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Abstract

A detailed representation of plant hydraulic traits and stomatal closure in land surface models
(LSMs) is a prerequisite for improved predictions of ecosystem drought response. This work
presents the integration of a macroscopic root water uptake (RWU) model based on the
hydraulic architecture approach in the LSM of the Terrestrial Systems Modeling Platform. The
novel RWU approach is based on three parameters derived from first principles that describe
the root system equivalent conductance, the compensatory RWU conductance, and the leaf
water potential at stomatal closure, which defines the water stress condition for the plants. The
developed RWU model intrinsically accounts for changes in the root density as well as for the
simulation of the hydraulic lift process. The standard and the new RWU approach are compared
by performing point-scale simulations for cropland over a sheltered minirhizotron facility in
Selhausen, Germany, and validated against transpiration fluxes estimated from sap flow and
soil water content measurements at different depths. Numerical sensitivity experiments are
carried out using different soil textures and root distributions in order to evaluate the interplay
between soil hydrodynamics and plant characteristics, and the impact of assuming time-
constant plant physiological properties. Results show a good agreement between simulated and
observed transpiration fluxes for both RWU models, with a more distinct response under water
stress conditions and with uncertainty in the soil parameterization prevailing to the differences
due to changes in the model formulation. The hydraulic RWU model exhibits also a lower
sensitivity to the root distributions when simulating the onset of the water stress period. Finally,
an analysis of variability across the soil and root scenarios indicates that differences in soll
water content are mainly influenced by the root distribution, while the transpiration flux in both

RWU models is additionally determined by the soil characteristics.
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Highlights:

e A novel root water uptake scheme based on the hydraulic architecture approach is
integrated in a terrestrial systems modeling platform.

e Root hydraulic properties control plant transpiration during prolonged dry conditions.

e Soil parameterization uncertainty strongly influences the simulation of transpiration
fluxes and soil water content in different RWU models.

e Soil parameterization and roots distribution induce larger variability in the hydraulic

model response compared to the standard RWU formulation.

Keywords:

root water uptake, hydraulic architecture model, hydraulic redistribution, transpiration, crop

water stress, stomata conductance, minirhizotron facility, terrestrial systems modeling
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1 Introduction

The understanding of plant response to water limitation is of paramount importance to improve
quantification of the key component (i.e., transpiration) of the terrestrial water balance
[Schlesinger and Jasechko, 2014], estimating the severity of droughts and heatwaves through
land—atmosphere interactions [Teuling et al., 2010; Konings et al., 2011; Kala et al., 2016],
quantifying carbon uptake of terrestrial ecosystems [Friedlingstein et al., 2006; Liu et al., 2017],
and for predicting crop yield and productivity [Lobell et al., 2014]. The societal relevance of this
scientific topic is expected to increase under global warming due to the increase of climate
extremes [Parmesan and Yohe, 2006; Diffenbaugh and Field, 2013] and higher demands for

food [Foley et al., 2011; Steffen et al., 2015].

Physical mechanisms involved in the description of soil-plant-atmosphere interactions include
the water uptake/release by roots, the regulation by stomata, as well as the coordination
between above- and below-ground processes through the plant vascular network. A
comprehensive review on the modeling of water transport mechanisms within plant is presented
in Fatichi et al. [2016] with some of the key elements briefly summarized here. Overall, in order
to prevent leaves from desiccation during carbon dioxide capture from the atmosphere through
stomata, plants develop dedicated mechanisms and structures. While stomata open in response
to light and decreasing carbon dioxide concentration in leaf interstitial spaces, a lowered water
potential of the evaporating mesophyll cell walls may in turn reduce stomatal aperture [Ripullone
et al., 2007; Damour et al., 2010] in order to protect both leaves and subtending xylem tissue
from dramatic cavitation [McDowell et al., 2008]. A negative water potential of mesophyll cell
walls also drives suction and activates a complex water supply system, reaching down to the
soil water along a network of xylem conduits and across roots [Steudle and Peterson, 1998;

4
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Caldeira et al, 2014]. While water flows against gravity from high water potentials in the soil
towards lower potentials in the leaves, the supply rate is limited by the network hydraulic
properties [Sperry et al., 2002; Couvreur et al., 2014]. An increase in root hydraulic conductance
increases the plasticity of water uptake locations when soil moisture is unevenly distributed
[Meunier et al., 2017b; Cai et al., 2017] as well as the supply rate under water deficit. Through
their impact on leaf water supply and potential, root hydraulic properties may regulate the plant

water budget under water limitation [Schoppach et al., 2014; Jerszurki et al., 2017].

Sophisticated modeling approaches that resolve the stomatal function at the cellular level with
the description and quantification of water fluxes across the soil-plant-atmosphere continuum
have been developed in the last decades [e.g., Williams et al., 1998; Sperry et al., 1998;
Porporato et al., 2001; Tuzet et al., 2003; Daly et al., 2004; Bohrer et al., 2005; Deckmym et al.
2008; Drewry et al.,, 2010; Manzoni et al., 2014]. The level of complexity of these models
includes vertically resolved vegetation structure that accounts for gradients within the canopy
space as well as the links between stomatal response to leaf water potential and its connection
and coordination with plant hydraulic traits. While more complete mechanistic understanding of
plant function has started to be integrated in Earth System Models (ESMs) [e.g., Bonan et al.,
2014; Bouda and Saiers, 2017], several LSMs - the terrestrial components of ESMs - simulate
plant transpiration with a combined stomatal conductance and photosynthesis model [e.g.,
Bonan, 1995; Sellers et al., 1996] using various empirical functions to describe the effect of soil
moisture deficit. This effect is usually simulated via a soil status-dependent so-called beta
factor by imposing either a limitation by reducing the slope of stomatal conductance-
photosynthesis relationship (diffusive limitation), or a limitation by reducing the maximum
carboxylation rate (Vcmax, biochemical limitation), or both diffusive and biochemical limitation.

However, little observational evidence exists for such a functional dependence of stomata

5
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conductance on soil moisture, which has stimulated continuous research [Zhou et al., 2013].
Egea et al. [2011] explored the impact of incorporating different soil water stress formulations in
the functional relationship between stomatal conductance and photosynthesis. Similarly,
Verhoef and Egea [2014] investigated the replacement of the water stress factor with equations
that use soil water potential or with a set of equations that involve hydraulic and chemical
signaling. Combe et al. [2016] performed numerical sensitivity experiments to evaluate the
impact of different water stress formulations on the strength of land-atmosphere coupling. This
work indicates that the underlying vegetation water stress response clearly impacts diurnal
atmospheric processes and the response to atmospheric warming. Moreover, as an alternative
to the empirical stomatal conductance model, formulations based on optimization theory have
been recently introduced in LSMs. Based on the work of Williams et al. [1998], Bonan et al.
[2014] proposed a stomatal conductance model that optimizes photosynthetic carbon gain per
unit water loss while contrasting stomatal opening to prevent leaf desiccation. A systematic
comparison against flux tower measurements showed that this model outperforms the current
approach implemented in land surface models especially under water stress conditions.
Similarly, De Kauwe et al. [2015a] replaced the empirical stomatal conductance model of the
Australian LSM, Community Atmosphere Biosphere Land Exchange (CABLE), with a
formulation based on optimisation theory which maximizes carbon gain while minimizing water
losses as proposed by Medlyn et al. [2011]. Global-scale simulations performed with the new
model drastically reduced transpiration fluxes for certain plant functional types, however, without
noticeable reductions of known systematic model errors. Consequently, a more detailed
description of stomatal closure and hydraulic traits in LSMs is required in order to improve their
ability to predict ecosystem drought response, as was also suggested by recent observational
evidence [e.g., Konings et al., 2017] and numerical model analysis [e.g., De Kauwe et al.

2015Db].
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The active role of roots in redistributing the water within the soil profile, known as root hydraulic
redistribution (HR), has been investigated in a wide range of experimental [e.g., Richards and
Caldwell, 1987; Burgess et al., 1998; Schulze et al., 1998; Domec et al., 2010] and numerical
studies [e.g., Ryel et al., 2002; Quijano et al., 2012; Quijano et al., 2013; Quijano and Kumar,
2015] for different plant species and across a variety of climate regimes. Accordingly, in
recognition of the potential role of HR on atmospheric processes [e.g., Lee et al. 2005; Siqueira
et al. 2008] and on carbon and nutrient cycling [Snyder et al., 2008; Aanderud and Richards,
2009], different formulations of HR have been included in LSMs. For instance, Zheng and Wang
[2007] modified the soil water flux formulation in two LSMs, namely the Community Land Model
version 3 (CLM3) and the Integrated Biosphere Simulator version 2 (IBIS2), by adding the HR
term as proposed by Ryel et al. [2002]. Comparisons with observed latent heat fluxes at the
Reserva Bioldgica do Jaru site in Amazonia led to overall improved performances by both
LSMs. Li et al. [2012] showed that incorporating a HR function in CABLE significantly improves
the agreement between simulated net ecosystem exchange, latent heat flux, and soil moisture
dynamics with observations during dry seasons. The HR parameterization developed in Ryel et
al. [2002] was included in CLM4.0 by Yan and Dickinson [2014] and their comparison with
measurements at nine sites in Amazonia demonstrated that vegetation and biomass response
to droughts is better captured when considering the HR process. Tang et al. [2015] tested the
sequentially coupled implementation of the Amenu-Kumar HR model [Amenu and Kumar, 2008]
in CLM4.5 with global-scale simulations. Comparisons with eddy covariance measurements at a
forested site in California showed a better representation of the seasonal evapotranspiration
cycle when accounting for HR; no improvements were, however, found for another site in
Amazonia. The same study advocated for a tightly coupled approach under high HR rates to
achieve numerically accurate solutions. Fu et al. [2016] analysed the effect of incorporating the
Ryel scheme in CLM4.5 across different ecosystems within the AmeriFlux monitoring network;

their findings indicate that HR tends to more pronounced effects under strong seasonality and
7
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for rather dense vegetation. Zhu et al. [2017] showed that incorporating HR and compensatory
water uptake functions in the Common Land Model significantly reduce biases in the land
surface energy partitioning over sites that experience seasonal droughts. Finally, the schemes
of Ryel and Amenu-Kumar as implemented in CLM4.5 were used in Fu et al. [2018] to
demonstrate the impact of HR in reducing N2O emissions at sites characterized by a distinct dry
season. While the aforementioned studies revealed the ecohydrological and biogeochemical
significance of HR, the quantification of its magnitude is still characterized by large uncertainty,
with nearly two orders of magnitude differences within a range of selected experimental and
modeling studies conducted across different ecosystems [Neumann and Cardon, 2012].
Moreover, Schymanski et al. [2008] demonstrated that the magnitude of HR significantly
decreases by relaxing the assumption of a static root profile, which is commonly implemented in
LSMs. Other studies reported on the differences in the magnitude of the HR process when
using different soil retention curves [Hultine et al., 2003; Prieto et al. 2010], with coarse-textured
soils being less conducive to HR. Therefore, the understanding and assessment of the HR
process for cropland as well as its interplay with plant physiological and soil properties require
further investigations, which could potentially shed light on the large uncertainty in the

quantification of agriculture-climate interactions in ESMs [McDermid et al. 2017].

This work presents the integration of a macroscopic root water uptake, hereafter RWU, model
[Couvreur et al., 2012] based on the hydraulic architecture approach in the land surface
component (CLM4.0, [Oleson et al., 2010]) of the Terrestrial Systems Modeling Platform,
TerrSysMP [Shrestha et al., 2014]. The model uses three parameters derived from first
principles: the compensatory RWU conductance determines the ability of the root system to
adapt its uptake in response to the soil water distribution, while the root system equivalent

conductance and the leaf water potential at stomatal closure control the transpiration response
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to soil water limitation. The model accounts for both root density dynamics and hydraulic
compensatory effects (including the HR) by reformulating the water stress formulation in CLM.
Therefore, leveraging the detailed mechanistic understanding of individual plant models into a
macroscopic formulation, the proposed approach reconciles with previous and ongoing efforts
that seek to better connect the calculation of transpiration with root functional and structural
traits in LSMs [Warren et al., 2015]. Results of the standard and the new approach are
compared for point-scale simulations for winter wheat cultivated in a sheltered plot of the
minirhizotron facility in Selhausen, Germany [Cai et al., 2016] and are validated against
transpiration fluxes estimated from sap flow sensors and soil moisture measurements at
different soil depths. In order to evaluate the interplay between soil hydrodynamics and plant
characteristics, sensitivity experiments are carried out with different soil characterizations (e.g.,
soil saturated conductivity) and plant physiological properties (e.g., root distributions and root

hydraulic conductance).

Section 2 of this paper describes the observations, the integration of the new RWU model in
TerrSysMP, and the setup of scenarios based on estimates of root density distributions and
crop hydraulic properties. Results of the standard and new approach are compared with
observations in Section 3. Section 4 discusses approaches for upscaling the proposed RWU
scheme from the field to the global scale and for different plant functional types while Section 5

provides conclusions and an outlook of the work.
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2 Data and methods

2.1.  Minirhizotron facility: Field plot and data

The experimental setup used in this study is the upslope sheltered plot of the minirhizotron
facility in Selhausen, Germany (50°52’'N, 6°27'N, 103 m asl, Figure 1, Cai et al. [2016]). The
plot, which is part of the TERENO observatory [Zacharias et al. 2011], is characterized by a silty
soil with approximately 60% gravel. Sand and clay percentages of the fine soil in the topsoil (0-

30 cm) and subsoil (30-120 cm) are 35 and 13, and 37 and 16, respectively.

Winter wheat (Ambello variety) was sown on 31 October 2013 and harvested on 17 July 2014.
The phenological development of the crop was monitored using a plant canopy analyser (LAI-
2200, LI-COR, Inc. USA), according to which the leaf area index (LAl) ranged up to 2.5. The
root distributions were measured by installing a digital camera inside acrylic glass rhizotron
tubes, that were placed at depths of 10, 20, 40, 60, 80, and 120 cm (Figure 1). Camera images
taken at weekly intervals (22 sampling points) were analysed using the Rootfly software [Wells
and Birchfield, 2009], which provide the root length and counts per image. A detailed description
of the complete post-processing procedure - including inherent assumptions - for the estimation
of the normalized root distribution along the soil column (Figure 2) can be found in Cai et al.

[2017, 2018].

10
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Figure 1: (Top) External view of the minirhizotron facility located in Selhausen (Germany). (Middle)

Internal view of the facility with the installation of rhizotron tubes at different depths. (Bottom) Example of

the sap flow sensors used to estimate the transpiration fluxes.
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Winter wheat transpiration was estimated using SGA3 Dynagage sap flow sensors (Dynamax
Inc., Houston, USA) installed on five wheat tillers located in the center of the plot. Temperature
signals from these sensors were taken every 60 seconds with Dynamax control units consisting
of voltage regulators, AM 16/32B multiplexers and CR1000 data loggers (Dynamax Inc.,
Houston, USA; Campbell Scientific, Logan, Utah), and post-processed to remove the noise as
described in Langensiepen et al. [2014]. The area-averaged transpiration flux (mm d) was
determined by multiplying the sap flow rate (g d tiller'") with the tiller density per unit area of the
plot (i.e., 228 tillers m2). Note that the sensors started operating on 23 May 2014 when an
adequate stem diameter for their proper installation was reached, and were removed eleven

days before the harvesting day (6 July 2014).

Soil moisture was measured by time-domain reflectometry (TDR) sensors installed at the same
soil depths used for the monitoring of the root development (i.e., 10, 20, 40, 60, 80, and 120
cm). Data were recorded hourly by a data logger (Model CR3000, Campbell Scientific) with
multiplexer peripherals (50C81-SDM). Topp’s equation [Topp et al., 1980] was used to calculate
the water content from the TDR-measured dielectric permittivity of the soil. A detailed
description of the procedure, including statistical tests to detect possible outliers, can be found

in Cai et al., [2016].
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2.2. Model formulation

The macroscopic RWU model based on the hydraulic architecture approach, hereafter HRWU,
developed by Couvreur et al. [2012] was integrated in CLM4.0 [Oleson et al. 2010], which is
also the land surface component of the Terrestrial Systems Modeling Platform, TerrSysMP
[Shrestha et al., 2014] developed within the framework of the Transregional Collaborative
Research Center 32 on “Patterns in Soil, Vegetation Atmosphere Systems” [Simmer et al.,

2014].

In the standard formulation of CLM, hereafter CTRL, the RWU Q,.,,, [LT"'] for each soil layer i

(numbered from 1 to n) is calculated according to the following equation:

. Trr(@) * Tres() .
Qrwu (1) =Tact'f— i=1,....,n (1)

BcrrL

where T, [LT"] is the plant functional type (PFT) specific actual transpiration, r¢,(i) [-] is the
root fraction of the i-th soil layer calculated using a PFT-dependent two-parameter exponential
function, r..s(i) [-] is the root resistance, and S [-] is the integral soil water availability (i.e.,
soil moisture limiting factor), which is used to normalized root resistances to one. The root
resistance factor at each soil layer is calculated as a linear function of the soil water potential,

Yswp () [LI:

soil soil
open ~Yelose

wswp (D) ~Velp,
Toos (D) = max | 0;min| 1;—2=F close i=1,....,n 2)

where the soil water potential at which stomata is fully open (354, [L]) and fully close ( soil

[L]) are predefined PFT-dependent parameters. The soil moisture limiting factor Bcrgr. is
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calculated as a weighted layer average of the root resistance factor with weights given by the

root fraction in each soil layer:
Berrr = Xi=17rr (D) * Tres (1) i=1..,n (3)

The soil moisture limiting factor ranges between 1 and near zero; it is applied in the calculation

of the maximum carboxylation rate, V. in order to take into account the effect of water

max’

stress on plant transpiration and photosynthesis.

In the novel HRWU scheme, the water uptake flux in each soil layer is calculated according to

the following equation:
Q) = Qsta(®) + Qcomp(i) i=1....,n (4)

where Qg4 [LT] is the distributed RWU resulting from a uniform water potential in the root zone

and Qcomp [LT] is the compensatory term (i.e. a plastic response of the root water uptake to

the vertical soil water distribution, i.e. its sum over all layers is zero). In the HRWU scheme Q4
is calculated as the product of the plant functional type-specific actual transpiration T,.; and a

partitioning term:
QStd(i) =TaCtSSF(l) i = 1,....,7’1 (5)

where SSF [-] is the standard sink fraction in the i-th soil layer, which is here assumed to be
equal to the normalized root distribution 7, which sums up to 1 when integrated across all soil

layers. The compensatory term in Equation (4) is calculated as follows:
Qcomp @ = Kcomp -SSF(i) - (lpswp Ok lpeq) i=1..,n (6)

where K¢omp, [LL'T] is the compensatory conductance per unit horizontal area (note that water
potentials are expressed in terms of water heads or water column heights), and ., [L] is the

equivalent or average soil water potential sensed by the plant:
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l/Jeq = Z?:lSSF(i) : 1/)swp ) (7)

According to Equation (6) and Equation (7), Qcomp represents the ability of the root system to
adapt its uptake in response to non-uniform distribution of soil water potential describing
mechanistically both of the processes of RWU adjustment [Feddes and Rijtema, 1972; Doussan
et al., 2006] and hydraulic redistribution [Neumann and Cardon, 20102; Meunier et al., 2017b].
That is, a positive value of Q.,mp indicates that the uptake rate at soil layer i is increased as
compared to the case of uniform soil water potential distribution while a negative value implies
its reduction. In this formulation, the HR process is an extreme case of compensatory RWU
occurring when the negative Q.o,mp term exceeds the atmospheric water demand scaled by the
root fraction. Under such reverse flow conditions the release of water from the roots is assumed
to be controlled by the same resistance as the water uptake process, which is a hypothesis that
needs to be validated by further experimental investigations. Moreover, as compared to other
parameterizations commonly implemented in LSMs, i.e., the model of Ryel et al. [2002], the
proposed formulation does not need a day-night switch to regulate the HR process, and the soil-
root conductance, i.e. K.,mp, IS not scaled with the soil water potential via empirical
relationships. Despite not explicitly solving for a coupled soil-root transport equation system, like
in the Amenu-Kumar approach, the macroscopic parameters of the model implicitly account for
the hydraulic architecture of the root system, because they are deduced from solutions of water

flow in a hydraulic architecture [Couvreur et al. 2012].

The actual transpiration flux T, is by definition lower (by a ratio Sygwy [-]) or equal to Ty, [L T

'], which is the transpiration flux obtained following the current approach of CLM based on the
15
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Monin-Obukhov similarity theory and assuming no soil water limitation. In the proposed HRWU
scheme, the water stress factor is now calculated as the ratio of water supply to potential
transpiration:

. _.leaf
Burwy = max (O; min (1; M)) ®)

Tpot

where K, [L L' T'] is the root system equivalent conductance, which is proportional to the leaf

leaf
close

water supply. [L] is the leaf water potential at stomatal closure, and T,, [LT'] is the
potential transpiration flux assuming no soil water limitation. As implemented in other LSMs
[e.g., Egea et al., 2011], the stress factor constrains the transpiration flux via the stomatal

resistance and, hence, is not anymore indirectly applied to the maximum carboxylation rate,

V.

Cmax

as done in the CTRL configuration of CLM. The underlying hypothesis of the HRWU
approach summarized in Equation (8) is that a hydraulic regulation depending on the water
potential in the leaves (or in the root collar) is applied to the atmospheric water demand (i.e.,

Tyot)- This regulation is exerted by a resistance described via a step function that keeps the
stomata opened when plant water potential is above a critical threshold (i.e., W$3f,), and

regulates the transpiration flux so that the leaf water stays equal to y!$3f_ , as observed in near-
isohydric plants [Klein, 2014]. This step function is an approximation of a non-linear response of
the plant to water stress conditions, which can be represented more precisely by including an
additional resistance term that is a non-linear function of the leaf water potential [Tardieu and
Davies, 1993] or using a non-linear plant vulnerability curve [Sperry et al., 1998]. Moreover, in
the current formulation the K. parameter does not account for the effect of the soil hydraulic
resistance. This simplification removes, therefore, the dependence of the upscaled root system
conductance to the soil water potential and soil hydraulic conductivity, as opposed to other
formulations that maintain the nonlinear relationship between the bulk root system conductance

parameter and the soil conditions [e.g., Sperry et al., 1998; Daly et al., 2004; Manzoni et al.,
16



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

2014, among others]. Analytical formulations of the soil resistance as a function of the root
density, the root radial resistance, and the bulk soil matric potential were derived by Schroder et
al. [2009] and Meunier et al., [2017b]. Overall, including the soil resistance will lead to
differences in the compensatory term as well as in the standard sink fraction and will reduce the
uptake and the exudation of water from and into drier soil layers (and reduce HR). Further
evaluation of the influence of the soil-root hydraulic resistance on the uptake at the root system
scale and how it should be implemented in an upscaled model needs further testing. Finally, the
current formulation of the model does not account for non-hydraulic strategies (i.e., chemical

signaling) that plants develop to regulate transpiration [Huber et al. 2014, Tardieu et al., 2015].

According to the equations above the HRWU scheme introduces three new plant-specific

leaf

parameters (i.e., Keomp, Krs, and ¥z,

), which are included in a lookup table describing the
physiological crop properties. These parameters (i.e., K.omp and K,) intrinsically account for
changes in the root density when prescribed according to the phenological development of the
plant and can be generalized as a single parameter when the root axial resistance is much
lower than the radial component, which also simplifies the parameterization of the model. These
macroscopic parameters can be predicted from measurable local structural and functional root
properties. For instance, Meunier et al. [2017a; 2017c; 2017d] provided mathematical functions
to estimate the global root conductance (i.e., K,) from architectural (“structural”) traits such as

root length and the distance between laterals, and hydraulic (“functional”) traits such as the

profiles of axial and radial conductivities along roots.
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2.3. Numerical experiments

Point-scale numerical simulations were performed with CLM standalone using both the CTRL
and HRWU model. The runs were carried out from the tillering (11 February 2014) to the
ripening period (14 July, 2014) using meteorological forcing (incoming shortwave radiation, air
temperature, precipitation, wind speed, air pressure, and humidity) at an hourly time step
observed at a neighbouring (~140 m distance) weather station. Precipitation and radiation were
modified in order to take into account the shelter schedule as described in Cai et al. [2016]. The
simulations were run at hourly time steps and results were stored at the same time frequency.
Both CTRL and HRWU model were initialized by interpolating the soil water content
measurements (at 10, 20, 40, 80, and 120 cm) to the default CLM vertical discretization. Finally,
monthly LAl values estimated from the measurements described in section 2.1 and predefined

crop-type static physiological properties were used for both model versions.

Soil porosity, saturated hydraulic conductivity, saturated matric potential, and Clapp-Hornberger
(CH) exponent, are estimated by default using pedotransfer functions (PTFs) based on soil
texture information (i.e., percentage of clay and sand); see Appendix A for further details on the
complete set of equations. Different soil scenarios were constructed in order to take into
account the uncertainty when using PTFs in ESMs; see Van Looy et al., [2017] for an
exhaustive review on the subject. The first scenario (SOIL-SCEN1) used the measured porosity,
which is consistent with the soil moisture measurements used to initialize the model. The
saturated hydraulic conductivity, the saturated matric potential, and the CH parameter were
computed according to the PTFs described in Appendix A, and by using the soil textural
information provided in section 2.1 for two soil horizons. Measured soil porosity and saturated

hydraulic conductivity was directly integrated into the models for the second scenario (SOIL-
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392
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396

397

398

SOIL-SCENT SOIL-SCEN2 SOIL-SCEN3
0[-] Topsoil (0-30 cm) 0.325 0.325 0.325
Subsoil (30-286 cm) 0.228 0.228 0.228
K4 [Mm/s] Topsoil (0-30 cm) 3.20-103 1.07:102 1.07-102
Subsoil (30-286 cm) 3.40-10°% 5.83:10% 5.83-10°%
Y, [mm] Topsoil (0-30 cm) 263.9 263.9 229.0
Subsoil (30-286 cm) 248.4 248.4 129.0
b [] Topsoil (0-30 cm) 2.930 2.930 2.45 (3.08)
Subsoil (30-286 cm) 2.935 2.935 1.46 (0.11)

Table 1: Texture-dependent soil characteristics used in the different SOIL scenarios. 6 is the porosity,

K, is the saturated hydraulic conductivity, . is the saturated matric potential, and b is the Clapp-

Hornberger parameter. Values in brackets in SOIL-SCEN3 represent the b exponent used for the

calculation of the hydraulic conductivity.

SCENZ2) while the saturated matric potential and CH parameter were estimated using the PTFs.
In the third soil scenario (SOIL-SCENS) the complete set of measured soil characteristics was
used in CLM. In this case, CH parameters were estimated by fitting the functional relationship of
the CH model to the available soil water content and soil water potential. The values used in the

three soil scenarios are summarized in Table 1.
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Figure 2: (a) Time evolution of the normalized root length density (NRLD) measured at different depths in
the minirhizotron facility. (b) Time-static root fraction interpolated into the CLM default vertical
discretization (i.e., 0.071, 2.792, 6.225, 11.886, 21.219, 36.606, 61.975, 103.802, 172.763, 286.460 cm).
The three root scenarios are obtained averaging the measurements over the first five (ROOT-SCEN1), all

(ROOT-SCEN2), and the last five weeks (ROOT-SCEN3) of the simulation period.

The vertical profile of the root distribution was specified by interpolating the normalized root
distribution extracted by the measurements described in section 2.1, whose temporal evolution
is depicted in Figure 2a, at the default vertical depths used in CLM. That is, the two-parameter
exponential function used in CLM to describe the static vertical root fractions was switched off.
Note also that the root fraction at the first soil layer was set equal to zero to avoid any influence
of the HR process on soil evaporation, as also argued in Li et al. [2012]. By default, most LSMs
assume a static representation of the vertical root distribution. In order to test the implication of
such an assumption in the CTRL and HRWU model configurations, three different root

scenarios were created by averaging the root distribution over different time windows of the
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427

428

429

430

431

HYDRA HYDRA HYDRA LEAF LEAF LEAF

SCEN 1 SCEN 2 SCEN 3 SCEN 1 SCEN 2 SCEN 3
Kcomp = Ky
1.834-108 5.036-108 6.045-108 5.036-108 5.036-108 5.036-108
[m*s'-MPa]
1/)5;1; [MPa] -1.56 -1.56 -1.56 -2.45 -1.56 -1.07

Table 2: Crop hydraulic properties used in the HRWU model in the different HYDRA and LEAF

scenarios. Kqomp is the compensatory conductance hydraulic conductivity, assumed equal to the root

leaf

hydraulic conductance (Ky). ¥ ..

is the leaf water potential at stomatal closure.

selected period (Figure 2b). That is, over the first five weeks (ROOT-SCENT1), the whole period

(ROOT-SCEN2), and the last five weeks (ROOT-SCENS3) of the simulation period.

The macroscopic root hydraulic properties introduced in the HRWU model were estimated
assuming the compensatory (K..,,) and root system (K,;) conductance as equal, which was
shown to be a valid assumption for relatively high root axial conductance [Couvreur et al., 2012].
As the root system architecture was not explicitly measured for the crop planted in the facility,
these parameters were obtained by inverse modeling, reproducing the observed dynamics of
the soil water status with a soil-plant hydraulic model (see Cai et al. [2017]). Specifically, in the
inverse modeling setup of Cai et al. [2017], K, (and K,,,,) Were updated each week (obtaining
22 values over the growing season) according to the ratio of the total root length at the
considered week and the root length at the week for which the initial K, was estimated using
inverse modeling with a genetic algorithm. The estimated root hydraulic parameters were found
to be consistent with forward calculations using literature values of root segment conductivities;

see Appendix B for further information on the comparison of inverse and forward calculated K,

21



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

values. In our study, three sets of parameters were extracted from the weekly time series to
mimic different root density conditions by averaging K,; values over the same time windows
used for the construction of the roots scenarios; namely, K, = 1.834:10% m s MPa™ for first
five weeks (HYDRA-SCEN1), K, = 5.036:10% m s MPa for all weeks (HYDRA-SCEN2), and
K,; = 6.045-10% m s MPa for the last five weeks (HYDRA-SCENS3) of the simulation period.
Finally, three scenarios were hypothesized according to plausible estimations of leaf water

potential values obtained from literature review [Wesseling et al., 1991; Tardieu and

Simonneau, 1998]; namely, %/ = -2.45 MPa (LEAF-SCEN1), v**/ = -1.56 MPa (LEAF-

close™ close

SCEN2), and y*“/ = -1.07 MPa (LEAF-SCENS3). The values used in the different scenarios are

close

summarized in Table 2.

The sensitivity experiments, which involve physiological (e.g., root distributions) and hydraulic
(e.g., root system conductance and leaf water potential) crop properties were performed for
each soil scenario. In doing so, SOIL-SCEN1 was selected as a reference configuration, which
also closely reflects the standard implementation of LSMs. We used full-period time-averaged
properties, by combining values from the ROOT-SCEN2, HYDRA-SCEN2, and LEAF-SCEN2
scenarios. The other configurations were obtained by changing one single parameter at a time,

which results in total of seven additional runs per soil scenario.

3 Results and discussion

The results of the proposed HRWU model are first evaluated by comparison with sap flow
measurements of transpiration fluxes and soil water content from TDR sensors installed at four
different soil depths. Results of the HRWU model are also compared with the CTRL RWU

scheme implemented in CLM. The model comparison and evaluation against observations are
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carried out for the three soil scenarios described in Table 1. In a second step, the sensitivity of
HRWU model in terms of transpiration, soil moisture, and compensatory fluxes variability, is
analysed by varying the newly introduced physiological parameters within plausible value
ranges found in the literature. These numerical experiments are performed using the reference
model configuration (i.e., SOIL-SCEN1). The sensitivity analysis is also used to develop a
mechanistic interpretation of the HRWU model response. Finally, the role of different root
distributions as well as their interplay with soil characteristics is investigated for both the CTRL

and the HRWU model.

3.1.  Model validation and benchmarking

The performance of the two RWU models in reproducing daily transpiration fluxes and hourly
soil water content at four different soil depths is summarized using Taylor diagrams [Taylor,
2001]. These plots (Figure 3) allow the simultaneous visualization of multiple statistical
parameters when comparing simulations with observations on a quarter disk. The radial
distance from its origin is the standard deviation of the simulated variable normalized by the
standard deviation of the observations (o,/0,); the REF line (normalized standard deviation = 1)
represents the variability of the observations. The azimuthal position indicates the linear
correlation between the simulated and observed variables ranging from 1 (horizontal line) to 0
(vertical line). In such a plot, the REF point at r=1 and o,=0, indicates perfect agreement
between observations and simulations while the radial distance from the REF point gives the

normalized root-mean-square error between observations and simulations.

Figure 3a compares the transpiration from the CTRL and HRWU model simulations based on

the three soil scenarios with the sap flow measurements. For the reference SOIL-SCEN1
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Figure 3: (a) Statistics of the simulated daily transpiration fluxes and (b) hourly soil water content
interpolated at the different measurement depths for the three soil scenarios. Note that at 40 cm depth the

metrics of the soil water content for SOIL-SCEN3 are outside the selected range.

scenario both models exhibit similarly good performance in terms of phase (i.e. good
correlation), a similarly overestimated variability (above the REF line o,/0, = 1), and thus similar
root-mean-square error with respect to the observations. The best performance of both RwU
schemes is achieved for the SOIL-SCENZ2 scenario, which uses for the topsoil a higher and for
the subsoil a lower saturated hydraulic conductivity. The performance of the models diverges
when the most detailed soil parameterization is used (SOIL-SCEN3), which also incorporates
fitted parameters describing the nonlinearity of the soil retention curves. In this scenario, the
HRWU scheme largely overestimates the variability of the transpiration fluxes compared to the
sap flow measurements. Overall, skills increase with respect to the reference soil configuration
for SOIL-SCENZ2 and decrease for SOIL-SCEN3. The analysis of the models skill shows also

that the results of both RWU models strongly depend on the soil characteristics. This implies
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that changes in the summarizing statistics are remarkable when using different soil scenarios

and less evident when switching between the two RWU formulations.

Figure 3b shows the model performances for soil moisture. Models skills largely differ for
different soil depths for all soil scenarios. While soil moisture dynamics are well reproduced at
10- and 20-cm soil depth for the SOIL-SCEN2 scenario, performance declines for deeper soil
levels. Both the CTRL and HRWU model largely underestimate the amplitude of soil moisture
variations at 10-, 20-, and 60-cm depth for the reference soil scenario SOIL-SCENT1. It is
remarkable that according to the correlation coefficient, the skill of both RWU schemes using
the three soil scenarios aligns along two correlation lines: the results for 10 and 20 cm align with
r = 0.5-0.6 while the results for 40 and 60 cm align with » = 0.8-0.9. This model response can
be explained by a too fast recession process in the topsoil layers caused by an adjustment of
the soil moisture profile from the initial conditions. Overall, while minor differences were found
for soil water content skill statistics between the two RWU formulations, such differences are
notable for the different soil scenarios of the same RWU model. Larger differences between the
CTRL and HRWU are observed at 40- and 60-cm depth where most roots are located. The
estimation of soil moisture dynamics clearly improves for the new HRWU model at these
depths. Overall, despite a plausible performance for both RWU models in reproducing the
observations, a systematic mismatch between simulations and observations can be observed,
which persists even when including detailed soil information (i.e., SOIL-SCENS3). This suggests
model structural errors (e.g., free-drainage boundary condition at the soil bottom) and/or
unrealistic model parameterization (e.g., high stone content not taken into account) that cannot

be compensated by the proposed RWU scheme.
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3.2.  Sensitivity analysis

Additional insight on the relative difference between the CTRL and HRWU model response

yields a sensitivity analysis by varying the two physiological parameters included in the HRWU

leaf

close> @S described in the scenario definition in section 2.3.

model, namely K,s (= Kcomp) and ¥
The time evolution of the simulated and measured transpiration fluxes (Figure 4a) shows that
the different crop hydraulic parameters play a major role. The model simulations diverge after
about day 92 until the irrigation event at day 119, and again toward the end of the simulation.
During most of the simulation time the transpiration is not supply-limited in the HRWU runs;
under such conditions a larger K,.; increases the supply, which explains why the upper bound of
the envelope almost coincides with the transpiration fluxes obtained using the HYDRA-SCEN2
crop hydraulic parameters (solid thick line in Figure 4a). This is also visible in the relation
between the equivalent soil water potential sensed by the plant (i.,)and the simulated
transpiration for the HYDRA- scenarios (Figure 5a). That is, root hydraulic conductance values
representing average or late stage growth conditions of the plant (i.e., HYDRA-SCEN2 and
HYDRA-SCEN3) determine the water stress conditions under relatively similar equivalent soil
water potentials, with strong water-limited conditions simulated at very negative values of soil
water potentials. On the contrary, supply limited conditions are extended for relatively high soil
water potentials, which may cover values relatively close to zero (i.e., relatively wet conditions),
when using low root hydraulic conductance values (HYDRA-SCENT1) that mimic an early stage
plant development with relative low root density. The CTRL and HRWU models respond
differently to the soil drying process (Figure 4a) with the HRWU model better matching the sap
flow measurement between days 105 and 118 before the irrigation event when the plants
experience water stress. The contrasting response between the two RWU models corroborates,
therefore, the role played by the revised water stress formulation as well as the hydraulic

compensatory effect (including the HR process) in simulating crop transpiration under dry soil
26
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Figure 4: (a) Time evolution of the measured and simulated transpiration fluxes at Selhausen

minirhizotron facility based on SOIL-SCEN1. The envelope of the HRWU model is defined by the min

(1.834-10® m s MPal) and max (6.045-10% m s MPa?) values of K, inverted during the simulation

period. (b) Same as (a) with the envelope of the HRWU model defined by the min (-2.45 MPa) and max (-

1.07 MPa) values of ¢

leaf
close*

The envelope of the sap flow measurements is the variability between the

five sensors. (c) Time evolution of the transpiration limiting factor (i.e., ) simulated by the CTRL and

HRWU model for the HYDRA scenarios. (d) Same as (c) for the LEAF scenarios.
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Figure 5: (a) Scatter plot between the equivalent soil water potential sensed by the plant (y,,) and the

transpiration fluxes for the HYDRA-SCEN1 (K, = 1.834-10% m s® MPa?), HYDRA-SCEN2 (K, =
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the LEAF-SCEN1 (3

1.07 MPa) scenario.

conditions, which has been investigated in previous studies for shrub, grasses, and trees [e.g.,
Caldwell et al. 1998; Oliveira et al. 2005; Domec et al. 2010; Verma et al. 2014] and more

recently for seasonal plant species [Soylu et al. 2017; Meunier et al. 2017b].

The sensitivity of the simulated transpiration fluxes to the use of different leaf water potential
values is evaluated in Figure 4b. In this case, the variability introduced by the physiological
property of the crop induces changes in the HRWU model response that tend to be triggered
later in time (~ 110 d) and to be more pronounced right before the irrigation event and towards
the end of the simulation period. Figure 4c and Figure 4d shows the time evolution of the

transpiration limiting factor (i.e., B) for both RWU model formulations and considering both the
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Figure 6: Time evolution of the simulated soil water content for the HYDRA (left) and LEAF (right)
scenarios of the HRWU model. Values represent the average between the scenarios described in section
2.3 while the yellow contour lines indicate the standard deviation. Note that the range in the contour lines
is between 0.002 and 0.021 with an interval of 0.005. Thicker lines indicate larger spread in the simulation

results.

HYDRA and LEAF scenarios of the HRWU model. Results confirm less supply-limited
conditions, especially for the HYDRA-SCEN1 and LEAF-SCEN3 scenarios, and a delayed onset
of the water stress conditions simulated by the HRWU model. Accordingly, between 90 and
150d of the simulation time period, the average water limiting factors for CTRL is BerrL =
0.83 and Byrwu-nypra-scent = 0.97, Burwu-nypra-scenz = 0.96, Burwu-nypra-scenz = 0.86
for the HYDRA scenarios, while Bprwu-Lear-sceni = 092, Burwu-Lear-scenz = 0.96,
and Byrwu—rear—scens = 0.99 for the LEAF scenarios. Overall, the total amount of transpiration
during the growing season measured with the sap flow sensors (between 99 and 144d of the
simulation time when sap flow was measured) is 71.1+12.3 mm while the cumulative value
simulated with the CTRL model is 53.81 mm. Cumulative values simulated by the HRWU model
are 55.0+£12.3 mm and 57.9+9.2 mm for the HYDRA and LEAF scenarios, respectively. These
bulk quantities indicate a relative difference between the two RWU approaches of about 2-7% of

the total transpiration measured by the sap flow sensors with about 13-17% variations among
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Figure 7: Vertical profile of soil moisture differences between the CTRL and HRWU model scenarios at
the end of the simulation time period. Horizontal lines indicate the standard deviation of the HYDRA (a),

LEAF (a), and ROOT (b) scenarios.

the different HRWU model scenarios, which reflects the non-negligible impact of the large
uncertainty of its hydraulic parameterization. Finally, it is noteworthy that the spread/envelope in
the sap flow measurements shown in Figure 4a and Figure 4b, which can be attributed to the
variability between the five sensors, is comparable or even larger, than the one related to the
variation of physiological parameters introduced in the HRWU model. Moreover, the spatial
variability in the transpiration fluxes might also reflect variability in the physiological properties
and/or rooting depth within the population of plants, which is not taken into account in the

current HRWU model parameterization.

The relation between the equivalent soil water potential sensed by the plant (y.,) and the
simulated transpiration shown in Figure 5 for the HYDRA and LEAF scenarios provides a
mechanistic interpretation of the HRWU model response. Here, it is important to recall that K,
controls the slope of the water supply curve (defined by the numerator in Equation (8) and

representing the transpiration as a function of the equivalent soil water potential when the leaf
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Figure 8: Time evolution of the compensatory flux for the HYDRA (left) and LEAF (right) scenarios of the

HRWU model. Values represent the average Q.omp between the scenarios described in section 2.3 while

the yellow contour lines indicate the standard deviation. Note that the range in the contour lines is
between 0 and 4.0-10-6 with an interval of 1.0-10%. Thicker lines indicate larger spread in the simulation

results.

water potential is equal to wéf;fe) while ¢§§§Sfe represents the intercept of such curve with the soil
water potential x-axis; see sketch in Figure 1 of Couvreur et al., [2014] for a more complete
discussion. Accordingly, the possible range of soil matric potentials generating water limitation is
extended up to wetter soil conditions for lower K,.. (e.g., due to low rooting density), though the

range of soil matric potentials actually experienced by the plant in our simulation is narrower

due to the reduced transpiration rates (blue dots in Figure 5a). Figure 5b illustrates that moving

wgigsfe toward less negative values (e.g., 0.5 MPa shift from black to red dots), translates water
limitation to higher water potentials (i.e., wetter soil conditions), but the slope of the relation
between supply limit and soil matric potential is conserved. The plant drought strategy mimicked
by the HRWU model is, therefore, an approximation of the isohydric response where plants
close their stomata rapidly maintaining a relatively high water potential along the supply limit line

to lessen embolism. Recent findings reported by Martin-StPaul et al. [2017] and obtained

combing a meta-analysis of plant hydraulic traits and numerical simulations demonstrate the
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coordination between stomatal closure and the plant hydraulic capacity. That is, the stomatal
behaviour and the maintenance of the supply capacity of the plant hydraulic system evolve
along different trajectory under drought conditions. The testing of such plant functioning with the
HRWU model would require an upgrade of its current formulation including also a dynamic

calculation of the whole plant resistance according to the concept of plant vulnerability curve.

Figure 6 shows the time evolution of the average vertical profile of soil moisture for the HYDRA
(i.e., perturbation of the compensatory and root conductance) and LEAF (i.e., perturbation of the
leaf water potential) scenarios of the HRWU model. In these plots, the variability within each
scenario is represented by yellow contour lines. A visual inspection of the plots confirms the
larger sensitivity, within the ranges of specific selected values, of the HRWU model response to
changes in the root conductance (and compensatory) term, as also indicated by the density and
thickness of the contour lines for the simulation results of the HYDRA scenario. The spread in
the simulation results of the LEAF scenario appears just before the irrigation event and at the
end of the simulation period. Moreover, the overlay between the average soil moisture
conditions and standard deviation of each scenario shows that the variability in the model
response coincides also with the attainment of an 'adjusted’ vertical profile of soil moisture from
the interpolated measured initial conditions. That is, during the first part of the simulation the soil
moisture hydrodynamics buffer the variability induced by the perturbation of the crop
physiological properties associated both to the hydraulic compensation and HR processes,
which compares well with findings of a previous study by Siqueira et al. [2008]. Figure 7 shows
the vertical profile of the soil moisture difference between CTRL and HRWU scenarios at the
end of the simulation time period (t = 150 d). This plot provides an integrated measure of the
impact of the two RWU formulations on the soil water balance, and indicates that soil moisture

differences (CTRL-HRWU scenarios) range between -0.0025 and -0.024 at the topsoil (0-11.8
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Figure 9: (a) Vertical profiles of the cumulative RWU components of the HRWU model, namely RwU

under uniform soil water potentials (Qs:q) and the compensatory RWU (Qcomp)- Horizontal lines indicate

the standard deviation of the HYDRA scenarios. (b) Same as (a) for the LEAF scenarios.

cm) and between positive 0.003 and 0.021 at the subsoil (36.6-61.9 cm) layers. This indicates
that the HRWU model simulates wetter and drier soil moisture conditions at the top and bottom
soil layers, respectively. Another interesting aspect found from the analysis of the vertical
profiles of soil moisture differences is that changes of transpiration fluxes induced by the
HYDRA scenario generate larger soil moisture variability especially between 11.8 and 103.8 cm

soil depth.

Figure 8 shows the time evolution of the compensatory flux for the HYDRA and LEAF scenarios
of the HRWU model, with positive values indicating an increased uptake rate at the considered
soil layer as compared to the case of uniform soil water potential distribution while negative
values implying its reduction. Accordingly, a larger water uptake is occurring between 61.9 and
103.8 cm soil depth for both the HYDRA and LEAF scenarios, with the latter scenario

characterized by larger compensatory rates as also indicated by the analysis of the soil moisture
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profiles differences at the end of the simulation period (Figure 7). A cross comparison of the two
plots indicates also the active role of the compensatory RWU process in taking up more water
from deep soil layers during the drying phase of the simulation and the inverse occurring for few
days right after the irrigation event at 119 d simulation time. Figure 9 shows the partitioning of
the RWU into the standard (assuming uniform water potential distributions) and the
compensatory component at different soil depths. According to Equation (5) and Equation (6),
the standard RWU component mirrors the root fraction distribution (see Figure 2) with a
maximum at 61.9 cm soil depth. The compensatory term peaks at 103.8 cm soil depth due to
the locally stronger gradient between the equivalent soil water potential sensed by the plant and
the soil water potential. Cumulated over the whole simulation time period, the compensatory
term of the HRWU sensitivity experiments varies between 14+7% at 103.8 cm and -12+2% at
2.7 cm soil depth of the total transpiration for the HYDRA scenarios, and between 16+3% and -
13+0.8% at the same soil depths for the LEAF scenarios. The magnitude of water fluxes
associated with HR can be quantified by screening for negative compensatory RWU fluxes that
are higher in absolute value than the standard uptake term. At the minirhizotron experimental
setup such conditions mostly occur between 2.7 cm and 11.8 cm soil depth and within a range
of 10£3% and 12+0.4% of the total transpiration for the HYDRA and LEAF scenarios,
respectively. These estimates reflect probably the special atmospheric conditions (i.e., low solar
radiation) due to the sheltering of the facility, which may favour the occurrence of the HR
process. Indeed, by screening also for nighttime conditions, when most likely the HR process
takes place under unsheltered conditions, its contribution drastically decreases to 4+1% and
5+0.3% for the HYDRA and LEAF scenarios, respectively. Overall, this numerical assessment
of the HR process, which is in agreement with previous numerical studies [e.g., Quijano and
Kumar, 2015] suggest, therefore, the importance (and the associated uncertainty) of the HR

process for cropland under prolonged water stress conditions.
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3.3. Role of roots and soil characteristics

The sensitivity of the CTRL and HRWU model response to the different root distribution is
shown in Figure 10 and Figure 11. The onset of the envelope characterizing the variability of the
transpiration fluxes (Figure 10) appears slightly delayed by a few days in the HRWU model, as
can be observed from a close comparison of the models response between 105 and 110 d

simulation time. This could be attributed to the redistribution of the soil moisture in the shallower

layers that alleviates differences between the HRWU model configurations due to the use of
different root fraction scenarios. On the contrary, towards the end of the simulation, i.e. between
130 and 145 d, the HRWU model experiences a slightly larger sensitivity to the root distribution.
Indeed, as the simulation advances in time, and hence the soil gets drier, deeper layers sustain
the transpiration, as can be inferred from the downward shift in the soil moisture variability
depicted in Figure 11. Under such conditions, the HR process takes place mostly within soil
layers at 2.7-21.2 cm depth while the uptake of water increases in the deeper soil layers where
contrasting root fractions characterize the ROOT scenarios, which ultimately explains the larger
spread in the transpiration fluxes simulated by the HRWU model at the end of the simulation
time. Figure 11 provides also a way to better identify the impact of the RWU formulations to the
simulated soil moisture distribution. Specifically, according to the formulation implemented in the
CTRL model, which controls the partitioning of the transpiration via a locally-defined wilting
factor, as the simulation advances in time drier conditions and stronger soil moisture gradients
are simulated at shallower (i.e., 0-21.2 cm) soil depths while the water content steadily and
smoothly decreases at deeper layers (i.e., 61.9-103.8 cm). A different response can be
observed for the HRWU model due to the simulation of the HR process and to the centralized
response of total water uptake to leaf water potential (as opposed to a sum of local responses to
soil water potential in the CTRL). That is, soil water content is uniformly redistributed in the first

soil layers with a more pronounced decrease simulated at 61.9-103.8 cm due to the active role
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Figure 10: (a) Time evolution of the measured and simulated transpiration fluxes for the CTRL model at
Selhausen minirhizotron facility based on SOIL-SCEN1, and with the envelope defined according to three

root distributions depicted in Figure 2b. (b) Same as (a) for the HRWU model.

of roots in lifting water to upper soil layers (see Figure 8). Note also that at this depth (i.e., 40
cm) soil moisture variability simulated by the HRWU matches better with the observations
(Figure 3) for the reference soil scenario (i.e., SOIL-SCEN1). Overall, it appears that in the
HRWU model a larger extent of the soil vertical profile is involved for satisfying the atmaspheric
water demand, which may contribute to better predictions of cropland drought response

simulated by ESMs.

The connection established between soil moisture hydrodynamics and plant hydraulic properties
constitutes an important piece of information that has been missing previously to evaluate
different RWU formulations and approaches. Figure 11 shows the role of roots distributions and
soil parameters in determining the transpiration fluxes for both RWU formulations. The standard

deviation represents the variability induced for each SOIL and ROOT scenario by changes in
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Figure 11: Time evolution of the simulated soil water content for the CTRL (left) and HRWU (right) model.
Values represent the average between the ROOT scenarios shown in Figure 2b while the yellow contour
lines indicate the standard deviation. Note that the range in the contour lines is between 0.002 and 0.011

with an interval of 0.003. Thicker lines indicate larger spread in the simulation results.

the vertical root fractions (Figure 12a and Figure 12b) and soil characteristics (Figure 12¢ and
Figure 12d), as described in section 2.3, respectively. Results indicate that the standard
deviation is generally larger for the transpiration fluxes simulated by the HRWU model. The
larger temporal variability of the standard deviations of simulated transpiration by the HRWU
model for different root distributions model also suggests a stronger interdependence between
soil moisture states and plant growth stages (i.e., root vertical distribution) in the regulation of
the transpiration flux in the hydraulic RWU formulation. Moreover, the analysis of the standard
deviation confirms that the variability induced by both treatments (i.e., root and soil
perturbations) increases when plants experience water-stress conditions (i.e., 105-119 d and
130-145 d) for both RWU formulations. Finally, the deviation in the transpiration fluxes for
different soil and root parameterizations is triggered few days later in the HRWU model
simulations when using SOIL-SCEN1 and SOIL-SCEN3, which coincides with a delayed onset
of water stress in the hydraulic RWU model. The analysis of the standard deviation for each

SOIL and ROOT scenario was also performed for the simulated soil water content at different
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Figure 12: Time evolution of the standard deviation of the transpiration fluxes within the SOIL (top) and
ROOT (bottom) group for the CTRL (left) and HRWU (right) model(s). The standard deviation of each
SOIL and ROOT member represents the dispersion between the transpiration fluxes of the root and soil

scenarios, respectively.
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SOIL ROOT

FULL-PERIOD 0.011 0.1039
(0-150 d)
STRESS-PERIOD 0.032 0.438

(105-119 d; 130-145 d)

Table 3: Significant (below 0.01) coefficient of multiple determination (R? from a one-way ANOVA of the

difference (i.e., CTRL-HRWU) between the transpiration fluxes for the SOIL and ROOT treatments.
Values are obtained considering the complete time period and time windows where crops are susceptible

to water stress conditions.

soil layers (see details in Supplement 1). The variability induced by changing the root
distributions and soil parameterizations is to a large extent consistently reproduced between the
two RWU formulations across the SOIL and ROOT scenarios. Subtle but significant differences,
however, can be detected in the analysis of the SOIL scenarios. In particular, slightly lower
standard deviation is induced by the perturbation of the root fractions at the first soil layers (i.e.,
2.792 and 6.225 cm) and a remarkably larger deviation (especially for SOIL-SCEN2) at the
bottom layer (i.e., 61.975 cm) in the HRWU model. These are the soil depths mainly affected by
the compensatory and the HR process, which supports the findings of a previous study by
Siqueira et al. [2008] and Katul and Siqueira [2010] suggesting that the effectiveness of the HR

is mainly controlled by the root vertical distribution.

Finally, a one-way analysis of variance (ANOVA, see Appendix C) was performed in order to
evaluate the role of root against soil parameters in explaining the difference in the transpiration
flux and soil water content between the two RWU models. In particular, the ANOVA was applied
to the difference of CTRL and HRWU transpiration fluxes, eliminating the temporal variability,
and evaluating the three SOIL and ROOT scenarios described in section 2.3 as two groups of

treatments. Moreover, the analysis was repeated considering the entire simulation period and
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LAYER 2 LAYER 3 LAYER 4 LAYER 5 LAYER 6 LAYER 7
[2.792 cm] [6.225cm] | [11.886cm] | [21.219cm] | [36.606 cm] | [61.975 cm]
SOIL 0.038 0.047 0.081 0.092 0.157 0.026
(0.109) (0.172) (0.288) (0.304) (0.452) (0.090)
ROOT 0.134 0.180 0.224 0.168 0.060 0.228
(0.224) (0.327) (0.353) (0.286) (0.225) (0.579)

Table 4: Significant (below 0.01) coefficient of multiple determination (R? from a one-way ANOVA of the

difference (i.e., CTRL-HRWU) between the soil water content at different layers for the SOIL and ROOT
treatments. Values are obtained considering the complete time period and time windows where crops are

susceptible to water stress conditions (values in brackets).

the two limited time windows (i.e., 105-119 d and 130-145 d) when plants were susceptible to
water-stress. Table 3 contains the resulting coefficient of determination (R?) with a 0.01
significance level tested with a F test. Large values of R? indicate that a large part of the total
variability is induced by the respective treatment, assuming a linear relationship. The results
clearly highlight the dominant role of the ROOT parameters in explaining the difference between
the CTRL and HRWU model, especially under drier soil conditions. The ANOVA was repeated
for soil water content differences between CTRL and HRWU, simulated at different layers
between 2.79 and 61.97 cm soil depth (Table 4). Results of R? confirm that the ROOT
parameters largely explain the variance in the difference between CTRL and HRWU model
response for most of the soil layers. The model layer at which the SOIL parameters explains

most of the variability coincides with minor differences between the ROOT scenarios.

4 Parameterization of the HRWU model

In ESMs, the physiological characteristics of the vegetation are defined via a lookup table

containing the parameters values describing the aerodynamic, optical, rooting depth, and
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photosynthesis properties of the individual plant functional types. For many ESMs, these
parameters are assumed homogeneous in space and constant in time, assumptions which are
retained also for the newly introduced plant hydraulic properties of the HRWU model. In the
present study, the use of an experimental setup based on the detailed measurements of the
minirhizotron facility allowed the characterization of the plant hydraulic parameters whose
uncertainties are major drivers of variability in the model response [Feddes et al., 2001], as
shown in the sensitivity analysis of section 3.1. Therefore, the application of the HRWU model
over different setups, including also large domains with heterogeneous land cover and
undersampled but climatically important regions, poses the challenging task of identifying a set
of representative hydraulic parameters for each plant functional type. In this context, different
feasible approaches how to parameterize the HRWU model are outlined in the following
paragraph. While these different approaches have been identified according to previous studies
focused on the analysis of processes at the plant scale, their effectiveness in providing
representative root hydraulic properties over a generic plant category classification, as implied
in the definition of PFTs, would require further work. In particular, such generic PFT hydraulic
parameters could be cross-validated with values obtained from proxy plant characteristics
extracted from globally assembled databases of plant traits, e.g., Global Plant Trait Network
[Wright et al., 2004] and TRY [Kattge et al., 2011] and by exploiting emerging trait correlations
determined by physical constraints as well as those reflecting strategic plant trade-offs (e.g., the
coordination between the root in terms of root hydraulic conductance and the shoot as reflected
in the stomatal conductance), as recently outlined by Kueppers et al. [2016] for improving PFTs

parameterizations in ESMs.

An approach for assessing root system hydraulic parameters consists in the mathematical

modeling of the plant hydraulic architecture. This approach was previously implemented by
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Couvreur et al. [2012; 2014b] for maize and winter wheat based on root architectures
reconstructed with the root growth model RootTyp [Pages et al., 1989]. In their study, literature
data on root growth rates, branching patterns, angles, etc. for each root type were
complemented by root length density and plant density data to create realistic architectures.
Root radial and axial hydraulic data for each root type were then used to calculate K,
mathematically. Recently, a web application (MARSHAL;
https://plantmodelling.shinyapps.io/marshal/) has been developed in order to automatically
generate realistic root system architectures with the root growth model CRootBox [Schnepf et
al., 2018] and to calculate directly K,.; and K, as separate parameters. This novel workflow,
which is also suitable for the coupling with sensitivity analysis algorithms, has been tested for
maize crop by Meunier et al. [2016] using observed hydraulic conductivities of the full crop cycle
reported in literature. Values obtained by implementing this web application range between 108
and 4107 m-s'-MPa for 30 to 70 days old maize plants matching measured root length
densities and assuming 9 plants per square meter. This mathematical parameterization
approach is also a viable solution when root system architecture is measured directly from
rhizotrons or computed tomography scans. The second approach envisioned for the HRWU
parameterization by Couvreur et al. [2014a] is the direct translation of parameter tables from a
widely used RWU model [Feddes et al., 1978], for which libraries are available in both LSMs
and crop models. While the equations of these two models differ, they both base their
parametrization on a soil water potential at which stomata start to close (called smpso in LSMs
and hzin crop models), and a soil water potential at which water may not be extracted from the

soil (called smpsc in LSMs and hs in crop models). Following Couvreur et al. [2014a], K, in

isohydric plants equals hT”—"; Parameter tables from Wesseling et al. [1991] or Leng et al.
2713

[2016] yield K, values of 6-10® to 1.5 107 m-s'-MPa™ for maize, which are in the range

estimated with MARSHAL [Meunier, 2017]. This second approach could be crucial as it is the

42



841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

most straightforward and because the possibilities of parameterization via the aforementioned
mathematical modeling approach are limited or costly for some plants such as trees. Inverse
modeling techniques could be identified as a third solution to estimate effective properties that
are hardly measurable, such as hydraulic properties representative for the plant and soil at the
field scale. In these techniques, parameter values that yield the best match between simulated
and observed variables are assumed optimal. For instance, this was implemented from
combined modeling and observations of deuterated lupine root water uptake in a rhizotron
[Zarebanadkouki et al., 2016], the modeling and observation of water isotopologues uptake by
ryegrass roots in a rhizotron [Meunier et al., 2017b], and the modeling and observation of soil
water dynamics in a winter wheat field [Cai et al., 2017]. The aforementioned inverse modeling
studies focused on the estimation of the hydraulic properties of root segments or the hydraulic
properties of the entire root system. Also the root distribution, which reflects the range of depths
from which plants can extract water, is an important characteristic of the hydraulic root
architecture. Inverse modeling approaches have been used for the global estimation of plants
rooting depth by Schenk and Jackson [2005], Schenk [2008], Gao et al. [2014], and Fan et al.
[2017] as a function of local climate, soil properties, and groundwater levels. In addition to
adapting the rooting depth to the environment, also root density affects the plants water uptake
capacity. Cai et al. [2018] showed that, for the same minirhizotron facility used in our study, the
relations between root system properties (root density and depth) were important to explain the
effect of the adaptation of root systems to soil and meteorological conditions (e.g. drought
stressed versus well-watered) on the root system water uptake capacity. Finally, the direct
measurement of K, with a high-pressure flow meter [e.g., Tyree et al., 1996] or a pressure
chamber [Miyamoto et al., 2001; Parent et al., 2009; Alsina et al., 2011; Caldeira et al., 2014]
could be identified as the fourth viable approach to parameterize the model. While these

approaches have also the advantage of providing a detailed characterization of the variability of
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the hydraulic traits within the same population of plants, their application at regional and/or

global scale remains elusive as it requires the deployment of large-scale monitoring networks.

5 Summary and conclusions

This work presented the integration of a macroscopic RWU model based on the hydraulic
architecture approach (HRWU) in the land surface component, CLM (version 4.0), of a
terrestrial systems modeling platform. The model is based on three macroscopic parameters,
namely, the compensatory RWU conductance, the root system equivalent conductance, and the
leaf water potential at stomatal closure, which implicitly account for the full root system hydraulic
architecture and its regulation on the transpiration process. The proposed RWU scheme was
tested by performing point-scale numerical simulations based on the detailed information of a
sheltered minirhizotron facility located in Selhausen, Germany. Specifically, the model was
parameterized for a generic crop plant functional type according to continuous monitoring of the
plant growth process (i.e., rooting depth) and using crop hydraulic characteristics retrieved from
inverse modeling with a soil-plant hydraulic model setup for the same study site. Model results
were compared against sap flow transpiration fluxes and soil moisture content measured at
different depths using time-domain reflectometry sensors and benchmarked with the standard
RWU scheme (CTRL) implemented in CLM. Sensitivity numerical experiments were also
conducted in order to take into account the uncertainty in the parameterization of crop

physiological properties as well as their interplay with soil hydraulic characteristics.

The results showed plausible response for both RWU schemes when compared to the available
measurements of transpiration and soil moisture when using the reference soil scenario that

more closely reflects the standard implementation of CLM. In particular, summarizing statistics
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of the Taylor diagram indicated a good agreement in terms of phase, slight overestimation of
temporal variability, and larger values for the normalized root-mean-square error of the
simulated transpiration. Poorer performances were obtained for the simulated soil moisture,
which was mainly related to a strong underestimation of the standard deviation due to the
adjustment from the coarsed-interpolated initial conditions. Notably, similar performance
statistics were found for the CTRL model configuration, except for the soil layer with a larger
fraction of roots where the HRWU model outperforms the CTRL configuration. However, an
analysis of the model performance statistics obtained using different soil scenarios indicated a
strong dependence of both model skills to the adopted soil parameterization. This implies that
differences in performance statistics between the two RWU formulations were minor if
compared to those reflecting different soil characteristics scenarios. The qualitative analysis of
the simulated transpiration fluxes and the water limiting factors identified water stress conditions
as periods when substantial differences were detected between the CTRL and the HRWU
approach, the latter matching better with the sap flow measurements. Moreover, a visual
inspection of the time evolution of the vertical profile of soil moisture showed the role of the
hydraulic compensation in taking up more water from the deeper soil layers and the
redistribution of water from deeper to shallower soil layers by HR process, which explained the
slightly higher transpiration simulated by the HRWU model after prolonged dry conditions due to
the sheltering of the facility. Quantitative differences between the two RWU models were around
2-7% of the total transpiration measured by the sap flow sensors, with about 13-17% variations
among the different HRWU model scenarios reflecting the impact of the large uncertainty

associated to its hydraulic parameterization.

The sensitivity of the HRWU model to the newly introduced physiological parameters was

assessed by using values retrieved from literature for the leaf water potential at stomatal closure
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and values reflecting different growth stages of the plant for the root system equivalent
conductance. Results showed the important role played by the new parameters in modulating
the transpiration and soil moisture distribution after prolonged dry conditions. The results of this
sensitivity analysis provided also a mechanistic interpretation of the HRWU model response.
Specifically, the range of soil matric potentials generating water limitation is extended up to
wetter soil conditions if the root equivalent conductance is sufficiently low while the range of soil
matric potential generating water limitation is translated when changing the leaf water potential.
Finally, an analysis of variability across the soil and root scenarios indicated that differences in
soil water content are mostly simulated through the root distribution, while the transpiration flux

in both RWU models is additionally determined through the soil characteristics.

Overall, the effort presented in this work is well aligned with the improvements contained in the
recent release of CLM (version 5.0) representing a plant hydraulic stress and emphasized in the
roadmap discussed in Rogers et al. [2017] for improving the photosynthesis process in ESMs.
The insights gained using the experimental setup of this study highlight, however, the need of
performing large scale (i.e., continental/global) simulations spanning longer time periods,
contrasting climate regimes, and vegetation types characterized by different physiological
properties. These efforts will serve as basis (i) for verifying to which extent inversely calculated
plant hydraulic parameters apply to a generic PFT classification as well as (ii) for a sound
evaluation of the HRWU model response according to the parameterization approaches outlined
in section 4. These large-scale simulations will give also the opportunity to better substantiate
the response of the proposed HRWU scheme with emerging plant properties (e.g., evaporation-
transpiration partitioning) retrieved from extended monitoring networks and remote sensing
products of ecosystem fluxes. In this context, the implementation within a coherent modeling

framework of different RWU approaches and plant water stress formulations appears relevant
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for providing a strong basis for the development of ad-hoc intercomparison studies. These
initiatives are the foundation for a systematic quantification of the uncertainty associated to the

estimation of the transpiration fluxes in ESMs during drought periods.
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Appendix

A. Pedotransfer functions

The soil hydraulic properties are determined from soil texture (i.e., sand and clay contents)
based on the work of Clapp and Hornberger [1978] and Cosby et al. [1984]. According to these

formulations the porosity of the mineral soil is calculated as

6 = 0.489 — 0.00126 - (%sand), (A1)
the saturated hydraulic conductivity is equal to

K,,; = 0.0070556 - 10~0-884+0.0153-(%sand) ’ (A.2)
the saturated soil matric potential is

lpsat — _100 . 10188—00131(%5617161)’ (As)

and the exponent of the soil characteristic curve is estimated as
b =291 + 0.159 - (%sand). (A.4)

Note that in the complete formulation the pedotransfer functions are modified to consider the
soil organic content. This is, however, not taken into account in the parameterization of the

model for the minirhizotron facility.

B. Inverse and forward calculation of K,

To compare the values of Kis derived from the architecture model (i.e., forward approach) and
from the inverse modeling, the units of the two conductances (architecture model: conductance
of a single plant given in cm?® hPa™ d, inverse modeling: conductance of the root system below

a unit surface area given in h') had to be matched. Therefore, pressure differences were
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expressed in terms of pressure heads (cm) and the conductance was normalized by the total
root length so as to obtain the conductance per unit of root length: cm h-', which was from cm3
h'' (transpiration rate) cm™ (pressure head difference) cm™ (root length). The conductance
derived from the architecture model, Kis rq, had to be divided by the total root length of a plant
RLry / plant. Kis = Kis ra/ (RLFg / plant). The conductance obtained from the inverse modeling
Kis v had to be divided by the total root length under one unit of soil surface area (A) RLyv / A.
The latter total root length corresponds with the depth integral of the root length density (RLD).
Therefore, observations of roots in the rhizotubes were transformed to RLDs. However, there
are two ways to calculate the total root length according to Cai et al. [2016]. One assuming that
the root length obtained from the volume of multiplying the area of the root image by the view
depth of the camera. The other one assuming that the roots would grow nearly vertically in
absence of the rhizotube, in a soil volume with height, width, and depth respectively
equal to the diameter, radius of the rhizotube, and width of the image, the projected root
length equals the number of intercepted roots times by the diameter of the rhizotube. Therefore,
for the conductance obtained from the inverse modeling, Kis' = Kis v/ (RLiv 1/ A) or Kis” = Kis v/
(RLw 2/ A). The values of Kis from the forward calculation is 1.48:107 cm h™' while K;s’and Kis”
obtained from the inverse modeling using the two methods to obtaining the total root length are

1.54:-108 cm h'' and 1.26-107 cm h'', respectively, after converting the unit.

C. Analysis of variance

A one-way analysis of variance (ANOVA; von Storch and Zwiers, [1999]) is used to examine the
role of SOIL and ROOT parameters on the variability of the transpiration flux and soil water
content differences between HRWU and CTRL. The ANOVA is a generalization of the student’s
t test with more than two treatments (ROOT and SOIL), based on J samples (3 scenarios each)

of size n (number of days being evaluated), represented by random variables Y;; for i = 1,...,n
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and j = 1,...,J. Here, Y;; represents the difference of the transpiration flux and soil water content

as HRWU-CTRL, respectively. With element i of sample j, we can define a linear statistical

model
Yij = u + a]- +£ij (B1)
to examine the variability of the transpiration flux and soil water content differences (Y;;) due to

the SOIL and ROOT parameters. The mean of each sample is described by u = %Zfﬂuj and

the coefficients a; = u; — u describe the treatment effect (i.e., the linear relationship between
the mean and the ROOT and SOIL scenarios, respectively). The statistical error is described by

Ej~ N(O, 0'2).

The total variability of this statistical model is then defined by the total sum of squares

SST =37y Xy (Vi = Yo0)? (B.2)

and can be decomposed into a treatment sum of squares

SSA =n¥_ (Vo5 — Yo0)?, (B.3)

which defines the variability induced by ROOT and SOIL parameters. Here, Y,, is the unbiased
estimator of u and the notation “0” indicates the average over the missing subscript.

Additionally, we consider the sum of squared errors

SSE =n¥l_ (Y — Y,))? (B.4)
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to calculate the adjusted coefficient of multiple determination for the SOIL and ROOT

parameters, i.e.

ssA—-2=L ssE

2 o=
R? =— Lo (B.5)

R? ranges from 0 to 1 and indicates the proportion of variability in the response variable
(differences of the transpiration flux and soil water content as HRWU-CTRL) induced by the
treatment (SOIL and ROOT parameters), assuming a linear relationship. The higher R?, the

more variability is induced by the SOIL or ROOT parameters, respectively.

D. Supplementary data

The following is Supplementary data to this article:
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