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Abstract The amount of moisture transpired by vegetation is critically tied to the moisture supply
accessible to the root zone. In a Mediterranean climate, integrated evapotranspiration (ET) is typically
greater in the dry summer when there is an uninterrupted period of high insolation. We present a 1-D
model to explore the subsurface factors that may sustain ET through the dry season. The model includes a
stochastic parameterization of hydraulic conductivity, root water uptake efficiency, and hydraulic
redistribution by plant roots. Model experiments vary the precipitation, the magnitude and seasonality of
ET demand, as well as rooting profiles and rooting depths of the vegetation. The results show that the
amount of subsurface moisture remaining at the end of the wet winter is determined by the competition
among abundant precipitation input, fast infiltration, and winter ET demand. The weathered bedrock retains
!30% of the winter rain and provides a substantial moisture reservoir that may sustain ET of deep-rooted
(>8 m) trees through the dry season. A small negative feedback exists in the root zone, where the depletion
of moisture by ET decreases hydraulic conductivity and enhances the retention of moisture. Hence,
hydraulic redistribution by plant roots is impactful in a dry season, or with a less conductive subsurface.
Suggestions for implementing the model in the CESM are discussed.

1. Introduction

Climate change is projected to alter both the means, as well as extremes, of temperature and precipitation
[Kharin et al., 2013; Sillmann et al., 2013a,b; Scoccimarro et al., 2013]. At a given location, even if the annual
mean precipitation remains at the current level, the timing and intensity of precipitation events will change.
Precipitation, when it occurs, will likely be more intense, and droughts will likely be prolonged. The chang-
ing hydrologic regimes have important implications for ecosystem survival and freshwater availability, as
well as for the carbon cycle and climate. This is illustrated by the wide range in the magnitude of the feed-
backs between land carbon dynamics and climate in the Earth System Models participating in the Intergov-
ernmental Panel on Climate Change (IPCC) Coupled Carbon Cycle Climate Model Intercomparison Project
(C4MIP) [Friedlingstein et al., 2006; Arora et al., 2013].

While all the C4MIP models in the IPCC 4th Assessment Report projected a drying of the tropics and an
enhancement of evaporation with warming, the degree of soil moisture decrease varied substantially
among the models. The Amazonian rainforest collapsed in one model and led to a massive release of CO2

to the atmosphere [Cox et al., 2000], while in another model the decrease in photosynthesis had only a small
impact on atmospheric CO2 and climate [Fung et al., 2005]. In another climate model experiment, the deple-
tion of soil moisture resulting from large-scale midlatitude afforestation led to large-scale warming of the
northern hemisphere and a shift of the Intertropical Convergence Zone (ITCZ) [Swann et al., 2012].

With precipitation events, whether water will infiltrate to the subsurface and be stored or will contribute to
surface runoff and streamflow depends not only on precipitation intensity and topography but also on sub-
surface lithology and dynamics. Additionally, whether water in the subsurface will be concentrated near the
surface and become available for evaporation or be distributed through a greater depth to sustain plants
through the dry season may impact ecosystem function and climate. For example, after the European heat
wave of 2003 forests initially heated up faster than grasslands but did not reach the high temperatures of
the grasslands, whose shallow roots quickly depleted the near-surface pool of soil moisture for evapotrans-
piration. Thereafter, the net radiation of the grasslands was balanced by sensible heating [Teuling et al.,
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2010]. Hyperspectral observations show nonuniform loss of canopy water across California during the pro-
longed drought 2011–2015 [Asner et al., 2016]. In a review, van der Molen et al. [2011] showed that drought
impacts on the carbon cycle persist months to years after a drought, termed carry over effect, due to soil
memory, and argue that plant strategies must be a key component in Dynamic Global Vegetation Models
(DGVMs).

For the same climate and environmental conditions, plant investment in shallow roots has competitive
advantages over investment in deep roots [Schenk, 2008; Poot and Lambers, 2008]. However, for water-
limited ecosystems, a strategy for optimal water use may include deep roots [e.g., Collins and Bras, 2007;
Schenk and Jackson, 2002a] and/or roots in rocks [Schwinning, 2010]. Deep roots and deep moisture reser-
voirs may be synergistic, as fractures or fissures in weathered bedrock below the soil mantle could facilitate
both the storage of water and the development of roots. The growth of roots expands the ‘‘macropores’’
and the decay of roots leaves behind preferential flow conduits. There is a growing body of work that
describes roots that extend to great depths and roots in rocks that access deep moisture reservoirs [e.g.,
Zwieniecki and Newton, 1996; Schwinning, 2010]. For example, in the Eastern Amazon 3/4 of the water tran-
spired is extracted by roots located 228 m below the surface [Nepstad et al., 1994]. Jackson et al. [1999]
found that, in Powell’s cave in Texas, evergreen oaks have maximum rooting depth of 25 m and take up
water from 18 m depth as a strategy for growth and survival.

Plant root distributions and functions are adapted to optimize the use of available resources. In addition to
development of deep roots in water-limited regions or regions with water resources at depth, another strat-
egy is hydraulic redistribution (HR), wherein there is rapid downward transfer of water by the tap roots after
rains or at night, and upward transfer of water to the fine roots during the day [Dawson, 1993; Oliveira et al.,
2005]. Hydraulic redistribution is found in over 60 species, and exceptions are found in only 3 tree species
and 1 grass species. The implementation of hydraulic redistribution in global and regional climate models
has been shown to enhance transpiration in the dry season (defined by precipitation) and impact regional
climate [Lee et al., 2006; Leung et al., 2011; Tang et al., 2015].

Storage of water at depth requires transport into regions with low porosity. Subsurface water transport in
conventional Earth Systems Models is typically represented by flow in a porous matrix, described using
approximations to or simplification of the Richards’ and Darcy flow equations [Oleson et al., 2013; Lawrence
et al., 2011]. For over 30 years, however, hydrologists have recognized that pore-scale flow processes may
provide only a secondary control on water transport within hillslopes, with the majority of water transport
being associated with relatively fast flow through fractures or macropores, i.e., preferential flow [Beven and
Germann, 2013].

Models developed for flow in porous media are inadequate for representing systems dominated by prefer-
ential flow. Reproducing the rapid flux of water from preferentially drained hillslopes to runoff with
Richards’ equation requires artificially boosting the hydraulic conductivity of soils, leading to an underesti-
mation of near-surface water, with consequences for evapotranspiration. Preserving the correct near-
surface soil moisture dynamics, however, underestimates infiltration and subsequently the runoff. Indeed,
Band et al. [2014], recognizing the importance of preferential flow in subsurface networks in water transport,
calls for a community effort to design and implement a set of well-planned experiments in different natural
and constructed hillslopes, coupled with the development of new theory and methods to explicitly incorpo-
rate and couple the coevolution of subsurface flow networks as intrinsic components of hydrological, eco-
logical, and geomorphic systems.

The current study is motivated by the multiyear, high-frequency observations of water table depth, precipi-
tation, and sapflow velocities, taken at a research site dubbed ‘‘Rivendell’’: a steep (35

#
), small (!4000 m2)

watershed in the Angelo Coast Range Reserve within the Eel River watershed in Northern California. The cli-
mate is Mediterranean, with an average annual precipitation of !1800 mm/a, !80% of which falls between
October and March. A ‘‘water year’’ (WY) refers to the period from 1 October to 30 September of the follow-
ing year.

The hillslope at Rivendell is made up of a thin soil mantle of mixed organic and mineral matter overlying a
bedrock whose thin upper saprolite layer of very broken and degraded rocks is on top of a thick partially
weathered layer with fractures and macropores. The water tables, some 20225 m below the surface, can
rise by 1 m or more within hours after the first winter storms, and slowly decline [Salve et al., 2012]. The old-
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growth forest is evergreen, comprising Douglas-fir (Pseudotsuga menziesii), coast redwood (Sequoia semper-
virens), interior live oak (Quercus wislizeni), tanoak (Notholithocarpus densiflorus), Pacific madrones (Arbutus
menziesii), and California bay (Umbellularia californica), without the presence of dense ground cover. Four
years of high-frequency (less than 30 min) measurements of sapflow velocities show that these trees exhibit
very different behaviors, with sapflow velocities peaking in the wet winter for Douglas-firs, and in the dry
summer for Pacific madrones. At the same location, Link et al. [2014] derived analytic expressions that
describe, for each tree species, the relationship of daily normalized sapflow velocities to solar irradiance,
vapor pressure deficit (VPD), and near-surface soil moisture. The available observations are inadequate,
however, to yield insight into the subsurface distribution of moisture, especially how trees access the mois-
ture for transpiration during the dry summers.

This work advances a model for exploring the sensitivity of transpiration to subsurface water storage, root-
ing depth, and root functioning. It builds on Vrettas and Fung [2015], which presents a new stochastic
parameterization for hydraulic conductivity that captures the rapid fluctuations of the water table at seven
wells over a 6 years period at ‘‘Rivendell.’’ This rapid rise and slow decline of the water table is not unique to
the specific research site, but is observed in multiple wells across the US, and cannot be captured by the
existing parameterization in, for example, the Community Land Model CLM [Oleson et al., 2013]. In a series
of sensitivity experiments, we specify ET demands by different tree species by their annual magnitude and
seasonality, and we ask what subsurface properties are needed to meet the ET demands. The results could
thus be interpreted in terms of what root distributions and functions are required for survival in this climate
and geologic setting.

The organization of the rest of the paper is as follows: Section 2 describes the 1-D model that is used to sim-
ulate the water flow in the vadose zone. A more detailed presentation of this model is given in Vrettas and
Fung [2015], since here we extend this approach by including other processes such as evapotranspiration
and hydraulic redistribution, which are described in section 3. The setup of the experimental part is given in
section 4, with section 5 providing our findings. The paper concludes with a summary of this work, includ-
ing a discussion, in section 6.

2. Model

Following the work of Vrettas and Fung [2015], this article considers a 1-D (vertical) column comprising a
thin (0.5 m deep) soil mantle on top of a saprolite (1.5 m deep) and a weathered bedrock layer, overlying
the continuously saturated bedrock with minimal permeability located at a depth of 20 m.

The equation governing the flow in the vadose zone is a modified Richards’ PDE, which in its matric poten-
tial form is given by

C $ @w
@t

5
@

@z

!
K $
"
@w
@z

21
#

2HR
$
1P2ET2LF; (1)

with ‘‘z’’ and ‘‘t’’ the spatial [L: cm] (vertical coordinate-positive downward) and temporal [T: h] dimensions,
respectively. Here wðz; tÞ [L] is the matric potential (i.e., pressure head), with C representing the specific
moisture capacity [1/L], that describes the rate of change in soil moisture h with respect to the change in
matric potential (i.e., dh=dw), while K is the (unsaturated) hydraulic conductivity [L/T]. The additional terms
HR, P, LF, and ET correspond to the hydraulic redistribution, precipitation input, lateral (subsurface) flow,
and evapotranspiration, respectively, and are described in the following sections.

Precipitation input (P) in equation (1) is throughfall or water that reaches the soil surface and enters the spa-
tial domain, assuming no other losses. We set the canopy interception at 10% of the annual precipitation
(of each simulated water year), a value typical of broadleaved evergreen forests [Miralles et al., 2010], and
that amount is removed uniformly throughout the whole period.

The relationship between the matric potential wðz; tÞ and the volumetric water content hðz; tÞ [L3=L3], in
equation (1), is not unique and several forms have been proposed. Among the most widely used are those
of Gardner [1957], Brooks and Corey [1964], as well as van Genuchten [1980]. In this work the latter choice
was implemented because it better models soils near and at full saturation [van Genuchten and Nielsen,
1985]. This is given by the nonlinear mapping as
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hðwÞ5hres1ðhsatðzÞ2hresÞ $ ð11ðajwjÞnÞ2m; (2)

with parameters a50:009 [1/L], n 5 2, m 5 0.5, the minimum (residual) water content is set to hres50:04
and hsatðzÞ is a porosity function that decays exponentially with depth ‘‘z’’ ranging in ½0:04; 0:30(.

2.1. Boundary Conditions
Equation (1) is solved numerically for the pressure head variable wðz; tÞ, after discretizing the spatial domain ‘‘z’’
with a small step (e.g., Dz55 cm), with appropriate initial and boundary conditions. It is understood that such a
fine discretization would not scale efficiently at a global scale, but in this work it helps with monitoring the fast
fluctuations of the observed water table in the underground with greater accuracy, and allows us to compute
an estimate of the lateral subsurface flow. The discretization can readily be altered for a different setting.

Precipitation is measured continuously and binned at 30 min time intervals. Since we assume that a portion
of this value is intercepted by vegetation and never reaches the soil (interception is set to 10%), we shall
use P(t) to be equal to 90% of actual precipitation. It is used here as flux boundary condition (Neumann-
type), at the ground surface, as

ðKðwÞ $ ðwz21Þ2HRðw; zÞÞjz505PðtÞ ; for t ) 0 ; (3)

where now the dependencies of each parameter with ‘‘z,’’ ‘‘t,’’ and w, have been made explicit. We empha-
size that at the site of our investigation the precipitation that reaches the surface is not sufficient to produce
ponding or surface runoff that could introduce a change to the boundary condition. Therefore, such pro-
cesses are omitted.

At the bottom of the domain, taken to be 20 m, a similar type condition is applied, with no water draining
downward (zero flux), as the saturated hydraulic conductivity of the fresh bedrock layer is orders of magni-
tude smaller, compared to the upper layers. Therefore,

KðwÞ $ ðwz21Þjz52050 ; for t ) 0 : (4)

Note here that the HRðw; zÞ is not included in the bottom boundary condition, simply because the hydraulic
redistribution process in our simulations does not reach the full depth of the vertical domain.

2.2. Hydraulic Conductivity
In Vrettas and Fung [2015], a new stochastic parameterization of hydraulic conductivity was introduced to
capture the rapid flow of the water through fractures and preferential pathways in the weathered bedrock.
In this new approach K is equal to the product of the normalized water content H and a stochastic back-
ground process Kbkg, drawn from a lognormal distribution as follows:

KðHÞ5Hk $ Kbkg ; with H * hðz; tÞ2hres

hsatðz; tÞ2hres
2 ½0; 1( ; (5)

where k > 0 is a conceptual tunable parameter (not directly observed) and Kbkg has mean and variance
given, respectively, by

E½Kbkg(5lðzÞ and Var½Kbkg(5g $ ð12HÞ ; (6)

where lðzÞ ) 0 8 z 2 [0, 20 m] is an exponentially decreasing function, and g > 0.

The unique feature of this method is that at every depth and every time step, the variance changes
inversely with the degree of saturation H, as a very simple representation of fracture flow. The density of
the fractures is crudely represented by g. With full saturation (H 5 1), the variance vanishes as water passes
through all fractures, while it is greatest under dry conditions (H 5 0), when multiple fractures are available
for the passage of water.

Also, unlike studies that specify the porosity and saturated value of (K) at the soil surface and vary the e-
folding distance, between 5 and 120 m, depending on slope [Fan et al., 2007; Maxwell and Miller, 2005],
Vrettas and Fung [2015] determines the exponentially decreasing profile of l(z) using predefined values of
the hydraulic conductivity (at saturation), at the top and bottom of the weathered bedrock. The hydraulic
conductivity at saturation for soil, saprolite, and fresh bedrock are specified at 20, 7, and 0.5 [cm/h], respec-
tively, and are the same as in Vrettas and Fung [2015].
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After a large number of simulations that vary the values of k and g, an optimal set of values was obtained
that provided the best fit of the model response to the actual high-frequency fluctuations of the water table
at seven wells over 6 years. For the purposes of this paper this set is fixed at ðk51; g52Þ.

2.3. Lateral (Subsurface) Flow
To capture the slow recessions of the water table between storms and during the dry months (as seen in
Vrettas and Fung [2015, Figure 19]), it is necessary to include in the 1-D model an ad hoc term that mimics
lateral flow. This is done by introducing a sink term, defined as follows:

LFðz;wÞ5
2clat $ wðz; tÞ; z 2 ½zŵ ; z!(

0; otherwise
;

(

(7)

where zŵ is the simulated water table depth, z! is the observed water table, and clat52:5 $ 1024 ½ðLTÞ21( is a
lateral conductivity parameter, chosen by trial and error to fit the recession at the location of interest. We
note that this ad hoc procedure is effectively a ‘‘place-holder’’ for a more advanced model such as the TOP-
MODEL [Niu et al., 2005].

3. Root Distribution and Functioning

Knowledge of plant root characteristics such as depth, distribution, and functioning, is vital to improve model-
ing of the various hydrological processes and their effects on climate [Feddes et al., 2001]. CLM specifies root-
ing depths for each plant functional type (PFTs) and the profile of root fraction based on the extensive
compilation of Schenk and Jackson [2002b]. These rooting depths vary between 1.5 and 3 m and the root frac-
tions typically decrease exponentially with depth. However, observations in the tropics [Nepstad et al., 1994]
show that these depths are conservative. There is no global or regional database on such plant traits, or roots
that are deeper than 3 m. Inverse methods to infer rooting depths [Kleidon, 2004] yield insights into the geog-
raphy of deep roots, but cannot be used to predict the evolution of roots in changing hydrologic regimes.

To focus on the sensitivity of transpiration to root structure and function, we prescribe a range of rooting
profiles and calculate root uptake efficiency by implementing a combination of the algorithms of Lai and
Katul [2000], modified by Collins and Bras [2007].

Root water uptake, interpreted as transpiration, is represented as a sink term (ET) in equation (1) and acti-
vated only during the daylight hours (defined here between 06:00 A.M. and 18:00 P.M.). We simplify this first
approach by neglecting bare soil evaporation in the dense old-growth forest, and using the term ET (evapo-
transpiration) to refer to transpiration. Following Feddes et al. [2001], ET is represented as

ETðh; z; tÞ5TpotðtÞ $ rðzÞ $ qðhÞ ; (8)

where TpotðtÞ is potential transpiration, r(z) is the root density at depth ‘‘z,’’ and qðhÞ is the root water uptake
efficiency, as a function of soil moisture h. Note that integrating equation (8), with respect to depth ‘‘z,’’ will
give the actual transpiration rate as

ETactðtÞ5
ðD

0
ETðz; tÞdz ; (9)

where D> 0 is the maximum root depth and h has been omitted for parsimony. Only under optimal water
conditions will equation (9) be equal to the potential transpiration TpotðtÞ8 t ) 0.

3.1. Root Density Profiles
Root density r(z) is a dynamic system that depends, among other things, on climatic conditions and vegeta-
tion types [Laio et al., 2006; Wijk and Bouten, 2001], but is difficult to observe. In climate models, it is usually
represented by simple analytic functions and is assumed to decrease with depth [Gerwitz and Page, 1974].

In this work we consider three different root density profiles given by (i) Uniform, (ii) Gamma, and (iii)
Negative Exponential density functions. All profiles were defined between z 5 0 and z5 D, with D 5f3; 5; 8;
10g [m]. Note that since the actual densities are defined in either (-1, 11), or [0, 11), the resulting pro-
files were normalized so that the condition:

Ð D
0 rðzÞdz51, always holds true.
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An example of the above densities is shown in Figure 1 for D 5 10 m. With the exception of the uniform
profile (dash-dotted green line), which does not have any tunable parameters, the other two profiles were
parameterized to keep the majority of the mass above 3 m to stay close with the prescribed depths in the
CLM [Feddes et al., 2001; Lawrence et al., 2011]. We note that 10% of the root mass is below 2, 3.5, and 9 m
for the Gamma, Negative Exponential, and Uniform profiles, respectively.

3.2. Root Water Uptake Efficiency
Root water uptake efficiency models are usually empirical and do not allow a particular layer to extract
more water than the potential transpiration that is given for this layer. This means that the lack of water at
some depth cannot be compensated by the affluence of water in other layers inside the root-zone. In our
approach we borrow ideas from Collins and Bras [2007] and use a root water uptake efficiency model that
includes both local and bulk constraints for water uptake. The model compensates for the drier layers and
extracts water from other more saturated cells, when the conditions allow it

qðhðz; tÞÞ5a1ðhðz; tÞÞ $ a2ðhðz; tÞÞ ; (10)

with the additional constraint of
ðD

0
qðhðz; tÞÞdz + 1; 8 t ) 0: (11)

In equation (10) the maximum efficiency, when water is not limiting, is given by a1ð$Þ, such as

a1ðhðz; tÞÞ5max
hðz; tÞ

hsatðzÞ2hwltðzÞ
;

ðz

0
hðz0; tÞdz0

ðD

0
hðz0; tÞdz0

8
>>><

>>>:

9
>>>=

>>>;
; (12)

with the first expression in the maxf$; $g representing the local effect, while the second the nonlocal com-
pensating contribution. The root-shutdown is modeled by a2ð$Þ, as

a2ðhðz; tÞÞ5

0; hðz; tÞ 2 ½hres; hwltðzÞ(
hðz; tÞ2hwltðzÞ
hfcpðzÞ2hwltðzÞ

; hðz; tÞ 2 ðhwltðzÞ; hfcpðzÞ(

1; hðz; tÞ 2 ðhfcpðzÞ; hsatðzÞ(

;

8
>>>><

>>>>:

(13)

and prevents the soil from drying out completely, below the predefined wilting point hwltðzÞ.

Figure 1. Root density profiles, as functions of depth z. In this example the maximum root depth is set to 10 m and the gray shaded area
represents the depth that is inaccessible to the roots. The colored circles indicate the depth where each profile reaches 90% of root mass,
from the surface (z 5 0). Note that all functions are normalized so the area under the curve sums to one.
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Finally, there are two additional parameters in the above expressions, i.e., the wilting point hwltðzÞ and field
capacity hfcpðzÞ, for which we have no observations. We define them as decreasing functions of depth using
equation (2) as follows:

hfcpðzÞ5maxfhðwfcpÞ; hresg ; (14)

hwltðzÞ5minfhðwwltÞ; hfcpðzÞg ; (15)

with the matric potential values at field capacity and wilting point set to wfcp5340 cm (, 1=3 Bar) [Nachabe,
1998] and wwlt521500 cm, respectively. An example of all the profiles used for the simulations in this arti-
cle can be found in Figure 2.

It is clear that since we set an exponential decreasing function for the porosity hsatðzÞ (blue line), that will
reflect also on the rest of the soil moisture parameters for the hwltðzÞ and hfcpðzÞ, making sure that the mini-
mum value is always set above the residual water content at hres, which is kept constant with depth.

3.3. Hydraulic Redistribution
An important function of many root systems is hydraulic redistribution (HR), or hydraulic lift, the upward trans-
port of water by the roots, usually during the night hours, from deeper soil layers to the upper soil layers, where
the water can be extracted easily during the day by the dense roots [Dawson, 1993; Burgess et al., 1998]. HR is
directly observed by reversal of root sapflow [Brooks et al., 2002; Oliveira et al., 2005], as well as inferred from
diurnal variations in w or h between two depths in the upper 0:521:0 m of the soil column [Dawson, 1993;
Meinzer et al., 2004]. Here we do not explicitly model the downward transfer of water by tap roots and assume
that the downward flux is driven by matric potential gradients in the soil and weathered bedrock.

Following Lee et al. [2006], HRðw; zÞ is modeled as a flux in equation (1) and is activated only during night
hours (defined here between 18:00 P.M. and 06:00 A.M.). More specifically,

HRðw; zÞ52KHRðw; zÞ $ Dwðz; tÞ; (16)

where KHR is the hydraulic conductance associated with HR, and Dw is the difference in soil water potential
between the uptake and release layers in the soil profile. As in Lee et al. [2006], KHR is given by

KHRðw; zÞ5A $ LAI $ ð11w=w50Þ
2 $ rðzÞ; (17)

where A50:5 $ 1023 [kg/s MPa21], LAI is the leaf area index, w50 is the water potential at 50% saturation of
the discrete cell, and r(z) is the normalized root density at depth ‘‘z.’’ As light attenuates in the tree canopy,
we set LAI equal to 4, which is smaller than the actual leaf area index, to mimic a light-weighted average.

Figure 2. Schematic illustration of all the soil moisture profiles: hresðzÞ; hwltðzÞ; hfcpðzÞ, and hsatðzÞ, as functions of depth. The horizontal
black-dotted lines, near the surface, indicate the end of the soil and saprolite layers in the vertical domain. The green arrows locate the
different rooting depths at 3, 5, 8, and 10 m, examined here.
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4. Model Experiments

To investigate how subsurface characteristics influence the magnitude and seasonality of ET in a Mediterra-
nean climate, we carried out a series of experiments with the 1-D model described above. The experiments
vary (1) annual precipitation amount; (2) annual ET demand; (3) ET demand seasonality; (4) rooting profile;
(5) rooting depth; and (6) inclusion of hydraulic redistribution. An additional experiment reduced the
hydraulic conductivity K by 50%, to represent a different lithological setting with slower infiltration. These
are described below.

For the experiments, we consider a ‘‘reference’’ year (WY2008), a ‘‘wet’’ year (WY2010), and a ‘‘dry’’ year
(WY2013), with annual precipitation of 1500, 2100, and 1000 mm, respectively. Winter precipitation com-
prises !85% of annual precipitation during the reference and wet years, and !70% during the dry year.
The ‘‘control’’ experiment is the case from Vrettas and Fung [2015], with precipitation for the reference year
and no ET.

To explore how ET of different tree species could be sustained in the region, we specify the annual ET
demands and their partitioning between the wet and dry seasons. We include cases with annual ET
demands that are 10, 20, 30, 40, and 50% of WY2008 annual precipitation minus interception, assumed to
be fixed at 10% of annual precipitation. For simplicity, we shall refer to these cases as annual ET demands of
135, 270, 405, 540, and 675 mm/a.

The timing of ET varies with tree species, as well as with precipitation, temperature, VPD, and other aspects
of weather and climate. At Rivendell, a strong dependence of sapflow velocities on insolation and VPD was
found [Link et al., 2014], so that sapflow velocities integrated over the wet winters (October–March) are typi-
cally lower than that for dry summers (April–September). We consider three hypothetical partitionings of
the annual ET between the wet and dry seasons: ‘‘wet deciduous’’ tree cover with 100% ET in the wet sea-
son, a combination of wet deciduous and Mediterranean vegetation (50%), and Mediterranean vegetation
with 30% of the annual ET demand in the wet season. We recognize, for example, that wet deciduous trees
are found in the wet tropics and are not common in this winter-rain region. We include them for complete-
ness, and for exploring the maximum ET that could be realized when the seasons of precipitation and ET
are synchronous. For each case, the total ET demand for each season is partitioned uniformly among the
daytime hours (between 06:00 A.M. and 18:00 P.M. local time) within the season, thus ignoring day-to-day
and hour-to-hour variations. This neglect should not impact the inventory of subsurface moisture, which
integrates over the high-frequency variations in precipitation input and outputs via ET and runoff.

Lacking any information about the rooting structure or root functioning of the trees at the site, we varied
several root properties whose combinations could be interpreted to represent the functioning of a wide
range of plant species. These traits include rooting profile (uniform, gamma, and negative exponential),
maximum rooting depth (3, 5, 8, and 10 m), and presence/absence of hydraulic redistribution (HR).

We did not detect hydraulic redistribution in the limited number of tree roots instrumented with sapflow
sensors. However, Meinzer et al. [2004] inferred HR by Douglas-firs from the observation that near-surface
soils in the vicinity of Douglas-firs were wetter at night than in the daytime. In a small watershed with a
dense forest cover and intertwining tree roots, we assume that HR by Douglas-firs would benefit all vegeta-
tion in their vicinity. The HR-noHR experiments could thus be interpreted as the ET response of a tree spe-
cies with a particular root depth in the absence or presence of Douglas-firs nearby. For each case, the 1-D
model was integrated forward in time, for a complete water year.

5. Results

The vertical distribution of soil and rock moisture hðz; tÞ typically follows the porosity profile and decreases
with depth. In a region with weathered bedrock, the profile of effective saturation Hðz; tÞ in the control case
(no ET) is the opposite, with the highest degree of saturation above the water table, where preferential flow
readily saturates the region with low porosity, further facilitating faster flow (Figure 3a). In the annual mean,
about 30% of the moisture in the column is in the thick layer of weathered bedrock between 3 and 20 m.

Root extraction of moisture leads to reduced hydraulic conductivity in the root zone (equation (5)) com-
pared to the control (no ET), resulting in slightly less penetration of moisture to the weathered bedrock
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below, especially after winter rains. This is shown in Figure 3b, for the case with a negative exponential root
profile extending to D 5 10 m, annual rainfall of 1000 mm/a, and an annual ET demand of 675 mm/a parti-
tioned 30:70 between the wet and dry seasons. During the dry season, the saturation difference,
DHexp5Hexp2Hcontrol, shows an interesting pattern that reflects the combined effect of the vertical profiles
of root density, porosity, and wilting point. Moisture extraction is greatest from the upper !3 m where rðzÞ
is large. The extraction slows when hexp approaches the wilting point hwlt, which has the highest values in
the upper soils, and so DHexp is less negative than at the beginning of the dry season. Between !3 m and
D 5 10 m, even though the extraction is smaller than in the upper soils, hwlt and hsat decrease rapidly with
depth (Figure 2), and so DHexp is more negative than in the upper soils.

Because the three root profiles are normalized to have the same root mass, the resulting profiles of mois-
ture extraction follow, to lowest order, the root density profiles. Hence, compared to Hexp; Hgamma is lower
in the upper parts of the soil column and higher around 10 m (Figure 3c). Similarly, the moisture differences
between Huniform and Hexp follow the rðzÞ difference (Figure 3d). The actual annual ET is highest for the
case where there is the greatest root density at depth, i.e., the uniform profile, but the difference is small,
!1%.

In the following, we focus on the negative exponential rooting profile. Table 1 shows, for the three water
years, the actual annual ET for the experiments with different ET demands and rooting depths. The discus-
sion below will highlight several systematics that emerge from the results.

The case of the hypothetical wet deciduous vegetation illustrates the maximum ET that could be attained
in the rainy winter, when the demand is less than the precipitation input. Figure 4 shows modeled ET for
wet deciduous vegetation (100% of the ET demand in the wet winter) for the reference year and the dry
year, for the range of ET demands and rooting depths. For the reference year, the actual ET matches the ET
demand only when the demand is very low (<300 mm/a) (Figure 4a). With high ET demand (675 mm/a),
actual ET is 70280% of that demand even with roots at 8 or 10 m. The situation is exacerbated in the dry
year (2013–2014), when the maximum actual ET is less than half the demand for all maximum root depths
(Figure 4b). Not surprisingly, shifting the ET demand progressively to the dry summer decreases the actual
annual ET (Table 1). For the case with a demand of 675 mm/a partitioned 70% in the dry summer, the actual
ET is lower, by more than 100 mm/a, than that of ‘‘wet deciduous vegetation’’ for all rooting depths for the
reference and wet years.

Figure 3. Evolution of (a) normalized soil and rock moisture H, for the control case without ET, and of (b) DHexp, the moisture departure from the control case. (c) The difference in H
between the case with gamma root profile and negative exponential root profile. (d) Same as Figure 3c, but for uniform root profile. The setting for these results is WY2008, D 5 10 m, ET
demand of 675 mm/a, partitioned 30:70 between the wet and dry seasons. The black solid line shows the observed water table depth, as a function of time.
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In the following, we focus on the cases where the annual ET demand of 675 mm/a is partitioned 30:70
between the wet and dry seasons, as there is abundant sunlight and higher vapor pressure deficit in the
summer. In these cases, summer ET demand exceeds summer precipitation, and so summer ET must rely on
residual soil and rock moisture at the end of the winter rains.

The ET realized during the wet and dry seasons for different maximum root depths and annual precipitation
is shown in Figure 5. As would be expected, actual annual ET increases with annual precipitation and with
rooting depth. In the reference and wet years when winter precipitation input exceeds the winter demand

Figure 4. Sensitivity of actual annual ET to different moisture demands and rooting depths. All cases have annual precipitation for WY2008 and WY2013 of 1500 and 1000 mm/a, respec-
tively, and 100% of the ET demand is in the wet winter. Unit is mm/a.

Table 1. Actual Annual ET (mm/a) for Different Precipitation (mm/a), ET Demand (mm/a), and Maximum Root Depth D (m)a

Maximum Root Depth D

3 m 5 m 8 m 10 m

Precip. ET 100:0 50:50 30:70 100:0 50:50 30:70 100:0 50:50 30:70 100:0 50:50 30:70

1000 (mm) 135 63 57 52 81 76 67 109 110 93 124 120 102
270 110 101 93 134 129 116 170 173 156 188 198 170
405 145 139 120 178 173 155 221 222 203 243 251 225
540 171 167 140 211 209 181 265 264 238 290 296 265
675 196 189 158 240 238 202 304 302 265 333 336 295

1500 (mm) 135 115 94 93 127 113 108 133 131 120 134 134 130
270 203 167 153 223 190 176 251 223 192 268 247 207
405 270 220 196 298 255 224 337 294 254 370 324 271
540 325 259 234 365 300 265 411 360 311 449 393 334
675 371 293 264 423 339 303 479 417 358 520 460 394

2100 (mm) 135 122 104 96 128 120 108 134 129 118 134 134 126
270 234 197 170 247 216 191 257 233 205 266 242 215
405 328 278 231 350 303 258 376 327 283 386 342 294
540 409 349 287 442 383 318 485 414 355 505 434 369
675 485 412 338 524 455 374 580 498 418 609 519 440

aThe seasonality of ET demand (wet:dry) is reported in percentages. The experiments used negative exponential root profiles, the
standard stochastic hydraulic conductivity, and no hydraulic redistribution.
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by more than fivefold, wet season ET reaches the demand only with D> 8 m. In the dry year, winter precipi-
tation input still exceeds the winter demand by a factor of 3. Yet the maximum actual winter ET, for
D 5 10 m, is only !75% of the demand, as heavy rains facilitate faster transit of water to below the root
zone. The actual dry season ET is largest when D increases from 8 to 10 m, as the deep roots can access
residual moisture at the end of the rainy season, but still cannot reach the demand. In this region with rapid
infiltration, there is not enough moisture in the upper soil and saprolite layers to support high ET by vegeta-
tion with shallow roots.

Figure 6 shows the influence of HR on wet and dry season ET for a maximum root depth of 10 m and for
the 3 years. HR is impactful in the dry seasons or in a dry year, when the competition between the rates of
precipitation input and infiltration leaves behind a sufficient amount of water in the root zone. With the K
derived for the conductive subsurface in this region, HR-enhancement of annual ET is !40 mm/a, and is
largest, though by only a small amount, in the reference year, as there is low input during the dry year, and
fast transit during the wet year. HR-enhancement during the wet season is negligible, except for the dry
year. In the cases with halved K, there is greater retention of moisture in the root zone, and the dry season

Figure 5. Partitioning of actual ET [mm/a] between the wet and dry seasons for different annual precipitation amounts (colors) and
different maximum root depths D (symbols). The black, red, and blue symbols are for cases with annual precipitation of 1000, 1500, and
2100 mm/a, respectively. The dashed lines connect actual ET for D 5 3, 5, 8, and 10 m.

Figure 6. Impact of HR (highlighted with the dashed lines) on wet and dry season ET for annual precipitation amounts of 1000, 1500, and
2100 mm/a, from the experiments with D 5 10 m, ET demand of 675 mm/a, partitioned 30:70 between the wet and dry seasons.
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HR-enhancements, relative to the standard K cases, are increased further by 66, 53, and 58 mm/a, for the
dry, reference, and wet years, respectively. In the wet season, when the hydraulic conductivity is high, the
HR-enhancement is negligible, except for less than 10 mm/a for the dry year.

Hydraulic redistribution typically occurs at night when roots transfer water from depth to the near-surface to sup-
port ET. Figure 7 shows the diurnal variations in hðzÞ for the dry season of the dry year (WY2013), when HR is most
effective. As is expected from Dawson [1993], inclusion of HR yields near-surface moisture that is higher at night
than daytime, and the reverse in the weathered bedrock. The diurnal variation of hðzÞ in the soil layer is!0:005.
The diurnal variation is not obtained without HR (not shown). Averaged over the dry season, HR impact on hðzÞ is
an increase of !0:005 near the surface. The hðzÞ maximum at !17 m separates the saturated zone below from
the vadose zone above (cf. hsatðzÞ in Figure 2), and is equivalent to the effective saturation H shown in Figure 3a.

The effect of hydraulic conductivity (K) on annual ET is shown in Figure 8a, for a combination of annual pre-
cipitation and rooting depths. The annual ET demand is 675 mm/a, 70% of which is in the dry season. As
discussed above, ET with HR increases with precipitation and with rooting depth. Even with 10 m roots and
HR, the maximum annual ET achieved is !330 mm/a during the dry year, !49% of the demand. With halved
K, there is an enhancement in ET for all precipitation and rooting depths (Figure 8b), as there is slower tran-
sit of moisture to below the root zone. The enhancement is greatest for deep-rooted systems during the
dry year, and is as large as 50270 mm/a.

There is a negative, albeit small, feedback in the deep root zone: depletion of moisture by ET (especially
with HR) decreases hydraulic conductivity and enhances the retention of moisture. In this way, even though
the magnitude of the actual ET (with HR) increases with annual precipitation, ET expressed as a percentage
of annual precipitation decreases slightly with increasing precipitation (32, 29, and 22% for the dry, refer-
ence, and wet years, respectively) for the case with 10 m roots and annual ET demand of 675 mm/a. In this
model with preferential flow, the corresponding actual ET percentages for the case with the same demand
but 3 m roots are practically indistinguishable (16, 18, and 16%, respectively).

The resultant annually averaged trend in storage is close to zero (–70 to 1 63 mm/a) for all rooting depths
and ET demands (not shown). The negative storage trends are found for wet years, when the infiltration is
fast, as well as for dry years, when recharge is diminished.

6. Discussion and Summary

It is a truism that the amount of moisture transpired by vegetation is critically tied to the moisture supply
accessible to the root system. At a small, steep hillslope in Northern California, multiyear high-frequency

Figure 7. Diurnal variations of soil and rock moisture hðzÞ m3/m3 averaged over the dry season, from the experiment with annual precipi-
tation of 1000 mm/a (WY2013), 10 m roots, ET demand of 675 mm/a, partitioned 30:70 between the wet and dry seasons. The shaded light
blue denotes the water table averaged over May–September 2014.
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observations of maximal sapflow
velocities in some trees during the dry
summers raise the question about the
dynamics of the moisture in the root
zone and about how the trees access
the moisture. Furthermore, the water
table in multiple wells shows rapid
rise and slow decline after rainstorms,
suggesting significant preferential
flow through macropores and frac-
tures. We model the preferential flow
using Richards’ equation with a new
stochastic parameterization of
hydraulic conductivity whose mean
value increases, but whose variance
decreases, with saturation [Vrettas and
Fung, 2015]. Furthermore, the profile
of saturated hydraulic conductivity is
determined by the thickness of the
weathered bedrock and the conduc-
tivity at the top of the weathered bed-
rock. The ad hoc parameterization of
lateral flow in the 1-D model is a
‘‘place-holder’’ for more sophisticated
treatments.

This study extends Vrettas and Fung
[2015] and presents a series of model
experiments that explore how ET of
different trees in a Mediterranean cli-
mate is influenced by their root prop-
erties, where a significant portion of
the ET is observed to take place in the
dry and sunny summer when the pre-
cipitation is insufficient to meet the
demand. In the experiments, we var-
ied annual maximum ET demand, sea-
sonality of the demand, as well as

rooting depths in an attempt to represent the ET and root distribution of different tree species. We also
included or excluded hydraulic redistribution by roots, and included a special case when we investigated
the sensitivity of ET in a less permeable substrate. We have not explicitly included evaporation from bare
soil in this first study, as it would have little impact on moisture profiles below a few centimeters.

From the results, we ask: given a tree species whose ET magnitude and seasonality are known approxi-
mately, what root characteristics are needed to survive in this precipitation and geologic setting? We find
that actual ET in a Mediterranean climate nearly doubles when the maximum rooting depth is increased
from 3 to 10 m. For trees with 10 m roots, it is the roots below 4 m, comprising 10% of the root mass, that
access moisture in the weathered bedrock to sustain summer ET. For the 3 years we investigated with
annual precipitation ranging between 1000 and 2100 mm/a, both ET and lateral subsurface runoff (LF)
increase with increasing precipitation. However, the ET fraction of precipitation decreases with increasing
precipitation, as hydraulic conductivity increases with H. Consistent with field observations [Brooks et al.,
2006], our results show that hydraulic redistribution is important for sustaining ET in the dry seasons when
the vertical gradient in water potential (@w=@z) is large. The relative ET enhancement is !20% in the refer-
ence year, and less (around 10%) in a rainy year, when there is rapid transit and less retention of moisture in
the root zone.

Figure 8. (a) Actual annual ET (with HR) for different maximum root depths and
annual precipitation amounts. (b) Enhancement of ET, relative to Figure 8a, when
hydraulic conductivity is reduced by 50%. Results are from experiments with
exponential root profiles, ET demand of 675 mm/a, partitioned 30:70 between the
wet and dry seasons. Unit is mm/a.
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The maximum annual actual ET for our experiments is !460 mm/a, for the case where the prescribed
demand is 675 mm/a, partitioned 30:70 between wet:dry seasons, with 10 m roots, and HR contributing !
40 mm/a in the dry season. This estimate is comparable to the value of 500 mm/a we infer from the inter-
cept of the discharge-rainfall relationship for the entire Eel River watershed with an area of !9500 km2

[Syvitski and Morehead, 1999]. Halving the hydraulic conductivity, as would be done for further downstream
where there is a thicker soil mantle and different lithology, could increase the ET as much as 60 mm/a in a
dry year, with most of the increase from HR.

The results highlight the importance of lithology, species composition, and root function for ET, especially
under dry conditions. Where there are fractures in the weathered bedrock and likely soil and rock moisture,
we would expect roots deep enough to access the moisture, and hydraulic redistribution to be most effec-
tive. The species composition and associated plant traits are manifested in the seasonality of ET: our obser-
vations show that different evergreen trees have very different sap velocity response to precipitation. The
maximum ET realized for a region thus depends on the optimal combination of precipitation, plant traits,
and subsurface conditions: too much precipitation in a region with a highly fractured subsurface would pro-
mote infiltration and runoff at the expense of storage, and greater wet-season ET demand would deplete
moisture store for the summer.

We thus hypothesize that lithology, in addition to climate, is an important factor in the distribution of
vegetation and that trees that survive prolonged droughts have deep roots and are found in regions
with weathered bedrock which may be a nonnegligible inventory of water. Indeed in Northern Califor-
nia, there is a clear demarcation between evergreen forests along the coast and deciduous woodlands
some 10 km inland. The demarcation outlines different geologic formations resulting from the subduc-
tion of the Pacific-Farallon plate under North America. With the same rainstorm, overland flow is
observed inland and not in the Coastal Belt, exposing their different permeabilities and water storage
capacities.

The study presented here is a first step and prototypes an approach toward understanding resilience of
vegetation to droughts. A dynamic root model may be coupled to carbon allocation models already
implemented in CESMs. Implementation of the framework presented here into global climate models is
encouraged by recent progress in several directions. These include (1) a global gridded data set of the
thicknesses (up to 50 m) of soil, weathered bedrock, and sedimentary deposits [Pelletier et al., 2016], (2)
inference of effective hydraulic conductivity and fracture density in the weathered bedrock from high-
frequency observations of the water table [Vrettas and Fung, 2015], (3) inference of ecosystems that uti-
lize groundwater [Thompson et al., 2011; P!erez Hoyos et al., 2016]. Also, model results can be cross-
checked by satellite observations, such as skin (top 5 cm) moisture from SMAP data, in areas other than
dense forests where vegetation water content exceeds 5 kg/m2 [Entekhabi et al., 2010], and by the
column-integral of water loading from GRACE [Tapley et al., 2004]. Advancing the modeling and con-
straining model results will require characterization of decreasing exponentials for porosity, wilting
point, and field capacity, as well as high-frequency vertical profiles of subsurface moisture, extending to
a depth of 10 m or more.

Notation

ITCZ intertropical convergence zone.
C4MIP coupled carbon cycle climate model intercomparison project.
IPCC intergovernmental panel on climate change.
DGVM dynamic global vegetation model.
HR hydraulic redistribution.
CLM community land model.
ET evapotranspiration.
CESM community earth system model.
WY water year.
PFT plant functional type.
SMAP soil moisture active passive.
GRACE gravity recovery and climate experiment.
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