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Horizontal soil water potential heterogeneity:
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Abstract

Soil water potential (SWP) is known to affect plamater status, and even though observations
demonstrate that SWP distribution around roots him@ayt plant water availability, its horizontal
heterogeneity within the root zone is often negédcin hydrological models. As motive, using a
horizontal discretisation significantly larger thane centimetre is often essential for computingeti
considerations, especially for large scale hydradyics models. In this paper, we simulate soil and
root system hydrodynamics at the centimetre saadeeavaluate approaches to upscale variables and
parameters related to root water uptake (RWU)var trop systems: a densely seeded crop with an
average uniform distribution of roots in the horit direction (winter wheat) and a wide-row crop
with lateral variations in root density (maize).drfirst approach, the upscaled water potentiabit

root interfaces was assumed to equal the bulk SWPRkhe upscaled soil element. Using this
assumption, the 3-D high resolution model couldbeurately upscaled to a 2-D model for maize and
a 1-D model for wheat. The accuracy of the upscaledels generally increased with soil hydraulic
conductivity, lateral homogeneity of root distrilmt, and low transpiration rate. The link between
horizontal upscaling and an implicit assumption smil water redistribution was demonstrated in
gquantitative terms, and explained upscaling acgurbic a second approach, the soil-root interface
water potential was estimated by using a constaiiet analytical solution of the axisymmetric soil
water flow towards individual roots. In addition the theoretical model properties, effective
properties were tested in order to account for Ifildd assumptions of the analytical solution: ron
uniform lateral root distributions and transient RWates. Significant improvements were however
only noticed for winter wheat, for which the fiegbproach was already satisfying. This study corsfirm

that the use of 1-D spatial discretisation to repn¢ soil-plant water dynamics is a worthy chome f
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densely seeded crops. For wide-row crops, e.g.aendigther theoretical developments that better
account for horizontal SWP heterogeneity might leeded in order to properly predict soil-plant
hydrodynamics in 1-D.

1. Introduction

Even though soil water potential (SWP) is knowratfect plant water status, and more specifically
plant actual transpiration ratd (), its horizontal variability within the root zoneneglected in many

hydrological models, because of computational iefficy considerations and limitations in the actual
monitoring of SWP with high spatial resolution (Bef al., 2013).

In first generation land surface schemes, the soihpartment was considered as a spatially
homogeneous bucket, filled by precipitation and &epby evapotranspiration (Manabe, 1969). This
approach to plant water availability is considessdh “bulk approach”, since the total amount ofewat

in the soil bucket defines its water potential, épdndently of how water is distributed in the
compartment. Later, a vertical discretisation of 8o multiple layers was considered. Root water
uptake rates were proportional to relative roogterdensities and were affected by the water piatent
in each soil layer (Feddes et al., 1976). This apgn allowed explicitly considering vertical cagpily
water fluxes in the soil and root distribution wakiate plant water availability. However, the tigla
between the uptake and local water availability thaused in these models does either not consider
the connectivity of the root system or uses ratitehoc approaches to account for compensation of
uptake from regions with a higher water availapififavaux et al., 2013). Recent developments of
models explicitly accounting for three-dimensiof@D) SWP heterogeneity and water flow in the
root system’s hydraulic architecture (HA) (Doussatnal., 2006; Javaux et al., 2008) allowed
investigating how plant water availability could iméerred from root system hydraulic properties and
SWP distribution.

Based on the HA approach, a physically-based magpis root water uptake (RWU) model, whose
three plant-scale parameters can be derived framsegment-scale hydraulic parameters distributed
along root system architectures of any complexigs developed by Couvreur et al. (2012). Since this
model provides a 3-D solution of water flow fromilsoot interfaces to plant collar, it needs to
operate coupled to a 3-D “centimetre-scale” soitewdlow model, which drastically increases the
computational effort for soil-plant water flow sitations.

In the literature, one can find two contrasting jectures that are used for upscaling small scdle 3-
water flow models: (i) neglecting horizontal vaigais of SWP at the microscopic scale and use a
coarser horizontal scale discretisation to accdontiateral fluxes that may be relevant at a larger
scale, or (ii) using analytical approaches to antdar microscopic gradients of SWP between the

bulk soil and the soil-root interface.
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By using a coarse discretisation of the soil domdive first approach assumes that SWP is
horizontally homogeneous in zones possibly ranfiiogn the centimetre-scale to the plant-scale. This
configuration most probably occurs under low climatemand for water, in homogeneously rooted
soils with high hydraulic conductivity (Schroedérak, 2009b).

The second approach relies on a radial axisymmexsicession of Richards equation around a single
root. Approximate analytical solutions of waterwiacan be obtained by assuming a constant soll
hydraulic conductivity or diffusivity (Gardner, 195 or constant-rate water uptake by roots (Van
Noordwijk and De Willigen, 1987; De Jong Van Lidrak, 2006; Schroeder et al., 2007; Schroeder et
al., 2009a). When considering a regular distributnd roots in each soil layer, this approach can be
used to create a one-dimensional (1-D) RWU modelicitly accounting for horizontal soil water
flow (Raats, 2007; De Jong Van Lier et al., 20G8yi$, 2011). Yet, the simplifying assumptions of
this approach may be constraining. In reality, lag#take is not at constant-rate, but highly vdeab
on a daily basis, notably due to variations of plaanspiration (Jolliet and Bailey, 1992; Sperligig
al., 2012). In addition, differences in root hydrauproperties between different root types and
horizontal heterogeneity of root density may leaditised predictions of RWU when homogeneously
distributed roots with similar hydraulic propertiase assumed (Schneider et al., 2010; Durigon. et al
2012).

The objective of this paper is to provide a thdoattframework and an exploratory analysis of
methods aiming at simplifying horizontal soil waftew calculation within the root zone, for soil-
plant water flow models. Therefore, an approachigscale the macroscopic RWU model that was
derived based on the fully discretised hydrauliot rarchitecture by Couvreur et al. (2012) will be
presented. The upscaling approach correspondititetéirst conjecture will be tested under different
conditions regarding atmospheric demand, soil tgpé rooting heterogeneity, so as to discuss its
applicability field. The opportunities and obstacted to the second conjecture will be analysdatién

last part.

2. Theory

When a soil system at hydrostatic equilibrium ipacted by external processes, like evaporation,
transpiration or aquifer level rise, the uniform BWlistribution is perturbed. Internal fluxes likails
capillary fluxes, drainage and hydraulic lift, d¥iv by SWP heterogeneity then come into play to
dissipate this heterogeneity and stabilise theeaysd another equilibrium state, unless other ezler
perturbations arise in the meantime. The resuygiem state heterogeneity may hinder the accuracy
of its upscaled representation. Such accuracy tiigldy relies on system properties influencing the
rates of processes generating and dissipatingdueteeity.

In this section, we present soil and plant watewflequations that generate and dissipate SWP

heterogeneity.



102

103

104
105

106

107
108
109
110
111

112
113
114

115
116
117
118
119
120

121

122

123
124
125
126
127

128
129

21 Equations for three-dimensional explicit water flow simulation

Soil water capillary flow is driven by local gradis of SWP and tends to dissipate SWP
heterogeneity. In this study, we assume 3-D soienfiow to be well described by Richards equation:

96 _ B
50 - 0dKOy.]-s (1)

where 8 is the volumetric water content¥LL®), t is time (T), K is the unsaturated soil hydraulic

conductivity (> P* T% here considered as isotropig;,, is the SWP (P) including matric and

gravimetric components of water potential, aSdis the sink term (£L° T™), which accounts for

RWU. Note that the units dK andy differ from standards of soil physics (in whichl: and L are

more commonly used foK andy, respectively) but were chosen for consistench wibse used in
plant physiology.

In fine soil elements, the macroscopic RWU modelgdiaon the HA approach proposed by Couvreur
et al. (2012) provides an expression for sink tesfrRichards equation:

Se Vi =Tt SF + K cormp Wk = ¥ e} S 2)

act

where S, (T™) is the sink term in thieth soil elementV, (L% is the volume of thé&-th soil element,
T, (L’ T is the plant actual transpiration ra83F, (-) is the standard sink fraction in tkeh soil

element (the sum of these individual fractions geime by definition), K (L* P' T is the

comp

compensatory RWU conductance of the plant, (P) is the SWP of thieth soil element, ang/

seq
(P) is the equivalent SWP sensed by the plant, wisia function of local SWPs and of the standard

sink fraction distribution:
M

Woeeq = D Ws; - SSF, 3)
j=1

where theg index ranges from the first to the last of tlesoil elements SSFj being zero for soil
elements that do not contain any root segment).

Equations (2-3) rely on the assumption that theemjabtentials at soil-root interfaces located iasad
soil element equal the element bulk SWR, . If sufficiently small soil elements are used,sthi
assumption may be satisfied (Schroeder et al., 2086hroeder et al., 2009b). Another simplifying

assumption that needs to be fulfilled for Eq. )€ valid is that root radial conductances shbeld

much lower than root axial conductances.
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Equation (2) provides a conceptual split of the Rwddable into a “standard RWU™T(,.SS, ) and
a “compensatory RWU"K .., .(I/JS’k —l/Jseq). SSF, ). While the former creates SWP heterogeneity as

long as the plant transpires, the latter is drignand tends to dissipate, SWP heterogeneityras o
as SWP heterogeneity exists in the rooting zone.
With the HA approach, a link between water poténtiathe soil, at the plant collar, and actual

transpiration rate is also provided by Couvreuale(2012):

T
'//collar = 4 seq_ Kact (4)

s

where K, (L® P* T7) is the equivalent conductance of the root systmd, ., (P) is the water

potential in xylem vessels at the plant collar, ehhivill be referred to as the “plant collar water
potential”.

It is worth noting that, through Eq. (4), plantleolwater potential can be interpreted as beingtime

of the equivalent SWP sensed by the plant andeofvdter potential loss due to water flow in thetroo
system.

The pathway of water from plant collar xylem vesstl leaves is considered as one of the least
resistive from a hydraulic perspective, the masistances being located in soil (Draye et al., 2010
between soil and root xylem (Frensch and Steudi@9)l. and between the inner leaf and atmosphere.
For simplification purpose, we considered the hyticaresistance from plant collar to leaves to be

negligible as compared to the root system hydran@fistance. This is equivalent to assuming leaf

water potential as equal @, By using Eq. (4), one can then estimate plamspaation rate from

leaf water potential under water stre®s, ,ess (P):

Twaterstress =K rs (W seq 4 Ieafstress) (5)

where T,

waterstress

(L® T is the plant transpiration rate under water Strafdy ... IS @ constant

for isohydric plants such as maize (Tardieu andoBimeau, 1998).
The assumption on collar to leaf hydraulic resistamay however be inappropriate for certain types

of plants (Domec and Pruyn, 2008), in which casewthole plant conductance should be used instead
of K. Also, processes such as cavitation or aquapatimg were not accounted for in this study,
but may affect the plant conductance. Future prispraay concentrate on these aspects.

Considering thafl,., neither exceeds plant potential transpiration reteT, we obtain the

waterstress

following simplistic water stress function:
Tact = min(Tpot ’Twaterstress) (6)
where T, (L® TY is the plant potential transpiration rate, whidpends on both atmospheric

conditions and plant leaves properties.
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It is worth noting that the variables and paransefesented in this section are representativa for

single plant. They could also be used to obtainatverage transpiration rate of several plants under

water stress having the sarlfg, (averagey \guess@Nd w ., then apply). However, as soon as the

considered plants have significantly differdfi,, such averaging method might not provide accurate

estimates of average transpiration rate, and pinasld be considered individually.

2.2 Upscaling of water flow parameters and state variables

2.2.1 Plant water flow

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

scale). Understanding the implications of its aggilon to larger elements requires the definitibn o
upscaled variables in terms of the original “firelge” variables and parameterS,(, V,, SSF, and
Wi )- Here, we consider that upscaled soil elemertg@ups of smaller soil elements.

Since soil elements volumes and standard sinkidractare extensive entities (i.e., additive for

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

values:
M
Vipg = 2 g Vi (7
k=1
M
Sy = ;fk,g-SSFk (8)
whereV,, (L% is the “upscaled” volume of thgth group, S&-,4 (9) is the standard sink fraction

of theg-th group, €, , (-) is one when thi-th element belongs to theth group and zero otherwise,

and thek index ranges from the first to the last of t#esoil elements. Note that groups are non-

overlapping, so that the summation 8- on the whole soil domain is 1, like f&SF, .

Up.g
The sink term only becomes an extensive variablerwmultiplied by the associated soil element

volume (then it becomes an additive flux). We darstwrite:

M

Sung Vupg = X g -Se Vi 9)
k=1

where S, (T is the sink term in thg-th group.

Upscaling the left and right hand sides of Eql€2ajls to:
SUp,g 'VUp,g = Tact 'S:Up,g + Kcomp '(V/sr Upg 4 seq)' S:Up,g (10)

From Egs. (2) and (8-10), the upscaled soil-rotrface water potentialy, ,, , (P), is defined as:
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Wer upg = = : (11)

According to Eq. (11), the upscaled soil-root ifdee water potential represents the SSF-weighted
mean SWP of the individual soil elements that dtrtstthe upscaled soil element.
It is worth noting that the upscaled soil-root nfiiee water potential represents an equivalent SWP

sensed by the plant in a certain zone of the roezZWhen this zone comprises the entire root nbne
the plant,y, , is the plant sensed SWP (Eq. 3).

So as to illustrate this concept, three simple gtamare shown in Fig. 1. In the first example yonl

soil element # 3 contains a root segment. Follovkng (11), v ,, should equal the SWP of

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

is its direct environment. In the second examplechesoil element contains a root segment.

Considering all non-nullSSF, as equal to each othep,, ,,, would be the arithmetic mean of the

three individual SWPs. In the third example, nd s@ment contains a root segment so t88k,; ,
is zero and no water potential sensed by root segnmeeds to be calculated for this element.
Eventually, by using Egs. (3), (8) and (11), it tendemonstrated that the equivalent SWP sensed by

the plant can be calculated fro85F ,, (vector size:§ x 1]) using:

G
l//seq = ZWsr Upf '$:Up,f (12)
f=1

where thd index ranges from the first to the last of Bgroups of soil elements. The equations that
are used to determine the plant sensed soil wateewt (3 and 12) and the local water uptake (2 and
10) are scale invariant, which follows directlyrfidhe fact that these relations are linear at thalls

scale. Similarly, the water stress equations (Bef) are scale invariant and do not depend on the

scale at whichSSF andy, are defined. A problem though is that for the ektion of the upscaled

soil-root interface water potentialg, using Eq. 11 the distribution of the SWPs &g at the

sr Up?

smaller scale must be known. In the following, w#l wiake two assumptions to derivg,, ,

directly from simulated upscaled SWPs and upsc&&H .
2.2.2 Soil water flow

In this study, soil water flow state variables pkoaled elements were estimated with a simple "bulk

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

SWP, y, (P), and hydraulic conductivityK,,, (L* P* T*), were directly deduced from their bulk
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water contentd,, (L% L) and, respectively, water retention curve and &yiitt conductivity curve

(these properties being uniform in space and time).

In consequence, the following upscaled expresdi®iahards equation was used:

90,

T = DI:ﬁKUle//sUp]_SUp (13)

where S, is provided by Eg. (10).

2.3 Simplifying assumptions for horizontal soil water flow

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

In simulations with upscaled soil elements (fotange in a 1-D soil domain), detailed SWPs around
individual root segments are not available. Infire proposed approach, upscaled soil-root interfa

water potentials were approximated by the corredipgrelement bulk SWP :

Ver tng =V Oung )+ Zg (14)

wherey | (9) (P) is the function providing soil matric potehfimm soil water contentf),,,, , (L3L9)

is the bulk water content of tieth upscaled soil element, argj (P) is the gravitational potential of

water at the center of thgeth upscaled soil element. Note thaf is defined zero at the soil surface

and positive upwards.

This assumption is generally considered as comsisither on short distances (as in fine elemehts o
reference scenarios), or in conditions of high Bgdraulic conductivity (when lateral redistributiof
water occurs almost instantaneously).

When water is redistributed by soil capillary flger by compensatory RWU), a positive divergence
of water flow is generated at points where wateeisoved, while a negative divergence occurs where
water is added. Considering water mass conseryaii@nvolumetric integration of positive water
divergences related to the process of redistributiuist equal the volumetric integration of negative
water divergences. Both integrated terms represeniume of water moved from a place to another
one per time unit, and equal a rate of water redigion.

By assuming SWP as permanently homogeneous in droement where water uptake is actually
local, it is implicitly hypothesised that the digence of soil water flow is high enough to instantl
compensate for the removal of water by roots. Fgivan uptake rate in an upscaled element, and
knowing the fine distribution of the standard sfrictions inside the element, it can be demongtrate
(see Appendix A) that the soil water redistributrate required to maintain SWP homogeneous inside

the element should be the following:
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! SS, V,
2 s, v
— k=1 Up.g Up.g
RsoiIH hypg — ‘SUp,g "VUp,g : 2 (15)
where Ry nyp.g (L®> TY is the soil water redistribution rate requireddrder to keep the SWP

horizontally homogeneous in tigeth group of soil elements.
Note that soil water flow divergence at scales lotlhian the fine scale of the reference scenariostis

considered in the latter equation.
2.3.2 Second conjecture: Solution for implicit SWP horizontal heter ogeneity in soil layers

In the second proposed approach, the De Jong Mametial. (2008) model provides a solution for
differences between bulk soil and soil-root inteefavater potentials, which does not require expici
solving horizontal soil water flow. The latter isupled to the upscaled macroscopic RWU model (Eq.
10), which simulates the consequent vertical wikb@r in root system HA.

The solution for horizontal soil water flow arourmbts relies on the concept of matric flux potdntia

(MFP), which is the integral of soil hydraulic camdivity curve K(y/m), over soil matric potential

v, (P), and, equivalently, the integral of soil ddiuty curve D(@) (L> T, over soil water content

0 (L3L%:

M ( m,9)=WImK(wm)-dwm = fD(e).de (16)

Yw

where M (://m ,6?) (L* T*) is the soil MFP at soil matric potentigd,, or soil water conten, v, (P)

is the soil matric potential at permanent wiltingint, and 6, (L3 L® the soil water content at

permanent wilting point.

By assuming root distribution as horizontally regund the rate of uptake as constant, De Jong Van

Lier et al. (2008) provide a simple relation betwd®/NU rate in a soil layery,, ; ), bulk soil layer

MFP M (L2 TY, and MFP at soil-root interfaces in that soildayM (L2 T%, which

sUp,g sr Upg
implicitly accounts for SWP horizontal heterogeneit

S

M sr Upg =M sUpg S (17)
Py
where S, , is given by Eq. (10), ang, (L) is a geometrical factor depending on rooting igns

and root radius at thgeth depth (see Eq. B1). The factpr decreases with decreasing rooting density
(and thus typically with depth). Decreasing or increasing sink terms induce larger differences

betweenM g, , and predictedV , ;-



274

275

276

277

278
279

280

281
282

283

284
285
286
287
288

289

290

291
292
293
294
295
296
297
298
299
300
301
302
303

By using the MFP curve, which links a soil matrmtgntial to its MFP, one can derive, ,,, from

M

sr Upg :

l//sr Upg = l//m (M sr Upg )+ Zg (18)
wherey (M) (P) is the function providing soil matric potehtisom soil MFP.

As compared to Eq. (14), Eq. (18) is an alternatvag to estimate soil-root interfaces water posnti
in relatively large soil elements.

Knowing y, ,, in every soil layer, the equivalent SWP sensedhiyplant can be calculated (Eq.

12), which allows further calculations of plantusdttranspiration (Eqgs. 5-6) and RWU distribution
(Eq. 10).

3. Methodology

So as to discuss up to what point the first solew#dow simplification leads to worthy compromises
between accuracy and computing time, the conjeclun®@mogeneous SWP in upscaled soil elements
was tested in different scenarios. These scenéurtiser described in Sect. 3.1 varied in (i) rogtin
heterogeneity, (ii) soil type, and (iii) atmospleedemand for water. Section 3.2 explains in defel

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

3.1 Scenarios description

3.1.1 Root systemsar chitectureand hydraulic properties

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

The first one is maize, whose horizontal rootingigiy varies more in the direction perpendicular
than parallel to the row, due to its “wide row” sog pattern (here corresponding to 75 x 15 cm). The
generation and parameterisation of the 80 daysidigal maize root system used in this study i$yful
described by Couvreur et al. (2012).

The second crop is winter wheat, whose horizomtadimg density is more homogeneous than that of
maize, due to a dense seeding pattern. A densib@plants M with a distance between plants of 10
cm in the x-direction and 7 cm in the y-directioasaconsidered.

A winter wheat root system at early spring of 178@8@ments was generated wWRbotTyp (Pages et
al., 2004). This model generates root systems baseaant-specific genetic properties like insertio
angles of the different root types, their trajeigsr average growth speed and distances betwesal lat
roots, which were characterised for a winter witkesing early spring, in Nebraska (USA) by Weaver

et al. (1924). They were also used to adamitTyp environmental parameters so as to reproduce
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measured root length density profiles. The optichisteat root system architecture is shown in Fig.
2a.

Wheat root hydraulic properties were dependentoon segment age and type (shown in Fig. 2b and
2c) and were obtained from the literature. Rootnssmys radial conductivities were measured by
Tazawa et al. (1997) and Bramley et al. (2007, 206®o0t segments axial conductance were
measured by Sanderson et al. (1988) and Bramlay. €2007) for primary roots, while Watt et al.
(2008) estimated this property for lateral rootaubing Poiseuille-Hagen law.

So as to represent winter wheat root distributionthie field and accounting for the effect of
overlapping root zones from neighbouring plantsileviimiting the computational needs, the virtual
root system was located in a horizontally pericitt domain of 10 x 7 cfawhich corresponds to the
spacing between plants. Periodicity was applieddot system architecture at the vertical boundarie
of the domain. Viewed from a larger scale thaniticividual plant scale, this case would correspond
to a field containing identical root system arctitges regularly spaced. In consequence, SWP

variability is only accounted for at scales loweequal to the plant scale.
3.1.2 Soil hydraulic properties

Two soil types with typically contrasting hydraupcoperties were chosen for this study. The firg o

is a silt loam, whose water capacity and hydrazdicductivity are relatively high for a wide range o
soil matric potentials (properties representedure brespectively in Fig. 3a and 3b).

The second soil type is a sandy loam, whose hyidrawinductivity is quite high close to water
saturation, but soon becomes resistive to water fldien SWP decreases (properties represented in
red, respectively in Fig. 3a and 3b).

Note that Mualem — van Genuchten equations (Vanu€#en, 1980) were used to define the soil
hydraulic property curves, and that Carsel andigta(i988) parameterisations were chosen for both
soil types.

In the scenarios, SWP was initially uniform (hydedie equilibrium) and set to field capacity (-300
hPa) for the silt loam. Sandy loam initial watetgaial was set to -130 hPa, so that water avdiihabi
would not be limiting the uptake during the firgtyd of the scenarios.

The soil domain was 123 cm deep, which means darf initially uniform SWP, and neglecting the
effect of osmotic potential, there was a differentapproximately 123 hPa between top and bottom
matric potentials. This implied that soil water tamt and hydraulic conductivity were changing along

the solil profile, already at initial conditions, ilastrated by the coloured bands in Fig. 3.
3.1.3 Boundary conditions

In order to focus on RWU and soil capillary flow @socesses generating or reducing SWP

heterogeneity, no other processes were considerdtei scenarios. Therefore, no-flux boundary
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conditions were set at top and bottom boundarigbeotoil domain, while plant transpiration was the
only process removing water from the system. Intamdto be periodic for root system architecture,
vertical boundaries of the domain were periodicsfil and root water flow.

High and low transpiration rate cases were seleat@dder to investigate whether these rates impact
the validity of simplifying assumptions about laeSWP distributions in the root zone. Atmospheric
demand for water reflected the geographical posiiod period of the year for which the root system

architectures were determined. The FAO approaclerf/dt al., 1998) was used to determine the daily

potential transpiration rate of single plants,, (L3TY), from selected reference evapotranspiration

rates:

Tyary = ET,

daily

K., .Surf (19)

ref
where ET,; (L T is the reference evapotranspiratidf, (-) is the crop coefficient, an8urf (%)

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

ET,

ref

was considered as negligible. Accounting for ituldohave led to slightly lower transpiration
rates.

For the French maize crop in Jullt, was 1.2,Surf was 1125 cffj and the highET,, was 4.5 mm

d* while the low ET.

ref

was 2.25 mm d For the Nebraskan winter wheat crop at earlyngpriK,
was 1,urf was 70 crfy and the highET ., was 3.9 mm d while the lowET,, was 1.95 mmd

Sinusoidal daily variations ofT,

ot Were expressed as a function ®f,, with the following

expression:

(2mt T
Tpot = Tdaily (S n(T _Ej + lj (20)

wheret (T) is the time after midnight, and (T) is the number of time units in a day-nightley(e.g.,

7 is 24 hours ift is given in hours, and 1 daytifis given in days).

W esstress WHICH triggers stomata partial closure due toewatress (see Eq. 5-6), was -15000 hPa for
both crops.

The duration of scenarios is 14 days, except foin £ T, on sandy loam (10 days).

ef

3.2 Testing the simplifying approaches

The simplifying approaches described in Section \#e8e tested by comparing their results with
simulated reference results. In the reference sitimnis, Richards equation was solved for a fine 3-D
soil grid, and Doussan et al. (1998)'s model wasdu® predict RWU by the root system HA in R-
SWMS. Due to computing power considerations, tiieremce maize crop scenarios could not be run

with soil elements smaller than cubes of 1.5 cngtlenSince the winter wheat domain dimensions
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were smaller, its reference scenarios could be with cubic soil elements of 0.5 cm length.
Consequently, reference scenarios do not accouidfditional SWP gradients around roots at scales
smaller than, respectively, 1.5 and 0.5 cm. Acdognfor this feature may increase differences

between reference results and results obtained dpsualed soil grids (Schroeder et al., 2009b).
3.2.1 Simplifying approachesfeatures

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

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

sandy loam; high or lowl,,, ) were run with soil elements of increasing horizbrsurface, as

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

For maize, the assumption on SWP homogeneity wallyfiapplied to the direction parallel to the
row. Subsequently, the discretisation was coarsénethe direction perpendicular to the rows.
Therefore, all intermediate soil discretisationstween the finest one and 1-D, are 2-D (see Tab. 1)
This is not the case for winter wheat, for whichpmeferential direction was considered to group soi
elements.

In opposition, the second conjecture (soil-rooteifice water potential predicted from the
approximate analytical solution of water flow towsra root) was directly tested for 1-D soil layers

(75x15x1.5cmand 10 x 7 x 0.5 cm, respectif@iynaize and winter wheat).
3.2.2 Comparison with reference scenarios

In order to evaluate the accuracy of the first diffieol approach, differences between the reference
and different upscaling scenarios were estimated/g,,, and horizontally averaged sink term and

water content profiles. The mean of the absolutierdinces for all times and depths was divided by
the mean value for the reference case, which peoviahe relative mean absolute difference for each
scenario. The relative computation time of the diiep to reference simulations was also
determined.

Eventually, horizontal and vertical redistributiafi water by both soil and roots from 1-D and
reference results were compared, in order to utateswvhich process dissipating SWP heterogeneity
would be responsible of possibly wrong represemtatiof 1-D soil-plant water dynamics. For
simulations directly run in 1-D, the total horizahtedistribution of water by soil was estimatedtas
integration of the redistribution necessary to keaph layer inner water potential homogeneous (i.e.
vertical integration of Eq. 15). Other equationsufifying vertical and horizontal water redistritmut

by soil and roots from reference and 1-D simulatesults are detailed in Appendix C.

With the second conjecture, simple effective meshib@t allow overcoming basic assumptions of De
Jong Van Lier et al. (2006) model were discussées€& concern (i) horizontal heterogeneity of root

distribution, and (ii) transient rate of water uUga For reasons discussed in Sect. 4.4.2, a proper
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coupling with Richards equation could not be achibwith this conjecture. However, using bulk
SWP data from the reference simulation and keepasg uptake rates in memory, we could evaluate
the accuracy of the second conjecture at eachithdilitime step.

Effective values of the geometrical parametexere first estimated from reference simulationd an
compared to theoretical values (calculated fronhdager root length density and assuming a regular

distribution of roots), in order to understand hitwg parameter may be affected by horizontal rgptin

heterogeneity. Theny ,, were predicted from either the current sink teoma weighted mean of

sink terms on time-windows of chosen length (wesdhtearly decreasing to zero with passed time),
in order to understand if the history of past derkns should be accounted for when RWU is transient
Considering that the simplifying approaches presgbin this paper introduce structural errors in the
model, differences as compared to reference samnarre considered as “errors”. However, also the
reference model is subject to structural errorpgesed relatively small). These basic errors wete n

accounted for in the next pages.

4. Results and discussion

41 First conjecture: homogeneous soil water potential in upscaled soil

elements

Tables 2 and 3 show the relative errors of predistate variables and relative computing time for
each scenario, with increasing elements size ingldeh SWP is assumed homogeneous. Errors that
occur at the finest spatial discretisation (i.erizamtal surfaces of respectively 2.25 and 0.25 fon
maize and winter wheat) are due to the replacewmieBoussan RWU model by Eq. (2) to calculate

the sink terms.
It is notable that 1-D sink terms ang.,,, were generally more sensitive to errors than 1ddew

contents, even though water content differencesaaensequence of sink term differences. This can
be explained by the fact that SWP heterogeneithasdriver of soil water flow. Thus, for instance,
locally overestimating RWU leads to higher SWP rtegeneity, which leads to higher
“compensation” by soil water flow. Consequently,oes of RWU tend to be larger than errors of soil
water content, especially in case of high soil aytic conductivity.

In the next sections, we study the impact of eldrsexe, daily transpiration rate and soil type be t

reported relative absolute differences, and furtiretlyse where these differences take place irespac

and time. lllustrations are mostly given for scémahigh T, on silt loam”, but complementary

aily

explanations are given for other scenarios in tasie trends differ from illustrations.
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4.1.1 Impact of element size and crop type

For maize, the simplification from 3-D to 2-D sdikcretisation results in relatively small increae
model errors (see Fig. 5a) since SWP is quite hemegus in the direction of maize rows (see left
subplot of Fig. 4). Conversely, further increaskslement size in the direction perpendicular téz@a
rows (in which a big part of SWP variability is @pged in reference scenarios) result in significant
increase of model errors, particularly beyond eét&éelements of 3 cm in the direction perpendicular
to the row). This result encourages the use ofsbiDdiscretisation for simulating water dynaminos i
a maize crop, whereas considering a 1-D approatth wimogeneous SWP in horizontal soil layers

leads to strong errors in predicted state variat@pproaching 50% of relative error on 1-D sinkner
andy ., over a period of 10 days on sandy loam).

For winter wheat, while changing element dimendimm 3-D to 1-D (see Fig. 5b), model errors
stayed remarkably low (below 1% for scenarios dinlegam over a period of 14 days). This feature
can be related to the dense sowing pattern of iheewwheat crop (140 plants per square meter,
against 9 for maize), which naturally induces ratimmogeneous horizontal rooting, uptake and SWP
patterns.

One of the main interests of simplifying approacisesmodel computing time reduction. As shown in
Tab. 2 (and illustrated in Fig. 5c to d), for maifecomputing time was already reduced by a fa2tor

to 100 due to the replacement of Doussan modelgoy2}, another factor 3 to 30 was gained by using
a 2-D soil discretisation. For winter wheat, usigy (2) only reduced computing time by a factoo 6 t
14 because its root system has twice less segntbiats maize (using Doussan model is
computationally cheaper for small root systems Jevbomputing time of Eq. 2 does not discriminate
between big and small root systems). Computatime tivas reduced by another factor 5 to 100 as
compared to the high resolution 3-D winter wheanhseios, by using 1-D soil elements.

Such results suggest that using the first conjecty respectively, 2-D (maize) and 1-D (winter
wheat) soil elements as simplifying hypothesis 8NP distribution, is a worthy compromise

maintaining accuracy while reducing computationetim
4.1.2 Impact of daily transpiration and soil type

Even though crop type and soil elements size hgdrrimapact on the simplifying approach accuracy,

two other features also clearly impacted this aaoyrT ., and soil type.

aily
Almost systematically, the simplified model accyraeas higher when decreasifg,,, , and in the
silt-loam than in the sandy loam. Since accuracgeurthe first conjecture is highly related to the

absence of SWP horizontal heterogeneity, the pusvitatement can be explained through processes

involving creation and dissipation of SWP heteraggn
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Firstly, standard RWU is a process creating SWIerbgeneity in a soil with an initial hydrostatic

equilibrium state; increasing,,;,, (and obviously standard RWU) will thus lead toreased SWP

heterogeneity and decreased accuracy under thecdingecture. Note that as defined in the theory,
RWU is conceptually the superimposing of two preess standard RWU, which creates SWP
heterogeneity, and compensatory RWU, which dissgédnd is driven by) SWP heterogeneity but is
independent of plant instantaneous transpiratiten ra

Secondly, soil water flow is a process dissipattBg/P heterogeneity; a high soil hydraulic
conductivity thus favours SWP heterogeneity didgypa and leads to better predictions by
approximations that use the first conjecture. Nb#, even though silt loam hydraulic conductivgy
mostly lower than that of sandy loam at the begigrof the simulations (see conductivity ranges in
Fig. 3b), it stays relatively high at low soil matpotentials, which explains the higher accurakcthe

silt loam than the sandy loam scenarios.

It is also worth noting that, in general, structulaad parameterisation errors in a RWU model may
have a limited impact on SWP distributions whenl seter flow is a dominating process, as

previously discussed by Hupet et al. (2002).
4.1.3 Spatio-temporal distribution of processes: comparison with 1-D results

This section clarifies the underlying assumptiorsoih water horizontal redistribution when using1-

soil discretisation, and provides further insightimw it may impact model errors in space and time.

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

water can be rated in terms of its total positisdumnetric divergence of water flow (total negative
volumetric divergence being equivalent to the pesione, by definition, since these processes only
redistribute water in the system). Blue lines cgpmd to processes as they occurred in the referenc
scenarios while the red ones are for 1-D scenaBokd and dotted lines correspond, respectively, t
horizontal and vertical spatial components of thecesses. Figures 6a and 6c¢ show water
redistribution rates by soil, evolving with timehile Figs. 6b and 6d show water redistribution sate
by roots. Eventually, Figs. 6a and 6b corresponaidize, while Figs. 6¢ and 6d correspond to winter
wheat.

In Fig. 6a (maize), one can see that the assuntbhtal redistribution rate of water by soil irDlis
overestimated during daytime; reference horizostal water flow is thus far from sustaining the
necessary flow rate to keep SWP homogeneous. Alisong night-time, even though decreased,
reference horizontal soil water flow goes on, duéhe persistence of SWP horizontal heterogengities
while in 1-D, the assumed horizontal water flowpst@s soon as the plant stops transpiring (except
once compensatory RWU significantly compensatesticaér SWP heterogeneities at night).
Conversely, in Fig. 6¢c (wheat), similar peaks ofedgence of horizontal soil water flow can be

noticed in both reference and 1-D scenarios. Tamshe attributed to the fact that water needsoww fl
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on much shorter horizontal distances to compensaeat SWP heterogeneities, and thus is much
more effective in dissipating these heterogene{tidsich almost disappear at night). For both maize
and wheat, the vertical component of divergencsodfwater flow is slightly underestimated in 1-D,
which suggests that this process is affected byyipethesis of horizontally homogeneous SWP, and
may actually participate to dissipating SWP hortabheterogeneities in reference scenarios.

For maize, both components of compensatory RWUaagely underestimated in 1-D (especially the
horizontal one, which is null in 1-D, since SWRcansidered as horizontally uniform), which is not
the case for wheat, whose dominant vertical compiookcompensatory RWU is well represented in
1-D (see Fig. 6d).

During the second week of simulation, compensa®WU rates reach increasingly high values
(approximately 10 and 250 émer day redistributed in the profile, respectivielywheat and maize).
For maize, compensatory RWU rates are similar endugher than water redistribution rates by soil.
Such integrated values of redistribution of watptalse are also non-negligible as compared to each
plant daily transpiration rate (respectively 27 &@D crid?). This confirms that the process of
compensatory RWU might have a major impact on plaater availability (Feddes et al., 2001;
Teuling et al., 2006). However, compensatory RWWlesasome time to become significant, as
compared to horizontal and vertical water redistidn by soil. This can be explained by the faeitth
while SWP heterogeneity increases with time, rgatesn hydraulic conductances do not change;
redistribution of water by the root system thusréases. At the same time, soil hydraulic
conductivities tend to decrease (due to soil watertent reduction); redistribution of water by soil
capillary flow thus becomes of lesser importance@spared to compensatory RWU. That sort of
reflection was previously raised by Gardner anddg={11963) who stated that, with soil drying, “while
processes such as capillary rise see their rateeed due to a decreased soil hydraulic diffusiaty
increasing proportion of water moves upward throrggts, which somehow short-circuits the path of
water movement through soil”.

As illustrated in Fig. 6 (left subplots), verticabil water redistribution was generally the least
important process, in terms of rates. It can bdagx@d by the fact that, on long vertical distances
equivalent soil hydraulic resistances are high ghdo limit redistribution (water has to flow thigiu

a larger number of hydraulic resistances in serms) thus prevent SWP heterogeneities from being
dissipated.

In case horizontal soil water flow would actuallgtribe fast enough to equilibrate a layer SWP, the
assumed water potential at soil-root interfaces ldvdne overestimated in 1-D. This is exactly the
observed response in scenarios of RWU by maizereMoeal SWP sensed by the plant decreases
slower than in reference scenarios (Fig. 7a vs. Ty overestimation of local SWP sensed the plant
has two main consequences: (i) an underestimaficoropensatory RWU (Fig. 7b vs. 7e, and dotted
lines in Fig. 7f), and (i) an overestimation oftab SWP sensed by the plant (Fig. 7¢) inducing

underestimation of plant water stress (Fig. 7f).
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It is notable that, for the samé

act?

errors ony ., equal errors ony ., since the difference

between these variablesI§C—‘, which has no spatial dimension, and thus, isaffected by a spatial

rs
dimension reduction. Also, values of compensatdiRin Fig. 7b,e are given as fluxes per plant in
soil layers of 1.5 cm height. As a matter of congmar, the spatial integration of positive terms is
given in Fig. 7f, while the integration of all tesrwould be zero by definition.

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

1-D system state appears to be very close to feeeree one for all variables. Even though,,.,

and v, are slightly overestimated at night and underestiéh during daytime[T,, follows the

same trend in both simulations. Conversely to tesliown in Fig. 7, compensatory RWU is slightly
overestimated in 1-D (see Fig. 8f), possibly dugv&ter depletion around deep roots of wheat in the
reference scenario, which limited the compensatida. Proportionally to the total uptake rate, the
compensation rate was always more intense on daadythan on silt loam, seemingly because water
is not as efficiently redistributed by the sandy.so

A conclusion of the detailed comparison between &rid reference maize scenarios is that, when
horizontal redistribution of water by soil is a Itmg process, there is a clear need to account for
differences between bulk SWP and water potentiasesg by roots in soil layers, in order to avoid
biased predictions of compensatory RWU and platémstress, in dimensionally simplified soil-plant
systems. A physical approach presented in Secti®rwas developed by De Jong Van Lier et al.

(2006) for that purpose, of which opportunities &mdtations are discussed in the next section.

4.2 Second conjecture: solution for water potential differences between

bulk soil and root surface in 1-D soil layers

In this section, limitations of the second conjeetand tested adaptations aiming at better acaaunti

for unfulfilled assumptions are discussed.
4.2.1 Horizontally heterogeneousrooting pattern

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

al., 2008; Jarvis, 2011), the second conjectumnallpredicting SWP variations between the bulk soil

(¥syp) and soil-root interfacesy ,) by assuming a horizontally homogeneous root iligtion,

which implies that the water dynamics around ra®the same (their properties being considered as
identical).
Yet, for maize crops, due to the wide-row sowingfgra, two features are in contradiction with the

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



571
572
573
574
575
576

577

578

579

580
581
582

583
584
585

586
587
588

589
590
591

592
593
594
595
596

597

598
599

600

601
602
603

homogeneous (see for instance left subplot of #gand (ii) the horizontal rooting pattern is not

uniform. As demonstrated in Eq. (11), in each kjkr, a unique value aofr may lead to the

sr Up,g
right average sink term for the layer. The micrgscoapproach might help finding this layer
“equivalent soil-root interface water potential’hiwh makes it unnecessary to search for the fatjea
of soil-root interfaces water potentials in each layer. The second contradiction is more of aués

since no definition of the geometrical factpr (see Eq. B1 for its theoretical formulation) aauisu

for horizontal rooting pattern heterogeneity. Hoegevknowing values ofS M and

Up,g ! sr Up,g

M (from the reference scenarios), an effective vafugp, was calculated at each depth for each

sUp,g

time step of the scenarios, by using Eq. (17). W@ in Fig. 9a for scenario “maize hidh,, on

silt loam”, the effective values grouped by depté significantly lower than theoretical values of

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

one “big root”. This necessity to use smaller valoé¢ p was already noticed in comparison with

experimental data, by Faria et al. (2010), whorprited that feature as a consequence of rooting
heterogeneity, poor contact at soil-root interfaaed inactivity of a significant percentage of ot

(approximately 95%), which thus should not be takea account when calculating . Through this

modelling study, we investigated and confirmed thepected impact of horizontal rooting
heterogeneity omp .

Note that since root geometry does not change glsgenarios, effective values at a certain depth
should theoretically remain constant with time. gkown in Fig. 9a, they actually cover a certain
range of effective values, which are also strorsglgsitive to soil type (not shown). One should thus
be careful when using the theoretical parametésisadf p for root systems with heterogeneous
horizontal distribution.

Figure 9c shows the same comparison for wheat, evtiemoreticalp values are much closer to the
effective ones. This confirms that the theoretjgatameterisation is more reliable for wheat, whose
horizontal root distribution is indeed rather unifo

Note that negative effective values of are not displayed in Fig. 9a,c. These however rogtu
reference simulations when roots exude water while,, is still lower than the corresponding layer

bulk SWP. This transient situation cannot be pitediby the default model of water depletion around

roots, since the geometrical factpr is defined positive (see Eq. B1).

422 Transient rateof root water uptake

Another assumption of macroscopic RWU models usirignicroscopic approach” to predict SWP
depletion at soil-root interfaces is that ratesvafer uptake are constant with time. Water uptakesr

at a soil-root interface change over time due tapiaral changes in plant transpiration but alsotdue
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compensation mechanisms in the connected rootrsySimce the soil system has a memory due to its
buffer capacity, the water potential profile aroundbot at a certain time does not depend onlyhen t
extraction rate at that time but also on previaktsagetion rates. Thus, using a weighted-mean of pas

sink terms in Eqg. (17) rather than the sink termaajiven moment might be better to predict the

difference between soil-root interfage, ,, and bulk soily ¢, .
In this section, we tested if reference valuesMf, ,,, (from which v ., can directly be
deduced) could be predicted from Eq. (17), eithgrusing the theoretical values gf, and

instantaneousS (“Default method”), or by using the mean valuesetfective p, (red vertical

uUp.g

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

Up.g

using time-averaged values & in addition of the mean effective, (*Average Rho & S”

Up.g?
method).
Figure 9b shows the results obtained for maizellatime-steps of the “highly,, on silt loam”

scenario. The “1:1 line” illustrates the positiofi the referenceM while black circles

sr Up,g !’
correspond to layers bulk MFP (and to tik, ,,, , predicted under the first conjecture). Mostly, reve

though more accurate than the first conjectureyguiie “Default method” (red crosses) still resdilte

in an overestimation ofM mainly due to the theoretical overestimation pf Effective

sr Up,g?’
methods “Average Rho” and “Average Rho & S” allowedreasing the accuracy of the predictions

around the 1:1 line, however significant differemgeersist, mainly in dry conditions (where small

errors onM moreover have a high impact an, ,, ,). The prediction of negative values of

sr Upg

M is also problematic since the function providing-®values from soil matric potentials is

Sr Up,g
positive by definition. Consequently, np, ,, , value can be deduced from a negatMe, -
Even though both effective methods were sensitivéhe chosen averaging function, none of the

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

shown in Fig. 9b,d: mean function fgr, and 36 hours average for the sink term). For wifeg.

9d), results were already satisfying under the fiemjecture, but could be improved by using the
second conjecture, as shown by Fig. 9d.

When the RWU model using the second conjecture fusdber coupled to Richards equation, the

frequent prediction of negative values bf

(happens whemy < Sups | typically when the
[¢]

sr Up

soil becomes dry) and oscillating,, ,,, , caused non-convergence issues (mainly for sinaulgton

sandy loam). These could not be solved in thisystud
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4.2.3 Closing remarkson the second conjecture

Ideally, exact physical expressions would allow caetding for transient RWU rates and
heterogeneous rooting distribution, with a resgltimodel shape that would possibly have to be
adapted as compared to Egs. (17) and (B1). Howeweh opportunity doesn’t exist today, and a
simple alternative is to use effective parametatb\ariables such as described in previous parhgrap
and suggested by Faria et al. (2010), even thcughentail a loss of physical meaning of the model.
The proposed effective methods, accounting for lfitéd assumptions of De Jong Van Lier et al.
(2006) model, did not allow significantly improviqgedictions of differences between bulk SWP and
SWP sensed by roots for 1-D spatial discretisagxegept in conditions in which the first conjecture
was already satisfying (winter wheat crop on siirh). There is however a clear need for accurate
functions predicting soil-root interface water putal, in order to correctly predict compensatory
RWU and plant water stress. In the future, thablenm might be solved through the development of

specific analytical solutions for each type of systproperties.

5. Conclusions and outlook

The objective of this paper was to provide a théoakframework and exploratory analysis regarding
the use of “upscaled” RWU models, partly or fullgghecting SWP horizontal heterogeneity within
the root zone. We demonstrated how to derive updd@WU parameters and state variables (among
which the upscaled soil-root interface water patédnfrom small scale information. Two simplified
approaches aiming at estimating such upscaled watential (when small scale information is not
available) were then tested in soil-plant hydrodyita scenarios, for two crops with rather
heterogeneous (maize) or homogeneous (winter wheg®ontal rooting distributions.

With the first approach, SWP was considered as lgemeous in upscaled soil elements. For maize,
neglecting SWP heterogeneities in the directiorthef row was shown to be a good compromise
between accuracy (relative errors mostly below %#J computing time (reduced of 67 to 96%).
However, in 1-D, the assumed horizontal water tadigion rate by soil was far above reference 3-D
values during daytime and far below them at ni@lonsequently, the intensity of compensatory RwWU
was underestimated while plant collar water poééntas overestimated. For winter wheat, the rather
uniform rooting distribution tended to generatersldesstance SWP heterogeneities, and favoured a
fast horizontal redistribution of water by soil.&rkfore, 1-D processes of water redistribution viere
agreement with reference values (relative errorstijdelow 5%), and computation time could be
reduced by 80 to 99%. More generally, the accukcthe first approach was improved in cases
processes creating SWP heterogeneity were redecgd lpow plant transpiration rate) and processes
dissipating SWP heterogeneity were dominant (high soil hydraulic conductivity). A conclusion of

the first conjecture is that a 1-D soil geometneimugh to represent soil-plant water dynamics for
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winter wheat, but not for maize. Representing #itéet case in 1-D would require accounting for
water depletion around roots, which is the aimhefdecond conjecture.

With the second conjecture, the difference betwmdh SWP and SWP sensed by roots in 1-D sail
layers was estimated with an approximate analysollition of soil water flow towards roots. The

validity of the latter model, when two of its asqations are not met (regular rooting distributiordan

constant RWU rate) was questioned. First, horidortating heterogeneity was shown to impact

effective values of the geometrical paramejer for maize, while a better agreement between
theoretical and effective values pf were noticed for the rather regular rooting disttion of winter

wheat. Second, accounting for past uptake rates avéme-window of 36 hours improved the
agreement with reference results, whose local R\Widsrwere transient. However, for maize, the
layers soil-root interface water potentials couldt e accurately predicted, especially in dry
conditions.

This study confirmed that the use of 1-D spatiatmBtisation to represent soil-plant water dynansics

a worthy choice for densely seeded crops. It alglighted that, for wide-row crops, further
theoretical developments, better accounting fonacystem properties, might be needed to properly
predict plant collar water potential and compenga®NU, as compared to fine scale simulations.
Future prospects in line with this study could distus on the analysis of implications of usingreve

coarser grids when modelling soil-plant hydrodynzsmit the plot or larger scales.
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Appendices

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

potential homogeneous during root water uptake in upscaled soil elements

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

flux “ S, V., Of water would generate SWP heterogeneity aroumats if water was not

Up.g " Upg

redistributed. Leading SWP to a new homogeneous gtaide the upscaled soil element instantly
requires a horizontal divergence of soil water flomostly negative in regions where RWU occurs),
which depends on the characteristic distributioRW{U inside the upscaled soil element.

When using upscaled soil elements, one indiredBumes that the element is an entity keeping its
inner water potential homogeneous, independentlgtbér upscaled elements. In other words, the
equilibration of inner SWP requires soil water sddbution, which is assumed to come from the
inside of the upscaled element only. The divergesicsoil capillary flow over the upscaled soil
element is thus zero regarding the equilibrati@p stvhile divergences may locally be different from
zero in its constituting elements. Note that whecuating soil water flow between different
upscaled soil elements, their divergence of wabev may of course be different from zero.

The following forms of Richards equation thus appéspectively for upscaled and fine soil elements,

regarding the instantaneous equilibration of upstalements inner SWP:
00

0= S (A1)
aek -

— =-Div, - A2
3t =S (A2)

where Div, (L° L T is the divergence of soil water flow in tkeh fine element, more commonly
expressed as—~[] [I]K (Wm,k )E] Ws,kJ"-

In order to keep SWP horizontally homogeneous ssid upscaled element (and considering soil

00 00
hydraulic properties as uniform), all Ioca‘J)Tk need to equal%. From Egs. (A1-A2) we thus

obtain:

Div, =S,,,— S (A3)

Considering initial SWP as homogeneous inside fiecaled soil element, local uptake rates can be
defined as a standard fractions of the total uptateeof the upscaled element:

SS-
S( 'Vk = SUp,g 'VUp,g %:—k

Up.g

(A4)
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Up,g*

M
where ¢, . .S, = SSF
k=1

From Egs. (A3-A4), the local divergence of soil ardtow can be defined as follows:

V, SF
Div, =S,,, —2¢ | Vi k (A5)
PV Vg SR

Since in our case, soil water flow divergence mpy a redistribution of water inside the upscaled
element, the volumetric integration of positiventer equals that of negative terms, and half the
volumetric integration of all absolute terms. Waglobtain the following definition of the volumetri

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

element, Ry oo (LT
y M SFV,
. . _
i ésk’g V, |Div,| i kZ:l: kg S .
RsoiIP. hypg — 2 - ‘SUP,g "VUP,Q ) 2 ( )

Note that soil water flow divergence at scales lotian the scale of fine elements is not considared

the latter equation.

M SS, V,
X lsF, v
The coefficient X2 vg U9l gppears to be an indicator of how “generator of PSW
2

heterogeneity” a HA is, inside an upscaled soiinget (which could be enlarged up to the whole soil
domain). Its value tends to zero for uniform staddsink distributions inside the upscaled element,
which do not create SWP heterogeneities, and tendse for a single root inside an infinitesimaitpa

of the upscaled element, which corresponds todlse generating the biggest amount of heterogeneity

for a given water uptake or exudation rate.

Appendix B: Theoretical equation for the geometrical parameter py; for regular root

distribution in a soil layer

De Jong Van Lier et al. (2006) provides the follogvitheoretical equation for the geometrical

parametep, for regular root distribution in a soil layer:

4 (B1)

P CHPY B SIS ' SR S
* mRD, |mRD, °° ["lr, . mRD,

wherer, , (L) is the mean roots radius at tf¢h depth,a (-) is a parameter considered as equal to

pg_

0.53 (De Jong Van Lier et al., 2006), aRiD , (L) is the root length density at tgeth depth.
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Appendix C: Equations for vertical and horizontal water redistribution rates by soil

and roots

Vertical and horizontal water redistribution ratsssoil were calculated as the volumetric integrati

of the corresponding absolute components of waer divergence between soil elements:

Rooi . :% ‘(‘sz,k xlk)d d +( Jyow~ ylk) (21)
M
Reoig _% Z‘(‘Jzz,k_ Ja1x )'dx 'dy‘ (22)

T

where R, . and Reoil 1 (L3 T are, respectively, the horizontal and verticanponents of water
redistribution rates by soilJ,,, and J,,, (L T*) are soil water flow densities in thedirection,

respectively on the first and second side of deinent #, andd, (L) is the length of soil elements
in the x-direction (same logic for y- and z-directs).

Even though RWU rates have no direction per seemadistribution between layers was considered
vertical while redistribution resulting from horiztal heterogeneities was considered horizontal.
Vertical water redistribution rates by roots weralcalated as the integration of absolute net

compensatory RWU of each soil layer:

Rroot$ zzgkl ﬁk

1=1 |k=1

(23)

whereR ., (L T%) is the vertical water redistribution rate by mqt, =S, .V, —SSF T, (LT

act

1) is the compensatory RWU in theh soil elementl (-) is the soil layer index, is the total number

of soil layers, ande, | (-) equals 1 when thieth soil element is included in tHeth soil layer and

equals 0 otherwise.
Horizontal water redistribution rates by roots weagculated as the integration of absolute dewiatio
of compensatory RWU as compared to the expectédbdison of layers net compensatory RWU for

horizontally uniform SWP:

M

RrootH :Z% Z‘gk,l ﬁk -~ (Z‘gkl ﬁkj (24)
1=1 k=1 ngl

M
where R, . (L® T%) is the horizontal water redistribution rate bpt® > &,,.8, (L° T*) is the
k=1

net compensatory RWU in tieh soil layer,  SSF, (-) is the fraction of net compensatory RWU
M

> &, .S
k=1

expected in th&-th soil element in case SWP would be horizontatiiform in thel-th soil layer.
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Tab. 1: Sizes of upscaled soil elements and dop@iperties for both maize and winter wheat crops
in the runs testing the first conjecture.

Plant type Element properties Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Maize Horizontal area (cth 2.25 22.5 45 112.5 225 1125
XandY lengths (cm) 1.5x1.5 1.5x15 4 x 15 75x15 15x15 75x15
Elements per layer (-) 500 50 25 10 5 1
Domain dimensionality 3-D 2-D 2-D 2-D 2-D 1-D
Winter wheat Horizontal Area (cin 0.25 1 7 70
Xand Y lengths (cm) 0.5x0.5 1x1 2x3.5 10x7
Elements per layer (-) 280 70 10 1
Domain dimensionality 3-D 3-D 3-D 1-D
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Tab. 2: Relative absolute differences on the callater potential coiar), 1-D sink terms, 1-D water
contents and computing times in the maize scendnocreasing soil element sizes. Refer to Tab.

for the detailed geometry of cases 1-6.

Case#
M aize scenario 1 2 3 4 5 6

§ Low Tyaiy — silt loam 05 03 09 51 106 148
(T

% 3\; High Tai, — silt loam 09 15 45 155 26.8 303
% ;E Low Ty —sandyloam 1.9 2.9 88 259 306 327
E ° High Tgaiy — Sandy loam 3.7 4.6 8.1 13.2 150 187
§ Low Tyaiy — silt loam 1.0 12 12 53 121 171
é iE High Tai, — silt loam 1.9 32 42 111 197 242
% E Low Tgay—Sandy loam 3.4 50 6.8 213 354 385
s 7 High Tauy— sandy loam 6.3 8.0 109 243 449 47.4
S8 §  Low Ty~ siltloam 06 06 05 26 54 100
é E High Tai, — silt loam 1.3 19 21 51 95 170
_:§ % Low Tgajy — sandy loam 2.0 2.8 3.4 86 136 224
§ é High Tgaiy — sandy loam 2.4 4.4 5.1 9.3 142 228
= Low Tgaiy — silt loam 3.0 1.5 1.2 1.1 081 0.37
g g High Tai, — silt loam 1.9 021 013 010 0.10 0.09
-% é Low Tgajy — sandy loam 39 046 036 033 029 0.26
E High Ty — Sandy loam  0.98 0.04 0.03 0.02 0.02 0.02




889 Tab. 3: Relative absolute differences on the callater potential o), 1-D sink terms, 1-D water
890 contents and computing times in the winter wheahados, for increasing soil element sizes. Refer t

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

892
Case#
Winter wheat scenario 1 2 3 4

§ LOW Tgaiy — Silt loam 00 00 01 01
% Q\O; High Ty — silt loam 0.1 0.2 0.5 0.6
.% f Low Tgaiy — sandy loam 0.3 1.8 2.5 2.5
E ° High Tgaiy — Sandy loam 4.0 4.8 5.2 5.6
§ LOW Tgaiy — Silt loam 02 02 02 02
% § High Ty, — silt loam 0.4 0.5 0.7 0.8
% "DT’ Low Tyay—Sandy loam 0.9 29 46 49
T High Tguy— sandy loam 59 109 141 158
8 §  LowTgay~ siltloam 01 01 01 o1
é g High Ty — silt loam 0.1 0.2 0.3 0.3
};_,J % Low Tyaiy—sandy loam  0.19 1.1 2.0 2.4
§ é High Tgaiy — Sandy loam 2.8 3.6 4.9 5.9
. Low Tgaiy — silt loam 6.9 4.8 1.9 1.5
g g High Ty, — silt loam 9.0 3.3 1.5 0.98
% é Low Tgajy — sandy loam 17 3.6 1.3 0.79
E High Tgaiy — Sandy loam 11 1.1 0.27 0.10

893

894
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896
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899  Fig. 1: Examples of the relation betwegn andys upg. Cubes are soil elements whose SWE, is
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929
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932 Fig. 7: Spatio-temporal distribution of (a, d) SWieally sensed by roots and (b, €) compensatory

933 RWU rates (spatial integration of positive termsgspectively in reference and 1-D scenarios.
934 Temporal evolution of (c) plant collar water poteahtand SWP sensed by the plant, and (f) actual

935 transpiration and compensation rates (scenarizanhighTg.y on silt loam).
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937 Fig. 8: Spatio-temporal distribution of (a, d) SWdeally sensed by roots and (b, €) compensatory

938 RWAU rates (spatial integration of positive termsjspectively in reference and 1-D scenarios.
939 Temporal evolution of (c) plant collar water potahtatnd SWP sensed by the plant, and (f) actual

940 transpiration and compensation rates (scenaridewwheat, higiTy,, on sandy loam).
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942  Fig. 9: System effective properties and state ftbenscenario “higig.iy on silt loam”. Theoretical
943 (blue dotted lines) and effective (boxplots) valoég for maize (a) and wheat (c). Layers matric flux
944  potential at soil-root interfaces predicted usirmg 87) with default and effective methods, comgare
945  with reference values, for maize (b) and wheat (d).
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