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Abstract Quantifying how much and when precipitation (P) becomes runoff (R), evapotranspiration
(ET), and drainage from the root zone (D) is key to understanding how climate and land use impact
hydrology of the critical zone. We quantify water balance dynamics of a semiarid savanna with a
summer/winter rainfall pattern with 13 years of water ﬂuxes and soil moisture. We ﬁnd multiyear P is
partitioned 96% to ET and 7% to R, while D (3%) is negligible when considering measurement uncertainty.
While weather regulates ET over diurnal time scales, soil water inputs control seasonal to annual ET
amounts. Seasonal water availability, estimated by soil moisture inputs, is more closely tracked by ET rather
than time-averaged soil moisture or P. Surprisingly, we ﬁnd signiﬁcant, episodic carryover of soil moisture
from the summer to spring growing season. Abundant late-summer P can supply ET in the subsequent
spring, even after multimonth dry periods. However, over an annual cycle beginning in early summer,
nearly all soil moisture is used by ET. Likewise, D beyond the monitored root zone, assisted by downward
hydraulic distribution in plant roots, occurs within a season, but this is counteracted by subsequent ET
extraction of deep moisture over the year. Thus, negligible long-term D occurs, though there is considerable
uncertainty in estimation of this small ﬂux as the residual of much larger ones. These comprehensive,
long-term measurements support expectations about the overriding importance of ET in the dryland critical
zone water balance and reveal an unexpected degree of interseasonal water storage.
Plain Language Summary One of the most enduring and important questions for hydrology is
how water input in the form of precipitation is partitioned among evapotranspiration, runoff, groundwater
recharge, and storage of moisture in the soil. We quantiﬁed how precipitation was partitioned at a semiarid
savanna site in Arizona, USA, with 13 years of data. We found that almost all of the precipitation goes into
evapotranspiration with only a small of runoff and negligible recharge. Contrary to expectations, we saw
signiﬁcant, episodic carryover of soil moisture from the summer/fall growing season to the subsequent
springtime when the plants awake from winter dormancy and extract the stored moisture. These
comprehensive, long-term measurements support expectations about the overriding importance of ET in
semiarid watersheds’ water balance and reveal a surprising degree of interseasonal water storage.

1. Introduction
The critical zone is the near-surface environment where rock, soil, water, air and life interact (Brooks et al.,
2015). In this zone, one of the most enduring and important questions for hydrology is how water input (i.e.,
precipitation, P) is partitioned among evapotranspiration (ET), runoff (R), drainage below the root zone (D),
groundwater recharge, and soil moisture (SM) storage. This hydrologic partitioning links the water cycle
with the many other energy and mass cycles and transformations occurring in the critical zone
(Rodriguez-Iturbe, 2000). Because of inherently high temporal variability in P and its partitioning, there is
an acute need for continuous, multiyear measurements of hydrologic states and ﬂuxes (Newman et al.,
2006). This is especially true in dryland environments, where P is highly variable in both time and space
(Nicholson, 2011; Noy-Meir, 1973).
The critical zone extends from the top of the canopy to the groundwater table, but the partitioning of P
occurs within the canopy and the root zone. The water balance equation of this zone (depicted in
Figure 1) is as follows:
Zdθ=dt ¼ P  ET  R  D
Published 2018. This article is a U.S.
Government work and is in the public
domain in the USA.
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(1)

where θ is volumetric SM state, and the ﬂuxes P, ET, and R are deﬁned above. Here we deﬁne the ﬂux D as
drainage from the root zone at depth Z, the maximum depth to which the moisture status of the root zone is
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monitored. Recharge is the drainage ﬂux beyond the root zone that
becomes groundwater. Recharge is often estimated by long-term D in
cases where there is negligible ﬂux divergence between the bottom of
the root zone and the water table. Ideally, Z exceeds the depth of all plant
roots, but, in practice, this is difﬁcult to guarantee. Especially in natural
systems, some roots may extend below the depth to which SM probes
are installed to quantify θ. Therefore, our deﬁnition of D includes the
possibility that water below the depth Z may be accessible by the deep
roots of plants to support their transpiration. D, calculated from the water
balance equation, can at times be positive or negative. Downward drainage (D > 0) out of the monitored root zone can be due to physical inﬁltration beyond depth Z or may also occur due to biologically mediated
water movement from shallow to deep plant roots, termed downward
hydraulic redistribution (HR) or hydraulic descent (Burgess et al., 1998;
Caldwell et al., 1998; Hultine et al., 2004). Upward drainage (D < 0)
can be due to plant soil water uptake below depth Z that either goes
toward transpiration or is deposited at shallower depths, called upward
HR or hydraulic lift. Indeed, HR occurs in many plant types
(Nadezhdina et al., 2010) including the desert trees in this study
(Barron-Gafford et al., 2017; Scott et al., 2008).
In this paper, we examine a 13-year data set of all the terms in equation (1)
collected at subdaily intervals for a semiarid savanna located in southwest
United States. Our main objective is to quantify and characterize the
Figure 1. Critical zone water balance where the change in depth-integrated
components of the critical zone water balance over seasonal to interannroot zone soil moisture (ΔSM = Zdθ/dt) is balanced by precipitation (P)
ual time scales. Water balance characterization is needed to address
minus surface runoff (R), evapotranspiration (ET), and drainage (D) below
the maximum measurement depth (Z). Hatched region indicates unsatuimportant hydrological questions including the following: (1) How much
rated zone below the bulk of the root zone and typically not monitored by
rainfall becomes ﬂash ﬂoods? (2) How much P becomes available for plant
soil moisture (SM) sensors. Recharge (Re) is D permanently lost beyond the
productivity? (3) When, where, and how much is groundwater recharged?
root zone that crosses the water table.
And (4) how do changes in land cover impact hydrologic partitioning?
This region of the world is characterized by a bimodal (summer/winter)
annual P distribution with rainfall occurring mainly during hot summers and cool winters separated by fall
and late spring periods with very little rainfall. The water balance at this site is representative of the region’s
shrublands and grasslands with varying amounts of woody plants (trees and shrubs), grasses, and bare soil
(Biederman et al., 2017; Scott, 2010).
Previous research has identiﬁed many salient features of water balance dynamics in the drylands of the
American Southwest. In summer, P is often highly variable in space and concentrated in time, with its
dominant origin being convective thunderstorms associated with the North American monsoon (Adams
& Comrie, 1997). In winter, P is usually much more widespread and of lower intensity due to the frontal
origin of storms. Most of the R occurs as ﬂash ﬂoods during summer, when P intensity exceeds the inﬁltration capacity of the land surface (Goodrich et al., 2004). On small watershed scales of a few hectares or less,
R, on a per-unit-area basis, can range from 3% to 14% of P (Polyakov et al., 2010), and it decreases with
increasing watershed area due to channel inﬁltration losses (Goodrich et al., 1997). Perennial streams in
this region, though uncommon, occur where the groundwater table intersects the land surface. However,
like the present study site, most of the land surface or “upland” is far above the water table, making
groundwater inaccessible to plants. Groundwater is recharged primarily along mountain fronts (Ajami
et al., 2011; Wilson & Guan, 2004) with a smaller amount occurring due to inﬁltration losses in large
channels (Goodrich et al., 2004; Pool, 2005), although recent results suggest a possible contribution by
inﬁltration in small channels (Schreiner-McGraw & Vivoni, 2017). Chloride borehole measurements and
modeling have shown there is likely very little recharge occurring under the nonmountainous upland
regions (Coes & Pool, 2007; Scanlon et al., 1999, 2006; Walvoord et al., 2002). Opportunistic dryland
vegetation exerts a strong control on SM and typically captures all inﬁltration before it can move beyond
the root zone (Andraski, 1997; Collins & Bras, 2007; Sandvig & Phillips, 2006; Scanlon et al., 2005;
Seyfried et al., 2005).
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In the Southwest, atmospheric evaporative demand nearly always exceeds the supply of moisture in the
critical zone. Thus, ET is a large component of the water balance and is closely tied with P inputs
(Biederman et al., 2016). Studies throughout the region have indicated close coupling between shallow
SM and ET (Kurc & Small, 2004; Vivoni et al., 2008). When signiﬁcant rains (>~2.5 mm,) fall in summer,
dryland plants quickly upregulate, photosynthesize, and transpire (Huxman et al., 2004; Reynolds et al.,
2004), but SM supply usually limits ET, even in the wettest summer rainy seasons (Kurc & Small, 2004;
Novick et al., 2016). Recent results employing ET and carbon dioxide ﬂux measurements from diverse
dryland ecosystems have shown that annual plant photosynthesis is more strongly predicted by ET than
by P (Biederman et al., 2016). Biederman et al. (2018) hypothesize that this is because over seasonal to
annual time scales ET quantiﬁes the amount of P partitioned to recharge SM, and ET reﬂects when SM
becomes available to drive ecosystem carbon cycling processes.
With low and intermittent rainfall, dryland regions are expected to have dynamic SM only in shallow soil
layers with most of the inﬁltration/ET conﬁned within the upper root zone (<~30-cm depth). Inﬁltration
depths and SM storage are limited in summer due to the high evaporative demand and opportunistic
vegetation (Kurc & Small, 2007; Seyfried et al., 2005). However, when plant activity is downregulated in
winter due to colder, occasionally freezing temperatures, more substantial inﬁltration and buildup of SM
storage can occur (Kurc & Small, 2007; Petrie et al., 2015; Scanlon et al., 2005; Scott et al., 2000).
Signiﬁcant SM storage in winter can fuel a typically shorter and more ephemeral spring growing season
as seasonal rainfall totals are smaller and more variable in winter than in summer (Biederman et al.,
2018; Petrie et al., 2015; Scott et al., 2010). SM storage is typically exhausted twice annually, during the
dry early summer following the spring growing season and the dry late fall after the summer monsoon growing season (Kurc & Small, 2007; Scott et al., 2009, 2010). For this reason, hydrologists have typically deﬁned
the start of a water year, the time when transpiration by plants will have largely ceased and the change in
yearly SM storage is minimal (Dingman, 2002), to be 1 October or 1 November for the western United States.
Many of the above expectations for dryland critical zone water balance come from studies lasting at most
several years. This may severely limit our understanding, as the interannual variability of P can exceed
50% of mean annual P (Biederman et al., 2017) and hydrologically signiﬁcant events occur rarely in these
arid regions (Knapp et al., 2015). The 13-year record presented here enables us to draw more robust
conclusions that account for the interannual variability of P and the other water balance terms for an
upland savanna site. Here we test the following expectations about the critical zone water balance in
drylands: (1) Soils are infrequently wetted beyond shallow root zone depths (<~30 cm). Deeper, more
persistent wetting occurs episodically and mainly in winter when plant activity is limited and evaporative
demand is low. (2) Seasonal water availability, estimated by SM inputs, is best quantiﬁed by ET rather
than the commonly used, time-averaged SM or P. (3) Precipitation stored as SM is reliably depleted
within the current (i.e., spring or summer) growing season. Therefore, seasonal ET should be constrained
by within-season SM inputs. (4) Long-term D is expected to be near zero, resulting in negligible
groundwater recharge.

2. Site Description
Data from 2004 through 2016 for this study come from the Santa Rita Mesquite Savanna (Scott et al., 2009;
AmeriFlux site US-SRM, 31.8218°N, 110.8668°W, elevation: 1,116 m) located in the Santa Rita Experimental
Rangeland (McClaran, 2003). The site has a mix of low-stature trees/shrubs, grasses, and succulents and is
classiﬁed as a woody savanna. The tree cover fraction, consisting mainly of velvet mesquite (Prosopis
velutina), is 30–35%. Perennial bunchgrass (Eragrostis lehmanniana, Digitaria californica, Muhlenbergia
porteri, Bouteloua eriopoda, and Aristida spp.) cover is around 15–25%, and scattered subshrubs and
succulents cover fractions are low. The remaining bare soil (40–50%) supports annual grasses and forbs
when rainfall is sufﬁcient. Soils are deep loamy sands (coarse-loamy, mixed, superactive, nonacid, and
thermic Ustic Torriﬂuvents). The site, located on large and deep alluvial fan, is fairly ﬂat and broadly sloping
at ~3.5% from southeast to northwest and minimally dissected by shallow (<~0.1–0.2 m, nonincised) R
channels. These shallow channels are not bordered by the dense woody vegetation lining larger channels
of the Santa Rita Experimental Rangeland, suggesting minimal within-channel inﬁltration at this site.
There is one larger (~2–5 m wide) wash running past the site about ~150 m to the northeast and
SCOTT AND BIEDERMAN
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essentially outside of the ﬂux tower source area, because of the distance and the winds rarely come from this
direction (Scott, 2010). Water table depths below this site are unknown but estimated to be very deep and
beyond the rooting depth of the plants. The two closest wells, located about 5 km to the east of the site, have
water table depths exceeding 100 m (M. McClaran, unpublished data, 2018). This depth is not uncommon for
valley ﬂoor locations in this region (Thiros et al., 2010).
Over the 2004–2016 study period, mean annual P was 349 ± 67 mm (standard deviation) with 26 ± 21 mm in
the dry and warm premonsoon (April–June), 221 ± 41 mm in the warm monsoon months (July–September),
25 ± 14 mm in the cooler, late fall months (October–November), and 76 ± 34 mm in the cooler winter
(December–March). The dominant growing season occurs mainly in July through September, but a more
variable spring growing season also happens around March through May given sufﬁcient cool season P
(Scott et al., 2009). In the broader regional context, this site has a similar magnitude and seasonality of
hydrometeorologic conditions and ecosystem water and carbon ﬂuxes as other grasslands and shrublands
in the northern half of the North American monsoon region (Biederman et al., 2017; Kurc & Small, 2007;
Petrie et al., 2015; Scott et al., 2015; Verduzco et al., 2015).

3. Data
P was measured with a tipping bucket rain gauge (TE525, Texas Electronics) with the oriﬁce 1 m above the
ground and located in an intercanopy location somewhat shielded from the wind by nearby trees. Next to it,
a second tipping bucket gauge was used to check rainfall amounts or ﬁll in missing data. Precipitation
undercatch is a well-documented effect when rain gauges are exposed to the wind (Larson & Peck, 1974).
At the nearby Walnut Gulch Experimental Watershed, annual undercatch amounts determined by using
1 m above ground gauges and colocated pit gauges indicate a 3–8% undercatch (D. Goodrich, unpublished
data, 2018). Accordingly, we assign an uncertainty to P amounts ranging from 1.0P to 1.08P in the overall
site water budget developed later in the paper.
ET was measured using the eddy covariance (EC) technique with measurement details available elsewhere (Scott, 2010). Daily average ET values were calculated by ﬁrst ﬁlling the gaps in the 30-min data.
Gaps were ﬁlled using 14-day look-up tables of ET and gap-ﬁlled, incoming photosynthetically active
radiation, averaged over 100-μmol·m2·s1 intervals. Daytime ﬂux source areas (i.e., 90% integrated ﬂux
footprint) are ellipsoid in shape and typically extend out to ~200 m from the ﬂux tower (Schmid, 1997;
Scott, 2010). Common to most EC sites (Wilson et al., 2002), accumulated sums of latent and sensible
heat ﬂuxes over the sums of available energy indicate a lack of energy balance “closure” of 89% (mean
annual ratio, range 84–98%), possibly indicating that one or both of the turbulent heat ﬂuxes are underestimated. To account for this, some researchers have suggested “forcing closure” by distributing the
underestimation to the turbulent heat ﬂuxes equally by dividing the ﬂuxes by the daily closure fraction
(Twine et al., 2000). The accuracy of EC ET measurements has been checked by comparing them with
ET estimated from watershed water balances (Barr et al., 2012; Scott, 2010) or lysimeters (Perez-Priego
et al., 2017), and these studies generally support the conclusion that EC ET is underestimated.
However, comparisons at this site and for other dryland shrubland sites generally show that if there is
an underestimation, it is probably less than ~10% (Biederman et al., 2018; Scott, 2010). Still, we consider
a closure-adjusted ET as an upper bound (ET/0.89 or 1.12ET) on its uncertainty in the water budget and
use 1.0ET for the lower bound.
R measurements come from ﬂume data from two small headwater watersheds located about 1.5 km east of
our study site (Polyakov et al., 2010). Of these watersheds, WS6 (3.1 ha) has the same soil type as the savanna
site, and its small watershed area is similar to the ET ﬂux source area (roughly 1–4 ha in extent). However,
erosion control check dams installed in WS6 in 2008 had the effect of considerably reducing R. Thus, we
estimate R after 2007 using a power law relationship and daily R amounts on WS7 (1.1 ha), a colocated
watershed but with a different, less sandy, soil type and R from WS6 for 2004–2007. The function
(y = 1.45x0.66) predicts WS6 R with a root mean square error of 1.8 mm/day and the coefﬁcient of determination, R2 = 0.84. Runoff, and even run-on (i.e., water ﬂowing overland or in channels that inﬁltrates as it travels down slope), in the constantly varying source areas of the ET measurements is unlikely to be accurately
quantiﬁed by R from a spatially ﬁxed watershed due to the unequal distributions of R source areas and channels between the two source areas. To account for this uncertainty, we consider a wide range of R from 0.5R
SCOTT AND BIEDERMAN
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Figure 2. (a–c) Three-hydrologic-year (June 2013 to May 2016) example of time series of soil moisture (relative saturation,
s) with winter/spring (November–May) highlighted in gray from intercanopy and under-tree canopy proﬁles. (d and e)
Cumulative probability density functions of 2004–2016 daily soil moisture for different depths (summer months in black;
winter in gray), P[s ≤ s’] represents the probability of s being less than or equal to any value of soil moisture, s’.

to 2.0R in the water budget. Considering R/P = 7% for this study, this uncertainty bounds the range of small
watershed R ratios (R/P = 3% to 14%) measured across the watersheds located on the experimental
rangeland (Polyakov et al., 2010).
SCOTT AND BIEDERMAN
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Figure 3. Example of cumulative daily ﬂuxes (precipitation, P, evapotranspiration, ET, and runoff, R) and daily average 0- to 1.3-m root zone soil
moisture (SM) at the savanna for the dryland water year running June 2011
through May 2012. Inset pie chart shows proportion of P accounted for by
the other water balance components.
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Monitored root zone volumetric soil water content (θ, cm3 water/cm3 soil)
was measured with probes (CS616, Campbell Scientiﬁc) installed at 2.5- to
5-, 5- to 10-, 15- to 20-, 25- to 30-, 45- to 50-, 65- to 70-, 95- to 100-, and 125to 130-cm depths. One intercanopy proﬁle is located about 10 m to the east
of the ﬂux tower below bunchgrasses and bare soil between tree canopies,
and another under-tree proﬁle is located nearby under a large (~5-m-diameter crown) mesquite tree canopy about one half the distance between
the tree bole and crown edge. The under-tree proﬁle lacks a probe at the
125- to 130-cm depth. We convert probe output to volumetric SM using
a second-order polynomial that was developed in the laboratory using soil
from the site. In the lab, three separate probe readings (after reinsertion
each time) were made in the watered and hand-mixed soil column for
θ = 0.0, 0.05, 0.10, 0.15, and 0.20. In the calibration, calculated θ using
the polynomial had a root mean square error of 0.011 (R2 = 0.97). The
manufacturer’s recommendation for temperature compensating the
probe output was applied using colocated soil thermocouples.

We use the SM data to develop a number of different metrics. Relative soil
saturation (s) is computed as s = (θ  θmin)/(θmax  θmin), where θmin is
the minimum SM and θmax is the maximum SM at each depth. Total 1.3-m root zone SM for the two locations (SM [mm]) was determined by multiplying θ at each depth by the thickness of each soil layer (75,
75, 100, 150, 200, 250, 300, and 150 mm from shallow to deep) and summing. For the under-tree proﬁle,
we assume that θ for the 125- to 130-cm depth was equal to that for the 95- to 100-cm depth. We estimate
site-average SM by 0.33SMtree + 0.67SMintercanopy, where 0.33 is the tree canopy fraction. Lastly, we estimate
the amount of SM that enters the root zone, SM+, by summing the daily increases in SM: SMþ ¼ ∑n¼days
SM i
i¼2
SM i1 for (SMi  SMi  1) > 0. This is done using only the intercanopy location to limit the amount of tree
canopy rainfall interception. SM+ is used as an estimate of soil water input to compare with seasonal P and
ET totals. So long as the soil is not saturated (θ = porosity), which occurs rarely at this site, SM+ estimates
the input of water into the root zone minus some small amount of P that gets intercepted by the grass, litter,
or shallow (0–2.5 mm) soil above the ﬁrst probe depth.

To increase the accuracy of SM measurements, we use a site-speciﬁc soil calibration procedure, expected to
reduce theta errors (root mean square error) below ~0.04 m3/m3 (Cosh et al., 2016). Our conﬁdence is SM
data are increased by results below showing a close, nearly one-to-one linear relationships between seasonal
SM+ and ET, as well as for SM+ and P. We do not provide estimates of the SM uncertainty for the long-term
water budget, as the net change in SM is very small over the course of the study, and uncertainties due to
calibration bias and lack of ﬁeld scaling are likely minimized when looking at SM differences, which are
the key information in the water budget.
Finally, drainage below the monitored root zone, D, is determined as a residual of the other water balance
terms using equation (1). The uncertainty in D is calculated by using the range of uncertainty assumed for
P, ET, and R (given above) in a combination that either maximizes (highest P, lowest ET, and R) or minimizes D (lowest P, highest ET, and R). This maximization of error approach is conservative in terms of
the claimed precision of our water budget.

4. Results
Root zone SM measurements capture the seasonal dynamics of P inputs and ET outputs (Figures 2a–2c
show only 3 years for better visualization; see Figure S1 for complete time series). About 63% of the
annual average P at this site arrives as convective storms during the summer monsoon months (~July–
September), around 22% comes as frontal winter storms (December–March), with the remaining 15%
scattered across spring and autumn. While summer storms generate frequent peaks in shallow SM, wetting is generally conﬁned to the upper root zone (0–30 cm) while deeper soil layers remain dry
(Figures 2a–2c). Elevated moisture in shallow soil layers is quickly depleted by high evaporative demand
and active plants. Greater inﬁltration is observed in the intercanopy proﬁle that has no tree canopy interception. Comparing total SM increases across the 13-year study, intercanopy SM+ is 34% higher than the
SCOTT AND BIEDERMAN
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Figure 4. Average 0- to 1.3-m root zone soil moisture (θ, cm /cm ) and evapotranspiration (ET) for June–October (black)
and November–May (gray) at half-hourly, daily, and seasonal time scales.

under-tree location, suggesting higher interception losses due to the mature tree canopy and litter layer
at this location. Using distributed rain gauges deployed for one summer season under ﬁve trees, average
tree canopy interception is estimated to be 20%, so the under-tree proﬁle inﬁltration here may be biased
low relative to other locations under trees. For the intercanopy location in winters, inﬁltration tends to
be deeper, and the root zone is wet more often (Figures 2c and 2d) when P intensities are lower, storm
durations are longer, and plants are downregulated, resulting in slower drying. The under-tree proﬁle
tends to be wetter at the surface in winter but lacks the inﬁltration to wet the deeper soil layers. We
also observe that the wetter summer and winter are bracketed by more consistently dry spring and
autumn periods that often result in nearly complete root zone desiccation, especially in the late spring
(~May). Thus, in this paper, we use 1 June as a start of the water year to minimize any carryover of
the previous season’s SM.
A single water year is used to illustrate the seasonal timing and magnitude of ﬂuxes into and out of the critical zone along with the SM state (Figure 3). By the end of the summer/fall season, most of the P becomes ET
with a much smaller amount partitioned to R. In the cooler winter season, rainfall increases SM, and ET
remains at a small, nearly constant rate (i.e., constant slope of the cumulative ﬂux shown). The rate of
decrease in the wintertime SM peak is much slower than the quick dry-down rates seen in summer. ET
increases in spring (~April) with rising temperatures and plant upregulation (not shown). By the end of this
water year with P = 407 mm, ET accounts for 91.3% of P with smaller amounts of R (6.1%), D (1.4%), and net
annual change in SM (1.2%). Water year partitioning as a fraction of yearly P across all years ranges from 82%
to 107% for ET, 0% to 15% for R, 5% to 3% for change of SM (ΔSM), and
19% to 11% for D (Figure S2). Only annual P and ET are signiﬁcantly correlated with each other (R2 = 0.79, p < 0.001). Later, we present the cumulative water budget for the entire study period.
While short-term ET rates are regulated by weather, the controls of ET
amounts by soil water availability become more obvious with increasing
periods of temporal aggregation (Figure 4). Subdaily ET is weakly correlated with SM because of additional controls by the diurnal variation
in weather-related energy terms (e.g., radiation, vapor pressure deﬁcit,
and temperature). Daily ET is more correlated with θ, because diurnal
weather variation is averaged out, although there remains some unaccounted variability due to day-to-day weather. At the seasonal scale,
however, variations in year-to-year energy terms are smaller than variations in water availability, and θ accounts for more than 75% of the variation in ET.
Figure 5. Accumulated winter/spring (November–May) and summer/fall
(June–October) soil moisture increases (intercanopy SM+), precipitation
(P, blue) and evapotranspiration (ET, green). Regression lines are colored to
match symbols that they are ﬁt through, and the dashed line is the 1:1 line.
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Comparing how well ET and P represent seasonal water availability as
quantiﬁed by SM inputs, we ﬁnd that seasonal SM+ is closely related to
both ET and P (Figure 5, R2 ≥ 0.83), but both ET and P usually exceed
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SM+. The line comparing SM+ and ET has a slope near unity but has a
positive offset from the 1:1 line. Meanwhile, the slope of the line comparing SM+ and P is steeper than the 1:1 line due to the larger differences in
summer/fall, when a greater proportion of P becomes R, reducing the
water available to enter the soil and contribute to ET.

Figure 6. Net seasonal soil moisture changes in the top 1.3 m.

During drier winter/springs, ET tends to exceed SM+ more than in wetter cool seasons (Figure 5, open diamonds). In years with wet summers,
there may be substantial carryover of SM, which is lost as ET in the following winter/spring period (Figure 6). There is good agreement
between increases in SM storage in summer/fall and depletions of storage in winter/spring (root mean square error = 6.7 mm, correlation
coefﬁcient = 0.80). Average summer to winter carryover is small,
but it is larger in some years (mean = 7.2 mm, range = 5
to +33 mm).

We use the 2015 water year to illustrate the development, evolution,
and effects of summer to spring carryover of SM by examining the monthly ﬂuxes and SM storage
(2015 had 33 mm of carryover, Figure 6) in the context of the 2004–2014 mean ﬂuxes (Figure 7). The
carryover in 2015 is driven by large positive anomalies in late summer P (September–October). While fall
ET (September–November) values are accordingly high, SM remains signiﬁcantly above average at the
onset of the cool winter months (December–February) when temperature limits vegetation activity (trees
and bunchgrasses are dormant). Above-average P in January adds to the surplus SM, but it is not until
later in March and April when this moisture is utilized to support above-average ET. The bunchgrasses
can typically start greening in March, while the trees leaf out later in April. More than half of the anomalous winter SM that is not depleted by ET until spring is due to the storage increases from the
previous summer.
An additional facet of the moisture carryover is seen in the monthly drainage ﬂux (D, Figure 7). D is higher
than average in the wet, late summer period (September–October) due possibly to both root hydraulic descent and direct inﬁltration, and a signiﬁcant negative anomaly occurs in the late spring months (April–May).
This negative anomaly in D (total of 28 mm for D in April and May) indicates additional storage of the

Figure 7. 2015–2016 June-May precipitation (P), 0- to 1.3-m soil moisture (SM), root zone drainage (D, positive is downward) and evapotranspiration (ET). Thicker black lines show 2015–2016 monthly totals (mm), and thin lines with colored
envelopes show 2004–2015 monthly means ± 1 standard deviation.
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abundant late summer rainfall in soil water below the monitored root
zone. Moreover, we see additional evidence for the utilization of longerterm storage of antecedent P in the considerable lag in peak correlations
between antecedent P and spring seasonal ET totals calculated across
the full 13-year record (Figure 8): spring (March–May) ET totals were
most correlated with fall–winter–spring (September–May) P.

Figure 8. Correlation coefﬁcient (r) between 2004 and 2016 spring growing
season evapotranspiration (March–May) and precipitation over the period
of month S through May. Signiﬁcant correlations circled (p < 0.05).

Over the full 13-year record, the cumulative components of the long-term
water balance show the preponderance of ET and its tight coupling with P
at this semiarid site (Figure 9a). Estimates of D including systematic
uncertainty that brackets the minimum and maximum estimates show
that the multiyear movement of water beyond the 0- to 1.3-m root zone
(positive D) is likely small (Figure 9b, Table 1). In fact, the uncertainty
envelope for estimates of D span mostly negative values, which are not
physically plausible for this site with no accessible deep source of moisture. Water table depths at this site are deep (>~100 m) and beyond the
rooting depth of the plants.

5. Discussion
Our objective is to determine the multiyear critical zone water balance dynamics of a semiarid
savanna. Using a unique data set that quantiﬁed all water balance ﬂuxes and SM state collected over
13 years, we examine whether expectations about dryland water balance components developed from
shorter-duration studies are conﬁrmed over a longer-term period with a wide range of forcing variability and ecosystem functioning. The results support expectations of shallow and ﬂashy SM dynamics
and a lack of long-term D below the monitored root zone. We also ﬁnd a more one-to-one relationship
between seasonal water availability, as quantiﬁed by SM inputs, and seasonal ET, rather than more
commonly used P totals or temporally averaged SM. Finally, we discover unexpected lags in soil water
availability and ET, especially when anomalously high summer P carries over and contributes to spring
ET. Below we discuss what these results imply for our four expectations about the critical zone water
balance in drylands.

Figure 9. (a) Cumulative water balance terms. (b) Annual averages (2004–2016) with error bars indicating systematic
uncertainty: 1.0P – 1.08P, 1.0ET – 1.12ET, 0.5R – 2.0R. Dlow = 1.0P – 1.12ET – 2.0R – ΔSM.
Dhigh = 1.08P – ET – 0.5R – ΔSM. Cumulative change in soil moisture (ΔSM), not shown, is small and ﬂuctuates between
~50 mm and 50 mm. P = precipitation; ET = evapotranspiration; R = runoff; D = drainage.
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Table 1
Cumulative Root Zone Water Balance Terms With Estimates of Systematic Uncertainty
Total (mm)
n (days)
4745
Uncertainty +/
that make D more +
that make D more 
Average rate (mm/year)

P

ET

R

ΔSM

D

%ET of P

%R of P

% D of P

4540

4351

308

1

121

95.8

6.8

2.7

4903
4540

4351
4873

154
617

1
1

397
951

P
349

ET
335

R
24

dS
0

D
9

Note. P uncertainty: 1.0P  1.08P due to gauge undercatch. ET uncertainty: 1.0ET  1.12ET. R uncertainty: 0.5R  2.0R.
ΔSM uncertainty unquantiﬁed. P = precipitation; ET = evapotranspiration; R = runoff; D = drainage; ΔSM = change in
soil moisture.

1. Soils are infrequently wetted beyond shallow root zone depths (<~30 cm). Deeper, more persistent wetting occurs episodically and mainly in winter when plant activity is limited and evaporative demand is
low.
Our data generally support these expectations for SM dynamics, but we ﬁnd somewhat different patterns
between the intercanopy and under-tree locations. However, for both locations, the bulk of the cumulative
probability distributions of SM across shallow to deeper depths in the root zone are contained near the dry
end, far below the soil’s ﬁeld capacity (Figures 2d and 2e), especially on the dry end at greater depths. This
pattern may be explained by the distribution of daily rainfall in this region, where the number of small rainfall days (<~5 mm) is high and larger events are less common (Huxman et al., 2004), even though the larger
events largely determine the seasonal and annual totals. Likewise, the bulk of the rainfall comes in the summer, when the plants quickly use this water to support growth and shallow moisture dries quickly (Kurc &
Small, 2007). Thus, abiotic evaporation is a signiﬁcant part of ET in this region (Cavanaugh et al., 2011; Scott
& Biederman, 2017).
We also ﬁnd that the intercanopy position has less interception of P and deeper inﬁltration (Figure 2). The
deeper soil wetting tends to occur more episodically, mainly in wet fall and winter periods when evaporative
demand is lower and plant activity is limited by lower temperatures. High evaporative demand in summer
and opportunistic dryland vegetation impose a strong constraint on deep inﬁltration, because ET quickly
uses any available SM (Andraski, 1997; Scanlon et al., 2005; Scott et al., 2000). Furthermore, this vegetation
constraint is compounded by deeper-rooted dryland shrubs or trees that severely restrict the possibility of
deep D beyond the root zone and, ultimately, of recharge (Collins & Bras, 2007; Keese et al., 2005).
These ﬁndings about SM dynamics should be considered in light of the relatively high degree of uncertainty
in their spatial representativeness across the site (Cosh et al., 2016; Templeton et al., 2014). However, the
simple planar topography of the site, the high inﬁltration capacity of the loamy sand soils, and the lack of
clearly deﬁned R channels limit the possibility of regions of enhanced inﬁltration due to topography.
Thus, spatial variability in SM is mainly related to vegetation cover at this site, and we account for this variability (albeit to a limited degree) by using the intercanopy and under-tree proﬁles used to quantify SM. The
uncertainty in the SM measurements is further tempered by using them to quantify the ΔSM, which is small
over longer integration times in the water budget (e.g., Figures 3 and 9).
2. Seasonal water availability, estimated by SM inputs, is best quantiﬁed by ET rather than the commonly
used, time-averaged SM or P
While diurnal and daily variability in weather-related energy terms control short-term ET rates, longer-term
integrated ET is directly related to water supply, that is, SM, which limits the amount that can evaporate
from the soil or be used by plants. Correlations between root zone SM and ET substantially increase from
subdaily to seasonal periods (Figure 4). However, we see smaller amounts of seasonal ET for a given average
moisture content for the winter/spring (November–May) than the main growing season (June–October,
Figure 4c). This is because the temporally averaged SM state does not indicate the amount of available water.
Instead, the longer persistence of soil water in winter leads to higher averages. Therefore, it is the SM inputs,

SCOTT AND BIEDERMAN

583

Water Resources Research

10.1029/2018WR023477

SM+, which consistently predict seasonal ET, rather than the average SM state (Figure 5). Over shorter averaging times, additional regulation by varying evaporative demand (i.e., weather) obscures the SM link. Thus,
studies using shorter-term data in dryland regions have examined the SM controls on ET by normalizing ET
by potential ET (ETp). This typically results in a function for ET/ETp that increases linearly with SM below
some threshold (stage II ET) and saturates to a constant value thereafter (e.g.Kurc & Small, 2004, Vivoni
et al., 2008). Beyond this threshold, moisture is no longer limiting ET (stage I ET). However, at dryland sites
such as in this study, this condition is rare, especially during the growing season, such that at seasonal time
scales we do not ﬁnd saturating conditions.
Next, we conﬁrm a direct link of seasonal sums of ET (slope close to 1 with small y-axis offset), rather
than P, with root zone water inputs (Figure 5). At our site, the R ratio, R/P, averages 8.9% in summer
and 0.9% in winter, so the seasonal difference contributes to the considerable 1.5 slope of P with SM+
(Figure 5). Many ecohydrological studies use P as a metric of water availability in absence of SM data,
but R can be a signiﬁcant fraction of P (Biederman et al., 2018; Polyakov et al., 2010), so using P as a
water availability metric that drives productivity can complicate interpretation (Ponce-Campos et al.,
2013). Biederman et al. (2018) suggest that this is because over seasonal to annual time scales, ET quantiﬁes the amount of P partitioned to recharge SM. They also show some support for this linkage with a
closer agreement between ET and the difference P - R than for ET and P alone. Our study substantiates
the direct relationship between the amount of water that enters the soil and the subsequent efﬂux of that
water back to the atmosphere.
Seasonal totals of ET and P are usually greater than SM+ (Figure 5). We expect that some amount of P is
either intercepted before entering the soil or only wets the shallow surface soil (0–2.5 cm) and is not detected
by the SM measurements. For example, summers average 24 rainfall events with depths of 0–5 mm that total
35 mm. Winters average 15 days of these small events with a total of 22 mm. These totals are reasonably close
to the average ET and SM+ differences (54 mm in summer and 15 mm in winter), supporting the idea that
most of the water in such small rainfall events is lost to surface evaporation/interception.
The close agreement between SM+ and measured ET without any adjustments for lack of energy balance
closure also suggests that the eddy ﬂux measurements of ET quantify the water vapor efﬂux quite accurately at this site (Figure 5). The long-term water budget provides additional support that any sort of closure adjustment like that of Twine et al. (2000) is probably not warranted. This ﬁnding is supported by
data collected at other dryland sites, where there is often close agreement between P minus R and ET
(Biederman et al., 2018; Scott, 2010). Moreover, the good agreement between SM+ and ET as well as
between SM+ and P suggests that there is good spatial representativeness of SM from using just this
one intercanopy proﬁle.
3. Precipitation stored as SM is reliably depleted within the current (i.e., spring or summer) growing season.
Therefore, seasonal ET should be constrained by within-season SM inputs.
Contrary to this expectation, we ﬁnd evidence for episodic summer to spring carryover of SM. Drier winters
(P < ~100 mm) have ET totals that generally exceed P (Figure 5, open diamonds), and some winters (e.g.,
2015) have substantial carryover of SM from the summer/fall period (Figure 6). This carryover of episodic
summer moisture excesses and subsequent use of it by the end of the following spring suggests that for this
climate, 1 June is a more appropriate start to a hydrologic water year than traditionally used fall starting
dates. The predictably dry and hot spring period (AprilJune) consistently exhausts all available SM.
While carryover of signiﬁcant amounts of summer SM is rare (Figure 6), we see that ET can be impacted all
the way to the start of the next summer growing season (Figures 7 and 8). In late 2015, anomalously high SM
results in high ET through the late summer/fall (SeptemberNovember), but the coldest period of winter
(DecemberFebruary) shuts down ET and leaves elevated amounts of moisture in the soil until the plants
(grasses and trees) could upregulate in spring, resulting in higher than average ET throughout this season.
This high springtime ET in 2016 is associated with unusually high levels of plant photosynthesis as well
(Smith et al., 2018). Additional evidence of ecosystem memory of antecedent P is seen with a considerable
lag in peak correlations between antecedent P amounts and spring seasonal ET totals (Figure 8). March–
May ET totals are most correlated with September–May P. Consistent with climate model forecasts
(McAfee & Russell, 2008), winter/spring P has substantially declined in the 21st century for this region
(Scott et al., 2015). These declines have led to reductions in plant cover, especially grasses (Bodner &
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Robles, 2017). While climate models are inconsistent in forecasted summer/fall P amounts in this region,
increased warm-season P could possibly bolster winter decreases through winter SM carryover.
Even though SM dynamics are shallow, monthly D below the 1.3-m monitoring depth (D) could be positive or
negative (Figure 7). For example in 2015, an anomalously wet June and late summer results in positive D, and
a drier-than-average July and the following normally dry spring had negative amounts, implying additional
SM carryover deep in the soil. D can be positive due to both direct inﬁltration beyond 1.3-m depth and hydraulic descent (i.e., downward HR) by plant roots. Lee et al. (2018), with sap ﬂow measurements in tap roots and
modeling, conﬁrm these patterns of hydraulic descent and subsequent tree water use, as well as the preponderance of hydraulic descent (deep SM increases) for the June through December 2015 period. Unfortunately,
their study ended before the following 2016 spring growing season and cannot be used to independently evaluate the results here: abundant water use from the monitored root zone and below indicated by decreases in
SM and negative D (Figure 7). Thus, HR is likely facilitating seasonal carryover of SM (Fu et al., 2016).
4. Long-term D is expected to be near zero, resulting in negligible groundwater recharge.
Our analysis provides strong support of this expectation. Without considering any systematic uncertainty in
the ﬂuxes, ET is the dominant efﬂux (96%) of incoming P inputs. R is much smaller (7%), and D is even
smaller (3%). When considering uncertainties (to bracket the underestimation of P due to gauge undercatch, the possible underestimation of ET due to a lack of energy balance closure at this site, and the overestimation or underestimation of R within the source area of the ET ﬂux measured by the tower), D from the
monitored root zone was estimated to be as large as 31 mm/year (9% of annual P) and as small as
73 mm/year (21% of P) over the 13-year study period. Thus, long-term net D is indistinguishable from
zero. While our water balance approach does not directly measure that long-term D is small, numerous studies using soil chloride accumulations under root zones support the fact that negligible D below root zone is
occurring under these upland, valley locations (Coes & Pool, 2007; Scanlon et al., 2006; Seyfried et al., 2005;
Walvoord et al., 2002). Additional support comes from shorter-term watershed or lysimeter studies showing
that opportunistic dryland vegetation can quickly and completely extract SM when available (Scanlon et al.,
2005; Scott, 2010).
Given the focus of this study on one site, it is important to discuss how long-term drainage/recharge may
vary across the dryland landscape of the Southwest. There are a number of site factors that might be limiting
D at our site. The topography is planar and gently sloping with a nonincised, poorly deﬁned channel network. This limits the concentration of R into channels and subsequent transmission losses. Furthermore,
the deep loamy sands at the site favor inﬁltration and limit overland ﬂow (Polyakov et al., 2010).
However, we ﬁnd that the inﬁltrated water is thoroughly used by ET (Figure 5) limiting deeper root zone
wetting (Figure 2). Also, the deeply rooted trees appear to be capable of accessing this moisture, even below
the 1.3-m depth of monitoring, as indicated by negative D amounts in seasonal (Figure 7) and annual totals
(Figure S2). While these site factors may be serving to make D small, many other studies across the drylands
of the Southwest echo these results.
In contrast to these results showing often-negligible recharge in upland locations, studies of large ephemeral
channels (draining large areas, ~104–105 ha) have shown that considerable amounts of R can inﬁltrate in
them and recharge basin groundwater (Blasch et al., 2006; Coes & Pool, 2007; Goodrich et al., 2004; Pool,
2005). Considering the possibility of recharge occurring in smaller channels with less R and transmission
losses, it is often unknown how much of channel inﬁltration is subsequently extracted by denser, deeprooted shrubs and trees lining ephemeral channels, indicating enhanced water availability (Stromberg
et al., 2017). One study from an upland shrub site in New Mexico, using measurements and equation (1),
estimated that D was large and ultimately becomes groundwater recharge (26% of the site’s 238-mm mean
annual P) due to small channel inﬁltration (Schreiner-McGraw & Vivoni, 2017). However, we note the difﬁculty of using a water balance approach to estimate recharge within a small watershed because of the following: (1) EC and SM measurements may not be representative of the same distribution of upland and
channel areas; (2) there can be a similar, if not greater, mismatch in source areas for the ET measurements
and where the focused channel inﬁltration occurs; and (3) D is calculated as the residual of larger ﬂuxes, the
uncertainty of which may exceed the magnitude of D. We recommend additional studies with measurements speciﬁcally focused on the amount and fate of in-channel R losses and their role in site-to-region dryland water balance.
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6. Conclusions
Determining how P is partitioned within the critical zone is one of the most fundamental challenges in
hydrology. This paper quantiﬁes the terms of the critical zone water balance over a 13-year period in a semiarid upland savanna in the American Southwest. Our results conﬁrm that SM dynamics are highly variable
and usually conﬁned to the upper root zone. Deeper root zone wetting happens infrequently and is aided by
decreases in evaporative demand and plant root water uptake. Seasonal ET is closely related to average root
zone SM and closely matches SM inputs. Contrary to expectations, we ﬁnd that wet summers can result in
moisture storage within and below the root zone lasting through winter and supplying moisture for springtime ET. ET dominates the water loss from the critical zone, R is small, and permanent/net deep D is indistinguishable from zero.
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