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We present a parameter estimation study of the Soil-Tree-Atmosphere Continuum (STAC) model, a process-based
model that simulates water flow through an individual tree and its surrounding root zone. Parameters are es-
timated to optimize the model fit to observations of sap flux, stem water potential, and soil water storage made
for a white fir (Abies concolor) in the Sierra Nevada, California. Bayesian inference is applied with a likelihood
function that considers temporal correlation of the model errors. Key vegetation properties are estimated, such as
the tree's root distribution, tolerance to drought, and hydraulic conductivity and retention functions. We find the

model parameters are relatively non-identifiable when considering just soil water storage. Overall, by utilizing
multiple processes (e.g. sap flow, stem water potential, and soil water storage) during the parameter estimation,
we find the simulations of the soil and tree water properties to be more accurate when compared to observed

data.

1. Introduction

Ecohydrology is a field of study focusing on the hydrologic me-
chanisms that govern and explain ecologic patterns and processes
(Rodriguez-Iturbe, 2000; Jackson et al., 2009). Ecohydrologic system
properties depend on many interrelated links between climate, soil, and
vegetation (Rodriguez-Iturbe et al., 2001). One part of this system in-
cludes the role that climate and soil have in controlling vegetation
dynamics (Lange et al., 1976; Boyer, 1982; Kramer and Boyer, 1995;
Larcher, 2003; Jones, 2013; Ali et al., 2016), and another part of the
system is the control that vegetation exerts on the water and energy
balance (Schlesinger et al., 1990; Kutzbach et al., Harrison; Zeng et al.,
1999; Massoud et al., 2018a). A quantitative understanding of these
vegetation dynamics better supports environmental preservation,
management of resources, and improved model representation of eco-
hydrologic systems (Noy-Meir, 1973; Shmida et al., 1986; Scholes and
Walker, 2004; Xu et al., 2013; Johnson et al., 2018).

Generally, the role that trees play in the overall water cycle in re-
gards to ecosystem water storage, residence time, and vegetation tol-
erance to drought are poorly represented in Land Surface Models

(LSMs) (Fisher et al., 2018). For example, the impact of soil water
availability on vegetation is typically represented in land surface and
climate models using simple empirical relationships, with parameter
values that are extracted from arbitrary data sets. This may not re-
present vegetation hydraulic properties or capture seasonal or ontoge-
netic changes observed in reality, which can cause major bias in the
representation of vegetation in this suite of models. The lack of proper
representation of water dynamics in vegetation contributes to large
discrepancies seen between various model simulations that run into the
next century (Sitch et al., 2008; McDowell et al., Mackay et al.). New
models are expected to better capture the vegetation response to water
stress as they can be directly constrained by observations at the process
level. Observational data sets have been collected to fill some of the
gaps in our understanding of tree water dynamics, especially in tem-
perate and Mediterranean ecosystems (Zweifel et al., 2007; West et al.,
2008; West et al., 2012; Matheny et al., 2014; Pivovaro et al., 2016;
Matheny et al., Curtis). Such studies can inform ecohydrologic models
by enhancing their fidelity and guiding their development
(Christoffersen et al., 2016; Feng et al., Thompson). Additionally, these
models can be diagnosed to help further understand the ecohydrologic
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relationships, providing information on where and what type of addi-
tional observations are needed to re-develop the models (Peramaki
et al., 2001; Hofstetter et al., 2005; Massoud et al., 2018b). Future
development will enhance the ability of LSMs to predict individual tree
processes such as drought tolerance or storage capacity and thus en-
hance the overall representation of vegetation's effect on the global
water cycle (McDowell et al., 2013; Medlyn et al., 2016).

Studies dedicated to understanding ecohydrologic processes have
been a topic of interest for decades (Sala and Lauenroth, 1982; Tyree,
1988; Christoffersen et al., 2016). Previous works have highlighted the
differences between saturated and unsaturated flow (Aumann and Ford,
2002), improved on the representation of branch junctions (Schulte and
Brooks, 2003), linked tree sap flow to stem growth (Steppe et al., 2006),
modeled both xylem as well as phloem water fluxes (Lacointe and
Minchin, 2008; Holtté et al., 2009), improved prediction of xylem ab-
scisic acid (ABA) concentrations by proper accounting of sap flow
(Dodd et al., 2008), improved understanding of the effect of root system
architecture for the enhancement of drought tolerance (Draye et al.,
2010), accounted for hydraulic redistribution between different soil
parts via plant root systems (Prieto et al., 2012; David et al., 2013),
provided a computationally efficient 1-D alternative to 3-D models that
includes a xylem flow model (Janott et al., 2009), applied ecohy-
drologic models in a model emulation and machine learning framework
(Massoud, 2019), among others.

We present here a Bayesian approach to estimate the parameters of
a numerical model that simulates water storage and transport through a
tree and its root zone, coined the Soil-Tree-Atmosphere Continuum
(STAC) model. Several early papers have applied the Bayes’ framework
in tree transpiration models (Samanta et al., Ewers; Mackay et al., 2012;
Rings et al., 2013). The STAC model used in this study is structured
with an axi-symmetrical 2D (or quasi-3D) representation of water flow
through the combined soil-tree domain, where the soil is simulated as a
separate domain from the tree itself. The model uses Richards' equation
and Mualem-van Genuchten hydraulic functions from (Van Genuchten,
1980) and (Mualem, 1976) to characterize water storage and move-
ment through both the soil and tree domains. We utilize Bayesian in-
ference to obtain parameter posterior distributions that allow model
simulations to fit closely with observations made for a mature white fir
(Abies concolor) in the Kings River Experimental Watershed (KREW) in
the Sierra Nevada, California.

Our goals for this study are: to accurately simulate the dynamics of
water flow in a single mature tree and its root zone (G1); to properly
infer model parameters that dictate how much water can be stored
(capacity) or can flow (conductance) in the tree and its surrounding soil
domain (G2); and to assess the efficiency of parameter estimation based
on the combination of different data sources (G3). Through this study
we aim to diagnose some flaws or drawbacks of the model, while also
highlighting the properties that are well-represented. Ordinarily para-
meter values used in model simulations do not accurately describe the
underlying vegetation properties they are supposed to represent, and
here we aim to estimate these parameter values along with their asso-
ciated uncertainties. In this study, we will gauge the effect of the dif-
ferent data sources on the respective parameter estimation results.

2. Materials and methods

To estimate the parameter uncertainty of the STAC model, we apply
Bayes' theorem within in a Markov Chain Monte Carlo (MCMC) fra-
mework (Katz, 2002). Numerical implementation of this application
requires the user to specify a prior parameter distribution as well as a
likelihood function. The prior distribution should encode all the sub-
jective knowledge about the parameters before collection of the data,
whereas the likelihood function summarizes, in a probabilistic sense,
the compatibility of the observed data to the simulated model outputs.
Likelihood functions play a key role in statistical inference, and here we
utilize a specially designed likelihood function that can combine
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various data streams from several processes being considered. It is
generally assumed that if only one data set is used for the parameter
estimation, the parameter values will be fitted to that specific process
too closely. However, by considering various processes during the
parameter estimation, the parameter search will be balanced by each
data set and an overall more realistic representation of the system
properties can be achieved (Medlyn et al., 2015). To this end, we use
the likelihood function defined in (Schoups and Vrugt) and utilize
multiple processes during the parameter estimation. We show that this
does provide an overall accurate estimation of the soil and tree water
properties when compared to observed data.

2.1. STAC model

The Soil-Tree-Atmosphere Continuum (STAC) Model is a physically-
based nonlinear modeling framework (Kumagai, 2001; Bohrer et al.,
Katul; Chuang et al., 2006; Mirfenderesgi et al., 2016), typical for the
simulation of water flow in unsaturated media (Siqueira et al.,
Porporato; Rings et al., 2013). The STAC model discretizes the system
domain and couples the soil with the tree domain, simulating the soil,
roots and tree trunk as a continuum. Water flow is driven by water
potential gradients along the coupled system (Bittner et al., 2005) with
spatially distributed root water uptake and canopy transpiration sink
terms. The STAC model utilizes the HYDRUS model for simulation of
hydrodynamics (Simunek et al., 2008), where water flow through the
soil and the tree root system and stem is driven by the evaporative
demand and soil-available water, leading to a gradient in soil and xylem
water potentials along the STAC. We approximate both the soil and
plant conducting tissues by a porous medium, with conductive and
capacitive properties that are a function of water potential.

2.2. Domain boundaries

HYDRUS allows the estimation of water potential, volumetric water
content, and water flux density across the coupled soil-tree domain.
Both the soil and tree trunk are modeled as axial-symmetrical, re-
presented by a rectangular domain (Fig. 1) The simulated soil domain
extends to 5 m outwards; three soil layers characterize the top 2.5m in
the unsaturated soil, and the bottom 2.5m interval represents the
weathered low conductivity saprolite that can store water but is in-
accessible to tree roots.

The lower boundary of the soil at the 5 m depth was described by a
seepage boundary, allowing water to leave the soil domain when sa-
turated, and allowing for both upwards and downwards flow across the
whole soil domain. The upper boundary of the soil domain consists of
measured values of rainfall and evapotranspiration. The lower
boundary condition of the tree trunk is root water uptake from the soil
domain, and the upper boundary of the tree is atmospheric demand of
potential evapotranspiration. The 10 cm radius of the tree trunk was
chosen so that the domain volume is approximately equal to that of the
sapwood of the tree.

We use observations of soil moisture, soil water retention curves,
and assume hydraulic equilibrium to initiate water potential distribu-
tion across the domain. For the soil, we converted 24 elements of soil
moisture data collected on July 15, 2009, to soil water matric potential
values using the laboratory-measured retention curves. Then, a 2nd
order polynomial interpolation scheme was applied to estimate the soil
water potential across the measured soil domain, assuming hydraulic
equilibrium at the domain boundaries. This completed the necessary
initial and boundary conditions of the domain for the model simula-
tions.

2.3. Unifying equations

To set up the model simulations, we use the finite element HYDRUS
software (Simunek et al., 2008), which can solve unsaturated water
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Fig. 1. Initial domain used in the STAC model simulations. 'beta' represents the root or canopy distributions in Equations (7) and (13).

flow across the soil-tree domain using the Richards' Equation (Richards,
1931) in a discretized system of linear equations (Equations (1) and
(2)). The flow in the soil domain is presented here in its axisymmetrical,
two-dimensional, isotropic form:

9 Bsoil 14 ( 6h) ) ( ah)
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where 8501 (L3L ™) is the volumetric soil water content, K (h) (LT~ 1)
defines the unsaturated hydraulic conductivity function (further de-
noted by either r-for radial direction or z-for vertical direction), h (L) is
the soil water pressure head, r and z are the lateral and vertical co-
ordinates (positive downwards) of the soil domain respectively, ¢ (T) is
time, and Wao; (L3L7 3T !) defines a sink/source term that quantifies
spatially distributed root water uptake from the soil. Both K and W
are functions of 6 and/or h. The subscripts r- and z-allow for the pos-
sibility of soil anisotropy, i.e., to simulate water flow with the un-
saturated hydraulic conductivity function being different for the r- and
z-directions.

The set up of Richards' equation for the tree domain to represent
flow through the canopy is similar to that of the soil domain in Equation
(1), but in one-dimensional form. This equation is derivable directly
from Equation (1) by reducing to one dimension, z-only. Thus, the axi-
symetrical flow through the tree canopy is represented by:

& (k%) - 2
0z 0z 0z

where 61y (L3L™3) is the volumetric soil water content, K (k) (LT 1)
defines the unsaturated hydraulic conductivity function (further de-
noted by z-for vertical direction), & (L) is the soil water pressure head, z
is the vertical coordinate of the tree domain (positive downwards), t (T)
is time, and Wiy defines a sink term (L3L™3T ') that quantifies spa-
tially distributed canopy transpiration.

For solution of Equations (1) and (2), unsaturated hydraulic con-
ductivity and the water retention functions must be defined for both the
soil and tree conducting matrix. The unsaturated hydraulic conductivity
function (Equation (3)) defines the relationship between the moisture
content and the corresponding hydraulic conductivity of the domain,
and the retention function (Equation (4)) characterizes the ability of the
domain to retain water. We define these functions using the relation-
ships of (Van Genuchten, 1980) and (Mualem, 1976), where

asTree —

at — Wiree (h, 2)
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in which K (h) represents the hydraulic conductivity, and the degree of
effective saturation, S,y (h) represents the retention function. For these
equations, 6; denotes the saturated water content at h = 0 (L>L™2), 6,
is the residual water content (L3L™3),  is a scale parameter inversely
proportional to mean pore diameter @Y, nm=1-1/n)is a shape
parameter of the soil water characteristic, and Kg (LT 1) is the con-
ductivity at saturated conditions, or when 6 = 6; .

2.3.1. Root water uptake model
The actual root water uptake term in Equation (1) is computed
from:

Wsoit (B, 1, 2) = y (WB(r, 2)7ry? Ty, (5)

with Wy.(h, r, 2) representing actual water uptake of roots from the soil
@L3L3T™Y) at each node in the soil domain, controlled by root density
distribution, B(r, 2) (L™%), and a soil water stress response function,
y(h). ry, is a coefficient that represents the maximum radial root depth,
and T, is the potential tree transpiration shown later in Equation (9).
Both f(r, 2) and y(h) have functional values between 0 and 1.

The normalized root distribution, (r, z) for an axisymmetrical soil
domain Q, is defined by (Vrugt et al., 2001; Gardenass et al., 2005):

ﬁ*
r,Z)=—>—— U

Br.2) 27'[_[5‘2 BrdQ (6)

with a general nonuniform root distribution, %, as defined by (Vrugt
et al., 2001):

seo=[(1- 2] (- )45

where z,, and r,, define the maximum rooting extent in the vertical and
radial directions (L), respectively. z* and r* are empirical parameters (L)
that shift the maximum of the distribution in vertical and radial di-
rection, respectively, and p, and p, are empirical parameters that de-
termine the exponential shape of the distribution.

For water-stressed root conditions in the soil, y(h) (dimensionless)

Dr
2l+plIr —r\)
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was introduced by (Feddes et al., 1978), and reduces root water uptake
from its maximum possible value because of soil water stress. y(h) is
defined by four water potential values, P1 through P4 (Feddes et al.,
2001). For soil water potential values between P2 and P3, y(h) will be
optimum and equal to 1.0. For h-values between P1 and P2 (soil
aeration stress) and between P3 and P4 (soil water stress), y(h) values
will be smaller than one and zero, at a minimum. The equation that
describes the soil water stress response, y(h), as a function of water
potential, h, in cm is:

= (h+zscm)-ifP3<h<P4.

7= o5+ 250m)’

®

For the estimation of the potential tree transpiration (T,) in
Equation (5), meteorological data from a local weather tower were used
to estimate local hourly potential evapotranspiration, ET,, using the
Penman-Monteith equation (Allen et al., 1998). This is the reference
Penman-Monteith equation (as in (Allen et al., 1998)) where the sur-
face/stomatal conductance parameters are for non-water limiting con-
ditions. Values for the aerodynamic resistance and bulk surface sto-
matal resistance terms were calculated according to FAO guidelines
(Allen et al., 1998). To estimate the potential tree transpiration, T, we
multiplied ET, with a tree coefficient, sgt0 (—), or

YI) = SETy ET() - Es. (9)

We assume soil water evaporation, Es, to be negligible as canopy
cover dominates the landscape and dry surface soil moisture conditions
occurred throughout the study time period.

Finally, from integration of Equation (5) over the soil domain, the
actual total root water uptake, R,, (L T™!) is computed from:

2

Thy,

Ry =2 [ rWag dQ.

Q 10)

In the presented coupled domain, the volume of water taken up by
the roots must now be transported in the conducting vessels (xylem) of
the sapwood in the tree trunk. For that purpose, the coupled model
includes a small storage reservoir that acts as a buffer for water trans-
port between the soil and the tree. Finally, by defining a lower flux
boundary condition for the tree domain, the tree's sapwood draws water
from the buffer storage and initiates water flux through the tree. This
water flux, and ultimately tree transpiration, are discussed in the next
section.

2.3.2. Tree transpiration

The STAC model uses the Jarvis model to quantify plant transpira-
tion (Waring et al., 1979). Specifically, the canopy transpiration sink
term, Wyee(h, 2), in Equation (2) is calculated as follows:

Wiree (h, 2) = V(h)ﬁ(Z)Tp 1)

where f(2) is the one-dimensional canopy density distribution function
used for estimation of transpiration at different elevations along the
canopy in the tree domain, y(h) is the canopy water stress response
function that represents the stomatal closure under increasing water
tension and is of a similar Feddes form as used for characterizing soil
water stress. T, is the potential tree transpiration from Equation (9).

The normalized canopy distribution, 3(z) for an axisymmetrical tree
domain Q, is defined by (Vrugt et al., 2001; Gardenass et al., 2005):
E*

5(1) = W

(12)

with a general nonuniform tree distribution, * (L™!), as defined by
(Rings et al., 2013):

B =1- (12‘46).

(13)

for z > 6 m and zero below 6 m. In other words, the tree distribution
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term that controls transpiration is zero at heights of the tree trunk that
are below 6m, is at a maximum at 6 m, and decreases linearly with
height at points above 6 m. Thus, the actual tree transpiration (T,) is
computed from:

2
T = S WaeedQ = 27R, [y (WB@)dz.

T2

a4

Overall, this approach couples root water uptake with tree tran-
spiration. Therefore, the model is set up so that at each time step the
amount of total water uptake from the tree's roots, R,, is equivalent to
the water flow leaving the soil domain into the buffer zone of the tree,
and the tree's transpiration, T, is the flow of water leaving the tree. The
tree water storage calculation can be estimated as the difference be-
tween the water flowing into (R,) and out of (T,) the simulated tree
domain. The solutions to these equations are estimated through a finite
element mesh with thousands of nodes dividing the domain of the
problem into a collection of subdomains, with each subdomain re-
presented by these sets of equations.

2.3.3. Sapflux and soil water storage

We can assume that the simulated values of the water fluxes and
stores at each individual node in the finite element mesh grid represent
the true values in the actual tree-soil system. This assumption allows for
the calculation of processes such as sapflux or soil water storage at each
time step. For calculation of the sapflux output, the STAC model si-
mulates the change in water content at each node at each time step.
This directly allows the simulation of water flux in the model, the
amount of which is controlled by the chosen parameterization. The
STAC model does not output soil water storage directly, yet by com-
bining the water content information at each node, one can estimate the
water storage changes at each time step. Therefore if we take the soil
water storage measurement value at initialization to be our starting
point for the simulated soil water storage, then we can estimate the
change of moisture content values at each time step and therefore
calculate the change in storage and thus the storage level at each time
step.

2.4. Data

The model will be tested using data collected in and around a white
fir (Abies concolor) in a 99 ha subcatchment (P301) of the King's River
Experimental Watershed (KREW), as part of the Critical Zone
Observatory (CZO-TREE 1) project. This site is located in the rain-snow
transition zone of the southern Sierra Nevada mountain range in
California at an elevation of 2018 m. Data include soil water content
and water potential in 3 spatial dimensions in the root zone, tree stem
water content and sap flux, canopy water potential, and atmospheric
variables including: net radiation, air temperature, and humidity.
Undisturbed soil samples were collected to a depth of 2.5 m for the soil
analysis. Corresponding measurements of saturated hydraulic con-
ductivity were made using the constant head method (Reynolds et al.,
2002).

Calibration data was selected for a 17-day rainless period in summer
of 2009, starting July 15, and includes sapflow, stem water potential,
and soil water storage. Three sap flow sensors (TransfloNZ, Palmerston
North, NZ) were installed into the sapwood at a trunk height of 2.5 m.
Using the compensation heat pulse technique (Green and Clothier,
1988), average sap flux flow (L/T) was estimated at 30-min time in-
tervals. Then, stem water potential measurements were taken from
terminal shoots of the stems of lower tree branches, at approximately
6 m height. Seven measurements were taken during 24 h on July 21-22,
2009. Finally, Echo- 5 TE soil moisture sensors were installed at depths
0of 0.15m, 0.30 m, 0.60 m and 0.90 m in each of 6 locations within a 5m
radius from the tree trunk. The sensors were calibrated in the labora-
tory (Kizito et al., 2008), from which it was determined that their ac-
curacy is around 3% for a range of soils. Using all water content
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measurements, average total soil water storage (m®) was computed
during the 17-day measurement period every half hour. However, only
about half of the soil water storage data was used for the parameter
estimation due to incomplete measurements on some days.

2.5. Bayesian inference of model parameters

We chose a total of 15 parameters from the STAC model to be es-
timated. A total of 4 parameters are used to characterize the spatial tree
root distribution (see Table 1), and these include z* and r* from
Equation (7), which are empirical parameters (m) that shift the max-
imum of the distribution in vertical and radial direction, respectively,
and p, and p, are empirical parameters that determine the exponential
shape of the distribution. Also, a total of 3 parameters are used to
characterize the water stress response functions (see Table 1). Finally, a
total of 8 parameters are used to characterize the hydraulic con-
ductivity and retention of the entire coupled domain (see Table 1).
These parameters include 6, K, @, and n for the tree layer, and 6, and K;
for soil layers 1 and 2.

Bayes' law, or Bayes’ rule, mathematically expresses the funda-
mental relationship between the prior, conditional, and posterior be-
liefs of the parameter values, in this case a 15-dimensional vector de-
noted by x. This probability equation can be formalized as P(x|Y) x L
(x]Y), where P(x|Y) signifies the posterior parameter distributions, and
L(x|Y) represents the likelihood function. The model simulations are
coupled with observed data, Y, to estimate the posterior probability of
the parameters using a rigorous Markov Chain Monte Carlo (MCMC)
sampling algorithm, the Differential Evolution Adaptive Metropolis
(DREAM) of (Vrugt, 2016; Vrugt and Massoud, 2018). The likelihood
function used for the MCMC sampling can combine all three sources of
information, i.e. the sapflow, stem water potential, and soil water sto-
rage, without being affected by the magnitude of error that is con-
tributed from any of the individual sources. This likelihood function is
applied as follows:

3 nj 2
LY, ¢, 0%) = —% D) {(ej’[(x) - qoej’tl(x))} .
j=1 t=2

Gt (15)
where j distinguishes the various model outputs considered for the
parameter estimation, x is the parameter set, Y is the observed data, ¢
is the temporal correlation of the residuals (with 30 min between each
time step), and ¢ is the measurement error of the calibration data. e; (x)
is the error of the model simulations for output j and a given parameter
set x. Therefore, we calculate a likelihood value from each considered
output (i.e. L(X|Y, ¢, 02)1»), and as Equation (15) indicates we sum the
three likelihood values to obtain one overall ’probability’ value.

For this study we examine various parameter estimation strategies.
First, we fit the model simulations to individual data sources (i.e. sap-
flux, stem water potential, and soil water storage), and then fit the si-
mulations to all three sources combined. In the first case, the model is
calibrated to just the sapflux data, and Equation (15) is reduced to just
one term, the likelihood obtained from the fit to the sapflux data; these
results are assigned the ’SAP’ acronym. For the second and third cases,
the model is calibrated to the stem water potential and soil water sto-
rage data, respectively, and Equation (15) is similarly reduced to one
term; these results are assigned the ’STEM’ and 'STOR’ acronyms, re-
spectively. In the final case, the model is calibrated to all three data
sets, and Equation (15) utilizes all three likelihood terms; these results
are assigned the 'FULL’ acronym. This final case highlights the ability of
the likelihood function to combine various data streams by normalizing
the prediction errors based on the observation error and combining the
likelihood (or probability) from all three processes considered. For the
parameter estimation runs, the measurement error values were defined
as 0gqp = 1 cm/day, Ogeerm, = 100 kPa, and og,or = 0.05 m®.
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2.6. Numerical setup and CPU costs

Calculation of the STAC model involves solution of the partial dif-
ferential equations (PDE) that are described in the previous sections.
The time difference between each model output is §t = 30 min, and the
temporal discretization of the PDE is based on an adaptive time step,
limited by 10 maximum iterations and with tolerances of 0.01 (unitless)
and 10 (kPa) to solve the moisture levels when described by the
moisture content, 6, or the head, h, respectively. The spatial dis-
cretization is designed by a finite element mesh with thousands of
nodes, and the location of these nodes for our case study are depicted in
Figs. 1 and 3, with each dot representing the center of a node. This first
involves dividing the domain of the problem into a collection of sub-
domains, with each subdomain represented by a set of element equa-
tions to the original problem, followed by systematically recombining
all sets of element equations into a global system of equations for the
final calculation.

The STAC model simulation time is 30 seconds on average for the
17-day period in the Sierra Nevada test site. For the MCMC runs, we
used a total of 8 chains and ran for 2500 generations. Therefore a
simple calculation shows that the STAC model parameters can be esti-
mated in roughly 30 seconds multiplied by 8 chains multiplied by 2500
generations. This amounts to 600,000 seconds to apply the parameter
estimation, which ultimately translates to a week of simulation time.
For convergence of the posterior distributions, we noticed that the SAP
and FULL strategies converged well into the 2500 generations.
However, for the STEM strategy the posterior solution converged re-
latively quickly since there were only 7 measurements to fit against.
Lastly, and importantly, for the STOR strategy the posterior solution
was never really identified, even after 2500 generations.

3. Results

For the remainder of the paper, the results are color coded as fol-
lows: the estimation to sapflux (SAP) is shown in blue, estimation to
stem water potential (STEM) is shown in light blue, estimation to soil
water storage (STOR) is shown in green, and estimation to all three data
sets (FULL) is shown in black.

3.1. Parameter estimates

The STAC model simulates the spatial root distribution of the tree
using Equation (7). For the four estimation methods considered, the
estimated root distribution parameters are shown in Table 1. The
standard deviation of the posterior samples are shown in parenthesis in
Table 1 and are represented graphically in Fig. 2. The resulting root
distributions shown in Fig. 3 allow a visual comparison of all the dif-
ferent estimation strategies.

Both the tree and its roots may experience stress from water lim-
itation, as well as nutrient limitation, or stress from extreme vapor
pressure deficits as a result of hot temperatures, among other factors.
The STAC model numerically accounts for this through the stress terms,
y, in Equations (5) and (11). These stress terms are characterized using
the Feddes function ((Feddes et al., 1978)), and have values ranging
from O (full stress) to 1 (no stress). Four levels of head, or pressure, are
used to express this function, P1, P2, P3, and P4. For soil water po-
tential values between P2 and P3, there is no stress, while the stress
occurs between P1-P2 (aeration stress, or saturated conditions) and
between P3-P4 (water stress, or drought conditions). A few of these
coefficients are parameterized, and the calibrated values are shown in
Table 1. The standard deviation of the posterior samples are shown in
parenthesis in Table 1 and are represented graphically in Fig. 2. After
all Feddes parameters are defined, the stress functions for each layer
can be constructed. These functions are shown in Fig. 4 and also allow a
visual comparison of the various estimation strategies.

Through Equations (3) and (4), the STAC model characterizes the
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Fig. 2. STAC model parameter posterior distributions created from each of the considered strategies. Normalized ranges allow for better visualization of all parameter
posteriors on the same plot. Posteriors represented with smaller box plots indicate a more localized posterior distribution, and thus a more informative one.

retention and hydraulic conductivity of each soil layer and of the tree
layer. Table 1 shows the values of the model parameters that are van
Genuchten parameters used to create hydraulic relationships of the tree
and soil domains. The standard deviation of the posterior samples are
shown in parenthesis in Table 1 and are represented graphically in
Fig. 2. These parameters help represent the saturated conductivity and
moisture contents of each layer and also contain certain shape para-
meters for the van Genuchten functions. The resulting hydraulic con-
ductivity and retention functions for soil layers 1 and 2 as well as for the
tree layer are shown in Fig. 5. In the first column of figures, the re-
tention function of each layer is shown. One thing to note is that the
retention function of the tree domain greatly differs from that of the soil
layers. The figure shows that it will require higher amounts of pressure
to extract the water from the tree than from the soils (— 10° kPa for soils
vs. —10°kPa for tree), which can be expected (North and Nobel, 1997;
Black and Pritchard, 2002).
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3.2. Comparing STAC model simulations with observations

In this study we focus on three processes represented in the STAC
model, which are the sapflux through the tree domain, the stem water
potential in the canopy, and the water storage of the soil domain. All of
these outputs are accompanied by observed data, and the model si-
mulation results are shown in Fig. 6 for each parameter estimation
method. For the sapflux simulations, the SAP and FULL strategies per-
formed the best according to the RMSE (Table 2). The other estimation
strategies (STEM and STOR) do not fit the observations quite as well,
however they do allow the simulations to capture high peaks in the
observed data. For the stem water potential simulations, the STEM
strategy provided the lowest RMSE. Although estimation to the stem
water potential data was not as informative since there were only 7 data
points to fit, these observations still allow us to constrain the simula-
tions. This is shown in Table 2 since the RMSE for the stem water
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Fig. 3. Root distributions created from each of the parameter estimation methods. These figures were created using parameter values from Table 1 and the general

nonuniform root distribution formula of Equation (7).

81



E.C. Massoud et al.

Environmental Modelling and Software 115 (2019) 76-85

Soil Feddes Properties

1 1 -
L —s— SAP
> 08r STEM .
£ STOR
P 0.6 - ——FULL B
|_
@ 04 n
—
& 02- 5

ok . P Lo [ I . .

Dry > -1e3 -1e2 -1et < Wet-1e0

Pressure Head, h [kPa]

Fig. 4. Feddes stress functions for the soil layer. These functions were created using the coefficients of Table 1. The stress term, y, in Equation (5) are the values on
the y-axis. For pressure head values between P2 and P3, there is no stress and y = 1. The stress occurs between P1-P2 (aeration stress, or saturated conditions) and
between P3-P4 (water stress, or drought conditions). The various soil P3 values that were estimated with each MCMC strategy are. shown with a different color. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Hydraulic relationships for soil layer 1,

soil layer 2, and the tree layer. Shown in the first
column of figures are the retention functions for
each layer (with the y-axis being negative pres-
sure head), and in the second column the hy-
draulic conductivity of each layer is shown. The
parameters used to create these relationships are
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potential simulations of the FULL strategy is lower than that of the SAP
and STOR strategies, which is not surprising since the FULL strategy
considers the stem water potential data in its likelihood function. For
the soil water storage simulations, the STOR parameter set performed
the best according to the RMSE, yet we see in Fig. 6 that all the si-
mulations behave almost identically. In all simulations, the model un-
derestimated the observed soil water storage, indicating a model
structural error that could be from more water being drawn from the
soil domain in the simulations than is seen in the observed data, or
perhaps this could be due to the use of a likelihood function that only
accounts for short-term temporal correlation.

4. Discussion

For this study we wanted to accurately simulate the dynamics of
water flow in and around a mature white fir in the Sierra Nevada,
California, using a process based ecohydrologic model, the STAC model
(G1). To achieve these simulations, we inferred model parameters that
dictated how much water can be stored or can flow in the tree and its
surrounding soil domain (G2). Lastly, we combined various data
sources to accurately pinpoint the posterior distributions for the model

0.1

82
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STEM
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—FULL

0.2 0.3

Volumetric Water Content [-]

parameters (G3).

By fitting the observed data and its underlying uncertainty, we were
able to mimic the dynamics seen for the white fir using the process
based STAC model. Our results indicate that some STAC model para-
meters were not identifiable regardless of the data used for parameter
estimation, such as the root distribution parameters. However, some
parameters were estimated well, with posterior distributions that were
well identified regardless of the data set used, such as the parameter
that describes the tree's saturated hydraulic conductivity (K ree)-
Overall, as hypothesized, the combination of all three data sets allows
for the most precise estimation of the model parameters, with the most
localized posteriors and thus the least uncertainty about the corre-
sponding parameter values.

In past parameter estimation studies, it has been common to sepa-
rate data sets to calibrate the model on the first set of data and then to
evaluate that calibration on the second set. However, given the lack of
data availability for this study, such as only having 7 stem water po-
tential measurements to use, this type of evaluation is challenging.
Thus, in this study, we focus on parameter estimation to the observed
data but leave model validation for future studies.
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Fig. 6. Posterior solutions of the STAC model outputs, including sapux (cm day_l), stem water potential (MPa), and water storage in the soil domain (m®).
Observations are shown with red marks. The simulations with parameters calibrated to sapflux data are shown in blue (SAP), simulations with parameters calibrated
to stem water potential data are shown in light blue (STEM), simulations with parameters calibrated to soil water storage data are shown in green (STOR), and
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referred to the Web version of this article.)

4.1. Model limitations

Interestingly, our results show that most of the parameters were not
identifiable when just the soil water storage measurements were used as
calibration data (STOR). The only parameters that showed any sensi-
tivity to calibration of this output were the 0, 5,1 and the @y para-
meters. We can infer from the very wide posterior distributions for the
STOR estimates (Fig. 2). This informs us that the soil water storage
might very well be ill-represented in the model. Additionally, the aryee
parameter seems to have a very narrow posterior for each of the cali-
bration strategies, also shown in Fig. 2. This indicates that the para-
meter used for this process is not properly represented, either by having
an incorrect prior range or possibly by having a bad model re-
presentation in general. These types of clues allow us to further diag-
nose the model and can help pinpoint possible model improvements
and developments.

4.2. Applicability of Richards’ equation for xylem flow

To simulate water flow through the coupled tree and soil domains,
the STAC model is setup with the HYDRUS software which is simulated
with the Richards' equation. Richards' equation has been a common tool
for simulating unsaturated water flow in nonswelling soils, with nu-
merous applications shown for simulating vegetative mediums in recent
studies, e.g. (Sperry et al., 1998), (Bohrer et al., Katul), or (Janott et al.,
2009). While the applicability of Richards' equation allows us to si-
mulate water flow in the stem of a mature tree and its respective soil
domain as a coupled system, there are certain biological factors of a
tree's water dynamics that are not captured directly with a Richards'
equation type of model, such as elasticity of the xylem, which for
simplicity is not represented in most current ecohydrologic models (but
see (Christoffersen et al., 2016)). Future developments of the applica-
tion of Richards' equation that consider elasticity of the xylem could
drastically improve the model's capability to capture diurnal changes of
water storage in plants (Mencuccini et al.,). As a reference, applications
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in the literature for models that account for stem elasticity in the water
retention function include (Perdmaiki et al., 2001), who developed a
model that simulates tree stem diameter variations and transpiration
using a dynamic sap flow model, and (Hofstetter et al., 2005), who
developed and validated a continuum micromechanics model for the
elasticity of wood.

4.3. Other parameter estimation methods

In this study, the parameter estimation algorithm sums the errors of
the simulations into a single index and computes a likelihood based on
this sum. While most calibration studies are performed in this manner,
some drawbacks arise from employing this method. For example, since
the soil storage output has a stronger memory effect within the mod-
eling framework (Fig. 6), it would be hypothetically difficult to separate
the model structural errors in the process of the parameter estimation.
This is why the STOR set of parameters produce the least realistic si-
mulations. In future work, it would be beneficial to possibly use an
alternative likelihood function or perhaps a parameter estimation
method that completely does not require a likelihood function.

Likelihood-free calibration methods are new in the literature, e.g.
the Approximate Bayesian Computation (ABC) method which allows
parameter estimation to a set of summary metrics instead of calibrating
to a set of simulation residuals (Vrugt and Sadegh, 2013; Sadegh and
Vrugt, 2014). For instance, our study (Fig. 7) shows the observed re-
lative hydraulic conductivity of a white fir (Abies concolor) compared
with ones produced from the calibrated parameter sets in this study.
The FULL parameter set creates a hydraulic relationship that is most
realistic according to the observed relationship, but there could be a
parameter set that produces a closer hydraulic relationship to the ob-
served data. This parameter set can be inferred with the ABC method
and may prove to be more realistic. Although this goes beyond the
scope of this study, we encourage readers to try various parameter es-
timation algorithms that are available, such as ABC, that use many
different summary metrics to capture the hydraulic behaviors of the
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Fig. 7. Observations of the relative hydraulic conductivity in a white fir (Abies
concolor), compared with relationships simulated with the STAC model using
calibrated parameters in this study. The mean relationships are shown with
solid curves and uncertainty ranges are presented with dotted lines.

soil-tree-atmosphere system.

5. Conclusion

Major inconsistencies exist in the representation of vegetation in
large scale land surface and climate models. Model parameters are ty-
pically inferred from empirical relationships or extracted from arbitrary
data sets and efforts are now aimed at identifying parameter sets that
appropriately describe these vegetation properties. We presented si-
mulations with the Soil-Tree-Atmosphere Continuum (STAC) model
showing the hydraulic processes of a mature white fir (Abies concolor)
and its surrounding root zone. The model couples both soil and tree
domains, and simulates the movement of water based on different
ecohydrologic processes. We used Bayesian inversion to estimate the
model parameters against observations of sapflux, stem water potential,
and soil water storage.

We evaluated the model's ability to fit the data, with specific em-
phasis on the soil and tree water flow and storage properties. The ca-
libration of the model allowed us to estimate the spatial root distribu-
tion of the tree, the Feddes stress parameters to describe aeration or
water stress, and the van Genuchten parameters that correspond to the
retention and conductivity functions of soil and tree domains. After
calibration, the STAC model simulated processes such as sapflow, stem
water potential, and soil water storage, and the outputs were compared
with the observed data for a full diagnosis of the model.

The results presented in this paper show that the choice of cali-
bration data largely affects the parameter estimates and thus the model
outputs. By considering the full domain of the tree and combining all
the observed data in the parameter estimation process, the most rea-
listic parameter combination was estimated and the closest fit between
the model outputs and the observed data was achieved. A likelihood
function that considers various streams of data by normalizing simu-
lation errors by the measurement errors was considered and im-
plemented.

We conclude that the STAC model offers a physical representation of
water flow in and around a vegetative medium, and can provide insight
on how trees actually behave in their environments. Ecohydrologic
models are evolving from having empirically based structures to more
physically based ones, setting the stage for tools such as the STAC
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model to expand our knowledge on fundamental hydraulic processes
that occur in vegetation.

Software availability

The STAC model is not open source software, but available upon
request from the first author.
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