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Abstract. The condition of 66 Ambersweet/sour orange, 198
Orlando Tangelo/Carrizo and 197 Robinson/Carrizo was re

corded after the windy freeze of 13-15 March 93. These trees
were planted 15 X 20 feet in April 90 on the main campus
of the University of Florida [UF]. Under-tree sprinklers pro
tected 84 trees while 377 trees had 1 to 3 in-tree sprinklers
per tree. All trees were supplied 16 gph regardless of number
of nozzles. Wind speeds reached 25 mph at times, and dewpoints were in the teens. A method of converting minimum
precipitation rate to maximum diameter of a cylindrical re
gion of protection is provided as an aid in deciding to sprinkle
under such conditions. Temperatures within the sprinkled
trees varied appreciably from location to location but seldom
reached critical levels even though evaporative cooling drove
them toward the wetbulb temperature in locations receiving
deficient amounts of water. Visual appraisal of damage re
vealed appreciable variation from tree to tree having the
same method of protection. Because of this variability there
were no significant differences between methods or between

the sprinkled and the nonsprinkled trees. All 11 broken limbs
were on in-tree sprinkled trees and 3 were on a single tree.

Wind and evaporation would be labeled foe by those
who recall the 1962 freeze [e.g. Gerber & Harrison, 1964].
A simplistic model of the cooling mechanism was used to
explain how wind and evaporation combined to cause
more damage to the sprinkled groves than was done by the
wind and cold alone to unsprinkled groves during that
freeze [Businger, 1965; Gerber & Martsolf, 1965; Gerber
& Martsolf, 1979]. The original overhead sprinkling model
and its variations were refined to fit deciduous fruit trees
by Barfield et al. (1981), Perry et al. (1982), and Kalma et
al. (1992). Davies et al. (1988) modeled the under-tree case.
The effect of humidity was addressed by Barfield et al.
(1979) and Perry (1986).

These models, with exception of Davies et al. (1988),
focused on a single plant element, i.e. the leaf, a blossom,
or a bud. The models forecast the temperature of a flat
plate [leaf] or a sphere [approximating the blossom], given
wind speed, air temperature, humidity, and radiant loss to
the cold sky. These models did not consider plant struc
tures surrounding the blossom or the leaf, temperature of
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the irrigation water, or droplet travel through the atmos
phere. The models estimate the amount of water that must
arrive to sustain the water film over the ice-covered leaf or
blossom. The outputs were in terms of the minimum pre
cipitation rate for protection. Previous papers [Martsolf,
1992; Martsolf & Hannah, 1991; Martsolf, 1990] have
suggested some complexities of the real world that models
should consider.
Ferguson & Taylor (1993a, 1993b) report that the pro
ducers have placed a high priority upon cold protection
methodology. The purpose of this study is to report obser
vations made in a citrus grove on the main campus of the
UF following the freeze of March 13-15, 1993.

Materials

Figure 1 is a grove plot which shows the cold protection
methods in place at the time of the freeze. The irrigation
system was operated at 20 psi. The heights of the intree
sprinklers were approximately 3 feet for the single green
nozzles [16 gph]. When 2 orange nozzles [7.7 gph each]
were present in a vertical configuration the lower nozzle
was at about 2 feet and the upper at 4 feet. In the 3 sprink
ler/tree case, black [6.3 gph each] nozzles were used. The
3 nozzle types used are referred to by the name given
them by the manufacturer, i.e. the Max One, the Deflector,
and the 90° [see Fig. 1 for their locations]. When nozzles
were supported by tree clips they were placed on conven
ient limbs and their heights varied appreciably but the av
erage height was about 3 feet. Particular observations are
reported by tree number in which the block number is
followed by the column number and finally by the row
number [Fig. 1]. The trees had both new tender growth
and blossoms.

Tree clips evolved from an experimental method in
which 3 each 90° black nozzles were tied with paper coated
wires to the 3 major scaffold limbs with the spray pointed
at the limb so that the major flow ran down the limb and
trunk. The clips are circular-shaped plastic supports that
permit the rather elastic tubing connecting the nozzle to
the lateral of the irrigation system to be wound around the
limb and hold the sprinkler upright above the limb. There
are 7 locations on the support into which the tubing can
be pressed so that the nozzle is relatively upright regardless
of the position of the limb within the canopy.

Figure 1 also indicates the location of the Orchard Lab
just south of Block 6 of the research orchard where the
data acquisition system is housed. That system and the in
strumentation have been described in previous publica
tions [Martsolf, 1990, 1989] and diagrammed in Figure 4
in Martsolf et al. (1988). Temperatures were measured by
copper-constantan thermocouple and wind speed with
Thornthwaite cup anemometers at 5 and 10 ft above the
surface at a location between trees 613 and 614. Dew point
temperatures were computed from sling psychrometer
readings taken periodically during the freeze and com
pared with dew points reported via NOAA Weather Radio
and the Weather Channel.
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Methods

During the day preceding the first night of the freeze
[13-14 Mar. '93], the National Weather Service [NWS]
forecast from Ruskin for Zone 9 was 25-29 °F minimum
temperature, 15-20 mph wind speeds, with dew point tem
peratures of 10-14 °F. Those temperatures translated to
wet bulb temperatures in the 21-25 °F range. Only the
downwind half of the orchard was sprinkled, i.e. the 3 East
blocks or Blocks 2, 4, and 6. In order to preserve the dam
age observations, i.e. let them develop in the few days fol
lowing the freeze, the whole grove, i.e. all 6 blocks were

sprinkled the next night in which both the wind and the
temperature were expected to be lower.
Tree damage was evaluated by visual inspection of the
trees. Walking the E-W rows permitted any contrasts to be
apparent between the sprinkled and unsprinkled treat
ments and between varieties for a particular sprinkling
method [see Fig. 1].
Results

No significant differences between sprinkled and un
sprinkled trees were apparent. However, some damage
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Fig. 1. Grove map in which one of the 6 identical blocks is expanded to show the arrangement of varieties/rootstocks where R = Robinson, O =
Orlando, A = Ambersweet, C = Carrizo, and SO = sour orange versus protection techniques where I = In-tree, U = Under-tree, L = 90° nozzle
tied to limb and the numerals 2 and 3 indicate the number of sprinklers per tree. The subscripts h = high angle, o = Max One, c = tree clip support,
s = 30 inch stake support, v = vertical configuration, d = deflector, i = inverted, and t = top. Clips supported the in-tree nozzle unless otherwise
indicated. All nozzles were Maxijets.

66

Proc. Fla. State Hort. Soc. 106:

1993.

was apparent. Most of the young growth, and especially
the feathery new growth on the Ambersweets was burned,
probably by both the drying action of the wind and low
temperatures. There were some indications of damage to
some of the blossom petals.
Damage seemed to be confined to very tender material
which was not covered by a sprinkler and was in the direct
path of the cold and drying wind flow. Other regions of
damage could in many cases be traced to a location relative
to a sprinkler nozzle that appeared to get inadequate
amounts of water to maintain the vapor, ice, liquid inter
face [the triple point of water] that assures the temperature
remaining at 32 °F.
Broken limbs: Nine trees [tree number 133, 233, 338,
413, 243, 251, 471, 51a, and 651] had broken limbs. One
of these, 233, had 3 broken limbs making the total number

of broken limbs 11. Eight of these 11 breaks, or 73% of
them, were on Robinson trees while 2 were on Ambersweet, and only one on Orlando. Five of the breaks on
Robinson were beneath Max One green nozzles on tree
clips. Another Robinson break had a Max One green noz

zle supported by a stake at 30 inches in height. Another
Robinson with a broken limb had 3 black nozzles on 3
clips, and the remaining Robinson had a break beneath
the lower of 2 orange nozzles in the vertical configuration.
Two Ambersweets had broken limbs and both of these
were on trees served by 3 black nozzles on 3 tree clips.
Only one Orlando had a broken limb and it was from a
green Max One held by a tree clip.
Temperature and Wind Speed: Figure 2 shows the wind
and temperature on the same time scale. The 2 tree tem
peratures plotted were chosen because they represent the
extremes, i.e. all the other tree temperature measurements

would fit between the 2 traces.
Discussion

The freeze was not severe enough to separate the
sprinkled from the unsprinkled trees let alone separate
the individual methods one from another. However, there
were some observations that may be useful in future exper
iments of this type:

Tree Temperature: There are apparent differences in the
structure of every tree, the density of its canopy at various
locations relative to its trunk and branches. These differ
ences result in large variations in the volume of water
reaching particular points in the canopy. Regions that re
ceive insufficient water have temperatures depressed to
ward the wet bulb temperature of a psychrometer. Regions
with excessive amounts of water did not form ice. Obvi
ously the thermocouple on Tree 239 (Figure 2) became ice
coated at about 11:30 PM on 13 March. Notice how the
temperature sensor in Tree 235 responded rapidly to the
increase in wind speed, a warm wind, whereas in another
location on Tree 239 the temperature remained unaf
fected. This is part of the noted diversity that makes the
effect of in-tree sprinkling so difficult to predict.
Limb breakage. The 11 broken limbs is a relatively small
number considering the number of limbs in the grove of
461 trees. The placement of individual nozzles on clips
and especially if the clip was not supported by a vertical
limb seemed to contribute to limb breakage from ice load
ing. In other words, those sprinklers supported by PVC
pipes and those tied to vertical limbs did not break limbs.
Proc. Fla. State HorL Soc. 106:
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Even the low rate black nozzles [3 per tree] provided suffi
cient flow off the center of the tree to result in some signif
icant limb loading and in several cases limb breakage. In a
more severe freeze this would be expected to be even more
apparent.

There is a tendency when placing 3 nozzles in a single
tree to get the nozzles spread out and the greater the dis
tance from the center of the tree the more likely they are
to form ice loads heavy enough to break limbs.
Tree clips: The use of the tree clip to support the nozzle
instead of a PVC tube has the advantages of substituting
the clip for a nozzle stake and the 30 inch PVC tube. It
also avoids the problems of trying to get a stake into the
soil near the trunk of a tree where the roots are numerous.

However, clips saved little time because they required skill
in placement and the nozzle often could not be placed in
a desirable location. Tree clips seemed to contribute to
more breaks than did stakes. It would seem that deviation
of the nozzles from the centerline of the tree, i.e. unbalanc
ing the ice load on the tree, would result in more limb
breakage. While this may be true, the limb breakage in this
case was too sparse to be identified. In fact one of the
breaks was beneath the lower of 2 nozzles placed on the
center line of the tree with stakes.
A tendency was noted for the nozzles on the clips to

slant if not slide around the limb so that they were upside
down as ice began to develop. The Robinson with 3 broken
limbs is hard to ignore. The green Max One nozzle was
supported on one of the limbs that eventually broke. Be
fore that happened, the limb with its nozzle bent nearly
90° and the spray pattern was in a vertical plane. Sufficient
water was delivered to 2 other limbs causing them to break
along with the limb holding the single nozzle. It should be
kept in mind that this happened in only one tree and that
trees are diverse in the architecture of their limb place
ment. But there seems to be an indication that one can
expect more breakage from nozzles on clips than on stakes.
We have reported earlier (Martsolf and Hannah, 1991)
that intree sprinklers caused more breaks than undertree
sprinklers. Since all 11 breaks were caused by the intree
sprinklers in this freeze, that observation would seem to
hold for this study as well.
Tying 90° nozzles to scafford limbs: Metal twistems were
used for the ties. As the tree limbs grew in diameter the
metal in the twistems cut into the limbs or so distorted the
nozzle that an elastic tie is needed as a replacement for the
twistems. Where 90° black nozzles were tied properly to
the scaffold limbs the water flow down those limbs was
sufficiently warm and extensive that the flow never froze.
In a very severe freeze it appears that this method may be
found superior because of this distribution of all the flow
to the major limbs and trunk with no loss to drift (Martsolf,
1993).

The use of clips secured with elastic tubing to make the
loop around the limb partially solves this problem over the
short run. As the limb grows the pressure eventually
crimps the tubing sufficiently to either cut down on the
flow or even stop the flow to the nozzle. Sufficient growth
didn't occur during the first season of use but has been
noticed during the summer and into the second cold sea
son. The second problem with clips in this treatment was

that it was difficult to get the 90° nozzle flattened up
against the scaffold limb using the clip. If this treatment is
67
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Fig. 2. Temperature and wind speed are plotted versus time on two freeze nights. The time is coded to facilitate graphing via computer. Associate
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to be used commercially there is a need for a specially
designed clip or a method of using an elastic tie threaded
through the frame of the 90° nozzle.
Tree is a windbreak. As the tree grows in size it becomes
more and more an obstacle in the path of the wind, i.e. the
wind tends to go around and over it. As the wind is forced
around the tree it is accelerated at locations where the
streamlines are compressed. These regions are centered in
the quadrant displaced 90° from the axis of the mean wind
flow, i.e. to the right, the left, and over the top of the tree.
The wind prior to this freeze was strong enough to strip
leaves from petioles, especially in the SW quadrant of the
tree at the exposed edge of the canopy. The greater dam
age in the SW quadrant may have been due to the fact that
this quandrant receives more sunlight in the afternoon
when temperatures are highest. The new leaves were ex
panding rapidly there providing more drag to the wind
and so more were blown away. The very dense trees
seemed to lose more leaves to the wind than the thinner
trees which would seem to be due to the streamline com
pression and acceleration around the edge of the tree. Ob
viously more wind penetrates the thinner trees. Patterns of
ice formation downwind of the thinner trees suggested
that the penetrating wind was carrying the sprinkler drop
lets out of the canopy and downwind before they dropped
to the surface and froze there.
Nozzle clogging. Clay from the well clogged both filters
and sprinkler nozzles. It also collected in lateral drain val
ves causing some to stick open. Obviously, a clogged nozzle
provides no protection. A partially clogged nozzle is harder
to spot. Partially clogged nozzles exacerbate the deficient
water areas within the canopy. Filtering minimizes clog
ging and is, consequently, an important management re
commendation.

Calculating the minimum diameter: Models have been used
for several decades to predict the minimum precipitation
rate that will provide protection under various meteorolog
ical conditions. Given the precipitation rate, usually in in
ches per hour, the question becomes how to estimate
whether the particular sprinkler system can be expected to
deliver sufficient water. Since the in-tree sprinklers, and
even to some extent the under-tree sprinklers, spray into
the foliage and the foliage tends to limit the distance from
the sprinkler that the droplets travel, a pattern diameter
would seem to describe this confining action of the canopy.
The following equation can be used to convert the flow
rate indicated by the color of the nozzle and the minimum
precipitation rate provided by the sprinkler model into an
indication of the diameter of pattern that would provide
the minimum precipitation rate:

d= 1.43 A / —
Where:

d = minimum diameter of the cylinder of
protection in feet and
R = flow rate through the nozzle in gallons
per hour and
P = minimum precipitation rate given by
sprinkler model in inches per hour.

The minimum precipitation rate is the result of enter
ing a sprinkler model such as FROSTpro with the wind
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speed, dew point temperature, critical temperature, and
forecasted minimum temperature (Perry, 1986; Heinemann
et al., 1993).
This is a very crude indicator since the precipitation rate
at various points in the canopy is highly variable. The equa
tion suggests that the sprinklers should be designed and
positioned so that their patterns do not extend beyond the
canopy. Also centering the nozzle in the tree structure is
implied by this simplified geometrical view of the situation.
Global warming: Recently, workers at the National
Center for Atmospheric Research in Colorado [Miller &
Downton, 1993; Downton & Miller, 1993; Miller, 1991]
used the response of Florida citrus growers to the unusu
ally large number of severe freezes in the 80's as a model
of how agriculturists can be expected to react to global
climate change. The authors do not suggest that these
freezes indicate global change but rather that they were
sufficiently unusual to precipitate a reaction, i.e. a move
ment southward. Obviously, there is a rich diversity to the
reactions by growers to the freezes of the 80's. The atten
tion given the rapid migration of the industry suggests
that such movement is an admirable way of coping with
weather stress. Will freezes, perhaps helped by global mar
keting and competition for land, eventually push citrus off
the peninsula? The answer is more obvious in the long run
than it is in the short. But the inevitable may be delayed,
by learning what we can about protecting trees from cold
damage. Global warming doesn't promise less freezes for
Florida.
Conclusions

The structure of citrus trees leads to a highly variable
distribution of water within the canopy, whether the water
is from in-tree or from under-tree sprinklers. Tempera
ture observations with thermocouples and visual observa
tions of the damage sustained during a windy but not very
cold freeze support this conclusion. In-tree sprinklers sup
ported by stakes seemed to be slightly superior to those
supported by tree clips, although tree clips may be im
proved. Multiple sprinklers in the tree led to more break
age when they were not placed on the center line of the
tree canopy, i.e. the vertically spaced orange Max Ones
seemed slightly better than horizontally distributed 2 and
3 sprinkler per tree arrangements. The 3 black 90° nozzles,
tied so that the flow ran down the major scaffolding limbs
and the trunk continues to be attractive, but the labor re
quired to place multiple sprinklers either on clips or stakes,
especially when tied seems a serious drawback. Predicting
whether there will be adequate water to protect during a
windy, dry freeze is a difficult problem, largely because of
the highly variable precipitation rates within the canopy.
However, this diversity suggests that some regions of the
tree are likely to be protected even in very severe freezes.
Summary

Wind can be both a friend and a foe in cold protection.
Its tendency to be deflected around a dense canopy leaves
the sprinkling mechanism within that canopy exposed to
lower wind speeds than occur outside and especially at the
edges of the canopy. The wind near the tree is accelerated
in its passage over or around the tree, producing regions
of maximum shear displaced about 90° from the mean axis
69

of the wind. Wind mixes the dry and the moist, the cold
and the warm and in the process destroys some of the
diversity of conditions that makes uniform protection dif
ficult to provide.
Evaporation consumes energy. It is accelerated by dry
wind. However evaporation produces water vapor which
is quite buoyant. The resulting rising plumes of vapor tend
to organize a vertical structure to the layers of air through
which they move, and this vapor island effect deflects wind
much as does the canopy. Circulations within the canopy
driven by vapor plumes distribute moisture throughout
the canopy. This mixing within the canopy makes the
canopy appear more dense to the approaching wind. Evap
oration may be playing the leading role in a process that
distributes the effect of under-tree sprinkling upward in
the canopy beyond anything that the fusion models have
visualized.
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Abstract. Management problems and information needs of
Florida's approximately 12,000 citrus growers on 791,290
acres were identified by a statewide citrus management sur
vey. During the summer of 1992, citrus county agents' mailing

lists were compiled to create a master list of 2,964 addresses,
from which a sample of 833 growers was selected by a
stratified proportional sampling procedure. Three hundred
ninety-eight useable questionnaires were returned from com
mercial citrus grove owners and managers in 23 citrus produc
ing counties, representing 307,022 acres, 39% of the current
acreage. Survey data on general management, young tree
care, pest management, water management and cofld protec

Florida Agricultural Experiment Station Journal Series No. N-00822.

70

tion was further analysed by whether respondents' acreage
was bedded or unbedded. Information from this citrus survey
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