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Abstract. Crop growth and agricultural management can af-
fect climate at various spatial and temporal scales through
the exchange of heat, water, and gases between land and at-
mosphere. Therefore, simulation of fluxes for heat, water,
and gases from agricultural land is important for climate
simulations. A land surface model (LSM) combined with a
crop growth model (CGM), called an LSM-CGM combined
model, is a useful tool for simulating these fluxes from agri-
cultural land. Therefore, we developed a new LSM-CGM
combined model for paddy rice fields, the MATCRO-Rice
model. The main objective of this paper is to present the full
description of MATCRO-Rice. The most important feature
of MATCRO-Rice is that it can consistently simulate latent
and sensible heat fluxes, net carbon uptake by crop, and crop
yield by exchanging variables between the LSM and CGM.
This feature enables us to apply the model to a wide range of
integrated issues.

1 Introduction

In the last 15 years, climate and land surface modelling stud-
ies have shown that crop growth and farm management in
agricultural land significantly affect climate via the exchange
of heat, water, and gases. For example, applying a regional
climate model combined with a crop growth model (CGM)
to the United States, Tsvetsinskaya et al. (2001) showed that
crop growth can change the surface temperature by 2—4 °C.
Maruyama and Kuwagata (2010) showed that crop growing
season can affect the amount of evapotranspiration by using
a land surface model (LSM) combined with a CGM. Levis et

al. (2012) incorporated a CGM into an earth system model,
and showed that the timing of crop sowing can change the
amount of precipitation. Using a dynamic global vegetation
model combined with a CGM, Bondeau et al. (2007) showed
that the global carbon cycle, which has a significant effect on
global warming, is largely modified by crop growth and farm
management. Osborne et al. (2009), using a global climate
model coupled with a CGM, demonstrated that the crop-
climate interaction can affect annual variability in surface
temperature. All these studies indicate that crop growth and
farm management are key determinants of climate and that
climate simulations need to simulate the fluxes of heat, wa-
ter, and gases in agricultural land.

An LSM or dynamic vegetation model (DVM) incorpo-
rated with a CGM, called LSM-CGM or DVM-CGM com-
bined models, are a useful tool for simulating the fluxes
of heat, water, and gases in agricultural land. Hence, sev-
eral LSMs and DVMs incorporated with a CGM have been
developed (BATS-GF: Tsvetsinskaya et al., 2001; Agro-
IBIS: Kucharik, 2003; ORCHIDEE-STICS: Gervois et al.,
2004; LPJmL: Bondeau et al., 2007; GLAM-MOSES2: Os-
borne et al., 2007; SIBcrop: Lokupitiya et al., 2009; MK10:
Maruyama and Kuwagata, 2010; CLM4CNcrop: Levis et al.,
2012; JULES-crop: Osborne et al., 2015). Lei et al. (2010)
divided these incorporated models into three types in terms
of integration schemes for the leaf area index (LAI). Among
these types, the type of models that consistently simulate
crop production, LAI, water-energy flux, and carbon uptake
by exchanging variables between an LSM and a CGM al-
lows for wide applicability and comprehensive evaluation
of the model with observations (Lei et al., 2010). However,
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this type comprises currently only four models: Agro-IBIS,
SIBcrop, CLM4CNcrop, and JULES-crop. Among these,
only JULES-crop can simulate the growth of rice, although
rice is one of the major crops, accounting for 23 % of agri-
cultural land farmed with cereals worldwide (FAO, 2015).
Nevertheless, the JULES-crop model does not consider the
flooded and irrigated surface of paddy rice fields, which
is an important parameter when simulating heat and water
fluxes in paddy rice fields, because heat and water fluxes in a
flooded and irrigated surface are largely different from those
in a non-flooded and rain-fed surface (e.g. Boucher et al.,
2004; Lobell et al., 2006; Kueppers et al., 2008).

We developed a new LSM-CGM model, called MATCRO-
Rice. The aim of this paper is to describe the MATCRO-Rice
model in detail. The most important feature of MATCRO-
Rice is that it can consistently simulate latent heat flux
(LHF), sensible heat flux (SHF), net carbon uptake by
crop, and crop yields by exchanging variables between the
LSM and CGM. Herein, we first provide the overview of
MATCRO-Rice in Sect. 2, and then describe the LSM and
CGM of MATCRO-Rice in detail in Sects. 3 and 4, re-
spectively. Last, we discuss the applications and limita-
tions of MATCRO-Rice in Sect. 5. The model validation for
MATCRO-Rice is described in the accompanied paper (Ma-
sutomi et al., 2016).

2 Model overview: MATCRO-Rice

MATCRO-Rice has two main components: LSM and CGM.
The LSM component mainly simulates LHF and SHF. It is
based on MATSIRO (Takata et al., 2003), which is embedded
in global climate models (MIROCS.0: Watanabe et al., 2010;
NICAM: Satoh et al., 2008) and a climate system model
(MIROC-ESM: Watanabe et al., 2011). In addition, MAT-
SIRO is used for a range of hydrological applications (e.g.
Pokhrel et al., 2012; Hirabayashi et al., 2013).

The CGM of MATCRO-Rice mainly simulates rice yield
and biomass for each organ during a growing period. The
CGM used in MATCRO-Rice is based on CGMs developed
by the school of de Wit (Bouman et al., 1996; e.g. MACROS:
Penning de Vries et al., 1989; SUCROS: Goudriaan and van
Laar, 1994; ORYZA2000: Bouman et al., 2001).

The meteorological inputs to run MATCRO-Rice are listed
in Table 1. The standard outputs of MATCRO-Rice are LHF,
SHEF, biomass of organs during a growing period, and crop
yield. All other variables simulated in MATCRO-Rice can
be output if needed. The feature of MATCRO-Rice is to ex-
change variables between the LSM and CGM. The variables
exchanged are listed in Table 2.

In the present paper, we describe MATCRO only for rice.
The model structure of MATCRO, however, is valid for other
crops. Therefore, MATCRO can be applied to other crops if
the model parameters for other crops are given.
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Table 1. Meteorological inputs.

Variable  Unit Description

P, Pa Air pressure

Py kg m 25! Precipitation

0 kgkg™! Specific humidity

RS(O) Wm™2 Downward shortwave radiant flux
density at the canopy top

R{i ) Wm2 Downward longwave radiant flux
density at the canopy top

Ta K Air temperature

U ms™! Wind speed

3 Land surface model

The main outputs of the LSM of MATCRO-Rice are LHF
and SHF. The LSM has five modules, which are energy bal-
ance at the canopy and surface, within-canopy shortwave ra-
diation, bulk transfer coefficient for latent and sensible heat,
canopy water balance, and soil water and heat transfer. Each
module is described in detail in the following sections. Be-
fore describing each module, we note the following two ma-
jor modifications from the original LSM, MATSIRO (Takata
et al., 2003).

1. LAI crop height, and root depth, which are constant in
the original MATSIRO, are dynamically calculated in
the CGM and are the inputs to the LSM.

2. Surface water is added above the soil surface in the case
of flooded surface.

Other minor modifications are described separately in each
of the following sections. Table 3 shows all the modifications
of the original model. We note that the photosynthesis model
used in MATCRO is described in the CGM section (Sect. 4).

3.1 Energy balance at the canopy and surface

This module calculates LHF and SHF by solving energy bal-
ance at two layers, canopy and surface. The module is based
on the original MATSIRO (Takata et al., 2003), except for the
addition of surface water above the soil in the case of flooded
surface and other minor modifications. The energy balance at
the canopy and surface are given as follows:

Rnc = Hc + AEc + AEq, (CanOPY) (D
Rng = Hy +AEg + Ggs + Stw, (surface) 2)

where Rpe and Rpg are the net radiant flux density at canopy
and surface; H. and H, are the SHF from the canopy and
surface; E¢, E, and E are the evaporation from wet canopy,
transpiration from the canopy, and evaporation from the sur-
face, respectively; G is the heat flux from the surface to
soil; and Sy is the heat flux stored into surface water in the
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Table 2. Variables exchanged between the land surface model (LSM) and crop growth model (CGM).
Variable  Unit Description
LSM to CGM
D‘li(l ) Wm~2  direct downward radiant flux density for photosynthesis active radiation
(PAR) at a leaf area index (LAI) depth of /
S?(l) Wm—2 scattered downward radiant flux density for PAR at a LAI depth of /
S}l ) Wm~2  scattered upward radiant flux density for PAR at a LAI depth of /
Tc K canopy temperature
CGM to LSM
I ms! stomatal conductance per unit leaf area for both sides of the leaf
hgt m canopy height
L m’m~2  LAI
Wish kg a~! dry matter weight of shoot
Zrt m root depth
Table 3. Modifications from the original model, MATSIRO.
Eq. MATCRO MATSIRO
11 Flooded surface Not considered
15-19 Goudriaan and van Laar (1994) Goudriaan (1977)
25 Watanabe (1994) [1/Ch, +U/@eL/2)] ™!
31 and 32 Campbell and Norman (1998) Unknown
00C U2
36 Maruyama and Kuwagata (2008) *8Chg (=T
37 Campbell and Norman (1998) 300K
45 Penning de Vries et al. (1989) 0.2L
50 Campbell and Norman (1998) and Best et al. (2011)  Default fixed values for each soil type are given
54 Flooded surface Not considered
55(zp <z <zmax) Hanasaki et al. (2008) Beven and Kirkby (1979)
59 Calculated from the assumption that root has no Default fixed values for each vegetation type
spatial orientation are given
63-109 de Pury and Farquhar (1997) and Dai et al. (2004) Sellers et al. (1992, 1996a)
110-141 Crop development and growth Not considered
case of flooded surface. It is important to note that the down-
ward flux for Rpc, Rng, and Ggs indicates a positive flux,
whereas downward flux for H, H,, Ec, E, and E indicates Hy = cpapaCr,U (Ty — T) (6)
a negative flux. All variables in the model are listed in Ta- E. = min{ fowpaCH U (Qsat(Te, Pa) — Q), Ec.max} @)
ple 4 X is the physical constant ff)r the latent heat of vapor- min{(1 — few)paC, U(Qsat(Te, Pa) — ), Evmax ).
ization (Table 5). Each of the radiant, heat, and water fluxes (if Osu(Te, P) > Q)
. . . . E — sat C» a (8)
in Egs. (1) and (2) are given by the following equations. ! (1 = fow)aCr U (Qsut(Te, Py) — Q),
(otherwise)
d d
Roe = (REO) = RUO)) (1 = 7o) + € RIO) (1 = 7a) min{puCi, U (s Ot Ty Pa) — Q). Eg ).
(f hs Qsat(Ty, Pa) > Q)
4 4 Ey= £ 9
- (ZEUTC - EGTg ) (1 - TCI) ’ (3) & paCHgU(hms Qsat(Tgs Pa) - Q)s ( )
d u d 4 (otherwise)
Fug = (RYO = RXO) 7o+ R O —caTy Gos = k(Ty = T5(0)) /. (10)
4
t+eo(1—ta) T, “ o _ Lo Pwdw(dTg/dr), (flooded), -
He = cpapaCpu U (1Ic — To), (5 W 0 (unflooded)
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Table 4. Variables.

Symbol  Units Eq. Description

Xg, x mol(CO») m2(0)s! 68 gross primary production per unit leaf area of sunlit (Zg,sn) and shade(ngsh) leaves

Zg/, X mol(CO)m—2()s~! 72 gross primary production without photosynthesis down-regulation per unit leaf area of sunlit

(A sn) and shade(Ay ) leaves

An mol(CO») m2g~! 63 net carbon assimilation

Zn, X mol(CO») m_2(l ) sl 64 net carbon assimilation per unit leaf area of sunlit (Kn,sn) and shade (Kn,sh) leaves

A3z - C8 variable for the calculation of coefficients of radiation equations (Eqgs. C2 and C3)

AT - E6 intermediate variable for the calculation of roughness

Cg - 28 BTC for latent heat between the entire surface and atmosphere

Cg, - 25 BTC for latent heat between canopy and atmosphere

C E, - 24 BTC for latent heat between surface and atmosphere

Cy - 29 BTC for sensible heat between the entire surface and atmosphere

Ch, - 27 BTC for sensible heat between canopy and atmosphere

C Hy - 26 BTC for sensible heat between surface and atmosphere

Cy - 38 BTC for momentum between the entire surface and atmosphere

Cumg - 39 BTC for momentum between surface and atmosphere

Cy.i - C2to C5 coefficients of radiation equations (Eqs. 12-14; x = 1,2,3,4)

C 9( - E7 intermediate variable for the calculation of roughness (X denotes 7' or Q)

CS’(o - ES8 intermediate parameter for the calculation of roughness (X denotes T or Q)

Ca Pa 98 partial pressure of atmospheric CO»

Ce - El5 leaf transfer coefficient for specific humidity

chs(2) Jm3K! 50 volumetric heat capacity of soil at a depth of z

Cix Pa 64 to 107 partial pressure of intercellular CO,

Cs x Pa 97 partial pressure of CO, at leaf boundary

lei(l) Wm—2 12 radiant flux density for downward direct radiation for PAR (i = 1) or NIR (i =2) at a leaf area

index (LAI) depth of /

Dy kg m—2s~! 44 amount of water that falls from canopy onto surface due to gravity

Doy day - the number of days from 1 January

Dy K 112 development rate at ¢

Dys - 110 development stage at ¢

d m El zero-plane displacement height

E. kg m2s~! 7 evaporation from canopy

Ecmax kg m—2s~! 7 maximum evaporation from canopy

Eg kgm~2s~! 9 evaporation from surface

Egmax kg m2s~! 62 maximum evaporation from surface

E¢ kg m2s~! 8 transpiration from canopy

Etmax kg m2s~! 61 maximum transpiration from canopy

ea Pa 105 atmospheric vapour pressure

& Pa 106 vapour pressure in leaf

Esat Pa 107 saturated vapour pressure

eg x Pa 103 vapour pressure at leaf boundary in sunlit (es sn) and shade (e gp) leaves

Fe kg m2s~! 46 amount of water that falls from the canopy onto soil in the case of non-flooded surface

Fs(2) m3m~2s! 55 water flux at a soil depth of z

Fx - E9 intermediate parameter for the calculation of roughness (X denotes T or Q)

few - 40 fraction of canopy that is wet

fat - 17 fraction of scattered radiation

Sfdwn - 69 factor of photosynthesis down regulation

fint - 43 interception efficiency of precipitation by canopy

fi(2) - 59 root distribution at a soil depth of z

fs(@) - 79 water stress function on photosynthesis at a soil depth of z

fv - 78 water stress factor on photosynthesis

Gys Ks 111 growing degree seconds at ¢

Gp,elu kg ha—ls~! 127 and 129  glucose partitioned to each organ

Grelu kg ha=1s~! 127 and 129  growth rate of glucose reserves in leaves

Gr,pne kg ha=!s~1 124 and 128  growth rate of dry weight for panicles

Grrot  kgha ls~! 125 and 128  growth rate of dry weight for roots

Gy lef kg ha=1s~! 122 and 128  growth rate of dry weight for leaves

Gr,ste kg ha—1s~! 126 and 128  growth rate of dry weight for starch reserves in stems

Gr,stm kg ha—!s! 123 and 128  growth rate of dry weight for stems

Gs(2) Wm—2 49 heat flux at a soil depth of z

Ggs Wm—2 10 heat flux from surface to soil
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Table 4. Continued.
Symbol  Units Eq. Description
8a ms~! 100 leaf boundary conductance per unit leaf area for both sides of the leaf
31 molm—2(l) s~} 99 leaf boundary conductance for vapour per unit leaf area
I ms—! 108 stomatal conductance per unit leaf area for both sides of the leaf
st molm—2(l)s~! 109 stomatal conductance for vapour per unit leaf area for both sides of the leaf
Sst,x molm~2()s~! 101 stomatal conductance for vapour per unit leaf area in sunlit (g s) and shade (g qp) leaves
H. Wm—2 5 sensible heat flux from canopy
Hg Wm—2 6 sensible heat flux from surface
hagt m 139 canopy height
harg rad B3 hour angle from noon (h; = 12)
hms - 60 humidity of topsoil
hy hour - local time at the simulation site
hg,x PaPa~! 102 relative humidity at leaf boundary in sunlit (ks sn) and shade (kg gp) leaves
Ic kg m2s~! 42 amount of precipitation intercepted by canopy
K(z) kgs m—3 56 hydraulic conductivity at a soil depth of z
K. Pa 85 Michaelis constant for CO; fixation
Ke(2) - 52 Kersten number
Ko Pa 86 Michaelis constant for O inhibition
kis(z) wWm—!K~! 51 thermal conductivity at a soil depth of z
L m?m~2 137 LAI
Lyo m 35 Monin—-Obukhov length of the entire surface
Lyog m 36 Monin-Obukhov length of surface
Ly jef kg ha—!s! 133 loss rate of dry weight for leaves
L¢n m?(/) m~2 65 LALI for sunlit leaves
L¢y m? (/) m—2 66 LAI for shade leaves
1 m2(/) m~2 - LAI depth from the top of canopy
Pr sh - 130 ratio of glucose partitioned to shoot
Pr;pnc - 132 ratio of glucose partitioned to panicle from the glucose partitioned to shoot
Py jef - 131 ratio of glucose partitioned to leaf from the glucose partitioned to shoot
Py - Ell intermediate variable for the calculation of roughness (* denotes M, T', or Q)
Py, - El12 intermediate variable for the calculation of roughness (x denotes M, T, or Q)
P3x - El13 intermediate parameter for the calculation of roughness (X denotes 7" or Q)
Pyx - El13 intermediate parameter for the calculation of roughness (X denotes 7' or Q)
Qsat kg kg_1 A2 specific humidity at saturation
Osn molm~2s~! 89 photon flux density for PAR absorbed by canopy in sunlit leaves
Osn,d molm—2s~! 91 direct PAR absorbed in sunlit leaves
Osn,s molm—2s~! 92 scattered PAR absorbed in shade leaves
Osh molm—2s~! 90 photon flux density for PAR absorbed by canopy in shade leaves
Osh,s molm~2s~! 93 scattered PAR absorbed in shade leaves
0, mol m~2(l)s~! 88 photon flux density for PAR absorbed by leaves in sunlit (Qg;,) and shade (Qg},) leaves
qt - 80 function that represents temperature dependence
ﬁd, X mol(CO,) m2()s™1 94 respiration in sunlit (ﬁd,sn) and shade (fd’ sh) leaves
Rex Wm2 19 extraterrestrial radiation
Rm, stc kg ha=!s~! 134 remobilization rate of dry weight from starch reserves
Rnc Wm2 3 net radiant flux density at canopy
Rng Wm—2 4 net radiant flux density at surface
Rf ) Wm—2 21 radiant flux density for downward longwave at a LAI depth of /
Rg ) Wm2 21 radiant flux density for downward shortwave at a LAI depth of /
R () Wm—2 21 radiant flux density for upward shortwave at a LAI depth of /
Tdd,lef s~ 135 ratio of dead leaf
Tij - DIl and D2  reflectivity of canopies (i = 1: PAR; i = 2: NIR; j = 1: direct; j = 2: scattered)
rs - 30 resistance of topsoil to evaporation
S - 87 Ratio of RuBP partitioned to carboxylase or oxygenase
Sld ) Wm—2 13 radiant flux density for downward scattered radiation for PAR(i = 1) or NIR (i =2) at a
LAI depth of /
S;‘ ) Wm—2 14 radiant flux density for upward scattered radiation for PAR(i = 1) or NIR (i =2) ata LAI
depth of /
Selu kg ha—ls—! 119 supply of glucose to the reserves in leaf
Siw kg m~2(l) 138 specific leaf area
Ss(2) m3m—3s! 58 absorption for transpiration by root at a soil depth of z
Stw Wm—2 11 heat flux stored in surface water
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Table 4. Continued.

Symbol  Units Eq. Description

T K 3to 11 canopy temperature

Ts(2) K 48 soil temperature at a soil depth of z

Ty K A2 temperature of canopy (7¢) or surface (7g)

Ty K 3to 11 surface temperature

t s - time

te S - time at emergence after sowing

Uc ms~! F1 wind speed in the canopy

Up ms—! F2 reference wind speed

Vmax(l)  mol(CO») m_z(l ) s71 83 reference value for maximum RuBisCO capacity at a LAI depth of /

Vmax, X mol(COy) m*2(l ) s7! 81 and$82 reference value for maximum RuBisCO capacity per unit leaf area of sunlit and shade leaves

Vmc, X mol(COy) mfz(l ) s—1 76 maximum RuBisCO capacity per unit leaf area of sunlit (Vmc,sn) and shade (Vmc,sh)
leaves for wc

Vms, X mol(CO,) m_z(l ) s=l 77 maximum RuBisCO capacity per unit leaf area of sunlit (Vms,sn) and shade (Vms,sh)
leaves for wg, x

Welu kg ha~! 118 dry weight of glucose reserves in leaves

Wpne kg ha~! 115 dry weight of panicles

Wpne,mt kg ha~! - dry weight of panicles at maturity

Wrot kg ha~! 116 dry weight of roots

Wah kg ha~! 136 dry weight of shoot

Wstc kg ha~! 117 dry weight of starch reserves in stems

Wastm kg ha~! 114 dry weight of stems

We m 41 amount of water stored in canopy

Wcap m 45 canopy water capacity

ws(2) m3m—3 53 volumetric concentration of soil water at a soil depth of z

Y4 kg ha—! 141 crop yield

z m - soil depth

M m E2 roughness length of the entire surface for momentum profile

Mg m E4 roughness length that express the effect of water surface on the profile of momentum

Iy m E10 intermediate variable for the calculation of roughness

z0 m E3 roughness length of the entire surface for specific humidity profile

Zrt m 140 root depth

r m E3 roughness length of the entire surface for temperature profile

Tg m ES roughness length that express the effect of water surface on the profile of temperature

P m E10 intermediate variable for the calculation of roughness (X denotes T or Q)

zf m E10 intermediate variable for the calculation of roughness (x denotes M, T, or Q)

S rad B2 declination of the sun

r* Pa 84 light compensation point

Ym - F3 coefficient of exponential decrease for wind speed in the canopy

W, x mol(COy) mfz(l ) s71 73 RuBisCO-limited assimilation in sunlit (@¢,sn) and shade (@ g) leaves

e, x mol(COy) m*2(l ) sl 74 light-limited assimilation in sunlit (@, sn) and shade (@e ) leaves

@p x mol(COy) mfz(l) sw 71 RuBisCO- and light-limited assimilation in sunlit (@p,sn) and shade (Ep,sh) leaves

Ws, x mol(COy) m_z(l ) s7L 75 sucrose limited assimilation for sunlit (@s,sn) and shade (@ ) leaves

Vg - 32 diabatic correction factor for vapour

Yy - 32 diabatic correction factor for heat

Wy - 31 diabatic correction factor for momentum

v (2) J kg_1 57 water potential at a soil depth of z

Pa kg m™3 Al air density

Tatm - 18 transmissivity of atmosphere

Tcs - 20 transmissivity of canopy for shortwave radiation

Tel - 23 transmissivity of canopy for longwave radiation

Tij - D3 and D4  transmissivity of canopy (i = 1: PAR; i = 2: NIR; j = 1: direct; j = 2: scattered)

®q K 37 potential temperature

0 rad Bl zenith angle of the sun

¢ - 33 atmospheric stability between the entire canopy and atmosphere

g - 34 atmospheric stability between surface and atmosphere

Geosci. Model Dev., 9, 4133-4154, 2016 www.geosci-model-dev.net/9/4133/2016/
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Table 5. Physical and chemical constants.

Variable Value  Units Description

Cco,,glu 1.08 x 100 kg ha~! h_l/ (mol m—2 s~1)  conversion factor from CO, to glucose

Celu,stc 0.9 kg ha=1/ (kgha™ ) conversion factor of dry weight from glucose to starch
Cste,glu 1.11 kg ha~! / (kg ha—1) conversion factor of dry weight from starch to glucose
Cpa 10046 JK1 kg_l specific heat of air

Cpw 4200 JK! kg_1 specific heat of water

g 98 ms! gravitational constant

esat(Tp) 611 Pa vapour pressure at melting temperature of water

kq 46x107%  (molm2s~1) /(W m~2) transfer constant from radiant flux density to photon flux density
kw 06 WmlK! thermal conductivity of water

Rary 287.04 Jkg_l K1 gas constant of dry air

Rgun 1370 Wm™? solar constant

Ryap 461 ] kg_l K1 gas constant of vapour

Ty 273.15 K melting temperature of water

WH,0 0.018 kg mol ! molar weight of vapour

K 04 - Karman constant

A 25x100 ] kg_1 latent heat of vaporization

Pw 1000 kg m~3 water density

o 567x1078 Wm 2K Boltzmann constant

4139

where RS(O), Rld(O), and R{(0) are the downward shortwave
radiant flux density, downward longwave radiant flux den-
sity, and upward shortwave radiant flux density at the canopy
top, respectively; 7.5 and 7 are the canopy transmissivity
for shortwave and longwave radiation, respectively; Cp, and
CHg are the bulk transfer coefficients (BTCs) for sensible
heat between canopy and atmosphere and between surface
and atmosphere, respectively; Cg, and C E, are the BTCs for
latent heat between canopy and atmosphere and between sur-
face and atmosphere, respectively; T,, P,, U, and Q are air
temperature, air pressure, wind speed, and specific humid-
ity, respectively; f.w is the fraction of wet canopy; hps is
humidity of the topsoil; ¢, Ty, and T5(0) are the canopy, sur-
face, and topsoil temperature, respectively; Etmax, Eg maxs
and E. max are the maximum transpiration from canopy, the
maximum evaporation from surface, and the maximum evap-
oration from the canopy, respectively; cpy and cpy are the
specific air and water heat, respectively; ky is the water ther-
mal conductivity; py and p, are water and air density, respec-
tively; o is the Boltzmann constant; Qg is specific humidity
at saturation; dy, is the depth of surface water in the case of
flooded surface; € is the longwave emissivity of surface; and
d/dt indicates the time differentiation. The argument of the
radiant flux density denotes LAI depth from the canopy top,
and the argument of soil temperature denotes soil depth from
the soil surface. Therefore, RS 0), Rld (0), and R (0) indicate
the radiant flux density at the canopy top, and 7(0) indicates
the soil surface temperature.

T., P, U, Q, RS(O), and Rld(O) are meteorological forc-
ing inputs (Table 1). R{(0), Tcs, Tels fews Amss CE., CE,»
CH,, CHg, T5(0), Et,max> Egmax, and E¢ max are calculated

www.geosci-model-dev.net/9/4133/2016/

from Egs. (21), (20), (23), (40), (60), (25), (24), (27), (26),
(48), (61), (62), and (47), respectively, which are given in
the following sections. The variables p, and Qg are phys-
ically calculated from the air temperature and air pressure
(Appendix A); cpa, Cpw, kw, Pw, and o are physical constants
(Table 5); dy, is a simulation setting parameter (Table 6); and
€ is set to 0.96 (Campbell and Norman, 1998). T;. and T, are
numerically determined to satisfy Egs. (1)—(11). The numer-
ical method is described in Masutomi et al. (2016).
Irrigation and flooded surface start at Doy 1s and end at
Doy Te. Doy,1s and Doy 1e are simulation setting parameters.

3.2 Within-canopy shortwave radiation

The main role of this module is to simulate direct downward
photosynthesis active radiation (PAR), scattered downward
PAR, and scattered upward PAR at a LAI depth of / from the
canopy top by calculating the transmission and reflection of
shortwave radiation by leaves within canopies. These PARs
are used for calculating carbon assimilation in the CGM
(Sect. 4.1). In addition to the simulation of PARs, transmis-
sivities for shortwave and longwave radiation are simulated
in this module. The transmissivities are used for calculating
LHF and SHF (Sect 3.1).

This module is based on the simple model developed by
Watanabe and Ohtani (1995). The model determines radia-
tion within canopies by calculating the transmission and re-
flection of the radiation within the canopy. In this model, ra-
diation within the canopy is divided into three components
(downward direct, downward scattered, and upward scat-
tered) and two wavebands (PAR and near infrared (NIR)).

Geosci. Model Dev., 9, 4133-4154, 2016
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Table 6. Parameters.

Y. Masutomi et al.: MATCRO-Rice -
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Variable  Value Units Description Source
Simulation setting
Ca,ppm - ppm atmospheric CO; concentration Masutomi et al. (2016)
Doy 1e - DOY DOY of the day that irrigation and flooded surface end Masutomi et al. (2016)
Doy, 1s - DOY DOY of the day that irrigation and flooded surface start Masutomi et al. (2016)
Doy sw - DOY DOY of sowing day Masutomi et al. (2016)
dy - m depth of surface water Masutomi et al. (2016)
L - ° latitude of the simulation site Masutomi et al. (2016)
Welu,0 - kg ha~! dry weight of glucose reserve at emergence Masutomi et al. (2016)
Wiet,0 - kg ha~! dry weight of leaf at emergence Masutomi et al. (2016)
Wrot,0 - kg ha~! dry weight of root at emergence Masutomi et al. (2016)
Wetm,0 - kg ha~! dry weight of stem at emergence Masutomi et al. (2016)
Za - m reference height at which wind speed is observed Masutomi et al. (2016)
Zmax - m depth of soil layer Masutomi et al. (2016)
2t - m depth of the soil surface layer Masutomi et al. (2016)
Zh - m depth from the soil surface to the upper bound of the bottom-  Masutomi et al. (2016)
most layer of soil
8t - S time resolution Masutomi et al. (2016)
Soil-type specific
B - - factor for hydraulic conductivity and water potential Masutomi et al. (2016)
K - kgs m—3 hydraulic conductivity at saturation Masutomi et al. (2016)
Wgat - m3m—3 volumetric concentration of soil water at saturation Masutomi et al. (2016)
Wyt - m?m—3 volumetric concentration of soil water at the wilting point Masutomi et al. (2016)
/S - J kg*l water potential at saturation Masutomi et al. (2016)
Ps - kg m3 soil bulk density Masutomi et al. (2016)
Crop specific (paddy rice)
b 0.01 molm—2s~! intercept of the Ball-Berry model Sellers et al. (1996b)

Cg]u, lef 0.955
Celu,pnc  0.821
Cglu,rot 0.928
Celu,stm 0.928

Ch 0.06
Cm 0.2
Dyg rot1  Parameterized

Dys rorz ~ Parameterized
Dy 1ef1 Parameterized
Dy 1ef2 Parameterized
Dys pnc1  Parameterized
Dys pnc2  Parameterized

Dys e Parameterized
fa 0.015

Sste Parameterized
haa Parameterized
hap Parameterized
hpa Parameterized
hpb Parameterized
Dy Parameterized
kyia Parameterized
ks, Parameterized
m 9

Gds,m Parameterized
Prot Parameterized
Plef Parameterized
rdl,lef Parameterized
Frm,ste 1.16 x 107°
Iit 1.16 x 1077

kgha=!/(kgha™1)
kgha=!/(kgha=1)
kgha—!/(kgha™1)
kgha=!/(kgha=1)

conversion factor of dry weight from glucose to leaf
conversion factor of dry weight from glucose to panicle
conversion factor of dry weight from glucose to root
conversion factor of dry weight from glucose to stem

leaf transfer coefficient for heat

leaf transfer coefficient for momentum

Ist point of Dy at which the partition to root changes

2nd point of Dy at which the partition to root changes

1st point of Dys at which the partition to leaf changes

2nd point of Dy at which the partition to leaf changes

1st point of Dyg at which the partition to panicle changes
2nd point of Dy at which the partition to panicle changes
Dys at emergence

respiration factor

fraction of glucose allocated to starch reserves

parameter for relation between leaf area index (LAI) and height
before heading

parameter for relation between LAI and height before heading
parameter for relation between LAI and height after heading
parameter for relation between LAI and height after heading
Dy at heading

ratio of crop yield to dry weight of panicle at maturity
parameter for the relation between Sy, and Dy

the slope of the Ball-Berry model

growing degree second at maturity

ratio of glucose partitioned to root

ratio of glucose partitioned to leaf from glucose partitioned to
shoot

ratio of dead leaf at harvest

ratio of remobilization

growth ratio of root

Penning de Vries et al. (1989)
Penning de Vries et al. (1989)
Penning de Vries et al. (1989)
Penning de Vries et al. (1989)
Kimura and Kondo (1998)
Kimura and Kondo (1998)
Masutomi et al. (2016)
Masutomi et al. (2016)
Masutomi et al. (2016)
Masutomi et al. (2016)
Masutomi et al. (2016)
Masutomi et al. (2016)
Masutomi et al. (2016)
Sellers et al. (1996b)
Masutomi et al. (2016)
Masutomi et al. (2016)

Masutomi et al. (2016)
Masutomi et al. (2016)
Masutomi et al. (2016)
Masutomi et al. (2016)
Masutomi et al. (2016)
Masutomi et al. (2016)
Sellers et al. (1996b)

Masutomi et al. (2016)
Masutomi et al. (2016)
Masutomi et al. (2016)

Masutomi et al. (2016)
Bouman et al. (2001)
Penning de Vries et al. (1989)

Geosci. Model Dev., 9, 4133-4154, 2016
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Table 6. Continued.
Variable  Value Units Description Source
r 0.105 - leaf reflectivity for photosynthesis active radiation (PAR) Sellers et al. (1996b)
) 0.58 - leaf reflectivity for near infrared radiation (NIR) Sellers et al. (1996b)
Stw,mx Parameterized kg m~2 maximum specific leaf area Masutomi et al. (2016)
Slw.mn Parameterized kg m~2 minimum specific leaf area Masutomi et al. (2016)
51 Parameterized K-! temperature dependence of Vmax, x on Vmc, X Masutomi et al. (2016)
§2 Parameterized K temperature dependence of Vmax, x on Vmc’ x Masutomi et al. (2016)
S4 281 K temperature dependence of Vmax, x on Vms, X Sellers et al. (1996b)
Ty 281.15 K minimum temperature for development Bouman et al. (2001)
Th 313.15 K maximum temperature for development Bouman et al. (2001)
To 303.15 K optimal temperature for development Bouman et al. (2001)
Dy tr Parameterized - Dy at transplanting and at which transplanting shock starts Masutomi et al. (2016)
Dys te Parameterized - Dys at which transplanting shock ends Masutomi et al. (2016)
1 0.07 - leaf transmissivity for PAR Sellers et al. (1996b)
t 0.25 - leaf transmissivity for NIR Sellers et al. (1996b)
Vmax(0)  Parameterized pmol m~2s~!  maximum RuBisCO capacity at the canopy top Masutomi et al. (2016)
Zrt,mx 0.3 m maximum root depth Penning de Vries et al. (1989)
Bee 0.98 - GPP transition factor Sellers et al. (1996b)
€e 0.08 mol mol ! quantum efficiency Sellers et al. (1996b)
Others
Ay C6-C7 - coefficients of radiation equations (Egs. 12-14; x = 1,2) Watanabe and Ohtani (1995)
a; Cl - extinction coefficient for scattered radiation Watanabe and Ohtani (1995)
Co 288 ppm base concentration of CO; for photosynthesis down-regulation ~ Arora et al. (2009)
Cpm 870 Jkg*1 K~! specific heat of soil minerals Campbell and Norman (1998)
Dy 1.14 x 1071 - coefficient related to gravitational fall of canopy water Rutter et al. (1975)
Dy 3.7 %103 - coefficient related to gravitational fall of canopy water Rutter et al. (1975)
d sec(2w(53/360)) - scattered factor Watanabe and Ohtani (1995)
F 0.5 - distribution of leaf orientation Goudriaan and van Laar (1994)
Kn 0.3 - vertical distribution of nitrogen Oleson and Lawrence (2013)
kiso 0.25 Wm~! K] thermal conductivity of dry soil Campbell and Norman (1998)
kiss 1.58 Wm— ! K™! thermal conductivity of saturated soil Best et al. (2011)
[07] 20900 Pa partial pressure of intercellular O, Collatz et al. (1991)
rg 0.1 - albedo of surface for shortwave radiation Maruyama and Kuwagata (2010)
53 0.2 K-! temperature dependence of Vmax, x on Vms, x Masutomi et al. (2016)
55 1.3 K-! temperature dependence on fd, x Sellers et al. (1996b)
56 328 K temperature dependence on Fd, x Sellers et al. (1996b)
ZMs 0.001 m roughness length of surface for momentum Kimura and Kondo (1998)
2Q0s 0.001 m roughness length of surface for specific humidity Kimura and Kondo (1998)
ZTs 0.001 m roughness length of surface for heat Kimura and Kondo (1998)
Bpc 0.95 - GPP transition factor Sellers et al. (1996b)
€ 0.96 - longwave emissivity of surface Campbell and Norman (1998)
Yd 0.9 - response parameter to elevated CO; Arora et al. (2009)
Yed 0.42 - response parameter to elevated COp Arora et al. (2009)
Th 8.64 x 100 S recession constant for base water flow (100 days) Hanasaki et al. (2008)

In addition, the following three assumptions are considered
in the model for simplicity.

1. Leaf orientation is random (i.e. spherical distribution).

2. Leaf reflectivity and transmissivity of the radiation are
vertically uniform within a canopy.

3. Scattered radiation is incoming from a zenith angle of
53°.

The first assumption may affect the accuracy of the model
simulations. We know that leaf orientation of crops varies
with their growth. However, there are no data on the change

www.geosci-model-dev.net/9/4133/2016/

in leaf orientation for rice. Therefore, we assumed that the

leaf orientation is random during the growing period. As-
sumption 3 is based on the fact that radiant flux uniformly

emitted from a horizontal plane is approximately equal to ra-
diant flux density from a zenith angle of 53°. From the three

assumptions above, we can express analytically the radiant
flux density for downward direct (D?(Z)), downward scat-

tered (Slf1 (1)), and upward scattered (S;’ (1)) within canopy for

each waveband (i = 1: PAR; i = 2: NIR) as follows:

DY (1) =DY(0) exp(—Flsec(h)), (12)
Sid(l) =Cy,;iexp(a;l) + Ca i exp(—a;l) + Cz,iD?(l), (13)

Geosci. Model Dev., 9, 4133-4154, 2016
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Si'(l) =A1,;Cr,iexp(ail) + Az,; Ca i exp(—a;l)
+ Cq: DY (D). (14)

Here, F is a parameter for the distribution of leaf orienta-
tion. If we assume spherical distribution for leaf orientation
as mentioned above, we have F = 0.5 (Goudriaan and van
Laar, 1994). The variable [ is a LAI depth from the canopy
top. The variable 6 is a zenith angle of the sun (Appendix B).
The function sec indicates the secant function. The coeffi-
cients a;, C1, C2, C3, C4,i, A1, and Ay ; are calculated
as shown in Appendix C. It should be noted that @; indicates
the extinction coefficient for scattered radiation. Dl.d (0) is ob-
tained by splitting radiant flux density for downward short-
wave at the top of the canopy into direct and scattered radia-
tion as follows:

DY 0) =
530) =

0.5RY0)(1 — fup), (15)
0.5R%(0) far, (16)

where RS(O) is the downward shortwave radiant flux density
at the canopy top and fyr is the fraction of scattered radiation
to total radiation. In Egs. (15) and (16), we assumed that both
PAR and NIR are half of RS (0). According to Goudriaan and
van Laar (1994), fgr is given as a function of the transmissiv-
ity of atmosphere (Tam) as follows:

1 (Tatm < 0.22)

far= 11 —=6.4(tam —0.22)2  (0.22 < 1yem < 0.35), (17)
1.47 — 1.66744m (otherwise)

Tam = RE(0) sec(8)/Rex, (18)

Rex = Rgun(1 +0.033) cos(27 Doy /365)), 19)

where Rex is the extraterrestrial radiation, Rgyy is the solar
constant, and Doy is the number of days from 1 January. The
Egs. (15)—(19) that calculate D?(O) are based on formula-
tions by Goudriaan and van Laar (1994), while the original
MATSIRO uses different equations.

The transmissivity of canopies for shortwave radiation
(t¢s) 1s expressed as

e = RI(L)/ (RAO) - RE®)) (20)

Here, RY(0) and RS(L) are the radiant flux density for up-
ward shortwave at the canopy top and downward shortwave
at the bottom of the canopy, respectively. L denotes the LAI,
which is calculated in the CGM (Sect. 4.4). RY(0) and RS(L)
are represented by

RY(0) = r11 DS (0) + 21 DS(0) + r128%(0) + r83(0),  (21)
RY(L) = 711 DY (0) + 121 DS(0) + 7128%(0) + 12285(0),  (22)

where r;; and 1;; are the canopy reflectivity and transmis-
sivity, respectively, and i and j represent wavebands (i = 1:

Geosci. Model Dev., 9, 4133-4154, 2016

PAR; i =2: NIR) and direct (j = 1) or scattered radiation
(j = 2). These are given in Appendix D.

Last, the transmissivity of a canopy for longwave radiation
(¢1) 1s expressed as

7o = exp(—F Ldy), (23)

where dy is the scattered factor. We set df = sec(27(53/360))
from assumption 3 described above.

3.3 Bulk transfer coefficient for latent and sensible heat

This module calculates BTCs for latent and sensible heat
(Ck., CEg, Ch,, and CHU) The BTCs are used to simulate
energy balance (Sect. 3. 1). This module is based on Watan-
abe (1994), where CEg, Ck,., CHg, and Cp, are given by

1

Cg, =[1/Cu, +rU] ", (24)
Cg. =Cg — Cg,, (25)
1
Ch, =K2|:1n (—Z d) +\11M(;g)] [m (—Za_d)
IMg iTg
-1

+ wﬂ(cg)} : (26)

Cn. =Cy — Cp,, 27)

where Cg and Cg are the BTCs for latent and sensible heat
between the entire surface (canopy plus surface) and atmo-
sphere, and are given by

-1
o) o] [o(25)
b4 20

-1
+ ‘IJE(;‘)} ) (28)

-1
cuneli (5 voue] (5
M T

—1
+ Wy (C):| . 29)

In Egs. (24)—(29), « is the Karman constant; d is the zero-
plane displacement height; z, is the reference height at which
wind velocity is observed; zyg and z7g are the roughness
lengths that express the effect of surface on the profiles of
momentum and temperature, respectively; zy, z7, and zg
are the roughness lengths of an entire surface (canopy plus
surface) for the profiles of momentum, temperature, and spe-
cific humidity, respectively; and r; is resistance of topsoil to
evaporation. z, is a simulation setting parameter (Table 6),
and d, zm, 271, 20, Zmg and zrg are the functions of crop
height and LAI (Appendix E). rg is given by

rs = 800 (1 — ws(0)/wga) / (0.2 + ws(0) /wgar) » (30)

where wg(0) is the water content of topsoil and is calcu-
lated in Eq. (53), and wgy is the soil water content at sat-
uration and is a soil-type specific parameter. ¥y, Wy, and
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W are the diabatic correction factors for momentum, heat,
and vapour transport, respectively. The factors are functions
of atmospheric stability ¢ as follows:

61n(1 +¢)

(¢ > 0: stable)
Yy (¢) = _1.21n|:1+(1,216§)1/2j| 3D

(otherwise: unstable),

61n(1+¢)

(¢ > 0: stable)
V() =Vg() = _21n|:1+(1_16§)|/2] (32)
2

(otherwise: stable).

The equations above are adopted from Campbell and Nor-
man (1998), whereas the original MATSIRO model employs
different equations. The variable ¢ is replaced by either the
atmospheric stability between the entire surface and atmo-
sphere (¢) or the atmospheric stability between surface and
atmosphere (¢y). These are given by

Za - d
= ; (33)
¢ Lmo
Za — d
_a—d 34
Se Lyiog (34)

where Lyo and Lvog are the Monin-Obukhov lengths for
the exchange between the entire surface and atmosphere and
between the surface and atmosphere, respectively, and are
given by

3/2,12
Lyo = Oy U (35)
Kg{CHg(Tg —Ta) +Ch(T. — T)} ’
3/2,.2
©oCy U
Lwmog £ (36)

 kgCp,(Ty—Ty)’

where g is the gravitational constant, T, and 7 are the tem-
peratures of the surface and canopy, ®g is the potential tem-
perature, Cy and Cyyg are the BTC for momentum between
an entire surface and atmosphere and between surface and
atmosphere, respectively. Cysg in Eq. (36) is introduced ac-
cording to Maruyama and Kuwagata (2008), while the origi-
nal MATSIRO uses Cy. T and T are calculated in Sect. 3.1.
®g is given by

Qo =Ty x (1.0 x 10%/ P,) Rary/pa) (37)

where Rgry is the gas constant of dry air. Although the orig-
inal MATSIRO fixes ®¢ at 300 K, MATCRO calculates the
value according to Campbell and Norman (1998). Cps and
Cug are given by

) Za_d -2
Cu=k|In(=—=)+vu©)| . (38)
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_ -2
Chrg = K2 [m (Za d) + xpM(;g)} . (39)

IMg

Now we have six independent equations, Egs. (24), (25),
(26), (27), (38), and (39), for six unknown variables, CEg,
Ck,, CHg, Ch,, Cy, and Cyyg, respectively. Therefore, we
can determine the values of these variables by numerically
solving Egs. (24)—(39). The numerical method is described
in Masutomi et al. (2016).

3.4 Canopy water balance

The main purpose of this module is to calculate the frac-
tion of wet canopy ( fcw) which is used for simulating energy
balance at canopy (Sect. 3.1). To calculate f.y, this mod-
ule calculates water balance at canopy. Although the mod-
ule is based on the original MATSIRO, the amount of water
that canopies can hold was replaced by using the method de-
scribed in Penning de Vries et al. (1989). The variable f is
given as

Jow = wc/wcap, (40)

where w, is the amount of water stored in canopy and wcap
is the water capacity of the canopy. The w, is calculated by
solving the canopy water balance, which is given by

dw
,Owd—tCZIc—Dg—EC, (41)

where py, is the density of water, I is the amount of precipi-
tation intercepted by canopy, Dy is the amount of water that
falls from the canopy onto surface due to gravity, and E is
the amount of water that evaporates from the canopy (Eq. 7).
1. depends on the amount of precipitation (P;) and LAI (L)
and is given by

I.= fintpr, (42)
= L (L<l), 43)
e 1 (otherwise),

where fin; indicates the interception efficiency of precipita-
tion by canopy. According to Rutter et al. (1975) and Penning
de Vries et al. (1989), Dy and wc,p are given as

Dg = pwD1exp(Drw,), (44)
Weap = (Wah % 1074/, 45)
respectively, where D and D; are parameters (Rutter et al.,
1975), and Wy, is the shoot dry weight, which is calculated
in the CGM (Eq. 136). In the case of non-flooded surface, the
amount of water that falls from the canopy onto soil surface,
F¢, is calculated by
Fe = Dg+ (1 = fin) Pr +max{0, we — Weap} ow/52,
(unflooded) 46)
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where 5t is the time resolution of simulations. In the case of
flooded surface, F. is not calculated because surface water is
present. The maximum evaporation from the canopy (E¢ max)
is given by

E¢ max = Weow/8t. 47

3.5 Soil water and heat transfer

This module calculates heat and water transfer in soil. The
main role of this module is to determine the temperature at a
soil surface (75(0)), which is used for simulating energy bal-
ance of the surface (Sect. 3.1). Although this module is based
on the original MATSIRO, the calculations of the surface and
base runoffs are simplified because hydrological calculations
are not the main purpose of MATCRO-Rice.

Soil temperature at a soil depth of z from the soil surface
(T5(2)) is calculated from the gradient of heat flux in the soil
as follows:

8 TS (Z ) 8 Gs (Z )
chs(2) = oz (48)
where cps is the volumetric heat capacity of the soil and
G(z) is the heat flux at a soil depth of z and is given from
the gradient of soil temperature as

kes(2) aTasz(Z) (0 <z < zZmax)

49
0 (z = Zmax)- )

Gs(2) = {

Here, ki is the soil thermal conductivity. In Eq. (49), we as-
sumed that heat flux at the bottom of the soil layer (z = zmax)
IS zero. Zmax 1S a simulation setting parameter. When solving
Eqgs. (48) and (49), the heat flux from surface to soil (Ggs),
calculated in Eq. (10), is used as a boundary condition. The
parameter cpg is calculated from the heat capacities of soil
components as follows:

Chs(2) = PsCpm + PwCpwWs(2), (50)

where p; is the bulk density of soil, cpm is the specific heat
of soil minerals, and wg(z) is the volumetric concentration
of soil water. pg is a soil-type specific parameter determined
by soil type at a simulation site, and cpp, is given according
to Campbell and Norman (1998). We note that the first term
of the right hand side in Eq. (50) indicates the heat capacity
of dry soil. Although the original MATSIRO model assigns a
default value to the heat capacity of dry soil for all soil types,
MATCRO-Rice calculates the value of the heat capacity of
dry soil using the bulk density of soil and the heat capacity
of soil minerals, as shown in the first term of Eq. (50). It
should be noted that the effect of soil organic matter on cyg is
not considered in MATCRO. The parameter k(z) in Eq. (49)
is given by

ks (z2) =K. (Z)(ktss - ktsO) + kis0, (€29)
_ Jlog(ws(z)/wsa) + 1.0 (f ws(2)/weat > 0),
Ke(x) = (0 (otherwise) (52)
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where ko and ks are the thermal conductivity of dry and
saturated soils, respectively, K. is the Kersten number, and
Wgat 1S the volumetric soil water concentration at saturation.
kiso and ks are parameters. We set ko = 0.25 (Campbell
and Norman, 1998) and ks = 1.58 (Best et al., 2011). The
parameter wgy is specific to soil type. Equations (51) and
(52) for the calculation of ki (z) are based on the equations
developed by Best et al. (2011), while the original MATSIRO
employs a different equation. The variable ws(z) depends
on the gradient of water flux and absorption by roots at a
soil depth z. In addition, water flux from the canopy layer is
added into the top layer of the soil (0 < z < z;) in the case of
non-flooded surface. The variable wg(z) is given by

(53)

dwy@  [BE -S@+F 0<z<az)
(2t <2 = 2p),

or |5 - 8@

where Fs(z) and Ss(z) are water flux and absorption by roots
at a soil depth of z, respectively. F, is water flux from the
canopy layer (Eq. 46). In the case of flooded surface, the top-
soil layer is assumed to be saturated as follows:

ws(z) = weye (if flooded; 0 < z < z¢). (&)

This assumption is not considered in the original MATSIRO.
z¢ is a simulation setting parameter. F5(z) is calculated from
the gradient of water potentials as follows:

Y (2)
~K@ (%2 +1)

(Wsat/Tv) (ws (Z)/wsat)2

(0<z<zp),

Fi(z) = [ (55)

(zb < 2 < Zmax),

where K (z) is the hydraulic conductivity and v (z) is the wa-
ter potential at a soil depth of z. F(z) in the bottommost layer
(zb < z < zmax) represents the base flow, and 1y, is the reces-
sion constant for base flow. This model uses a simple model
for simulating base flow developed by Hanasaki et al. (2008),
although the original MATSIRO utilizes a more complicated
model (TOPMODEL: Beven and Kirkby, 1979). zy is a sim-
ulation setting parameter, and Ty, is determined as described
in Hanasaki et al. (2008). K (z) and ¥ (z) are given by Clapp
and Hornberger (1978) as follows:

2B+3
K@= Ks("‘;j(Z)) , (56)
sat
-B
v = () (57

where K and /¢ are hydraulic conductivity and water po-
tentials at saturation, respectively, and B is a parameter that
determines the relationship of hydraulic conductivity or wa-
ter potentials between saturated and unsaturated soils. Kj,
Y, and B are soil-type specific parameters. Ss(z) in Eq. (53)
is calculated from the transpiration

S0 = [(Et/pmfr(z) 0<2<20),

(58)
0 (zrt <2 =< Zmax)
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where E| is the transpiration calculated in Eq. (8), z; is a root
depth calculated by the CGM (Eq. 140), f;(z) is the distribu-
tion of the root and is given by

[(2) = (B/2)(5 —22)/z0, (59)

where we assumed that the root has no spatial orientation and
is equally distributed in soil. We note that the root depth and
distribution in MATCRO changes, although those variables
are fixed in the original MATSIRO. The humidity of topsoil,
hms, used in Eq. (9) is given by

hms = exp(¥(0)g/(RaTs(0)). (60)

In MATCRO, it is assumed that crops can use soil water be-
yond the wilting point with water potential of —1500kPa
(wwit). Hence, the maximum transpiration (E¢ max) is given
by

rt
am=%/mw—wwa 61)
0

where wy; is a soil-type specific parameter, and &t is the time
resolution of simulations. In the case of non-flooded surface,
evaporation from the surface (Eg) is limited by soil water in
the topsoil layer (0 < z < z;) and is given by

Eg,max = I(;_\:/(ws(z))dz- (62)
0

In the case of flooded surface, there is no limitation for
Eg,max'

4 Crop growth model

The main purpose of the CGM is to simulate rice yield and
biomass growth for each organ during a growing period. The
CGM has four modules: net carbon assimilation, crop devel-
opment, crop growth, and LAI, crop height, and root depth.
Each module is described in detail in the following sections.

4.1 Net carbon assimilation

The main role of this module is to calculate net carbon as-
similation (Ap) in canopy for simulating crop growth. In ad-
dition, the stomatal conductance per unit leaf area for both
sides of the leave (g,) is calculated for simulating rough-
ness length (Appendix E). Although this module is based
on the big-leaf model (Sellers et al., 1992, 1996a) used in
the original MATSIRO, we refined two points in the calcu-
lation according to the approach described by de Pury and
Farquhar (1997) and Dai et al. (2004). The first refinement
is that leaves in a canopy are divided into sunlit and shade
leaves. Subsequently, A per unit leaf area for each the sun-
lit and shade leaves are calculated. The second refinement is
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that A, for the entire canopy is calculated considering verti-
cal distribution of nitrogen within the canopy.
Ay for the entire canopy is given by

An = Zn,sann +Zn,ShLShv (63)

where Zn,sn and Zn,sh are net carbon assimilation per unit
leaf area for sunlit and shade leaves, respectively, Lg, and
Ly, are LAI for sunlit and shade leaves, respectively, and
overbars represent the amounts per unit leaf area. Zn,sn and
Zn’sh are defined by the difference between gross carbon as-
similation and respiration as follows:

Zn,x = Zg,x - Ed,x ’ (64)

where Zg, » and Ed' x are gross carbon assimilation and res-
piration per unit leaf area, respectively, and the suffix x indi-
cates sn or sh. Lg, and Ly, are given as follows:

L

Lm=/ﬂNML (65)
0
L

Lm=/ﬂ—ﬁdmd, 66)
0

where fi, (/) is the fraction of sunlit leaves at a LAI depth of
[ and is defined as follows:

Ssn(D) = exp(—Flsec(0)), (67)

where F' denotes distribution of leaf orientation and 6 is a
zenith angle of the sun (Appendix B). The effect of photo-
synthesis down-regulation due to acclimatization to elevated
CO», is represented as follows:

Zg,x = fdwnZg’,m (68)
Sawn ={1+ Ved hl(CéJL,ppm/CO)}/{1 + Vg ln(Ca,ppm/CO)}a (69)

where Zg/’ » 18 gross carbon assimilation per unit leaf area
for sunlit and shade leaves without photosynthesis down-
regulation, fywn is the factor for photosynthesis down-
regulation, yyq and y, are parameters that characterize the
response to increased CO2, Cy ppm is atmospheric CO; con-
centration, and Cj is the base concentration of CO;. The
Egs. (68) and (69) are based on Arora et al. (2009), although
the original MATSIRO does not consider the effect of photo-
synthesis down-regulation. We set ypq = 0.42, 5 = 0.9, and
Cp = 288 according to Arora et al. (2009). It should be noted
that we have tentatively set these values for the parameters
of photosynthesis down-regulation, using the mean values
in Arora et al. (2009), because these values are not avail-
able for rice. If these values are quantified, they should be
replaced. The calculation for Zg/, » and Ed’ + 18 based on the
leaf photosynthesis model developed by Collatz et al. (1991).
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In their model, Zg/,x is determined by three limiting factors:
RuBisCO, light, and sucrose synthesis as follows:

Ag’,x < min(ac,mae,x»as,x)a (70)

where @y, ®ex, and s are RuBisCO-limited, light-
limited, and sucrose-limited carbon assimilation per unit leaf
area, respectively. To implement smooth transition between
each limited state, Zg/, 18 determined practically by solving
the following two equations (Sellers et al., 1996b):

ﬂcewg,x - wg,x (ng + ag,x) + ag,xag,x =0 (71)
—-2 —2 _ o _h
BosAy , — Ay (@ + B, )+ @5 @1, =0, (72)

where Bce and Bpc are the parameters that determine the
smoothness of transition between each limited state. Sce is
a crop-specific parameter and B, is a parameter that does
not depend on crop type. The variables @ x, We x, and ws x
are given by

Bex =V, [ Gix =7 ] (73)
[4)) =

o "% ey + Ke(14[021/Ko0)
_ — Cix + r*
Wex = €0y [m] (74)
Es,x = Vms,x/z- (75)

Here, Vmc, » and Vms, » are the maximum RuBisCO capac-
ity per unit leaf area for w. , and s, respectively, ¢ x is
the partial pressure of intercellular CO;, [O,] is the partial
pressure of intercellular O,, Q, is the photon flux density for
PAR absorbed per unit leaf area by sunlit and shade leaves, €.
is the quantum efficiency, I'* is the light compensation point,
and K. and Ko are the Michaelis constant for CO; fixation
and oxygen inhibition, respectively. We set [O2] =20900
(Collatz et al., 1991). € is a crop-specific parameter. Vmc,x
and Vms,x are given by

Vmc,x = Vmax,va [qu/{l + CXP(SI (T, — 52))}] , (76)
Vs = Vimaxx fo [27 /{1 + exp(s3(s4 — To))}] . (77)

where Vmax, + 1s the reference value for the maximum Ru-
BisCO capacity per unit leaf area of sunlit (Vmax,sn) and
shade (Vmax,sh) leaves; fy is the water stress factor; s1, $2,
s3, and s4 are parameters that represent temperature depen-
dence of Vmax, x on Vmc, x or Vms, +; and gy is a function that
represents temperature dependency. The variables s1 and 52
are parameterized in Masutomi et al. (2016), whereas s3 is
a parameter that does not depend on crop type and s4 is a
crop-specific parameter. f is given by

fv= / fr(2) fs(2)dz, (78)
0

2

RS E=TETAC Y

(79)
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where f(z) is the water stress function on photosynthesis at
a soil depth of z, and y5 is a crop-specific parameter for water
stress on photosynthesis. Equation (79) is based on Bouman
etal. (2001), although the original MATSIRO uses a different
equation. g; is given by

gt = (T. — 298)/10. (80)

Vmax,sn and Vmax’sh are defined by

L

Vmax sn = /Vmax(l)fsn(l)dl /Lsn, (81)
0
L

Vmax sh = /Vmax(l)(l—fsn(l))dl /Lsh, (82)
0

where Viax (1) is the reference value for the maximum Ru-
BisCO capacity at a LAI depth of /. The vertical distribution
of Vimax () depends on that of leaf nitrogen within the canopy
and is given by

Vinax (1) = Vimax (0) exp(—Kyl), (83)

where K, is a parameter that represents the vertical distribu-
tion of leaf nitrogen, and Viax(0) is the reference value for
the maximum RuBisCO capacity at the canopy top. Viax (0)
as well as s; and s, are parameterized in Masutomi et al.
(2016), and we set K, = 0.3 (Oleson and Lawrence, 2013).
I'*, K¢, and Kg are given by

I'* = 0.5[0,]/S, (84)
Ke =30 x2.1%, (85)
Ko = 30000 x 1.2, (86)
S = 2600 x 0.57%, (87)

where S is the ratio of the partition of RuBP to the carboxy-
lase or oxygenase reactions of RuBisCO.
0, in Eq. (74) is defined by the following equation:

O, = 0y/Lx. (88)

Here, Q, is the PAR absorbed by the entire canopy for sunlit
(Qsn) and shade (Qgp) leaves. Qg and Qgp consist of direct
and scattered components and are given as

an = an,d + an,s» (89)
Qsh = Qsh,Sa (90)

where Qgn d. Osn,s» and Qg s are the direct PAR absorbed
by sunlit leaves, the scattered PAR absorbed by sunlit leaves,
and the scattered PAR absorbed by shade leaves, respectively.
These are described by

L

dD{(1)
Osn,d =kq 3 di, o1
0
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L
d(Sd() — s¥(
Ouns = kg / mea)dl, 92)
0
£ d(s90) — SH0))
Ouns = kg / SR - i, (93)
0

where D{(1), S{(1), and S}(I) are calculated by the LSM
(Egs. 12-14) and kq is a constant that transfers the radiant
flux density to photon flux density.

Ry, in Eq. (64) is given by the following equation:

Ed,x = fdvmax,x [2%/{1 +exp(ss(Te — 56))}] ) %94)

where fj is a respiration factor and crop-specific parameter,
whereas 55 and s¢ are parameters that are not crop dependent.
It should be noted that Zn, » can be calculated using the equa-
tions described in this section (Eqs. 64-94) if ¢; , is given.

Zn, x should be equal to the CO, flux between the leaf in-
terior and boundary layer and the CO, flux between the leaf
boundary layer and the atmosphere. If these requirements are
fulfilled, the following equation can be derived:

Zn,)c = (gl/Pa)(Ca - Cs,x)/l-4
= (Zst.x/ Pa)(csx —cix)/1.6, 95)

where c, is the partial pressure of atmospheric CO», ¢ x is
the partial pressure of CO, at the leaf boundary layer for sun-
lit and shade leaves, g is the leaf boundary conductance for
vapour per unit leaf area, and g , is the stomatal conduc-
tance for vapour per unit leaf area for sunlit and shade leaves.
From Eq. (95), ci x and ¢ , are defined by

Cix=Ca— (1.4/21+ 1.6/ ) Anx Pa, (96)
Cox =Ca— 144, Pa/3). 97)
The variables c, and g; are given by

ca = (Cappm X 1070) Py, (98)
81 = (84/2) X Pa/(Tc Ryapwn,0), (99)
8a = cnlUe, (100)

where wh,0 is a constant for the molar weight of vapour,
g, is the leaf boundary conductance for heat per unit leaf
area (for both sides of the leaf), ¢y is the leaf transfer co-
efficient for heat and is a crop-specific parameter, and U,
is the mean wind speed in the canopy (Appendix F). Note
that Egs. (99) and (100) are based on Maruyama and Kuwa-
gata (2008), whereas the original MATSIRO uses Cp U/L
instead of g,/2 in Eq. (99).

Zn‘ + meets the Ball-Berry relationship (Ball, 1988), which
describes the relationship between Zn, x> &st.x» and other en-
vironmental conditions. The Ball-Berry relationship is given
by

_ [m wlop o+ (f Apy > 0),

8st,x = (101)

(otherwise)
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where m and b are the slope and intercept of the Ball-Berry
relationship, and A, is the relative humidity at the leaf
boundary. It is noteworthy that b indicates the stomatal con-
ductance when Xn, + 1s equal to or less than zero (Baldocchi,
1994) and that the effect of water stress on b is not considered
in MATCRO-Rice. The variables m and b are crop-specific
parameters, and & , is defined by

hsx = es,x/esat(Tc, Pa), (102)

where e is the vapour pressure at the leaf boundary and
esat 18 the saturated vapour pressure. The variable e  is ex-
pressed as

esx = (eag) + eigst,x)/(gl +§st,x)7 (103)

where e, and e; are the vapour pressure in the air and leaf,
respectively. Equation (103) is derived from the fact that the
water vapour flux from the stomata to the leaf surface is equal
to the water vapour flux from the leaf surface into the atmo-
sphere, which is shown in the following equation:

8otx(€i —€5.x) = gi(es,x —€a). (104)
The parameters ey, e;, and ey, are given by

€a = Q(Rvap/Rdry)ch (105)
ei = esat(Te, Py), (106)
esat(Te, Pa) = Qsa(Te, Pa)(Rvap/Rdry)Pa’ (107)

where ¢; is assumed to be saturated.

Now we have three relationships (Eqs. 64-94, 96, and 101)
in terms of three unknown variables (Zn,x, Cix» and gy ).
Therefore, we can determine the values for Zn, x» Cix, and
&st.x» by numerically solving the three relationships. The nu-
merical method is described in Masutomi et al. (2016).

Last, g, is given by the following equation:

(108)
(109)

8= &gy X (TchapwHZO/Pa)7
85t = {(Est,sn X Len +§st,sh X Lsn)/L} x 2,

where g is the stomatal conductance for vapour per unit leaf
area for both sides of the leaf.

4.2 Crop development

The crop development module calculates Dy, which is an
index used to quantify developmental stage of crops. Dy
is mainly used for determining the timing of transplanting,
heading, and harvesting. In addition, Dy is used for parti-
tioning of carbon assimilation into each organ and for esti-
mating LAI and height. This module is based on the formu-
lation by Bouman et al. (2001). Dy is calculated from

Dvs = Gds/Gds,m’

t

Gdsz/Dvrdt/,
0

(110)

(111)
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0 (Ta<TITh = Th)
T.—To (Th =Ty < Tp),
(To—To)(Th—T)/(Th—To) (To =Ty <Th),

Dy, = (112)

where G is the growing degree seconds at ¢, Ggs,m is Gds
required until maturation, Dy, is the development rate at ¢,
Ty is the melting temperature of water, and Ty, Ty, and T, are
the minimum temperature, maximum temperature, and opti-
mal temperature for development, respectively. The value of
Ggs,m 18 parameterized in Masutomi et al. (2016), and Ty, Th,
and Ty, are crop-specific parameters. 7y is a physical constant
(Table 5). It should be noted that Dyg = O represents sowing
and Dys = 1 represents maturation. Furthermore, we intro-
duce two parameters that represent the timing of emergence
(Dys,e) and heading (Dys p). Both Dy e and Dy p are crop-
specific parameters. The values of Dy, and Dysp, are pa-
rameterized in Masutomi et al. (2016). Crop simulation start
at the day of sowing (Doy,sw) Which is a simulation setting
parameter.

During the transplantation of rice seedlings, the seedlings
enter transplanting shock, which prevents shoot growth
(Bouman et al., 2001). In MATCRO-Rice, the transplanting
shock period is defined by Dy, where Dy i is Dys at the time
when transplanting shock starts and Dy e is Dys at which
transplanting shock ends. Both Dy i and Dy e are parame-
terized in Masutomi et al. (2016).

4.3 Crop growth

This module calculates the growth of organs and reserves.
The organs considered in MATCRO-Rice include the leaf,
stem, panicle, and root. In addition, the model considers
glucose reserves in leaves and starch reserves in stems. All
carbon assimilated in leaves through photosynthesis is first
stored in the leaf in the form of glucose. Then, the stored glu-
cose is partitioned to each organ and stored in the stem when
the amount of the stored glucose exceeds the critical rate to
dry weight of the leaf. This module is based on MACROS
(Penning de Vries et al., 1989).

The dry weights of each organ and reserve are expressed
by

t

Wier = Wito + [ (Graer = Lusendr (113)
fe
t
Witm = Wstm,() +/Gr,stmdt/s (114)
fe
t
anc = /Gr,pncdt/ (115)
fe
t
Wiot = Wrot,() +/Gr,rotdt/v (116)

Ie
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t
Wstc = /(Gr,stc - Rm,stc)dt/7 (1 17)
fe
t
ngu = ngu,O +/Gr,gludt/’ (118)

le

where Wiet, Wstm, Wpne, Wrot» Wste, and Wy are the dry
weight of leaves, stems, panicles, roots, starch reserves, and
glucose reserves at ¢, respectively; Wier,0. Wstm,0, Wrot,0, and
Welu,0 represent the initial dry weight at emergence of each
organ and reserve; Gy lef, Grstm» Gr,pnes Grrots Gr,ste, and
G g1u are the growth rates of the corresponding organ and re-
serve; Lg jef 1S the loss rate of leaves due to leaf death; Ry st
is the loss rate of starch reserves in the stem due to remobi-
lization; . is the time at emergence after sowing; and Wier,o,
Wistm, 0, Wrot,0, and Wy o are simulation setting parameters.

The glucose reserve in the leaf is supplied through photo-
synthesis in leaves and remobilization from the stem. Thus,
the supply of glucose is given by

Sglu = AnCCOQ,glu + Rm,stcCstc,glu’ (119)

where Sy is the supply of glucose to the leaf reserve, Ay
is the net carbon assimilation calculated in Eq. (63), and
Cco,,elu and Cg g1y are the conversion factors from CO;
or starch to glucose, which are chemically determined (Ta-
ble 5). We assumed that the partition of glucose in leaves to
each organ occurs if the following equation is met:

ngu + Sglu& > kglu Wiet, (120)

where 8t is one simulation time step, kg is the critical ratio
at which the partition of glucose happens, and &z is a simu-
lation setting parameter. We set kgy = 0.1 (Penning de Vries
et al., 1989). When Eq. (120) is met, the amount of glucose
that exceeds the critical ratio is partitioned to each organ and
reserve according to the following equation:

Gp,glu = (ngu + Sglust - kglu Wier) /82, (121)

where Gy oy is the amount of glucose partitioned to each
organ and reserve. The growth rate of each organ and reserve
is expressed as follows:

G lef = Gp,glu Pr.sh Pr,1efClu, et (122)
Gr,stm = Gp,gluPr,sh(l - Pr,lef - Pr,pnc)

X (1 = fste) Calu,stms (123)
Gr,pnc = Gp,glu Pr,sh Pr,pnccglu,pn(:v (124)
Gr,rot = Gp,glu(1 - Pr,sh)cglu,rotv (125)
Gr,stc = Gp,gluPr,sh(l - Pr,lef - Pr,pnc)fstccglu,stc» (126)
Gr.glu = (kgla Wiet — Welu) /61, (127)

where P g is the ratio of glucose partitioned to the shoot;
Py 1ef and Py pyc are the partition ratios of glucose from the
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shoot to the leaf and panicle; f is the proportion of glucose
allocated to starch reserve in the stem; and Cgly,lef, Cglu,stm
Colu,rot> Celu,pnc> and Cgly sic are dry weight of corresponding
organs and reserves that are produced from the unit weight of
glucose. fiic, Cglu,lef’ Cglu,stm’ Cglu,roh and Cglu,pnc are Crop-
specific parameters. fg is parameterized in Masutomi et al.
(2016). We set the values of Cgylef, Cglu,stms Cglu,rot, and
Cglu,pnc according to Penning de Vries et al. (1989). Cgy,stc
is a chemical constant. If Eq. (120) is not met, glucose is not
partitioned into each organ and reserve, except as the glucose
reserve in the leaf. Therefore, the growth rate of each organ
and reserve are calculated as follows:

Gr,lef - Gr,stm - Gr,rot = Gr,pnc = Gr,stc =0 (128)
Gr,glu = Sglu- (129)
The partition ratios to each organ are given as
1— Prot (Dvs < Dvs,tr)
0 (Dvs,tr < Dys < Dvs,te)7
Prsh = 1 = Prot (Dys,te < Dys < Dy rot1) (130)
l_Pl'O D\/ _DVS
ﬁ (Dvs,rotl < Dys < Dys ror2)
(otherwise)
Plef (Dvs < Dvs,lefl)
Pief(Dys lef2 — Dys
Pr,lef = (]D\f/:?ff)vs_leﬂ; (Dvs,lefl < Dys < Dvs,lef2)7 (131)
(otherwise)
0 (Dvs =< Dvs,pncl)
D\' 7DVS. nc
Pr,pnc = m (Dvs$pncl <Dy < DVS,pncZ)s (132)
1 (otherwise)

where Dys o1, Dysrot2s Dus,lefls Dys,lef2s Dys pnci» and
Dys pnc2 tepresent the Dy values at which corresponding
partitions change; Py is the ratio of partitioned glucose to
the roots at Dys < Dys rot1; and Pier is the ratio of glucose
partitioned to the leaf and glucose partitioned to the shoot at
Dys < Dvs,lef1~ Dvs,roth Dvs,r0t2» Dvs,lefh Dvs,lef27 Dvs,pncl,
Dys pnc2, Prot» and Pier are crop-specific parameters and are
parameterized in Masutomi et al. (2016). In Eq. (130), we as-
sume that no glucose is partitioned to the shoot during trans-
planting shock (Dys tr < Dys < Dys te). It is important to note
that transplanting shock is considered only when transplant-
ing is conducted.

Loss of leaf dry weight due to leaf death (L jer) and re-
mobilization from starch reserve in the stem (R stm) Occur
after heading and they are defined as follows:

L 1ef (Dys < DVS,h)s (133)

',lC = ]

’ 7dd,lef(Wief + Wela)  (otherwise)

R _ 0 (Dys < Dvs,h), (134)
mste Frm.ste Wsie  (otherwise)

where r4q 1ef and rim,stc represent the ratios of leaf death and
remobilization. rqq jef Varies with Dy as follows:

rdd,lef = 7d1,lef(Dys — Dys,n)/(1 — Dys 1), (135)
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where rqj lef 1S the ratio of leaf death at harvest (Dys =1)
and it is parameterized in Masutomi et al. (2016). We set
Frm,ste = 1.16 % 10_6, assuming that all starch stored in the
stem is remobilized in 10 days after heading (Bouman et al.,
2001).

Last, the dry weight of the shoot (Wy,), used in Sect. 3.4,
is given by

Wsh = Wiet + Wetm + anc + Wsee + Wg1u~ (136)

4.4 LAI, crop height, and root depth

Leaf area index (L), crop height (h), and root depth (zy) are
expressed as

L= (Wt + ngl.l)/SlW7 (137)

Siw = Stw,mx + (Slw,mn - Slw,mx) €Xp (_kS1W Dvs) ) (138)
haal®  (Dys < Dysh),

hgt _ aa . (Dys < Dysp) (139)
hpa L"MP (Dvs,h < Dyy)

It = min{zrt,mx’ ree(t —te)}, (140)

where Sy is the specific leaf weight; Siw mx and Sy, mn are
the maximum and minimum values of specific leaf weight,
respectively; kg, is a parameter that determines the relation-
ship between Dy and specific leaf weight; haq, Aab, fiba, and
hpp are parameters that define the relationship between LAI
and crop height; z;,mx is the maximum root depth; and ry
is the root growth rate. The allometric equations for estimat-
ing crop height (Eq. 139) is based on Maruyama and Kuwa-
gata (2010). Siw,mx> Siw,mn, KSy,» Haa> fab, Aba, and hpp are
crop-specific parameters; they are parameterized in Masu-
tomi et al. (2016). zy, mx and ry are also crop-specific param-
eters, and they are set to zy,mx = 0.3 and ry = 1.16 x 1077
(=0.01 mday~!) (Penning de Vries et al., 1989).

4.5 Crop yield

Crop yield is calculated from dry weight of the panicle at
maturity as follows:
Yig = kyld anc,mta (141)
where Yyq is the crop yield, Wpne,me is the dry weight of the
panicle at maturity, and kyyq is the ratio of the crop yield to

Wone,me- The variable kyiq is a crop-specific parameter and it
is parameterized in Masutomi et al. (2016).

5 Concluding remarks

We developed a new LSM-CGM combined model for paddy
rice fields called MATCRO-Rice, which is fully described in
the present paper. MATCRO-Rice has two features: (i) the
model can consistently simulate LHF, SHF, biomass growth
for each organ, and crop yield by exchanging variables listed
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in Table 2; (ii) the model considers water surface and irriga-
tion in paddy rice fields. According to our literature survey,
MATCRO-Rice is the first LSM-CGM combined model for
rice that employs these two features.

The first feature enables us to apply the model to a wide
range of integrated issues. For example, by using MATCRO-
Rice, we can assess the impacts of paddy rice fields on cli-
mate through heat and water fluxes and consistently assess
the impacts of climate on rice productivity. Osborne et al.
(2009) showed that the interaction between agricultural land
and climate can play an important role in the annual variabil-
ity of both the climate and crop yield. MATCRO-Rice can
investigate the impact of the interactions at paddy rice fields
on climate and rice productivity. MATCRO-Rice can be a
useful tool for addressing the integrated issues of agriculture
and hydrology.

MATCRO-Rice can be also applied to simultaneously as-
sess the climate change impacts on rice productivity and hy-
drological cycle in paddy rice fields. Masutomi et al. (2009)
showed that climate change will have significant impact on
rice productivity across Asia. In addition, agricultural land is
one of the key players in global hydrological cycle, and cli-
mate change will globally alter the hydrological cycle (Oki
and Kanae, 2006).

Geosci. Model Dev., 9, 4133-4154, 2016

The first feature also gives us a chance to comprehen-
sively evaluate the model with observations (Lei et al., 2010).
Model evaluation is described in the companion paper (Ma-
sutomi et al., 2016).

The current version (v. 1) of MATCRO-Rice has a major
limitation. Nitrogen dynamics is not included in MATCRO-
Rice, although it is well known that nitrogen stress signif-
icantly affects crop growth, and hence LHF and SHF. This
indicates that MATCRO-Rice simulates LHF, SHF, biomass
growth, and crop yield with no nitrogen stress. To apply the
model to the site with nitrogen stress, it is necessary to in-
clude nitrogen dynamics. This feature is an important future
challenge.

6 Code and data availability

The source code of MATCRO will be distributed by
request to the corresponding author (Yuji Masutomi:
yuji.masutomi @gmail.com). The website for MATCRO-
Rice will be developed in the near future.
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Appendix A: p; and Qgy¢

The air density (p,) and the specific humidity at saturation
(Qjsar) are calculated physically according to the equation for
the state of dry air and the Clausius—Clapeyron equation, re-
spectively, as follows:

Pa = Pa/(RaryTa), (AD)
Osat(Tx, Pa) = (Rary/ Rvap){esat(To) €xp (()\/Rvap)
(1/To — 1/T))}/ Pa, (A2)

where T}, is air temperature; P, is air pressure; Ty is temper-
ature of the canopy (T¢) or surface (Ty); Tp is the melting
temperature of the water; Rqry and Ry,p are the gas constants
of the dry air and vapour, respectively; egy (7o) is the vapour
pressure at melting temperature of the water; and A is the la-
tent heat of vaporization. 7, and P, are meteorological inputs
(Table 1). Ty (T¢ or Ty) is calculated in Sect. 3.1. The other
parameters are physical constants (Table 5).

Appendix B: Zenith angle 6

According to Goudriaan and van Laar (1994), the zenith an-
gle of the sun (0) is calculated as follows:

cos(f) = sin(2mw L/360) sin(8s) + cos(2m L¢/360)

x €08(8s) cos(harg), (B1)
8s = —arcsin (sin(23.45(27 /360))

x €0s(27 (Doy + 10)/365)) , (B2)
harg = 27 (hy — 12) /24, (B3)

where L; is the latitude in radians at the simulation site, Js is
the declination of the sun, 4, is the hour angle from noon
(hy = 12), Doy is the number of days from 1 January at the
simulation site, and 4, is the local time at the simulation site.

Appendix C: Coefficients for radiation equations

The coefficients for radiation equations (Eqgs. 12—14) are cal-
culated as follows:
a; = Fdi{(1 —t;)* —r}}'/?, (Ch
Cri = {—(Az;i —ro)(SL(0) — C3,: D{ (0)) exp(—a; L)
+(C3,irg + g — Ca.1) D (0) exp(— F Lsec(9)))}
/A3, (C2)
Cai = {(A1;i —rg)(57(0) — C3,: D (0)) exp(a; L),
— (C3,irg +rg — C4.1) DY (0) exp(— F Lsec(6))}

Az, (C3)
Cs.i = sec(0){t; sec(0) +dst; (1 — 1;) + dgr?)
HdEF (1 —1)* —r}) —sec’ ()}, (C4)
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Ca,i = {ri(dr — sec(8)) sec(ON}/{dF (1 — 1;)* — 1)

— secz(G)}, (C5)
A=A =6 +{0 =)=V m, (C6)
A= —t; —{A—1)> =}V /m, (C7)

Az = (A1 —rgexp(a;L) — (Az; —rg)exp(—a; L), (C8)

where i indicates the wavebands of radiation (i = 1: PAR;
i =2: NIR); r; and #; are the leaf reflectivity and transmis-
sivity, respectively; F' is the distribution of leaf orientation;
dr 1s a scattering factor; A3 ; is a new variable introduced in
Egs. (C2) and (C3); L is the LAIL rg is the surface albedo for
shortwave radiation; Df‘ (0) and Sld (0) are direct and scattered
downward radiant flux density at the canopy top, respec-
tively; and 6 is the zenith angle of the sun. r; and #; are crop-
specific parameters determined by Sellers et al. (1996b). F
is set to 0.5 from the assumption of random leaf orientation
(Goudriaan and van Laar, 1994), and dr is sec(27(53/360))
(Watanabe and Ohtani, 1995). Az ; is defined in Eq. (C8),
L is calculated in the CGM (Eq. 137), and r for surface is
given in Maruyama and Kuwagata (2010). D? (0) and Slfi )
are given in Egs. (15) and (16), respectively, and 6 is calcu-
lated in Eq. (B1).

It should be noted that a;, A; ;, and A ; are not variables
determined by constant parameters, while Cy;, C2;, C3;,
C4,;, and A3 ; are variables.

Appendix D: Reflectivity and transmissivity of canopies

Reflectivity (r;;) and transmissivity (7;;) of canopy for each
waveband (i = 1: PAR, i =2: NIR) and for each direction
(j = 1: direct, j = 2: scattered) are given as follows:

ri1 = Cq,; — C3,iti2, (D)
rio = (A1,iC1,i +A2,iC2,)/(C1,i + Ca), (D2)
Ti1 =1+ C3; — Cyexp(—FLsec(9))) —C3 72,  (D3)
Tio ={(C1,i(1 — Ay ;)exp(a; L))

+C2,i(1 — Az jexp(—a; L))}/ (Cy1,i + C2,), (D4)

where a;, C1i, C2,;, C3,;, Cs,i, A1,;, and Ay ;, the coeffi-
cients of radiation equations (Eqs. 12—14), are calculated as
shown in Appendix C, F is a parameter that defines the dis-
tribution of leaf orientation, L is the LAI, which is calculated
in the CGM (Eq. 137), and 9 is the zenith angle of the sun
(Appendix B).

Appendix E: d,zy,27,20,2Mg, and 27g

Zero-plane displacement height (d), roughness lengths of an
entire surface for the profiles of momentum, temperature, and
specific humidity (zas, z7, and zp), and roughness lengths
that express the effect of surface on the profiles of momentum

Geosci. Model Dev., 9, 4133-4154, 2016
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and temperature (zy¢ and z7g) are calculated according to
Watanabe (1994) as follows:

1
dzhgt[l— F{l —GXP(—A+)}] (ED)
-1
(ln e — d) ={1—exp(—A™")
M
. —1/0.45 0.45
+(—ln MS) exp(—2A+)] , (E2)
h

(IHM)_I(IHM)_I _
M X
0\ 1/0.9
=CY 1—exp(—P3xA+)+(—X)

Y

x exp(—Pax AN}, (E3)
ho —d\? he —d he —d
(ln g‘_) = (ln g ) In—& — ). (E4)
(lnhgt_d)(lnhgt_d):(lnhgt_d)(lnhgt:d), (ES)
iMg iTg im ir

+ cemL
2k2°

—1
hot—d\ ' he—d
cY = (ln g ) (ln £ ) , (E7)
M Ty

—1+(1+8Fx)%5
o3 = +( ;L X) ’ (ES)
Fy =%, (E9)

Cm

hot —d\ ! 1 Pls P
In-£ = . (El10
(n o ) —ln(ffgi><P1*+A+exp(A+>) (B10)

0.1
Txs Txs
P1. =0.001151 — expi5| — ,
I (hg) p[ (hg)]

(E6)

(E11)
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Py, = O.SSCXp[—O.SS(ﬁ)O.SS], (E12)
Bt

P3x = {Fx +0.084exp(—15Fx)}%1, (E13)

Pyx =2Fy 1, (E14)

ce =cn/(1+cn(Uc/gs)). (E15)

Here, zu5, 275, and zgs are the roughness lengths of surface
for momentum, temperature, and specific humidity, respec-
tively. In this model, we assume z s, 275, and zps = 0.001 m
(Kimura and Kondo, 1998). cn, ch, and c. are the leaf transfer
coefficients for momentum, temperature, and specific humid-
ity, respectively. ¢, an ¢y, are crop-specific parameters, while
ce is calculated in Eq. (E15). hg and L are crop height and
LAI respectively, and are calculated in the CGM (Egs. 139
and 137). g, is the stomatal conductance per unit leaf area for
both sides of the leaf (Eq. 108). U, is the mean wind speed
in the canopy and is calculated in Appendix F. AT, €%, C %
23 2% 25, Piss Pas, Pax, Pax, and Fx are the intermedi-
ate variables, and « is the Karman constant. The symbol
indicates M, T, or Q, and the symbol X indicates T or Q.

Appendix F: Mean wind speed in the canopy

Mean wind speed in the canopy (U.) is expressed as

Uc = (Un/yYmhg) x {1 —exp(—ymhgo)}, (F1)
Up=U/(1+1n((za — hg) + 1), (F2)
Y = cm(L/hg) [ (2K%), (F3)

where Uy, is the reference wind speed, and yy, is the coeffi-
cient of exponential decrease for wind speed in the canopy.
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