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Summary

The performance of an irrigation system is most often
described in terms of its distribution uniformity. The
standard procedure for measuring irrigation distribu-
tion uniformity does not take into account the spatial
variability of water in the soil following irrigation events.
This research was initiated to evaluate the irrigation
distribution uniformity of golf course irrigation systems
and soil moisture distribution uniformity following
their application. The lower quarter distribution uniform-
ity (DULQ) at five courses averaged 55 % and ranged
from 45 to 63 %. Soil moisture lower quarter distribu-
tion uniformity (SMDULQ) was 11 to 20 % higher than

irrigation distribution uniformity. Semivariance analy-
sis revealed a strong spatial relationship for irrigation
distribution. However, spatial analysis of soil moisture
was not consistent with the variability in irrigation deliv-
ery. It was concluded that the interaction of soil prop-
erties with turfgrass, not irrigation delivery, is the most
significant contributing factor to soil moisture uniform-
ity. From this study it was concluded that irrigation
distribution should not be the only measure of irriga-
tion system performance when considered in the con-
text of water availability.
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Introduction

An irrigation system’s performance can be described in
terms of distribution uniformity. The basic concept behind
irrigation uniformity is to distribute water evenly over the
intended surface. The more uniform a water application,
the less operating time an irrigation system needs to make
up for poor coverage and the less water is used. For this
reason, distribution uniformity is an indication of irriga-
tion efficiency. Uniformity is primarily related to the design
and mechanical performance of the irrigation system and
can be measured by a statistical value called the lower
quarter distribution uniformity (DULQ) (IA 2003).

There are several ways to calculate distribution uni-
formity, but the DULQ method is most commonly used for
golf course systems. This methodology has been used by
the United States Department of Agriculture (USDA)
since the 1940’s (ASCOUGH and KIKER 2002). The United
States’ Irrigation Association (IA) suggested that a DULQ
of 70 % is expected and anything less than 55 % uniform-
ity should be considered “poor” (IA 2003). PITTS et al.
(1996) evaluated the performance of 385 irrigation sys-
tems. Based on the evaluations, they reported average
DULQ for agricultural sprinklers, micro-irrigation, furrow
irrigation, and large turf irrigation systems was 65, 70,

70, and 49 %, respectively. The large turf irrigation sys-
tem DULQ values in their study ranged from 25 to 75 %.

Although DULQ is a good indicator to express the distri-
bution of sprinkler water application on the ground surface,
research with agriculture-based irrigation has shown that it
may under estimate the uniformity of irrigation water distri-
bution below the ground surface (LI and RAO 2000). Irriga-
tion non-uniformity has also been linked to decreased
yields, however some researchers have reported that spa-
tial variability of soil texture, elevation, and soil water
redistribution are more important factors affecting crop
yield (WARRICK and GARDNER 1983). The effects of non-
uniformity of sprinkler water application and soil mois-
ture research is limited in turfgrass irrigation evaluations.

The objective of this study was to evaluate the perfor-
mance of turfgrass irrigation systems on golf courses lo-
cated in the Central Florida and to determine if irrigation
distribution was the primary influence on soil moisture
distribution for the tees, fairways, and greens.

Materials and Methods

A field investigation on golf course irrigation distribution
was conducted at five golf courses in the Central Florida
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ridge area from January 2002 to April 2003. The native
soil for this area is an Entisol with characteristic low soil
organic matter (0.5 to 1.0 %), high hydraulic conductiv-
ity (3 to 19 cm h–1), and low cation exchange capacity
(2 to 4 cmol kg–1) (OBREZA and COLLINS 2008). Each of the
courses selected had a computerized irrigation control
system less than five years old. Three holes at each course
were chosen by the superintendent and considered to be
a fair representation of the entire course. Global Position-
ing System (GPS) technology was used to map each of
the three holes at each golf course. These maps included
sprinkler head location, brand and model of sprinklers,
layout of the tees, fairways, greens, and their represent-
ative area. Maps were used to determine the spacing of
sprinklers and for data entry during the study. All sprin-
klers evaluated in this study were rotor heads (Rainbird
950/900, except Course D that used Toro 780).

From March through May of 2002, irrigation audits were
performed at each of the five courses. The audits were
conducted using the agricultural methods of ANSI/ASAE
S436.1 MAR 01 Standards (ASAE 2001), and using the eval-
uation methodology described in the Irrigation Associa-
tion of America’s Certified Golf Course Irrigation Auditor
training manual (IA 2003). Procedures in this study dif-
fered from the ASAE standards for agricultural systems
due to the specialized design of golf course irrigation sys-
tems requiring a greater number of catch-cans placed in
the testing areas.

The catch-cans used in this study had an opening diam-
eter of 7.6 cm and a depth of 10.8 cm. For tee complexes
(all tees) and greens, catch-cans were placed in a grid pat-
tern on 3-m centers over the entire surface. The number
of catch-cans used to determine uniformity on tee com-
plexes varied between 48 and 205, depending on the size
of the area investigated. The number of catch-cans used
to determine uniformity of the greens varied between 44
and 138. For fairways, catch-cans were placed in a grid pat-
tern on 9-m centers throughout the entire fairway and the
primary rough if irrigated. The number of catch cans used
to determine the uniformity of fairways varied between
63 and 147.

ASAE standards (ASAE 2001) were followed for wind
speed measurements. To limit the effects of wind the test
were conducted at night. Wind speeds were taken using a
Skywatch Meteos handheld anemometer with an accuracy
of ± 5 % (JDC Electronic, Switzerland) prior to the catch-
can test and thereafter at 20 min intervals. If the wind speed
exceeded 5 m s–1 prior to the test, the test was delayed until
the wind speeds were within the recommended limit.

Once the catch-cans were laid out, volumetric soil mois-
ture measurements (1.0 % resolution) over a 20-cm depth
were taken at each catch-can using the Field Scout TDR
300 Soil Moisture Probe (Spectrum Technologies, Aurora,
IL). The two moisture probes used were previously cali-
brated in a laboratory using predetermined water content
in sand soils similar in particle size and distribution to
these on the test golf courses (KARGAS et al. 2013). These

golf courses had not been fertilized within two weeks of data
collection. Within 48 h of fertilization, the golf courses
were irrigated with at least 1.25 cm water, therefore pre-
venting confounding influences from salts. Immediately
following soil moisture measurements, each irrigation sta-
tion was turned on for its entire testing runtime. The num-
ber of sprinklers operating at one time was representative
of the normal operating conditions of that particular sys-
tem. Each location within individual courses received the
same irrigation runtime. The test runtime on fairways and
tees of the five courses ranged between 20 and 30 min
per zone and greens between 10 and 30 min per zone.
A controller malfunctioned during the test on one green
(Course E) resulted in erroneous data, so those data were
excluded from mean DULQ calculation.

During the catch-can test, irrigation pressures for rotor
sprinklers were tested with a pressure gauge and pitot tube
held 0.6 cm away from the main nozzle. Fairway pres-
sures were checked at the beginning, middle, and end of
the fairway. On greens, pressures were checked at each
sprinkler. Sprinkler throw distances were measured dur-
ing the catch-can test on the same sprinklers evaluated for
pressure. The throw distance of the water was measured
upwind from the sprinkler and downwind from the sprin-
kler if the wind was measured greater than 2 m s–1. If wind
was measured below 2 m s–1 only one throw measurement
was taken. These audit steps were taken to determine inputs
that may influence system performance. Collected water
in each catch-can was measured using a 500 mL graduated
cylinder and recorded for further analysis. Post irrigation
soil moisture readings were taken at each catch-can using
the same methodology as pre-test measurements.

At the time of testing, soil core samples (10 cm-wide
and 15 cm-deep) were taken from the tees, fairways, and
greens. Samples were oven dried at 105°C for 24 h. After
initial sieving to remove stones and plant debris, separation
of particle sizes was performed using United States Depart-
ment of Agriculture standard sieve numbers between 270
(0.05–0.10 mm) and 10 (> 2 mm). Separated soil fractions
were weighed and recorded.

Lower quarter distribution uniformity (DULQ), was
calculated from the catch-can data using the equation:

Eq. [1]

where DULQ = Lower quarter distribution uniformity
(percentage), Avg, LQ = average volume of the lower
25 % of the sample, and Average = average volume of
the total samples. Soil moisture lower quarter uniformity
(SMDULQ) was used to quantify the uniformity of soil
moisture in the turfgrass rootzone. SMDULQ was defined
as:

Eq. [2]

where SMDULQ = Lower quarter soil moisture distribu-
tion uniformity (percentage), Avg. SMLQ = average soil

DULQ
AVG.LQ

AVERAGE
--------------------------- 100×=

SMDULQ
AVG.SMLQ
AVERAGE

------------------------------ 100×=
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moisture of the lower 25 % of the sample, and Average
= average soil moisture of the total sample.

Data were analyzed using analysis of variance (SAS
ver. 8, SAS Institute, Cary, NC). Mean separation was
accomplished by using Fisher’s least significance-differ-
ence test for the determination of differences among means
for effects of golf course, location, and their interactions.
Geostatistical software (GS+, Gamma Design Software,
St. Plainwell, MI) was used to analyze the spatial struc-
ture of the data and to define the semivariograms. Semi-
variance analysis was used to estimate the range over
which irrigation delivery and soil moisture on the greens
was related. Selection of the models for semivariograms
was made principally on visual fit and r2 of the regres-
sion. Semivariograms were used to evaluate the semivar-
iance statistic between spatially separate data points as a
function of the distance.

Results and Discussion

Analysis of variance revealed that DULQ was influenced
by golf course and location within golf course (Table 1).
The average DULQ for the five golf courses tested was 55 %.
None of the courses evaluated had an average DULQ that
equaled or exceeded a DULQ of 70 %, although there were
locations within golf courses that did exceed 70 % DULQ.
However, four of the five golf courses evaluated had aver-
age DULQ values greater than the 49 % average DULQ
reported by PITTS et al. (1996) for large turf irrigation sys-
tems.

Golf course D had the highest average DULQ of all the
courses (Table 2). This result was influenced by the high
fairway (66 %) and green (65 %) DULQ’s. There was very
little pressure variation among sprinklers in the fairway.
The pressures measured ranged between 340 and 414 kPa
and were within the recommended pressures of the man-
ufacturer (TORO 2005). Sufficient sprinkler overlap was
also achieved on the fairways at this course. The average
ratio of sprinkler spacing to throw distance was 1.12. The
sprinkler spacing on the fairways was 23 m; whereas
throw distances ranged between 24 and 27 m. The greens
at this course had pressure measurements ranging from

340 to 414 kPa, with 88 % operating at 414 kPa. Greens
also had sufficient sprinkler overlap at this course. The
average sprinkler spacing to throw ratio was 1.06. Sprin-
klers on the greens were spaced at 23 m, with throw dis-
tances ranging from 20 to 26 m. The high average DULQ
at this course was the result of sprinklers installed and
operating within the manufacturer’s specifications.

Golf course E had an average DULQ lower than any other
course (Table 2). This result was influenced by the low
green DULQ (31 %). There were significant pressure vari-
ations on one of the greens tested and insufficient sprin-
kler overlap on two greens. The green with significant
pressure variation had all four sprinklers operating at dif-
ferent pressures. The pressures measured ranged from 207
to 345 kPa. Only one sprinkler was operating within the
recommended pressures suggested by the manufacturer
(RAINBIRD 2002). The sprinkler spacing on the greens was
23 m with throw distances ranging from 17 to 28 m. The
combination of variability in pressures and only one sprin-
kler operating within the manufacturer’s specifications is
likely what contributed to the poor distribution uniform-
ity for the greens at this course.

Analysis of DULQ by location within golf course resulted
in similar measured values except for golf courses A and
E (Table 2). The average DULQ of the greens at golf course
A was measured to be 82 % greater than the fairway and
21 % greater than the tee. The large difference between
the green and fairway can be attributed to variability in
fairway DULQ values. The fairway with 28 % DULQ had
several malfunctioning heads. A number of sprinklers in
this fairway were either not rotating smoothly, not level,
or were leaking. None of the sprinklers tested in this fair-
way had the recommended head-to-head coverage. The
sprinkler spacing for this fairway varied between 24 to
27 m with throw distances varying between 20 to 23 m.
Eighty-three percent of the sprinklers evaluated were oper-
ating below the minimum pressure requirements of 345 kPa
(RAINBIRD 2002).

Golf course E had differences in DULQ among all three
locations (Table 2). The differences among the green and
the other locations are likely the result of the greens oper-
ating pressure below the manufacturer’s recommenda-
tions. Differences among the tee and fairway were likely

Table 1. Mean squares for the analysis of variance on lower quarter irrigation distribution uniformity and soil moisture
lower quarter distribution uniformity as influenced by golf course and location (green, tee, fairway).

Source of variation df Irrigation F value† Soil F value†

Golf course 4 7.09*** 3.15*

Location (Golf course) 10 5.13*** 1.63 ns

Error 29

† *, *** significant at P = 0.05, 0.001
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the result of incorrect nozzles. The nozzles at both loca-
tions were achieving head to head coverage on the sprin-
klers tested. Therefore, it was concluded that the only other
factor that could affect uniformity would be the perfor-
mance of the nozzles.

The average lower quarter distribution of soil moisture
(SMDULQ) was greater than 65 % for all golf courses,
although the average catch-can lower quarter distribu-
tion uniformity (DULQ) of sprinkler water varied from 45
to 63 % (Fig. 1). These results support those of LI and RAO

(2000) who evaluated the effect of sprinkler irrigation uni-
formity on wheat crop yields. They reported that irrigation
uniformity coefficients of water in the soil were always
greater than 90 % although the uniformity coefficients of
water application varied from 57 to 89 %. They attributed
these differences to winter wheat canopy interception and
redistribution of sprinkler water in the soil.

Analysis of variance revealed that SMDULQ was influ-
enced by golf course and not by location within golf
course (Table 1). It was hypothesized that differences in
SMDULQ among golf courses would be the result of differ-
ences among DULQ. However, there was no correlation
between SMDULQ and DULQ for this study. In agricultural
research, studies have shown that variability in soil tex-

ture may influence differences between irrigation uni-
formity and soil moisture uniformity (WARRICK and GARDNER

1983).
Particle analysis for this study revealed, that there was

general consistency among golf courses and their soil par-
ticle size distribution. All the courses had soils with the
majority of the particles in the coarse (0.5–1.0 mm) to
medium (0.25–0.5 mm) sand range (Table 3), although
the proportion within these two sizes did vary among
courses. Therefore we were unable to conclude that soil
particle size variability was likely the entire cause of differ-
ences in SMDULQ among golf courses. Results of this study
suggested that differences in SMDULQ among golf courses
were not influenced by DULQ. Therefore, it could only be
speculated that these differences were also influenced by
soil and topography characteristics.

Estimates in range (a) indicated that irrigation distri-
bution had a strong spatial relationship (Fig. 2 and 3).
Spherical models were defined for irrigation distribution on
the greens at all five golf courses. A consistent sill result-
ing in a range of 13 (± 2) was noted for all greens evalu-
ated. Beyond this point the samples become independent
or are no longer correlated with each other. The relation-
ship among greens did not vary as much as expected.

Table 2. Lower quarter distribution uniformity (DULQ) statistics of five golf courses (GC) at three fairway, green, and tee
locations within golf course. GC means represent the average of three locations and Location Means the average of three
holes within the GC.

GC GC Location DULQ

Mean Location Mean† Std Error Min Max

A 57 ab Fairway 40 b 9.2 28 58

Green 73 a 2.4 69 77

Tee 60 a 3.5 56 67

B 50 bc Fairway 42 a 2.5 39 47

Green 56 a 5.8 45 64

Tee 52 a 4.8 43 59

C 56 ab Fairway 53 a 5.8 43 63

Green 61 a 3.2 56 67

Tee 54 a 2.0 51 58

D 63 a Fairway 66 a 0.6 65 67

Green 65 a 5.8 54 73

Tee 59 a 4.7 52 68

E 45 c Fairway 46 b 3.9 41 54

Green 30 c‡ 0.5 30 31

Tee 58 a 1.8 56 62

† Means within column followed by unlike letters are significantly different at the 5 % level by Fisher’s Least Significance-Difference test.
‡ Value represents an average of two greens due to irrigation system malfunction during the test.
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It was expected that the spatial structure of soil mois-
ture was controlled primarily by irrigation delivery. But
special analysis indicated that was not the case (Fig. 2
and 3). For soil moisture, a linear model was the best fit.

Conclusions

DULQ is the standard to which irrigation systems are eval-
uated. The Irrigation Association DULQ of 70 % was not 

Fig. 1. Mean lower quar-
ter irrigation distribution
uniformity (DULQ) and
mean lower quarter soil
moisture uniformity 
(SMDULQ) at five golf 
courses.

Golf Course
A B C D E

Lo
we

r Q
ua

rte
r U

ni
fo

rm
ity

0

10

20

30

40

50

60

70

80

90

100

SMDULQ 
DULQ  

Table 3. Average particle size distribution (in % by weight) of the rootzone mixtures at five golf courses.

Course Location Particle size in mm

(1.00–2.00) (0.50–1.00) (0.25–0.50) (0.10–0.25) (0.05–0.10) (< 0.05)

A Tee 2.78 23.86 59.01 9.56 3.50 1.28

Fairway 2.81 21.66 59.98 11.64 3.57 0.35

Green† 11.31 51.96 31.32 3.51 0.97 0.92

B Tee 0.05 11.01 68.25 18.90 1.71 0.08

Fairway 0.04 10.60 68.77 18.31 2.21 0.07

Green† 2.51 23.24 60.57 11.87 1.58 0.23

C Tee 2.77 27.32 44.83 18.19 6.73 0.16

Fairway 2.38 29.53 45.70 16.22 5.94 0.23

Green† 1.55 31.18 51.86 13.02 2.27 0.12

D Tee 1.78 17.16 47.29 20.36 13.25 0.16

Fairway 0.27 21.17 44.40 24.66 9.23 0.27

Green† 7.12 27.36 39.78 19.53 5.86 0.35

E Tee 4.65 25.13 52.93 11.91 5.35 0.03

Fairway 2.90 22.10 58.07 11.58 5.36 0.00

Green† 5.03 36.09 48.72 7.96 2.17 0.04

USGA† < 7 < 45 > 35 ≤ 20 ≤ 5

† United States Golf Association (USGA) suggested specifications for putting green turfgrass root zones.
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Fig. 2. Semivariograms
of irrigation delivery (left
column) with values for
fitted semivariogram and
corresponding soil mois-
ture evaluations. (A) golf
course A irrigation deliv-
ery, (B) golf course A soil
moisture, (C) golf course
B irrigation delivery, and
(D) golf course B soil mois-
ture, (E) golf course C irri-
gation delivery, and (F) golf
course C soil moisture.
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Fig. 3. Semivariograms
of irrigation delivery (left
column) with values for
fitted semivariogram and
corresponding soil mois-
ture evaluations. (A) golf
course D irrigation deliv-
ery, (B) golf course D soil
moisture, (C) golf course
E irrigation delivery, and
(D) golf course E soil mois-
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achieved in this study. Based on this study, the low DULQ
for the five golf courses can be attributed to the following
factors (listed in order of occurrence and frequency of occur-
rence): (1) pressure variations, (2) malfunctioning sprin-
kler heads (worn nozzles, leaks, and heads not turning),
and (3) improperly spaced sprinklers.

Catch-can tests provided insight into the performance
of the irrigation systems at the five golf courses, but did not
provide any information about soil moisture distribution in
the soil profile. Comparing DULQ and SMDULQ showed that
there was no correlation between the irrigation uniformity
and the soil moisture uniformity within the top 20 cm
depth. SMDULQ was always above 65 % for all five golf
courses, although the average DULQ varied from 45 to 63 %.

Semivariance analysis revealed that irrigation delivery
is not the most significant contributing factor to soil mois-
ture. Spherical models provided the best fit for irrigation
distribution at all five golf courses, while linear models pro-
vided the best fit for soil moisture. Differences in SMDULQ
among golf courses could not be attributed to irrigation
uniformity and only partially from variability in particle
size distribution. The linear relationship indicated the
spatial autocorrelation occurs across the entire range.
It can only be speculated, based on the findings of this
study, that differences in soil moisture uniformity were
influenced by irrigation water being intercepted by the
turfgrass canopy or thatch layer, elevation differences,
time, or some other soil factor influencing the distribu-
tion of irrigation water below the surface.
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