
1 
 

Predicting soil and plant water status dynamic in olive orchards under different irrigation 1 

systems with Hydrus-2D: Model performance and scenario analysis 2 

 3 

Dario Autovino1, Giovanni Rallo2, Giuseppe Provenzano3 4 

1  PhD, Dipartimento Scienze Agrarie, Alimentari e Forestali, Università degli Studi di 5 

Palermo, Viale delle Scienze 12, 90128 Palermo, Italy. Email: dario.autovino@unipa.it  6 

2  PhD, Researcher. Department of Agriculture, Food and Environment (DAFE), Università di 7 

Pisa, Via del Borghetto 80, 56124 Pisa, Italy. Email: giovanni.rallo@unipi.it  8 

3 PhD, Professor. Dipartimento Scienze Agrarie, Alimentari e Forestali, Università degli Studi 9 

di Palermo, Viale delle Scienze 12, 90128 Palermo, Italy. Email: 10 

giuseppe.provenzano@unipa.it  11 

   12 

Abstract 13 

The paper analyzes the performance of Hydrus-2D model to simulate the dynamic of soil water 14 

contents and transpiration fluxes in an olive orchard in which two different irrigation systems 15 

were used in 2011 and 2012. Secondly, the relationship between midday stem water potential, 16 

MSWP, and relative transpiration (ratio between simulated actual and maximum crop 17 

transpiration), Ks, was identified with the aim to use the model for crop water status predictions. 18 

Model validation was carried out based on the comparison between simulated and measured 19 

soil water contents at different points of soil domain, as well as between simulated root water 20 

uptake and transpiration fluxes measured with sap flow sensors. The latter were examined under 21 

the hypothesis to neglect tree capacitance and hence the contribute of water stored in leaves, 22 

branches and trunk of the tree to transpiration fluxes. Finally, a scenario analysis was carried 23 
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out for irrigation management purposes, by considering the level of crop water stress achieved 24 

in the different phases of the vegetative growth.  25 

Data used to parametrize the model were acquired in a commercial farm located in South-West 26 

of Sicily, in an area where olive represents the main orchard crop. Preliminary experiments 27 

allowed parametrizing soil hydraulic and root density distribution functions in the soil domain 28 

of a single tree. During the first year irrigation water was applied with a drip lateral placed along 29 

the plant row, whereas in the second year by means of a network of emitters laid on the soil and 30 

covering the entire surface dominate by a plant. Soil water contents at different depths and 31 

distances from the plant row were monitored by a Frequency Domain Reflectometry (FDR) 32 

sensor, whereas sap flow velocity by Thermal Dissipation Probes (TDP). The latter then 33 

allowed estimating transpiration fluxes based on the measured conducting sapwood. Moreover, 34 

in 2011 crop water status was monitored according to MSWP measured roughly weekly, with a 35 

Scholander chamber. 36 

The results evidenced that active roots (d<2.0 mm) were mainly detected along the tree row 37 

where is installed the drip irrigation pipe, with concentrations that tended to decrease at 38 

increasing depth and with the distance from the plant row. It was demonstrated that Hydrus-2D 39 

model is generally able to reproduce the trends of measured soil water contents at different 40 

distances and depths from the plant row with RMSE equal to 0.04 cm3 cm-3 in 2011 and 0.09 41 

cm3 cm-3 in 2012, because of the inadequate schematization of the root system, that could have 42 

changed according to the different irrigation system. Moreover, the model was also suitable to 43 

estimate actual transpiration with RMSE values, in the two years, of 0.09 and 0.05 mm. It was 44 

also observed that measured MSWPs are linearly correlated to the ratio between actual and 45 

maximum transpiration; under the examined conditions in fact, reductions of MSWP from -1.5 46 

MPa to -3.1 MPa determined a decline of actual transpiration from about 86% to 50% of 47 
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maximum. Finally, the performed scenario analysis evidenced the potential of the model to 48 

identify crop water status during the different stages of crop growth, that can be used to identify 49 

irrigation strategies aimed to cope with water scarcity. 50 

 51 
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Introduction 54 

In several regions of the world, the scarcity of freshwater represents one of the most important 55 

environmental concerns due to agricultural intensification associated to the increasing 56 

population and rapid economic growth. Moreover, the climate change scenario may exacerbate 57 

the problem, creating new drought-prone areas or increasing those affected by severe aridity 58 

(Provenzano and Rodriguez-Sinobas, 2014). Compared to the traditional surface or sprinkler 59 

irrigation, well-designed drip systems, characterized by high field distribution uniformity, can 60 

allow enhancing irrigation efficiency (Autovino et al., 2016; Martì et al., 2010) however, there 61 

are many other management factors that may affect the performance of these systems (Egea et 62 

al., 2016). Further findings in implementation and testing of water-saving strategies associated 63 

to irrigation scheduling are therefore desirable, even to assure the appropriate feedback between 64 

research and practice (Provenzano et al., 2014). Researches related to the optimization of 65 

irrigation for olive trees have demonstrated that slight or moderate crop water stress in specific 66 

phenological stages can contribute to increase crop productivity and water use efficiency 67 

(Tognetti et al., 2004).  68 

When applying water-saving strategies it is necessary the precise control of irrigation by 69 

monitoring specific indicators related to soil and plant water status (soil matric potential, leaf 70 

or stem water potential, trunk diameter variations, relative transpiration) aimed to identify 71 

proper irrigation timing and depth (Rallo et al., 2014a), so to prevent severe stress conditions 72 

and unreasonable water consumes. As stated by Kramer (1969), “the status of water in the plant 73 

represents an integration of the atmospheric demand, soil water potential, rooting density and 74 

distribution, as well as other plant characteristics”. For these reasons, the monitoring of plant 75 

water status should be preferred to that related to the soil water status or to the climatic 76 

variables. 77 
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Leaf or stem water potential, measured at predawn or midday, are in fact considered among the 78 

most reliable indicators of crop water status, whereas sap flow sensors are suitable to quantify 79 

the plant transpiration fluxes. In remote modality, crop reflectance spectroscopy or thermal 80 

images are also considered valid tools to detect crop water status at various spatial scales 81 

(Gamon and Qiu, 1999; Rallo et al., 2014b). In alternative, measurements of soil water contents 82 

have been quite often preferred because of their simplicity even though, under trickle irrigation, 83 

the high water gradients around the emission points makes it difficult to identify the spot in 84 

which the soil water content representative of the root volume has to be detected. However, 85 

despite crop-base measurements represent the most effective way to schedule irrigation because 86 

integrates environmental effects and potentially very sensitive, these don’t indicate how much 87 

water to apply. Moreover, calibration procedures are required to determine control thresholds 88 

(Jones, 2004). 89 

For these reasons easy-to-use tools, such as software packages simulating water transfer in the 90 

soil-plant-atmosphere (SPA) continuum, are often used for indirect evaluations of soil and crop 91 

water status and to estimate indicators related to water stress (Minacapilli et al., 2009; 92 

Cammalleri et al., 2013; Rallo et al., 2017). Several agro-hydrological models have been 93 

implemented and used to explain the water exchange processes occurring in the SPA continuum 94 

(Rallo and al., 2012). The complexity of the system not only derives from the high number of 95 

variables to be defined, but also from internal self-regulation phenomena occurring between the 96 

system components (Rallo et al., 2010). 97 

Hydrus-2D package (Šimůnek et al., 1999) allows simulating water, heat and multiple solute 98 

transfer in variably saturated porous media. Since its implementation, the model been 99 

extensively applied as summarized in the review of Šimůnek et al., (2016), in which the 100 

capabilities and the major applications allowed by the different versions were presented and 101 
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discussed. Despite several applications on horticultural crops and under different climates have 102 

been provided the model validation with reference to soil water content (Mguidiche et al., 2015; 103 

Egea et al., 2016; Ghazouani et al., 2016) only a few have accounted for the impact of irrigation 104 

strategies on water plant uptake, actual crop transpiration or crop yield (Mailhol et al., 2011). 105 

Phogat et al. (2013) used the model to evaluate daily fluctuations of water fluxes of almond 106 

trees under different irrigation management. These authors evidenced the good performance of 107 

the model to reproduce the spatial and temporal water dynamic in the soil domain, also 108 

observing that the model simulates daily values of root water uptake well responding to the 109 

fluctuations of evapotranspiration demand; however, according to their results, the magnitude 110 

of simulated root water uptake resulted generally greater than the corresponding measured with 111 

sap-flow sensors. 112 

The main objective of the paper was to assess the performance of Hydrus-2D model to predict 113 

soil water contents and transpiration fluxes in an olive orchard maintained under two different 114 

irrigation systems. After validating the model and assessing the relationship between midday 115 

stem water potential (MSWP) and the ratio between simulated actual and maximum crop 116 

transpiration, a scenario analysis was carried out in order to verify the possibility to decrease 117 

seasonal irrigation water requirement by controlling the levels of water stress achieved in the 118 

different phases of the vegetative crop growth.  119 

 120 

Background of Hydrus-2D model 121 

Hydrus-2D model (Simunek et al., 1999) allows simulating water flow, heat and solute transport 122 

in two-dimensional variably-saturated flow domain. Furthermore, the model allows estimations 123 

of root water uptake, according to which the spatial distribution of soil water content is 124 

evaluated. 125 
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A modified form of Richards equation is used to describe water movement in the soil, under 126 

the hypotheses to neglect the air phase and the thermal gradients in the soil (Celia et al., 1990): 127 

𝜕𝜃
𝜕𝑡 =

𝜕
𝜕𝑥 &𝐾

(ℎ)	
𝜕ℎ
𝜕𝑥, +

𝜕
𝜕𝑧 &𝐾

(ℎ)	
𝜕ℎ
𝜕𝑧 + 𝐾(ℎ), − 𝑆(ℎ) 

(1) 

where θ [L3 L-3] is volumetric soil water content, t [T] is time, h [L] is soil matric potential, 128 

K(h) [L T-1] is unsaturated soil hydraulic conductivity, x [L] and z [L] are the horizontal and 129 

vertical (positive upwards) spatial coordinates and finally, S(h) [T-1] is a sink term representing 130 

the volume of water extracted by plant roots from the unit soil volume and in a time unit. 131 

Equation (1) is solved by using the Galerkin-type finite element method applied to a network 132 

of triangular elements (mesh). 133 

The model requires the knowledge of the soil water retention curve, θ(h) and the hydraulic 134 

conductivity function, K(h), that can be mathematically described by means of the van 135 

Genuchten-Mualem model (Mualem, 1976; van Genuchten, 1980): 136 

𝜃(ℎ) = 𝜃! +
𝜃" − 𝜃!

[1 + (𝑎ℎ)#]$ 	ℎ < 0 
(2) 

 

𝜃(ℎ) = 𝜃"				ℎ ≥ 0 (3) 

𝐾(ℎ) = 	𝐾"𝑆%& 81 − 91 − 𝑆%
'/$:

$
;
)
 (4) 

where θs [L3 L-3] and θr [L3 L-3] are saturated and residual soil water content, m, n and a are 137 

function shape parameters, with 𝑚 = 1 − 1/𝑛, Ks [L T-1] is saturated hydraulic conductivity, l 138 

is the pore connectivity parameter and Se is relative saturation, defined as: 139 

𝑆% =	
𝜃 − 𝜃!
𝜃" − 𝜃!

	 (5) 

In the absence of osmotic stress, the actual rate of root water uptake, S(h), in any point of 140 

simulation domain is computed according to the Feddes model (Feddes et al. 1978), that 141 
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assumes that S(h) is proportional to the maximum root uptake rate occurring when water is not 142 

limiting plant transpiration, Sm [T-1]: 143 

𝑆(ℎ) 	= 𝛼(ℎ)	𝑆$ (6) 

where the water stress response function, α(h) [-], locally depends on soil matric potential.   144 

To describe the water stress response function, van Genuchten (1987) suggested the following 145 

sigmoid function (S-shape), valid in the absence of osmotic stress: 146 

𝛼(ℎ) =
1

1 + @ ℎℎ*+
A
, (7) 

The model assumes that the reductions of water uptake depends on i) the soil matric potential 147 

for which the ratio between actual and maximum crop transpiration is equal to 0.5, h50 [L], and 148 

on ii) a dimensionless parameter, p [-], whose value is influenced by soil, crop and climate 149 

conditions (Homaee, 1999).  150 

Under non-uniform root distribution, the spatial variation of maximum root extraction, Sm, is 151 

expressed as:  152 

𝑆$ = 𝛽(𝑥, 𝑧)	𝐿-	𝑇$ (8) 

where b(x,z) [L-2] is a normalized distribution of maximum root water uptake over a soil volume 153 

of arbitrary shape (Vogel, 1987), Lt [cm] is the width of soil surface associated with the 154 

transpiration process and Tm [L T-1] is the maximum transpiration. 155 

The actual water uptake distribution in any point of the simulation domain is obtained by 156 

introducing eq. (8) into eq. (6): 157 

𝑆(ℎ, 𝑥, 𝑧) = 𝛼(ℎ, 𝑥, 𝑧)	𝛽(𝑥, 𝑧)	𝐿-	𝑇$ (9) 

By integrating eq. (9) in the region occupied by roots it is possible to obtain the total actual root 158 

water uptake that, by neglecting the tree capacitance, can be assumed corresponding to actual 159 

plant transpiration. 160 
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In Hydrus-2D, the normalized b(x,z) function is implemented according to the model proposed 161 

by Vrugt et al. (2001): 162 

𝛽(𝑥, 𝑧) = &@1 −
𝑧
𝑍$
A, &@1 −

𝑥
𝑋$
A, 𝑒./

0!
1"

	│4∗.4│50$6"
	│7∗.7│8 (10) 

where Zm [L] and Xm [L] are the maximum rooting lengths in the z and x directions, z* [L] and 163 

x* [L] define the location of the maximum root water uptake in vertical (z) and horizontal (x) 164 

directions and finally, pz [-] and  px [-] are empirical coefficients.  165 

 166 

Materials and Methods 167 

Study area and data collection 168 

Experiment was conducted at “Tenute Rocchetta”, a commercial farm (Olea europaea L., cv. 169 

Nocellara del Belice) located in South-West of Sicily, Italy (37.6494 N, 12.8492, E, 123 m 170 

a.s.l.) during two irrigation seasons (2011 and 2012). The farm, specialized in the production 171 

of oil and table olives, is located in a quite flat area with a rather homogeneous silty-clay-loam 172 

soil texture. Climate is typically Mediterranean with precipitation concentrated in fall and 173 

winter and a dry season lasting 4-5 months, from late spring to late summer. A standard weather 174 

station by the Sicilian Agrometeorological Information Service (SIAS) located 500 m apart the 175 

experimental site, allowed acquiring daily precipitations, as well as the climate variables to 176 

estimate reference evapotranspiration, ET0, with the Penman Monteith equation (Allen et al., 177 

1998), whose validity for the experimental site has been previously assessed (Minacapilli et al., 178 

2016).  179 

The orchard was planted about 25 year ago, with rows roughly oriented along the East-West 180 

direction and plant spaced 5.0 m within rows and 8.0 m between rows. Two undisturbed 181 

cylindrical soil samples, 8.5 cm diameter and 5.0 cm height, were collected at different depths 182 
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(0-15, 15-45, 50-70 and 80-100 cm) to determine soil water retention curve and hydraulic 183 

conductivity function. Hanging water column apparatus (Burke et al., 1986) was used for soil 184 

matric potential ranging between -0.05 m and -1.50 m, whereas the pressure plate apparatus 185 

(Dane and Hopman, 2002) for soil matric potential values from -3.37 to -153.0 m. Soil water 186 

conductivity corresponding to matric potentials close to saturation were determined by tension 187 

disc infiltrometer (Logsdon et al., 1993) and the Beerkan Estimation of Soil Transfer (BEST) 188 

method (Bagarello et al., 2011). 189 

During the first year (2011) investigated trees were irrigated by a single drip lateral per plant 190 

row, with four 8.0 l/h emitters per plant, installed at both sides of each trunk at distances of 0.50 191 

m and 1.50 m (fig. 1a). In 2012, in order to reproduce a different irrigation system, water was 192 

distributed over the entire soil surface dominated by a plant, with 8.0 l/h emitters installed 193 

according to a square grid spaced 50 cm, and positioned on the ground (fig. 1b). In both years, 194 

phase I of vegetative growth lasted around 10 of July, the end of the pit hardening stage around 195 

20 of August, whereas phase II of vegetative growth continued till the end of October. Irrigation 196 

events were scheduled from mid of July to the end of August, whereas all the other management 197 

and fertilization options followed the ordinary practices used by the farmer.  198 

Soil water contents were monitored by Frequency Domain Reflectometry (FDR) downhole 199 

sensor (Diviner 2000, Sentek), after evaluating the site-specific calibration equation (Rallo and 200 

Provenzano, 2014; Provenzano et al., 2015). Sixteen 120 cm long access tubes (P1-P16) were 201 

installed in a quarter of a tree, as indicated in fig. 1a,b.  202 

In order to detect the spatial distribution of active roots from soil surface to 105 cm depth, seven 203 

undisturbed cylindrical soil cores, 5 cm diameter and 15 cm height, were collected during the 204 

installation of each FDR access tube, for a total of 112 samples. Root extraction was carried out 205 

by following a standard procedure of wash and filtration (Newman, 1966). In each sample, the 206 
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total length of roots with diameter lower than 2 mm was scanned and measured with Image-Pro 207 

Plus 6.0 software (Media Cybernetics, Silver Spring, US). Values of normalized Root Length 208 

Density (RLD) were finally determined and assumed as the length of active roots in each soil 209 

unit. 210 

In order to monitor sap flow velocity, v [cm min−1], two pairs of thermal dissipation probes, 211 

TDP, (Granier, 1987) were installed in an olive tree at height of about 40 cm from the ground 212 

in the convex and concave side of the trunk, which was then wrapped in reflective insulation. 213 

The probes were connected to a Campbell CR1000 (Campbell Scientific Inc., Logan, Utah) 214 

datalogger, programmed to acquire at hourly time-step. Sap flow velocity [cm min−1] was 215 

obtained by combining the difference of temperature between heated and un-heated needle with 216 

the corresponding difference registered at night (absence of flux). Sap fluxes, q [cm3 min−1], 217 

were then evaluated by multiplying sap flow velocity to the cross-area, S [cm2], of the 218 

conducting sapwood, measured by colorimetric method on trunk samples extracted with the 219 

Pressler gimlet (Cammalleri et al., 2013). Hourly fluxes were then aggregated at daily time-step 220 

and assumed equivalent to plant transpiration, under the hypothesis to neglect tree capacitance.  221 

Crop water status was monitored based on Midday Stem Water Potential (MSWP), measured 222 

with Scholander pressure chamber (Scholander et al., 1965) by following Turner and Jarvis 223 

(1982) protocol. Two measurements of MSWP [MPa] were carried out roughly every week 224 

from June 27 to September 18, 2011, on non-transpiring stems collected in the same trees where 225 

sap flow sensors were installed. Measurements were carried out at least 30 minutes after 226 

insulating the stems with aluminum foil faced bags. 227 

 228 

Parametrization of Hydrus-2D model and scenario analysis 229 
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Hydrus-2D model validation was carried out by considering both the described drip distribution 230 

systems. A two-dimensional simulation domain perpendicular to the drip pipe, 150 cm deep 231 

and 400 cm wide, was used to schematize the soil volume around a single tree as shown in fig. 232 

1a,b. Simulations were run from January, 1, 2011 to December 31, 2012, with daily time step 233 

(731 days). For both years, the flow domain was discretized by unstructured mesh with a total 234 

of 1134 nodes and 2147 finite triangular elements, whose dimensions were assumed smaller at 235 

the top layer, where the highest hydraulic gradients occurred. In 2011, drip irrigation was 236 

simulated by an infinite line source perpendicular to the flow domain, as previously adopted by 237 

other authors (Skaggs et al., 2010; Phogat et al., 2013). This assumption is consistent with the 238 

long lasting irrigation, during which the overlapping of wetted bulbs was observed in the field. 239 

The atmospheric boundary condition was set at the top edge of the simulation domain, with the 240 

exception of the three nodes (12.5 cm) placed below the emitter, in which a time-variable 241 

boundary condition was considered. By assuming that in 2011 the area wetted by emitters is 25 242 

cm wide and 500 cm long (12,500 cm2) and considering the volume distributed during each 243 

irrigation event equal to 400 dm3 d-1, a flux q=32 cm d-1, was obtained. In 2012, based on the 244 

adopted distributed drip system, watering was simulated as a daily event, whose height was 245 

obtained by dividing the irrigation volume to the surface dominated by a single plant. In both 246 

the considered years, the absence of flux was assumed along the lateral boundary surfaces and 247 

free drainage at the bottom of soil profile. 248 

The maximum daily crop transpiration, Tm, and soil evaporation, Em, used to define the time-249 

variable atmospheric boundary condition, were estimated from ET0 values by following the 250 

dual crop coefficient approach (Allen et al., 1998), as: 251 

 𝑇$ = 𝐾9:	𝐸𝑇+          (11) 252 

 𝐸$ = 𝐾%	𝐸𝑇+          (12) 253 
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in which Kcb is the basal crop coefficient evaluated on the basis of the canopy fraction cover 254 

and the tree height (Allen and Pereira, 2009) and Ke is the coefficient of soil evaporation, that 255 

was set equal to 0.1.  256 

Soil hydraulic functions for the different soil layers, expressed through the van Genuchten-257 

Mualem model, were determined according to the experimental data by using the retention 258 

curve (RETC) computer program (van Genuchten et al., 1991). The root distribution parameters 259 

were obtained after calibrating eq. (10) based on the values of normalized RLD measured in the 260 

field.  The van Genuchten (1987) S-shape model (eq. 7) was adopted to represent the root 261 

water uptake stress function by assuming h50=-15,200 cm and p=4.284, as estimated by Rallo 262 

and Provenzano (2013) in the same experimental field. 263 

Soil water content at the beginning of simulation was supposed constant and equal to 0.25 cm3 264 

cm-3 in the whole simulation domain. However, this assumption had a limited effect on soil 265 

water contents and transpiration fluxes measured during irrigation seasons and later used to 266 

validate the model. In fact, after large rainfall events occurring between January and February 267 

2011 the soil reached the field capacity and, as observed in the field, maintained similar 268 

conditions approximately until the end of May. 269 

The model was validated according to temporal dynamic of both soil water content and root 270 

water uptake. The latter, under the hypothesis to neglect the tree capacitance, was assumed 271 

corresponding to the dynamic of transpiration fluxes measured with sap flow sensors. The 272 

comparison between measured and simulated soil water contents was carried out in 25 control 273 

points (five different depths of five soil profiles). At each distance and depth from the plant 274 

row, the average SWC and the corresponding standard deviation were obtained by considering 275 

the values measured with the FDR probe within the installed access tubes. On the other hand, 276 
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measurements of actual transpiration fluxes were obtained by averaging the daily cumulative 277 

values acquired by sap flow sensors. 278 

Once the model was validated, the relationship between MSWP and the ratio between actual 279 

and maximum tree transpiration, identifying the crop water stress coefficient (Ks=Ta/Tm), was 280 

assessed. Hydrus-2D model allowed then to simulate, under different scenario, the levels of 281 

crop water stress achieved during the different phases of phenological growth. In particular, 282 

scenario analysis was carried out to estimate Ks and MSWP in the absence of irrigation (NI), as 283 

well as by applying 15%, 30% and 50% of maximum transpiration registered between June 13 284 

and August 30 of both years, divided in thirteen irrigation events of equal volume applied 285 

weekly. 286 

 287 

Evaluation of model performance 288 

Hydrus-2D model performance to estimate the spatial and temporal dynamics of soil water 289 

contents and transpiration fluxes was evaluated based on Mean Bias Error (MBE), Root Mean 290 

Square Error (RMSE) and the Efficiency index (NSE) proposed by Nash and Sutcliffe, (1970). 291 

 𝑀𝐵𝐸 = ∑ <6%&',).6')",)=*
)+,

>
        (13) 292 

 𝑅𝑀𝑆𝐸 = M∑ <6%&',).6')",)=
-*

)+,
>

        (14) 293 

 𝑁𝑆𝐸 = 1 − ∑ <6%&',).6')",)=
-*

)+,

∑ <6%&',).6%&'???????=-*
)+,

       (15) 294 

where Xobs is the generic value of the considered variable acquired at day i, Xsim is the 295 

corresponding simulated and N is the number of measured data. 296 

The value of NSE can range between -∞ ≤ NSE ≤ 1. NSE value ranges between 0 and 1 indicates 297 

that the model is suitable to well reproduce the measured variable, with NSE=1 expressive of 298 
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the perfect agreement, whereas NSE values lower than zero identify unacceptable performance 299 

of the model. 300 

 301 

Results and Discussion  302 

Physical characterization of soil and root systems 303 

Table 1 shows the van Genuchten-Mualem parameters of soil water retention and conductivity 304 

functions (eqs. 2-4) obtained for the different investigated soil layers and used for model 305 

simulations. As can be observed, even though quite similar parameters characterized the soil 306 

water retention curves at the different depths, the saturated hydraulic conductivity decreased at 307 

increasing depth from 70 to 20 cm d-1, due to soil compaction occurring at the higher depths. 308 

Figure 2 shows the normalized root length density (RLD) corresponding to the different soil 309 

depths (profiles P1-P13), measured at distances of 0, 50, 100 and 200 cm from the plant row; 310 

the root distribution function obtained after fitting the Vrugt model (eq. 10) to experimental 311 

data is also shown. At each distance from plant row, the mean RLD values were initially 312 

determined at the different depths and then used to calibrate the model (eq. 10) according to a 313 

nonlinear Generalized Reduced Gradient (GRG) algorithm, by minimizing the variance of 314 

residuals between measured average and estimated RLD. The values of parameters, later used 315 

for simulations, resulted  respectively equal to Zm =120 cm, Xm = 580 cm,  z*=30 cm, x*=0 cm, 316 

pz =1, px =2.  317 

As can be noticed when observing measured data in figure 2, active roots (d<2.0 mm) exist in 318 

the whole soil domain, even at a certain distance from the tree row along which is installed the 319 

irrigation pipe. For a fixed soil profile, root density tends to decrease at increasing depth, 320 

whereas for a fixed depth with the distance from the plant row; roots are mostly concentrated 321 

in the upper soil layers, till about 40 cm depth. Moreover, closer the soil profile to plant row, 322 
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more variable RLD values, as a consequence of micro irrigation system used for irrigation (drip 323 

lateral along the plant row with four emitters per plant). In fact, the quite high gradients of soil 324 

water content occurring after irrigation events have determined the development of an extended 325 

root system within the wetted soil volume, that justifies the highest (on average) root density 326 

generally detected along the tree row. The achieved results are in agreement with those 327 

observed by Fernandez et al. (1991), who evidenced that under dry conditions, adult olive trees 328 

adapt their roots to the installed drip system, with the highest concentration detected within the 329 

soil volume wetted by emitters. Similarly to what observed by Searles et al. (2009), about 70% 330 

of active roots were found in the soil volume 0.5 m depth and 0.5 m wide, along the drip line. 331 

However, despite a number of papers investigated on root distribution in olive orchards (Rieger, 332 

1995; Moreno et al., 1996; Palese et al., 2000), little information have been provided on the 333 

temporal dynamic of root system distribution (Connor and Fereres, 2005). 334 

 335 

Model simulations 336 

Figure 3a shows the temporal dynamic of daily precipitation and reference evapotranspiration, 337 

whereas fig. 3b illustrates the temporal patterns of maximum soil evaporation and plant 338 

transpiration occurred during 2011 and 2012, as used to run Hydrus-2D simulations. During 339 

both years, similar climate conditions can be observed, with reference evapotranspiration 340 

ranging between about 1.0 and 6.5 mm d-1, and the absence or rainfall during July and August, 341 

during which the highest atmospheric evaporative occurred. Annual reference 342 

evapotranspiration was equal to 1149.3 mm in 2011 and 1153.6 mm in 2012, whereas total 343 

rainfall resulted in the two years of 566.0 and 580.2 mm. The temporal patterns of maximum 344 

evaporation, Em, and transpiration, Tm, (fig. 3b) follow, of course, the dynamic of ET0. Annual 345 
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Tm resulted of 459.7 and 403.6 mm, whereas Em was equal to 114.9 and 115.3 mm respectively 346 

in 2011 and 2012. 347 

Figure 4 shows the temporal dynamic of measured and simulated soil water contents at different 348 

depths and distances from plant row, as obtained from May to November 2011. At each soil 349 

depth, mean and standard deviation of measured soil water content were obtained by averaging 350 

the values detected in the soil profiles along planes parallels to the plant row. The quite high 351 

standard deviations characterizing all the depths along the plant row (left column of fig. 4) are 352 

due to the high gradient of soil water content consequent to the adopted localized irrigation 353 

system. As it can be observed, Hydrus-2D is in general able to reproduce the trends of measured 354 

soil water contents at the different distances and depths from the plant row, despite simulated 355 

values are referred to the mesh nodes, whereas the corresponding measured are representative 356 

of finite soil volumes. Analogous results were obtained in 2012 in which, however, variability 357 

of measured soil water contents resulted systematically lower than that observed in 2011 (fig. 358 

5). This situation can be related to irrigation system, according to which water was distributed 359 

on the soil surface almost uniformly and thus infiltration process was practically mono-360 

dimensional. Moreover, overestimations of soil water contents mainly simulated at high depths 361 

and distances from the plant row could be a consequence of the inadequate schematization of 362 

root system, whose distribution was assumed similar to that of 2011. In fact, due to irrigation 363 

system adopted in 2012, the plant could have developed a different root distribution and thus 364 

locally modified root water uptake. The lack of knowledge about the temporal patterns of active 365 

root system, however, does not allow further speculations but the auspice of future 366 

investigations. 367 

The temporal dynamic of measured and simulated actual transpiration fluxes, from May 1 to 368 

November 27 of both the examined years, is shown in fig. 6, in which the patterns of maximum 369 
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transpiration, precipitation and irrigation are also displayed. It can be noticed that simulated 370 

transpiration fluxes in the investigated periods resulted similar to those obtained by integrating, 371 

at daily time-step, sap flow measurements. The local discrepancies, mainly observed around 372 

the end of June and in September 2011, could be due to the neglected tree capacitance and 373 

therefore to the contribute to transpiration fluxes of the water stored in leaves, branches and 374 

trunk of the tree. Table 2 summarizes the results of statistical comparisons between simulated 375 

and measured soil water contents and transpiration fluxes in 2011 and 2012. The best 376 

performance of the model, in terms of both soil water contents and plant transpiration fluxes 377 

was obtained in 2011, as confirmed by the highest values assumed by the Nash-Sutcliffe 378 

efficiency index. However, even in 2012, despite the discussed limitations caused by the 379 

imprecise schematization of root system distribution, RMSE values associated to soil water 380 

contents and transpiration fluxes resulted of 0.09 cm3 cm-3 and 0.05 mm, respectively, with NSE 381 

index always positive. The achieved results evidences that more appropriate the schematization 382 

of root system, better the model outputs in terms of soil water contents and transpiration fluxes. 383 

Even Phogat et al. (2013), in a study on almond crop, concluded that Hydrus-2D model is able 384 

to reproduce the spatial and temporal dynamic of water content within the soil domain. On the 385 

other hand, for corn crop, Mailhol et al. (2011) stated that the model ability to simulate actual 386 

transpiration fluxes under severe water stress conditions is questionable. It is necessary to stress 387 

in fact, that in the investigated silty-clay-loam soil, the root system occupies approximately the 388 

whole soil domain. Under these conditions, plant can modify its capability to uptake water from 389 

soil, by activating roots located in soil regions where water is more easily available. This 390 

situation has been observed when examining the variations of soil water contents in the different 391 

regions of root domain after an irrigation or a rainfall event. In the former, according to root 392 

distribution and to drip irrigation system, water uptake occurred mainly from a parallelepiped 393 
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soil volume having width, length and depth respectively of about 1.50, 5.00 and 0.75 m, 394 

whereas in the latter root water uptake took place from all the root domain (data not shown). 395 

The relatively limited soil water contents measured in 2012 at higher distances from plant row 396 

and deeper soil layers, associated to the relatively high values of actual evapotraspiration 397 

(practically equal to maximum), confirms the root system adaptation capabilities to restrictive 398 

soil water status. 399 

Figure 7 shows the absolute values of MSWP measured in 2011 as a function of relative 400 

transpiration, calculated as the ratio between simulated actual and maximum crop transpiration 401 

(Ks=Ta/Tm). As can be observed the two variables are strongly correlated, being the trend of 402 

MSWP (absolute value) decreasing at increasing Ks. In particular, according to experimental 403 

data and simulation results, a value of MSWP=-1.5 MPa brings to actual transpiration of about 404 

86% of maximum, whereas MSWP=-3.1 MPa determines actual transpiration of 50% of the 405 

corresponding maximum. Rallo et al. (2017), even for citrus crop, identified the relationship 406 

between MSWPs and crop water stress coefficients simulated by FAO-56 model, later used to 407 

assess the linear correlations existing between measured and simulated water stress integrated 408 

over the season, which was dependent on the adopted irrigation strategy. According to the 409 

performed analysis then, it is possible to conclude that Hydrus-2D model, under the examined 410 

conditions, is also suitable to identify the variability of crop water status. 411 

The model was finally used to simulate the levels of crop water stress achieved in the different 412 

phenological phases. Table 3 summarizes the values of cumulative precipitation, irrigation, 413 

maximum and actual transpiration registered in 2011 and 2012, between June 13 and August 414 

30, as well as average (µ) and standard deviation (s) of MSWP in the different stages of 415 

vegetative growth occurring in the period. On the other hand, fig. 8a,b illustrates the temporal 416 

dynamic of maximum and actual transpiration, whereas fig. 8c,d shows the corresponding crop 417 
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water stress coefficient, obtained respectively in 2011 and 2012 under the examined scenarios. 418 

At the beginning of both years actual transpiration simulated in all the examined scenarios 419 

resulted equal to the maximum, as a consequence of soil water status that did not result limiting 420 

crop transpiration. Then, as expected, actual transpiration decreased more and more rapidly at 421 

decreasing irrigation depths, being the minimum values achieved in the absence of irrigation 422 

(NI). The values of relative transpiration, ranging approximately between 0.3 and 1.0, reached 423 

the minimum around the begin of October in 2011 and at the end of August in 2012.  424 

Based on the empirical relationship between midday stem water potential and Ks obtained for 425 

the examined site (fig. 7), the temporal dynamic of MSWP was also determined for the two 426 

years and under the different irrigation scheduling scenarios, as shown respectively in fig. 8e,f. 427 

Horizontal lines specifies the thresholds for mild (-2.0 MPa) and moderate (-3.5 MPa) water 428 

stress levels as obtained over four growing season by Ahumada-Orellana et al. (2017) in a 429 

super-high density olive orchards. The results of these Authors evidenced in particular, that 430 

reducing MSWP till reaching the threshold of -3.5 MPa during pit hardening has not significant 431 

effects on crop yield and determines a reduction of about 20% of seasonal irrigation. The 432 

reduction of irrigation during pit hardening, generally characterized by high atmospheric 433 

evaporative demands, has been suggested by many authors as suitable RDI strategy for the 434 

examined crop, because this phase of vegetative growth is the least sensitive to water deficit 435 

(Goldhamer, 1999). However, it has to be considered that the optimal MSWP may be different 436 

according to soil physical characteristics or with climate variables, such as vapour pressure 437 

deficit and air temperature (Corell et al., 2016). Under the examined scenarios, whilst 438 

maintaining the olive trees under rainfed conditions may bring to severe crop water stress during 439 

stage II of fruit growth with consequent reductions of crop yield, the scenario S50, obtained by 440 

scheduling irrigation of the period between June 13 and August 30 as 50% of maximum 441 
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transpiration, allows maintaining MSWP always below the threshold of mild water stress. 442 

However, independently from the chosen thresholds, a physically based model such as Hydrus-443 

2D can represent a powerful tool to improve irrigation strategies under water constraints, also 444 

accounting for economic considerations. 445 

 446 

Conclusion 447 

The knowledge of actual ET fluxes and crop water status has a significant role in regions where 448 

water resources for agriculture are limited and deficit irrigation is practiced as water 449 

management strategy. This study examined the performance of Hydrus-2D numerical model to 450 

predict soil water contents and transpiration fluxes in an olive orchard irrigated with two 451 

different irrigation systems. Additional measurements of midday stem water potential (MSWP) 452 

allowed calibrating the relationship occurring with the relative transpiration simulated by the 453 

model. A scenario analysis was finally carried out in order to verify the possibility to decrease 454 

the seasonal irrigation water requirement by controlling the levels of crop water stress achieved 455 

by crop in the different phases of vegetative growth.  456 

The analysis demonstrates that the patterns of soil water contents reproduced by the model were 457 

comparable to the corresponding measured at the experimental site, with RMSE values of 0.04 458 

and 0.09 cm3 cm−3 in 2011 and 2012, respectively. Moreover, when the model is adequately 459 

calibrated and the root system correctly schematized, Hydrus-2D it is able to reproduce the 460 

temporal dynamic of actual daily transpiration, with RMSE values of 0.09 and 0.05 mm in the 461 

examined years and with NSE index always positive. The obtained results evidenced that more 462 

appropriate the schematization of root system, better the model outputs in terms of soil water 463 

contents and transpiration fluxes. 464 
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With respect to scenario analysis, it was verified that under the examined conditions the absence 465 

of irrigation may bring to severe stress in periods when the crop is sensitive to water deficit 466 

(stage II of vegetative growth). On the other hand, the application of volumes equal to 50% of 467 

maximum transpiration in the period from June 13 to August 30, allows maintaining MSWP 468 

always below the threshold of mild water stress. Hence, independently from the thresholds 469 

chosen to describe the levels of crop water stress, a physically based model such as Hydrus-2D 470 

can represent a powerful tool in evaluating the impact of deficit irrigation and improving water 471 

saving strategies under water constraints. We believe that information obtained in this study 472 

can be utilized for developing better management practices for olive orchards. 473 

Further investigations, however, have to consider the effects of tree capacitance on transpiration 474 

fluxes, as well as how irrigation systems can affect the patterns of active roots and the dynamic 475 

of water uptake. 476 
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Figure 1a, b - Schematization of simulation domains, positions of FDR probe access tubes 

and layout of irrigation systems used in 2011 (a) and 2012 (b) 
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Figure 2 – Profiles of normalized root length density, RLD, measured in P1-P13, at distances of 0, 50, 

100 and 200 cm from the plant row. RLD profiles, according to the Vrugt model at each distance are 

also shown. 
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Figure 3a, b - a) Temporal dynamic of  reference evapotranspiration, ET0  and precipitation, 

P, and b) maximum soil evaporation, Em, and plant transpiration, Tm, estimated in 2011 and 

2012 

a) 

b) 



32 
 

 
 

Figure 4 - Temporal dynamic of measured and simulated soil water contents at different depths and 

distances from the plant row, as obtained in the period May 1 - November 27, 2011 
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Figure 5 - Temporal dynamic of measured and simulated soil water contents at different depths and 

distances from the plant row, as obtained in the period May 1 - November 27, 2012 
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Figure 6a, b - Temporal dynamic of measured and simulated actual transpiration. Ta, from May 1 to 

November 27, 2011 (a) and 2012 (b). The patterns of maximum transpiration, Tm, precipitation, P, 

and irrigation, I, are also shown. 
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Figure 7 - Midday Stem Water Potential (MSWP) versus estimated stress coefficient (Ks=Ta/Tm) 
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Figure 8 – Temporal dynamic of maximum and simulated actual transpiration (a, b), crop water stress coefficient (c, d) and 

Midday Stem Water Potential (e, f) under different irrigation scheduling scenarios, as obtained in 2011 and 2012. Horizontal 

lines in the lower graphs represents the thresholds of mild (2.0 MPa) and moderate (3.5 MPa) stress. 

 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Ju
n 

1,
 1

1

Ju
n 

10
, 1

1

Ju
n 

19
, 1

1

Ju
n 

28
, 1

1

Ju
l 7

, 1
1

Ju
l 1

6,
 1

1

Ju
l 2

5,
 1

1

A
ug

 3
, 1

1

A
ug

 1
2,

 1
1

A
ug

 2
1,

 1
1

A
ug

 3
0,

 1
1

Se
p 

8,
 1

1

Se
p 

17
, 1

1

Se
p 

26
, 1

1

O
ct

 5
, 1

1

O
ct

 1
4,

 1
1

O
ct

 2
3,

 1
1

N
ov

 1
, 1

1

T a
, T

m
  [

m
m

]

Tm

NI

S15

S30

S50
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Ju
n 

1,
 1

2

Ju
n 

10
, 1

2

Ju
n 

19
, 1

2

Ju
n 

28
, 1

2

Ju
l 7

, 1
2

Ju
l 1

6,
 1

2

Ju
l 2

5,
 1

2

A
ug

 3
, 1

2

A
ug

 1
2,

 1
2

A
ug

 2
1,

 1
2

A
ug

 3
0,

 1
2

Se
p 

8,
 1

2

Se
p 

17
, 1

2

Se
p 

26
, 1

2

O
ct

 5
, 1

2

O
ct

 1
4,

 1
2

O
ct

 2
3,

 1
2

N
ov

 1
, 1

2

T a
, T

m
  [

m
m

]

Tm

NI

S15

S30

S50

I stage fruit growth II stage fruit growth RipeningPit hardening I stage fruit growth II stage fruit growth RipeningPit hardening

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Ju
n 

1,
 1

2

Ju
n 

10
, 1

2

Ju
n 

19
, 1

2

Ju
n 

28
, 1

2

Ju
l 7

, 1
2

Ju
l 1

6,
 1

2

Ju
l 2

5,
 1

2

A
ug

 3
, 1

2

A
ug

 1
2,

 1
2

A
ug

 2
1,

 1
2

A
ug

 3
0,

 1
2

Se
p 

8,
 1

2

Se
p 

17
, 1

2

Se
p 

26
, 1

2

O
ct

 5
, 1

2

O
ct

 1
4,

 1
2

O
ct

 2
3,

 1
2

N
ov

 1
, 1

2

K
s

[-
]

NI

S15

S30

S50
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Ju
n 

1,
 1

1

Ju
n 

10
, 1

1

Ju
n 

19
, 1

1

Ju
n 

28
, 1

1

Ju
l 7

, 1
1

Ju
l 1

6,
 1

1

Ju
l 2

5,
 1

1

A
ug

 3
, 1

1

A
ug

 1
2,

 1
1

A
ug

 2
1,

 1
1

A
ug

 3
0,

 1
1

Se
p 

8,
 1

1

Se
p 

17
, 1

1

Se
p 

26
, 1

1

O
ct

 5
, 1

1

O
ct

 1
4,

 1
1

O
ct

 2
3,

 1
1

N
ov

 1
, 1

1

K
s

[-
]

NI

S15

S30

S50

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Ju
n 

1,
 1

2

Ju
n 

10
, 1

2

Ju
n 

19
, 1

2

Ju
n 

28
, 1

2

Ju
l 7

, 1
2

Ju
l 1

6,
 1

2

Ju
l 2

5,
 1

2

A
ug

 3
, 1

2

A
ug

 1
2,

 1
2

A
ug

 2
1,

 1
2

A
ug

 3
0,

 1
2

Se
p 

8,
 1

2

Se
p 

17
, 1

2

Se
p 

26
, 1

2

O
ct

 5
, 1

2

O
ct

 1
4,

 1
2

O
ct

 2
3,

 1
2

M
SW

P
[M

Pa
]

NI
S15
S30
S50

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Ju
n 

1,
 1

1

Ju
n 

10
, 1

1

Ju
n 

19
, 1

1

Ju
n 

28
, 1

1

Ju
l 7

, 1
1

Ju
l 1

6,
 1

1

Ju
l 2

5,
 1

1

A
ug

 3
, 1

1

A
ug

 1
2,

 1
1

A
ug

 2
1,

 1
1

A
ug

 3
0,

 1
1

Se
p 

8,
 1

1

Se
p 

17
, 1

1

Se
p 

26
, 1

1

O
ct

 5
, 1

1

O
ct

 1
4,

 1
1

O
ct

 2
3,

 1
1

N
ov

 1
, 1

1

M
SW

P 
[M

Pa
]

NI
S15
S30
S50



37 
 

 663 
 664 

 665 

  666 

 667 

 668 

  Soil Water Contents  Transpiration Fluxes 

Year 
 

N MBE  
[cm3 cm-3] 

RMSE 
[cm3 cm-3] 

NSE 
[-] 

 
N MBE  

[mm] 
RMSE 
[mm] 

NSE  
[-] 

2011  400 -0.004 0.04 0.51  152 -0.16 0.09 0.61 
2012  400 -0.056 0.09 0.18  41 0.06 0.05 0.44 

 669 
Table 2 – Results of statistical analysis carried out to compare simulated and measured soil water contents and 670 
transpiration fluxes in 2011 and 2012 (N= number of observations). 671 

 672 

 Climate variables  MSWP  
       I Stage Pit 

hardening II Stage 

  P I Tm Ta D   μ σ μ σ μ σ 
 [mm]   [MPa] 

2011 
NI 

0.4 

0.0 

166.6 

87.9 2.1  1.4 0.6 3.1 0.3 3.9 0.5 
S15 25.0 121.6 2.0  1.1 0.3 2.1 0.2 3.1 0.5 
S30 50.0 141.3 2.1  1.0 0.1 1.6 0.1 2.1 0.3 
S50 83.3 153.7 5.1   0.9 0.1 1.2 0.1 1.4 0.1 

2012 
NI 

3.8 

0.0 

152.4 

76.1 1.6  1.7 0.7 3.2 0.2 3.3 0.7 
S15 22.9 105.7 1.6  1.3 0.3 2.3 0.2 2.4 0.5 
S30 45.7 123.9 1.6  1.2 0.2 1.7 0.1 1.6 0.5 
S50 76.2 135.8 2.9  1.1 0.1 1.4 0.1 1.2 0.3 

 673 

Table 3 – Values of precipitation, irrigation, maximum and actual transpiration registered in 2011 and 2012, 674 
between June 13 and August 30. Average (µ) and standard deviation (s) of MSWP in the different stages of 675 
vegetative growth are also indicated.  676 

Depth 
[cm] 

θs  
[cm3 cm-3] 

θr  
[cm3 cm-3] 

α 
[-] 

n 
[-] 

Ks 
[cm d-1] 

λ  
[-] 

0-15 0.39 0.00 0.008 1.32 70 0.5 
15-45 0.39 0.06 0.014 1.21 60 0.5 
50-70 0.39 0.06 0.014 1.21 40 0.5 
80-100 0.39 0.06 0.022 1.18 20 0.5 

 
Table 1 - Parameters of soil hydraulic functions. 


