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Abstract
Multiple radiation transfer models with unique clumping indices (a total of five approaches) were evaluated on two Pinot 
Noir vineyards in Central California over 3 years. In the first approach, a basic clumping index meant for heterogeneous 
randomly placed clumped canopies was combined with the Campbell and Norman transfer model (C&N–H). The other 
four approaches, namely, the Campbell and Norman with rectangular hedgerow clumping index (C&N–R), Campbell and 
Norman with a geometric elliptical hedgerow model (C&N–E), the 4-stream scattering by arbitrary inclined leaves model 
(4SAIL) with row-crop clumping index, and the discrete anisotropic radiative transfer (DART) models, account for the unique 
canopy coverage distribution of the vineyard row-structured canopies. Each modeling approach varied in its complexity to 
predict transmitted solar radiation at ground level and the outputs were compared to solar radiation observed at the surface 
with an array of pyranometers. All five modeling approaches showed good agreement with the observed values [correlation 
coefficients (r) ranged from 0.95 to 0.97]. Model performance varied throughout the season due to their sensitivity to canopy 
growth. Although r values showed good agreement among all approaches, the C&N–E and DART models showed a better 
“goodness of fit” with lower root mean squared and bias values.

Introduction

Accurate radiation transfer models are important for energy 
balance models that estimate crop evapotranspiration (ET) 
and for crop production models, which depend on accurate 
canopy radiation interception estimates for modeling canopy 
photosynthesis (Nouvellon et al. 2000; Chen et al. 2003). 
Radiation at the surface can be either predicted with models 
or observed directly, but direct measurement of transmitted 
radiation through a canopy is not practical for implementa-
tion over large areas of interest. The Campbell and Norman 
(1998) radiation transfer model has been widely used to esti-
mate shortwave transmittance and reflectance of vegetated 
surfaces for use in energy balance models to estimate ET 
(Kustas and Norman 1999; Anderson et al. 2005; Li et al. 
2005; French et al. 2007), canopy stomatal conductance, and 
canopy water stress (Blonquist et al. 2009).

For a hedge row crop with partial canopy cover, the 
model needs to account for radiation that will be directly 
transmitted to the surface through the inter row space as 
well as the radiation transmitted through canopy gaps 
and through the canopy leaves. The non-random spatial 
distribution of row-crop vegetation has been commonly 
accounted for using either a semi-empirical clumping 
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index approach (e.g., Kustas and Norman 1999; Ander-
son et al. 2005) or by modeling the canopy using simple 
geometric shapes such as hedgerows (e.g., Annandale et al. 
2004; Pieri 2010a, b). Colaizzi et al. (2012) used a geo-
metric elliptical approach coupled with the Campbell and 
Norman (1998) radiation transfer model to account for 
the spatial distribution of row crops similar to Charles-
Edwards and Thornley (1973) and Annandale et al. (2004). 
Colaizzi et al. (2012) evaluated the Campbell and Norman 
(1998) procedure to calculate individual radiation balance 
components for corn, sorghum and cotton. Similar efforts 
have not been applied to the unique geometry of grape-
vine canopies and vineyards. Here, we used the Campbell 
and Norman (C&N) radiation transfer model with three 
unique clumping indices to predict transmitted solar radia-
tion for a vineyard surface. The clumping indices included: 
(1) a basic clumping index for heterogeneous clumped 
canopies (C&N–H); (2) a rectangular hedgerow clump-
ing index (C&N–R); and (3) a geometric elliptical hedge-
row index (C&N–E). We also evaluated two other radia-
tion transfer models, the 4-stream scattering by arbitrary 
inclined leaves (4SAIL) model (Verhoef et al. 2007) and 
the discrete anisotropic radiative transfer (DART) model 
(Gastellu-Etchegorry et al. 1996, 2015; Guillevic and Gas-
tellu-Etchegorry 1999; Gastellu-Etchegorry 2008, 2017). 
4SAIL simulates the absorption, scattering and transmis-
sion processes of a homogeneous turbid plant canopy in 
both the optical and thermal infrared regions. The DART 
model simulates radiative transfer from the visible to the 
thermal infrared portions of the electromagnetic spectrum 
within heterogeneous canopies characterized by a three-
dimensional (3-D) structure. The radiation propagation is 
tracked with a ray-tracing approach combined with the 
discrete ordinate method, i.e., radiation can only propa-
gate along a prescribed number of discrete directions. The 
model has been used to predict surface directional radi-
ance of natural and urban surfaces and the 3-D distribution 
of radiative energy within the canopy over narrow or wide 
spectral domains.

The objective of the current study was to evaluate 
these five radiation transfer modeling approaches applied 
to two Pinot Noir vineyards to determine which model 
most accurately predicts shortwave radiation transferred 
below a vineyard canopy surface. Results were compared 
to solar radiation observed at the surface in each vineyard 
site. Model evaluation was performed by assessing model 
agreement between predicted and observed shortwave 
radiation transferred through the canopy and to the surface 
using statistical metrics. Model evaluation also consisted 
of a sensitivity analysis of each model to key input param-
eters that were individually increased or decreased by 10 
or 30% for clear sky and cloudy conditions.

Materials and methods

Field measurements

As part of the USDA-ARS Grape Remote-Sensing Atmos-
pheric Profile and Evapotranspiration eXperiment (GRAPEX), 
two Pinot Noir vineyards, located at the border of Sacramento 
and San Joaquin counties in California, were instrumented in 
2013, 2014, and 2015 with eddy-covariance flux towers and 
in-field ground measurements of soil moisture and tempera-
ture. Additional ground, airborne, and satellite remote-sensing 
data were collected along with ground biophysical data dur-
ing intensive observation periods (IOPs). These IOPs covered 
two-to-four phenological stages (i.e., around bloom, canopy 
fill, veraison, and harvest) each year. The larger, northern field 
(site 1; 34.4 ha) contains more mature grapevines (7–8 years 
in 2014), while the vines in the smaller southern field (site 
2; 21 ha) were 4–5 years in 2014. The height of the vines 
ranged between 2 and 2.5 m, row spacing was ~ 3.35 m, and 
average vine spacing along the row was 1.52 m. Due to the 
trellis design and vine management, the majority of vegetative 
growth was located within the upper 1/2–1/3 of the vine by 
the end of the season. Vines were drip irrigated using an irri-
gation schedule based on recommendations from E&J Gallo 
Irrigation management. Pruning activities, cover crop mow-
ing, and application of agrochemicals were managed accord-
ing to standard industry practices. Both fields have east–west 
row orientation. Because winds are typically from the west in 
this area, the towers were located on the eastern edge of the 
fields, such that the dominant fetch for both towers typically 
lies within the target field boundaries.

In both sites, we measured transmitted solar radiation in 
the canopy inter-row using a transect of five-to-eight upward 
facing hemispherical view radiometers [Kipp and Zonen mod-
els CMP3 (285–3000 nm) and CMP11 (270–3000 nm), Epp-
ley Laboratory Inc. Newport RI, Model PSP (295–2800 nm) 
and Apogee Instruments Inc. Logan, Utah model SP 212 
(360–1120 nm)] that were evenly spaced across the row mid-
dle. These were part of the ground measurements taken during 
the IOPs. Measurements were taken every 10 s and averaged to 
15 min. Details of the radiation measurements are provided in 
Kustas et al. (2018) (Supplemental Fig. 1). Canopy height (hc), 
width (wc), and field leaf area index (LAI) were measured at 
various locations in each of the two vineyard sites during each 
IOP, and included destructive sampling and indirect estimates 
based on light extinction.

Overview of the radiation transfer models

Transmitted solar radiation to the surface was estimated for 
grapevines using multiple radiation transfer models with 
unique clumping indices providing a total of five approaches, 
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and these results were compared to solar radiation observed 
at the surface in each vineyard site. For the first approach, 
a basic clumping index meant for heterogeneous clumped 
canopies was combined with the Campbell and Norman 
transfer model (C&N–H). The other four approaches Camp-
bell and Norman with rectangular hedgerow clumping index 
(C&N–R), Campbell and Norman with a geometric elliptical 
hedgerow model (C&N–E), 4SAIL with rectangular hedge-
row clumping index (4SAIL-R), and the discrete anisotropic 
radiative transfer (DART) model account for the unique vine 
canopy density distribution (both vertical and horizontal) as 
well as orientation. Details for each approach and associated 
clumping indices are described below.

Campbell and Norman radiation transfer model

Transmitted shortwave irradiance (TRS) beneath the crop 
canopy was calculated as

where RSO is global shortwave irradiance (W m−2) and τC 
is transmittance of shortwave radiation through the canopy.

Calculating the transmittance of shortwave radiation 
through the canopy also depends on the wavelength due to 
vegetation absorbing a greater portion of the photosyntheti-
cally active radiation (PAR, 400–700 nm spectrum) than 
near-infrared radiation (NIR, 700–2500 nm spectrum) wave-
lengths. The transmittance τC is partitioned into four com-
ponents each having a view factor for either direct beam or 
diffuse irradiance and a weighing factor for PAR or NIR. 

(1)TRS = RSO�C,

FPAR in this study was set constant at 0.457 consistent 
with the values used in Colaizzi et al. (2012) in Bushland, 
Texas, and other locations in the western United States 
(McCree 1972; Meek et al. 1984). FNIR is calculated as the 
compliment unit of FPAR (i.e., FNIR = 1.0 − FPAR).

The weighing factors WDIR,PAR and WDIR,NIR were cal-
culated following the procedure outlined in Colaizzi et al. 
(2012) which followed the procedure of Weiss and Norman 
(1985):

where RSO,DIR and RSO (W m−2) are the direct-beam and 
global solar irradiance for clear skies, respectively (cal-
culated according to Allen 2005) and RS is the measured 
incoming solar irradiance (W m−2). WDIFF,PAR and WDIFF,NIR 
are the unit complement of WDIR,PAR and WDIR,NIR, respec-
tively. Slight modifications to the procedure were done 
using the empirical constants of Weiss and Norman (1985) 
(a = 0.90, b = 0.70, c = 0.88, d = 0.68), instead of the derived 
constants determined at the Colaizzi et al. (2012) study loca-
tion of Bushland, Texas.

The direct-beam PAR transmittance (τC,DIR,PAR) was cal-
culated following the equations of Campbell and Norman 
(1998) for a single layer crop:

where �C,PAR∗ is the beam PAR reflection coefficient for a 
deep canopy with non-horizontal leaves, �PAR is the PAR 
absorption of the leaves, KBE is the extinction coefficient 
for direct-beam radiation (per LAI unit), LAI is the leaf 
area index (m2 m−2), and �S,PAR is the soil reflectance in the 
PAR. The increased downwelling radiation that is reflected 
by the soil and then scattered by the canopy back down to 
the ground surface is accounted for in the �C,PAR∗ and �S,PAR 
terms. Campbell and Norman (1998) reported the Goudriaan 
(1988) equation for �C,PAR∗:

where �HOR,PAR is the beam reflection coefficient for a can-
opy with horizontal leaves calculated as

(3)WDIR,PAR =

(
RSO,DIR

RSO

)
a

(
RS

RSO

)b

(4)WDIR,NIR =

(
RSO,DIR

RSO

)
c

(
RS

RSO

)d

,

(5)�C,DIR,PAR =
(�C,PAR

∗2 − 1) exp(−
√
�PARKBELAI)

[(�C,PAR
∗�S,PAR − 1) + �C,PAR

∗(�C,PAR
∗ − �S,PAR) exp(−2

√
�PARKBELAI)]

,

(6)�C,PAR
∗ =

2KBE�HOR,PAR

KBE + 1
,

The transmittance of shortwave radiation through the canopy 
for a horizontally homogeneous canopy is defined as

where FPAR and FNIR are the fractions of shortwave radiation 
in the PAR and NIR bands, respectively, which are depend-
ent on sun direction, WDIR,PAR and WDIFF,PAR are the weigh-
ing factors for direct (DIR) and diffuse (DIFF) radiation, 
respectively, in the PAR wavelengths, WDIR,NIR and WDIFF,NIR 
are the weighing factors for DIR and DIFF, respectively, in 
the NIR wavelengths, τC,DIR,PAR and τC,DIFF,PAR are the trans-
mittance for DIR and DIFF, respectively, in the PAR wave-
lengths, and τC,DIR,NIR and τC,DIFF,NIR are the transmittance 
for DIR and DIFF, respectively, in the NIR wavelengths.

(2)

�C = FPAR[WDIR,PAR�C,DIR,PAR +WDIFF,PAR�C,DIFF,PAR]

+ FNIR[WDIR,NIR�C,DIR,NIR +WDIFF,NIR�C,DIFF,NIR],
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Direct-beam NIR transmittance (τC,DIR,NIR) as used 
in Eq.  (2) above was calculated identically to �C,DIR,PAR 
except �PAR was replaced with �NIR in Eqs. (5) and (6). This 
results in �C,NIR∗ and �HOR,NIR terms. In addition, �S,PAR 
was replaced with �S,NIR in Eq. (5). Diffuse transmittance 
(�C,DIFF,PAR and �C,DIFF,NIR) was calculated by numerically 
integrating �C,DIR,PAR and �C,DIR,NIR , respectively, over a half-
sphere. The canopy beam extinction (KBE) was calculated 
based on the ellipsoidal LADF of Campbell (1990):

where XE is the ratio of horizontal to vertical projected unit 
of area of leaves, and �S is the solar zenith angle. The XE 
parameter quantifies the average leaf angle and is specific 
to species and its leaf angle distribution. For this study, a 
spherical leaf angle distribution ( XE = 1.0) was assumed.

Soil reflectance ( �S,PAR and �S,NIR ) was assumed to be 
0.14 and 0.25 for this study, similar to values suggested by 
Campbell and Norman (1998) and reported in the literature 
(Colaizzi et al. 2012; Howell et al. 1993; Tunick et al. 1994).

It is important to note that although transmittance is not 
directly dependent on the solar zenith angle (�S) , it is indi-
rectly dependent on �S through the terms KBE (Eq. 8) and 
�C,PAR (Eq. 4).

Clumping indices combined with Campbell 
and Norman model

Clumping index for randomly placed isolated canopies 
(C&N–H)

Similar to Colaizzi et al. (2012) model, �C,DIR,PAR uses effec-
tive values of LAIeff = ΩF depending on solar incidence 
angle:

and �C,DIR,PAR calculated using Eqs. (1)–(5).
In this case, we use the clumping index as defined in Kus-

tas and Norman (1999). First, the nadir viewing clumping 
index Ω(0) is calculated as

(7)�HOR,PAR =
1 −

√
�PAR

1 +
√
�PAR

.

(8)KBE =

√
X2
E
+ tan2�S

XE + 1.774(XE + 1.182)−0.733
,

(9)�C,DIR,PAR =
(�C,PAR

∗2 − 1) exp(−
√
�PARKBEΩF)

[(�C,PAR
∗�S,PAR − 1) + �C,PAR

∗(�C,PAR
∗ − �S,PAR) exp(−2

√
�PARKBEΩF)]

(10)Ω(0) =
ln((1 − fc) + (fc ∗ fgap))

−KBE(0) ∗ LAI
,

where fc = wc∕L , where L is the row separation (m) fgap is 
the area, where soil is seen through the gaps of the canopy 
viewing at nadir:

Then, the off-nadir clumping index Ω(�) is calculated using 
the empirical formula for randomly placed canopies proposed by 
Campbell and Norman (1998) and Kustas and Norman (1999):

where hc is the canopy height and wc is the canopy width that 
is placed above the ground at hb (i.e., the height of the first 
living branch) (see labelling scheme in Fig. 1).

Clumping index for rectangular hedgerow (C&N–R)

We developed a simplified method to derive the clump-
ing index in row crops such as vineyards. The new clump-

ing index is based on the ideas of the geometric model by 
Colaizzi et al. (2012), but instead of considering the crops 
as elliptical hedgerows, we assumed a rectangular canopy 
shape, which simplifies the trigonometric calculations.

We defined the clumping index as the factor that modi-
fies the leaf area index of a real canopy (F) in a fictitious 
homogeneous canopy with LAIeff = Ω(�,�) ⋅ F such as its 

(11)fgap = exp(−KBE(0) ∗ LAI).

(12)

Ω(�) =
Ω(0)

Ω(0)+[1−Ω(0)] exp[−2.2(�)p]

p = 3.80 − 0.46D 1 ⩽ D ⩽ 3.34

D =
hc−hb

wc

,

Fig. 1   Canopy model for estimating the clumping index in row crops, 
F is the leaf area index, L is the distance between rows, hc is the can-
opy height, hb is the height of the canopy above ground, and wc is the 
canopy width
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gap fraction is the same as the gap fraction of the real-world 
canopy (G(�,�)):

where KBE(�) is the beam extinction coefficient through a 
plant with an ellipsoidal inclination distribution, Eq. (5) 
(Campbell 1986, 1990), � is the zenith incident beam angle, 
and � is the relative azimuth angle between the incidence 
beam and the row direction.

Our modeled real canopy consists on a horizontally 
infinite long prism with a total height hc (i.e., the canopy 
height) and a width wc (i.e., canopy width) that is placed 
above the ground at hb (i.e., the height of the first liv-
ing branch). This canopy contains finite-sized leaves ran-
domly placed (no clumping within the canopy) oriented 
according to an ellipsoidal leaf angle distribution function 
(Campbell 1990) with a total leaf area index F (Fig. 1).

Then, the real canopy gap fraction is on the sunlit part 
of the bare soil that is not shaded by the canopy plus the 
gaps caused by the solar beam passing through the crop 
canopy:

(13)Ω(�,�) =
− log[G(�,�)]

KBE(�)F
,

an upward-looking hemispherical view is integrated from 
the crop row center to the inter-row center:

The fSC and fUIC terms were developed by Colaizzi et al. 
(2012) as part of their geometric approach model to account 
for the unique spatial distribution of row crops, specifically 
cotton (Gossypium hirsutum L.); corn (Zea mays L.), and 
grain sorghum (Sorghum bicolor (L.) Moench). The proce-
dures to calculate these terms can be found in Appendix 2 
and Appendix 3 of Colaizzi et al. (2012). As described by 
Colaizzi et al. (2012), fSC is a function of solar zenith and 
azimuth (relative to crop row orientation) angles, canopy 
height, canopy width, and row spacing, but not the canopy 
density which is accounted for by the τC term.

For the elliptical hedgerow model, the direct-beam PAR 
transmittance (τC,DIR,PAR) was calculated in the same manner 
as Eq. (5) with an added clumping factor:

where � is a factor calculated using an elliptical geometric 
approach (Charles-Edwards and Thornley 1973; Annandale 
et al. 2004) multiplied by the field LAI used to account for 
the non-random spatial distribution of row crops:

where L is the crop row spacing (m), wC is the canopy width 
(m), PL is the path length fraction of solar beam propagating 
through a canopy relative to nadir, and MR is a multiple-row 
factor that accounts for solar beam traversing across more 
than one canopy row. Equations for PL and MR are found in 
Appendix 4 of Colaizzi et al. (2012). The L

wc

 term coverts the 
field LAI to a local LAI (i.e., within the canopy row).

4‑Stream scattering by arbitrary inclined leaves 
(4SAIL) model

The 4SAIL model (Verhoef et al. 2007) simulates the absorp-
tion, scattering, and transmission processes of a homogeneous 
turbid plant canopy in both the optical and thermal infrared 
regions. Optical properties required in 4SAIL are reflectance 
and transmittance bi-hemispherical factors for a single leaf, as 
well as soil reflectance factors. In addition, canopy structural 
parameters needed are leaf area index and a leaf inclination 

(16)

�C = FPAR[WDIR,PAR(fSC�C,DIR,PAR + 1 − fSC)

+WDIFF,PAR(fUIC�C,DIFF,PAR + 1 − fUIC)]

+ FNIR[WDIR,NIR(fSC�C,DIR,NIR + 1 − fSC)

+WDIFF,NIR(fUIC�C,DIFF,NIR + 1 − fUIC)].

(17)�C,DIR,PAR =
(�C,PAR

∗2 − 1) exp(−
√
�PARKBE�LAI)

[(�C,PAR
∗�S,PAR − 1) + �C,PAR

∗(�C,PAR
∗ − �S,PAR) exp(−2

√
�PARKBE�LAI)]

,

(18)� =
L

wC

PLMR,

The solar canopy view factor fsc(�,�) is the fraction of 
soil that is cast by shadows (Colaizzi et al. 2012) and in 
our case is estimated as

where L is the row separation (m). For a vertical projec-
tion ( � = 0 ), Eq. (15) reduces to wc/L, the fractional cover. 
As opposed to Colaizzi et al. (2012), this clumping index 
neglects mutual shadowing between adjacent rows.

Clumping index for elliptical hedgerow (C&N–E)

Colaizzi et al. (2012) developed two view factor terms 
used to calculate τC for the elliptical hedgerow approach. 
These view factors address direct-beam and diffuse irradi-
ance separately. The solar canopy view factor (fSC) is the 
fraction of canopy visible from the solar beam view angle, 
and the upward line-integrated hemispherical canopy 
view factor (fUIC) is the fraction of canopy visible when 

(14)G(�,�) = fsc(�,�) exp[−KBE(�)F] + [1 − fsc(�,�)].

(15)fsc(�,�) =
wc + (hc − hb) tan �| sin�|

L
,
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distribution function. Finally, 4SAIL simulates the hotspot 
effect near the solar principal plane based on Kuusk (1985).

From the 4SAIL equations described in Verhoef et al. 
(2007), the downwelling shortwave radiation at the soil level is 
computed as the sum of the directly transmitted beam radiation 
Ss(−1) and the scattered diffuse radiation S−(−1) at soil level. 
Following the 4SAIL nomenclature, “(0)” and “(− 1)” represent 
the top of the canopy and soil levels, respectively, subscript “s” 
represents an incoming beam, while superscripts “−” and “+” 
are the downwelling and upwelling diffuse components:

where Ss(−1) and S−(−1) are computed as

Equation (20a) shows that the solar beam radiation at the 
top of the canopy is transmitted to the soil by a factor of �ss 
(the directional transmittance in the solar beam direction) 
and �sd (directional–hemispherical transmittance). On the 
other hand, the diffuse radiation reaching the soil is the sum 
of three terms (Eq. 20b): the solar beam radiation [Ss(0)] that 
reaches the soil after being scattered by the canopy (i.e., the 
canopy directional–hemispherical transmittance factor, �sd ), 
the diffuse shortwave radiation S−(0) at the top of the canopy 
that is directly transmitted towards the soil by the canopy 
bi-hemispherical transmittance factor �dd , and the shortwave 
radiation leaving the soil S+(−1) that is scattered back to the 
soil by the canopy layer by the bi-hemispherical reflectance 
factor (�dd) . This latter term represents the additional radia-
tion that reaches the soil due to multiple scattering between 
the soil and the canopy leaves, with �dd the bi-hemispherical 
reflectance of the canopy. S+(−1) is finally calculated as

(19)S(−1) = Ss(−1) + S−(−1),

(20a)Ss(−1) = �ssSs(0)

(20b)S−(−1) = �sdSs(0) + �ddS
−(0) + �ddS

+(−1).

where �G is the soil reflectance (assumed Lambertian), and 
the denominator (1 − �G�dd) accounts for the multiple scat-
tering between soil and canopy components. The bi-hemi-
spherical reflectance (�dd) as well as the canopy transmit-
tances ( �ss , �sd and �dd ) are internally calculated in 4SAIL 
Verhoef et al. (2007) based on the optical properties of 
leaves (leaf reflectance and transmittance) and the canopy 
structure (effective leaf area index and leaf inclination distri-
bution function). �ss and �sd , being directional components, 
also depend on the solar illumination geometry. In this study, 
the effective LAI (i.e., LAIeff = ΩF ) input in 4SAIL is esti-
mated using the clumping index described in Eqs. (9)–(11), 
and hence, this approach is named hereinafter as 4SAIL-R.

Discrete anisotropic radiative transfer (DART) model

The DART model (Gastellu-Etchegorry et al. 1996, 2015, 
2017; Guillevic and Gastellu-Etchegorry 1999; Gastellu-
Etchegorry 2008) simulates radiative transfer from the 
visible to the thermal infrared parts of the electromagnetic 
spectrum within heterogeneous canopies characterized by a 
three-dimensional (3-D) structure. The radiation propaga-
tion is tracked with a ray-tracing approach combined with 
the discrete ordinate method, i.e., radiation can only propa-
gate along a prescribed number of discrete directions. The 
model predicts surface directional radiance of natural and 
urban surfaces (i.e., Earth scenes) and the 3-D distribution 
of radiative energy within the canopy over narrow or wide 
spectral domains.

(21)S+(−1) =
�G[(�ss + �sd)Ss(0) + �ddS

−(0)]

1 − �G�dd
,

Fig. 2   Vertical section of the 3-D representation of a single tree in the DART model (left)
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In the DART model, a vegetation scene can be simulated 
as a 3D distribution of voxels/cells that are filled with turbid 
medium or as a 3D distribution of facets/triangles is divided 
into rectangular cells of prescribed dimensions. Each cell 

represents one of the cover components, such as tree leaves, 
grass, trunk, and soil (Fig. 2). The main parameters required to 
describe a natural landscape are the location, shape, and dimen-
sion of the trees or plants, and the topography. Depending on 

Fig. 3   Graphic representa-
tion of the turbid cell volume 
scattering: a interception points 
and first-order scattering and b 
second-order scattering

Fig. 4   Predicted vs. observed 
transmitted solar irradiance for 
five radiation transfer mod-
els. Each point is colored to 
correspond with the degree of 
density in the region which it 
lies. Density is determined on 
a scale from 0 to 1, with the 
colors associated with numbers 
closer to 1 being in the highest 
density regions, see Table 1 
for statistical measurements of 
model agreement. (Color figure 
online)
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ground data availability, the scene can be represented with vary-
ing degrees of complexity. For example, the position and size 
of the trees can be statistically defined or prescribed for each 
tree. Leaf cells are characterized by their optical properties (i.e., 
reflectance and transmittance in the shortwave domain, emis-
sivity in the thermal infrared), leaf area density, and leaf angle 
distribution. Leaves are represented as small plane elements 
randomly distributed within leaf cells. For radiative transfer, 
these leaf cells correspond to turbid media and give rise to vol-
ume interaction processes. The soil is represented by opaque 
media that give rise to surface interaction processes only. In 
the shortwave domain, DART simulates the radiative transfer 
within the cover through three major steps: (1) propagation of 
the direct solar radiation; (2) propagation of the diffuse atmos-
pheric radiation; and (3) multiple scattering of the intercepted 
radiation by all scene components, i.e., radiation intercepted by 
scene elements at an iteration is scattered in the next iteration. 
When a ray crosses a turbid sub-cell, two interception points 
are computed along its path within the cell (Fig. 3) and will 
represent the start points for upward scattering and downward 
scattering, respectively. In this paper, the radiation reaching the 
soil, i.e., radiation measured by a radiometer installed below 
the canopy, was estimated by adding the simulated radiation 
intercepted by the soil layer at each iteration.

The performance of the DART model has been success-
fully tested using ground-based measurements (Gastellu-
Etchegorry et al. 1999) and comparisons to existing 3-D 
models in the context of the RAdiation transfer Model 
Intercomparison (RAMI) experiment (Pinty et al. 2004; 
Widlowski et al. 2013, for example). The model has been 
successfully used in multiple scientific applications, includ-
ing surface biophysical parameters’ retrieval (Gascon et al. 
2004), definition of new satellite sensors requirements, mod-
eling of 3D distribution of photosynthesis and primary pro-
duction rates in vegetation canopies (Guillevic and Gastellu-
Etchegorry 1999), definition of a new chlorophyll index for 
conifer forests (Malenovský et al. 2013), among others. For 
additional information about the DART model, please con-
sult Gastellu-Etchegorry et al. (2015) and the web site http://
www.cesbi​o.ups-tlse.fr/dart/#/.

Model evaluation

The agreement between the observed and predicted transmit-
ted solar radiation intensity from the five modeling approaches 
was assessed using statistical measures [mean error (ME); root 
mean squared error (RMSE); correlation coefficient (r)] and 
a modified coefficient of efficiency (EC) described by Legates 
and McCabe (1999) and used by Colaizzi et al. (2012) in his 
model comparison study. The EC parameter ranges from − 1 to 
1. An efficiency of one (EC = 1) corresponds to a perfect match 
of predicted values from the model to the observed data. An 
efficiency of zero (EC = 0) indicates that the model predictions 
are as accurate as the mean of the observed data. An efficiency 
less than zero (EC < 0) indicates that the observed mean is a 
better predictor than the model (Legates and McCabe 1999; 
Colaizzi et al. 2012).

For the sensitivity analysis, we varied the canopy inputs 
(LAI, canopy width, and canopy height) by ± 30% of their base 
values. Colaizzi et al. (2012) observed a large spatial variability 
in LAI measurements of up to ± 18%, which was in agreement 
with the large LAI spatial variability seen by Anderson et al. 
(2004). Grapevine canopies are less compact in their vegetation 
distribution than the crops used by Colaizzi et al. (2012) and 
thus could have a greater variability of canopy input variables. 
Unless managed, individual grapevines will grow sporadically 
making it difficult to accurately measure LAI or even canopy 
width and height, which are key inputs to the radiative transfer 
models. For this reason, we chose to vary the canopy inputs by 
30% which is 5% more than what was used in Colaizzi et al. 
(2012). Model sensitivity was assessed as

where % change is the percent change of the newly pre-
dicted value (“New” in Eq. 22) from the original (“Base” in 
Eq. 22) prediction. Base is the original predicted value and 
New is the predicted value after one of the input variables 
(LAI, canopy height, and canopy width) has been increased 
or decreased by 10 or 30%.

Results and discussion

The observed vs. predicted transmitted solar irradiance values 
had the greatest density (greatest concentration of observed 
vs. predicted values) at the lowest radiation for all five mod-
eling approaches. As the observed values increased, the pre-
dicted values increased in variability and decreased in density 

(22)% change =
New − Base

Base
,

Table 1   Statistical measurements of agreement between observed and 
predicted transmitted solar irradiance

ME mean error, RMSE root mean square error, r coefficient of corre-
lation, EC coefficient of model efficiency

Parameter C&N–H C&N–R C&N–E 4SAIL–R DART​

ME 
(W m−2)

47 256 − 1 39 − 2

RMSE 
(W m−2)

87 67 57 77 56

r 0.95 0.96 0.97 0.96 0.97
EC 0.84 0.90 0.93 0.87 0.94

Fig. 5   Predicted vs. observed transmitted solar irradiance for two 
Pinot Noir sties in 2015 for four observation periods, see Table 2 for 
statistical measurements of model agreement

▸

http://www.cesbio.ups-tlse.fr/dart/#/
http://www.cesbio.ups-tlse.fr/dart/#/
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(Fig. 4). The DART model exhibited a denser region from 
approximately 100–500 W m−2 compared to the other four 
models. Statistical measures of agreement were calculated for 
the transmitted solar irradiance flux of all years combined and 
for both vineyard sites using all five radiation transfer models. 
All EC values were at least 0.84, which indicated that the mod-
els provided a better estimate of the irradiance flux than the 
means of all measurements. These EC values agree with the 
calculated EC values of Colaizzi et al. (2012) for transmitted 
solar irradiance through corn, grain sorghum, and cotton for a 
clumping index approach (EC = 0.82) and an elliptical hedge-
row approach (EC = 0.84). All five models had similar coeffi-
cient of correlation values, but the C&N–E and DART models 
had the lowest mean error (around − 1 and − 2 W m−2) and 
root mean-squared error (58 and 56 W m−2) values (Table 1).

As expected, the range of observed and predicted transmit-
ted solar radiation decreased in response to increasing canopy 
size and LAI over the season (Fig. 5). The smaller ranges are 

associated with more of the downwelling solar radiation being 
transmitted through the canopy as opposed to radiation reach-
ing the ground unobstructed through canopy row openings. 
The Campbell and Norman (1998) clumping index model 
(C&N–H) underestimated transmitted solar radiation to the 
surface compared to observed values progressively as the can-
opy dimensions increased over the season (Fig. 5). This sug-
gests that the Campbell and Norman (1998) clumping model 
does not adequately address the attenuated radiation through 
the canopy, likely due to the model not adequately predicting 
the effective LAI. For IOP 4, C&N–H greatly underestimated 
the observed values when compared with the other four mod-
els. This is most likely due to an increased sensitivity of the 
C&N–H model to the canopy structure input variables (LAI, 
canopy height, and canopy width) at the latter part of the sea-
son as the canopy becomes denser.

Statistical measures of agreement were calculated for the 
transmitted solar irradiance flux for the 2015 year and all four 

Table 2   Statistical measurements of agreement between observed and predicted transmitted solar irradiance for two Pinot Noir sites in 2015 for 
four intensive observation periods (i.e., IOPs)

ME mean error, RMSE root mean square error, r coefficient of correlation, EC coefficient of model efficiency

Parameter Site 1 Site 2

C&N–H C&N–R C&N–E 4SAIL-R DART​ C&N–H C&N–R C&N–E 4SAIL–R DART​

IOP1
 ME 

(W m−2)
7 − 16 − 15 − 12 − 37 34 4 5 7 − 12

 RMSE 
(W m−2)

60 40 54 38 59 53 48 39 48 45

 r 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
 EC 0.93 0.97 0.95 0.97 0.93 0.97 0.97 0.98 0.97 0.97

IOP2
 ME 

(W m−2)
26 13 − 4 29 − 6 74 45 32 58 27

 RMSE 
(W m−2)

57 55 47 64 49 106 89 74 100 80

 r 0.97 0.97 0.97 0.97 0.97 0.96 0.96 0.97 0.96 0.96
 EC 0.92 0.92 0.94 0.90 0.94 0.83 0.88 0.92 0.85 0.90

IOP3
 ME 

(W m−2)
23 21 0 40 1 28 17 14 31 − 4

 RMSE 
(W m−2)

60 67 54 80 56 51 57 47 66 48

 r 0.94 0.92 0.94 0.92 0.94 0.98 0.98 0.98 0.98 0.98
 EC 0.86 0.82 0.88 0.75 0.87 0.95 0.94 0.96 0.92 0.96

IOP4
 ME 

(W m−2)
23 30 − 14 48 − 16 101 78 49 95 34

 RMSE 
(W m−2)

65 57 49 74 41 129 109 76 126 68

 r 0.95 0.96 0.97 0.96 0.97 0.93 0.96 0.96 0.96 0.96
 EC 0.82 0.86 0.90 0.76 0.92 0.62 0.73 0.87 0.64 0.89
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IOPs for both vineyard sites using all five radiation transfer 
models (Table 2). The EC values for all five models tended to 
decrease over the season from IOP1 to IOP 4. This indicates 

that the models did a better job at estimating the irradiance 
flux at the beginning of the season (i.e., low LAI values) 
compared to the latter part of the season. As suggested by 
Colaizzi et al. (2012), model sensitivity to the input variables 
increases as the uncertainty of these variables increases with 
canopy growth, thus being the most likely reason why the 
model agreement decreased towards the end of the season.

A sensitivity analysis was performed by altering the LAI, 
canopy height or canopy width input variables by ± 10% and 
± 30% to observe the impact (percent change) in transmit-
ted solar irradiance. Results are shown for a daily averaged 
% change of average 15 min predicted values for clear and 
cloudy sky conditions (Fig. 6) and as a diurnal % change 
(Fig. 7). For both the “cloudy” and “sunny” days, the C&N 
Heterogeneous model was the most sensitive to changes in LAI 
and canopy height, whereas the C&N Rectangular Hedgerow 
model showed the most sensitivity to changes in canopy width 
(Fig. 6). As suggested by Colaizzi et al. (2012), the sensitivity 
analysis emphasizes the importance of making accurate LAI, 
canopy width, and canopy height measurements.

Table 3 lists the statistical measures of agreement between 
observed and predicted transmitted solar irradiance for 15 min 
averaged values that were classified as being under “sunny” 
or “cloudy” conditions in the same manner as the values in 
Figs. 6 and 7. For both “cloudy” and “sunny” days, the C&N 
Heterogeneous model shows to be more sensitive to LAI and 
canopy width than the other models that account for clumping. 
It is especially sensitive to changes in LAI and canopy width 
in the morning and evening. C&N heterogeneous shows little 
sensitivity to changes in canopy width for both “cloudy” and 
“sunny” days (Fig. 7). The EC coefficients for the C&N–H, 
4SAIL, C&N–E, and DART models for “cloudy” conditions 
were higher than those calculated for these models under 
“sunny” conditions. This suggests that these models did a 
better job at estimating the irradiance flux for “cloudy” or 
diffuse conditions than for “sunny” or direct radiation condi-
tions. Levashova and Mukhartova (2018) compared the radia-
tive transfer fluxes of a 3D model within a canopy of sparsely 
planted fruit trees with those simulated by a 1D approach, and 
showed that for sunny conditions, an application of a simpli-
fied 1D approach can result in a significant underestimation 
of solar radiation, which is consistent with the performance 
of the DART model shown here (Fig. 7). The C&N–R model 
had similar EC coefficients for “cloudy” and “sunny” condi-
tions (0.89 and 0.88, respectively), suggesting that this model 
performs equally well under either condition.

Conclusions

Five models were used to represent alternative methods to 
account for the spatial crop row distribution of grapevine 
canopies. These modeling approaches vary in complexity 

Fig. 6   Sensitivity of models to input parameters (LAI, width, and 
height) as indicated by % change in predicted values as input param-
eters are changed by − 30, − 10, 10, and 30%. Sensitivity analysis 
was performed for a day with clear skies and a “cloudy” day which 
had high cloud coverage for the majority of the day. The % change is 
an average of the percent change of transmitted solar irradiance over 
the course of a day at 15 min intervals. Error bars are ± one standard 
deviation of these values
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of implementation and each has pros and cons associated 
with ease of use and accuracy. Similarly, the radiation 
transfer model intercomparison (RAMI) initiative, which 

proposes a mechanism to benchmark models designed to 
simulate radiation transfer in plant canopies and over soil 
surfaces, and other previous comparative studies have shown 

Fig. 7   Diurnal % change in model predicted values as input param-
eters LAI (top), width (middle), and height (bottom) are changed by 
− 30, − 10, 10, and 30%. Sensitivity analysis was performed for a day 

with clear skies and a “cloudy” day which had high cloud coverage 
for the majority of the day
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good agreement in some cases and poorer in others (Jac-
quemoud et al. 2000; Dai and Sun 2007), and also consid-
ered differences in model running times and computational 
needs (Jacquemoud et al. 2000). Our results illustrate the 
importance of taking into account the non-random spatial 
distribution of grapevines throughout out the entire season 
as opposed to other row crops that typically reach a period 
when the canopy width exceeds the crop row spacing and 
the clumping factor reaches a value of one before the end of 
the season [i.e., corn, cotton, and sorghum (Colaizzi et al. 
2012)]. Implementation of any of these radiation models into 
a remote-sensing-based land surface scheme such as the two-
source energy balance (TSEB) model when applied at dif-
ferent spatial scales from field up to watershed and regional 
scales will have different levels of plant canopy informa-
tion, which is likely to dictate the level of complexity in the 
canopy radiation partitioning model that can be employed 
(Anderson et al. 2005). However, based on this analysis, it 
appears that the C&N Elliptical Hedgerow (C&N–E) and 
the DART models have the least sensitivity to model input 
uncertainty and good performance. Jacquemoud et al. (2000) 
suggested that a good model was a compromise between a 
few parameters and a good fit for traditional inversion pur-
poses, and also a compromise between a fast running time 
and good accuracy. Hence, the C&N–E and DART models 
may be the best candidate to apply in multi-scale modeling 
approaches such as the remote-sensing-based energy balance 
model Atmosphere Land EXchange Inverse (ALEXI) and 
Disaggregation (DisALEXI) schemes for row crops, par-
ticularly orchards and vineyards (Semmens et al. 2016). 3D 
radiative transfer models such as DART are more adaptable 
to different environmental configurations (e.g., presence of 
topography), and are usually very accurate provided that 
the landscape can be accurately characterized, which is not 
always easy to achieve. Here, we chose to work with a mean 
3D vineyard mock-up, but there are other possibilities, such 

as considering several vineyard mock-ups that are charac-
terized by different configurations (e.g., distance between 
rows, etc.), and then considering the mean radiation values 
associated to these different vineyard mock-ups.

Funding  Funding was provided by USDA-ARS CRIS projects.
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