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Drip Irrigation Water Distribution Patterns: Effects 
of Emitter Rate, Pulsing, and Antecedent Water

Soil Physics

Drip irrigation is an increasingly popular method of irrigation. In the United 
States, drip irrigation (excluding microspray) is used on about 950,000 ha 

(National Agricultural Statistics Service, 2009, Table 6) and is the predominant 
form of irrigation on some high-value fruit and vegetable crops such as grape 
(Vitis vinifera L.), strawberry (Fragaria × ananassa Duchesne ex Rozier), tomato 
(Solanum lycopersicum L.), melon (Cucumis melo L.), and pepper (Capsicum ann-
uum L. var. annuum). Drip irrigation systems can deliver water effi  ciently and uni-
formly to emitters distributed around a fi eld; however, delivery of the water from 
each emitter throughout the rooting zone depends on soil hydraulic properties.

A constraint of drip irrigation is the number of emitters and laterals required 
to adequately deliver water to plant roots, as well as any nutrients or pesticides ap-
plied with the water. When horizontal water spreading is low, more emitters and 
laterals are required and system costs are higher. Larger water applications produce 
greater spreading, but in both the horizontal and vertical directions. Increased 
vertical spreading may be undesirable because water moving below the active root 
zone can result in wasted water, loss of nutrients, and groundwater pollution. Th us 
the goal is to maximize the relative horizontal to vertical water movement for a 
given water application. Relative horizontal water movement is lowest in well-
drained, coarse-textured soils, such as are found where many annual fruit and veg-
etable crops are grown with drip irrigation.
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Drip irrigation is more eff ective and less expensive if a large amount of soil can be wetted with each emitter without 
losing water or nutrients below the root zone. Th e distance that water spreads horizontally from a drip line and the 
volume of soil wetted are limiting factors that determine the spacing and number of drip lines and emitters, the 
frequency of irrigation, and thus the cost of irrigation. We used numerical simulations and fi eld trials to investigate 
the eff ects of application rate, pulsed water application, and antecedent water content on the spreading of water 
from drip emitters. Simulation results showed that pulsing and lower application rates produced minor increases 
in horizontal spreading at the end of water application. Th e small increases were primarily due to longer irrigation 
times, however, and not to fl ow phenomena associated with pulsing or low application rates. Moreover, the small 
increases mostly disappeared aft er the infi ltrated water had redistributed for a period of 24 h. Field trials confi rmed 
the simulation fi ndings, with no statistically signifi cant diff erence in wetting being found among fi ve water applica-
tion treatments involving pulsed applications and varying application rates. Th e simulations showed that higher 
antecedent water content increases water spreading from drip irrigation systems, but the increases were greater in the 
vertical direction than in the horizontal, an undesirable outcome if crop roots are shallow or groundwater contami-
nation is a concern. Overall, soil texture (hydraulic properties) and antecedent water content largely determine the 
spreading and distribution of a given water application, with pulsing and fl ow rate having very little impact.
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One specifi c case where horizontal wetting is critical is drip 
application of pesticides such as soil fumigants, an increasingly 
popular method of controlling pathogens, nematodes, and weeds 
(Ajwa et al., 2002; Trout, 2006). In California, approximately 
5000 ha of farmland was drip fumigated in 2005, and at present 
more than half of the strawberry acreage is drip fumigated (Ajwa 
et al., 2008). Drip fumigation is potentially safer than other meth-
ods of application (e.g., shank injection) because it requires fewer 
workers in the fi eld during application (Ajwa et al., 2008) and may 
also result in lower amounts of toxic gases emitted into the atmo-
sphere (Gan et al., 1998; Wang et al., 2001; Papiernik et al., 2004).

When fumigant and other pesticides are applied through a 
drip irrigation system, they are distributed through the soil by 
the infi ltrating water, with little movement beyond the wetted 
area (Ajwa and Trout, 2004). Control of pests and pathogens 
is thus maximized when the entire root zone is wetted by the 
drip system. Th e extent of horizontal spreading determines how 
closely emitters and tubing must be spaced to get complete treat-
ment of a planting bed, and thus how many drip laterals must be 
used and how much the system costs (Trout et al., 2005).

Factors aff ecting the spread of water from drip sources in-
clude various soil physical properties such as texture and structure 
(e.g., Warrick, 1974; Bresler, 1978; Cote et al., 2003; Th orburn 
et al., 2003; Gärdenäs et al., 2005). It has also been suggested 
that certain management techniques such as pulsed applications, 
high application rates, and preirrigation of soil beds may increase 
horizontal spreading of water and chemicals (e.g., Li et al., 2004). 
For example, some irrigation guidelines indicate that the emitter 
rate will signifi cantly aff ect the horizontal/vertical ratio of the 
wetted soil, with a higher emitter rate increasing the ratio (e.g., 
Brouwer et al., 1988, Fig. 64). Th ese guidelines were developed 
based on surface drip irrigation systems in which high applica-
tion rates cause water to pond and spread across the soil surface 
(Brandt et al., 1971; Bresler, 1978; Gärdenäs et al., 2005). When 
water ponds on the soil surface, however, control of the water 
distribution is jeopardized and surface evaporation loss increases. 
Surface ponding when applying fumigants is not allowed.

Water distributions emanating from subsurface drip sources 
under varying management scenarios were investigated in a model-
ing study by Cote et al. (2003). Th ey performed numerical simu-
lations of drip irrigation, which indicated that decreasing the dis-
charge rate slightly increased the dimensions of the wetted region, 
contrary to the surface drip guidelines noted previously. It is not 
clear, however, that the increases in wetting observed by Cote et al. 
(2003) were large enough to be of practical consequence, particu-
larly because the observations were made at the end of the simu-
lated water applications and before any water redistribution had 
occurred, which tends to reduce any diff erences in wetting (e.g., 
Skaggs et al., 2004). Cote et al. (2003) also investigated pulsed wa-
ter applications, which have been used in the past to obtain low, 
quasi-constant water application rates (Zur, 1976; Zur and Savaldi, 
1977; Assouline et al., 2006; Wang et al., 2006). Pulsing, according 
to Cote et al. (2003), is also “commonly perceived” to increase the 

lateral extent of wetting. Th ey concluded from their simulations, 
however, that pulsing has very little impact on water distribution.

As reviewed by Lubana and Narda (2001), a considerable 
literature exists on modeling water distributions under drip irri-
gation, including analytical models (e.g., Warrick, 1974; Bresler, 
1978; Andreas et al., 1993; Coelho and Or, 1997; Mmolawa and 
Or, 2000; Cook et al., 2003, 2006) and numerical simulations (e.g., 
Brandt et al., 1971; Cote et al., 2003; Leib and Jarrett, 2003; Skaggs 
et al., 2004). A number of the more recent numerical studies (e.g., 
Assouline, 2002; Cote et al., 2003; Skaggs et al., 2004; Gärdenäs et 
al., 2005; Lazarovitch et al., 2007; Provenzano, 2007; Dudley et al., 
2008; Roberts et al., 2009) have utilized the HYDRUS-2D simula-
tion model (Šimůnek et al., 1999). Skaggs et al. (2004) compared 
HYDRUS-2D simulations of drip irrigation with measured fi eld 
data and concluded that the simulations were suffi  ciently accurate to 
permit the meaningful study of drip management techniques.

In this work, we used a combination of HYDRUS-2D 
simulations and fi eld trials to determine the degree to which 
management practices related to application rate, pulsing, and 
antecedent water can be used to aff ect horizontal water spread-
ing from drip irrigation emitters. We considered water distribu-
tions emanating from thin-walled drip tubing installed just a few 
centimeters below the soil surface, a common irrigation system 
for the production of annual fruit and vegetable crops. Th e shal-
low burial protects the tubing and holds it in place, while allow-
ing relatively easy removal at the end of the year. Because such a 
small amount of soil exists above the line, the water distributions 
emanating from a shallow placement resemble “surface” drip ir-
rigation rather than “subsurface,” where burial is typically deeper.

MATERIALS AND METHODS
Numerical Simulations

Simulations of water infi ltration and redistribution under drip irri-
gation were performed using HYDRUS-2D (Šimůnek et al., 1999). Th e 
simulations followed the same approach used by Skaggs et al. (2004), 
which we briefl y summarize here. Th e HYDRUS-2D code simulates 
variably saturated water fl ow by solving the Richards equation using a 
fi nite-element method. Th e van Genuchten model of the soil hydraulic 
properties (water retention and hydraulic conductivity functions) was 
used. Th e hydraulic parameter values estimated by Skaggs et al. (2004) 
for their fi eld site, a Hanford sandy loam soil (coarse-loamy, mixed, 
superactive, nonacid, thermic Typic Xerorthent) were: residual water 
content θr = 0.021 m3 m−3, saturated water content θs = 0.34 m3 m−3, 
saturated hydraulic conductivity Ks = 1.6 cm h−1, and van Genuchten 
shape parameters n, α, and l = 1.4, 0.023 cm−1, and −0.92, respectively; 
these same parameter values were used in the current simulations so that 
the results could provide guidance for subsequent fi eld trials that are 
described below.

We assumed that a drip line with closely spaced emitters operates 
as a uniform line source, such that infi ltration and redistribution are two 
dimensional, occurring in the vertical plane perpendicular to the drip 
line. Skaggs et al. (2004) found that this was an acceptable approxima-
tion for the conditions of the current study, including a wetted width 
that was signifi cantly larger than the emitter spacing and soil water 
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content measurements that integrated any variability in the direction 
of the drip line (details of the sampling given below). Only the right 
side of the vertical profi le was simulated (the left  side being the mirror 
image of the right). Th e boundary of the fi nite element mesh was rect-
angular except on the left  edge, where a small semicircle curving inward 
represented the subsurface drip line. Th e 20-mm-diameter drip line was 
located 6 cm below the soil surface. Th e drip line boundary segment was 
specifi ed as a constant water fl ux during water application and as a no-
fl ow condition at other times. Th e left  and surface boundaries were also 
no-fl ow conditions (due to symmetry considerations and the specifi ca-
tion of no evaporation at the surface, respectively). Th e grid was made 
large enough (110 by 110 cm) so that the right and bottom boundaries 
did not aff ect the simulation results. Th e simulation method described 
so far is the same as that used in Skaggs et al. (2004), where additional 
details were given.

We performed a series of simulations in which three factors were 
varied: the discharge rate, the initial (antecedent) soil water content, and 
the application sequence. Th ree values or treatments were used for each 
factor, for a total of 27 simulation runs. Th e discharge rates were 2, 4, and 
6 L m−1 h−1 (equivalent to 2, 4, and 6 mm h−1 application rates for drip 
lines spaced 1 m apart). Th e spatially uniform initial water contents were 
0.06, 0.11, and 0.16 m3 m−3, the latter two water contents correspond-
ing approximately to the water content at 50% plant available water and 
33.3 kPa pressure head, respectively. Th e application sequences were a 
continuous application, a pulsed application in which water was applied 
in four equal segments that were interspersed with no-irrigation periods 
of the same duration (a sequence we refer to as pulsed), and a pulsed ap-
plication in which three equal application periods where interspersed 
with no-irrigation periods three times longer than the application peri-

ods (slow pulsed). Th e application sequences for the diff erent discharge 
rates are illustrated in Fig. 1. In all 27 treatments, the total amount of wa-
ter applied was identical, 40 L m−1 of drip tubing (equivalent to 40 mm 
with 1-m drip line spacing). Using the metrics described below, the simu-
lated soil wetting for each model run was characterized at the conclusion 
of the fi nal water application and again 24 h later.

Field Experiment
Following the simulation runs, we conducted fi eld trials of fi ve of 

the irrigation treatments. Th e experiments were conducted near Parlier, 
CA, at the USDA-ARS San Joaquin Valley Agricultural Sciences Center. 
Trials were performed in 2005, between 22 July and 2 September, and 
between 27 and 30 September. Th e site was located approximately 500 m 
from where the fi eld trials of Skaggs et al. (2004) were conducted. In an ef-
fort to thoroughly mix the soil profi le and eliminate any compacted layers, 
the Hanford sandy loam soil was deep cultivated to a depth of 0.7 m using 
4-cm-wide shanks on 75-cm spacings. Passes were made in two directions. 
Th e soil was then chiseled to 0.3 m, disked, and harrowed. Just before the 
start of the experimental trials, three diff erent 50-m lengths of commercial 
thin-walled drip tubing (drip tape) were installed 1.5 m apart and approxi-
mately 5 cm below the soil surface using commercial drip tubing instal-
lation equipment (Universal Shanks, Andros Engineering, Paso Robles, 
CA). Each length of tubing was subsequently sectioned into 4-m-long 
segments, which permitted the study of a diff erent water application se-
quence on diff erent segments. Th e three types of thin-walled drip tubing 
used were Toro Aqua-Traxx (Toro Agricultural Irrigation, El Cajon, CA) 
models EA5060834 (20-cm emitter spacing, 2 L m−1 h−1 output at line 
pressure of 38 kPa), EA5060650 (15-cm spacing, 4 L m−1 h−1 at 63 kPa), 

Fig. 1. Water application rates and sequences used in simulations of drip irrigation; F = treatment was also implemented in fi eld trials. All 
treatments total 40 L m–1 applied water.
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and EA5060867 (20-cm spacing, 6 L m−1 h−1 at 81 kPa). All tubing had 
16-mm outside diameters and 0.15-mm wall thicknesses.

As was the case with the simulations, the total water applied at 
the end of each irrigation treatment was 40 L m−1 of drip tubing. Since 
each segment of tubing was 4 m, each treatment resulted in an appli-
cation of 160 L of water. Not all of the treatments considered in the 
simulations were implemented in the fi eld. For the 2 and 6 L m−1 h−1 
application rates, only the continuous application sequence was investi-
gated (Fig. 1). For the 4 L m−1 h−1 rate, both continuous and pulsing se-
quences were tested (Fig. 1). Th e eff ect of the antecedent water content 
was not studied; all trials were performed at the prevailing soil water 
content, which was about 0.02 m3 m−3 at the soil surface, 0.06 m3 m−3 
at the 25-cm depth, and 0.04 m3 m−3 at the 60-cm depth. Four repli-
cations of the continuous application treatments were completed, and 
three replications of the pulse treatments were completed.

Water was supplied to the drip lines from a pressurized supply tank 
constructed from a 3-m section of 30-cm-diameter polyvinyl chloride 
pipe. Discharge pressure was regulated with an adjustable pressure regu-
lator to achieve the required fl ow rate. A graduated sight gauge on the 
side of the supply tank allowed the discharge fl ow rate and volume of 
applied water to be monitored and assure a total 160-L application.

During a trial, opaque corrugated plastic sheeting was laid over the 
wetted soil surface to reduce surface evaporation (the sheeting is visible 
near the top of Fig. 2). With a corrugation wavelength of about 5 cm, 
the sheeting contacted the soil only at a few locations and was presumed 
to not to aff ect wetting. No water ponding at the soil surface was ob-
served during any trial.

At the end of each irrigation sequence and approximately 24 h 
later, the sheeting was temporarily removed and a vertical soil profi le 
perpendicular to the drip tubing was exposed. Th e profi le for the second 
sampling of each trial (i.e., 24 h aft er completing irrigation) was exposed 
by shaving an additional 30 cm of soil from the exposed profi le. A grid 
was lightly etched on the profi le and a coordinate system established, 
with the origin at the soil surface directly above the drip tubing (Fig. 2). 
Th e location of the perimeter of the wetted soil was observed on the grid 
based on the color diff erence between wet and dry soil and was sketched 
on graph paper marked with the same coordinate system (the sketches 

were later scanned and the perimeter digitized). Soil water content mea-
surements were then made on a grid with 7.5-cm spacing. Measurements 
were made with a MiniTrase time domain refl ectometry (TDR) unit 
(Soilmoisture Equipment Corp., Santa Barbara, CA), with 30-cm-long 
probes that were inserted horizontally into the profi le face. Because the 
probe length was longer than the emitter spacing, it was assumed that 
the probe integrated any water content variability that existed in the di-
rection of the drip tubing and produced a representative measurement 
of the soil water content. Gravimetric water content was measured on 
soil samples obtained by pressing a 30-cm-long, 2-cm-diameter, slotted 
steel soil sampling tube (Oakfi eld Apparatus Co., Oakfi eld, WI) hori-
zontally into the profi le at selected coordinate positions, using the pro-
cedure described in Skaggs et al. (2004). Th e gravimetric measurements 
were used to verify the TDR probe measurements.

Th e soil bulk density was determined at several locations in the soil 
profi le with a Soilmoisture Model 0200 soil sampler (5.7-cm-diameter 
by 6-cm-long double ring manually inserted into the profi le wall). Th e 
measured bulk density ranged from 1.45 to 1.52 g cm−3, with an average 
value of 1.48 g cm−3.

Characterization of Water Distributions
Water distributions for simulated and fi eld-measured profi les were 

characterized in terms of the horizontal (H) and vertical (V) extents of 
the wetted area, as well as the ratio H/V. We defi ned H to be the one-
sided profi le width, measured horizontally from the vertical line passing 
through the drip tube to the furthest point on the wetted perimeter, 
while V was the depth of wetting below the soil surface. Th e distances 
H and V for the simulated profi les were determined using an algorithm 
that identifi ed the portion of the soil in which there had been an in-
crease in water content and determined the maximum distance that that 
region extended from the x and z axes. For the fi eld profi les, H and V 
were determined by visual inspection of the wetted perimeter sketches 
made in the fi eld. Some subjective judgment was required in this pro-
cedure; if a profi le was nonsymmetric about the vertical axis and H dif-
fered on the two sides of the profi le, an average value was used.

Additionally, the water distributions were characterized in terms 
of their moments (Lazarovitch et al., 2007):

, d dji
ijM x z x z x z  [1]

where Δθ(x,z) = θ(x,z) − θ0(x,z), θ is the water content, θ0 is the initial 
(antecedent) water content, and x and z are the horizontal and verti-
cal space coordinates, respectively. Th e zeroth spatial moment M00 is 
equal to the volume of applied water per unit length of drip tubing. Th e 
center of mass is located at the coordinate (xc, zc), where xc = M10/M00 
and zc = M01/M00. A measure of the spread of the water around its 
center in the x and z directions is given by σx

2 = M20/M00 − xc
2 and 

σz
2 = M02/M00 − zc

2, respectively. We also calculated the ratio σx/σz. 
Moments were computed using standard quadrature techniques follow-
ing the interpolation of data onto a uniform computational grid, using 
triangulation techniques for the simulated data and kriging with a lin-
ear variogram for the fi eld data. Th e digitized wetting perimeters were 
used in kriging and integrating the fi eld water content data, defi ning 
a line outside of which Δθ = 0. Th e initial water content distribution 

Fig. 2. Photograph of exposed wetting profi le with coordinate system 
etched on the face.
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was assumed to vary only in the z direction, 
θ0(x,z) = θ0(z), and a single θ0(z), deter-
mined by averaging soil water content mea-
surements made outside of the wetted zone, 
was used in calculations for all trials.

RESULTS AND DISCUSSION
Simulation Results

Results for the simulated water 
distributions are presented in Fig. 3 and 
4. We were interested in determining 
whether the management factors ex-
amined in the simulations aff ected the 
geometry of the wetted region and the 
distribution of water. In particular, we 
were interested to know whether the 
relative horizontal to vertical spreading 
of water could be aff ected.

Figures 3a to 3d show the horizon-
tal distribution metrics H and σx plot-
ted vs. the discharge rate. Figures 3a and 
3c are the water distributions simulated 
at the end of water application, whereas 
Fig. 3b and 3d are the distributions ob-
tained 24 h later. Figures 3a and 3c indi-
cate that, at the end of water application, 
both the application sequence and the 
application rate aff ected the horizontal 
spreading of the water. As was the case 
in the simulations of Cote et al. (2003), 
decreasing the application rate (and 
thus increasing the application time) in-
creased horizontal spreading at the end 
of the irrigation. Th e eff ect of the ap-
plication sequence was that slow pulsing 
produced the greatest spreading, puls-
ing produced an intermediate level of 
spreading, and continuous application 
produced the least spreading at the end 
of the irrigation. Figures 3b and 3d show, 
however, that aft er the applied water re-
distributed in the soil for 24 h, the data 
essentially collapsed onto three curves 
such that horizontal spreading depend-
ed almost exclusively on the antecedent 
water content, with the application rate 
and sequence having almost no impact. 
Th us any initial changes in soil wetting 
brought about by varying either the ap-
plication sequence or the application rate were eliminated once the 
water redistributed in the soil. Th e observed increase in spreading 
with higher antecedent water was expected because less pore space 
was available to hold the applied water.

Additional insight into the eff ect of the application rate and 
sequence on H and σx can be gained by plotting the data in Fig. 3 
vs. the irrigation time rather than discharge rate. Irrigation time is 
defi ned to be the time elapsed between the start of irrigation and 
the completion of the 40 L m−1 water application (see Fig. 1). 

Fig. 3. Values of the parameters (H and V, horizontal and vertical extents, respectively, of the wetted 
perimeter; σx and σz, square root of the second central moment in the x and z directions, respectively) 
characterizing simulated soil water destributions for differing water application rates, application 
sequences, and antecedent water contents.
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Th us for a continuous application, the irrigation time is simply the 
duration of the water application. For a pulsed application, the ir-
rigation time is the time elapsed between the start of irrigation and 
the completion of the fi nal water application, including the inter-
spersed periods when water is not being applied. In Fig. 4a and 4c, 
the data now fall onto one of three curves depending on the ante-
cedent water content. Th is indicates that H and σx at the end of ir-
rigation depended on the application sequence only because of dif-

ferences in the time required to apply the 
water (i.e., the average application rate). In 
other words, for a given antecedent water 
content, any sequence and rate combina-
tion requiring, say, 20 h to apply 40 L m−1 
of water would produce, at the end of ir-
rigation, the same horizontal spreading as 
any other combination also requiring 20 h. 
Th is is demonstrated, for example, in Fig. 
4a and 4c, where on each curve there are 
three nearly overlapping data points in the 
vicinity of 20 h. Th ese data points are for 
continuous, pulsed, and slow pulsed se-
quences utilizing diff ering discharge rates 
such that the required irrigation times 
were 20 h, 17.5 h, and 20 h, respectively 
(see Fig. 1). For these three very diff erent 
water applications, the horizontal spread-
ing at the end of irrigation was essentially 
identical because the irrigation times were 
about the same.

Figures 4b and 4d reaffi  rm that aft er 
24 h of redistribution, horizontal water 
spreading for a given antecedent water 
content was essentially the same for all ap-
plication rates and sequences. Moreover, 
those plots show that the small amount 
of variation in wetting that did exist aft er 
24 h was related to irrigation time, with 
shorter irrigation times corresponding to 
less spreading.

Th e results for relative horizontal 
spreading, as quantifi ed by H/V and σx/
σz, are shown in Fig. 3e to 3h and 4e to 4h. 
Excluding a couple of exceptions that will 
be noted subsequently, the general trends 
indicated in Fig. 3e to 3h may be summa-
rized as: (i) decreasing the application rate 
increased the relative horizontal spread-
ing; (ii) decreasing the antecedent water 
content increased the relative horizontal 
spreading; (iii) the slow pulsed application 
sequence produced the largest relative hor-
izontal spreading, followed by the pulsed 
and continuous sequences, respectively; 
and (iv) the relative horizontal spreading 
was slightly greater aft er 24 h of redistribu-

tion compared with the initial water distribution. Exceptions to 
these trends occurred for the treatments combining the highest 
antecedent water content (0.16 m3 m−3) with the lower fl ow rates 
(4 and especially 2 L m−1 h−1); however, these deviations may be 
artifacts due to the simulation design and analysis. Th e uniform 
initial water content profi les were close to but not completely at 
equilibrium, and some drainage of antecedent water did occur. 

Fig. 4. Values of the parameters (H and V, horizontal and vertical extents, respectively, of the 
wetted perimeter; σx and σz, square root of the second central moment in the x and z directions, 
respectively) characterizing simulated soil water destributions plotted vs. irrigation time. Irrigation 
time is the elapsed time between the start and end of water application.



1892 SSSAJ: Volume 74: Number 6  •  November–December 2010

Although the drainage rates were low, some of the pulsed simula-
tions lasted as long as 84 h (Fig. 1), and at the higher initial water 
contents the downward fl ow may have been suffi  cient to aff ect the 
water distribution or its delineation, increasing slightly the appar-
ent vertical spreading of the water plume. A small change in V of 
only a centimeter or two is all that would be required to bring the 
data points in line with the others.

Figured 4e to 4h demonstrate that the observed variations 
in H/V and σx/σz are also related to the irrigation time, with 
shorter irrigation times corresponding to less relative horizontal 
spreading. Th e data in these plots exhibit more scatter than those 
in the top half of the fi gure, but the general trends are neverthe-
less clear. Th e probable reason for less relative horizontal spread-
ing with shorter irrigation times is that the higher average ap-
plication rates initially produced higher soil water contents near 
the drip tube, resulting in greater downward water fl ow due to 
gravitational forces.

All of the observed variations indicated in Fig. 3 and 4 for 
H/V and σx/σz are relatively minor and not likely to be useful to 
irrigators trying to aff ect relative horizontal spreading. Th e maxi-
mum variation among all treatments is 13%, with most variations 
<10%. As an illustration, Fig. 5 shows the perimeter for two wet-
ted regions with the same V but with H/V ratios that correspond 
approximately to the simulated range (0.85–0.95). As a practi-
cal matter, the diff erence between those two profi les is probably 
too small to aff ect tubing spacing or pollution potential because 
the diff erence is probably less than the variation in wetting one 
would expect to fi nd in a fi eld due to natural soil variability (see, 
e.g., the fi eld results below). For the simulated soil, it does not 
seem possible to substantially aff ect relative horizontal spreading 
through the management of application rate, pulsing, and ante-
cedent water content.

Field Results
 Time Domain Refl ectometry Calibration

Figure 6a shows the relationship between the apparent 
dielectric constant (Ka) and volumetric water content (θ). 
Th e data points in the fi gure are the subset of the moisture 
content data in which water content was measured with both 
TDR and gravimetric methods. Because no apparent trend 
in the bulk density data existed, the average value of 1.48 g 
cm−3 was used to convert the gravimetric water content data 
to volumetric water content. Also shown in Fig. 6a are three 
curves relating Ka and θ: the default MiniTrase TDR cali-
bration curve, the Topp equation (Topp et al., 1980), and a 
fi tted cubic polynomial. Only marginal diff erences existed 
with regard to the agreement of the three curves with the 
data. We chose to use the default MiniTrase curve to relate 
Ka to θ.

Figure 6b shows the result of converting Ka to θ with 
the MiniTrase curve, again using the subset of data for which 
gravimetric measurements were available. Figure 6b shows that 
the TDR water contents tended to be higher than the gravi-

metric measurements, especially at very low soil water contents. 
A least squares linear regression comparison of the TDR and 
gravimetric data produced a slope that was not signifi cantly dif-
ferent than one, but the intercept was signifi cantly larger than 
zero (Fig. 6b, R2 = 0.94). When gravimetric water content data 
<6% were excluded, the slope was not signifi cantly diff erent than 
1 and the intercept was not signifi cantly diff erent than zero (Fig. 
6b, R2 = 0.92).

Fig. 5. Schematic illustration of two wetting perimeters with the same 
vertical extent, V, but differing horizontal extents, H.

Fig. 6. (a) Relationship between the apparent dielectric constant (Ka) and 
gravimetrically determined volumetric water content (θ). The three curves 
shown along with the measured data are: the default MiniTrase time domain 
refl ectometry (TDR) calibration curve; the Topp equation θ(%) = (−530 + 
292Ka −5.5Ka

2 + 0.043Ka
3)10−2 (Topp et al., 1980); and the fi tted cubic 

polynomial equation θ(%) = (−1488 + 559Ka − 27Ka
2 + 0.52Ka

3)10−2; and 
(b) a comparison of volumetric water contents measured with the MiniTrase 
TDR and gravimetric methods.
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Water Distributions
Although the procedures used in the current fi eld experiment 

were very similar to those used previously by Skaggs et al. (2004), 
it was apparent during the experiment that some diff erences ex-
isted in the observed wetting compared with the earlier study. 
Whereas the wetting perimeters observed by Skaggs et al. (2004) 
resembled approximately a semicircle as predicted by theory for 
homogeneous soils and line sources close to the surface, the cur-
rent experiment produced in many instances wetting perimeters 
that appeared “pinched in” near the surface and were more ellipti-
cal in shape than semicircular. A greater degree of asymmetry was 
also observed in the wetting profi les of the current experiment. 
Several factors probably contributed to these diff erences. First, 
during the current experiment, the average daytime high tempera-
ture was 36°C, with low relative humidity and only 1 cm of cu-
mulative precipitation. Due to these atmospheric conditions and 
pre-experiment tillage, the top few centimeters of the soil were 
extremely dry and appeared to absorb water relatively slowly, prob-
ably due to its very low hydraulic conductivity and possibly due 
to a degree of hydrophobicity. Th e result was a wetting perimeter 
that appeared pinched in near the surface, especially at the time of 
the second sampling (24 h aft er the end of water application). An 
example is shown in the lower left  plot of Fig. 7. Second, the pre-
experiment soil cultivation appeared to be only partially successful 
in homogenizing the soil. In several trials, a lower conductivity soil 
layer at a depth of about 30 to 40 cm appeared to slow downward 

penetration of the infi ltrating water. Lastly, the initial volumetric 
water content varied with depth: between 2 and 3% in the top 10 
cm (approximately), about 4% between 10 and 20 cm, about 6% 
between 20 and 35 cm, and 3 or 4% below 35 cm. Th e higher con-
ductivity of the moister layer between 20 and 35 cm probably im-
pacted the shape of the wetting perimeter (demonstrated below).

In total, 18 fi eld trials were run using fi ve treatments: four 
replications each of the 2, 4, and 6 L m−1 h−1 continuous treat-
ments and three replications of the pulsed and slow pulsed treat-
ments, with all pulse treatments being conducted at an applica-
tion rate of 4 L m−1 h−1. For each trial, the water distribution 
was measured at the end of water application and again 24 h 
later, for a total of 36 measured water distributions. Parameter 
values characterizing the measured water distributions for the 
fi ve experimental treatments are given in Table 1. Th e parameters 
reported are M00, xc, zc, σx, σx/σz, H, and H/V.

Th e volumes of applied water estimated by the calculated 
zeroth spatial moments (M00) of the 36 measured distributions 
ranged from 25 to 43 L m−1, with an average value of 33 L m−1 
and a standard deviation of 4.4 L m−1 (Table 1). Th e water vol-
umes calculated for the 18 distributions measured at the end of 
water application were lower than those calculated for distribu-
tions obtained aft er 24 h of redistribution, 31 vs. 34 L m−1 (sig-
nifi cant at the 0.05 probability level). Th e reason the calculated 
water volumes were, on average, lower than the actual applied 
value of 40 L m−1 is unknown, but several factors may have con-

Fig. 7. Sample pair of measured and predicted water distributions for a continuous application at a rate of 4 L m−1 h−1. The fi lled circles show 
the position of the drip line. In the measured profi le plots, the dashed line indicates the observed wetting perimeter and the × symbols show the 
locations of the water content measurements.
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tributed to the discrepancy. As noted above, the TDR measure-
ments tended to overestimate the soil water content, especially 
at very low water content (Fig. 6). Overestimating the initial 
water content, θ0, would lead to an underestimation of the ap-
plied water, M00 (see Eq. [1]). For example, if the wetted soil in 
the exposed profi le had an area of 0.15 m2, overestimating θ0 by 
0.02 m3 m−3 would result in an underestimation of M00 by 3 L 
m−1 (assuming the wetted soil water content, θ, was measured 
accurately). Another possible factor was that the corrugated 
plastic did not completely eliminate evaporative water losses. 
Calculations done with HYDRUS-2D indicated that evapora-
tion could have accounted for a 1 to 3 L m−1 loss of water de-
pending on the assumed eff ective evaporation rate. On the other 
hand, both the TDR and evaporation explanations of the error 
are inconsistent with the observation that the error was larger in 
the fi rst sampling: both mechanisms should have led to a larger 
error in the second sampling due a larger wetted area in the case 
of TDR and a longer elapsed time in the case of evaporation. A 
third possible contributing factor for the error is that the 7.5- by 
7.5-cm sampling grid was not suffi  cient to permit an accurate in-
terpolation and integration of the water distribution. In this case, 
the error might be greater in the fi rst sampling because steeper 
water content gradients existed. In sum, while we speculate that a 
number of factors possibly contributed to the mass balance error, 
the explanations are not completely satisfactory and the actual 
cause(s) are unknown.

We used ANOVA to assess whether, in either sampling, any 
of the fi ve experimental treatments produced a signifi cantly dif-
ferent value for any of the parameters shown in Table 1. A one-
way ANOVA found that, at the 0.1 level, none of the observed 
parameters were signifi cantly diff erent in any of the fi ve experi-
mental treatments. Th us, consistent with the simulation results, 
neither pulsing nor the application rate had a signifi cant eff ect 
on the observed water distribution, particularly the relative hori-
zontal water spreading.

Comparison of Field Data with Model Predictions

So that the fi eld results could be compared quantitatively 
with the model predictions, we reran the model simulations using 
the fi eld-measured initial water content distribution instead of the 
uniform distribution assumed in the simulations above. Figure 7 
shows contour plots for a typical pair of measured and predicted 
water distributions. Figure 8 compares the predicted water distri-
bution parameter values with the values determined from the fi eld 
measurements. Figures 8e to 8j show that predictions for relative 
horizontal spreading (H/V and σx/σz) and the depth of the center 
of mass (zc) were generally consistent with the fi eld data; however, 
Fig. 8a to 8d show that horizontal water spreading in the fi eld was 
less than predicted by the model, particularly in the distributions 
measured 24 h aft er the end of water application. At the end of 
water application, the predictions of H and σx were above the fi eld 
mean value for all fi ve irrigation treatments, although in three of 
the treatments the predicted values fell within the estimated 95% 
confi dence bounds (Fig. 8a and 8c). On the other hand, predic-
tions of H and σx for the later distributions were all well above the 
estimated confi dence intervals for the fi eld values (Fig. 8b and 8d).

Th e reason for the disagreement between the data and model 
predictions is not known. Th e simulations were made assuming a ho-
mogeneous soil profi le with hydraulic properties taken from Skaggs 
et al. (2004). It is likely that computations made with site-specifi c hy-
draulic properties, perhaps accounting for the previously noted less 
conductive layers at the surface and 30- to 40-cm depths, would pro-
duce simulated wetting in closer agreement to that observed in the 
fi eld. In any event, it is interesting to note that the nonuniform initial 
water content profi le, which had a slightly wetter layer at 20 to 35 cm 
and which perhaps arose in the fi eld due to the less conductive layer 
at 30 to 40 cm, had some eff ect on the shape of the simulated wet-
ting perimeters, making them less semicircular than profi les typically 
obtained under uniform initial conditions. For example, the 6% con-
tour in the lower right plot of Fig. 7 shows a very slight outward bulg-
ing between 15 and 25 cm. Th e eff ect is minor, but it reinforces the 
previously noted importance of antecedent water on wetting.

Table 1. Water distribution parameters† obtained from fi eld trials with 40 L m−1 water application.

Water application
M00 xc zc σx σx/σz H H/VSequence Rate Trials

L m−1 h−1 no. L m−1 ——————— cm ——————— cm
First sampling (end of water application)

Continuous 2 4 31 ± 5‡ 0.3 ± 2 15 ± 3 14 ± 2 1.7 ± 0.4 33 ± 6 0.94 ± 0.2

Continuous 4 4 32 ± 8 0.3 ± 1 15 ± 4 13 ± 1 1.6 ± 0.4 28 ± 3 0.81 ± 0.2

Continuous 6 4 30 ± 6 0.7 ± 2 13 ± 1 13 ± 1 1.6 ± 0.2 29 ± 3 0.85 ± 0.2

Slow pulsed 4 3 31 ± 4 −0.3 ± 1 14 ± 3 14 ± 1 1.6 ± 0.3 30 ± 4 0.85 ± 0.2

Pulsed 4 3 33 ± 2 0.7 ± 1 16 ± 7 13 ± 1 1.4 ± 0.7 30 ± 4 0.76 ± 0.4

Second sampling (24 h later)

Continuous 2 4 34 ± 11 −0.5 ± 1 18 ± 2 15 ± 2 1.5 ± 0.2 35 ± 3 0.81 ± 0.1

Continuous 4 4 35 ± 12 0.9 ± 2 19 ± 4 16 ± 2 1.5 ± 0.1 35 ± 5 0.77 ± 0.1

Continuous 6 4 34 ± 6 1.6 ± 4 18 ± 3 15 ± 2 1.5 ± 0.3 36 ± 6 0.80 ± 0.1

Slow pulsed 4 3 34 ± 6 −0.4 ± 4 19 ± 8 16 ± 1 1.5 ± 0.3 37 ± 5 0.81 ± 0.1
Pulsed 4 3 34 ± 9 0.6 ± 2 20 ± 5 15 ± 2 1.3 ± 0.2 34 ± 2 0.70 ± 0.1
† M00, zeroth spatial moment; xc and zc, horizontal and vertical coordinate locations, respectively, of center or mass; θx and θz, square root of the 
second central moment in the x and z directions, respectively; H and V, horizontal and vertical extents, respectively, of the wetted perimeter.
‡ 95% confi dence intervals computed according to Student’s t distribution.
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SUMMARY AND CONCLUSIONS
Th e distance that water spreads horizontally from a drip line 

is important because it determines the required emitter spacing, 
the number of drip lines, and the cost of the system. In this work, 

model simulations were used to test the eff ects of the water appli-
cation rate, pulsing, and antecedent soil water content on soil wet-
ting from drip systems. Simulations for a Hanford sandy loam soil 
showed that low antecedent soil water content and low applica-

Fig. 8. Comparison of measured and predicted water distribution parameters (H and V, horizontal and vertical extents, respectively, of the wetted 
perimeter; σx and σz, square root of the second central moment in the x and z directions, respectively; zc, depth of center or mass) for differing 
irrigation rates and sequences.
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tion rates, whether achieved by low-discharge emitters or pulsing, 
slightly increased the relative horizontal to vertical water spread-
ing. Th e increases were attributable to longer irrigation times and 
not due to fl ow phenomena associated with pulsing; however, 
the eff ects of pulsing, application rate, and antecedent water on 
the horizontal/vertical ratio of the wetted soil volume were gen-
erally <10% and not large enough to be of practical signifi cance. 
Increasing the antecedent water content increases water spreading 
in both directions, which is undesirable where root zones are shal-
low, water is scarce, or groundwater contamination is a concern.

Five of the irrigation treatments investigated in the simula-
tions were tested in fi eld trials. Th e results confi rmed the conclu-
sions of the simulations: none of the treatments involving diff er-
ing emitter discharge rates and pulsing protocols produced soil 
wetting that was signifi cantly diff erent from any of the others.

It was not unexpected that drip management parameters 
other than antecedent soil water content would have only mini-
mal impacts on soil water distributions. Soil hydraulic properties 
and water content are the primary factors determining the soil 
capillary forces that drive horizontal water movement. It is not 
possible, for example, to use higher application rates to “push” 
water out through soils from drip lines. In fact, as indicated by 
the simulations here and elsewhere (e.g., Cote et al., 2003), high 
discharge rates from a subsurface source tend to increase verti-
cal spreading more than horizontal. In practice, the soil wetting 
that will be realized from drip application of a given volume of 
water will be determined by the texture (hydraulic properties) of 
the soil and the antecedent soil water content and will be not be 
signifi cantly impacted by the discharge rate or pulsing.
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