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Heat Unit Based Crop Coefficients For Grapefruit Trees

A. K. Hla, E. C. Martin, P. Waller, D. C. Slack

Abstract

Using portable sap flow sensors, the onset and volume of sap moving up the
branches of grapefruit (Citrus Paradisi Macfadyen) trees was monitored on an
hourly basis. Reference evapotranspiration (ETo) data was obtained from The
Arizona Meteorological Network (AZMET). Crop evapotranspiration (ETc)
was estimated from soil moisture measurements using a neutron probe. The
threshold temperature limits were delineated from an evaluation of the hourly
sap flow responses to cold winter and extreme summer temperatures. The heat
based crop curve was derived from a correlation of the crop coefficients with
heat unit over one crop year. The heat based crop coefficients were found to
be similar to crop coefficients derived by other researchers.

Introduction

Of the many concepts that attempted to relate crop growth and development with temperature, the Heat Units (HU)
method has been widely accepted. When HU are used as a measure of plant physiological maturity, the threshold
temperature limits are considered to condition crop physiological growth and development. The accumulation of
heat units experienced by the crop would therefore represent the development of the crop over time and account for
the effects of climatic variability on crop development.

There are many methods used to schedule irrigation. Some growers use soil sampling, visual signs, or follow a
calendar schedule (e.g., irrigation every 7 days). Each method has its good and bad points. Soil sampling and
visual signs can be very subjective and growers must have experience to use these methods. Scheduling irrigation
by the calendar method has several defects which farmers have long recognized. The principle weakness in most
calendar schedules is that it is based on averages and does not take into account the weather extremes. The
frequency and irrigation amount supplied may therefore be skewed, resulting in inadequate water applications
during the extreme summer periods and/or excessive applications during periods when precipitation would
naturally occur.

This research was supported by a grant from the Arizona Citrus Council. This is the final report for project 94 -13
`Determination of Transpiration Rates and Water Use in Citrus'.
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Objectives

The objectives of this research were:
1. Investigate relationships between climatic parameters and crop transpiration;
2. Determine threshold temperatures and construct the accumulation of heat units; and
3. Estimate the heat based crop coefficients.

Materials and Methods

The experimental study was conducted at The University of Arizona Citrus Agricultural Center (CAC), located in
Waddell, Arizona. The center was equipped with an Arizona Meteorological nETwork (AZMET) weather station
capable of measuring six atmospheric parameters on an hourly basis and also provided hourly reference
Evapotranspiration (ETo) estimates. Ten, seven year old grapefruit trees grafted on sour orange were selected to be
studied. Each tree was bounded by a 3.05 m by 3.05 m raised earth embankment to contain the water supplied
from a bubbler irrigation system. The soil at the research site is classified as coarse loamy mixed (calcareous)
hyperthermie Typic Torrifluvents.

The portable sensors used in this study operated on the stem heat balance concept Steinberg et al., (1990) where a
constant amount of thermal energy was applied directly to the plant surface. Portions of the input power were
conducted axially, along the plant surface, and radially, through the cork and insulating materials to the ambient.
The remaining input energy was assumed to be convected by the sap flow. Sap flow sensors were installed on
grapefruit tree branches at different locations preferably within shade and at about 1.2 meters above ground. The
data collection station was equipped with a datalogger, a DC power supply and a storage module to enable reading,
storage, and retrieval of data. Sap flow readings were monitored at 10 minutes intervals and averaged hourly values
were stored.

Soil moisture measurements were made using a neutron probe. Readings were taken at 15-cm intervals from the
soil surface to 90 cm, at which point a thick caliche layer existed, and it was assumed that water uptake below this
depth was minimal. Readings were taken 2 -3 days after an irrigation and just prior to the next irrigation.

Results and Discussion

During the cold season, the gradual slow down in the sap flow in response to the gradual decrease in both the
temperature and radiation loads can be seen from Table 1. Figure 1 plots sap flow versus temperature,
representing a typical winter day over a 24 hour period. It illustrates that at 1 a.m. (time of day indicted in box)
flow was minimal, but started to rise at 7 a.m., reached the peak at about 11 a.m., decreased abruptly at noon and
stabilized at 5 p.m. Since the onset of sap flow in the early morning hours was found to commence consistently
when ambient temperature reached 5 ° C, the lower threshold temperature limit was estimated to be 5 ° C.

The sap flow responses to extremely warm temperatures and higher radiation loads during the summer of 1995 is
shown in Table 2. Figure 2 illustrates a one day sap flow characteristics on July 25, 1995, the temperature varied
between 20.5° C and 44° C. Rapid ascent in the flow rate commenced at 7 a.m., and reached the maximum at 1
p.m. The flow rate was observed to level off at 38° C though the temperature kept rising until 5 p.m. The sap flow
thereafter decreased gradually. The hourly flow characteristic during the summer of 1995 invariably showed that
this trend was consistent. It was therefore appropriate to infer that the upper threshold limit was at 38° C.
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Using hourly average temperature a continuous progression of hourly growing degree day calculations were made
using Equation 1:

Growing degree day = (Ta - Tbase) / 24 hr (1)

where, Ta is average hourly temperature, and Tbase is the threshold temperature. Using the threshold temperature
limits of 5 ° C and 38° C, heat units were calculated for every hour. The cumulative HU for a crop year was found
to be 6082 ° C. To give a better representation of the crop coefficients with respect to HU, the AZSCHED (Fox et
al.,) curve fitting procedure was employed. AZSCHED is an irrigation scheduling computer program that
estimates crop water use using weather inputs, soil characteristics, and planting date of the crop. The heat units
are accumulated using the sinusoidal approach (Snyder, 1985). The heat based crop coefficients (Kc) are
expressed as a function of HU as:

Kc = cl*Sin(y)+ c2*Sin(2y) + c3*Sin(3y) + c4*Sin(4y) + c5*Sin(5y) + c6*Sin(6y) (2)

where, c 1 through c6 are the regression coefficients and y = it * gddcum / c0 where gddcum is the cumulative heat
unit and c0 is the value of HU accumulated where the crop coefficient returns to a minimum value or zero. This
ensures that the crop coefficient will return to a minimum value at the end of the crop season.

The ETo estimates are derived directly from the AZMET weather data available on site. The crop water use (ETc)
estimates were found to be consistently lower than ETo values (Table 3) except in the months of June and July,
1995. The higher temperature and radiation conditions appears to have significant effects on the crop water use.
The average annual consumptive use of water by the grapefruit tree was found to be 1588 mm (4000 gallons).

The relationship between the calculated monthly Kc values and the HU accumulated during the 1994 -95 crop year
is shown in Fig. 3. A comparison between the heat based crop coefficients estimates derived from our study with
that of a lysimter study conducted by Boman (1994) on 6 year old Valencia orange in Florida is shown in Fig. 4.

Conclusions

Monitoring hourly sap flow with increased accuracy was possible with the use of programmable dataloggers, and
analytical software. A good relationship between transpiration rates and the climatic parameters was found,
enabling delineation of threshold temperatures subjected to the trees. The magnitude of transpiration, attributable
to the existence of threshold temperatures suggest that grapefruit trees do have a way for regulating its water loss.
The threshold limits of 5 ° C and 38 ° C encompasses both the cold winter and warm summer. These limits are in
agreement with earlier estimates by Bain (1949), Mendel (1968), Newman et al., (1967), and Cassin et al., (1969)
and may be applied conservatively across all species of the citrus family. Heat based crop coefficient estimated
from the study needs to be validated in different climatic scenarios and in successive years before incorporating it
into information systems currently available to Arizona orchard operators through the AZMET and AZSCHED
programs.
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Table 1. Summary of sap flow (avg.), temperature and solar radiation data during the winter of 1994 -95 at CAC,
Waddell, Arizona.

Period Temperature ° C Radiation (Mj m "2) Avg. Sap flow (grams)

Dates (1994) Min Max Avg Max hf' sum day' Max hr' sum day'
11 to 18 Nov., 0.7 25.1 13.24 2.6 13.37 92 828

21 Nov., to 2 Dec., -0.9 24.6 12.48 2.37 12.5 86 716

05 to 23 Dec., 2.1 24.6 11.50 2.25 11.03 77 570

Table 2. Summary of sap flow (avg.), temperature and solar radiation during the summer of 1995 at CAC,
Waddell, Arizona.

Period Temperature (° C) Radiation (MJm 2) Avg. Sap flow (gram)

Dates (1995) Min Max Avg Max hf' Sum day' Max hr' Sum day'
25 to 29 June 21.8 43.7 33.87 3.97 32.59 125 1045

9 to 13 July 26.2 41.4 34.71 3.76 30.36 145 1428

23 to 27 July 20.5 46.1 35 4.00 32.75 264 1620

Table 3. ETo, ETc and Crop Coefficients derived from the study at CAC, Wadell, Arizona

Periods Dates ETo mm d"' ETc mm d"' Kc

1 23 to 30 Sept.1994 5.88 4.13 0.70

2 7 to 21 Oct 3.24 2.26 0.70

3 24 Oct.to 04 Nov. 3.32 2.32 0.70

4 11 to 18 Nov 2.88 2.01 0.70

5 21 Nov. to 02 Dec 2.94 2.15 0.73

6 05 to 23 Dec.1994. 1.98 1.20 0.61

7 30 Dec to 10 Feb.95 2.00 1.07 0.53

8 13 Feb- to 3 Mar. 3.77 2.05 0.54

9 27 Mar to 4Apr. 7.20 4.11 0.57

10 17- to 28 Apr. 6.36 4.09 0.64

11 Ol to 18 May 8.03 5.28 0.65

12 21 May to 08 Jun. 9.70 7.48 0.77

13 11 to 22 Jun 9.94 8.33 0.84

14 25 to 29 Jun 10.42 11.07 1.06

15 02 to 06 Jul. 10.82 12.07 1.04

16 09 to 13 Jul 10.08 11.54 1.14

17 16 to 20 Jul 8.28 10.31 1.24

18 23 to 27 Jul. 10.88 10.86 1.00

19 30 Jul to 03 Aug. 10.48 9.91 0.94

20 06 to 10 Aug. 9.45 8.94 0.95

21 13 to 17 Aug. 6.51 5.00 0.77

22 20 to 25 Aug. 6.33 4.63 0.73
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Figure:1 Sap flow response to temperature variations on Nov., 17 1994 at CAC, Waddell, Arizona.
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Figure:2 Sap flow response to temperature variations on July., 25, 1995 at CAC,. Waddell, Arizona.

100

46

Flow [hr]

ROD
Flow [hr]



Boman's ('94) $ Current Study ('95) 1

1.2

1.05

0.9

0.75

0.6

0.45

0.3

0.15

0

0

M.

alo

AM

alb

ab

Oa

I 1 1 I o

1000 2000 3000 4000 5000
Cumulative Heat Units [degree Celsius]

Figure:3 Heat based crop curve against cumulative HU for the study period at the CAC, Waddell, Arizona.
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Figure:4 Comparison of monthly estimates of crop coefficients
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