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SPRINKLING FOR FROST PROTECTION

A Review of Selected Literature

When freezing weather threatens to damage buds, leaves, or fruit, heat

must be applied to protect them. One way of applying heat is by sprinkling

the plant with water from an irrigation system. Pear trees have been suc-

cessfully protected in Oregon by this method.

Frost damage to fruit crops in Oregon usually occurs on a clear, calm

night in the early spring. A leaf, bud, or small fruit in this environment

will lose heat in three different ways. Part of the heat is lost by direct

transfer from the leaf to the colder air surrounding it. Assuming we are

able to maintain the temperature of the plant at about 32° F, the rate of

heat loss will increase as the temperature of the surrounding air decreases.

The rate of heat loss also will increase with any slight movement of the

surrounding air, because this permits the heat to be carried to other parts

of the air mass not in direct contact with the leaf. A strong wind will

hasten this heat transfer, but even without a wind there will be some mix-

ing of the air.

Another way the plant loses heat is by radiation to the sky. Consider

a flat, horizontal leaf with its top surface radiating heat toward the cold,

open sky. While the underside of the leaf will receive some heat radiated

to it from the warmer ground surface and the upper surface of the leaf will

receive radiation from the air in the sky, the loss by radiation to the sky

on a clear, cold night will be greater. If we maintain the leaf at 32° F,
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the rate of heat loss by radiation will be governed by the effective sky

temperature, which in turn is related to air temperature near the ground.

The third portion of heat loss from the plant is caused by evaporation

from the surface. A very large quantity of heat, called the latent heat of

vaporization, is required to convert water from a liquid to a vapor state at

the same temperature. The latent heat of vaporization is nearly 600 times

greater than the quantity of heat required to raise liquid water 1° C. When

the leaf stomata are closed and the leaf has not been wet from some external

source, the quantity of water vaporized is limited to that which can be

transmitted through the cell walls of the plant and is essentially zero.

When a leaf is covered with water or ice, however, the loss in heat due to

vaporization could be quite large.

The evaporative heat loss will be greatest when the wind is the greatest

and also when the vapor pressure deficit in the air is the greatest. When

the relative humidity in the air is 100%, there can be no evaporation, but

the rate of evaporation increases as the vapor pressure decreases below sat-

uration. Thus, when the dew-point temperature of the air is below the ambient

temperature, evaporation will take place from any free-water surface with a

temperature comparable to the air temperature.

Effect of Applying Irrigation Water 

When a small amount of water is sprinkled onto a leaf or a bud, evapor-

ation from the water surface tends to cool the surface to wet-bulb temperature.

When the sprinkling rate is adequate, the cooling effect will be overcome.

Figure 1 shows what can happen when the application rate is inadequate, a

situation called deficit sprinkling (Gerber and Harrison, 1964). A vapor

pressure deficit of 1 millibar (about 75% relative humidity at 32° F) can

cause a temperature depression of more than 1
o F with a wind less than 0.5 mph,
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and when the wind exceeds 2.5 mph, the temperature depression is about

2.5° F. If the wet-bulb temperature is below critical temperature, plant

damage is possible if too little water is applied when the temperature is

about 31° or 32° F. In one test, when two leaves were cooled to 28.5° F,

then one was sprinkled at the rate of 0.02"/hr., the sprinkled leaf was

damaged, but the other was not. However, a second trial showed that a rate

of 0.1"/hr. did not damage the leaf (Von Pogrell and Kidder, 1960).

When the rate of sprinkling is adequate, sufficient heat is supplied

to the plant when the water freezes. Although the latent heat of fusion

(heat given off when water changes to ice) is less than 1/7th as great as

the latent heat of vaporization, it apparently can protect a plant in a

22° F environment if there is little or no wind. As long as a film of free

liquid water surrounds an ice-coated leaf, the temperature of the ice and

leaf cannot go below 32° F. It is only necessary to apply enough water to

the plant to assure there will always be a film of unfrozen water on the

surface. The required application rate can be estimated if the heat lost

by convection, radiation, and evaporation is known. Such estimates are

supported by many measurements. The actual required application rates are

further affected by characteristics of the sprinklers and the size and shape

of the plant parts to be protected.

Effect of Frequency of Wetting 

Leaf edge temperatures are shown in Figures 2 and 3 as a function of

time (Wheaton and Kidder, 1964). In Figure 2, even with the high application

rate of 0.37"/hr., the leaf edge dropped nearly to the wet-bulb temperature

in the 120 seconds between wettings. In Figure 3, the application rate was

much lower and the wind even higher. For both the 120-second and the 60-

second frequencies, the leaf temperature nearly reached the wet-bulb
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temperature. The 20-second frequency was much better, but even then the

edge of the leaf dropped below air temperature. The frequency of wetting

must be sufficient for each application to reach the plant before the pre-

vious application is all frozen. In Figure 3, the application rate was not

enough to maintain a film of water even-at a 20-second frequency. It is

apparent, however, that increasing the frequency of rotation of the sprinkler

will reduce the required application rate. In the two examples shown, the

degree of protection would have been_much greater were-it not for the ex-

cessive evaporative cooling caused by the wind.

Critical Temperatures 

The lowest temperature a plant can withstand without damage has been

observed by many horticulturists. Recent data have been published for Idaho

(Horn, 1966) and Michigan (Michigan Freeze Bulletin). However, it has been

shown that the critical temperature of a_bean leaf is raised by coating it

with ice and also by giving it a series of mechanical shocks comparable to

the impact of a drop of water (Von Pogrell and Kidder, 1960).

Table 1 shows that a leaf which can withstand a temperature between

27.5° and 28° F, if undisturbed, could require protection to 31° F by the

sprinkler irrigation method. If all plants were to behave similarly, a

sprinkler system for frost control would have to have adequate capacity to

protect to 31
0
 F.
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Table 1. Critical leaf temperature of beans 1/

Treatment	 Critical temperature

1. Cooled to a particular temperature 	 27.5 - 28.0° F
and held for 20 minutes

2. Same as 1, but with mechanical shocks	 28.5 - 29.0° F

3. Ice-coated, then cooled for 20 minutes	 28.5 - 29.0° F

4. Same as 3, plus mechanical shocks	 31.0 ° F

1/ As affected by ice coating from sprinkler irrigation (Interpreted from
Von Pogrell and Kidder).

Required Application Rate for Leaf Protection 

Figure 4 (Von Pogrell and Kidder, 1959) shows the results of a test

conducted in a controlled chamber. Humidity was near 100%. Wind velocity

parallel to the leaf ranged from 0.34 to 0.85 mph. Cooling in the chamber

was accomplished from an element in the ceiling, thus simulating a radiation

frost.night. Air temperature was controlled by varying the amount of warm

air entering the chamber. Leaf temperature was obtained from a thermocouple

on the upper side of the leaf where it was exposed to radiation cooling.

Air temperature sensors were shielded from radiation loss to the ceiling.

The four curves in Figure 4 indicate that a higher application rate

is required when the frequency of application is reduced. For example, pro-

tection of a bean leaf to 22° F apparently can be obtained for this set of

carefully controlled conditions with an application rate of 0.10"/hr. if

the period between wettings is only 20 seconds. However, increasing the

period to 60 seconds requires about 0.12"/hr., and for 180 seconds at least

0.14"/hr. If the sprinkler makes one revolution in 40 seconds, the average

period between wettings would be less than 40 seconds because of overlap.



■

■

■

■

(1)
• 0 p 0
ZZ Z Z

0O 0 0
U U 00
Li W W W
(/)	 (/)

00 00
CO (.0 (NI

•1111 •
111• ■ • q

■

0
N

o

0

a_

F-
cr

(.0N

co

3

 Z —
N 2

2	 OD P0 •,1
W

-r-1 0 •

,‘N l'—	 0 CDP 4 a)
t '1	 P. 4-1 re

0 '04-1 •••1
4-1 00

o
+.) $.4CJ 0 0
N 4-1

44 Cti

w
A' tip

4 2)J g

a)

bo
N

dH/ NI 31Vb NOLLVOliddV



10

Since some systems do not have complete overlap, portions of the area will

receive water from only one sprinkler. A rotation rate requiring more than

45 seconds per revolution should be avoided.

Effect of Shape of Plant Part 

A sphere, such as a small fruit, will require a higher application

rate than a leaf because it radiates in all directions. Since the air at

the level of the fruit is usually colder than the next higher layers on a

radiation frost night, a sphere will lose more heat by radiation in the

horizontal directions. There is a very slight compensation for this loss

because of the greater heat capacity per unit surface area of the sphere.

Another advantage of the sphere is the greater surface available to inter-

cept water drops that do not fall vertically (Businger, 1964).

Figure 5 compares theoretical required application rates for various

shapes (Beahm and Kidder, 1960). Natural convection conditions are assumed.

Note that a 1" diameter cylinder, simulating a tree branch, requires more

water than a leaf, and that a sphere requires more yet. All objects in this

example are of comparable size. The theoretical rates shown are lower than

actual required rates because of unavoidable losses, such as unfrozen water

that drips off. The dotted line suggests that a sphere requires twice as

much water as a horizontal leaf.

A small diameter sphere requires a higher application rate than a large

one. Perhaps one reason is the greater heat reservoir per unit surface area

which prevents the temperature from going quite so low between rotations of

the sprinkler. Figure 6 (Beahm and Kidder, 1960) shows theoretical appli-

cation rates for spheres of different diameters with a wind speed of 3 mph.

Note that at a rate of 0.12"/hr., a 2" sphere can be protected to a tempera-

ture of at least 2° F lower than a 1/2" sphere. The same idea can be applied
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to the thickness of the ice coating around a bud or fruit. A heavy ice coat-

ing makes protection easier.

Effect of Wind Speed 

Because evaporative cooling is governed partly by wind speed, it is

necessary to increase the application rate to compensate. Figure 7 (Beahm

and Kidder, 1960) indicates how important this factor is. The dotted line

on this chart indicates that an application of 0.11"/hr. will protect to

22° F in a 0.10 mph wind, but the rate must be increased to 0.17"/hr. for

a 0.25 mph wind. The startling fact here is that a wind of 0.25 mph is too

low to cause the ordinary anemometer to turn at all. It may even be too

low to be detected by a person. All data shown in Figures 5, 6, and 7 are

theoretical, and cannot be applied directly to the field. However, the

relative relationships are useful.

Ice Load on Trees 

There has been some concern about possible breakage of limbs heavily

laden with ice. Certainly, excessive amounts of ice could be damaging. How-

ever, experience in Oregon and Washington indicates that 0.15"/hr. does not

cause breakage, and 0.18"/hr. would probably be safe for pear trees (Lombard,

1968). Perhaps young trees could take more. Major breakage was reported

in apple trees sprinkled at the rate of 0.40"/hr., but no mention was made

of significant breakage in trees which received 0.25"/hr. (Kidder, 1963).

Fortunately, the ice load is applied in Oregon when the tree is not heavily

laden with fruit. Lombard stated that sprinkling at the rate of 0.20"/hr.

for 8 hours would apply a load equal to 30 lugs of fruit (1,400 lbs. of ice)

on a 15-foot spread tree or 75 lugs of fruit (3,000 lbs. of ice) on a 30-foot

spread tree.
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Uniformity of Water Distribution 

If each delicate part of each plant is to receive adequate protection,

it must get its fair share of water. It is, therefore, highly desirable to

distribute the water uniformly. The most common measurement of uniformity

is the Uniformity Coefficient (UC). A 90% UC means that the spot that re-

ceives the least water will get only about two-thirds as much as the wettest

spot, and that if you want at least 1 inch of water applied to 90% of the

area served, you must apply an average of about 1.2 inches. A 70% UC means

that the driest spot may receive only about one-fourth as much as the

wettest, and that a 1.8 inch application is necessary to cover 90% of the

area with at least 1 inch of water. To date, such measurements have been

made principally on a horizontal plane and may not be directly applicable

to a three-dimensional orchard.

Figure 8 shows the results of recent tests on small single-nozzle

sprinklers commonly used for solid set systems (Wolfe, 1967). Discharge

per sprinkler ranged from about 1 to 2 gallons per minute (gpm). A total

of 288 measurements are summarized here. Note that the 30 x 50 foot rectang-

ular spacing appears to be the best one tested, followed closely by the 40

x 40 triangular. Also, the 3/32" nozzle was consistently better than the

5/64" for the sprinklers tested.

Figure 9 is based on the same data as Figure 8. It shows that within

the range of 40 to 60 pounds per square inch (psi) pressure, pressure has no

effect on uniformity when using 5/64" or 3/32" nozzles. Note that the UC

averages are all quite low. One reason is that the catch cans were placed

on the same level as the sprinkler nozzles. Had the cans been placed 2 feet

lower, the measured UC values would likely have been between 2 and 6 per-

centage points higher. Wind was also a factor.
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Figure 10 shows the confusing picture presented by the results from only

one sprinkler. Obviously, some uncontrolled factor has affected the results.

The 30 x 50 rectangular spacing looks good for 50 and 60 psi, as we would

expect it to, but it drops low at 40 psi. The principal variable causing

this difference is the wind. The effect of wind on uniformity can be seen

from the regression line plotted in Figure 11. It is based on 144 data points.

Note that an acceptable UC of 80% at 2 mph would drop to about 50% at 5 mph,

a value considered unsatisfactory.

Figure 12 shows a summary of results on three sprinkler makes, all with

a 1/8" nozzle, on 50 x 50 triangular spacing. This spacing is used on some

orchards near Medford. These sprinklers are a little larger than the first

ones tested. They have a 3/4" base. In each case, they were considered

the best that could be supplied in June 1967 by the respective manufacturers

for frost control for this spacing and nozzle size. Rotation speeds ranged

from 35 to 70 seconds per revolution. Note the dependence on pressure for

these sprinklers and that uniformities for two of them peak at 60 psi.

A dependence of uniformity on wind, similar to that for the smaller

sprinklers, can be seen in Figure 13.- However, in this case, the dependence

on pressure is also evident. It appears as though a uniformity of 80% or

higher can be anticipated for sprinkler make No. 2 when operated at 60 psi

in very low wind.

An attempt was made in the summer of 1968, following the heavy spring

frost, to evaluate the effect of uniformity on the yield of individual trees

in Carpenter's Green Orchard, a pear orchard near Medford. One of the ques-

tions which might be answered in a field study is whether a UC measured in -

a two-dimensional horizontal plane has meaning when applied to an orchard

with three dimensions. In this study, the yield of each tree was visually
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estimated by Dr. P. B. Lombard before picking, using a relative scale from

0 to 10. Then the position of each tree was plotted in relation to the

triangular sprinkler pattern. Figure 14 shows that there are only three

possible tree positions within the 50 x 50 triangular pattern when the trees

are on a 25 x 25 square pattern. Results of the study are shown in Table 2.

Note that for 300 Anjou trees there was almost no difference in yield due to

position. For the 150 Bartletts, the center position appeared low, but for

the 10 Boscs it was not low. These data have not yet been analyzed statis-

tically, but likely no real differences can be found. If there were a real

difference, it would likely be in favor of the trees in position 3, the trees

in the row with the sprinklers but located between them. The sprinklers used

in the Green Orchard are the smaller size with a 1/2" base, like those tested

with the 5/64" and 3/32" nozzles, but they were fitted with 1/8" nozzles.

The uniformity coefficient for this system is yet to be obtained.

Table 2.	 Percentage of possible crop density observed on pear trees with
reference to sprinkler location (Green Orchard, Medford, 1968)

Position of tree Anjou Bartlett Bosc

1.

2.

3.

Under sprinkler

Center

Between two sprinklers

79%

79%

80%

74%

67%

83%

73%

88%

90%

Changes in Air Temperature Due to Sprinkling 

When applying water with a solid set system covering several acres, the

micro-climate within the irrigated block will be changed. Likely both tem-

perature and humidity will be raised in the zone below the level of the

sprinklers. Horticulturists at Medford have observed as much as 4° F increase
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O
0 SPRINKLERS IN TREES, 50 x 50A SPACING
0 TREE LOCATION, 25 X 25 0 SPACING

TREE DIRECTLY UNDER SPRINKLER
TREE IN CENTER POSITION
TREE BETWEEN TWO SPRINKLERS

Figure 14. Relationship between tree location and sprinkler location
in Carpenter's Green Orchard, Medford (from Lombard).
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in air temperature in a pear orchard with overtree sprinkling (Cordy, 1965).

Humidity measurements during frost control sprinkling appear to be very

scarce, but undoubtedly, if the wet-bulb temperature was below dry bulb, it

would be significantly raised. The edge of the irrigated block, particularly

on the windward side, will probably not benefit as much in this respect.

When a solid set system is not available, a preventive irrigation has

sometimes been applied before an anticipated frost. Some reports indicate

beneficial results, but other reports say the frost damage was increased.

The physical effects of preventive irrigation have been listed as: (Businger,

1964)

1. Thermal conductivity of the soil is increased.

2. Heat capacity of the soil is increased.

3. Evaporation from the surface is increased.

4. Crops generally become more susceptible to frost.

Sometimes the favorable effects (1 and 2) and sometimes the unfavorable

effects (3 and 4) dominate. The question is whether or not sufficient heat

can be brought up from the soil below or stored from the sun's heat during

the day to overcome the added effect of evaporative cooling on a plant that

is more easily damaged.

Undertree sprinkling has been advocated as a method of frost protection

in orchards. Measurements in an almond orchard in California showed an

advantage of only 1° or 2° F (Brooks, 1961). Measurements made just above

the spray from four small sprinklers on a 25 x 25 foot spacing near Medford

showed no increase in temperature or humidity due to sprinkling (Cordy, 1965).

Apparently this method is not satisfactory for frost protection.

Design Application Rates 

Before an application rate is selected for a new frost control sprinkler

system, a decision should be made on the degree of protection desired. A
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probability analysis could be made to determine the frequency of occurrence

of temperatures reaching 28 o
, 26

o
, 24

o
 F, etc. for selected dates during the

frost control season. The analysis should include the probability of lower

wet-bulb temperatures accompanying the low dry-bulb temperatures. Wind ve-

locity also should be included. From such an analysis, one could select a

Set of conditions that would occur once in 10 years, or once in 20 years, or

any other period for which protection could be justified. The minimum per-

missible temperatures to be maintained in the plant for respective dates

also must be chosen.

Once_these temperatures and wind velocities are chosen, a theoretical

estimate of - the required application rate to protect a particular plant part

can be made (Businger, 1964; Chesness, et al, 1968). The estimating equa-

tions contain empirical coefficients, most of which have been obtained from

measurements in a laboratory. Some allowance for error must be made when

these are applied to a field situation.

An estimate also can be made from a chart such as Figure 4. This chart

suggests that for a 60-second frequency, a rate of 0.12"/hr. is required for

the protection of bean leaves to 22° F in nearly 100% relative humidity. If

it is desired to protect pears for 22° F air temperature after the fruit has

begun to form, the suggested rate may have to be increased to compensate for

the following factors:

1. Change in shape from a leaf to a sphere of the size expected on the

date in question.

2. Evaporation due to a low wet-bulb temperature, if one is expected

below 22° F.

3. Evaporative and convective heat loss due to wind above 0.85 mph,

the highest velocity used in the test chamber, if such winds are

expected.
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4. Lack of uniform distribution of water to each sensitive part of

the plant and the resultant waste of water from runoff.

5. The three-dimensional character of an orchard, in contrast to the

two-dimensional shape of a bean field.

However, the following factors will tend to decrease the water required,

especially toward the center of the irrigated block:

1. Increase in air temperature surrounding the plants.

2. Increase in wet-bulb temperature.

3. A blanket effect of the upper portions of a tree in reducing radi-

ation heat loss from the lower portions.

Apparently, the last three factors approximately compensate for the

first five when there is little or no wind. A rate of 0.12"/hr. gave protec-

tion to the interior of a pear orchard during the 1968 spring freeze (Cordy,

1968). This compares favorably with the 0.10"/hr. minimum rate recommended

for small fruits and vegetables in Michigan (Kidder and Davis). However, it

is less than the 0.15"/hr. employed in the Barbee Apple Orchard near Yakima

in the spring of 1968, where a general observation indicated this rate was

not excessive for the situation.

Until more information is available to correlate laboratory measurements

and theoretical calculations with actual field performance, and until criti-

cal temperatures and the probability of severe frosts have been determined

with greater precision, design application rates must be based on a general-

ization of available measurements and theory. Summarizing the data in this

paper, one could choose the following range of minimum application rates

for Oregon:

Vegetables and small fruits	 0.10 to 0.13"/hr.

Orchards	 0.12 to 0.15"/hr.



28

Under conditions of essentially no wind, water apparently can be applied

with acceptable uniformity (UC > 80%) at these rates of application by

selecting one of the combinations of sprinkler nozzle size, spacing, and

pressure listed in Table 3. It is assumed that the 7/64" nozzle, although

not tested, will perform at least as well as the 3/32". It is further assumed

that the 3/32" and 7/64" nozzles will be mounted in a small sprinkler with

a 1/2" base, and that the 1/8" nozzles will be used with the next larger

sprinkler with a 3/4" base. Finally, it is assumed that any sprinkler

selected will make one complete rotation in not more than 30 to 50 seconds.

Rain Bird discharge tables were used for one step in the calculations.

Table 3. Application rates corresponding to recommended combinations of
sprinkler size, spacing, and pressure

50 x 50 triangular 30 x 50 rectangular 40 x 40 triangular or square 

Pressure	 1/8" nozzle	 3/32"	 7/64"	 3/32"	 7/64"

PSI in./hr. in./hr. in./hr. in./hr. in./hr.

40 0.104 0.141
1/

0.099 0.132

50 0.115 0.156 0.108 0.147

60 0.135 0.127 0.172 0.119 0.162

70 0.146

1/ Underlined values would be preferred over others in the same column for
orchards near Medford, considering uniformity, pressure, economy, and desired
application rate.
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