whose recharge was estimated using the Maxey-Eakin 

method, had the highest R2 values, and three had best fit slopes greater than 0.9 (1.0 

being ideal) for both AET and PET-based estimates: the Salt Lake Valley, Carson Valley, 

and Spring Mountains. The Mojave Desert and central Nevada sites had best fit slopes 

over 0.7 for AET, but performed better using PET-based estimates (Figure 10). All the 

Great Basin sites except the Salt Lake Valley had near-zero best fit y-intercept values. 

Thus, the NSWI worked best in the Carson Valley and Spring Mountains, two sites 

located at the eastern edge of the Mojave Desert. 

The NSWI did less well in estimating recharge seasonality in the Arizona basins 

calculated using the Anderson equation (Figures 8 and 10). Both the Tucson and San 

Pedro basins experienced greater scatter (R2 values between 0.6 and 0.9), but with best fit 

slopes greater than 0.8 (Figure 10). The Tucson basin had a best fit y-intercept deviating 

from zero by more than one, and in the San Pedro it was less. In the Verde Valley, scatter 

was low (R2 values greater than 0.9) and correlation to observed isotopic values was high 

(best fit slope approached 1), but the best fit y-intercept deviated from 0 by nearly 5. 

The Río Grande basins calculated using the Waltemeyer method had the greatest 

scatter (Figures 9 and 10). The Hueco Bolson basin had the weakest correlation to 
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isotopically-scaled recharge estimates. With a best fit slope less than 0.7, the NSWI 

consistently underestimated winter recharge, with underestimation increasing with total 

annual recharge. Meanwhile, the Sacramento Mountains exhibited high correlation 

between NSWI and isotopically-scaled recharge estimates (best fit slope near 1), but had 

the largest best fit y-intercept deviation from zero (Figure 10).   

There is a strong positive correlation between the R2 values of NSWI- and 

isotopically-scaled winter recharge estimates and winter precipitation fraction as 

determined from isotopes (Figure 11). The scatter between NSWI- and isotopically-

scaled recharge was greater for basins that receive more of their annual precipitation in 

the summer. The difference between R2 values for AET- and PET-based NSWI were also 

greater for basins with more contribution from summer recharge (Figure 10). There are 

several possible hypotheses to explain this trend. First, the NSWI fails to consider the 

partitioning of runoff in its estimation of available precipitation for recharge. The 

southern, monsoon-dominated basins tend to experience greater quick runoff during 

monsoon events, meaning that relatively less precipitation that occurs becomes recharge. 

Thus, the NSWI would overestimate summer recharge in those basins. Second, variation 

in the thickness of the vadose zone over the domain would indicate varying recharge lag 

times as water resides in the unsaturated zone (McMahon et al., 2006; Rossman et al., 

2014), perhaps impacting partitioning of precipitation into evapotranspiration and 

recharge. Third, variation in vegetation rooting depths across the domain may cause a 

similar misestimation of ET using climatic data only. Arid and semi-arid zones have been 

shown to have some of the deepest rooting depths globally (Schenk and Jackson, 
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2002&2005), indicating that ET in Basin and Range systems likely occurs over a greater 

thickness in the vadose zone. 

Finally, the correlation between scatter and precipitation seasonality could be 

owed to the recharge estimation method, as the Maxey-Eakin method was common to 

most of the low-scatter basins. However, when all three estimation methods were applied 

to all basins, the pattern of greater scatter in the more southern and more summer 

precipitation-dominated basins remained. The only major difference between the 

estimation methods when applied to all basins was in the annual recharge length. The 

Anderson equation greatly underestimated annual recharge in the Great Basin and Rio 

Grande Valley sites, while the Maxey-Eakin and Waltemeyer methods greatly 

overestimated recharge in the Arizona basins. Therefore, the difference in scatter between 

basis cannot be attributed solely to the different recharge estimation methods. 

Any patterns in the correlation between NSWI and isotopically-scaled recharge as 

represented by best fit slope are not clear. For most sites, NSWI-scaled winter recharge 

tended to underestimate recharge compared to isotopically-scaled recharge (Figures 7-

10). A few basins which exhibited low scatter and high correlation, but significant 

deviation in y-intercept, could be candidates for application of a shift function to improve 

NSWI estimates, including the Salt Lake Valley and Verde Valley. Similarly, a shift 

function could be developed for basins with low scatter and small deviation in y-

intercept, but low correlation, including central Nevada and the Mojave Desert.  

Interestingly, the two basins with the greatest deviation in y-intercept from zero 

are the two basins located on the very edges of the Basin and Range Province, the Verde 

Valley and Sacramento Mountains (Figure 10). These basins and most others experienced 
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a negative y-intercept. For basins with a slope less than 1, as most here experienced, this 

means that the NSWI-scaled winter recharge values tended to underestimate the 

isotopically-scaled values. This pattern is likely attributable to the lack of consideration 

of partitioning of precipitation into quick runoff in the NSWI estimation method. 

In a future of shifting seasonality of precipitation and recharge, estimates of 

recharge seasonality based on observed climatic data could be incredibly useful for land 

surface modelers. The high correlation between isotopically- and NSWI-scaled winter 

recharge in some basins supports the use of NSWI-based seasonalization of recharge for 

parameterization of groundwater models, land surface partitioning models, and basin 

water budgets in those basins. Basins that experience significant quick runoff are not 

well-modeled using the NSWI, so a method that incorporated quick runoff could improve 

estimations of recharge seasonality in those basins. 

Recharge under future climate 

 

As the quantity and seasonality of precipitation changes in these basins with 

climate change, the relative contribution to recharge from mountain-system recharge and 

in-stream flood-driven recharge will change. Some studies have shown that rising 

temperatures are changing the timing and amount of spring snowmelt in the western U.S., 

leading to differences in the timing and quantity of diffuse recharge occurring in 

mountain-systems (Hamlet et al., 2005; Mote et al., 2005). As temperatures are predicted 

to rise across the region in the coming decades and winter precipitation in the Basin and 

Range is predicted to decrease, we might expect a shift in the recharge regimes in these 

basins toward greater contributions from summer convective event recharge (Seager et 

al., 2007; Solomon et al., 2007; Dominguez et al., 2012). 
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Predicted climate change 

The estimations of winter recharge fraction in these basins can be used to interpret 

how projected future climate change may propagate through the recharge processes, 

impacting future recharge timing and quantity. An ensemble of 24 global circulation 

models (GCMs) and GCM/regional climate model (RCM) combinations projected up to a 

20% increase in winter precipitation in the northern Basin and Range, and a 

corresponding 20% decrease in winter precipitation in the southern Basin and Range with 

a high level of model agreement (Dominguez et al., 2012). At the same time, the 

frequency of extreme 50-year return winter precipitation events increased for both the 

north and the south. The GCMs used to generate future climate predictions have been less 

skillful in predicting the North American Monsoon (NAM) than for cool-season 

precipitation in the region (Castro et al., 2012). 

Model projections indicate that warmer global temperatures could result in a 

weakened ENSO-monsoon connection (Solomon et al., 2007). An examination of 19 

GCMs indicates an overall drying trend in the southwestern U.S., with precipitation 

decreasing -0.1 mm/day to -0.2 mm/day from 1900 to 2100, and evapotranspiration 

decreasing about -0.05 mm/day in the same period (Seager et al., 2007). The models also 

indicated a northward expansion of the southwestern US arid subtropical zone as rising 

Pacific SSTs push the Westerlies further north. Greater humidity due to higher 

temperatures was shown to increase divergence of moisture, causing dry regions to 

become drier and wet regions wetter. 

Comparison of two major droughts in the southwestern US in the 1950s and 

2000s showed that higher daily minimum and maximum temperatures led to increased 

evapotranspirational demand (and less precipitation) in most parts of the region during 
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the late summer monsoon season (Weiss et al., 2009). In the 2000s drought, however, 

evapotranspirational demand did not increase during the monsoon season in the core of 

the monsoon, where higher dewpoint temperatures compensated for higher air 

temperatures. In light of climate projections of increasingly higher temperatures in the 

region in the future, evapotranspirational demand is expected to increase during the 

monsoon season, leading to less availability of precipitation for recharge and less soil 

moisture (IPCC, 2014). 

Climate change impacts to recharge 

The picture of a generally drier southern Basin and Range emerges from these 

climate projections, and particularly drier in the winter. Because winter recharge plays a 

disproportionately large role in total annual recharge in the southern Basin and Range, 

this would suggest a general future decrease in total annual recharge. How the seasonality 

of recharge in the south might be affected is less clear, as any future changes in NAM 

precipitation and summer evaporative demand are less clear. An increase in NAM 

precipitation may lead to a smaller increase in summer recharge. A higher summer 

evaporative demand would diminish that increase, but still the seasonality of recharge 

would move toward greater contribution from summer recharge. A decrease in NAM 

precipitation may lead to a decrease in summer recharge, and a small decrease in total 

annual recharge, with little impact on the seasonality of recharge as both winter and 

summer precipitation decrease. 

In the northern Basin and Range, projected increased winter precipitation would 

lead to increased total annual recharge, as winter precipitation is shown here to compose 

the great majority of recharge in the north. Similarly, a region-wide drying trend would 

decrease total annual recharge in the north. The possibility of an intensified NAM could 
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bring more intense summer precipitation to northern reaches of the Basin and Range, 

increasing total annual recharge. If winter precipitation does not increase at the same time 

as summer precipitation, recharge seasonality in the north may shift toward a greater 

contribution of summer recharge to total annual recharge. Meanwhile, any increases in 

evapotranspirational demand associated with warming would lead to decreased winter 

and total annual recharge in the north. 

CONCLUSIONS 

There are clear spatial trends in the seasonality of recharge across the Basin and 

Range Province as indicated by stable water isotope signatures of precipitation and 

groundwater. Across the region, recharge is dominated by winter precipitation, even in 

southern basins where the majority of annual precipitation occurs in the summer. The 

marked difference between the timing of precipitation and the timing of recharge in the 

southern Basin and Range illustrates the weak impact of the NAM on recharge in the 

region. The NSWI does well in estimating recharge seasonality for some basins, 

primarily in the northern Basin and Range and in basins without significant quick runoff 

from summer precipitation events. Future climate projections for the region vary and 

would have varying impacts on the seasonality and quantity of annual recharge. 
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TABLES 

Table 1. Metadata for isotopic data sources 

Basin 
# 

Samples 

Collection 

Timeframe 
Definition of seasons Reference 

Salt Lake Valley 67 1990-2001 Not defined Friedman et al., 2002; 

Thiros and Manning 

2004 

Carson Valley (NV) 27 1979-2011 S: Aug-Nov; W: Mar-May NWIS 2014 

Central NV 64 1999-2002 S: Jun-Sep; W: Oct-May Rose et al., 2003 

Spring Mtns (NV) 179 1975-1988 S: Jul-Sep; W: Winograd et al., 1998 

Verde (AZ) >100 7/2003-8/2004 S: Jul-Sep; F: Oct-Nov;  

W: Dec-Mar 

Blasch and Bryson 2007; 

Blasch et al., 2005 

Mojave (CA) 50 1994-1998 S: May-Nov; W: Dec-Apr Izbicki et al., 2000 

Sacramento Mtns (NM) >100 2006-2009 S: Apr-Sep; W: Oct-Mar Newton et al., 2009 

Tucson (AZ) >500 T:1981-2000 

P: 1995-2000 

S: May-Sep; W: Oct-Apr Kalin, 1994; Wright, 

2001 

Hueco Bolson (TX) >180 GW: 2002-3 

P: 2004-5 

Four seasons (Sp, Su, F, W); 

monthly ranges not reported 

Witcher et al., 2004; 

Druhan et al., 2008; 

Eastoe et al., 2008 

San Pedro (AZ) 89 2003-2005 S: Apr-Sep; W: Oct-Mar Wahi et al., 2008 

San Miguel (MX) 78 2005-2012 S: Apr-Sep; W: Oct-Mar  Neff et al., 2015 

 

Table 2. Scaling factors for Maxey-Eakin method of recharge estimation 

Precipitation (in) ai 

< 8 0.00 

8 - 12 0.03 

12 - 15 0.07 

15 - 20 0.15 

> 20 0.25 

Table 3. Suite of nine solutions applied to each set of endmembers (both δ18O and δD) to determine the isotope-

specific and overall estimates of fraction winter recharge. 

Delta �̅�𝒈𝒘 �̅�𝒈𝒘 + 𝝈 �̅�𝒈𝒘 − 𝝈 

�̅�𝑷 𝑓𝑤 =
(𝑔𝑤 − 𝑃𝑠)

(𝑃𝑤 − 𝑃𝑠)
 𝑓𝑤 =

((𝑔𝑤 + 𝜎) − 𝑃𝑠)

(𝑃𝑤 − 𝑃𝑠)
 𝑓𝑤 =

((𝑔𝑤 − 𝜎) − 𝑃𝑠)

(𝑃𝑤 − 𝑃𝑠)
 

�̅�𝑷 + 𝝈 𝑓𝑤 =
(𝑔𝑤 − (𝑃𝑠 + 𝜎))

((𝑃𝑤 + 𝜎) − (𝑃𝑠 + 𝜎))
 𝑓𝑤 =

((𝑔𝑤 + 𝜎) − (𝑃𝑠 + 𝜎))

((𝑃𝑤 + 𝜎) − (𝑃𝑠 + 𝜎))
 𝑓𝑤 =

((𝑔𝑤 − 𝜎) − (𝑃𝑠 + 𝜎))

((𝑃𝑤 + 𝜎) − (𝑃𝑠 + 𝜎))
 

�̅�𝑷 − 𝝈 𝑓𝑤 =
(𝑔𝑤 − (𝑃𝑠 − 𝜎))

((𝑃𝑤 − 𝜎) − (𝑃𝑠 − 𝜎))
 𝑓𝑤 =

((𝑔𝑤 + 𝜎) − (𝑃𝑠 − 𝜎))

((𝑃𝑤 − 𝜎) − (𝑃𝑠 − 𝜎))
 𝑓𝑤 =

((𝑔𝑤 − 𝜎) − (𝑃𝑠 − 𝜎))

((𝑃𝑤 − 𝜎) − (𝑃𝑠 − 𝜎))
 

 



90 

 

  



91 

 

FIGURES 

 

Figure 1. Location of the Basin and Range Geological Province and study basins. 

 

 

Figure 2. Conceptual model of recharge pathways in Basin and Range aquifers 
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a) b) 

 

Figure 4. Interpolations from basin values for the fraction of (a) annual precipitation that occurs in winter from 

Western Regional Climate Center mean monthly data; and (b) annual recharge that occurs in winter based on 

analysis of stable water isotopes of winter precipitation, summer precipitation, and groundwater. 

 

a) b) 

 

Figure 5. Spline interpolations of basin data for (a) the ratio of winter recharge fraction to winter precipitation 

fraction (fRw/fPw). Bluer areas feature a more disproportionate contribution of winter recharge as compared to 

winter precipitation; and (b) δ18O of mean groundwater across the Basin and Range. 
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a) b) 

 

Figure 6. Spline interpolations created from basin data points of (a) δ18O of bulk winter precipitation; and (b) 

δ18O of bulk summer precipitation. 

 

a) b) 

 

Figure 7. Correlation between isotopically-scaled winter recharge length and NSWI-scaled recharge length 

using (a) AET; and (b) PET for northern basins. Empirical annual total recharge determined using the Maxey-

Eakin method. 
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a) b) 

 

Figure 8. Correlation between isotopically-scaled winter recharge length and NSWI-scaled recharge length 

using (a) AET; and (b) PET for Arizona basins. Empirical annual total recharge determined using the Anderson 

equation. 

 

 

a) b) 

 

Figure 9. Correlation between isotopically-scaled winter recharge length and NSWI-scaled recharge length 

using (a) AET; and (b) PET for Río Grande Valley basins. Empirical annual total recharge determined using 

the Waltemeyer method. 
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Figure 10. R2 values, slope, and y-intercept for the best fit line correlation between isotopically-scaled and 

NSWI-scaled winter recharge lengths, using both AET and PET. 

 

 

Figure 11. R2 values for the correlation between isotopically-scaled and NSWI-scaled winter recharge lengths, 

using both AET and PET, as a function of a) longitude; b) isotopically-derived winter recharge fraction. 
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ABSTRACT 

River baseflows and riparian groundwater that support critical ecosystem services and 

biodiversity in arid and semi-arid riparian corridors are sustained by groundwater 

recharge occurring over variable time scales and controlled by local climate, topography, 

and geology. This study applies the techniques of vegetation detection using remote 

sensing to examine the interaction between hydrologic, climatic, and geographical 

variables and seasonal changes in riparian vegetation productivity. Land cover 

classifications are conducted using classification and regression tree (CART) models for 

four basins in the Basin and Range and coupled with spatial analysis to isolate riparian 

corridors. Riparian and non-riparian Normalized difference vegetation index (NDVI) 

values are compared between three seasons (winter, early summer, and later summer) to 

examine and measure the response of riparian vegetation to seasonal climatic and 

hydrological processes. The seasonality of recharge was not found to have a significant 

impact on the productivity of riparian corridors, except at low elevation during the winter 

season. In general, the NDVI of riparian vegetation depended more on the seasonality of 

precipitation (winter at high elevation; early summer at low and high elevation; late 

summer at low elevation) or the spread of temperatures experienced annually (late 

summer at high elevation).  
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INTRODUCTION 

Riparian corridors in the arid and semi-arid Basin and Range Geological Province 

of the western United States support high biodiversity in otherwise biologically low-

productivity regions by providing critical habitat for migrating birds, endemic aquatic 

species, and deciduous broadleaf forests (Leenhouts et al., 2006; Stromberg and Tellman, 

2009). Diversions of surface water and pumping of groundwater, as well as projected 

climate change, threaten the availability of water to these environmental users (Seager et 

al., 2007; Stromberg et al., 2007; Nguyen et al., 2014). River baseflows and riparian 

groundwater are sustained by groundwater recharge occurring over variable time scales 

and controlled by local climate, topography, and geology (Wilson and Guan, 2004; 

Leenhouts et al., 2006). In considering how climate change will impact interannual 

riparian water availability, it is important to first understand the intra-annual hydrologic 

processes contributing to seasonal variations in water availability and riparian vegetation 

growth cycles. How do seasonal variations in precipitation, recharge, and temperature 

interact in Basin and Range watersheds to influence seasonal cycles of riparian vegetation 

NDVI? 

The role of riparian corridors in regional biodiversity 

Riparian tree species native to western arid and semi-arid regions provide many 

ecological services to an otherwise biomass-poor system. Riparian trees such as 

cottonwood, willow, sycamore, and netleaf hackberry provide habitat preferred by 

migrating bird species (Powell and Steidl, 2002; Stromberg and Tellman, 2009). The 

quality and distribution of habitat for migrating birds is dependent upon the distribution 

of deciduous riparian tree species, which in turn depends upon depth to groundwater and 

surface flow regime (Merritt and Bateman, 2012). Deciduous tree species sustain riparian 
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food webs by making groundwater available to insects and animals via greenfall (Sabo et 

al., 2008). Riparian mesquite forests support higher soil moisture and organic matter in 

the root zone, which promotes microbial activity (Schade and Hobbie, 2005; Sponseller 

and Fisher, 2006). Beyond the biodiversity benefits, riparian corridors provide green 

space that increases nearby property values (Bark et al., 2011). 

Riparian tree species are physiologically sensitive to and threatened by even slight 

decreases in water availability (Letts et al., 2008). At the same time, riparian trees 

typically found in western arid and semi-arid regions are some of the largest 

environmental water users, constituting a feedback mechanism in the basin water budget 

(Cleverly et al., 2006). As riparian forests transpire surface and soil water, they impact 

recharge and groundwater storage. 

Invasive species such as the Tamarix ramosissima (salt-cedar) are well-adapted to 

water-limited environments because of their deep roots (Cleverly et al., 2006; Merritt and 

Poff, 2010). As baseflow and riparian groundwater decrease, native cottonwoods and 

willows are quick to respond physiologically to the lack of soil water (Hutline et al., 

2010). Declines in riparian water availability due to climate change and/or anthropogenic 

alteration of streamflow allow Tamarix to outcompete native cottonwood and willow 

species, causing a shift in the composition of riparian corridors over time (Stromberg et 

al., 2007). 

Groundwater sustains arid and semi-arid riparian ecosystems 

Seasonal variations in transpiration in water-limited semi-arid ecosystems have 

been shown to be coupled to the timing of precipitation in different ways than energy-

limited temperate ecosystems, where green-up and respirations are primarily related to 

temperature changes (Yepez et al., 2007). However, many studies have shown the 
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importance of riparian groundwater in sustaining riparian vegetation. The availability of 

riparian groundwater is the product of several factors, one being rates of basin recharge 

that bring new water to riparian aquifers over varying time scales. Could this hydraulic 

connection between recharge and riparian water availability result in a measureable 

seasonal relationship between riparian vegetation and the timing of recharge? 

METHODS 

Past studies have mapped riparian corridors in order to examine impacts on 

riparian vegetation NDVI from streamflow regimes (Auble et al., 1994), water 

abstraction for human use (Nguyen et al., 2014), and several variables combined, 

including maximum temperature, antecedent rainfall, the lengths of inter-flood dry 

periods, and groundwater levels (Fu and Burgher, 2015). This study aims to examine the 

relationships between intra-annual seasonal hydrological cycles and vegetation cycles by 

mapping riparian and non-riparian NDVI across a range of elevations in four basins 

spread across the domain of the Basin and Range Province (Figure 1). Riparian and non-

riparian NDVI is compared between three seasons (winter, early summer, and late 

summer) and related to hydrologic and climatic variables to identify possible drivers of 

seasonal NDVI change in the region, including the range of mean monthly temperatures 

annually, basin elevation at the outlet, and the fraction winter precipitation and recharge. 

Multispectral imagery  

In order to identify a representative year for which to collect high-resolution 

multispectral imagery, NDVI values from MODIS images of subsetted 4-pixel clusters 

encompassing the centroid of each basin were examined for the period 2000-2014 

(ORNL, 2015) (Figure 2). 2008 was chosen as a representative year in which none of the 

basins experienced extremely high or low NDVI values. Atmospherically-corrected, 30 
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m-resolution multispectral imagery from Landsat 5 Thematic Mapper (TM) were ordered 

using USGS Earth Explorer for select days in the months of March, June, and September 

(USGS, 2015a). These months were chosen for their timing at the end of the three 

precipitation seasons present in the Basin and Range Province: winter (Oct-Mar), dry 

early summer (Apr-Jun), and wet late summer monsoon (Jul-Sep).  

For months in which there was more than one day of imagery, one day was 

chosen for its temporal proximity to data available in other basins. If the chosen image 

included prohibitive cloud cover, a different image from that month with less cloud cover 

was chosen. There was one case where an image from the month of February was used to 

represent winter vegetation conditions because all of the available March images had 

prohibitive cloud cover (Table 1). 

Some basins were located such or of such size that it was necessary to collect 

multiple images from different paths and/or rows to completely cover the basin extent 

(Table 1). In these cases, adjacent images were collected for the day closest to the day of 

the primary image, and the multiple images were mosaick-ed together. Where images 

overlapped, the primary image or the image whose date was closest to the primary image 

was overlaid on top of the other image, giving precedence to that image. 

Normalized difference vegetation index (NDVI) 

Once the composite imagery had been created from the individual Landsat 5 TM 

imagery, rasters of NDVI for each scene were created using the ERDAS Imagine 13 

imagery processing software. NDVI is a measure of vegetation greenness determined 

using the red visible light and near infrared spectrums, covered here by Landsat 5 TM 

bands 3 (0.63-0.69 μm) and 4 (0.76-0.9 μm) respectively (USGS, 2015b). NDVI has been 

used extensively as a corollary for photosynthetically active vegetation in semi-arid 
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riparian corridors (Jones et al., 2008; Letts et al., 2008; Dennison et al., 2009; Nguyen et 

al., Fu and Bergher, 2015). NDVI is calculated from reflectance (ρ) in the red visible light 

and near infrared spectrums (Deering and Haas, 1980): 

𝑁𝐷𝑉𝐼 =
𝜌𝑁𝐼𝑅 − 𝜌𝑟𝑒𝑑

𝜌𝑁𝐼𝑅 + 𝜌𝑟𝑒𝑑
 

Basin delineation 

Basin boundaries were assembled from several different sources, including state 

and national geospatial data depositories (Table 2). Stacked multispectral imagery and 

NDVI rasters were clipped to these boundaries prior to being used as the basis for land 

cover classifications. 

Land cover classifications 

In order to identify pixels of riparian vegetation for analysis, land cover 

classifications were conducted for each basin using classification and regression tree 

(CART) models trained with data points based on high-spatial resolution, temporally-

coincident satellite imagery in Google Earth and red-green-blue (RGB) false color 

composite images created from Landsat 5 TM bands 4, 3, and 2. The CART models for 

each basin were created from sets of six images, which included the full 6-layer stack of 

Landsat 5 TM data as well as NDVI for all three seasons, and a set of training data with 

at least 60 points for each land cover class. The CART method was chosen for its proven 

success in accurately classifying semi-arid riparian vegetation (Villareal et al., 2012). 

Land cover classes were modeled after those used by Villareal et al. (2012) (and 

based on Anderson (1976)), which also sought to separate riparian vegetation from other 

vegetation classes in a semi-arid basin. One land cover class was added for the purposes 

of these classifications (Table 3). That class is grass, to reflect maintained sod on golf 
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courses and athletic fields. For each basin, land cover classes were used selectively 

according to their presence or absence in that basin. 

The National Land Cover Database (NLCD) toolbox for ERDAS Imagine 13 and 

See5 were used to conduct the CART classifications. In See5, the classifier was 

constructed using the winnow attributes, boost, and global pruning options. Accuracy of 

land cover classifications were calculated using a confusion matrix, which is the ratio of 

correctly classified validation points to the total number of training points of that land 

cover type (Congalton, 1991). For every basin, there were at least 30 training points and 

30 validation points. 

Seasonal and elevational patterns in NDVI in and out of the riparian corridor 

In order to conduct the seasonal analyses on riparian and non-riparian vegetation, 

riparian pixels were selected from the CART land cover classification for each basin to 

create a riparian raster mask. To isolate pixels covering riparian vegetation and exclude 

misclassified pixels far from riparian areas, the riparian vegetation raster masks were 

clipped to buffer polygons extending 200 meters in either direction from the higher order 

stream segments contained within each basin's boundaries. Stream networks were 

assembled from the National Hydrography Dataset and Mexico's National Institute of 

Statistics and Geography (Table 2). 

To create the non-riparian raster mask for each basin, all pixels falling within the 

200 m stream buffer zone were removed from the domain. Thus, pixels outside the 

riparian corridor and misclassified as riparian by the land cover classification were 

included in the non-riparian mask. The riparian and non-riparian masks for each basin 

were used to extract NDVI values for riparian and non-riparian pixels from the three 

seasonal NDVI rasters for each basin. 
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Riparian and non-riparian seasonal NDVI rasters for each basin were divided 

further into separate swaths of 200 m-elevation ranges. The elevation swaths were 

created by selecting pixels falling within the designated elevation ranges to create 

elevation range masks. The elevation ranges differed for each basin due to their different 

locations and topographies. Riparian and non-riparian NDVI rasters were created for each 

elevation range by selecting pixels using the elevation range masks. Mean riparian and 

non-riparian NDVI and standard deviation for each season for each elevation range was 

determined from these rasters. The elevation at the basin outlet was also determined from 

the DEMs to evaluate the impact of basin elevation on riparian NDVI. 

Hydrological and climatic data 

Monthly climatic data for 2008 were collected for each basin for the purpose of 

comparison to seasonal NDVI values (NOAA, 2015). Data for 2008 specifically was not 

available in the Río San Miguel, so mean monthly values over a period 1974-2007 were 

used (CICESE, 2015). The difference between maximum and minimum mean monthly 

temperature, as well as fraction winter precipitation, were calculated from these data. 

Data on the seasonality of recharge in these basins, represented as winter recharge 

fraction, were taken from stable isotope-based estimations (Neff et al., in-prep).  

RESULTS AND DISCUSSION 

Land cover classification of riparian corridors 

Land cover classification of the study basins using CART models were 

moderately successful, with overall accuracies ranging from 72-80%, and riparian zone 

accuracies ranging from 62-78% (Table 4). Corridors of riparian vegetation are visible in 

all four basins (Figure 3). The greatest confusion in classification occurred between non-

riparian and riparian classes of similar vegetation cover. For example, upland forest was 
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frequently misclassified as riparian forest in Little Fish Lake Valley. To address this 

issue, only pixels within 200 m of the stream course were used to conduct the analysis of 

riparian NDVI. A buffer within 200m of a stream course can be reasonably assumed to 

include vegetation with access to riparian water along the main stream course of a river 

and has been used in a similar study (Nguyen et al., 2014). Using this buffer diminishes 

the impact of these misclassifications on the analysis. Misclassifications among non-

riparian classes (such as the misclassification of barren land as developed land in the 

Upper Verde) do not likely impact the results since all pixels outside of the riparian 

buffer were included in the non-riparian analysis (Figure 3).  

Seasonal and elevational patterns of riparian and non-riparian NDVI 

Riparian and non-riparian NDVI from 200 m elevation swaths were compared for 

each basin. To simplify this analysis, only the lowest elevations and highest elevations 

for each basin are examined here (Figure 4). This is justified by the finding that mean 

riparian and non-riparian NDVI values in the intervening elevations plotted along a 

continuum of change between the low and high elevation sites. The low and high 

elevations sites experienced the greatest and least difference between mean riparian and 

non-riparian NDVI, respectively. Although there was a clear elevational pattern in the 

difference between mean riparian and non-riparian NDVI for all basins, only in several 

cases was there statistical significance between mean riparian and non-riparian NDVI: in 

the late summer season at low elevation in the Verde Basin, and in the early and late 

summer seasons at low elevation in the Sacramento Mountains (Figure 4). This finding 

suggests that for the most part, there is not a significant difference between riparian and 

non-riparian NDVI in these basins, and particularly not at the highest elevations. Where 

there was a significant difference, mean riparian NDVI was greater than non-riparian 
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NDVI, which is to be expected due to assumed greater water availability to vegetation in 

riparian zones. 

In general, non-riparian NDVI was greater at high elevation (Figure 4). The 

lowest NDVI values recorded occurred during the winter at high elevation in the Little 

Fish Lake Valley, indicating the impact of winter snow pack at this higher latitude site. 

Intra-annual seasonal differences in NDVI were more pronounced at low elevation and 

for sites at high latitude and impacted by snow cover (Little Fish Lake Valley) and low 

latitude (San Miguel Basin). All basins except the Little Fish Lake Valley experienced 

their greatest mean riparian NDVI during the late summer season (Figures 4 and 5). The 

Little Fish Lake Valley experienced its greatest mean riparian NDVI during the early 

summer season, with a slight decline to the late summer season. This result reflects the 

Little Fish Lake Valley's northern-most location, out of the zone of influence of the North 

American Monsoon.  

All basins except the San Miguel Basin experienced their lowest mean riparian 

NDVI at low elevation during the winter season, when deciduous vegetation is dormant 

or just coming out of dormancy (Figure 4 and 5). For the San Miguel Basin, the lowest 

mean riparian NDVI at low elevation occurred during the dry summer season, just before 

the onset of the monsoon (though the difference between mean riparian NDVI in winter 

and early summer in the San Miguel Basin is not significant, being within each other’s 

margin of error). In the Sacramento Mountains and San Miguel Basin, riparian NDVI at 

high elevation was actually lower than non-riparian NDVI during the winter. This 

difference might be explained by the contrast between dormant deciduous riparian trees 

and evergreen non-riparian trees 
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Examining subsets of the riparian and non-riparian data up close, the above 

observed differences between riparian and non-riparian NDVI are visible (Figures 6 and 

7). At both high and low elevation, the land cover classification and 200 m stream buffer 

successfully identified riparian vegetation. High NDVI-agricultural areas at low elevation 

were excluded from the riparian classes, and the stream buffer mostly excluded those 

agricultural areas from being included in the non-riparian area, preventing those near-

stream agricultural areas from unduly influencing non-riparian NDVI values. At both 

high and low elevation in the Sacramento Mountains, riparian NDVI increases from 

winter to early summer and again to late summer (Figures 6 and 7). However, when the 

non-riparian pixels are examined, two different trends emerge. At low elevation, NDVI 

generally decreases away from the riparian zone (Figure 6e). At high elevation, NDVI 

appears to be independent of distance from the stream course, and exhibits an elevational 

gradient parallel to the stream course (Figure 7e). 

Hydrologic, climatic, and geographic impacts on riparian NDVI through the seasons 

There were differences in the correlation of riparian NDVI with hydrologic, 

climatic, and geographic variables between high and low elevation for all seasons 

(Figures 8-10). In winter, riparian NDVI at low elevation was correlated most strongly 

with the basin's fraction winter recharge (R2 = 0.949), and at high elevation was 

correlated most strongly with fraction winter precipitation (R2 = 0.872). At low elevation, 

riparian NDVI was negatively correlated with winter recharge fraction, meaning that 

basins that experienced a greater proportion of summer recharge had greater riparian 

NDVI in the winter season. One possible explanation for this could be a delayed impact 

of summer recharge on water availability in the riparian zone. The correlation at high 

elevation was also negative, meaning that basins that receive a greater proportion of 
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summer precipitation have greater winter riparian NDVI. The driver of these correlations 

is not clear, but may have to do with basins that receive more summer precipitation and 

recharge being at lower latitudes, and thus experiencing less snow pack and warmer 

winter temperatures. NDVI has been shown to be positively correlated with temperature 

globally (Ichii et al., 2002) and in semi-arid regions specifically (Fu and Burgher, 2015). 

In early (dry) summer, riparian NDVI at both low and high elevation were 

negatively and most correlated with fraction winter precipitation (R2 = 0.306 and 0.658, 

respectively). This correlation seems to be straightforward: basins that received a greater 

proportion of summer precipitation had greater early summer NDVI. The low correlation 

of this season with any of the variables examined here prompts further inquiry into other 

possible drivers. 

In the late (wet) summer, riparian NDVI at low elevation was most correlated 

(negatively) with fraction winter precipitation (R2 = 0.954). This correlation again seems 

straightforward, as more summer precipitation leads to greater summer riparian NDVI. 

The fact that this correlation was higher in the late summer than in the early summer 

speaks to the lag of green-up after the arrival of summer rains. Méndez-Barroso et al. 

(2009) found that in the San Miguel Basin, green-up was better correlated with 

accumulated precipitation when more preceding months were included in the total, 

suggesting that water availability is integrated through physical processes over time, and 

does not respond immediately to precipitation inputs. At high elevation, late summer 

riparian NDVI was most correlated (negatively) with the range of monthly mean 

temperatures in the basin (R2 = 0.7753). Basins with a smaller annual temperature range 

(closer to a tropical climate) experienced greater late summer NDVI at high elevation. 
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Absolute temperature as be shown to be positively correlated with NDVI in semi-arid 

regions (Ichii et al., 2002), but temperature range appears to be negatively correlated with 

NDVI.  

CONCLUSIONS 

The seasonality of recharge does not appear to have a significant impact on the 

NDVI of riparian corridors at any elevation. The NDVI of riparian vegetation depended 

more on the seasonality of precipitation or the spread of temperatures experienced 

annually. However, winter low elevation riparian NDVI did have a strong correlation 

with recharge seasonality, suggesting that under some circumstances, NDVI in the 

riparian corridor is driven by recharge timing. 

Future directions 

This study would be improved by the addition of more basins to the analysis, 

making the correlations between riparian NDVI and hydrologic, climatic, and 

geographical variables clearer. With such a small set of data points, the addition of new 

data points may have a great impact on these correlations. Ideally, 30 basins would be 

compared. However, Neff et al. (in-prep) examines only 11 basins. Expanding to 11 

basins would nearly double the sample size, however, likely improving the statistical 

significance of any correlations. Furthermore, the manner of analysis of these correlations 

could be improved by adopting different methods for quantifying correlation, or the 

explanatory power of the hydrologic, climatic, and geographical variables. Potential 

methodologies used in similar studies include regression tree analysis (Fu and Burgher, 

2015) and multiple linear regression (Nguyen et al., 2014).  
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TABLES 

Table 1. Landsat 5 TM multispectral imagery used 

Basin Image Path Image Row Image Dates 

Little Fish Lake Valley (NV) 40 33 March 21, 2008 

June 9, 2008 

September 13, 2008 

Upper Verde River Basin (AZ) 37 36 February 29, 2008 

June 20, 2008 

September 24, 2008 

38 36 March 7, 2008 

June 27, 2008 

September 15, 2008 

Rio San Miguel Basin (MX) 35 39 March 18, 2008 

June 6, 2008 

September 10, 2008 

35 40 March 18, 2008 

June 6, 2008 

September 10, 2008 

Sacramento Mountains (NM) 32 37 March 13, 2008 

June 1, 2008 

September 5, 2008 

33 37 March 20, 2008 

June 8, 2008 

September 28, 2008 
 

 

Table 2. Data sources for stream networks and basin boundaries 

Basin Stream Network 

Source 

Boundary Source 

Little Fish Lake Valley (NV) USGS, 2015c NDWR, 2015 

Upper Verde River Basin (AZ) USGS, 2015c Coes, 2015 

Rio San Miguel Basin (MX) INEGI, 2015 INEGI, 2015 

Sacramento Mountains (NM) USGS, 2015c NMOSE, 2015 (Peñasco, Hondo, 

and part of Roswell basins) 
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Table 3. Land cover classification scheme (adapted from Villareal et al., 2012) 

Land cover class Description 

Agriculture Row crops 

Barren Rock and bare soil 

Upland Forest Tree cover >60%, non-riparian 

Developed Areas of disturbance for commercial, industrial, and residential 

structures 

Herbaceous Herbaceous dominated, non-riparian. Tree cover <10%, shrub cover 

<10% 

Woodland Tree cover dominant type, but <60% total cover 

Riparian forest Tree cover >60%, dominated by cottonwood and willow species. 

Riparian woodland Tree cover dominant, but <60% 

Shrub savanna Herbaceous dominated, shrub cover present but <10% 

Shrubland Shrub cover >50% 

Tree savanna Herbaceous dominated, tree cover present but <10% 

Water Water 

Grass Maintained sod for golf courses and athletic fields 

 
Table 4. Accuracy assessments of land cover classifications 

Basin Overall accuracy Riparian Accuracy 

Little Fish Lake Valley (NV) 80% 78% 

Upper Verde River Basin (AZ) 73% 73% 

Rio San Miguel Basin (MX) 68% 62% 

Sacramento Mountains (NM) 73% 64% 

  



117 

 

FIGURES 

 

 

Figure 1. Location of study basins within the Basin and Range Geological Province. 
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Figure 2. Workflow of spatial data analysis to produce rasters of riparian and non-riparian NDVI for different 

elevation swaths in four basins in the Basin and Range Province. 
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a) b) 

  
c) d) 

 

Figure 3. Land cover classifications created using classification and regression tree (CART) models trained with 

satellite imagery verification data for a) Little Fish Lake Valley (NV); b) Río San Miguel Basin (MX); c) Upper 

Verde River Basin (AZ); d) Sacramento Mountains/Pecos Slope (NM).  
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Figure 4. The greatest differences between riparian and non-riparian mean NDVI occur in the lowest elevations 

of every basin. Only in the lowest elevations of the Verde Valley and Sacramento Mountains was there a 

significant difference between riparian and non-riparian mean NDVI. 
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a) 

   
 

b) 

  
c) 

  
d) 

  

Figure 5. Monthly precipitation, average monthly temperature, and mean riparian NDVI at the end of each 

season (March, June, and July) for a) Little Fish Lake Valley (NV); b) Upper Verde River Basin (AZ); c) 

Sacramento Mountains/Pecos Slope (NM); and d) Río San Miguel (MX).
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Figure 6. A low-elevation riparian site in the Sacramento Mountains (NM) is depicted a) without data; b) with 

winter riparian NDVI; c) with early summer riparian NDVI; d) with late summer riparian NDVI; and d) with 

both riparian and non-riparian late summer NDVI. 

a) b) 

c) d) 

e) 
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Figure 7. A high-elevation riparian site on the boundary of the Sacramento Mountains (NM) watershed is 

depicted a) without data; b) with winter riparian NDVI; c) with early summer riparian NDVI; d) with late 

summer riparian NDVI; and d) with both riparian and non-riparian late summer NDVI. 

  

a) b) 

c) d) 

e) 
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a) b) c)  

 

Lowest elevation: 

 

    
 

Highest elevation: 

 

   

 

Figure 8. Relationship between mean winter riparian NDVI and a) the range of mean monthly temperatures in a 

basin; b) elevation of the basin at the outlet; and c) the fraction of winter recharge and precipitation. 
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a) b) c) 

 

Lowest elevation: 

 

   
 

Highest elevation: 

 

   

 

Figure 9. Relationship between mean dry early summer riparian NDVI and a) the range of mean monthly 

temperatures in a basin; b) elevation of the basin at the outlet; and c) the fraction of winter recharge and 

precipitation. 
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a) b) c)  

 

Lowest elevation: 

 

    
 

Highest elevation: 

 

   

 

Figure 10. Relationship between mean wet late summer (monsoon) riparian NDVI and a) the range of mean 

monthly temperatures in a basin; b) elevation of the basin at the outlet; and c) the fraction of winter recharge 

and precipitation. 
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