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1 Introduction
1.1 Report structure
These industry guidelines are based on research conducted between 2015 and 2018 as part of
a STERF funded project “Engineering better irrigation in turf: quantifying the impacts on turf for
golf. They are intended to provide guidance on the principles of irrigation system performance
and to help greenkeepers and course managers understand the importance of irrigation
uniformity and adequacy for turfgrass management under Scandinavian conditions.
The basic concepts of irrigation efficiency and system performance are first introduced, as well
as summary findings from a survey of Nordic clubs on golf course irrigation management
practices. This is followed by guidelines to help practitioners evaluate their irrigation system on
a golf green. Selected findings from the research on the combined impacts of irrigation
performance and scheduling strategies based on computer modelling are then presented,
together with a proposed pathway for improving irrigation efficiency.

1.2 Background
Irrigation is an essential component of turfgrass management for golf. It helps to meet turf water
requirements during periods of drought stress and/or low rainfall, as well as maximising turf
playability, improving nutrient use efficiency, reducing canopy temperature and is an important
component in turf seeding and re-establishment. More about this can be found in STERF’s
Irrigation Handbook (http://www.sterf.org/sv/library/handbooks/watering). However, water is
becoming a scarce resource, even in humid and temperate regions where rainfall is abundant.
In recent years, population growth in Europe coupled with changing long-term availability and
the short-term variability of water resources is adding further pressure on water allocations.
Under this scenario, competition for water between agriculture, public and leisure coupled with
new environmental regulations have become a major concern for the golf industry. Improving
irrigation management to enhance turf quality whilst reducing water consumption and the
negative environmental impacts associated with irrigation abstraction have become major
“drivers for change” in the turfgrass industry.
According to the United States Department of Agriculture, irrigation management is “the process
of determining and controlling the volume, frequency and application rate of irrigation water in
a planned, efficient manner”. This includes irrigation scheduling, i.e. how much and how often
irrigation is applied; but also how an irrigation system delivers water.
Poor or inadequate irrigation management can dramatically reduce turf quality, lead to water
and energy wastage and groundwater contamination from nutrient and pesticide leaching and
run-off. It is therefore essential to balance meeting turf water requirements whilst also ensuring
that any negative environmental impacts form over-irrigation are minimised. Successful
irrigation management relies on knowing how much water is required by plants, how much water
needs to be provided during an irrigation event, and how much water is supplied by the system.
Failure in any of these steps inevitably leads to inefficient irrigation.

2 Irrigation system performance and
efficiency
Efficient irrigation systems need to be designed to embrace the engineering (hydraulics of water
transport and delivering) and biological (soil and plant) components of the irrigated area (Huck
and Zoldoske, 2006). The concept of irrigation efficiency is contested in the literature and can
be adressed in different ways. For example, it can be expressed as a function of technical
efficiency, economic efficiency, distribution efficiency, water use efficiency or technical cost
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efficiency. The most common approach relates the water beneficially used by plant and water
delivered by the system. An improvement of irrigation efficiency must therefore consider the
irrigation system and its management, whilst reducing leaching, runoff and evaporation losses
during irrigation. High irrigation efficiencies are only achieved by adopting appropriate irrigation
management, which embraces the irrigation strategy adopted (how much and how often should
irrigation be applied?); and water application efficiency (irrigation adequacy and irrigation
uniformity).

2.1 Irrigation scheduling
An ideal irrigation strategy relies on understanding the water status in the soil, plant water
requirements and irrigation decision-making. The irrigation strategy integrates the amount of
water applied in each irrigation event (irrigation depth) with its frequency. The irrigation depth
can be adapted to (i) exceed water requirements in order to wash salts out from the root zone,
(ii) refill the maximum soil water storage capacity, irrigating up to the field capacity, or (iii) apply
water using a deficit irrigation strategy. Deficit irrigation strategies consist of deliberate underirrigation below the maximum potential plant water demand, generally resulting in water savings
and an increase in water use efficiency. These different strategies are also often referred to as
irrigation scheduling approaches.

2.2 Water application efficiency
Water application efficiency can be described as a function of irrigation adequacy and irrigation
uniformity (or heterogeneity).
Irrigation adequacy is related to the ability of the irrigation system to deliver the desired amount
of water to the soil. Factors affecting irrigation adequacy include, for example, an imprecise
irrigation strategy, the variation in operating pressure of sprinklers or wind drift and evaporation
losses during an irrigation event. Water application (mm) is quantified by the precipitation rate
provided by the system (mm h-1) and the length of the irrigation event. Irrigation precipitation
rates are controlled by the sprinkler head nozzle size, sprinkler head spacing and the type of
sprinkler head. In golf, the irrigation precipitation rates should be as high as possible to allow
quick irrigation events, but without exceeding the soil infiltration capacity, otherwise surface
runoff will occur. Figure 1 illustrates the conceptual relationship between water applied and
irrigation adequacy.

Figure 1 Conceptual relationship between the amount of water applied, time between irrigation
events and irrigation adequacy.
Irrigation uniformity is defined as the spatial variability of water applied across an irrigated
area. Under field conditions, all irrigation systems apply water non-uniformly to varying degrees.
Low irrigation uniformities will result in areas that are either under-watered or over-watered. A
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conceptual distribution of water across an irrigated area as affected by irrigation heterogeneity
is shown in Figure 2. Low values of irrigation uniformity lead to an increase in the difference in
water applied between areas receiving more and areas receiving less water, represented by
Hmax and Hmin, respectively. Plants may experience water stress in areas that are under-watered
(HD), whilst regions receiving more water (HE) than required will be more prone to drainage and,
when the infiltration rate is low, to losses through surface runoff.

Figure 2 Typical distribution of irrigation depths as affected by non-uniform irrigation, where HR
is required depth, Hmax is maximum depth, Hmin is minimum depth, HD is the depth of the water
deficit, and HE is the fraction of the over-irrigated area. Figure adapted from Li (1998).
Irrigation uniformity in sprinkler systems can be conceived as a function of multiple factors
relating to:
 Sprinkler set-up (model, operating pressure and nozzle diameter) These three
components determine the (i) water distribution pattern, (ii) discharge rate of the sprinkler
(L h-1), and (iii) how the water jet breaks up and how well water is distributed along the
wetted radius. The sprinkler and associated nozzle are one of the most important elements
of an irrigation system (and thereby irrigation uniformity) because they distribute the water.
The operating pressure impacts on the droplet size distribution. Operating pressures below
those recommended by the manufacturer result in the generation of larger droplet sizes at
the sprinkler nozzle, which tend to land at distances further than smaller droplets and can
produce a “doughnut” shaped wetted pattern. Conversely, high pressures lead to a jet break
up into small droplets. These cannot travel far from the sprinkler nozzle because of the
influence of the air resistance forces, resulting in higher irrigated amounts closer to the
sprinkler head.
 Irrigation system design (variation of pressure along the pipe and sprinkler spacing)
Although squared, rectangular or triangular sprinkler layouts are widely recommended to
achieve a high irrigation uniformity, in golf greens this can be hard to accomplish due to the
irregular shapes of each hole on a course. The optimum sprinkler spacing is limited by the
shape of each green and fairway and will be unique to a particular course.
 Climate factors Wind speed is one of the main factors affecting irrigation uniformity, as it
distorts the water jet and the water distribution across the irrigated area. In contrast to
irrigation design factors, wind speed and direction are variables that cannot be controlled.
To reduce the negative impacts of wind speed on irrigation uniformity, it is recommended to
irrigate during the night or early morning, when wind speeds tend to be lower.
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3 Irrigation survey
In 2016 we conducted an online survey to assess irrigation practices in Nordic countries. We
sent an online questionnaire to 885 golf courses in Denmark, Iceland, Norway and Sweden. A
total of 144 courses participated, representing a response rate of 16% for the total number of
courses targeted. The objective was to provide an updated industry perspective regarding
irrigation system characteristics and typical irrigation management practices used on golf
courses. A complete summary of the results can be downloaded from the STERF webpage1.
Overall, nearly all courses (97%) had an irrigation system, and for those that irrigated, most
irrigated the greens (99%) and tees (92%). Three quarters of respondents reported irrigating
the approaches surrounding the greens (75%), and nearly half (47%) the fairways. Regarding
irrigation uniformity, the majority of respondents (60%) reported that irrigation uniformity on their
golf course was thought to be “adequate”, a quarter (24%) “very good”, and only a small minority
(2%) “excellent”. Some (14%) believed their irrigation system uniformity was “poor”. Another
interesting outcome from the survey was the irrigation scheduling method used. Over three
quarters (81%) of golf course managers based their decisions on visual turf inspection, half
(52%) on weather forecast information and 47% used in-situ soil moisture measurement
techniques. Only a very small proportion (4%) considered evapotranspiration (ET) values. While
visual inspection is essential to know the current condition the turfgrass, it can lead to
inadequate irrigation practices as it is difficult to objectively quantify the amount of water needed
for irrigation. This can lead to an excess of water being applied and water losses through
drainage, which may lead to negative environmental impacts (nutrient leaching).
An affordable solution for the assessment for estimating soil water requirements is the use of
time domain reflectometers (TDR). These probes provide measurements of volumetric soil
water content and, can easily be used to determine the amount of irrigation required. The
knowledge of soil/plant water requirements must be accompanied by knowledge of the water
delivered by the irrigation system; i.e. the depth (mm) applied per unit of time. It is a common
practice to apply water based on minutes of irrigation. However, it is impossible to have control
over the actual amount of water applied if the rates delivered by an irrigation system (unique to
each green) are not known.
Before evaluating irrigation performance on a golf green to determine the irrigation rate and
uniformity, we suggest greenkeepers and course managers should first reflect on how well they
think they know their irrigation system. To do that, we provide a short questionnaire in the Annex
which can be completed. The aim of this questionnaire is to help identify specific areas of
irrigation management where opportunities for improvement are possible.

4 Evaluating irrigation performance on
a golf green
Checking the performance on your irrigation on a golf green is a task that should be conducted
from time to time, particularly if a greenkeeper feels there is a problem with irrigation adequacy
or uniformity. Whilst it is true that it is time-consuming, it provides essential information on
precipitation rates (mm/h), the variability in water applied across a given area (irrigation
uniformity) and can help to identify anomalies and problems with the irrigation system. This is
particularly important when sprinklers or nozzles have been replaced, new sprinklers have been
added, or the vane angle of a sprinkler has been modified. Combined with measurements of
soil moisture content, the system performance evaluation also provides information on localised

1

http://www.sterf.org/Media/Get/2711/article-golf-course-irrigation-management-practices
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dry spots, problems of water redistribution across the green and can be used as a baseline to
assess soil moisture changes on each green. During the STERF project, several evaluations
on golf greens were conducted. These can be easily completed by two members of
greenkeeping staff and typically takes between 60 to 90 minutes. The materials and procedures
to conduct a test, as well as the calculations to analyse the results are summarised below. The
approach is illustrated with reference to example case study.

4.1 Materials
The following equipment is needed. These should all be readily available for very limited cost.
1. Catch-cans, these are used for collecting the water delivered by the sprinklers. Graduated
rain gauges that measure the amount of water collected (mm, L/m2) can be used. However,
a cheap alternative is the use of small plastic trays or containers. The water collected in
each catch can is measured as a total volume (ml); which can be converted to a depth (mm)
using the equation below.
2. Graduated measuring cylinder, used to measure the water collected in each catchcan
(useful where catch cans do not have any direct depth/volume measurement).
3. Measuring tape for setting out the catchcan grid.
4. Watch for measuring irrigation time
5. Hand held anemometer for measuring wind speed and direction (optional)
6. Writing pad or notebook for data collection
7. Soil moisture meter, in case you want to relate irrigation depth/timing with changes in soil
moisture. In our case study, we used a soil moisture meter with a 60 mm measuring spike.

4.2 Setting up
The catchcans must be set out in a square grid across the green. We found that a distance
between catchcans of 3 to 4 m provides a good balance between number of catchcans needed
and the required accuracy for measuring variations in water distribution. Using a smaller catch
can grid (eg 2m) might increase the precision of measurements, but it will require many more
catchcans and a longer time needed for each test. For measuring soil water content, this is
completed before the irrigation test is started.

4.3 Test duration
It is recommended to conduct an irrigation test in the early morning, when calm (low wind)
conditions are more likely, but it will also depend on access to the green between play. The
duration of the irrigation needs to be recorded, as well as any aspects that might affect the water
distribution, such as wind speed and direction, any malfunctioning of sprinkler heads or the
visual appearance of runoff. Figure 3 shows a typical test on a golf green in Denmark.
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Figure 3 Conducting an irrigating uniformity test on a golf green.

4.4 Data collection and analysis
After running the sprinklers, the volume of water collected in each catch can must be measured.
For measuring soil moisture, this will need to be undertaken after the irrigation (Figure 4). Data
should be collected in a systematic and logical way, carefully recording each catch can number
and the volume of water collected. From this, the irrigation precipitation, irrigation uniformity,
soil moisture uniformity and change in soil water uniformity after irrigation can then be
calculated.

Figure 4 Measuring volumetric soil water content on a golf green.
Irrigation system precipitation rates
In order to obtain the average irrigation precipitation, the first step consists of transforming the
water collected in the catchcans from a volume (ml) to a depth (mm). To do that, we need to
measure the diameter of the bucket and use the following formula:
Precipitation in mm=

sum(water collected in each catchcan (ml)) × 40
3.14 × catchcan diameter (cm)2 × number of catchcans

Then, the irrigation rate (mm per hour) for each catchcan is calculated by dividing the water
collected (mm) by the irrigation time (mins):
Irrigation precipitation rate (

mm
Water collected in mm × 60
)=
h
irrigation time (min)

Irrigation adequacy
If we know the design irrigation application rate, we can estimate irrigation adequacy:
irrigation adequacy (%)= (1-

design irr.prec.rate. - measured irr.prec.rate.
) × 100
design irr.prec.rate.

Irrigation and soil water content uniformity
For sprinklers, irrigation uniformity can be quantified using uniformity ‘coefficients’. These define
the relationship between the variability in the distribution of the water applied through the
irrigation and the mean amount of water applied. The two most commonly used coefficients to
characterise irrigation are the Christiansen’s Coefficient of Uniformity (CU) and the Lower
Quarter Distribution Uniformity (DULQ). These measurements can be also used to calculate soil
water content uniformity.
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The Christiansen’s Coefficient of Uniformity (CU) is defined as:
sum((absolute(xi -x̅ )))
N × x̅
Where xi is the water collected in a catchcan i; x̅ is the average water collected in all catchcans;
and N is the number of catchcans. The distribution uniformity (DULQ) is defined as:
CU=1-

DULQ =

x̅ LQ
x̅

Where x̅ LQ is the average water collected in 25% of catchcans that collected the least amount
of water. Values for DULQ are generally lower than CU.
Table 1 Quality rating for distribution uniformity (DULQ) derived from Mecham (2004).
DULQ
> 85%
75-84%
70-74%
60 -69%
50-59%
40-49%
< 40%

Quality of the irrigation
system
Exceptional
Excellent
Very Good
Good
Fair
Poor
Fail

Irrigation system
rating
10
9
8
7
5
3
<3

An example calculation of CU and DULQ is provided below to help course managers and
greenkeepers understand the various calculation steps described above.
shows the typical rating of irrigation systems for landscapes based on DULQ values (Mecham,
2004).
Table 1 Quality rating for distribution uniformity (DULQ) derived from Mecham (2004).
DULQ
> 85%
75-84%
70-74%
60 -69%
50-59%
40-49%
< 40%

Quality of the irrigation
system
Exceptional
Excellent
Very Good
Good
Fair
Poor
Fail

Irrigation system
rating
10
9
8
7
5
3
<3

An example calculation of CU and DULQ is provided below to help course managers and
greenkeepers understand the various calculation steps described above.

4.5 Case study
This section provides a worked example from an irrigation evaluation on a golf green in
Denmark. The irrigated area was covered by five sprinklers (RainBird 750 Eagle), with blue and
orange nozzles and operated at a pressure of 5.5 bar. The irrigated arc of the sprinklers was
adjusted so they covered just the green area. The catchcans (15.2 cm in diameter) were set out
on a 4 × 4 m grid (Figure 5). The test was run for 9:30 minutes. The volumetric soil water content
was measured at a 6 cm depth before and after the irrigation.
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Sprinkler

Catchcan
Figure 5 Catch can grid on the case study golf green.
The water collected in each of the 40 catchcans and the volumetric soil water content before
and after the irrigation is summarised in Table 2.
Table 2 Data collected during the irrigation test. CC: Number of catchcan; ml: millilitres collected
in each can; VSWCb: VSWC measured before irrigation; VSWCa: VSWC after irrigation.
CC

ml

VSWCb

VSWCa

CC

ml

VSWCb

VSWCa

CC

ml

VSWCb

VSWCa

1

62

9.5%

18.1%

14

50

7.9%

14.3%

27

48

7.2%

14.6%

2

89

8.8%

18.9%

15

108

7.6%

22.4%

28

68

12.1%

16.2%

3

74

7.4%

13.1%

16

85

8.6%

15.3%

29

98

8.8%

18.8%

4

76

9.6%

17.0%

17

110

10.4%

19.6%

30

88

10.0%

18.6%

5

88

8.6%

15.5%

18

106

12.3%

21.2%

31

34

7.4%

11.6%

6

80

11.4%

16.6%

19

75

10.1%

16.2%

32

24

7.6%

11.3%

7

66

8.8%

12.3%

20

78

10.8%

16.6%

33

76

7.4%

17.7%

8

60

9.9%

18.1%

21

58

8.9%

13.0%

34

110

10.0%

19.5%

9

74

8.1%

15.1%

22

102

15.8%

27.2%

35

80

10.6%

13.4%

10

100

7.5%

16.8%

23

90

13.0%

21.2%

36

48

10.9%

14.5%

11

84

8.6%

15.7%

24

110

11.7%

17.5%

37

80

10.5%

16.5%

12

86

11.5%

18.4%

25

70

8.2%

14.9%

38

92

12.8%

17.0%

13

66

10.8%

18.9%

26

74

7.6%

12.7%

39

90

12.4%

21.5%

Irrigation system precipitation rate
The irrigation precipitation rate was calculated by aggregating the average volume of water
collected in the catchcans and transforming them into a depth (mm):
sum (Water collected in each catchcan (ml)) × 40
=
3.14 × catchcan diameter (cm)2 × number of catchcans
3117 ml × 40
= 4.3 mm
3.14 × 15.22 × 40 catchcans
To then transform the depth (mm) into an irrigation precipitation rate (mm/h):
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Water collected in mm × 60 4.29 × 60
=
= 27.1 mm/h
irrigation time (min)
9.5
The irrigation system delivered an average a precipitation rate of 27.1 mm/h.
Irrigation adequacy
Assuming a design irrigation precipitation rate of 30 mm/h, the irrigation adequacy was:
abs(design irr.prec.rate. - measured irr.prec.rate.)
) × 100 = (1design irr.prec.rate.
30 - 27.1
) × 100 = 90.4 %
30
Irrigation adequacy was 90.4%. This indicates that, although the adequacy was very good, the
water delivered by the irrigation system was slightly below the design precipitation rate for the
system. This could be due to various factors; however, from experience, one of the most
common factors that leads to a change in the precipitation rate is the irrigation sector angle for
the sprinklers. Therefore, special attention must be made when correcting the irrigated sector
angle of the sprinklers during maintenance operations.
(1-

Change in volumetric soil moisture content (VSWC)
The change in VSWC in the first 6 cm of soil when irrigating 4.3 mm was calculated as the
average of the VSWC before (VSWCb) and after (VSWCa) the irrigation event:
ave(VSWCa) - ave(VSWCb)=16.8%-9.9%=6.9%
The average VSWC before the irrigation was 9.9%, and after irrigation it increased to 16.8%.
Thus, the VSWC increased by 1.6% per mm applied, which is equivalent to an increase of
0.73% VSWC per minute. It is important to highlight that these values should only be used as
rough reference guide for each green. Also, the values will not be valid where the VSWC was
close to the field capacity of the soil before the irrigation; the moisture in the soil cannot increase
beyond field capacity irrespective of the amount of water applied through irrigation.
Irrigation uniformity
The left panel (Figure 6) shows the simulated water distribution pattern across the green during
the irrigation test based on the catchcan data. The right panel shows the percentage of the
green area that received water ‘below’ and ‘above’ the average measured irrigation rate. This
highlights the average irrigation rate (27 mm/h) and proportion of the green that received either
too little or too much water.
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Irrigation rate applied (mm/h)

45
40

35
30
25
20
15
Average Irrigation

10

Actual Irrigation

5

0%
10%
18%
25%
33%
40%
48%
55%
63%
70%
78%
85%
93%
100%

0

% of irrigated area

Figure 6 Spatial distribution of irrigation rate (mm/h) (left panel), and percentage of area that
received at least the specified irrigation rate (right panel) during the irrigation test.
Water distribution maps as shown above can be extremely useful in helping to visualise how
the water has been distributed. However, the irrigation uniformity can also be quickly and easily
calculated using the following coefficients.
Christiansen’s coefficient of uniformity (CU)
For calculating CU, first we need to calculate the average water collected in all the catchcans
(x̅ ) to then determine the absolute deviation between x̅ and the amount of water collected in
each catchcan. The absolute deviation in each catchcan is then summed. The example shown
below identifies the steps needed to calculate the absolute deviation:
Water collected,
xi
(mm)
4.9
5.6
4.1
5.7

Average.
x̅
(mm)
5.1

Deviation, xi x̅
(mm)
-0.2
0.5
-0.9
0.6

Absolute dev., abs(xi x̅ )
(mm)
0.2
0.5
0.9
abs
0.6

Total

2.2

In this case study evaluation, x̅ was calculated to be 4.3 mm, and the sum of the absolute
deviations was 35 mm. The CU can then be calculated:
CU=1-

sum(absolute(xi -x̅))
N × x̅

= 1-

sum(absolute(xi -4.3))
40 × 4.3

= 1−

35
172

= 0.796 → 79.6 %

The CU was therefore 80%.
Lower Quarter Distribution Uniformity (DULQ, %)
The DULQ was calculated using the average irrigation depth (4.3 mm) and average irrigation
depth in the lowest quartile (25%) of catchcans that collected the least water (2.8 mm):
DULQ =

x̅ LQ
2.8
=
= 0.654 → 65.4%
x̅
4.3

The DULQ was therefore 65%.
For irrigation evaluations, it is useful to calculate both the CU and DULQ.
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VSWC uniformity
Figure 7 shows the spatial distribution in VSWC across the green both before and 1 hour after
irrigation and the change in VSWC as measured at a depth of 60 mm (length of TDR moisture
probe). The bottom right hand panel shows the percentage of the area with, at least, the
specified VSWC before and after irrigation, and compares this against average VSWC.

VSWC before irrigation

25%

Average VSWC before
irrigation

20%
15%
10%
5%
0%
0%
10%
18%
25%
33%
40%
48%
55%
63%
70%
78%
85%
93%
100%

Volumetric Soil Water Content (% vol/vol)

30%

% of green area

Figure 7 Distribution of VSWC (%) measured on golf green before irrigation (top left panel); 1
hour after irrigation (top right panel), increase in VWSC (bottom left panel), and percentage of
area with, at least, the specified VSWC before and after irrigation (bottom right panel).
When comparing the change in VSWC (bottom left panel) with irrigation applied (Figure 6), the
results show a clear relationship between the increases in VSWC with irrigation distribution.
However, as we observed in some irrigation trials conducting during the project, this relationship
might not exist when the soil is saturated or runoff occurs. It is also a good practice to calculate
the uniformity indexes to VSWC before and after irrigation (Table 3).
Table 3 Assessing volumetric soil water content uniformity.
Variable

CU

DULQ

VSWC before irrigation

83%

77%

VSWC after irrigation

85%

78%
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As observed, the VSWC uniformity was markedly higher than the irrigation uniformity. Higher
VSWC uniformity with respect irrigation uniformity is a common phenomenon. It is mainly
related to horizontal water redistribution in the soil, but also due to the fact that as a larger
proportion of the soil reaches or comes close to FC, the uniformity of the VSWC tends to
improve as a greater proportion of the area has a similar same value regardless the amount of
water that has been applied.

5 Irrigation performance impacts
Despite their importance, irrigation field tests can be a time-consuming especially when
repeatedly conducted. For this reason, we developed a computer program that can simulate
irrigation performance under varying design and ambient climate conditions; allowing their
impact on irrigation rates and uniformity on golf greens to be evaluated. The computer program
is based on ballistics theory and simulates the trajectory of water droplets generated by
sprinklers. The outputs from this program are simulated overlapped patterns that are generated
from a grid of virtual catchcans that have collected water for a defined set of simulated irrigation
conditions. A variety of scenarios were simulated which represented different combinations of
sprinkler nozzle size, operating pressure, sprinkler spacing, green shape and wind speed and
direction. The creation of an equivalent set of data from field tests would have been prohibitively
expensive and time consuming. Figure 8 shows an example of the simulated water distribution
pattern on a green under “no-wind” and “windy” conditions. It is evident how the wind displaces
the water applied, as well as generating a less uniform water distribution across the green.
Green

No wind

Wind 4 m/s

Figure 8 Simulated irrigation distribution on a golf green under “no-wind” (left panel) and “windy”
conditions (right panel).
The computer program was calibrated with data from field tests using the RainBird 751 Series
sprinkler, combining the nozzles #28 and #40 and operating pressures of 4.2 and 6.0 bar. After
calibration, it was used to evaluate and quantify the impacts of irrigation design and wind on
greens for nine virtual greens. The modelling outputs were then used to evaluate the
contribution of different factors to changes in CU and irrigation rates.
Overall, the analyses highlighted that the design of the irrigation system plays a crucial role in
defining the actual irrigation rates from a system and its potential CU. Sprinkler location and
set-up must be considered carefully when defining the irrigation strategy, as it can only be
followed precisely by applying irrigation adequately. Similarly, an adequate irrigation can only
be achieved by knowing the irrigation rates. The key findings of the simulations are summarised
below.
Impacts of sprinkler set-up on irrigation performance
The model outputs confirmed that sprinkler set-up (combination of nozzle and operating
pressure) has a large influence on irrigation. A larger nozzle size and higher operating pressure
14

increased the sprinkler discharge rate (L/h), which as expected impacted on the precipitation
rates. Thus, the selection of nozzle size should be driven by the capacity of the pumping station
to deliver a given flow/pressure. A sprinkler set-up and spacing that provides a higher irrigation
rate (mm/h) can be advantageous for golf as it requires a shorter set time, which is relevant for
golf so as to not interfere with play. However, a high irrigation rate might be inconvenient when
soil infiltration rates are low, as this might lead to localised waterlogging and surface runoff,
particularly on ‘push up’ clay based greens. In contrast, the nozzle size had a slight impact on
irrigation uniformity; this was only observed when the wind speed was higher than 3 m/s and/or
large sprinkler spacings were used. Under those conditions, the largest nozzle resulted in higher
irrigation uniformity. Thus, larger nozzles could be recommended for windy areas and/or where
sprinkler spacings are wide.
Impacts of sprinkler spacing on irrigation performance
The spacing between sprinklers was found to be the most important factor influencing the CU
and irrigation rates. Five sprinkler spacings were considered: the original position of the
sprinkler each green, plus four other spacings derived by moving the sprinklers 1.5 and 3 m
towards (-1.5 m and -3 m displacement), and 1.5 and 3 m away from the centre of gravity of the
green. Larger distances between sprinklers resulted in a dramatic drop in CU and irrigation
rates. It is difficult to recommend an optimum sprinkler spacing for greens, as their unique shape
usually constrains the location and spacing of the pop-up sprinklers. However, the results from
the simulations highlighted that by not locating the sprinklers in an optimum spacing (i) CU
values drop dramatically compromised, and (ii) under windy conditions, the irrigation rates on
greens will be subject to variations.
Based on the results from our simulations, we observed that, on average, by moving the
sprinklers 1.5 m away from the green centre of gravity led to a reduction in irrigation rate of
14%. This highlights the impact of sprinkler location and spacing. In contrast to what is reported
in the literature, under windy conditions, shorter distances between sprinklers did not improve
CU. This can be explained by the edge effect which occurs when there is a lack of sprinkler
overlap at the field boundaries. On greens, all the sprinklers are located at the “field boundaries”,
i.e., there is a side of their wetted area that is not overlapped by a nearby sprinkler. This
phenomenon is exaggerated when sprinklers do not irrigate a full arc. In contrast, assuming
larger distances between sprinklers resulted in a significant reduction in CU; 2% lower when
sprinklers were located 1.5 m further apart from their original position and 4% when they were
moved a further 3 m apart.
Impacts of wind speed on irrigation performance
Figure 9 shows the percentage variation in average irrigation rates under different wind speeds
when the sprinkler spacing is varied. It is evident that wind speed affected irrigation rates in
differing ways depending on sprinkler spacing. For simulations using the original sprinkler
location, no significant differences were found between irrigation rates and wind speed.
Conversely, for closer sprinkler spacings, increases in wind speed raised irrigation rates by up
to 19%. Conversely, when the sprinklers were moved away from their original position, wind
speeds reduced the irrigation rates within the green by up to 21% (Figure 9).
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Figure 9 Percentage variation in irrigation rate (IR) with respect to irrigation under “no wind”
conditions for different wind speeds and sprinkler location.
The response of different spacings on irrigation rates is due to the wind speed which reduced
the wetted area provided by each sprinkler. When sprinklers were located at shorter spacings,
the reduction in wetted area resulted in a greater proportion of water falling inside the green,
which increases the irrigation rate. In contrast, when the sprinklers were located farther from
their original position, the reduction in wetted area resulted in a lower percentage of water falling
inside the green. This finding highlights the fact that by choosing the optimum sprinkler location,
can reduce the impacts of wind on irrigation rates, which will negatively affect the irrigation
adequacy and the control over the water applied on each irrigation event. Figure 10 shows for
example, the relationship between wind speed and CU depending on sprinkler set-up and
location. When wind speeds were equal or greater than 2.5 m/s, the CU values decreased
linearly as wind speed increased. For wind speeds below 2 m/s, the CU remained almost
constant.

(a)

(b)

Figure 10 Average values of simulated CU (%) for wind speeds ranging from 0 to 5 m/s
considering (a) sprinkler set-up and (b) sprinkler position (displacement).
No marked differences were observed between sprinkler set-up and variation in CU for different
wind speeds (Figure 10). The most relevant difference was observed for the highest wind speed,
for which the largest nozzle resulted in a slightly higher (4%) CU. As reported above, a possible
explanation is that the larger nozzle resulted in larger wetted areas. Regarding sprinkler location
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(Figure 10), the largest spacing (3 m from original location) resulted in higher sensitivity of CU
to low wind speeds. For wind speeds above 2.5 m/s, all the sprinkler spacings showed a similar
steep decline in CU. However, the largest spacings always resulted in the lowest CU.
Impacts of wind direction and green shape on irrigation performance
At high wind speeds, the CU varied more on greens with an irregular shape depending on wind
direction. However, wind direction had a much lower impact on CU than wind speed and
sprinkler location. Indeed, differences in CU due to wind direction and green shape were only
evident when the wind speed was equal or greater than 3 m/s. The impact of wind direction on
CU was also marginally influenced by the position of the sprinklers on the green.

6 Impacts of irrigation performance on
golf green management
As part of the STERF research and in a follow on stage of the research, we simulated the
impacts of irrigation performance on turfgrass development, water use, drainage and nitrate
leaching under typical Scandinavian weather and golf green conditions. We combined the
irrigation modelling described above with a crop model (STICS) which was calibrated with data
from NIBIO research at Landvik, Norway on red fescue (Chen et al., 2018) and velvet bentgrass
(Espevig and Aamlid, 2012a; 2012b). In our simulations, we combined different irrigation system
criteria and scheduling strategies to evaluate the potential impacts.

6.1 Impacts of irrigation strategy on turfgrass
Before studying the combined impacts of irrigation system and scheduling, a previous step was
to understand the implications of scheduling turfgrass based on simulations assuming perfect
irrigation uniformity.
The irrigation depth applied for each irrigation strategy was expressed as an “ETp rate”. It was
calculated based on the potential evapotranspiration (mm) since the last irrigation event. In this
research, the irrigation required to achieve ETp was assumed as the irrigation needs to reach
field capacity and expressed as 1.0 ETp. The remaining irrigation depth strategies were
expressed as a proportion of ETp. For instance, for a 0.6 ETp strategy, the irrigation applied
was a 60% of irrigation needed for a 1.0 ETp strategy. Irrigation strategies below 1.0 ETp were
referred to as ‘deficit irrigation’. In contrast, for the 1.5 ETp irrigation depth, the irrigation was
assumed to be 150% relative to the 1.0 ETp strategy.
Our simulations were run under weather conditions for Landvik where average turf irrigation
needs from May to September for 1997-2016 for an irrigation strategy of 1.0 ETp were estimated
to be 312 mm. For the same period, the average reference evapotranspiration (ETo) was 408
mm, and the average rainfall 548 mm.
Based on the simulation outputs, Figure 11 summarises the conceptual relationships between
irrigation, dry matter production of clippings (DMP), drainage, nitrate leaching and the ratio
DMP/leaching. The importance of this last factor relies on that, the turfgrass growth (and hence
DMP) is reduced due to reduced irrigation applied, the nitrogen taken up by the plants also
decreases. This leads to a surplus of N in the soil as it was not used by the plants. Under these
conditions, rainfall events that saturate the soil will lead to drainage and nitrate leaching.
A moderate reduction in turfgrass growth might be desirable in terms of reducing the level of
turfgrass maintenance and thickness and organic matter content in the thatch layer, which has
direct implications for playability. However, a significant reduction in DMP due to water shortage
would not only reduce turfgrass quality but would also decrease the plant nitrogen uptake. Thus,
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it is worth suggesting that a reduction in DMP produced by water shortage (or any other type of
stress such as high temperatures or the attack of pests and diseases) should be accompanied
by a reduction in fertiliser applications to reduce the leaching risk.
Establishing an adequate balance between irrigation and the fertilisation strategy is critically
important in humid regions, where drainage and associated leaching will always occur due to
high and frequent rainfall events. Indeed, for the location studied (Landvik) rainfall was
responsible for most of drainage and leaching. This is important as it might differ from more arid
regions where rainfall is lower and where irrigation might have a greater impact on drainage
and leaching due to: (i) its higher proportion as an input compared to rainfall, and (ii) the higher
irrigation needs.

Figure 11 Conceptual relationship between dry matter production (DMP), drainage, nitrate
leaching and DMP/leaching rates for different irrigation depth strategies (ETp) under Northern
European climate conditions.
 For humid regions it is therefore recommended that soil moisture conditions should be
maintained at adequate levels that ensure a non-stressed, actively growing turfgrass, but
without excessive soil moisture which would reduce water use and consequent drainage
and leaching risk. In this research, this was achieved by following a moderate deficit
irrigation strategy.

6.2 Combined impacts of irrigation uniformity and scheduling
strategy
The irrigation heterogeneity profiles were grouped according to uniformity into four bands:
CU>80%, 70%<CU<80%, 60%<CU<70%, and CU<60%. Two adequacy levels were
considered: the first termed “adequate” where irrigation was scheduled based on the average
irrigation applied by the irrigation system. The second, termed “inadequate” simulated irrigation
applied in excess. This was quantified by assuming irrigation was applied so as the desired
irrigation to be applied was satisfied, at least, by the area that received the 10% least amount
of water. Four examples of irrigation profiles combining high and low irrigation uniformities with
adequate and inadequate irrigation are shown in Figure 12 overleaf.
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LOW IRRIGATION UNIFORMITY

Irrigation depth

Excess of irrigation

Target application

Below targeted irrigation

Irrigation depth

INADEQUATE IRRIGATION

ADEQUATE IRRIGATION

HIGH IRRIGATION UNIFORMITY

Excess of irrigation

Target application

Figure 12 Irrigation profiles for high (left panels) and low irrigation uniformities (right panels),
and adequate (upper panels) and inadequate irrigation (lower panels). FC=Field Capacity.

6.3 Key findings
The integrated modelling approach provided valuable evidence on the impacts of irrigation
management (uniformity, strategy and scheduling method) on turf dry matter production, the
soil water balance and nutrient leaching risk. The key findings are summarised below:
Water use
We observed that the average amount of water applied inside the greens when the CU was
higher than 70 % was similar to that observed in an ideal scenario with perfect irrigation
uniformity. In contrast, a CU lower than 60% not only drastically reduced the water distribution
across the greens, but also the average water falling inside the green, which was 24% lower
than for perfect irrigation uniformity. An explanation for this is that irrigation profiles with lower
CU correspond to events where the distance between sprinklers was larger, and wind speeds
were higher. As shown previously, the combination of those two factors not only resulted in a
marked reduction in CU but also in the irrigation precipitation rate (mm/h) on the green.
Irrigation scheduled following the “inadequate irrigation” led to a notable increase in the amount
of water applied inside the green (and therefore water use) as CU values were lower. For CU <
60%, the water applied was almost three times greater than for CU 100%. While this
“inadequate irrigation” strategy ensures that all the green receives, at least, the water required
when following given irrigation strategy (ETp), this scheduling method penalised low CU with
excessive water use. This highlights the relevance of adopting this scheduling approach in nonuniform irrigation to reduce the amount of water used for irrigation.
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Soil water content uniformity
In addition to an excessive use of water, the adoption of an “inadequate irrigation” schedule
might lead to a false perception of good irrigation performance and good irrigation practices,
since it resulted in a higher soil water content uniformity. The explanation for this is based on
the fact an “inadequate irrigation” scheduling method tended to apply water in excess, which
results in larger areas across the green to field capacity. However, this higher soil water content
uniformity is penalised with a dramatic increase in water lost through drainage. In addition, we
observed that under Nordic climate conditions, rainfall also contributed to reducing the soil
moisture variability across the green. Thus, after heavy rainfall events, the soil water content
across the green reached FC resulting in a very uniform soil water content across the green
even when the irrigation CU was poor. For instance, our simulations showed that the soil water
content uniformity across the year and considering a very poor irrigation CU (50 %) was, on
average, 10% higher during a dry year (1997, 356 mm between May-Sept) and 31% higher
during a wet year (2011, 784 mm between May-Sept). For this reason, soil water content
uniformity values must be interpreted very carefully as they might be related to rainfall events
and/or an excess of water use and not reflect the adequacy of irrigation applications or the
actual irrigation uniformity of the system. An example of this phenomenon is shown in Figure
13. In the left panel the irrigation uniformity on the green was poor. However, after an inadequate
irrigation application, it is observed that this poor uniformity was not reflected in the volumetric
soil water content on the green (right panel).
Irrigation (mm/h)

Volumetric soil water content (%)

Figure 13 Contour maps of irrigation rates simulated over a green (left panel) and volumetric
soil water content after an over-irrigation event (right panel).
Dry matter production
The simulated dry matter production in clippings (DMP) was less affected by non-uniform
irrigation and scheduling method than SAWC, drainage and leaching. The variability in DMP
across the green as affected by irrigation uniformity was more evident during the dry year than
in average and wet years. Excess water applied following an inadequate irrigation resulted in
less DMP variability than when following an adequate scheduling approach, as a greater
percentage of the green maintained the same level of moisture (Figure 13). This might lead to
a less water-stressed and more even turfgrass quality across the green, but at the expense of
excessive water use. We also observed that, under inadequate irrigation, those parts of the
green that received more water led a decrease in DMP as CU was lower. This is likely to be
due to higher drainage and leaching from over-irrigation. Although this reduction was small
(16% for CU < 60), the findings show that an inadequate irrigation coupled with low CU might
not only lead to a reduction in DMP on the areas that receive less water due to water stress,
but also in areas that receive more water due to a reduction of N available for plant growth.
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Drainage and nitrate leaching
Non-uniform irrigation showed a significant impact on drainage and leaching variability across
the green, and to a lesser extent, on the average values across the whole area. For the
“adequate irrigation” schedule, differences in average drainage and leaching within the green
with respect to perfect irrigation uniformity were only evident in a dry year. However, when
irrigating using the “inadequate irrigation” schedule method, low irrigation uniformities led to
more than double the amount of drainage and leaching compared to perfect irrigation uniformity.
Thus, the use of an irrigation schedule based on, for example, the dry spots should be avoided
and, if used, should be limited to irrigation systems with excellent uniformity (CU > 80%) and for
deficit irrigation strategies. The results provide new evidence on how irrigation management
can affect leaching. However, it is important to bear in mind that most of the leaching risk is
explained by high rainfall characteristic in the study location. Despite this, in dry years leaching
showed more variation as influenced by irrigation management with the absolute value for
leaching (g NO3—N/m2) being higher during wetter years. However, the limit of the USEPA
(2018) for drinking water (10 mg NO3—N/L) was not exceeded even irrigation with the lowest
CU uniformity values.
Day and night time irrigation
The impacts of irrigation at different times of day on turfgrass agronomy were also studied.
Figure 14 shows the hourly wind speed at Landvik depending on the month between 1997 and
2006. The average wind speed during summer (May to September) varied during the day.
During the night and early morning, the average wind speeds were lower, showing a steady
increase during late morning and reaching a maximum between 13.00 hrs and 15.00 hrs.

Figure 14 Hourly wind speed, averaged by month, as recorded at Landvik between 1997 and
2016.
We simulated irrigation for two time periods: early morning and afternoon. We observed, by the
end of the year, that the time of irrigation did not materially affect the seasonal CU and turfgrass
performance. These results highlight the fact that differences in wind speed between time-slots
at Landvik were not sufficiently differentiated to cause a significant reduction in seasonal CU.
Our results suggest that, for the location studied, the timing for irrigation should be driven by
other factors rather than the risk of having a low seasonal CU. Obviously, irrigation events with
wind speeds above 2.5 m/s will result in a decrease in irrigation uniformity, which is more likely
to happen during the afternoon. We also observed that by irrigating during the early morning,
the losses due to droplet evaporation were almost 10%. This might result in a slight reduction
in water use and/or in more adequate water application.

22

7 Improving irrigation efficiency
The evaluation of irrigation efficiency in turfgrass is subject to widespread debate and
interpretation and could be considered more challenging than in outdoor agricultural production.
In agricultural crops, irrigation efficiency is usually related to the amount of water that is
beneficially used for yield production. Its assessment might consider several factors, such as
economic efficiency, water distribution efficiency or irrigation system efficiency. However, the
overall evaluation of efficiency will usually relate to yield production per unit of water used
(whether at basin, network or field scale).
The aim of irrigation in turfgrass is not to increase plant growth (yield) but rather to apply just
the right amount of water to maintain a healthy, high-quality turfgrass sward. Some features
related to turfgrass quality (and golf) such as playability, hardness, or visual aspect can be
quantified. However, determining the threshold at which each feature has attained an
“acceptable” level is still quite arbitrary, and subject to turfgrass management philosophy, the
intensity of human and mechanical traffic in that area, levels of acceptance by golf players or
economic constraints given by course maintenance budgets. For example, during high-stress
periods such as hot summer days or intense traffic, irrigation strategies should reflect the target
use and accept there may be periods with reduced visual turfgrass quality.
Figure 15 presents a Venn diagram showing the relationships between the different elements
affecting turf irrigation management. The irrigation decision-making in turfgrass should aim to
reduce the amount of water needed to achieve healthy turfgrass, with reducing the
environmental impacts of turfgrass management, whilst providing an excellent quality playing
surface for golf. Although irrigation performance is not included in this diagram, poor irrigation
uniformity and inadequate applications due to a lack knowledge of the irrigation system
precipitation rates, or the plant water requirements will lead to inadequacies in the equilibrium
between turfgrass agronomy, sustainability and golf practice components.

Figure 15 Conceptual relationships between golf practice, agronomic and sustainability aspects
in turf irrigation management.
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Our research focused on the relationships between irrigation and turfgrass agronomy (turf
growth) and sustainability (water use and leaching). Thus, more research is required to strength
the knowledge on the links between irrigation with other aspects of golf practice. This should
include not only turf quality, but also other thatch development, ball roll or surface hardiness.
Increasing irrigation efficiency can not only reduce dependence on water resources, but can
also result in more even turf quality, lowered environmental risks due to reduced leaching, and
more efficient use of fertilisers. This can only be achieved by adopting an adequate irrigation
strategy and by applying the required amount of water, which requires from consideration of the
irrigation system performance. Thus, efficient irrigation management must embrace the
following factors:
1.

Knowledge of the system which is composed of the turfgrass system (soil and plant
characteristics) and the irrigation system characteristics;

2.

Management practice which is related to irrigation decision-making considering the
turfgrass, irrigation system and weather constraints;

3.

System response which is described by the turfgrass response variables as affected
by irrigation, and;

4.

Evaluation of irrigation which consists of an analysis of system response as affected
by irrigation management. This is implemented through an iterative process to (i) identify
needs for improvement in irrigation equipment, (ii) increase knowledge of the turfgrass
system, and (iii) optimising irrigation decision-making including scheduling.

The relationships between these four components are shown in Figure 16 overleaf. The sole
reliance of one of these factors might lead to inefficient water applications. The proposed steps
for improving irrigation efficiency are based on the results from our research. However, it is
worth recognising that there are other factors outside our approach that might also affect
irrigation efficiency. These include maintenance activities such as aeration, sand-capping and
use of surfactants; pest and disease outbreaks; seasonal changes of soil organic matter
content, and soil variability across the green due to long-term turfgrass establishment or intense
traffic.
Knowledge of the system
Detailed knowledge of turfgrass agronomy and the irrigation system is the starting point for
efficient irrigation. Failing to determine soil water storage capacity, plant water demand or
irrigation rates provided by the irrigation system, will inevitably lead to irrigation inadequacies.
The maximum soil water storage capacity is given by Field Capacity and is one the most critical
physical soil characteristics affecting irrigation management. Its importance assumes that all
water applied beyond FC is lost to drainage. In the Nordic golf course irrigation survey, only
25% of respondents reported knowing their value for Field Capacity on their golf greens. Given
the importance of knowing this value, greater effort should be made to increase awareness of
the understanding of the soil characteristics in greens for greenkeeping staff.
In our research, irrigation strategy (based on ETp and irrigation frequency) was found to be the
primary factor in irrigation management affecting turfgrass performance. Nonetheless, a given
irrigation strategy can only be achieved by measuring or estimating the soil water status prior
to irrigation, and by applying an adequate irrigation. Adequate irrigation will only be achieved
by knowing the water delivered during an irrigation event (mm), for which is necessary to
understand the irrigation precipitation rates. These are directly affected by sprinkler location and
set-up. The replacement of sprinkler heads and nozzles or variation in the operating pressure
will also lead to changes in precipitation rates, which could trigger further irrigation
inadequacies.
Management practices
Information on turfgrass and irrigation system characteristics should be used to drive irrigation
decision-making. The use of portable soil moisture meters such as time domain reflectometers
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(TDR) has become an affordable, reliable tool for measuring soil water content. Measurements
of soil water content can be used to determine the water deficit in the soil quickly and estimate
irrigation requirements. The use of data from nearby weather stations might also help to
estimate plant water requirements (given by evapotranspiration values) and avoid irrigating
when rainfall or strong winds are forecast. Conversely, the sole use of visual inspection to drive
irrigation decisions could lead to imprecise irrigation. Irrigation can also be inadequate when
schedules are based on a fixed time (minutes per irrigation events).

Knowledge of the system

Turfgrass System Characteristics

Irrigation System Characteristics

Turfgrass System
knowledge

Soil characteristics

Irrigation system
design
Irrigation System
evaluation
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Irrigation system
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Irrigation management
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Figure 16 Schematic for supporting golf course management improvements in turfgrass
irrigation efficiency.
System response
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To evaluate irrigation efficiency, it is necessary to quantify turfgrass responses to irrigation
management. Therefore, gathering data on turfgrass system response during the season is
critical. Under research trial conditions, it is possible to quantify many system response
parameters. However, some are rarely measured by green-keeping staff due to time and
resource constraints. In addition, turfgrass responses to irrigation practices might vary
depending on location, species and other management practices not related with irrigation.
There is, thus, a need for implementing new technologies emerging from precision agriculture
to automate data collection for turf. These include remote sensing tools, mobile mapping
platforms and optical sensor technologies. These technologies might facilitate near real-time
monitoring and decision-making in the future. The use of TDR’s or spectral cameras could help
identify “dry spots” produced by deficiencies in the irrigation system. However, the evaluation
of irrigation in humid regions needs to be considered carefully due to the influence of rainfall on
soil moisture uniformity. In addition, the measurement of the amount of water applied and
regular inspection of the irrigation system condition and performance is essential.
Regarding drainage and leaching on greens, these are two variables that are difficult to quantify
under real time conditions. Thus, the solution for minimising leaching is to adopt measures that
minimise nitrate lost via drainage. As described above, adopting a moderate deficit irrigation
strategy might help reduce potential leaching risks, as well as avoiding over-fertilisation and
over-irrigation when turf growth rates are low.
Precise measurement of in-situ dry matter production in clippings and growth rates is a timeconsuming task mainly limited to experimental trials. Some authors propose the measurement
of the volume of fresh clippings which provides an estimate of the relative dry matter production
in clippings for a given period and can be used to drive N fertilisation regimes. The development
of tools for in-situ measurements of clippings combined with the use of unmanned aerial
vehicles might be an affordable solution for automated data collection helping to identify areas
were turf is growing at higher or lower rates than expected. Finally, by avoiding fertilising before
forecast heavy rainfall events (which inevitably result in drainage) could also help to reduce N
losses.
Evaluation
The evaluation of the system response should aim to reach an equilibria between turfgrass
agronomy, sustainability and golf practice requirements (Figure 15). The data gathering process
must be accompanied by analysis and interpretation to evaluate and improve current irrigation
practices, identify inefficiencies and provide solutions for improving efficiency. As stated
previously, the evaluation of a sucessful irrigation might be subject to mis-interpretation and will
be obviously affected by other factors including site-specific characteristics, golf maintenance
practices other than irrigation, or the uncontrollable occurrence of turf stressors such as
diseases or extreme climatic events.
The process of improving irrigation efficiency is presented here as an iterative process, in which
the performance of the turfgrass system is evaluated to enhance knowledge of the system and
general management practices. An inappropriate irrigation strategy and irrigation performance
will not only impact on the water distribution and dry matter production in clippings across a
green but also might increase nitrate leaching losses and drainage. When combined with field
data, tools that help in quickly interpret and visualise the state of the golf greens can be used to
detect anomalies in irrigation and turfgrass management and support improvements in irrigation
efficiency. In summary, the aim of an iterative process must be:
(i)

to acquire and reinforce knowledge on irrigation rates and uniformity provided by
each sector of the golf course;

(ii)

to improve the irrigation strategy in turfgrass given by the micro and pedo climate
characteristic in each golf course;

(iii)

to reduce the water and energy consumption;

(iv)

to reduce the number of inputs used in the golf course, and;
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(v)

to enhance the sustainability of golf course management actions while reducing
potential environmental risks.
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ANNEX 1. Evaluating irrigation system performance
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