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Abstract: Episodic recharge as a result of infrequent, high intensity precipitation events comprises the
bulk of groundwater recharge in arid environments. Climate change and shifts in precipitation
intensity will affect groundwater continuity, thus altering groundwater recharge. This study
aims to identify changes in the ratio of groundwater recharge and precipitation, the R:P ratio,
in the arid southwestern United States to characterize observed changes in groundwater recharge
attributed to variations in precipitation intensity. Our precipitation metric, precipitation intensity
magnification, was used to investigate the relationship between the R:P ratio and precipitation
intensity. Our analysis identified significant changes in the R:P ratio concurrent with decreases in
precipitation intensity. The results illustrate the importance of precipitation intensity in relation to
groundwater recharge in arid regions and provide further insights for groundwater management in
nonrenewable groundwater systems and in a changing climate.

Keywords: groundwater recharge; precipitation intensity; climate change; sustainable
groundwater management

1. Introduction

Sustainable groundwater management requires an effective framework that includes, in part [1],
an understanding of groundwater system fluxes. Challenges to sustainable groundwater management
are directly linked to the estimation of outflow (i.e., pumping, baseflow) and inflow (i.e., recharge) [2]
and are thus linked to the flux of water that infiltrates to the saturated zone. As described by Theis [3],
the rate of groundwater recharge is dependent upon the rate of the addition of water to the system and
the rate at which available water can infiltrate to a depth thus escaping evaporation. Throughout the
world, groundwater depletion has spurred actions which include recharge augmentation such
as importing surface water [4] and rainwater capture [5]. The volume of recharge to an aquifer
system alone does not correspond to the portion of available groundwater storage for withdrawals.
Such an antiquated idea, conceptualized as safe yield [6,7], was replaced by sustainable groundwater
management theories which account for ecosystem services provided by groundwater storage
including baseflow to streams [8] and the maintenance of groundwater storage.

Global observations and groundwater simulations have evaluated changes to recharge based on
IPCC projections [9,10] or have evaluated groundwater recharge to assess resilience [11]. Model-based
approaches [9,12–17] range from simplistic soil budget models to fully coupled global climate models
and groundwater flow models to study groundwater recharge. Such approaches typically seek
to determine long-term groundwater recharge as a function of changes in precipitation intensity
and timing.
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Groundwater recharge is an important variable for effective groundwater management [1,6,10],
especially in arid regions with little recharge [11,18]. Groundwater resources in arid environments
have been identified as under stress resulting from the imbalance between groundwater recharge
and the combination of natural rates of discharge and groundwater withdrawals. Groundwater
storage in arid regions is considered non-renewable [18,19] at timescales of groundwater management
planning horizons and are often impacted by anthropogenic activities resulting in dramatic changes
in groundwater resources [20]. An example illustrating the influence of anthropogenic impacts
to natural aquifer discharge rates is the Nubian aquifer in northeast Africa: prior to extensive
development, studies documented the natural rate of groundwater depletion of 0.79 km3/year [21] to
2.7 km3/year [22] while more recent depletion rates of 6.1 km3/year have been observed from 2003 to
2013 [11]. Future imbalances of groundwater recharge are expected to occur as a result of variability
attributed to climate change, especially in arid regions [9,23].

In arid and semi-arid environments, groundwater recharge tends to occur during extreme
precipitation events [24] as compared to other environments which are characterized as having a
combination of constant-rate and episodic behaviors [25]. Groundwater recharge varies spatially
as a result of physical attributes including soil type, depth to groundwater, vadose zone porosity,
hydrogeology and precipitation patterns. Because of the episodic nature of recharge in arid
environments, small changes in precipitation intensity have been suggested to influence groundwater
recharge [26,27]. Recent studies have sought to quantify episodic recharge [28] or identify regional
groundwater recharge [10,11,23]. Such evaluations, however, did not identify influences in observed
groundwater recharge as a function of precipitation, the primary goal of this study.

The arid southwestern United States has experienced prolonged drought conditions [29,30].
Castle et al. [31] evaluated groundwater storage changes during the drought and identified significant
groundwater depletion in the Lower Colorado River Basin. In that study, the authors attributed
significant changes of groundwater depletion rates to discrepancies between surface water (i.e.,
reservoirs) and groundwater management resulting from the drought. Alley and Konikow [32] argue
that a portion of the groundwater storage declines may result from natural groundwater discharges.
In reality, the likely scenario of groundwater storage loss in the region includes a combination
anthropogenic influences, natural groundwater discharges and climate. In this study, we seek to
evaluate changes in the ratio of recharge to precipitation (R:P ratio) which may account for rates
of groundwater declines observed in the region. For example, changes in recharge to the aquifers
may result in short-term fluctuations in both natural and anthropogenic fluxes from the aquifer [33].
Our evaluation holds important implications for groundwater management in arid environments
as groundwater resources are used to meet more than 70% of water demands [34] while climate
projections predict reduced precipitation in arid regions [35]. In our study, we evaluate changes
in the R:P ratio using a double mass curve approach [26,36] in combination with satellite-observed
precipitation data to attribute changes in precipitation statistics to observed changes in groundwater
recharge at locations across the arid southwestern United States (Figure 1).
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Figure 1. Site map illustrating locations of groundwater observation wells. 
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Data from the latest version of the Tropical Rainfall Measuring Mission (TRMM) merged 
precipitation product (3B42-V7; [37]) was used to account for precipitation rates within the 
0.25-degree grid surrounding each groundwater observation with a focus on the period 2000–2015. 
The TRMM product is bias adjusted using monthly ground gauge data from the Global Precipitation 
Climatology Centre (GPCC) product [38]. The 3-h, 0.25-degree product has been found valuable for 
hydrologic modeling (e.g., [39]) and successfully applied in the southwestern United States to assess 
monsoon precipitation behavior [40,41]. 

2.2. Groundwater Hydrographs 

Observations of water table depth were collected from the U.S. Geological Survey (USGS) [42] 
and the Arizona Department of Water Resources (ADWR) [43]. Well locations as illustrated in Figure 
1 were selected based on length and completeness of record, time between observations (15-min to 
6-h intervals) and for geographical representation throughout the study region. Wells within Active 
Management Areas in Arizona were not included in our study as groundwater replenishment 
activities are often used to augment groundwater resources. 

2.3. USGS Streamflow Data 

Streamflow data from USGS gages [42] were collected for watersheds either in near proximity 
to or enveloping groundwater observation wells. Gage stations were selected for sites with fewer 
than 5 consecutive days of no flow readings and a maximum of 5% missing data. Hydrograph 

Figure 1. Site map illustrating locations of groundwater observation wells.

2. Data

2.1. TRMM

Data from the latest version of the Tropical Rainfall Measuring Mission (TRMM) merged
precipitation product (3B42-V7; [37]) was used to account for precipitation rates within the 0.25-degree
grid surrounding each groundwater observation with a focus on the period 2000–2015. The TRMM
product is bias adjusted using monthly ground gauge data from the Global Precipitation Climatology
Centre (GPCC) product [38]. The 3-h, 0.25-degree product has been found valuable for hydrologic
modeling (e.g., [39]) and successfully applied in the southwestern United States to assess monsoon
precipitation behavior [40,41].

2.2. Groundwater Hydrographs

Observations of water table depth were collected from the U.S. Geological Survey (USGS) [42]
and the Arizona Department of Water Resources (ADWR) [43]. Well locations as illustrated in Figure 1
were selected based on length and completeness of record, time between observations (15-min to
6-h intervals) and for geographical representation throughout the study region. Wells within Active
Management Areas in Arizona were not included in our study as groundwater replenishment activities
are often used to augment groundwater resources.

2.3. USGS Streamflow Data

Streamflow data from USGS gages [42] were collected for watersheds either in near proximity to
or enveloping groundwater observation wells. Gage stations were selected for sites with fewer than
5 consecutive days of no flow readings and a maximum of 5% missing data. Hydrograph recessions
were isolated by identifying the beginning of a streamflow recession when a 3-day moving average
begins to decrease and ends when a 3-day moving average begins to increase [44,45].
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3. Methods

3.1. Estimation of Recharge

The estimation of groundwater recharge using in situ data can be conducted using multiple
approaches, including the water table fluctuation (WTF) method [46] and the master recession curve
(MRC) approach [47]. One would anticipate that in arid environments, groundwater elevations would
typically be in a near steady-state decline over time due to the natural recession behavior of aquifer
systems without external influences (i.e., pumping) [3]. Periodic recharge would occur during this
natural recession decline as a result of intense precipitation events. The MRC approach of [47] is thus
advantageous in our evaluation of recharge as the analysis accounts for natural and anthropogenic
changes in groundwater hydrograph recessions over time.

The MRC approach provided as an executable program [47] was used to isolate groundwater
recharge for select wells in the arid southwestern US (Figure 1) while accounting for rates of decline
in observed groundwater elevation data. The MRC approach is an extension of the WTF method
which estimates groundwater recharge as a function of water table height with respect to water table
elevation which would occur in the absence of recharge (∆Ht). Groundwater recharge for each time
step t (Rt) is calculated by

Rt “ Sy ˆ ∆Ht (1)

where Sy is the specific yield. As described by [47], a limitation of the MRC approach is the estimate of
the specific yield; thus, recharge was only estimated at wells for which a robust estimate of specific yield
could be identified using a relation between streamflow and groundwater elevations [48]. As described
by [49], one may estimate specific yield (Sy) as

Sy “
q

∆h
(2)

where q represents the average streamflow during a hydrograph recession event as a depth per unit of
catchment area and ∆h represents the average decline in groundwater elevations during the streamflow
hydrograph recession period.

Nimmo et al. [28] extend the MRC approach to account for episodic recharge events. In that study,
selected episodic recharge events from wells were used to estimate recharge. In our analysis, we
wish to characterize a change in the relationship between recharge (R) and precipitation (P). Thus, we
employ the MRC approach to produce a continuous time series of recharge estimates. The bin-averaged
approach was used to isolate recharge in individual groundwater observation wells with recharge rates
estimated at the same time interval as groundwater readings (∆t = 15 min to 6 h). Because of the small
∆t between observations, a large bin number was used (n = 1000) to ensure accurate representation of
average groundwater elevation decline rates expressed in the MRC. Output from the MRC analysis
includes an estimate of recharge, cumulative recharge and a representation of the groundwater
hydrograph recession behavior used to construct the MRC for each individual well.

3.2. Double Mass Curve

The double mass curve (DMC) is a simple graphical method to evaluate the consistency of
hydrological data [36,50]. The DMC approach plots the cumulative data of one variable against the
cumulative data of a second variable. A break in the slope of a linear function fit to the data is thought
to represent a change in the relation between the variables. This approach provides a robust method
to determine a change in the behavior of precipitation and recharge in a simple graphical method.
The DMC approach has been used to detect changes in the relation between groundwater recharge and
precipitation [26] by plotting the sum of recharge against the sum of precipitation. Such an approach is
used here since the change in the fraction of precipitation resulting in observed recharge at a well, the
R:P ratio, indicates a change in groundwater continuity [51].
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To assess a change in the R:P ratio, we use a single-phase regression (SPR) analysis. The parametric
approach takes advantage of the optimal properties of linear regression whereby the paired time series
(RP) are divided into 2 groups (RPtc,RPtn) given by

ÿ

Rt “

#

βO1 `β1
ř

Ptc ` εtc 1 ď Rt ď tc

βO2 `β2
ř

Ptn ` εtn 1` tc ď Rt ď tn
(3)

where tc and tn represent the time at which the paired time series is split into 2 groups and β1 and
β2 represent the slope between the sum of R and the sum of P. The residuals given in Equation (3),
εtc and εtn, are correlated, an expected result given that the summed time series Rt and Pt are serially
correlated, thus failing to meet requirements of ordinary least squares regression. For this analysis,
we employed a bootstrap approach to estimate the coefficients β1 and β2 in addition to the coefficient
standard error estimates (Sβ1 and Sβ2). Our test statistic to identify a significant change of slope in the
R:P ratio, Tc, is defined by

Tc “
β̂1 ´ β̂2

b

S2
β1
´ S2

β2

(4)

Our statistic Tc follows as student’s t distribution. Any reference to significant changes in the
slope of R:P in our analysis implies a p-value < 0.001 unless otherwise noted.

3.3. Intensity-Duration-Frequency

Intensity-duration-frequency (IDF) analysis provides a statistical graphical representation of
rainfall intensity for a given exceedance probability [52,53]. Analyses of statistical precipitation events
are often used in the design of engineering structures involving hydrologic flows [54] while statistical
representations of IDF results have become commonplace in hydrology textbooks [55,56]. Creating IDF
curves begins by isolating annual maximum precipitation depths for the duration of interest, and
using a statistical distribution to identify precipitation intensities for specific return periods. The 3-h
TRMM data for each groundwater well location was used to identify duration periods of 3, 6, 12,
24, 36 and 48 h by summing precipitation depths over the time window of interest. As described by
Stedinger et al. [50], the extreme value (EV) distributions are often used to fit observed hydrologic
random variable behavior. The Gumbel distribution is one example of an EV distribution often used
for rainfall [57] or floods [58,59]. Given a set of X-hour rainfall (P1, . . . ,Pn), let the random variable P be
the annual maximum of Pi, where X represents the time window of interest. If P are independent and
identically distributed random variables with no upper bound, we can assume that P has a Gumbel
distribution. Return intervals for annual maximum values of P can then be estimated using the Gumbel
distribution given by the quantile function

χp “ ε´ αˆ ln pln p´pqq (5)

for any probability p along with the first moment (i.e., mean) and second moment (i.e., variance)

µx “ ε` 0.57721ˆ α (6)

σ2
x “ π

2α2{6 (7)

where ε and α in Equations (6) and (7) can be estimated using various approaches including
L-moments [60] while probability p can be estimated using the Gringorten plotting position
(p = (i ´ 0.44)/(n + 0.12)) where i represents rank and n is the number of observations. IDF analysis
employing the Gumbel distribution provides a statistical graphical representation of rainfall intensity
for a given exceedance probability [50,51]. IDF curves have been used to evaluate groundwater
recharge [61–64] which may be impacted by changes in precipitation patterns as a result of climate
change [35]. Of these studies, only Dourte et al. [61] evaluated IDF changes which may be related to
deviations in groundwater recharge.
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4. Results

4.1. Temporal Changes in Groundwater Elevations

Groundwater hydrograph recession behaviors are captured in the predicted rate of decline of
groundwater elevations, dh/dt, as estimated in the MRC recharge estimation approach. The data are
used to create the master recession curve for each well, synonymous with master recession curves
used to characterize streamflow hydrograph behavior [65,66]. Of interest is the general observance of
groundwater elevations over time which are used to quantify groundwater recharge. An analysis was
conducted using the SPR approach to identify a change in the behaviors of dh/dt (Figure 2) by plotting
the sum of dh/dt against time. It is important to note that regions with little change in the cumulative
sum of dh/dt represent times during which recharge occurs, thereby negating decreases in dh/dt
over time. For wells located within the Lower Colorado River Basin (Figure 1), significant changes in
groundwater behaviors where identified in the period ranging from August 2008 to July 2010, well
within the timeframe identified by Castle et al. [31] who detected a significant change in groundwater
storage behaviors using data from the Gravity Recovery and Climate Experiment (GRACE) satellites
to isolate a groundwater storage time series. In that study, changes in groundwater storage were
attributed to an intensification of the drought in 2012 and unsustainable groundwater withdrawals.
Our results illustrated increased rates of groundwater storage depletion over time, thus corroborating
the observed reductions in storage over the region [31,67]. The results illustrated in Figure 2 are
important as the general increased rate of decline (i.e., active groundwater depletion) is accounted for
in the estimate of groundwater recharge.
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Figure 2. The cumulative rate of change in groundwater elevations (dh/dt) (in blue) and the timing
of the maximum Tc statistic indicating a significant (p < 0.001) change in the behavior of dh/dt (in
orange). Panels correspond to wells identified in Table 1 and Figure 1.

Table 1. Well information.

Well ID Figure Label GW Level ∆t R:P Date

393143111523301 A 6-h October 2007
373735113394101 B 6-h September 2007
375244112463201 C 6-h July 2007
393020112362201 D 6-h August 2008
360055110304001 E * 15-min April 2009
361225110240701 F * 15-min April 2009
363143110355001 G * 15-min April 2009
355855114043501 H * 6-h November 2008
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Table 1. Cont.

Well ID Figure Label GW Level ∆t R:P Date

351401114132401 I * 6-h August 2010
350633114103701 J * 6-h August 2009
345524112374401 K * 6-h August 2010
344359111591101 L * 6-h January 2009
341402111215101 M * 6-h August 2009
324113109415401 N * 6-h September 2007
320901110175301 O * 6-h September 2008

Note: The * identifies wells located within the Lower Colorado River Basin.

4.2. Recharge

Groundwater recharge as estimated from groundwater head changes, groundwater hydrograph
recessions and estimated specific yield are illustrated in Figure 3 as monthly estimated recharge as a
percent of precipitation. Differences in recharge between sites can be largely explained by variability
in hydrogeological conditions including various depths to the potentiometric surface. The results in
Figure 3 clearly illustrate the influence of summer monsoonal precipitation events which result in
greater rates of recharge as a function of precipitation. The influence of the lag between observations of
precipitation and the episodic recharge event in the potentiometric surface is also evident. For example,
intense precipitation events were observed at Site A in October 2008 with negligible recharge in the
groundwater hydrograph. However, in November 2008, despite little observed precipitation, a large
recharge event was identified resulting from the time necessary to infiltrate through the vadoze zone
and result in an observed change in groundwater storage in the well, thus causing a large apparent
ratio between R and P.
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4.3. R:P Ratio

The relation between precipitation and recharge is represented through the double mass curve
(DMC) as illustrated in Figure 4. The episodic nature of recharge, depicted by a characteristic step
pattern, is clearly evident for all sites. Sites with notable increased linearity in the DMC represent sites
with larger recharge estimates (i.e., Figure 4e) [26]. Further, the timing of recharge estimated for the
wells coincides with monsoonal precipitation events as depicted in Figure 3.
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Figure 4. Double mass curves illustrating sum of precipitation (P) versus sum of recharge (R). The
significant change in the R/P ratio is illustrated as a vertical orange line. The step pattern in the DMC
is typical of episodic recharge.

The SPR approach was used to detect changes in the R:P ratio. The results illustrated in Figure 4
and summarized in Table 1 demonstrate that significant changes in slope were identified in all wells,
with changes corresponding to dates ranging from July 2007 to August 2010. This significant change in
slope suggests an imbalance in the physical recharge behaviors in the system. To evaluate the potential
imbalance, we ponder the climatic factors which could alter the ratio of R:P, including antecedent soil
moisture conditions, changes in soil moisture storage, changes in evapotranspiration (ET) rates or
changes in precipitation intensity [27]. As the region is arid, it is unlikely that antecedent soil moisture
conditions would vary greatly between episodic recharge events. ET rates could potentially change as
a result of increased temperatures in the region [68]; however, as potential evapotranspiration (PET)
greatly exceeds precipitation on an annual basis, it is unlikely that variability in ET would create a shift
in the R:P ratio. To assess our hypothesis, we evaluated changes in the temporal mean and variance of
the difference in monthly P and ET for regions around each well as simulated in the National Land
Data Assimilation System (NLDAS) [69,70] model including NOAH [71], Variable Infiltration Capacity
(VIC) [72] and MOSAIC [73]. The difference, P-ET, represents the flux of water between land and
atmosphere. Thus, any significant change in P-ET would suggest that the changes in groundwater
recharge could be due to portioning of water to streamflow, soil moisture or infiltration. Our results
documented no significant change in P-ET for each 1/8-degree grid encompassing each well. Also, soil
moisture likely decreases to levels below the wilting point as a result of high PET between rare episodic
precipitation events. Thus, we anticipate that small changes in precipitation intensity, which can have
a considerable impact on recharge [27] may result in a change in the R:P ratio. It is important to
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recognize that changes in groundwater storage, as evaluated in the MRC (Section 3.1) is not a factor in
shifts in the R:P ratio as changes in dh/dt have been accounted for prior to the estimation of recharge
from the groundwater hydrograph.

4.4. IDF Curves

To evaluate the influence of precipitation intensity to alter recharge, IDF curves for return periods
of 2, 5 and 10 years for 3-, 6-, 12-, 24-, 36- and 48-h precipitation duration events were estimated as
illustrated in Figure 5. The IDF curves in Figure 5 illustrate precipitation behaviors either prior to
the change in the R:P ratio (Section 4.2) or after the change. We can identify a change in precipitation
intensity, especially for short (i.e., 2- and 5-year) return periods. To assess these apparent shifts in
precipitation intensities, we evaluate the precipitation intensity magnification, which represents the
factor by which the posterior precipitation intensity at a return interval would need to be multiplied
by to obtain the preceding precipitation intensity. For example, a magnification factor of 0.5 for
a 4-year return period implies that the posterior precipitation intensity has been reduced by 50%.
The precipitation intensity magnification is defined as

Mp “
Iptn

Iptc

(8)

where Ip is the intensity for precipitation while factors tn and tc represent either posterior or preceding
time, respectively. Results summarized in Table 2 suggest slight changes in precipitation intensity with
magnification factors generally less than 1 for return periods of 2, 5 and 10 years. Such changes in
precipitation intensity have been shown to dramatically alter recharge [25,27,74]. Magnification factors
for several sites, Site E for example, exhibit reduced magnitudes for short-duration events and increased
magnitude for longer-duration events. Such changes illustrate the importance of short-term and high
intensity precipitation events in the region which typically result from summer monsoon events [75].Water 2016, 8, x 11 of 15 
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Table 2. Precipitation intensity magnification as estimated using Equation (8).

Duration
Site A Site B Site C Site D Site E

2-year 5-year 10-year 2-year 5-year 10-year 2-year 5-year 10-year 2-year 5-year 10-year 2-year 5-year 10-year

3-h 0.80 0.83 0.85 1.05 1.01 1.00 0.97 0.89 0.86 0.89 0.94 0.97 0.78 0.82 0.84
6-h 0.89 0.89 0.88 0.95 0.95 0.95 0.87 0.81 0.79 0.83 0.92 0.96 0.84 0.91 0.93

12-h 0.95 0.94 0.93 0.96 1.01 1.03 0.78 0.79 0.80 0.94 0.96 0.97 0.89 1.05 1.14
24-h 0.85 0.81 0.79 0.86 0.91 0.94 0.72 0.79 0.82 0.96 0.92 0.90 0.99 1.15 1.22
36-h 0.89 0.90 0.91 0.92 0.97 0.99 0.72 0.81 0.86 0.94 0.89 0.87 1.06 1.13 1.16
48-h 0.90 0.87 0.86 0.95 0.98 0.99 0.80 0.87 0.92 0.95 0.90 0.88 1.10 1.05 1.02

Site F Site G Site H Site I Site J

2-year 5-year 10-year 2-year 5-year 10-year 2-year 5-year 10-year 2-year 5-year 10-year 2-year 5-year 10-year

3-h 0.99 1.00 1.01 0.86 0.94 0.98 0.92 0.93 0.93 0.89 0.95 0.98 0.94 0.97 0.98
6-h 0.97 1.00 1.01 0.77 0.80 0.82 0.96 1.03 1.06 0.92 0.94 0.95 0.93 0.93 0.92

12-h 0.99 0.96 0.94 0.79 0.83 0.86 0.94 1.00 1.03 1.06 1.09 1.10 1.01 1.03 1.04
24-h 0.99 1.01 1.01 0.89 0.89 0.89 0.87 0.94 0.97 0.97 1.03 1.06 0.94 0.98 1.00
36-h 1.01 1.00 0.99 0.86 0.82 0.80 0.83 0.89 0.92 0.89 0.97 1.01 0.90 0.96 0.99
48-h 1.01 0.95 0.92 0.85 0.82 0.81 0.86 0.86 0.86 0.98 1.14 1.22 0.97 1.09 1.16

Site K Site L Site M Site N Site O

2-year 5-year 10-year 2-year 5-year 10-year 2-year 5-year 10-year 2-year 5-year 10-year 2-year 5-year 10-year

3-h 0.66 0.71 0.74 0.87 0.97 1.01 0.99 0.88 0.83 0.94 0.93 0.93 0.84 0.91 0.94
6-h 0.69 0.76 0.79 1.01 1.05 1.07 1.01 0.81 0.74 0.97 1.01 1.03 0.90 0.93 0.95

12-h 0.75 0.74 0.74 1.12 1.20 1.23 0.77 0.60 0.54 1.03 1.03 1.03 0.86 0.92 0.95
24-h 0.77 0.73 0.71 1.25 1.39 1.46 0.69 0.54 0.48 1.04 1.09 1.12 0.91 1.08 1.16
36-h 0.80 0.79 0.78 1.34 1.47 1.53 0.68 0.52 0.46 1.14 1.16 1.17 0.89 0.99 1.04
48-h 0.83 0.73 0.68 1.39 1.51 1.56 0.61 0.47 0.42 1.10 1.09 1.09 0.89 0.95 0.98
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5. Discussion

The groundwater recharge literature has few studies that seek to characterize episodic recharge
in arid regions. [76] studied episodic recharge in the Murray Darling basin, later identifying the
nature of episodic recharge across the region [26]. Limited studies [26,28] have assessed in situ
groundwater data to characterize changes in recharge. This study evaluated groundwater elevations
within the arid southwestern United States to understand potential changes in recharge which may
have led to decreases in groundwater storage which Castle et al. [31] and Konikow [67] identified
within the Lower Colorado River basin and Arizona, respectively. Our results clearly document
changes in the relationship between recharge and precipitation identified using the SPR analysis in the
double mass curve (Figure 3). Further, the timing of the significant change in the R:P ratio occurred
concurrent to noticeable changes in precipitation intensity identified by the precipitation magnification
intensity index (Equation (8)). We thus attribute changes in the R:P ratio (Figure 4) to changes in
precipitation intensity (Figure 5) across the region. Such results have been predicted for constant
recharge sources [77] whereby changes to any of the water budget variables (here precipitation) can
lead to changes in the infiltration of water to the saturated zone.

The episodic nature of groundwater recharge [24,25] was evident in Figure 4 highlighted by the
step pattern of recharge and precipitation in the double mass curve. Through a simple approach to
isolate a change in the relation between recharge and precipitation, the SPR approach, we identified a
significant shift in recharge behavior. Given the aridity of the region, we hypothesized that changes in
precipitation intensity have altered recharge in the region. Based on the time of the observed change
in the R:P ratio (Figure 2, Table 1), we isolated precipitation data to represent precipitation intensity
before and after the event. An IDF analysis employing a metric to account for precipitation intensity, a
precipitation intensity magnification, identified a slight decrease in intensity posterior to the change
identified in the R:P ratio (Table 2, Figure 5). Our findings support previous studies which identified
precipitation intensity as an important factor in groundwater recharge [26,27,74,78] whereby small
changes in precipitation intensity result in magnified changes in groundwater recharge. Thus, as
argued by Alley and Konikow [32], a decrease in groundwater storage can, in part, be explained
by a change in the recharge behaviors in wells across the southwestern United States. It remains
unknown, however, if the apparent change in the precipitation intensity is a function of climate-scale
variability [79] or climate change [80].

Groundwater resources in arid regions of the globe are considered nonrenewable [18] and under
stress [11]; therefore, a full understanding of the factors by which stress is identified, primarily
use (natural and anthropogenic) and availability (a function of both recharge and groundwater
storage), is necessary to effectively and sustainably manage the resource. This study documents
the fact that changes in precipitation intensity can result in a change in recharge behaviors, a factor
of great importance for groundwater management [81–83]. The change in recharge behaviors was
identified during a prolonged drought, thus illustrating the importance of climate variability for
recharge resulting from La Nina/El Nino [84] or ENSO/PDO [85]. Reference [80] summarized global
groundwater recharge studies over historical time frames, highlighting the need to understand recharge
for sustainable groundwater management. Our study provides further evidence of the importance
of characterizing groundwater recharge behaviors over short time periods which are affected by
variability in precipitation statistics.
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