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Giorgio Cassiani, Jacopo Boaga, Daniela Vanella, Maria Teresa Perri, Simona Consoli 10 

We thank the Reviewers and the Associate Editor for their positive and constructive comments. A detailed 11 

response to the comments is presented below. For the sake of clarity, the comments from the Reviewers 12 

are shown in italic, the authors’ replies are in bold. 13 

 14 

Response to the Editor’s comments 15 

 16 

Editor Initial Decision: Reconsider after major revisions (13 Feb 2015) by Prof. Marnik Vanclooster 17 

 18 

The discussion on your manuscript has now been closed. The two imposed referee's and the additional free 19 

comment raised a large set of concerns. Some of those can be addressed in a revised version of the paper, 20 

others (e.g. validation of root extraction patterns by means of isotopic tracer data or allelometric 21 

measurements) cannot be addressed or are beyond the scope of your study. In your answers, you 22 

suggested how the concerns raised by the referees will be addressed in a revised version of the manuscript. 23 

I therefore propose to proceed with this revision, taken into consideration these suggestions. I propose you 24 

also to add to this revised version a report explaining how the different concerns have been addressed 25 

(largely based on the responses to the previous discussions of course).  26 

 27 

We have taken all  comments into considerations and implemented the relevant actions, where 28 

appropriate. See below the detailed report of how all concerns have been (or sometimes have not been) 29 

addressed.   30 
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Response  to Referee #1 - T. P. A. Ferre 31 

 32 

This is a very well considered hydrogeophysical investigation of soil-plant interactions in the root zone.   The 33 

authors have collected a wide range of data, allowing for a clear interpretation of the value of geophysics 34 

for inferring root zone processes.  In some cases, I think that their choices could simply be stated with less 35 

defense of their decisions to shorten the paper.  But, in general, the work is presented clearly.  I will review 36 

the main messages that I took from the paper and then make a suggestion for revision below. 37 

 38 

The authors have conducted a 3D ERT survey of water content changes over a two day period, including an 39 

irrigation event. The found that water content changes could be described adequately as 1D, vertical.  They 40 

conducted laboratory analyses of soil hydraulic properties and assumed that they were constant 41 

throughout the domain. Similarly, they established a single universal pedotransfer function for the domain. 42 

Finally, they assessed the depth of the root zone based on observations of the time lapse data (and a 43 

somewhat unclear discussion regarding limiting the uptake to a restricted zone). WIth these restrictions, 44 

they fitted observed changes in ERT-inferred water contents with depth to model results with only one free 45 

parameter - the surface of the root zone. 46 

 47 

We thank Dr. Ferre for his appreciative evaluation and constructive comments. The summary he 48 

provides is correct. 49 

 50 

The fit of the best model to the data is generally good. But, the lack of fit below 40 cm seems to indicate 51 

that the soil hydraulic properties imposed do not fully represent the system.  Given the generally recognized 52 

difficulty of measuring soil hydraulic properties in the lab for field predictions, I would be tempted to allow 53 

some of the hydraulic parameters to vary during inversion, too, to get a better fit. 54 

 55 

This suggestion is definitely worth considering. We feel that is will be interesting to assess how the 56 

uncertainty related to hydraulic parameters propagates into the uncertainty of the estimated RWU zone 57 

extent. We ran some sensitivity analysis in this direction but we immediately realized that a more 58 

complete sensitivity analysis concerning the impact of the individual parameters should be performed in 59 

a complete Monte Carlo manner in order to exclude identification trade-offs between the Van 60 

Genuchten parameters, the depth of the water table (known with some uncertainty) and the fluxes from 61 

irrigation, precipitation and evapotranspiration in conjunction to the effective 3D spatial distribution of 62 

active roots. This is currently the subject of ongoing research, and hopefully we shall be able to report 63 

the results soon (a presentation will be given at the upcoming EGU General Assembly in Vienna, April 64 

2015.  65 

 66 
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The preceding is a small detail.  My larger concern is that the interpretation, in terms of an area involved 67 

with root water uptake, does not seem strongly supported. Isn’t the rate of uptake a combination of root 68 

density and per-root uptake rate? That would seem more physically reasonable than assuming a constant 69 

rate of uptake with only some of the soil participating.  Similarly, I would not necessarily expect constant 70 

root water uptake from each depth. Perhaps the authors reported the root density versus depth and I 71 

missed it. At a minimum, the authors could use HYDRUS with depth dependent root water uptake as a 72 

clearer representation of root processes.  All of this is meant 73 

to encourage the authors to tighten up the interpretations related to root processes. 74 

 75 

This is a key remark that concerns the general approach we take when assigning the RWU to a certain 76 

depth range. We acknowledge that assuming a uniform RWU rate distributed along the top 40 cm, with 77 

zero uptake below, is a simplified approach.   78 

 79 

On the other hand, we strongly believe that the target here is precisely to provide the simplest 80 

explanation for the observed data, or better, for ALL observed data. This is in accordance to the principle 81 

of parsimony that shall underlie all scientific endeavours.  82 

 83 

Note also that the parsimonious approach we take for modelling is consistent with the simplification 84 

adopted by averaging the ERT data along horizontal planes, thus reducing the analysis to a 1D problem. 85 

Given this approach, it would probably be pointless to try and infer the root density distribution only as 86 

a function of depth, while the 3D distribution around the tree is likely to be as, if not more, important.  87 

 88 

We are also confident that we could, of course, introduce more complex root density distributions with 89 

depth (but still concentrated largely in the top 40 cm!) and still obtain practically the same simulated 1D 90 

moisture content distribution, provided the total water extracted is maintained the same.  91 

 92 

In a nutshell: we feel that either we should pursue a full 3D approach leading to an inversion towards 93 

the identification of root uptake density (far beyond the scope of this paper), or we should stick to the 94 

presented simplified (an yet very informative!) approach.  95 

 96 

This is a strong and unique data set that should help to establish hydrogeophysics in a relatively new field.  97 

It would be great to make sure that people in that field see information presented in a context that will 98 

speak clearly to them! 99 

 100 
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We have revised the presentation to make it as clear as possible.  101 

 102 

Finally, I would ask the authors to make a special effort to demonstrate the value of the geophysical data.  103 

It would require an additional set of analyses, but it would be very helpful to try to interpret (with 104 

uncertainties reported) the root uptake with and without the ERT data.  How much more can you say (or 105 

how much more accurately can you say it?) Again, it would be great to be able to point to this article when 106 

we want to make a quantitative case for including geophysics in root zone monitoring efforts! 107 

The suggestion is conceptually interesting. We should try and demonstrate the value of the ERT data by 108 

presenting an attempt of estimating RWU without this data. However it is in the particular case at hand 109 

this should be done changing the modelling scheme from 1D to 3D (or at least axial-symmetric), as the 110 

TDR data we have available are at a certain distance from the tree trunk, and thus (likely) at the margin 111 

of the root water uptake zone. Alternatively one could assume that the TDR data are representative of a 112 

1D vertical distribution of moisture content in the citrus orchard – this indeed would not be totally 113 

without sense if we did not have ERT data.  114 

In the revised version of the discussion we added some specific comments in this direction, along the 115 

lines suggested by the Referee.  116 

 117 

Response  to Referee #2 118 

GENERAL COMMENTS 119 

Cassiani et al.  presented a very nice data set combining several techniques to close the water balance of an 120 

irrigated orange tree: ERT, sap flow, eddy covariance data, soil physical data; and to calibrate and validate 121 

ERT data under field conditions: TDR, pore water conductivity, petrophysical relationship for changing soil 122 

moisture content, . . . 123 

The aim of the paper is to characterize the volume of the active root zone of the orange tree by coupling a 124 

Richards-type model with the experimental data and calibration for the root zone. I appreciate the 125 

completeness and quality of the data set, which is far from evident under field conditions. The coupling of 126 

data and model in this context is also an important attempt which has often been tried by researchers, but 127 

rarely worked out or was very simplified. 128 

 129 

We thank the referee for his/her positive general comments. He/she also provides a number of specific 130 

remarks that we feel must be addressed in detail, as shown hereafter: 131 

 132 

Even though I think this work can be very interesting and innovative in this field of research, the authors 133 

still have to improve  134 
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 135 

(1) their description of the used methodologies, especially for the modeling part. I did not find any 136 

specification on the equations used, especially for the sink term in the Richards equation. Based on the 137 

information in the paper, it is very difficult to understand how you can calibrate a volume of root water 138 

uptake with a 1-D equation, etc. This really must be explained more systematically. The calibration and 139 

validation approach, statistical decision tools, etc. should be discussed.  140 

 141 

We agree with the referee: in the revised version of the paper we have given all the necessary details, 142 

including a new figure (Figure 9) explaining the geometry of the system. 143 

 144 

(2) the use of the model outcomes. Next to the active root zone, results on sink term distribution and soil 145 

water fluxes based on the coupling of data and model should be given.  146 

 147 

Some more detail on the results of the 1D modelling will be given in the revised paper. However it is not 148 

totally clear to us what the reviewer is actually questioning here.  149 

 150 

In addition, I do not understand why the authors limit the paper to a two day period, whereas in the M&M 151 

part they speak of an experiment on much longer term. . . Next to the daily cycle, the dynamics over the 152 

growing season are of main interest in this context!  153 

 154 

The paper presents results derived from both short term (2 days) and long term monitoring. The 155 

micrometeorological data set (including the measurements of the energy balance components) and the 156 

sap flow data are available since 2009. ERT measurements were carried out only during a 2-day period, 157 

but the state of the system at the time of the ERT measurements clearly depends on the past forcings 158 

acting on the system. The entire dataset is therefore used when data and simulations are compared.  159 

 160 

Explicit description of how both long and short term data are used was reported at page 13, lines: 278-161 

283 of the revised manuscript 162 

 163 

(3) the authors explain in detail their setup to measure ET using an eddy-covariance tower, but I do not see 164 

where they use these data afterwards in the paper.  As explained now, I understood that only the sap flow 165 

data are used as a forcing for the model. 166 
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 167 

This remark is correct. Indeed in the modelling itself we only used sap data, as they are directly and 168 

uniquely attributable to the single orange tree we monitored. However we feel that the comparison 169 

between sap flow data of transpiration and Eddy Covariance fluxes allows for a better understanding of 170 

diurnal plant dynamics with respect to the microclimate of the study area. However, in order to clarify 171 

the role we attribute to EC data in this paper, we removed Fig.2 from the revised version of the paper, 172 

and we reduced the length of the EC data description. Please see at page 9, lines: 194-207 of the revised 173 

manuscript. 174 

 175 

DETAILED COMMENTS  176 

P 13354 l 8:  this is the only place where 4-D inversion appears. If you use this term, please give more 177 

information in the M&M part on the type of inversion constraints put on the time dimension, since they can 178 

highly influence the result.  179 

 180 

We agree with the comment. We used “time-lapse” rather than 4D in the Abstract 181 

 182 

P 13355 l1 irrigated water that/which is not taken up  183 

 184 

Ok, see at page 3, line 47 185 

 186 

P 13355 l15-27 This part is a bit unsatisfactory. There are two options, either you do not speak of this at all, 187 

since anyhow, you do not aim to test several model types in this paper, if I understand well; either you 188 

included some more recent literature and other authors to make this more complete and up to date.  See 189 

recent papers of Valentin Couvreur, Mathieux Javaux, Tiina Roose, . . . Recent literature shows for example 190 

that there is a mathematical link between the two categories you propose and that they are not that 191 

different finally. 192 

 193 

We agree and we modified this part of the paper. Please see at page 4, lines 76-78 194 

 195 

P13357 l 10-13: As this is the main focus of your paper, I would be more complete on the existing literature 196 

applying ERT to characterize root water uptake and root system characterization. (You could deleted some 197 

of the general papers before, to gain space if necessary) More specifically, I would also like to see an 198 
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indication of lab and field studies, since they have different focus and outcomes.  Also studies on woody 199 

plants and agricultural crops could be differentiated here, because mainly the influence on the 200 

petrophysical relationship seems to be different for these two categories.  Therefore I suggest adding the 201 

papers of e.g.  Beff et al.  2012, Amato 2009, Michot 2003, Garré 2011,2012, Cassiani 2012, . . . If the 202 

groups of Binley and/or Kemna already published 203 

some of their work on the effect of roots on soil electrical properties, this would also need to be added here 204 

(however, of these two I am not sure if there is already some formal paper).  205 

 206 

We agree, and we expanded the literature review as suggested. Please see at page 5, lines 113-116 and 207 

page 6, line 117-118 208 

 209 

P 13358 l 15 mean leaf area index => over space AND time?  210 

 211 

The LAI values are spatially averaged and are referred to the ERT measurement period (October 2013). 212 

In the specific case of a mature orange orchard, LAI values are fairly constant in time in the region of 213 

interest. These details are specified in the revised version of the paper. Please see at page 7, lines 148-214 

150 215 

 216 

P 13358 l22 Ks with falling head permeameter => specify how many replicates, variation of result- 217 

ing values, . . .  218 

 219 

We have 32 Ks measurements over the study site; we will add some details in the revised version of the 220 

paper. These details are specified in the revised version of the paper. Please see at page 7, lines: 154-163 221 

and page 8, lines: 164-172 222 

 223 

P 13358 l 26 reflectomeTErs?  224 

 225 

Ok, see at page 8, line 173   226 

 227 

P 13358 – 13359 Is it possible to make a scheme of the field with the location of all sensors relevant to the 228 

data presented in this paper with respect to the tree rows etc?  229 
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 230 

We also feel that a scheme is needed. We have included a Figure 9 in the text in order to clarify the 231 

sensor distribution around the investigated tree. The tree falls within the micrometeorological station 232 

footprint area. Please see at Figure 9 of the revised manuscript. 233 

 234 

P 13359 l 5 why did you adopt this setup with horizontal and vertical TDRs? How did you install them 235 

exactly, especially the horizontal ones?  236 

 237 

The TDR probes location is considered well suited with the specific characteristics of the micro-irrigation 238 

system used in the area and the textural soil main features. Specifics about TRD installation were 239 

included at page 8, lines: 173-184  240 

 241 

P 13359 l 17 Something that strikes me in the paper is the different time scales of the various data sources: 242 

eddy covariance since 2009, sap flow ??, TDR ??, ERT only 2 days in 2013. Can you specify this better in the 243 

beginning of the paper and also explain why this is so different.  For example, why do you only have two 244 

days of ERT data. If you have a specific reason for this, state it more clearly in the objectives of the paper.  245 

 246 

Here again we acknowledge that in the original paper the different use of the data was not explained in 247 

sufficient detail. See our reply to major comment number (2) of this same referee. Please see at Results 248 

section, page13,  lines:278-283 249 

 250 

P 13359-13360 Some things need to be specified more clearly to ensure reproducibility of the research:  251 

 252 

P 13360 l 2 CSAT3, I suppose. I may be wrong but, to my knowledge, CSAT3 is a sonic and not a gas 253 

analyser. I think thus that information about the GA is lacking. Especially, it’s important to specify if it’s an 254 

open path (type LI-COR 7500) or a closed path (type LI-COR 7000 or 6262).  Each system requires specific 255 

corrections. On the photograph in Figure 1 I can see the IRGA at intermediate height: that’s a LI-COR 7500 256 

open path. Higher, I see a sonic sensor but no IRGA. . .  257 

 258 

P 13360 l 10 That’s a little bit short : you should give more info about flux computation procedure 259 

and corrections :  how do you cope with high frequency attenuation (in closed path), with rain periods (if 260 

open path)? Do you apply the Webb Pearman Leuning (WPL) correction (if open path)?  Do you apply a 261 
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stationarity screening for data filtering?  Eddy covariance computation packages cannot be used as black 262 

boxes. They must be parameterised in taking the system specificities into account.  263 

 264 

The open path infrared absorption gas analyser is a LI-7500 from LI-COR. The eddy covariance 265 

measurement system and the data processing followed the guidelines of the standard EUROFLUX rules 266 

(Aubinet et al., 2000). A data quality check was applied during the post processing together with some 267 

routines to remove the common errors: running means for detrending, three angle coordinate rotations 268 

and despiking. Stationarity and surface energy balance closure were also checked (Kaiman and 269 

Finningan, 1994). These details were added at page 9, lines: 203-209 and page 10, lines: 210-2012 270 

 271 

P 13360 l 16 This is a quite good result that probably validates the whole method.  272 

 273 

Agreed 274 

 275 

P 13360 l 19 Why the choice for the HPV technique, since it seems to be more and more abandoned by the 276 

community due to difficulties to find the 0 flow point. Please specify this.  277 

 278 

Heat-pulse techniques can be used to measure sap flow in plant stems with minimal disruption to the 279 

sap stream (Swanson and Whitfield, 1981; Cohen et al., 1981; Green and Clothier, 1988). The 280 

measurements are reliable, use inexpensive technology, provide a good time resolution of sap flow, and 281 

they are well-suited to automatic data collection and storage. Sequential or simultaneous 282 

measurements on numerous trees are possible, permitting the estimation of transpiration from whole 283 

stands of trees. We added some details to this end in the revised manuscript. Please see at page 10, 284 

lines: 224-229 285 

 286 

P13361 -13362 For the ERT M&M part add answer to following questions in the text:  - what was the 287 

material and size of the buried, mini- and stick-electrodes?  - how was the borehole made and good 288 

electrode contact ensured? How did you minimize hydraulic disturbance due to the vertical holes or if you 289 

didn’t can you comment on the extent of disturbance of the flow field? - Did you arbitrarily choice the 290 

electrode configuration (based on some general characteristics) or you conducted some virtual or real field 291 

tests prior to the experiment. If yes, please give some info on that. - If I understand well, you have no 292 

measurements between sticks, only along the sticks? - An image of sensitivity distribution of the 293 

configuration for a homogeneous medium would be interesting to evaluatethe set-up. - Which ERT device 294 

did you use for the measurements. - What kind of error model did you use and how did you obtain it? Or did 295 

you just put a constant error and if yes, is it the average value of all timeframes and all electrodes?  The 296 
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data quality seems good, especially under complex field conditions, so that’s positive.  – Specify which 297 

constraint was used for the timelapse inversion (time dimension).  298 

 299 

Many of the details requested here are already in the paper. But just to clarify: the electrodes are made 300 

of stainless steel, plates 3cm high and wound around the PVC pipe. The boreholes were made by 301 

percussion with the help of a pre-drilling with a smaller diameter in order to avoiding the disturbance of 302 

the electrical flow. A similar setup was used by Boaga et al., (2013). The electrical contact is excellent for 303 

all 48 buried electrodes, as checked before each measurement. The 4 boreholes are water tight and in 304 

tight contact with the soil, so they cannot act as pathways for preferential water infiltration. In addition, 305 

we focused our attention to an area slightly smaller that the square defined by the boreholes, in order 306 

to avoid the inevitable disturbance caused by borehole installation (indeed, slightly compacting the 307 

surrounding soil). There are also 24 surface electrodes, and this covers partly the region between the 308 

boreholes. Note however that by its own nature ERT is NOT a LOCAL measurement. We used an IRIS 309 

Syscal Pro resistivimeter for all measurements. Sensitivity distribution is well known from the literature 310 

(e.g. Binley and Kemna 2005) and there is no need to repeat these concepts specifically in this paper. 311 

The error model is described in Binley and Kemna 2005 for the error level chosen here (10%, as specified 312 

already). All other details of the inversion have been published in a number of papers using the same 313 

inversion codes (all in http://www.es.lancs.ac.uk/people/amb/Freeware/freeware.htm). The time lapse 314 

inversion is a ratio inversion, already described in the paper and relevant literature is referred to (e.g. 315 

Cassiani et al., 2006). We revised the ERT description in the paper to make sure that the overall picture is 316 

clear.  317 

 318 

Figures 5 and 6: I have the impression the color scales are not optimally chosen to see the variability in the 319 

3-D images. I think images in log scale or EC instead of resistivity would show more. Figure 6 is really not 320 

readable. Scales are too small.  321 

 322 

We modified the Figure 6 (now Figure 5) to make it much more readable. On the contrary, we disagree 323 

concerning the colours.  324 

 325 

P13363 l5 You refer to fig 6 here, but it is not clear at this point how you obtained the ‘EC derived total ET’. 326 

Please explain.  327 

 328 

It is of course derived from the EC measurements. We do not quite understand what the referee is 329 

asking for at this point. 330 

 331 

http://www.es.lancs.ac.uk/people/amb/Freeware/freeware.htm
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P 13363 l 20-25 I particularly like the fact that you checked the effect of pore water salinity, an parameter 332 

that is often neglected, as you state yourself.  However, could you specify with which frequency, which 333 

method of pore water extraction, where in the field, etc.?  334 

 335 

We used laboratory suction cups for water extraction from the soil samples. We added details at page 336 

14, lines: 315-319 337 

 338 

P 13364 l 5: Can you detail the experimental protocol? Did you wash the samples several times with the 339 

solution to obtain homogeneous pore water concentration? What was the sample size? Figure 7: why don’t 340 

you show all data?? I they fall on top of each other, the image should remain readable and the value of the 341 

graph would be much higher. . . Could you also show the fit you decided to use to convert rho in WC in the 342 

same graph?   343 

 344 

We added some of these details in the paper. The procedure for testing the soil samples is similar to the 345 

one in Cassiani et al. (2009). 346 

 347 

p 13365 l17 This would be a really interesting case-study indeed. Looking forward to that piece of work.  348 

 349 

 350 

 351 

P 13365 l 21 I see the importance and interest of coupling model and data, but I do not know why you have 352 

to throw away all the 3-D information to be able to do it. . . In that case, you could simply have put a 353 

vertical profile of TDRs and use that data as a source for the model. This would have 354 

been cheaper and faster. . .  355 

 356 

The wealth of information in the time-lapse 3D has not been fully exploited using the 1D simulation, but 357 

the information is anyway much more abundant than the one that can be derived from a few scattered 358 

TDR probes. 359 

 360 

P13366 l 1 I think you should clearly split, both in M&M and in Results, experimental considerations and 361 

modeling considerations, in order not to loose the reader.   362 
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 363 

This comment is not clear to us. We have anyway tried to improve the paper readability in the direction 364 

of splitting model and measurement descriptions. 365 

 366 

P 13366-13367 Here I was lost and I am still not sure whether I understood correctly. For example, how can 367 

you find a volume of active roots if you use a 1-D model? If it were real 1-D, the transpiration rate (T_act) 368 

measured in units of L/T could be directly used and only the depth of the root system would matter. Is this 369 

what you did? The authors considered that the average horizontal area per tree (dˆ2, where "d" is the 370 

average distance between trees) is larger than the horizontal area the root systems have access to (rˆ2 < 371 

dˆ2). Thus the tree water uptake is concentrated in a relatively small volume and the horizontal soil 372 

moisture is quite heterogeneous. If at this point the authors still use 1-D simulations, they probably 373 

considered no horizontal capillary flow between the regions outside and inside of rˆ2. This has a direct 374 

implication on flow boundary condition which has to be taken in a "horizontally smaller" 1-D domain. The 375 

volumetric transpiration rate per tree being T_act*dˆ2 (in units of Lˆ3/T), the uptake rate per tree in a 1-D 376 

domain of horizontal area rˆ2 has to be T_act*dˆ2/rˆ2. In other words, considering that the root system 377 

doesn’t have access to the water lo cated outside of its area, the smaller the area, the more concentrated 378 

the 1D uptake rate, with a ratio dˆ2/rˆ2. I think this is not quite intuitive and not well explained in the 379 

manuscript.  The hypothesis of no horizontal capillary flow between the outside and inside of the root zone 380 

can also be questioned and needs to be clearly specified.  381 

 382 

The referee captured the essence of our approach, so to some extent we must have been able to explain 383 

it. However we agree that some more effort must put in clarifying this matter. The plot given above in 384 

this reply is a step forward and we used a similar figure in the revised manuscript. Note however that 385 

we do not fully neglect horizontal capillary flow ! Indeed this flow explains the TDR data (Figure 9). 386 

However there is no doubt that at the TDR location moisture content is MUCH higher than closer to the 387 

tree, therefore horizontal flow is not such an efficient mechanism in the water migration at this site. 388 

 389 

P 13366 l 5 which are the relevant parameters? Further in the text I find the retention curve parameters, 390 

but nothing on how you parameterized the sink term. . . In addition, you give no information on how these 391 

parameters were obtained. You state on the one hand that main variations are vertically, but on the other 392 

hand several characteristics of the field site make that you can expect 2-D surface heterogeneity: drippers, 393 

tree plantation (row-interrow), . . . Did you choose your ERT measurement area so small as to eliminate 394 

these horizontal heterogeneities?  395 

 396 

The relevant parameters are, of course, the ones described in the Van Genuchten model. The sink term 397 

is NOT a parameter, rather a boundary condition, that is described as a prescribed flow term. As for the 398 

predominant 1D pattern observed at the site: this is clearly supported by the ERT data both in the long 399 
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and short term (figs 5 and 6). We chose the ERT setup to image the soil around the tree, and TDR proves 400 

that important variations occur beyond the extent of the ERT control volume.  401 

 402 

In p13367 l 10 you use the TDRs to validate some results, but on the other hand here you speak of 403 

heterogeneity yourself. Why aren’t the TDRs installed in the same measurement area as the ERT with 404 

respect to the tree (even another tree would have been possible).   405 

 406 

The TDR had been installed previous to the design of the ERT experiment. We do not use the TDR to 407 

validate the ERT results, but we highlight how the evidence of the two setups concur to provide a 408 

consistent picture of the system’s behaviour as shown by the integration of data and modelling. 409 

 410 

P 13368 l 1 you speak of lateral forces. 411 

 412 

We speak of capillary forces. The referee’s comment is unclear to us. 413 

 414 

Response  to Jaivime Evaristo 415 

 416 

This paper by Cassiani et al. proposes an exciting and novel approach to utilizing multiple soil-plant-417 

atmosphere measurement techniques, not only for qualifying depth of plant water uptake but also for 418 

(spatially) quantifying root water uptake (RWU) activity. Well-written and concise, the authors very clearly 419 

reviewed our state-of-knowledge, as well as knowledge gaps, with respect to modeling plant water use 420 

strategies. Indeed, that RWU dries the soil is not a discovery. It is rather the ability to quantify soil moisture 421 

variability (due to RWU) – and using this understanding to inform and calibrate root zone hydrological 422 

models – that presents the greatest opportunity for new technological and analytical methods in this area.  423 

Of noteworthy contribution from this work is the potential widespread utility of using time-lapse 3D ERT for 424 

monitoring soil moisture content distribution as it relates to transpiration and micrometeorological data. 425 

 426 

We thank Mr. Evaristo for his positive comments. 427 

 428 

These favorable comments notwithstanding, I urge the authors to address the following general comments 429 

before the work may be considered for publication: 1) Perhaps, a “hallmark” of techniques in plant water 430 

uptake studies is stable isotope tracing. While it is not my intention to impinge upon the authors’ liberty to 431 
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use methods of their preference (i.e. ERT and sap flow), their finding that RWU was greatest at 0.40m 432 

might be reinforced if stable isotope tracing methods (e.g.  δ2H) also showed the same.  There are at least 433 

120 published papers that demonstrated the usefulness of stable isotope tracing methods (δ2H, δ18O or 434 

both) in plant water uptake studies. If the authors could demonstrate that their ERT-sap flow method 435 

agrees with stable isotope methods, then their (0.4m-depth) finding, in my view, may be regarded as 436 

unequivocal.  In order to advance our state-of-knowledge in RWU studies, I am of the opinion that it is 437 

incumbent upon the new methods/approaches (like the one proposed by Cassiani et al.) to demonstrate 438 

“comparability” with what the broader community may regard as “state of practice” (i.e. stable isotopes). 439 

2)Results of this work imply that the orange tree used water from a certain depth ( ∼ 0.4m) more than any 440 

other depth in the volume.   441 

 442 

We also appreciate the reader’s constructive criticisms.  In particular we acknowledge that it is fair to 443 

introduce some reference to the use of stable isotopes. We will make sure the final paper reports some 444 

comments on this. However we would also like to warn the readers about putting too much confidence 445 

on stable isotope analysis alone. This is not a new method in hydrology (it may be in root uptake 446 

studies) and it is known to depend strongly on assumptions about full mixing water contributions that, 447 

in turn, cannot be verified. The modelling itself of mixing in the unsaturated zone is not by any means 448 

established on sound basis. Therefore conclusions based solely on stable isotopes have the unpleasant 449 

characteristic of being extremely local (they are only point measurements) and heavily based on 450 

unverified assumptions. However, we strongly believe that stable isotopes in conjunction with other 451 

methods can give a fundamental contribution to the understanding of water mixing and provenance 452 

studies.  453 

 454 

The authors, however, failed to provide possible mechanisms (1) with which water at this depth is being 455 

replenished, either from direct percolation from shallower or from capillary rise from deeper parts in the 456 

profile; and, (2) for water uptake bias at this depth, i.e. is this related to root length density, root biomass, 457 

mycorrhizal fungi density, etc.? For example, Kurz-Besson et al.  (2006) in a similar Mediterranean setting 458 

in south Portugal showed that the largest amount of fine roots are found in the top soil at 0.2 m depth ( ∼ 459 

20% of total root biomass), while between 13 and 17% of total root biomass are found in deeper layers at 460 

0.4 and 0.9 m.  Using stable water isotopes, they found that plant water uptake was consistent with water 461 

from 0.4-0.9 m depth.  Using the same method, they were also able to demonstrate how hydraulic lift and 462 

redistribution (Dawson 1993) plays a significant role in this system.  While the combined ERT-sap flow 463 

method of Cassiani et al. has the benefit of high spatial resolution, it is almost impossible to pin down the 464 

actual mechanisms of soil-plant water flow without the use of tracers (like stable water isotopes). Given 465 

that the ERT-sap flow method of Cassiani et al. holds promise for better quantification of water fluxes in 466 

soil-plant interactions (at a tree level), how these fluxes vary using their method at a stand level and higher 467 

are still unknown.  Although this can form part of future work, it is imperative that the authors provide 468 

explicit statements acknowledging the limitations of their method within the broader context of what other 469 

existing methods can resolve in soil-plant-atmosphere studies. 470 

 471 
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We do not quite agree with the complaint that “the authors, however, failed to provide possible 472 

mechanisms…” regarding (1) water replenishment of the root zone and (2) water uptake at the maximal 473 

RWU depth.  474 

 475 

In fact, our simplified 1D modelling clearly shows the prevalence of the replenishment from surface 476 

irrigation (we acknowledge though that this point was not specifically addressed in the paper – we will 477 

add some detail in this respect).   478 

 479 

As for point (2), we acknowledge that the specific structure of the root system that is producing the 480 

enhanced RWU at the depth of interest was not in the focus of our attention. We rather envisaged the 481 

soil-plant-atmosphere as one system and we focussed on understanding its overall functioning. We 482 

believe that all mechanisms put forward by the reader (root length density, root biomass etc) may 483 

indeed contribute. An analysis in this direction would, however, require destructive testing that we 484 

were not ready or indeed willing to perform at the selected study site. 485 

 486 

A few other specific points should be addressed: 487 

1) P13359-60: “. . .the sum of sensible and latent (LE) heat flux is highly correlated. . .” Much of the 488 
paper focused on ERT-sap flow, less on the value that the EC data provided.  For example, Fig.  2 is 489 
supposed to illustrate something about the site and its value to modeling tree-level measurements. 490 
However, nothing was mentioned regarding Figure 2, and related EC measurements as they relate 491 
to the overarching research question, after these pages. 492 

 493 

P13359-60: we acknowledge this. Indeed the EC data have not been really used in this work – rather 494 

they are provided for comparison against the sap data (Figure 6). Therefore we agree we removed some 495 

of the details given in the first version of the paper, including Figure 2. 496 

 497 

2) P13366: Photos of the site do not seem to qualify as having a “dense canopy cover”, which partly 498 
forms the basis for neglecting direct evaporation from the square meter of soil around the stem.  499 
Before ruling out direct evaporation, it may be appropriate to use leaf area index (LAI) values, and 500 
make use of their Eddy Covariance data to test whether direct evaporation is worth neglecting. Soil 501 
physics work has shown that evaporation is controlled, in series, by both hydraulic continuity (via 502 
capillary action) and vapor diffusion mechanisms.  The latter mechanism, albeit characterized by 503 
low evaporation rates, has been shown to be independent of atmospheric forcing.  The authors are 504 
referred to a review by Or et al. (2013) for a more comprehensive approach to modeling soil 505 
evaporation. 506 

 507 
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P13366: canopy coverage is indeed very dense – the photo provided may not render justice to 508 

reality – especially along the tree rows. LAI values are around 4 m2/m2. We added this detail 509 

now in the revised paper. Please see at page 7, lines: 148-150 510 

 511 

3) P13367: That soil moisture is much higher than in ERT-controlled block closer to the tree is not 512 
surprising. It implies a zone of low soil moisture around the tree, understandably linked to water 513 
withdrawal by the plant. Bejan et al. (2008) - Unifying constructal theory of tree roots, canopies 514 
and forests – showed scaling relationships between total water mass flow rate and tree length, as 515 
well as between tree length and wood mass, among others. Can Cassiani et al. test and show 516 
possible relationships between various tree dimensional metrics and their actual ERT-sap flow 517 
data? The good agreement between theoretical models (like those of Bejan et al.) and empirical 518 
data may provide a potentially powerful premise for upscaling this work’s tree-level results to 519 
stand level predictions.  The authors can perhaps begin with the simple question:  Does 0.75 m 520 
from the stem of the tree correspond to the radial extent of the crown? 521 
 522 

P13367: this is a good idea, even though definitely beyond the scope of this paper. 523 
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Abstract 558 

Mass and energy exchanges between soil, plants and atmosphere control a number of key 559 

environmental processes involving hydrology, biota and climate. The understanding of these 560 

exchanges also play a critical role for practical purposes e.g. in precision agriculture. In this paper 561 

we present a methodology based on coupling innovative data collection and models in order to 562 

obtain quantitative estimates of the key parameters of such complex flow system. In particular we 563 

propose the use of hydro-geophysical monitoring via “time-lapse” Electrical Resistivity 564 

Tomography (ERT) in conjunction with measurements of plant transpiration via sap flow and 565 

evapotranspiration from Eddy Covariance (EC). This abundance of data is fed to spatially 566 

distributed soil models in order to characterize the distribution of active roots. We conducted 567 

experiments in an orange orchard in Eastern Sicily (Italy), characterized by the typical 568 

Mediterranean semi-arid climate. The subsoil dynamics, particularly influenced by irrigation and 569 

root uptake, were characterized mainly by the ERT setup, consisting of 48 buried electrodes on 4 570 

instrumented micro boreholes (about 1.2 m deep) placed at the corners of a square (about 1.3 m in 571 

side) surrounding the orange tree, plus 24 mini-electrodes on the surface spaced 0.1 m on a square 572 

grid. During the monitoring, we collected repeated ERT and TDR soil moisture measurements, soil 573 

water sampling, sap flow measurements from the orange tree and EC data. We conducted a 574 

laboratory calibration of the soil electrical properties as a function of moisture content and pore 575 

water electrical conductivity. Irrigation, precipitation, sap flow and ET data are available allowing 576 

knowledge of the system’s long term forcing conditions on the system. This information was used 577 

to calibrate a 1D Richards’ equation model representing the dynamics of the volume monitored via 578 

3D ERT. Information on the soil hydraulic properties was collected from laboratory and field 579 

experiments. The successful results of the calibrated modelling exercise allow the quantification of 580 

the soil volume interested by root water uptake. This volume is much smaller (with a surface area 581 
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less than 2 square meters, and about 40 cm thickness) than expected and assumed in the design of 582 

classical drip irrigation schemes that prove to be losing at least half of the irrigated water whichthat 583 

is not uptaken by the plants.  584 

Keywords: Hydro-geophysics; Soil moisture; ERT, Eddy Covariance; Sap Flow; Root-zone. 585 

 586 

1. INTRODUCTION 587 

The system made of soil, vegetation and the adjacent atmosphere is characterized by complex 588 

patterns, structures, and processes that act on a wide range of time and space scales. While the 589 

exchange of energy and water is continuous between compartments, the pertinent fluxes are 590 

strongly heterogeneous and variable in space and time and this makes their quantification 591 

particularly challenging. Plants are known to impact the terrestrial water cycle and underground 592 

water dynamics through evapo-transpiration (ET) and root water uptake (RWU). The mechanisms 593 

of water flow in the root zone are controlled by soil physics, plant physiology and meteorological 594 

factors (Green et al., 2003a). The translation of plant water use strategies into physically-based 595 

models of root water uptake is a crucial issue in eco-hydrology and has fundamental consequence 596 

in the understanding and modelling of atmospheric as well as soil processes. Still, no consensus 597 

exists on the modelling of this process (Feddes et al., 2001; Raats, 2007). From a conceptual point 598 

of view, two main approaches exist today, which differ in the way of predicting the volumetric rate 599 

of RWU.  600 

A first approach expresses water transport in plants as a chain process based on a resistance law. 601 

Coupled with a three-dimensional soil water flow model, this approach leads to fairly accurate 602 

RWU models at the plant scale (Doussan et al., 2006; Schneider et al., 2010), also under water 603 

stress conditions. The limitations of these models are the cost of characterizing parameters, such as 604 

root system architecture and conductance to water flow, and their computational demand. A second 605 
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approach, mostly used in soil-vegetation-atmosphere transfer models, relies on “macroscopic 606 

parameters” and predicts RWU as a product of the potential transpiration rate, a spatially 607 

distributed root parameter (e.g. relative root length density), and a stress function, depending on 608 

soil water potential and a compensatory RWU function (Jarvis, 1989). The major drawback of this 609 

approach is the necessity to calibrate the macroscopic parameters, which introduces substantial 610 

uncertainties (Musters and Bouten, 2000). Note that the two approaches have indeed some formal 611 

links with each other (Couvreur et al., 2012; Javaux et al., 2008). 612 

The complexity of RWU modelling is highly related to the uneven root distribution in the vertical 613 

and radial directions (Gong et al., 2006). This variability is partly induced by heterogeneities in the 614 

soil and localized soil compaction caused by both cultivation and irrigation patterns (Jones and 615 

Tardieu, 1998) that in turn cause heterogeneous water and nutrient distribution. Consequently, 616 

there is a clear need for the development of novel RWU modelling approaches (Couvreur et al., 617 

2012; Feddes et al., 2001; Raats, 2007; Jarvis, 2011; Couvreur et al., 2012), as well as for accurate 618 

measurements techniques of soil water content and RWU dynamics.  619 

In particular, soil moisture measurements are of paramount importance to calibrate RWU models. 620 

Traditionally, and especially beneath irrigated crops, soil moisture has been determined using 621 

methods such as neutron probes, TDR or capacitance systems. As these traditional techniques are 622 

point measurements, they do not provide sufficient information for reliable mass balance 623 

assessments; therefore our understanding of RWU as a spatially distributed system remains 624 

fundamentally limited. In this respect the understanding of soil as a spatially heterogeneous system 625 

shares fundamental limitations with most of earth sciences. Therefore much can be learnt looking 626 

at similar research fields.  627 

Geophysical methods have long been established for the imaging of the soil subsurface at a variety 628 

of scales, from large scale mining exploration (e.g. Parasnis, 1973) to the very small scale of soil 629 
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mapping (e.g. Allred et al., 2008). The past twenty years, in particular, have seen the fast 630 

development of techniques that are useful in identifying structure and dynamics of the near surface, 631 

with particular reference to hydrological applications. This realm of research goes under the 632 

general name of hydro-geophysics (Binley et al., 201; Rubin and Hubbard, 2005, Vereecken et al., 633 

2006, Binley et al., 2011) and covers a wide range of applications from flow and transport in 634 

aquifers (e.g. Kemna et al., 2002;  Perri et al., 2012) to the vadose zone (e.g. Daily et al., 1992), 635 

from catchment (e.g. Weill et al., 2013) and hillslope characterization (Cassiani et al., 2009a) to 636 

agriculture and eco-hydrological processes (Boaga et al., 2014; Ursino et al., 2014).  637 

Possibly the most interesting results have been obtained when hydro-geophysical data have been 638 

coupled with distributed hydrological model predictions. The degree of integration of data and 639 

model range from trial and error calibration (e.g. Binley et al., 2002) to full data assimilation (e.g. 640 

Hinnell et al., 2010), but in all cases the availability of spatially extensive (and time intensive) data 641 

greatly improve the models’ capability to identify within narrow ranges the relevant governing 642 

parameters, that in turn are of practical interest for hydrological predictions.  643 

Relatively few hydro-geophysical applications, though, have been focussed on plant root system 644 

characterization (e.g. al Hagrey et al, 2007; al Hagrey and Petersen, 2011; Javaux et al., 2008; 645 

Jayawickreme et al., 2008, Werban et al., 2008), often limiting the analysis to a tentative 646 

identification of the main root location  and extent. Electrical soil properties are a clear indication 647 

of soil moisture content distribution and electrical and electromagnetic methods have been used to 648 

identify the effect of root activity (e.g. Cassiani et al., 2012; Shanahan et al., 2015). In particular, 649 

ERT has been used to characterize root water uptake and root system (Garré et al., 2011; Michot et 650 

al., 2001; Michot et al., 2003; Srayeddin and Doussan, 2009). Amato et al., (2009; 2010) tested the 651 

ability of 3D-ERT for quantifying root biomass on herbaceous plants. Beff et. al., (2013) used 3D-652 
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ERT for monitoring soil water content in a maize field during late growing seasons. Boaga et al., 653 

(2013) and Cassiani et al. (2015) demonstrated the reliability of the method in apple orchards. 654 

In this paper we aim at applying hydro-geophysical techniques, with a combination of 655 

measurements and modelling, to a tree root system. This approach has, to the best of our 656 

knowledge, not been presented and analysed yet. In particular, we present the application of the 657 

time-lapse non-invasive 3D electrical resistivity tomography (ERT) to monitor soil-plant 658 

interactions in the root zone of an orange tree located in the Mediterranean semi-arid Sicilian 659 

(South Italy) context. The subsoil dynamics, particularly influenced by irrigation and RWU, have 660 

been characterized by the 3D ERT measurements coupled with plant transpiration through sap flow 661 

measurements. The information contained in the ERT measurements in terms of vadose zone water 662 

dynamics was exploited by comparing the field results against a 1-D vadose zone model.  663 

The specific goals of this paper are 664 

(a) to study the feasibility of a small scale monitoring of root zone processes using time-lapse 665 

3D ERT; 666 

(b) to assess the value of the data above for a quantitative description of hyrological processes 667 

at the tens of centimeter scale; 668 

(c) to interpret these data with the aid of a physical hydrological model, in order to derive also 669 

information on the root zone physical structure and its dynamics. 670 

 671 

2. SITE DESCRIPTION 672 

2.1 The Bulgherano experimental site 673 

The experiment was conducted in a 20-hectar orange orchard, planted with about 20 year-old trees 674 

(Citrus sinensis, cv Tarocco Ippolito) (Figure 1). The field is located in Lentini (Eastern Sicily, Lat. 675 

37°16'N, Long. 14°53'E) in a Mediterranean semi-arid environment, characterized by an annual 676 
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average precipitation of around 550 mm, very dry summers and average air temperature of 7°C in 677 

winter and 28°C in summer. The site presents conditions of crop homogeneity, flat slope, dominant 678 

wind speed direction for footprint analysis and quite large fetch that are ideal for 679 

micrometeorological measurements. The planting layout is 4.0 m × 5.5 m and the trees are drip 680 

irrigated with 4 in-line drippers per plant, spaced about 1 m, with 16 L h
-1

 of total discharge (4 L h
-681 

1
 per dripper); the crop is well-watered by irrigation supplied every day  from May to October, with 682 

irrigation timing of 5 h d
-1

. The study area has a mean leaf area index (LAI) of about 4 m
2 

m
-2

, 683 

measured by a LAI-2000 digital analyser (LI-COR, Lincoln, Nebraska, USA). The LAI values are 684 

spatially averaged and are referred to the ERT measurement period (October 2013). In the specific 685 

case of a mature orange orchard, LAI values result fairly constant in time in the region of interest.  686 

The mean PAR (photosynthetic active radiation) light interception was 80% within rows and 50% 687 

between rows; the canopy height (hc) is 3.7 m.  688 

The soil characterization was performed via textural and hydraulic laboratory analyses, according 689 

to the USDA standards., and it is classified as loamy sand. In this study we used van Genuchten’s 690 

(1980) analytical expression to describe soil water retention and a falling-head permeameter to 691 

determine the hydraulic conductivity at saturation. For each soil sample, the moisture content at 692 

standard water potential values was determined by a sandbox and a pressure membrane apparatus 693 

(Aiello et al., 2014).  694 

The area, covered by mature orange orchards, was divided into regular grids, each having a 18 × 32 695 

m
2
 area, where undisturbed soil cores (0.05 m in height and 0.05 m in diameter) were collected at 696 

the 0-0.05 m and 0.05-0.10 m depths for a total of 32 sampling points and 64 soil samples. The 697 

undisturbed soil cores were used to determine the soil bulk density, b (Mg m
-3

) and the initial 698 

water content, i (m
3
m

-3
), i.e. the  value at the time of the field campaign. A total of 32 disturbed 699 
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soil samples were also collected at the 0-0.05 m depth to determine the soil textural characteristics 700 

using conventional methods following H2O2 pre-treatment to eliminate organic matter and clay 701 

deflocculation using sodium metaphosphate and mechanical agitation (Gee and Bauder, 1986). 702 

Three textural fractions according to the USDA standards, i.e. clay (0-2 m), silt (2-50 m) and 703 

sand (50-2000 m), were used in the study to characterize the soil (Gee and Bauder, 1986). Most 704 

soil textures (i.e. 27 out of 32) were loamy sand and the remaining textures were sandy loam. 705 

An undisturbed soil sample was collected from the surface soil layer (0-0.05 m depth) at each 706 

sampling location (sample size, N = 32), using stainless steel cylinders with an inner volume of 10
-

707 

4
 m

3
 to determine the soil water retention curve. For each sample, the volumetric soil water content 708 

at 11 pressure heads, h, was determined by a sandbox (h = 0.01, 0.025, 0.1, 0.32, 0.63, 1.0 m) and a 709 

pressure plate apparatus (h = 3, 10, 30, 60, 150 m). For each sample, the parameters of the van 710 

Genuchten (1980, vG) model for the water retention curve with the Burdine (1953) condition were 711 

determined (Aiello et al., 2014). 712 

Three soil water content profiles are measured in the field using water content reflectometers 713 

(TDR, (Time Domine Reflectometry), since 2009.. Calibrated Campbell Scientific CS616 water 714 

content reflectometers (2.5% of accuracy) were installed to monitor every 1 h the changes of 715 

volumetric soil water content (). The TDR probe installation was designed to measure soil water 716 

content variations with time in the soil volume afferent to each plant.  The TDR probes location is 717 

considered well suited with the specific characteristics of the micro-irrigation systems used in the 718 

area and the textural soil main features. For each location the TDR equipment consists of ttwo 719 

sensors inserted vertically at 0.20 and 0.45 m depth and of two sensors inserted horizontally at 0.35 720 

m depth, with 0.20 m in between. The water content reflectometer consists of two stainless steel 721 

rods connected to a printed circuit board. When the probe rods were inserted vertically into the soil 722 
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surface they gave an indication of the water content in the upper 20-25 cm of soil. The probes 723 

installed horizontal to the surface were used to detect the passing of wetting fronts of water fluxes.  724 

The data that are discussed here (see results section) correspond to the TDR  probes located at 725 

about 1.5 m from the orange tree we monitored with ERT. 726 

Hourly meteorological data (incoming short-wave solar radiation, air temperature, air humidity, 727 

wind speed and rainfall) are acquired by an automatic weather station located about 7 km from the 728 

orchard and managed by SIAS (Agro-meteorological Service of the Sicilian Region). For the 729 

dominant wind directions, the fetch is larger than 550 m. For the other sectors the minimum fetch 730 

is 400 m (SE).  731 

3. METHODOLOGY 732 

3.1 Micrometeorological measurements  733 

The experimental site is equipped with Eddy Covariance (EC) systems mounted on a 734 

micrometeorological fluxes tower (Figure 1). Continuous energy balance measurements have been 735 

since 2009. In particular, Nnet radiation (Rn, W m
-2

) is measured with two CNR 1 Kipp&Zonen 736 

(Campbell Scientific Ltd) net radiometers at a height of 8 m. Soil heat flux density (G, W m
-2

) is 737 

measured with three soil heat flux plates (HFP01, Campbell Scientific Ltd) placed horizontally 738 

0.05 m below the soil surface. Three different measurements of G were selected: in the trunk row 739 

(shaded area), at 1/3 of the distance to the adjacent row, and at 2/3 of the distance to the adjacent 740 

row. The soil heat flux is measured as the mean output of three soil heat flux plates. Data from the 741 

soil heat flux plates is corrected for heat storage in the soil above the plates.  742 

The air temperature and the three wind speed components are measured at two heights, 4 and 8 m, 743 

using fine wire thermocouples (76 m diameter) and sonic anemometers (Windmaster Pro, Gill 744 

Instruments Ltd, at 4m, and a CSAT, Campbell Sci., at 8 m). A gas analyzer (LI-7500, LI-745 
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CORCSAT, Campbell Sci.) operating at 10 Hz was installed at 8 m. The raw data are recorded at a 746 

frequency of 10 Hz using two synchronized data loggers (CR3000, Campbell Sci.).  747 

The Eddy Covariance measurement system and the data processing followed the guidelines of the 748 

standard EUROFLUX rules (Aubinet et al., 2000). A data quality check was applied during the 749 

post processing together with some routines to remove the common errors: running means for de-750 

trending, three angle coordinate rotations and de-spiking. Stationarity and surface energy closure 751 

were also checked (Kaimal and Finningan, 1994). 752 

Low frequency measurements are taken for air temperature and humidity (HMP45C, Vaisala), 753 

wind speed and direction (05103 RM Young), and atmospheric pressure (CS106, Campbell 754 

Scientific Ltd) at 4, 8 and 10 m.  755 

The freely distributed TK2 package (Mauder and Foken, 2004) is used to determine the first and 756 

second order statistical moments and fluxes on a half-hourly basis following the protocol used as a 757 

comparison reference described in Mauder et al. (2007). Surface energy balance measurements at 758 

the experimental site show that the sum of sensible and latent (LE) heat flux is highly correlated 759 

(r
2
>0.90) (Figure 2) to the sum of net radiation and soil heat flux (Castellvì et al., 2012; Consoli 760 

and Papa, 2013). A linear fit between the two quantities show a certain energy balance un-closure. 761 

The percentage of un-closure (about 10%) is in the range reported by most flux sites (Wilson et al., 762 

2002) and provides additional confirmation of the turbulent flux quality (Moncrieff et al., 2004).  763 

3.2 Sap flow measurements 764 

Heat-pulse techniques can be used to measure sap flow in plant stems with minimal disruption to 765 

the sap stream (Cohen et al., 1981; Green and Clothier, 1988; Swanson and Whitfield, 1981). The 766 

measurements are reliable, use inexpensive technology, provide a good time resolution of sap flow, 767 

and they are well-suited to automatic data collection and storage. Sequential or simultaneous 768 
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measurements on numerous trees are possible, permitting the estimation of transpiration from 769 

whole stands of trees. 770 

Measurements of water consumption at tree level (TSF) have been taken using the HPV (Heat Pulse 771 

Velocity) technique that is based on the measurement of temperature variations (T), produced by 772 

a heat pulse of short duration (1-2 s), in two temperature probes installed asymmetrically on either 773 

side of a linear heater that is inserted into the trunk. For HPV measurements, two 4 cm sap flow 774 

probe with 4 thermocouples embedded (Tranzflo NZ Ltd., Palmerston North, NZ) were inserted in 775 

the trunks of the trees, belonging to the area of footprint of the micrometeorological eddy 776 

covariance tower. The probes were positioned at the North and South sides of the trunk at 50 cm 777 

from the ground and wired to a data-logger (CR1000, Campbell Sci., USA) for heat-pulse control 778 

and measurement; the sampling interval was 30 min. The temperature measurements are obtained 779 

by means of ultra-thin thermocouples that, once the probes are in place, are located at 5, 15, 25 and 780 

45 mm within the trunk.  781 

Data have been processed according to Green et al. (2003b) to integrate sap flow velocity over 782 

sapwood area and calculate transpiration. In particular, the volume of sap flow (Qstem) in the tree 783 

stem is estimated by multiplying the sap flow velocity by the cross sectional area of the conducting 784 

tissue. To this purpose, fractions of wood (FM=0.48) and water (FL=0.33) in the sapwood were 785 

determined on the trees where sap flow probes were installed. Wound-effect correction (Consoli 786 

and Papa, 2013; Green et al., 2003b; Motisi et al., 2012) was done on a per-tree basis. Crop 787 

transpiration data are available at the study site since 2009. 788 

3.3 Electrical resistivity tomography (ERT) 789 

The key technique used to monitor the soil moisture content distribution in the volume surrounding 790 

the orange tree is electrical resistivity tomography (ERT – e.g. Binley and Kemna, 2005). In 791 
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particular, we installed a three-dimensional ERT system, consisting of 48 buried electrodes placed 792 

on 4 instrumented micro-boreholes, with 12 electrodes each (see Figure 32). The electrodes are 793 

made of a metal platestainless steel wound around a one- inch plastic PVC pipe, and are spaced 10 794 

cm along the pipe (see inset in Figure 23), thus the shallowest and the deepest are respectively at 795 

0.1 m and 1.2 m below the surface. Each electrode is made of a plate 3 cm wide. The boreholes are 796 

placed at the vertices of a square, having a side of 1.3 m, that has the orange tree at its centre, and 797 

were inserted by percussion with the help of a pre-drilling with a smaller diameter in order to 798 

avoiding the disturbance of the electrical flow. The electrical contact is excellent for all 48 buried 799 

electrodes, as checked before each measurement. The 4 boreholes are water tight and in tight 800 

contact with the soil, so they cannot act as pathways for preferential water infiltration. We focused 801 

our attention to an area slightly smaller that the square defined by the boreholes, in order to avoid 802 

the inevitable disturbance caused by borehole installation (slightly compacting the surrounding 803 

soil). The system is completed by 24 electrodes at the ground surface, placed along a square grid of 804 

about 0.21 m side, covering the 1.3 m x 1.3 m square at the surface (Figure 43): this setup allows a 805 

homogeneous coverage of the surface of the control volume. The chosen acquisition scheme was a 806 

skip-zero dipole-dipole configuration, i.e. a configuration where the current dipoles and potential 807 

dipoles are both of minimal size, i.e. they consist of neighbouring electrodes e.g. along the 808 

boreholes. This setup ensures maximal spatial resolution (as good as the electrode spacing, at least 809 

close to electrodes themselves) provided that the signal/noise ratio is sufficiently high. The data 810 

quality is assessed using a full acquisition of reciprocals to estimate the data error level (see e.g., 811 

Binley et al., 1995; Monego et al., 2010). Consistently, we used for the 3D data inversion an 812 

Occam approach as implemented in the R3 software package (Binley, 2014) accounting for the 813 

error level estimated from the data themselves. The relevant three-dimensional computational mesh 814 

is shown in Figure 43. At each time step, about 90-95 % of the dipoles survived the 10% reciprocal 815 
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error threshold. In order to build a time-consistent data set, only the dipoles surviving this error 816 

analysis for all time steps were subsequently used, reducing the number to slightly over 90% of the 817 

total. The absolute inversions were run using the same 10% error level. Time-lapse inversions were 818 

run at a lower error level equal to 2 % (consistently with the literature – e.g., Cassiani et al., 2006). 819 

We conducted repeated ERT measurements using the above apparatus for about two days, starting 820 

on October 2, 2013 at 11:00 am, and ending the next day at about 16:00. The schedule of the 821 

acquisitions and the irrigation times is reported in Table 1. Note that the background ERT survey 822 

was acquired on October 2 at 11:00 before the first irrigation period was started, so that all changes 823 

caused by irrigation and subsequent evapotranspiration can be referred to that instant. Note that 824 

prior to October 2, 2013, irrigation had been suspended for at least 15 days. Note also that only one 825 

dripper – with a flow of about 4 l/h – is located at the surface of the control volume defined by the 826 

ERT setup (Figure 43). 827 

 828 

4. RESULTS AND DISCUSSION 829 

The paper presents results derived from both short term (2 days) and long term monitoring. The 830 

micrometeorological data set (including the measurements of the energy balance components) and 831 

the sap flow data are available since 2009. ERT measurements were carried out only during a 2-832 

day period, but the state of the system at the time of the ERT measurements clearly depends on the 833 

past forcing acting on the system. In order to fully exploit the information content of this dataset, 834 

we aimed at comparing data against simulations, as much as possible in a quantitative manner.  835 

The ERT monitoring as described in Table 1 produced two clear results: 836 

(1) The initial conditions (11:00 a.m. of October 2, before irrigation starts) around the tree 837 

show a very clear difference in electrical resistivity in the top 40 cm of soil with respect to 838 

the rest of the volume (Figure 54). Specifically, the resistivity of the top layer ranges 839 
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around 40-50 Ohm m, while the lower part of the profile is about one order of magnitude 840 

more conductive (about 5 Ohm m). As no apparent lithological difference is present at 40 841 

cm depth (see also laboratory results below) we attributed this difference to a marked 842 

difference in soil moisture content. This was confirmed by all following evidence (see 843 

below). 844 

(2) The resistivity changes as a function of time, during the two irrigation periods, during the 845 

night interval, and afterwards, all show essentially the same pattern, with relatively small 846 

(but still clearly measureable) changes (Figure 65). Two zone are identifiable: (a) a shallow 847 

zone (top 10-20 cm) where resistivity decreases with respect to the initial condition; and (b) 848 

a deeper zone (20-40 cm) where resistivity increases.  849 

Qualitatively, both pieces of evidence can be easily explained in terms of water dynamics governed 850 

by precipitation, irrigation and root water uptake. Specifically, the shallower high resistivity zone 851 

in Figure 5 4 can be correlated to a dry region where root water uptake manages to keep soil 852 

moisture content to minimal values, as an effect of the entire summer strong transpiration drive. 853 

The dynamics in Figure 65, albeit small compared to the initial root uptake signal in Figure 54, still 854 

confirm that the top 40 cm is house to a strong root activity, to the point that irrigation cannot raise 855 

electrical conductivity of the shallow zone (10-20 cm) by no more than some 20%, and the roots 856 

manage to make the soil even drier (with a resistivity increase by some 10%)  in the 20-40 cm 857 

depth layer (Figure 65). Note that, in general, resistivity changes of the type here observed cannot 858 

be uniquely associated to soil moisture content changes, as pore water conductivity may play a key 859 

role (e.g. Boaga et al., 2013; Ursino et al., 2014). However, in the particular case at hand, care was 860 

taken to analyze the electrical conductivity of both the water used for irrigation and the pore water, 861 

purposely extracted at about 50 cm depth. Both waters showed an electrical conductivity value in 862 

the range of 1300 S/cm (thus fairly high, fact that explains the overall small soil resistivity 863 
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observed at the site). Therefore in this particular case we can exclude pore water conductivity 864 

effects in the observed dynamics of the system. Once again it must be stressed that this is rather the 865 

exception than the rule.  866 

A laboratory-based method was adopted for obtaining “unaltered” soil pore water through a 867 

column displacement technique (Knight et al., 1998). In particular, Rhizon soil moisture samplers 868 

(Cabrera, 1998) were used; they represent one of the latest developments in terms of tension 869 

samplers, where it is necessary to apply a suction to withdraw pore water with a vacuum tube (Tye 870 

et al., 2003). . 871 

The qualitative evidence above is, however, not very surprising and not particularly informative: 872 

the root activity dries the soil, this is not a discovery. Things become more interesting if we can 873 

translate the ERT data into quantitative estimates of soil moisture content, and if we can use these 874 

data to calibrate hydrological models of the root zone.  875 

To this end, we tested Bulgherano soil samples in the laboratory to obtain a suitable constitutive 876 

relationship linking moisture content and resistivity, given the know pore water conductivity that 877 

was reproduced for the water used in the laboratory. All measurements were conducted using 878 

cylindrical Plexiglas cells equipped with a four-electrode configuration designed to allow for 879 

sample saturation and de-saturation with no sample disturbance, using an air injection apparatus at 880 

one end and a ceramic plate at the opposite end. samples.  The  air  entry  pressure  of  the ceramic  881 

is  1  bar,  thus  during  all  the  experiments  the  plate remained  under  full  water  saturation,  882 

while  allowing  water outflow during de-saturation. At each de-saturation step, the electrical 883 

conductivity of the sample was measured under temperature controlled conditions using a ZEL-884 

SIP04  impedance  meter  (Zimmermann  et  al.  2008). A completed description of the setup is 885 

given by Cassiani et al. (2009b).  886 
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Figure 7 6 shows two example experimental results on samples from two different depths. Note 887 

how in a wide range of soil moisture content (roughly from 5% to saturation) the two curves in 888 

Figure 7 6 lie practically on top of each other. The same applies for all tested samples. Note also 889 

that, even though some samples show the effect of the conductivity of the solid phase (through its 890 

clay fraction) at small saturation (see sample from 0.4 m in Figure 76) still the effect is small as it 891 

appears only at soil moisture smaller than 3-4%. Therefore we deemed unnecessary to resort to 892 

constitutive laws that represent this solid phase effect, such as Waxman and Smits (1968) that has 893 

been used for similar purposes elsewhere (e.g. Cassiani et al., 2012) and we adopted a simpler 894 

Archie’s (1942) formulation. Consequently we translated resistivity into moisture content using the 895 

following relationship calibrated on the laboratory data, using a water having the above mentioned 896 

electrical conductivity:  897 

12.1

703.4


 

       (1)
  898 

where  is volumetric soil moisture content (dimensionless) and   is electrical resistivity (in Ohm 899 

m). The relationship (1) allows a direct translation of the 3D resistivity distribution to a 900 

corresponding distribution of volumetric soil moisture content. However, it has long been 901 

established that inverted geophysical data may bring with them enough distortion of the true 902 

physical parameter field (Day-Lewis et al., 2005) as to induce violations of elementary physical 903 

principles, such as mass balance during tracer test monitoring experiments (e.g. Singha and 904 

Gorelick, 2005). This may cause substantial problems, particular when the use of data is expected 905 

to shift from a qualitative interpretation to a quantitative use in terms of data assimilation into 906 

hydrological models. For this reason, coupled versus uncoupled approaches have been proposed 907 

and discussed (Hinnell et al., 2010) even though their superiority seems to depend on the specific 908 

problem, as the information content of data even in a tradition, inverted approach may be sufficient 909 
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(Camporese et al., 2011, 2014). Indeed, the geometry we are considering here is very effective to 910 

reconstruct the mass balance of irrigated water, as this comes as a quasi-one dimensional 911 

infiltration front from the top, where in addition electrodes are located. The geometry is similar to 912 

the one used, e.g., Koestel et al. (2008) where mass balance was verified by comparison against 913 

very detailed TDR data collected in a lysimeter. In spite of these considerations, we decided to still 914 

limit ourselves to analyzing the data variation principally as a function of depth, lumping the data 915 

horizontally by averaging estimated moisture content along two-dimensional horizontal planes. 916 

Note that the dataset may lend itself to more complex analyses such as the one proposed by Manoli 917 

et al. (2014), especially if used in the context of a formal Data Assimilation, but we felt that one 918 

such an endeavor would exceed the scope of the current paper and deserves an ad-hoc space. Note 919 

also that the ERT field evidence both in terms of background (Figure 54) and time-lapse evolution 920 

(Figure 65) of moisture content confirm the hypothesis that, within the control volume, the 921 

distribution of water in the soil is largely one-dimensional as a function of depth.  922 

The data, once condensed in this manner, lend themselves more easily to a comparison with the 923 

results of infiltration modeling. We implemented a one-dimensional finite element model based on 924 

a Richards’ equation solver (Femwater – details of this classical model are given by Lin et al., 925 

1997), simulating the central square meter of the ERT monitored control volume, down to a total 926 

depth of 2 meters (much below the depth of the ERT boreholes), where we assumed that the water 927 

table is located (Dirichlet boundary condition). We applied at the top of the soil column a 928 

Neumann boundary condition consistent with the flux coming from irrigation that pertains the 929 

control volume (basically, the water coming from a single dripper). As Femwater is a 3D simulator, 930 

the soil column is also bounded laterally by no-flow conditions, with the exception of the top 40 931 

cm where we applied laterally a Neumann condition simulating the root water uptake (see below 932 

for details).   933 
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We therefore considered only the central part of the ERT-controlled volume (1 m x 1 m) thus 934 

excluding the regions too close to the boreholes that, even though benefitting from the best ERT 935 

sensitivity, might have been altered from a hydraulic viewpoint by the drilling and installing 936 

operations. Correspondingly we averaged horizontally the ERT data only in this central region.  937 

A very fine vertical discretization (0.01 m) and time stepping (0.01 h) ensures solution stability. 938 

The porous medium is homogeneous along the column and parameterized according to the Van 939 

Genuchten (1980) model. The relevant parameters had been derived independently from laboratory 940 

and field measurements, the latter particularly relevant for the definition of a reliable in situ 941 

saturated hydraulic conductivity estimate.  The parameters used for the simulations are: residual 942 

moisture content r = 0., porosity s=0.54,  = 0.12 1/m, n = 1.6, saturated hydraulic conductivity 943 

Ks = 0.002 m/h. We acknowledge that a more complete sensitivity analysis concerning the impact 944 

of the individual parameters would be beneficial, but this should be performed in a complete Monte 945 

Carlo manner in order to exclude identification trade-offs between the Van Genuchten parameters, 946 

the depth of the water table (known with some uncertainty) and the fluxes from irrigation, 947 

precipitation and evapotranspiration. However we feel that this endeavour shall be conducted also 948 

with regard to the effective 3D spatial distribution of active roots, and is currently the subject of 949 

ongoing research. 950 

The remaining elements of the predictive modelling exercise are initial and boundary conditions. 951 

As we focused primarily our attention on reproducing the state of the system at background 952 

conditions, we set the start of the simulation at the beginning of the year (1/1/2013), and we 953 

assumed for that time a condition drained to equilibrium. Given the van Genuchten parameters we 954 

used and the depth of the water table, this corresponds to a fairly wet initial condition. We verified 955 

a posteriori that moving the initial time back of one or more years did not alter the predicted results 956 

at the date of interest (October 3, 2013). The dynamics during the year are sufficient to bring the 957 
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system to the real, much drier condition in October. The forcing conditions on the system are all 958 

known: (a) irrigation is recorded, and only one dripper pertains to the considered square meter; (b) 959 

precipitation is measured; (c) sap flow is measured. Direct evaporation from the square meter of 960 

soil around the stem is neglected, considering the dense canopy cover and the consequent limited 961 

radiation received. Only one degree of freedom is left to be calibrated, i.e. the volume from which 962 

the roots uptake water. Thickness of the active root zone was estimated from the time-lapse 963 

observations (Figure 65), and fixed to the top 0.4 cm after checking that limiting the root uptake to 964 

the 0.2 m to 0.4 m zone would produce results inconsistent with observations in the top 0.2 m. 965 

Therefore only the surface area of the root uptake zone remains to be estimated. We used the 966 

predictive model as a tool to identify the extent of this zone, that is of critical interest also for 967 

irrigation purposes.  968 

Figure 8 7 shows the results of the calibration exercise. It is apparent that the total areal extent of 969 

the root uptake zone has a dramatic impact on the predicted moisture content profiles, as it scales 970 

the amount of water subtracted from the monitored square meter considered in the calibration. 971 

Even relatively small changes (+/-15%) of the root uptake area produce very different soil moisture 972 

profiles. The value that allows a good match of the observed profile is 1.75 m
2
, while for areas 973 

equal to 1.5 m
2
 and 2 m

2
 the match is already unsatisfactory, leading respectively to 974 

underestimation and overestimation of the moisture content in the profile.  975 

Another important fact that is apparent from Figure 8 7 is that the estimated soil moisture in the 976 

shallow zone (roughly down to 0.4 m) is very small as an effect of root water uptake. However this 977 

dry zone must have a limited areal extent (1.75 m
2
, corresponding to a radius of about 0.75 m from 978 

the stem of the tree). Indeed this is indirectly confirmed by the soil moisture evolution measured by 979 

TDR. Figure 9 8 shows the TDR data from three probes located about 1.5 m from the monitored 980 

tree (thus outside our estimated root uptake zone). The signal coming from the irrigation 981 
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experiment of October 2, 2013 is very apparent with an increase in moisture content of all three 982 

probes, located at different depths. Note that before this experiment the system had been left 983 

without irrigation for about two weeks. The corresponding effect on the TDR data is apparent: all 984 

three probes show a decline of moisture content during the day, with pauses overnight. The decline 985 

is more pronounced in the 0.35 m TDR probe, that lies at a depth we estimated to be nearly at the 986 

bottom of the RWU zone, and less pronounced above (0.2 m) and below (0.45 m). Note also that 987 

the TDR probes are close to another dripper, lying outside of the ERT controlled volume (the 988 

drippers are spaced 1 m along the orange trees line, with the trees about 4 m from each other) thus 989 

they reflect directly the infiltration from that dripper. . However, at all three depths the moisture 990 

content is much higher than measured in the ERT-controlled block closer to the tree. This can be 991 

explained with the fact that in that region the root uptake is minimal or totally absent, while the 992 

decline of moisture content in time may well be an effect of water being drawn to the root zone by 993 

lateral movement induced by the very strong capillary forces exerted by the dry fine grained soil in 994 

the active root zone closer to the tree. In order to clarify the impact of these results on our 995 

understanding of the system, we show the location of the trees, of the TDR probes and of the 996 

drippers in Figure 9, where we also sketch the best estimate for the areal extent of the RWU zone. 997 

This Figure clearly highlights how critical the information provided by ERT actually is. The scale 998 

at which RWU takes place is smaller (meter scale) than expected and often assumed when it comes 999 

to designing and implementing a field monitoring system. This has dramatic consequences in terms 1000 

of how reliable conclusions can be drawn if such a small scale processes are neglected. Consider, 1001 

e.g., what type of conclusions could be drawn on the basis of TDR data alone (Figure 8) in light of 1002 

the field situation as depicted in Figure 9. The single, most important message that shall be 1003 

conveyed by this paper is a warning to be particularly attentive to small scale processes in soil-1004 

plant-atmosphere interactions, even in regular agricultural landscapes. 1005 
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 1006 

5. CONCLUSIONS 1007 

Near surface geophysics is strongly affected by both static and dynamic soil/subsoil characteristics. 1008 

This fact, if properly recognized, is potentially full of information on the soil/subsoil structure and 1009 

behaviour. The information is maximized if geophysical data are collected in time-lapse mode. In 1010 

the case of interactions with vegetation, its role should be properly modelled, and such models can 1011 

be constrained by means (also) of geophysical data. This case study demonstrates that 3D ERT is 1012 

capable of characterizing the pathways of water distribution, and provides spatial information on 1013 

root zone suction regions. The integration of modelling and data has proven, once again, a key 1014 

component of this type of hydro-geophysical studies, allowing us to draw quantitative results of 1015 

practical interest. In this case we had available a wealth of quantitative information about 1016 

transpiration and soil moisture content that allowed the definition of  the volume of soil  affected 1017 

by the RWU activity. This has obvious consequences for the possible improvement of irrigation 1018 

strategies, as it is apparent how the monitored orange tree essentially drives water from 1 to 2 1019 

drippers out of the 4 total that should pertain to its area in the plantation. This means that it is very 1020 

likely that half of the irrigated water is indeed lost to deeper layers and brings no contribution to 1021 

the plants. More advanced uses of this type of data are now considered, especially linking soil 1022 

moisture distribution with plant physiological response and active root distribution in the soil. In 1023 

the long run studies of this type may give a fundamental contribution to our understanding of soil-1024 

plant-atmosphere interactions also in view of facing challenges coming from climatic changes. 1025 

 1026 

6. ACKNOWLEDGEMENTS 1027 

We wish to acknowledge support from the EU FP7 project GLOBAQUA (“Managing the effects of 1028 

multiple stressors on aquatic ecosystems under water scarcity”) and the MIUR PRIN project 1029 



 38 

2010JHF437 “Innovative methods for water resources management under hydro-climatic 1030 

uncertainty scenarios”. We also wish to thank the Agro-meteorological Service of the Sicilian 1031 

Region for supporting field campaigns.  1032 

 1033 

1034 



 39 

7. REFERENCES 1035 

Aiello, R., Bagarello, V., Barbagallo, S., Consoli, S. Di Prima, S., Giordano, G., Iovino, M., 2014, 1036 

An assessment of the Beerkan method for determining the hydraulic properties of a sandy 1037 

loam soil. Geoderma, 235–236 (2014) 300–307 1038 

al Hagrey S. A., 2007, Geophysical imaging of root-zone, trunk, and moisture heterogeneity, J. 1039 

Exp. Bot., 58, 839 – 854.  1040 

al  Hagrey  SA,  Petersen  T.  Numerical  and  experimental  mapping  of  small  root  zones  using  1041 

optimized  surface  and  borehole  resistivity tomography. Geophysics  2011;76(2):doi: 1042 

10.1190/1.3545067.671   1043 

Allred B., J.J. Daniels, J.J. and M. Reza Ehsani, M., 2008, Handbook of Agricultural Geophysics, 1044 

CRC Press, 432 pp. 1045 

Amato, M., Rossi, R., Bitella, G., Lovelli, S., 2010, Multielectrode Geoelectrical Tomography for 1046 

the Quantification of Plant Roots. Ital. J. Agron. / Riv. Agron., 3:257-263. 1047 

Amato, M., Bitella, G., Rossi, R., Gomez, J. A., Lovelli, S. and Gomes J. J. F., 2009, Multi-1048 

electrode 3D resistivity imaging of alfalfa root zone,” European Journal of Agronomy, vol. 31, 1049 

no. 4, pp. 213–222. 1050 

Archie, G.E. 1942. The electrical resistivity log as an aid in determining some reservoir 1051 

characteristics. Trans. AIME 146:54–67. 1052 

Aubinet, M, Grelle, A, Ibrom, A, Rannik, U, Moncrieff, J., Foken, T., Kowalski, P., Martin, P., 1053 

Berbigier, P., Bernhofer, C., Clement, R., Elbers, J., Granier, A., Grunwald, T., Morgenster, 1054 

K., Pilegaard, K., Rebmann, C., Snijders, W., Valentini, R., Vesala, T., 2000, Estimates of the 1055 

annual net carbon and water exchange of Europeran forests: the EUROFLUX methodology, 1056 

Adv.Ecol.Res. 30: 113-75. 1057 



 40 

Beff., L., Gunther, T., Vandoorne, B., Couvreur, V., Javaux, M., 2013, Three-dimensional 1058 

monitoring of soil water content in a maize field. Hydrol. Earth Syst. Sci., 17, 595–609. 1059 

doi:10.5194/hess-17-595-2013using Electrical Resistivity Tomography. 1060 

Binley A.M. and A. Kemna, A., 2005, DC resistivity and induced polarization methods. In: Rubin 1061 

Y, Hubbard SS (eds) Hydrogeophysics. Water Sci. Technol. Library, Ser. 50. Springer, New 1062 

York, pp 129–156 1063 

Binley, A., Ramirez, A., Daily, W. (1995) Regularised image reconstruction of noisy electrical 1064 

resistance tomography data. In: Beck MS, Hoyle BS, Morris MA, Waterfall RC, Williams RA 1065 

(eds), Process tomography. Proceedings of the 4th Workshop of the European Concerted 1066 

Action on Process Tomography, Bergen, 6–8, April 1995, pp. 401– 410. 1067 

Binley, A.,2014,http://www.es.lancs.ac.uk/people/amb/Freeware/freeware.htm (last access: August 1068 

2014). 1069 

Binley A.M, G. Cassiani, G. and R. Deiana, R., 2011, Hydrogeophysics – Opportunities and 1070 

Challenges, Bollettino di Geofisica Teorica ed Applicata, 51(4), 267-284. 1071 

Binley A.M., Cassiani G., Middleton R., Winship P., 2002,Vadose zone flow model 1072 

parameterisation using cross-borehole radar and resistivity imaging, Journal of Hydrology; 1073 

267:147-159.  1074 

Boaga J., M. Rossi M., and G. Cassiani, G., 2013, Monitoring soil-plant interactions in an apple 1075 

orchard using 3D electrical resistivity tomography, Conference on Four Decades of Progress in 1076 

Monitoring and Modeling of Processes in the Soil-Plant-Atmosphere System: Applications and 1077 

Challenges, Naples, 19-21 June 2013; Series: Procedia Environmental Sciences   Volume: 19 1078 

 Pages: 394-402. 1079 



 41 

Boaga J., A. D’Alpaos, A., G. Cassiani, G., M. Marani, M., M. Putti, M., 2014, Plant-soil 1080 

interactions in salt-marsh environments: experimental evidence from electrical resistivity 1081 

tomography (ERT) in the Venice lagoon, in press, Geophysical Research Letters. 1082 

Burdine, N.T., 1953, Relative permeability calculation from pore size distribution data. Trans. Am. 1083 

Inst. Min. Eng., 198, 71-78.  1084 

Cabrera, R.I., (1998), Monitoring chemical properties of container growing media with small soil 1085 

solution samplers. Scientia Horticulturae, 75, 113-119. 1086 

Camporese M., P. Salandin, P., G. Cassiani G., and R. Deiana, R., 2011, Impact of ERT data 1087 

inversion uncertainty on the assessment of local hydraulic properties from tracer test 1088 

experiments, Water Resources Research, 47, W12508, doi:10.1029/2011WR010528. 1089 

Camporese M., G. Cassiani, G., R. Deiana, R., P. Salandin, P., A. M. Binley, A. M., 2014, 1090 

Comparing coupled and uncoupled hydrogeophysical inversions using ensemble Kalman filter 1091 

assimilation of ERT-monitored tracer test data, submitted, Water Resources Research. 1092 

Cassiani, G., Bruno, V., Villa, A., Fusi, N., and Binley, A. M., 2006, A saline trace test monitored 1093 

via time-lapse surface electrical resistivity tomography, J. Appl. Geophys., 59, 244–259. 1094 

Cassiani G., A. Godio, A., S. Stocco, S., A. Villa, A., R. Deiana, R., P. Frattini, P., M. Rossi, M., 1095 

2009a, Monitoring the hydrologic behaviour of steep slopes via time-lapse electrical resistivity 1096 

tomography, Near Surface Geophysics, special issue on Hydrogeophysics – Methods and 1097 

Processes, p.475-486, doi: 10.3997/1873-0604.2009013. 1098 

Cassiani, G., A. Kemna, A.Villa, and E. Zimmermann, 2009b, Spectral induced polarization for the 1099 

characterization of free-phase hydrocarbon contamination in sediments with low clay content, 1100 

Near Surface Geophysics, special issue on Hydrogeophysics – Methods and Processes, p. 547-1101 

562. doi: 10.3997/1873-0604.2009028. 1102 

 1103 



 42 

Cassiani G., N. Ursino, N., R. Deiana, R., G. Vignoli, G., J. Boaga, J., M. Rossi, M., M. T. Perri, 1104 

M. T., M. Blaschek, M., R. Duttmann, R., S. Meyer, S., R. Ludwig, R., A. Soddu, A., P. 1105 

Dietrich, P.and U. Werban, U., 2012, Non-invasive monitoring of soil static characteristics and 1106 

dynamic states: a case study highlighting vegetation effects, Vadose Zone Journal, Special 1107 

Issue on SPAC - Soil-plant interactions from local to landscape scale, August 2012, V.11, 1108 

vzj2011.0195, doi: 10.2136/2011.0195. 1109 

Cassiani G., J. Boaga, M. Rossi, G. Fadda, M. Putti, B. Majone, A. Bellin, 201, Soil-plant 1110 

interaction monitoring: small scale example of an apple orchard in Trentino, North-Eastern 1111 

Italy, in press, Science of the Total Environment.  1112 

Castellví, F., Consoli, S. and Papa, R. 2012, Sensible heat flux estimates using two different 1113 

methods based on Surface renewal analysis. A study case over an orange orchard in Sicily. 1114 

Agri. Forest Meteorol. 152:58-64. 1115 

Cohen, Y., Fuchs, M., and Green, G.C., 1981, Improvement of the heat-pulse method for 1116 

determining sap flow in trees. Plant Cell Environ. 4:391–397. 1117 

Consoli, S., Papa, R., 2013, Corrected surface energy balance to measure and model the 1118 

evapotranspiration of irrigated orange orchards in semi-arid Mediterranean conditions. 1119 

Irrigation Science September 2013, Volume 31, , pp 1159-1171 1120 

Couvreur, V., Vanderborght, J., Javaux, M., 2012, A simple three-dimensional macroscopic root 1121 

water uptake model based on the hydraulic architecture approach. Hydrol. Earth Syst. Sci., 16, 1122 

2957–2971. doi:10.5194/hess-16-2957-2012 1123 

Daily W., A. Ramirez, A., D. LaBrecque, D., J. Nitao, J., 1992, Electrical resistivity tomography of 1124 

vadose zone movement, Water Resources Research, 28(5), 1429-1442. 1125 



 43 

Day-Lewis, F.D., Singha, K. and , Binley, A.M.; 2005,: Applying petrophysical models to radar 1126 

travel time and electrical resistivity tomograms: Resolution-dependent limitations. Journal of 1127 

Geophysical Research-Solid Earth, 110 (B8), B08206. 1128 

Doussan, C ., Pierret, A., Garrigues, E., Pagès, L., 2006, Water uptake by plant roots: II – 1129 

Modelling of water transfer in thesoil root-system with explicit account of flow within the root 1130 

system –Comparison with experiments. Plant and Soil 283:99–117. DOI 10.1007/s11104-004-1131 

7904-z. 1132 

Feddes, R. A., Hoff, H., Bruen, M., Dawson, T., de Rosnay, P., Dirmeyer, P., Jackson, R. B., 1133 

Kabat, P., Kleidon, A., Lilly, A., Pitman, A. J., 2001, Modelling Root Water Uptake in 1134 

Hydrological and Climate Models. Bulletin of the American Meteorological Society, Vol. 82, 1135 

No. 12, 2797-2809. 1136 

Garré, S., Javaux, M., Vanderborght, J., Pagès, L., Vereecken, H., 2011, Three-Dimensional 1137 

Electrical Resistivity Tomography to Monitor Root Zone Water Dynamics. Vadose Zone 1138 

Journal 10(1):412-424. DOI: 10.2136/vzj2010.0079. 1139 

Gee, GW and Bauder. JW, 1986, Particle-size analysis. p. 383-411. In A Klute (ed.) Methods of 1140 

Soil Analysis, Part 1. Physical and Mineralogical Methods. Agronomy Monograph No. 9 1141 

(2ed). American Society of Agronomy/Soil Science Society of America, Madison, WI. 1142 

Gong, D., Shaozhong, K., Zhang, L., Taisheng, D., Limin, Y., 2006, A two-dimensional model of 1143 

root water uptake for single apple trees and its verification with sap flow and soil water content 1144 

measurements. Agricultural Water Management 83:119–129. 1145 

Green, S. R., Vogeler, I., Clothier, B. E., Mills, T. M., van den Dijssel, C., 2003a, Modelling water 1146 

uptake by a mature apple tree. Australian Journal Of Soil Research, 41: 365-380. 1147 

Green, S.R. and Clothier, B.E. 1988, Water use of kiwifruit vines and apple trees by the heat-pulse 1148 

technique. 1. Exp. Bot. 39: 115-123.  1149 



 44 

Green, S., Clothier, B., Jardine B., 2003b, Theory and Practical Application of Heat Pulse to 1150 

Measure Sap Flow. Agronomy Journal; Nov/Dec 2003; 95, 6; ProQuest Agriculture Journals 1151 

pg. 1371. 1152 

Hinnell, A. C., T. P. A. Ferré, T.P.A., J. A. Vrugt, J.A., J. A. Huisman, J.A., S. Moysey, S., J. 1153 

Rings, J., and M. B. Kowalsky, M.B., 2010, Improved extraction of hydrologic information  1154 

from  geophysical  data  through  coupled  hydrogeophysical inversion,  Water  Resour.  Res.,  1155 

46,  W00D40,  doi:10.1029/2008WR007060. 1156 

Jarvis, N.J., 1989, A simple empirical-model of root water-uptake. J. Hydrol. 107(1–4):57–72. 1157 

doi:10.1016/0022-1694(89)90050-4. 1158 

Javaux M., Schroder T.,  Vanderborght, J.  and  Vereecken H., 2008, Use of a Three- Dimensional 1159 

Detailed Modeling Approach for Predicting Root Water Uptake, Vadose Zone Journal, 7(3), 1160 

1079 - 1088.  1161 

Jayawickreme H., Van Dam R., Hyndman D.W., 2008, Subsurface imaging of vegetation, climate, 1162 

and root-zone moisture interactions. Geophysical Research Letters, VOL. 35, L18404. 1163 

doi:10.1029/2008GL034690.  1164 

Jones, H. G., Tardieu, F., 1998, Modelling water relations of horticultural crops: a review. Scientia 1165 

Horticulturae 74, 21-46. 1166 

Kaimal, J.C., Finnigan, J., 1994, Atmospheric Boundary Layer Flows: Their Structure and 1167 

Measurement. Oxford University Press, New York, pp. 255–261 1168 

Kemna, A., J. Vanderborght, J., B. Kulessa, B., and H. Vereecken, H., 2002, Imaging and 1169 

characterisation of subsurface solute transport using electrical resistivity tomography ERT and 1170 

equivalent transport models: Journal of Hydrology, 267, 125–146. 1171 



 45 

Koestel J., A. Kemna, A., M. Javaux, M., A. Binley A., and H. Vereecken, H., 2008, Quantitative 1172 

imaging of solute transport in an unsaturated and undisturbed soil monolith with 3-D ERT and 1173 

TDR, Water  Resour.  Res., 44, W12411, doi:10.1029/2007WR006755. 1174 

Knight, B.P., Chaudri, A.M., McGrath, S.P., Giller, K.E., 1998, Determination of chemical 1175 

availability of cadmium and zinc in soils using inert soil moisture samplers, Environmental 1176 

Pollution, 99, 293-298. 1177 

Lin,  H.J.,  Richards,  D.R.,  Talbot,  C.A.,  Yeh,  G.-T.,  Cheng,  J., Cheng,  H.,  1997.  1178 

FEMWATER:  a  three-dimensional  finite element computer model for simulating density-1179 

dependent flow and transport in variably saturated media. US Army Corps of Engineers and 1180 

Pennsylvania State University Technical Report CHL-97-12. 1181 

Manoli G., S. Bonetti, S., J.C. Domec, J.C., M. Putti, M., G. Katul G., and M. Marani, M., 2014, 1182 

Tree root systems competing for soil moisture in a 3D soil-plant model, Adv. Water Res., 66, 1183 

32-42, doi: 10.1016/j.advwatres.2014.01.006.  1184 

Mauder, M. and Foken, T. 2004, Documentation and instruction manual of the eddy covariance 1185 

software package TK2. Universität Bayreuth, Abt. Mikrometeorologie, Arbeitsergebnisse, 1186 

http://www.geo.unibayreuth.de/mikrometeorologie/ARBERG, pp. 26-44. 1187 

Mauder, M., Oncley, S. P., Vogt, R., Weidinger, T., Ribeiro, L., Bernhofer, C., Foken, T., Kosiek, 1188 

W., De Bruin, H. A. R. and Liu, H., 2007, The energy balance experiment EBEX-2000. Part II. 1189 

Intercomparison of eddy-covariance sensors and post-field data processing methods. Bound.-1190 

Layer Meteorol. 123 doi:10.1007/s10546-006-9139-4. 1191 

Michot, D., Benderitter, Y., Dorigny, A., Nicoullaud, B., King, D., and Tabbagh, A., 2003, Spatial 1192 

and temporal monitoring of soil water content with an irrigated corn crop cover using surface 1193 

electrical resistivity tomography. Water Resources Research, vol. 39, no. 5, p. 1138. 1194 



 46 

Michot, D., Dorigny, A., Benderitter Y., 2001, Determination of water flow direction and corn 1195 

roots-induced drying in an irrigated Beauce CALCISOL, using electrical resistivity 1196 

measurements. Comptes Rendus De L Academie Des Sciences Serie Ii Fascicule a-Sciences 1197 

De La Terre Et Des Planetes 332:29–36. 1198 

Moncrieff, J.B., Clement, R., Finnigan, J.J. and Meyers, T., 2004, Averaging and de-trending. 1199 

Handbook of Micrometeorology. Lee, X., Massman, W. and Law, B. (Eds) Kluwer Acad. 1200 

Publ., Chapter 2, pp 7-31. 1201 

Musters, P. A. D., Bouten, W., 2000, A method for identifying optimum strategies of measuring 1202 

soil water contents for calibrating a root water uptake model. J. Hydrol, 227:273-286. 1203 

Monego, M., Cassiani, G., Deiana, R., Putti, M., Passadore, G., and Altissimo, L.: Tracer test in a 1204 

shallow heterogeneous aquifer monitored via time-lapse surface ERT, Geophysics, 75, WA61–1205 

WA73, doi:10.1190/1.3474601, 2010. 1206 

Motisi, A., Consoli S., Rossi F., Minacapilli M., Cammalleri C., Papa R., Rallo G., D’urso G., 1207 

2012, Eddy covariance and sap flow measurement of energy and mass exchange of woody 1208 

crops in a Mediterranean environment. Acta Horticulturae 951, pp: 121-127. 1209 

Parasnis D.S., 1973, Mining geophysics, Elsevier Scientific Pub. Co., 395 pp. 1210 

Perri M.T., G. Cassiani, G., I. Gervasio, I., R. Deiana, R., A.M. Binley, A.M., 2012, A saline tracer 1211 

test monitored via both surface and cross-borehole electrical resistivity tomography: 1212 

comparison of time-lapse results, Journal of Applied Geophysics, 79, 6-16, doi: 1213 

10.1016/j.jappgeo.2011.12.011. 1214 

Raats, P. A. C., 2007, Uptake of water from soils by plant roots. Transp Porous Med 68:5–28. 1215 

Rubin Y. and Hubbard S.S. (eds); 2005: Hydrogeophysics. Springer, Dordrecht, 523 pp. 1216 



 47 

Schneider, C. L., Attinger, S. , Delfs, J.-O., Hildebrandt, A., 2010, Implementing small scale 1217 

processes at the soil-plant interface – the role of root architectures for calculating root water 1218 

uptake profiles. Hydrol. Earth Syst. Sci., 14, 279–289, 2010. 1219 

Shanahan P.W., A. Binley, W. R. Whalley, C.W. Watts, 2015, The use of electromagnetic 1220 

induction to monitor changes in soil moisture profiles beneath different wheat genotypes, Soil 1221 

Sci. Soc. Am. J., 79: 459-466, doi: 10.2136/sssaj2014.09.0360. 1222 

Sheets K. R., Hendrickx J. M. H.  (1995): Non invasive soil water content measurement using 1223 

electromagnetic induction, Water Resour. Res., 31, 2401– 2409. 1224 

Singha, K., and S. M. Gorelick, S.M., 2005, Saline tracer visualized with three dimensional 1225 

electrical resistivity tomography: Field-scale spatial moment analysis, Water Resour. Res., 41, 1226 

W05023, doi:10.1029/2004WR003460. 1227 

Srayeddin, I., Doussan, C., 2009, Estimation of the spatial variability of root water uptake of maize 1228 

and sorghum at the field scale by electrical resistivity tomography. Plant Soil 319:185–207. 1229 

doi:10.1007/s11104-008-9860-5 1230 

Swanson, R.H. and Whitfield, D.W. 1981, A numerical analysis of heat pulse velocity theory and 1231 

practice. J. Exp. Bot. 32:221-239. 1232 

Tye, A.M., Woung, S.D., Crout, N.M.J., Zhang, H., Preston, S., Barbosa-Jefferson, V.L., Davison, 1233 

W., McGrath, S.P., Paton, G.I., Kilham, K., Resende, L., 2003, Predicting the activity of Cd
2+

 1234 

and Zn
2+

 in soil pore water from the radio-labile metal fraction, Geochimica et Cosmochimica 1235 

Acta, 67(3), 375-385. 1236 

Ursino N., G. Cassiani, G., R. Deiana, R., G. Vignoli G., and J. Boaga, J., 2014, Measuring and 1237 

Modelling water related soil – vegetation feedbacks in a fallow plot,  Hydrology and Earth 1238 

System Sciences (HESS), doi:10.5194/hess-18-1105-2014. 1239 



 48 

Van Genuchten, M. T., 1980, A closed form equation for predicting the hydraulic conductivity of 1240 

unsaturated soils. Soil Sci. Soc. Am. J. 44: 892–898 1241 

Vereecken H, Binley A, Cassiani G, Kharkhordin I, Revil A, Titov K. Applied Hydrogeophysics, 1242 

Springer-Verlag, Berlin (eds), 2006. 1243 

Waxman M. H., Smits L. J. M.,  (1968): Electrical conductivities in oil-bearing shaly sands, Soc. 1244 

Petr. Eng. J., 8, 107–122. 1245 

Weill S., M. Altissimo M., G. Cassiani, G., R. Deiana, R., M. Marani,  M. M. Putti, M., 2013, 1246 

Saturated area dynamics and streamflow generation from coupled surface–subsurface 1247 

simulations and field observations, Advances in Water Resources, 59, 196-208, doi: 1248 

10.1016/j.advwatres.2013.06.007 1249 

Werban U, al Hagrey SA, Rabbel W., 2008, Monitoring of root-zone water content in the 1250 

laboratory by 2D geoelectrical tomography. Journal of Plant Nutrition and Soil Science; 1251 

171(6):927–935. doi: 10.1002/jpln.200700145. 781. 1252 

Wilson, K. B., Goldstein, A. H., Falge, E., 2002, Energy balance closure at FLUXNET sites. 1253 

Agriculture and Forest Meteorology, 113, 223-243. 1254 

Zimmermann  E.,  Kemna  A.,  Berwix  J.,  Glaas  W.,  Münch  H.M.  and Huisman  J.A.  2008.  A  1255 

high-accuracy  impedance  spectrometer  for measuring  sediments  with  low  polarizability.  1256 

Measurement  Science and Technology 19, 105603. doi:10.1088/0957-0233/19/10/105603. 1257 

1258 



 49 

 1259 

Acquisition # Starting time Ending time Irrigation schedule Date 

0 (background) 10:40 11:00 

11:30 to 16:30 

4 l/h from  

each dripper 

October 2, 2013 

1 12:00 12:20 

2 13:00 13:20 

3 14:15 14:35 

4 15:00 15:20 

5 16:00 16:20 

6 17:00 17:20 

7 10:15 10:35 

7:00 to 12:00 

4 l/h from  

each dripper 

October 3, 2013 

8 11:05 11:25 

9 12:00 12:20 

10 13:00 13:20 

11 14:00 14:20 

12 15:00 15:20 

13 15:45 16:05 

Table 1: times of acquisitions and irrigation schedule 1260 
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 1262 

 1263 
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 1264 

Figure 1: Bulgherano experimental site: the Eddy Covariance (EC) tower and a Heat Pulse (HP) 1265 

Sap Flow installation on an orange tree. 1266 

1267 
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 1268 

Figure 2: Energy Balance closure at the Bulgherano experimental site. 1269 

 1270 

 1271 

1272 
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 1273 

 1274 

Figure 23: 3D ERT apparatus installed around one orange tree. The system is composed of four 1275 

micro-boreholes carrying 12 electrodes each (see inset) and 24 surface electrodes – see text and 1276 

Figure 4 3 for geometry details. 1277 

 1278 
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 1279 

Figure 43: Electrode geometry around the orange tree and 3D mesh used for ERT inversion.  1280 

 1281 
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 1282 

Figure 45: cross-sections of the ERT cube corresponding to the background acquisition of October 1283 

2, 2013, 11:00 a.m. Note the very strong difference in electrical resistivity between the top 40 cm 1284 

(above 50 Ohm) and the rest of the domain. The resistivity distribution is essentially one-1285 

dimensional with depth, with very limited horizontal variations. 1286 
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 1290 

Figure 56: (A) time series of sap flow (black line) and EC-derived total evapotranspiration (blue 1291 

lines), both normalized in mm assuming an area of 20 m
2
 pertaining to the orange tree monitored 1292 

with ERT. Time is given in hours from midnight of October 2. The two irrigation periods are 1293 

shown by the blue bars. (B) 3D ERT images of resistivity change with respect to background at 1294 

twofour selected time instants shown by the arrows in (A); the volumes corresponding to increase 1295 

and decrease of resistivity above and below certain thresholds (80% and 110%) are shown in 1296 

separate panels, for clarity.  1297 
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 1299 

Figure 67: experimental relationships between resistivity and moisture content determined in the 1300 

lab on samples taken at two different depths at the Bulgherano site, using water having the same 1301 

electrical conductivity measured in the pore water in situ. 1302 
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 1307 

Figure 78: results of 1D Richards’ equation simulations of the entire year 2013 till October 3, 1308 

11:00 a.m., i.e. in correspondence of the background ERT acquisition (the thick black line 1309 

represents the resulting estimated moisture content profile obtained from averaging horizontally the 1310 

central square meter of the ERT control volume). The different simulated curves correspond to 1311 

different assumed areas of root water uptake, and show how 1.75 m2 is the area that allows to 1312 

match the observed real profile with good accuracy. Note also the high sensitivity of the results to 1313 

the estimated root uptake area.  1314 
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 1319 

Figure 89: moisture content time series from three TDR probes located about 1.5 m from the ERT-1320 

monitored tree. The signal coming from the irrigation experiment of October 2, 2013 is very clear. 1321 

Before this experiment the system had been left without irrigation for about two weeks.  1322 

 1323 

1324 
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 1325 

Figure 9: scheme of the experimental field with the location of the main sensors. The radius of the 1326 

root water uptake zone, assumed to be circular, is equal to about 0.75 m.  1327 
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