CROP GROWTH AND WATER USE MODEL FOR LETTUCE

By M. Gallardo,' R. L. Snyder,? K. Schulbach,’ and L. E. Jackson*

ABSTRACT: Crop evapotranspiration (ETc) by crisphead lettuce varies considerably with weather conditions
and irrigation management. Accurate estimates of ETc will enable irrigation applications to be matched more
closely to crop requirements, which will reduce excessive applications of irrigation water. This is important in
the Salinas Valley, Calif., where overpumping of ground water is associated with seawater intrusion and nitrate
contamination of local aquifers. Accurate assessments of ETc are difficult in crisphead lettuce because of high
soil evaporation due to frequent irrigation and slow canopy development. A model to estimate E7c for crisphead
lettuce using only daily reference evapotranspiration (E7o) data as an input parameter was developed. The model
calculates crop transpiration and soil evaporation, and also ground cover development and daily radiation inter-
ception by the canopy. The ETc model showed good agreement when compared with field measurements of ETc
taken at four different locations in the Salinas Valley and using either the water balance or energy balance

methods for determining ETc.

INTRODUCTION

Lettuce is the second most widely planted vegetable crop in
California. It is commonly irrigated without scientific sched-
uling methods and applications typically greatly exceed crop
water requirements. As a result, serious ground water quality
problems have arisen resulting from excessive pumping (e.g.
seawater intrusion along California’s central coast) and from
contamination from leaching of nitrogen and pesticides (Snow
et al. 1988).

Accurate estimates of crop evapotranspiration (E7c), which
quantify the total water used by the crop, are needed to opti-
mize irrigation scheduling for lettuce and to minimize pump-
ing and ground water degradation. ETc is typically estimated
as the product of reference evapotranspiration (E7o), which
accounts for daily weather variations, and a crop coefficient
(Kc), which accounts for crop development and irrigation fre-
quency (Doorenbos and Pruitt 1977). In the case of crisphead
lettuce, which is frequently irrigated and has a small canopy
that grows mainly during the second half of the season, soil
evaporation comprises a considerable portion of the ETc (Gal-
lardo et al. 1996). Soil evaporation (E) varies depending on
canopy shading of the soil surface, irrigation frequency, irri-
gation method (the fraction of soil surface that is wetted), and
soil hydraulic properties. Erros in ETc estimates result from
using the K¢ method, which does not adequately account for
soil evaporation factors. Consequently, growers hesitate to use
the K¢ method for determining ETc because of the potential
economical risk resulting from underirrigation of high value
vegetable crops. It is difficult to accurately determine ETc
without a computer model to predict crop growth and to sep-
arately determine the plant transpiration and the soil evapo-
ration components. The objective of this study was to develop
and validate a useful model for predicting crop growth and
ETc of lettuce that is likely to be adopted and used by lettuce
growers. A user-friendly irrigation computer program and
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user’s guide will be subsequently developed and disseminated
to growers for use in refining their irrigation schedules.

MODEL DESCRIPTION
Modeling of Canopy Development

Prediction of crop canopy development is crucial for the
reliable estimation of ETc, since transpiration is closely related
to canopy size and soil evaporation is markedly influenced by
shading. We present a simple model that predicts the rate of
development of a lettuce crop for different growing seasons.
The model was developed based on reference evapotranspi-
ration (E7o) and percentage ground cover (G) using field data
from four experiments carried out in winter, spring, and sum-
mer in the Salinas Valley near California’s central coast.
Ground cover was measured using either a photographic tech-
nique or by measuring the proportion of the photosynthetically
active radiation intercepted by the crop as described later. Ref-
erence evapotranspiration was obtained from the nearby Cal-
ifornia Irrigation Management Information System (CIMIS)
station (Snyder and Pruitt 1992) that calculates hourly ETo
using a modified Penman equation (Pruitt and Doorenbos
1977).

Most existing growth models are functions of degree days
(accumulated diurnal average temperature above a lower de-
velopmental threshold) and are used to predict leaf area index
(LAI), the ratio of total leaf area to soil area. However, for
estimating ETc, the use of percentage ground cover (G) seems
to be more appropriate, particularly for lettuce where, due to
the close layering of leaves, LAI is less meaningful. Using
ETo for the model instead of degree days has the advantage
that only one input parameter is required to determine per-
centage ground cover and ETc. This is important because let-
tuce farmers are more likely to adopt and use the model if
only one input parameter is needed. ETo data are currently
available to California farmers through the CIMIS network of
more than 85 automated weather stations (Snyder and Pruitt
1992).

ETo is used to estimate the percentage ground cover, using
the following equations. Cumulative reference evapotranspi-
ration (C;) on the ith day of a growing season is calculated as

i
C/= D, ETo, (1)
=l

If there are n days in the season, the final cumulative reference
evapotranspiration (C,) for the season is given by

C.=C,= ), ETo, @
=1
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The normalized cumulative reference evapotranspiration (N,)
on the ith day of the season is computed as

N, = C/C, 3

Estimates of C, are widely available to growers, so N; can
easily be estimated using E7o, data and (1) and (3). The ground
cover percentage on the ith day of a season is then estimated
using the equation

G, = G,/[1 + “**") “4)

where G, = maximum expected ground cover percentage for
the season. (G, = 0.75 for crisphead lettuce.) The coefficients
a = 6.58 and b = —10.02 were experimentally determined for
crisphead lettuce from a linear regression of In(G,/G; — 1)
versus N, using data from the four plantings in this experiment.
To use this method for other crops, the coefficients a and b
need to be experimentally determined. Measured values and
model predictions of the crop growth expressed as the per-
centage of ground cover by the canopy for the winter, spring,
and the two summer lettuce plantings are shown in Fig. 1 (see
the methodology section for details on these experiments). Us-
ing data from all four plantings, there was a standard error of
estimate (SEE) of 4.4% for observed versus model ground
cover percentage. By planting, the SEE values were winter
(2.0%), spring (7.7%), summer commerical (2.1%), and sum-
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FIG. 1. Comparison between Measured (©) and Modeled ()
Percentage Ground Cover (G)) As Function of Normalized Cu-
mulative Reference Evapotranspliration (N)) for: (a) Winter; (b)
Spring; (¢) Summer Commerclal; (d) Summer Experimental Let-
tuce Plantings [Day of Season (A) Corresponding to N, Values
Are Also Plotted]

mer experimental (0.8%). Little development was observed
during the first half of the season with a rapid increase in
ground cover during the last two to three weeks. Percentage
ground cover at the end of the season reached a maximum
value of 75%. This indicates that lettuce crops attain full cover
in the beds, considering that 25% of the area was bare furrows.
Because G, is needed to estimate evapotranspiration and the
growth model requires only E7o, (not temperature-based de-
gree day calculations) to determine G,, the use of this canopy
development model simplifies the modeling of ETc,.

Modeling of Evapotranspiration

The basic assumptions used in the evapotranspiration model
are that

1. Sufficient irrigation water is applied to the crop so that
T is not reduced by water stress (i.e., T does not change
as the soil surface dries between irrigation or rainfall
events).

2. ETc can be separated into the two components: (1) evap-
oration from the unshaded bare soil (E); and (2) the sum
of transpiration from the canopy and soil evaporation
from the shaded soil (7).

3. The maximum possible ETc on any day of the season
(ETx) will occur when the soil surface is wet. ETx is
calculated as the product of ETo and Kx, where Kx is the
highest possible Kc value for the season (note that this
may not be true for some crops if Kx is considerably
greater than F from a bare, wet soil surface).

4. The ratio of T to ETx for a crop is equal to the fraction
of total global solar radiation (R,) that is intercepted by
the canopy. Therefore, 7= ETx(R/R,), where R = amount
of solar radiation intercepted by the canopy. This is a
reasonable assumption because the main source of en-
ergy for vaporization is solar radiation and the part in-
tercepted by the canopy, to a large extent, determines
transpiration (and evaporation from the shaded soil).

5. If the unshaded soil surface is wet, the E rate depends
on energy available to vaporize water, and E =
ETx — T.

6. When the soil surface dries and hydraulic and properties
limit evaporation, then the soil evaporation is reduced
(E < ETx — T) and ETc < ETx. T is assumed to be
unaffected by soil surface drying.

The calculations needed to determine unshaded soil evap-
oration (E;) and transpiration and shaded soil evaporation
(T)) are analyzed in the following sections. Table 1 contains a

TABLE 1. Example of Calculation of Modeled Ground Cover (G)) and Dally Crop Evapotranspiration (ETo,) According to Egs. (1)-(11)

for th Day of Season during Irrigation Cycle

Sum of
Maxi- daily
Daily mum ETx
percentage| possible | values Stage 1 Stage 2 Soil
Reference radiation ETg, during Daily soil soil evapora-
evapotran- |Cumulative|Normalized| Ground | accepted | each |irrigation| transpira- | evapora- | evapora- | tion on Crop evapo-

Day | Day Day spiration ETo, cumulative] cover by day cycle tion rate | tion rate | tion rate ith day transpiration
of after after ETo, ) ETo (G) canopy (ETx) | TETx (m (E1) (E2) (E) (ETe)
year | planting] irrigation | (mm d') {mm) (N) (percent) (R) (mm d~ ") (mm) (mm) (mmd™) | (mmd") | (mmd™") {(mm d™")
(1) (2) (3) (4) (5) (6) 7 (8) (9) (10) (11) (12) (13) (14) (15)

157 32 1 59 152 0414 6 9 6.5 7 0.6 59 38 38 4.4

158 33 2 6.7 159 0.433 7 10 7.4 14 0.8 6.6 1.7 1.7 2.5

159 34 3 6.5 166 0.450 8 12 7.2 21 0.9 6.3 12 1.2 2.1

160 35 4 7.6 173 0471 10 14 8.4 29 12 72 1.2 1.2 23

161 36 5 7.5 181 0.491 12 17 8.3 38 14 6.9 1.0 1.0 23

162 37 6 5.0 186 0.505 14 18 55 43 1.0 4.5 0.6 0.6 1.6

163 38 7 5.5 191 0.520 15 21 6.1 49 1.2 4.8 0.6 0.6 1.8

164 39 8 6.2 197 0.537 17 23 6.8 56 1.6 52 0.6 0.6 22

165 40 9 7.0 204 0.556 20 27 77 64 20 5.7 0.6 0.6 2.6

166 41 1 6.8 211 0.574 23 30 7.5 8 2.2 52 31 31 54
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sample data set showing the E, and 7, calculation procedure
for one irrigation cycle.

TRANSPIRATION FROM CROP CANOPY

Sunlight is partly intercepted by the crop canopy and shaded
soil and partly by the exposed soil. On the ith day of the
season, the percentage of daily radiation interception (R, =
100R/R,) by the canopy is used in the evapotranspiration
model to separate plant transpiration (T;) from soil evaporation
(E)). The fraction of daily radiation interception by the canopy
on the ith day is given by R,/100 and the fraction intercepted
by the exposed soil is equal to 1 — R,/100. The percentage R,
is calculated from modeled ground cover percentage (G,) on
the ith day, using a relationship experimentally determined and
test for a wide range of field crops (Hernandez-Suarez 1988)

= 0.63 + 1.373G, — 0.0039G; &)

It is assumed that, a crop with a wet soil surface has the max-
imum evapotranspiration possible (ETx,), where ETyx, is cal-
culated as

ETx, = ETo,Kx 6)

where Kx = highest expected seasonal Kc value; and ETo, =
reference evapotranspiration on the ith day. For lettuce, the
estimated maximum possible Kx = 1.10. This value for Kx is
based on the relationship between irrigation and rainfall fre-
quency effects on Kc values presented by Doorenbos and
Pruitt (1977). They estimated that a crop, during initial growth,
with less than 10% ground cover, will have a K¢ ~ 1.05 if
wetted by irrigation or rainfall every second day. A lettuce
crop achieves a ground cover of about 75%, and therefore a
taller, rough surface lettuce crop with a soil that is wetted each
day certainly has a Kc > 1.05. However, a lettuce crop is also
expected to have a lower ETc rate than alfalfa, which was
reported to have a Kc = 1.15 (Allen et al. 1989). Therefore, a
Kx = 1.10 was selected as a compromise. After calculating
ETx; using (6), the transpiration (7;) on the ith day of the
season is estimated as

T, = ETx/(R,/100) Q)

SOIL EVAPORATION
Evaporation from Bare Soll

The model uses a modified two stage soil evaporation
method developed by Ritchie (1972) and adapted by Stroos-
nijder (1987) to conditions of variable ETo, to estimate evap-
oration from the soil between two irrigation events. During
stage 1, the soil evaporation on the ith day is limited only by
the supply of energy to the surface, so the evaporation from a
wet, completely bare soil surface occurs at a maximum rate.
Because the Kc for wet, bare soil is approximately equal to
the Kx for lettuce, stage 1 soil evaporation (E1,) is assumed
to be equal to the maximum evapotranspiration from (6)

El, = ETx; ®

In stage 2 evaporation, hydraulic properties and soil water con-
tent limit soil evaporation. Then, on the ith day, the stage 2
evaporation (E2)) is less than ETx, and E2, is calculated as

E2,=B (2 ETx,) - B (2 Erx,) ' )
=k =

where the kth day of the season is when the soil surface was
last wetted by irrigation or rainfail. Here the beta (B) factor
(mm"?) is a soil hydraulic characteristic that was determined
experimentally in a separate experiment (see field methodol-

ogy) as the slope of the regression line through the origin of
cumulative bare soil evaporation versus the square root of
cumulative maximum evapotranspiration. A slope B = 1.63
was empirically determined for the soils in this experiment
(Fig. 2).

The parameter B determines both the duration of stage 1
and the evaporatlon rate during stage 2 (Stroosnijder 1987).
When the (2j. ETx)** = B, then the cumulative s011 evapo-
ration (Zj, E)) on the ith day: 3, E, = (S ETx)™* = p% If
the soil surface is in stage 1 evaporation, then ()., E,) =
(2} ETx,) and a plot of (E,.,, ETx)) versus (Zjue ETx)*® will
be quadratlc [Fig. 2(b)] and it will intersect the empmcal stage
2 regressnon line at (2., ETx)"* = B. Once the (2),.,t ETx)** >
B or X, ETx; > 7 the cumulative soil evaporation is expected
to follow the stage 2 regression line rather than the stage 1
curve. Therefore, stage 1 evaporatlon exists when 3., ETx, <
PB® and stage 2 exists when 3, ETx, > B2
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FIG. 2. Relationships hetween (a) Cumulative Soll Evapora-
tion (T E)) and Days after Irrigation; (b) Cumulative Soll Evapo-
ration (Z E)) and Square Root of Cumulative Maximum Possible
Evapotranspiration (= ETx,)"® with Expected Stage 1 (A) Quad-
radic Curve and Measured Stage 2 (©) Line Having Slope B
through Origin (Data Were Recorded on Bare Soll at Experi-
mental Field during Drying Cycle)
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FIG. 3. Daily Transpiration (A), Soll Evaporation (©), and
Evapotranspiration (~) for Summer Experimental Lettuce Crop
(Arrows Represent irrigation Dates)
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TABLE 2. Summary of Main Characteristics of Three Commercial and One Experimental Sites Where Measurements of Ground

Cover and ET, Were Conducted

Growing Planting Season Soil Irrigation
Field season date days Location type system
{1) (2) 3) 4) (5) (6) (7)
Commercial winter Dec. 10, 1993 115 Huntington (4.8 km NW of Soledad) clay loam sprinkler-furrow
Commercial spring April 13, 1993 69 Jensen (13 ki SE of Salinas) clay loam linear-move sprinkler
Commercial summer May §, 1993 66 Fowler 2 (5 km SE of Salinas) clay loam sprinkler-furrow
Experimental summer May 6, 1993 66 USDA Station (Salinas) sandy loam sprinkler
Evaporation from Soll with Crop Canopy %
X Modeled
When the soil surface is wetted on the kth day of the season 50 - O Messured
and 3}, ETx, = B? then the soil evaporation on the ith day
(E)) is calculated as the product of E1, from (8) and the fraction ‘E 40 4
of daily radiation not intercepted by the canopy T -
£ 304
E, = E1,(1 — R,/100) (10) g % -
As the soil dries, transpiration (7;) is still computed with (7), 204
but the soil evaporation (E;) decreases when the soil reaches ” |
stage 2 evaporation. If an irrigation or rainfall occurs on the
kth day of the season, stage 2 begins on the ith day when o
1 2 . . . T T
3 ETx; > B°. Then the soil evaporation is calculated as Eary Growth Rosete Headng Maturty
Growth Period

E, = E2,(1 — R,/100) (11)

where E2; is computed using (9).

Crop Evapotranspiration Calculations

Crop evapotranspiration (E7c;) on the ith day is calculated
as E; + T,. An example of the daily outputs of the ETc model
for summer planted lettuce, the most common season for
growing lettuces in the coastal areas of California, is shown
in Fig. 3. Seven irrigations were applied at 7 to 10 d intervals
and evaporation from the bare soil and plant transpiration were
simulated for each of the seven drying cycles between irriga-
tions. Initially, lettuce has a very small canopy with large areas
of exposed soil (Fig. 1). During this part of the season, most
of the water is lost as direct soil E. As the canopy develops,
the fraction of ETc coming from transpiration (T) increases
and the portion coming from soil evaporation (E) decreases.
During each individual cycle, the rates of E from bare soil are
high just after irrigation and decrease rapidly with time after
wetting following the two stages process (Ritchie 1972;
Stroosnijder 1987).

In Table 1, an example of the aforementioned methods to
calculate ground cover and ETc is presented with details of
the partial calculations. The computation for one of the periods
between two irrigations is presented. The calculation is started
on the day of an irrigation when the rooting zone (e.g. the top
40 cm) is at field capacity. In this example, an irrigation was
applied on the morning of day number 32 of the season and
the 3 ETx;, was set equal to ETx,;,. Then the ¥ ETx, values
were determined by adding ETx, on each day. Calculation of
ETc for days 32—40 of the season proceed following the pre-
viously described equations. On day 41, another early morning
irrigation was applied and the 3 ETx,, was again set equal to
ETx,,. In this example, the stage 1 evaporation rate (E1) was
never attained and, during the entire period, there was a stage
2 evaporation rate (E = E2). The ETc model was calculated
for each of the seven drying cycles after irrigation during the
growing season to determine Fig. 3.

METHODOLOGY OF FIELD EXPERIMENTS
Commercial Fields

Data on ground cover and ETc from three commercial veg-
etable fields in the Salinas Valley, Calif., were used in the

FIG. 4. Comparison between Measured (o) and Modeled (X)
Cumulative Crop Evapotranspiration during Four Growth Pe-
riods; Measured Data Were Collected Using Water Balance from
Eight Repetitions of Three Lettuce Cultivars at Experimental
Field (Bars indicate +1.0 Standard Deviation)

development and evaluation of the growth and ETc model. To
test the universality of the model, these experiments were con-
ducted during different seasons and in different locations. Crop
management followed conventional local farmers’ practices.
All lettuce fields were formed into approximately 1 m raised
beds, with bed tops 75 cm wide and furrows 25 cm across.
The three experiments were: (1) winter lettuce; (2) spring let-
tuce; and (3) summer lettuce. Details of these field sites are
summarized in Table 2. In all experiments, crisphead-type let-
tuce varieties, the most common in the area, were planted. The
systems presented in Table 2 were used for irrigation. The
nearest CIMIS weather station was situated approximately 13
km from the site where winter lettuce was grown, 1.5 km from
the site with spring lettuce and 5 km from the two summer
planting sites.

Ground cover was measured weekly approximately five to
seven times during the season using a photographic technique.
A Bowen ratio system (Campbell Scientific Inc.) was used to
measure crop water use using an energy balance. The system
measures net radiation, soil heat flux, and air and dewpoint
temperatures at two heights above the canopy. These data are
then inputted to an energy balance equation to estimate values
every 20 min for evapotranspiration (E7c). The Bowen ratio
system was placed in the three test fields during different crop
growth stages whenever possible.

Experimental Field

Data from a field experiment conducted at the U.S. De-
partment of Agriculture, Agricultural Research Service
(USDA/ARS) Experimental Station in Salinas were also used
in this study. Three genotypes of lettuce (Lactuca sativa) were
planted, including two crisphead lettuces (‘‘Calmar’’ and
*“Target’’) and one romaine lettuce cultivar (‘‘Parris Island’’),
which are widely used in the area (Table 1). Crop management
followed conventional local farmer practices. The crop was
sprinkler-irrigated with a line-source sprinkler (Hanks et al.
1976) every 7—-10 d producing a range of water regimes sim-
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