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Abstract 20 

A detailed representation of plant hydraulic traits and stomatal closure in land surface models 21 

(LSMs) is a prerequisite for improved predictions of ecosystem drought response. This work 22 

presents the integration of a macroscopic root water uptake (RWU) model based on the 23 

hydraulic architecture approach in the LSM of the Terrestrial Systems Modeling Platform. The 24 

novel RWU approach is based on three parameters derived from first principles that describe 25 

the root system equivalent conductance, the compensatory RWU conductance, and the leaf 26 

water potential at stomatal closure, which defines the water stress condition for the plants. The 27 

developed RWU model intrinsically accounts for changes in the root density as well as for the 28 

simulation of the hydraulic lift process. The standard and the new RWU approach are compared 29 

by performing point-scale simulations for cropland over a sheltered minirhizotron facility in 30 

Selhausen, Germany, and validated against transpiration fluxes estimated from sap flow and 31 

soil water content measurements at different depths. Numerical sensitivity experiments are 32 

carried out using different soil textures and root distributions in order to evaluate the interplay 33 

between soil hydrodynamics and plant characteristics, and the impact of assuming time-34 

constant plant physiological properties. Results show a good agreement between simulated and 35 

observed transpiration fluxes for both RWU models, with a more distinct response under water 36 

stress conditions and with uncertainty in the soil parameterization prevailing to the differences 37 

due to changes in the model formulation. The hydraulic RWU model exhibits also a lower 38 

sensitivity to the root distributions when simulating the onset of the water stress period. Finally, 39 

an analysis of variability across the soil and root scenarios indicates that differences in soil 40 

water content are mainly influenced by the root distribution, while the transpiration flux in both 41 

RWU models is additionally determined by the soil characteristics. 42 

 43 
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Highlights: 44 

 A novel root water uptake scheme based on the hydraulic architecture approach is 45 

integrated in a terrestrial systems modeling platform. 46 

 Root hydraulic properties control plant transpiration during prolonged dry conditions. 47 

 Soil parameterization uncertainty strongly influences the simulation of transpiration 48 

fluxes and soil water content in different RWU models. 49 

 Soil parameterization and roots distribution induce larger variability in the hydraulic 50 

model response compared to the standard RWU formulation.    51 

 52 

Keywords: 53 
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water stress, stomata conductance, minirhizotron facility, terrestrial systems modeling 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 



4 

1 Introduction 63 

The understanding of plant response to water limitation is of paramount importance to improve 64 

quantification of the key component (i.e., transpiration) of the terrestrial water balance 65 

[Schlesinger and Jasechko, 2014], estimating the severity of droughts and heatwaves through 66 

land–atmosphere interactions [Teuling et al., 2010; Konings et al., 2011; Kala et al., 2016], 67 

quantifying carbon uptake of terrestrial ecosystems [Friedlingstein et al., 2006; Liu et al., 2017], 68 

and for predicting crop yield and productivity [Lobell et al., 2014]. The societal relevance of this 69 

scientific topic is expected to increase under global warming due to the increase of climate 70 

extremes [Parmesan and Yohe, 2006; Diffenbaugh and Field, 2013] and higher demands for 71 

food [Foley et al., 2011; Steffen et al., 2015].  72 

 73 

Physical mechanisms involved in the description of soil-plant-atmosphere interactions include 74 

the water uptake/release by roots, the regulation by stomata, as well as the coordination 75 

between above- and below-ground processes through the plant vascular network. A 76 

comprehensive review on the modeling of water transport mechanisms within plant is presented 77 

in Fatichi et al. [2016] with some of the key elements briefly summarized here. Overall, in order 78 

to prevent leaves from desiccation during carbon dioxide capture from the atmosphere through 79 

stomata, plants develop dedicated mechanisms and structures. While stomata open in response 80 

to light and decreasing carbon dioxide concentration in leaf interstitial spaces, a lowered water 81 

potential of the evaporating mesophyll cell walls may in turn reduce stomatal aperture [Ripullone 82 

et al., 2007; Damour et al., 2010] in order to protect both leaves and subtending xylem tissue 83 

from dramatic cavitation [McDowell et al., 2008]. A negative water potential of mesophyll cell 84 

walls also drives suction and activates a complex water supply system, reaching down to the 85 

soil water along a network of xylem conduits and across roots [Steudle and Peterson, 1998; 86 
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Caldeira et al, 2014]. While water flows against gravity from high water potentials in the soil 87 

towards lower potentials in the leaves, the supply rate is limited by the network hydraulic 88 

properties [Sperry et al., 2002; Couvreur et al., 2014]. An increase in root hydraulic conductance 89 

increases the plasticity of water uptake locations when soil moisture is unevenly distributed 90 

[Meunier et al., 2017b; Cai et al., 2017] as well as the supply rate under water deficit. Through 91 

their impact on leaf water supply and potential, root hydraulic properties may regulate the plant 92 

water budget under water limitation [Schoppach et al., 2014; Jerszurki et al., 2017].  93 

 94 

Sophisticated modeling approaches that resolve the stomatal function at the cellular level with 95 

the description and quantification of water fluxes across the soil-plant-atmosphere continuum 96 

have been developed in the last decades [e.g., Williams et al., 1998; Sperry et al., 1998; 97 

Porporato et al., 2001; Tuzet et al., 2003; Daly et al., 2004; Bohrer et al., 2005; Deckmym et al. 98 

2008; Drewry et al., 2010; Manzoni et al., 2014]. The level of complexity of these models 99 

includes vertically resolved vegetation structure that accounts for gradients within the canopy 100 

space as well as the links between stomatal response to leaf water potential and its connection 101 

and coordination with plant hydraulic traits. While more complete mechanistic understanding of 102 

plant function has started to be integrated in Earth System Models (ESMs) [e.g., Bonan et al., 103 

2014; Bouda and Saiers, 2017], several LSMs - the terrestrial components of ESMs - simulate 104 

plant transpiration with a combined stomatal conductance and photosynthesis model [e.g., 105 

Bonan, 1995; Sellers et al., 1996] using various empirical functions to describe the effect of soil 106 

moisture deficit.  This effect is usually simulated via a soil status-dependent so-called beta 107 

factor by imposing either a limitation by reducing the slope of stomatal conductance-108 

photosynthesis relationship (diffusive limitation), or a limitation by reducing the maximum 109 

carboxylation rate (Vcmax, biochemical limitation), or both diffusive and biochemical limitation. 110 

However, little observational evidence exists for such a functional dependence of stomata 111 
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conductance on soil moisture, which has stimulated continuous research [Zhou et al., 2013]. 112 

Egea et al. [2011] explored the impact of incorporating different soil water stress formulations in 113 

the functional relationship between stomatal conductance and photosynthesis. Similarly, 114 

Verhoef and Egea [2014] investigated the replacement of the water stress factor with equations 115 

that use soil water potential or with a set of equations that involve hydraulic and chemical 116 

signaling. Combe et al. [2016] performed numerical sensitivity experiments to evaluate the 117 

impact of different water stress formulations on the strength of land-atmosphere coupling. This 118 

work indicates that the underlying vegetation water stress response clearly impacts diurnal 119 

atmospheric processes and the response to atmospheric warming. Moreover, as an alternative 120 

to the empirical stomatal conductance model, formulations based on optimization theory have 121 

been recently introduced in LSMs. Based on the work of Williams et al. [1998], Bonan et al. 122 

[2014] proposed a stomatal conductance model that optimizes photosynthetic carbon gain per 123 

unit water loss while contrasting stomatal opening to prevent leaf desiccation. A systematic 124 

comparison against flux tower measurements showed that this model outperforms the current 125 

approach implemented in land surface models especially under water stress conditions. 126 

Similarly, De Kauwe et al. [2015a] replaced the empirical stomatal conductance model of the 127 

Australian LSM, Community Atmosphere Biosphere Land Exchange (CABLE), with a 128 

formulation based on optimisation theory which maximizes carbon gain while minimizing water 129 

losses as proposed by Medlyn et al. [2011]. Global-scale simulations performed with the new 130 

model drastically reduced transpiration fluxes for certain plant functional types, however, without 131 

noticeable reductions of known systematic model errors. Consequently, a more detailed 132 

description of stomatal closure and hydraulic traits in LSMs is required in order to improve their 133 

ability to predict ecosystem drought response, as was also suggested by recent observational 134 

evidence [e.g., Konings et al., 2017] and numerical model analysis [e.g., De Kauwe et al. 135 

2015b]. 136 
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The active role of roots in redistributing the water within the soil profile, known as root hydraulic 137 

redistribution (HR), has been investigated in a wide range of experimental [e.g., Richards and 138 

Caldwell, 1987; Burgess et al., 1998; Schulze et al., 1998; Domec et al., 2010] and numerical 139 

studies [e.g., Ryel et al., 2002; Quijano et al., 2012; Quijano et al., 2013; Quijano and Kumar, 140 

2015] for different plant species and across a variety of climate regimes. Accordingly, in 141 

recognition of the potential role of HR on atmospheric processes [e.g., Lee et al. 2005; Siqueira 142 

et al. 2008] and on carbon and nutrient cycling [Snyder et al., 2008; Aanderud and Richards, 143 

2009], different formulations of HR have been included in LSMs. For instance, Zheng and Wang 144 

[2007] modified the soil water flux formulation in two LSMs, namely the Community Land Model 145 

version 3 (CLM3) and the Integrated Biosphere Simulator version 2 (IBIS2), by adding the HR 146 

term as proposed by Ryel et al. [2002]. Comparisons with observed latent heat fluxes at the 147 

Reserva Biológica do Jaru site in Amazonia led to overall improved performances by both 148 

LSMs. Li et al. [2012] showed that incorporating a HR function in CABLE significantly improves 149 

the agreement between simulated net ecosystem exchange, latent heat flux, and soil moisture 150 

dynamics with observations during dry seasons. The HR parameterization developed in Ryel et 151 

al. [2002] was included in CLM4.0 by Yan and Dickinson [2014] and their comparison with 152 

measurements at nine sites in Amazonia demonstrated that vegetation and biomass response 153 

to droughts is better captured when considering the HR process. Tang et al. [2015] tested the 154 

sequentially coupled implementation of the Amenu-Kumar HR model [Amenu and Kumar, 2008] 155 

in CLM4.5 with global-scale simulations. Comparisons with eddy covariance measurements at a 156 

forested site in California showed a better representation of the seasonal evapotranspiration 157 

cycle when accounting for HR; no improvements were, however, found for another site in 158 

Amazonia. The same study advocated for a tightly coupled approach under high HR rates to 159 

achieve numerically accurate solutions. Fu et al. [2016] analysed the effect of incorporating the 160 

Ryel scheme in CLM4.5 across different ecosystems within the AmeriFlux monitoring network; 161 

their findings indicate that HR tends to more pronounced effects under strong seasonality and 162 
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for rather dense vegetation. Zhu et al. [2017] showed that incorporating HR and compensatory 163 

water uptake functions in the Common Land Model significantly reduce biases in the land 164 

surface energy partitioning over sites that experience seasonal droughts. Finally, the schemes 165 

of Ryel and Amenu-Kumar as implemented in CLM4.5 were used in Fu et al. [2018] to 166 

demonstrate the impact of HR in reducing N2O emissions at sites characterized by a distinct dry 167 

season. While the aforementioned studies revealed the ecohydrological and biogeochemical 168 

significance of HR, the quantification of its magnitude is still characterized by large uncertainty, 169 

with nearly two orders of magnitude differences within a range of selected experimental and 170 

modeling studies conducted across different ecosystems [Neumann and Cardon, 2012]. 171 

Moreover, Schymanski et al. [2008] demonstrated that the magnitude of HR significantly 172 

decreases by relaxing the assumption of a static root profile, which is commonly implemented in 173 

LSMs. Other studies reported on the differences in the magnitude of the HR process when 174 

using different soil retention curves [Hultine et al., 2003; Prieto et al. 2010], with coarse-textured 175 

soils being less conducive to HR. Therefore, the understanding and assessment of the HR 176 

process for cropland as well as its interplay with plant physiological and soil properties require 177 

further investigations, which could potentially shed light on the large uncertainty in the 178 

quantification of agriculture-climate interactions in ESMs [McDermid et al. 2017].  179 

 180 

This work presents the integration of a macroscopic root water uptake, hereafter RWU, model 181 

[Couvreur et al., 2012] based on the hydraulic architecture approach in the land surface 182 

component (CLM4.0, [Oleson et al., 2010]) of the Terrestrial Systems Modeling Platform, 183 

TerrSysMP [Shrestha et al., 2014]. The model uses three parameters derived from first 184 

principles: the compensatory RWU conductance determines the ability of the root system to 185 

adapt its uptake in response to the soil water distribution, while the root system equivalent 186 

conductance and the leaf water potential at stomatal closure control the transpiration response 187 
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to soil water limitation. The model accounts for both root density dynamics and hydraulic 188 

compensatory effects (including the HR) by reformulating the water stress formulation in CLM. 189 

Therefore, leveraging the detailed mechanistic understanding of individual plant models into a 190 

macroscopic formulation, the proposed approach reconciles with previous and ongoing efforts 191 

that seek to better connect the calculation of transpiration with root functional and structural 192 

traits in LSMs [Warren et al., 2015]. Results of the standard and the new approach are 193 

compared for point-scale simulations for winter wheat cultivated in a sheltered plot of the 194 

minirhizotron facility in Selhausen, Germany [Cai et al., 2016] and are validated against 195 

transpiration fluxes estimated from sap flow sensors and soil moisture measurements at 196 

different soil depths. In order to evaluate the interplay between soil hydrodynamics and plant 197 

characteristics, sensitivity experiments are carried out with different soil characterizations (e.g., 198 

soil saturated conductivity) and plant physiological properties (e.g., root distributions and root 199 

hydraulic conductance). 200 

 201 

Section 2 of this paper describes the observations, the integration of the new RWU model in 202 

TerrSysMP, and the setup of scenarios based on estimates of root density distributions and 203 

crop hydraulic properties. Results of the standard and new approach are compared with 204 

observations in Section 3. Section 4 discusses approaches for upscaling the proposed RWU 205 

scheme from the field to the global scale and for different plant functional types while Section 5 206 

provides conclusions and an outlook of the work. 207 
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2 Data and methods  208 

2.1. Minirhizotron facility: Field plot and data 209 

The experimental setup used in this study is the upslope sheltered plot of the minirhizotron 210 

facility in Selhausen, Germany (50°52’N, 6°27’N, 103 m asl, Figure 1, Cai et al. [2016]). The 211 

plot, which is part of the TERENO observatory [Zacharias et al. 2011], is characterized by a silty 212 

soil with approximately 60% gravel. Sand and clay percentages of the fine soil in the topsoil (0-213 

30 cm) and subsoil (30-120 cm) are 35 and 13, and 37 and 16, respectively. 214 

 215 

Winter wheat (Ambello variety) was sown on 31 October 2013 and harvested on 17 July 2014. 216 

The phenological development of the crop was monitored using a plant canopy analyser (LAI-217 

2200, LI-COR, Inc. USA), according to which the leaf area index (LAI) ranged up to 2.5. The 218 

root distributions were measured by installing a digital camera inside acrylic glass rhizotron 219 

tubes, that were placed at depths of 10, 20, 40, 60, 80, and 120 cm (Figure 1). Camera images 220 

taken at weekly intervals (22 sampling points) were analysed using the Rootfly software [Wells 221 

and Birchfield, 2009], which provide the root length and counts per image. A detailed description 222 

of the complete post-processing procedure - including inherent assumptions - for the estimation 223 

of the normalized root distribution along the soil column (Figure 2) can be found in Cai et al. 224 

[2017, 2018]. 225 
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Winter wheat transpiration was estimated using SGA3 Dynagage sap flow sensors (Dynamax 231 

Inc., Houston, USA) installed on five wheat tillers located in the center of the plot. Temperature 232 

signals from these sensors were taken every 60 seconds with Dynamax control units consisting 233 

of voltage regulators, AM 16/32B multiplexers and CR1000 data loggers (Dynamax Inc., 234 

Houston, USA; Campbell Scientific, Logan, Utah), and post-processed to remove the noise as 235 

described in Langensiepen et al. [2014]. The area-averaged transpiration flux (mm d-1) was 236 

determined by multiplying the sap flow rate (g d-1 tiller-1) with the tiller density per unit area of the 237 

plot (i.e., 228 tillers m-2). Note that the sensors started operating on 23 May 2014 when an 238 

adequate stem diameter for their proper installation was reached, and were removed eleven 239 

days before the harvesting day (6 July 2014). 240 

 241 

Soil moisture was measured by time-domain reflectometry (TDR) sensors installed at the same 242 

soil depths used for the monitoring of the root development (i.e., 10, 20, 40, 60, 80, and 120 243 

cm). Data were recorded hourly by a data logger (Model CR3000, Campbell Scientific) with 244 

multiplexer peripherals (50C81-SDM). Topp’s equation [Topp et al., 1980] was used to calculate 245 

the water content from the TDR-measured dielectric permittivity of the soil. A detailed 246 

description of the procedure, including statistical tests to detect possible outliers, can be found 247 

in Cai et al., [2016].  248 

 249 

 250 

 251 
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2.2. Model formulation 252 

The macroscopic RWU model based on the hydraulic architecture approach, hereafter HRWU, 253 

developed by Couvreur et al. [2012] was integrated in CLM4.0 [Oleson et al. 2010], which is 254 

also the land surface component of the Terrestrial Systems Modeling Platform, TerrSysMP 255 

[Shrestha et al., 2014] developed within the framework of the Transregional Collaborative 256 

Research Center 32 on “Patterns in Soil, Vegetation Atmosphere Systems” [Simmer et al., 257 

2014].  258 

 259 

In the standard formulation of CLM, hereafter CTRL, the RWU   [LT-1] for each soil layer i 260 

(numbered from 1 to n) is calculated according to the following equation: 261 

  ( )  =
( )  ( )

                 = 1, . . . . ,     (1) 262 

where  [LT-1] is the plant functional type (PFT) specific actual transpiration,  ( ) [-] is the 263 

root fraction of the i-th soil layer calculated using a PFT-dependent two-parameter exponential 264 

function, ( ) [-] is the root resistance, and  [-] is the integral soil water availability (i.e., 265 

soil moisture limiting factor), which is used to normalized root resistances to one. The root 266 

resistance factor at each soil layer is calculated as a linear function of the soil water potential, 267 

( ) [L]: 268 

 ( ) = 0; 1;
( )  

 
        = 1, . . . . ,  (2) 269 

where the soil water potential at which stomata is fully open (  [L]) and fully close (  270 

[L]) are predefined PFT-dependent parameters. The soil moisture limiting factor  is 271 
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calculated as a weighted layer average of the root resistance factor with weights given by the 272 

root fraction in each soil layer: 273 

= ( ) ( )        = 1, . . . . ,   (3) 274 

The soil moisture limiting factor ranges between 1 and near zero; it is applied in the calculation 275 

of the maximum carboxylation rate, 
 
,  in order to take into account the effect of water 276 

stress on plant transpiration and photosynthesis. 277 

In the novel HRWU scheme, the water uptake flux in each soil layer is calculated according to 278 

the following equation: 279 

( )  =  ( )  +  ( )                      = 1, . . . . ,             (4) 280 

where  [LT-1] is the distributed RWU resulting from a uniform water potential in the root zone 281 

and   [LT-1] is the compensatory term (i.e. a plastic response of the root water uptake to 282 

the vertical soil water distribution, i.e. its sum over all layers is zero). In the HRWU scheme  283 

is calculated as the product of the plant functional type-specific actual transpiration  and a 284 

partitioning term: 285 

( )  = ( )            = 1, . . . . ,    (5) 286 

where  [-] is the standard sink fraction in the i-th soil layer, which is here assumed to be 287 

equal to the normalized root distribution  which sums up to 1 when integrated across all soil 288 

layers. The compensatory term in Equation (4) is calculated as follows:  289 

  ( ) = ( ) ( ( )  )       = 1, . . . . ,    (6) 290 

where K   [LL-1T-1] is the compensatory conductance per unit horizontal area (note that water 291 

potentials are expressed in terms of water heads or water column heights), and  [L] is the 292 

equivalent or average soil water potential sensed by the plant: 293 
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 294 

= ( ) ( )         (7) 295 

 296 

According to Equation (6) and Equation (7),   represents the ability of the root system to 297 

adapt its uptake in response to non-uniform distribution of soil water potential describing 298 

mechanistically both of the processes of RWU adjustment [Feddes and Rijtema, 1972; Doussan 299 

et al., 2006] and hydraulic redistribution [Neumann and Cardon, 20102; Meunier et al., 2017b]. 300 

That is, a positive value of Q  indicates that the uptake rate at soil layer i is increased as 301 

compared to the case of uniform soil water potential distribution while a negative value implies 302 

its reduction. In this formulation, the HR process is an extreme case of compensatory RWU 303 

occurring when the negative Q  term exceeds the atmospheric water demand scaled by the 304 

root fraction. Under such reverse flow conditions the release of water from the roots is assumed 305 

to be controlled by the same resistance as the water uptake process, which is a hypothesis that 306 

needs to be validated by further experimental investigations. Moreover, as compared to other 307 

parameterizations commonly implemented in LSMs, i.e., the model of Ryel et al. [2002], the 308 

proposed formulation does not need a day-night switch to regulate the HR process, and the soil-309 

root conductance, i.e. , is not scaled with the soil water potential via empirical 310 

relationships. Despite not explicitly solving for a coupled soil-root transport equation system, like 311 

in the Amenu-Kumar approach, the macroscopic parameters of the model implicitly account for 312 

the hydraulic architecture of the root system, because they are deduced from solutions of water 313 

flow in a hydraulic architecture [Couvreur et al. 2012].     314 

 315 

The actual transpiration flux  is by definition lower (by a ratio  [-]) or equal to  [L T-316 

1], which is the transpiration flux obtained following the current approach of CLM based on the 317 
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Monin-Obukhov similarity theory and assuming no soil water limitation. In the proposed HRWU 318 

scheme, the water stress factor is now calculated as the ratio of water supply to potential 319 

transpiration: 320 

              = 0; 1;
( )

   (8) 321 

where  [L L-1 T-1] is the root system equivalent conductance, which is proportional to the leaf 322 

water supply.  [L] is the leaf water potential at stomatal closure, and  [LT-1] is the 323 

potential transpiration flux assuming no soil water limitation. As implemented in other LSMs 324 

[e.g., Egea et al., 2011], the stress factor constrains the transpiration flux via the stomatal 325 

resistance and, hence, is not anymore indirectly applied to the maximum carboxylation rate, 326 

 
as done in the CTRL configuration of CLM. The underlying hypothesis of the HRWU 327 

approach summarized in Equation (8) is that a hydraulic regulation depending on the water 328 

potential in the leaves (or in the root collar) is applied to the atmospheric water demand (i.e., 329 

 T ). This regulation is exerted by a resistance described via a step function that keeps the 330 

stomata opened when plant water potential is above a critical threshold (i.e., ), and 331 

regulates the transpiration flux so that the leaf water stays equal to  , as observed in near-332 

isohydric plants [Klein, 2014]. This step function is an approximation of a non-linear response of 333 

the plant to water stress conditions, which can be represented more precisely by including an 334 

additional resistance term that is a non-linear function of the leaf water potential [Tardieu and 335 

Davies, 1993] or using a non-linear plant vulnerability curve [Sperry et al., 1998]. Moreover, in 336 

the current formulation the K  parameter does not account for the effect of the soil hydraulic 337 

resistance. This simplification removes, therefore, the dependence of the upscaled root system 338 

conductance to the soil water potential and soil hydraulic conductivity, as opposed to other 339 

formulations that maintain the nonlinear relationship between the bulk root system conductance 340 

parameter and the soil conditions [e.g., Sperry et al., 1998; Daly et al., 2004; Manzoni et al., 341 
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2014, among others]. Analytical formulations of the soil resistance as a function of the root 342 

density, the root radial resistance, and the bulk soil matric potential were derived by Schroder et 343 

al. [2009] and Meunier et al., [2017b]. Overall, including the soil resistance will lead to 344 

differences in the compensatory term as well as in the standard sink fraction and will reduce the 345 

uptake and the exudation of water from and into drier soil layers (and reduce HR). Further 346 

evaluation of the influence of the soil-root hydraulic resistance on the uptake at the root system 347 

scale and how it should be implemented in an upscaled model needs further testing. Finally, the 348 

current formulation of the model does not account for non-hydraulic strategies (i.e., chemical 349 

signaling) that plants develop to regulate transpiration [Huber et al. 2014, Tardieu et al., 2015].  350 

 351 

According to the equations above the HRWU scheme introduces three new plant-specific 352 

parameters (i.e., , , and  ), which are included in a lookup table describing the 353 

physiological crop properties. These parameters (i.e.,  and ) intrinsically account for 354 

changes in the root density when prescribed according to the phenological development of the 355 

plant and can be generalized as a single parameter when the root axial resistance is much 356 

lower than the radial component, which also simplifies the parameterization of the model. These 357 

macroscopic parameters can be predicted from measurable local structural and functional root 358 

properties. For instance, Meunier et al. [2017a; 2017c; 2017d] provided mathematical functions 359 

to estimate the global root conductance (i.e., K ) from architectural (“structural”) traits such as 360 

root length and the distance between laterals, and hydraulic (“functional”) traits such as the 361 

profiles of axial and radial conductivities along roots.  362 



18 

2.3. Numerical experiments 363 

Point-scale numerical simulations were performed with CLM standalone using both the CTRL 364 

and HRWU model. The runs were carried out from the tillering (11 February 2014) to the 365 

ripening period (14 July, 2014) using meteorological forcing (incoming shortwave radiation, air 366 

temperature, precipitation, wind speed, air pressure, and humidity) at an hourly time step 367 

observed at a neighbouring (~140 m distance) weather station. Precipitation and radiation were 368 

modified in order to take into account the shelter schedule as described in Cai et al. [2016]. The 369 

simulations were run at hourly time steps and results were stored at the same time frequency. 370 

Both CTRL and HRWU model were initialized by interpolating the soil water content 371 

measurements (at 10, 20, 40, 80, and 120 cm) to the default CLM vertical discretization. Finally, 372 

monthly LAI values estimated from the measurements described in section 2.1 and predefined 373 

crop-type static physiological properties were used for both model versions.  374 

 375 

Soil porosity, saturated hydraulic conductivity, saturated matric potential, and Clapp-Hornberger 376 

(CH) exponent, are estimated by default using pedotransfer functions (PTFs) based on soil 377 

texture information (i.e., percentage of clay and sand); see Appendix A for further details on the 378 

complete set of equations. Different soil scenarios were constructed in order to take into 379 

account the uncertainty when using PTFs in ESMs; see Van Looy et al., [2017] for an 380 

exhaustive review on the subject. The first scenario (SOIL-SCEN1) used the measured porosity, 381 

which is consistent with the soil moisture measurements used to initialize the model. The 382 

saturated hydraulic conductivity, the saturated matric potential, and the CH parameter were 383 

computed according to the PTFs described in Appendix A, and by using the soil textural 384 

information provided in section 2.1 for two soil horizons. Measured soil porosity and saturated 385 

hydraulic conductivity was directly integrated into the models for the second scenario (SOIL- 386 
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  SOIL-SCEN1 SOIL-SCEN2 SOIL-SCEN3 

[-] Topsoil (0-30 cm) 0.325 0.325 0.325 

Subsoil (30-286 cm) 0.228 0.228 0.228 

 [mm/s] Topsoil (0-30 cm) 3.20·10-3 1.07·10-2 1.07·10-2 

Subsoil (30-286 cm) 3.40·10-3 5.83·10-5 5.83·10-5 

 [mm] Topsoil (0-30 cm) 263.9 263.9 229.0 

Subsoil (30-286 cm) 248.4 248.4 129.0 

  [-] 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.  is the porosity, 387 

 is the saturated hydraulic conductivity,  is the saturated matric potential, and  is the Clapp-388 

Hornberger parameter. Values in brackets in SOIL-SCEN3 represent the  exponent used for the 389 

calculation of the hydraulic conductivity. 390 

SCEN2) while the saturated matric potential and CH parameter were estimated using the PTFs. 391 

In the third soil scenario (SOIL-SCEN3) the complete set of measured soil characteristics was 392 

used in CLM. In this case, CH parameters were estimated by fitting the functional relationship of 393 

the CH model to the available soil water content and soil water potential. The values used in the 394 

three soil scenarios are summarized in Table 1. 395 

 396 

 397 

 398 
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 HYDRA 

- 

SCEN 1 

HYDRA 

- 

SCEN 2 

HYDRA 

- 

SCEN 3 

LEAF 

- 

SCEN 1 

LEAF 

- 

SCEN 2 

LEAF 

- 

SCEN 3 

=   

[m·s-1·MPa-1] 

1.834·10-8 5.036·10-8 6.045·10-8 5.036·10-8 5.036·10-8 5.036·10-8 

  [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 415 

scenarios.  is the compensatory conductance hydraulic conductivity, assumed equal to the root 416 

hydraulic conductance ( ). is the leaf water potential at stomatal closure. 417 

selected period (Figure 2b). That is, over the first five weeks (ROOT-SCEN1), the whole period 418 

(ROOT-SCEN2), and the last five weeks (ROOT-SCEN3) of the simulation period.  419 

The macroscopic root hydraulic properties introduced in the HRWU model were estimated 420 

assuming the compensatory ( ) and root system ( ) conductance as equal, which was 421 

shown to be a valid assumption for relatively high root axial conductance [Couvreur et al., 2012]. 422 

As the root system architecture was not explicitly measured for the crop planted in the facility, 423 

these parameters were obtained by inverse modeling, reproducing the observed dynamics of 424 

the soil water status with a soil-plant hydraulic model (see Cai et al. [2017]). Specifically, in the 425 

inverse modeling setup of Cai et al. [2017],  (and ) were updated each week (obtaining 426 

22 values over the growing season) according to the ratio of the total root length at the 427 

considered week and the root length at the week for which the initial  was estimated using 428 

inverse modeling with a genetic algorithm. The estimated root hydraulic parameters were found 429 

to be consistent with forward calculations using literature values of root segment conductivities; 430 

see Appendix B for further information on the comparison of inverse and forward calculated  431 
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values. In our study, three sets of parameters were extracted from the weekly time series to 432 

mimic different root density conditions by averaging  values over the same time windows 433 

used for the construction of the roots scenarios; namely,  = 1.834·10-8 m s-1 MPa-1 for first 434 

five weeks (HYDRA-SCEN1),  = 5.036·10-8 m s-1 MPa-1 for all weeks (HYDRA-SCEN2), and 435 

 = 6.045·10-8 m s-1 MPa-1 for the last five weeks (HYDRA-SCEN3) of the simulation period. 436 

Finally, three scenarios were hypothesized according to plausible estimations of leaf water 437 

potential values obtained from literature review [Wesseling et al., 1991; Tardieu and 438 

Simonneau, 1998]; namely, = -2.45 MPa (LEAF-SCEN1),  = -1.56 MPa (LEAF-439 

SCEN2), and  = -1.07 MPa (LEAF-SCEN3). The values used in the different scenarios are 440 

summarized in Table 2. 441 

 442 

The sensitivity experiments, which involve physiological (e.g., root distributions) and hydraulic 443 

(e.g., root system conductance and leaf water potential) crop properties were performed for 444 

each soil scenario. In doing so, SOIL-SCEN1 was selected as a reference configuration, which 445 

also closely reflects the standard implementation of LSMs. We used full-period time-averaged 446 

properties, by combining values from the ROOT-SCEN2, HYDRA-SCEN2, and LEAF-SCEN2 447 

scenarios. The other configurations were obtained by changing one single parameter at a time, 448 

which results in total of seven additional runs per soil scenario. 449 

3 Results and discussion 450 

The results of the proposed HRWU model are first evaluated by comparison with sap flow 451 

measurements of transpiration fluxes and soil water content from TDR sensors installed at four 452 

different soil depths. Results of the HRWU model are also compared with the CTRL RWU 453 

scheme implemented in CLM. The model comparison and evaluation against observations are 454 
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carried out for the three soil scenarios described in Table 1. In a second step, the sensitivity of 455 

HRWU model in terms of transpiration, soil moisture, and compensatory fluxes variability, is 456 

analysed by varying the newly introduced physiological parameters within plausible value 457 

ranges found in the literature. These numerical experiments are performed using the reference 458 

model configuration (i.e., SOIL-SCEN1). The sensitivity analysis is also used to develop a 459 

mechanistic interpretation of the HRWU model response. Finally, the role of different root 460 

distributions as well as their interplay with soil characteristics is investigated for both the CTRL 461 

and the HRWU model.     462 

3.1. Model validation and benchmarking 463 

The performance of the two RWU models in reproducing daily transpiration fluxes and hourly 464 

soil water content at four different soil depths is summarized using Taylor diagrams [Taylor, 465 

2001]. These plots (Figure 3) allow the simultaneous visualization of multiple statistical 466 

parameters when comparing simulations with observations on a quarter disk. The radial 467 

distance from its origin is the standard deviation of the simulated variable normalized by the 468 

standard deviation of the observations ( / ); the REF line (normalized standard deviation = 1) 469 

represents the variability of the observations. The azimuthal position indicates the linear 470 

correlation between the simulated and observed variables ranging from 1 (horizontal line) to 0 471 

(vertical line). In such a plot, the REF point at  =1 and =  indicates perfect agreement 472 

between observations and simulations while the radial distance from the REF point gives the 473 

normalized root-mean-square error between observations and simulations.  474 

 475 

Figure 3a compares the transpiration from the CTRL and HRWU model simulations based on 476 

the three soil scenarios with the sap flow measurements. For the reference SOIL-SCEN1 477 
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that changes in the summarizing statistics are remarkable when using different soil scenarios 493 

and less evident when switching between the two RWU formulations.   494 

 495 

Figure 3b shows the model performances for soil moisture. Models skills largely differ for 496 

different soil depths for all soil scenarios. While soil moisture dynamics are well reproduced at 497 

10- and 20-cm soil depth for the SOIL-SCEN2 scenario, performance declines for deeper soil 498 

levels. Both the CTRL and HRWU model largely underestimate the amplitude of soil moisture 499 

variations at 10-, 20-, and 60-cm depth for the reference soil scenario SOIL-SCEN1. It is 500 

remarkable that according to the correlation coefficient, the skill of both RWU schemes using 501 

the three soil scenarios aligns along two correlation lines: the results for 10 and 20 cm align with 502 

 = 0.5-0.6 while the results for 40 and 60 cm align with  = 0.8-0.9. This model response can 503 

be explained by a too fast recession process in the topsoil layers caused by an adjustment of 504 

the soil moisture profile from the initial conditions. Overall, while minor differences were found 505 

for soil water content skill statistics between the two RWU formulations, such differences are 506 

notable for the different soil scenarios of the same RWU model. Larger differences between the 507 

CTRL and HRWU are observed at 40- and 60-cm depth where most roots are located. The 508 

estimation of soil moisture dynamics clearly improves for the new HRWU model at these 509 

depths. Overall, despite a plausible performance for both RWU models in reproducing the 510 

observations, a systematic mismatch between simulations and observations can be observed, 511 

which persists even when including detailed soil information (i.e., SOIL-SCEN3). This suggests 512 

model structural errors (e.g., free-drainage boundary condition at the soil bottom) and/or 513 

unrealistic model parameterization (e.g., high stone content not taken into account) that cannot 514 

be compensated by the proposed RWU scheme. 515 

 516 
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3.2. Sensitivity analysis 517 

Additional insight on the relative difference between the CTRL and HRWU model response 518 

yields a sensitivity analysis by varying the two physiological parameters included in the HRWU 519 

model, namely  (= ) and , as described in the scenario definition in section 2.3. 520 

The time evolution of the simulated and measured transpiration fluxes (Figure 4a) shows that 521 

the different crop hydraulic parameters play a major role. The model simulations diverge after 522 

about day 92 until the irrigation event at day 119, and again toward the end of the simulation. 523 

During most of the simulation time the transpiration is not supply-limited in the HRWU runs; 524 

under such conditions a larger  increases the supply, which explains why the upper bound of 525 

the envelope almost coincides with the transpiration fluxes obtained using the HYDRA-SCEN2 526 

crop hydraulic parameters (solid thick line in Figure 4a). This is also visible in the relation 527 

between the equivalent soil water potential sensed by the plant ( ) and the simulated 528 

transpiration for the HYDRA- scenarios (Figure 5a). That is, root hydraulic conductance values 529 

representing average or late stage growth conditions of the plant (i.e., HYDRA-SCEN2 and 530 

HYDRA-SCEN3) determine the water stress conditions under relatively similar equivalent soil 531 

water potentials, with strong water-limited conditions simulated at very negative values of soil 532 

water potentials. On the contrary, supply limited conditions are extended for relatively high soil 533 

water potentials, which may cover values relatively close to zero (i.e., relatively wet conditions), 534 

when using low root hydraulic conductance values (HYDRA-SCEN1) that mimic an early stage 535 

plant development with relative low root density. The CTRL and HRWU models respond 536 

differently to the soil drying process (Figure 4a) with the HRWU model better matching the sap 537 

flow measurement between days 105 and 118 before the irrigation event when the plants 538 

experience water stress. The contrasting response between the two RWU models corroborates, 539 

therefore, the role played by the revised water stress formulation as well as the hydraulic 540 

compensatory effect (including the HR process) in simulating crop transpiration under dry soil 541 
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coordination between stomatal closure and the plant hydraulic capacity. That is, the stomatal 621 

behaviour and the maintenance of the supply capacity of the plant hydraulic system evolve 622 

along different trajectory under drought conditions. The testing of such plant functioning with the 623 

HRWU model would require an upgrade of its current formulation including also a dynamic 624 

calculation of the whole plant resistance according to the concept of plant vulnerability curve. 625 

 626 

Figure 6 shows the time evolution of the average vertical profile of soil moisture for the HYDRA 627 

(i.e., perturbation of the compensatory and root conductance) and LEAF (i.e., perturbation of the 628 

leaf water potential) scenarios of the HRWU model. In these plots, the variability within each 629 

scenario is represented by yellow contour lines. A visual inspection of the plots confirms the 630 

larger sensitivity, within the ranges of specific selected values, of the HRWU model response to 631 

changes in the root conductance (and compensatory) term, as also indicated by the density and 632 

thickness of the contour lines for the simulation results of the HYDRA scenario. The spread in 633 

the simulation results of the LEAF scenario appears just before the irrigation event and at the 634 

end of the simulation period. Moreover, the overlay between the average soil moisture 635 

conditions and standard deviation of each scenario shows that the variability in the model 636 

response coincides also with the attainment of an 'adjusted' vertical profile of soil moisture from 637 

the interpolated measured initial conditions. That is, during the first part of the simulation the soil 638 

moisture hydrodynamics buffer the variability induced by the perturbation of the crop 639 

physiological properties associated both to the hydraulic compensation and HR processes, 640 

which compares well with findings of a previous study by Siqueira et al. [2008]. Figure 7 shows 641 

the vertical profile of the soil moisture difference between CTRL and HRWU scenarios at the 642 

end of the simulation time period (t = 150 d). This plot provides an integrated measure of the 643 

impact of the two RWU formulations on the soil water balance, and indicates that soil moisture 644 

differences (CTRL-HRWU scenarios) range between -0.0025 and -0.024 at the topsoil (0-11.8 645 
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profiles differences at the end of the simulation period (Figure 7). A cross comparison of the two 663 

plots indicates also the active role of the compensatory RWU process in taking up more water 664 

from deep soil layers during the drying phase of the simulation and the inverse occurring for few 665 

days right after the irrigation event at 119 d simulation time. Figure 9 shows the partitioning of 666 

the RWU into the standard (assuming uniform water potential distributions) and the 667 

compensatory component at different soil depths. According to Equation (5) and Equation (6), 668 

the standard RWU component mirrors the root fraction distribution (see Figure 2) with a 669 

maximum at 61.9 cm soil depth. The compensatory term peaks at 103.8 cm soil depth due to 670 

the locally stronger gradient between the equivalent soil water potential sensed by the plant and 671 

the soil water potential. Cumulated over the whole simulation time period, the compensatory 672 

term of the HRWU sensitivity experiments varies between 14±7% at 103.8 cm and -12±2% at 673 

2.7 cm soil depth of the total transpiration for the HYDRA scenarios, and between 16±3% and -674 

13±0.8% at the same soil depths for the LEAF scenarios. The magnitude of water fluxes 675 

associated with HR can be quantified by screening for negative compensatory RWU fluxes that 676 

are higher in absolute value than the standard uptake term. At the minirhizotron experimental 677 

setup such conditions mostly occur between 2.7 cm and 11.8 cm soil depth and within a range 678 

of 10±3% and 12±0.4% of the total transpiration for the HYDRA and LEAF scenarios, 679 

respectively. These estimates reflect probably the special atmospheric conditions (i.e., low solar 680 

radiation) due to the sheltering of the facility, which may favour the occurrence of the HR 681 

process. Indeed, by screening also for nighttime conditions, when most likely the HR process 682 

takes place under unsheltered conditions, its contribution drastically decreases to 4±1% and 683 

5±0.3% for the HYDRA and LEAF scenarios, respectively. Overall, this numerical assessment 684 

of the HR process, which is in agreement with previous numerical studies [e.g., Quijano and 685 

Kumar, 2015] suggest, therefore, the importance (and the associated uncertainty) of the HR 686 

process for cropland under prolonged water stress conditions. 687 
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3.3. Role of roots and soil characteristics  688 

The sensitivity of the CTRL and HRWU model response to the different root distribution is 689 

shown in Figure 10 and Figure 11. The onset of the envelope characterizing the variability of the 690 

transpiration fluxes (Figure 10) appears slightly delayed by a few days in the HRWU model, as 691 

can be observed from a close comparison of the models response between 105 and 110 d 692 

simulation time. This could be attributed to the redistribution of the soil moisture in the shallower 693 

layers that alleviates differences between the HRWU model configurations due to the use of 694 

different root fraction scenarios. On the contrary, towards the end of the simulation, i.e. between 695 

130 and 145 d, the HRWU model experiences a slightly larger sensitivity to the root distribution. 696 

Indeed, as the simulation advances in time, and hence the soil gets drier, deeper layers sustain 697 

the transpiration, as can be inferred from the downward shift in the soil moisture variability 698 

depicted in Figure 11. Under such conditions, the HR process takes place mostly within soil 699 

layers at 2.7-21.2 cm depth while the uptake of water increases in the deeper soil layers where 700 

contrasting root fractions characterize the ROOT scenarios, which ultimately explains the larger 701 

spread in the transpiration fluxes simulated by the HRWU model at the end of the simulation 702 

time. Figure 11 provides also a way to better identify the impact of the RWU formulations to the 703 

simulated soil moisture distribution. Specifically, according to the formulation implemented in the 704 

CTRL model, which controls the partitioning of the transpiration via a locally-defined wilting 705 

factor, as the simulation advances in time drier conditions and stronger soil moisture gradients 706 

are simulated at shallower (i.e., 0-21.2 cm) soil depths while the water content steadily and 707 

smoothly decreases at deeper layers (i.e., 61.9-103.8 cm). A different response can be 708 

observed for the HRWU model due to the simulation of the HR process and to the centralized 709 

response of total water uptake to leaf water potential (as opposed to a sum of local responses to 710 

soil water potential in the CTRL). That is, soil water content is uniformly redistributed in the first 711 

soil layers with a more pronounced decrease simulated at 61.9-103.8 cm due to the active role 712 
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 SOIL ROOT 

FULL-PERIOD  

(0-150 d) 

0.011 0.1039 

STRESS-PERIOD 

 (105-119 d; 130-145 d) 

0.032 0.438 

Table 3: Significant (below 0.01) coefficient of multiple determination (  from a one-way ANOVA of the 753 

difference (i.e., CTRL-HRWU) between the transpiration fluxes for the SOIL and ROOT treatments. 754 

Values are obtained considering the complete time period and time windows where crops are susceptible 755 

to water stress conditions. 756 

soil layers (see details in Supplement 1). The variability induced by changing the root 757 

distributions and soil parameterizations is to a large extent consistently reproduced between the 758 

two RWU formulations across the SOIL and ROOT scenarios. Subtle but significant differences, 759 

however, can be detected in the analysis of the SOIL scenarios. In particular, slightly lower 760 

standard deviation is induced by the perturbation of the root fractions at the first soil layers (i.e., 761 

2.792 and 6.225 cm) and a remarkably larger deviation (especially for SOIL-SCEN2) at the 762 

bottom layer (i.e., 61.975 cm) in the HRWU model. These are the soil depths mainly affected by 763 

the compensatory and the HR process, which supports the findings of a previous study by 764 

Siqueira et al. [2008] and Katul and Siqueira [2010] suggesting that the effectiveness of the HR 765 

is mainly controlled by the root vertical distribution.  766 

Finally, a one-way analysis of variance (ANOVA, see Appendix C) was performed in order to 767 

evaluate the role of root against soil parameters in explaining the difference in the transpiration 768 

flux and soil water content between the two RWU models. In particular, the ANOVA was applied 769 

to the difference of CTRL and HRWU transpiration fluxes, eliminating the temporal variability, 770 

and evaluating the three SOIL and ROOT scenarios described in section 2.3 as two groups of 771 

treatments. Moreover, the analysis was repeated considering the entire simulation period and  772 
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 LAYER 2 

[2.792 cm] 

LAYER 3 

[6.225 cm] 

LAYER 4 

[11.886 cm] 

LAYER 5 

[21.219 cm] 

LAYER 6 

[36.606 cm] 

LAYER 7 

[61.975 cm] 

SOIL 0.038 

(0.109) 

0.047 

(0.172) 

0.081 

(0.288) 

0.092 

(0.304) 

0.157 

(0.452) 

0.026 

(0.090) 

ROOT 0.134 

(0.224) 

0.180 

(0.327) 

0.224 

(0.353) 

0.168 

(0.286) 

0.060 

(0.225) 

0.228 

(0.579) 

Table 4: Significant (below 0.01) coefficient of multiple determination (  from a one-way ANOVA of the 773 

difference (i.e., CTRL-HRWU) between the soil water content at different layers for the SOIL and ROOT 774 

treatments. Values are obtained considering the complete time period and time windows where crops are 775 

susceptible to water stress conditions (values in brackets). 776 

the two limited time windows (i.e., 105-119 d and 130-145 d) when plants were susceptible to 777 

water-stress. Table 3 contains the resulting coefficient of determination ( ) with a 0.01 778 

significance level tested with a F test. Large values of  indicate that a large part of the total 779 

variability is induced by the respective treatment, assuming a linear relationship. The results 780 

clearly highlight the dominant role of the ROOT parameters in explaining the difference between 781 

the CTRL and HRWU model, especially under drier soil conditions. The ANOVA was repeated 782 

for soil water content differences between CTRL and HRWU, simulated at different layers 783 

between 2.79 and 61.97 cm soil depth (Table 4). Results of R2 confirm that the ROOT 784 

parameters largely explain the variance in the difference between CTRL and HRWU model 785 

response for most of the soil layers. The model layer at which the SOIL parameters explains 786 

most of the variability coincides with minor differences between the ROOT scenarios.  787 

4 Parameterization of the HRWU model 788 

In ESMs, the physiological characteristics of the vegetation are defined via a lookup table 789 

containing the parameters values describing the aerodynamic, optical, rooting depth, and 790 
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photosynthesis properties of the individual plant functional types. For many ESMs, these 791 

parameters are assumed homogeneous in space and constant in time, assumptions which are 792 

retained also for the newly introduced plant hydraulic properties of the HRWU model. In the 793 

present study, the use of an experimental setup based on the detailed measurements of the 794 

minirhizotron facility allowed the characterization of the plant hydraulic parameters whose 795 

uncertainties are major drivers of variability in the model response [Feddes et al., 2001], as 796 

shown in the sensitivity analysis of section 3.1. Therefore, the application of the HRWU model 797 

over different setups, including also large domains with heterogeneous land cover and 798 

undersampled but climatically important regions, poses the challenging task of identifying a set 799 

of representative hydraulic parameters for each plant functional type. In this context, different 800 

feasible approaches how to parameterize the HRWU model are outlined in the following 801 

paragraph. While these different approaches have been identified according to previous studies 802 

focused on the analysis of processes at the plant scale, their effectiveness in providing 803 

representative root hydraulic properties over a generic plant category classification, as implied 804 

in the definition of PFTs, would require further work. In particular, such generic PFT hydraulic 805 

parameters could be cross-validated with values obtained from proxy plant characteristics 806 

extracted from globally assembled databases of plant traits, e.g., Global Plant Trait Network 807 

[Wright et al., 2004] and TRY [Kattge et al., 2011] and by exploiting emerging trait correlations 808 

determined by physical constraints as well as those reflecting strategic plant trade-offs (e.g., the 809 

coordination between the root in terms of root hydraulic conductance and the shoot as reflected 810 

in the stomatal conductance), as recently outlined by Kueppers et al. [2016] for improving PFTs 811 

parameterizations in ESMs. 812 

 813 

An approach for assessing root system hydraulic parameters consists in the mathematical 814 

modeling of the plant hydraulic architecture. This approach was previously implemented by 815 
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Couvreur et al. [2012; 2014b] for maize and winter wheat based on root architectures 816 

reconstructed with the root growth model RootTyp [Pages et al., 1989]. In their study, literature 817 

data on root growth rates, branching patterns, angles, etc. for each root type were 818 

complemented by root length density and plant density data to create realistic architectures. 819 

Root radial and axial hydraulic data for each root type were then used to calculate  820 

mathematically. Recently, a web application (MARSHAL; 821 

https://plantmodelling.shinyapps.io/marshal/) has been developed in order to automatically 822 

generate realistic root system architectures with the root growth model CRootBox [Schnepf et 823 

al., 2018] and to calculate directly  and  as separate parameters. This novel workflow, 824 

which is also suitable for the coupling with sensitivity analysis algorithms, has been tested for 825 

maize crop by Meunier et al. [2016] using observed hydraulic conductivities of the full crop cycle 826 

reported in literature. Values obtained by implementing this web application range between 10-8 827 

and 4·10-7 m·s-1·MPa-1 for 30 to 70 days old maize plants matching measured root length 828 

densities and assuming 9 plants per square meter. This mathematical parameterization 829 

approach is also a viable solution when root system architecture is measured directly from 830 

rhizotrons or computed tomography scans. The second approach envisioned for the HRWU 831 

parameterization by Couvreur et al. [2014a] is the direct translation of parameter tables from a 832 

widely used RWU model [Feddes et al., 1978], for which libraries are available in both LSMs 833 

and crop models. While the equations of these two models differ, they both base their 834 

parametrization on a soil water potential at which stomata start to close (called smpso in LSMs 835 

and h2 in crop models), and a soil water potential at which water may not be extracted from the 836 

soil (called smpsc in LSMs and h3 in crop models). Following Couvreur et al. [2014a],  in 837 

isohydric plants equals . Parameter tables from Wesseling et al. [1991] or Leng et al. 838 

[2016] yield  values of 6·10-8 to 1.5 10-7 m·s-1·MPa-1 for maize, which are in the range 839 

estimated with MARSHAL [Meunier, 2017]. This second approach could be crucial as it is the 840 
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most straightforward and because the possibilities of parameterization via the aforementioned 841 

mathematical modeling approach are limited or costly for some plants such as trees. Inverse 842 

modeling techniques could be identified as a third solution to estimate effective properties that 843 

are hardly measurable, such as hydraulic properties representative for the plant and soil at the 844 

field scale. In these techniques, parameter values that yield the best match between simulated 845 

and observed variables are assumed optimal. For instance, this was implemented from 846 

combined modeling and observations of deuterated lupine root water uptake in a rhizotron 847 

[Zarebanadkouki et al., 2016], the modeling and observation of water isotopologues uptake by 848 

ryegrass roots in a rhizotron [Meunier et al., 2017b], and the modeling and observation of soil 849 

water dynamics in a winter wheat field [Cai et al., 2017]. The aforementioned inverse modeling 850 

studies focused on the estimation of the hydraulic properties of root segments or the hydraulic 851 

properties of the entire root system. Also the root distribution, which reflects the range of depths 852 

from which plants can extract water, is an important characteristic of the hydraulic root 853 

architecture. Inverse modeling approaches have been used for the global estimation of plants 854 

rooting depth by Schenk and Jackson [2005], Schenk [2008], Gao et al. [2014], and Fan et al. 855 

[2017] as a function of local climate, soil properties, and groundwater levels. In addition to 856 

adapting the rooting depth to the environment, also root density affects the plants water uptake 857 

capacity. Cai et al. [2018] showed that, for the same minirhizotron facility used in our study, the 858 

relations between root system properties (root density and depth) were important to explain the 859 

effect of the adaptation of root systems to soil and meteorological conditions (e.g. drought 860 

stressed versus well-watered) on the root system water uptake capacity. Finally, the direct 861 

measurement of  with a high-pressure flow meter [e.g., Tyree et al., 1996] or a pressure 862 

chamber [Miyamoto et al., 2001; Parent et al., 2009; Alsina et al., 2011; Caldeira et al., 2014] 863 

could be identified as the fourth viable approach to parameterize the model. While these 864 

approaches have also the advantage of providing a detailed characterization of the variability of 865 



44 

the hydraulic traits within the same population of plants, their application at regional and/or 866 

global scale remains elusive as it requires the deployment of large-scale monitoring networks.  867 

5 Summary and conclusions 868 

This work presented the integration of a macroscopic RWU model based on the hydraulic 869 

architecture approach (HRWU) in the land surface component, CLM (version 4.0), of a 870 

terrestrial systems modeling platform. The model is based on three macroscopic parameters, 871 

namely, the compensatory RWU conductance, the root system equivalent conductance, and the 872 

leaf water potential at stomatal closure, which implicitly account for the full root system hydraulic 873 

architecture and its regulation on the transpiration process. The proposed RWU scheme was 874 

tested by performing point-scale numerical simulations based on the detailed information of a 875 

sheltered minirhizotron facility located in Selhausen, Germany. Specifically, the model was 876 

parameterized for a generic crop plant functional type according to continuous monitoring of the 877 

plant growth process (i.e., rooting depth) and using crop hydraulic characteristics retrieved from 878 

inverse modeling with a soil-plant hydraulic model setup for the same study site. Model results 879 

were compared against sap flow transpiration fluxes and soil moisture content measured at 880 

different depths using time-domain reflectometry sensors and benchmarked with the standard 881 

RWU scheme (CTRL) implemented in CLM. Sensitivity numerical experiments were also 882 

conducted in order to take into account the uncertainty in the parameterization of crop 883 

physiological properties as well as their interplay with soil hydraulic characteristics. 884 

 885 

The results showed plausible response for both RWU schemes when compared to the available 886 

measurements of transpiration and soil moisture when using the reference soil scenario that 887 

more closely reflects the standard implementation of CLM. In particular, summarizing statistics 888 
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of the Taylor diagram indicated a good agreement in terms of phase, slight overestimation of 889 

temporal variability, and larger values for the normalized root-mean-square error of the 890 

simulated transpiration. Poorer performances were obtained for the simulated soil moisture, 891 

which was mainly related to a strong underestimation of the standard deviation due to the 892 

adjustment from the coarsed-interpolated initial conditions. Notably, similar performance 893 

statistics were found for the CTRL model configuration, except for the soil layer with a larger 894 

fraction of roots where the HRWU model outperforms the CTRL configuration. However, an 895 

analysis of the model performance statistics obtained using different soil scenarios indicated a 896 

strong dependence of both model skills to the adopted soil parameterization. This implies that 897 

differences in performance statistics between the two RWU formulations were minor if 898 

compared to those reflecting different soil characteristics scenarios. The qualitative analysis of 899 

the simulated transpiration fluxes and the water limiting factors identified water stress conditions 900 

as periods when substantial differences were detected between the CTRL and the HRWU 901 

approach, the latter matching better with the sap flow measurements. Moreover, a visual 902 

inspection of the time evolution of the vertical profile of soil moisture showed the role of the 903 

hydraulic compensation in taking up more water from the deeper soil layers and the 904 

redistribution of water from deeper to shallower soil layers by HR process, which explained the 905 

slightly higher transpiration simulated by the HRWU model after prolonged dry conditions due to 906 

the sheltering of the facility. Quantitative differences between the two RWU models were around 907 

2-7% of the total transpiration measured by the sap flow sensors, with about 13-17% variations 908 

among the different HRWU model scenarios reflecting the impact of the large uncertainty 909 

associated to its hydraulic parameterization.  910 

 911 

The sensitivity of the HRWU model to the newly introduced physiological parameters was 912 

assessed by using values retrieved from literature for the leaf water potential at stomatal closure 913 
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and values reflecting different growth stages of the plant for the root system equivalent 914 

conductance. Results showed the important role played by the new parameters in modulating 915 

the transpiration and soil moisture distribution after prolonged dry conditions. The results of this 916 

sensitivity analysis provided also a mechanistic interpretation of the HRWU model response. 917 

Specifically, the range of soil matric potentials generating water limitation is extended up to 918 

wetter soil conditions if the root equivalent conductance is sufficiently low while the range of soil 919 

matric potential generating water limitation is translated when changing the leaf water potential. 920 

Finally, an analysis of variability across the soil and root scenarios indicated that differences in 921 

soil water content are mostly simulated through the root distribution, while the transpiration flux 922 

in both RWU models is additionally determined through the soil characteristics. 923 

  924 

Overall, the effort presented in this work is well aligned with the improvements contained in the 925 

recent release of CLM (version 5.0) representing a plant hydraulic stress and emphasized in the 926 

roadmap discussed in Rogers et al. [2017] for improving the photosynthesis process in ESMs. 927 

The insights gained using the experimental setup of this study highlight, however, the need of 928 

performing large scale (i.e., continental/global) simulations spanning longer time periods, 929 

contrasting climate regimes, and vegetation types characterized by different physiological 930 

properties. These efforts will serve as basis (i) for verifying to which extent inversely calculated 931 

plant hydraulic parameters apply to a generic PFT classification as well as (ii) for a sound 932 

evaluation of the HRWU model response according to the parameterization approaches outlined 933 

in section 4. These large-scale simulations will give also the opportunity to better substantiate 934 

the response of the proposed HRWU scheme with emerging plant properties (e.g., evaporation-935 

transpiration partitioning) retrieved from extended monitoring networks and remote sensing 936 

products of ecosystem fluxes. In this context, the implementation within a coherent modeling 937 

framework of different RWU approaches and plant water stress formulations appears relevant 938 
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for providing a strong basis for the development of ad-hoc intercomparison studies. These 939 

initiatives are the foundation for a systematic quantification of the uncertainty associated to the 940 

estimation of the transpiration fluxes in ESMs during drought periods. 941 
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Appendix 958 

A. Pedotransfer functions  959 

The soil hydraulic properties are determined from soil texture (i.e., sand and clay contents) 960 

based on the work of Clapp and Hornberger [1978] and Cosby et al. [1984]. According to these 961 

formulations the porosity of the mineral soil is calculated as 962 

=  0.489 0.00126 (% ),    (A.1) 963 

the saturated hydraulic conductivity is equal to 964 

 = 0.0070556 10
0.884 0.0153 (% ) ,    (A.2) 965 

the saturated soil matric potential is 966 

 =  10.0 10
1.88 0.0131 (% ),     (A.3) 967 

 968 

and the exponent of the soil characteristic curve is estimated as   969 

    = 2.91 +  0.159 (% ).                 (A.4) 970 

Note that in the complete formulation the pedotransfer functions are modified to consider the 971 

soil organic content. This is, however, not taken into account in the parameterization of the 972 

model for the minirhizotron facility.  973 

B. Inverse and forward calculation of  974 

To compare the values of Krs derived from the architecture model (i.e., forward approach) and 975 

from the inverse modeling, the units of the two conductances (architecture model: conductance 976 

of a single plant given in cm3 hPa-1 d-1, inverse modeling: conductance of the root system below 977 

a unit surface area given in h-1) had to be matched. Therefore, pressure differences were 978 
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expressed in terms of pressure heads (cm) and the conductance was normalized by the total 979 

root length so as to obtain the conductance per unit of root length: cm h-1, which was from cm³ 980 

h-1 (transpiration rate) cm-1 (pressure head difference) cm-1 (root length). The conductance 981 

derived from the architecture model, Krs_Fd, had to be divided by the total root length of a plant 982 

RLFd / plant: Krs  = Krs_Fd / (RLFd / plant). The conductance obtained from the inverse modeling 983 

Krs_IV had to be divided by the total root length under one unit of soil surface area (A) RLIV / A. 984 

The latter total root length corresponds with the depth integral of the root length density (RLD). 985 

Therefore, observations of roots in the rhizotubes were transformed to RLDs. However, there 986 

are two ways to calculate the total root length according to Cai et al. [2016]. One assuming that 987 

the root length obtained from the volume of multiplying the area of the root image by the view 988 

depth of the camera. The other one assuming that the roots would grow nearly vertically in 989 

absence of the rhizotube, in a soil volume with height, width, and depth respectively 990 

equal to the diameter, radius of the rhizotube, and width of the image, the projected root 991 

length equals the number of intercepted roots times by the diameter of the rhizotube. Therefore, 992 

for the conductance obtained from the inverse modeling, Krs’ = Krs_IV / (RLIV_1 / A) or Krs’’ = Krs_IV / 993 

(RLIV_2 / A). The values of Krs from the forward calculation is 1.48·10-7 cm h-1 while Krs’ and Krs’’ 994 

obtained from the inverse modeling using the two methods to obtaining the total root length are 995 

1.54·10-8 cm h-1 and 1.26·10-7 cm h-1, respectively, after converting the unit. 996 

C. Analysis of variance 997 

A one-way analysis of variance (ANOVA; von Storch and Zwiers, [1999]) is used to examine the   998 

role of SOIL and ROOT parameters on the variability of the transpiration flux and soil water 999 

content differences between HRWU and CTRL. The ANOVA is a generalization of the student’s 1000 

t test with more than two treatments (ROOT and SOIL), based on J samples (3 scenarios each) 1001 

of size n (number of days being evaluated), represented by random variables  for i = 1,…,n 1002 
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and j = 1,...,J. Here,  represents the difference of the transpiration flux and soil water content 1003 

as HRWU-CTRL, respectively. With element i of sample j, we can define a linear statistical 1004 

model 1005 

     =   +  +      (B.1) 1006 

to examine the variability of the transpiration flux and soil water content differences ( ) due to 1007 

the SOIL and ROOT parameters. The mean of each sample is described by =  and 1008 

the coefficients =   describe the treatment effect (i.e., the linear relationship between 1009 

the mean and the ROOT and SOIL scenarios, respectively). The statistical error is described by 1010 

ij 2).   1011 

 1012 

The total variability of this statistical model is then defined by the total sum of squares 1013 

      = ( )      (B.2) 1014 

    1015 

and can be decomposed into a treatment sum of squares 1016 

     = ( ) ,     (B.3) 1017 

 1018 

which defines the variability induced by ROOT and SOIL parameters. Here,  is the unbiased 1019 

estimator of  and the notation “o” indicates the average over the missing subscript. 1020 

Additionally, we consider the sum of squared errors 1021 

     = ( )     (B.4) 1022 
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to calculate the adjusted coefficient of multiple determination for the SOIL and ROOT 1023 

parameters, i.e.  1024 

 =
( ) .     (B.5) 1025 

2 ranges from 0 to 1 and indicates the proportion of variability in the response variable 1026 

(differences of the transpiration flux and soil water content as HRWU-CTRL) induced by the 1027 

treatment (SOIL and ROOT parameters), assuming a linear relationship. The higher 2, the 1028 

more variability is induced by the SOIL or ROOT parameters, respectively.  1029 

D. Supplementary data  1030 

The following is Supplementary data to this article: 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 

 1038 

 1039 

 1040 

 1041 

 1042 
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