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ABSTRACT:

In the main text, the equations of the results are shown, namely the DRF-related
equations. In order to further illustrate our research work, this material provides
detailed mathematical physical ideas about the derivation and solution for the
modified the four-stream (MFS) radiative transfer equations. The material includes:
A) Nomenclature table;

B) Derivation of horizontal radiative transfer equation for row crops;
C) Area fractions of each component in row crops;
D) Solving of the DRFs on the boundary of the canopy closure;

E) Solving of the DRF of between-row based on integral raditive transfer equation.
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A. Nomenclature table

Nomenclature table is the symbol of the physical quantities involved in the row
modeling of canopy reflectance. Most of the physical quantities follow the original
four-stream radiative transfer equations, and only the physical quantities required for
the horizontal radiative transfer equations and the row modeling of canopy reflectance

are added.

(Blod: vector and matrix, Non-boldface: scalar)
A-1 Radiance and flux density
Unit: W m2nm?, General symbol: E

a) Radiance

Unit: W m2srtam?, General symbol: L

L, The radiance in the scattering direction

L, The radiance in the viewing direction

L, The horizontal radiance of lateral “wall” A

L, The horizontal radiance of lateral “wall” B

b) Flux density

Unit: W m2nm?, General symbol: E

E, Downward specular irradiance (collimated flux density) on a horizontal plane
E_ Downward Hemispherical diffuse flux density

E. Upward Hemispherical diffuse flux density

E, (0,) Flux-equivalent radiance in the viewing direction




E0(6’i) The Lebesgue integral form of the horizontal radiance (referring to L, and
L,), and it denotes E, or E, with the same radiation energy as E, (6,)
E, Diffuse horizontal hemispheric flux density through the lateral “wall” A

E, Diffuse horizontal hemispheric flux density through the lateral “wall” B

A-2 The coefficients and optical functions
Unit: m?

a) The coefficients of the continuous crops

1-1 The coefficients of the specular flux

k Extinction coefficient for the specular flux

K Extinction coefficient in the viewing direction

s’ Forward scatter coefficient for specular flux

S Backscatter coefficient for specular flux

w Bidirectional scattering coefficient

1-2 The coefficients of the uniform diffuse flux

x Extinction coefficient for diffuse flux, x=1

o' Forward scattering coefficient for diffuse flux

o Backscatter coefficient for diffuse flux

a’ Absorption coefficient for diffuse flux

a Attenuation coefficient for diffuse flux, a=a'+o’

V Directional backscatter coefficient for diffuse incidence

Directional forward scatter coefficient for diffuse incidence




b) The coefficients of the canopy closure of row crops

1-1 The coefficients of the specular flux

m’ Bidirectional scattering coefficient for specular flux to horizontal diffuse flux
0_ Attenuation coefficient of flux from E,(0) to E,

0, Enhancement coefficient of flux from E,(-1) to E,

1-2 The coefficients of the uniform diffuse flux

n" Attenuation coefficient for the horizontal diffuse flux

g Radiative converted coefficient describing the proportion of downward diffuse
flux converting to horizontal diffuse flux of the lateral “wall”

g’ Radiative converted coefficient describing the proportion of upward diffuse
flux converting to horizontal diffuse flux of the lateral “wall”

o, Attenuation coefficient of flux from E_(0) to E’

o, Enhancement coefficient of flux from E,(-1) to E!

o, Radiative converted coefficient from E; to E

1-3 The coefficients of soil particles in the between-row

a, Attenuation coefficient of soil particle

®° Single albedo of soil particle

w® Bi-directional scattering coefficient of soil particle

b and C Adjustment parameters of soil scattering phase function in the
between-row
¢) optical function

Unit: dimensionless




G The projection of a unit leaf area onto the surface normal to the direction 6 (J.
Ross's G-function)

p(S) Scattering phase function of soil particle

K Transfer probability of collision

f, Source function of the medium

k Transfer probability (matrix)

A-3 Reflectance, transmittance and radiative transfer ratio
Unit: dimensionless General symbol: r (R), 7(T), p (H)or g (G)
a) Directional reflectance factors on the surface

R, Directional reflectance factor (DRF) in the vertical direction

R, DRF in the horizontal direction

R, DREF of lateral “wall” A

Ry DREF of lateral “wall” B

R. DRF at the top of canopy closure

R, DRF at the top of between-row

RC_1 The single-scattering of the canopy closure

Rc_m The multiple-scattering of the canopy closure

Rb,_l The single-scattering of the between-row

Rbr_m The multiple-scattering of the between-row

b) Reflectance factors and transmittance factors on the surface

. Bidirectional reflectance on the surface




r, Hemispheric-directional reflectance on the surface

r, Directional-hemispherical reflectance on the surface

r,, Bi-hemisphere reflectance on the surface

c¢) Reflectance factor in the layer

I, Bidirectional reflectance in the layer

Iy Directional-hemispherical reflectance in the layer

I, Hemispherical-directional reflectance in the layer

Iy Bi-hemisphere reflectance in the layer

d) Transmittance factor in the layer

7, Transmittance in the direction of solar beam in the layer

7, Directional-hemispherical transmittance in the layer

744 Bi-hemisphere transmittance in the layer

T4, Hemispherical-directional transmittance in the layer

T,, Transmittance in the direction of observation in the layer

e) Radiative transfer ratio in the layer

P, The radiative transfer ratio from downward diffuse to the lateral “wall” in the
layer

pi; The radiative transfer ratio from upward diffuse to the lateral “wall” in the
layer

Py The radiative transfer ratio of directional horizontal hemispherical direction in
the layer

Ps The radiative transfer ratio of horizontal bi-hemispherical direction in the




layer

f) Single-scattering and multiple-scattering

re ., Single-scattering of specular flux in the canopy closure

ro , Multiple-scattering of specular flux in the canopy closure

r,, . Single-scattering of specular flux from the soil in the canopy closure

s . Multiple-scattering of specular flux between soil and vegetation in the canopy
closure

r, Single-scattering of diffuse flux in the canopy closure

m

re Multiple-scattering of diffuse flux in the canopy closure

A-4 Angle parameters

Unit: rad, © General symbol: 0 (¢)

6 zenith angle

¢ Azimuth angle
¢,, Relative azimuth angle (¢, —¢,|)
@, Row azimuth angle (general symbol of ¢, =|(0S —(0r| or @, =|¢o _(Pr|)

o Inclined angle projected in the perpendicular plane of row canopy

£ Azimuth of the inclined angle
Unit: sr  General symbol:

(2 Solid angle

A-5 Vegetation physical parameters

7




a) Structural parameter

Unit: m

A Row width

A, Distance of between-rows

h The height of the canopy

I The path length of vegetation

N, Number of row cycle

f (¢9|) The leaf inclination distribution function (LADF)
P,(Q,x,z) Gap probabilities in the viewing direction

P, (9,9, % 2) Bi-directional gap probabilities at each point
Q. Clumping index

b) Medium-density

Unit: m*

L' Differential leaf area index (also named as leaf area density) in the vertical
direction of the continuous crops

L’  Differential leaf area index for canopy closure in the vertical direction

U Differential leaf area index for the canopy closure in the horizontal direction
Unit: mm?
L Leaf area index

L . Leaf area index for canopy closure

row

L. Effective leaf area index

¢) Area fraction Unit: dimensionless
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S (z) Fraction of observed canopy illuminated by the specular flux in the

closure_s
canopy closure

S (h) Fraction of observed soil illuminated by the specular flux in the

closure_s
canopy closure

S Fraction of canopy closure illuminated by the diffuse flux

closure_d

S Fraction of observed soil background in the between-row area

ill _between_row_s
illuminated by the specular flux

S Fraction of between-row background illuminated by the diffuse flux

between_ row_d

B. Derivation of horizontal radiative

transfer equation for row crops

. . . E .
Eq. (4) in the main text is d I_",((jec’):wEstvE+v’E+—KEO(6?O). It is an
z

approximation of the one-dimensional radiative transfer equation for continuous

vegetation [1], and was derived from

dE
e __ B-1
L'dz ‘s -1
drzL,
T = W40 010 ) B+ [ Wt 01 00) L0 KL, (B-2)
Ar

Similar to Eq. (B-2), the horizontal radiative transfer equation of canopy closure in

row planted crops is

dzly

Udx m'(ﬂsv%vﬂina(”in)Es + _[ W(ﬂiv@i’ﬂiu’(oiu) Liz4d Q) — n’”LH (B-3)

Ar

where the horizontal scattering direction is denoted by i||, H is the horizontal
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radiance in the lateral “walls” with angles varying between [—ﬁ,O)U[O,ﬂ) (Fig.
B-1(b-c)). m’ is the bidirectional scattering coefficient for specular flux to horizontal
diffuse flux (its expression reference B-1 in this section), n’ is the attenuation
coefficient for horizontal diffuse flux. Compared to the attenuation coefficient for

vertical diffuse flux (a) [2], n’ is computed by using leaf inclined angle rather than

' +7 -7
normal leaf angle, and N :1—'OT+'0

Tsinzé’,, here r and ¢ are the leaf
directional-hemisphere reflectance and transmittance, respectively, 6 . U is

A
horizontal differential leaf area index, and there is joh L' dz~L’ hzhiUdXzUAl,
2

row row

and L/

row

the differential leaf area index (leaf area density) for canopy closure in the

vertical ~ direction, and L/, =(A+A,)Lf(4)dg/Ah , then there is

Tow

U:

Lf (& )dé
(A+h) > (4)d9 . Eq. (B-3) is divided into two equations, i.e., the equation
A

describing the horizontal radiative transfer in the lateral “wall” A

d7Z'Lb ' '
W:mEs+J[[W(ﬂi’§0i’ﬂi'¢i)Li:uiin_nﬂ.Lb (B-4)

and the equation describing the horizontal radiative transfer in the lateral “wall” B

drzL,
Udx

= IW(#w%ﬂi”’(”m)l-iﬂiin -n'zL, (B-5)

where Ly is the radiance of the lateral “wall” A with angles varying within [-7,0)

(Fig. A-1(b)). Ld is the radiance of the lateral “wall” B with angles varying within

[0,7) (Fig. B-1(c)).
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LoL quL ) 0 0
ei J; 2n Lo \<2~/L”; @ o | -0 4 Lad
/f Y 'X\_ Eb \/_ P /S@
1 r -f W2 : f < K
@) . ® © e

Fig. B-1 Sketch of the one-dimensional coordinate system of angle. (a) Zenith angle for the vertical
radiation, (b) angle for the radiation of the lateral “wall” A, and (c) angle for the radiation of the
lateral “wall” B. The color-coding is explained as: orange+arrow = Riemann integral of the radiance
in the horizontal direction, red+arrow = Lebesgue integral of the radiance in the horizontal

direction.

Egs. (B, 4-5) are changed into

d , 7

Uzl)_(b :mEs"‘J[[W(ﬂi’(Pi’ﬂi[!@)Liﬂiin_n!Lbdgi (B-6)
d (”

J(-jl;(d ZJ[[W(ﬂi,(Di,ﬂu.(Dn)Liﬂiin_n_!.deHi (B-7)

where 6 is the scattering angle (Fig. A-1(b-c)). ILdei and _[deé’i are the
0 0
Riemann integral (integral commonly used in calculus, and its illustration see yellow
arrow with rotation in Fig. B-1(b-c)). To simplify Egs. (B, 6-7), ILdei and _[deei
0 0

needs to be converted in mathematical form. We give a mathematical Definition and
Theorem in [3].

Definition: Let f(x) be a bounded function,V is nondegenerate interval, and is
recorded as M¢«(V)=sup{f(x)|[x &VN[a,b]}, m«(V)=inf{f(x)|[x EVN[a,b]},wi= M(V)- m(V).
here wi(x)= inf{w(x)|V is Open interval, and x &V }, wy(V) is the amplitude of fon x&

VN[a,b], and w(x) is the amplitude of f on point x. When the function is determined,

11
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wi(x) and wi(V) are abbreviated as wi(x) and wi(V), respectively.

Theorem: If the bounded function f is Riemann integrable in [a,b], then a Lebesgue
integrable function also exists in [a,b], and their values after integration are equal, i.e.,
ﬁ””“:km””“_

According to the Theorem, Riemann integrals exist an equal Lebesgue integral
(Lebesgue integral is an extension of the Riemann integral on the additive measure of
set in real analysis in mathematics, if Riemann integral is understood to divide the
integration interval vertically, and Lebesgue integral can divide the value range

horizontally. Its illustration see red arrow with rotation in Fig. B-1(a)). Therefore,
there are ijdd:j L.d y and J.deé?i:.[ L,dy, where yx is the Lebesgue measure
0 2] 0 2]

of the two-dimensional space consisting of the X direction and Z direction, @ is set

in additive measure space (i.e., measure space is a mathematical concept), and it

varies within {_Z : Z} A {{_Z : —7Ti| v {% : z}} . Then, Egs. (B, 6-7) become

2 2 2
Cij[—dl;b =m'E, +i[zW(IUi O Ky 9y ) L4 d €3 - nl Ldy (B-8)
dzL '
Lji:lzd :Z[rw(ﬂiigoi’/'li’goil)l‘i/'lidgi _nideZ (B-9)

The general form of J.Lbd;( and Ide;( in the Eq. (B, 8-9) is n'zL, in Eq. (A-3),

and it is obtained by analogy to KxL, in the approximate radiative transfer equation
derived by verhoef (i.e., Eq. (B-2)), which represents the extinction of L, within the

layer (i.e., inner canopy closure) (detailed derivation on pages 21-27 in [1]). We

assume that the horizontal radiative transfer of horizontal diffuse flux inner (E, and
12
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E, ) canopy closure does not change with height, then vertical radiance in the viewing

direction (L, ), radiance of the lateral “wall” A (Ly,), and radiance of the lateral “wall”

B ( L ) are equal in the canopy closure.  Therefore,
—n[Ldy=-n[Ldy=-n[Ld6 and -n'[Ldy=-n[Ldy=-n"Ldg. Then,
2] 0] 0 2] 0] 0

Egs. (B, 8-9) can be further simplified as

dﬂLb ! !

Udz =mE, +iw(ﬂi’¢iaﬂi’¢i)|-iﬂidgi —-n'E, (9.) (B-10)
dzL ,

UdZd = IW(ﬂi1ﬂ’ﬂi\\’§”i|\) Lu4dQ, -n'E,(6) (B-11)

4

Here E (6) is E,(6,) in the Eq. (1-d), and just have different mathematical

forms, and EO(Hi) is the Lebesgue integral form of the horizontal radiance (L, and
L,), and it denotes E, or E; having the same radiation energy with E,(8,).

According to the analysis of B-1 in the section, then, Egs. (B, 10-11) are rewritten as

dE,
—D2 —_mME.+9gE +9E. —nNE_(6 B-12
Uds .+0E_+gE, —n'E (§) (B-12)
dE,

——d _gE +gE.-nE. (0 B-13
oy = 95T 9E .(0) (B-13)

In Egs. (B, 10-11), details of the two issues, including the | w( s, ¢, 24, ¢, ) Li4dQ,

Ar

simplified by the radiative converted coefficient in horizontal diffuse flux, the
mathematical form of the bidirectional scattering coefficient for specular flux and

horizontal diffuse flux (m"), are clarified as follows.

B-1 Radiative converted coefficient in horizontal diffuse flux

According to Beer’s law and mathematical set theory, the diffuse upward flux

13
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130

131

132

through the diagonal area of canopy closure (E! (*)) (When the canopy closure is
assumed in a two-dimensional space, it is a rectangle or square, and the diagonal of
rectangular or square at this time is diagonal area of the canopy closure, i.e., the area
shows in Fig. B-2), the diffuse downward flux through the diagonal area of canopy
closure (E! (*)) and the diffuse internal flux on the surface of the lateral “wall”
(E,(B)) are modeled as following formula
E'(*)=E_(0)e°—E_(0)e™* —E_(0)e*"¥...—E_(0)e "=

, 1 (B-14)
—E_(0)e™ ¥ ~ E_ (O)W=E_ (0)o,
EL (%)= E, (-1)€ ~E, (~D)e " -, (-2)e P B (<L) e

+ 1 (B-15)

—E, (-1)e™* ~ E, (-1) =E_(0)o,

1+g bowd?
E (B) = EL (*)=0,E. (¥) (B-16)

where E.(*) denotes E.(*) and E'(*). « is the extinction coefficient for diffuse
flux, and x =1 [2]. The cross-correlation function of the leaves and the normalized

method with 20 sub-layers in the SAIL are used in the step length [1, 4], hence

N{o]

dso *
Az=-In [10.05>{1e " Hd_L(it is an expression derived from the code in the

SAIL program) , and dsoz\/’tanzes+tan200—2tan6?stan00c05(p [1]. Then, the

attenuation coefficient of flux from Ef(O) to E’ is

1
Olzmm (B-17)
The enhancement coefficient of flux from E,(-1) to E! is

1
0, — (B-18)

1+e’ row
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147

The radiative converted coefficient from E; to E is

0, =N’ (B-19)
E-(0) i
, 1 b o /IDLE J('O): 1 70
E'+(>k) n/1‘_ .
diagonal region rds !
f
E/G E’é E'-(*) |
£

5o le do e If |2 b ) \1 0z=-1

(a) VEAD (b) E+(-1)

Fig. B-2 Sketch of the radiative transfer process of the diffuse flux in the horizontal direction. (a)

Radiative transfer process of diffuse flux from the bottom boundary surface ( E, (—1) ) to the lateral
“wall” (EH (B)). (b) Radiative transfer process of diffuse flux from the top boundary surface

(E_(O)) to the lateral “wall”( E, (B)). Here, E!(*) and E’(*) are upward and downward
diffuse flux through the diagonal area, respectively.

Combining Egs. (B, 17-19), the radiative converted coefficient that describes the
proportion of downward diffuse flux converting to horizontal diffuse flux of the

lateral “wall” is

9=00, N 2—(sin2 6 —1),0—(sin29I +1)r

= Lot = 2tre ] (B-20)

and the radiative converted coefficient that describes the proportion of upward diffuse

flux converting to horizontal diffuse flux of the lateral “wall” is
n 2—(sin*6, 1) p—(sin* 4 +1)z
B 2(1+e )

(B-21)
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B-2 Bidirectional scattering coefficient for specular flux and

horizontal diffuse flux

Coefficients in the four-stream radiative transfer equations are calculated based
on the SAIL model [2]. Thereafter, the coordinate system of the SAIL model is
introduced, and X and Y for row crops are considered. Finally, the coordinate system
of the leaf in row crops is established (Fig. B-3). For one-dimensional radiation
transfer issue, Y is assumed to be an isotropic direction for row crops, hence it is

ignored. Accordingly, the vectors in the generalized coordinates are

(sing cosg; singsing; cosd)

S

(sing; 0; cosé,)
0=(sing cosg; singsing; cos)

Z

(0; 0; 1)

X

(+B; 0; 0) (B-22)
The horizontal path length of lateral “wall” in the X-axies is %|sin @.|, here @, is

the angle between viewing azimuth (¢, ) angle and row azimuth angle (¢, ). Therefore,

the boundary condition of the canopy closure in the X-axies is

_+ Asinlo -
iB—i2h‘3|n|(pr (po|

. Since the direction of the path length is always ignored, the

signof B isremoved here,and B = %‘sinkor —,|

16
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x=0 X=

Fig. B-3 Sketch of the orientations of unit vectors I, s, 0, X, Y, and Z, relative to the leaf and canopy

closure. (a) The coordinate vector of leaf and (b) the coordinate vector of canopy closure.

The vertical conversion factor in the SAIL model is introduced into the
horizontal direction here [2], then the horizontal conversion factor of the solar
direction is
f, =(s-1)/(s-X)=Bcotd,[ cosg (1+tan 6, tan 6, cos ¢, ) | = Beot 4,1, (B-23)
Here, fs is the vertical conversion factors in the solar direction [2]. Using the
transition angle in the viewing direction ( 5, :arccos(—]/tan A tanH,)) [2], f, can

be divided into two parts

ﬁs ﬁS
fy = fy+ fy =2[ fydg +2[ —f,dg = 2Bcot6, cosd (3, +tan 6, tan 4 sin 3, ) (B-24)
0 0

+2Bcot g, cosd, (B, —w +tan g, tan g sin B, ) = Beot O,k

Egs. (B, 17-18) are analogized for direct solar radiation, the attenuation coefficient of

flux from E;(0) to E g is

!

n

- e e (B-25)
and the enhancement coefficient of flux from E,(-1) to E u is
n’
+ = Trp e (B-26)

Scattering efficiency factors (Qsc(El, Ez)) similar to the one in SAIL method are
17



183  used [2], and the bidirectional scattering coefficient for specular flux and horizontal

184  diffuse flux is

_ 1 fy (ro, +70_)+ fy, (ro, +70 )= ( fo + fy )(ro+ +70_)=Bcotdk(ro, +70_)

185 " (B-27)
A fsinle, — g, cot@sk(r+r)[2—(sin 49, -1) p—(sin’ 4 +1)r]

- ah(1+e )

186  Here, r and ¢ are the leaf directional-hemisphere reflectance and transmittance,

187  respectively.

1ss  C. Area fractions of each component in row

189 CIFOPS

190 The parameters of S with different subscripts in Eq. (30), Egs. (32-33), and Eq.
191  (36-37) in the main text are area fractions of each component (Table C-1), and they

192  are the integral of the gap probability considering clumping index.

193 Table C-1 Area fractions of each component in the scene
Flux type Canopy closure Between-row
Specular flux h A n
! (Z)—i“‘ (Q,,9Q,,X,2)dxdz . [ Po(2.Q,xh)dx L<1
cosure S ,A& . o S B A1+ A2 !
between_row_s 1 A+A,
Aty ~ [ Pa(Q,0Q,xh)x  L>1
! _[ P, (Q,,Q,,x,h)dx L<1 A
JATA
Sclosure_s (h) - 1 A
=[P, (2,.9,,% h)dx L>1
A
Diffuse flux A AtA 1 At
Sctosue_a = |:(A1+AZ) I (Q X, h)dX S j PU(QO’X’h)dX Sbetween row d — n J‘ P()(Qoyxnh)dx
: Ai A 0 - A2 A

194  Here S =g

18



195 Integral in Table C-1 uses the numerical integration method. For the calculation

196  of the numerical integral, we use Simpson method, which can reduce the cumulative

197  error to the fourth derivative (p® (v) in Table C-2).

198 Table C-2 Numerical integration of Simpson method for Area fractions of each component

Method Iterative equation Error of x-axis Error of z-axis

b-a

%{P(a c)+4P(bT zj+P(b C)}
Simpson iid_c 4{[36 +4P(b2a dzcj P[b’dz_cﬂ} _Klso(b_afp(‘*)(u),ue[a,b] —ﬁ(d—c)sp(u)“)‘ue[dﬁ]

method =i 6
b- a[ )+4p —bza dj+P(b,d)}}

199  Here a and b are the starting point and ending point for the integral step in the X-axis, ¢ and d

200 are the starting point and ending point for the integral step in the Z-axis.

201 For the gap probability in the viewing direction (P, (€,x,z)) and the gap
202 probability for both sun and viewing directions (P, (€,,Q,,x,2)), [5] gives the
203  equations without considering the clumping effect of leaves. However, for the leaves
204  of most crops in the real world, they are not random distribution, but have clumping
205  effect. According to research in [6, 7], we use clumping index (€2¢) to modified
206  equation in [5], and the gap probability considering clumping index in the viewing
207  direction is

208 P,(Q,x,z)=g %) btz (C-1)
209  Here I(Q,x,z) is the path length of vegetation, and their specific calculation
210  equation can refer to [8], G (49) is the projection of a unit leaf area onto the surface

211 normal to the direction &, anditis kcoséd, (or Kcosé,, depending on whether it is

L
212 the solar or the viewing direction). Qg _T here L is the effective leaf area

213 index. The the gap probability considering clumping index for both sun and viewing
19



214  directions is
Pso (QS’QO’ X’ Z) = Ps (Qs7 X’ Z) I:)o (Qs’ X’ Z)Chopspot
-G(6,).- Q. -G(6,)1,-Q
215 ( s) s E ( o) e} E I (C_z)
=exp4L, . —=
P Frow +Qc G (8,)-1,-G(6,) ], :—L(l—e " }
216  here C0SE=c0SH, €056, +sind,sing, cos|p, —¢,| , 1, is the canopy dimension
217  parameter. I, and |, are the path length of vegetation in the sun direction and the
218 path length of vegetation in the viewing direction, respectively.
219 Isoz\jlfﬂoz —21],cosé . In Egs. (C, 1-2), two key parameters need to be discussed, i.e.,
220  the path length of vegetation (| (Q, X, Z)) and canopy dimension parameter (|z ).
221 C-1 The path length of vegetation
l ’I/I(Q,x:z) '1/
~ z y Zl e 52 I
4 g k 1Z tano i I
L, 70 B = 1 I
; '_l: & Bl ] A !
| x - o 82X, |
L TP TN 1y > |
: /*9/ ‘><;5_\§5/ er h tana i |
4///‘4:7‘/ x1 IL["U { %) \ xt | 1 X2
-~ - -~ £ % ¥,
(2) (b) '
1(Q.x.2)
F=TT 27~ 7 =g
S I 1zl R § e B
] | 1 ! . | |
: : :ztana - - b : :
o L% _A1Q.xh) | !
_ x=0! P/ ; '
' T X ! h tano. :
C I t T I [
292 ( ) | rﬁ‘! | | X | X2 ]
223 Fig. C-1 Sketch of the path length of vegetation and area fractions in row crops. (a) Geometric
224 relationship of the path length of vegetation; (b) calculation of the path length of vegetation in the
225  canopy closure; (c) calculation of the path length of vegetation in the between-row. Here, x; is the
226 length of the incomplete area in x-axis at the direction of the incident hemisphere, x; is the length of
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228

229
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232

233

234

235

236

237

238

239

240

241

242

the incomplete area in x-axis at the opposite direction of the incident hemisphere.

In the calculation of path length of vegetation, the inclined angle projected in the

perpendicular plane of row canopy (« ) and the azimuth of inclined angle (S) are

defined (Fig. C-1(a)):

a =arctan (tan|6sin g, ) (C-3)
ﬂ:arcsin[smgp_r sm|<9|j (C-4)
sina

Where «, [, € and ¢, are the general symbol, which refers to the solar or the
viewing direction, « and [ have the sign of positive and negative in the
hemisphere space. In the [8], the method to calculate the path length of vegetation in
the canopy closure is introduced (Fig. C-1(b)). To calculate the DRFs distribution in
row planted crops, the method of calculating path length of vegetation is extended to
the between-row background (Fig. C-1(c)) and along row plane (AR). The coordinate

origin of X-axes is the vertical bisector of the canopy closure (Fig. B-3(b)), to

A

facilitate the calculation, the coordinate origin of X-axes moved the length of >

toward the negative half axis, Therefore, A A,X,X. have the sign of positive and

negative in the hemisphere space. Then, the path length of vegetation is
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247

248

249

250

251

252

253

254

255

256

% (% < A)A(x< A)A(020)a[ (0, 2 0)v (g, 180)]
% (% > A)A (X< A)A(0%0)A[ (g, % 0)v (¢, %180)]
[(N-DA+x]
(Qx7)=) sinasing (X <A)A(X>A)A(0#0)A[ (@, #0)v (g, #180)](C-5)
% (% > A)A(x> A) A (620)A[ (¢, 20)v (g, 2180)]
: (0=0)A(x<A)
0 [(0=0)A(x>A)]v(p=0)v(p,=180)
z/cos 6 (¢, =0)v (¢, =180)

Here A and v are the mathematical logic symbol for “and” and “or”, respectively.
Eg. (C-5) is an example in the positive X-axis. For x on the negative axis, >, > and
<, < need to be interchanged in the limited conditions, while positive sign and
negative sign need to be interchanged in the variables. N, is the number of row

ztana +X—X . :
cycle, and Nu:f' X, IS the remainder of row cycles, and

r

X :mod(ZtLAO\H)(j. x and z are X- and Z- axes in the position of space,
respectively.
C-2 The canopy dimension parameter

According to [9], [10] and [5], there are

f \/_ (C-6)

_L
L= h

SR h (€

Egs. (C, 6-7) can apply to the calculation for five-leaf shape (triangle, square,

rectangle, ellipse, and circle).
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269

270

271

272

273

274

275

X =Iﬁ:'* /"‘;” /2h2 (C-8)

Eq. (C-8) is the calculation for the square leaf.

S

L A

h h

T

I*

(C-9)

Eq. (C-9) is the calculation for triangular leaf. Eg. (C-9) come from [5], which cannot

be derived from the literature provided by the paper of DRM (i.e., Eq. (C, 6-8) in this

section). Here I is the canopy dimension parameter, | is an average length of the
chord of leaves. w, is the average width of the leaf, I, is the average length of the
leaf. f,_ is a correction factor for leaf shape and orientation, c, is a general
expression for a leaf with an arbitrary shape. S, is the area of triangle leaf.
According to [9], the original derivation equation of Egs. (C, 6-8) is IL:\W,
A_ is leaf area. The spatial plane and its chord length do not seem to have the above
mathematical relationship, Egs. (C, 6-9) are used to calculate the gap probability, and
the physical dimension will have problems. Therefore, the length of an average chord

of leaves is re-derived.

a) Elliptic or circular leaves

According to the chord length formula of the ellipse in the polar coordinate, the

mean chord length of horizontal leaf for the vertical viewing direction is

2ep
1-(ecosg, )’

IL hor —

(C-10)

\/(0.5>< 1Y —(0.5xw')’

(0.5x1")

Where e is eccentricity, and e= , P is the distance from
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277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

the ellipse focus to the directrix, and

0.5xw')’
o= ( Sxw ) : +\/(0.5><|*)2—(O.5><W*)2 . The average chord length of

\/(0.5><|*)2—(0.5><W*)

horizontal leaf for the viewing direction will change with the leaf inclination angle

from | to w, or I, respectively. This transformation is a synthesis of affine

L_hor
transformation and orthogonal transformation, and the change coefficient for affine

transformation is &, (Fig. C-2(b)). Therefore, two equations in two orthogonal

directions are derived as

| =cosé |

1"L_hor

+singl, (C-11)

L_horl

| =cosg|

1L _hor

L hor2 +singw, (C-12)
The plant planting orientation (row azimuth angle for row crops) and spatial
distribution of leaves are considered, the average chord length for the alternate or
opposite leaves (botanical definition) is

|, =]c0S @, |1, rorz +[SIN @ |1, 1ot (C-13)
This type of distribution includes corn, wheat, etc. The average chord length for the
clustered or whorled leaves (botanical definition) is

IL=O'5X(IL_hor1+IL_hor2) (C-14)

This type of distribution includes beets, potatoes, etc.
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294
295
296
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298

299

300

301
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303

304

|E opposite

alternate

clustered

whorled

(©) (d)

Fig. C-2. The sketch of structure and distribution of ellipse (or circle) leaves. (a) Geometric
relationship of ellipse structure; (b) chord length of leaves under varying leaf inclined angle; (c)

Geometric relationship of average chord length and (d) distribution pattern of leaves on shoots.

The canopy dimension parameter is

*
I =

+ (C-15)

Using Eq. (C-15) to calculate gap probability will cause dimensional problems. This

phenomenon is also a problem that is not noticed in the [9], [10] and [5]. According to
[1], the relative optical height (%) is used to modify this problem. Then

(C-16)

Using the transformation %—) z, and the clumping effect of leaves is considered,
therefore, Eq. (C-16) is modified to
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I; =Q.lh (C-17)
Combining Egs. (C, 10-15), the canopy dimension parameter for corn in the paper is

I? cos &, ([sin ¢, | +|cos @,,)
Q.h w? cos’ @, (a)
w) (C-18)

I = +sin 6 ([sin ¢,

. +|cos g,

W’ cos’ ¢,

2
QEh{ﬂ+o.5sine,(L+w*)} (b)

Here the function (a) in Eq. (C-18) is the alternate or opposite leaves, and function (b)
in Eqg. (C-18) is the clustered or whorled leaves. The canopy dimension parameter is a
function of the average width of leaf, the average length of leaf, leaf inclined angle,

plant planting orientation (row azimuth angle for row crops), the height of the canopy,

the spatial distribution of leaves and leaf shape. The average width of the leaf (w.)

and the average length of the leaf (1.) in Eq. (C-18) are very easy to measure.

b) Triangular leaves

Considering the comparison of RGM (the mian text), the triangular leaves are
used. The triangle has no chord length, and the side length is used for derivation. 1.,
and w,, are defined as the short sides of the horizontal triangle leaf, which are very
easy to acquire in the computer scene. The three sides of a triangular leaf under
varying leaf inclination angle are
s, =c0s6 (0.5xl., )+sing xL., (C-19)
s, =€0s6 (0.5xW,, )+sing x w,, (C-20)

s, =C0S 6, (0.5><«/wa+|3A )+sin 6 x W2, +Z (C-21)

the canopy dimension parameter (leaf curvature is not considered) is
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337

< I91 92 l93
>h s, + S, + S,
- $+8,+84 G+ +8 d+9+84

*_ _i=1
IL_ILAh_

n
: (C-22)
n, h(0.5¢c0s6, +sin g, )(191LA +9W,, +1934/W*2A+L2A )
5 ($+%+9)

n,

Here 1, is the length of the visible line in the triangular leaf, &, 9, and 9, are
the random number from 0 tol, n, is the number of triangular leaves, and is easy to

l91 l92 '93

, and ———= are the random
d+4+% $+4+84 3 +84+9

count in computer scene.

probability of triangular edges.

D. Solving of the DRFs on the boundary of
the canopy closure
D-1 Construction of the layer scattering matrix

The boundary conditions (i.e., z=0, z=-1 and x=B in Fig. B-3(b)) are considered,

Egs. (6-11) in the main text become scattering matrix in the canopy closure, and it is

[E.(-D] [z, O 0 0 0 O] E(0)]
E_(-1) Tsg  Tag o 0 0 0] E(0)
E. (0) e T Tag 0 0 O|E(-D
= (D-1)
Eo (O) r-so rdo Tdo Too 00 Eo (_1)
EB) | |, Pa Pia Pa O 0| E(0)
EB)] | 0O pg pPg P O O] E(0) ]

r in Eq. (D-1) is reflectance factors in the homogeneous scattering layer, = in Eq.
(D-1) is transmittance factors in the homogeneous scattering layer, and they are

derived from the four-stream radiation transfer theory (pers. comm. W. Verhoef, 2018).
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£ Is radiative transfer ratio in the homogeneous scattering layer (the specific
derivation is detailed in D-2 in this section). Their subscripts represent the properties
of incident and outgoing radiation, and can be summarized by the followas: s
represents specular flux in direction of direct solar radiation; o represents specular
flux in direct viewing direction; d represents diffuse flux of the vertical hemisphere;
d represents diffuse flux of the horizontal hemisphere. These parameters describe the
theory for bidirectional reflectance distribution Function (BRDF) inside the canopy
closure. Eq. (D-1) is changed into the notation of matrix-vector, there is ®_, =S®,,
in which S is the layer scattering matrix for the specular and diffuse fluxes. The
relationship of the sources and sinks in the radiative transfer of specular and diffuse

flux within the canopy closure is illustrated in Fig. D-1.

Top of canopy

YSO

]
T |

O outward fluxes © incident fluxes (J internal fluxes
Fig. D-1 Interactions of fluxes for an isolated homogeneous scattering layer in canopy

closure of row planted crops.

D-2 Derivation of the radiative transfer ratio

For the diffuse flux vectors in the vertical direction (i.e., E_ and E,), the

system of the differential equation is
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368

369

T
L'dz| E, o -allE,

This equation is diagonalized, and its eigenvalues and eigenvectors are

a—-m
m 0 . o
Ay = 0 , Py = (D-3)
-m o 1
a+m

For the horizontal diffuse flux, the system of the differential equation is

e 71
Udz| E, g g'|lE.

Eq. (D-4) is diagonalized, and its eigenvalues and eigenvectors are

P L N b A (D-5)
hdd 0 g+gr hdd g 1

In matrix analysis and geometry, the eigenvector is the basis of the matrix, which
determines the direction of the matrix. Therefore, the eigenvector is used in the

calculation. For Egs. (D, 3 and 5), there are the following relationships

-1

p azm
{pddwl p:,d+52}: - {—g' 1}
Pgto Pgtd| | o g 1
a+m
g'+gr, gt +g (D-6)
1 ' [-g 1 1-r? 1-r?
_[rw 1} {g J_ r-1 1-r,
1-r> 1-r?
the infinite reflectance is defined as r, =2 M- 7 [11]. p, is the radiative
o atm

transfer ratio from downward diffuse to the lateral “wall”. ,0(;5 is the radiative
transfer ratio from upward diffuse to the lateral “wall”. o, and o, are

cross-radiation coefficient for p,; and p);, respectively. There are two pairs of
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371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

r,—

. 1. : . .
solutions for Eq. (D-6). 1 is overflowing, and the downside-solutions of the

2

0

matrix is omitted. Therefore, only upside-solutions of the matrix are used

g'+gr,
Pato="T"7" (O-7)
, _gTr, +g
Pog T ;= 112 (D-8)
then
P +6,= 9, o cgr[1+r, 402 |4 g [ 0] (D-9)
a 1-r? 1-r?
Pirt+0,= gr, +9 ~qg'r [1+r +r2~-]+g[1+r +r2---] (D-10)
dd 1_ rgf 1_ ros © s 0 © 0
Here
51:9'[1+ r+r ] (D-11)
5,79 [1+ r+ rj] (D-12)
Therefore, there are
_ 2 7. 9,
pda - groo [1—'— roo+roo '”j|~1_ rof (D-l3)
[—— 2 ~ g’roo
Pl =g, [1+ r°°+r°°m]~1—r2 (D-14)

In Egs. (D, 13-14), the conversion factor is multiplied by the infinite reflectance from
one interaction to n interactions, which more satisfies the physical meaning.
Superposition principle (mathematical physics) [12] is used to decompose the
radiation field, and there is a physical relationship for the diffuse horizontal

hemispheric flux density through the lateral “wall” A
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E,(B)=[ E,(B,2)dz= [ ¢"E, (0,2)dz=e""E, (0,2)], =E, (0)(1-¢™") (D-15)

dE, (B,z)

H
ere Udz

~m'E, (0,2)= E, (B,z)=e""E,(0,2). The radiative transfer ratio

of directional horizontal hemispherical direction is
Pag =1—e™" (D-16)
similarly, the radiative transfer ratio of horizontal bi-hemispherical direction is

e (D-17)

D-3 Solving of DRFs on the boundary of the canopy closure

The block matrices are used to calculate the DRF. They are

d_ES u_E+ e _ Eb
E" = E" = E =
E | E, | E, |

(7, 0] 0 0 g Ta
T, = s 1 Rb:{ }1 Rt:{s |
_Tsd z-dd i rdd 0 rso rdo

K 0] - - P
Tu = , Hbl = {p(s)d P } ) Hda = {p?d pdd} (D-18)
Too T Paa Py Pg

0 00

Then, Eq. (D-1) is simplified as

E‘(b)| [T, R, O] E‘(t)
E'(t) |=| R, T, O [|E"(b) (D-19)
E°(s)| |Ha Ha O] E°(i)

in which the indices refer to the bottom of the canopy in the vertical direction (b ),
top of the canopy in the vertical direction (1), inner part of the canopy in the
horizontal direction (i), surface of the canopy in the horizontal direction (S),
downward direction (d ), upward direction (U ), horizontal direction in lateral “wall”

A (bl), and horizontal direction in lateral “wall” B (da).

31



406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

For a non-Lambert surface, there is
E'(b)=R,E" (b) (D-20)

Defining R as the matrix of the non-Lambert reflectance factor of soil, there is

S

Rsz{r“'s r“ds] Then, the relationship between E'(t) and E(t) can be
o,

SO [o]

expressed as

E'(t)=R E‘(t) (D-21)
where R is the matrix of the reflectance factors at the top surface of the canopy,
and

R, =R +T,(I-R.R,) 'R,T, (D-22)

r * r *
. . d dd
Here each elementin R, is R, ={ *, }

SO

a) The DRF at the top of canopy closure

According to the DRF of the top of canopy derived from the original four-stream

= (0)+ r.E (0)

- - - - R: - -
radiative transfer equations, i.e., £, (0)+E(0) in [11], here E((0) is the

specular flux on top of canopy and E_(0) is the diffuse flux on top of canopy. From

this equation, the bi-directional reflectance factor ( r; ) and the
hemispherical-directional reflectance factor (rd’;) need to be calculated. [1] gives the

result of a derivation of Eq. (D-22):

« 1
o = Tso T TssTools T {[(Tss +Ty )Tdo + (Tsd *+ Tl T )TOOJF} I (D_23)
s dd

. 1
rdo = r-do +|:(Tdo +Too)Tdd 1-rr :|rs (D_24)
s dd
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According to (pers. comm. W. Verhoef, 2018), r, in Eq. (D-23) is bidirectional

reflectance in the layer, and it consists of the single-scattering of specular flux in the

layer (r;) and the multiple-scattering of specular flux in the layer (r™). The

single-scattering of specular flux in the canopy, and its is

r: =wL'S (D-25)
we consider the row structure effect to modify the row structure on the differential
leaf area index (leaf area density) for canopy in the vertical direction of continuous
crops (L') and area fractions of canopy (S), Eq. (D-25) is modified, then the
single-scattering of specular flux in the canopy closure (rslo_v) is

Mo v = WLisSciosure_s (2) (D-26)

Here L’ and S

row closure_s

(z) are parameters after considering the influence of the row

structure on the canopy closure (Table C-1). L’ is the differential leaf area index

(leaf area density) for canopy closure in the vertical direction, and

L —(A1+A2)Lf (H,)d&l/Aih. Similarly, the multiple-scattering of specular flux in

Tow

the canopy closure is

(V+VT )T, +(ryV +v')T2

2
o _g 1-r (D-27)

so_v closure_d -1
- - l r e’erowQE Q
— P » *lr, /1-r?
(Qv V)|:r_ooemLmWQE 1 :| [ PS 0 ©

Here T,, T,, Q,, Q,, P, and P, are functions derived from four-stream radiative

transfer theory (pers. comm. W. Verhoef, 2018). According to [1], 7z zr. in Eq.

(D-23) is the single-scattering of specular flux from the soil in the canopy, and we
consider the row structure with reference to Eq.(D-26), the single-scattering of

specular flux from the soil in the canopy closure (rslo_s) is
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457
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459

460

461

462
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464

rslo_s :Sclosure_s (h) r-s (D'28)

According to [l]’ {I:(Tss_'_z-sd)rdo_'_(rsd+Tssrsrdd)z-oo:|1 :_-r }rs in Eq (D-23) IS
“Islad

multiple-scattering between soil and vegetation in the canopy for specular flux.
Similar to the modification of row structure in Eq. (D-26), the multiple-scattering

between soil and vegetation in the canopy closure for specular flux is

m 1
rso_s = (Sclosure_d I ){I:(Tss Ty )Tdo + (Tsd Tl )Too ] m} (D-29)

According to [1], r,, in Eq. (D-24) is the single-scattering of diffuse flux in the

0

canopy. Similar to the previous modification of row structure, the single-scattering of
diffuse flux in the canopy closure is

re=r,S (D-30)

do“closure_d

S

According to [1], |:(2'd0+1'00)2'dd #}r in Eq. (D-24) is the multiple-scattering
— Ty

of diffuse flux in the canopy. Similar to the modification of row structure in Eq.

(D-26), the multiple-scattering of diffuse flux in the canopy closure is

m 1
o = Sclosure_d |:(Tdo +Too)Tdd m:| I (D_31)

According to Egs. (D, 26 and 28), the bi-directional reflectance factor for

single-scattering of specular flux (rsz_c_l) is

Co=rt o+t

so_1 7~ "so_v SO_S (D-32)
= WL' S (Z) + Sclosure_s (h) rs

row“~ closure_s

According to Egs. (D, 27 and 29), the bi-directional reflectance factor for

multiple-scattering of specular flux (r,, IS

o_c_m)
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* m

r-so_m = rso_v + rso_s
(VT T+ (v +V)T, i
1-r?
_s (D-33)

— “closure_d ' h
, 1 re " | (Q
(0. P o ) A
(QV V)|:rwe_erowQE 1 j| ( IDS ] Oo/ i

1
+ ( Sclosure_d rs ){[(Tss + Tsd )Tdo + (Tsd + z—ss rs Irdd ) z—oo:l }

1- N

According to Egs. (D, 30 and 31), the hemispherical-directional reflectance factor
(this physical quantity describes diffuse flux) (r,, )is

* L1 m
rdo _rdo+rdo

1 (D-34)
= S<:Iosure_d rdo + (Tdo + Too)z-dd 1— rs rdd rs

According to the DRF at the top of canopy derived from the original four-stream

L, E, (0)+1,E_(0)

radiative transfer equations, i.e., R= E (0)+E7(0) in [11], the nature of the

incident radiant flux is considered, i.e., specular flux and diffuse flux. The

single-scattering of the canopy closure (Rc_l) IS

o 1E(0)

c1= m (D-35)
and the multiple-scattering of the canopy closure (Rc_m) 1§
r, E (0)+r.E (0
o B (0)LE (0 036

- E,(0)+E_(0)
Note: r;_l, r;,_m, and rdz are r;_c_l, rs*o_c_m, and rd*o_C in the text. To distinguish

them from reflectance factor of between-row, hence, a c is added to the subscript in

the mian text .
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b) The DRF of lateral “wall” A and the DRF of lateral “wall”

B

Combining Egs. (D, 4-6), there are
E (S) - [Hb, Rfl + HdaTuil (l - RtRil)J E'(t) (D-37)
E°(s)=[ HyR,"T,* (1-R,R, ) +H,, |E*(b) (D-38)

We define G, as the ratio matrix of the radiative transfer from the top surface to
the lateral “wall” of the canopy closure, and G, as the ratio matrix of the radiative

transfer from the bottom surface to the lateral “wall” of the canopy closure, namely

G, :[g“‘ gdd} =H,R, " +H, T, (1-RR,™) (D-39)
9 9

|96 9| a1y D-40

GZ - gr gr _HbIRs Td (I RbRs)+Hda ( )
so do

Combining with Egs. (D, 4-6), there are

E°(s)=G,E"(t) (D-41)
E°(s)=G,E" (b) (D-42)
Then, multiplying Eq. (D-41) by E° (t)f1 produces

E*(s)xE ()" =G,E*()xE* (1) =G,R, (D-43)
where X denotes the vector product.

Combining Egs. (B, 17-18), Eq. (D-42), and Eq. (D-43), Egs. (D, 41-42) can be

written as

Oi E°(s)xE' (*) ' =G,R, (D-44)
1

Oi E°(s)xE, (*) =G, (D-45)

2

where E’(*) and E.(*) are the vectors of the downward diffuse flux and
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upward diffuse flux in the diagonal area of the canopy closure, respectively, as shown
in Fig. B-2. The symbol * represents the diagonal area. The sum of Eq. (D-44) and
Eq. (D-45) is

E*(s) xE' (*)+E°(s) "xE. (*)=(G,R,0,)  +(G,0,)" (D-46)
Eq. (B-45) is resolved as

[E (%) +EL(*)]xE*(s)  =(G,R.0) " +(G,0,)" (D-47)
Combined with Eq. (B-19), there is E°(i)=[E/ (*)+E.(*)]o,. Then, Eq. (D-47)

becomes

R, =E°(s)xE*(i) " = [(GlRLo)’l Jr((azo')’l}f1 0;!
} (D-48)

fso  Tiao

_ r. r.
=G,R,0,G,0,[G,R,0,+G,0,] ! 0;! :[ Isd  ldd

where R, is the matrix of horizontal transmittance factor in the lateral “wall”. Here,

the soil is assumed to be Lambertian, namely r, =r,°=r=r. =TI, and the

elements of R, are

!
00,045 ( D, + T34 Pg Too )

= (D-49)
1 0, ( M, +0,744 P 700 )
00,05 ( D, + 744 P T oo ) (D-50)
lad — 0, M ,
0,0,p"-D
Iso = — = ; ,\jld : (D-51)
31Vl4
_ 00,05 D,
o= oM. (D-52)
31V,
in which
D, = P50 — PagVaoTus — PaglaaToo + PagVaoTas — P(;a li0 %00 T Pig¥saTeo (D-53)

P loTqa — Pgq lgToo + Paq leoTag — Pag l4To0 T o l4Too T Pig%dd%o0
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M, = 0,051 760 — 0P 0 Tas — C1P saTao T 01 5 50T ud

, (D-54)
—0,045 14 Too + 0105 Moo + 0, 43 %dd Too

* * ’
M, =005 %0 — P w0 Ta — 0P s Too T 0P s0Tas — 0P uaToo

+0,0 FaaToo + 0,P35%4dToo T 0143 T4 oo

(D-55)

According to DRF derived from the original four-stream radiative transfer equations,

L E, (0)+1,E_(0)

_ [0S

e E,(0)+E_(0)

in [11], this equation shows that the DRF is the ratio of the

reflected flux (I,E, (0)+1,E_(0)) to the incident flux (E,(0)+E_(0)) at the top of
the canopy. Similarly, we need to calculate incident flux in the lateral “wall”. Incident
flux in the lateral “wall” includes specular flux and diffuse flux. The specular flux in
surface of lateral “wall” is

E,(B)=p4E.(0) (D-56)

and the diffuse flux in surface of lateral “wall” is

E. (B)=pyE (0)+ B, (-1) = pE (0)+ 4 { E (-)+E,(-1)Jr}

(D-57)
=psE (0)+ Pl {[e—me E_(0)+e™~E,(0)] rs}
Finally, DRF of the lateral “wall” A is
R = B (B)+ &y (B) (D-58)
E,(B)+E.(B)

and the DRF of the lateral “wall” B is

fgoEss (B) + Mg E. (B) ]
AEEROENG (059
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E. Solving of the DRF of between-row based

on integral raditive transfer equation

The between-row area consists of two lateral “walls” ( A" and B'),
between-row background (C") and escaping surface (abcd in Fig. E-1). Radiation
transfer in this area is influenced by two mediums, i.e., vegetation leaf and soil
particle. The differential-integral form of the radiative transfer equation is transformed
into an integral form to describe the radiative transfer among these four components

[13], there is

f(2,0)= [K(x2,Q2'—>Q)f(z,Q)dQ+ f,(2,0Q) (E-1)

Ar

Here f,(2,Q) is the source function of a medium. K(x,z,Q —Q) is the transfer
probability of collision, and K(x,z,Q'—Q)=k(x,z,Q - Q)*a(x,z,Q —>Q),
here * is symbol of hadamard product. k(x,z,Q’—>Q) is the matrix of transfer
probabilities between lateral “walls”, between-row background and escaping surface,
which is composed of the probabilities of four components, and its expression

reference E-1 in this section. a(x,z,Q‘—>Q) is the matrix of light attenuation
coefficients, and its expression reference E-2 in this section. Finally, the equation is

solved in E-3 in this section.
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Fig. E-1 Sketch of transfer probability matrix in the between-row area. (a) Transfer probability

I(Az/' Sin(pr)-}li

matrix in the Z-axis; (b) transfer probability matrix in the X-axis.
E-1 Transfer probability

According to Fig. E-1, when the value of the solar azimuth angle is
0° <@, <180°, B’ is the lateral “wall” A. Similarly, when the value of the solar
azimuth angle is 180° <¢, <360°, A’ is the lateral “wall” A. The related angles are
shown in Fig. E-1, ¢, is the angle of radiation escaping in the between-row, ¢, isthe
angle of radiative transfer between both lateral “walls” in the between-row, ¢, is the
angle of radiative transfer between lateral “wall” and soil background in the
between-row. The transfer probability in the between-row is the ratio of these angles

to the sum angle. Therefore, the average probability of radiation escaping from the

/fdc /fec
lateral  “wall” (kB(A)_)) is 7:0.5, z=h | — ze(0,h) | and
2/fac
’ Z=0.Then
V4
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1

h
Keay-»(@) =1 Jo Potar»a@ 92
iarctan (Mj z=h
” " (E-2)
Pa(a)oam) = 1 7 —arctan L —arctan _A2 ze(0,h)
b2 sing,, (h—2) zsing,,
Earctan (Mj z=0
T A,

Eq. (E-2) is a linear decreasing function, in which kB(A) decreases with the

—

increase of the depth of canopy closure. Similarly, the average probability of radiation

transferring between two lateral “walls” is

1 ¢h

Keay-»(@) = 1 Jo Potar»a@d2:
iarctan (Mj z=h
g " (E-3)

Pa(a)oam) = 1 7 —arctan L —arctan _A2 ze(0,h)

V2 sing,, (h—2) zsing,,

Earctan (Mj z=0
T A,

Eq. (E-3) is a hyperbolic function, in which K, . decreases first, then increases

with the increase of depth of canopy closure. The average probability of radiation

transferring from the lateral “wall” to between-row background is

larctan[ Ah j Z=h

4 zsing,,
_1cn _)1 A,
kB(A)—)C_EJ‘O PB(A)—>CdZ’ PB(A)—)C - ;arCtan(ZSingp j & e(O,h) (E-4)
or
0 z2=0

Eg. (E-4) is an incremental function with the increase of depth. Using the same
mathematical principles, the average probability of the radiation escaping from the

between-row background is
41
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580

581

582

583

- i _[OAQ P dx,

kC*)

T

1 { ( h
—| 7 —arctan
7 A,

2
—arctan

|

sing,
—Xxsin g,

Ah
Sin @,

} —arctan ( h

|| xen)

and the average probability that radiation transferring from between-row background

to lateral “wall” is

1 ¢n
kC—)A(B) :EJ.O PC—)A(B)dX’
u A,
P o= :
A arctan (hj +arctan [hsm%
X A, —Xxsing,
T

(x=A)A(x

j xe(0.A,)

0)

(E-6)

Egs. (E , 2-6) are elements of matrix of transfer probability between lateral “wall”,

between-row background and escape surface. Therefore, the matrix of transfer

probability is
I kB—)B kB—)A kB—)C
A—-B A—>A A—C
C—B C—A C—-C
kesca e—> kesca e—> kesca e—>
K(x,z,Q'—>Q)=1" et et Peme
kA—)A I(A—>B kA—)C
kB~>A kBA)B kB~>C
kC—>A kC—)B kC—>C
L kescape» A kescape» B kescapeﬁc
| 0 kB(A)»A(B) kB(A)»C kB(A)»_
— kB(A)HA(B) O kB(A)HC kB(A)A)
kCaA(B) |(C»A(B) 0 kCA
0 0 0 0 |
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B—escape
A—>escape
C—escape

k

escape—»escape

K

K

k
k

A—escape
B—escape

C—escape

escape—»escape |

0° <, <180°

180° < ¢, <360° (E-7)
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E-2 Light attenuation coefficient

Radiation transfer in this area is influenced by two mediums, i.e., vegetation in
two lateral “walls” (A" and B') and soil of between-row (C’). For attenuation
coefficient in two lateral “walls”, we continue to use the attenuation coefficient for
horizontal diffuse flux (n"). For attenuation coefficient for soil of between-row (a,),
we derived backward by using the modified Hapke model [14]. According to (pers.

comm. W. Verhoef, 2018), there is

4r.(cosd.+cosd,
_2_ s( S 0)[1 bj (E_8)

* " p(6)cos@cos? T 4

Here p(o) is the scattering phase function of soil particle, which represents the
second-order Legendre polynomial (an approximation of spherical function) [15],

2 —
and p(5):1+bcos5+c?’c%51, and cos&=cos 6, cos O, +sin @, sin @, cos ¢, .

Here b and c are the adjustment parameters for the second-order Legendre
polynomial in the scattering phase function of soil particle, and they can be
determined by [16]. According to Eq. (E-7), and then combined with the calculation
rules of hadamard product (i.e.,
K(xz,Q —>Q)=k(x,z2, Q@ >Q)*a(x,z2,Q > Q) ), a(xz,Q—>Q) is the

matrix of light attenuation coefficient

0 n a O
n 0 a O

a(x,z,Q —>Q)= V. OS 0 (E-9)
0 0 0 O
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E-3 Solving equations

Converting Eq. (E-1) into an operator notation, there is
f =Kf + f, (E-10)
in which

K(xz2,Q'—>Q)=k(x,2,Q > Q)*a(x,z,Q' > Q)

0 WKenyonm) Kegaroe Koy |

_ n’kB(A)QA(B) 0 askB(APC kB(A)_> (E-11)
Mkeoaey  Meoae 0 Ke.,

0 0 0 0 |

According to the Riemann series principle, for |K|<1, and we let fo =J. Eq.
(E-11) becomes

f=J+KI+KJ 4+ = JHIK(I-K) " (E-12)
Eg. (E-12) represents the collision of radiation in the between-row, which is
composed of single scattering and multiple scattering (i.e., up to n-scattering). The
between-row area includes two lateral “walls” ( A" and B'), between-row
background (C') and escaping surface (abcd in Fig. D-1). The DRF onthe A, B’,

C’and escaping surface should be the DRF of the soil of between-row (R;) and the

DRF of the two lateral walls (Rb and Ry ) and 0, respectively.
r,E,(0)

TEOEO e

Then, we let single scattering of between-row for A’, B’, C’and escaping surface

be

(R R, R 0] 0<gp<i80
R, =)= (E-14)

[R, R, R 0] 180 <gp, <360
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and substitute these initial values into Eg. (C-12), there is

R, =R, , 1 +R, , n=J+IK(1-K)" (E-15)

b rm

Here Ry is multiple scattering matrices of A’, B', C'and escaping surface.

The final calculation result of Ry ., is [Rim Rim Ron O]T. In the

_m

between-row, we focus on between-row background, i.e., multiple scattering of soil in

the between row, and both initial values are calculated to be the same value, there is

R . aSkB(A)aC (Rb + Rd )+ 2asn’kB(A)»C kC»A(B)RS
S m -
) 1- kB(A)—)A(B) B 2asn'kB(A)—>C kC—)A(B) (E-10)
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