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Evapotranspiration and 
Drip Irrigation Schedt11ing 

Water is applied in drip irrigation to satisfy 
the crop water requirements. Water losses from a 
cropped area to the atmosphere result from evapor-
ation from the soil (E) and from plant surfaces 
(transpiration , or T) . The combination is called 
evapotranspiration (ET) and is equivalent to the 
crop water requirements . Additional applied water 
may move beyond the reach of the crop roots as 
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Fig. 1. Radiation and water balances of a plant under local· 
ized irrigation. 
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deep percolation losses (fig. 1) and may be con-
sidered part of the irrigation water requirements . 

Under drip irrigation , the water applied (AW) 
is then either used in the ET process , lost as deep 
percolation, or may change the soil water content 
in the root zone (fig. 1 ). However , if the soil water 
content is kept fairly constant under high-frequency 
irrigation and deep percolation losses are minimized 
by monitoring the soil water status at the bottom 
of the root zone , the applied water could be equal 
to the evapotranspiration. Thus, knowledge of ET 
is essential for appropriate irrigation scheduling 
under drip irrigation . 

It should be pointed out that, under conditions 
of high soil or water salinity, leaching requirements 
(see Chapter 2) should be added to irrigation 
water requirements. This is a common practice in 
drip irrigation of salt-sensitive crops (see Chapter 9). 

Evapotranspiration under drip irrigation 

Evaporation of water requires heat energy. The 
amount of irrigation water that can be used in 
the ET process is limited by the availability of 
energy which in turn depends on the local climate . 
Solar radiation is the primary source of energy in 
the ET process but other energy sources must be 
considered too . 

The most significant crop factor affecting 
ET is the amount of ground area covered by the 
crop. Evaporation from the soil surface is high fol-
lowing an irrigation, but decreases drastically as 
the soil surface dries after the initial wetting. There-
fore the ET in situations where the crop covers 
only a fraction of the ground is well below the 
potential or maximum ET at full cover unless fre-
quent irrigation or precipitation is involved. (This 
fact is illustrated in Figure 2, which shows the daily 
ET losses from a sprinkler-irrigated bean crop 
compared with the daily ET by a full-cover grass 
surface.) 







ever , drip and other permanent systems can apply 
any desired amount of water without an increase 
in labor costs or excessive waste. Irrigation sched-
uling techniques based on a water budget and on 
using the soil as a water reservoir between irriga-
tions are not as applicable to drip irrigation as 
to other methods. Under drip, the irrigator needs 
to be concerned only with the ET and should try to 
replenish past ET losses frequently (daily to weekly 
depending on soil type and evaporative demand-
see Chapters 2 and 3). Long intervals between 
drip irrigations , or failure to meet the crop ET de-
mand-or both-are probably more risky under 
this method because of localized wetting patterns 
and should be avoided. Particularly in marginal 
soils with very little soil water storage capacity , 
crop water stress develops extremely fast under 
drip irrigation when the irrigator fails to meet the 
ET demand. 

Data on normal ET demand of mature decidu-
ous orchards , citrus orchards , and vineyards (see 
figs . 3 through 7) represent the long-term average 
consumptive use of crops that have reached at 
least 70 percent ground cover. It should be noted 
that ET rates 10 to 2 5 percent above average may 
occur in certain years , particularly during spring 
and fall in California 's Central Valley. 

Example ( converting ET data to gallons per tree 
per day) : Figure 3 shows that the ET in July for 
clean cultivated deciduous orchards in the Sacra-
mento Valley is 7 . 6 inches or O. 2 5 inches per day 
(7 .6 divided by 31 ). If the tree spacing is 24 feet by 
24 feet, the actual ET in gallons/tree/day (GTD) is: 

GTD = 0.25 in/day x 24 ft x 24 ft x 0.623 g/in/ft 2 = 
90.0 gal/tree/day · 
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Fig. 3. Seasonal ET rates in a clean-cultivated deciduous 
orchard, Sacramento Valley. 
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Class A evaporation pan frequently used in drip-irrigation 
scheduling. 

For young trees that have not reached full cover 
there are potential savings in ET under drip irriga-
tion compared with other methods . Currentl y, sev-
eral research projects are being carried out in the 
Central Valley to develop ET information for young 
drip-irrigated trees. A summary of the information 
collected so far is presented in Figure 8 , which 
shows the approximate relationship between the ET 
of young deciduous orchards (almond and peach) 
and the percent of area shaded by the tree canopy · 
measured around noon , in late June to early July. 
While we recognize that percent shade by canopy 
may not be the most appropriate factor to use to 
estimate the ground cover in orchards because of 
differences in tree configuration ( compare walnuts 
with almonds , for example), it is the simplest means 
of evaluating tree canopies. Information is now 
being collected to relate ET to tree size and shape . 
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Fig. 4. Seasonal ET rates in a clean-cultivated deciduous 
orchard, San Joaquin Valley. 











outflow lines , the desired flow rates can be 
achieved by varying the length of microtubing. 
Tube lengths can be combined to give the desired 
flow rates for the pressure drop determined by 
the difference between gauge 2 and gauge 1. 

If larger flow rates are needed , Table 2 should 
be used. The data in Table 2 were determined 
under field conditions using gauges and meters 
to measure pressure drops and flow rates. The 
total length of the inflow and outflow lines and 
the pressure drop from gauge 1 to gauge 2 are used 
to estimate flow . Flow rates can be modified 
by varying the pressure drop or the total length 
of tubing . Other tables may have to be developed 
for lines of different diameters. For accurate rates , 
actual field tests may be required. 

When using the curves in Figure 2 , the flow in 
gallons per hour must be read in hours of deliver y 
time; likewise , flow in gallons per minute must 
be read in minutes of delivery time . 

Application is determined by calculating the 
percent of flow based on the capacit y of the con-
tainer. Flow rate curves are expressed as percent 
of the container volume. For example , if a 100-
gallon container has a flow through of 5 gallons per 
hour , then use the 5 percent curve. If only one 
half the material is to be applied , then the unit 
should be turned off after 18 hours . The curve 
also indicates that it will take at least 100 
hours to reduce the concentration to less than 1 
percent . If the same 100-gallon container has a flow-
through of 5 gallons per minute , then in 18 
minutes one half of the material should have 
been applied. 

Nitrogen 

Nitrogen fertilizer is available in both liquid and 
dry form . Increasingly , liquid fertilizers-gener-
ally containing nitrogen in combination with other 
plant nutrients-are being formulated especially 
for application through drip system s. 

Characteristics of different nitrogen sources. 
Most dr y nitrogen fertilizers have high solubilities 

(as shown in Table 3) and thus are suitable for 
preparation of concentrated stock solutions for 
injection. All of the fertilizers listed in Table 3 
are good sources of nitrogen. They contain nitrate 
or ammonium , or they contain nitrogen in a form 
that is converted quickl y to ammonium in soils . 
The end product of all of these fertilizers , upon 
reaction in soils , is nitrate . 

Theoretically it is possible to get equal 
results from the use of various nitrogen fertilizers , 
pound for pound , of nitrogen . However , some dif-
ferences in chemical characteristics must be taken 
into account. For example , urea and nitrate will 
move immediately downward in soil with the 
water. Ammonium is held by soil particles and will 
not move as far in the soil profile as urea or 
nitrate under conventional methods of irrigation ; 
however , under drip irrigation the nitrogen con-
tent under the emitter is usually high enough to 
saturate the soil 's fixing sites and permit ammo-
nium to move into the root zone . Ammonium 
will then be converted to nitrate by soil micro-
organisms and will mo ve as do applied nitrates 
with subsequent irrigations (Rolston et al. , 1979) . 
Furthermore , the acidity produced by different 
sources of nitrogen varies (as shown in Table 3, 
which gives the amount of calcium carbonate , 
or lime , required to neutralize the acidity produced 

TABLE 2. 
Flow Rate as Influenced by Length of Tubing and 

Pressure Differences for 0.5-lnch-lnside-Diameter Tubing 

Length of 
tubing 
(feet) 

10 
15 
20 
25 
30 
35 
40 
45 
50 
75 

100 

Pressure drop (pounds per square inch) 
---- gallons per minute ----

2 5 10 
2.8 
2.5 
2.2 
2.1 
1.9 
1.7 
1.5 
1.4 
1.3 
1.0 

.9 

5.2 
4.7 
4.3 
3.8 
3.6 
3.3 
3.0 
2.8 
2.7 
2.0 
1.8 

7.4 
6.6 
6.0 
5.4 
5.0 
4.6 
4.3 
4.1 
3.9 
3.1 
2.9 

TABLE 3. 
Composition, Solubility, and Residual Acidity of Some Nitrogen Fertilizers 

Material 
Ammon ium nitrate 
Ammonium sulfate 
Calcium nitrate 
Urea 
Potassium nitrate 
Ammon ium phosphate 

* 17 ° 
t15 °c 

16 

%Nitrogen 

33.5 
20-21 
15.5 
45 
13 
21 

Solubility (lb/gal) 
0°c 100°c 
9.84 72.62 
5.92 8.59 

10.09 31.35 
8.34* (high) 

11.11 20.59 
10.92t 

Lbs calcium carbonate 
to neutralize acidity 

produced from 100 lbs N 

185 
550 

-100 (basic) 
158 

-115 (basic) 
357 



by 100 pounds of nitrogen from different sources) . 
Ammonium sulfate produces considerably more 
acid than other forms of nitrogen. Therefore it 
is less suitable for use in drip systems on soils 
that are naturally acid because of the possibility 
of lowering the pH of the soil solution exces-
sively (pH below about 5.0 is excessive for most 
crops). 

Nitrogen fertilizers with less acidifying power 
than ammonium sulfate may also acidify soils 
that do not contain lime . When fertilizer is distri-
buted through drip irrigation systems, the material 
is applied in localized zones. As a result , the 
potential for acidification is somewhat greater than 
when the material is broadcast. A check on soil pH 
in the root zone from time to time is desirable 
when residually acid fertilizers (ammonium forms) 
are applied through drip systems on sandy soils 
that are already naturally acid. Such checks need 
not be done frequently: about once every two years 
should be adequate to detect any pH trend that 
might require changing fertilizer form to prevent 
excess acidification . 

Anhydrous ammonia or aqua ammonia, if 
injected into irrigation water that contains appre-
ciable amounts of calcium and magnesium, will 
cause those elements to precipitate because of an 
increase in water pH and may cause clogging. Other 
nitrogen fertilizers , including urea , are not likely to 
cause any adverse shift in the pH of irrigation 
water . Volatilization of nitrogen as NH3 can occur 
from anhydrous or aqua ammonia-injected water , 
another factor that makes the two fertilizer mate-
rials less suitable than others for use in drip 
systems . 

Clogging associated with nitrogen. Although 
clogging problems are not commonly associated 
with nitrogen, microbial growth which can clog 
emitters is promoted by nitrogen solution remain-
ing in irrigation lines between irrigations. The 
problem can be avoided by running the system 
at least one hour after applying the fertilizer to 
flush the lines . Some irrigation waters naturally 
contain considerable amounts of nitrate, making 
line flushing impractical. In such cases , use of 

TABLE 4. 
Pounds of Nitrogen Fertilizer/Tree/Month 
to Supply Recommended Annual Rate* 

of Nitrogen for Avocado Trees. 

Tree age Urea Ammonium nitrate 
1 .028 .037 
2 .056 .075 
3 .092 .112 
4 .139 .187 
5 .278 .373 

*8-month irrigation period 

Calcium nitrate 
.081 
.161 
.242 
.403 
.806 
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black plastic rather than white can help exclude 
light that is needed for some types of microbial 
growth. Injection of a biocide may be necessary for 
control where the problem is severe . 

Rates and timing of application. It is believed 
by some that nitrogen fertilization efficiency is 
greater when applied by drip systems than when 
applied by other methods because precision place-
ment confines the fertilizer to the root zone. 
While some refinement in recommended rates 
may result from future research , most growers now 
apply the conventionally recommended amount , 
split into increments . For example , a tree crop 
whose fertilization rate is 100 pounds of nitrogen 
per acre per year will receive in one month 
an amount equal to 100 pounds divided by the 
number of months irrigated. Using this method , 
a table (Table 4) was prepared for avocado growers. 
It lists the amount of nitrogen fertilizer a grower 
needs to apply per tree each month from three 
different fertilizers to meet the recommended 
yearly rate . 

Table 4 is based on the assumption that nitro-
gen is applied monthly for an 8-month period . The 
total nitrogen applied during the 8-month period 
increases from 0 .1 lb/tree (for 1-year-old trees) 
to 1 lb/tree (for trees 5 years old and older) . To 
illustrate the use of Table 4 , let us assume we have 
an orchard of 2,000 trees that are 3 years old 
and urea is the nitrogen source. According to the 
table, the monthly requirement per tree is 0.092 
pound of urea which, when multiplied by 2 ,000 , 
amounts to 184 pounds of urea required per month 
for the orchard . Amounts of ammonium nitrate 
and calcium nitrate that will supply an equal 
amount of nitrogen are also shown in the table . 
Such tables can be prepared for crops with dif-
ferent fertilization rates and different periods of 
irrigation . 

Because growth rate varies with time , crop 
nitrogen demand will also vary . Some modification 
of the method discussed above would therefore 
seem desirable; however, there is insufficient 
information of this nature and more needs to be 
developed from trials conducted under field 
conditions . 

Short-season crops that have relatively high 
fertilization rates, such as vegetable crops , re-
quire higher concentrations of nitrogen in the 
irrigation water than crops irrigated over longer 
periods and/or fertilized at lower rates. Research 
on commercial vegetable crops in San Diego County 
shows that the nitrogen concentration of irrigation 
water , resulting from fertilizer injection , may be as 
high as 2500 mg/1, apparently with no adverse 
effect. The total salt concentration of the irriga-
tion water changed with the fertilizer injection 



from 1 to 16 millimhos per centimeter . Guide-
lines on permissible concentration limits of fertili-
zer-injected waters are yet to be established. 

Phosphorus 

Phosphate fertilizers injected into drip systems may 
react with calcium in irrigation water to form an 
insoluble precipitate that will clog emitters. How-
ever , field experiments have given a greater under-
standing of the use of phosphorus fertilizers , and 
have shown that proper management can prevent 
precipitation problems . To accomplish this the 
stock ·solution is acidified, either by mixing with 
sulfuric acid, or injecting sulfuric acid immediately 
after injection of phosphoric acid. Injection of the 
solution acidifies the irrigation water slightly and 
prevents precipitation of the phosphorus without 
causing any adverse effects in the soil. A number 
of liquid fertilizers containing phosphorus and 
formulated specifically for drip irrigation are avail-
able. In most cases growers who need to apply 
phosphorus through drip systems are advised to 
use the specially prepared fertilizers rather than 
attempt to formulate their own. The user is cau-
tioned to maintain a low pH in the irrigation 
stream to avoid precipitation problems. 

Movement of phosphorus in soils is so limited 
that its application to soil surfaces through irriga-
tion systems has not been recommended. Recent 
research shows , however , that drip irrigation is an 
exception. Phosphorus has been found to have 
considerable mobility in soil when applied through 
drip systems at low rates (Rauschkolb et al. , 1976). 
For example , phosphorus, applied through a drip 
system as orthophosphate at a rate of 35 pounds 
per acre , moved 12 inches vertically and 10 inches 
horizontally in a Panoche clay loam-a five- to 
tenfold increase in phosphorus movement. The 
increase is due to the phosphorus being applied 
over a very small surface area (see fig . 3), which 
results in saturation of the soil 's phosphorus 
fixing sites near the emitter and subsequent 
movement of phosphorus with the soil water. 

The above information suggests that rates of 
phosphorus fertilization need not be high when 
applied through drip systems, although further 
trials are needed to establish recommended rates 
for various crops and soils. 

No benefit is likely to occur from applying 
phosphorus repeatedly during the cropping season 
as is necessary for nitrogen . Plants generally need 
phosphorus early , so it is important that the ele-
ment , if deficient in the soil , be applied before 
planting , at planting , or very shortly after planting. 
Should phosphorus deficiency symptoms develop 
during the growing period , however , drip irriga-
tion systems offer the possibility of making late 
stage corrections . 
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Potassium 

The potassium requirements of most crops grown 
in California are met by the long-lasting reserves 
of available potassium in most soils. Notable excep-
tions are some vegetable crops, strawberries, and 
prunes, which at some locations need potassium 
fertilization to correct deficiencies or to maintain 
postharvest firmness . 

Any of the common sources of potassium , 
i.e ., the chloride , sulfate, or nitrate forms , may 
be used in drip systems. Clogging has not been a 
problem with their use. Their solubilities vary, 
as shown in Table 5. Heating the stock solution 
may be necessary to completely dissolve potas-
sium sulfate. That form, and potassium nitrate , 
are preferred over potassium chloride for use on 
crops that are chloride sensitive . This includes 
most fruit crops and strawberries , but not vegetables . 

Potassium, like phosphorus , generally moves 
to a very limited extent in soils. The applied 
potassium is adsorbed on the exchange complex 
of the soil. Research with prunes , however, dem-

TABLE 5. 
Composition and Solubility of Some Potassium Fertilizers 

Material 

Potassium chloride 
Potassium nitrate 

Potassium sulfate 

*20°C 
t25°C 

Radius r of 
Fer ti I izer 

Application 

30 cm 
15 II 

8 II 

I II 

Equivalent 
App I icat ion 

Rote 

75 Kg Nutrient 
300 
1000 
66,000 II 

62 
44 

53 

Solubility (lbs/gal) 
0°c 100°c 

2.89* 
1.11 
2.63 * 
0.57 
1.00t 

4.73 
20.59 

2.01 

Fig. 3. Radii of fertilizer application and equivalent applica· 
tion rate for nutrient application through a trickle system. 



onstrated that potassium could move 24 to 36 
inches into the soil in one season when applied 
to small soil areas as with a drip system (Uriu et al ., 
1977) . Leaf potassium levels began increasing in 
less than one month after treatment was begun. 
A solution of potassium sulfate was injected to 
give a continuous potassium concentration of 
about 190 ppm in the irrigation water. The total 
potassium applied thus during the irrigation season 
was equivalent to about 10 pounds of potassium 
sulfate per tree-a conventional fertilization rate 
for correction of potassium deficiency in prunes. 
Possibly a lower rate applied by the drip system 
would have been effective, but such a rate was 
not studied. 

In fertilizing crops where no guidelines on 
rates have been established for drip irrigation , 
it is suggested that growers use, as a starting 
point , a conventional rate and scale that rate 
downward in field trials to determine the minimum 
necessary for adequate response . The information 
provided regarding timing of phosphorus should 
be applicable to potassium as well. 

Micronutrients 

Chelates or sulfate salts of micronutrients can be 
predissolved and metered into drip irrigation sys-
tems , but insufficent research has been done on 
the efficacy of applying micronutrients in such a 
manner to allow making recommendations. 

Growers have encountered some problems 
with precipitation and emitter clogging when zinc 
was applied in the sulfate form . There have also 
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been difficulties in dissolving zinc sulfate for prepa-
ration of stock solutions . Chelates are generally 
highly water soluble and should not cause precipi-
tation or clogging problems. The relatively high 
cost of chelates , however , has limited their u·se. 

Pesticides 

Very little research has been conducted regarding 
soil pathogen control by application of chemicals 
through drip systems. In general the findings have 
indicated that a lack of adequate movement or 
duration of the chemicals in the soil has prevented 
effective control of the pathogens. 

A number of herbicides have been applied 
through drip systems for controlling weeds around 
emitters (Lang et al. , 1974). Most of the chemicals 
studied were adsorbed on soil particles and did 
not move readily with the irrigation water . Com-
plete distribution of the herbicides through the 
root zone was not achieved. Also , the herbi-
cides tended to decompose rather quickly in con-
tinuously moist soil, reducing their effectiveness. 

In other research, EPTC herbicide was studied 
for control of weeds on twin-row potato beds 
which could not be cultivated (Phene and Beale , 
197 6). Several post emergence applications im-
proved weed control without affecting the potato 
yields. Applications of EPTC at one-half rate were 
as efficient as at full rate, indicating that it may 
be possible to improve the efficiency and effec -
tiveness of herbicides by applying them with 
drip irrigation systems. 
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Clogging and Filtration 
in Drip Irrigation 

Clogging problems are caused by the presence of 
particles or the development in the system of 
materials that reduce water flow. Clogging is a pro-
gressive problem . Once flow rates are reduced, 
further clogging is accelerated so that complete 
stoppage is often an end result. Clogging can occur 
at any place in the system: filters, lines or emitters. 
The solution is to introduce clear, clean water and 
prohibit the development of clogging material 
in the system . 

Clogging 

Clogging agents are divided into three categories-
physical , chemical , and biological-for conveni-
ence in selecting a corrective treatment. 

Physical. This group includes the mineral par-
ticles of sand , silt , clay, and water-borne debris 
that are too large to pass through the small 
openings of filters and emitters. Clay particles 
can coat filters and inner walls of emitters and 
reduce water flow. Silt and clay particles may also 
aggregate in the lines to form masses large enough 
to clog emitters. Before the filtration system is 
designed , the water source should be tested for 
suspended solids content. Such solids should 
further be identified as inorganic or organic . 

Chemical. Irrigation waters contain varying 
amounts of soluble salts that may precipitate on 
emitters as water evaporates from emitter sur-
faces between irrigation runs. If the salt does not 
dissolve readily , a crust can build up which can 
clog the emitter. High levels of calcium, mag-
nesium , and bicarbonate in the irrigation water 
favor deposition of carbonates (lime). Saturation 
with calcium and sulfate ions results in the forma-
tion of gypsum in the emitter. Many well waters 
contain dissolved iron and manganese. Upon con-
tact with the atmosphere , insoluble iron and manga-
nese oxides are precipitated and can clog a drip 
system . Waters high in sulfides will also produce 
insoluble compounds . In addition to naturally 
occurring compounds , precipitates may be formed 
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from the injection of liquid fertilizers or other 
chemicals into the system . Mixed liquid fertilizers 
can be used successfully as long as conditions 
favoring solubility are maintained. There are simple 
qualitative tests to identify most insoluble com-
pounds which commercial laboratories can per-
form. An irrigation water analysis is therefore 
essential for assessing the probability of chemical 
deposits . 

Biological. Micro- and macro-organisms may also 
clog drip systems. Environmental conditions in 
drip systems favor the rapid growth of several 
species of bacteria and algae. Their body masses 
can become large enough to stop water flow 
completely. Certain species of bacteria can produce 
deposits of iron and manganese oxides that add 
to their clogging potential. Large amounts of 
such oxides can be produced through biological 
oxidation processes from waters with very low 
concentrations of ferrous and manganous ions. 
Ford (1978) reported that some bacteria oxidize 
iron when well waters contain more than O. 2 ppm 
of iron. In some cases, enough iron was precipitated 
to clog drip systems only a few weeks after 
installation . 

Fresh water crustaceans can be a problem for 
filter systems. Ants, spiders, and fleas may inhabit 
emitters and cause clogging. Visual inspection gen-
erally identifies these macro-organisms. Micro-
scopic examination is necessary for proper identi-
fication of bacterial and algal problems. It may not 
be necessary to obtain exact identification of mi-
crobial masses , but certainly a determination of 
whether the material is organic or inorganic is 
important. 

Solutions 

Simple treatments are not always successful because 
many clogging problems are specific to a given set 
of conditions. Differences among conditions often 
preclude standardized recommendations. Proce-
dures for correcting clogging problems are now 
considered according to the type of problem. 



Physical. In addition to an adequate filter system , 
regular flushing of the lines and emitters is desir-
able. Filtration equipment and procedures are dis-
cussed later in this chapter. 

Chemical. Many cases of chemical clogging can 
be solved by acid treatment or injection. In severe 
cases , emitters must be soaked in dilute acid solu-
tion ( ""1 percent) and even cleaned individually . 
For less severe cases , injection of acid to bring the 
water to a pH between 1 and 2 should be ade-
quate. Injection should be repeated until normal 
rates of flow from emitters are obtained. The 
amount of acid required to lower the pH is deter-
mined by trials with a small volume of the water. 
A commercial laboratory can perform the test. 
Acids are highly corrosive and extreme caution 
must be observed with their use. Commonly used 
acids are sulfuric and hydrochloric (Muriatic or 
swimming pool acid). Choice of one or the other 
will depend on availability and cost. Acids will 
corrode metal fittings , pipes , and containers. Sur-
faces in contact with acid solutions should be of 
stainless steel or plastic . All such parts must be 
rinsed well after contact with acid . 

Manual emitter flushing. 
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Biological. When bacterial slime or algae clog 
the drip system, the standard treatment is the 
injection of a biocide followed by thorough flush-
ing to clear the system of organic matter. Chlor-
ine gas (Cl2 ) and hypochlorite solutions (HOCl - ) 
are the most common! y used biocides . Rates range 
from 20 to 50 ppm Cl2 depending on the severity 
of the problem and should be maintained in the 
lines for at least 30 minutes. Chlorine is a 
very dangerous chemical gas and EXTREME 
CAUTION must be observed with its use . Chlorine 
can cause the precipitation of iron and manga-
nese compounds. For that reason injection should 
be before the filter , but adequate time must be al-
lowed for expected precipitation . A sample of the 
source water should first be tested with chlorine 
so that, if necessary, an adequate filter system can 
be planned. Sodium and calcium hypochlorite solu-
tions are much safer to use and are recommended 
particularly for smaller systems. Of the several 
other biocides available , acroleine compounds 
(Magnacide) have given good results with algae and 
bacterial slimes. A concentration of 50 ppm of 
acroleine , used once or twice , oxidizes the organic 
materials . Acroleine is highly toxic and must be 
used with EXTREME CAUTION. It may also damage 
emitters when improperly applied . Choices be-
tween the use of chlorine and acroleine depend on 
cost, safety , and availability. 

Prevention 

The following problem-solving procedures are de -
signed to clear systems of clogging agents. Once 
cleared, systems must be kept clear to prevent 
further clogging . Ideally , maintenance steps should 
be initiated at the time systems are installed. They 
are extra-expense items and often at installation 
time there is a general feeling that clogging prob-
lems won't occur. In most cases , that has proved 
to be a false assumption . 

Filters. All filters described in the next section 
have one thing in common : they must be kept 
clean to function properly . Backflushing with auto-
matic or manual control valves will keep sand 
filters and some screen filters clean . Other screen 
filters are cleaned by removing the screen from its 
housing and rinsing off the accumulated debris. 
Some filters are equipped with disposable cartridges 
which simply require replacement . Special com-
mercial filter systems should be handled accord-
ing to the specific recommendations of the manu-
facturer. Pressure gauges are recommended to 
indicate pressure drop across the filter system. 
Filter cleaning should be performed as frequently 
as necessary to maintain the operating pressure 
of the system within 10 to 15 percent of the 





Commercial sands are usually designated by num-
ber, becoming finer as the numbers get larger. 
Sands can be more accurately classified by effec-
tive size and uniformity coefficient (see Appendix I). 
The effective size is a measure of the minimum 
sand size in that grade while the uniformity coef-
ficient is an indication of the range of sand sizes 
in the given grade . 

Sand filters are cleaned by backwashing , either 
automatically on a timed cycle or specific pressure 
drop, or manually . 

Screen filters. A variety of screen filters is com-
mercially available in many shapes and sizes . The 
size of the opening, defined by the number of 
wires per inch, or mesh , determines the fine-
ness of filter . Screens finer than 200 mesh are not 
generally recommended . The relationship between 
particle size , opening size , and mesh number is 
given in Appendix I. Commonly used screens are 
of stainless steel or nylon. While steel screens are 
stronger, it appears that the flexibility of the nylon 
aids in the cleaning process . Cleaning of screen 
filters, usually a manual process, is done by rinsing 
off or backflushing. Disposable paper cartridge 
filters are classed here as screen filters, and are 
very convenient for use with small systems. 

Centrifugal filters. Also called "cyclone" or sand 
separators, this type uses centrifugal force to re-
move particles heavier than water. The filters are 
generally effective down to fine sand sizes , but 
only when operated within their specified flow 
range. They are not effective against algae or very 
fine precipitates . 

Miscellaneous filters. There are other types of 
filter systems commercially available. These should 
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Fig. 1. Filtration efficiency of different grades and types of 
sand at various flow rates. SOURCE: Yardney, Water Man-
agement Products Division. 
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be examined individually and judged on the basis 
of proven performance. 

Maintaining the filter. Filters must be kept clean 
to be effective . Drip systems are designed for 
flow rates and water pressures necessary to meet 
the water needs of the crop being grown . Back-
flushing , rinsing off , and replacement are standard 
cleaning procedures, depending on the type of fil-
ter. Cleaning should be done whenever necessary , 
as determined by pressure drop or at intervals de-
termined by previous experience. Screen and paper 
cartridge filters should be handled with care; dent-
ing, piercing , or other damage can make normal 
operation impossible . 

Anything that can be done to lessen the load 
on a filter will lengthen its life . Many irrigation 
systems incorporate two or more types of filters 
in series to ensure adequate filtration . Farm reser-
voirs are often used as settling ponds so that heavy 
sand loads can be settled out . However, such 
reservoirs can be breeding grounds for algae , 
thus complicating the filtration process . 

Selecting the filter. The goal in selecting a filter 
is to achieve the necessary filtration and maximize 
efficiency of operation (maintenance time , labor , 
and operator convenience) while minimizing cost. 
Final selection of a filter should be based on the 
following guidelines : 

a . Calculate the size of the irrigation system (flow 
rate in gallons per minute, pressure, and volume 
of water) . The capacity of the filter should ex-
ceed the demand of the system. 

b. Determine the physical , chemical , and biological 
quality of the irrigation water to be used ; the 
size and quantity of suspended solids to be re-
moved ; the probability of chemical or biological 
clogging; and the stability of water quality with 
time. 

c . Answer these questions : 

• How complex is the filter unit? What problems 
are involved with cleaning or replacing it? 

• Is labor available for cleaning and maintenance? 
For large systems, automatic flushing is gen-
erally used. 

• Will the location of the filter-unit and dis-
position of backwash and rinse water be a 
problem? 

• Is the filtration system flexible? Can it be en-
larged or modified if that becomes desirable? 





_____________ C_ha_pter7 
Aspects of Drip Irrigation Cotnponents-

Design and Evaluation 

Drip irrigation is the discharge of a low flow of 
water from small diameter orifices connected to, 
or a part of, distribution tubings situated on or 
immediately below the soil surface. The compo-
nents of the drip irrigation system are , for all 
practical purposes , similar to those of sprinkler 
systems . They can be classed into three principal 
cat<::gories: 1) control head , 2) water distribution 
lines, and 3) orifices or emitters. 

Control head 

The control head may consist of flow meters , con-
trol valves , chemical injectors , filters , automatic 
controllers , and sometimes pumps. Normally the 
control head is at or near the water supply . Be-
cause clean water is essential for satisfactory , 

Typical drip irrigation cQntrol head. 
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trouble-free operation of drip systems, filters are 
an important part of the control head . Most filtering 
systems are simple , but some are elaborate , com-
plete with automatic back-flushing devices. The 
filter must have the capacity for the required water 
flow and the ability to remove fine particulate 
matter to sizes several times smaller than the 
emitter pathways and orifices. 

Many commercial installations include two 
types of filters: sand filters and screen filters using 
about 200-mesh screens to prevent small foreign 
matter from clogging emitters. Sand separators 
can be used in lieu of sand filters to remove 
sand particles greater than 74 microns in diameter. 
Sand separators may be installed in the wells at the 
suction side of the pumps, thus protecting the 
pumps from sand damage. 





with one end inserted into the lateral line while 
the free end releases the water in drops . Some 
are made of plastic material cast around a cylinder 
to produce the path length desired and covered 
with a cap provided with barbs or other types of 
hose connections. The flow rates of such emitters 
are fixed at Y2 to 2 gallons per hour . 

Orifice emitters are plastic laterals with perfor-
ated holes of very small diameter (0.00 4 inch) 
from which water drips at a rate of Y2 to 2 gallons 
per hour under operating pressure of 1. 5 to 7 psi. 
Uneven flow through the holes , which is caused 
by continuous change in the plastic , has been re-
duced by several manufacturers who have devel-
oped devices to insert in the orifices . The flow at 
the outlet is controlled by a movable ball-shaped 
shutter which can block all flow except that which 
passes through a small groove which determines 
the water flow . Orifice emitters are sometimes 
described as self-flushing emitters because the 
design allows a high volume of water to flow 
through the chamber briefly , flushing out some of 
the particles in the system . When the system pres-
sure reaches the level for which it was designed , 
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Fig. 3. Cross-section of orifice emitter device with ball 
and diaphragm to regulate flow. 
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the moving ball finally settles in its chamber , 
restricting the flow appropriatel y. At times orifice 
emitters have not performed well due to the 
accumulation of calcium , fertilizers , or organic 
deposits which change the characteristics of the 
flow paths . 

Vortex emitters are similar to orifice emitters 
but with several design variations . The water from 
the lateral lines enters the chamber at a high 
velocity through a small hole cast tangentially to 
the direction of water flow . The introduced water 
strikes the circumference of the chamber causing a 
whirling action at a high speed which ultimatel y 
subsides , allowing water to flow through an outlet. 

Microtube emitters commonly used in irrigation of potted 
plants in nurseries . 

Fig. 4. Cross-section of vortex type emitter showing tur· 
bulent-flow chamber. 



The vortex action is believed to produce turbulent 
flow that causes limited self-flushing and some 
pressure compensation . 

Porous pipes or tapes discharge water through-
out their entire length. They are used primarily in 
row crops. The tubing is generally made of poly-
mer compounds with small pores from which the 
water seeps. The tubing is often buried 2 to 4 
inches and is particularly sensitive to clogging 
problems. Complete filtration of the water is 
absolutely necessary for proper operation of 
porous pipes or tapes . 

System design 

The potential for control of water application 
through drip systems can only be realized through 
a well-planned, sound design. Precise design of 
drip systems seems justified for at least two reasons: 
the low operating pressures of drip systems re-
quire that pressure losses within the system be 
kept to a minimum if high uniformity of applica-
tion is desired ; and the capital cost of a permanent 
system can be minimized through good engineer-
ing design. (A detailed description of drip irriga -
tion design is beyond the scope of this publication. 
Refer to I-Pai Wu and H. M. Gitlin , 1973 , 197 4, 
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Fig. 5. Cross-section of pressure-compensating emitter 
with flexible diaphragm to regulate flow. 
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1975 , and Keller and Karmeli , 197 4, for further 
reading .) This section will discuss various aspects 
of the functional design of drip systems in Cali-
fornia , and will provide an example of drip irriga-
tion design using microtube emitters , which are 
popular in small , self-installed systems. 

Final design of an irrigation system requires 
knowledge of many characteristics of the soil , 
irrigation water, climate , and crop to be irrigated . 
An important consideration is the design capacity 
of a drip system , which , as with any other irrigation 
system , must have the capacity to meet the peak 
or maximum crop evapotranspiration (ET) demand. 

Peak ET demand data for several drip irrigated 
crops in California is presented in Chapter 4. That 
chapter also discusses the potential reduction of 
ET due to localized irrigation. It is suggested that 
no modification be made involving the ET of full -
cover crops developed under conventional methods 
of irrigation because experimental evidence in-
dicates that , under full-cover conditions , crop 
transpirational losses (which are nearly indepen-
dent of irrigation method) dominate the ET process 
and evaporation from the soil under conventional 
irrigation techniques is only a small fraction of 
the ET (less than 10 percent). 

Once the peak ET demand is known , an adjust-
ment has to be made based on irrigation efficiency 
because drip irrigation, like any other system , is 
not 100 percent efficient . Typical design efficien-
cies for drip irrigation range between 80 and 90 
percent. The net irrigation requirements (peak ET) 
divided by the assumed efficiency (0.8 or 0.9) 
yields the gross irrigation requirements upon 
which the continuous flow rate required must be 
calculated. 

Example 1. The ' 'normal '' * peak ET for deciduous 
orchards in the Sacramento Valley is 0.24 in/day 
in July. Assuming an application efficiency of 0.9 , 
the irrigation requirements will be 0 .24 7 0 .9 = 
0.27 in/da y, which is equivalent to 5 gpm per acre 
of continuous flow , 24 hours a day. However , 
drip systems should not be designed to operate 
continuously during peak demand. Some designers 
use a maximum of 20 hours a day , others use from 
12 to 18 hours. The additional time should be 
considered reserve time in case repairs are needed 
or other problems arise. If the system is to operate 
18 hours a day , the continuous flow required 
should be: 5 gpm/acre x 24/18 = 6. 7 gpm/acre. 

Whereas that will be the flow required to 
meet the ET demand of a mature orchard , systems 

*NOTE: Values con siderabl y higher than 0. 24 in /da y are 
common . Each system should be de signed to me et th e 
ma ximum expected pe ak ET, ba sed on pa st climatic data , 
which ma y differ con siderabl y from the value used in thi s 
exa mple . 



for newly planted orchards should be engineered 
to meet increasing water requirements by adding 
emitters to each tree as it grows. (Data on ET of 
young trees are given in Chapter 4.) Generally, 
newly planted orchards are started with one or 
two emitters per tree, and the number increased to 
four when the trees are three to four years old . 
Mature trees may require six or even eight emitters , 
depending on wetting patterns (see Chapters 2 and 
3). In any case, the system should be engineered 
from the control head to the lateral eventually 
to be able to meet the peak ET demand as dis-
cussed above. Sometimes it is easier to lay out 
another lateral per tree row as the need for ad-
ditional emitters increases with tree growth. 

The number and flow rate of emitters can 
be calculated on the basis of peak ET demand. 
Knowing the gross irrigation requirements in 
inches per day , one can determine the value of 
water in gallons per tree per day (R) with this 
equation: 

R = 0.623 x C x A, 
C being the peak ET in inches per day and A the 
area (square feet) that a single tree occupies . 

Example 2. If trees are planted 24 x 24 feet and 
the gross irrigation requirements are 0 .27 inches/ 
day, then 

R = 0 .623 X 0.27 X 24 X 24 
96 .9 gallons/tree/day . 

If six emitters are needed , the flow to be delivered 
by one will be 96 .9 + 6 = 16.1 gallons. A 1-gallon-
per-hour emitter will deliver that amount in 16. 1 
hours. 
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Fig. 6. Friction losses in polyethylene drip laterals 
calculated from Hazen-William's formula (C = 130). 
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Lateral design 

The lateral line is the critical point where flow , 
diameter, and operating pressures are adjusted to 
insure uniform distribution of water . Once the 
emitter design discharge and operating pressure 
have been determined , the length, diameter , and 
friction losses in the lateral can be calculated. 

Many criteria have been developed for deter-
mining tolerance limits for uniformity of water 
application through drip systems . It is commonly 
assumed that the laterals should be designed so 
that differences in flow rates between the first and 
last emitter should not exceed 10 percent of the 
emitter design output. In view of the manufac-
turer's tolerance in emitter discharge and the 
uncertainties in the estimates of crop ET require-
ments, that criterion seems adequate . A 10 percent 
difference in flow rate may mean 10 percent dif-
ference in operating pressure for emitters with 
laminar flow regime or as much as 20 percent 
pressure difference for fully turbulent flow emitters. 

Elevation differences must be considered 
when the irrigation system is installed on sloping 
ground and the lines do not follow the surface 
contours. Such differences must be added to the 
friction losses if the flow is upslope and subtracted 
if the flow is downslope . 

When the two losses exceed the allowable 
head loss or the available pressure head , the lateral 
must be shortened and additional submains added. 

The following is an example of lateral design 
that incorporates microtube emitters . The 
procedure-
A. Determine lateral length, and number and flow 

rate of emitters. 
B. Determine lateral diameter based on maximum 

allowable friction loss and calculate actual fric-
tion loss in the lateral. 

C. Determine the pressure distribution using 
Figure 7 and elevation differences along the 
lateral length . Using those data, calculate the 
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Fig. 7. Distribution of pressure head and hydraulic head and 
elevation changes in lateral. 





greater than the maximum allowable . Therefore , 
0 .58 inch inside diameter polyethylene pipe 
was selected with a friction loss of O. 8 feet .) 

C. Computation of elevation differences based on 
the given slope 

Z = 2 .5 % X 240 = 6.0 feet 
100 

D . Pressure head distribution 
Pressure head required at the last emitter was h 2 

= 16 .2 feet . (This is determined by the design 
pressure of the system .) Therefore, pressure 
head required at the lateral entrance , h 1 , is 
h 1 = h 2 + friction losses (0 .8 feet) 

+ elevation differences (6 feet) = 23.0 feet 
Changes in friction losses along the lateral 

can be determined from Figure 8 . The pressure 
head distribution can then be determined from 

hp = hl - (hf X k) ± he 

pressure head at any location 
pressure head at lateral entrance 
friction loss in lateral 
multiplier obtained from Figure 
2 ( expressed as a decimal in-
stead of as a percentage) 

he elevation difference between 
lateral entrance and location 
in question. Che is positive for 
decreases in elevation and 
negative for increases in eleva-
tion .) 

Example 4. Calculate the pressure head at 120 
feet (50 percent of the lateral length). 

h1 23.0 feet 
hf 0 .8 feet 
k 0.8 (from fig . 2) 
he 3.0 feet (2 .5 x 120) 

100 
Therefore hp = 23 - (0 .8 x 0.8) - 3.0 = 19 .4 
feet . 

By using the pressure head distribution and 
Figure 9 , lengths can be selected for each location 
along the lateral. The results are given in Table 2 . 

A simplified procedure may be followed when 
only approximate solutions are desired . This pro-
cedure is based on using the pressure head cal-
culated at the lateral entrance and at the last emitter . 
The maximum and minimum pressure head values 
are entered in Figure 9 and microtube lengths are 
obtained. For the example above-

h 1 = 23 ft h 2 = 16.2 ft 
1 1 = 30 in 12 = 21 in 

So microtube lengths should start at 30 inches and 
uniformly decrease to 21 inches for the last 
emitter. 
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When the sum of the friction losses and eleva-
tion differences does not exceed 10 percent of the 
operating pressure, microtube lengths may be the 
same throughout the lateral because under field 
conditions the decrease in hydraulic head along 
the lateral is compensated for by a decrease in the 
viscosity of water resulting from an increase in the 
temperature of water along the lateral. The vis-
cosity decrease lessens friction losses through 
microtubes , offsetting the decrease in hydraulic 
head . 

To insure uniform pressure among the lateral 
lines, it may be necessary to control the pressure 
into the lateral line by flow control devices . Such 
devices include simple disk orifices, flexible 
control disk type orifices , flow control tubing , 
and pressure regulators . In some cases, where 
pressure control is difficult or expensive to achieve , 
microtube emitters should be used and calculations 
should be run for the various lateral situations . 

After the lateral has been designed , manifolds 
and main lines may be sized using friction loss tables 
such as those given in Division of Agricultural 
Sciences Leaflet 2908 , "Low-Head Irrigation Pipe : 
Concrete , Asbestos-Cement , Plastic ." Total flow 
rates , total hydraulic head , and pressure head 
should be computed up to the control head where 
the friction losses due to the filtration and chemical 
injection equipment should be added. The result-
ing pressure head and flow rate can then be con-
sidered in selecting an appropriate pump . 

Evaluation of drip irrigation systems 

Well-designed drip irrigation systems must be 
properly managed for successful operation. Peri-
odic evaluations of system performance are per-
haps more essential under drip irrigation than 
under other methods because of the clogging 
problems associated with drip systems (Chapter 6). 
Any evaluation of irrigation practices has to answer 

TABLE 2. 
Emitter Length Required for Various Pressure Heads. 

Average pressure Emitter length (inches) 
Tree number* head (feet) (1 gph , 0.035") 

1 22.5 29.5 
2 21.6 28.0 
3 20.8 27 .0 
4 20.1 26.2 
5 19.4 25.2 
6 18.9 24.5 
7 18.4 24.0 
8 17.7 23.0 
9 17.0 22.0 
10 16.2 21.0 

"There are six emitters per tree . It is assumed that the 
pressure head is the same for all six emitters . Therefore 
the first emitter should be 29.5 inches long , the second , 
28, and so on . 



two questions : Is the amount of water applied 
adequate? Was the water uniformly applied? 

The following is a procedure to evaluate the 
adequac y and uniformit y of irrigation in a drip 
system based on methods proposed by Keller and 
Karmeli (19 74) and Merriam and Keller (1978) . 

I . Check to see that the system is operating 
normall y. 
A. Assess the condition of filter screens and 

check that no emitters are clogged. 
B. Check operating pressure . 
C. Note water use rate for the block being tested . 
D. Note design operating pressure and the cor-

responding discharge rate , frequency , and 
length of irrigation cycle . 

II. Obtain equipment to measure discharge rates 
of emitters: 
A. stopwatch or wristwatch with clearly visible 

second hand ; 
B. 250 ml graduated cylinder ; 
C. funnel , 3 to 6" diameter ; 
D. flasks or beakers to collect water ; and 
E. trough 3 feet long for use on porous tub-

ing or perforated hose system to measure 
flow of 3-foot length of tubing. (Cut 1 or 
2 inch diameter PVC pipe in half lengthwise.) 

III. Select block and begin testing. 
A. The evaluation should be conducted for sev-

eral laterals . It is common to select four lat -
erals where high , low , and average flows are 
expected , situated within the system as 
follows: 
1. near the manifold inlet ; 
2 . V3 distance along manifold from inlet ; 
3 . 2/3 distance along manifold from inlet ; and 
4. the lateral farthest from manifold inlet . 

B. Select at least four plants along each lateral 
where high , low and average ·flows are ex-
pected , situated as follow s : 
1. near the lateral inlet ; 
2 . 1/3 distance along lateral from inlet ; 
3 . 2/3 distance along lateral from inlet ; and 
4 . the plant farthest from lateral inlet . 

C. Evaluate emitter discharges for each plant . 
1. Collect water from all emitters supplying 

individual tree or plant. 
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2. Use whole-minute inter vals when collect -
ing volumes. 

3 . Average the volumes collected and record 
value for each plant . 

4 . Convert milliliters per minute to gallons 
per hour : 

ml/min _ h 
63 - gp 

5 . If porous tubing is used , use 3 ft . trough 
and collect volumes . (No averaging is 
necessary since the collection is made from 
3-ft . sections . Only one measurement per 
lateral may be necessary depending on its 
length .) 

D. Compute 2 averages from values acquired in 
III-C . 
1. Determine the average individual tree 

emitter discharge . 
2 . Compute the average of the lowest 2 5 % 

of the tree emitter discharges. This is 
considered the minimum rate of discharge 
per plant. 

E. Compute emission uniformity (E.U.)-the 
parameter that indicates the uniformity of 
distribution defined as: 
Minimum rate of discharge per plant x 100 
Average rate of discharge per plant 

= %E.U . 
E. U. value rating 
a. + 90 % -excellent 
b . 80-90 % -good 
C . 70-80 % -fair 
d . - 70%-poor 

IV. Check adequacy of irrigation. 
A. Compute the volume of water applied to the 

average tree: 
gallons/tree/day "" N x gph x hours 

days 
where N = number of emission points 

gph = average emitter discharge 
in gallons per hour 

hours = length of irrigation cycle 
days = days between irrigations 

B. Check the figures of applied water obtained 
in IVA against the crop water requirements 
given in Chapter 4. 



_____________ C_ha_P-_te_r_S ____________ _ 

Other Methods of Localized 
Irrigation 

A salient feature of permanent or solid-set irriga-
tion systems is that they permit frequent application 
of small quantities of water. This is impractical 
with most surface systems because a labor cost is 
associated with each irrigation. Furthermore , 
permanent systems can apply water directly to 
the areas where it is to be consumed rather than 
requiring it to flow overland. This places control 
of infiltration rate and distribution uniformity 
directly in the irrigation system . Soil properties 
always control infiltration rate and uniformity 
with surface irrigation systems. 

Permanent systems can be classified into two 
groups: pressure systems , such as drip , spra y, 
spitter, mini-sprinkler , and sprinkler , which con-
trol flow at each outlet by friction loss through 
an orifice or some other kind of emitter ; and a 
newly developed gravity flow system , the low-
head bubbler , which controls flow by the eleva-
tion of each outlet. 

Pressure systems 

Of all the pressure systems , drip irrigation has the 
lowest flow per outlet , a feature which has both 
advantages and disadvantages . A major advan-
tage is that the low flow rate permits the use of 
small-diameter tubes as laterals. For sparsely 
planted crops such as orchards , this greatly re-
duces the cost of tubing as compared , for example , 
with sprinkler irrigation . But the low flow rate 
means the system must operate much of the time , 
requiring a nearly continuous water supply . 

For densely planted crops the limited radius 
of distribution from each emitter requires a greater 
number of emitters . The increase in number of 
emitters and increase in lateral length tend to 
offset the low unit cost. The conflicting demands 
of low emission rate and reasonably high lateral 
pressure to compensate for undulations in ground 
level also require either small diameter orifices or 
somewhat larger , but more expensive , tortuous 
path or turbulent . flow emitters , necessitating 
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either filtration or expensive emitters , and again 
offsetting the cost advantage of the low-flow drip 
system . 

Increasing the flow capacity of a system and 
using small spray or mini -sprinkler emitters rather 
than drippers can overcome the disadvantages of 
drip systems. The higher flow rate per unit area 
allows the crop to be irrigated in a shorter time , 
reducing the need for a continuous water supply . 
The increased distribution radius of sprays or 
sprinklers reduces the number required and the 
larger orifices reduce the need for filtration to 
prevent clogging . But such advantages come at 
the expense of increased lateral pipe diameter . 
Two additional advantages of spray systems are an 
increase in the wetted soil volume as compared 
with drip systems and a decrease in the labor needed 
to check emitter operation , Furthermore , some 
high flow rate spray , spitter , or fogger nozzles 
may actually apply less water per unit area than 
low flow rate emitters , simply because they spread 
the water further. Therefore they are suitable for 
localized irrigation of low intake rate soils. 

Sprays , spitters , foggers , and mini-sprinklers 
are available with flow rates extending from about 
4 to 50 gph at heads ranging from about 12 to 70 
feet (5 to 30 psi) and wetted diameters from 6 to 
30 feet. Those flow rates fill the gap between drip-
pers and conventional sprinklers. At the higher 
flow rates the additional possibility of using the 
irrigation system for frost protection can help jus-
tify its increased pipe size . Evaporation losses from 
areas irrigated by spray are likely to be higher than 
those from conventional drip systems because 
more surface area is wetted by the foggers than by 
drippers. 

Because no one system is best for all applica-
tions , choosing the least costly and most effec-
tive system for any specific crop and area turns 
out to be a study in trade offs . One of the trade offs 
is between pipe size and distribution uniformity. 
Because flow rate from all of the emitters described 
here is pressure dependent , increasing the pipe size, 



thereby decreasing the friction loss along lateral 
lines , can help reduce the pressure variation. But 
the cost for pipes capable of handling such pres-
sures increases significantly with pipe diameter . 

As the flow capacity of a system increases , the 
time it must operate decreases. Two choices are 
open. The system can be alternately turned on and 
off-pulsed-to simulate a continuous low ap-
plication rate; or it can be operated less frequently , 
with larger applications at each irrigation. The 
choice will depend on costs as well as topography 
and soil properties. Pulsed systems require auto-
matic controls and valves which increase the cost. 
Also , if the system is installed on a grade , drainage 
of lateral lines through downhill outlets can distort 
the distribution uniformity of pulsed systems. 
Check valves installed in the laterals can reduce 
the drainage , but add to the cost . 

Recently , travelling drip systems have been 
designed and several prototypes are being tested 
under field conditions. A travelling boom, some-
times using components from center pivot irriga-
tion equipment , moves above the crop delivering 
water to each row through orifices and plastic 
pipes of small diameter that reach near the ground. 
Because the application rate usually exceeds the 

A low-head bubbler system in use in citrus orchard. 
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intake rate of the soil , small basins of blocked fur-
rows are formed for surface water storage . These 
systems show promise in allowing efficient local-
ized irrigation with lower energy requirements. 

Low-head bubbler 

By reducing the pressure requirements , a newl y 
developed low -head bubbler system allows pipe 
diameter to be increased at least cost by permit-
ting thin-walled low-head pipe to be used . The 
pressure normally required to mask flow varia-
tions resulting from undulations in ground level is 
eliminated by adjusting the elevation at each out-
let to control the flow. This fixes the flow precisely 
at each outlet , eliminating distribution non-
uniformity resulting from either friction loss along 
the lateral or variations in ground level. 

A typical system for orchards consists of 
4-inch-diameter corrugated plastic pipe buried 
between every other row , 550 feet long . (This 
is the same thin -walled pipe used for drainage 
systems, except it is not perforated.) Lengths of 
smooth-wall , 3/8-inch ID plastic drip hose deliver 
water from the lateral to the trunk of each tree on 
both sides of the lateral. With a flow rate of I gpm 
to each tree, the head loss along a 550-foot lateral 
is less than 2 feet. Flow to each tree is controlled 
simply by adjusting the elevation at the outflow 
end of the 3/8-inch hose that is attached to the 
trunk. Decreasing the elevation along the lateral 
compensates for head loss in it. This simple sys-
tem distributes water uniformly to each tree with-
out pumps , filters, and sophisticated flow-regulating 
devices . 

The 3/8-inch hoses are attached to the cor-
rugated pipe by cutting a 1/8-inch hole in the ridge 
and enlarging it with a tapered tool. The hose is 
inserted immediately after the tool is withdrawn. 
The stretched plastic surrounding the hole shrinks 
around the hose, clamping it tightly and forming 
an excellent seal. 

The hoses delivering water to each tree are 
pulled through holes made by a jetting pipe in-
serted at an angle from the tree trunk to the wall 
of the lateral trench by use of air or water pressure . 
The hose is attached to the end of the pipe and 
pulled into the hole as the pipe is withdrawn. 

The proper elevation of the hose outlet end at 
each tree to provide equal flow rate is easy to 
determine . One way is by standing water at a fixed 
static head in the lateral. A reference level can be 
found and marked on each tree by lowering each 
supply hose until the water level stands at its open-
ing. During the procedure , all other hoses are kept 
elevated so that water does not flow from them. 
All subsequent elevation measurements are made 
relative to this reference elevation . Next , the head 
that will be lost within the lateral between each 



pair of hose connection s when the system is oper-
ating is calculated from the design flow rate. The 
hoses are then attached to each pair of trees along 
the lateral at decreasing elevations to compensate 
for the head loss . Experience has shown that that 
procedure alone gives an emission uniformity of 
about 90 percent. Readjusting the hoses with the 
system operating increases the uniformity to about 
98 percent . The readjustment is done by raising 
each hose , one at a time , to the point where water 
ceases to flow , and then measuring down from 
that point a distance equal to the desired head loss 
across the delivery hose and relocating the hose 
outlet at the new elevation. Such a dynamic cali-
bration assures that each delivery hose has the same 
head loss across it , thereby eliminating error s 
introduced by imprecise estimates of head loss in 
the lateral. 

The delivery hose can be conveniently attached 
to each tree with a plastic , barbed " tee" fitting 
stapled to the trunk with its side outlet at the desired 
outflow elevation . The delivery hose is then con-
nected to the bottom and an additional length of 
drip hose is attached to the side outlet to conduct 
water away from the tree trunk. The upper outlet 
of the tee draws air , breaking the siphon , which 
maintains the effective outflow elevation at the 
side outlet' regardless of the actual elevation of 
outflow from the hose attached to it . A short 
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length of hose attached to the upper outlet of the 
tee allow s a small head to build momentarily when 
the system is turned on to flush any air blockages 
from the hose attached to the side outlet. 

The cost of materials for the irrigation system 
will var y with the distance from manufacturing 
plants . As of 1980 , the cost at Riverside , California , 
for corrugated tubing , connectors , and drip hose 
was approximately $250/A for a system using 
3-inch ID corrugated pipe and $300/A for 4-inch 
ID pipe. Commercial installation costs are difficult 
to estimate from experimental systems , but may be 
less than $500/A . The costs are generally compar-
able to or lower than many complete drip irrigation 
systems , including pumps and filters. The longer 
life of a completely buried system and the lower 
energy requirements may make this closed-conduit, 
gravity system an attractive alternative , particularly 
for relatively level fields that can be converted 
from surface irrigation methods . 

The low-head bubbler has the additional 
advantage of significant savings in pumping costs . 
It can be operated frequently with small basins or 
infrequently with larger basins . As long as the 
water applied is the correct amount , is the same to 
each plant , does not exceed the water storage 
capacity of the soil , and is within the reach of the 
roots , the frequency of irrigation can be that 
which is most convenient . 



_______ C_ha_pter 9 
Drip Irrigation of Avocados 

in San Diego County: 
A Case Study 

The ' 'Drip Irrigation Avocados Experiment ' ' in 
San Diego County was the first drip irrigation 
experiment in California on a commercial scale 
with a tree crop. The experiment was set up to 
compare a drip irrigation system with a sprinkler 
irrigation system on newly planted avocado trees 
and was conducted from June 1, 1970 until Sep-
tember 1, 1976. 

Irrigation is the most important cultural prac-
tice in growing avocados . Water conservation 
should be an important part of every grower's job . 
Not only is the price of water particularly high in 
San Diego County (as high as $200-250 an acre-
foot in 1980), but there is also a limited amount 
available. For many years work has been underway 
to improve the irrigation methods and techniques 
for growing avocados. Basins , furrows , and fixed 
and rotating sprinklers were the irrigation methods 
used. As water became higher priced and as labor 
became more expensive , and in some cases un-
available , the grower had to refine as many of his 
cultural operations as possible. Attempts were 
made at automating irrigation systems. Tensio-
meters were used to better understand soil moisture 
conditions and their relationship to tree per-
formance. Drip irrigation offered a refinement 
of previous irrigation techniques under the hilly 
conditions of many groves, and it was with this in 

Drip irrigation of avocados in San Diego County . 
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mind that an attempt was made to introduce drip 
irrigation into avocado orchards of San Diego 
County. 

General description of project 

A drip irrigation experiment on avocados was 
initiated in the fall of 1969. In June 1970 the 
orchard was planted, and the irrigation system 
installed . The experimental site is situated on the 
Trendel orchard near Bonsall in north San Diego 
County. Bonsall is at the center of 12,000 acres of 
avocadoes-25 percent of the state's avocado 
acreage . 

The test orchard has an area of five acres , 
divided into eight plots. Four plots were irrigated 
with fixed sprinklers and four plots with drip 
emitters. The number of trees in each plot varies 
but the average ranges between 60 and 7 5. 

The orchard was originally engineered for a 
conventional sprinkler system. Buried rigid PVC 
pipe for mains , sub-mains, and laterals were in 
place at the time the trees were planted. The drip 
system was superimposed on the permanent irri-
gation system in the four plots that were to be drip 
irrigated. 

Two varieties , Hass and Reed , were selected 
by the grower for planting. Both are Guatemalan 
type, summer producing, and somewhat sensitive 
to frost. Tree spacing for both varieties was 15' x 
20'. Each plot was split and contained about the 
same number of trees of each variety . 

The soils in the orchard consist of a complex 
of two well-drained soils: Fallbrook fine sandy 
loam , and Vista sandy loam. The soil depth ranges 
from 20 to 60 inches . The pH ranges from 6 to 7.2 . 
The orchard has a slope of about five percent and 
is at an elevation of about 600 feet. Annual pre-
cipitation ranges from 12 to 20 inches, and air 
temperature ranges from 24 °F to 102 ° F. 

The water used on the experiment was from 
the Colorado River. The avocado tree is sensitive 
to salts , especially chloride. The total salts in 
Colorado River water is equivalent to 1 mmho , or 
750 ppm ; the chloride content is approximately a 



hundred ppm. These are levels at which consider-
able caution should be used in irrigation manage-
ment. Frequent irrigations with periodic leaching 
are necessary in areas with such highly saline water 
to move the salts through the soil profile and 
below the root zone ; otherwise, tip burn will 
occur on the older leaves in the fall and winter . 

Measurements taken during the course of the 
experiment on a weekly , monthly, and annual 
basis included: 1) tensiometer readings; 2) water 
evaporation from the Class "A" pan situated ad-
jacent to border trees on the east side of the plot* ; 
3) uniformity of flow from different emitters along 
the line; 4) water meter readings to determine 
water applied on sprinkler and drip plots; 5) soil 
salinity; 6) leaf chemical analyses; 7) height and 
width of trees; 8) circumference of trunk below 
and above the bud union; 9) root growth patterns ; 
10) soil moisture patterns ; and 11) fertilizer dis-
tribution throughout the irrigation system. 

Results 

Canopy size (Table 1) did not differ between the 
two methods of irrigation over the five years of 
study . The only significant differences among 
trees were related to varietal differences . 

Fruit yields were exceptionally high-over 
1000 pounds per acre the first harvest in 1973 and 
about 10,000 pounds per acre in 1975. Yields 
were higher in the sprinkler-irrigated plots than in 
the drip-irrigated plots in the last two years of 
the study (1975 and 1976). The difference appears 
to be related to the insufficient soil volume wetted 
by the four emitters rather than to insufficient 
applied water. It is now recommended that each 
tree be irrigated with six emitters. 

Water applied was volumetrically measured in 
each plot. Separate water meters for the drip- and 
sprinkler-irrigated plots were read weekly . From 
those readings the amounts in gallons per tree and 
acre inches per acre were calculated. The meters 
recorded the total water applied to 325 trees by 
sprinklers and 349 trees by drip. Each tree was 
provided, but did not fully cover , 300 square feet 
of land area. 

Table 2 shows the small amount of water 
needed by very young trees and the rate at which 
water use increases as the trees grow . The com-
parison of water applied to drip plots with the 
amount applied to sprinkled plots shows a change 
in ratios as the trees grow larger , from 31 percent 
as much water for drip-irrigated trees the first 
year to 7 5 percent as much the last full year of 
the experiment (1975). The early low used by drip 
irrigation was probably caused by the low evapor-

• Thi s is not the standard environment recommended for 
setting the pan but was the best available . 
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ation loss from the small areas of soil wetted when 
the trees were small . Sprinkled plots had a greater 
area of wet surface soil from which water evapor-
ated. As the trees grew and shaded more of the 
soil , a larger proportion of the water applied to 
sprinkled trees was applied to drip -irrigated trees. 

While the ratio of water applied by the two 
methods changed with tree growth , the difference 
between the two , caused mainly by evaporation 
from wet soil, remained fairly constant , ranging 
from 4 to 5.5 inches per year in the first 3 1/2 years. 
In June 197 4, the sprinklers were changed from 
fixed jet to reaction type rotating sprinklers which 
wetted a much greater area. The new sprinklers 
increased the losses by evaporation and possibly 
by deep percolation into soil that roots had not 
yet penetrated . The difference in 1974 between 
the two methods was 12.35 inches. In 1975 , it 
dropped back to 8 .34 inches as the tree canopy 
increased in size. 

The greatest water use normally occurs in the 
third quarter, July to September , when the high-
est temperatures prevail. That pattern held in all 
years for both methods of irrigation except for 
drip irrigation in 197 5, when the fourth quarter 
slightly exceeded the third because drip irrigation 
was continued until the rainfall exceeded 3 inches . 
This relates to a peculiarity of drip irrigation on a 
salt-sensitive perennial crop such as avocados. 
When fall rains arrive, the first two inches can be 
hazardous . Salt that has accumulated in the surface 
soil around drip-irrigated trees (see Chapter 2) is 
washed down by early rains into the concentrated 
root zone where it can be damaging. The greatest 
problem occurs when about one inch of fall rain 
is received that is not followed for some time by 
additional rains. Such a problem occurred in the 

Year 

1971 
1972 
1973 
1974 
1975 
1976 

TABLE 1. 
Canopy Size of Avocado Trees, 1971-76 

Year Height (feet) Width (feet) 
1971 3.8 1.8 
1972 6.2 4.5 
1973 8.9 7.8 
1974 11.7 10.4 
1975 12.3 10.6 
1976 13.6 11.3 

TABLE 2. 
Water Applied Under Drip and Sprinkler Irrigation 

Water applied 
(acre-in/acre) 

sprinkler drip 
8.1 4.0 

13.7 8.2 
19.2 14.5 
31.0 17.7 
32.6 24 .2 
13.2 8.9 

Rainfall 
(inches) 

9.9 
8.6 

11.3 
8.5 

10.6 
8.2 

Pan 
evaporation 

(inches) 

61 .6 
61 .6 
58 .7 
31 .1 

(to July) 



experiment in the fall of 197 4 and produced more 
than usual tip burn . It led to the conclusion that 
drip irrigation should be continued after fall rains 
start until at least two to three inches of rain have 
fallen . 

Drip irrigation wets a smaller soil volume than 
sprinkling and , therefore , provides less water in 
storage to protect a tree from unusual demands. 
Because water should be applied daily , it is cus-
tomary for irrigation system designers to think 
about the maximum potential daily requirements 
when planning system capacity . With some soil 
water storage capacity available, it is probably 
safe to consider maximum use on a peak-week 
basis rather than a single peak day . Average daily 
use observed for the peak week is shown in Table 3. 
The irrigation scheduling for both the sprinkler 
and drip plots were based solely on interpreta-
tion of tensiometer readings. 

Fertilization with nitrogen began during the 
first month after planting . Regular additions of 
nitrogen fertilizer were made thereafter . Drip 
irrigated trees received the same quantity of nitro-
gen, applied by hand twice monthly around the 
drip line of each tree . During the course of the 
experiment three forms of nitrogen were applied: 
urea, calcium nitrate , and ammonium nitrate. 

Soil pH, which ranged from 6.2 to 7.0 initially , 
was checked annually. Under the urea fertilization 
program, it decreased to less than 5 in some por-
tions of the root zone. To counter this trend, cal-
cium nitrate was substituted for urea in 1972. 
After the change was made , noticeably more salt 
accumulated at the soil surface in the drip irrigated 
plots. However, salinity in the root zone , which 
will be discussed later , was similar to that found 

TABLE 3. 
Daily Water Use During the Peak Week for Drip Plots 

Year Week Gal/Tree/Day Acre-In/Acre 
1970 8/14-8/21 2.27 0.012 
1971 7/16-7/23 3.62 0.019 
1972 9/01-9/08 9.99 0.053 
1973 8/31-9/07 18.14 0.097 
1974 8/09-8/16 21.36 0.114 
1975 9/12-9/19 30 .21 0.162 

TABLE 4. 
Soil Chloride and Salinity in Avocados 

Soil salinity 
Soil chloride (meq/1) (EC X 103) 

sprinkler drip sprinkler drip 
1970 fall 3.6 3.6 1.4 1.8 
1971 spring 1.9 2.1 1.3 1.8 
1971 fall 4.9 6.4 2.9 3.6 
1972 spring 3.9 3.4 2.0 1.8 
1972 fall 8.6 6.6 3.2 2.8 
1973 spring 5.6 5.3 2.0 2.0 
1973 fall 7.9 8.5 2.4 2.1 
1974 spring 7.4 6.4 3.2 1.9 
1975 spring 3.4 3.7 1.5 1.2 
1975 spring 4.5 3.8 1.7 1.3 
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in previous years . In 197 4 , after the excess soil 
acidity problem was corrected , ammonium nitrate 
was substituted for calcium nitrate. The soil pH 
remained in the range of 6 to 7 thereafter . 

The only element used in the fertilization 
program, besides nitrogen , was zinc , which was 
first applied as a chelate in the irrigation water in 
April 1972 , and subsequently as a standard zinc 
sulfate foliar spray once each year in early summer . 

Soluble salt accumulation in the soil and 
chloride accumulation in both the soil and leaves 
were monitored to determine if there were any 
differences associated with the two irrigation 
methods . The soil was initially analyzed when the 
orchard was established . Samples were taken from 
0 to 1 foot and 1 to 2 foot depths at two sites in 
each of the eight plots. In no case did the soluble 
salts , as measured by electrical conductivity and 
chloride concentration of the saturation extract , 
exceed maximum safe levels for avocados on 
Mexican rootstock, i.e., 2 millimhos and 5 meq/1, 
respectively . 

Soil salinity was determined on a regular basis 
thereafter , samples being taken twice each year 
from around the drip line of the same trees at the 
end of the winter rains and again at the end of the 
irrigation season. Six tree sites , three in drip-ir-
rigated plots and three in sprinkler-irrigated plots, 
were sampled by 6- or 12-inch increments to 3 
feet , the maximum soil depth in most of the 
orchards. 

Leaf samples taken for chloride analysis were 
collected from two varieties in each plot in Sep-
tember or October , starting in 1971. 

Soil chloride levels and soil salinity levels 
measured from the fall of 1970 through the spring 
of 1976 are shown in Table 4. The values are 
averages of the surface to 3-foot depth for all trees 
sampled for each irrigation method . Under both 
methods chloride concentration in the root zone 
increased during each irrigation season and then 
decreased as a result of leaching during the winter 
rainfall. The degree of winter leaching varies in 
San Diego County because of variability in the 
distribution and amount of rainfall. 

Under drip irrigation , salts were highest in the 
first foot of soil and decreased to approximately 
constant but marginal levels in the 1- to 2-foot and 
2- to 3-foot depths. Under sprinkler irrigation , 
marginal levels of salts were rather uniformly 
distributed throughout the 3-foot depth. That 
pattern prevailed in the fall for chloride and total 
soluble salts . 

Both soil and leaf analyses indicated that the 
amount of water applied was not sufficient for 
complete salinity control under either drip or 
sprinkler irrigation . Duration of irrigati9n was 
then increased, starting in 1974 , to achieve more 
leaching for salinity control. 






