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ABSTRACT: The water resources of Puerto Rico are currently being threatened by population
pressure, development, pollution, and potentially adverse changes in the climate. Accurate
determination of evapotranspiration is essential in managing water resources and practicing
water conservation in Puerto Rico. In support of this goal, a review is presented covering the
majority of research on crop water use and evapotranspiration estimation methods used in
Puerto Rico during the last fifty years. Specifically, the review considers consumptive use
determined from field water balance studies, calculation methods, and the pan evaporation
method. Several studies also considered the estimation of reference evapotranspiration and
the procedures for estimating climate parameter data needed as input to the reference
evapotranspiration calculation methods. Recommendations for research priorities are provided.
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The countries within the humid tropics
contain almost one-third of the total
world population (Bonell et al., 1993).
Within this region there are many small
islands that rely on agriculture to feed their
populations and whose water resources are
subject to an ever-increasing risk. Therefore,
it 15 imperative to better understand the
hydrology of small tropical islands with the
goal of improving water conservation prac-
tices. Since irrigation is one of the largest
consumers of water in society, special empha-
sis should be placed on the development of
techniques for estimating crop water require-
ments. In support of this goal, this paper
reviews the majority of crop evapotranspira-
tion studies conducted during the last fifty
years in Puerto Rico with the hope that this

information may be useful in Puerto Rico as
well as in other areas of the humid tropics.
This paper is organized under the
tollowing headings: evapotranspiration refer-
ence materials, consumptive use obtained
trom field studies, studies predicting con-
sumptive use, studies predicting reference
evapotranspiration, studies comparing the
Penman-Monteith equation with other evap-
otranspiration methods, estimating climatic
parameters for use with the Penman-
Monteith equation, use of pan evaporation
data for estimating consumptive use, and peak
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evapotranspiration  estirnates  for irrigation
system design. The paper ends with a list of
priorities for future research.

Methods and Materials

Site description. Puerto Rico s an island
between the Caribbean Sea and the North
Atlantic Ocean, east of the Dominican
Republic. It is located at geographic coordi-
nates: 18 15 N, 66 30 W and has an area of
9,104 sq km, slightly less than three times the
size of Rhode Island. The highest elevation
it Puerto Rico is 1,338 m above mean sea
level at Cerro de Punta, Puerto Rico (United
States Central Intelligence Agency, 2002).

Many islands of the West Indies archipelago
sharc similar characteristics with respect to cli-
mate. This is due in part to the influence of
the trade winds and the islands’ mountainous
topography (Kent, 2002). Rainfall for these
islands is generally greatest in the northeast
and interior mountain areas. [Jue to oro-
graphic effects, the leeward side may be quite
dry and even semiarid, as in the case of south-
west Puerto Rico. The rainy season tends to
be from June to November and the dry season
from December to May. For a given location,
air temperature variations throughout the year
are small; however, air temperatures are highly
correlated with elevation. An exception to
this occurs within interior mountain valleys
where warm air can become trapped. In
SOIILE Cases, average temperatures within inte-
rior mountain valleys may be higher than
coastal areas at lower clevations {Capiel and
Calvesbert, 1976).

Crop evapotranspiration. Crop evapotran-
spiration (ET.) 15 defined as the combination
of evaporation from soil and plant surfaces,
and  transpiration  from  planc  leaves.
Evaporation is the process where liquid water
is converted to water vapor and removed from
the evaporating surface (Allen ct al., 1998),
Transpiration is the vaporization of liquid
water contained in plant tissucs and its subse-
quent removal to the atmosphere. Crops pre-
dominately evaporate water through small
openings in their leaves called stomata.
Evapotranspiration can be expressed in units
of mm d™' (in d), or as an energy flux in units
of MJ m™ d' (cal ft* d 1.

Evapotranspiration is often the largest
component of the hydrologic cycle after rain-
fall. Under arid conditions, potential evapo-
transpirarion can easily exceed rainfall. The
following water balance equation illustrates
the relatonship between hydrologic variables
at any location in the field:
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S; =P +IRR-DP-RO-ET, + 5

where; I is precipitation, IRR 15 irrigation,
DP is deep percolation, ET, is crop evapo-
cranspiration, RO is surface runoff, and S is
the amount of water in the soil profile, equal
to 8.z, where B, is the average volumetric soil
moisture content and z is the root zone
depth. All the terms in Equation 1 have units
of mm (in). The subscripts 1 and 2 represent
the beginning and end of the period under
consideration. Equation 1 can be used over
periods ranging from hours to many months
or even years. A common approach for
estimating  evapotranspiration involves rear-
ranging equation 1 and solving for ET,;

2
ET. ={S - S5 + (P + IRR) - (DP + RO}

In Equation 2, the water balance has been
separated into three components: stored water
(S1 - 82), water input (P + [IRR}, and water
losses (1OP + RO).

Other general methods used to estimate
evapotranspiration include the energy bal-
ance, micro-climatological, and weighing and
nonweighing lysimeter methods (Goval and
Gonzilez-Fuentes, 1990). In Puerto Rico, all
of these methods have been used except for
the weighing lysimeter method. Determina-
tion of evapotranspiration with a weighing
Iysimeter has been considered to be the most
accurate of all methods. However, the major
disadvantages of this methed are its high cost
and nonportability.

Crop can also be
estimated a3 the product of the reference
evapotranspiration and crop coeflicient:

evapotranspiration

(3)
ET, = K. ET,
where: ET. is ¢crop evapotranspiration {mmy),
K. is the crop coefficient (dimensionless) and
ET, is reference evapotranspiration (mm).

In much of the crop water use literature
published i Puerto Rico, evapotranspiration
has been referred to as consumptive use
(CU). Therefore, in this review, ET, and CU
will be used interchangeably. The crop coef-
ficient {K.) accounts for the effects of charac-
teristics that distinguish che field crop from a
reference crop (Allen et al., 1998). Reference
evapotranspiradon has been defined as the
evapotranspiration from an extended surface
height of 0.08 to .15 m (3.2 in to 5.9 in)—
green grass cover of uniform height, actively

growing, completely shading the ground, and
not short of water (Doorenbos and Pruite,
1977). Alternarively, reference evapotranspi-
ration has been defined as the “upper limit or
maximum evapotranspiration that occurs
under given climatic conditions with a field
having a well-watered agricuttural erop with
an aerodynamically rough surface, such as
alfalfa with 12 in to 18 in of top growth”
{Jensen et al., 1970).

Numerous mathematical equations have
been developed for computing ET,. One
such expression, having global validity and
recommended by the United Nations Food
and Agriculture Organization (FAQ), is the
Penman-Monteith equation  (Allen et al,
1998) given below:

)
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where: Ais the slope of the vapor pressure
curve (kPa "C™"), IR, 3s net radiation (MJ m™
d™", G is the soil heat flux density (M] m?
d™"y, v is the psychrometric constant (ki%a"),
T 1s mean daily air temperature at 2 m height
("C3), uz 15 wind speed at 2 m height, e, is the
saturated vapor pressure (kPa™') and e, is the
actual vapor pressure (kPa’'). Equation 4
applies specifically to a hypothetical reference
crop with an assumed crop height of .12 m,
a fixed surface resistance of 70 sec m™ and an
albedo of 0.23. Note that the derivation of
Equation 4 was based on Sl units and there-
fore non-SI units should not be used.
Review of previous work in Puerto Rico,
This literature review surveys the efforts to
measure O estirhate  evapotranspiration in
Puerto Rico. The majority of the literature
indicates that before the late 1980s, Goval or
others in collaboradon with him have made
almost all of the currently available estimates
of crop consumptive use and reference evap-
otranspiration. These studies are detailed in a
compilation document, frrigation Rescarch and
Extension Progress in Puerto Rico (Goyal,
1989a), Throughout the 1990s, there appears
to have been a cessation in evapotranspiration
research in Puerto Rico, except for the use of
pan evaporation—ocstimated consumptive use
for managing irrigation applicanon amounts.
Since 2000, some stuches have been initated
involving comparisons between the Penman-
Monteith method and other calculation
methods (Harmsen et al., 2007a; Harmsen




and Torres-Justiniano, 2001 a; and Harmsen et
al,, 2002a). One recent study has attempted
to standardize and validate climate parameter
estimation procedures for use with the
Penman-Monteith method m Puerto Rico
(Harmsen and Torrez Justiniano, 2001b).

Evapotranspiration reference  materials.
Goyal and Gonzilez-Fuentes (1990) provided
a chapter on evapotranspiration in the book,
Manejo de Riego por Goteo, published by the
University of Puerto Rico Extension Service.
The book provides basic definitions and
descriptions of the following; three variations
of the Penman method, three variations of
the USDA-SCS Blaney-Criddle method, two
Hargreaves methods, Jensen-Haise, Stephens-
Priestley-Taylor, Thornthwaite,
Linacre, Makkink, pan evaporation, water bal-
ance, radiation and regression methods. Also
covered are local calibration techniques and
crop coefficients. Much of this material s
also contained in a forty-five page extension
document, Evapotranspiracidn, by Goyal and
Gonzilez (1989a),

Consumptive use obtained from field studies.
The following five studies are significant
because they represent a himited dataset in
which actual field measurements were made
to determine consumptive use:

1) Fuhriman and Smith (1951) conducted
a study for the Aguirre area of southern
Puerto [Rico on the consumiptive use of sugar
cane using different types of irrigation treat-
ments. At the tme of this study between
19449 and 1950, sugarcane was the dominant
crop in Puerto Rico, grown on 95% of the

Stewart,

irrigated land. The expermment involved
field studies using nonweighing lysimeters,
Consumptive usc was estimated using the
water balance method, which accounted for
rainfall, irrigation, percolation below the root
zone, and changes in soil moisture. Daily
water requirements varicd between 2.5 and
4.6 mm d™' (0.1 and 0.18 in d"). Soil mois-
ture was estimated using tensiometers and
nylon resistance blocks. Soil evaporation
measured on several of the lysimeters was
subtracted from consumptive use data on the
sugar cane covered plots to determine plant
transpiration rate.

2) Vizquez (1965) determined consump-
tive use using the water balance methed for
guinea grass, para grass and guinca grass-
kndzu, and para grass-kudzu mixtures at
Lajas, Puerto Rico. Soil moisture content
was estimated by means of tensiometers,
gypsum resistance blocks, and by gravimetric

analysis of soil samples. The study was con-
ducted from March 1939 through June of
1960). Sixty-day consumptive use values were
determined for the two grasses and two grass
mixtures over the fifteen-month study
period. Annual water use by the guinea grass
and para grass was 1,494 mm (388 in) and
1,466 mm (57.7 in), respecuvely. This was
the only study found reporting consumptive
use for grasses.

3)Vazquez (1970) used similar experimen-
tal methods to determine the consumptive
use of sugar cane at Lajas, Puerto Rico. This
study included use of a neutron probe
method for soil moisture determinanon and
was conducted from April 1965 through May
1966. Consumptive uge was determined for
various irrigation treatments. Average daily
consumptive use varied betweent 2.5 and 4
mm d' (0.1 and 0.16 in d. The study
concluded that about 250 mm (9.84ind ") of
water consumption could be saved under soil
and climatic conditions similar to those exist-
ing at Lajas, if the crop 1s irrigated frequently
during the early part of the growing scason
and no further irrigation is applied after five
months prior to harvest.

4) Abruna et al. (1979) conducted a study
of water use by plantains at the Gurabo sub-
station in Puerto Rico. Consumiptive use
was determined by a water balance procedure
based on soil moisture measurements and
rainfall data. The study was conducted from
September 1976 through April 1977. For
irrigations scheduled when available soil
moisture was depleted by 20%, the average
daily evapotranspiration was cstimated to
be 2.9 mm d' (0.1 in d™), and was found te
be equivalent to 79% of pan evaporation.
The minimum and maximum  daily con-
sumptive use was 1.5 and 3.6 mm d*' (.05
and 0.14 in &), respectively, for September
and December.

5) Ravalo and Goyal (1988) esumated
water requirements for rice during December
through May of 1973 at the Lajas substation
using a hydrologic balance approach that
accounted for tarm inflow from the irrigation
canal, effective rainfall, evapotranspiration,
deep percolation, seepage through borders,
border overflow, depth of flooding, and water
for saturating soil. 1Jaily water requirements
varied between 6.9 and 11.8 nun d' (0.27
and .47 in d'"). It is interesting to note that
in none of the above studies was there an
attermpt to calculate crop cocfficients from
ficld data. The crop coefhcient is caleulated

from rearrangement of Equation 3 (i.e. K. =
ET./ET.). In future studies that derive crop
coefficients in Puerto Rico, data from these
studies should be evaluated.

Studies  predicting  conswumptive use.
Monthly water consumption by fifteen dif-
ferent vegetable crops for two locations in
Puerto Rico (Fortuna and Isabela) was calcu-
lated by Goyal (1989b) (also see Goyal and
Gonzilez, 1988a). The USDA-SCS Blaney-
Criddle approach was used based on monthly
percentage of annual davlight, mean: air tem-
perature, and a humid area factor for Puerto
Rica. The USDA-SCS Blaney-Criddle
equation Is giverl as:

(5)
CU = (Kewp Ko p T H)/100

where: CU is the monthly water consumptive
use (in mo™"), K, is a climatic coefficient related
to mean air temperature, p is a monthly per-
centage of annwal daylight hours (percent), T
is mean air termperature (*F), H is a humid area
factor, and Kewy s a crop growth coefhicient
reflecting the growth stage. It should be
noted that the crop growth coefficients used
in the USDA-SCS Blaney-Criddle method
are not equivalent o the evapotranspiration
crop coefficient used in Equation 1 (Burman
et al., 1981).

The purpose of the study was to estimate
monthly consumptive use, and net and total
gross irrigation requirements. The net irriga-
tion requirement was based on the monthly
consumptive use minus the monthly eftective
rainfall as determined by the soil conservation
method (USDIA-SCS, 1970). The gross
irrigation requirement was calculated by
dividing the monthly consumptive use by irri-
gation efficiency (80% for drip, 60% for sprin-
kler, and 40% for surface irrigation), This
study was valuable because 1t included a large
number of crops and surveyed both humid
and semiarid locations in Puerto Rico. Each
crop was evaluated for growing seasons of var-
ious lengths with season starting dates at fif
een-day intervals through the year {e.g. Jan.
1,Jan.15, Feb. 1, Feb. 15, etc.), which further
enhanced the applicabiliry of the dara.

Using the USDA-SCS Blaney-Criddle
method, Goyal {1989¢) esumated monthly
consumptive use for papaya at seven agricul-
tural experimental  stations  located  at
Adjuntas, Corozal, Fortuna, Gurabo, Isabela,
Lajas, and Mayagiiez. Average daily con-
sumptive use varied between 2.8 mm
(.11 in d) at Adjuntas and 3.7 mm d ' (0.15
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in d!) at Fortuna. In this report, the author
cautioned that the consumptive use estimates
have not been compared with experimental
data, and that such experimental data are
obtained with lysimeter studies, which are
not available for Puerto Rico.

Goyal and Gonzilez-Fuentes (1989b) used
the USDA-SCS Blaney-Criddle method to
estimate monthly consumptive use for sugar
cane at four locations in Puerto Rico:
Fortuna, Gurabo, [sabela, and Lajas. Monthly
consumptive use was minimum in April and
maximum in August at all four sites. Average
daily consumptive use varied between 4.1
and 4.4 mm d' (0.16 and 0.17 in d).
Consumptive use estimates from this study
compared reasonably well with the range for
sugar cane determined by Fuhriman and
Smith (1951) for a field project in the Aguirre
area (“normally irrigated” treatment).

Several other studies were conducted using
the USDA-SCS Blaney-Criddle method,
which involved sorghum at two locadons
{Goyal and Gonzilez, 1988b), plantain at
seven locations (Goyal and Gonzilez, 1988c),
and bel! and cubanelle peppers at two loca-
tions (Goyal and Gonzilez, 1988d). In the
plantain study, consumptive use data were
thea (Thaenla
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estimated for cxperiment

Station. These data can be compared with
the September and December 1977 results
(1.5 and 3.6 mm d"! [0.06 and 0.14 in 4],
respectively) from the water balance study by
Abrufia et al. (1979). For these same months
Goval and Gonzilez (1988c¢) derived values of
3.8 and 5.1 mm (0.15 and 0.2 in d'"}, respec-
tively. Assuming the field study data are
accurate, the error in the USDA-SCS Blaney-
Criddle method estimated minimum and
maximum consumptive use was 30% and
60%, respectively. It should be noted that
Goyal and Gonzalez (1988c) based their
calculations on mean monthly average
climate data, whereas actual monthly data for
the period were used by Abrufia et al
(1979). Although these data were not avail-
able for comparison, inspection of the 1977
annual pan evaporation for the Gurabo
Experimental Station (Gonzilez and Goyal,
1989) indicates only a 6.4% deviation below
the long-term average annual pan evapora-
tion. Since pan evaporation is correlated
with evapotranspiration, the 30% and 60%
differences between the field and estimated
data do not appear to be reasonable.
Gonzilez-Fuentes and Goyal (1988) esti-
mated consumptive use for sweet corn grown
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at the Fortuna Experiment Station using the
Hargreaves-Samani method to calculate
reference evapotranspiration, which was then
multiplied by crop coefficients applicable to
sweet corn. The data were used to deter-
mine net irrigation requirernents between
December 10 and March 10, 1986. This
was the only study found in which the
Hargreaves-Samani method was used in
combination with a crop coeflicient to esti-
mate consumptive use. Minimum and maxi-
mum consumiptive use were 2 and 7 mm d!
(0.08 and 0.28 mm d') durmg December
and March, respectively.

Studies predicting reference evapotranspira-
tion. This section summarizes several studies
i which reference evapotranspiration (ET,)
was estimated. It should be noted that the
information reported has shifted from con-
sumptive use (CU) to reference evapotranspi-
ration (ET.}). The advantage of reporting
ET, 1s that it allows for calculation of con-
sumptive use for any crop. The disadvantage
is that crop coefficients are not yet available
for numerous crops in Puerto Rico,

Goyal (1988a) used the Hargreaves-Samani
method to estimate monthly ET,, for Central
Aguirre, Fortuna, and Lajas substations, and
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coast of Puerto Rico, The Hargreaves-
Samani equation for reference evapotranspi-
ration is given below (Hargreaves and
Samani, 1985):

®)
ET. = 00023 R, (T + 17.8) (Tunsx - T}

where: ET, (mm d!) is the reference evapo-
transpiration, R, (mm d"') is the extra terres-
trial radiation, T is the mean daily average
temperature {°C), and Trin and T are the
mean daily minimum and maximum temper-
atures ("C), respectively. Daily estimated
values of reference evapotranspiration varied
between 3.68 to 5.37 mun d”' (0.15 to 0.21 in
d"). The minimum estimated value of
reference evapotranspiration occurred in
December while the maximum occurred in
July. The same procedure was applied for
Vieques Island, Puerto Rico, with estimated
monthly reference evapotranspiration ranging
between 3.29 mm d!' (013 in d") in
December to 4.94 mm d! (0.19 in d) in July
{Goyal, 1988b).

Goyal et al. (1988) used the Hargreaves-
Samani method (Equation 6) to estimate
reference evapotranspiration for thirty-four

locations  within Puerto  Rico. Average
monthly minimum and maximum air tem-
peratures were based on long-term measured
data. Average monthly values of the extra
terrestrial radiation (R.) were based on the
average latitude of Puerto Rico. They also
developed a regression analysis in which
several monthly climatic factors (mean daily
minimum, maximum, and average air tem-
perature} were correlated with surface eleva-
tion in Puerto Rico.

Studies comparing  evapotranspiration
methods in Puerto Rico. In 1990 a commit-
tee of the United Nations Food and
Agriculture Organization (FAQ) (FAO, 1990
and Smith et al., 1990) recommended the
Penman-Monteith method as the single
approach to be used for calculating reference
evapotranspiration (ET.). This recommen-
dation was based on comprehensive studies,
which compared numerous calculation
methods  with weighing lysimeter data
(Jensen et al., 1990 and Choisnel et al., 1992).
The study of the American Soctety of Civil
Engineers {Jensen et al., 1990} found the
Penman-Monteith method to produce supe-
rior results refative to all other methods
(including the USDA-SCS Blaney-Criddle
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Harmsen et al. (2001a) reported large
differences between the USDA-SCS Blaney-
Criddle method (estimates obtained from
Goyal, 1989b) and the Penman-Monteith
methed in a study that compared seasonal
consumptive use for pumpkin and onion at
two locations in Puerto Rico, The Penman-
Monteith approach utilized crop coefficients
as determined by the FAO procedure (Allen
etal., 1998). Average monthly minimum and
maximum air temperatures and wind speed
for the experiment stations were obtained
from the National Oceanic and Ammospheric
Administration (NOAA) climatological data
sheets, Long-term average monthly humidity
and radiation were not available for the
experiment stations; therefore these data were
estiniated by procedures recommended by
the FAOQ (Allen et al,, 1998). Crop growth
stage durations, needed to construct the crop
coefficient curves, were based on crop growth
curve data presented by Goyal (1989b). The
maximum observed differences in the esti-
mated seasonal consumptive use were
approximately 100 mm per season (3.94 in
d). The study concluded that large poten-
tial differences can be expected between
the USDA-SCS Blaney-Criddle and the



Figure 1

Differences {DELTA) in the seasonal consumptive use (CU) estimates between the USDA-SCS
Blaney-Criddle {8() and Penman-Monteith (PM) methods. (DELTA = BC — PM)
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Penman-Monteith method. According to
Allen et al. (1998), Equation 6 tends to
underpredict with high wind conditions and
overpredict with conditions of high relative
humidity. Differences in the two methods
might also be attributable to the fact that
Goyal er al. (1988) used an average single
value for latitude when estimating extra ter-
restrial radiation (R.).

The maximum positive and negative dif-
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Source: Harmsen et al. 2001a.

Penman-Monteith methods, with underesti-
mations in some months and overestimation
in others. Figure 1 shows differences
{DELTA) in the seasonal consumptive use
{CU) estimates between the USDA-SCS
Blaney-Criddle (BC) and Penman-Monteith
(PM) methods for pumpkin at Fortuna,
Puerto Rico. In this example, the USDA-
SCS Blaney-Criddle method over-estimared
the seasonal consumptive use by approxi-
mately 90 mm (2.54 in) for crop seasons
beginning in June through August, and
underestimated consumptive use by approxi-
mately 60 mm (2.36 in) for crop seasons
beginning in December and January.

Harmsen et al. {2002a) compared the
Penman-Monteith and Hargreaves-Samari
methods for estimating reference evapotran-
spiration at thirty-four locations in Puerto
Rico (Figure 2). The Hargreaves-Samamni
resuits were obtained from Goyal et al
(1988). Generally, the two methods were in
reasonable agreement (¥ = 0.86). Mean
monthly climate data, needed as input to the
Penman-Monteith method, were estimated
using procedures derived for Puerte Rico
(see Results and Discussion). Some of the
observed differences in the two methods may
be because Equation 6 does not account for
the affects of wind and humidity as does the

ferences were observed at the Juncos 1 and
Aguirre stations, respectively. If the Penman-
Monteith method is thought to be the best
estimator of reference evapotranspiration, then
it can be stated that the Hargreaves-Samani
method overestimated reference evapotranspi-
ration at Juncos 1E and underestimated it at
Aguirre. Juncos 1E is considered to have a
humid climate, while Aguirre is considered to
be semiarid. The maximum underestimate of
-0.75 mm d"' (0.03 in d™') occurred during
May at Aguirre (semiarid) was equal to a -13%
error, and the maximum overestimate of 0.92
mm d' (0.04 in d') occurred during
December at Juncos 1E (humid) was equal to
a 28% error. These results are consistent with
the findings of the American Society of Civil
Engineers’ study (Jensen et al., 1990}, which
found the Hargreaves-Samani method to
underestimate on average by 9% in arid
regions and overestimate on average by 25%
in humid regions.

The assumption that the Penman-
Monteith method is the best estimator of
reference evapotranspiration may be inappro-
priate under nonreference conditions (Allen
et al,, 1998). Reference conditions imply that
the weather data are measured above an
extensive grass crop that is actively evapotran-
spiring, or in a well-watered environment
with healthy vegetation.

A summary of studies in Puerto Rico that
have measured or predicted consumptive use,
and/or have predicted reference evapotran-
spiration is presented in Table 1. Five studies
have been conducted in which consumptive
use has been measured. Prior to the year
2000, computational approaches used were
limited to only two methods. Consumptive
use has been estimated for a relatively large
number of crops and reference evapotranspi-
ration has been estimated for a large number
of locations within Puerto Rico.
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Figure 2

Comparison of reference evapotranspiration estimated by the Penman-Monteith (PM) and Harg-
reaves-Samani {(HS) methods for thirty-four locations in Puerto Rico.

7

ETo Hargreaves-Samani (mm/day)

ETo Penman-Monteith (mm/day)

Source: Harmsen et al. 2001a.

Results and Discussion
Estimating climatic parameters for use with
the Penman-Monteith equation. Harmsen et
al. (2002a) evaluated climate parameter
estimation procedures for use with the
Penman-Monteith equation in Puerto Rico.
With only site laatude, surface elevation,
and specification of the site’s NOAA Climate
Division, they were able to estimate all other
needed mputs to the Penman-Monteith
method. Mean monthly minimum  and
maximuim air temperatures were estimated
from surface elevation data. Dew point tem-
perature was estimated from the minimum
temperature plus or minus a temperature
correction factor. Temperature correction
factors and average wind speeds werc associ-
ated with six climatic divisions in Puerto
Rico. Solar radiation was estimated from a
simple equation for island settings (elevation
< 100 m |328 ft]) or by the Hargreaves radi-
ation equation (elevations > 100 m [328 ft])
based on air temperature differences.
Comparisons of reference evapotranspira-
tion using the climate parameter estimation
procedures and measured climate parameters
showed good agreement (7 = 0,93) for four
locations in  Puerto Rico. Recently,
Harmsen and Gonzilez (2002) developed a
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Windows®-based computer program for
implementing the climate estimation proce-
dures. The computer program includes a
database of information for the fifteen veg-
etable crops analyzed by Goyal (1989b).

Use of pan evaporation data for estimating
consumptive use. A number of studies have
been performed to determine optimal irriga-
tion rates based on pan evaporation data in
Puerto Rico during 1990s  {e.g.
Goenaga, 1994 [tanier|; Goenaga and Irizarry,
1998 |banana’s under mountain conditions];
Goenaga and Irizarry, 1995; [bananas under
semiarid conditions]; Goenaga et al, 1993
[plantains under semiarid conditions]; Santana
Vargas, 2000 [watermelon under semiarid
conditions]; Harmsen et al, 2002b [sweet
pepper]). The pan evaporation method
estimates crop water requirement from the

the

following equation:
7
CWIL = K( Kp Ep.m - P

where: CWR is crop water requirement {mim
d), K. is the crop coefficient, K, is the pan
coetlicient, Ey,, is pan evaporation (mm) and
P is precipitation (mmy). The product K, Ep,
is an estimate of ET,.

Most of the studies have recommended

applying water to plants at a rate equal to 1 or
greater times the pan-estimated consumptive
use rate. Because this approach is easy and
inexpensive, these studies represent valuable
contributions o agricultural production in
the tropics. However, problems may resule
from this approach due to the inherent differ-
ences in water loss flom an open water
sutface and a crop (Allen et al., 1998).
Another potential limitation is that only a
single value of crop coefficient is commonly
used, and by definition, the crop coefficient
varies throughout the season. Although rec-
ommended irrigation application rates by this
method may maximize crop yields, the
method may also result in the overapplication
of water, contributing to the degradation of
groundwater rtesources from leaching of
agricultural chemicals,

According to Allen et al. (1998), estimates
of evapotranspiration from pan data are gen-
erally recommended for periods of 10 days or
longer. However, in Puerto Rico Equation 7
is usually applied for periods of 2 to 4 days.
The shorter-than-recommended periods
used in Puerto Rico may be due to the wide-
spread use of microirrigation systems, in
which smaller and more frequent applications
of water are common.

In Puerto Rico, the pan cocfhicient values
commonly used were derived from a seudy by
Gonzilez and Goyal (1989). These data were
developed based on the ratio of long-term
average pan cvaporation and the estimated
evapotranspiration using the USDA-SCS
Blaney-Criddle method (USDA-SCS, 1970).
Because of inherent errors associated with the
USDA-5CS Blaney-Criddle nethod and
observed long-term changes in pan evapora-
tion, the recommended pan coefficient values
may akso be somewhat in error. The FAQ
currently recommends using the ratio of pan
evaporation divided by Penman-
Monteith estimated reference evapotranspira-
tion for determining pan
(Allen et al., 1998).

Harmsen et al. 2003) evaluated historical
pan evaporation data to determine if statistical-
ly significant increasing or decreasing trends
existed for data from seven University of
Puerto Rico  experimental  stations.
Sigmificant decreasing pan  evaporation was
observed at Lajas and Rio Piedras, Significant
increasing pan evaporation was observed at
Gurabo and Adjuntas. No significant trends
were observed at Fortuna, Isabela, and
Corozal. A significant difference was found

the

coefficients



Table 1. Summary of studies that measured or predicted consumptive use (ET.), and/or predicted reference evapotranspiration (ET) in

Puerto Rico.
Number of
Number Method Locations Crop Source
Measured Consumptive Use

1 Water balance 1 Sugar Cane Fuhriman and Smith, 1951 )

2 Water balance 1 Guinea Grass, Para Grass and Guinea Vézquez, 1965 -
. Grass-Kudzu and Para Grass-Kudzu Mixutures

3 Water balance 1 Sugar Cane Varquez, 1970

4 Water balance 1 Plantain Abrufia et al., 1979

5 Water balance 1 Rice Ravalo and Goyal, 1988

Predicted Consumptive Use (K:ET,

8 5CS Bianey-Criddie 2 Green Beans, Cabbage, Carrots, Goyal, 1989b; Goyal and
Cucumber, Egg Plant, Lettuce, Melons, Okra, Gonzélez, 1988a; Harmsen et
Onion, Potatoes, Pumpkin, Sweet Peppers, al. 2001a (Onion and Pumpkin)
Sweet Potato and Tomotoes
7 SCS Blaney-Criddle 7 Papaya Goyal M. R., 1983c¢.
8 SCS Blaney-Criddle 4 Sugar Cane Goyal, M. R. and E. A.
Gonzdlez-Fuentes, 1989b
9 SCS Blaney-Criddle 2 Sorhgam Goyal and Gonzélez, 1988b
10 SCS Blaney-Criddle 7 Plantain Goyal and Gonzédlez, 1988¢
11 5CS Blaney-Criddle 2 Bell and Cubanelle peppers Goyal and Gonzalez, 198Rd
12 Hargreaves-Samani 1 Sweet Corn Gonzalez-Fuentes and Goyal, 1988
with crop coefficient
Predicted Ref Evap P (ET.)
13 Hargraeves and Samani 4 N/A Goyal, 1988a
_ 14 Hargraeves and Samani 1 N/A Goyal, 1988b
15 Hargraeves and Samani 34 N/A Goyal et al,, 1988; Harmsen et

al. 2001a; and Harmsen et
al. 2002a

to exist between the mean pan coefficient
calculated with pan evaporation data from
1960 to 1980 and 1981 to 2000. An updared
table of monthly average pan coefficients was
provided that can be used to estimate refer-
ence evapotranspiration for the seven agri-
cultural experiment stations.

Peak evapotranspiration. esign of irri-
gation systems requires knowledge of the
peak  evapotranspiration  (ETpas)  rate.
The US. Department of Agriculture-
Natural Resources Conservation Service
(USDA-NRCS) has published values of peak
evapotranspiration for various crops grown
in Puerto Rico in its irrigation guide
(USDA-5CS, 1964), which is a widely used
source of peak evapotranspiration values in
Puerto Rico.

Harmsen et al. (2002a) compared estimated
peak cvapotranspiration by using three meth-
ods for six vegetable crops at three locations in
Puerto Rico. The three methods used were
the USDA-SCS irrigation guide (USDA-
SCS, 1969), the USDA-SCS Blaney-Criddle
method (Goyal, 1989h) and the Penman-
Monteith method. A comparison of the peak
evapotranspiration data is presented in Table 2.

It should be noted that the USDA-SCS irri-
gation guide recommends a single value of
peak evapotranspiration for the entire Island
for a given crop. Peak evapotranspiration for
the USDA-SCS Blaney-Criddle method was
obtained by using the maximum monthly
consumptive use divided by the number of
days in the month. The USDA-SCS Blaney-
Criddle estimates of peak evapotranspiration
were not available for the Aibonito location,
Input data for Penman-Monteith estimates of
reference evapotranspiration were determined
using procedures described by Harmsen et al.
(2002a). Estimates of peak evapotranspiration
were based on the maximum daily reference
evapotranspiration (ET.,) umes the published
value of the crop coefficient (K.) tor the mid-
season growth stage. The crop coefficients
were obtained from Allen et al. (1998).

For the three methods, estimates of peak
evapotranspiration ranked from the lowest to
highest were: USDA-SCS irrigation puide,
the USIA-SCS Blaney-Criddle method, and
the Penman-Monteith method, respectively.
The implications of these results are impor-
tnt because designers of irrigation systems in
Puerto Rico may be underdesigning systems

-

at this nme (assuming the Penman-Monteith
method is the most accurate method).
Normally, an underdesigned drip irrigation
systen will be corrected by operating the
system longer. For example, a system could
be operated for eight hours nstead of six
hours. However, if the system was designed
to run more hours per day (e.g., 22 hours,
which is the maximum recommended by the
American Sociery of Agricultural Engincers,
ASAE, 1999), then increasing the operating
time may not be an option.

Summary and Conclusion
Recommendations for future evapotranspira-
tion vesearch in Puerto Rico. Several areas of
evapotranspiration research are needed in
Puerto Rico at this time. Some of the
suggested research will be of direct benefit to
the Caribbean region as well as in Puerto
Rico, and may be of benefit to other tropical
regions of the world.

* Development of crop coefficients (K.).
To date, crop coeflicients have not been
developed for Puerto Rican conditions.
Although crop coefficients derived in
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Frable 2. Comparison of peak evapotranspiration estimates determined by three different
methods for six vegetable crops at three locatlons in Puerto Rico.

Peak Evapotransglration (mm d)

5CS
Irrigation Guide §CS Penman-
for Caribbean Blaney-Criddle Monteith
Crop Area? Method? Meothod®
Fortuna
Cabbage 4.1 5.3 6.1
Eggplant 4.1 5.3 6.1
Cucumbers 4.1 5.1 5.8
Melons 4.1 4.8 5.8
Sweet Potatoes 53 6.4 6.7
Tomatoes 5.3 5.8 6.7
Isabela
Cabbage 4.1 5.1 5.7
Eggplant 4.1 53 5.7
Cucumbers 4.1 4.6 5.4
Meicns 4.1 4.6 5.4
Sweet Potatoes 5.3 6.1 6.2
Tomatces 5.3 5.6 6.2
Albonito
Cabbage 4.1 NA 5.5
Eggplant 4.1 NA 5.5
Cucumbers 4.1 NA 5.3
Meilons 4.1 NA 5.3
Sweet Potatoes 5.3 NA 6.0
Tomatces 5.3 NA 6.0

Source: Harmsen et al.,, 2002a

* From USDA-Soll Conservation Service, 1969. Technical gulde for Caribbean Area,
Sectlon IV-Practice standards and specifications for irrigation system, sprinkler.
Code 443. U.S. Department of Agriculture, Soll Conservation Service.

2 From Goyal M. R. 1989b. Estimation of monthly water consumption by selected
vegetable crops In the semiarid and humid regions of Puerto Rico. AES Monograph
99-80, Agricultural Experiment Statlon, University of Puerto Rico - Rio Pledras,

Puerto Rico.

3 input to the Penman-Monteith equation for
determined using the method Harmsen et al. (2002a). Crop coefficients for the mature
growth stage were obtained from Allen et al. (1998).

4 NA Not Avaliable.

evapotranspiration were

other parts of the world can be used to
provide approximate estimates of evapo-
transpiration, they are dependant upon
the crop cultivar and other local condi-
tions. Perhaps more importanty, crop
coefficients are not available in the liter-
awure for many of the local crops grown
in Puerto Rico. The Natural Resources
Conservation Service in Puerto Rico
has given high priority to developing
crop coefficients for the following
cultivars (Martinez, 2000): Acerola,
Tannier, Guanabana, Malanga, Parcha,
Star Grass, Recao, Pangola Grass, Name,
and Buffel Grass.

Water balance and nonweighing
lysimeter studies performed during the
1960s and 70s in Puerto Rico did not
determine crop coefficients. A study
should be performed to re-evaluate
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these data for this purpose. The crops
considered in these studies included
sugar cane, guinea grass, para grass,
guinea grass-kudzu and para grass-kuduz
mixtures, plantains, rice and pumpkin.

Validation of the pan evaporation
method for scheduling irrigation. This
method has become popular in Puerto
Rico in recent years because of its ease
of use. However, the method may result
in over or underapplication of water rel-
ative to the crop water requirements
when a single value of the crop coefh-
cient (K.} for the entire season is used. It
is preferable to use data from an evapo-
transpiration crop coefficient curve,
which takes into account the develop-
ment of the crop. Allen et al. (1998)
provides an excellent discussion on the

construction of crop coeficient curves.
Another potential source of error is the
use of published values of the pan coef-
ficient derived from the study of
Gonzilez and Govyal (1989), which esti-
mated evapotranspiration using the
UDSA-SCS Blaney-Criddle method,
based on pre-1980 climate data. Work
has recentdy begun to update the pan
coeflicient values for Puerto Rico using
the Penman-Monteith reference evapo-
transpiration (Harmsen et al., 2003).

Harmsen et al. (2002a) (also Harmsen
and Torres-ustiniano, 2001b) proposed
procedures for estimating input to the
Penman-Monteith method in Puerto
Rico. A geographic information system
(GIS) could be developed for Puerto
Rico, incorporating the estimation
procedures. This GIS consumptive use
system could be made available on the
Internet or on a CD-ROM. In combi-
nation with the GIS consumptive use
system, a rainfall and soil database for
Puerto Rico could be included which
would permit irrigation planning by
means of a water balance analysis.

The use of remote sensing techniques
evapotranspiration.
Satellite data can be used to estimate
evapotranspiration over relatively large
areas. Examples of this technique
include the Surface Energy Balance
Algorithm  for Land (SEBAL)
(Bastiaanssen, 2000); or estimating bio-
physical processes using remotely sensed
data (e.g.: Choudhury and DiGiclamo,
1998; Kite and Droogers, 2000).
Numerous remote sensing projects are
already being conducted at the
University of Puerto Rico and collabo-
rations exist between the Agricultural
and Biosystems Engineering Depart-
ment and the NOAA Cooperative
Remote  Semsing  Science  and
Technology Center.

for  estimating

Instead of estimating crop evapotranspi-
ration using a crop coefficient and refer-
ence evapotranspiration (Equation 4),
crop evapotranspiration can be deter-
mined using a “one-step” method as
follows:

&)

ET. = flr,,1n)



where: f{r,,n) represents the general form of
the Penman-Monteith equation, which is a
function of the aerodynamic resistance (sec
m™") and the bulk surface resistance (sec m!),
For convenience, the other parameters/vari-
ables used in the Penman-Monteith equation
aTe ot SOWI.
r; and r; are not easily obtained. However,
through research efforts it is hoped that in the
not-to-distanr furnre it will he possible to

t thic tiea dha i s
At l.hlb LINE, UIC parameters

apply Equation 9 directly.

Expert consultation on the revision of
FAQ methodologies for crop water require-
ments (Smith et al., 1990) has suggested the
following areas of research, which could be
supported in Puerto Rico:

1) To evaluate the effect of advective
conditions on crop resistance factors (i.e., r
and ny);

2) To make a systematic effore to review
various research results, in developing sound
values for crop resistance factors for a range
of crops;

3) To review the effect on crop resistance
factors of reduced evapotranspiration under
soil moisture stress and adverse growth
conditions,

This paper has presented a review of the
majority of crop water use studies performed
in Puerto Rico during the last fifty years.
Areas reviewed include: reference materials,
consumptive use obrained from field studies,
studies which predicted consumptive use and
reference evapotranspiration, studies compar-
ing the Penman-Monteith with other evapo-
transpiration methods, estimation of climate
parameters for use with the Penman-
Monteith method, use of pan evaporation
data for estimating crop water requirements,
and comparison of peak evapotranspiration
estimates. Recommendations for research
priorities were also provided.
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