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Abstract 11 

Soil water potential (SWP) is known to affect plant water status, and even though observations 12 

demonstrate that SWP distribution around roots may limit plant water availability, its horizontal 13 

heterogeneity within the root zone is often neglected in hydrological models. As motive, using a 14 

horizontal discretisation significantly larger than one centimetre is often essential for computing time 15 

considerations, especially for large scale hydrodynamics models. In this paper, we simulate soil and 16 

root system hydrodynamics at the centimetre scale and evaluate approaches to upscale variables and 17 

parameters related to root water uptake (RWU) for two crop systems: a densely seeded crop with an 18 

average uniform distribution of roots in the horizontal direction (winter wheat) and a wide-row crop 19 

with lateral variations in root density (maize). In a first approach, the upscaled water potential at soil-20 

root interfaces was assumed to equal the bulk SWP of the upscaled soil element. Using this 21 

assumption, the 3-D high resolution model could be accurately upscaled to a 2-D model for maize and 22 

a 1-D model for wheat. The accuracy of the upscaled models generally increased with soil hydraulic 23 

conductivity, lateral homogeneity of root distribution, and low transpiration rate. The link between 24 

horizontal upscaling and an implicit assumption on soil water redistribution was demonstrated in 25 

quantitative terms, and explained upscaling accuracy. In a second approach, the soil-root interface 26 

water potential was estimated by using a constant rate analytical solution of the axisymmetric soil 27 

water flow towards individual roots. In addition to the theoretical model properties, effective 28 

properties were tested in order to account for unfulfilled assumptions of the analytical solution: non-29 

uniform lateral root distributions and transient RWU rates. Significant improvements were however 30 

only noticed for winter wheat, for which the first approach was already satisfying. This study confirms 31 

that the use of 1-D spatial discretisation to represent soil-plant water dynamics is a worthy choice for 32 



  

 

densely seeded crops. For wide-row crops, e.g. maize, further theoretical developments that better 33 

account for horizontal SWP heterogeneity might be needed in order to properly predict soil-plant 34 

hydrodynamics in 1-D. 35 

1. Introduction 36 

Even though soil water potential (SWP) is known to affect plant water status, and more specifically 37 

plant actual transpiration rate (actT ), its horizontal variability within the root zone is neglected in many 38 

hydrological models, because of computational efficiency considerations and limitations in the actual 39 

monitoring of SWP with high spatial resolution (Beff et al., 2013). 40 

In first generation land surface schemes, the soil compartment was considered as a spatially 41 

homogeneous bucket, filled by precipitation and emptied by evapotranspiration (Manabe, 1969). This 42 

approach to plant water availability is considered as a “bulk approach”, since the total amount of water 43 

in the soil bucket defines its water potential, independently of how water is distributed in the 44 

compartment. Later, a vertical discretisation of soil in multiple layers was considered. Root water 45 

uptake rates were proportional to relative root length densities and were affected by the water potential 46 

in each soil layer (Feddes et al., 1976). This approach allowed explicitly considering vertical capillary 47 

water fluxes in the soil and root distribution to evaluate plant water availability. However, the relation 48 

between the uptake and local water availability that is used in these models does either not consider 49 

the connectivity of the root system or uses rather ad hoc approaches to account for compensation of 50 

uptake from regions with a higher water availability (Javaux et al., 2013). Recent developments of 51 

models explicitly accounting for three-dimensional (3-D) SWP heterogeneity and water flow in the 52 

root system’s hydraulic architecture (HA) (Doussan et al., 2006; Javaux et al., 2008) allowed 53 

investigating how plant water availability could be inferred from root system hydraulic properties and 54 

SWP distribution. 55 

Based on the HA approach, a physically-based macroscopic root water uptake (RWU) model, whose 56 

three plant-scale parameters can be derived from root segment-scale hydraulic parameters distributed 57 

along root system architectures of any complexity, was developed by Couvreur et al. (2012). Since this 58 

model provides a 3-D solution of water flow from soil-root interfaces to plant collar, it needs to 59 

operate coupled to a 3-D “centimetre-scale” soil water flow model, which drastically increases the 60 

computational effort for soil-plant water flow simulations. 61 

In the literature, one can find two contrasting conjectures that are used for upscaling small scale 3-D 62 

water flow models: (i) neglecting horizontal variations of SWP at the microscopic scale and use a 63 

coarser horizontal scale discretisation to account for lateral fluxes that may be relevant at a larger 64 

scale, or (ii) using analytical approaches to account for microscopic gradients of SWP between the 65 

bulk soil and the soil-root interface. 66 



  

 

By using a coarse discretisation of the soil domain, the first approach assumes that SWP is 67 

horizontally homogeneous in zones possibly ranging from the centimetre-scale to the plant-scale. This 68 

configuration most probably occurs under low climatic demand for water, in homogeneously rooted 69 

soils with high hydraulic conductivity (Schroeder et al., 2009b). 70 

The second approach relies on a radial axisymmetric expression of Richards equation around a single 71 

root. Approximate analytical solutions of water flow can be obtained by assuming a constant soil 72 

hydraulic conductivity or diffusivity (Gardner, 1960), or constant-rate water uptake by roots (Van 73 

Noordwijk and De Willigen, 1987; De Jong Van Lier et al., 2006; Schroeder et al., 2007; Schroeder et 74 

al., 2009a). When considering a regular distribution of roots in each soil layer, this approach can be 75 

used to create a one-dimensional (1-D) RWU model, implicitly accounting for horizontal soil water 76 

flow (Raats, 2007; De Jong Van Lier et al., 2008; Jarvis, 2011). Yet, the simplifying assumptions of 77 

this approach may be constraining. In reality, local uptake is not at constant-rate, but highly variable 78 

on a daily basis, notably due to variations of plant transpiration (Jolliet and Bailey, 1992; Sperling et 79 

al., 2012). In addition, differences in root hydraulic properties between different root types and 80 

horizontal heterogeneity of root density may lead to biased predictions of RWU when homogeneously 81 

distributed roots with similar hydraulic properties are assumed (Schneider et al., 2010; Durigon et al., 82 

2012). 83 

The objective of this paper is to provide a theoretical framework and an exploratory analysis of 84 

methods aiming at simplifying horizontal soil water flow calculation within the root zone, for soil-85 

plant water flow models. Therefore, an approach to upscale the macroscopic RWU model that was 86 

derived based on the fully discretised hydraulic root architecture by Couvreur et al. (2012) will be 87 

presented. The upscaling approach corresponding to the first conjecture will be tested under different 88 

conditions regarding atmospheric demand, soil type and rooting heterogeneity, so as to discuss its 89 

applicability field. The opportunities and obstacles tied to the second conjecture will be analysed in the 90 

last part. 91 

2. Theory 92 

When a soil system at hydrostatic equilibrium is impacted by external processes, like evaporation, 93 

transpiration or aquifer level rise, the uniform SWP distribution is perturbed. Internal fluxes like soil 94 

capillary fluxes, drainage and hydraulic lift, driven by SWP heterogeneity then come into play to 95 

dissipate this heterogeneity and stabilise the system to another equilibrium state, unless other external 96 

perturbations arise in the meantime. The resulting system state heterogeneity may hinder the accuracy 97 

of its upscaled representation. Such accuracy thus highly relies on system properties influencing the 98 

rates of processes generating and dissipating heterogeneity. 99 

In this section, we present soil and plant water flow equations that generate and dissipate SWP 100 

heterogeneity. 101 



  

 

 102 

2.1 Equations for three-dimensional explicit water flow simulation 103 

Soil water capillary flow is driven by local gradients of SWP and tends to dissipate SWP 104 

heterogeneity. In this study, we assume 3-D soil water flow to be well described by Richards equation: 105 

[ ] SψK
t

θ −∇⋅∇=
∂
∂

s       (1) 106 

where θ  is the volumetric water content (L3 L-3), t  is time (T), K  is the unsaturated soil hydraulic 107 

conductivity (L2 P-1 T-1) here considered as isotropic, sψ  is the SWP (P) including matric and 108 

gravimetric components of water potential, and S  is the sink term (L3 L-3 T-1), which accounts for 109 

RWU. Note that the units of K  and sψ  differ from standards of soil physics (in which L T-1 and L are 110 

more commonly used for K  and sψ , respectively) but were chosen for consistency with those used in 111 

plant physiology. 112 

In fine soil elements, the macroscopic RWU model based on the HA approach proposed by Couvreur 113 

et al. (2012) provides an expression for sink terms of Richards equation: 114 

( ) kkkkk SSFψψ.KSSFTV.S .. eq  ss,compact −+=    (2) 115 

where kS  (T-1) is the sink term in the k-th soil element, kV  (L3) is the volume of the k-th soil element, 116 

actT  (L3 T-1) is the plant actual transpiration rate, kSSF  (-) is the standard sink fraction in the k-th soil 117 

element (the sum of these individual fractions being one by definition), compK  (L3 P-1 T-1) is the 118 

compensatory RWU conductance of the plant, kψs,  (P) is the SWP of the k-th soil element, and eq  sψ  119 

(P) is the equivalent SWP sensed by the plant, which is a function of local SWPs and of the standard 120 

sink fraction distribution: 121 
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1
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where the j index ranges from the first to the last of the M soil elements ( jSSF  being zero for soil 123 

elements that do not contain any root segment). 124 

Equations (2-3) rely on the assumption that the water potentials at soil-root interfaces located inside a 125 

soil element equal the element bulk SWP kψs, . If sufficiently small soil elements are used, this 126 

assumption may be satisfied (Schroeder et al., 2009a; Schroeder et al., 2009b). Another simplifying 127 

assumption that needs to be fulfilled for Eq. (2) to be valid is that root radial conductances should be 128 

much lower than root axial conductances. 129 



  

 

Equation (2) provides a conceptual split of the RWU variable into a “standard RWU” ( kSSFT .act ) and 130 

a “compensatory RWU” ( ( ) kk SSF.K .eq  ss,comp ψψ − ). While the former creates SWP heterogeneity as 131 

long as the plant transpires, the latter is driven by, and tends to dissipate, SWP heterogeneity as long 132 

as SWP heterogeneity exists in the rooting zone. 133 

With the HA approach, a link between water potential in the soil, at the plant collar, and actual 134 

transpiration rate is also provided by Couvreur et al. (2012): 135 

rs

act
eq  scollar K

T
ψψ −=       (4) 136 

where rsK  (L3 P-1 T-1) is the equivalent conductance of the root system, and collarψ  (P) is the water 137 

potential in xylem vessels at the plant collar, which will be referred to as the “plant collar water 138 

potential”. 139 

It is worth noting that, through Eq. (4), plant collar water potential can be interpreted as being the sum 140 

of the equivalent SWP sensed by the plant and of the water potential loss due to water flow in the root 141 

system.  142 

The pathway of water from plant collar xylem vessels to leaves is considered as one of the least 143 

resistive from a hydraulic perspective, the main resistances being located in soil (Draye et al., 2010), 144 

between soil and root xylem (Frensch and Steudle, 1989), and between the inner leaf and atmosphere. 145 

For simplification purpose, we considered the hydraulic resistance from plant collar to leaves to be 146 

negligible as compared to the root system hydraulic resistance. This is equivalent to assuming leaf 147 

water potential as equal to collarψ . By using Eq. (4), one can then estimate plant transpiration rate from 148 

leaf water potential under water stress, stress leafψ  (P): 149 

( )stress leafeq  srsstresswater ψψ.KT −=     (5) 150 

where stresswater T  (L3 T-1) is the plant transpiration rate under water stress, and stress leafψ  is a constant 151 

for isohydric plants such as maize (Tardieu and Simonneau, 1998). 152 

The assumption on collar to leaf hydraulic resistance may however be inappropriate for certain types 153 

of plants (Domec and Pruyn, 2008), in which case the whole plant conductance should be used instead 154 

of rsK . Also, processes such as cavitation or aquaporin gating were not accounted for in this study, 155 

but may affect the plant conductance. Future prospects may concentrate on these aspects. 156 

Considering that actT  neither exceeds plant potential transpiration rate nor stresswater T , we obtain the 157 

following simplistic water stress function: 158 

( )stresswater potact T,TminT =      (6) 159 

where potT  (L3 T-1) is the plant potential transpiration rate, which depends on both atmospheric 160 

conditions and plant leaves properties. 161 



  

 

It is worth noting that the variables and parameters presented in this section are representative for a 162 

single plant. They could also be used to obtain the average transpiration rate of several plants under 163 

water stress having the same rsK  (average stress leafψ  and eq  sψ   then apply). However, as soon as the 164 

considered plants have significantly different rsK , such averaging method might not provide accurate 165 

estimates of average transpiration rate, and plants should be considered individually. 166 

2.2 Upscaling of water flow parameters and state variables 167 

2.2.1 Plant water flow 168 

Equation (2) was set up for 3-D soil-plant water dynamics modelling on small soil elements (cm 169 

scale). Understanding the implications of its application to larger elements requires the definition of 170 

upscaled variables in terms of the original “fine-scale” variables and parameters (kS , kV , kSSF  and 171 

kψs, ). Here, we consider that upscaled soil elements are groups of smaller soil elements. 172 

Since soil elements volumes and standard sink fractions are extensive entities (i.e., additive for 173 

independent subsystems), their value for a group of soil elements is the sum of the soil elements 174 

values: 175 

∑
=

=
M

k
kgkg V.V

1
,Up, ε       (7) 176 

∑
=

=
M

k
kgkg SSF.SSF

1
,Up, ε      (8) 177 

where gVUp,  (L3) is the “upscaled” volume of the g-th group, gSSFUp,  (-) is the standard sink fraction 178 

of the g-th group, gk ,ε  (-) is one when the k-th element belongs to the g-th group and zero otherwise, 179 

and the k index ranges from the first to the last of the M soil elements. Note that groups are non-180 

overlapping, so that the summation of gSSFUp,  on the whole soil domain is 1, like for kSSF . 181 

The sink term only becomes an extensive variable when multiplied by the associated soil element 182 

volume (then it becomes an additive flux). We can thus write: 183 

∑
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1
,Up,Up,

k
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where gSUp,  (T-1) is the sink term in the g-th group. 185 

Upscaling the left and right hand sides of Eq. (2) leads to: 186 

( ) ggggg SSF.ψψ.KSSF.TV.S Up,eq  ssr  Up,compUp,actUp,Up, −+=  (10) 187 

From Eqs. (2) and (8-10), the upscaled soil-root interface water potential, gψ  sr  Up,  (P), is defined as: 188 
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According to Eq. (11), the upscaled soil-root interface water potential represents the SSF-weighted 190 

mean SWP of the individual soil elements that constitute the upscaled soil element. 191 

It is worth noting that the upscaled soil-root interface water potential represents an equivalent SWP 192 

sensed by the plant in a certain zone of the root zone. When this zone comprises the entire root zone of 193 

the plant, sr  Upψ  is the plant sensed SWP (Eq. 3).  194 

So as to illustrate this concept, three simple examples are shown in Fig. 1. In the first example, only 195 

soil element # 3 contains a root segment. Following Eq. (11), 1sr  Up,ψ  should equal the SWP of 196 

element # 3. In other words, in group # 1, the root segment only senses the SWP of element # 3, which 197 

is its direct environment. In the second example, each soil element contains a root segment. 198 

Considering all non-null kSSF  as equal to each other, 2sr  Up,ψ  would be the arithmetic mean of the 199 

three individual SWPs. In the third example, no soil element contains a root segment so that Up,3SSF  200 

is zero and no water potential sensed by root segments needs to be calculated for this element. 201 

Eventually, by using Eqs. (3), (8) and (11), it can be demonstrated that the equivalent SWP sensed by 202 

the plant can be calculated from UpSSF  (vector size: [G x 1]) using: 203 
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ff SSFψψ

1
Up,sr  Up,eq  s .      (12) 204 

where the f index ranges from the first to the last of the G groups of soil elements. The equations that 205 

are used to determine the plant sensed soil water content (3 and 12) and the local water uptake (2 and 206 

10) are scale invariant, which follows directly from the fact that these relations are linear at the small 207 

scale. Similarly, the water stress equations (Eqs. 5-6) are scale invariant and do not depend on the 208 

scale at which SSF  and srψ  are defined. A problem though is that for the calculation of the upscaled 209 

soil-root interface water potentials, sr  Upψ , using Eq. 11 the distribution of the SWPs and SSF  at the 210 

smaller scale must be known. In the following, we will make two assumptions to derive sr  Upψ  211 

directly from simulated upscaled SWPs and upscaled SSF . 212 

2.2.2 Soil water flow 213 

In this study, soil water flow state variables of upscaled elements were estimated with a simple “bulk” 214 

approach (i.e., the distribution of water inside upscaled soil elements was not accounted for). Their 215 

SWP,   Upsψ  (P), and hydraulic conductivity, UpK  (L2 P-1 T-1), were directly deduced from their bulk 216 



  

 

water content Upθ  (L3 L-3) and, respectively, water retention curve and hydraulic conductivity curve 217 

(these properties being uniform in space and time). 218 

In consequence, the following upscaled expression of Richards equation was used: 219 

[ ] Up  UpsUp
Up SψK
t
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−∇⋅∇=

∂
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    (13) 220 

where UpS  is provided by Eq. (10). 221 

2.3 Simplifying assumptions for horizontal soil water flow 222 

2.3.1 First conjecture: homogeneous soil water potential in upscaled soil elements 223 

In simulations with upscaled soil elements (for instance in a 1-D soil domain), detailed SWPs around 224 

individual root segments are not available. In the first proposed approach, upscaled soil-root interface 225 

water potentials were approximated by the corresponding element bulk SWP : 226 

( ) ggg zθψψ += Up,msr  Up,      (14) 227 

where ( )θψm  (P) is the function providing soil matric potential from soil water content, gθUp,  (L3 L-3) 228 

is the bulk water content of the g-th upscaled soil element, and gz  (P) is the gravitational potential of 229 

water at the center of the g-th upscaled soil element. Note that gz  is defined zero at the soil surface 230 

and positive upwards. 231 

This assumption is generally considered as consistent either on short distances (as in fine elements of 232 

reference scenarios), or in conditions of high soil hydraulic conductivity (when lateral redistribution of 233 

water occurs almost instantaneously). 234 

When water is redistributed by soil capillary flow (or by compensatory RWU), a positive divergence 235 

of water flow is generated at points where water is removed, while a negative divergence occurs where 236 

water is added. Considering water mass conservation, the volumetric integration of positive water 237 

divergences related to the process of redistribution must equal the volumetric integration of negative 238 

water divergences. Both integrated terms represent a volume of water moved from a place to another 239 

one per time unit, and equal a rate of water redistribution. 240 

By assuming SWP as permanently homogeneous in an environment where water uptake is actually 241 

local, it is implicitly hypothesised that the divergence of soil water flow is high enough to instantly 242 

compensate for the removal of water by roots. For a given uptake rate in an upscaled element, and 243 

knowing the fine distribution of the standard sink fractions inside the element, it can be demonstrated 244 

(see Appendix A) that the soil water redistribution rate required to maintain SWP homogeneous inside 245 

the element should be the following: 246 
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where gR hyp,  soil↔  (L3 T-1) is the soil water redistribution rate required in order to keep the SWP 248 

horizontally homogeneous in the g-th group of soil elements. 249 

Note that soil water flow divergence at scales lower than the fine scale of the reference scenarios is not 250 

considered in the latter equation. 251 

2.3.2 Second conjecture: Solution for implicit SWP horizontal heterogeneity in soil layers 252 

In the second proposed approach, the De Jong Van Lier et al. (2008) model provides a solution for 253 

differences between bulk soil and soil-root interface water potentials, which does not require explicitly 254 

solving horizontal soil water flow. The latter is coupled to the upscaled macroscopic RWU model (Eq. 255 

10), which simulates the consequent vertical water flow in root system HA. 256 

The solution for horizontal soil water flow around roots relies on the concept of matric flux potential 257 

(MFP), which is the integral of soil hydraulic conductivity curve ( )mψK , over soil matric potential  258 

mψ  (P), and, equivalently, the integral of soil diffusivity curve ( )θD  (L2 T-1), over soil water content 259 

θ  (L3 L-3) : 260 
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where ( )θ,ψM m  (L2 T-1) is the soil MFP at soil matric potential mψ  or soil water content θ , wψ  (P) 262 

is the soil matric potential at permanent wilting point, and wθ  (L3 L-3) the soil water content at 263 

permanent wilting point. 264 

By assuming root distribution as horizontally regular and the rate of uptake as constant, De Jong Van 265 

Lier et al. (2008) provide a simple relation between RWU rate in a soil layer ( gSUp, ), bulk soil layer 266 

MFP gM   Up,s  (L2 T-1), and MFP at soil-root interfaces in that soil layer gM sr  Up,  (L2 T-1), which 267 

implicitly accounts for SWP horizontal heterogeneity: 268 

g

g
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ρ

S
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  Up,ssr  Up, −=      (17) 269 

where gSUp,  is given by Eq. (10), and gρ  (L-2) is a geometrical factor depending on rooting density 270 

and root radius at the g-th depth (see Eq. B1). The factor ρ  decreases with decreasing rooting density 271 

(and thus typically with depth). Decreasing ρ  or increasing sink terms induce larger differences 272 

between gM   Up,s  and predicted gM sr  Up, . 273 



  

 

By using the MFP curve, which links a soil matric potential to its MFP, one can derive gψsr  Up,  from 274 

gM sr  Up, : 275 

( ) ggg zMψψ += sr  Up,msr  Up,      (18) 276 

where ( )Mψm  (P) is the function providing soil matric potential from soil MFP. 277 

As compared to Eq. (14), Eq. (18) is an alternative way to estimate soil-root interfaces water potential 278 

in relatively large soil elements. 279 

Knowing gψsr  Up,  in every soil layer, the equivalent SWP sensed by the plant can be calculated (Eq. 280 

12), which allows further calculations of plant actual transpiration (Eqs. 5-6) and RWU distribution 281 

(Eq. 10). 282 

3. Methodology 283 

So as to discuss up to what point the first soil water flow simplification leads to worthy compromises 284 

between accuracy and computing time, the conjecture of homogeneous SWP in upscaled soil elements 285 

was tested in different scenarios. These scenarios further described in Sect. 3.1 varied in (i) rooting 286 

heterogeneity, (ii) soil type, and (iii) atmospheric demand for water. Section 3.2 explains in detail the 287 

methods used to evaluate both conjectures implemented as options in R-SWMS (Javaux et al., 2008). 288 

3.1 Scenarios description 289 

3.1.1 Root systems architecture and hydraulic properties 290 

Two crops with typically contrasting root distributions in the field were chosen for this study. 291 

The first one is maize, whose horizontal rooting density varies more in the direction perpendicular 292 

than parallel to the row, due to its “wide row” sowing pattern (here corresponding to 75 x 15 cm). The 293 

generation and parameterisation of the 80 days-old virtual maize root system used in this study is fully 294 

described by Couvreur et al. (2012). 295 

The second crop is winter wheat, whose horizontal rooting density is more homogeneous than that of 296 

maize, due to a dense seeding pattern. A density of 140 plants m-2 with a distance between plants of 10 297 

cm in the x-direction and 7 cm in the y-direction was considered. 298 

A winter wheat root system at early spring of 17000 segments was generated with RootTyp (Pages et 299 

al., 2004). This model generates root systems based on plant-specific genetic properties like insertion 300 

angles of the different root types, their trajectories, average growth speed and distances between lateral 301 

roots, which were characterised for a winter wheat during early spring, in Nebraska (USA) by Weaver 302 

et al. (1924). They were also used to adapt RootTyp environmental parameters so as to reproduce 303 



  

 

measured root length density profiles. The optimised wheat root system architecture is shown in Fig. 304 

2a. 305 

Wheat root hydraulic properties were dependent on root segment age and type (shown in Fig. 2b and 306 

2c) and were obtained from the literature. Root segments radial conductivities were measured by 307 

Tazawa et al. (1997) and Bramley et al. (2007, 2009). Root segments axial conductance were 308 

measured by Sanderson et al. (1988) and Bramley et al. (2007) for primary roots, while Watt et al. 309 

(2008) estimated this property for lateral roots by using Poiseuille-Hagen law. 310 

So as to represent winter wheat root distribution in the field and accounting for the effect of 311 

overlapping root zones from neighbouring plants, while limiting the computational needs, the virtual 312 

root system was located in a horizontally periodic soil domain of 10 x 7 cm2, which corresponds to the 313 

spacing between plants. Periodicity was applied for root system architecture at the vertical boundaries 314 

of the domain. Viewed from a larger scale than the individual plant scale, this case would correspond 315 

to a field containing identical root system architectures regularly spaced. In consequence, SWP 316 

variability is only accounted for at scales lower or equal to the plant scale. 317 

3.1.2 Soil hydraulic properties 318 

Two soil types with typically contrasting hydraulic properties were chosen for this study. The first one 319 

is a silt loam, whose water capacity and hydraulic conductivity are relatively high for a wide range of 320 

soil matric potentials (properties represented in blue, respectively in Fig. 3a and 3b). 321 

The second soil type is a sandy loam, whose hydraulic conductivity is quite high close to water 322 

saturation, but soon becomes resistive to water flow when SWP decreases (properties represented in 323 

red, respectively in Fig. 3a and 3b). 324 

Note that Mualem – van Genuchten equations (Van Genuchten, 1980) were used to define the soil 325 

hydraulic property curves, and that Carsel and Parrish (1988) parameterisations were chosen for both 326 

soil types. 327 

In the scenarios, SWP was initially uniform (hydrostatic equilibrium) and set to field capacity (-300 328 

hPa) for the silt loam. Sandy loam initial water potential was set to -130 hPa, so that water availability 329 

would not be limiting the uptake during the first days of the scenarios. 330 

The soil domain was 123 cm deep, which means that for an initially uniform SWP, and neglecting the 331 

effect of osmotic potential, there was a difference of approximately 123 hPa between top and bottom 332 

matric potentials. This implied that soil water content and hydraulic conductivity were changing along 333 

the soil profile, already at initial conditions, as illustrated by the coloured bands in Fig. 3. 334 

3.1.3 Boundary conditions 335 

In order to focus on RWU and soil capillary flow as processes generating or reducing SWP 336 

heterogeneity, no other processes were considered in the scenarios. Therefore, no-flux boundary 337 



  

 

conditions were set at top and bottom boundaries of the soil domain, while plant transpiration was the 338 

only process removing water from the system. In addition to be periodic for root system architecture, 339 

vertical boundaries of the domain were periodic for soil and root water flow. 340 

High and low transpiration rate cases were selected in order to investigate whether these rates impact 341 

the validity of simplifying assumptions about lateral SWP distributions in the root zone. Atmospheric 342 

demand for water reflected the geographical position and period of the year for which the root system 343 

architectures were determined. The FAO approach (Allen et al., 1998) was used to determine the daily 344 

potential transpiration rate of single plants, dailyT  (L3 T-1), from selected reference evapotranspiration 345 

rates: 346 

Surf.K.ETT crefdaily =      (19) 347 

where refET  (L T-1) is the reference evapotranspiration, cK  (-) is the crop coefficient, and Surf  (L2) 348 

is the horizontal surface occupied by a single plant in a field. Note that the part of evaporation in 349 

refET  was considered as negligible. Accounting for it would have led to slightly lower transpiration 350 

rates. 351 

For the French maize crop in July, cK  was 1.2, Surf  was 1125 cm2, and the high refET  was 4.5 mm 352 

d-1 while the low refET  was 2.25 mm d-1. For the Nebraskan winter wheat crop at early spring, cK  353 

was 1, Surf  was 70 cm2, and the high refET  was 3.9 mm d-1 while the low refET  was 1.95 mm d-1. 354 

Sinusoidal daily variations of potT  were expressed as a function of dailyT  with the following 355 

expression: 356 
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where t  (T) is the time after midnight, and τ  (T) is the number of time units in a day-night cycle (e.g., 358 

τ  is 24 hours if t  is given in hours, and 1 day if t  is given in days). 359 

stress leafψ , which triggers stomata partial closure due to water stress (see Eq. 5-6), was -15000 hPa for 360 

both crops. 361 

The duration of scenarios is 14 days, except for high refET  on sandy loam (10 days). 362 

3.2 Testing the simplifying approaches 363 

The simplifying approaches described in Section 2.3 were tested by comparing their results with 364 

simulated reference results. In the reference simulations, Richards equation was solved for a fine 3-D 365 

soil grid, and Doussan et al. (1998)’s model was used to predict RWU by the root system HA in R-366 

SWMS. Due to computing power considerations, the reference maize crop scenarios could not be run 367 

with soil elements smaller than cubes of 1.5 cm length. Since the winter wheat domain dimensions 368 



  

 

were smaller, its reference scenarios could be run with cubic soil elements of 0.5 cm length. 369 

Consequently, reference scenarios do not account for additional SWP gradients around roots at scales 370 

smaller than, respectively, 1.5 and 0.5 cm. Accounting for this feature may increase differences 371 

between reference results and results obtained from upscaled soil grids (Schroeder et al., 2009b). 372 

3.2.1 Simplifying approaches features 373 

In order to test the first conjecture (homogeneous SWP in upscaled soil elements), each of the eight 374 

scenarios defined in 3.1 (combinations of the following properties: maize or winter wheat; silt loam or 375 

sandy loam; high or low dailyT ) were run with soil elements of increasing horizontal surface, as 376 

summarised in Tab. 1 and illustrated in Fig. 4. 377 

For maize, the assumption on SWP homogeneity was firstly applied to the direction parallel to the 378 

row. Subsequently, the discretisation was coarsened in the direction perpendicular to the rows. 379 

Therefore, all intermediate soil discretisations, between the finest one and 1-D, are 2-D (see Tab. 1). 380 

This is not the case for winter wheat, for which no preferential direction was considered to group soil 381 

elements. 382 

In opposition, the second conjecture (soil-root interface water potential predicted from the 383 

approximate analytical solution of water flow towards a root) was directly tested for 1-D soil layers 384 

(75 x 15 x 1.5 cm and 10 x 7 x 0.5 cm, respectively for maize and winter wheat). 385 

3.2.2 Comparison with reference scenarios 386 

In order to evaluate the accuracy of the first simplified approach, differences between the reference 387 

and different upscaling scenarios were estimated for collarψ  and horizontally averaged sink term and 388 

water content profiles. The mean of the absolute differences for all times and depths was divided by 389 

the mean value for the reference case, which provided one relative mean absolute difference for each 390 

scenario. The relative computation time of the simplified to reference simulations was also 391 

determined. 392 

Eventually, horizontal and vertical redistribution of water by both soil and roots from 1-D and 393 

reference results were compared, in order to understand which process dissipating SWP heterogeneity 394 

would be responsible of possibly wrong representations of 1-D soil-plant water dynamics. For 395 

simulations directly run in 1-D, the total horizontal redistribution of water by soil was estimated as the 396 

integration of the redistribution necessary to keep each layer inner water potential homogeneous (i.e. 397 

vertical integration of Eq. 15). Other equations quantifying vertical and horizontal water redistribution 398 

by soil and roots from reference and 1-D simulation results are detailed in Appendix C. 399 

With the second conjecture, simple effective methods that allow overcoming basic assumptions of De 400 

Jong Van Lier et al. (2006) model were discussed. These concern (i) horizontal heterogeneity of root 401 

distribution, and (ii) transient rate of water uptake. For reasons discussed in Sect. 4.4.2, a proper 402 



  

 

coupling with Richards equation could not be achieved with this conjecture. However, using bulk 403 

SWP data from the reference simulation and keeping past uptake rates in memory, we could evaluate 404 

the accuracy of the second conjecture at each individual time step. 405 

Effective values of the geometrical parameter ρ were first estimated from reference simulations and 406 

compared to theoretical values (calculated from each layer root length density and assuming a regular 407 

distribution of roots), in order to understand how this parameter may be affected by horizontal rooting 408 

heterogeneity. Then, sr  Upψ  were predicted from either the current sink term, or a weighted mean of 409 

sink terms on time-windows of chosen length (weights linearly decreasing to zero with passed time), 410 

in order to understand if the history of past sink terms should be accounted for when RWU is transient. 411 

Considering that the simplifying approaches presented in this paper introduce structural errors in the 412 

model, differences as compared to reference scenarios were considered as “errors”. However, also the 413 

reference model is subject to structural errors (supposed relatively small). These basic errors were not 414 

accounted for in the next pages. 415 

 416 

4. Results and discussion 417 

4.1 First conjecture: homogeneous soil water potential in upscaled soil 418 

elements 419 

Tables 2 and 3 show the relative errors of predicted state variables and relative computing time for 420 

each scenario, with increasing elements size inside which SWP is assumed homogeneous. Errors that 421 

occur at the finest spatial discretisation (i.e. horizontal surfaces of respectively 2.25 and 0.25 cm2 for 422 

maize and winter wheat) are due to the replacement of Doussan RWU model by Eq. (2) to calculate 423 

the sink terms. 424 

It is notable that 1-D sink terms and collarψ  were generally more sensitive to errors than 1-D water 425 

contents, even though water content differences are a consequence of sink term differences. This can 426 

be explained by the fact that SWP heterogeneity is the driver of soil water flow. Thus, for instance, 427 

locally overestimating RWU leads to higher SWP heterogeneity, which leads to higher 428 

“compensation” by soil water flow. Consequently, errors of RWU tend to be larger than errors of soil 429 

water content, especially in case of high soil hydraulic conductivity. 430 

In the next sections, we study the impact of element size, daily transpiration rate and soil type on the 431 

reported relative absolute differences, and further analyse where these differences take place in space 432 

and time. Illustrations are mostly given for scenario “high dailyT  on silt loam”, but complementary 433 

explanations are given for other scenarios in case their trends differ from illustrations.  434 



  

 

4.1.1 Impact of element size and crop type 435 

For maize, the simplification from 3-D to 2-D soil discretisation results in relatively small increase of 436 

model errors (see Fig. 5a) since SWP is quite homogeneous in the direction of maize rows (see left 437 

subplot of Fig. 4). Conversely, further increases of element size in the direction perpendicular to maize 438 

rows (in which a big part of SWP variability is observed in reference scenarios) result in significant 439 

increase of model errors, particularly beyond case #3 (elements of 3 cm in the direction perpendicular 440 

to the row). This result encourages the use of 2-D soil discretisation for simulating water dynamics in 441 

a maize crop, whereas considering a 1-D approach with homogeneous SWP in horizontal soil layers 442 

leads to strong errors in predicted state variables (approaching 50% of relative error on 1-D sink terms 443 

and collarψ  over a period of 10 days on sandy loam). 444 

For winter wheat, while changing element dimension from 3-D to 1-D (see Fig. 5b), model errors 445 

stayed remarkably low (below 1% for scenarios on silt loam over a period of 14 days). This feature 446 

can be related to the dense sowing pattern of the winter wheat crop (140 plants per square meter, 447 

against 9 for maize), which naturally induces rather homogeneous horizontal rooting, uptake and SWP 448 

patterns. 449 

One of the main interests of simplifying approaches is model computing time reduction. As shown in 450 

Tab. 2 (and illustrated in Fig. 5c to d), for maize, if computing time was already reduced by a factor 25 451 

to 100 due to the replacement of Doussan model by Eq. (2), another factor 3 to 30 was gained by using 452 

a 2-D soil discretisation. For winter wheat, using Eq. (2) only reduced computing time by a factor 6 to 453 

14 because its root system has twice less segments than maize (using Doussan model is 454 

computationally cheaper for small root systems, while computing time of Eq. 2 does not discriminate 455 

between big and small root systems). Computation time was reduced by another factor 5 to 100 as 456 

compared to the high resolution 3-D winter wheat scenarios, by using 1-D soil elements. 457 

Such results suggest that using the first conjecture in, respectively, 2-D (maize) and 1-D (winter 458 

wheat) soil elements as simplifying hypothesis for SWP distribution, is a worthy compromise 459 

maintaining accuracy while reducing computation time. 460 

4.1.2 Impact of daily transpiration and soil type 461 

Even though crop type and soil elements size had major impact on the simplifying approach accuracy, 462 

two other features also clearly impacted this accuracy: dailyT  and soil type. 463 

Almost systematically, the simplified model accuracy was higher when decreasing dailyT , and in the 464 

silt-loam than in the sandy loam. Since accuracy under the first conjecture is highly related to the 465 

absence of SWP horizontal heterogeneity, the previous statement can be explained through processes 466 

involving creation and dissipation of SWP heterogeneity. 467 



  

 

Firstly, standard RWU is a process creating SWP heterogeneity in a soil with an initial hydrostatic 468 

equilibrium state; increasing dailyT  (and obviously standard RWU) will thus lead to increased SWP 469 

heterogeneity and decreased accuracy under the first conjecture. Note that as defined in the theory, 470 

RWU is conceptually the superimposing of two processes: standard RWU, which creates SWP 471 

heterogeneity, and compensatory RWU, which dissipates (and is driven by) SWP heterogeneity but is 472 

independent of plant instantaneous transpiration rate. 473 

Secondly, soil water flow is a process dissipating SWP heterogeneity; a high soil hydraulic 474 

conductivity thus favours SWP heterogeneity dissipation and leads to better predictions by 475 

approximations that use the first conjecture. Note that, even though silt loam hydraulic conductivity is 476 

mostly lower than that of sandy loam at the beginning of the simulations (see conductivity ranges in 477 

Fig. 3b), it stays relatively high at low soil matric potentials, which explains the higher accuracy of the 478 

silt loam than the sandy loam scenarios. 479 

It is also worth noting that, in general, structural and parameterisation errors in a RWU model may 480 

have a limited impact on SWP distributions when soil water flow is a dominating process, as 481 

previously discussed by Hupet et al. (2002). 482 

4.1.3 Spatio-temporal distribution of processes: comparison with 1-D results 483 

This section clarifies the underlying assumption on soil water horizontal redistribution when using 1-D 484 

soil discretisation, and provides further insight on how it may impact model errors in space and time. 485 

As shown in Fig. 6 for scenario “high dailyT  on silt loam”, the intensity of each process redistributing 486 

water can be rated in terms of its total positive volumetric divergence of water flow (total negative 487 

volumetric divergence being equivalent to the positive one, by definition, since these processes only 488 

redistribute water in the system). Blue lines correspond to processes as they occurred in the reference 489 

scenarios while the red ones are for 1-D scenarios. Solid and dotted lines correspond, respectively, to 490 

horizontal and vertical spatial components of the processes. Figures 6a and 6c show water 491 

redistribution rates by soil, evolving with time, while Figs. 6b and 6d show water redistribution rates 492 

by roots. Eventually, Figs. 6a and 6b correspond to maize, while Figs. 6c and 6d correspond to winter 493 

wheat. 494 

In Fig. 6a (maize), one can see that the assumed horizontal redistribution rate of water by soil in 1-D is 495 

overestimated during daytime; reference horizontal soil water flow is thus far from sustaining the 496 

necessary flow rate to keep SWP homogeneous. Also, during night-time, even though decreased, 497 

reference horizontal soil water flow goes on, due to the persistence of SWP horizontal heterogeneities, 498 

while in 1-D, the assumed horizontal water flow stops as soon as the plant stops transpiring (except 499 

once compensatory RWU significantly compensates vertical SWP heterogeneities at night). 500 

Conversely, in Fig. 6c (wheat), similar peaks of divergence of horizontal soil water flow can be 501 

noticed in both reference and 1-D scenarios. This can be attributed to the fact that water needs to flow 502 



  

 

on much shorter horizontal distances to compensate wheat SWP heterogeneities, and thus is much 503 

more effective in dissipating these heterogeneities (which almost disappear at night). For both maize 504 

and wheat, the vertical component of divergence of soil water flow is slightly underestimated in 1-D, 505 

which suggests that this process is affected by the hypothesis of horizontally homogeneous SWP, and 506 

may actually participate to dissipating SWP horizontal heterogeneities in reference scenarios. 507 

For maize, both components of compensatory RWU are largely underestimated in 1-D (especially the 508 

horizontal one, which is null in 1-D, since SWP is considered as horizontally uniform), which is not 509 

the case for wheat, whose dominant vertical component of compensatory RWU is well represented in 510 

1-D (see Fig. 6d). 511 

During the second week of simulation, compensatory RWU rates reach increasingly high values 512 

(approximately 10 and 250 cm3 per day redistributed in the profile, respectively for wheat and maize). 513 

For maize, compensatory RWU rates are similar or even higher than water redistribution rates by soil. 514 

Such integrated values of redistribution of water uptake are also non-negligible as compared to each 515 

plant daily transpiration rate (respectively 27 and 600 cm3d-1). This confirms that the process of 516 

compensatory RWU might have a major impact on plant water availability (Feddes et al., 2001; 517 

Teuling et al., 2006). However, compensatory RWU takes some time to become significant, as 518 

compared to horizontal and vertical water redistribution by soil. This can be explained by the fact that, 519 

while SWP heterogeneity increases with time, root system hydraulic conductances do not change; 520 

redistribution of water by the root system thus increases. At the same time, soil hydraulic 521 

conductivities tend to decrease (due to soil water content reduction); redistribution of water by soil 522 

capillary flow thus becomes of lesser importance as compared to compensatory RWU. That sort of 523 

reflection was previously raised by Gardner and Ehlig (1963) who stated that, with soil drying, “while 524 

processes such as capillary rise see their rate reduced, due to a decreased soil hydraulic diffusivity, an 525 

increasing proportion of water moves upward through roots, which somehow short-circuits the path of 526 

water movement through soil”. 527 

As illustrated in Fig. 6 (left subplots), vertical soil water redistribution was generally the least 528 

important process, in terms of rates. It can be explained by the fact that, on long vertical distances, 529 

equivalent soil hydraulic resistances are high enough to limit redistribution (water has to flow through 530 

a larger number of hydraulic resistances in series), and thus prevent SWP heterogeneities from being 531 

dissipated. 532 

In case horizontal soil water flow would actually not be fast enough to equilibrate a layer SWP, the 533 

assumed water potential at soil-root interfaces would be overestimated in 1-D. This is exactly the 534 

observed response in scenarios of RWU by maize, where local SWP sensed by the plant decreases 535 

slower than in reference scenarios (Fig. 7a vs. 7d). This overestimation of local SWP sensed the plant 536 

has two main consequences: (i) an underestimation of compensatory RWU (Fig. 7b vs. 7e, and dotted 537 

lines in Fig. 7f), and (ii) an overestimation of total SWP sensed by the plant (Fig. 7c) inducing 538 

underestimation of plant water stress (Fig. 7f). 539 



  

 

 It is notable that, for the same actT , errors on collarψ  equal errors on eq  sψ  since the difference 540 

between these variables is 
rs

act

K

T
, which has no spatial dimension, and thus, is not affected by a spatial 541 

dimension reduction. Also, values of compensatory RWU in Fig. 7b,e are given as fluxes per plant in 542 

soil layers of 1.5 cm height. As a matter of comparison, the spatial integration of positive terms is 543 

given in Fig. 7f, while the integration of all terms would be zero by definition. 544 

Figure 8 is the equivalent of Fig. 7 for winter wheat on sandy loam instead of maize on silt loam. The 545 

1-D system state appears to be very close to the reference one for all variables. Even though collarψ  546 

and eq  sψ  are slightly overestimated at night and underestimated during daytime, actT  follows the 547 

same trend in both simulations. Conversely to results shown in Fig. 7, compensatory RWU is slightly 548 

overestimated in 1-D (see Fig. 8f), possibly due to water depletion around deep roots of wheat in the 549 

reference scenario, which limited the compensation rate. Proportionally to the total uptake rate, the 550 

compensation rate was always more intense on sandy loam than on silt loam, seemingly because water 551 

is not as efficiently redistributed by the sandy soil. 552 

A conclusion of the detailed comparison between 1-D and reference maize scenarios is that, when 553 

horizontal redistribution of water by soil is a limiting process, there is a clear need to account for 554 

differences between bulk SWP and water potential sensed by roots in soil layers, in order to avoid 555 

biased predictions of compensatory RWU and plant water stress, in dimensionally simplified soil-plant 556 

systems. A physical approach presented in Section 2.3 was developed by De Jong Van Lier et al. 557 

(2006) for that purpose, of which opportunities and limitations are discussed in the next section. 558 

4.2 Second conjecture: solution for water potential differences between 559 

bulk soil and root surface in 1-D soil layers 560 

In this section, limitations of the second conjecture and tested adaptations aiming at better accounting 561 

for unfulfilled assumptions are discussed. 562 

4.2.1 Horizontally heterogeneous rooting pattern 563 

Like macroscopic RWU models using a “microscopic approach” (Raats, 2007; De Jong Van Lier et 564 

al., 2008; Jarvis, 2011), the second conjecture allows predicting SWP variations between the bulk soil 565 

(   Upsψ ) and soil-root interfaces (sr  Upψ ) by assuming a horizontally homogeneous root distribution, 566 

which implies that the water dynamics around roots is the same (their properties being considered as 567 

identical). 568 

Yet, for maize crops, due to the wide-row sowing pattern, two features are in contradiction with the 569 

second conjecture’s assumptions: (i) water potentials at soil-root interfaces are not horizontally 570 



  

 

homogeneous (see for instance left subplot of Fig. 4), and (ii) the horizontal rooting pattern is not 571 

uniform. As demonstrated in Eq. (11), in each soil layer, a unique value of gψ  sr  Up,  may lead to the 572 

right average sink term for the layer. The microscopic approach might help finding this layer 573 

“equivalent soil-root interface water potential”, which makes it unnecessary to search for the full range 574 

of soil-root interfaces water potentials in each soil layer. The second contradiction is more of an issue 575 

since no definition of the geometrical factor ρ  (see Eq. B1 for its theoretical formulation) accounts 576 

for horizontal rooting pattern heterogeneity. However, knowing values of gSUp, , gM  sr  Up,  and 577 

gM    Up,s  (from the reference scenarios), an effective value of gρ  was calculated at each depth for each 578 

time step of the scenarios, by using Eq. (17). As shown in Fig. 9a for scenario “maize high dailyT  on 579 

silt loam”, the effective values grouped by depth are significantly lower than theoretical values of ρ  580 

(blue dotted line), which means that the system behaves like if there were much less roots, or maybe, 581 

one “big root”. This necessity to use smaller values of ρ  was already noticed in comparison with 582 

experimental data, by Faria et al. (2010), who interpreted that feature as a consequence of rooting 583 

heterogeneity, poor contact at soil-root interfaces and inactivity of a significant percentage of roots 584 

(approximately 95%), which thus should not be taken into account when calculating ρ . Through this 585 

modelling study, we investigated and confirmed the expected impact of horizontal rooting 586 

heterogeneity on ρ . 587 

Note that since root geometry does not change during scenarios, effective ρ  values at a certain depth 588 

should theoretically remain constant with time. As shown in Fig. 9a, they actually cover a certain 589 

range of effective values, which are also strongly sensitive to soil type (not shown). One should thus 590 

be careful when using the theoretical parameterisation of ρ  for root systems with heterogeneous 591 

horizontal distribution. 592 

Figure 9c shows the same comparison for wheat, whose theoretical ρ  values are much closer to the 593 

effective ones. This confirms that the theoretical parameterisation is more reliable for wheat, whose 594 

horizontal root distribution is indeed rather uniform. 595 

Note that negative effective values of ρ  are not displayed in Fig. 9a,c. These however occur in 596 

reference simulations when roots exude water while sr  Upψ  is still lower than the corresponding layer 597 

bulk SWP. This transient situation cannot be predicted by the default model of water depletion around 598 

roots, since the geometrical factor ρ  is defined positive (see Eq. B1). 599 

4.2.2 Transient rate of root water uptake 600 

Another assumption of macroscopic RWU models using a “microscopic approach” to predict SWP 601 

depletion at soil-root interfaces is that rates of water uptake are constant with time. Water uptake rates 602 

at a soil-root interface change over time due to temporal changes in plant transpiration but also due to 603 



  

 

compensation mechanisms in the connected root system. Since the soil system has a memory due to its 604 

buffer capacity, the water potential profile around a root at a certain time does not depend only on the 605 

extraction rate at that time but also on previous extraction rates. Thus, using a weighted-mean of past 606 

sink terms in Eq. (17) rather than the sink term at a given moment might be better to predict the 607 

difference between soil-root interface sr  Upψ  and bulk soil   Upsψ . 608 

In this section, we tested if reference values of gM  sr  Up,  (from which gψ  sr  Up,  can directly be 609 

deduced) could be predicted from Eq. (17), either by using the theoretical values of gρ  and 610 

instantaneous gS  , Up  (“Default method”), or by using the mean values of effective gρ  (red vertical 611 

lines in the boxplots in Fig. 9a,c) and instantaneous gS  , Up  (“Average Rho” method), or eventually by 612 

using time-averaged values of gS  , Up , in addition of the mean effective gρ  (“Average Rho & S” 613 

method). 614 

Figure 9b shows the results obtained for maize at all time-steps of the “high Tdaily on silt loam” 615 

scenario. The “1:1 line” illustrates the position of the reference gM  sr  Up, , while black circles 616 

correspond to layers bulk MFP (and to the gM  sr  Up,  predicted under the first conjecture). Mostly, even 617 

though more accurate than the first conjecture, using the “Default method” (red crosses) still resulted 618 

in an overestimation of gM  sr  Up, , mainly due to the theoretical overestimation of ρ . Effective 619 

methods “Average Rho” and “Average Rho & S” allowed increasing the accuracy of the predictions 620 

around the 1:1 line, however significant differences persist, mainly in dry conditions (where small 621 

errors on gM  sr  Up,  moreover have a high impact on gψ  sr  Up, ). The prediction of negative values of 622 

gM  sr  Up,  is also problematic since the function providing MFP values from soil matric potentials is 623 

positive by definition. Consequently, no gψ  sr  Up,  value can be deduced from a negative gM  sr  Up, . 624 

Even though both effective methods were sensitive to the chosen averaging function, none of the  625 

tested functions allowed reaching satisfying results for maize (averaging functions used for results 626 

shown in Fig. 9b,d: mean function for ρ , and 36 hours average for the sink term). For wheat (Fig. 627 

9d), results were already satisfying under the first conjecture, but could be improved by using the 628 

second conjecture, as shown by Fig. 9d. 629 

When the RWU model using the second conjecture was further coupled to Richards equation, the 630 

frequent prediction of negative values of sr  UpM  (happens when 
g

g
g

ρ

S
M Up,

  Up,s < , typically when the 631 

soil becomes dry) and oscillating gψ  sr  Up,  caused non-convergence issues (mainly for simulations on 632 

sandy loam). These could not be solved in this study. 633 



  

 

4.2.3 Closing remarks on the second conjecture 634 

Ideally, exact physical expressions would allow accounting for transient RWU rates and 635 

heterogeneous rooting distribution, with a resulting model shape that would possibly have to be 636 

adapted as compared to Eqs. (17) and (B1). However, such opportunity doesn’t exist today, and a 637 

simple alternative is to use effective parameters and variables such as described in previous paragraphs 638 

and suggested by Faria et al. (2010), even though they entail a loss of physical meaning of the model. 639 

The proposed effective methods, accounting for unfulfilled assumptions of De Jong Van Lier et al. 640 

(2006) model, did not allow significantly improving predictions of differences between bulk SWP and 641 

SWP sensed by roots for 1-D spatial discretisation, except in conditions in which the first conjecture 642 

was already satisfying (winter wheat crop on silt loam). There is however a clear need for accurate 643 

functions predicting soil-root interface water potential, in order to correctly predict compensatory 644 

RWU and plant water stress. In the future, that problem might be solved through the development of 645 

specific analytical solutions for each type of system properties. 646 

5. Conclusions and outlook 647 

The objective of this paper was to provide a theoretical framework and exploratory analysis regarding 648 

the use of “upscaled” RWU models, partly or fully neglecting SWP horizontal heterogeneity within 649 

the root zone. We demonstrated how to derive upscaled RWU parameters and state variables (among 650 

which the upscaled soil-root interface water potential) from small scale information. Two simplified 651 

approaches aiming at estimating such upscaled water potential (when small scale information is not 652 

available) were then tested in soil-plant hydrodynamics scenarios, for two crops with rather 653 

heterogeneous (maize) or homogeneous (winter wheat) horizontal rooting distributions. 654 

With the first approach, SWP was considered as homogeneous in upscaled soil elements. For maize, 655 

neglecting SWP heterogeneities in the direction of the row was shown to be a good compromise 656 

between accuracy (relative errors mostly below 5%) and computing time (reduced of 67 to 96%). 657 

However, in 1-D, the assumed horizontal water redistribution rate by soil was far above reference 3-D 658 

values during daytime and far below them at night. Consequently, the intensity of compensatory RWU 659 

was underestimated while plant collar water potential was overestimated. For winter wheat, the rather 660 

uniform rooting distribution tended to generate short-distance SWP heterogeneities, and favoured a 661 

fast horizontal redistribution of water by soil. Therefore, 1-D processes of water redistribution were in 662 

agreement with reference values (relative errors mostly below 5%), and computation time could be 663 

reduced by 80 to 99%. More generally, the accuracy of the first approach was improved in cases 664 

processes creating SWP heterogeneity were reduced (e.g., low plant transpiration rate) and processes 665 

dissipating SWP heterogeneity were dominant (e.g., high soil hydraulic conductivity). A conclusion of 666 

the first conjecture is that a 1-D soil geometry is enough to represent soil-plant water dynamics for 667 



  

 

winter wheat, but not for maize. Representing the latter case in 1-D would require accounting for 668 

water depletion around roots, which is the aim of the second conjecture. 669 

With the second conjecture, the difference between bulk SWP and SWP sensed by roots in 1-D soil 670 

layers was estimated with an approximate analytical solution of soil water flow towards roots. The 671 

validity of the latter model, when two of its assumptions are not met (regular rooting distribution and 672 

constant RWU rate) was questioned. First, horizontal rooting heterogeneity was shown to impact 673 

effective values of the geometrical parameter ρ  for maize, while a better agreement between 674 

theoretical and effective values of ρ  were noticed for the rather regular rooting distribution of winter 675 

wheat. Second, accounting for past uptake rates over a time-window of 36 hours improved the 676 

agreement with reference results, whose local RWU rates were transient. However, for maize, the 677 

layers soil-root interface water potentials could not be accurately predicted, especially in dry 678 

conditions. 679 

This study confirmed that the use of 1-D spatial discretisation to represent soil-plant water dynamics is 680 

a worthy choice for densely seeded crops. It also highlighted that, for wide-row crops, further 681 

theoretical developments, better accounting for actual system properties, might be needed to properly 682 

predict plant collar water potential and compensatory RWU, as compared to fine scale simulations. 683 

Future prospects in line with this study could also focus on the analysis of implications of using even 684 

coarser grids when modelling soil-plant hydrodynamics at the plot or larger scales. 685 

686 



  

 

Appendices 687 

Appendix A: Definition of soil water flow divergence necessary to keep soil water 688 

potential homogeneous during root water uptake in upscaled soil elements 689 

 690 

From an initially uniform distribution of SWP inside a horizontally upscaled soil element, taking up a 691 

flux “ gg V.S Up,Up, ” of water would generate SWP heterogeneity around roots if water was not 692 

redistributed. Leading SWP to a new homogeneous state inside the upscaled soil element instantly 693 

requires a horizontal divergence of soil water flow (mostly negative in regions where RWU occurs), 694 

which depends on the characteristic distribution of RWU inside the upscaled soil element. 695 

When using upscaled soil elements, one indirectly assumes that the element is an entity keeping its 696 

inner water potential homogeneous, independently of other upscaled elements. In other words, the 697 

equilibration of inner SWP requires soil water redistribution, which is assumed to come from the 698 

inside of the upscaled element only. The divergence of soil capillary flow over the upscaled soil 699 

element is thus zero regarding the equilibration step, while divergences may locally be different from 700 

zero in its constituting elements. Note that when calculating soil water flow between different 701 

upscaled soil elements, their divergence of water flow may of course be different from zero. 702 

The following forms of Richards equation thus apply, respectively for upscaled and fine soil elements, 703 

regarding the instantaneous equilibration of upscaled elements inner SWP: 704 
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where kDiv  (L3 L-3 T-1) is the divergence of soil water flow in the k-th fine element, more commonly 707 

expressed as “ ( )[ ]kk ψψK s,m, ∇⋅∇− ”. 708 

In order to keep SWP horizontally homogeneous inside an upscaled element (and considering soil 709 

hydraulic properties as uniform), all local 
t

θk

∂
∂

 need to equal 
t

θ g

∂
∂ Up,

. From Eqs. (A1-A2) we thus 710 

obtain: 711 

kgk SSDiv −= Up,        (A3) 712 

Considering initial SWP as homogeneous inside the upscaled soil element, local uptake rates can be 713 

defined as a standard fractions of the total uptake rate of the upscaled element: 714 
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where g

M

k
kgk SSFSSF.ε Up,

1
, =∑

=

. 716 

From Eqs. (A3-A4), the local divergence of soil water flow can be defined as follows: 717 
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Since in our case, soil water flow divergence is simply a redistribution of water inside the upscaled 719 

element, the volumetric integration of positive terms equals that of negative terms, and half the 720 

volumetric integration of all absolute terms. We thus obtain the following definition of the volumetric 721 

integration of positive water flow divergence necessary to keep SWP uniform inside an upscaled soil 722 

element, gR hyp,  soil↔  (L3 T-1): 723 
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Note that soil water flow divergence at scales lower than the scale of fine elements is not considered in 725 

the latter equation. 726 

The coefficient 
2

1 Up,Up,
,∑

=

−
M

k g

k

g

k
gk V

V

SSF

SSF
.ε

 appears to be an indicator of how “generator of SWP 727 

heterogeneity” a HA is, inside an upscaled soil element (which could be enlarged up to the whole soil 728 

domain). Its value tends to zero for uniform standard sink distributions inside the upscaled element, 729 

which do not create SWP heterogeneities, and tends to one for a single root inside an infinitesimal part 730 

of the upscaled element, which corresponds to the case generating the biggest amount of heterogeneity 731 

for a given water uptake or exudation rate. 732 

 733 

Appendix B: Theoretical equation for the geometrical parameter ρg for regular root 734 

distribution in a soil layer 735 

 736 

De Jong Van Lier et al. (2006) provides the following theoretical equation for the geometrical 737 

parameter gρ  for regular root distribution in a soil layer: 738 
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where g,r0  (L) is the mean roots radius at the g-th depth, a  (-) is a parameter considered as equal to 740 

0.53 (De Jong Van Lier et al., 2006), and gRLD  (L-2) is the root length density at the g-th depth. 741 

 742 



  

 

Appendix C: Equations for vertical and horizontal water redistribution rates by soil 743 

and roots 744 

Vertical and horizontal water redistribution rates by soil were calculated as the volumetric integration 745 

of the corresponding absolute components of water flow divergence between soil elements: 746 
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where ↔ soilR  and b  soilR  (L3 T-1) are, respectively, the horizontal and vertical components of water 749 

redistribution rates by soil, kJ x1,  and kJ x2,  (L T-1) are soil water flow densities in the x-direction, 750 

respectively on the first and second side of soil element # k, and xd  (L) is the length of soil elements 751 

in the x-direction (same logic for y- and z-directions). 752 

Even though RWU rates have no direction per se, water redistribution between layers was considered 753 

vertical while redistribution resulting from horizontal heterogeneities was considered horizontal. 754 

Vertical water redistribution rates by roots were calculated as the integration of absolute net 755 

compensatory RWU of each soil layer: 756 
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where broot  R  (L3 T-1) is the vertical water redistribution rate by roots, actT.SSFV.Sβ kkkk −=  (L3 T-758 

1) is the compensatory RWU in the k-th soil element, l (-) is the soil layer index, L is the total number 759 

of soil layers, and lk ,ε  (-) equals 1 when the k-th soil element is included in the l-th soil layer and 760 

equals 0 otherwise. 761 

Horizontal water redistribution rates by roots were calculated as the integration of absolute deviations 762 

of compensatory RWU as compared to the expected distribution of layers net compensatory RWU for 763 

horizontally uniform SWP: 764 
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where ↔root  R  (L3 T-1) is the horizontal water redistribution rate by roots, ∑
=

M

k
klk β.

1
,ε  (L3 T-1) is the 766 

net compensatory RWU in the l-th soil layer, 

∑
=

M

k
klk

k

SSF.

SSF

1
,ε

 (-) is the fraction of net compensatory RWU 767 

expected in the k-th soil element in case SWP would be horizontally uniform in the l-th soil layer. 768 
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Tab. 1: Sizes of upscaled soil elements and domain properties for both maize and winter wheat crops 880 

in the runs testing the first conjecture. 881 

Plant type Element properties Case 1 Case 2 Case 3 Case 4 Case 5 Case 6  

Maize Horizontal area (cm2) 

X and Y lengths (cm) 

Elements per layer (-) 

Domain dimensionality 

2.25  

1.5 x 1.5 

500 

3-D 

22.5  

1.5 x 15 

50 

2-D 

45     

4 x 15 

25 

2-D 

112.5     

7.5 x 15 

10 

2-D 

225 

  15 x 15 

5 

2-D 

1125  

75 x 15 

1 

1-D 

 

Winter wheat Horizontal Area (cm2) 

X and Y lengths (cm) 

Elements per layer (-) 

Domain dimensionality 

0.25 

0.5 x 0.5 

280 

3-D 

1  

 1 x 1 

70 

3-D 

7       

 2 x 3.5 

10 

3-D 

70   

 10 x 7 

1 

1-D 
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Tab. 2: Relative absolute differences on the collar water potential (ψcollar), 1-D sink terms, 1-D water 883 

contents and computing times in the maize scenarios, for increasing soil element sizes. Refer to Tab. 1 884 

for the detailed geometry of cases 1-6. 885 

 886 

  Case # 

Maize scenario 1 2 3 4 5 6 

R
el

at
iv

e 
d

iff
er

en
ce

  
   

  
   

   
  

   
 

o
n

 ψ
co

lla
r  

(%
) 

Low Tdaily – silt loam 0.5 0.3 0.9 5.1 10.6 14.8 

High Tdaily – silt loam 0.9 1.5 4.5 15.5 26.8 30.3 

Low Tdaily – sandy loam 1.9 2.9 8.8 25.9 30.6 32.7 

High Tdaily – sandy loam 3.7 4.6 8.1 13.2 15.0 18.7 

R
el

at
iv

e 
d

iff
er

en
ce

  
   

  
   

   
  

   
 

1
D

 s
in

k 
 (

%
) 

Low Tdaily – silt loam 1.0 1.2 1.2 5.3 12.1 17.1 

High Tdaily – silt loam 1.9 3.2 4.2 11.1 19.7 24.2 

Low Tdaily – sandy loam 3.4 5.0 6.8 21.3 35.4 38.5 

High Tdaily – sandy loam 6.3 8.0 10.9 24.3 44.9 47.4 

R
el

at
iv

e 
d

iff
er

en
ce

   
   

   
  

   
   

  
 

1
D

 w
at

er
 c

o
n

t. 
(%

) 

Low Tdaily – silt loam 0.6 0.6 0.5 2.6 5.4 10.0 

High Tdaily – silt loam 1.3 1.9 2.1 5.1 9.5 17.0 

Low Tdaily – sandy loam 2.0 2.8 3.4 8.6 13.6 22.4 

High Tdaily – sandy loam 2.4 4.4 5.1 9.3 14.2 22.8 

R
el

at
iv

e 
co

m
p

u
t. 

tim
e 

(%
) 

Low Tdaily – silt loam 3.0 1.5 1.2 1.1 0.81 0.37 

High Tdaily – silt loam 1.9 0.21 0.13 0.10 0.10 0.09 

Low Tdaily – sandy loam 3.9 0.46 0.36 0.33 0.29 0.26 

High Tdaily – sandy loam 0.98 0.04 0.03 0.02 0.02 0.02 
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Tab. 3: Relative absolute differences on the collar water potential (ψcollar), 1-D sink terms, 1-D water 889 

contents and computing times in the winter wheat scenarios, for increasing soil element sizes. Refer to 890 

Tab. 1 for the detailed geometry of cases 1-4. 891 

 892 

  Case # 

Winter wheat scenario 1 2 3 4 

R
el

at
iv

e 
d

iff
er

en
ce

  
   

  
   

   
  

   
 

o
n

 H
co

lla
r  

(%
) 

Low Tdaily – silt loam 0.0 0.0 0.1 0.1 

High Tdaily – silt loam 0.1 0.2 0.5 0.6 

Low Tdaily – sandy loam 0.3 1.8 2.5 2.5 

High Tdaily – sandy loam 4.0 4.8 5.2 5.6 

R
el

at
iv
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d
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en
ce

  
   

  
   

   
  

   
 

1
D

 s
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k 
 (

%
) 

Low Tdaily – silt loam 0.2 0.2 0.2 0.2 

High Tdaily – silt loam 0.4 0.5 0.7 0.8 

Low Tdaily – sandy loam 0.9 2.9 4.6 4.9 

High Tdaily – sandy loam 5.9 10.9 14.1 15.8 

R
el

at
iv

e 
d

iff
er

en
ce

   
   

   
  

   
   

  
 

1
D

 w
at
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 c

o
n

t. 
(%

) 

Low Tdaily – silt loam 0.1 0.1 0.1 0.1 

High Tdaily – silt loam 0.1 0.2 0.3 0.3 

Low Tdaily – sandy loam 0.19 1.1 2.0 2.4 

High Tdaily – sandy loam 2.8 3.6 4.9 5.9 

R
el

at
iv

e 
co

m
p

u
t. 

tim
e 

(%
) 

Low Tdaily – silt loam 6.9 4.8 1.9 1.5 

High Tdaily – silt loam 9.0 3.3 1.5 0.98 

Low Tdaily – sandy loam 17 3.6 1.3 0.79 

High Tdaily – sandy loam 11 1.1 0.27 0.10 
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 898 

Fig. 1: Examples of the relation between ψs,k and ψsr Up,g. Cubes are soil elements whose SWP, ψs,k, is 899 

represented by the colour scale. Parallelepipeds are groups of three, upscaled, soil elements, whose 900 

upscaled soil-root interface water potential ψsr Up,g is represented by the same colour scale. Green 901 

vertical lines, in elements 3 to 6 and groups 1 and 2, are root segments. 902 
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 904 

 905 

Fig. 2: Virtual winter wheat root system (a) architecture at early spring, and (b) principal and (c) 906 

lateral root segments hydraulic properties. 907 
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 910 

 911 

Fig. 3: Silt loam (blue) and sandy loam (red) hydraulic properties: (a) water retention curves and (b) 912 

hydraulic conductivity curves. The coloured bands show the ranges of (a) water content and (b) 913 

hydraulic conductivities initially met in the soil profile. 914 
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 916 

Fig. 4: Discretisations of the maize crop soil domain used for the first simplifying approach. The 917 

colour scale gives the soil water potential distribution at the end of the high transpiration rate scenario 918 

on silt loam.  919 



  

 

 920 

Fig. 5: Relative errors on three state variables predictions (ψcollar, 1-D Sink and 1-D Water content) 921 

when using upscaled soil elements whose inner SWP is considered as homogeneous, for maize (a) and 922 

winter wheat (b). Relative computing time for maize (c) and wheat (d). X-axes on logarithmic scale. 923 

Scenario: high Tdaily on silt loam. 924 
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 926 

Fig. 6: Rating of processes dissipating soil water potential heterogeneity by (a, c) soil and (b, d) roots, 927 

in scenarios “high Tdaily on silt loam”, for (a, b) maize and (c, d) wheat. 928 
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 930 

 931 

Fig. 7: Spatio-temporal distribution of (a, d) SWP locally sensed by roots and (b, e) compensatory 932 

RWU rates (spatial integration of positive terms), respectively in reference and 1-D scenarios. 933 

Temporal evolution of (c) plant collar water potential and SWP sensed by the plant, and (f) actual 934 

transpiration and compensation rates (scenario: maize, high Tdaily on silt loam). 935 



  

 

 936 

Fig. 8: Spatio-temporal distribution of (a, d) SWP locally sensed by roots and (b, e) compensatory 937 

RWU rates (spatial integration of positive terms), respectively in reference and 1-D scenarios. 938 

Temporal evolution of (c) plant collar water potential and SWP sensed by the plant, and (f) actual 939 

transpiration and compensation rates (scenario: winter wheat, high Tdaily on sandy loam). 940 



  

 

 941 

Fig. 9: System effective properties and state from the scenario “high Tdaily on silt loam”. Theoretical 942 

(blue dotted lines) and effective (boxplots) values of ρ for maize (a) and wheat (c). Layers matric flux 943 

potential at soil-root interfaces predicted using Eq. (17) with default and effective methods, compared 944 

with reference values, for maize (b) and wheat (d). 945 
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