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Abstract Woody plant encroachment is a world wide phenomenon with implications on the hydrologic
cycle at the catchment scale that are not well understood. In this study, we use observations from two small
semiarid watersheds in southern Arizona that have been encroached by the velvet mesquite tree and apply
a distributed hydrologic model to explore runoff threshold processes experienced during the North Ameri-
can monsoon. The paired watersheds have similar soil and meteorological conditions, but vary considerably
in terms of vegetation cover (mesquite, grass, bare soil) and their proportions with one basin having under-
gone mesquite removal in 1974. Long-term observations from the watersheds exhibit changes in runoff
production over time, such that the watershed with more woody plants currently has less runoff for small
rainfall events, more runoff for larger events, and a larger runoff ratio during the study periods (summers
2011 and 2012). To explain this observation, we first test the distributed model, parameterized with high-
resolution (1 m) terrain and vegetation distributions, against continuous data from an environmental sensor
network, including an eddy covariance tower, soil moisture, and temperature profiles in different vegetation
types, and runoff observations. We find good agreement between the model and observations for simulta-
neous water and energy states and fluxes over a range of measurement scales. We then identify that the
areal fraction of grass (bare soil) cover determines the runoff response for small (large) rainfall events due to
the dominant controls of antecedent wetness (hydraulic conductivity). These model-derived mechanisms
explain how woody plants have differential effects on runoff in semiarid basins depending on precipitation
event sizes.

1. Introduction

Woody plant encroachment is a world wide phenomenon observed in semiarid rangelands undergoing a
conversion from grasslands to savannas. This phenomenon has been studied and documented around the
world, including North America [Archer et al., 2001; Van Auken, 2000; Huxman et al., 2005; Browning et al.,
2008], Australia [Burrows et al., 1990; Fensham, 1998], southern Africa [Roques et al., 2001], and South Amer-
ica [Silva et al., 2001]. It is defined as the increase in density, cover, and biomass of woody plants or shrubs
[Van Auken, 2009], and may be related to either native or invasive woody species. Several hypotheses have
emerged as to the main drivers of the encroachment process. Grazing, for example, can lead to woody plant
encroachment directly by reducing competition from perennial grasses or by spreading seeds [e.g., Brown

and Archer, 1990; Harrington, 1991] or indirectly by reducing fire frequency and intensity [e.g., Savage and
Swetnam, 1990; Archer et al., 1995; Oba et al., 2000]. The observed spatial patterns of grasses and woody
plants in savannas evolve from dynamic and complex interactions between climatic, topographic, and
pedologic effects on plant-available water, as well as resource competition, herbivory, and fire [D’Odorico
et al., 2012]. Water is considered the main resource competed for by vegetation in savanna landscapes, and
savanna structure is constrained by water redistribution at local and patch scales [Scholes and Archer, 1997].

Woody plant encroachment in water-limited environments of North America occurs in arid or semiarid areas
characterized by low annual precipitation, generally in the range of 250–500 mm, and high-potential
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evapotranspiration. For the Sonoran and Chihuahuan Deserts, the dominant rainfall season occurs in the
summer months, typically July to September, and is distinguished by highly localized, short, intense convec-
tive storm events, typically associated with the North American Monsoon (NAM) [Douglas et al., 1993; Adams
and Comrie, 1997]. For these arid and semiarid landscapes susceptible to woody plant encroachment, it is
vital to understand how rainfall is transformed into other water fluxes within a watershed. These fluxes,
including infiltration, soil moisture redistribution, runoff generation, and evapotranspiration, are all depend-
ent on vegetation type and their spatial arrangement in a landscape and thus on the encroachment process
itself [e.g., Breshears et al., 1998; Abrahams et al., 2003; Guti�errez-Jurado et al., 2006; Mueller et al., 2007]. Sev-
eral studies have explored the hydrologic implications of woody plant encroachment by inspecting condi-
tions in canopy and intercanopy spaces [Breshears et al., 1998; Kurc and Small, 2004; Scott et al., 2004; Potts
et al., 2010] or across a landscape unit [Browning et al., 2008; Huxman et al., 2005; Scott et al., 2006a]. How-
ever, there is a considerable gap in understanding the hydrologic dynamics of woody plant encroachment
when aggregated to the watershed scale. Since watersheds naturally organize horizontal water fluxes, these
units can be effective in linking semiarid ecosystem processes in the vertical dimension [Huxman et al.,
2005] to the lateral redistribution of water, which is especially important as water is a limiting resource and
a primary control over net primary production [Ogle and Reynolds, 2004; Huenneke et al., 2002; Turnbull
et al., 2010].

Currently, it is strongly accepted that woody plant encroachment will lead to changes in runoff generation
[e.g., Parsons et al., 1996; Wainwright et al., 2000; Wilcox and Thurow, 2006; Wilcox et al., 2008]. Reducing or
controlling woody plants is typically thought to increase streamflow yield, but evidence varies across differ-
ent ecosystems as discussed, for example, in Lemberg et al. [2002], Huxman et al. [2005], Newman et al.
[2006], and Wilcox and Huang [2010]. To address this important issue, an improved understanding of soil
moisture variability in the presence of coexisting woody plants and grasses would also be useful. Soil mois-
ture varies spatially and temporally and is important in describing vegetation responses and their influence
on hydrologic processes [Gosz, 1993; Fern�andez-Illescas et al., 2001; Huenneke et al., 2002; Kurc and Small,
2007; Turnbull et al., 2010]. For instance, Scholes and Archer [1997] showed that grasses rely on the moisture
in superficial soils, while woody plants benefit by moisture in deeper layers. Thus, woody plant encroach-
ment can lead to the extraction of soil water from greater depths, as well as for longer time periods [Kemp,
1983; Scott et al., 2006b], as compared to grasses. These functional differences suggest that it is important
to characterize the variability of soil moisture and hydrologic fluxes in both space and time within water-
sheds with woody plants and grasses.

Several approaches exist for quantifying the spatiotemporal variability of hydrologic conditions imposed by
woody plant encroachment. In addition to field observations [e.g., Kurc and Small, 2007; Guti�errez-Jurado
et al., 2007; Scott et al., 2009], distributed hydrologic models can aid in the understanding and interpretation
of hydrologic processes with respect to watershed characteristics [Woolhiser et al., 1990; Andersen et al.,
2001; Ivanov et al., 2004a; Vivoni et al., 2010; Vivoni, 2012a]. Distributed, physically based models typically
account for spatial variations and temporal dynamics, where appropriate, of the meteorological forcing and
physical characteristics of a watershed. By combining data sources on precipitation, vegetation type, soil
attributes, and topography, distributed hydrologic models provide meaningful and internally consistent
products based on the set of governing equations utilized from which the spatiotemporal patterns of soil
moisture, runoff generation, and evapotranspiration under the presence of woody plant encroachment can
be analyzed. Further, the underlying physical mechanisms leading to the simulated spatiotemporal patterns
can be discerned and related to vegetation, terrain, or soil controls [e.g., Wigmosta et al., 1994; Mahmood
and Vivoni, 2011; Robles-Morua et al., 2012].

To study the effects of woody plant encroachment, we combine the capabilities of a distributed hydrologic
model with high-resolution observations from an environmental sensor network and aircraft-based Light
Detection and Ranging (LiDAR) terrain and vegetation products. We test the hypothesis that mesquite tree
removal leads to a measurable impact on runoff production that is explicitly linked with ecohydrological
mechanisms. The combination of an environmental sensor network, LiDAR products, and a numerical model
is performed for a pair of instrumented watersheds in the Santa Rita Experimental Range (SRER) in southern
Arizona that exhibit differing amounts of woody plants, specifically velvet mesquite trees, and grass species
[McClaran, 2003; Polyakov et al., 2010]. Long-term rainfall and runoff data from the two watersheds can help
reveal changes in runoff production associated with mesquite removal in one basin. We focus on explaining
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these observed trends by applying the Triangulated Irregular Network (TIN)-based Real-time Integrated
Basin Simulator (tRIBS) model [Ivanov et al., 2004a; Vivoni et al., 2007, 2011] during the summer season
when runoff events are common. In a first application of its kind, the model is thoroughly tested against
continuous data from the environmental sensor network, including an eddy covariance (EC) tower, a set of
soil moisture and soil temperature sensor profiles located in different vegetation types, and runoff observa-
tions from a set of flumes. In this split-sample calibration and validation approach, the model is tested for
multiple water and energy states and fluxes simultaneously at several locations. By reproducing the
observed differences between the paired watersheds (e.g., salient features such as the relative number and
volume of runoff events over the past decade), the distributed hydrologic model is used to understand the
hydrologic mechanisms associated with woody plant encroachment and how these aggregate to the water-
shed scale. In a sensitivity analysis, the model is also utilized to explore how the hydrologic response varies
under different vegetation states, allowing for comparisons between grass-only, mesquite-only, or bare-
only scenarios. Finally, we identify the underlying precipitation, soil, vegetation, and antecedent wetness
controls on the observed runoff trends in the watersheds through a detailed exploration of the model
outputs.

2. Methods

2.1. Study Site and Its Characteristics
The study site is located in the Santa Rita Experimental Range, approximately 45 km south of Tucson, Ari-
zona, within the Sonoran Desert (Figure 1). The rangeland has undergone a shift from a semiarid grassland
to a savanna due to the encroachment of the woody leguminous tree Prosopis velutina Woot., or velvet
mesquite. To study this process, the U.S. Department of Agriculture-Agricultural Research Service (USDA-
ARS) established eight watersheds in 1975 and instrumented each to measure rainfall, runoff, and sediment
yield, providing a long-term record of rainfall and runoff measurements [Polyakov et al., 2010; Scott, 2010]. A
pair of these adjacent watersheds of similar size, Watershed 7 (WS 7, 1.08 ha) and Watershed 8 (WS 8,
1.10 ha), was established to investigate the effects of mesquite removal on hydrologic processes. In 1974,
diesel oil was applied basally to all trees in WS 7, with reapplication as needed and dead tree removal for
wood [Martin and Morton, 1993], whereas WS 8 has continued in the woody plant encroachment process.
The soils at the study site are characterized as coarse-textured sandy loam derived from Holocene-aged

Figure 1. (a) Location of the study watersheds, south of Tucson, Arizona, and (b) in the Santa Rita Experimental Range. The 1 m aerial photographs in Figure 1b are from the Arizona
Regional Image Archive. (c) Watershed representations including boundaries and stream networks determined through a 1 m DEM analysis with the environmental sensor network loca-
tions (Tower, Rain Gauges, Flumes, Profiles). The 0.31 m aerial photographs in Figure 1c are products of the LiDAR flight taken in April 2011. (d) EC tower at the study site and (e) the WS
8 flume.
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alluvium from the nearby Santa Rita Mountains [Polyakov et al., 2010]. Soil sampling was conducted at 21
locations up to depths of 1 m, and the dominant soil type was verified as sandy loam. Vegetation consists
of the native velvet mesquite (Prosopis velutina), the perennial nonnative Lehmann lovegrass (Eragrostis leh-
manniana), perennial bunchgrasses [black grama (Bouteloua eriopoda), Arizona cottontop (Digitaria californ-
ica), and Santa Rita threeawn (Aristida glabrata)], and various cacti species [cholla (Opuntia spinisior), prickly
pear (Opuntia engelmannii) and fishhook barrel (Ferocactus wislizeni)].

A LiDAR data acquisition flight took place at the study site in April 2011 [Pima Association of Governments,
2011]. LiDAR pulses measure the distance between the aircraft and the landscape below, providing a 1 m
resolution digital elevation model (DEM) and a 1 m canopy height model. In addition, a high-resolution
(30 cm) color orthoimage was also taken (Figure 1c). Through processing of the DEM using hydrologic rou-
tines, watershed boundaries and ephemeral channel networks were obtained upstream of each flume and
confirmed using a differential Global Positioning System (dGPS, Leica Geosystems GPS 1200). Detailed anal-
yses of the LiDAR products also revealed the major landscape features in each watershed, including the dis-
tributions of elevation, slope, canopy heights, and vegetation classes, as shown in Figure 2. Statistical
properties of the landscape features illustrate similarities in the two watersheds (mean 6 1 standard devia-
tion): elevation (1166.79 6 2.37 m in WS 7 and 1166.10 6 1.91 m in WS 8); slope (3.46 6 2.51� in WS 7 and
3.30 6 2.21� in WS 8); aspect angle from north (265.36 6 79.88� in WS 7 and 261.03 6 79.11� in WS 8, pri-
marily west facing); and total channel length (238.62 m in WS 7 and 293.24 m in WS 8). Channel lengths
were determined from a combination of the DEM processing and a field inspection using a dGPS of the
locations of the channel heads. The major difference in the two watersheds was the canopy heights, with
0.22 6 0.38 m in WS 7 and 0.37 6 0.54 m in WS 8, due to the presence of mesquite trees (�46 trees in WS 7

Figure 2. Landscape characteristics from the 1 m LiDAR products, including (a) elevation (m), (b) canopy heights (m), (c) slope (degrees), and (d) vegetation classes (grass, mesquite,
bare).
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and �152 trees in WS 8, Figure 2b).
The orthoimage was used to derive a
vegetation classification map based
on the Red, Green, and Blue (RGB)
signature and information from
ground verification (Figure 2d). Land
cover was classified into three types
(grass, mesquite, bare soil) to link
these to multiple observations in
each class. WS 7 is dominated by
grass (62%), followed by bare soil
(19%) and mesquite (19%), while WS
8 has a lower amount of grass (44%)
and higher percentages of mesquite
(32%) and bare soil (24%). In this rep-
resentation, the various grass species
are treated identically with respect to
data analyses and modeling, while
the cacti species were not sufficiently
abundant for detailed treatment or
�5% cover in WS 8 [Anderson, 2013].

2.2. Long-Term Observations and
Environmental Sensor Network
Long-term monthly rainfall observa-
tions began at the SRER in 1936
[McClaran, 2003], while high-
resolution runoff and precipitation
data from the WS 7 and WS 8 water-
sheds have been collected since 1976
by the USDA-ARS [Polyakov et al.,
2010] using Smith-type supercritical
flow flumes with a float sensor and
digital stage recorder [Smith et al.,
1981, Figure 1e] and a Belfort 0.2 m
orifice weighing-recording rain gauge
[Goodrich et al., 2008]. Stage record-
ings with a measurement resolution
of 0.01 in. [Stone et al., 2008] are con-
verted to discharge for the specific
flume design [see Smith et al., 1981,
appendix] and calibrated annually
prior to the monsoon season by the
USDA-ARS. Figure 3 shows monthly
average and standard deviation of

precipitation and runoff from each watershed. Monthly precipitation varies considerably with �54% of the
mean annual total (�458 mm) occurring during the NAM season (July to September) [Polyakov et al., 2010].
A second precipitation season with generally lower intensity storms is observed during January and Decem-
ber. The periods considered in this study have annual totals and NAM percentages (382.0 mm and 67.4%
for 2011, and 337.3 mm and 74.5% for 2012) that are lower than long-term averages with a higher fraction
of summer rainfall. The seasonality of the precipitation regime in the region leads to most runoff occurring
during the NAM [e.g., Gochis et al., 2006; Vivoni et al., 2010] as shown for WS 7 and WS 8 in Figure 3c. Over
the period 2001–2012 with digital recorders at the flumes, the NAM accounted for 98% (WS 7) and 99% (WS
8) of the annual total runoff (30.8 mm for WS 7 and 27.6 mm for WS 8). In comparison, the study seasons
had comparable runoff (29.4 and 32 mm for WS 7 and WS 8) in 2011 and higher amounts (50.8 and

Figure 3. Long-term monthly average (bars) and monthly standard deviation (error
bars) of (a) precipitation, (b) WS 7 runoff, and (c) WS 8 runoff. Runoff values are
shown from 2000 to 2012 to cover the period of digital recorder data, which
replaced analog recorders in 2000. Yearly total precipitation and runoff for the
study periods in 2011 and 2012 are shown. Numerical values on top of each error
bar in Figures 3b and 3c represent the monthly averaged runoff ratio (r).
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74.3 mm for WS 7 and WS 8) in 2012. Note that the runoff ratios (r 5 Q/P, where Q and P are runoff and pre-
cipitation volumes) are low for most months, with r � 0.11 (WS 8) to 0.14 (WS 7) over the NAM, as computed
over the period 2001–2012. For the study periods, r 5 0.11 and 0.12 (2011) and r 5 0.18 and 0.25 (2012) at
WS 7 and WS 8, respectively. As compared to the 2001–2012 average, the dry summers in 2011 and 2012
had significantly different storm sizes leading to nearly average runoff ratio in 2011, but higher than aver-
age r in 2012.

An environmental sensor network was installed in WS 8 in May 2011 to measure rainfall, runoff, soil mois-
ture and temperature, and meteorological variables and fluxes (Figure 1), following a similar approach as
Templeton et al. [2014] with respect to the observations. The network was established only in WS 8 to mea-
sure the distributed vegetation conditions, including mesquite, bare soil, and grassland sites. Table 1
describes the network characteristics. Four parallel transects (60 m in length) were established in a north to
south orientation to measure soil moisture and soil temperature profiles. Three transects consist of five loca-
tions, each with three soil dielectric sensors (Hydra Probe, Stevens Water) installed at 5, 15, and 30 cm
depths, while one transect consists of six locations. The sensors measure the impedance of an electric signal
through a 40.3 cm3 soil volume (5.7 cm in length and 3.0 cm in diameter), following Campbell [1990], to
determine the volumetric soil moisture (m3/m3) and soil temperature (�C) as 30 min averaged values. A
‘‘loam’’ calibration equation was used in the conversion [Seyfried et al., 2005] and corrected using a nonlin-
ear relation established through gravimetric soil sampling (R2 5 0.99) [Pierini, 2013]. The shallow sensors
(5 cm depth) effectively average the near surface (3.5–6.5 cm depths) soil moisture dynamics that influence
runoff generation. A tipping-bucket rain gauge (TE525MM, Texas Electronics) was installed at the center of
each transect and at the EC tower, mounted 1 m above the ground surface, to complement a weighing rain
gauge located between WS 7 and WS 8 [Goodrich et al., 2008]. A 10 m tall EC tower was installed approxi-
mately 60 m north of WS 8 (Figure 1) to measure meteorological variables [barometric pressure (CS100,
Setra); air temperature and humidity at 1.5 m height (HMP45C, Campbell Sci.); incoming solar radiation at
5 m height (CMP3, Kipp & Zonen)], soil conditions [surface temperature (SI-111, Apogee Instruments Inc.);

Table 1. Environmental Sensor Network Characteristics, Including Sensor Type, ID, Geographic Location (UTM 12�N, WGS84), Elevation,
Aspect, Slope, Areal Contributions, and Vegetation Typea

Sensor Type ID Northing (m) Easting (m) Elevation (m) Aspect (�) Slope (�) Contribution (%) Vegetation Type

Soil probe T1-1 3,520,180.43 513,984.64 1164.50 294.86 2.59 0 Bare
T1–2 3,520,165.87 513,984.15 1164.42 200.21 3.09 6.7 Bare
T1–3 3,520,155.23 513,988.73 1164.62 257.35 2.19 6.7 Mesquite
T1–4 3,520,139.30 513,987.00 1164.08 210.49 3.57 6.7 Grass
T1–5 3,520,123.80 513,988.10 1165.01 291.21 1.99 6.7 Bare
T2-1 3,520,181.51 514,036.23 1166.07 358.08 1.99 0 Bare
T2-2 3,520,165.85 514,038.31 1166.30 287.49 1.67 6.7 Bare
T2–3 3,520,149.63 514,036.02 1166.40 282.79 1.97 6.7 Grass
T2–4 3,520,140.21 514,010.17 1166.58 63.43 1.76 6.7 Grass
T2–5 3,520,127.19 514,010.65 1166.79 297.18 2.72 6.7 Bare
T2–6 3,520,112.46 514,042.36 1167.46 309.80 2.39 6.7 Mesquite
T3-1 3,520,148.20 514,082.88 1167.88 289.48 3.08 6.7 Mesquite
T3-2 3,520,133.89 514,085.53 1168.15 253.41 2.14 6.7 Mesquite
T3-3 3,520,119.87 514,089.70 1168.44 268.73 0.98 6.7 Bare
T3–4 3,520,106.64 514,089.95 1168.59 0.75 1.68 6.7 Bare
T3–5 3,520,091.23 514,092.01 1168.79 316.15 3.07 6.7 Mesquite
T4-1 3,520,152.38 514,123.47 1169.09 226.64 2.16 0 Bare
T4-2 3,520,137.89 514,128.39 1169.44 317.44 2.90 0 Grass
T4-3 3,520,121.90 514,136.05 1169.86 261.76 3.35 0 Mesquite
T4-4 3,520,111.43 514,138.00 1170.06 324.97 2.31 0 Mesquite
T4–5 3,520,097.10 514,142.52 1170.41 240.68 3.43 6.7 Bare

Rain Gauge R1 3,520,152.89 513,985.59 1164.49 290.73 2.40 21.34
R2 3,520,152.14 514,038.90 1166.50 296.61 1.37 28.41
R3 3,520,120.18 514,088.66 1168.40 266.98 1.25 34.07
R4 3,520,124.60 514,132.72 1169.72 268.62 2.77 8.89
RT 3,520,199.39 514,120.72 1168.32 241.84 1.06 0
RARS 3,520,123.86 513,968.86 1161.09 271.93 3.21 7.29

Flume WS 7 3,520,100.00 513,934.49 1161.21 11.77 3.21 100
WS 8 3,520,154.28 513,942.39 1161.95 265.17 4.39 100

Tower ECT 3,520,195.49 514,119.01 1168.29 293.93 0.43 Grass

aContributions represent the watershed areal percentage in WS 8 (soil probes), Thiessen polygon areal percentage in WS 8 (rain
gauges), and the upstream areal percentage (flumes).

Water Resources Research 10.1002/2014WR015781

PIERINI ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 8196



soil moisture at 5, 15, 30, 50, 75, and 100 cm depths (CS616, Campbell Sci.)], and energy balance fluxes [soil
temperature in a bare soil and a vegetated area at 2 and 4 cm depths (TCAV-L, Campbell Sci.); soil heat flux
at 5 cm depth for a bare soil and a vegetated area (HFP01-SC, Hukseflux); net longwave and shortwave radi-
ation at 5 m height (CNR2-L, Kipp & Zonen); CO2 and H2O concentrations using an open-path Infrared Gas
Analyzer (LI7500, LI-COR); and three-dimensional wind velocity (CSAT3, Campbell Sci.) at 7 m height aligned
to the dominant southwest wind direction]. As reported in Anderson [2013], the EC tower footprint during
the summer seasons (2011 and 2012) encompasses WS 8. EC data were sampled at a 20 Hz frequency and
processed to obtain the turbulent heat fluxes (latent and sensible heat, W/m2) at 30 min intervals using
EdiRE (University of Edinburgh), while other measurements were recorded as averages over 30 min.

2.3. Distributed Hydrologic Model and Its Applications
2.3.1. Model Description
Numerical simulations were carried out at the EC site and the WS 7 and WS 8 watersheds using tRIBS, a fully
distributed, physically based model of hydrologic processes [Ivanov et al., 2004a; Vivoni et al., 2007, 2011].
To make use of the available high-resolution data sets, tRIBS utilizes soil, vegetation, and meteorological
maps and resamples each geospatial layer to the model domain. Single locations or entire watersheds are
represented by a TIN consisting of elevation, stream, and boundary nodes, which capture landscape fea-
tures with a reduced number of elements [Vivoni et al., 2004]. Voronoi polygons are associated with each
TIN node and serve as the finite-volume domain for water and energy balance calculations. For each Voro-
noi polygon, the model simulates a range of hydrologic processes, including: (1) canopy interception and
storage; (2) evaporation from bare soil and canopy surfaces; (3) plant transpiration; (4) infiltration and soil
moisture redistribution; (5) shallow subsurface flow; and (6) overland and channel flow. Single infiltration
fronts interact with a prestorm moisture profile, determined from hydrostatic equilibrium, and the water
table position [Ivanov et al., 2004a]. This interaction leads to a range of possible soil moisture states, which
influence infiltration and runoff generation via infiltration-excess, saturation-excess, perched return flow
and groundwater exfiltration mechanisms. In prior studies, tRIBS has shown good performance with respect
to soil moisture and temperature, runoff, and evapotranspiration observations in other semiarid areas [e.g.,
Vivoni et al., 2010; Mahmood and Vivoni, 2011; M�endez-Barroso et al., 2014].

2.3.2. Model Setup, Meteorological Forcing, and Parameterization
Hydrologic simulations were conducted in the three domains (EC site, WS 7, WS 8) independently over the
study periods of 1 June to 30 September in 2011 and 2012 to span the dry initial summer season and the end
of the NAM. At the EC site, a single, hexagonal Voronoi polygon was used in one-dimensional simulations
[M�endez-Barroso et al., 2014], with an area of 98.77 m2, a soil depth of 1 m (based on a soil pit at the site), and
a gentle slope. Representative characteristics in the vicinity of the tower were used, including vegetation type
(grass) and soil texture (sandy loam). Modeling domains for the two watersheds were created by processing
the 1 m LiDAR DEM using the hydrographic TIN procedure of Vivoni et al. [2004]. Care was taken in the DEM
processing to capture areas that matched previous estimates [Polyakov et al., 2010] through field verification
of the watershed divides and channel network with the dGPS. The procedure resulted in nearly identical,
high-resolution models for WS 7 and WS 8 (10,309 and 10,548 Voronoi polygons) upstream of the flumes. The
domains capture the original 1 m data (equivalent cell size of re 5 0.99 m) [Vivoni et al., 2005], while adding
watershed boundaries and ephemeral channel networks (Figure 2). Modeled channel networks have similar
total lengths and drainage densities, matching the field conditions. The formulation of TIN models for adja-
cent watersheds leads to a small area that is not captured in tRIBS (�750 m2 or 6.8% of the total area) that is
within the uncertainty of the estimated watershed areas by Polyakov et al. [2010]. Nevertheless, terrain attrib-
utes derived from the LiDAR DEM (elevation, slope, aspect, and curvature) are captured explicitly by the Voro-
noi polygons. A spatially uniform soil depth of 1 m was assumed on the basis of a soil pit sampled near the EC
site, at which depth a harder soil layer with rocks covered with calcium carbonate (CaCO3) deposits was found.
As a result, we assumed an impermeable lower boundary condition at a depth of 1 m.

Meteorological forcings were obtained from the environmental sensor network (1 June to 30 September
2011 and 2012) and supplemented, when necessary due to missing observations (�16% of time during sim-
ulation periods), using data from a nearby, long-term EC site [Scott et al., 2009]. The month of June was
included in each simulation to allow for an initial drying period that helped homogenize and dry soil mois-
ture prior to the onset of the NAM. The dry (wet) spring conditions in 2011 (2012) prior to the NAM required
using a different, spatially uniform depth to a saturated layer, as in Mahmood and Vivoni [2011], to capture
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the observed soil moisture on 1 June (basin-averaged 900 and 800 mm depth to a saturated layer in 2011
and 2012, respectively). Nevertheless, the effects of the initialization were dissipated prior to the arrival of
the first storm event during the NAM. Model forcings at 30 min resolution included precipitation obtained
from a Thiessen polygon interpolation of the six available rain gauges and the spatially uniform meteorolog-
ical variables—air temperature, relative humidity, wind speed, barometric pressure, incoming solar radia-
tion—measured and quality controlled at the EC site. Other EC observations were used only for model
calibration and testing purposes, including net radiation, net shortwave radiation, and net longwave radia-
tion, ground, sensible and latent heat flux, soil moisture and soil temperature at multiple depths and soil
surface temperature.

Land surface characteristics related to soil and vegetation were used to parameterize the hydrologic proc-
esses in the model based on the classification into grass, mesquite, and bare soil cover (Figure 2). As in
Ivanov et al. [2004b], the high-resolution vegetation classes were used to specify soil properties as well,
under the assumption that local variations occur in litter, organic matter, and aeolian deposition due to
differences in plant cover [Guti�errez-Jurado et al., 2006]. In this way, the vegetation patterns (bare soil,
grass, mesquite) are used as surrogates for the soil infiltration properties, as in Mueller et al. [2007]. Initial
parameter values were based on field and remote sensing observations of soil and vegetation properties
at the EC site, including the use of soil pedotransfer functions using particle size fraction and bulk density
[e.g., Van Genuchten, 1980; Rawls et al., 1983] and LiDAR-derived canopy heights. This was followed by a
manual calibration procedure for the soil and vegetation parameters at the EC site, as in Vivoni et al.
[2010] and M�endez-Barroso et al. [2014], focused on one-dimensional water and energy states and fluxes
for the 2011 period using the abovementioned observations (e.g., surface and root zone soil moisture,
latent and sensible heat fluxes, net radiation, and surface temperature). Manual calibration at the EC site
was performed for a subset of the soil parameters by sampling within feasible parameter ranges, as
detailed in Table 2 (parameters labeled with b). Simulated surface soil moisture averaged over the top
10 cm (hsur) was compared to 5 cm depth observations, while modeled root zone soil moisture averaged
over the top 1 m was compared to a weighted average of measurements at 5 cm (weight 5 0.1), 15 cm
(0.125), 30 cm (0.175), 50 cm (0.225), 75 cm (0.225), and 100 cm (0.125). Independent, split-sample model
testing was performed for 2012. Since the simulation at the EC site depicted grass cover, the calibrated
soil and vegetation parameters for this type were transferred to the WS 7 and WS 8 simulations. For other
classes, a manual procedure was used to calibrate the model using the soil moisture and temperature

Table 2. Calibrated Model Parameters for EC Site and WS 7 and WS 8 Watershed Simulations

Parameter Variable (Unit)

Vegetation Type

Grass Mesquite Bare

Saturated hydraulic conductivitya Ks (mm/h) 2.5 6 0.6
Saturated soil moisture contenta hs (m3/m3) 0.24 0.29 0.34
Residual soil moisture contenta hr (m3/m3) 0.005 0.005 0.005
Stressed soil moisture contenta h* (m3/m3) 0.11 0.13 0.15
Pore size distribution indexa m 2 1.06 0.8
Air entry bubbling pressureb Wb (mm) 0 0 0
Conductivity decay parameterb f (mm21) 0.01 0.01 0.01
Porositya n 0.4 0.38 0.45
Volumetric heat conductivitya ks (J/msK) 1.1 4 3
Soil heat capacityb Cs (J/m3K) 1,200,000 1,200,000 1,200,000
Free throughfall coefficientc p 0.301 0.091 1
Maximum canopy storagec S (mm) 0.4 0.8 0
Albedod a 0.12 0.08 0.18
Vegetation heighte h (m) 0.5 1.7 0.05
Optical transmission coefficientc kt 0.94 0.8 0.98
Minimum canopy stomatal resistancea rs (s/m) 115 60 72
Vegetation fractiona vf 0.5 0.65 0.08

aValues from manual calibration of watershed model to soil moisture and runoff.
bValues from manual calibration of site model to EC soil moisture, latent and sensible heat flux, net radiation, and surface

temperature.
cValues calculated based on LAI values from Scott et al. [2004], following Pittman [1989].
dValues obtained from field observations and manual calibration of watershed model to soil moisture and runoff.
eValues obtained from the LiDAR-derived canopy height model.
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sensor profiles (averaged for each class) and the runoff observations in WS 8 during 2011, as in Mahmood
and Vivoni [2011]. Runoff simulations in WS 7 during both periods are considered to be an independent
validation since the flume observations were not used in the model calibration. Table 2 indicates the
model parameters (labeled with a) that were calibrated in WS 8 using the watershed observations. Surface
soil moisture averaged over the top 10 cm (hsur) was compared to 5 cm depth observations, while the
root zone soil moisture was limited to the top 40 cm and compared to a weighted average of available
measurements at 5 cm (weight 5 0.25), 15 cm (0.3125), and 30 cm (0.4375). In this process, the 2012
period was used as an independent data set for model testing in both watersheds, while the WS 7 runoff
observations served to test the distributed model in both years. Table 2 presents the calibrated soil and
vegetation parameters for the EC site, WS 7, and WS 8 and details the source and calibration procedure of
each. Note that all model parameters are assumed constant in time. By testing the model to the full set of
observations simultaneously, we ensure an internally consistent representation of the simulated water-
shed response with the objective of reproducing the salient features identified in the rainfall and runoff
observations. Capturing these salient features in the model, which included the relative number and mag-
nitude of runoff events in the paired watersheds, would allow an in-depth exploration of the underlying
mechanisms that might explain the runoff differences.

2.3.3. Numerical Experiments and Performance Evaluation
Numerical simulations at the EC site, WS 7, and WS 8 were compared to observations from the environmen-
tal sensor network using the Mean Absolute Error (MAE), Correlation Coefficient (CC), and Bias (B) as per-
formance metrics, as defined in Appendix A. Independent testing provides the opportunity to evaluate the
model capability in reproducing the temporal evolution and spatial patterns in soil moisture and tempera-
ture, while simultaneously capturing the energy fluxes at the EC tower and runoff production at the flumes.
After model evaluation at the EC site and WS 8, comparisons across the two watersheds reveal the role of
woody plant encroachment on the watershed-scale hydrologic response. To further explore this control, we
carry out synthetic simulations in both watersheds that assume complete coverage of each vegetation type,
referring to them as mesquite-only, grass-only, and bare-only simulations.

3. Results and Discussion

3.1. Long-Term Rainfall-Runoff Analysis in Paired Watersheds
To quantify the runoff differences between the two watersheds, we analyzed the long-term flume observa-
tions in decadal periods (1976–1979, 1980–1989, 1990–1999, 2000–2012). For each period, scatterplots of
the number of runoff events and total event runoff in WS 8 versus WS 7 were constructed, as depicted in
Figures 4a and 4b for 2000–2012. For each comparison, linear regressions were estimated, with the slope of
the regression providing an indication of which watershed had higher values (e.g., a slope less than 1 indi-
cate higher values for WS 7) and the coefficient of determination (R2) providing a measure of goodness of
fit. For example, during 2000–2012, WS 7 had more runoff events (slope of 0.57, dashed line in Figure 4a)
and more total runoff per event averaged over the entire decade (slope of 0.67 in Figure 4b) than WS 8.
These observations suggest that properties of WS 7 (e.g., higher grass, lower bare soil and mesquite cover)
lead to a more frequent runoff with larger average event sizes during the last decade. Figure 4c presents
the regression slopes and R2 obtained during each decadal period for the number of runoff events and total
event runoff. Clearly, a temporal evolution is identified in the watershed comparison, with periods closer in
time to the mesquite removal in WS 7 (in 1974) exhibiting more runoff events of larger size at WS 8. The
temporal shift to greater runoff frequency and amounts at the treated WS 7 appears to have occurred in
the period 1980–1989. Thus, mesquite removal and the reestablishment of grass cover have substantially
changed runoff generation as compared to the untreated watershed.

Table 3 presents a closer look at the runoff event dynamics in the paired watersheds for the summer peri-
ods in 2011 and 2012 at WS 7 (top) and WS 8 (bottom), including the total precipitation (P), maximum rain-
fall intensity (imax), runoff duration (td), total volume (QT), peak timing (tp) and magnitude (qp), and event-
scale runoff ratio (re 5 QT/Pe where Pe is precipitation event volume). Consistent with the analysis over
2000–2012, WS 7 had more frequent runoff production (e.g., 18 runoff events in WS 7 as compared to 14 at
WS 8). However, the summer runoff events in 2011 and 2012 were typically larger at WS 8, a contradiction
to the average event size found in the decadal period (2000–2012) due to the effects of three large storm
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events (Figure 4b). This contradiction
is plausible given the observation that
WS 7 produced a larger number of
smaller runoff events, while WS 8 had
a larger average runoff ratio (average
re 5 0.14 and 0.18 for WS 7 and WS 8)
in 2011 and 2012. Further analysis
indicates that WS 8 produces more
runoff for larger events (QT> 150 m3

with re 5 0.36 and 0.53 at WS 7 and
WS 8), while WS 7 produces more run-
off for small events (QT< 150 m3 with
re 5 0.10 and 0.08 at WS 7 and WS 8).
Cleary, there appears to be a rainfall
threshold that leads to contrasting
runoff responses in the paired water-
sheds. For the largest storm events
(imax> 130 mm/h), the woody plant
encroachment conditions (i.e., lower
grass, higher bare soil, and mesquite
cover) in WS 8 produce higher runoff
ratio (re) and runoff volumes (QT),
whereas smaller summer storms yield
higher runoff volumes and ratios in
WS 7 where grass reestablishment has
followed mesquite removal. This inter-
esting finding is expected to be linked
to the different distributed vegetation
and soil properties (e.g., vegetation
fraction, saturated hydraulic conduc-
tivity) in the paired watersheds,
although the underlying mechanisms
cannot be determined simply from
rainfall-runoff analysis.

3.2. Summer Season Hydrologic
Dynamics and Vegetation Controls
As a first inspection of the vegetation
controls on hydrologic dynamics, Fig-
ure 5 presents the surface soil moisture
(m3/m3) and soil temperature (�C) at
5 cm depth in WS 8 for summer 2011
and 2012. For clarity, soil temperature
is expressed as the daily maximum and
minimum values. The 15 sensor loca-
tions within WS 8 (Figure 1c) were clas-
sified into grass, mesquite, or bare soil
cover upon installation (Table 1), and
averages for each class were obtained
(i.e., three grass, five mesquite, and
seven bare sites). Soil moisture and
temperature conditions in the vegeta-
tion classes respond strongly to the
spatially averaged precipitation forcing
in each summer (obtained from

Figure 4. Comparisons of runoff characteristics at WS 7 and WS 8 with (a) num-
ber of runoff events per year and (b) total runoff from each event (mm) for the
period 2000–2012. (c) Slope of the linear regressions between WS 7 and WS 8
runoff characteristics, as shown in Figures 4a and 4b, but for each period indi-
cated. Numerical values on top of each bar in Figure 4c represent the coefficients
of determination (R2) from the linear regressions (which are significant at the
level of p� 0.01).
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Thiessen interpolation in WS 8, Table 1). For 2011, a larger number of smaller storms lead to more variable soil
moisture conditions in time (0.022 6 0.007 m3/m3 and 30.83 6 1.09�C with 257.5 mm of rainfall) as compare
to fewer storms of larger size in 2012 (0.020 6 0.004 m3/m3 and 30.33 6 1.43�C, 251.3 mm of summer rainfall).
Under the variable rainfall forcing, a consistent difference is observed among vegetation classes. Bare sites
exhibited the lowest soil moisture (0.016 6 0.020 m3/m3) and the highest soil temperature (31.69 6 2.75�C) in
the soil surface (top 5 cm) likely due to surface sealing limiting infiltration [e.g., Scholes and Archer, 1997] and
more exposed to solar radiation from a lack of vegetation shading. This interpretation is supported by the
more gradual soil moisture increases after storm events in bare sites and the higher daily maximum soil tem-
peratures. In contrast, mesquite sites had intermediate values of soil moisture (0.025 6 0.013 m3/m3) and the
lowest surface soil temperature (29.37 6 2.40�C) due to the shading by the canopy structure and the presence
of a litter layer. Interestingly, there were short periods of time when mesquite sites had elevated soil moisture
possibly due to delayed contributions from stemflow [e.g., Abrahams et al., 2003; Guti�errez-Jurado et al., 2013].
Overall, grass sites typically had higher and more variable soil moisture (0.025 6 0.023 m3/m3) with intermedi-
ate soil temperature (30.17 6 1.30�C). A shift in behavior is observed at the deeper soil layer (30 cm). Mesquite
sites have the lowest soil moisture and temperature (0.039 6 0.023 m3/m3, 28.53 6 0.65�C); bare sites have
intermediate soil moisture (0.042 6 0.028 m3/m3) and high soil temperature (30.74 6 0.65�C); grass sites have
high soil moisture (0.068 6 0.077 m3/m3) and intermediate temperature (29.64 6 0.57�C). The average soil
moisture behavior observed at grass sites is strongly influenced by one sensor that lies in a channel. When
that site is not considered, grass sites have low soil moisture (0.023 6 0.018 m3/m3) at 30 cm, a reversal as
compared to shallow layers, while maintaining intermediate temperatures (29.72 6 0.29�C). Other factors

Table 3. Characteristics of the Runoff Events at WS 7 and WS 8 for 2011 and 2012a

Event Number Date

Watershed 7 (WS 7)

Local Start Time (MST) P (mm) imax (mm/h) td (min) QT (m3) qp (mm/h) tp (min) re

1 5 Jul 2011 14:39 14.60 91.44 42.50 17.96 10.24 14.25 0.12
2 20 Jul 2011 17:42 27.43 83.82 57.50 27.15 7.39 28.25 0.09
3 24 Jul 2011 5:56 8.13 38.10 101.50 8.84 2.17 8.25 0.10
4 16 Aug 2011 13:38 11.05 68.58 30.50 6.46 4.33 10.25 0.05
5 18 Aug 2011 15:02 26.92 106.68 84.50 29.65 11.22 8.25 0.10
6 23 Aug 2011 17:23 15.49 106.68 41.50 19.58 11.22 9.25 0.12
7 26 Aug 2011 19:09 12.70 76.20 65.50 5.35 3.14 13.25 0.04
8 9 Sep 2011 17:59 53.59 137.16 200.50 182.64 35.84 39.25 0.32
9 13 Sep 2011 19:40 9.40 106.68 42.50 10.59 8.33 14.25 0.11
10 15 Sep 2011 12:53 8.00 38.10 47.50 4.70 1.76 4.25 0.06
11 13 Jul 2012 9:19 4.44 38.10 108.25 10.94 28.59 106.50 0.23
12 15 Jul 2012 15:42 56.39 320.04 138.75 161.58 74.43 70.00 0.27
13 31 Aug 12 14:05 7.62 53.34 26.25 2.69 2.17 9.75 0.03
14 3 Sep 2012 23:00 14.35 76.20 63.25 7.08 2.63 6.25 0.05
15 4 Sep 2012 7:11 9.27 68.58 35.25 18.72 12.25 8.50 0.19
16 6 Sep 2012 13:34 11.43 68.58 44.00 12.60 7.39 11.50 0.10
17 10 Sep 2012 13:25 62.74 152.40 124.50 323.38 52.08 16.75 0.48
18 11 Sep 2012 13:53 4.95 45.72 39.50 3.79 2.17 4.50 0.07

Event Number Date

Watershed 8 (WS 8)

Local Start Time (MST) P (mm) imax (mm/h) td (min) QT (m3) qp (mm/h) tp (min) re

1 5 Jul 2011 14:39 14.60 91.44 38.25 15.68 8.82 10.25 0.10
2 20 Jul 11 17:37 27.43 83.82 48.50 24.64 7.02 30.25 0.08
4 16 Aug 2011 13:34 11.05 68.58 26.50 3.38 2.06 12.25 0.03
5 18 Aug 2011 14:58 26.92 106.68 75.50 33.10 12.66 12.25 0.11
6 23 Aug 2011 17:19 15.49 106.68 40.25 21.75 11.63 13.25 0.13
7 26 Aug 2011 19:04 12.70 76.20 142.50 6.83 4.11 18.25 0.05
8 9 Sep 2011 17:57 53.59 137.16 216.25 246.47 49.45 41.25 0.41
9 13 Sep 2011 19:48 9.40 106.68 20.50 7.15 5.46 6.25 0.07
12 15 Jul 2012 15:47 56.39 320.04 133.25 274.10 122.62 67.25 0.43
14 3 Sep 2012 23:04 14.35 76.20 43.50 5.00 2.06 9.25 0.03
15 4 Sep 2012 7:12 9.27 68.58 27.50 19.30 12.66 9.25 0.19
16 6 Sep 2012 13:41 11.43 68.58 26.50 11.18 7.02 5.25 0.09
17 10 Sep 2012 13:27 62.74 152.40 134.25 520.75 72.56 16.25 0.74
18 11 Sep 2012 13:55 4.95 45.72 20.50 2.25 1.67 4.25 0.04

aP is the total precipitation, imax is the maximum rainfall intensity, td is the runoff duration, QT is the total runoff volume, qp is the
peak runoff, tp is the time to peak runoff, and re is the runoff ratio for the events. Note that not all 18 events are present in WS 8.
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might also play a role at the grass sites, including: (1) lower canopy interception as compared to mesquite
trees and (2) higher infiltration rates as compared to bare sites.

To further explore the hydrologic dynamics in WS 8, Figure 6 presents the rainfall, soil moisture and temper-
ature, runoff and turbulent fluxes measured across the environmental sensor network for each summer.
Spatially averaged soil moisture and temperature are shown for three depths (5, 15, and 30 cm) over WS 8,
using the contributions shown in Table 1. Runoff and turbulent heat fluxes (kE, latent and H, sensible heat
fluxes) are representative of the upstream area to the flume (1.10 ha or 11,000 m2 of upstream area) and EC
site footprint (0.9 ha or 9000 m2 based on an analysis of the 50% source area using Kormann and Meixner
[2001]). Dry soil conditions are observed at all depths prior to the NAM (with a small increase in moisture
with depth), leading to high diurnal fluctuations in soil temperature (i.e., difference between maximum and
minimum values), which are dampened at greater soil depth. For clarity, soil temperature is expressed as
the daily maximum and minimum values at each depth. The low soil moisture and high soil temperatures
prior to the NAM promote large H and low kE, in particular for 2011. Precipitation events induce a dramatic
change in the basin-averaged hydrologic states and fluxes, with a significant increase in soil moisture across
all depths, a decrease in soil temperature and its diurnal amplitude in the surface layer, and a shift toward
greater kE over time. Interestingly, the soil moisture response occurs at all depths with a short delay further
into the soil profile, indicating that soil water moves rapidly across the top 30 cm in the sandy loam soils, in
contrast to Templeton et al. [2014] where a large time delay was noted. Specific storms during each summer
led to runoff at the flume, depending on the rainfall intensity and the antecedent wetness conditions. While
runoff durations are short (Table 3), soil moisture recessions in time at all depths take days to weeks to
return to prestorm levels. Large runoff events also coincided with the greatest change in turbulent fluxes,
with high prestorm sensible heat (�375 W/m2 in peak at 30 min resolution), yielding to elevated poststorm
latent heat (�320 W/m2). An observation gap in 2012 limited our ability to discern turbulent fluxes between

Figure 5. (a and b) Observed spatially averaged soil moisture (m3/m3) and (c and d) daily maximum (solid) and minimum (dashed) soil temperature (�C) at 5 cm depth at grass (3 sites),
mesquite (5 sites), and bare (7 sites) locations at WS 8 for (left column) 2011 and (right column) 2012. Rainfall (mm/30 min) shown in all cases.
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the two large runoff events. However, soil moisture and temperature data suggest a recovery of sensible heat
flux for the period. These observations serve as a basis for model calibration and testing, as discussed next.

3.3. Comparisons of Observations and Modeling at EC Site and Paired Watersheds
Model simulations at the EC site are compared to available measurements in Figure 7 for summer 2011,
with a quantitative analysis for both summers provided in Table 4. For clarity, daily averages are presented
for the variables with a strong diurnal signature (e.g., latent and sensible heat fluxes, net radiation, and sur-
face temperature), while statistical comparisons are performed at 30 min temporal resolution. Model simula-
tions capture the soil moisture data over the root zone (hroot) well, with a better performance (lower MAE,

Figure 6. (a and b) Observed basin-averaged soil moisture (m3/m3) and (c and d) basin-averaged daily maximum (solid) and minimum (dashed) soil temperature (�C) at 5, 15, and 30 cm
depths for (left column) 2011 and (right column) 2012 at WS 8. (e and f) Latent (kE) and sensible heat (H) fluxes (W/m2). Rainfall (mm/30 min) shown in all cases and WS 8 runoff (mm/30
min) shown in Figures 6a and 6b. Gaps indicate periods of data loss due to battery malfunction, equipment theft, or other network failure.
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higher CC, and B closer to one) than for the surface layer (hsur) and improved metrics for the calibration
period. Note that the mismatches in hsur are primarily due to a less responsive simulation of surface soil mois-
ture at the beginning of the summer season at this grass site. As the NAM progresses, model simulations cap-
ture better the soil moisture conditions, including the full range of measured soil moisture content, and
improve with respect to the representation of turbulent heat fluxes (Figures 7c and 7d). For each summer,
the model tends to underestimate kE (B< 1) and overestimate H (B> 1), though MAE (< 77 W/m2) and CC
(> 0.61) are reasonable, with better performance during 2011 (gaps in 2012 limited the comparison period).
Discrepancies are larger for periods after rainfall events, in particular, for early summer prior to the full canopy
conditions assumed in the model, as in Vivoni et al. [2010]. It should be noted that EC observations are repre-
sentative of conditions in a large footprint [Anderson, 2013] with a mixture of vegetation types (�43% grass,

Figure 7. Comparison of observed and simulated (a) surface soil moisture (m3/m3, top 10 cm), (b) root zone soil moisture (m3/m3, top 1 m), and daily average values of (c) latent heat
flux (W/m2), (d) sensible heat flux (W/m2), (e) net radiation (W/m2), and (f) surface temperature (�C) at EC site for 2011.
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28% mesquite, 23% bare, 6% cactus), while the one-dimensional model at the EC site captures only grass
within the �100 m2 element. This discrepancy does not affect comparisons to the observed net radiation (Rn)
and surface temperature (Ts) since these measures are valid above the plant canopies or in intercanopy
spaces (Figures 7e and 7f). The model captures Rn and Ts well after the NAM when full canopy conditions
occur, with high CC, B close to one and low MAE (Table 4). As in the turbulent fluxes, statistical metrics in
2012 are influenced by the observational gap that places more weight on conditions prior to the NAM, when
the surface temperature and net radiation are not captured as well due to the full canopy assumption.

Given the model ability to simultaneously capture water and energy conditions at the EC grass site, we eval-
uate its performance relative to hsur for different vegetation types in WS 8 in Figure 8. Individual sensor loca-
tions were matched to Voronoi polygons in the model, based on Mahmood and Vivoni [2011]. Vegetation
class averages (lines) and 61 spatial standard deviations (shaded envelopes) are compared between simu-
lations and observations (hsur, grass, hsur, mesquite, hsur, bare, hroot, grass, hroot, mesquite, hroot, bare) with quantitative
metrics presented in Table 4. Based on the spatial proximity and similar characteristics, we transferred the
parameters from the EC site to all grass areas within the watershed. Due to this transfer of parameters, the
model matches well the soil moisture peaks and recessions at grass locations for each summer (Figures 8a
and 8b), performing substantially better for hsur, grass as compared to the EC site (Figure 7a). Note, the model
initially underestimates the observed recessions, though there is an overlap in the envelopes representing
the spatial variability. This influences the statistical metrics, such that while CC is high and B is near 1, a fairly
large MAE is present (�0.12 m3/m3) for hsur, grass. In contrast to the EC site, model performance does not
deteriorate for the testing period in 2012 due to the nearly complete observational record. For hroot, grass,
MAE is low (0.08 m3/m3) for both years, CC is high, and B< 1 indicates a slight model underestimation that
improves in the testing period. At the mesquite sites (Figures 8c and 8d), the overestimation of soil moisture
during the recession periods is more significant, leading to a higher B (Table 4), primarily since the soil mois-
ture peaks are not captured well. This suggests that the model is not adequately representing the input of
water into the surface soil underneath mesquite canopies, possibly due to an underestimation of canopy
interception. Nevertheless, other metrics indicate a performance comparable to the grass sites and a slight
improvement in the testing period (2012). Simulated and observed hroot, mesquite match better for both 2011
and 2012, with B close to 1, high CC, and low MAE values. Interestingly, the spatial variability among mes-
quite locations (shaded envelopes) is low in both simulations and data as compared to other vegetation
types, indicating that trees homogenize soil moisture to a greater extent. In contrast, the drier bare sites
indicate that model performance adequately captures the observations within the range of the spatial vari-
ability present in both. The low MAE (0.06 and 0.05 m3/m3) and high CC (0.82 and 0.86) support the overall

Table 4. Statistical Metrics Between Observed and Simulated Variables at EC Site, Transect Sites, and Flumes for 2011 and 2012 at 30
Min Temporal Resolutiona

2011 2012

B MAE CC B MAE CC

EC Site
hsur (m3/m3) 1.05 0.019 0.84 0.75 0.048 0.52
hroot (m3/m3) 1.03 0.004 0.93 0.93 0.012 0.61
kE (W/m2) 0.76 27.60 0.61 0.67 33.90 0.45
H (W/m2) 1.33 76.60 0.63 1.31 76.40 0.48
Rn (W/m2) 0.96 62.60 0.92 0.95 107.10 0.80
Ts (oC) 1.09 4.07 0.91 1.08 6.80 0.61

Transect Sites
hsur, grass (m3/m3) 1.38 0.11 0.94 1.14 0.12 0.94
hsur, mesquite (m3/m3) 2.28 0.13 0.89 1.91 0.11 0.92
hsur, bare (m3/m3) 2.03 0.06 0.82 1.27 0.05 0.86
hroot, grass (m3/m3) 0.70 0.08 0.89 0.76 0.08 0.91
hroot, mesquite (m3/m3) 1.10 0.06 0.90 1.04 0.06 0.92
hroot, bare (m3/m3) 0.92 0.03 0.78 0.79 0.03 0.79

Flumes
QWS 7 (m3/s) 6.30 1.33 3 1027 0.42 12.64 3.38 3 1027 0.34
QWS 8 (m3/s) 4.66 1.06 3 1027 0.42 4.58 1.89 3 1027 0.60

aBias (B) and Correlation Coefficient (CC) are dimensionless, while Mean Absolute Error (MAE) has the dimensions of each variable
indicated (Appendix A). See text for definitions of variables.
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good fit at the bare locations, with an improvement seen in B for the testing period. hroot, bare also matches
well with low MAE (0.03 m3/m3), fairly high CC, and a reasonable B< 1. More importantly, when model per-
formance is inspected for all vegetation types, relative differences are reproduced for surface soil moisture
with drier bare locations, intermediate mesquite, sites and wetter grass locations.

Based on model performances with respect to the EC and Transect sites, continuous simulations in WS 7
and WS 8 for 2011 and 2012 were evaluated with respect to the spatial distribution of soil moisture and run-
off production as well as for the model ability to reproduce observed runoff. Figure 9 presents the time-
averaged surface soil moisture (hsur) and root zone soil moisture (hroot) in each summer (1 June to 30 Sep-
tember) and the number of infiltration-excess runoff occurrences (RI), the only type of runoff mechanism

Figure 8. Comparisons of observed and simulated surface soil moisture (m3/m3, top 10 cm) that has been spatially averaged for (a and b) grass sites, (c and d) mesquite sites, and (e and
f) bare sites during (left column) 2011 and (right column) 2012. Shading depicts spatial standard deviations (61 std) of observations and simulations among sites. Rainfall (mm/30 min)
shown in all cases.
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occurring during the period. Each spatial pattern is the outcome of interactions of meteorological forcing
with soil, terrain, and vegetation properties in the paired watersheds and thus allows an integrated inspec-
tion of the watershed response [e.g., Ivanov et al., 2004a; Vivoni et al., 2010]. It is clear from the spatial distri-
bution of hsur and hroot that specification of model parameters (Table 2) according to the vegetation classes
(Figure 2d) accounts for a large proportion of the time-integrated spatial variability. The spatial patterns are
consistent with the observed and modeled soil moisture in each of the vegetation types with the spatial
variations being more apparent for the surface soil layer. When considering the entire root zone, topographic

Figure 9. Time-integrated spatial patterns of (a and b) surface soil moisture (m3/m3, top 10 cm), (c and d) root zone soil moisture (m3/m3, top 1 m), and (e and f) number of infiltration-
excess runoff occurrences (time steps) during the simulation period (46,848 time steps in total) for (left column) 2011 and (right column) 2012.
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factors homogenize the soil moisture differences between grass and mesquite sites and add variability related
to terrain slope (i.e., near channels in WS 7 for 2012). Whereas hsur is nearly identical for both summers, varia-
tions in hroot and RI are linked to the precipitation distributions such that the larger number of smaller storms
in 2011 (257.5 mm) lead to drier root zone soil moisture and lower runoff occurrences, as compared to the
fewer, but higher intensity storms, in 2012 (251.3 mm). Furthermore, the vegetation controls on the spatial
patterns indicate that bare sites have wetter conditions within the root zone and more runoff occurrences,
followed by grass and mesquite locations, for both summers, similar to Potts et al. [2010]. The simulated
behavior in the root zone is a reversal in terms of the vegetation controls on surface soil moisture (hsur, grass-

> hsur, mesquite> hsur, bare) suggesting the important role of plant transpiration over the entire rooting depth
and implies that runoff generation is mediated by other factors, such as the rainfall event size and surface
hydraulic conductivity [Wainwright and Parsons, 2002], in addition to surface soil moisture.

While runoff generation occurs within less than 1% of the simulation time, runoff spatial patterns are linked
to the simulated runoff time series at the flume locations. Figure 10 presents a comparison of the simulated
and observed runoff (Q) for the WS 7 and WS 8 flumes, with quantitative metrics shown in Table 4, and an
example of the runoff dynamics at high temporal resolution during an individual event (inset). Simulations
were able to reproduce the main observed runoff differences over the past decade between WS 7 and WS
8, namely that: (1) the mesquite removal and grass reestablishment in WS 7 lead to more total runoff vol-
ume from a higher number of runoff events, and (2) woody plant encroachment in WS 8 produced more
runoff during large precipitation events (imax> 130 mm/h or 30 mm per 30 min). For example, the relative
number of runoff events in each watershed was reproduced by the model, with 10 (WS 7) and 8 (WS 8)
observed events in 2011, while the model reproduced 6 (WS 7) and 4 (WS 8) events. A similar pattern was
observed in 2012, where there were 8 (WS 7) and 6 (WS 8) observed events, compared to 10 (WS 7) and 7
(WS 8) from the model. The total runoff simulated for large storm events in 2011 and 2012 was 621.03 m3 in

Figure 10. Comparisons of observed and simulated runoff (m3/s) at (a and b) WS 7 and (c and d) WS 8 for (left column) 2011 and (right column) 2012. Rainfall (mm/30 min) shown in all
cases. Inset in Figure 10c shows observed and simulated runoff (m3/s) at 1 min resolution for the storm event on 20 July 2011.
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WS 8 as compared to 332.07 m3 in WS 7, which parallels the ranking of the observed difference of 1041.32
and 667.6 m3, respectively. Nevertheless, statistical metrics reveal that the comparisons between the
observed and simulated runoff suffer from certain deficiencies. The model overestimates runoff production
at the flumes (B greater than 1) in both periods possibly due to the lack of representing channel transmis-
sion losses [Ivanov et al., 2004a], which is considered a larger issue in the early part of the summer season
due to the overall dry state of the system. The runoff overestimation is compensated in the model simula-
tions by an underestimation of latent heat flux (kE), or evapotranspiration, for which B is less than 1 (Table
4). Model performance with respect to CC improves for the testing period and WS 8 where additional obser-
vational constraints were present for calibration. Consistent with the results at the event scale, the model
overestimates the intraevent runoff amounts (see Figure 10 inset for event in 20 July 2011), though the run-
off hydrograph shape is reproduced adequately. Based on capturing the major differences in runoff produc-
tion in the paired watersheds as listed above, we evaluate next the impact of woody plant encroachment
through a sensitivity analysis and then identify the underlying mechanisms responsible for the runoff differ-
ences that appear as a function of the storm size.

3.4. Impact of Woody Plant Encroachment and Underlying Hydrologic Mechanisms
We explored the effects of woody plant encroachment by comparing the distributed simulations in WS 7 and
WS 8 with three alternative scenarios: grass-only, mesquite-only, and bare-only representations. In each alter-
native scenario, spatially uniform model parameters for each vegetation class (Table 2) were assumed in each
watershed, while the initialization state and meteorological forcing were identical across scenarios for each
summer. Since both soil and vegetation properties vary with the assumed vegetation class in this study, each
scenario represents the watershed response to spatially uniform parameters. Figure 11 is an example of the
spatial patterns for the distributed simulations and the scenarios using the time-integrated root zone soil

Figure 11. Time-integrated spatial patterns of root zone soil moisture (m3/m3, top 1 m) for (a) distributed vegetation, (b) grass-only, (c) mesquite-only, and (d) bare-only simulations for 2011.

Water Resources Research 10.1002/2014WR015781

PIERINI ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 8209



moisture (hroot) for 2011. Note that the influence of meteorological forcing, via the Thiessen interpolation, is
apparent primarily in the drier grass-only and mesquite-only scenarios, whereas this is not observed for the
wetter distributed or bare-only cases. Interestingly, terrain impacts on the spatial patterns are more clearly
seen in the alternative scenarios for WS 7 (e.g., near the channel), while the distributed case had this control
obscured for 2011, though it is apparent for 2012 (Figure 9f). These spatial patterns suggest that the dominant
control of vegetation patterns on soil moisture and runoff distributions in the distributed case (Figure 11a)
can obscure possible terrain effects in the paired watersheds, as observed in Figures 11b–11d. Table 5
presents a comparison of runoff generation for the scenarios during 2011 and 2012 based on the total runoff
volume (QT) and number of runoff events (NQ) with respect to the distributed case to determine robustly the
sensitivity with respect to the specification of the soil and vegetation cover. Changes in these quantities (DQT)
and (DNQ) are computed as the alternative scenario minus the distributed case, while the Bias (B) and Correla-
tion Coefficient (CC) are presented with respect to the distributed simulation. Overall, the number of runoff
events and runoff volume are reduced in WS 7 and WS 8 for grass or mesquite-only cover, while bare-only
simulations produced an equal or larger NQ and a larger QT. This comparison suggests an important control of
bare soil percentage on runoff generation in the paired watersheds that is likely due to the higher soil mois-
ture in the root zone or the low infiltration rates within bare areas. It is important to note that there is one
instance where grass-only cover leads to higher NQ and QT (WS 8 for 2012), whereas mesquite-only conditions
always lead to low runoff generation (i.e., most negative DNQ and DQT). These results suggest a complex inter-
play between vegetation patterns, meteorological forcings, and topographic characteristics that merit a closer
inspection from the perspective of the underlying hydrologic mechanisms.

Figure 12 presents an analysis of the distributed simulations in WS 7 and WS 8 for both summer periods
aiming to discern the controls on runoff generation. All runoff events for WS 7 and WS 8 (Figure 10) were
classified into three precipitation event size categories: small (P� 5 mm), medium (5< P< 30 mm), and
large (P� 30 mm). For each event, the total runoff was obtained as a depth (mm) and antecedent soil mois-
ture (h) conditions at the noontime prior to the event were spatially averaged over each basin (m3/m3). Fur-
thermore, the unsaturated hydraulic conductivity, Ku(h) 5 KS[(h 2 hr)/(hs 2 hr)]

k, where k 5 (2 1 3m)/m and
the parameters are defined in Table 2 [Brooks and Corey, 1964], was obtained at noontime prior to the run-
off event and averaged over each basin. For robustness, the variables (h, Ku, and runoff depth) from all
events in each precipitation size category were averaged (bars in Figure 12) and the variability among
events (61 standard deviation, as error bars) is presented. For small events, WS 7 has higher antecedent soil
moisture and slightly lower Ku, as compared to WS 8, contributing to higher runoff generated. Medium

Table 5. Sensitivity of Runoff Characteristics for Distributed Vegetation, Grass-Only, Mesquite-Only, and Bare-Only Simulations at WS 7
and WS 8 for 2011 and 2012a

QT (m3) DQT (m3) DQT (%) NQ DNQ Bias CC

WS 7 2011
Distributed 330.92 6
Grass only 321.72 29.20 97.22 2 24 0.92 0.83
Mesquite only 287.32 243.60 86.82 1 25 1.01 0.79
Bare only 599.83 268.91 181.26 7 1 1.12 0.86
WS 8 2011
Distributed 437.51 4
Grass only 407.18 230.33 93.07 2 22 0.99 0.87
Mesquite only 387.37 250.14 88.54 1 23 1.08 0.83
Bare only 642.54 205.03 146.86 6 2 1.20 0.79
WS 7 2012
Distributed 529.41 10
Grass only 453.87 275.54 85.73 6 24 0.95 0.91
Mesquite only 332.33 2197.08 62.77 2 28 0.60 0.49
Bare only 941.92 412.51 177.92 11 1 1.16 0.92
WS 8 2012
Distributed 562.86 7
Grass only 531.23 231.63 94.38 7 0 1.06 0.91
Mesquite only 284.56 2278.30 50.56 2 25 0.67 0.54
Bare only 1079.16 516.30 191.73 12 5 1.29 0.74

aNQ is the number of runoff events. DQT and DNQ are the change in total runoff volume and number of runoff events with respect to
the distributed simulation shown in absolute and percentage terms (for DQT only). Bias (B) and Correlation Coefficient (CC) are reported
with respect to the distributed simulation.
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precipitation events exhibit
a lower antecedent wetness
and higher Ku for WS 7, lead-
ing to similar runoff depths
in the paired watersheds.
Large precipitation events,
on the other hand, show
that WS 7 and WS 8 have
high antecedent soil mois-
ture, but that WS 8 has a
lower Ku, leading to higher
runoff. This simulated shift
in hydrologic behavior in
the paired watersheds is
consistent with the field
observations that showed
lower (higher) runoff for
small (large) precipitation
event sizes in WS 8 (Table 3).
Simulations reveal that run-
off generation in the paired

watersheds is influenced by the saturated hydraulic conductivity and antecedent soil moisture with each
varying with vegetation type. For small precipitation events, antecedent soil moisture is the main driver of
runoff generation with wetter surface soils in grass areas leading to a higher runoff in WS 7 where grass
fractions are higher. For large events, on the other hand, soil hydraulic properties are the main driver such
that larger areal percentages of bare soil with lower Ku in WS 8 leads to higher runoff generation when
woody plant encroachment is present. These results provide a mechanistic explanation for how woody
plants may have differential effects on runoff in semiarid basins depending on the precipitation event sizes
during the summer season.

4. Summary and Conclusions

Woody plant encroachment has transformed arid and semiarid landscapes worldwide over the past century,
affecting ecosystem and hydrologic processes in a myriad of ways [e.g., Breshears et al., 1998; Kurc and
Small, 2004; Huxman et al., 2005; Mueller et al., 2007]. In this study, we use observations from two paired
watersheds in the Sonoran Desert documented to have undergone the encroachment of velvet mesquite
(Prosopis velutina Woot.) and within which a mesquite manipulative experiment was performed in 1974.
Current landscape conditions were characterized through the combined use of an environmental sensor
network and airborne imagery on terrain and vegetation classifications from LiDAR. Based on these observa-
tions, we tested a distributed hydrologic model and applied it to explore runoff threshold processes experi-
enced during the North American monsoon when runoff events are more common [e.g., Woolhiser et al.,
1990; Goodrich et al., 1997; Gochis et al., 2006]. By reproducing the observed soil moisture differences across
vegetation types and runoff differences among the watersheds, the hydrologic model was useful for identify-
ing potential underlying mechanisms responsible for a varying runoff response due to woody plant encroach-
ment. Our focus here was on capturing the salient features of the runoff response in the paired watersheds
such that the relative number and magnitude of runoff events was reproduced for different precipitation
event sizes. To our knowledge, this is the first attempt to integrate high-resolution observations, a manipula-
tive experiment and a spatially explicit numerical model to provide mechanistic explanations of how woody
plant encroachment affects runoff production at the watershed scale. The results of the study are:

1. Long-term observations revealed a shift in the relative runoff generation from the paired watersheds
resulting from mesquite removal and grass reestablishment (WS 7) and continued woody plant encroach-
ment (WS 8). Over the 40 year period, the number of runoff events and the average event size decreased in
WS 8 relative to WS 7. During the study period, we identified a runoff threshold (QT 5 150 m3) for which
woody plant encroachment conditions (i.e., lower grass, higher bare soil, and higher mesquite cover)

Figure 12. Antecedent soil moisture, unsaturated hydraulic conductivity (Ku), and runoff aver-
aged for three precipitation event sizes (P� 5 mm, 5 mm< P< 30 mm, P� 30 mm) at WS 7
and WS 8 obtained from both 2011 and 2012 (bars). Standard deviations across events are rep-
resented with error bars.
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produced more runoff, while mesquite removal and grass reestablishment produces more runoff for smaller
storm events.

2. The environmental sensor network provided evidence for the consistent variation of soil moisture and
soil temperature across vegetation types. During the two summer seasons, for example, surface soil layers
were characterized by drier bare locations, intermediate mesquite sites and wetter grass locations. In
deeper soil layers, however, a reversal in order was observed with drier mesquite sites, intermediate grass
locations and wetter bare soil patches. The spatially aggregated soil moisture and temperature were
clearly linked to rainfall forcing, relative amounts of latent and sensible heat fluxes, and runoff produc-
tion, with interesting differences related to the rainfall distributions in time (i.e., many small storms in
2011 and few large storms in 2012).

3. The distributed hydrologic model performance was evaluated against continuous data from the environ-
mental sensor network over each summer period. We found good agreement for simultaneous energy,
radiation and water states, and fluxes at the eddy covariance tower, which improved for measurements
linked to grass cover and for periods of a fully developed canopy. Moreover, the model captured well the
reversal in order identified across the vegetation types for soil moisture conditions in surface and root
zone soil layers. More importantly, comparisons of the watershed simulations revealed that event size
triggered a runoff threshold process linked to woody plant encroachment, thus reproducing the observed
differences in runoff generation.

4. Model-derived spatiotemporal fields from a set of alternative vegetation scenarios revealed how soil
moisture differences scaled up to runoff generation in the paired watersheds. These scenarios help to
clarify how antecedent wetness and soil hydraulic conductivity were the underlying hydrologic mecha-
nisms for the observed threshold runoff response. A higher areal fraction of bare soil in the watershed
with woody plant encroachment promotes a much lower unsaturated hydraulic conductivity which leads
to a higher runoff response during large events. In contrast, a higher areal fraction of grass cover in the
watershed with mesquite removal leads to a wetter antecedent condition which favors higher runoff gen-
eration for small rainfall events.

By combining the capabilities of a distributed hydrologic model with high-resolution observations from an
environmental sensor network and LiDAR-based terrain and vegetation products, this study provided
insights into hydrologic processes that operate when ecosystem transitions occur due to woody plant
encroachment. Long-term rainfall and runoff observations and a manipulative experiment [Martin and Mor-
ton, 1993; Polyakov et al., 2010] also supported analyses and comparisons that allowed gaining an apprecia-
tion for the underlying mechanisms responsible for the observed shifts in runoff response. Under current
rangeland practices, such as overgrazing, fire suppression, and mesquite or woody plant removal, land-
scapes will continue to change in arid and semiarid areas [e.g., Archer et al., 1995; Newman et al., 2006;
Browning et al., 2008]. Thus, it is imperative to extend the integrated efforts illustrated here by augmenting
the range of conditions simulated to consider the annual hydrologic cycle, capture the interannual variabili-
ty over several years, and account for the time-varying establishment of vegetation and species-specific
phenology. A promising approach is the application of hydrologic models that capture vegetation dynamics
either through remotely sensed observations [e.g., Andersen et al., 2002; Campo et al., 2006; Tang et al.,
2012; Vivoni, 2012a] or via prognostic equations [e.g., Montaldo et al., 2005; Ivanov et al., 2008; Tague et al.,
2009; Zhou et al., 2013]. Further work on combining experimental manipulations, observations, and model-
ing of the implications of woody plant encroachment on watershed processes would help address gaps in
the ecohydrology community [King and Caylor, 2011] and promote the integration of tools for resolving
and understanding spatial patterns and processes in ecohydrology [Vivoni, 2012b].

Appendix A

Model performance is assessed using three metrics that compare observations (O) and simulations (S) over
the time steps (N) with available data. The Mean Absolute Error (MAE) is the absolute difference between
observations and simulations:

MAE5
1
N

XN

i51

jOi2Si j: (A1)
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The Correlation Coefficient (CC), which measures the linear relation between S and O, is:

CC5
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where the overbar denotes a temporal mean value. CC varies from 21 (negative correlation) to 1 (positive
correlation), with CC 5 0 indicating no correlation. The dimensionless Bias (B) is obtained as the ratio of tem-
poral mean of the simulated and observed variables, as:

B5
S

O
: (A3)
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