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ABSTRACT

Ore of the main characteristies of trickle irgation system is that water keaving an
emifter enters the acil and moves both laterafly and vertically, There haz besen much
specutation on the skape and meisture distibution within the welted soif volume. This
krowledge is impaortant in the design, operation and management of a irickle irigation
systemn. A simulation study of soll waler distribution under & prairie field i Topoli Libya, by
tha use of the two dimensional model (Hydrus 20 modal) was camied out. Sandy sod was
imgatad using surface point source with application rates of 1.5, 2, 2.7, 3,35, 45 43 and 8
th, The surface wetted radius, vertical advance of wetling fronl and the distibution of
moistire contend in the sof profike were determined. Thiee statistical criieria were used to
cormpare the qualty of simulation results, namely, mean bias error (MBE), root mean aguare
orror {RMSE) ard Theils inequatty coefficient (U]}, Simutation posifons of the wetting front
esfimasd by the model wer= in agreement with the observed measurements of the wetling
fromt for the lateral movement. In the downward divection, e simulated wetting frorm
advanced much slowsr than the observed, especiafy at later stages of mifiltration.
Considering the difficutties in estimating the dynamic weder conditions in the field, them= weas
generaly a good agreement (especially  the kateral dimection) batween the measured and
simulated values, In the deepar downward direction, the simuated mofsture content
distributions were l2s3 than the messured. On the other hand, the Hydrus 2D modef
described the watsr content distribution quite weldl &1 relatively high levels of modstume
comentz; however, it did not do as well at lower moisiure content. The decrepancies
between the simulated and measured values may be due 1o the varlation In the sze of the
surface point source of water during infitration and to the naiural variation of soll properties.

The results suppon the use of Hydrus 2D as a tool kr investigating and designing poin
source trickle irmigation system.

Keywords: Trickle imigation, wetting front, soll morsture destribution, Hydrus _20 model

INTRODUCTION _

The relation betwsen population growth and increased demarnd for
food and available water resources gives waming of persistent disorder.
The signs of water shortage are quite clear not onfy in arkd and semi arid
areas but also in parts of areas known as rich in water resources. Water
allocation is 3 topical issue due to increasing competition between urban,
fufal, industrial and environmental users. Imigation practices are therefore
coming under closer seruliny and diving a requirement for more efficient
water use in agriculture. Cne of the methods that can provide high water
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use efficiency is trickle irigation, ¥ designed and installed correctly ie.,
emitter spacing, fiow rate and depth of instaiation {Phene, 1995).

The developmant of mathematical models for soil- water system has

bacome the objective of extensive research during the last decades, mainty
from s0il physicists, agricuttural and hydrauics engineers (E!maloglou et
al., 2003}, Numerical simulation is an efficient approach to investigating
optimal trickle management practices {e.g., Bresler et al., 1971, Meshkatetal,
1999, Schmitz et al., 2002; Claire f al, 2003; Cote et al., 2003). However, there
have been very few, if any, studies showing that numerical simulations of
trickle itrigation agree with field data, thus bringing info guestion the value
of conclusions drawn from numerical simulations.
The abjective of this work was to compare HYDRUS_2D (Simdnek et al.,
1899) simulations of water infiltration with fiekl data. HYDRUS_2D is a well-
known Windows-basad computer software package for simulating water,
heat, andfor sofute movement in two-dimensional, variably saturated
parous media. In this study the HYDRUS_2D modet is used fo simulate
water movemnent into sandy soil under a Prairie Field conditions.

MATERIALS AND METHODS

Field expariments were conducted on bare sandy soil located some
20 km south of Tripoli-Libya, along the way of Intematicnal Tripoli Airport.
The sandy soil was classified as looge, very friable, and highly drained, with

very fine roots. The main physical characteristics of the soii are given in the
Table 1.

Table.1: Summary of soil physical properties usad in the study

Soll Sand Sik Clay Bulkdensity, (v - (Bv)s Ks,
% % % Wg/m® m/d
Sandy 88 1 1 1.57 0.04 - 0.41 20.1
{Bv), initial moisture content, (Ov), sabrated moleturs content,
K saturated hydraulic conductivity

Prior to conducling seach - experiment, & Plexiglass sheet was
installed alongside the wall of trenches dug to identify and to follow the
advance of wetted front during water-appilcation. Efforts were required to
lavel the soil surface where emittars wema located. The trickle imigstion
system used in this investigation was degigned to provide uniform water
application from a point source at various rates. Essentially, the apparatus
consisted of a modifiad Mariott tube (Yiteyew and Waston, 1566) was used
as a reservoir joined 1o emitters by means of hose 0.75" 10 (Figure.1). The
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Emitters were calibraied for the application of the required volume at
desired rate. The cutlets were located on the soil surface where each
dripper imgated a distinct area without any interface with others: meanwhile
the last dripper was iocated 10cm away of the edge of the trench. Various

Dripa
Plaxiglans sheat

application rates were chosen to be between 1.5 and 6 Vh. During each
experiment, the advance of the wetted front on the soil surface and
perpendicular face of trench was recorded pericdically. After termination of
the imigation, a vertical section was made threugh the point where the
source was located to determine the wetting-front position. This procedure
was adopted in case of 2.0, 4.5, 4.8 ard 6.0 L'h application rate. Due to the

highly symmetrical shape of the wetting pattern, only onhe half of the wetted
profile was sampled for water determination.

Figure1: Field experimental setup

Numerical Modeling

Water movement in two direction models is complicated compared
with one direclion movement behavior. Numerical models are useful
solutions to predict water and solute movement behavior in active root zone
of the crop. Simlnek et al., 1999 developed a general purpose two
dimensional numerical model known as Hydrus_20. The Hydrus_20
program numerically sclves the Richards’ equation {Eq. 1) for saturated and
unsaturated water flow. The program is based on finite- element scheme
and incorperates a graphicai user interface for data eniry {soil praoperties,
atmospheric conditions, emitler discharge, and boundary conditions). The
model will be used to compare the agreement between the measurements
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and calculated wvalues of water movement under point source trickle
imigation.

99 _ 0 xrox2 2O | pryk 4
5~ o KTOKE S KT @OKD £ S (1)

Where @ = the volumetric water content [L’LY], # = the pressure head LL s
= a sink term [T'] x; {i=1, 2) = spatial coordinates [L],! = time [T], K(8) =the
relative hydraulic conductivity a function of 8, K, = the hydraulic
conductivity tensor at saturation [LT™].

In this study, # may be eliminated to have a “8-based” equation or & may be
eliminated to have an "h-based” equation.

o =0,+ 0.9, @
1+ x| 1"
KsK(h) <0
K (h) =
Ks hzo (3)
K(hy=K S!IN-(-8)")7} (4)
m=1-(1/n) n=1  Se=(0- 6y (6:-8) &

{ = the pora connectivity parameter [],8, = the saturated water contert [L*L
Y 8, =the residual water content [LL"), may be defined as the water
content at which both 0&/dh and K goes to zero when i becomes large. o=
an empirical factor [L"], whose inverse is referred to as the air entry value
or bubbling pressure. n and nr = the empirical factors affecting the shape of
retention curve [dimensionless]. S,= the effective degree of saturation,
also called the reduced water content (0=5,571).

Estimating of Van Genuchien parameters from tha experimental dats
requires: sufficient data points of @ (h} pair (at least 5 to 8) and data poinis
of k {6 or D (&) pair and a program for performing nonlinear regression.
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Recent versions of many computer spreadsheets provide relatively
simple and effective mechanisms for performing neonlinear regression
However, retention curve, RETC, (Van Genuchten et al., 1991} for
describing soil water hydraulic properties can be used to evaluate the
parameters used in Hydrus_ 2D model (Siminek et al., 1599).

Problem Definition

Simulation of the movement of water and a dissolved solute from a
poirt source into the soil profile, which containe only one iayer inherently,
prescribes itself to an axdsymmetric situation. This is one of the reasons
that Hydrus_2D code was used since it has the capability of simulating
axisyrnmetric flows. The following boundaries were considered for this
analysis. Because of symmetry, a vertical cross section (ABCDE, Fig. 2),
along the radius of the soit sample, was selected for simulation by the
computer model. The boundary conditions for the crass section were
showns in Figure 2 are as follows:

AB= constant flux boundary, represents the satuwrated water entry radius.
BC, CD, DE and EA = no flow boundary. The boundary EA was a no flow
boundary due to symmetry

A_ B no flow C
g

no flow
no flow

no flow
E — D

Figure 2. Schematic diagram showing the physical layout of the trickle
irrigation  system implemented in Hydrus_2D, including the boundary
conditions. The upper sclid fine indicates the saturated water entry radius.
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The boundaries BC, CD and DE were selected as no flow because
in the actual experiment no water reached these boundaries. No flow
boundary conditions is a special case of Neumann type boundary
conditions where Darcy’s law relates flow to gradient of head where,

oh_28 R aé
ar  2r &z oz (B)

A constart boundary condition was selected for the leftmost comer nodes

of the domain to represent the point of application of water.

Initial and Boundary Conditions

In order to investigate the influerwe of trickle discharge, soil
hydraulic properties and a constant fiux boundary condition at the saturated
water entry radius were used.
The initial condition that must be satisfied within the flow domain to be
uniform throughouwt the soil profile

8{r.z) =0 7
and the boundary conditions
ahiar for z20, =0 and 8hvtr =0 for z20, r=R (B}
ohoz for z=Z, rz0 ard Oftr =1 for 2=0 =1, 9

During water application, the point source boundary will have a constant
saturated water entry radius. The water application rate becomes:

g=QUA | (A=mry) (10
where Q= the flow rate from dripper [L/T], A = the area of surface
saturated water entry [L% r, = saturated water entry radius [L]

Statistical Criteria

To evaluate the model's performance several measures were used,
such a3 mean bias emor, MBE, oot mean square errar RMSE and Theil's
Inequality Coefficient U. The relationships describe these measures of
analysis are

MBE =3 (P - 4) (11)

=l

1+l
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J—}Llr Ay
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{13)

Where F; = the predicted data from the model, A; = the experimental
data and n = the number of records, (Naylor 1570 and Hossein et al,
2004), The MBE, RMSE statistics have as lower limit the value of zerg,
which is the optimum vatue for them as it is for U Theil's.

RESULTS AND DISCUSSION
Woetting Front Movement

Figures 3 arxi 4 show the actual and the computed surface wetted
radius as a function of elapsed time in minutes for sandy soll under 1.5, 2,
27.3 35 45 48 and 6 Ih apphication ratea. In these figures the open
circies represent the actual location of the wetted fromt, while the solid
grcles represent the predicted. The figures indicate good simulation
capability of the model in the horizontal direction, especlally in the earfier
stage of imigation. The discrepancies between the numerical and the
experimental surface wetted radius are generally small and may be
altributed ta the lack of precision in esfimating soil hydraulic characteristics
and measurement ermors. Haverkamp et al, (1977) reported that a relative
difference of only 2% in surface water content caused a relative difference
of 24% in the wetting front position. Addiional measures were used to
evaluate the model performance, such as. mean bias emor, MBE, root
mean square error, RMSE and Thelfs coefficent, (/. The MBE, RMSE
statistics have as a ower imit the vesue-of zero, which is the optimum value
for them, as it is for Theil's coefficent, UJ). Thesa statistical parameters ane
summarized in Table 2. The MEE {ranged belweer 1.21and 2.83 cm) and
RMSE {ranged between 1.49cm and 3.03 cm) are small, which indicates
slight deviations between the numerical and experimental rezutts. The
values of U Theil's {ranged between (0.035 and 0.075) put more evidence
the fact that the predicted values are close to zero which, in fum, refiect
that the model has a good performance to simulate wetting fromt movement
under point source frickla imigation under the mentioned boundary
condiions.
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Figure 3: Observed and computed horizontal surface wetted radius for sandy sodl

Table 2: Values of the statistical parameters used in comparison for surface wetted

Elapsed Hme (mingy

Elapzed tme (ming

under application rates of 1.5, 2.0, 2.5 and 2.7 th

racdius for sandy =oil

Diecharge rate (Uh} MBE {cm) RMSE (cm) U
15 182 229 0.075
20 121 1.49 0.040
25 1.51 195 0.058
27 259 255 0.061
is 283 3.03 0.061
4.5 -1.87 226 0.048
4.8 -1.23 163 0.035
8.0 154 2.10 0.049
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Figure 4: Chserved and computed horizontal surface wetted radius for
sandy soil under application rates of 3.5, 4.5, 4 8and 6.0 ith

The measured and simulated vertical advance of wetting fronts
throughout the sandy soil profile under application rates of 2.0, 4.5, 4.8 and
6.0 Vh are shown in Figure 5. These values were measured along the
vertical distance under the point scurce {r=0).

The simulated wetted vertical distances were defined as the depth
of the wetted soil where maximum gradient in water content { v 8) cccurred.
As can be seen from these figures excellent overall agreements were
achieved. The simulated vertical advances of wetting front were nearly
entical to the observed values. For example, under 4.5 It application
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rate, the simulated and measured vatues at 280 min were 56.0 cm and 56.6
cm, respectively. Similarly, under application rate of 6.0 I/h, the discrepancy
between simutated and predicted value was 0.3 cm at 280 min.
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Figures 5: Observed and computed vertical advance of wetting front for

sandy soil under apphcation rates of 4.8 and 6.0 I'h

The discrepancies can be attibuted to the impact of surface
topography where there was no guarantee that peint source infiltration area
wouki be exacily circular. On the other hand tha natural variability of the
soil properties and the lack of defermination soil properties which
determined under Iaboratory conditions may cause such these
discrepancies. The adequacy indicators of the model were calculated.
Table 3 displays the values of tha mean bias error MBE, the roct mean
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square emar RMBE and U Theil's coefficient for each treatrnent. The valies
of the mean bias error fluctuate from -2.95 cm to 4.21 cm, indicating an
over all agreement between predicted and observed data. Also the values
of RMSE ard U Theil's can be considered small as their values are close to
zero. This support the results mentioned above that Hydrus 2D has the
power to simulate the wetting front movement for sandy soil under point
source trickle irmigation. .'

Table 3; Values of the statistical parameters used in comparison for vertical
advance of wetting front for sandy soil

Discharge rate (ihy  MBE {(cm) RMSE (cm) U’ Thiel's
20 -2.95 4.359 0.076
4.5 0.16 0.95 0.010
4.8 4.21 0.92 0.066
6.0 -1.41 3.81 0.039

Moisture Content Distribution

Figures 6 through 8 show the measured and simulated moisfure
content distribution for each trial. Each figure contains contour plots of the
measured and simulated moisture content profiles. The contours in the
measured profile were drawn using kriging interpolation algorithm. However
the data are relatively sparse, one should not attach too much significance
to contour cetails (Skaggs et al, 2004). Both measured and simulated
results show that in highly permeable coarse-textured scoils such as the
sand used in this study, water drains easily and guickly because gravity
dominates. The ireguiar shape of the contour lines in case of observed
data shows the natural water pathways. The ather factor which may be the
main reason for such discrepancies is the input data, i.e., the values of K,
a, n and 1, determined in laboratory, which nomally differ with field data.
Mevertheless, it is ciear from the contowr plots, the predicted pattermn of
wetting are in good agreement with the spatial distribution of the moisture
content, The mean bias error MBE the root mean square ermor RMSE and
U Theil's coefficient for the simulated and measured volumetric water
contents provide a quantitative measure of the goodness of fit batween the
observed and simulated data. Table 4 shows the values of model
performance indicators for each trial. As can be noted from the Table, the
values of modsl performance indicators are relativety approaching to their
optimum. For instance, the MBE vatues range from 0.0006 to 0.040 m* m?
while the values of RMSE oscliaies netweer - ™"~ and 0 06.In addition,
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the Theil's coefficient values were found to be between 0.120 and 0 054,
Although there are some relatively high values of these indicators, it can be
acceptable according to the complex mechanisms of water transport under
the complicated boundary and initial conditions from a surface point source

Table 4.: Values of the statistical parameters used in comparison far
moisture distribution for sandy soil

Discharge rate MBE RMSE L’ Thiel's
( I/h) (m* m™) (m* m™)
15 0.0026 0.017 0.055
2.0 0.0057 0.037 0.086
25 0.0025 0.021 0.054
2.7 0.0007 0.029 0.073
35 0.0210 0.048 0.103
45 0.0420 0.060 0.128
4.8 0.0142 0.035 0.071
6.0 0.0006 0.062 0.120

CONCLUSION

The numerical HYDRUS_2D modet was used o simulate water
mavemnent in sandy sail under point surface trickle imigation. The simulation
of water movement was conducted for surface wetted radius, vertical
advance of wetting front and the distribution of moisture content in the soil
profile, Simulation positions of the wetting front were in agreement relative
to the observed measurements of the welting front. Specifically, in the
laterai, tha experimentally determined wetting front was closely estimated
by the model. However, in the downward direction the simulated wetting
front advanced much slower than the observed especially at later stage of
infiltration. Considering the difficutiies in estimating the dynamic water
conditions in the field there was generally good agreement (especially in
the: lateral direction) between the measured and simulated vatues.
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Figures: Observed and predicted moisture distribution under application
rate of 1.5 I, 2.0 and 2.5 elapsed time 320,360 ard 429 minutes,
respectively.
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Figure 7: Observed and predicted moistura distibuticn under application
rate of 2.7, 3.5 and 4.5 efapsed time 420, 420 and 370 minutes,

respectively.
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Figure &: Observed and predicted moisture distribution under application
rate of4.8 and 6.0 I'h, elapsed time 370 and340 minutes, respectively.

In the deeper downward direction the simulated moisture content
distributions were less than the measured. On the other hand, the
Hydrus_2D model described the water content distribution gquite well af
relativety high levels of moisture cortents; however, it did not do as well at
lower moisture content. However, the results provide support for using
HYDRUS-2D as a tool for invesfigatimg and designing drip irigation
management practices.

Vol. 12 (3), 2007 543



). Adv. Agric. Bes. { Fac. Ag. Saba Basha)

REFERENCES

Eresler, E., ... Heller, N. Biner, |. Ben -Asher and D. Goldberg, 1971.
Infiltration from a Trckle Source: Il Experimental Data and
Theoratical Predictions. Soil Sci. Am Proc.35; 583 -689.

Claire M., L. Cota Keith, B. B. Philip, J. C. Freeman, J. C. Peter and J).
Thorburn. 2003. Analysis of soil wetting and solute transport in
subsurface trickle imigation. Imig Sci. 221 143-156.

Cote, CM., ¥_ L Bristow, P, B. Charlesworth and F.J). Cook. 2003,
Analysis of soil wetting and solute transport in sub-surface frickle
imgation. lmg. Sci. 22:157-169.

Elmaloglou, St and N. Malamos. 2(003. Method to estimate scil- water
movement under a trickle surface line source, with water exraction
by roots. Imig and Drain 52: 273-284.

Haverkamp R, M., J. Yaclin, J. Touma, P.J. Wierenga and G. Vachaud,
1977. A comparison of numeneal simulation models for one-
dimensiona!l infiltration, Sail Sci. Soc. Am. J. 41:285-294,

Hossein, D. Y. Tahei and R. Velu, 2004. Assessment of
evapotranspiration estimation models for use in semi-ard
environments. Agric Water Manag. 64: 91-106.

Meshkat, M., R. C. Wamer and S.R. Workman. 1999. Modeling of
evaporation reduction in drip imigation system. J. Imig. Drain. Eng.
125(8). 315-323.

Maylor,T.H, 1970. Computer Simulation Experiment with Models of
Economic system. John Wiley Company

Phene, C..J. 1995, Research trends in microimigation. In: Lamm, F.R. {Ed.},
Microirngation for a Changing World: Conserving Resources/
Preserving the Ervironment Ortando, Florida, USA, 2e8 April
1995. Proceedings of the Fifth International Microimigation
Congress. American Society of Agriculturat Engineers, St Joseph,
Michigan, pp. 6-24.

Schmitz, G.H., N. Schutze and U. Petersohn. 2002. New sirategy for
optimizing water application under trickle irmigation. J. frig. Drain.

. Eng., 128(5). 287-297.

Siminek, J., M. Sejna and M.Th. van Genuchten. 1999. The HYDRUS-
2D Software package for simulating the two-dimensicnal
movement of water, heat and muttiple solutes in variably-saturated
media. IGWMC-TPS 53, Version 2.0. Int. Ground Water Modeling
Center, Colerado School of Mines, Golden, CO.

Skaggs, T. H., T.J Trout, J. Simunek and P. J. Shouse, 2004.
Comparison of Hydrus2D simulations of drip irrigation with

Vol. 12 (3), 2007 544



I. Adv. Agyic. Res. { Fac. Ag, Saba Basha)

experimental observations. .} Img. Drainage Eng. 130 (4), 304-
310.

van Genuchten, M.Th., F.J, Leij and S.R. Yates, 1991. The RETC code
for quantifying the hydraulic funations of unsaturated sofls. U.S.
Saiintty Laboratory, Agriculiural Research. Service, U 8. Dept. of
Agriculture, Riverside, Califomnia, USA.

Yitayew, M. and J. Waston. 1986, Feeld methods for determining

unsaturated hydraulic  conductivity. ASAE paper No.8G-
2570.51. Joseph,

AN padlad
Ao Jia il as ka8 Y B plad) 48 ja BlSa
L TURCRNERRTE R XYL

Sallae rluas #3820y pledl pdd ) 2ual
L = i o = bl Gala = sl 30 S — aladdly Ao 5 ol

i Jan d il o 3 R eLaD o el g o0 ab Ragh B alliasl wal sad

aid ) Tl L b e Jalrdagha gl a5y 83l D ey dy Lled )y Tnfia o aT
s a3 E18ae Al o Ty el g JadTly g B a0 0 BTy ppanad Aals el A6 el
Sy et Ay el 93w mgal ey vagd ol g 8 eyl Diad &
_}4—_‘5-9-3-"‘_:-;-"*";.5]1" GEA TSR TR LT LY LT A 23 sy gl 0 5
IS PR - AN R A B O TR TN L (e B
. (MBE) jail Uha b g b g salSlonad it D30 &5 il flan] Clica T it
a_q%;mﬂﬂij.{U}JJLuﬂfﬂlTheil_HlﬂJt[_RMSE)IL&hu_,HﬁﬁJﬁQ
o5 D Tada® B el 3 L o A a S s L A8 o Sl Lo (e 2030 DY)
:,__1_:;1;,.1154‘;51wrm@uuﬁ.ygﬁﬂwu.ﬁaﬂmﬁuﬁ
O I - R B L e e
P B B e g o e T g T
E.!_,_uu..l_pd_,.i_ﬁt_‘p‘ﬂwuuh_,Aiﬂdl:hpjim:-}-ﬂuﬁu_pm]f_gh}
PO TV SO PSRRI I S TV EA T g B S e e
T opn g ol ol y Gl ol e SN gy Al dygle J Ay la
E_'.l's:.,lﬂj.wﬁﬁkﬂ}uim'ildfﬂ)&ﬂ_ﬂ;mguJJ-A«;_HSSJ‘_']S'ISL.J

i skt g 8 SAGE ety andd 3138 (Hydrus 2D) cped <3 on g gl gassad T

‘ujﬁWZMJJ_,hjuahjjﬁﬁhﬁpuuﬁmwarﬁ)

Vol. 12 (3), 2007 545

—_—



I. Adv. Agric. Res. { Fac, Ag. Saba Basha)

Vol. 12 (3), 2007 546



