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a b s t r a c t
Radiation exchange at the surface plays a critical role in the surface energy balance, plant microclimate,
and plant growth. The ability to simulate the surface energy balance and the microclimate within the
plant canopy is contingent upon simulation of the surface radiation exchange. A validation and modiﬁcation exercise of the Simultaneous Heat and Water (SHAW) model was conducted for simulating the
surface short-wave and long-wave radiation exchange over and within wheat, maize and soya bean plant
canopies using data collected at Yucheng in the North China Plain and near Ames, Iowa. Whereas model
testing was limited to monocultures and mixed canopies of green and senesced leaves, methodologies
were developed for simulating short-wave and long-wave radiation ﬂuxes applicable to a multi-species,
multi-layer plant canopy. Although the original SHAW model slightly underpredicted reﬂected solar radiation with a mean bias error (MBE) of −5 to −10 W m−2 , one would conclude that the simulations were
quite reasonable if within-canopy measurements were not available. However, within-canopy shortwave radiation was considerably underestimated (MBE of approximately −20 W m−2 ) by the original
SHAW model. Additionally, leaf temperatures tended to be overpredicted (MBE = +0.76 ◦ C) near the top
of the canopy and underpredicted near the bottom (MBE = −1.12 ◦ C). Modiﬁcation to the SHAW model
reduced MBE of above canopy reﬂected radiation to −1 to −6 W m−2 and within-canopy radiation simulations to approximately −6 W m−2 ; bias in leaf temperature was reduced to less than 0.4 ◦ C. Model
modiﬁcations resulted in essentially no change in simulated evapotranspiration for wheat, 4.5% lower
for maize and 1% higher for soya bean. Alternative approaches for simulating canopy transmissivity to
diffuse radiation were tested in the modiﬁed version and had a minor inﬂuence on simulated shortwave radiation, but made almost no difference in simulated long-wave radiation or evapotranspiration.
Modiﬁcations to the model should lead to more accurate plant microclimate simulation; further work is
needed to evaluate their inﬂuence.
© 2009 Royal Netherlands Society for Agricultural Sciences. Published by Elsevier B.V.
All rights reserved.

1. Introduction
All surfaces receive short-wave radiation during daylight and
exchange long-wave radiation continuously with the atmosphere.
This exchange drives the surface energy balance, inﬂuences canopy
skin temperature, and provides the energy for photosynthesis and
plant growth. Accurate simulation of canopy microclimate, its inﬂuence on plant processes, and water and CO2 exchange is contingent
on simulation of the surface radiation balance.
The net amount of radiation received by a surface is deﬁned by
the equation
Rn = Sb + Sd − Su + Ld − Lu .

∗ Corresponding author. Tel.: +1 208 422 0716; fax: +1 208 334 1502.
E-mail address: gerald.ﬂerchinger@ars.usda.gov (G.N. Flerchinger).

(1)

where Rn is net all-wave radiation; Sb and Sd are direct (or beam)
and diffuse downward short-wave radiation incident on the surface; Su is short-wave radiation reﬂected by the surface to sky; Ld
is downward long-wave radiation emitted from the atmosphere;
and Lu is long-wave radiation emitted from the surface to the
atmosphere. Measurements of Sd are typically input to simulation
models and Ld is usually estimated from meteorological observations [1]. Estimation of the upward ﬂuxes from the surface, Su and
Lu , differs widely among simulation models, depending on whether
they are single-source [2], dual-source [3,4], multi-layer models
[5–9], two-dimensional models [10], or three-dimensional models of plant structure [11–15]. Multi-layer or three-dimensional
structural models are required to simulate radiation and microclimate proﬁles through the canopy. Whereas three-dimensional
models of radiative transfer within plant canopies have a purpose
in functional–structural plant models [16], parameterization is typically beyond the scope of most soil–plant–atmosphere models.
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Multi-layer radiation models have typically separated the
canopy into multiple classes of leaf inclination and orientation
[e.g., 5,17–20]. Stockle [20] demonstrated that accurate simulations
of evapotranspiration and photosynthesis could be obtained with
fewer leaf inclination classes than typically used, and suggested
that multiple classes may not be necessary in many situations.
Zhao and Qualls [9,21] presented a modelling approach where radiation transmission and scattering of multiple inclination classes
were captured by numerically integrating the relation for radiation interception over all leaf orientations for ellipsoidal leaf angle
distributions. Flerchinger and Yu [22] presented relations for transmission and scattering of diffuse and direct radiation for ellipsoidal
leaf angle distributions to facilitate modelling of radiation scattering without the need to divide the canopy into several inclination
classes.
Simulations by Zhao and Qualls [9,21] suggested that canopy
layers should contain no more than 0.05 units of leaf area index,
which is much smaller than the 0.5 maximum suggested by others.
The ﬁner canopy layers suggested by Zhao and Qualls [9] may be
related to the approach used for determining the extinction coefﬁcient for diffuse radiation, Kd . The effective diffuse transmissivity of
the entire canopy may differ depending on whether Kd is computed
based on leaf area of the entire canopy or that of the individual
layers.
Few models are capable of simulating multiple plant types
within the canopy space. The Simultaneous Heat and Water
(SHAW) model originally developed by Flerchinger and Saxton
[23] was modiﬁed by Flerchinger and Pierson [24] to simulate
microclimate conditions within a plant canopy and includes provisions for multiple plant species within each layer of the plant
canopy. The SHAW model’s ability to simulate heat, water and
chemical movement through plant cover, snow, residue and soil
for predicting climate and management effects on soil freezing and
thawing [25–28], snowmelt [29,30], soil temperature, soil water
[24,31,32], evaporation, transpiration, energy ﬂux [33–35], and surface temperature [8] has been demonstrated, as well as the ability
to simulate the effects of residue type and architecture on heat
and water transfer in signiﬁcantly different climates [36]. However, simpliﬁcations were made in the simulation of short-wave
and long-wave radiation to facilitate application to a multi-species
canopy.
Xiao et al. [37] evaluated the SHAW model’s ability to simulate
the surface energy balance and temperature and water vapour proﬁles within a plant canopy and identiﬁed weaknesses in the model
for simulating the canopy microclimate. Xiao et al. [38] evaluated
radiation exchange simulation above the canopy, but did not examine within-canopy radiation exchange. The objectives of this paper
are to: (1) explore the implications of the number of canopy layers
and the approach to computing Kd on simulated radiation ﬂuxes,
(2) validate the within-canopy radiation exchange simulation of the
SHAW model for wheat, soya bean and maize plant canopies; and
(3) evaluate modiﬁcations to the model to improve predictions of
within-canopy radiation exchange. Methodologies were developed
for simulating short-wave and long-wave radiation ﬂuxes with a
multi-species, multi-layer plant canopy. Relations developed by
Flerchinger and Yu [22] for transmission and scattering of radiation
for canopies with ellipsoidal leaf angle distributions were incorporated, making it unnecessary to divide the canopy into multiple leaf
angle classes.

2. Model description
The SHAW model consists of a vertical, one-dimensional proﬁle
extending downwards from the vegetation canopy, snow, residue
or soil surface to a speciﬁed depth within the soil. A layered sys-

tem is established through the plant canopy, snow, residue and soil
and each layer is represented by an individual node. Version 2.4b of
the SHAW model was used for this study. Model modiﬁcations were
made based on preliminary results of the model to better represent
radiation exchange between canopy layers. The following subsections describe the original model and modiﬁcations implemented.
2.1. SHAW model version 2.4b
Detailed descriptions of energy and mass transfer calculations
within the canopy and residue layers are given in previous papers
[8,23,24]. Short- and long-wave radiation exchange between
canopy layers, residue layers and the snow or soil surface are
computed by considering downward direct, and upward and downward diffuse radiation being transmitted, reﬂected and adsorbed by
each layer. The upward ﬂux of diffuse short-wave radiation above
canopy layer i (numbered from the top of the canopy) is computed
as
Su,i = d,i Su,i+1 + ˛i (1 − d,i )Sd,i + ˛i (1 − b,i )Sb,i

(2)

where  d,i is the transmissivity of canopy layer i to diffuse radiation,  b,i is the transmissivity of canopy layer i to direct (or beam)
radiation, ˛i is the effective albedo of the canopy leaves in layer i
(weighted by the leaf area and albedo of each plant type), and Sd,i
and Sb,i are downward diffuse and direct radiation entering canopy
layer i. A similar expression can be written for downward radiation
at any point in the canopy. The SHAW model will simulate a multispecies canopy, and the transmissivity to direct radiation for each
canopy layer is calculated from:

⎛

b,i = exp ⎝

NP


⎞

˝j Kb,j Li,j ⎠

(3)

j=1

where Li,j and Kb,j are leaf area index and extinction coefﬁcient for
direct radiation, respectively, for plant species j and canopy layer
i, ˝j a clumping factor to account for the fact that leaves are less
efﬁcient at intercepting radiation when clumped together [39], and
NP is the number of plant species. Version 2.4b of the model is limited to vertical and spherical leaf orientations. Assuming a spherical
leaf orientation for the canopies of the current study, the extinction
coefﬁcient for direct radiation was computed from [40]:
Kb =

1
2 sin ˇ

(4)

where ˇ is the solar elevation angle above the local slope. An
approximate expression for diffuse transmissivity using an extinction coefﬁcient of 0.7815 [41] was employed (error less than 0.03
for total leaf area index less than 8).
Several simplifying assumptions are employed in SHAW2.4b to
facilitate modelling long-wave radiation in a multi-species canopy.
To avoid complications of radiation scattering, all emissivities are
assumed to be 1.0. Also, long-wave emittance from all canopy elements is based on air temperature within the canopy layer rather
than leaf temperature of each individual plant type. With these simpliﬁcations, upward long-wave radiation ﬂux above canopy layer i
is computed directly from:
4
Lu,i = d,i Lu,i+1 + (1 − d,i )Ta,i

(5)

where Ta,i is the air temperature within canopy layer i, and  is the
Stefan–Boltzman constant. Because incoming atmospheric longwave radiation emanates from the entire atmospheric hemisphere
much the same as diffuse short-wave radiation, and because longwave radiation is emitted within the canopy in all directions much
the same as short-wave radiation is scattered in all directions, the
same diffuse radiation transmission coefﬁcient,  d,i , is used for both.
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2.2. Model modiﬁcations
Several modiﬁcations were introduced into the SHAW model.
These included: a more generalized expression for canopy transmissivity to direct short-wave radiation and diffuse short-wave and
long-wave radiation; directional scattering of radiation; effects of
short-wave radiation transmission through the plant leaves; and
long-wave ﬂuxes based on leaf temperature rather than canopy
air temperature. To facilitate these modiﬁcations, the current theory for radiation transmission through the canopy needed to be
extended to multiple plant types within each canopy layer.
With the addition of the upward and downward directional
scattering and leaf transmissivity, Eq. (2) can be rewritten as
Su,i = [d,i + (˛l,d,i fd,i,↓↓ + l,d,i fd,i,↓↑ )(1 − d,i )]Su,i+1
+(˛l,d,i fd,i,↓↑ + l,d,i fd,i,↓↓ )(1 − d,i )Sd,i
+(˛l,b,i fb,i,↓↑ + l,b,i fb,i,↓↓ )(1 − b,i )Sb,i

(6)

where ˛l,b,i and  l,b,i are the effective albedo and leaf transmittance
of canopy layer i to direct radiation, ˛l,d,i and  l,d,i are the effective
albedo and leaf transmission to diffuse radiation within-canopy
layer i, fb,i,↓↑ and fd,i,↓↑ are the fractions of reﬂected direct and
diffuse radiation scattered backwards (e.g., downward radiation
scattered upwards), and fb,i,↓↓ and fd,i,↓↓ are the fractions of reﬂected
direct and diffuse radiation scattered forwards. Flerchinger and Yu
[22] developed expressions for the fractions of forwards and backwards scattered direct and diffuse radiation. It should be noted
that the fraction of radiation transmitted through the leaves and
scattered forwards is equal to that reﬂected and scattered backwards. Downward direct radiation anywhere within the canopy
can be computed explicitly knowing the direct radiation from the
atmosphere and the transmissivity of each canopy layer. A similar
expression to that above can be written for downward diffuse radiation. This creates a set of 2(N + 1) equations, N being the number of
canopy layers, where multiple scatterings are implicitly included.
The boundary condition Sd,1 is the incoming diffuse radiation from
the atmosphere and Su,N+1 is the solar radiation reﬂected by the soil
or residue layer:
Su,N+1 = (1 − ˛s )(Sd,N+1 + Sb,N+1 )

(7)

where ˛s is the albedo of the residue or soil surface. The system
of equations is linear and can be solved directly, similar to the
approach described by Zhao and Qualls [9]. Net short-wave radiation absorbed by any plant type j within-canopy layer i is computed
from
Sn,i,j =

(1 − ˛l,j − l,j )(1 − d,i,j )

NP

j=1

+

(1 − ˛l,j − l,j )(1 − d,i,j )

(1 − d,i )(Sd,i + Su,i+1 )

(1 − ˛l,j − l,j )(1 − b,i,j )

NP

j=1

(1 − ˛l,j − l,j )(1 − b,i,j )

(1 − b,i )Sb,i

(8)

where  d,i,j and  b,i,j are the computed diffuse and direct transmissivities for plant j and of canopy layer i based on its leaf area
and respective extinction coefﬁcients, and ˛l,j and  l,j are the leaf
reﬂectance and transmission of plant j.
The expression for upward long-wave radiation is similar to that
for short-wave radiation, except that leaf transmittance of longwave radiation can be ignored and long-wave emittance replaces
the term for direct short-wave radiation:
Lu,i = [d,i + (1 − εc )fd,i,↓↓ (1 − d,i )]Lu,i+1
+ (1 − εc )fd,i,↓↑ (1 − d,i )Ld,i
+

1 − d,i

NP

(1 − d,i,j )
j=1

NP

j=1

4
(1 − d,i,j )εc Tl,i,j

(9)

7

Here the emissivity of the canopy elements, εc , is assigned to
all plant types, and Tl,i,j is the leaf temperature of plant j in canopy
layer i. As with the short-wave radiation, this creates a set of 2(N + 1)
equations where the boundary condition Ld,1 is the incoming atmospheric long-wave radiation and Lu,N+1 is the long-wave radiation
reﬂected and emitted by the soil or residue layer:
Lu,N+1 = (1 − εs )Ld,N+1 + εs Ts4

(10)

where εs is the soil emissivity. Net long-wave radiation absorbed
by each plant type within the canopy layer is computed from:
1 − d,i,j
4
).
(Ld,i + Lu,i+1 − Tl,i,j
Ln,i,j = εc (1 − d,i ) NP
(1
−

)
d,i,j
j=1

(11)

In a canopy layer with multiple plant types, the effective transmissivity, albedo, and scattering functions must be weighted by
each plant type within the layer. Effective albedo for diffuse radiation of canopy layer i is calculated as a weighted average of the
layer tranmissivity for each plant type by the expression

NP
˛l,d,i =

˛ (1 − d,i,j )
j=1 l,j

NP

j=1

(1 − d,i,j )

(12)

where ˛l,j is the albedo of plant species j, and  d,i,j is the diffuse
transmissivity of canopy layer i based on leaf area of plant species
j. A similar expression can be written for  l,d,i . Because the layer
transmissivity is different for direct and diffuse radiation, the effective albedo and leaf transmission of the layer may be different for
direct and diffuse radiation. The scattering functions must also be
weighted differently for direct and diffuse radiation. For direct radiation, the effective fraction of backwards scattered radiation is

NP
fb,i,↓↑ =

f
˛ (1 − i,j )
j=1 b,j,↓↑ l,j

NP

˛ (1 − i,j )
j=1 l,j

(13)

where fb,j,↓↑ is the fraction of reﬂected direct radiation scattered
backwards for plant j. A similar expression can be written for
the scattered direct radiation transmitted through the leaves and
scattered diffuse reﬂected and transmitted radiation. Although the
fraction of radiation transmitted through the leaves and scattered
forwards is equal to that reﬂected and scattered backwards for a
given leaf, this is not necessarily true for the entire canopy layer
if the plants within the layer have differing leaf albedos or leaf
transmissivities.
Rather than assuming either spherical or vertical leaf orientation, a more generalized ellipsoidal distribution was implemented
into the model. The extinction coefﬁcient in Eq. (3) for an ellipsoidal
leaf orientation can be expressed as [39]:


Kb,j =

xj 2 + tan2 

xj + 1.774(xj + 1.182)−0.733

(14)

where xj is a coefﬁcient for leaf orientation of plant type j, and 
is the solar zenith angle. The parameter x is the ratio of projected
leaf areas on horizontal and vertical surfaces. Therefore, for vertical
leaf elements, x = 0; for spherically oriented elements, x = 1.0; and
for horizontal elements, x = 4. For all practical purposes, x = 5 is sufﬁciently close to inﬁnity. Typical values of x for different crops are
given by Campbell and Norman [39]. For spherical elements on a
horizontal slope, Eq. (14) simpliﬁes to Eq. (4).
Diffuse radiation comes from all directions. The interception
of diffuse radiation from a given direction is identical to that for
direct radiation from that direction. Thus, the transmission of diffuse radiation through the canopy can be calculated by integrating
the expression for direct radiation over all directions within the
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hemisphere [39]:
/2

d = 2

b () sin  cos  d.

(15)

0

This expression requires numerical integration upon substitution of Eqs. (3) and (14) for  b . Flerchinger and Yu [22] developed a
very close approximation for the diffuse radiation extinction coefﬁcient:
Kd,j =

[xj A /(xj A + 1.0)]Lj B + C
Lj B + C

(16)

where A, B and C are empirical coefﬁcients with suggested values
of 1.46, 0.65, and 1.9, respectively [22]. Flerchinger and Yu [22] also
presented relations for direct and diffuse scattered radiation.
Zhao and Qualls [9] illustrated that the number of layers, N,
required to accurately simulate radiation at the bottom of the
canopy is more critical for diffuse radiation than for direct radiation,
and suggested 100 layers for a leaf area index, L, of approximately
4.5. This can be attributed, in part, to the fact that Kb is not a function
of leaf area index whereas it does inﬂuence Kd (Eq. (16)). Subdividing the canopy is not an issue with direct radiation because
Kb in Eqs. (3) and (14) is not a function of leaf area index. Therefore,  b (L) = [ b (L/N)]N . However, the effective transmissivity of the
entire canopy can be quite different depending on whether Kd is
computed based on L of the entire canopy, Kd = f(L), or that of the
individual layers, Kd = f(Li ). Theoretically, the value of L used to compute Kd should be the total leaf area that radiation passes through
from the point of origin to the point of interest. This would be
very messy mathematically and approximations are therefore necessary. When most of the radiation is absorbed as in the case of
photosynthetically active radiation (PAR), computing Kd from total
leaf area is more appropriate because nearly all of the diffuse PAR
reaching the bottom of the canopy is transmitted through the entire
canopy with very little scattering. However, if much of the radiation is scattered, as in the case of near infrared (NIR) or scattering
of direct radiation, much of the radiation reaching the bottom of
a dense canopy is scattered from elements within the canopy and
passes through only a portion of the canopy from the point of scatter to the point of interception. In this case, it is more appropriate
to compute Kd from a leaf area less than the entire canopy (J.M.
Norman, 2006, personal communication). Ramiﬁcations for using
either approach are discussed and compared subsequently in this
paper.
3. Materials and methods
3.1. Field measurements
Measurements for wheat and maize canopies were collected
at the Yucheng Comprehensive Experiment Station (36◦ 50 N,
116◦ 34 E, 28 m a.s.l.) of the Chinese Academy of Sciences, lying on
the North China Plain (NCP). Measurements for a soya bean canopy
were collected at the Brooks Field near Ames, Iowa. Measurements
were collected during 1999 for wheat, during 1999 and 2003 for
maize, and in 2004 for soya bean.
Measurements at Yucheng were made at the centre of a
300 m × 300 m, well-watered ﬁeld. Winter wheat was grown until
June and maize was planted subsequently. Row spacing was 27 cm
for wheat and 70 cm for maize, and row direction was north–south.
Hourly total incoming radiation was collected using a pyranometer (CM11, Kipp & Zonen, Delft, The Netherlands) above the plant
canopy. Hourly net radiation above the canopy was collected using
a four-component net radiometer (CNR-1, Kipp & Zonen, Delft, The
Netherlands).

For the 1999 wheat and maize canopies, a tube solarimeter
(TBQ-3, Jinzhou Sunshine Science and Development Co., Jinzhou,
China) 50 cm in length, located 35 cm above the surface measured
downward dwelling radiation within the canopy. Admittedly, the
optimal direction for the tube solarimeter would be crosswise to the
rows in an east–west direction, particularly when the canopy was
sparse. Model comparisons were limited to after the crop attained
a LAI for wheat of 3.8 and for maize of 3.3, which should provide near or complete canopy closure. Mungai et al. [42] reported
potential problems for tube solarimeters mounted in a north–south
direction. Therefore, hourly calibrations were computed for the
tube solarimeter by comparing its measurements with those of the
downward short-wave radiation from the CNR-1 radiometer during the period before the canopy reached the height of the tube
solarimeter.
Radiometric temperature of the maize canopy was measured
between days 229 and 261 (17 August to 18 September) of 2003
with an infra-red thermocouple sensor (IRTS-P, Apogee Instruments, Logan, Utah) mounted above the canopy top at an angle of
45◦ with the ground. Canopy leaf temperatures were collected at
20-cm increments between heights of 60–200 cm using a manually
operated portable Infrared Temperature Sensor (IRT, Minolta/Land
Cyclops Compac 3, Land England) with a recording frequency of
4 Hz and an 8◦ angle of view, detecting radiation in the 8–14 m
wave bands. Leaf temperature was measured by rotating the sensor horizontally at each speciﬁed height. The average reading over
a 10–20-s period at each height was used for analysis; the standard
deviation of the 4 Hz readings ranged from 0.15 to 0.46 ◦ C. Calibration of the IRT sensor was performed prior to the measuring period
using a commercial Everest black body surface.
The Brooks Field study site (41◦ 41 N, 93◦ 41 W, 313 m a.s.l.)
was in a 45-ha ﬁeld on a Canisteo silty clay loam. Soya bean
was planted in north–south rows spaced 38 cm apart. Net radiation above the canopy was measured using a four-component net
radiometer (CNR-1). Within-canopy downward short-wave radiation was taken from an average of two tube solarimeters (TSL,
Delta-T Devices Ltd., Cambridge, United Kingdom) 86 cm in length,
located 15 cm above the soil surface. The solarimeters were oriented from north–west to south–east diagonally spanning one
row spacing. Tube solarimeters were moved above the canopy
for calibration from day 233 to 243. Long-wave radiation emitted from the soil surface was computed based on an average of
three infrared thermometers (IRTS-P) assuming an emissivity of
0.96.
Total leaf area index of the soya bean and that above 15 cm were
measured approximately every 7–10 days using an LAI-2000 (LiCor, Lincoln, Nebraska). Leaf area index of green leaves only was
measured by hand harvesting 10 plants and measuring leaf area of
the individual leaves using a leaf area meter. Prior to senescence,
discrepancy between hand sampling and the LAI-2000 averaged
13% for measurements taken within one day of each other. Total leaf
area index of the wheat and maize canopies was measured approximately every ﬁve days. Fifty plants were randomly harvested and
the length and width of each leaf were measured; leaf area index
was calculated from the average area of the sampled leaves, number
of leaves per plant and the plant density.
3.2. Model simulations
The versions of the model were run from crop emergence to harvest at each site. Ten canopy layers were used for each of the model
simulations, or approximately 0.5 leaf area index per canopy layer.
Leaf area within the canopy was assumed uniform with height [9].
Short-wave radiation from the sky was assumed to be composed
of 50% NIR and 50% PAR [43]. Optical properties of green leaves are
given by Ross [43]. Leaf albedo was set to 0.09 for PAR and 0.51 for
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NIR; leaf transmissivity was set to 0.06 for PAR and 0.34 for NIR.
The value of x was set to 0.96 for wheat and 0.81 for soya bean
as suggested by Campbell and Norman [39]. Suggested values for
maize range from 0.76 to 2.52. Thus, x was initially set to 1.0 for
maize, which resulted in underprediction of within-canopy radiation. The value was then reset to 0.76 to represent more vertically
oriented maize leaves. The clumping factor for vegetation was set
to 1.0.
Model validation was limited to the period when at least two
canopy layers were present above the within-canopy radiation sensor, or in the case of the 2003 maize, validation coincided with
the within-canopy infrared temperature measurements. Above and
within-canopy short-wave radiation measurements were compared with simulated values for wheat between days 123 and 154
of 1999 and for maize between days 204 and 242 of 1999. Upward
short-wave and long-wave radiation ﬂuxes above the canopy and
leaf temperatures within the canopy were used to validate the 2003
maize simulation between days 225 and 264. Simulated short-wave
and long-wave radiation above and within the soya bean canopy
were compared with measurements between days 199 and 256 of
2004.

4. Results
4.1. Effect of approach in computing Kd
Fig. 1 demonstrates the inﬂuence of the approach for computing
Kd and the number of canopy layers on the simulated diffuse radiation reaching the bottom of the canopy. From Fig. 1a it appears
that the largest discrepancy in simulated radiation at the bottom
of the canopy between the two approaches was nearly 8% around
a leaf area index of 2.5. It can be seen upon comparing Fig. 1a and
b that fewer layers are required for simulation results to converge
to a common solution when using Kd = f(L). For Kd = f(L) with L of
8.0, results are nearly identical for simulations using more than
16 layers. Conversely, there is still visible separation between the
lines using more than 64 layers if Kd = f(Li ). Based on Fig. 1a, simulation results if Kd = f(L) tend to converge to a common solution
when layers contained no more than 0.5 leaf area. Norman [6] and
Stockle [20] also recommended 0.5 leaf area per canopy layer when
considering multiple leaf angle classes.

Fig. 1. Inﬂuence of the number of canopy layers, N, on simulated downward diffuse radiation at the soil surface when computing the extinction coefﬁcient (a) as a
function of total leaf area, i.e., Kd = f(L) and (b) as a function of leaf area within the
canopy layer, i.e., Kd = f(Li ).

4.2. Model results for 1999 wheat in Yucheng
Statistical measures comparing model simulations with measured radiation are given in Table 1. Incoming and reﬂected
radiation for the wheat canopy is presented in Fig. 2 for the week
starting on day 123. Leaf area index and plant height for this period

Table 1
Mean bias error (MBE) and root mean square deviation (RMSD) of simulated upward and downward short-wave (Su and Sd ) and long-wave (Lu and Ld ) radiation above and
within the plant canopy. Results are given for the original SHAW model and versions with the extinction coefﬁcient for diffuse radiation computed from total leaf area index,
Kd = f(L), and from leaf area of each individual canopy layer, Kd = f(Li ).
Variable

Original SHAW
MBE (W m

−2

)

Kd = f(L)
−2

RMSD (W m

)

Kd = f(Li )
−2

MBE (W m

)

−2

RMSD (W m

)

MBE (W m−2 )

RMSD (W m−2 )

1999 wheat
Above Su
In-canopy Sd

−4.8
−18.5

9.5
38.8

0.6
3.3

7.1
26.9

−0.6
−3.5

6.8
28.3

1999 maize (x = 1.0)
Above Su
In-canopy Sd

−9.9
−19.5

18.4
46.0

−4.2
1.6

11.6
31.7

−5.3
−5.6

12.6
33.2

1999 maize (x = 0.76)
Above Su
In-canopy Sd

n/a
n/a

n/a
n/a

−4.8
7.4

12.3
32.6

−6.2
−1.7

13.8
31.2

2003 maize
Above Su
Above Lu

−4.1
2.1

9.0
5.4

−1.4
1.6

8.4
7.3

−1.8
1.3

8.1
7.4

2004 soya bean
Above Su
In-canopy Sd
Above Lu
In-canopy Lu

−8.4
−21.3
4.7
−3.0

15.1
35.0
7.0
10.0

−4.0
−1.3
4.7
1.6

9.9
14.4
7.7
8.6

−5.7
−6.4
4.7
1.5

11.4
16.4
8.0
8.8
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Fig. 2. Simulated and measured (a) downward short-wave radiation within the
canopy and (b) reﬂected short-wave radiation above the canopy for wheat between
days 123 and 130 (3–10 May).

Fig. 3. Simulated and measured (a) downward short-wave radiation within the
canopy and (b) reﬂected short-wave radiation above the canopy for wheat between
days 140 and 147 (20–27 May).

were 3.8 m2 m−2 and 0.93 m. Fig. 3 presents measured and simulated results for seven days starting on day 140 during a period
of green and senesced leaves; green leaf area index dropped from
approximately 2.3 to 0.8 with a concurrent increase in yellow
leaf area from 0.6 to 2.1. Whereas the original SHAW model did
reasonably well at simulating reﬂected radiation, downward radiation within the canopy was considerably underpredicted. Mean
bias error (MBE) of simulated reﬂected radiation for the validation
period was −4.8 W m−2 , while MBE for within-canopy radiation
was −18.5 W m−2 . Modiﬁcations to the model improved MBE for
within-canopy radiation to +3.3 and −3.5 W m−2 using Kd = f(L)
and Kd = f(Li ), respectively. Root mean square deviation (RMSD) of
within-canopy radiation was improved from 38.8 W m−2 for the
original SHAW simulation to 27–28 W m−2 for the modiﬁed versions (Table 1).
Differences between simulations using Kd = f(L) and Kd = f(Li )
were small, and both tracked the measured values quite well. The
maximum absolute difference in downward short-wave radiation
at 35 cm within the canopy between simulations using Kd = f(L) and
Kd = f(Li ) was 31 W m−2 , which occurred on days 127 and 154. The
difference on day 127 (Fig. 2) occurred during the brief drop in
incoming short-wave radiation when most of the incoming shortwave radiation would have been diffuse. The discrepancy on day
154 occurred at the end of the simulation after the leaf area index
dropped below 3.0, which is in accord with the maximum difference observed in Fig. 1.
4.3. Model results for 1999 maize in Yucheng
Figs. 4 and 5 present simulated and measured within-canopy
and reﬂected radiation for days 212–219 and 230–237, respectively, for the 1999 maize canopy. Leaf area index during these

Fig. 4. Simulated and measured (a) downward short-wave radiation within the
canopy and (b) reﬂected short-wave radiation above the canopy for maize between
days 212 and 219 (31 July to 7 August); x is a coefﬁcient for leaf angle orientation.
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Fig. 5. Simulated and measured (a) downward short-wave radiation within the
canopy and (b) reﬂected short-wave radiation above the canopy for maize between
days 230 and 237 (18–25 August); x is a coefﬁcient for leaf angle orientation.

periods was approximately 4.1 and 4.5. With x set to 1.0, the modiﬁed model clearly underpredicted the measured within-canopy
radiation. Midday (hours 11, 12 and 13) 35-cm downward radiation
for the Kd = f(L) simulation had a MBE of −34.1 W m−2 . Setting x to
the lower limit of the suggested range for maize [39] improved the
simulation, but midday within-canopy radiation was still underpredicted for much of the simulation, as shown for days 212–219 in
Fig. 4; perhaps this was due to the orientation of the tube solarimeter being parallel to the north–south rows. At midday, direct solar
radiation was likely preferentially penetrating between the rows
and onto the solarimeter. By day 230 there was apparently sufﬁcient canopy closure so that the problem with orientation of the
tube solarimeter was minimized (Fig. 5). Midday within-canopy
radiation was underpredicted by an average of 10.5 W m−2 for the
Kd = f(L) simulation during the validation period (Table 1). Interestingly, leaf angle distribution had very little effect on reﬂected
radiation; underprediction of midday reﬂected radiation increased
from −10.0 to −12.9 W m−2 upon changing leaf angle. The inﬂuence
of changing the x-value was largest on day 213 when simulated
midday 35-cm solar radiation for x = 0.76 was 47.4 W m−2 higher
compared with that for x = 1.0, while reﬂected radiation was only
6.5 W m−2 lower.

Fig. 6. Simulated and measured leaf temperature at 200, 160, 100 and 60 cm above
the soil surface in maize canopy between days 254 and 261 (11–18 September).

Midday MBE using Kd = f(Li ) was −34.4 W m−2 for within-canopy
downward radiation and −18.6 W m−2 for reﬂected radiation compared with −10.0 W m−2 and −12.9 W m−2 using Kd = f(L). However,
when considering the entire day, MBE was smaller for Kd = f(Li )
at −1.7 W m−2 compared with +7.4 W m−2 for Kd = f(L) (Table 1).
The largest difference between using Kd = f(Li ) versus Kd = f(L) was
34 W m−2 , which, similar to the wheat simulation, occurred during
a drop in incoming short-wave radiation when most of the radiation
would have been diffuse.
4.4. Model results for 2003 maize in Yucheng
The original version of the SHAW model tended to overpredict daytime leaf temperatures near the top of the canopy and

Table 2
Mean bias error (MBE) and root mean square deviation (RMSD) of simulated leaf temperature at various heights within the 2003 maize canopy.
Height within the canopy (cm)

Original SHAW
◦

200
160
100
60

Kd = f(L)
◦

◦

Kd = f(Li )
◦

MBE ( C)

RMSD ( C)

MBE ( C)

RMSD ( C)

MBE (◦ C)

RMSD (◦ C)

0.76
0.08
−0.70
−1.12

2.29
1.57
1.53
1.79

0.31
0.29
0.15
−0.02

1.54
1.50
1.54
1.59

0.52
0.38
0.04
−0.25

1.65
1.56
1.57
1.65
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Fig. 7. Simulated and measured (a) reﬂected short-wave radiation and (b) upward
long-wave radiation above a maize canopy between days 254 and 261 (11–18
September).

underpredict night-time temperatures for the 2003 maize canopy,
resulting in a deceptively small MBE (0.76 ◦ C) whereas the RMSD
was 2.29 ◦ C for the 200-cm height as shown in Table 2. Model
modiﬁcations using either Kd = f(Li ) or Kd = f(L) improved leaf temperature within the canopy, as shown in Fig. 6. RMSD of simulated
200-cm leaf temperature was 1.65 ◦ C for Kd = f(Li ) and 1.54 ◦ C for
Kd = f(L). Because the original version uses canopy air temperature rather than leaf temperature to simulate long-wave radiation
ﬂuxes, the bias in leaf temperature did not result in a substantial
bias in its simulated upward long-wave radiation ﬂux above the
canopy, as shown in Fig. 7. In fact its RMSD for simulated upward
long-wave radiation, 5.4 W m−2 , was actually lower than that using
either Kd = f(Li ) or Kd = f(L) (7.4 and 7.3 W m−2 , respectively, from
Table 1). Based on the RMSD values and Figs. 6 and 7, there was
no real difference between using Kd = f(Li ) or Kd = f(L) on long-wave
radiation.
Given that the original SHAW model tends to underpredict
within-canopy short-wave radiation, it is not surprising that the
overprediction of midday leaf temperatures near the top of the
canopy did not translate downwards within the canopy (Fig. 6).
MBE and RMSD for the 160-cm and 100-cm leaf temperatures
from the original SHAW model are comparable with the modiﬁed versions of the model, but the 60-cm leaf temperature was
underpredicted by 1.12 ◦ C with the original model (Table 2).
4.5. Model results for 2004 soya bean in Iowa
Using Kd = f(L) for the 2004 soya bean canopy tended to simulate higher within-canopy and reﬂected short-wave radiation
than using Kd = f(Li ) and agreed slightly better with measured
values over the validation period (Table 1). Fig. 8 presents simulated and measured within-canopy and reﬂected radiation for days

Fig. 8. Simulated and measured (a) downward short-wave radiation within the
canopy and (b) reﬂected short-wave radiation above the canopy for soya bean
between days 200 and 207 (19–26 July).

200–207. Green leaf area index during this period was approximately 6.6. Statistical comparisons for the simulations during this
period were mixed; MBE of within-canopy short-wave radiation
was 4.7 for Kd = f(L) and −1.5 for Kd = f(Li ) while reﬂected radiation
was −6.2 and −6.8 W m−2 , respectively. The difference between
using Kd = f(Li ) versus Kd = f(L) is slight but noticeable in Fig. 8.
The difference in simulated long-wave radiation between using
Kd = f(Li ) versus Kd = f(L) was negligible. Fig. 9 presents upward
long-wave radiation from the soil surface and above the canopy
for days 200–207. Upward long-wave radiation at the soil surface tended to be underpredicted during this period by the
original model (MBE = −3.8 W m−2 ) and slightly overpredicted by
Kd = f(Li ) and Kd = f(L) (MBE of approximately 6 W m−2 ). Upward
long-wave radiation above the canopy was consistently overpredicted (MBE = 4.8 W m−2 for the original model and approximately
6 W m−2 for the modiﬁed versions).
Fig. 10 presents results when the canopy is mixed with green
and senesced vegetation. Green leaf area varied from 5.4 to 4.8
while senesced leaf area increased from 1.3 to 1.9 between days
225 and 232. Within-canopy short-wave radiation was simulated
quite well whereas reﬂected radiation was underpredicted during this period using either Kd = f(Li ) or Kd = f(L) with MBEs of −7.6
and −5.8 W m−2 , respectively. Above-canopy long-wave radiation
was simulated quite well during this period (MBE approximately
4 W m−2 for all simulations), whereas the night-time long-wave
radiation from the soil surface was overpredicted by the modiﬁed
versions on occasion, as shown in Fig. 11. MBE of simulated longwave radiation from the soil during this period was 0.4 W m−2 for
the original model and approximately 4.5 W m−2 for the modiﬁed
versions.
For the entire validation period, MBE of within-canopy shortwave radiation was −6.4 W m−2 using Kd = f(Li ) and −1.3 W m−2
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Fig. 9. Simulated and measured (a) upward long-wave radiation above a soya bean
canopy and (b) upward long-wave radiation from the soil surface between days 200
and 207 (19–26 July).
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Fig. 11. Simulated and measured (a) upward long-wave radiation above a soya bean
canopy and (b) upward long-wave radiation from the soil surface between days 225
and 232 (13–20 August).

for Kd = f(L). MBE for reﬂected radiation was −5.7 and −4.0 W m−2 ,
respectively (Table 1). MBE for upward long-wave radiation above
the canopy was +4.7 using either Kd = f(Li ) or Kd = f(L). MBE for longwave radiation from the soil surface was +1.5 W m−2 for Kd = f(Li )
and + 1.6 W m−2 for Kd = f(L). RMSD using Kd = f(L) was 14.4 W m−2
for within-canopy short-wave radiation, 9.9 W m−2 for reﬂected
short-wave radiation, 8.6 W m−2 for upward long-wave radiation
from the soil, and 7.7 W m−2 for upward long-wave radiation
from the canopy. RMSD values using Kd = f(Li ) were approximately
2 W m−2 higher for short-wave radiation and less than 0.3 W m−2
higher for long-wave radiation compared with Kd = f(L).

4.6. Inﬂuence on simulation of evapotranspiration

Fig. 10. Simulated and measured (a) downward short-wave radiation within the
canopy and (b) reﬂected short-wave radiation above the canopy for soya bean
between days 225 and 232 (13–20 August).

Cumulative simulated evapotranspiration (ET) was approximately 350 mm for the 1999 wheat simulation, 292 mm for the
1999 maize simulation, 384 mm for the 2003 maize simulation, and
402 mm for the 2004 soya bean simulation. Although the simulations varied considerably with regard to within-canopy radiation,
the different approaches had a minor inﬂuence on simulated ET.
Simulations of cumulative ET for the 1999 wheat canopy at Yucheng
were within 0.3 mm of each other. The largest difference was a
4% higher simulated cumulative ET for the 1999 and 2003 maize
simulations using the original SHAW 2.4b version compared with
the other versions. Simulated ET was 1% lower for the 2004 soya
bean simulation using the original model. Using Kd = f(Li ) yielded
1% higher cumulative ET compared with using Kd = f(L) for the 1999
maize simulation, but the approaches were within 0.6% for the
other simulations.
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5. Conclusions
Alternative approaches for computing diffuse radiation transmission within the canopy were evaluated. Computing the diffuse
extinction coefﬁcient based on leaf area within the canopy layer
resulted in a lower effective canopy transmissivity compared with
an extinction coefﬁcient computed from leaf area of the entire
canopy. Dividing the canopy into layers with 0.5 m2 m−2 leaf area
was adequate when the diffuse extinction coefﬁcient was based
on leaf area of the entire plant canopy. Alternative approaches to
computing the diffuse extinction coefﬁcient had a minor inﬂuence
on simulated short-wave radiation; differences were most evident
under predominantly diffuse sunlight and when leaf area index was
around 2.5. Alternative approaches made almost no difference in
simulated long-wave radiation.
Improvements were made to the SHAW model for simulating radiation exchange with the plant canopy. Methodologies
were developed for simulating short-wave and long-wave radiation ﬂuxes within a multi-species, multiple layer plant canopy
and applied herein to mixtures of green and senesced leaves.
Although the original SHAW model slightly underpredicted
reﬂected solar radiation, one would conclude that the simulations were quite reasonable if within-canopy measurements were
not available. However, within-canopy radiation was considerably
underestimated by the original SHAW model (MBE of approximately −20 W m−2 ). Modiﬁcation to the SHAW model improved
simulations of above-canopy reﬂected radiation, within-canopy
short-wave and long-wave radiation, and leaf temperatures.
Modiﬁcations to the original SHAW model to improve withincanopy radiation transfer had very little effect on simulated
evapotranspiration. Because net short-wave radiation was simulated with reasonable accuracy and because offsetting errors
resulted in accurate emitted long-wave radiation from the canopy,
the original model simulated net radiation accurately. Therefore,
changes to the original model made little difference in the overall
energy balance and thus evapotranspiration. Indeed, the original
model has been shown to simulate net radiation and the overall radiation balance well [8,34,37]. However, modiﬁcations to the
model did result in improved simulation of leaf temperature, which
should lead to improved simulation of the plant microclimate and
plant response. Further work is needed to evaluate how these modiﬁcations inﬂuence plant microclimate simulations.
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