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Abstract

The year-long warm temperatures and other climatic characteristics of the Pacific Ocean Islands
have made Hawaii an optimum place for growing sugarcane; however, irrigation is essential to sa-
tisfy the large water demand of sugarcane. Under the Hawaiian tropical weather, actual evapo-
transpiration (AET) is the primary mechanism by which water is removed from natural and agri-
cultural systems. The Hawaiian Commercial and Sugar Company (HC&S), the largest sugarcane
grower of the Hawaiian Islands, has developed a locally optimized AET equation for the purpose of
water management on its 184.3 km?2 sugarcane plantation on the Island of Maui. In this paper, in
order to assess the influence of AET on the hydrological water balance of the HC&S’ sugarcane
cropping system, the performance of the HC&S method was compared with three physically-based
methods: Penman-Monteith, Priestley-Taylor, and Hargreaves, as well as, to a set of historical pan
evaporation data. A Soil and Water Assessment Tool (SWAT) project was setup to estimate the
water balance in two sugarcane fields: a windy lowland field and a rocky highland field on a hill
slope. Under Hawaiian weather conditions, wind speed was found to be the most influential cli-
matic parameter over potential evapotranspiration (PET); therefore, the results with both Har-
greaves and Priestley-Taylor underpredicted PET by approximately 30%, presumably because
these methods do not take wind speed into account. The HC&S method was demonstrated to be the
most accurate PET method compared to the other commonly used PET equations, with less than
10% error. Of the annual total water supply of 3400 mm, AET accounted for 75% - 80% of the total
water consumption. These findings can be used to improve the irrigation efficiency as well as oth-
er management scenarios to optimize water use on the Island of Maui.
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1. Introduction

The year-long warm temperatures and other climatic characteristics of the Pacific Ocean Islands have made the
Island of Maui an optimum place for growing sugarcane (Saccharum officinarum L.). Because of the high water
demand of sugarcane, irrigation becomes one of Maui’s major constraints [1]. According to McMahon et al. [2]
irrigation is essential to satisfy the large water demand of sugarcane for optimum growth and yield. In Maui,
large quantities of surface and ground water from the windward side of the island are diverted by intake struc-
tures into ditches and tunnels to transport the water to the leeward plains, where the best agricultural soils are
located [1]. However, mild droughts and periods of low rainfall have adversely affected the perennial streams
and depleted high-level groundwater aquifers that supply Maui’s irrigation system. As water resources become
limited, effective use of available water for irrigation is of concern throughout the sugarcane industry [3].

The Hawaiian Commercial & Sugar Company (HC&S), the largest sugarcane grower of the Hawaiian Islands,
has an area of 184.3 km? under sugarcane production on the Island of Maui. The productivity of sugarcane on
Maui (159.9 t-ha* sugarcane yield and 24.9 t-ha * sugar yield) is known to be above the national average (78.8
t-ha* sugarcane yield and 9.2 t-ha* sugar yield) and higher than other major sugarcane producing regions in
USA like Louisiana (51.3 t-ha* sugarcane yield and 6.6 t-ha* sugar yield) or Texas (85.9 t-ha * sugarcane yield
and 10.0 t-ha* sugar yield) [4]. The sugarcane cropping period is approximately 24 months. The company re-
quires 760,000 m*d* of fresh water for irrigation, which is obtained from surface (fog drip and rainfall) and
ground water sources (16 deep brackish-water wells) and is applied directly to the root zone of the sugarcane
plants through a drip irrigation system.

From the hydrological perspective, actual evapotranspiration (AET) is the primary mechanism by which wa-
ter is removed from the hydrologic cycle [5]-[7]. AET returns land-based water to the atmosphere through
processes such as transpiration, evaporation from the plant canopy and the soil and sublimation when snow is
present [8]. The rate of AET for a given environment is a function of four critical factors: soil moisture, plant
type, stage of plant development, and weather conditions. In addition, the transpiration rate is influenced by soil
management practices [7] [9]. McCuen [10] asserts that the most influential climatic factors on ET are tempera-
ture, relative humidity, radiation rates and wind speed.

Large AET rates in agricultural regions impact water quantity and quality [11] [12]. Accordingly, the amount
of water needed for irrigation of agricultural systems is frequently calculated based on estimated AET. Underes-
timation of AET leads to an insufficient water supply to the crop and consequently to water stress, while overes-
timation of AET leads to a waste of water for irrigation. Therefore, accurate estimation of AET plays a critical
role in the assessment, planning and management of water resources in general [11]. Several methods are used
to estimate AET based on mass transfer, energy budget, water budget, soil moisture budget, ground-water fluc-
tuations or meteorological variables. Each method has advantages and disadvantages; moreover, none is appli-
cable under all conditions because of assumptions in the method or type of required data [13]. Most of the hy-
drological models employ the concept of potential evapotranspiration (PET) as the driving function for the cal-
culation of AET [7] [14] [15]. PET is defined as the amount of water that would be removed from a vegetated
landscape with no restrictions other than the atmospheric demand [16], and is often measured with evaporation
pans. Also, PET can be estimated using methods based on available climate data [7] [17]. Currently, a number of
methods that vary in complexity and data requirements are employed for calculating PET [2] [7] [9]. Their abil-
ity to produce consistent and meaningful PET estimates depends on their assumptions, data requirements and
consideration of atmospheric factors [2] [15]. HC&S has remained in the sugarcane industry for more than 100
years and during this time the company has made numerous innovations on sugarcane technology, irrigation
techniques, and crop management for the sugarcane plantation on the Island of Maui. To optimize water usage
for irrigation purposes, HC&S has developed a locally calibrated PET method, which is based on pan evapora-
tion measurements and is specific to sugarcane.

The main objective of this study was to evaluate the efficiency of the HC&S irrigation system by comparing
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the accuracy of AET estimation by the HC&S method against three physically-based methods: Penman-Mon-
teith, Priestley-Taylor, and Hargreaves, as well as, to a set of historical pan evaporation data and to identify an
AET method that is applicable to other crops and transferable to locations with similar characteristics.

2. Data and Methods
2.1. SWAT Model

SWAT is a physically based, semi-distributed, and long-term continuous watershed scale model that runs on a
daily time step to predict the impact of climate, landuse, soil type, topographic characteristics, and land man-
agement practices on hydrology, sediment, nutrients, pesticides, and bacteria in large ungauged watersheds [18]
[19]. SWAT estimates PET using physically based methods that are based on historical weather variables and
plant/soil available water. The methods included are Hargreaves, Priestley-Taylor, and Penman-Monteith.

Runoff is estimated by the SCS Curve Number (CN) method (SCS, 1986) or the Green & Ampt method [20].
If the Green and Ampt method is used to calculate surface runoff, the model calculates canopy storage and eva-
porates any readily available water present in the canopy. In contrast, the CN method lumps canopy interception,
surface storage and infiltration in its initial abstraction term. After calculating runoff, SWAT calculates the
amount of transpiration under ideal conditions as a function of available water in the soil. Sublimation will occur
if snow is present; otherwise, the actual amount of water evaporated from the soil is calculated as a function of
soil depth, water content and the above-ground biomass.

SWAT simulates the water balance according to Equation (1), which includes AET, canopy interception, plant
transpiration and soil evaporation, surface runoff, and vertical water movement in the unsaturated soil zone to
the ground water:

SV\/i:SW0+(Ri+Ii)—(Qi+AETi +PERi) 1)
where, SW; is the final soil water content (mm) in day i, SWj is the initial soil water content (mm), i is the time
(days), R; is the amount of precipitation (mm-day ), |; is the amount of daily irrigation (mm-day ), Q; is the

amount of surface runoff (mm-day ), AET; is the amount of actual evapotranspiration (mm-day %), and PER; is
the amount of water percolating through the soil profile (mm-day ™).

2.2. PET Methods

The Penman-Monteith method [21] (Equation (2)) is a theoretically based approach that incorporates energy and
aerodynamic considerations [22]. It includes a measure of the resistance to the diffusion of water vapor into the
Penman’s equation, which is a radiation-aerodynamic combination equation to predict evaporation from open
water, bare soil, and grass [23]:

AX(Hnet_G)"'pairXCpX(eS_ez)/ra
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where: A is the latent heat flux density (MJ-m kg ), E is the depth rate evaporation (mm-day %), A is the slope of
the saturation vapor pressure-temperature curve (kPa°C %), He is the net radiation (MJ-m 2d ™), G is the heat flux
density to the ground (MJIm2dY), pa is the air density (kg:m3), C, is the specific heat constant pressure
(kPa-kg*°C™), ef is the saturation vapor pressure of air at height z (kPa), e, is the water vapor pressure of air at
height z (kPa), y is the psychometric constant (kPa"C %), r is the plant canopy resistance (ssm™?), and r, is the
diffusion resistance of the air layer (aerodynamic resistance) (s-m ™).

The Priestley-Taylor method [24] (Equation (3)) is an energy-based approach. According to Jensen et al. [16]
under wet conditions, evaporation from surfaces could be estimated using a simplified version of the Penman
equation, in which the aerodynamic was deleted and the energy term is assumed to be a constant fraction oy = 1.28.

A
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where: A is the latent heat of vaporization (MJ-kg ™), E, is the PET (mm-d ), aq is a coefficient, A is the slope of
the saturation vapor pressure-temperature curve (kPa°C ™), y is the psychometric constant (kPa°C ™), Hye is the net

AE, =y x
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radiation (MJ-m2d?), and G is the heat flux density to the ground (MJ-m2d%). In semiarid conditions this equ-
ation will underestimate PET.

The Hargreaves method [25] (Equation (4)) was originally derived from eight years of cool season Alta fescue
grass lysimeter data from Davis, CA. According to Hargreaves and Allen [23] the main advantage of the Har-
greaves approach to the other methods is the reduced data requirement.

2By =0.0025 Ho x (T =T )7 (T +17.8) (@)

where: 4 is the latent heat of vaporization (MJ-kg?), E is the PET (mm-d ™), H, is the extraterrestrial radiation
(MJIm2d™), Trax is maximum air temperature for a given day (°C), Tnis is minimum air temperature for a given
day (°C), and T, is the mean air temperature for a given day (°C).

The HC&S method (Equation (5)) is specific for sugarcane and also site-specific to the central isthmus of Maui.
It was developed to take into account that evapotranspiration is greatly modified by the marine surroundings and
the topographic characteristics of the Island of Maui. The HC&S method to calculate PET is an empirical rela-
tionship that relates extensive pan evaporation data collected in the central isthmus of Maui [26] and locally
measured meteorological parameters, such as air temperature, humidity, solar radiation and wind.

This method calculates PET by including a coefficient that multiplies the saturation vapor pressure, average
actual vapor pressure, the slope of the saturation vapor pressure, a weighting function for temperature, net radia-
tion expressed as equivalent evaporation and wind function.

Ep = CxW x H o +Cx(1-W)x(e) —e, )xV, (5)

net
where E, is the PET (mm-d™!), C is a correction coefficient, H,e is the net radiation expressed in equivalent
evaporation (mm-d*), W is a weighting function for temperature, €’ is the saturation vapor pressure of air at
average temperature (kPa), e, is the actual water vapor pressure of the air (kPa), and V; is a wind function.

The correction coefficient (C) is calculated with a polynomial equation that includes eight coefficients and the
ratio of average diurnal and nocturnal wind speed, solar radiation expressed in equivalent evaporation, and the
mean wind speed. PET is multiplied by a crop coefficient (K;) to calculate AET. To account for seasonal differ-
ences in crop growth and AET, two different crop coefficient curves are used depending on the time of planting.

3. Study Area

The study area is located on the Island of Maui, Hawaii (20°54" latitude and 156°26' longitude) (Figure 1) and
consists of sugarcane fields (184.3 km?) that lie on elevations between sea level and 332 m. The climate of Maui
is controlled primarily by topography and the position of the North Pacific anticyclone and other migratory
weather systems relative to the island [11]. The climate is characterized by mild temperatures, cool and persis-
tent trade winds, a rainy winter season from October through April, and a dry summer season from May through
September [8] [27]. Solar energy and length of day are relatively uniform throughout the year and the surround-
ing ocean provides moist air and keeps temperatures fairly constant without extremes throughout the year [27].
Mean annual precipitation on Maui Island ranges from 7000 mm to 400 mm or less [28]. According to NOAA
[29], based on a 30-year dataset from the Kahului Station, Maui’s Central Valley, where the HC&S Co. is lo-
cated, receives an average rainfall of 453 mm per year and has an average daily temperature of 24.3°C (ranges
from 19.7°C to 29.0°C) and an average wind velocity of 5.7 m-s ™. Relative humidity ranges from 53% to 81%.
Two fields were selected for this analysis: 905 and 415. They are located in contrasting micro-climates and
landscapes. Field 905 is located at a lower elevation (31.0 m a.s.l.) with a slope of 4.3%. The soil texture is clas-
sified as silt-loam and the soils are in hydrologic group B. In contrast, Field 415 is located at a higher elevation
(195.4 m a.s.l.) with a slope of 6.0%. The soil texture is classified as silty-clay-loam and the soil belongs to hy-
drologic group C [30]. Solar radiation (Figure 2(a)), wind velocity (Figure 2(b)), average temperature (Figure
2(c)) and relative humidity (Figure 2(d)) are plotted for both fields. There are no significant differences between
fields 415 and 905 with regard to average temperature (23.7°C and 23.6°C), relative humidity (0.71 and 0.68),
and solar radiation (18.9 and 20.0 MJ-m?). However, wind velocity shows significant differences between both
fields (2.5 and 5.8 m-s ™), with higher speeds found in Field 905. Relative differences for average temperature,
relative humidity and solar radiation are: 2.8%, 5.9% and 2.2% respectively, while the relative difference for
wind velocity is 54.9%. Temperatures and humidity are higher at Field 415 while solar radiation and wind speed
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Figure 1. Location of the HC&S plantation on the Island of Maui, Hawaii.

are higher at Field 905. On Field 415, the sugarcane was planted in winter, while on Field 905 the crop was es-
tablished in summer.

3.1. Input Data and Model Setup

The Digital Elevation Model (DEM) with a resolution of 10 m (1/3 arc-second) was acquired from the National
Elevation Dataset (NED) [31] (available at http://viewer.nationalmap.gov/viewer/). Detailed soil map and prop-
erties for the study area were obtained from the Natural Resources Conservation Service (NRCS)—Soil Survey
Geographic (SSURGO) Database (Soil Survey Staff NRCS-USDA, 2011) available at
http://soildatamart.nrcs.usda.gov. The soils in the HC&S plantation area are classified as Mollisols (46.3%), An-
disols (15.4%) and Aridisols (15.1%), Oxisols (10.4%), Entisols (6.0%), Inceptisols (4.2%) and Ultisols (2.3%).
The landuse map and related information were obtained from the United States Geological Service (USGS)
Land Cover Institute (LCI) [32] available at the USGS-Seamless Data Warehouse (http://seamless.usgs.qov/)
with a resolution of 30 m (1 arc-second). The agricultural land was characterized as a 2-year sugarcane crop.
The ArcGIS Interface for SWAT2012 was used to delineate the boundaries of 701 sugarcane plots, defining each
plot as an individual Hydrologic Response Unit (HRUSs) with sizes ranging from 1.4 to 166.0 ha.

The model uses a 12-year dataset of daily climatic records from 39 rain gauges and 12 weather stations main-
tained by HC&S. The climatic variables included are precipitation, minimum and maximum temperature, rela-
tive humidity, solar radiation and wind speed. Missing values in the dataset were simulated by the model’s built-
in weather generator based on the weather statistics of the study area. HC&S applies water to the sugarcane
fields through a drip irrigation system. The company maintains records of the applied volumes of water and the
date of irrigation for each individual field. The SWAT model source code was modified to automatically read a
database of dates and measured volumes of water applied to each field for irrigation purposes. For this study,
historical daily irrigation data from 2003 to 2012 were acquired from the HC&S archive. Based on data availa-



http://viewer.nationalmap.gov/viewer/
http://soildatamart.nrcs.usda.gov/
http://seamless.usgs.gov/

]. Osorio et al

30 ¢

25 ¢

[\=)
(=}

—_
W

Sol i
ar Radiation (MJ/m?)

—_
(=)

0
18312007
\8—369‘2007
- Nov-200]
\8-33(1'2008
T Mar-200%
T-May200%
\3_3\1\—2008
\8-Sep‘2008
T Nov-200
\8_33“,2009

_ Time
—— Field 415 —Fi1
1eld 905

@

12

10 +

o)

Wi
ind Velocity (m/s)

S

0
\8_3\)\-7-007 ‘ ‘
{8-5ep-200] ‘
7o Nov-200] ‘
18- an-2008 ‘
% Mar-200% ‘
\8_May '2008 ‘
\8_]\)\—2008 ‘
8-5ep-200% ‘
13-Nov 2008,
18- an-2009

. Time
Field 415 = Fiel
ield 905

(b)



J. Osorio et al.

35¢

30

25

20 -

Average Temperature (°C)

15

10
18101200 5ep-2007; Nov-2007g 12008, ar-200%, \pay-2008g 3u-2008 ¢ §ep-200% w2005 yan-2009

Time
—Field415 —— Field 905
(©)
1.0
0.9
0.8
S07:
2
S
g 06"
=1
jan
o
2
5 05¢
©
2
0.4
0.3
0.2
0! 1 7 2 & 2 2 2
\8-3“\‘2007\ 3-S 69’200\ g-Nov ‘200\ R-) aﬁ-wo\g_Mar -200‘8_[\/&'»] -200\3_3\)\-200%\3_869’200\g_N ov ‘200\ g_3a0—2009
Time
—— Field 415 = Field 905
(d)

Figure 2. Measured climatic variables for the crop period at fields 415 and 905: (a) Solar radiation (MJ-m?);
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bility, the simulation period was set up for 10 years (2003-2012) with the first year of simulation set as a spin-
up period. However, the analysis of model output was performed for the crop period that comprises the years
2007 through 2009.

The water balance analysis was done evaluating surface runoff, percolation, lateral flow, precipitation, irriga-
tion and available soil water. In addition, the relative difference between the predicted average annual PET and
measured pan evaporation was calculated for the four PET methods included in this study. Measurements of pan
evaporation in Hawaii began in 1894 and include intermittent observations for over 200 sites [26]. Most sites
had standard, galvanized Class A pans on the surface, but many were later replaced with stainless steel pans to
avoid corrosion and set on 1.52 m (equivalent to 5 ft) high platforms. The pan evaporation data used in this
study ware corrected to account for differences due to height and pan material. A total of 12 galvanized Class A
pans provided a data set with accumulated monthly and annual evaporation for the interval between 1963 and
1983. There were no Pan A measurements at the fields evaluated in this study; therefore, the closest available
information to each field was used for comparison.

3.2. Crop Yield Calibration

The water balance in agricultural watersheds is influenced by crop production [33]. Crop dry matter production
in Hawaii depends on the amount of water available from rainfall and irrigation [34]. The yield of a given crop
can generally be described as a function of cumulative AET [35]. The AET has been shown to be directly related
to dry biomass production when factors such as fertility, sunshine, temperature, and soil moisture are not limit-
ing [36]. The following SWAT parameters were used for the purpose of manually calibrating crop yield: the soil
evaporation compensation coefficient (ESCO), the plant uptake compensation factor (EPCO) and the biomass-
energy ratio (BIO_E) (kg-ha /MJ-m2). ESCO adjusts the depth distribution of soil evaporation to meet soil
evaporative demand and varies between 0.01 and 1.0. As the value of ESCO is reduced, the model is able to
evaporate more water from deeper layers in the soil profile. EPCO compensates water between soil horizons to
meet the potential water uptake and ranges from 0.01 to 1.0. As EPCO approaches 1.0, the model allows more of
the water uptake demand to be met by lower layers in the soil. BIO_E is the amount of dry biomass produced
per unit intercepted solar radiation in ambient CO, and varies between 10 and 90. The greater BIO_E, the great-
er the potential increase in total plant biomass on a given day. An important parameter governing crop growth in
SWAT is the leaf area index (LAI), which controls the amount of light intercepted by the plant and converted to
biomass. Also, LAI is used to calculate AET. When LAI is larger than 3, SWAT assumes that AET equals PET.
To calibrate the LAI curve calculated by SWAT, it was compared to the crop coefficient curve used by the
HC&S method. To evaluate crop yields simulated by SWAT, they were compared to field measurements of crop
yield obtained between 2003 and 2012.

4. Results
4.1. Calibration of Sugarcane Yield

While the default values for the parameters ESCO and EPCO of 0.95 and 1.0 and BIO_E (kg-ha */MJ-m?) of 25
were used to initialize the model; the calibrated values for the same parameters were 0.5, 0.98, and 22.5, respec-
tively. By calibrating BIO_E, the leaf area index curve break point (LAI = 3) was adjusted to the break point of
the crop coefficient (K. = 1) used by HC&S for both winter (Field 415) and summer (Field 905) planting
(Figure 3(a) and Figure 3(b)). Simulated average crop yields for the 2003-2012 period of time are 71.7 t-ha*
(+11.3 tha ™) and 77.7 tha* (x12.0), for fields 415 and 905 respectively. Field measurements of crop yield for
fields 415 and 905 provide an average value of 71.3 tha * (+7.7 tha ') and 77.3 tha* (+10.0 t-ha %), respective-
ly. Predicted crop yields were not different from measured values for both fields (relative differences lower than
1%). No other goodness-of-fit metrics were used in this study due to limitations in measured data. Successful
calibration of crop yield guaranteed that AET was adequately represented by the model and varied accordingly
as a function of climatic variables and crop development. In addition, properly predicted AET assured appropri-
ate partitioning of the remaining components of the water budget (Figure 3(a), Figure 3(b)).

4.2. Potential Evapotranspiration (PET)

The PET values estimated by the four methods shared a concurrent spatial pattern and temporal trend. Calcula-
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tion of PET with Hargreaves or Priestley-Taylor produced values that strongly deviate from the HC&S and
Penman-Monteith methods. These differences are more obvious during the summer months (May to October)
than during the winter months (November to April). A comparison of daily series of PET obtained with different
methods is presented in Figure 4(a), Figure 4(b). At Field 415, predicted annual PET is 1964.3 mm using the
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Figure 4. Comparison of PET calculated by the four tested methods at Fields 415 (a) and 905 (b).
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HC&S method, 1693.6 mm using Penman-Monteith, 1656.5 mm using Hargreaves, and 1542.2 mm using
Priestley-Taylor. At the nearest site, measured pan evaporation has an average of 2265.5 mm * 193.3 mm. The
relative errors of the simulated values with respect to pan measurements are 13.3% for the HC&S method, 25.2%
for Penman-Monteith, 26.9% for Hargreaves, and 31.9% for Priestley-Taylor. At Field 905, PET calculated us-
ing the HC&S, Penman-Monteith, Priestley-Taylor, and Hargreaves methods is 2320 mm, 2059.5 mm, 1447.2
mm, and 1157.9 mm, respectively. Measured pan evaporation nearest to Field 905 has an average of 2466.55
mm + 244.5 mm. The relative errors are 5.9%, 16.5% mm, 41.3%, and 53.1% for the HC&S, Penman-Monteith,
Priestley-Taylor, and Hargreaves methods, respectively.

4.3. Actual Evapotranspiration (AET)

SWAT calculates AET based on LAl or the crop coefficient method until LAI equals 3. After that, the crop is
assumed to be fully developed and the model assumes that all PET is partitioned to plant water uptake and soil
evaporation is assumed to be negligible. However, regardless of the crop stage, soil moisture is the limiting fac-
tor that determines the volume of water that is evaporated in a given day. This critical process is well represented
in SWAT. Figure 5 shows the effect of shorter periods of low soil water contents, which reduce the AET rate to
the minimum possible. A comparison of AET methods for both fields 415 and Field 905 are presented in Figure
5(a), Figure 5(b). Annual AET values predicted by SWAT range from 1081 mm to 1544 mm.

Table 1(a) and Table 1(b) show the average AET values and the corresponding standard deviations for four
different crop stages. The crop cycle for sugarcane was divided into growth stages defined by the break points of
the crop coefficient curves used by HC&S for winter and summer plantings. At Field 415 the highest average
values of AET were found during the germination and establishment phase for all methods, while at Field 905
the highest average AET values correspond to the grand growth phase. One reason for this behavior is that both
fields experienced several days of water stress during the grand growth phase, which caused AET to stop com-
pletely.

In addition, the ratio between AET estimated by the Penman-Monteith and HC&S methods were calculated
for the period of time where PET is all partitioned to plant uptake and no soil evaporation occurs (grand growth
phase). The ratio AET/PET can be interpreted as being equivalent to the pan coefficients, which are ratios of
PET to pan evaporation for a given vegetative land cover. The calculated ratios are 1.16 + 0.11 and 1.14 + 0.12
for fields 415 and 905, respectively. The ratios found in this study are consistent with reported coefficients for
sugarcane fields under Hawaiian conditions. USGS [37] used a sugarcane pan coefficient of 1.18 during the
middle stage of growth. Reported by McMahon et al. [2], sugarcane can have a pan coefficient as high as 1.2.

4.4. Water Balance

For hydrologic studies, the major purpose of estimating AET is to determine actual water that will be lost from
the system (Figure 6). The SWAT simulated water balance for the crop period (2007-2009) is shown in Table 2.
The study site at Field 415 receives a total of 3149 mm (686 mm precipitation + 2463 mm irrigation). Field 905
receives a total of 2079 mm (675 mm precipitation + 2863 mm irrigation). For both fields, precipitation has a
very small contribution to the water budget (27.8% and 23.4%). Most of the water supply was provided by irri-
gation (72.2% and 76.6%). While runoff and lateral flow explain between 2.4% to 5.1% of the water balance,
AET and percolation account for 94.9% to 97.6% of the water balance calculated with the HC&S method. Ac-
cording to the four applied methods Priestley-Taylor, Penman-Monteith, Hargreaves, and HC&S, AET accounts
for 66%, 71%, 69%, and 76% and for 67%, 79%, 58%, and 81% of the total water supply at Field 415 and Field
905, respectively. The relative contribution of the runoff is very small for both fields (0.4% to 4.3%). Lateral
flow also shows little variation among different methods (7.8% - 16.4%). The proportions of percolated water
represent 26.5%, 24.4%, 32.1% and 16.9% of the water supply calculated with the Priestley-Taylor, Penman-
Monteith, Hargreaves, and HC&S methods respectively.

5. Discussion

Comparison of the results of PET estimates using the four methods facilitated the identification of the most
suitable method given a specific level of data availability and considering the specific characteristics of the
growing environment. The Hargreaves method, which relies only on air temperature, failed to represent refer-
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Table 1. Average and standard deviation of evapotranspiration by method and crop stage expressed in mm-day ™ for Fields

415 (a) and 905 (b).
@)
Hargreaves Priestley-Taylor Penman-Monteith HC&S

Crop Phase
Mean SD Mean SD Mean SD Mean SD
Germination 3.6 1.3 41 15 3.6 1.2 43 1.9
Tillering 31 14 34 14 3.3 15 3.6 1.8
Grand Growth 3.2 1.8 35 1.9 34 1.9 3.8 2.3
Ripening 2.3 20 2.3 2.2 2.3 21 24 25
All Crop Period 3.0 1.8 3.2 2.0 31 19 34 24

(b)
Hargreaves Priestley-Taylor Penman-Monteith HC&S

Crop Phase
Mean SD Mean SD Mean SD Mean SD
Germination 3.9 14 4.9 1.8 31 11 5.2 2.0
Tillering 31 1.0 4.7 14 2.7 0.7 5.1 1.6
Grand Growth 45 1.8 5.1 3.0 3.8 0.6 5.1 3.8
Ripening 3.2 15 3.2 23 3.0 0.6 3.2 2.6
All Crop Period 3.8 1.6 4.4 2.6 3.3 0.8 4.5 31
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Figure 6. Water balance for Fields 415 and 905 expressed in percent of water supply.
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Table 2. Water balance for Fields 415 (a) and 905 (b) expressed in mm of water. Results of the 2-year crop period.

(@
Component Priestley-Taylor Penman-Monteith Hargreaves HC&S
Total Water Inflow 3166.9 3162.4 3165.1 3147.6
Soil Available Water Content 17.9 13.4 16.1 -1.4
Total Water Supply 3149.0 3149.0 3149.0 3149.0
Precipitation 685.7 685.7 685.7 685.7
Irrigation 2463.2 2463.2 2463.2 2463.2
Total Water Outflow 3128.5 3132.8 3130.1 3145.0
Runoff 135.7 131.8 132.2 129.4
Evapotranspiration 2079.5 2264.7 2175.8 2403.4
Lateral Flow 35.7 328 34.2 30.8
Percolation 877.7 703.5 787.8 581.5
(b)
Component Priestley-Taylor Penman-Monteith Hargreaves HC&S
Total Water Inflow 3567.5 3567.9 3644.0 3567.6
Soil Available Water Content 0.0 0.4 76.5 0.0
Total Water Supply 3567.6 3567.6 3567.6 3567.6
Precipitation 675.8 675.8 675.8 675.8
Irrigation 2891.7 2891.7 2891.7 2891.7
Total Water Outflow 3561.5 3561.1 3485.3 3561.2
Runoff 75.1 67.5 95.8 67.4
Evapotranspiration 2389.7 2828.8 2083.5 2896.9
Lateral Flow 25.0 17.6 285 16.4
Percolation 1071.7 647.2 1277.5 580.4

ence evapotranspiration in irrigated regions of Maui under windy conditions. In that regard, Hargreaves and Al-
len [23] stated that daily estimates by the Hargreaves equation are subject to error because of the influence of the
temperature range caused by large variations in wind speed. Both Hargreaves and Priestley-Taylor methods pro-
duced predictions that tended to be smaller than those predicted by the Penman-Monteith and HC&S methods.
Dingman [8] concluded that temperature is not a reliable indicator of sunlight and generally is a poor predictor
of pan evaporation because air temperature in Hawaii is greatly modified by the marine surroundings. Under the
conditions of the study site, whenever soil water content is not the limiting factor, differences in wind velocity
account for most of the variation in PET calculated with different methods. In general, PET methods, that re-
quire wind and especially humidity data, such as Penman-Monteith and HC&S, will simulate windy and humid
conditions more accurately [14] [38]. The observed trends of AET as a function of crop growth stage failed to
match the trends reported in other publications in which AET rises from germination phase through tillering and
reaches the maximum value at the grand growth phase to then decline during the ripening phase. For instance,
Freire [39] reported AET values of 3.0 mm-day * for the germination phase, 3.8 mm-day* for tillering phase, 5.1
mm-day  for the grand growth period, and 3.1 mm-day * for the ripening phase. One reason for this result could
be water stress. Sugarcane at both fields had to endure a lack of rainfall and irrigation for several days at late
states of the crop development. As reported, AET in sugarcane fields is highly variable largely due to local cli-
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matic conditions, hydrologic settings, and the type of production systems. However, predicted AET made by
SWAT for the entire crop cycle with Penman-Monteith and HC&S methods in two different field conditions
compared well to reported measured data of AET that ranges between 2.33 - 5.70 mm-day * [39]-[42].

Using the HC&S method, the proportion of percolated water (16.3% - 18.5%) compares reasonable well to 19%
and 34% of recharge found as a proportion of the total water input by Izuka et al. [43] and Shade [44]. In addi-
tion, AET proportions calculated with the HC&S method (76.4% - 81.3%) are also supported by the compari-
sons made with measured Pan A evaporation datasets. Accordingly, it can be assumed that SWAT properly
represents the system under analysis when using the HC&S method to account for AET. HC&S managers use
their own modified ET equation to plan irrigation. In both fields (415 and 905), the amounts of irrigation
(2463.2 mm and 2896.9 mm), i.e. the water supply, and AET (2403.4 mm and 2896.9 mm), i.e. the demand, are
similar.

6. Conclusions

Considering the important role that evapotranspiration plays in the water cycle, the appropriate selection of the
PET method to estimate AET is of great importance. Commonly, the PET method is selected based on the
availability of climatic datasets to feed the models. The lack of climatic variables limits the use of physically
sound PET approaches. However, the selection of the PET method should rather be taken based on site characte-
ristics; the use of a PET method that takes into account the dominant climatic variables is highly recommended.
By ignoring the dominant weather factor, predicted PET can be meaningless and likely not representative of the
environmental conditions that need to be assessed. Based on the results of this study, the HC&S method appro-
priately represents the specific climatic and environmental conditions of the central valley in Maui, in which
HC&S sugarcane plantations are located. However because the HC&S method was developed for very specific
conditions, the Penman-Monteith method is recommended for other parts of the Hawaiian Islands, where cli-
matic conditions are dominated by wind characteristics. In order to represent local conditions, PET during the
grand growth phase of sugarcane should be calculated multiplying the Penman-Monteith PET by a coefficient
that ranges between 1.14 and 1.16.

The present study assessed the influences of PET methods on the water balance of sugarcane cropping system
in the Hawaiian Island of Maui. The results suggests that the proportions of ET, percolated water, lateral flow
and runoff compare reasonably well with results reported in other studies performed on the Island of Maui. Ac-
cordingly, the HC&S Company allocates water for irrigation based on an appropriate estimation of AET. How-
ever, additional work should be done to analyze the entire system that includes water collection from the ditch
system (including bypass water), analysis of ground water recharge and pumping system and the water budget
for the entire island.
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