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1 Introduction
The first semi-mechanistic oil palm model was OPSIM (van Kraalingen, 1985). It was developed
by taking into account some aspects of oil palm physiology and the physical processes and
causal relationships between the environment and crop. OPSIM was modified by Gerristma
(1988) in order to propose a more rigorous approach to estimate oil palm photosynthesis
and later by Dufrêne et al. (1990), whose model (SIMPALM) relied much more on measured
data of oil palm vegetative parameters. GPHOT, GPHOT2, OPLFSIM3 and later OPRODSIM
(Henson, 1989, 2000, 2004, 2009) were the most comprehensive models at that period,
as Henson’s models progressively improved by including increasingly more effects and
factors of oil palm growth and yield, including modelling the seasonal cycles of oil palm
yield. Supplementary factors such as the effects of air vapour pressure deficit and available
soil water on oil palm photosynthesis were also modelled. Fitted relationships, based
http://dx.doi.org/10.19103/AS.2017.0018.10
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on measured data collected from various oil palm studies, were later included to better
estimate oil palm root turnover, dry matter partitioning and flower sex ratios. Since then,
the development of new oil palm models, such as WaNuLCAS (van Noordwijk et al., 2011),
ECOPALM (Combres et al., 2013) and PALMSIM (Hoffmann et al., 2014) have increased in
frequency. More recent oil palm models such as APSIM-Oil Palm (Huth et al., 2014), CLMPalm (Fan et al., 2015) and CLIMEX-Oil Palm (Paterson et al., 2015) are actually components
of a larger, more general modelling framework. The APSIM-Oil Palm, for instance, is one of
the 30 sub-models for various crops, trees and pastures under the APSIM model framework.
The purpose of this chapter is to discuss the development of a new oil palm growth
and yield model called PySawit. There are several key aspects that differentiate PySawit
from other models. First, PySawit attempts to model oil palm photosynthesis in a more
rigorous manner based on the biochemical photosynthesis model by Collatz et al. (1991),
a modification of the original photosynthesis model by Farquhar et al. (1980). Other oil
palm models tend to use oil palm’s radiation use efficiency (based on Beer’s law) to convert
the intercepted radiation into gross photosynthesis. In our study, actual leaf measurements
were done on young to mature palms to determine oil palm's Rubisco maximum capacity
rate (Vcmax) and intercellular concentration of carbon dioxide (CO2), both of which are
needed to determine the leaf photosynthesis rate.
Second, the microclimate environment within and under the oil palm canopies is
modelled by describing the soil–plant–atmosphere system as a network of resistances in
which latent and sensible heat fluxes from the soil and crop must traverse, akin to the flow
of electrical current, driven by potential differences and impeded by a series of resistances
(Shuttleworth and Wallace, 1985). The Shuttleworth–Wallace (SW) evapotranspiration model
is an important extension of the Penman–Monteith model (Monteith, 1965) as it allows the
simultaneous heat fluxes from both soil and crop, unlike its predecessor that would only
allow fluxes from either soil or crop but not both simultaneously. We further measured the
relationship between oil palm's leaf stomatal conductance with photosynthetically active
radiation (PAR) and air vapour pressure deficit (VPD), as these are needed to determine
fluxes of latent heat and, thus, the amount of water loss from oil palm.
And third, PySawit is developed specifically for oil palm planted on a wide range of densities,
from about 120 to 300 palms ha−1. The recent oil palm models such as APSIM-Oil Palm, CLMPalm and PALMSIM were validated only over a narrow planting density range of 127–156
palms ha−1. The accuracy of the CLIMEX-Oil Palm, on the other hand, was not even validated.
Moreover, most oil palm models, especially recent ones, have only been validated over a
limited period of the oil palm growth stage (usually only when the palms have fully matured).
Consequently, the second purpose of this chapter is to discuss the evaluation of PySawit’s
accuracy when its predictions were compared with several measured parameters of growth
and yield in oil palm aged 1–19 yrs. These oil palm were planted with 10 different planting
densities, ranging from 122 to 296 palms ha−1, in an oil palm estate at Merlimau, Malaysia.
The degree of agreement between PySawit’s predictions and observations was evaluated
by visual inspection of scatterplots between predictions and observations and by the use
of statistical goodness-of-fit indexes.

2 Theory and model development
PySawit simulations are for crop production level 2, where the growth and yield of oil
palm are limited only by weather conditions and water availability (de Witt and Penning
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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de Vries, 1982). The model assumes that oil palm grows under optimal nutrient levels
and without any detrimental effects from pests, diseases or weeds, and is managed by
following standard practices (such as pruning and mulching) by the oil palm industry.
PySawit comprises five core components: 1) meteorology, 2) photosynthesis, 3) energy
balance, 4) soil water and 5) crop growth. The meteorology component contains calculations
pertaining to both daily and hourly meteorological elements such as air temperature, wind
speed, humidity, solar irradiance and rain. The photosynthesis component calculates the
oil palm photosynthesis rate, and the energy balance component deals with the various
heat fluxes with the aim of determining the potential evapotranspiration and canopy
temperature. The soil water component determines the soil water balance and the various
water fluxes in the soil layers to estimate the amount of water available to the plant and the
level of crop water stress, if any. The last component, crop growth, is aimed at estimating
the crop maintenance, vegetative growth respirations and the bunch production and yield.

3 Modelling meteorology
Simulations begin with the meteorology component. PySawit requires only four daily
meteorological parameters: minimum and maximum air temperature (°C), wind speed
(m s−1) and rain (mm) to estimate the various instantaneous meteorological properties such
as solar irradiance, wind speed, air temperature, vapour pressure and humidity. Routine
information on the site’s local solar hours of sunrise tsr and sunset tss, day length DL (hours),
solar inclination θ (solar angle from vertical) (radians), extraterrestrial solar irradiance Iet (W
m−2), relative humidity RH (%) and saturated vapour pressure (mbar) was obtained from the
work of Goudriaan and van Laar (1994).
Instantaneous total solar irradiance comprises two components: direct and diffuse
components, where the direct component arrives from a single direction (the solar
position), whereas the diffuse component arrives from all directions due to scattering
and reflection from various surfaces in the environment. Calculations from Liu and Jordan
(1960) were used to determine these solar radiation components as
It = Idr + Idf 		

(1a)

Idr = Iet ⋅ t m (1b)
Idf = 0.3 (1− t m )Iet (1c)
where It, Idr and Idf are the instantaneous total, direct and diffuse solar irradiance, respectively
(all in W m−2); τ is the sky clearness index (or atmospheric transmittance, the ratio between
It and Iet); and m is the optical mass number. The optical mass number m is determined
from Campbell and Norman (1998) as
m = Pa / (101.3cosq ) 		

(2)

where Pa is the atmospheric pressure (kPa), assumed constant at 101 kPa.
Dimas et al. (2011) showed that τ can be estimated from relative humidity (RH) and in
turn be used to calculate It and its components: Idr and Idf. Hourly meteorological data
for years 2015 and 2016 were obtained from weather stations located at five Malaysian
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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Figure 1 Linear relationship between measured relative humidity (RH) and sky clearness index between
2015 and 2016 for five stations located in Malaysia (N = 25548). Note: the bars represent one standard
deviation.

oil palm estates: Bukit Selarong, Kedah (5.462824°N, 100.597084°E); Diamond Jubilee,
Melaka (2.33333°N, 102.483333°E); Imam, Sabah (4.333333°N, 117.833333°E); Seri Intan,
Perak (3.976583°N, 100.9739°E); and Ulu Remis, Johor (1.827778°N, 103.461944°E),
where the following linear relationship between τ and relative humidity (RH) was derived:

t = 1.1857 − 0.0112RH

(3)

where RH (%) (Fig. 1).
The daily trend of instantaneous air temperature for the considered stations was also
observed to vary sinuously with time during the period between 1.5 hours after the time
of minimum air temperature and time of sunset. Outside this period, air temperature
was observed to change linearly with time. This trend can be accurately depicted by the
following mathematical relationships according to Wilkerson et al. (1983) as

(Tmin − Tset )(24 + t h − t ss )
t h < (t sr + 1.5)
Tset +
(t sr + 1.5) + (24 − t ss )


(Tmin − Tset )(t h − t ss )

t h > t ss
Ta = Tset +

(t sr + 1.5) + (24 − t ss )

 p (t − t sr − 1.5) 

 otherwise
Tmin + (Tmax − Tmin )sin  h



t ss − t sr



(4a)

 p (t ss − t sr − 1.5) 

Tset = Tmin + (Tmax − Tmin )sin 


t ss − t sr



(4b)

where Ta is the air temperature; Tmin and Tmax are the minimum and maximum air temperature,
respectively; and Tset is the air temperature at the time of sunset (tss). All temperatures are
in °C.
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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The dew point temperature Tdew for these five stations were rather constant throughout
the year, with a mean of 23°C. This value is within the range reported by Mohd. Desa and
Rakhecha (2006), who also observed a rather constant dew point temperature between
20°C and 24°C for 24 towns across Malaysia for the 1994 and 2003 periods.
Knowing the dew point temperature, Tdew, enables the determination of air vapour
pressure according to Ephrath et al. (1996) as follows:
 17.269Tdew ,cal 

ea = 6.1078exp 
Tdew ,cal + 237.3 

(5)

where ea is the air vapour pressure (mbar) and Tdew,cal is the calibrated dew point temperature
(°C), where it should be lower than the current air temperature, Ta:
Tdew ,cal = MIN Ta , Tdew  		

(6)

where MIN n1,n2 ,¼,nn  is the minimum function, returning the smallest of the enclosed
values.
The instantaneous wind speed typically varies sinuously within the day as


p
u = MAX umin , umin + (umax − umin )sin  (t h − t sr − 1.5) 
 
 DL


(7)

where u is the wind speed (m s−1); umax and umin are the maximum and minimum wind speed for
the day, respectively (m s−1); and MAX n1,n2 ,¼,nn  is the maximum function, returning the
largest of the enclosed values. The mean daily minimum and maximum wind speed can be
estimated by the following equations, developed by fitting the best function to the measured
hourly wind speed data for several towns in Malaysia from 1982 to 1991 (Sopian et al., 1995):
umin = 0.5591ud1.25 		

(8)

umax = 1.7976ud0.75 		

(9)

where ud is the mean daily wind speed (m s ).
−1

4 Modelling photosynthesis
The photosynthesis model by Collatz et al. (1991), which is based on Farquhar et al. (1980),
was adapted in order to determine the amount of CO2 assimilated by the oil palm canopy,
where gross leaf CO2 assimilation is limited by the lowest of the three potential assimilation
rates due to Rubisco, light and sink:
Λ sl / sh = MIN v c , v q ,sl / sh , v s 

(10)

where Λsl/sh is the gross leaf CO2 assimilation rate for either sunlit (subscript sl) or shaded
(sh) leaves, and vc, vq and vs are the Rubisco-, light- and sink-limited assimilation rates,
respectively. All assimilation rates are in µmol CO2 m−2 leaf s−1.
Leaf CO2 assimilation rate is scaled up to canopy level, following Campbell and Norman
(1998), by
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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Λcanopy = Λ slLsl + Λ shLsh 		

(11)

where Λcanopy is the gross canopy CO2 assimilation rate (µmol CO2 m−2 ground s−1) and Lsl and
Lsh are the sunlit and shaded leaf area indexes, respectively (both in m2 leaf m−2 ground).
Equation 11 is integrated over sunrise (tsr) to sunset (tss) to determine the daily gross
canopy photosynthesis rate as
t ss

Λcanopy ,d =

1.08
Λcanopy dt
PD ∫
t

(12)

sr

where Λcanopy,d is the daily gross photosynthesis rate (converted to kg CH2O palm−1 day−1);
and PD is the planting density (palms ha−1). Integration is performed by the numerical
Gaussian integration method, where five points over the diurnal period (from sunrise to
sunset) are selected, and for each selected hour, the gross canopy CO2 assimilation rate is
calculated (Teh, 2006).
The following sub-sections describe the meaning and calculations of the various
parameters in Eq. 10 and 11.

4.1 Rubisco-limited assimilation (vc)
Rubisco-limited leaf CO2 assimilation rate vc is determined by
vc =

Vcmax (Ci − Γ * )
K c (1+ Oa / K o ) + Ci

(13)

where Kc is the Michaelis–Menten constant for CO2 (µmol CO2 mol−1 air); Ko is the Michaelis–
Menten constant for O2 (µmol O2 mol−1 air); Г* is the CO2 compensation point (µmol CO2
mol−1 air); Oa is the ambient O2 concentration in air (210 000 µmol O2 mol−1 air); Ci is the
intercellular CO2 concentration (µmol CO2 mol−1 air); and Vcmax is the maximum Rubisco
capacity rate (µmol CO2 m−2 leaf s−1). The CO2 compensation point Г* (CO2 concentration
at the point where assimilation is zero) is determined by
Γ * = 0.5Oa / t 		

(14)

where τ is the CO2/O2 specificity factor (µmol O2 µmol−1 CO2). For C3 plants like oil palm, τ
indicates the level of competition between O2 and CO2 substrates for the Rubisco enzyme.
Most of the parameters in Eq. 13 are temperature-dependent and must be corrected
for foliage temperature (Tf). Correction is made by multiplying their values at 25°C with
their corresponding Q10 temperature coefficients (Table 1). Q10 is a measure of the rate of
change of a given biochemical activity due to the increase in the temperature by 10°C.
Temperature correction for these parameters follows this general form:
(Tf −25) / 10
x = x(25) ×Q10
		
,x

(15)

where ξ(25) is the parameter value at 25 °C, Tf is the canopy temperature (°C) and Q10,ξ is the
relative change in parameter ξ for every 10 °C change (Table 1). However, Vcmax has to be
additionally corrected for foliage temperatures greater than 40°C, after which the Rubisco
enzyme degrades, causing a rapid decline in CO2 assimilation:

© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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Table 1 Values of temperature-dependent photosynthesis parameters ξ(25) at 25 °C. Except for Vcmax(25),
all values are from Bernacchi et al. (2001, 2002), and they are general values for C3 plants
ξ(25)

Description

Unit

Value

Q10,ξ

Kc(25)

Michaelis–Menten constant for CO2

µmol CO2 mol−1 air

270

2.786

Ko(25)

Michaelis–Menten constant for O2

µmol O2 mol−1 air

165 000

1.355

τ(25)

CO2/O2 specificity factor

µmol O2 µmol CO2

2800

0.703

Vcmax(25)

Maximum Rubisco capacity rate

µmol CO2 m−2 leaf s−1

79

2.573

−1

Vc max( 25 ) × 2.573( f )
1+ exp 0.29 (Tf − 40)

T −25 / 10

Vcmax =

(16)

Vcmax(25) for oil palm is determined to decline with tree age, from a mean (± s.e.) of 91.1
(±3.7) to 69.8 (±2.6) µmol CO2 m−2 leaf s−1 between palm ages 1 and 19 yrs (Fig. 2). The
relationship between oil palm Vcmax(25) and tree age can be described by the following
linear equation:
Vcmax (25 ) = 87.935 − 0.0026age

(17)

where age refers to the tree age (in days).
Our measured Vcmax(25) is between 10% and 30% smaller than that used by Fan et al.
(2015) for their oil palm growth simulations. Fan et al. (2015) used a constant Vcmax(25) of

Figure 2 Changes in the maximum Rubisco capacity rate Vcmax(25) with oil palm tree age. Leaf gas
exchanges for 1- to 19-year-old palm trees were measured (N = 138) (Long and Bernacchi, 2003) using
the TPS-2 Portable Photosynthesis System (PP Systems International, Inc., Amesbury, US), and based
on the gas exchange data, Vcmax(25) was estimated based on Sharkey et al. (2007) and Sharkey (2005).
Note: the bars represent one standard deviation.
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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Figure 3 Decline in the ratio between intercellular CO2 concentration (Ci) and ambient CO2
concentration (Ca) with increasing leaf vapour pressure deficit (Dleaf) for 1- to 19-year-old oil palm
trees (N = 654). Leaf gas exchanges were measured based on Long and Bernacchi (2003) using the
TPS-2 Portable Photosynthesis System (PP Systems International, Inc., Amesbury, US). Note: the bars
represent one standard deviation.

100.7 µmol CO2 m−2 leaf s−1, a value they had calculated based on the leaf N content and
specific leaf area for crops in general (not specifically based on oil palm leaves).
The intercellular CO2 concentration (Ci) can be determined from its relationship with
ambient CO2 concentration (Ca) (both concentrations expressed as µmol CO2 mol−1 air)
and vapour pressure deficit in the leaves by the following equation by Yin and van Laar
(2005):
Ci / Ca = 1− (1− Γ * / Ca )(a + bDleaf )

(18)

where Dleaf is the leaf vapour pressure deficit (mbar), determined by
Dleaf = es Tf  − ea 		

(19)

where es Tf  is the saturated vapour pressure (mbar) at foliage temperature Tf (°C) and ea is
the air vapour pressure (mbar). Leaf measurements on of oil palm trees at various ages (from
1 to 19 years) revealed that coefficients a and b are 0.0615 and 0.0213, respectively (Fig. 3).

4.2 Light-limited assimilation (vq)
Light-limited leaf CO2 assimilation rate vq is determined by
v q ,sl / sh = 0.8emQsl / sh (Ci − Γ * ) / (Ci + Γ * )

(20)

where vq,sl/sh is the light-limited leaf CO2 assimilation rate (µmol CO2 m−2 leaf s−1) for either
sunlit (subscript sl) or shaded (sh) leaves; Qsl/sh is the photosynthetically active radiation

© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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(PAR) flux density absorbed by either sunlit or shaded leaves (µmol m−2 leaf s−1); and em is
the intrinsic quantum efficiency or yield (µmol CO2 µmol−1 photons), taken as 0.051 for oil
palm (Dufrêne and Saugier, 1993). Skillman (2008) reviewed 10 studies that measured em
of various C3 plants and the mean value (± s.e.) was found to be 0.052 ± 0.003 (N = 61).
According to Campbell and Norman (1998), there are four PAR flux components within
the canopies, namely: 1) PAR irradiance for unintercepted beam with scattering Qp,dr (µmol
photons m−2 ground s−1), 2) PAR irradiance for unintercepted beam without scattering
Qp,dr,dr (µmol photons m−2 ground s−1), 3) PAR irradiance of only the scattered component
Qp,dr,α (µmol photons m−2 leaf s−1) and 4) mean diffuse PAR irradiance Qp ,df (µmol photons
m−2 leaf s−1). Note that both Qp,dr,α and Qp ,df are expressed based on per unit leaf area (not
per unit ground area). The scattered and diffuse irradiance on a unit horizontal ground area
are assumed equal to their irradiance on a unit leaf area. These four PAR flux components
can be calculated by
Qp ,dr = (1− pdr )Qdr exp (−kdr w 0.8L )

(21)

Qp ,dr ,dr = (1− pdr )Qdr exp (−kdr wL)

(22)

Qp ,dr ,a = (Qp ,dr − Qp ,dr ,dr ) / 2

(23)

Qp ,df = (1− pdf )Qdf 1− exp (−kdf 0.8L ) / kdf L



(24)

where Qdr and Qdf are the instantaneous direct and diffuse PAR irradiance, respectively
(both in µmol photons m−2 ground s−1); pdr and pdf are the canopy reflection coefficients
for direct and diffuse PAR, respectively (both unitless); kdr and kdf are the canopy extinction
coefficients for direct and diffuse PAR, respectively (both unitless); ω is the canopy
clustering coefficient for discontinuous canopies (0 to 1); and L is the total leaf area index
(m2 leaf m−2 ground).
The PAR irradiance components Qdr and Qdf are determined by
Qdr = Idr × 4.55 × 0.5 		

(25)

Qdf = Idf × 4.55 × 0.5 		

(26)

where Idr and Idf are the instantaneous direct and diffuse solar irradiance, respectively
(W m−2 ground). Total PAR irradiance is assumed to be 50% of total solar irradiance, and
1 W m−2 ground is taken as equal to 4.55 µmol photons m−2 ground s−1 (Goudriaan and
van Laar, 1994).
The reflection coefficients pdr and pdf are determined according to Goudriaan (1977) by
pdr = MAX  0.04, psexp (−2kdr w 0.8L )

(27)

pdf = MAX  0.04, psexp (−2kdf 0.8L )

(28)

where ps is the soil reflection coefficient, taken as 0.15.

© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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Assuming the oil palm canopies are randomly distributed in the aerial space, the canopy
extinction coefficient for direct PAR kdr is determined by
kdr = 0.5 / cosq 		

(29)

where θ is the solar inclination (radians). Equation 29, however, is valid only for fully closed
canopies. For discontinuous or partially closed canopies, kdr must be multiplied by a clump
factor ω, which ranges from 0 (no canopy) to 1 (fully closed canopies), and which can be
determined according to Kustas and Norman (1999) as

w = w0 + 6.6557(1− w0 )exp exp (−q + 2.2103)

(30a)


L  
1 
ln t b + (1− t b )exp −kdr


kdrL 
1− t b  


(30b)

w0 =

where ω0 is the canopy clustering coefficient when the sun is at zenith (highest point in
the sky) and τb is the canopy gap fraction (0 to 1). Awal (2008) measured the canopy gap
fraction for various oil palm tree ages, and reanalysing and fitting the best function to his
measured data, τb can be estimated from L by

t b = (1+ 1.33 L ) 		
−1

(31)

Following the method by Teh (2006), the canopy extinction coefficient for diffuse PAR kdf
is determined by integrating the light penetration function based on Beer’s law (together
with Eq. 29–31) over the whole sky (assuming a uniform bright sky) and for several leaf area
indexes L to finally obtain the following estimate of kdf:
kdf = exp (0.038042 − 0.38845 L )

(32)

Note that this kdf estimation already accounts for discontinuous canopies by the use of
Eq. 30 in the integration.
The PAR flux densities absorbed by the oil palm canopy are made up of two
components: that absorbed by the canopy directly exposed to direct PAR (sunlit portion
of L) and that absorbed by the portion of canopy shaded from direct PAR (shaded L).
Dividing the oil palm canopies in this way, rather than treating the canopies as one
whole, would provide a more accurate estimation of canopy photosynthesis because
the CO2 assimilation by the sunlit and shaded portions of the canopies would often be
different from each other.
Lsl and Lsh are the sunlit and shaded leaf area indexes, respectively (both in m2 leaf m−2
ground), and they can be estimated according to Goudriaan and van Laar (1994) as
Lsl =

1− exp (−kdr wL)
		
kdr w

Lsh = L − Lsl 		

(33)
(34)

Qsl and Qsh are the PAR flux densities absorbed by the sunlit leaves and shaded leaves,
respectively (both in µmol photons m−2 leaf s−1), and they can be determined according to
Campbell and Norman (1998) as
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.

11

Modelling crop growth and yield in palm oil cultivation

Qsl = 0.8 (kdr wQdr + Qp ,df + Qp ,dr ,a )

(35)

Qsh = 0.8 (Qp ,df + Qp ,dr ,a )p1

(36)

Note that the PAR flux densities absorbed (Qsl and Qsh) are on a per unit leaf area (not per
unit ground area basis).

4.3 Sink-limited assimilation (vs)
Besides limitations by Rubisco and light, photosynthesis could also be limited by
the amount of sink in the oil palm, as the greater the storage or sink, the slower the
photosynthetic rate, akin to chemical reactions which slow down due to the buildup of
assimilates. In a plant, the most likely limiting sink is the storage of sucrose, and Collatz
et al. (1991) assumed that vs is merely half of the maximum Rubisco capacity rate:
v s = 0.5Vcmax 		

(37)

5 Modelling energy balance
The energy balance of the soil–plant–atmosphere system is described as a network of
resistances in which latent and sensible heat fluxes must traverse within the system to
reach some reference level above the canopy (Fig. 4) (Shuttleworth and Wallace, 1985).
Solving the energy balance equation gives the potential water loss by soil evaporation and
plant transpiration.
The energy balance in Fig. 4 can be described in eight independent equations, and as
shown by Teh (2006) and Shuttleworth and Wallace (1985), these equations can be solved
and summarized by the following series of equations to determine the total latent heat
flux:

lET = CcPMc + C sPMs 		

(38a)

PMc =

∆A + ( rc pD − ∆rac As ) / (raa + rac )
∆ + g 1+ rsc / (raa + rac )



(38b)

PMs =

∆A + ( rc pD − ∆ras Ac ) / (raa + ras )
∆ + g 1+ rss / (raa + ras )



(38c)

−1

Cc = {1+ RcRa / Rs (Rc + Ra ) }

−1

C s = {1+ RsRa / Rc (Rs + Ra ) }

(38d)
(38e)

© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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Figure 4 Energy balance of the oil palm system described as a network of resistances. Key: λET and
H are components of the latent and sensible heat fluxes, respectively; Rn is the net radiation flux; G
is the heat flux into the soil; T and e are the temperature and vapour pressure components; es T 
a
s
is the saturated vapour pressure at temperature T; ra and ra are the aerodynamic resistances;
c
s
c
and ra , rs and rs are the surface resistances.

Ra = (∆ + g )raa 		

(38f)

Rc = (∆ + g )rac + g rsc 		

(38g)

Rs = (∆ + g )ras + g rss 		

(38h)

where λET is the total latent heat flux (W m ); r is the aerodynamic resistance between the
mean canopy flow and reference height (s m ); ras is the aerodynamic resistance between
the soil and mean canopy flow (s m−1); rac is the bulk boundary layer resistance (s m−1); rsc
and rss are the canopy and soil surface resistance, respectively (both in s m−1); A, As and
Ac are energy available to the system (total), soil and crop, respectively (all in W m−2); ∆ is
the slope of the saturated vapour pressure curve (mbar K−1); γ is the psychometric constant
(0.658 mbar K−1); D is the air vapour pressure deficit (mbar) and ρcp is the volumetric heat
capacity for air (1221.09 J m−3 K−1).
Determination of total latent heat flux λET allows the determination of the vapour
pressure deficit D0 (mbar) at the theoretical mean canopy flow height as
a
−2
a
−1

D0 = D +

raa 
∆A − (∆ + g )lET 
rc p 
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so that D0 can in turn be used to determine the partitioning of the total latent heat flux
λET and total sensible heat flux H into their respective soil (λETs and Hs) and crop (λETc and
Hc) flux components:

lETs =

lETc =

Hs =

Hc =

∆As + rc pD0 / ras

∆ + g (rss + ras ) / ras
∆Ac + rc pD0 / rac

∆ + g (rsc + rac ) / rac

g As (rss + ras ) − rc pD0
∆ras + g (rss + ras )

g Ac (rsc + rac ) − rc pD0
∆rac + g (rsc + rac )

(40)

(41)

(42)

(43)

where all the soil and crop flux components are in W m−2.
Numerical Gaussian integration method is used to obtain the daily latent heat and
sensible fluxes (Teh, 2006). The daily amount of water transpired (by plants) and evaporated
(by soil) are estimated by such integration methods. Five points over 24 hours in a day
were selected, and for each selected hour, the heat fluxes were calculated.

5.1 Available energy
The balance of net radiation Rn after subtracting soil heat flux G is the energy available to
the plant Ac and soil As (all in W m−2), or
A = As + Ac = Rn − G 		

(44a)

As = Rn tdr ,a − G 		

(44b)

Ac = Rn (1− t dr ,a ) 		

(44c)

G = Rn t c + t dr ,a (t s − t c )

(44d)

t dr ,a = exp (−kdr w 0.5L )

(44e)

where L is the total leaf area index (m2 leaf m−2 ground); kdr is the canopy extinction
coefficient for direct solar radiation; ω is the canopy clustering coefficient; and tc and ts
are the fraction of net radiation available as soil heat flux under full canopies and for bare
soil (no canopies), respectively. Parameters tc and ts are taken as 0.05 (Monteith, 1973) and
0.315 (Kustas and Daughtry, 1990), respectively.
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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Following Brutsaert (1982), net radiation Rn (W m−2) is determined as the difference
between the incoming shortwave radiation It (W m−2) and outgoing net long-wave radiation
RnL (W m−2):
Rn = (1− p )It + RnL 		

(45a)

1/ 7



ea
4
 − 1
RnL = 0.98s (Ta + 273.15) 1.31


Ta + 273.15 



(45b)

where p is the surface albedo (0.15) and σ is the Stefan-Boltzmann constant (5.67 × 10−8
W m−2 K−4).

5.2 Vertical profile of wind speed and eddy diffusivity
Wind speed decreases exponentially with decreasing height due to increasing drag
until wind speed theoretically reaches zero at a height equal to the total height of zero
plane displacement d and crop roughness length z0. The methods by Su et al. (2001) and
Massman (1997) were adapted to determine d and z0 (both in m) as
d = h∆H 		

(46a)

z 0 = h (1− ∆H )exp (−k / 0.32)

(46b)

∆H = 1−

exp (−2kw ) exp (−2kw ) − 1
2kw

for 0.30 ≤ ∆H ≤ 0.95

(46c)

where kw is the vertical wind speed extinction coefficient (unitless); h is the tree height (m)
and k is the von Karman constant (0.4).
Vertical wind speed extinction coefficient kw (assumed equal to eddy diffusivity ke)
increases with increasing leaf area index. Simulations by Massman (1987) for hypothetical
canopies with uniform foliage density were used by Nikolov and Zeller (2003) to
approximate the relationship between kw and total leaf area index L (m2 leaf m−2 ground)
simply as
kw = ke = 3 1− exp(−L )

(47)

The wind speed at the canopy height uh (m s ) is determined by
−1

uh =

u*  h − d 
 		
ln 
k  z 0 

(48)

where u* is the friction velocity (m s−1), determined by
u* =

ku
		
 zr − d 

ln 
 z 
0

where u is the wind speed (m s−1) measured at the reference height zr (m).
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5.3 Resistances
Aerodynamic resistances are calculated by
ras =



exp (ke ) 
z 
z + d 
exp −ke s 0  − exp −ke 0








h 
keku* 
h

(50)

raa =

  z 0 + d  
1  zr − d 
1 
 − 1
ln 
+
exp ke 1−
keu*  h − d  keku* 
h  
 

(51)

where ras and raa are the aerodynamic resistance between the mean canopy flow and
reference height and between the soil and mean canopy flow, respectively (both in s m−1);
and zs0 is the soil surface roughness length (m), taken as 0.004, the value for a flat, tilled
land (Hansen, 1993).
Calculations are adapted from Campbell and Norman (1998) to determine the bulk
boundary layer resistance rac (s m−1) as
rac =

kw
0.01Leff 1− exp (−0.5kw ) uh / w

(52)

where Leff is the effective leaf area index (m2 leaf m−2 ground); and w is the mean leaf width
(m), which, for oil palm pinnae, can be determined from the work by Rao et al. (1992) as
w = 0.0165 + 0.0152ln (age / 365)

(53)

where age refers to the tree age (days).
Not all leaves, especially at near or full canopy, would contribute equally to affect fluxes.
This is due to self-shading of leaves. Consequently, Szeicz and Long (1969) recommended
that an effective leaf area index Leff be used instead of total L, where Leff is taken as the
smaller value of the the current leaf area index L and half of the maximum possible leaf
area index; that is,
Leff = MIN L, 0.5Lmax ,PD  		

(54)

where Lmax,PD is the maximum leaf area index (m leaf m ground) for a given PD planting
density (palms ha−1), and for oil palm, Lmax,PD is determined by
2

Lmax ,PD = 0.0274PD1/ A 		

−2

(55)

where A is 0.935. Equation 55 was derived by fitting the best function to the maximum L
obtained in various oil palm planting densities from Foong (1999), Kwan (1994), Rao et al.
(1992) and Tan and Ng (1977).
Canopy resistance is determined by scaling up leaf stomatal resistance (the inverse of
leaf stomatal conductance) to the canopy level by
rsc = 1/ (gst ×Leff ) 		

(56)

c
s

where r is the canopy resistance (s m−1) and gst is the leaf stomatal conductance (m s−1).
Leaf stomatal conductance gst is at maximum conductance gstmax, but water stress, low
PAR irradiance, and vapour pressure deficit will reduce gst by the following relationships:
gst = gst max ×fwater ×fPAR ×fD

(57a)
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fwater = ETc / PETc 		

(57b)

fPAR = gst PAR PAR  / gst PAR PARmax 

(57c)

gst PAR PAR  = 0.014614 1− exp (−0.008740PAR )

(57d)

fD = gst D D  / gst D Dmin 

(57e)

gst D D  = 0.031970 − 0.007516ln (D )

(57f)

where gstmax for oil palm is 500 mmol H2O m leaf s or 0.0125 m s (Kallarackal et al.,
2004); and fPAR, fwater and fD are scaled reductions from 0 to 1 to gstmax due to PAR irradiance,
water stress and vapour pressure deficit, respectively.
Note that crop water stress is described in Eq. 57b, where the level of stress is
determined, following Kropff (1993), as the ratio of the actual to potential transpiration
(ETc and PETc, respectively; both in m day−1).
Equations 57d and 57f were derived by fitting the best functions to measured leaf stomatal
conductance at several levels of PAR and air vapour pressure deficit D (Fig. 5). Leaf stomatal
conductance for palm aged 1–20 years was measured using the AP4 dynamic diffusion
porometer (Delta-T Devices Ltd., Cambridge, UK). From Fig. 5a, PARmax, which is the maximum
PAR irradiance (W m−2) for maximum leaf conductance, is taken at 330 W m−2 (or 1500 µmol
photons m−2 ground s−1) (Dufrêne and Saugier, 1993). Similarly, maximum conductance occurs
when air vapour pressure deficit is minimum (Dmin), taken at 10 mbar (Fig. 5b).
Finally, soil surface resistance rss (s m−1) was determined solely from the first (topmost)
soil layer as this is the layer in direct contact with the atmosphere. Equations from Farahani
and Ahuja (1996) and Choudhury and Monteith (1988) are used:
−2

−1

−1

Figure 5 Relationship between measured leaf stomatal conductance with: (a) photosynthetically active
radiation (PAR) irradiance (N = 381) and (b) air vapour pressure deficit D (N = 2591). Leaf measurements
were made on 1- to 20-year-old oil palm trees. Note: the bars represent one standard deviation.
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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rss =

 1 q
tl
exp − × 
 l q 0 
fpDm ,v

17
(58)

where Dm,v is the vapour diffusion coefficient in air (24.7 × 10−6 m2 s−1); ϕp is the soil porosity
(m3 m−3); l is the soil layer thickness of the first soil layer (m); θ is the volumetric soil water
content (m3 m−3); θ0 is the saturated soil water content (m3 m−3); λ is the soil pore-size
distribution index or the slope of the logarithmic suction–soil moisture curve (Bittelli et al.
2015) and τ is the soil tortuosity (unitless), determined from Shen and Chen (2007) as

t = fp + 3.79 (1− fp ) ,		

(59)

Soil properties and water flow in oil palm plantations are discussed next.

6 Modelling soil water flow
Rather than treating the whole soil profile as one large and homogeneous soil layer, it is
more accurate to divide the soil profile into two or more soil layers and then use Darcy’s law
to describe the flow of water from one soil layer to the next, taking into account the physical
properties of each soil layer (Fig. 6). Water flow is modelled following the ‘tipping bucket’
system, where water flow is treated in a sequential manner, beginning in the first soil layer,
then moving successively down through the soil profile until the last soil layer (Hillel, 1977).

Figure 6 Water flow in a soil profile is divided into three successive layers, with the presence of a water
table, if any, always just beneath the last (in this case, third) soil layer.
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.
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It is recommended to divide a soil profile into two or more consecutive layers, with the
first soil layer as a thin layer and the second layer covering up to at least the entire rooting
depth. Soil layer i (i = 1 to N) has a thickness of si (m), and the depth from the soil surface
to the middle of layer i is zi.
Water flux into soil layer i is denoted as qi (m day−1). Water flow follows the downward
positive coordinate system, where the downward and upward directions of flow of water
are taken as a positive and negative value, respectively, and the reference level is taken as
the soil surface level. Darcy’s law is used to describe the water flow in the soil. Water flow
is taken to occur from the middle of layer i – 1 to the middle of layer i. The method based
on Hillel (1977) is followed. Water flux into soil layer i is:
Pnet − ETs − ETc ,i

H − Hi −1

qi = K q ,i i
− ETc ,i

zi − zi −1

K q ,N
K q ,i =

i =1
1< i ≤ N

(60a)

i = N +1

K q ,i −1 − K q ,i
		
lnK q ,i −1 − lnK q ,i

(60b)

where q is the water flux (m day−1); Pnet is the net daily rainfall (m day−1); ETs is the actual
daily soil evaporation (which occurs only from the first soil layer) (m day−1); ETc is the daily
extraction of water by roots (actual plant transpiration) (m day−1); K q ,i is the logarithmic
mean of the hydraulic conductivities of layer i and i – 1 (m day−1); z is the soil layer’s depth
(m) and H is the total head (matric suction and gravity heads) (m). Note that water table,
if present, is treated as an additional but saturated soil layer N+1, and Eq. 60 is used to
describe the capillary rise of water.
Water flux out of the last soil layer (i = N) is denoted by qN+1, and without the presence of
a water table, it is merely equal to Kθ,N because it is assumed that the soil below the last layer
is uniformly wet and that it has the same water content as the last soil layer. Consequently,
water flux is only due to gravity gradient (no matric suction gradient). In this case, qN+1 = Kθ,N.
The net flux qi (m day−1) in soil layer i is the difference between incoming qi and
outgoing water qi+1 fluxes:
qi = qi −1 − qi +1 		

(61)

where a positive net flux means soil water content has increased, and in contrast, a
negative net flux denotes the soil is drying. This means that the change in the soil water
content is determined by:
Θi ,t +1 = Θi ,t + qi 		

(62)

where Θi,t and Θi,t+1 are the water content in soil layer i (m) between two successive time
steps t and t+1, respectively.
For each soil layer i, the volumetric soil water content (m3 m−3) at permanent wilting point
θ1500, field capacity θ33 and saturation θ0 are estimated from the soil’s primary particles (clay
and sand) and organic matter contents based on empirical equations from Saxton and
Rawls (2006). Matric suction head and soil hydraulic conductivity (m day−1) for saturated
Ks,i and unsaturated Kθ,i flows are estimated based on Bittelli et al. (2015) and Saxton and
Rawls (2006), using the geometric mean distribution of the soil’s primary particles.
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Actual soil evaporation ETs (taken as m day−1) is calculated from Teh (2006) and van
Keulen and Seligman (1987) as
ETs = PETs ×RDs 		
RDs =

1
−9.3172

1+ (3.607q1 / qs ,1)

(63a)
(63b)

where PETs is the potential evaporation (m day−1); RDs is the reduction factor for evaporation
(ranging from 0 to 1); and θ1 and θs,1 are the current and saturated soil water content,
respectively, for the first soil layer (i = 1) (both in m3 m−3). Note: λETs (W m−2) from Eq. 40 is
divided by λ (2454000 J kg−1) and multiplied by 86.4 to obtain PETs in m day−1.
Actual transpiration (ETc, m day−1) is calculated from Kropff (1993) as
ETc = PETc ×RDc 		

RDc

1

 q − q
1500 ,root
=  root
qcr ,root − q1500 ,root

0

(64a)

qroot ≥ qcr ,root
q1500 ,root < qroot < qcr ,root

(64b)

qroot ≤ q1500 ,root

qcr ,root = q1500 ,root + p (q 0 ,root − q1500 ,root )

(64c)

where PETc is the potential transpiration (after converting λETc from Eq. 41 into m day−1);
RDc is the reduction factor for transpiration (0 to 1); θroot is the soil water content currently
in the root zone; θ1500,root and θ0,root are the soil root zone’s permanent wilting and saturation
points, respectively; and θcr,root is the volumetric water content in the root zone below which
water stress occurs. All soil water contents are expressed in m3 m−3.
For C3 plants in general, p in Eq. 64c is often taken as 0.5. However, a comparison of
the soil water content between irrigated and non-irrigated oil palm trials from 1983 to
1990 by Foong (1999) suggested that oil palm is more sensitive to water stress because p
is more likely 0.6 than 0.5 of (q 0 ,root − q1500 ,root ) . This 0.6 critical point corresponds to about
45% of the available soil water content (AWC) of Munchong soil series (Typic Hapludox),
the type of soil in the oil palm trials by Foong (1999). Incidentally, Rey et al. (1998) also
observed that oil palm stomatal conductance would begin to decline only when the soil
water content fell below the level of about 50% of their soil’s AWC (Fig. 7).
The amount of water extracted by roots in each soil layer is based on the measured data for
oil palm by Nelson et al. (2006) and on the root water uptake algorithm by Miyazaki (2005):
ETc ,i = ETc (ji − ji −1) 		

(65a)

ji = 1.8c j − 0.8c 2j 		

(65b)

c j = MIN 1, S j / d root  		

(65c)

where Sj is the cumulative thickness of soil layer j (summation of thickness of the current
soil layer and all its preceding soil layers).
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Figure 7 Fitting the best function to the relationship between oil palm leaf stomatal conductance and
available soil water content (AWC), as measured by Rey et al. (1998). Stomatal conductance declined
only when AWC was about 50% or less.

Lastly, net rainfall Pnet refers to the amount of rain reaching the ground as both
throughfall and stemflow. The larger the canopy cover or leaf area index, the larger the
fraction of intercepted gross rainfall by the canopies and the smaller the net rainfall. Net
rainfall studies on closed oil palm canopies by Lubis (2016), Chong (2012), Bentley (2007),
Zulkifli et al. (2006) and Damih (1995) showed that throughfall and stemflow account for on
average (± s.e.) 61.3 ± 2.1 and 8.4 ± 1.0% of Pg, respectively (N = 430 rain events). Pnet (m
day−1) is related to oil palm leaf area index L (m2 leaf m−2 ground) and Pg (m day1) as follows:

Figure 8 Strong linear relationship between net rainfall and gross rainfall under closed oil palm
canopies (Lubis 2016; Chong 2012; Bentley, 2007; Zulkifli et al. 2006; Damih 1995) (N = 430).
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.

Modelling crop growth and yield in palm oil cultivation

21

Figure 9 Comparisons between simulated and measured soil water content at several soil depths (from 15
to 90 cm) under fully matured oil palms. Note: the bar charts in the lower panel represent the daily rainfall
amount (mm) (total rainfall during this period was 1890 mm, with a maximum daily rainfall of 100 mm).

Pnet = Pg ×MAX  0.7295, 1− 0.0541L 

(66)

where it is assumed that Pnet / Pg decreases linearly with L until closed canopies are
reached, after which Pnet never exceeds 72.95% of Pg (Fig. 8). Figure 9 shows the accuracy
of this soil water model component when it was tested against field measurements of
soil water content at several soil depths (0.15–0.90 m) under fully matured oil palms (20
years old; 148 palms ha 1) in an oil palm estate at Serdang, Malaysia (2.98053403°N,
101.72884214°E). Daily soil water measurements were made for 167 days from 17 July
2012. The soil type was Munchong series (Typic Hapludox), with a rather homogeneous
soil profile (54% clay and 37% sand). The average absolute difference between soil water
predictions and measurements was 0.03 m3 m–3.

7 Modelling crop growth
Plant assimilates (expressed as amount of CH2O) produced via photosynthesis are first
used for plant maintenance respiration (supporting processes for continual plant survival)
and vegetative growth respiration (synthesis of new cells) (Thornley 1970), after which the
balance is then used for generative growth (development of flowers, bunches and yield).
The method by van Kraalingen et al. (1989) for oil palm was adapted.

7.1 Maintenance respiration
The maintenance respiration for pinnae Mpinnae, rachis Mrachis, trunk Mtrunk and roots Mroots (all
in kg CH2O palm−1 day−1) was calculated as follows:
Mpinnae = Wpinnae ×Mc ,pinnae ×(24 − DL ) / 24

(67a)
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Mc ,pinnae = (Npinnae × 0.036 × 6.25) + ( X pinnae × 0.072 × X c )

(67b)

Mrachis = Wpinnae ×Mc ,rachis 		

(68a)

Mc ,rachis = (Nrachis × 0.036 × 6.25) + ( X rachis × 0.072 × X c )

(68b)

Mtrunk = (Wtop.trunk + 0.06Wbottom ,trunk ) ×Mc ,trunk

(69a)

Mc ,trunk = (Ntrunk × 0.036 × 6.25) + ( X trunk × 0.072 × X c )

(69b)

Wtop ,trunk = MIN Wtrunk , 45.0 
Wbottom ,trunk = Wtrunk − Wtop ,trunk

(69c)

Mroots = Wroots ×Mc ,roots 		

(70a)

Mc ,rachis = (Nroots × 0.036 × 6.25) + ( X roots × 0.072 × X c )

(70b)

where W(part) represents the dry weight (DM) of an individual plant part (e.g., pinnae, rachis,
trunk, or roots) (kg DM palm−1); DL is the day length (hour) Mc,(part) is the maintenance
coefficient for each specific plant part (kg CH2O kg−1 DM); N(part) and X(part) are the nitrogen
and mineral fractions (by weight) in a given plant part, respectively; and Xc is the correction
factor for mineral content (unitless), taken as 2 by van Kraalingen et al. (1989).
Maintenance respiration to generate new organs (bunches and flowers) Morgans (kg CH2O
kg1 DM) is determined as follows:
Morgans = 0.0027Wmatbunch + Mc ,rachis (Wimmbunch + Wmaleflo )

(71)

where Wmatbunch, Wimmbunch and Wmaleflo are the dry weights of the mature bunches, immature
bunches and male flowers, respectively (kg DM palm−1), and it is assumed that the
maintenance coefficients for immature bunches and male flowers are the same as that for
rachis.
Total maintenance is determined by:
Mtotal = Mmetabolic + ∑ plant parts M(part )
Mmetabolic =

0.16Λcanopy ,d

∑

W(part )

(72a)
(72b)

plant parts

where Mtotal is the total maintenance requirement for the whole tree, which is the
summation of the maintenance requirement for all plant parts, as well as that to support
the metabolic activity Mmetabolic (all units in kg CH2O palm−1 day−1); Λcanopy,d is the daily
canopy photosynthesis (Eq. 12) (kg CH2O palm−1 day−1) and ∑ plant parts W(part ) is the total
dry weight of all plant parts (kg DM palm−1).
Maintenance respiration increases with increasing air temperature, so Mtotal must be
corrected for air temperature. Correction was performed using Eq. 15 and taking the Q10
coefficient as 2. Growth of oil palm is completely inhibited when air temperature is below
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15°C (Henry, 1955). The maximum air temperature for oil palm growth is taken as 45°C, a
general maximum value for most plants (Hasanuzzaman et al., 2013). Consequently, if the
current air temperature is beyond oil palm’s growing temperature range of 15–45°C, all
assimilates if any will solely be for maintenance respiration.
Any balance of assimilates after maintenance respiration is available for vegetative
growth respiration Ggrowth (kg CH2O palm−1 day−1) as:
Ggrowth = MAX  0, Λcanopy ,d − Mtotal 

(73)

7.2 Vegetative growth respiration
The annual vegetative dry matter requirement VDM (kg DM palm−1 year−1) is determined
based on leaf area index L (m2 leaf m−2 ground), following a rectangular hyperbola
relationship, as
−1
VDM = MIN  20, (a + b / L1.5 ) 

(74a)

a = A / VDMmax ,PD 		

(74b)

1/ A

b = 0.1(1 / A − 1)(PD / 100 )
VDMmax ,PD = 231PD1−1/ A 		

(74c)
(74d)

where VDMmax,PD is the maximum VDM for the given planting density PD (palms ha ) and
A is 0.935. Coefficients a, b and A, as well as VDMmax,PD, were obtained by fitting the best
functions to measured data from van Kraalingen et al. (1989).
The growth rates Ggrowth,(part) (kg DM palm−1 day−1) for the individual plant parts (pinnae,
rachis, trunk and roots) are determined by
−1

Ggrowth , (part ) = DM(part ) × Agrowth ×CVF

(75a)

 VDM / 365

Agrowth = MIN 
, Ggrowth 
 CVF


(75b)

CVF = 0.70 (DMpinnae + DMrachis ) + 0.66DMtrunk + 0.65DMroots

(75c)

where Agrowth is the actual amount of assimilates available for vegetative growth respiration
(kg CH2O palm−1 day−1); CVF is a factor (kg DM kg−1 CH2O) to convert a weight expressed
on a CH2O per weight basis to that on per dry matter (DM) basis. Dry matter partitioning
DM(part) for pinnae, rachis, trunk and roots are 0.24, 0.46, 0.14 and 0.16, respectively (their
mean values are from Henson and Mohd Tayeb 2003; Henson 1995; Corley et al. 1971).
Dry matter partitioning would likely be affected by planting densities, nutritional status
and water stress, but during model development, PySawit's simulations showed better fit
with training data sets when constant dry matter partitioning was used instead.
The death rates (kg DM palm−1 day−1) for leaves (pinnae and rachis) and roots are
calculated according to Dr. Ian E. Henson (then at Malaysian Palm Oil Board; personal
communication) as
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Gdeath ,leaves

age ≤ 600
0

age
−
600
= 0.0016Wleaves 
600 < age ≤ 2500
 2500 − 600

age > 2500
1

(76)

Gdeath ,roots

0
age ≤ 1200
Wroots 
=
×0.0000959210−5 age − 0.115 1200 < age ≤ 3285
365 
0.2
age > 3285

(77)

where age refers to the tree age (days), and Wleaves and Wroots are the dry weights of leaves
and roots, respectively (both in kg DM palm−1).
The net increase in dry weight of a plant part is the difference between its growth and
death rates between two successive time steps t and t+1:
W(part ),t +1 = W(part ),t + Ggrowth ,(part ) − Gdeath ,(part )

(78)

where W(part) is the dry weight of a given plant part (kg DM palm−1). Note that there is no
death rate for trunk: Gdeath,trunk = 0.
Leaf area index L (m2 leaf m−2 ground) is determined from planting density PD and the
pinnae's dry weight Wpinnae and specific leaf area SLA (m2 leaf kg−1 DM):
L = Wpinnae ×SLA ×PD / 10000

(79)

Any balance of assimilates after vegetative growth respiration is available for generative
growth Ggen (kg CH2O palm−1 day−1) as:
Ggen = MAX  0, Ggrowth − Agrowth 

(80)

7.3 Generative organ growth
The so-called ‘boxcar train’ technique described by van Kraalingen et al. (1989) was used
to track the growth progress of generative organs, namely the male flowers, immature
bunches (female flowers) and mature bunches (Fig. 10). Each train (one for each generative
organ) comprises several boxcars whereby each boxcar represents an age class. The lifespan of both male flowers and immature bunches are taken as 210 days (beginning from
the time when sex spikelet is first visible), and 150 days before harvest for the mature
bunches (Corley et al. 1995). Consequently, the boxcar train for male flowers and immature
bunches consist of 210 one-day age classes and for mature bunches 150 one-day age
classes.
The algorithm of this boxcar train technique essentially consists of two steps: 1) the
weight of a generative organ is shifted to successively older age classes and 2) the weight
is incremented according to the calculated growth rate. The lifespan of male flowers is set
at 210 days, after which they will die. For the immature bunches, however, the day after
210 days marks the point of pollination, after which the growth of the pollinated bunch
(i.e., mature bunch) will occur. To determine the growth rates of the generative organs, the
following general equations are used:
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(

)

Ggen ,(part ) = fe ,(part ) ×Ggen ×CVF2 / n(part )

(81a)

CVF2 = 0.70 (fe ,maleflo + fe ,immbunch ) + 0.44fe ,matbunch

(81b)

where Ggen,(part) is the growth rate for a given generative organ (male flowers, immature
bunches and mature bunches) (kg DM day−1); Ggen is the total amount of assimilates available
for generative growth (kg DM day−1); CVF2 is a factor (kg DM kg−1 CH2O) to convert dry
matter weight into CH2O weight; n(part) is the number (count) of a given generative organ
currently maintained; and fe,immbunch, fe,matbunch and fe,maleflo are the scaled fraction of dry matter
to immature bunches, mature bunches and male flowers, respectively (all in fraction),
where they are determined by
fe ,(part ) =

∑

f(part )
f

(82a)

generative organs (part )

f(part ) = DM(part ) ×n(part ) / N(part )

(82b)

Figure 10 Boxcar train scheme for growth of generative organs. In every model time step, (a) weights
are shifted to next age class, then (b) they are incremented by the growth rate of the generative organs.
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where for a given generative organ, DM(part) is its share of assimilates available for generative
growth (fraction) and N(part) is its total growth (maturity) length (210 days for male flowers
and immature bunches and 150 days for mature bunches; Fig. 10). DM(part) for male flowers,
immature bunches and mature bunches are 0.159, 0.159 and 0.682, respectively.
In the original model from van Kraalingen et al. (1989), both male and female flowers
occur in equal proportions (50:50%) and without any flower abortion. PySawit model
introduces an algorithm for flower sex determination whereby if a generated random
value is smaller than or equal to a preset female probability pfemale, then the new flower is
female, else male:
female r ≤ pfemale
sex of new flower = 
male
r > pfemale

(83)

where pfemale is the probability of having female flowers (0 to 1; 0 = no chance of female
and 1 = always female) and r is a random variable uniformly distributed on [0 to 1). If
pfemale = 0.5, the tendency is to have equal proportions of male and female flowers.
Consequently, the pfemale parameter can be regarded as the genetic tendency of an oil
palm planting material to produce female flowers.
Flower abortion occurs at 9 months before harvest (Corley et al. 1995), and abortion
occurs if a generated random value is larger than the crop water stress level RDc (from
Eq. 64b):
no r ≤ RDc
flower aborted ? = 
yes r > RDc

(84)

Consequently, the higher the level of water stress, the smaller the value of RDc and the
greater the risk of flower abortion.
The generative organ weights are incremented between two successive time steps t and
t+1 simply by
0
w (part ),i ,t = 0

w (part ),i ,t +1 = 
w (part ),i ,t + Ggen ,(part ) w (part ),i ,t > 0


(85)

where w(part),i is the dry weight of a given generative organ in age class i (kg DM). The organ
weights are incremented only for non-zero current weights. Thus, the total weight for a
given generative organ is the summation of weights in all the age classes:
N(part )

W(part ) =

∑w(
i =1

part ),i

		

(86)

where N(part) is the total maturity period for a given generative organ (days).

7.4 Tree height and rooting depth
Measured oil palm trunk height data from Henson and Mohd Tayeb (2003), Kwan (1994),
Rao et al. (1992), Breure and Powell (1988) and Jacquemard (1979, 1998) were used to
develop the following equations to determine the initial trunk height htrunk(initial) (m) and rate
’
of trunk height growth htrunk
(m day−1). Both are functions of tree age (days) and planting
−1
density PD (palms ha ):
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htrunk (initial ) = exp(2.846 − 1980.888 / PD 2 − 5166.366 / age)
’
=
htrunk

5166.366htrunk (initial )
age

2

×

(87)

(0.210RDc + 0.553)

(88)

0.7

where RDc is the crop water stress level (Eq. 64b). Less is known on how water stress exactly
affects trunk height. Nonetheless, trunk height measurements by Foong (1999) revealed
that irrigated mature palms in 148 palms ha−1 were taller by an average 9% than nonirrigated palms with the same planting density and age. Eq. 88 was developed to reflect
this effect.
Measurements of the canopy or crown height for oil palm trees aged between 1 and 20
years (N = 12) gave the following linear regression:
hcanopy = 1.5091+ 0.001382age.

(89)

Canopy height was measured from the base of frond 41 to the tip of frond 1, so, although
the rachis length will finally plateau with tree age, our measurements revealed that the
length or vertical distance between the base of frond 41 and frond 1 increased in a linear
manner. Consequently, tree height h (m) is the summation of trunk height htrunk and canopy
height hcanopy.
Lastly, the increase in rooting depth droot between two successive time steps t and t+1 is
d root ,t +1 = d root ,t + (dgroot ×RDc )

(90)

where dgroot is the daily increase in the rooting depth, taken as 0.002 m day , the mean
value of root growth for oil palm (Henson and Chai 1997; Jourdan and Rey 1997), and root
growth is detrimentally affected by water stress RDc (Kropff 1993). Note that rooting depth
will not exceed the maximum soil depth set in the model.
−1

8 Model testing
The accuracy of the PySawit model was evaluated by comparing its simulations with several
measured growth and yield parameters of oil palm in Merlimau estate (2.253213°N,
102.451753°E), Melaka. The Merlimau data set is independent and not part of the other
data sets used during the development of the PySawit model.
At Merlimau, commercial dura x pisifera (Deli x AVROS) palms were planted at the
following densities: 120, 135, 148, 164, 181, 199, 220, 243, 268 and 296 palms ha−1. Field
plantings for all densities were simultaneously done on April 1987 when the palms were 1
year old. At field planting, the mean (± s.e.) initial dry weights (kg DM palm−1) for the palm
parts pinnae, rachis, trunk and roots were 0.40 ± 0.07, 0.70 ± 0.11, 0.10 ± 0.01 and 0.20
± 0.03, respectively. Field measurements continued every year until the palms were 19
years old (December 2006). Non-destructive methods by Corley and Tinker (2016), Breure
(2003), Corley et al. (1971) and Hardon et al. (1969) were used to estimate leaf area and
dry weights of frond (inclusive of pinnae, rachis and petiole) of oil palms. These are the
oil palm industry standard methods which are currently being used to estimate the crop’s
dry matter production. At palm maturity stage, the fertilizers applied were ammonium
sulphate, muriate of potash, rock phosphate and kieserite at rates 3.5, 3.5, 2.0 and 1.25
kg palm−1 yr−1, respectively.
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The soil type at Merlimau is a sandy clay loam Rengam soil series (Typic Paleudults), and
the first 0.45 m soil depth has a mean (± s.e.) clay, sand, organic C and total N contents
of 27.4 ± 0.7, 67.3 ± 0.8, 1.7 ± 0.1 and 0.14 ± 0.01%, respectively. Available soil water
content was, however, not measured.
PySawit required the following model inputs to be supplied: site latitude; daily weather
(minimum and maximum air temperatures, wind speed, and rainfall amount); N and
mineral contents in the individual plant parts of the oil palm tree, as well as the specific
leaf area SLA (data obtained from van Kraalingen et al. 1989); soil properties (sand, clay,
and organic matter contents); and the initial dry weights of the individual plant parts.
Three goodness-of-fit statistical indexes were used to summarize the degree of
agreement between PySawit's predictions and observations. These indexes were
Normalized Mean Bias Error (NMBE), Normalized Mean Absolute Error (NMAE) and the
revised Willmott's index of agreement (dr) (Willmott et al. 2012; Yu et al. 2006). These
indexes are calculated as follows:
N

∑ P −O
NMBE =
∑ O
i =1 i
N

i

		

(91)

		

(92)

p ≤ 2o
p > 2o

(93a)

i

i =1

N

∑ P −O
NMAE =
∑ O
i =1

i

i

N

i =1

1− p / 2o
d r = 
2o / p − 1

i

N

N

p = ∑ i =1 Pi − Oi and o = ∑ i =1Oi − O

(93b)

where Pi and Oi are the i-th pair of predicted and observed values, respectively (i = 1 to N
pairs); and O is the mean of all observed values. NMBE (−1 to + ∞ ) indicates a model's
tendency to under- or overestimate relative to the mean observations. The larger the NME
value, the larger the model's tendency for overestimation. NMAE (0 to + ∞ ) indicates
the mean absolute difference between predicted and observed values relative to the
mean observations. Larger NMAE values indicate larger mean departures between model
predictions and observations. The revised index of agreement dr ranges between −1 and
+1, where increasingly smaller positive or larger negative values indicate increasingly
worse or inaccurate model predictions (particularly when dr < 0). For a perfect model,
NMBE = 0 (no overall model bias), NMAE = 0 and dr = +1 (the latter two indicating perfect
agreement between model predictions and observations).

9 Results and discussion
The mean (± s.e.) minimum and maximum air temperatures recorded at Merlimau from
1987 to 2006 were 23.71 ± 0.01 and 32.19 ± 0.03°C, respectively. Mean daily wind speed
was 1.60 ± 0.01 m s1 and the mean daily total solar irradiance was 19.27 ± 0.02 MJ m−2.
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Mean annual rainfall was 1918 ± 12 mm, with two notable dry years which occurred
during 1997–8 and 2004–5 (year 11 and 18 of field planting, respectively), both of which
corresponded to the occurrence of El Niño. The amount of rain received for 1997–8 and
2004–5 were 15 and 32% less than the average annual rainfall at Merlimau, respectively.
Overall, PySawit showed good agreement, with little to no bias, in predicting the growth
and yield parameters of oil palm (Fig. 11 to 17). Predictions were especially good for TDM,

Figure 11 Comparisons between model simulations and observations for fresh fruit bunch (FFB) yield.
Years 11 and 18 recorded El Niño events. Values in brackets denote NMBE, NMAE and dr, where
NMBE is the normalized mean bias error, NMAE is the normalized mean absolute error and dr is the
revised index of agreement. YAP is year after planting.
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Figure 12 Comparisons between model simulations and observations for aboveground vegetative dry
matter (VDM). Values in brackets denote NMBE, NMAE and dr, where NMBE is the normalized mean
bias error, NMAE is the normalized mean absolute error and dr is the revised index of agreement. YAP
is year after planting.

LAI and trunk height, as indicated by their small NMAE values (≤13%), large positive dr
values (>0.8) and near zero NMBE values. Moreover, model accuracy remained stable
across all planting densities.
However, discrepancies between yield predictions and observations were found to
increase with increasing planting density (Fig. 11). Yield prediction for planting density
122 palms ha–1 (PD122), for instance, had a high dr value of 0.78, but this declined to
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Figure 13 Comparisons between model simulations and observations for total dry matter (TDM),
which is the sum of yield and aboveground vegetative dry matter (VDM). Values in brackets denote
NMBE, NMAE and dr, where NMBE is the normalized mean bias error, NMAE is the normalized mean
absolute error and dr is the revised index of agreement. YAP is year after planting.

0.34 for PD296. The degree of model bias also increased with increasing planting density.
Nonetheless, paired sample t-test showed no significant differences (p>0.05) between
yield predictions and observations across all planting densities, even for PD296, although
the level of significance generally declined with increasing planting density. For instance,
yield predictions for PD122 was significantly different from observations only at 62% level
of significance, but for PD296, this level of significance was 10%.
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Figure 14 Comparisons between model simulations and observations for pinnae biomass. Values in
brackets denote NMBE, NMAE and dr, where NMBE is the normalized mean bias error, NMAE is the
normalized mean absolute error and dr is the revised index of agreement. YAP is year after planting.

Both years 11 and 18 recorded El Niño events which caused oil palm yields to decline
in year 12 (one year after the first El Niño event) and year 18 (the same year as the second
El Niño event). Relative to the mean yields from year 10 to 19, yields from all planting
densities were reduced by an average (± s.e.) of 12.7 ± 4.3 and 11.6 ± 4.4% in years 12
and 18, respectively. Model simulations also showed a likewise decline in yields for both
these years: by an average (± s.e.) of 8.6 ± 0.3% in year 12 and 18.2 ± 0.3% in year 18 (Fig.
11). Yield simulations for mature palms (years 10 to 19) remained rather stable, where the
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Figure 15 Comparisons between model simulations and observations for fronds (pinnae and rachis)
biomass. Values in brackets denote NMBE, NMAE and dr, where NMBE is the normalized mean bias
error, NMAE is the normalized mean absolute error and dr is the revised index of agreement. YAP is
year after planting.

goodness-of-fit indexes for mature oil palm yield simulations were: 0.03 for NMBE, 0.17
for NMAE and 0.77 for dr, only a slight decrease compared to yield simulations for all palm
ages (year 2 to 19).
The large variations in the measured aboveground VDM for all planting densities
especially year 5 onwards (Fig. 12) are unlikely to be real, and they suggest large
measurement errors in the field. Nevertheless, model simulations showed a much more
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.

34

Modelling crop growth and yield in palm oil cultivation

Figure 16 Comparisons between model simulations and observations for total leaf area index (LAI).
Values in brackets denote NMBE, NMAE and dr, where NMBE is the normalized mean bias error,
NMAE is the normalized mean absolute error and dr is the revised index of agreement. YAP stands for
the year after planting.

steady temporal trend, and the mean of measured VDM from years 5 to 19 agreed closely
with the model simulations for the same period.
Simulations also revealed that at Merlimau, plant water deficit increased with increasing
planting density. In PD122, the mean annual plant water deficit was 218 mm but in PD296,
the deficit was 350 mm. Mean annual plant water deficit increased by average of 7 mm for
every 10 palms ha−1 increase in planting density.
© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.

Modelling crop growth and yield in palm oil cultivation

35

Figure 17 Comparisons between model simulations and observations for trunk height. Values in
brackets denote NMBE, NMAE and dr, where NMBE is the normalized mean bias error, NMAE is the
normalized mean absolute error and dr is the revised index of agreement. YAP stands for the year after
planting.

It is well established that crops in higher planting densities will produce lower yields
and biomass on a per plant basis than in lower planting densities. Specifically for oil palm,
PySawit revealed that mean gross photosynthesis in PD122 was 878 kg CH2O palm−1, of
which nearly two-thirds (65%) of the assimilates were used for total (maintenance and
growth) respiration. The balance of the assimilates (35% or about 303 kg CH2O palm−1)
was then available for flower and bunch development. But the mean gross photosynthesis
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rate for the highest planting density of PD296 was at a lower level of 624 kg CH2O palm−1
(29% lower than in PD122), but total respiration consumed 83% of the assimilates, leaving
only 17% (105 kg CH2O palm−1, which is about a third less than that used in PD122) for
flower and bunch development.
There are several reasons for the lower gross photosynthesis at higher than lower
planting densities, one of which is the increase in the proportion of shaded to sunlit
canopies at higher planting densities compared with that at the lower planting densities.
Increasing the proportion of shaded to sunlit canopies by 30%, for instance, lowers gross
photosynthesis by nearly the same percentage (see Eq. 11). Increased leaf area at higher
planting densities would also increase the wind speed extinction coefficient, thus reducing
air flow within and below the canopies. In turn, this results in lower gas exchanges and
lower photosynthetic rates.
Although many studies have been carried out on oil palm, there remain considerable
gaps in knowledge, one of which relates to the microclimate conditions under the oil palm
canopies. Much less is known about the vertical wind speed profile and how soil water
content and plant water uptake differ between oil palm planting densities. The accurate
method of scaling up leaf to canopy conductance also needs to be studied in greater
detail. Knowledge of these properties would allow oil palm models to better portray the
daily variability of microclimate conditions under the oil palm canopies and to produce
yield predictions that better match the variability or fluctuations in observed yields. That
PySawit’s yield prediction errors would become increasingly large for increasingly higher
planting densities is indicative that the model’s characterization of the microclimate
conditions particularly under very dense canopies is still not representative enough. More
work is also needed to determine the effects of planting density on the dry matter and
nutrient content partitioning between the individual tree parts of oil palm.

10 Conclusion
An oil palm growth and yield model (PySawit) for crop production level 2 (where growth is
only limited by weather conditions and water) was successfully developed. PySawit mainly
differs from other oil palm models in several aspects. PySawit models photosynthesis in a
more rigorous, physically based manner, by including, among others, actual oil palm leaf
measurements to determine the temporal change in maximum Rubisco capacity rate and
intercellular concentration of CO2. The plant–atmosphere–soil of the oil palm system was
modelled as a network of resistances to solve the energy balance of the system. Actual
measurements to determine the relationship between oil palm leaf stomatal conductance
with PAR and VPD were additionally used. This allowed us to determine the simultaneous
loss of water via oil palm transpiration and soil evaporation.
An independent data set from Merlimau oil palm trials (with various planting densities)
was used to evaluate PySawit’s accuracy. Model predictions generally agreed with observed
values for several growth and yield parameters, and model accuracy was stable across all
planting densities. Model predictions were especially good (small discrepancies between
predictions and observations and very little to none model bias) for TDM, LAI and trunk height
parameters. Yield decreases due to two El Niño events (which caused dry periods) were also
reflected well in the model simulations. However, discrepancies between yield predictions
and observations increased with increasing planting density. This is possibly because the
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microclimate conditions particularly under very dense canopies is not well understood and
insufficiently characterized by the model. More work is also needed to determine the effects
of planting density on soil water content, plant water use and dry matter and nutrient content
partitioning between the individual tree parts. Knowledge of these properties would further
improve the model’s accuracy and extend its range of applications.
PySawit was implemented as a computer program using Python computer language.
The source code for PySawit can be downloaded from www.christopherteh.com/pysawit.

11 Where to look for further information
The following is a list of several possible directions for future research: 1) to measure
the daily soil water content, soil evaporation and oil palm transpiration under different
planting densities, 2) to determine the vertical wind speed profile above and below oil
palm canopies and 3) to model the uptake of nutrients by oil palm and their effect on the
tree growth and yield.
Universiti Putra Malaysia (UPM), one of 20 public universities in Malaysia, has 16 faculties,
one of which is the oldest faculty, the Faculty of Agriculture. This faculty comprises
seven departments: Crop Science, Plant Protection, Land Management, Animal Science,
Agribusiness and Bioresource Economics, Agriculture Technology and Aquaculture. These
departments were established based on the concept of unification or integration of the
key elements in the agricultural system: plants, animals, soil, technology and management.
Sime Darby Plantation has been involved in agriculture research and development
since the early 1900s. Areas of research include best management practices, zero burning
replanting techniques, oil palm nutrition, water conservation and irrigation, Integrated
Pest Management, and the conversion of Empty Fruit Bunches and Palm Oil Mill Effluent
into compost. Sime Darby Plantation is also involved in the sequencing, assembling and
annotating the oil palm genome.
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13 List of main symbols
Symbol

Description

Units

γ

psychometric constant (0.658)

mbar K−1

Г*

CO2 compensation point

µmol CO2 mol−1 air

∆

slope of the saturated vapour pressure curve

mbar K−1

θ

solar inclination (from vertical)

radians
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θ

volumetric soil water content

m3 m−3

θ0/33/1500

volumetric soil water content at saturation (0), field
capacity (33), or permanent wilting point (1500)

m3 m−3

θroot

volumetric soil water content in the root zone

m3 m−3

θcr

critical volumetric soil water content

m3 m−3

Θi

soil water content

m

λ

pore-size distribution index

–

λET

total latent heat flux density

W m−2

λETc/s

latent heat flux density of crop (c) or soil (s)

W m−2

Λcanopy

instantaneous gross canopy assimilation

µmol CO2 m−2
ground s−1

Λcanopy,d

daily gross canopy assimilation

kg CH2O palm−1
day−1

Λsl/sh

gross leaf assimilation rate of CO2 for sunlit (sl) or
shaded (sh) leaves

µmol CO2 m−2 leaf
s−1

ρdf/dr

reflection coefficient for diffuse (df) or direct
photosynthetically active radiation (PAR)

–

ρcp

volumetric heat capacity of air (1221.09)

J m−3 K−1

τ

CO2 / O2 specificity factor

µmol O2 µmol−1
CO2

τ

atmospheric transmittance (sky clearness)

–

τ

soil tortuosity

–

τb

canopy gap fraction

–

ϕp

soil porosity

m3 m−3

ω, ω0

canopy clustering coefficient at current sun position
and at when the sun is at zenith, respectively

–

age

tree age

days

A

total energy supply to crop and soil

W m−2

Ac/s

energy available to the crop (c) or soil (s)

W m−2

Ca/i

CO2 concentration in ambient air (a) and within
stomata (i)

µmol CO2 mol−1 air

CVF, CVF2

conversion from CH2O to dry (DM) weight

kg DM kg−1 CH2O

d

zero plane displacement

M

droot

rooting depth

m

dgroot

rooting depth growth rate

m day−1

D

air vapour pressure deficit (VPD)

mbar

D0/leaf

air VPD at mean canopy flow (0) or leaf VPD (leaf)

mbar

DL

day length

hour
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DM(part)

fraction of dry matter to a given plant part

–

ea

air vapour pressure

mbar

em

quantum efficiency or yield (0.051)

µmol CO2 µmol−1
photons

es T 

saturated vapour pressure at temperature T

mbar

ETc/s

potential transpiration (c) or evaporation (s)

m day−1

fD/PAR/water

reduction of stomatal conductance due to VPD (D), low
PAR, or water stress (water)

–

gst, gstmax

current and maximum stomatal conductance,
respectively

m s−1

G

soil (ground) heat flux density

W m−2

Gdeath,(part)

death rate of a given plant part

kg DM palm−1
day−1

Ggen

total assimilates available for generative organs growth

kg CH2O palm−1
day−1

Ggen, (part)

growth rate of a given generative organ

kg DM palm−1
day−1

Ggrowth

total assimilates available for vegetative growth
respiration

kg CH2O palm−1
day−1

Ggrowth, (part)

growth rate of a given plant part

kg DM day−1

h

tree height (trunk + canopy)

M

hcanopy, htrunk

canopy and trunk height, respectively

m

h’trunk

rate of growth for trunk height

m day−1

H

total head (matric and gravity)

M

H

total sensible heat density

W m−2

Hc/s

sensible heat flux density of crop (c) or soil (s)

W m−2

Idf/dr

diffuse (df) or direct (dr) solar irradiance

W m−2

Iet, It

extraterrestrial and total solar irradiance, respectively

W m−2

k

von Karman’s constant (0.4)

–

kdf/dr

canopy extinction coefficient for diffuse (df) or direct
(dr) solar radiation

–

ke/w

extinction coefficient for eddy diffusivity (e) or wind
speed (w)

–

Kθ , K q

unsaturated and mean hydraulic conductivity,
respectively

m day−1

Kc/o

Michaelis–Menten constant for CO2 (c) or O2 (o)

µmol CO2/O2 mol−1
air

L, Leff

total and effective leaf area index, respectively

m2 leaf m−2 ground

Lsh/sl

shaded (sh) or sunlit (sl) leaf area index

m2 leaf m−2 ground
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Lmax,PD

maximum leaf area index for a given planting density

m2 leaf m2 ground

m

optical mass number

–

M(part)

maintenance respiration for a given plant part

kg CH2O palm−1
day−1

N(part)

fraction by weight of nitrogen content in given plant
part

–

Oa

air ambient concentration of O2

µmol O2 mol−1 air

PD

planting density

palms ha−1

Pg, Pnet

gross and net daily rainfall, respectively

M

q

water flux

m day−1

qi

net water flux

m day−1

Qdf/dr

diffuse (df) or direct (dr) PAR component

µmol m−2 leaf s−1

Qsh/sl

total PAR absorbed by shaded (sh) or sunlit (sl) leaves

µmol m−2 leaf s−1

Q10

relative change for every 10 °C change

–

Qp ,df

mean diffuse PAR component (within canopies)

µmol m−2 ground
s−1

Qp,dr

unintercepted direct PAR component (with scattering
component) (within canopies)

µmol m−2 leaf s−1

Qp,dr,α

scattered PAR component only (within canopies)

µmol m−2 ground
s−1

Qp,dr,dr

unintercepted direct PAR component (without
scattering component) (within canopies)

µmol m−2 leaf s−1

aerodynamic resistance between the mean canopy flow
and reference height

s m−1

bulk boundary layer resistance

s m−1

canopy resistance

s m−1

aerodynamic resistance between the soil surface and
mean canopy flow

s m−1

soil surface resistance

s m−1

Rn, RnL

net solar radiation and net long-wave radiation,
respectively

W m−2

RDs, RDc

reduction factor for evaporation and transpiration,
respectively

–

RH

relative humidity

%

SLA

specific leaf area

m2 leaf kg−1 DM

th

local solar hour

Hour

tsr, tss

local solar hour for sunrise and sunset, respectively

Hour

Ta, Tdew, Tf

air, dew point and foliage temperature, respectively

ºC

Tmin/max

minimum (min) or maximum (max) air temperature

ºC
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u*

friction velocity

m s−1

u, ud, uh

wind speed, mean daily wind speed and wind speed at
canopy height, respectively

m s−1

umin/max

minimum (min) or maximum (max) daily wind speed

m s−1

vc/q/s

CO2 assimilation limited by Rubisco (c), light (q), or sink
(s)

µmol CO2 m−2 leaf
s−1

Vcmax

Rubisco capacity rate

µmol CO2 m−2 leaf
s−1

VDM, VDMmax,PD

current and maximum vegetative dry matter
requirement for a given planting density, respectively

kg DM palm−1 yr−1

w

mean pinnae width

m

W(part)

dry weight of a given plant part

kg DM palm−1

X(part)

fraction by weight of mineral content in a given plant
part

–

z0/s0

crop (0) or soil surface (s0) roughness length

m

zr

reference height

m
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