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Abstract. In arid and semi-arid zones, runoff harvesting the 22 observation points equal to 0.85. The model results
techniques are often applied to increase the water retentiomdicate that the infiltration trench has a significant effect on
and infiltration on steep slopes. Additionally, they act as soil-water storage, especially at the base of the trench.

an erosion control measure to reduce land degradation haz-
ards. Nevertheless, few efforts were observed to quantify

the water harvesting processes of these techniques and to

evaluate their efficiency. In this study, a combination of de-1 Introduction

tailed field measurements and modelling with the HYDRUS-

2D software package was used to visualize the effect ofArid and semi-arid zones are characterized by an important
an infiltration trench on the soil water content of a bare deficiency in water availability for plant growth. On the other
slope in northern Chile. Rainfall simulations were com- hand, precipitation often comes in the form of short bursts of
bined with high spatial and temporal resolution water contenthigh intensity rainfall, causing rapid saturation of the uncov-
monitoring in order to construct a useful dataset for inverse€red soil surface and promoting soil erosion, flash floods and
modelling purposes. Initial estimates of model parametergnud flows in extreme cases. In Andean arid lands, a range of
were provided by detailed infiltration and soil water reten- agricultural solutions for these conditions were implemented
tion measurements. Four different measurement techniquedy a large number of indigenous communities, as extensively
were used to determine the saturated hydraulic conductivdocumented by Denevan (2001). These technologies were
ity (Ksa) independently. The tension infiltrometer measure-designed to improve the crop environment, increase labour
ments proved a good estimator of tkigytvalue and a proxy  €fficiency, enhance sustainability, improve productivity, and
for those measured under simulated rainfall, whereas thé minimize risks from changing environments, especially
pressure and constant head well infiltrometer measurementgpredictable climatic conditions. The fact that many of
showed larger variability. Six different parameter optimiza- these systems are still used under present day conditions is
tion functions were tested as a combination of soil-water con2 strong indication that they are sustainable. This has led
tent, water retention and cumulative infiltration data. Infil- to the belief that ancient Andean populations managed natu-
tration data alone proved insufficient to obtain high modelral resources in those areas better than we manage them to-
accuracy, due to large scatter on the data set, and water coflay (Murra, 1983). Browman (1987) stated that the principal
tent data were needed to obtain optimized effective parame€conomic strategy of former Andean arid land producers was
ter sets with small confidence intervals. Correlation betweerfisk management, focusing their efforts on water manage-
the observed soil water content and the simulated values wa®ent, frost reduction, erosion control and soil accumulation.
as high ask?=0.93 for ten selected observation points usedPandey et al. (2003) investigated the apparent link between
in the model calibration phase, with overall correlation for climate changes resulting in droughts and the increase in the
use of water harvesting techniques (WHT) throughout past
civilizations, indicating that WHT can partially alleviate the

Correspondence td. Verbist negative climatic conditions. They also stated that traditional
BY (koen.verbist@ugent.be) systems would become more efficient if scientific attempts
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be combined to enhance the productivity of local knOVVledgeTable 1. Physical characteristics of the infiltration trenches at the

systems. Quebrada de Talca experimental site.

More recently, modern versions of these WHT have be-
come an important tool in the efforts against the desertifi- Number 184
cation in Latin America and, more specifically, in Chile. A
common WHT used for this purpose is the infiltration trench, Depth (m) Upper wall  0.240.04
a depression in sloped soils to capture runoff water, com- _ Lowerwall  0.16£0.04
parable to ancient indigenous dug ditches that are still used Width (m) 0.41£0.06
in northern Peru (Denevan, 2001). Implementation of these bﬁ&iiz(g:%) 02'2931[8'83

WHT in semi-arid and arid zones of Chile has increased dra- Spacing (m)  Along slope  5.140.82
matically over the last years, from 52 hectares in 2001 to Horizontal 1.26:0.35
2200 hectares in 2003 for reforestation purposes (Pizarro
et al.,, 2004), due to strong incentives. Although variousavaIlues preceded b¥ give the standard deviation
demonstration projects were realized (CONAF, 1988, 2000;
Pizarro et al., 2003), some even dating back to 1975, few

efforts were observed to quantify the effect of runoff water tion practices (Van Genuchten afiminek, 2004). In this

harvesting techniques on water retention and soil conserv%aper we describe a method to evaluate the water balance of

tion. a simple WHT using a parameter estimation procedure which

iecl:e;\t d(ijet\r/ieblof rgerr;ts dml Sct)'l Zydrc;liggyhalgv% thie ulserof combines a Marquardt-Levenberg nonlinear parameter opti-
complex distribute odels o describe nydrological Pro- i, 44ion with a numerical model solving the variably satu-

c(e)sseers :;[rtze;ﬁliescﬂg' nDr:ngga;n;re?se.(:n ;??npu;?t;ﬁgégted flow equation. Objective functions are formulated in
power, xample, u : pproxi : terms of measured cumulative infiltration, soil-water content

R|chards equation (R|chard_s_, 1931) has only recently b?e%nd soil-water retention data or are based on a combination
implemented, thereby obtaining a more accurate modelllngb]c these measurements

of the infiltration-runoff process, compared to more empir- In the first part of th hvdraull i fth
ical or analytical methods that were previously used (e.qg. n the nirst part of the paper nydraulic properties ot the
tudy area are discussed in view of its usage inside the

Green and Ampt, 1911). Examples of such models equpe_ YDRUS-2D model, and different measurement strategies

with calculation procedures to solve the Richards equa . . . .
tion numerically are TOUGH2 (Pruess et al., 1999), FEHM are compared. Based on this best estimate, soil physical pa-
(zyvoloski et al., 1997) and HYDRUSé{m;Jnek e’t al rameters are allowed to optimize using an inverse modelling
” o . °__ approach with three different and independent data sets. The
2006) for 2-D and 3-D applications. Due to their depen- . . . . .
) PP P gnal model with the calibrated and validated parameter set is

dency on physically meaningful parameters, these model h dt luate th ter h i for th
are equipped with parameter optimization techniques tha{ en used 1o evajuate the water harvesting processes for the
infiltration trench under study.

minimize a suitable objective function which expresses the

discrepancy between the observed values and the predicted

system response&imunek et al., 2006). Originally, in soil

science inverse modelling was applied only under laboratory2 Materials and methods

conditions on soil columns using a one step (e.g. Kool et al.,

1985) or multi-step drainage approach (e.g. Van Dam et al.2.1 Field site

1994; Hopmans et al., 2002), and later used in field scale

applications (e.g. Zijlstra and Dane, 1996; Mertens et al.,All the field measurements were performed on a hills-

2006), with the early field application by Dane and Hruskalope near the town of Quebrada de Talca °(BD45’S,

(1983) as an exception. An important advantage of inverseZ1°0237” W), in the greater arid Elqui Valley, Chile. At

procedures, if formulated within the context of a parameterthe field site, soil and water harvesting techniques were in-

optimization problem, is that a detailed error analysis of thestalled in 1997 to diminish soil losses, to reduce flash flood

estimated parameter can be obtained. However, while pahazards to the town centre, to improve local infiltration and

rameter optimization methods provide several advantages, ® increase the soil-water storage and plant growth locally

number of problems related to computational efficiency, con-(Pizarro et al., 2003). Apart from the wooden dikes and stone

vergence, and parameter uniqueness remain to be solvedams installed in the existing preferential pathways, infiltra-

especially when many hydraulic parameters should be estition trenches, which are the subject of this study, were dug

mated simultaneously (Van Genuchten and Leji, 1992; Zijl- at the lower part of the slope, perpendicular to the flow lines

stra and Dane, 1996). and parallel to the contour lines (Fig. 1). A total of 184 infil-
These advances in soil hydrology make it now feasible totration trenches were constructed at the site, with an average

use these complex models to evaluate and improve ancieniolume of 0.23:0.07 n? and a spacing along slope between

irrigation structures and related soil-management and irrigatrenches of 5.140.82 m (Table 1).
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Fig. 1. Digital terrain model of the hillslope under study, with the installed infiltration trenches indicated in black and the selected field plot
as a grey square.

The soil type found on the hillslope, a Typic Torriorthents, tific, Loughborough, Logan, USA were installed horizon-
is part of the “Hinojal” soil series (CIREN, 1990), which are tally at a depth between 7 and 45 cm below the soil surface.
characterized by a shallow and homogeneous coarse loanmhe equation proposed by Topp et al. (1980) was used to
A horizon with a thickness between 0.65 and 0.90 m, over-convert measured relative dielectric constants into volumet-
laying a granodioritic C horizon. ric water contents, since it fitted welRf=0.96) to a prior

The study area has an arid Mediterranean climate, andestablished calibration data set. A rainfall event with an in-
based on data from 1980 to 2000, characterized by (1) amensity of 120 mmh! was simulated for 20 min — the total
average annual precipitation of 99.2 mm, of which more thanamount of rainfall effectively applied during the event was
70% is produced in the southern winter season; (2) moderhence 40 mm — using a rainfall simulator similar to the one
ate temperatures, with an absolute minimum 9€ ZJune)  described by Verbist et al. (2003). In brief, it consisted of a
and an absolute maximum of 3D (March); (3) a high rela-  sprinkler boom on which nozzles (type TeeJet TG SS 14w)
tive humidity (80%) with frequent cloudiness; (4) an averagewere fixed at a distance of 1 m from each other and were po-
annual solar radiation of 4075 calcéd—1, resulting in a  sitioned at a height of 1.8 m above the soil surface. The char-
water deficit of 800 to 1000 mm year (Miller, 1976). The  acteristics of the rainfall simulator, the drop size distribution,
climate is categorized as “arid” using the Aridity Index pro- average drop velocity and the overall kinetic energy of the
posed by UNEP (Middleton and Thomas, 1997), and scarceimulated rain are further described in Gabriels et al. (1997)
precipitation is often concentrated in short bursts of high in-and Erpul et al. (1998). During the simulated 20-min long
tensity rainfall, leading to a high Modified Fournier Index rainfall event, the advancing of the wetting front was moni-
(Fournier, 1960; also called the Climatic Aggressivity Index) tored with the TDR probes and soil-water content was further
in 10% of the years. Due to these climatic conditions, veg-monitored after the rainfall event until no significant changes
etation cover in the area is limited and mainly composed ofwere observed for a 24 h period, which was 4 days from the
shrubs, herbs and cacti (Miller, 1976; Olivares and Squeostart of the rainfall simulation. The water level in the infiltra-
1999), leading to a high exposure to runoff and erosion riskstion trench was monitored, reaching its maximum volume at
Due to climatic limitations and steep slopes, dominant land17 min (overflow was observed), and was continued until all
use is pasture, although hi-tech irrigated agriculture, espewater had infiltrated 61 min after the start of the rainfall sim-
cially grapes, is found on similar slopes with access to waterulation. Immediately after the rainfall simulation, the field

plot was covered with a plastic cover, to prevent evaporation.

2.2 Field measurements After the rainfall simulation and moisture content moni-

iah fter | ) h bal toring, soil texture, bulk density and the soil-water retention
In 2005, eight years after its construction, the water alanC&nparacteristics were determined on twenty five undisturbed

of one i_nfiltration trench was studied in more Qetail. T.her.e— soil samples taken using standard sharpened steel 100 cm
fore, afield plot of 6«2 m was selected on the hillslope (indi- Kopecky rings at various depths (0-5cm, 15-20cm, 25—

o X EO cm and 35-40 cm) at 1 m interval distance along the slope.
its impluvium (10 n?), under a slope of 23%. Twenty two

30-cm long Time Domain Reflectometry (TDR) probes, con-  Mention of company names is for the convenience of the reader
nected to a TDR100 device and datalogger (Campbell Scienand does not constitute any endorsement from the authors.
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Table 2. Physical and chemical characteristics of the soil profile at the experimental site.

Depth  Clay (0-2«m)  Silt (2-50um)  Sand (50-2000m) of o.m2 EC? CaCQ;  Texturd

m gkg! kgm3 gkg! puScml gkg?!

0 146 226 628 1630 3.8 1502 2.2 sandy loam
0.15 168 228 604 1620 24 2220 3.1 sandy loam
0.30 134 160 706 1600 1.7 1770 2.6 sandy loam
0.45 96 134 770 1660 2.0 1226 2.6 sandy loam

@ pb is the soil's bulk density, O.M. the percentage of organic material and ECe the electric conductivity of the saturation extract
b Texture according to USDA Soil Taxonomy (1991)

Soil texture was determined with the pipette method (Gee Additionally, a tension infiltrometer with a diameter of
and Or, 2002), whereas organic matter measurements wet20 cm (Soilmoisture Equipment, Santa Barbara, CA, USA)
based on the Walkley and Black (1934) method. The ba-swas used as a second meansk@f; determination, follow-
sic physical and chemical characteristics of the soil are suming the parameter estimation method outlinedSim{inek
marized in Table 2. In the shallow soil profile (0—-0.45m) and van Genuchten (1997). They found unique solutions for
texture is homogeneous (sandy loam), with a slight increas&sa; when using multiple tension infiltration measurements
in the sand fraction when approaching the parental materialin combination with knowledge of the initial and final water
Due to the coarse sandy loam texture, drainage is optimal andontent. At the start of each measurement, the tension infil-
salt content is low (E€ 2500 S cnm 1). Soil bulk density is  trometer’s porous plate was placed on a previously prepared
rather high, as is typical for arid soils. The soil-water reten- contact sand layer and a series of decreasing pressure heads
tion curve was established using the sand box apparatus (Ewas applied:—11.5cm,—9cm,—6cm, —3cm,—1cm and
jkelkamp Agrisearch Equipment, Giesbeek, the Netherlands}-0.1 cm. Initially, to achieve a homogenous water content,
for pressure potentials betweerl and—10kPa, and pres- the soil was saturated shortly before the start of the measure-
sure chambers (Soilmoisture Equipment, Santa Barbara, CAnent by allowing the infiltration of 15cm of water prior to
USA) for pressure potentials betwee20 and—1500 kPa. the tension infiltration measurement, thus avoiding problems
Infiltration measurements were performed at the selectedvith the identification of the initial water content, which was
field plot to quantify the field unsaturated and saturated hy-reported to be of high importance to the identifiabilitykofas
draulic conductivity Ksa9 as an input parameter for the mod- (Simunek and van Genuchten, 1997). The water level in the
elling phase. Kool et al. (1987) stated in their review of water reservoir was monitored 15 min for each pressure head
parameter estimation techniques, that poor identifiability ofapplied, resulting in a total duration of 90 min for each mea-
Ksat could often be observed, resulting in large confidencesurement. The Disc softwaréi(n&nek and van Genuchten,
intervals on the estimated value, related mainly to the lack2000) was used to obtain estimates #0g;; as well as the
of independent measurements of the parameter. Thereford(h) relationship as described by van Genuchten (1980; see
special attention was given to identif§sy; at the field site,  below). Initial estimates of the van Genuchten coefficients
using four different measurement techniques. First, the fields, 6,, n anda were obtained from an independent water re-
saturated hydraulic conductivity of the soil surface was detertention analysis on undisturbed soil cores in the laboratory,
mined using a single ring pressure infiltrometer (Soilmois- using the RETC software (Van Genuchten et al., 1991).
ture Equipment, Santa Barbara, CA, USA) at a distance Finally, two rainfall simulations were performed near to
of Im, 2m, 3m, 4m and 5m from the infiltration trench, the selected field plot to determine the field saturated hy-
whereas a well permeameter (Soilmoisture Equipment, Santdraulic conductivity and the cumulative infiltration charac-
Barbara, CA, USA) was used to determikigy;at the depths  teristic under rainfall using the rainfall simulator as described
of 15cm, 30cm and 45cm at the same locations on the seabove. During each 20-min simulation, a rainfall intensity
lected field plot. For each experiment two positive pres-of 120 mmh! was applied on two bare 6fplots simulta-
sure heads were applied, 5 and 10 cm, which allows for theneously (plots A and B). The rainfall amount and intensity
use of both the simultaneous equation approach (Reynoldsyas measured by placing 20 cups with an inner diameter of
1993), as well as the single head analysis (Reynolds and EB.6 cm in and at the border of the plots. Runoff discharge
rick, 1990; Elrick and Reynolds, 1992) for calculatik@as was measured continuously using calibrated beakers, obtain-
At each location, readings were taken until infiltration ratesing infiltration rates by subtracting the observed runoff data
were steady for at least three consecutive time intervélg: from the rainfall intensities Ksa; was then computed by fit-
was calculated as the geometric mean of measKeggval- ting the well-known Philip equation (1957) to the cumulative
ues (Reynolds et al., 2000). infiltration curve:
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Fig. 2. Position of the 22 TDR probes with respect to the infiltration trench; the probes used in the calibration phase are shown as white
circles; boundary conditions are indicated as arrows.

1(t)=St°°+ K¢ Q) 0.5 as an average for many soils (Mualem, 1976) and is often

fixed at this value (e.g. Schwartz and Evett, 2082nunek
where! (r) is the cumulative infiltration (%), S is the sorp- et al., 1998), resulting in five independent paramet@rg,
tivity (ms~%°) andK a constant (ms!) which approaches ¢, n, andKsat

the hydraulic conductivitK'satat high values of time(s). The software program includes a Marquardt-Levenberg
) type parameter optimization algorithm for inverse estimation
2.3 Modelling of soil hydraulic parameters from measured data for two-

dimensional problems. In order to solve the Richards equa-
tion in time and space, initial and boundary conditions must
be specified by the user. Three different boundary condi-

The HYDRUS-2D éimunek et al., 2006) software package
was used for simulating infiltration and water flow in the
soil domain represented in Fig. 2. The program numerlcallytions are considered for the modelling problem, as outlined in

solves the R'.C hards equation for saturate.d or un;aturated W‘iqfig. 2: an atmospheric boundary condition located at the soll
ter flow and implements the soil-hydraulic functions of van

Genuchten (1980) who used the statistical pore-size distribu?'urface mimicking rainfall, a variable pressure head bound-

. . . . r ndition in the infiltration trench for simulating th
tion model of Mualem (1976) to obtain a predictive equauonayCO dition in the infiltration trench used for simulating the

for th turated hvdrauli ductivity function in t filling up of the trench during runoff accumulation and sub-
or the unsaturated hydraulic conductivity function In terms sequent drainage, and thirdly, a free drainage boundary at the
of soil water retention parameters:

bottom of the soil domain. It should be noted that HYDRUS-

. 1/m\ ™72 2D does not model surface runoff processes directly, requir-
K(®) = KsaS, [1 - (1 =S ) ] (2) ing accumulated runoff to be specified as a variable pressure
head inside the infiltration trench, which was calculated from

(k) = 0 + % h<0 3 the water-depth measurements during and after the rainfall
(h) = ) h>0 C) event. As an initial soil-water boundary condition, we used
- the average soil-water content measured for the TDR probes
6—6, at the start of the experiment (00.02 m? m~3). Ten TDR
Se = 0, — 0, (4) probes were selected for calibration purposes and used in the

inverse modelling optimization procedure. The selection as-
whered, andf, denote residual and saturated water content,sured us of a good distribution of soil-water data, both be-

respectively (Mm—3), 1 the matric head (kPa); is the in-  low the impluvium and around the infiltration trench, as pre-
verse of the air-entry value (m), n is a pore size distribution  sented in Fig. 2.
index>1, A is a pore-connectivity parameter (-S),is the ef- The unknown, or estimated, soil hydraulic parameters

fective water content (—) and=1-1h. The parameters, n were determined by matching simulated and observed data
andi in HYDRUS-2D are considered to be merely empiri- from TDR water content measuremen(r), cumulative

cal coefficients affecting the shape of the hydraulic functions.infiltration measurements from the rainfall simulation exper-
The pore-connectivity parametemwas estimated to be about iments,1(¢), and soil water retention measuremertgh).
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Table 3. Comparison ofKsatvalues obtained from single head analysis and multiple head analysis for pressure head infiltrometer measure-
ments at four depths along the field sl8pe

Single head analysis Multiple head analysis
Depth N Ksa%M Ksamin  Ksatmax CV° N  Ksagm  Ksamin Ksatmax CV

m x106mst % x106mst %

0 10 19.9 145 255 20 3 14 0.3 34 92
0.15 9 7.5 5.3 10.5 23 4 37 0.2 13.2 74
0.30 10 18.1 6.7 44.7 56 5 155 12 43.5 65
045 10 17.3 3.3 52.5 70 2 58.6 57.1 60.2 4

& N is the number of measuremenisay; y is the geometric mean of saturated hydraulic conductiidy, K samin and Ksatmax respec-
tively, are minimum and maximurisatvalue observed in the data set

b Geometric Mean values within the same column followed by the same symbol are not significantly diffétestt. at

¢ Coefficient of variation

The objective function® (G (¢), I (t), ®(h)), describes the N 12

) _ > [Xi— 0]
difference between observed and measured values and ﬁ\ 1 i=n 7
minimized by the model to yield the best possible fit between' ™ — =~ _ 2 )
them. In the optimization procedure, six different objective > [Ixi = Xi| +[0i = O]

=n

functions are considered (/ (¢)), using only cumulative in-

filtration data; ®(®(7)), using only moisture content data; \yhere 0; and X; represent measured and simulated values
both of these data sets togeth@(O(7), 1(1)), or a combi-  of 5 certain variable, an@; andX; their mean value.
nation with the water retention dat&(© (), ® (h)), I (¢),

®(h)), and with®(®(¢), (1), ®(h)) incorporating all data

sets. The latter combination was written as: 3 Results and discussion

OO®@), 1), ©H)] = 3.1 Initial parameter estimation
m ni
Z Z ui [Om (x), 1) — Oy (x), 1, /3)]2+ Table 3 shows the hydraulic conductiviksat obtained with
i=1li=1 ‘ ' the pressure infiltrometer at the soil surface (depth of 0 m)
no and with the well permeameter (depths of 0.15, 0.30 and
Z vi [In (1) =I5 (1, B+ 0.45 m) both with the single and multiple head analysis. Note
i=1 that in case of the multiple head analysis, only those mea-

n3 surements resulting in positiv€ss; values were used in the
Zwi (O (hi) =8y (hi, B)]? (5)  calculation of the geometric mean. Negatikea values
i=1 have been reported in a number of cases (e.g. Elrick and
Reynolds, 1992; Logsdon and Jaynes, 1993) and are mostly
where g represents the optimized parameter &¢f;v; and  related to non-homogeneous initial water contents and het-
w;, v; anduy are weighing factors for individual measure- erogeneous soils. In the multiple head analysis, 30% of the
ments and measurement types and were determined using thgeasurements had to be discarded due to negétiyere-
method described in Hopmans et al. (2062)s the number  sults, against only 2.5% in the single head analysis. As is typ-
of TDR probes in the calibration data set andong arethe jcal for Ksa measurements (see e.g. Reynolds et al., 2000),
number of observations for each of the data sets. a large range ofKsy values could be observed per depth
Model performance was evaluated with two functions: theand per method. When comparing both calculation meth-
Root Mean Squared Error (RMSE) and the Index of Agree-ods, the single head analysis resulted in lower coefficients of
ment (IA), according to Willmott (1982), which calculates variations within the same soil layer, compared to the mul-
the deviations between observed and estimated values aritple head analysis. Furthermore, the variation in m&ag
which indicates a perfect agreement when approaching 1. among soil layers was smaller for the single head analysis
compared with the multiple head analysis, where large dif-
ferences in meaik s between layers were observed. Non-

% [X; — O;]2 parametric statistical analysis showed that for both calcula-
= ! tion methods, three of the four layers were not significantly
RMSE= | —— (6)  different, although the layers differed for both approaches. In

Hydrol. Earth Syst. Sci., 13, 1972992 2009 www.hydrol-earth-syst-sci.net/13/1979/2009/
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Table 4. OptimizedKsatfor the 12 tension infiltrometer experiments at three locations and four depths

Depth Ksat Ksalower Ksatupper RMSE R2 MBE

m x10 8ms1 x106ms1 %

0 17.0 15.6 18.4 17.75 0.99 0411

0 4.9 4.6 5.2 20.56 0.99 0.009

0 8.8 7.8 9.0 9.76 0.99 0.219
0.15 14.0 131 15.0 30.44 0.99 0.108
0.15 5.8 5.1 6.5 33.09 0.99 0.119
0.15 2.8 2.6 3.0 15.45 0.99 0.035
0.30 9.1 8.8 9.3 13.76 0.99 0.055
0.30 2.9 2.8 3.1 11.17 0.99 0.058
0.30 5.7 5.5 5.9 13.18 0.99 0.022
045 1438 11.3 18.3 13.18 0.99 0.023
0.45 10.8 8.4 13.2 25.76 0.99 0.035
045 112 6.8 15.6 13.48 0.99 0.666

a Ksafis saturated hydraulic conductivitisagower andKsatupperefer to the boundaries on the 95% confidence interval, RMSE is root mean
squared error, IA is index of agreement and MBE is mass balance error

the case of the multiple head analysis, this lack of diﬁerenc,e'l'able 5. Parameters from the Philip equation fitted to the cumula-
between layers was probably due to the large standard deviaye runoff data from four rainfall experimerits

tion observed in the calculatddsaifor each soil layer. These
results suggest that the single head analysis is a more appro-

) . ; Replicate S Ksat R?2 RC
priate technique to determinksy; from well permeameter ©106ms05  %106msL %
and pressure infiltrometer measurements, since the obtained
values have lower confidence intervals compared to the mul- 1 17.30 5.4 098 715
tiple head technique and each pressure head measurementre- 2 8.24 153 0.99 56.1
sults in an independerifsy; value. 3 5.07 4.7 0.99  75.9

4 13.23 6.9 0.99 60.7

Table 4 shows the&K syt values as computed from infil-
tration measurements with the tension infiltrometer and in-a g s the sorptivityX satis the saturated hydraulic conductivity, RC
verse modelling with the Disc softwar&iinek and van s the runoff coefficient, expressed as the percentage of precipitation
Genuchten, 2000) in combination with the saturated watetthat appears as runoff
content at the end of the experiment. Tk values were
calculated for each individual measurement. Also shown are
the 95% confidence interval, the Root Mean Squared Erdration trench. A very good fit was found between observed
ror (RMSE), the coefficient of determinatio®{) and the  and fitted cumulative infiltration data, showing that the model
mass balance error (MBE) observed during simulation. In allwas perfectly capable of reproducing the measurement con-
cases, the model achieved convergence on the solution, arditions. This is also reflected in the differences between ob-
resulted in very high correlation coefficients and low RMSE served and fitted values that oscillate around zero and never
values, indicating a very good agreement between observedittain values higher than 1.5% of the total infiltrated volume.
and simulated values. The confidence intervals onklhg  Similar results were obtained for the other infiltration mea-
values had a rather narrow range, showing that the modefurements. A non-parametric Kruskall-Wallis test showed
was sensitive to th&s,; value and thereby most likely re- that Ksat can be considered equal in all layers, with a geo-
sulted in a global minimum of the objective function and a metric mean value of 7.2210 ¢ ms™2.
unique value foiKs3: The mass balance error gives an addi- Table 5 shows the regression coefficients of the Philip
tional indication that no model errors were generated duringequation (1957) as applied to the rainfall simulation data. A
the simulations, since reported values are well below 1% forvery good consistency was found between the observations
all model runs. As an example, Fig. 3 shows the measure@nd the fitted curves (Fig. 4), resulting in high coefficients
and optimized cumulative infiltration curve and the residualsof determination. The geometric me#&R; value from this
for the soil surface at a 1.5 m distance upward from the infil-approach was 7.2010 ¢ ms™1.
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proach gave better results, which were comparable to those
measured with the tension infiltrometer, except for the sur-
face measurement. This can be explained by the disturbance
of the soil surface when inserting the ring which, accord-
ing to Reynolds et al. (2000), influences the infiltration rates
causing preferential flow on the sides and, thus, hidtgg
values. Pressure infiltrometer and well permeameter mea-
surements in general were more variable compared to the
tension infiltrometer measurements, with outliers influencing
the meanKsy value. As a result, field saturated hydraulic
conductivities from the tension infiltrometer measurements
were preferred as an initial estimator for the modelling phase.
The rainfall simulation results are used as an independent
data set for inverse modelling purposes and therefore, can
not be used as initial estimates. However, they gave similar
saturated hydraulic conductivities at the surface when com-
pared to those obtained with the tension infiltrometer, con-
firming the usability of these TI measurements as a first esti-
mate of the saturated hydraulic conductivity in the modelling
process.

Figure 6 represents the soil-water retention data from 25

surements and the fitted Philip equation (1957); Different symbolssoil cores, five for each of the different soil layers. As shown
indicate different replicates.

in Table 6, the van Genuchten (1980) equation fitted the data
rather well, resulting in low RMSE and high coefficients of
determination g2). Table 6 also lists the values of the van

To allow the comparison between the various approachesizenuchten parameters as obtained by nonlinear least squares
a box plot summarizes als4; results (Fig. 5). Large dif- analysis using the Marquardt-Levenberg algorithm. The dif-
ferences between the approaches are observed for the suferences between layers proved to be rather small, resulting
face layer and the 45 cm depth, whereas similar values wer@ similar van Genuchten parameters when using all water
found at 15 and 30 cm depth. The multiple head approachetention data together and &% of 0.9. Therefore, it was
on the pressure infiltrometer and well permeameter data repreferred using a uniform water retention curve for the entire
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Table 6. van Genuchten parametets, 6s, « andn obtained by ~16E6 R —
fitting to water retention data from four soil layérs A ess
©
o
Depth 6, 05 o n  RMSE R? X _fe+d
m m3m—3 em 1 - ki
T -1e+3
0 0.091 0.36 0.118 1.532 0.0048 0.92 5
0.15 0.118 0.36 0.094 1541 0.0026 0.96 8 qe+2 4
0.30 0.117 0.35 0.084 1.614 0.0028 0.95 %
045 0.112 032 0.081 1.756 0.0041 0.92 = 1881
all 0.108 0.36 0.111 1.586 0.0062 0.90 1e+0
0.0

a RMSE is the root mean squared error
Soil water content (m> m*)

profile in the modelling phase, with its corresponding initial Fig. 7. Measured water retention data for all layers and the fitted
estimates fo#,, 9, o andn. van Genuchten equation compared to the van Genuchten equations

obtained by minimizing each of the selected objective functions.
3.2 Parameter optimization

Starting with the field measurements discussed in the previperformed poorly, evidenced by large confidence intervals
ous section as initial estimates, the physical soil parametersn all optimized parameters and large RMSE values com-
were optimized by minimizing objective functions contain- pared to the other objective functions. The index of agree-
ing independent measurements of soil-water content, cumument clearly marks the lack of correlation between observed
lative infiltration and the soil-water retention characteristic. and simulated water content values and a bad fit between
In Table 7, optimization results are given for the six dif- measured and simulated water retention data for those ob-
ferent objective functions. Two parametefis,and i, were  jective functions. Due to the relatively large differences in
intentionally fixed at their estimated value to prevent non-the cumulative infiltration curves between the four replicates
uniqueness of the solution. (Fig. 4), no exact parameters could be obtained during the
With the exception of the model run using all data sets, theoptimization process for these objective functions. In the
objective functions incorporating cumulative infiltration data case where water retention data was added to the infiltration
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Table 7. Initial and optimized parameter sets for six different objective funcions

IA

b
6, O o n Ksat 9([) g(l’l) I(l) RMSE
m3m—3 cm1 - x1076ms1

Initial value 0.108 0.360 0.111 1.586 7.19 - - - -
Obijective function

DO(1)) 0.108 0.348:0.004 0.200+0.017 1.51%#0.037 13.330.263 0.97 0.96 0.62 0.0255
O(I(1)) 0.108 0.32@5.340 0.226:12.70 1.70&:1.450 6.3338.33 0.80 0.69 0.78 79.405
DO(1), (1)) 0.108 0.3068:0.197 0.194:0.340 3.008:-3.894 7.285.852 0.78 —-0.34 0.81 90.382
D(O(1), 0(h)) 0.108 0.3340.004 0.146:0.011 1.50€:0.022 13.180.353 0.97 0.95 0.58 0.0251

DI (1), 6(h))4 - - - _ _ _ _ _ _
o(@O(1),0(h), I1(r)) 0.108 0.335:0.004 0.158:0.012 1.508:0.022 12.99-0.397 0.97 0.95 0.59 0.0223

%, 0, « andn are the van Genuchten parametefsa; is the saturated hydraulic conductivityjs the water content; is the matric head,
I is the cumulative infiltration is time, 1A is the index of agreement and RMSE is the root mean squared error

b not optimized

€ values preceded by give the standard deviation on the optimized value

d the model did not converge to a solution for this objective function

data,®(®(h), I (1)), the model did not converge into a solu- tration and water redistribution. Although this seems to be
tion, indicating that a (global) minimum could not be reached a deficiency of the model at first, differences between in-situ
for this combination of data sets and, therefore, parametersneasurements and model parameters have been observed by
could not be optimized. The model run using both measurednany researchers (e.g. Mertens et al., 2005). This is most
moisture contents and infiltration data did not result in an ac-probably due to the different temporal and spatial resolutions
ceptable match to the water retention curve either (Fig. 7)at which measured valueK{, in this case) are obtained,
with large confidence intervals on all estimated parameterscompared to the scale at which the processes are modelled.

indicating non-uniqueness of the solution. These results also indicate that water content readings con-

The model runs optimized with the water content datatribute considerably to the identifiabilty of hydraulic proper-
alone in the objective functionp (6(¢)), and also where wa- ties under field conditions and should be included in obtain-
ter retention data was added as wél(g(r), ®(h)), resulted  ing a correct parameter optimization, when using simulated
in well-defined minima, with small confidence intervals on rainfall as an input to inverse modelling. Other researchers
the parameters, and a good match with the measured watge.g.Simunek and van Genuchten, 1997; Schwartz and Evett,
content and retention data. The objective function including2003) also reported that including water content measure-
all independently measured data sét (), ©(h), I1(1)), ments or pressure head measurements was essential to obtain
performed equally well, with a simulated water retention correct parameter values with narrow confidence intervals for
curve closely following the measured water retention datatheir applications. Since root mean squared errors were the
as shown in Fig. 7. least on the objective function including all prior knowledge,

When comparing the optimized van Genuchten parametergﬁe optimized parameters from this model run were used in
with their initial values, it can be seen thatwas reduced Subsequentanalysis.
during the optimization procedure for the objective functions As expected from the small RMSE values observed for the
including water content data. It is a common observation inwater content data used in the optimization process, the ob-
field soil-water monitoring tha; becomes smaller in com- served soil-water content values versus simulated water con-
parison with the laboratory value, because of incomplete sattent values yielded a close fit and a coefficient of determina-
uration of the soil profile due to air entrapment during the tion of 0.93 (Fig. 8). With the data points scattered around
wetting front advancement (e.g. Schwartz and Evett, 2003)the line of perfect agreement, no bias in the simulations was
The optimizedK s5: value was slightly higher than the initial observed. Since the initial water content of the soil was set
value, but remained within the range of values measured byo a fixed value of 0.11 Am~3, no values below this wa-
all instruments (Fig. 5), suggesting that tkigss measuring  ter content are simulated, even though the observed initial
methods can be used to determine initial estimates for wasoil-water content ranged from 0.08 to 0.12%mr3. For
ter balance studies, but that parameter optimization is neceghe twelve probes not included in the optimization process,
sary to obtain an effective parameter set that results in gooé good agreement between observed and simulated values
agreement between measured and simulated values of infiould still be found, with ark? of 0.78 (Fig. 9a). The overall
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coefficient of determination for all water content data was
0.85 (Fig. 9b).
When considering the TDR probes individually, very good 0.0 . | .
matches were obtained. Examples are shown in Fig. 10a for 0.0 01 02 03 04

the simulations with the highest coefficient of determination.
All peaks were satisfactorily reproduced by the model, as
well as the slower rising limbs, corresponding to probes at
greater depths. Even for probes not present in the calibratiofrig. 9. Regression line between observed soil-water contents versus
phase, such as probe 1, good matches and high correlatiosgnulated values at the same time step(fy the 12 TDR probes
were observed. Four probes were modelled with lower acculot used in the optimization process g8 all 22 TDR probes; the
racy, as illustrated in Fig. 10b. For those probes that did nofin€ of perfect agreement is also indicated.

show any soil-water changes during the duration of the exper-
iment, i.e. probe 3, 4, 9, 10, 20, 21, 22, 23 and 24, the modeg
showed no changes with respect to the initial soil-water con-
tent, indicating that the deepest pen_etration of th_e SOiI'Wateml'he soil water content changes during the rainfall event and
front was modelled as observed during the experiment.

Possibl f variation infl ing th I model simulations were used to visualize the infiltration-
rossible sources ot variation influéncing the overall Corme-, o g water harvesting process and the effect of the infil-
lation between observed and simulated soil-water contents i

time are: (1) the assumption of a homogeneous soil prOfIIeFigure 11 shows the distribution of water content at differ-

:Nhlcth 'S aff;]mE)rlg;atlonbof the reallltyt;_ ) the”ex;']ict phys_lcg: ent time steps: (a) at 20min, when the rainfall simulation
ocationofthe Probe, since relative small changes in eexperiment had stopped; (b) at 61 min, when all water had
location of the probe in the model give relative large changes

. il wat | in functi ftime: (3) th i infiltrated in the infiltration trench, (c—e) at the intermedi-
In Soll water values In function of time; (3) the assump 0N 5te time steps of 150, 800 and 3000 min and (f) at 5800 min,
of an equal initial soil water content for the whole profile

.when soil-water measurements had ceased. A clear increase

that gives rise to a considerable amount of unexplained vark - ter storage can be observed due to the presence of the

ability, such as observed for probe 1 in Fig. 10a, thereby re- ...
. . . infiltration trench.

ducing the correlation coefficient; (4) the measurement error Duri he simulated rainfall. infiltrati b
associated with the TDR probes and the indirect method of uring the Sim ated rainfall, infiliration excess was ob-
measuring water content using the TDR principle, which isserved, resulting in runoff that was partly captured by the
rather small, and identified to be less than 0.085mm? for infiltration trench. The water balance of the trench can be ex-

L : pressed in terms of its boundary conditions, with the source
the cable lengths used in this study (Bilsky, 1997). fluxes in the soil domain given by the rainfall amount and the
variable pressure head, with values of 0.46and 0.09 m,
respectively. The sinks are the total runoff over the whole
slope (0.25 ), the accumulation of water content in the soil

Measured water content (m3 m'3)

.3 Runoff water harvesting

%ration trench on water availability for potential plant growth.
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Fig. 11. Water content images at different times during the sim-
ulation: at(a) 20min, (b) 61 min, (c) 150 min, (d) 800 min,
(e) 3000 min andf) at 5800 min.
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3

4  Summary and conclusions
0.13 4

In this study, a combination of rainfall simulations, soil wa-
. . . : ter content monitoring and model simulations was used to
1 10 100 1000 10000 evaluate the water balance of a simple water harvesting tech-
Time (min) nique. Through inverse modelling, a calibrated model was
_ . constructed to allow visualizing the water harvesting and
Fig. 10. Examples of observed and simulated water content values;i,raqe process of an infiltration trench often used in semi-
In function of time, for the regressions wit) the highest and arid zones in Chile and other similar regions in the world.
(B) the lowest accuracy. . . .
In the first phase, hydrophysical parameters were obtained
from independent field and laboratory measurements. Four
domain (0.28 ) and the drainage (0.023n The runoffco-  techniques were used to determikigs, which allowed the
efficient calculated by the model indicates that 56% of thecomparison of measuring methods as effective estimators
rainfall was lost to runoff, which corresponds to the field of hydraulic properties. The tension infiltrometer measure-
measurements (Table 5). The 18 impluvium area con- ments with multiple heads were selected as the best esti-
tributing to the infiltration trench generates an overland flowmator, and these results were found comparable to those
of 0.18 n? during the 20-min long simulated rainfall event, of obtained from rainfall simulations. Pressure infiltrometer
which 0.09 ni (48%) was captured by the infiltration trench. and well permeameter measurements showed more scatter in
The runoff water that could be collected by the infiltration comparison with the other two methods, with the single head
trench, infiltrated slowly until 40 min after the precipitation analysis of the data given preference over the multiple head
had ceased and resulted in a significant increase in soil wateanalysis. Large variations in thisa values obtained were
storage in the direct neighbourhood of the infiltration trench.observed for the multiple head approach and negative values
After 4 days, soil-water was redistributed and the highest wawere calculated regularly, probably due to soil heterogeneity
ter content was observed near the soil surface and within @nd soil disturbance due to ring insertion or hole drilling.
radius of 25 cm surrounding the infiltration trench (Fig. 11). By minimizing objective functions with different data sets,
These results suggest that, at least under the experimentale learned that water content data was essential in pro-
conditions, the best location for reforestation would be in-viding effective model parameter sets and to attain narrow
side the infiltration trench, where plants can optimally benefitconfidence intervals on their values. Infiltration data alone
from the infiltrated water. obtained from rainfall simulations were found to be too

0.08
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