Response to Anonymous Referee#1 (gmd-2016-28)

HERBHARRAHARAAAARH AR RRARRRHARARHARARAARRHAABHA R RHARHRAARRRHARHH
In addition to the impact of crop grow, a range of authors have shown that irrigation might have
an important impact on the exchange of water and energy between land and atmosphere (it might
be usetul to add this in your introduction as a justification).

HERBHABRAHARHAHARHARHRRARRHARARHARARAARRHAABHARRRHARHRA AR R ARHH
You are exactly right. A range of studies have shown the impact of irrigation on

the atmosphere.

We added the explanation on the importance of irrigation in land-atmosphere
simulations into the introduction of the revised manuscript (P2, L8-L12),
referring some studies, e.g., Boucher et al. (2004), Lobell et al. (2006), Snyder et
al. (2006), and Kueppers et al. (2008).

HARRAAAAAAARRRR AR R R R BB BB BB R BRI AAAAHRAAAAAAAAARRR AR R R H
The paper does not provide an evaluation, a parametrisation and, most important, a validation of
the developed model: I know there is a paper part Il on this, but I think that the paper cannot stand
on its own without these (I suggest the combine part I and II into one paper).

HARRAAAAAAARRRR AR R R R BB BB BB R BRI AAAAHRAAAAAAAAARRR AR R R H
The journal guideline of GMD admits the separate submission of the model
description and evaluation papers, if the evaluation is extensive. The revised
version of the evaluation paper became more extensive, because we added the
results of two types of simulations into the revised manuscript of the evaluation
paper: the effects of model modifications and the validation of the model at the
sites which are independent from the parameterization site. Considering the
extent of the model evaluation paper, we think the separate submission is

acceptable.



HERBHARRAHARHAHARHARARRARRRHARA A RHRAARR AR RHARRRHA BB A AR RHARHH
It is not always very clear what was already part of MATSIRO and what you have developed.

HERBHARRAHARAAAARH AR RRARRRHARARHARARAARRHAABHA R RHARHRAARRRHARHH
To make clear the difference between the original model and our model, we added

Table 3, where all the modifications are listed.

HARRAAAAAAARRRR AR R R R R BB R BB BB BB BB R AARAARAAAAAAAAAAR AR R R R H
It seems to me that only minor adaptations have been implemented up to pg 15
"4.2 Crop development". In this paper you do not describe again all equations of
MATSIRO, as this has already been published (you only have to refer to Takata,
2003). By consequence, you can significantly reduce the length of this paper
(reduce section 3 to 1-2 pages and section 4.1 to max. 1pg) and add a section on
model parametrisation, evaluation and validation.

HARRAAAAAAAARRR AR BB BB R BB BB R BB R R R A AR AR HRAAAAAAAAARR AR R R R H
If we only refer to Takata et al. (2003) and do not show the equations, nobody can
develop the model and reproduce the results, because Takata et al. (2003) did not
describe all parts of MATSIRO. According to the journal guideline of GMD, the
model reproducibility is emphasized. Hence, we showed all the equations, which
are necessary for developing the model and reproducing the results. We also note
that almost of the equations which we showed in the manuscript were not shown
in Takata et al. (2003). We think that only referring to Takata et al. (2003) is not

a good option for ensuring the model reproducibility.

HABBHAAAABRBRAARAR R A AAARR R A AAAR BB A AR AR BB A AAARR R A ARAR BB A HAARRRH
Some small modifications have been described in section 3 and section 4.1. The explicit reasons
for these adaptations are not provided. The impacts of these modifications on the model
simulations are missing. What are the added values of those adaptations? Do those modifications
affect significantly your model simulations (compared to the original LSM set-up)? Are the

modifications you implemented specific for rice or are they more generally applicable?



HARRAAAAAAAARRR AR R R R BB BB BB BB BRI AARAARAAAAAAAAARRR AR R R H
We absolutely agree with you. Hence, we showed the effects of the modifications
to the revised manuscript of the evaluation paper, by comparing the simulations

between the original model and our model.

All the modifications except the consideration of water surface are applicable for

other crops. We added this point into the section 2 (P2, L31-32).

HARAAAAAAAARRRRRRRRR BB BB BB BB BB BB A A AR AR ARAAAAAAAAARRR AR R R H
You assume that your field is flooded (e.g. soil always at saturation level, etc,. . .): is this assumption
correct for the whole year round or only valid during the growing season or parts of it? If this
assumption is not valid for the whole year round, can you use this model to make climate
simulations, as you suggest in your conclusion?

HARRAAAAAAARRRR AR BB BB BB BB BB BB R R R R AAARAHRAAAAAAAAARR AR R R R H
The model described in the previous manuscript can’t simulate fluxes for the
whole year, because the model focused on only the growing periods of paddy rice.
As you pointed out, the model should be able to simulate fluxes for the whole year
in order to apply the model to climate simulations. Therefore we improved the
model so that it can simulate fluxes for the whole year, even under non-flooded
and rainfed condition. To describe the improved model, we drastically modified
the model description (throughout the manuscript) and equations (Egs. 7, 8, 9,
11, 24, 53, 54, 76 and 77) and added new equations (Eqgs. 30, 46, 47, 59, 60, 61,
62,78 and 79). In addition, we validated the simulated LHF and SHF for the whole

year in the validation paper.

HARRAAAAAAAARRR AR R R R R BB R BB BB BB RRR AR A AR AR AAAAAAAARR AR R R R H
As you do not do an evaluation of your model, you cannot write some of the statements in your
abstract (e.g. 12:". . .accurate simulation. . .": you don’t show this in your paper), . . .and conclusion.
HARRAAAAAAAARRRRRRRRRR BB BB R BB RRRRRRRAAAAARARRAAAAAAAAARR AR R R R H

The statement in the abstract means “accurate simulations in agricultural land are



important for climate simulations”. This is a general statement, but might be
misleading. We removed the words “accurate” and “accurately” from the abstract
and the introduction. However, we could not find the statements you pointed out
in the conclusion. The conclusion just discusses the applicability and limitations

of the model.

HERBHARAAHARRAAARH AR RRARRRHARARHARARAARRAAARHARRRHARRRAARRRHARHH
Describe explicitly in your paper which variables (of your adapted model), are now exchanged between the
LSM and the GCM, as you mention in introduction at [14.
HERBHARRAHARRAAARHARARRARRHARARHARARAARRHAARHARRRHARR A AR RHARHH
Table 2 shows the variables which are exchanged into the LSM and CGM.



Response to Anonymous Referee#2 (gmd-2016-28)

HERBHARAAHARRAAARH AR RRARRRHARARHARARAARRH AR BHARRRHA BB A AR R ARHH
It is my understanding that examples of model output should be provided, with evaluation against
standard benchmarks, observations in GMD. There appears to be no reason to divide the model
description paper to two papers because both the model description part (this paper) and the
validation part (another submitted paper) are not so long. However, if dividing the study into two
papers is acceptable, I think this paper is acceptable.

HERBHARRAHARAAAARH AR RRARRRHARARHARARAARRHAABHARRRHAR R A AR R ARHH
Although the present paper does not include the model parameterization and
validation, the journal guideline admits the separate submission of model
description and evaluation papers, if the evaluation is extensive. The revised
version of the evaluation paper became more extensive, because we added the
results of two types of simulations into the revised manuscript of the evaluation
paper: the effects of model modifications and the validation of the model at the
sites which are independent from the parameterization site. Considering the
extent of the model evaluation paper, we think the separate submission is

acceptable.

HABBHAAARBRBRAARAR R A AAARR R A AAAR R A AR AR BB A A AR BB R A ARAR BB A HAARREH
p. 5, I 11: Is this assumption appropriate? The model that the authors are developing is rice
specific model. However, the leaf orientation of most Poaceae species would not be random. The
required preciseness for the leaf orientation may depend on the purpose of the model (or temporal
resolution), but the precise description of the leaf orientation may be needed if the purpose of the
model is the estimation of hourly fluctuation of the fluxes. If the purpose of the model is the
estimation of crop yield for example, the assumption of the leaf orientation may not have critical
effect on the estimation. The authors should add the discussion of the appropriateness of the
assumption.

HABBHAAAABRBRAARAR R A AAAR R RAARAR BB A AR AR BB A AAARR R A ARAR BB HHAARREH
To be precise, this assumption is not appropriate. The leaf orientation of crops

varies with their growing. However, no data is available on the change in the leaf



orientation for rice. Therefore, we assumed that it is random. As you pointed out,
the required accuracy depends on the purpose of the model. In the revised
manuscript of the evaluation paper, we added the results of the comparison of
hourly fluxes between simulations and observations. The results showed that the
simulations are in good agreement with the observations for the hourly fluxes.

We added the above discussion into the revised manuscript (P5, L17-19).

HARBRBRRRAAAA AR RRRRAAAA R R RRRAAAA AR RRRARAA AR RBRARAHHHRRRH
p. 6, 1. 19-20: Please explain in detail.

HARBRBBRARAAA AR RRRRAAAARRRRRRRAAAA AR RRRARAA AR RBRARA AR R RRH
The equation of the scattered factor, df=sec(2pi*(53/360)), is related to the third
assumption shown in P5. The detail of the assumption was explained at P5 L19-
20 in the revised manuscript. To make clear the relation between the equation and

assumption, we modified the sentence (P6, L25).

HARRAAAAAAARRRR AR R R R BB BB BB R BRI AAAAHRAAAAAAAAARRR AR R R H
p. 11, L 28: The down-regulation effect of photosynthesis has a very profound effect on crop
growth. The parameters relevant to photosynthesis down-regulation in Arora et al. (2009) are
calculated using mainly plants other than rice. Therefore, the authors should explain the
applicability of the parameter values to rice.

HARRAAAAAAAARRR AR BB R R BB R BB BB BRI A A AR ARAAAAAAAAARR AR R R R H
We think the down-regulation effect is limited under the current CO2
concentration, but significant under the future. In the manuscript, we “tentatively”
used the mean value for the key parameter in the equation of down-regulation in
Arora et al. (2009), because there is no information on the key parameter of the
equation for rice, according to our knowledge, and the COZ2 effect on crop growth
still has a large uncertainty. If the value for the key parameter is quantified in the
future, the tentative value should be replaced. We added the above discussion into

the revised manuscript (P13, L3 - P13, L7).



HABBHAAAABRBRAARAR R A AR AR R RAARAR R A AR AR R AAAARR R A ARAR BB A HAARRRH
Eq. 69-71: Please change the variable name of "Qt". The The character "Q" is already used for the

photon flux density.

HARBRRRRAAAAA AR RRRAAAA AR RRRAAAA AR RRRARAA AR RRRARAH AR R RRH

“« »

We changed the symbol to “q” in the revised manuscript (P14, Eq. 80).

HERBHARRAHARRAAARH AR RRARRRHARRRAARARAARRAAARHARRRHARRRH AR R A RHH
All equations: Italic should be used for only scalars in principle. For example, it may be preferable
not to use Italic for the subscript “c” of “Hc” if “c” is not scalar value. Moreover, upright font (not
italic) should be used for multi-letter variables (for example, “Rnc”). Please recheck almost of all
subscripts and superscripts of the equations.

RERBHARRAHARRAAARH AR A RRARRRHARARHARARAARRHAARHARRRHARHRA AR R ARRH
According to your comments, we modified the symbols for all the variables and

parameters (throughout the manuscript).
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A land surface model combined with a crop growth model for paddy
rice (MATCRO-Rice Ver. 1) — Part I: Model description
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Abstract. Crop growth and agricultural management can affect climate at various spatial and temporal scales through the
exchange of heat, water, and gases between land and atmosphere. Therefore, aceurate-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 LSM-CGM combined model, is a useful tool for simulating these fluxes from agricultural 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 fhxuptake 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 studies have shown that crop growth and farm management in agri-
cultural 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 to 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 aceurately-simulate the fluxes of heat, water, and gases in agricultural land.

A LSM or dynamic vegetation model (DVM) incorporated with a CGM, called LSM-CGM or DVM-CGM combined mod-
els, are a useful tool for simulating the fluxes of heat, water, and gases in agricultural land. Hence, several LSMs and DVMs in-

corporated with a CGM have been developed (BATS-GF: Tsvetsinskaya et al., 2001; Agro-IBIS: Kucharik, 2003; ORCHIDEE-
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STICS: Gervois et al., 2004; LPImL: Bondeau et al., 2007; GLAM-MOSES2: Osborne 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 flux
uptake by exchanging variables between an LSM and a CGM allows for wide applicability and comprehensive evaluation of
the model with observations (Lei et al., 2010). However, 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 agricultural land farmed with cereals worldwide (FAO, 2015). Nevertheless, the JULES-
crop model does not consider a-fleoded-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 surface—and rainfed 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 fhixuptake by crop, and crop yields by exchanging variables between the LSM and CGM.
Herein, we first provide the overview of MATCRO-Rice in Section 2, and then describe the LSM and CGM of MATCRO-Rice
in detail in Sections 3 and 4, respectively. Last, we discuss the applications and limitations of MATCRO-Rice in Section 5. The

model validation for MATCRO-Rice is described in the accompanied paper (Masutomi 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 (MIROCS5.0: Watanabe et al., 2010; NICAM:
Satoh et al., 2008) and a climate system model (MIROC-ESM: Watanabe et al., 2011). In addition, MATSIRO 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,
SHE, 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 exchange 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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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 balance
at the canopy and surfacewater", "within-canopy shortwave radiation", "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. Before
describing each module, we note the following two major 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 to-represent-a—flooded-surfacein-paddy-ricefieldsin 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 (Section 4).
3.1 Energy balance at the canopy and surfacewater

This module calculates LHF and SHF by solving energy balance at two layersabeve-theseil, canopy and surfacewater. 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 water-are given as

follows:
Rycne = Hee + AEcc + AEys, (Canopy) €))
Rywng = Huyg + ABwg + Gusgs + Stwtw, (Water surface)(Surface) 2)

where ft5and-Ry Ry and R, . are the net radiant flux density at canopy and surfacewater; Hand-+-, H and H, are the
SHF from the canopy and surfacewater,FeFrandFr, I., Iy, and I, are the evaporation from wet canopy, transpiration
from the canopy, and evaporation from the surfacewater, respectively, GwsG g is the heat flux from the surface water-to soil,
and S7;-Sty 18 the heat flux stored into surface water in the case of flooded surface. It is important to note that the downward
flux for FneFmmrand-Gus Ry, R, and G indicates a positive flux, whereas downward flux for He-H s FoeForand-oyg
H, H,, E., E, and I, indicates a negative flux. All variables in the model are listed in Table 4. X is the physical constant for
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the latent heat of vaporisation (Table 5). Each radiant, heat, and water flux in Eqs. 1 and 2 are given by the following equations.

3
“
&)
(6)
(N

C))

(10)

(11)

Rucwe = (RUOX0) = RE0)X0)(1 ~ Tesee) + eREOF0)(1 ~ 7)) — (260T o — 0T 1) (1~ 7o),
Ruwng = (RI0)$(0) = RY(0)2(0))7cses + €R] (0) (0)Te1e1 — 0T g + €0(1 = T1e)) T e,
HEC = Cﬂ%pgaCﬂHVCU(Tgc - Tga)a
Hgg = CE%pEaC@E%U(TEg - Tga)7
Eee = min{fewewPaaCrencl(Qsarsat(Tee, Paa) — Q)7§5g@vxv}¢
min{ (1 — few)pPaCrcU (Qsat (Te, Po) — Q), Bt max },  (if Qsat(Te, Pa) >
Eét = (1 - fcw)paCEcU(Qsat(TcaPa) - Q)~ {( fc )pa ¢ ( ’ t( ¢ a) ) e } ( sat( ¢ ) ?g)
(1= few)PaCrcU(Qsat (Te, Pa) — Q), (otherwise)
min{paCEgU(hmstat (Tga Pa) - Q)vEg,max}y (lf thsat (Tgypa) > Q)
Egg = paCEwU(Qsat(Tw-,Pa) - Q)
PaCgU (hmsQsat (T, Pa) — Q), (otherwise)
ngj = kﬂvx(ng - T&i@)/dwxv
Cow Pwlyw (AT /dt), (flooded),
Sﬂit’yiv = Cp’urpur d’u: (dTw/dt)a P g ( g/ )
0 (unflooded)
where RUOY RO and-RAO6RI(0), R(0), and RY(0) are the downward shortwave radiant flux density, downward long-
wave radiant flux density, and upward shortwave radiant flux density at the canopy top, respectively, Fzs-and-7a-Tc and 7| are
the canopy transmissivity for shortwave and longwave radiation, respectively, Crzand-Crm-Cye and Cy, are the bulk transfer

coefficients (BTCs) for sensible heat between canopy and atmosphere and between surface water-and atmosphere, respectively,
Cpeand-CpyCpre and Cgg are the BTCs for latent heat between canopy and atmosphere and between eanepy-surface and
atmosphere, respectively, 755 1,, Py, U, and () are air temperature, air pressure, wind speed, and specific humidity, respec-

tively, - f ey i8 the fraction of wet canopy, FFrrand-Ls{0)-hy,s is humidity of the topsoil, Ty, Ty, and T(0) are the canopy,
surfacewater,-and-sotl-surface-, and topsoil temperature, respectively, ¢pand-epgare-the-Fy piax, Fo max, and g .. are the

maximum transpiration from canopy, the maximum evaporation from surface and, the maximum evaporation from the canopy,
respectively, cp, and ¢y, are the specific air and water heat, respectively, %4k, is the water thermal conductivity, ppand-pg
Py and p, are water and air density, respectively, o is the Boltzmann constant, @sa+()s, is specific humidity at saturation, e
dy, is the depth of surface water in the case of flooded surface, € is the longwave emissivity of surfacewater, 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, RHOYRHO)and-RHOF-RI(0), R (0), and RY(0
indicate the radiant flux density at the canopy top, and F6)-T(0) indicates the soil surface temperature.
For P Ty, P, U, Q, RO and-RHOY-RI(0), and R{(0) are meteorological forcing inputs (Table 1). ———

EreCrm e CrmandTH0-RE(0), Tes, T hms, Che: Cres Che, Che, 15(0), E , E and E
calculated from Eqgs. 21, 20, 23, 40, 60, 25, 24, 27, 26, and-48;48, 61, 62 and 47, respectively, which are given in the following
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sections. The variables pg-and-Qsarp, and (g, are physically calculated from the air temperature and air pressure (Appendix

A), eparepu R PwCpas Cpws Kws, Pw and o are physical constants (Table 5), ¢-d,, is a simulation setting parameter (Table
6), and e is set to 0.96 (Campbell and Norman, 1998). F-and-F- 1. and T, are numerically determined to satisfy Egs. 1 to 11.

The numerical method is described in Masutomi et al. (2016).

Eg—7Irrigation and flooded surface start at D and end at D . Dqy 10 and Dy, 1. 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 (Section 4.1). In
addition to the simulation of PARs, transmissivities for shortwave and longwave radiation are simulated in this module. The
transmissivities are used for calculating LHF and SHF (Section 3.1).

This module is based on the simple model developed by Watanabe and Ohtani (1995). The model determines radiation within
canopies by calculating the transmission and reflection of the radiation within the canopy. In this model, radiation within the
canopy is divided into three components (downward direct, downward scattered, and upward scattered) and two wavebands

(PAR and near infrared [NIR]). 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 income from a zenith angle of 53°.

Ht-should-benoted-that-the-The first assumption may affect the accuracy of the model simulations. We know that leaf orientation
of crops varies with their erowth. However, there is no data on the change in leaf orientation for rice. Therefore, we assumed
that the leaf orientation is random during the growing period. The assumption 3 is based on the fact that radiant flux uniformly

emitted from a horizontal plane is approximately equal to radiant flux density from a zenith angle of 53°. From the three
assumptions above, we can express analytically the radiant flux density for downward direct (P4#D% (1)), downward scattered
(S48 (1)), and upward scattered (S*#1.Sy (1)) within canopy for each waveband (i = 1: PAR; i = 2: NIR), as follows:

D) = D;(0)exp(—Flsec(d)), "
S(1) = C1explail) + Caiexp(—ail) + C3 D (1), o
SUmi(l) = A1,;C1exp(ail) + Az Coexp(—a;l) + Cay D95(1). .

Here, F' is a parameter for the distribution of leaf orientation. 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
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variable 6 is a zenith angle of the sun (Appendix B). The function see{}-sec indicates the secant function. The coefficients, a;,
Ci,i, Coy, Cs4, Ca 3, Ay 5, and Ay ; are calculated as shown in Appendix C. It should be noted that a; indicates the extinction
coefficient for scattered radiation. D4(6)D¢ (0) is obtained by splitting radiant flux density for downward shortwave at the top

of the canopy into direct and scattered radiation as follows:

DI(0) = 0.5RI(0)(0)(1— farar), (15)
§94(0) = 0.5RI(0)$(0)farar, (16)

where R%é@%@gjgus the downward shortwave radiant flux density at the canopy top and fzr—fg¢ is the fraction of scattered
radiation to total radiation. In Egs. 15 and 16, we assumed that both PAR and NIR are half of 240}R4(0). According to
Goudriaan and van Laar (1994), #a7-f4¢ is given as a function of the transmissivity of atmosphere (7 Tasm) as follows:

1 (Tatm < 0.22)
fargs = §1=6.4(Tatm —0.22)2 (0.22 < Ty < 0.35), a7
1.47 — 1.66Tatm (Otherwise)
Tatmagm = RL(0)$(0)sec(6)/Resex, (18)
Revex = Rounsun(140.033)cos(2m(Doyoy /365)). (19)

where f2:;- R is the extraterrestrial radiation, #2557 [2syy, 1s the solar constant, and Pg;-Dg, is the number of days from Jan
1. The equations 15-19 that calculate D4(6}-D¢ (0) are based on formulations by Goudriaan and van Laar (1994), while the
original MATSIRO uses different equations.

The transmissivity of canopies for shortwave radiation (7¢57.) is expressed as

Teses = Rig (L) /(RL(0)(0) — R (0)(0)). (20)
Here, R4(0)-and-RHLY»-RY(0) and R (L) are the radiant flux density for upward 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 (Section 4.4). R0}

and-RULYFRY(0) and RY(L) are represented by

R{(0)5(0) = 11D (0) + 721 D 5(0) + 7125741 (0) 4 r2257%5(0), ey
RINL) = 711D (0) 4+ 121D 5(0) + 7125741 (0) + m22.575(0), (22)

where 7;; and 7;; are the canopy reflectivity and transmissivity, respectively, ¢ and j represent wavebands (¢ = 1: PAR; ¢ = 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 (7¢7)) is expressed as
Tgcwl:exp(—FLdif), (23)

where, 7 is the scattered factor. We set «

azenith-angle-of 53°>-(Watanabe; 1994)dy = sec(27(53/360)) from assumption 3 described above.
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3.3 Bulk transfer coefficient for latent and sensible heat

This module calculates BTCs for latent and sensible heat (G E o Emeand-CrmCre, Cre, CHae, and Cyy). The BTCs are
used to simulate energy balance (Section 3.1). This module is based on Watanabe (1994), where ExorEraEroand-Ere

Cig, Uge, Chg, and Oy, are given by

-1

( L —d 2 —d -
Cruwig = £ |In (Z >1/0Hg F U (Cu)rU | In (‘ : ) +Up(Cw) Y (24)
T ZMw A > ZQH,
Ciege = Cpr—Crugg, (25)
- -1 -1
a d a ™ d a d a d
C’Hu.'Hg - 52 In (Z >1I1 (Z ) + \IJ]\JM(ng) In (Z )ln <Z ) + \IIHH(ng) ) (26)
R ZMw W\,\,\Z:\M\%VW - = ZTw NVWE\T\g/,‘W\ - =
Cuene = Cun—CHuHg @7

where Ex-and-C-Cg and Oy are the BTCs for latent and sensible heat between the entire surface (canopy + surfacewater)

and atmosphere and are given by

Cpp = K 111(Z“_d>1n<Za_d> () 1n<z‘l_d>1n<2a >+\IIEE(C) , (28)
- ZM NWV\,%,MN\N - z2Q ZQ -
_ 1. 1
Cin = K2 1n<z‘l_d)1n<zb‘_d>+x1/MM(g) 111<Z"_d>ln(za_d>+\IIHH(C) (29)
- ) N ) a ) N )

In Eqgs. 24 to 2229, « is the Karman constant, d is the zero-plane displacement height, 25—z, is the reference height at which

wind velocity is observed, =

Tws ~1L ws ~Jw

-2Mg_and zr, are the roughness lengths that express the effect of surface water-on

5 i N ETS and temperature, respectively, 2z
21, and zq are the roughness lengths of an entire surface (canopy + surfacewater) for the profiles of momentum, temperature,

the profiles of momentum

and specific humidity, respectively—=5-, s is resistance of topsoil to evaporation. z, is a simulation setting parameter (Table 6),

T M, 2T 2Qs AMg and zr, are the functions of crop height and LAI (Appendix E). 375
W1 is given by

e = (30)

where w (0) is the water content of topsoil and is calculated in Eq. 53, and ¥-wy,; is the soil water content at saturation and is
a soil-type specific parameter. Wy, Uy, and WU are the diabatic correction factors for momentum, heat, and vapour transport,

respectively. The factors are functions of atmospheric stability ¢ as follows:

61n(1+)

—1.2In [M] (Otherwise: unstable),

(¢ > 0:stable)

V(€)= 31
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6In(1+¢) (¢ > 0: stable)
Upu(() = ¥Yer(()= (116612 (32)
—2In [%} (Otherwise: stable).
The equations above are adopted from Campbell and Norman (1998), whereas the original MATSRIO model employs different
equations. The variable ( is replaced by either the atmospheric stability between the entire surface and atmosphere () or the

atmospheric stability between surface water-and atmosphere (¢5(g). These are given by

Za—dzy—d
¢ = (33)

b
Lyo Lno.

Zg —d za —d
wg = ; (34)
Cig L[\JOU; 5\1&{9/%

where Lyro—and—tyrowLyg and Lyige are the Monin-Obukhov lengths for the exchange between the entire surface and

atmosphere and between the surface water-and atmosphere, respectively, and are given by

. B 0,C32 U2 0,CE*U? 35)
FER T kgl (T — 1) + Cne(Te = 1)} rg{Cg(Ty ~ To) £ CueTe L)}
/e 023/’2'U2 @003/2(]2
Lyowmog = My Me (36)

’L‘gCHu(Tw - Ta) ﬁgCHg(Tg B Ta) ’

where g is the gravitational constant, F—and-4+1, and T, are the temperatures of the surface water-and canopy, O is the
potential temperature, &yr-and-Cyr-Cyr and Cyrg are the BTC for momentum between an entire surface and atmosphere and
between water-surface and atmosphere, respectively. Grrz-Cyie in Eq. 36 is introduced according to Maruyama and Kuwagata

(2008), while the original MATSIRO uses &~ Fpand-4+Cy. T, and T are calculated in Section 3.1. O is given by
Op = Tya # (1.0 107 /P, ,) Herv/ coa) BRary /cpn) (37)

where Sz L4,y is the gas constant of dry air. Although the original MATSIRO fixes ©¢ at 300 K, MATCRO calculates the
value according to Campbell and Norman (1998).

w Oy and Oy, are given by

- —2
w—d a—d
Cum = k*|In (Z >ln (Z ) +¥umQ)| (38)
T N A ) NS T
- 2
Zg —d 2o —d
CA"TwMg = k2 |In ( - >1Il ( ) + \IIMM<C£g) . 39)
e B ) -\ o )

Now we have six independent equations, Egs. 24, 25, 26, 27, 38, and 39, for six unknown variables, ErEreCmo-Cms
Errrand-CrrCre, Cre, Cye, Che, Cy, and Cy,, respectively. Therefore, we can determine the values of these variables by

numerically solving Eqgs. 24 to 39. The numerical method is described in Masutomi et al. (2016).
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3.4 Canopy water balance

The main purpose of this module is to calculate the fraction of wet canopy (fzwfew) Which is used for simulating energy
balance at canopy (Section 3.1). To calculate = fcy . this module calculates water balance at canopy. Although the module is
based on the original MATSIRO, the amount of water that canopies can hold was replaced by using the method described in
Penning de Vries et al. (1989). The variable fz [y is given as

fﬂcﬁ\y = wgc/wﬂcapy (40)

where tzw, is the amount of water stored in canopy and g Wcap is the water capacity of the canopy. The =1, is calculated
by solving the canopy water balance, which is given by

dw, dwe
pmﬂw dtc = IEC_DEg_ESC’ (41)

where pypy, is the density of water, #z-1 is the amount of precipitation intercepted by canopy, 5D, is the amount of water
that falls from the canopy onto surface water-due to gravity, and £5=-F is the amount of water that evaporates from the canopy

(Eq. 7). #zI. depends on the amount of precipitation (£~F;) and LAI (L) and is given by

IQC = f’intintpgr; (42)
L (L<1)
f’im‘,int = (43)

1 (otherwise)

where f777 fing indicates the interception efficiency of precipitation by canopy. According to Rutter et al. (1975) and Penning
de Vries et al. (1989), Dgandtvzap-Dg and we,y, are given as

Dgg = puwwDi1exp(Dawcc), (44)
wﬂ%{’ = (Wﬂb@*lo_zl)/piyz, 45)

respectively, where D and D, are parameters (Rutter et al., 1975), and ¥Ws-W, 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 b

Fo = Dg+ (1= fine)Pr + max{0,we — Weap } pw/6t,  (unflooded) (46)

where 4t is the time resolution of simulations. In the case of flooded surface, F,. is not calculated because surface water is

resent. The maximum evaporation from the canopy (F. nax) 1S given b

Ec,max = wcpw/(st- (47)




10

15

20

25

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 (£5(0)75(0)), which is used for simulating energy balance of the surface water(Section 3.1). Although this mod-
ule 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 (Fs{%)T(z)) is calculated from the gradient of heat flux in the soil

as follows:
OTs(2) 0Ty(2)  0G4(z) 0Gs(2)
D)5 " T T an (48)

where €r5-¢y,5 is the volumetric heat capacity of the soil and G5{=)-G(z) is the heat flux at a soil depth of z and is given from

the gradient of soil temperature

kis (2 T (2) 0< 2z < Zmax
Gss(z) _ t. ( ) Oz ( = ) (49)

- 0 (Z = Zlnax)-
Here, ki is the soil thermal conductivity. In Eq. 49, we assumed that heat flux at the bottom of the soil layer (+=—%maz2 = Zmax)
1S Zero. #maz—Zmax 1S @ simulation setting parameter. When solving Eqs. 48 and 49, the heat flux from surface water-to soil
(GwsGys), calculated in Eq. 10, is used as a boundary condition. The parameter ex5—cpg is calculated from the heat capacities

of soil components as follows.
chshs(2) = PssCpmpm + PuwwCpuwpwWss (2), (50)

where ps—ps is the bulk density of soil, ezm—cpy, is the specific heat of soil minerals, and +{=}-wy(z) is the volumetric
concentration of soil water. ps—pj is a soil-type specific parameter determined by soil type at a simulation site, and €5m-Cpyy, 1S
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 MATSRIO 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 €55y is not

considered in MATCRO. The parameter #7s{=)-ks(2) in Eq. 49 is given by

ktj%(z) = Kie(z)(ktsit,@ _k@‘@g) +k@§sg, (51)
log(ws(2)/wsat) + 1.0 (if ws(2)/wgar > 0),

Ke.o(z) = (52)
0 (otherwise)

where ksp-and-krsskgg and kg are the thermal conductivity of dry and saturated soils, respectively, #<c—K, is the Kersten

number, and s Ws, 1S the volumetric soil water concentration at saturation. ksy-ant-krsskygq and kyg are parameters. We

set krsoks0=0.25 (Campbell and Norman, 1998), and %55k = 1.58 (Best et al., 2011). The parameter 4 5qr-wWs,y 1S specific to

10
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soil type. Equations 51 and 52 for the calculation of %=}k (z) are based on the equations developed by Best et al. (2011),
while the original MATSIRO employs a different equation. The variable +5{=}-ws(z) depends on the gradient of water flux

and absorption by roots at a soil depth zand-is—givenby-. In addition, water flux from the canopy layer is added into the to
layer of the soil (0 < z < z;) in the case of non-flooded surface. The variable wg(z) is given b

. - OF(z)
dws Ows(z) OF,(z S S(2)+ Fe (0<2< 2),
wy( 22 (02200), 2B D) g ) (< 22, 2 E+F | thy)
ot ot 0z ——2 ] 8F.(2)
9z SS(Z)
where F5{z)-and-Ss(=)-F(z) and Ss(z) are water flux and absorption by roots at a soil depth of z, respectively. Forsimplieity;

the-top—seil-F. is water flux from the canopy layer (Eq. 46). In the case of flooded surface, the topsoil layer is assumed to be

saturated

P,

froma-flooded-surface intosoil-as follows

RARARARANRAANA
ws(2) = Wsat (if flooded; 0 < z < z). (54)

This assumption is not considered in the original MATSIRO. #5572, is a simulation setting parameter. #5{=)-F(z) is calculated
from the gradient of water potentials as follows.

—K(z) (245 41 0<z<
pa=| FOCE) Osssa) (59)

) (wsat/T0) (ws(2) /wsat)® (2 < 2 < Zmax)
where K (z) is the hydraulic conductivity and 1(z) is the water potential at a soil depth of z. F{=)-F(z) in the bottommost
layer (z5<2%<#mazzn < 2 < Zmax) Tepresents the base flow, and 77y, is the recession 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)). 252y, is a simulation setting parameter, and -7, 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(z) = K. ws (2) ws(2) : (56)

Wsat_ Weay_

-B
ws(2) ws(2)
¢(2) = wss - - . s (57)
P\ Waat Wear
where f-and-p5-K and 14 are hydraulic conductivity and water potentials at saturation, respectively, and B is a parameter

that determines the relationship of hydraulic conductivity or water potentials between saturated and unsaturated soils. F+;
+K, Y, and B are soil-type specific parameters. S+{=}-Ss(z) in Eq. 22-33 is calculated from the transpiration

Sou(z) = (Bvo/pw)fe(z) (0<z<zy) (58)

- 0 (Zrt <z S Zmax)

11

(zt <z < zp),
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where £ is the transpiration calculated in Eq. 8and-z7, 2, is a root depth calculated by the CGM (Eq. 140)—InEq-—58+,
z) is the distribution of root and is given b

[2) = B/ =2 m (59)
where we assumed that -S5{=)-has-ne-dependeney-on-seildepthroot 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, A, used in Eq. 9 is given b

e = exp((0)g/(RI0), (60

In MATCRO, it is assumed that crop can use soil water beyond the wilting point with water potential of -1500kPa (wyiy).
Hence the maximum transpiration (F is given b

Zrt

P

Et,max = 67‘:/(’[1}3(2) _wwlt)dza (61)
0

where wy; 18 a soil-type specific parameter, and 0t is the time resolution of simulations. In the case of non-flooded surface

evaporation from the surface (E,) is limited by soil water in the topsoil layer (0 < z < z;) and is given b

Zt

Bymee = 5 / (ws(=))dz. 62)
0

In the case of flooded surface, there is no limitation for £ iax-

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 development”, "crop growth", and "LAlI, 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 assimilation (47A,,) in canopy for simulating crop growth. In addition,
the stomatal conductance per unit leaf area for both sides of the leave (§;g,) is calculated for simulating roughness 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 calculation 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, A7-A,, per unit
leaf area for each the sunlit and shade leaves are calculated. The second refinement is that A7-A, for the entire canopy is

calculated considering vertical distribution of nitrogen within the canopy.

12
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Am-A, for the entire canopy is given by

Agn = Z'n.snr}\,/s\{lLﬂb;g +Zn9thﬂb’b7 (63)
where A —andA; Ay o, and A, o, are net carbon assimilation per unit leaf area for sunlit and shade leaves, respectively,
Lrspand-FEsp-Lg, and Lg, are LAI for sunlit and shade leaves, respectively, and overbars represent the amounts per unit leaf
area. W%Ware defined by the difference between gross carbon assimilation and respiration as
follows:
Anane = Agage ~ Risda, (64)
where A;—and-R; A, , and By, are gross carbon assimilation and respiration per unit leaf area, respectively, and the suffix
x indicates sn-or-sh—tfz-and-Ez;-sn or sh. Lg, and Ly, are given as follows.
L
Lspsn = /fﬁswn(l)dl, (65)
L
Lﬂsjll / f sn sn (66)
0

where 55 fuu (1) is the fraction of sunlit leaves at a LAT depth of [ and is defined as follows:
fsnsn(l) = 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 photosynthesis

down-regulation due to acclimatization to elevated COs is represented as follows:

Aﬂgw = fdwn*dwnAg’,acg’,w; (68)

{1+7ﬂg§ln(cgw/00)}/{l+7ggln(cgabgpvr§/00)}a (69)

fd'wn dwn

where %A . 18 gross carbon assimilation per unit leaf area for sunlit and shade leaves without photosynthesis down-
regulation, fawn-fdwn_iS the factor for photosynthesis down-regulation, «gz-and-=y5-y.q and , are parameters that characterize
the response to increased CO», U, o is atmospheric COy concentration, and Cy 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 photosynthesis
down-regulation. We set 555="0-42:5="0:97,4 = 0.42, 7, = 0.9, and Cy = 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 available for rice. If these values are quantified, they should be replaced.
The calculation for Ay -and-Rq Ay . and Ry, is based on the leaf photosynthesis model developed by Collatz et al. (1991).

In their model, 4,4, ., is determined by three limiting factors: Rubisco, light, and sucrose synthesis, as follows:

Aﬂg/,x S min (w(:,:l:swe,:l: ) ws,.’lt)min (wc,m7we,m7ws,x)a (70)

13
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where @weg5twe zrantosz We, g, We gz, a0 We 5, are Rubisco-limited, light-limited, and sucrose-limited carbon assimilation per
unit leaf area, respectively. To implement smooth transition between each limited state, %ng « 18 determined practically

by solving the following two equations (Sellers et al., 1996b):

—2 —2 —2 —2 —2 —2
5@(@‘*’ p,xp,x W p,atp,:c(w c,xe,x +w 6,1‘6,1)+w cec,aW e zer = 0 (71)
A A o2 @2 T2, 00 o2 - 0 7
ﬁpsps g’ xgx g’,xg’,x(w P, Tp,T +w s.xs,z)+w prp,aW s xsx = ) ( )

where Beeand-Bp5e e and By are the parameters that determine the smoothness of transition between each limited state. Sz
Dee is a crop-specific parameter and B5z-3, is a parameter that does not depend on crop type. The variables &z zstezand

W We,go We. aNd Wy are given by

_ i — LF iz — 1"

wc.mc,m = Vmc.mnc,r C o (73)

s —~ | i+ Ke(14[02]/Ko) ¢ip + Kce(1+[02]/Ko)
— - Ci :I:+F* Ciw"’r*

e,re,x  — e : ’ 74
Wezesn €eels Cip+20% ¢ 5+ 21 74
w&',.’l,‘S,.’L‘ = Vm,s,:tms,a;/Q- (75)
Here, %ﬂ%m are the maximum Rubisco capacity per unit leaf area for & zantt 70, . and

Wy, Tespectively, ¢—c; . is the partial pressure of intercellular CO2, [O2] is the partial pressure of intercellular Oy, 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 Kanrd-# oK and K are the Michaelis constant for CO, fixation and oxygen inhibition,
respectively. We set [O2] = 20,900 (Collatz et al., 1991). €z¢, is a crop specific parameter. %—aﬁd%m

are given by

Vieomes = Vnara22/{1+exp(51(Te = $3)) bmae fo[2 /{1 + exp (51(Te — 52))}], (76)
V’m,s.:]:w = Vm,u,:l:,:L‘ZQf /{1 + exXp (53 (84 - Z))}%)Mv (77)
where %Vmax « 1s the reference value for the maximum Rubisco capacity per unit leaf area of sunlit ({TWC,S,,V@@}E su)

and shade (Vo= V max.sn) leaves, f is the water stress factor, s1, s2, s3, and s4 are parameters that represent temperature

dependence of Vim0V e 0t VeV inax .00 Vine o Of Vs o, g4 s a function that represents temperature dependency.
The variables s; and sy are parameterised in Masutomi et al. (2016), whereas s3 is a parameter that does not depend on crop

type and s, is a crop-specific parameter. &+ fy is given by

Qf = [ REo2s9/0. 400 a9
0
f(2) = 2 (79)

14
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Wﬂf}%rwhere z) is the water stress function on photosynthesis at a soil depth of z and ~ is a crop-specific
arameter for water stress on photosynthesis. Eq. 79 is based on Bouman et al. (2001), although the original MATSIRO uses a
different equation. ¢ is given b

¢ = (T.—298)/10. (80)
Vinaxsn and Voo o, are defined by
L
Vmaw,snmax,sn = /Vmw(l)fﬁ%(l)dl /Lﬂ:ir}v (81)
0
L
Vrn(u:,sh,rnax,sh - /wa(l)(l - fﬂ!;\’n(l))dl /Lsihbin (82)
0

where ViaztH-Viax (1) is the reference value for the maximum Rubisco capacity at a LAI depth of [. The vertical distribution
of ¥imaz{t)-Vinax (1) depends on that of leaf nitrogen within canopy and is given by

V'rnawmax(l) - V’ma:l: (0) €exXp (_Knl)max (0) exXp (_Knl)a (83)

where #5-K, is a parameter that represents the vertical distribution of leaf nitrogen, and ¥az(0)V5(0) is the reference
value for the maximum Rubisco capacity at the canopy top. ¥azt0-Vinax(0) as well as s; and so are parameterized in

Masutomi et al. (2016), and we set /5K, = 0.3 (Oleson and Lawrence, 2013). I'*, Ko -and-f<5-K, and K are given by
I = 0.5[0]/5, (84)
K. = 30x21%%, (85)
Koo = 30000 x 1.2¢4% (86)
S = 2600 x0.577%, 87)

where S is the ratio of the partition of RuBP to the caboxylase or oxygenase reactions of Rubisco.

Q.. in Eq. (74) is defined by the following equation:
Q. = Qu/Ls. (88)

Here, @, is the PAR absorbed by the entire canopy for sunlit (@+7Q)sn) and shade (@51 Q1) leaves. @spand-QsrQsy and

Qg1 consist of direct and scattered components and are given as

Qi)s’g = an,dsn,d + an,ssn,sa (89)
QRshsh =  Qsh,sshs (90)
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where €+

Qsn.ds @sn.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) dD$(1)
sn,dsn = k, ! ! dl 1
Qsn, Isn.d iq/ i di , 1
0
Ldel Si() d(S§{(1) — syl
Quussns = g [ SO ASO SOy yar ©2)
2 ‘ i e
0
Ldel Si(1) d(S§{(1) — sy(1
Qsh,.ssh,s = k(q/ ( l( )7 l( )) ( 1( )7 1( ))(17fsinsn(l))dla (93)
Sh,58s q dl A 1
0
where DHH-SEHand-S1H-D(1), S(1), and S (1) are calculated by the LSM (Egs. 12 to 14) and #;-k,, is a constant that
transfers the radiant flux density to photon flux density.
%j@i&,&m Eq. 64 is given by the following equation:
Rdfl(i/z == fL]dVIIL(I,JK,JI;w[2&?i/{1 + €exXp (55 (T} - 56))%2/&/5\/(\/&:3\9\22}]7 (94)

where f7-f4 is a respiration factor and crop-specific parameter, whereas s5 and s¢ are parameters that are not crop-dependent.
It should be noted that 4; A, , can be calculated using the equations described in this section (Egs. 64 to 94) if ¢;—¢; , is
given.

A=A, should be equal to the CO, flux between the leaf interior 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:

Aone = (G1/Pas) (Can — Covsa) /1A= (Gt ostye/ Pas) (Covno — €ia) /16, (95)

where ¢, is the partial pressure of atmospheric COq, €57—¢g,, is the partial pressure of CO, at the leaf boundary layer for

sunlit and shade leaves, §;-g, is the leaf boundary conductance for vapour per unit leaf area, and ¢ ;-G . is the stomatal

conductance for vapour per unit leaf area for sunlit and shade leaves. From Eq. 95, ¢; zand-¢57¢; , and ¢, ;. are defined by
Ciaig = Caa— (1.4/G0+1.6/Fstasta)AnenePas; (96)
Cs,xs,e —  Caa — 1'4Zn,wn,xpga/§1~ (97)

The parameterse;-variables c, and g; are given by

ca = (Caappm*10"%)Pya, (98)
gn = (gﬁa/Z) * Pﬁa/(TECRﬂ‘,’\"}BwHLOILI,%Q)’ 99)
Gaa = c@hUgc- (100)

where tr;0-wy, 0 _1s a constant for the molar weight of vapour, .-, is the leaf boundary conductance for heat per unit leaf

area (for both sides of the leaf), €5y, is the leaf transfer coefficient for heat and is a crop specific parameter, &=U, is the mean
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wind speed in the canopy (Appendix F). Note that Eqs. 99 and 100 are based on Maruyama and Kuwagata (2008), whereas the
original MATSIRO uses €y-instead-of g-./2-Cy. U/ L instead of g, /2 in Eq. 99.

Ay—Ay . meets the Ball-Berry relationship (Ball, 1988), which describes the relationship between

and other environmental conditions. The Ball-Berry relationship is given by

) mArePep b (it Ay, > 0), (101)
gst,acst,:r = '
~~ b (otherwise)

where m and b are the slope and intercept of the Ball-Berry relationship, and 455 . is the relative humidity at leaf boundary.
It is noteworthy that b indicates the stomatal conductance when Zﬁg\n& is equal to or less than zero (Baldocchi, 1994) and
that the effect of water stress on b is not considered in MATCRO-Ricebeeause-the-surface-is-flooded. The variables m and b

are crop specific parameters, and #5zh ,, is defined by
hs,(l:s,a; = es,{l:s,w/eﬂi@\ti(Tgc, P(ia)7 (102)

where e57-¢4 ., is the vapour pressure at leaf boundary and egaregy is the saturated vapour pressure. The variable egz—¢g 1S

expressed as

where €5 ¢, and e; are the vapour pressure in the air and leaf, respectively. Eq. 103 is derived from the fact that the water

vapour flux from the stomata to leaf surface is equal to the water vapour flux from the leaf surface into the atmosphere, which

is shown in the following equation:

Jstasta(€ii—€s) = Gulesase —€aa) (104)
The parameters eq;e5-and-esare,, €4, and eq,y are given by
ean = QRaryary/Ruapvap), (105)
eii = esatsat(Tee, Paa),s (106)
esatsot(Tecs Paa) = Qsatsat(Tecs Paa)(Raryary / Ruapvap); (107)

where ¢;-¢; is assumed to be saturated.

Now we have three relationships (Eqs. 64 to 94, Eq. 96, and Eq. 101) in terms of three unknown variables (A7 ¢, and
FsrAngs Cip. and Gy, ). Therefore, we can determine the values for A e zrandgo Ay 4, Cig, and gy ., by numerically
solving the three relationships. The numerical method is described in Masutomi et al. (2016).

Last, §;-g, is given by the following equation:

gis = ?i%* (TgcRﬂY\a/EwHZOIiZ\Q/PQa)’ (108)
?L/sg = {(ysl,,snw * Lsﬁnswn +§sl,,sh§\t/,\s/g * LiS’l})/L} * 27 (109)

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

17



10

15

20

25

4.2 Crop development

The crop development module calculates V-5 D,, which is an index used to quantify developmental stage of crops. DV~
Dy is mainly used for determining the timing of transplanting, heading, and harvesting. In addition, 2V-5-D, is used for
partitioning of carbon assimilation into each organ and for estimating LAI and height. This module is based on the formulation
by Bouman et al. (2001). DV-5-Dy is calculated from

DVSDy = GDSG4s/mGDSGys m, (110)
t
GDSGy4 = /DVRQVNrdt’, (111)
0
0 (Ta < Tu|Th <Ta)
DVRDy, = (T,-T, (T, <T. <T,) (112)

(TO — Tb)(Th — Ta)/(Th — TO) (TO <T, < Th)

where G-D:5-G 4 is the growing degree seconds at ¢, mGH-5-8-GH5-G s i is Gys required until maturation, DV-R-Dy, is the
development rate at ¢, T} is the melting temperature of water, and F5;Fpanrd-+5-13,, T},, and T}, are the minimum temperature,
maximum temperature, and optimal temperature for development, respectively. The value of mGD5-Ggg 1, is parameterized
in Masutomi et al. (2016), and F-Fp-and-45-14,, 1y, and T, are crop-specific parameters. Tj is a physical constant (Table 5).
It should be noted that DV-5—=46-D, = 0 represents sowing and DV¥-5—=-21-D, = 1 represents maturation. Furthermore, we
introduce two parameters that represent the timing of emergence (e51-5 Dy o) and heading (APV-5 Dy 1,). Both eDV-S-and
APV-S-Dys o and Dy 1, are crop-specific parameters. The values of eDV-S-and-hDV-5-Dyg . and Dy, are parameterized in
Masutomi et al. (2016). Crop simulation start at the day of sowing (Doy su) Which is a simulation setting parameter.

During the transplantation of rice seedling, the seedlings enter transplanting shock, which prevents shoot growth (Bouman
et al., 2001). In MATCRO-Rice, the transplanting shock period is defined by DV-S-where#+DV-5-isBVS-Dy, where Dy ¢,
is Dy, at the time when transplanting shock starts and ¢teDV-5-isDV-S-D 4 is Dy at which transplanting shock ends. Both
trDV-S-and-teDV-S-Dys ¢ and Dy ¢ are parameterized 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 leaf, stem, panicle,
and root. In addition, the model considers glucose reserves in leaves and starch reserves in stem. All carbon assimilated in leaves
through photosynthesis is first stored in leaf in the form of glucose. Then, the stored glucose 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 leaf. This module is based
on MACROS (Penning de Vries et al., 1989).
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The dry weights of each organ and reserve are expressed by

Wicprer = Wiy, olef0+/ G, Rilefref = Lsief zefslef)dt (113)
Wt = Woimisimo+ [ 11/ Gratmssend?’ (114)
Wpnepne = / tote' G R pner pncdt’ (115)
Wootret = Wwar/tiEtGR_rotwdtQ (116)
Wteste = /%t(GMi&CfRﬂ,fﬁm,w)dt’, (117)
Wogta = Wotnoguo + / tete' GRoglur gindlt’, (118)
where S TTa Wiet: Wt Wones Weots Wete, Wiy are the dry weight of leaves, stems, panicles,

roots, starch reserves, and glucose reserves at t, respectively, , W, , Weot g, and

W0 represent the initial dry weight at emergence of each organ and reserve,

GrgrGrlets Grstm, G , Grrots Groste, and Gy g1, are the growth rates of the correspondmg organ and reserve, ng—f
L 1cr is the loss rate of leaves due to leaf death, RRyr 7Ly, ¢ 1S the loss rate of starch reserves in stem due to remobilization,

teq is the time at emergence after sowing, and

T Wiet. 0o Wt 0o Wiat.0,.and W, are
simulation setting parameters.

The glucose reserve in leaf is supplied through photosynthesis in leaves and remobilization from the stem. Thus, the supply

of glucose is given by

Sgluglu = ALLHCCOQ,gl’II,CO2,g111 + R]W,st(:ln,stccstc,glu stc,glus (119)

where, Sg—9g1, is the supply of glucose to leaf reserve, A7—A,, is the net carbon assimilation calculated in Eq. 63, and

Coorgriand-Csregra U0, el and Cye o1, are the conversion factors from COs or starch to glucose, which are chemically

determined (Table 5). We assumed that the partition of glucose in leaves to each organ occurs if the following equation is met:
Wﬂglg+5ﬂggg5t> kﬂ%‘iwﬁlfef’ (120)

where 0t is one simulation time step, %g—Kgy iS the critical ratio at which the partition of glucose happens, and dt is a
simulation setting parameter. We set %g;;m—=0-1k,1, = 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:!I“"IL%]B = (WM§1£+SWJ§IE&_]€&§IEW@@)/&’ (121)
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where GG p,ely i the amount of glucose partitioned to each organ and reserve. The growth rate of each organ and reserve

is expressed as follows:

Griefriet = GpglupgnPRshrshPRicfr1etCgluicfglulets (122)
Grstmrsm = GroupgnlRonsn(1= Pricivier = Phpnerpne)(1 = Fsteste) Cotu.stmgusim, (123)
Grpnerpne = GrgtupguPRoohrsh P RpnerpneCgtupnegipne; (124)

Crorotgor = Grgtupgn(l = Proneen)Coturotghurot, (125)

Grstersie = GrgupgnPronren (1= Pricsriot = Pripnerpne) fotesseCotusstegiuste: (126)

GM&,@E = (k@%ﬂwﬁ@_wﬂgg)/& (127)
where Pr—-P, ¢ is the ratio of glucose partitioned to shoot, Pre ey et and P . are the partition ratios of
glucose from shoot to leaf and panicle, sz fgtc is the proportion of glucose allocated to starch reserve in stem, Cgrrers
Egtustm Cgraror Cgtupre and-Cgrrsre Ul let, Colustan Celirate Calupner A0d Coly st are dry weight of corresponding
organs and reserves that are produced from the unit weight of glucose. gtuterEgrusmmCgruror e ster
Cotnefs Colussms Colurots and Ol pnc are crop-specific parameters. sz fsto is parameterized in Masutomi et al. (2016). We
set the values of Cyrre Gru st Cglurot grupne Celilefs Celiustms Celurag: aNd Cojy pne according to Penning de

Vries et al. (1989). Cgrusre-Caln st 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 leaf. Therefore, the growth rate of each organ and reserve are calculated as follows:

GR,lefr,lef = GR,stmr,stm = GR,rotr,rot = GR,[)HCLPHC = GRﬁstCr,stC =0 (128)
NGR,glur,glu = Sgluglu~ (129)

The partition ratios to each organ are given as

1— Pt (Dys < Dyg tr)
0 (Dys,ir < Dys < Dygsre)
PRshesh = 1— Pos (Dys,te < Dys < Dys rot1) (130)
Sttt =B (Dyg ot < Dys < Dusyrot2)
1 (Otherwise)
Pt (Dys < Dy ef1)
Pricfriet = % (Dys,tef1 < Dys < Dy lef2), (131)
0 (Otherwise)
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0 (Dvs < Dvs,pncl)
_ Dyvs—Dys,pnc
PR,pnCI",IL)MI/lS - m (Dvs,pncl < Dvs S Dvs,pnCQ)a (132)

1 (Otherwise)

Where TOo ] TO b [ s e ]

Doyg o2, Dy ,and D, represent the D, values at which corresponding partitions change, #ror-Pq iS the ratio of

partitioned glucose to the roots at DV-5<-DV-SrarrandFrer-Dyg < Dyg ror1, and Plgs is the ratio of glucose partitioned to
the leaf and glucose partitioned to shoot at N 7ot T ToTZs T f 2 prcls PICTs

eters and are parameterized in Masutomi et al. (2016). In Eq. 130, we assume that no glucose is partitioned to shoot during
transplanting shock (tePV-S—<-PV-5<teDV-SDyg o < Dys < Dyg te)- It is important to note that transplanting shock is con-
sidered only when transplanting is conducted.

Loss of leaf dry weight due to leaf death (£57e7Ls 1ef) and remobilization from starch reserve in stem (R srm i, ston)

occur after heading and they are defined as follows

O (Dvs S Dvs,h);
Lsjefsiet = (133)
7dd et (Wiet + Weiu) (Otherwise)
0 (Dvs < Dvs,h);
R]W,st(:rn,stc = (134)
o rrm7stCWstc (Otherwise)

where #gqer-and-rmmsre Tddler_and 1 s represent the ratios of leaf death and remobilization. #gqe7—varies-with-D1-S

P et Varies with Dy as follow:
Tdd,lefdd lef = Tdi,lefdilet(DV.S — hDVSM)/(l - hDVS{:VQ\@ll) (135)
where #g17e7741,1¢¢ 15 the ratio of leaf death at harvest (DV-5=3+D,, = 1) and it is parameterized in Masutomi et al. (2016).
We set TWC%IT}(%»«&}G%M, assuming that all starch stored in stem is remobilized in 10 days after

heading (Bouman et al., 2001).
Last, the dry weight of shoot (45 Wyy), used in Section 3.4, is given by

sthsﬁb = Wﬂl@j + Wstmsﬁ:cfrvn + WEEES + Wstcstc + qufu%g (136)

4.4 LAI, crop height, and root depth

Leaf area index (L), crop height (hzzhg), and root depth (z72,) are expressed as

L = (Wﬂlgf—l-W@%B)/SLVV%, (137)
SIJV'SLXV = SLVV’rna:Slw’mx + (SLI/anSlW,mn - SLI/Vm;E Slw,mx) exp(_kSLVVD‘/SSlw DVS), (138)
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haaLhab (Dvs < Dvs,h)a
hgtgt = (139)
T hbathb (Dvs,h < Dvs)

Zﬁf\ﬁ = min{z’l‘t,nl,.’lfl‘tJIlX7Tﬁli(t7t£€)}7 (140)
where S-Sy, is the specific leaf weight, SEWrand-SEWmm-Siy, mx_and Sty my are the maximum and minimum values

of specific leaf weight, respectively, ksr1—kg,, is a parameter that determines the relationship between £455-D, and specific
leaf weight, hgraasfrgrassFrgrvarand-hgrssaas Rah, Mba, and Ay, are parameters that define the relationship between LAI and

crop height, 777721, mx 1S the maximum root depth, and +71, is the root growth rate. The allometric equations for estimating

crop height (Eq. 139) is based on Maruyama and Kuwagata (2010). I RS TW gt aas Prgr.abs gt bas gt

S 9] K Pans Pahs Ppa.and hyy, are crop-specific parameters; they are parameterized in Masutomi et al. (2016).

Zrt.mx and 7, are also crop-specific parameters, and they are set to 2 mz—
=0.01 m day~!) (Penning de Vries et al., 1989).

T

=0.3and r,y = 1.16x 10"

rt,mx

Zr

4.5 Crop yield

Crop yield is calculated from dry weight of the panicle at maturity as follows:

Yi]d)j&‘l = kﬂy\lfgwpnc,mtwa (141)
where ¥4d-Y q is the crop yield, WonemmeWpne,ms is the dry weight of the panicle at maturity, %57a-ky14 is the ratio of the crop

yield to WonemmeWone,me- The variable %y14-ky 14 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 in Table 2; (ii) The model considers water surface and irrigation 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 climate 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 variability 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 assess the climate change impacts on rice productivity and hydro-

logical cycle in paddy rice fields. Masutomi et al. (2009) showed that climate change will have significant impact on rice
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productivity across Asia. In addition, agricultural land is one of the key players in global hydrological cycle, and climate
change will alter globally the hydrological cycle (Oki and Kanae, 2006).

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

The current version (Ver. 1) of MATCRO-Rice has a

dynamics is not included in MATCRO-Rice, although it is well known that nitrogen stress significantly 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 include nitrogen dynamics. This feature is

an important future challenge.

6 Code availability

The source code of MATCRO will be distributed at request to the corresponding author (Yuji Masutomi: yuji.masutomi @ gmail.com).

The website for MATCRO-Rice will be developed in the near future.

Appendix A: pzp, and Q=5 Qsat.

The air density (pzp,) and the specific humidity at saturation (&sar(Q)sss) are calculated physically according to the equation

for the state of dry air and the Clausisu-Clapeyron equation, respectively, as follow:

Paa = Pga/(RdLytif.zTgaL (Al)
Quatsor(Tuws Pan) = (Raryary/ Ruapvap) {esatsar(To)exp (A Ruap) (1/To = 1/T,))exp (A Ruap) (1/To = 1/T,)) 1/ 882)

where #5-T, is air temperature, P;-P, is air pressure, 41, is temperature of the canopy (#z1¢) or surface water(F (1), T is
the melting temperature of the water, Rgr-and4;55- 11y, and R, , are the gas constants of the dry air and vapour, respectively,
esartFu)-esas (T) is the vapour pressure at melting temperature of the water, and ) is the latent heat of vaporisation. T5-and-Py
T, and P, are meteorological inputs (Table 1). F+Feor-F51, (1 or T;) is calculated in Section 3.1. The other parameters

are physical constants (Table 5).
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Appendix B: Zenith angle 0

According to Goudriaan and van Laar (1994), zenith angle of the sun (6) is calculated as follows.

cos(f) = sin(2mL;;/360)sin(dss) 4 cos(2m Ly /360) cos(ébs)cos(ha,galg) B
05 = —arcsin(sin(23.45(27/360)) cos(27(D,yey +10)/365)), (B2)
hargarg = 2m(her —12)/24, B3)

where %Ly is the latitude in radians at the simulation site, s is the declination of the sun, #a7glare is the hour angle from
noon (Ar==42)Pgy-h, = 12), D, is the number of days from Jan 1 at the simulation site, and 7/, is the local time at the
simulation site.

Appendix C: Coefficients for radiation equations

The coefficients for radiation equations (Egs. 12—14) are calculated as follows:

a; = Fdi{(1—ty)" —r3}'2 (C1)

Cri = {~(A2;—74g)(S{(0){(0) = C3,;,D{(0)(0)) exp(—a;L)
+(C,i7gg +79g — Ca,i) DY (0)7(0) exp(—FL sec(0)))}/As iz, (C2)

Coi = {(A1i—74g)(S{(0){(0) = C3;D{(0)§(0)) exp(a; L),

~(C3,i7gg +7gg — Cai) DY (0);(0) exp(—F Lsec(8))}/As,is,i, (C3)
Csi = sec(){tiisec(t) +dpetii(1—tii) +dyer® s} /{dF((1—tii)* = i) — sec*(0)}, (C4)
Cui = {rii(dss —sec(9))sec(9))}/{dF((1 —ti1)* —1%1:) —sec*(0)}, (©5)
Ay = (=t +{(1—ti)? =%} ris, (C6)
As; = (L—ty—{(L—ti)2 =12} Jris, (C7)
Agizi = (Avi—rge)exp(a;l) — (Ag; —rgg)exp(—a;L), (C8)

where ¢ indicates the wavebands of radiation (z = 1: PAR; ¢ = 2: NIR), r; and ¢; are the leaf reflectivity and transmissivity,
respectively, F" is the distribution of leaf orientation, ¢+d is a scattering factor, A35-A3 ; is a new variable introduced in Egs.
C2 and C3, L is the LAL #57 is the surface albedo for shortwave radiation, D¢{6)-and-S46}-D (0) and S¢(0) are direct
and scattered downward radiant flux density at the canopy top, respectively, 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 d7-d; is sec(27(53/360)) (Watanabe and Ohtani, 1995). Az7-Aj3 ; is defined in Eq. C8, L
is calculated in the CGM (Eq. 137), and #;forsurface-waterr, for surface is given in Maruyama and Kuwagata (2010). D46}

ane-S40Y-DI(0) and S¢(0) are given in Eqgs. 15 and 16, respectively, and @ is calculated in B1.
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It should be noted that a;, A, ;, and Ay ; are not variables determined by constant parameters, while C ;, Ca 5, C3 ;, C4 ,
and Az5-Ajz ; are variables.
Appendix D: Reflectivity and transmissivity of canopies

Reflectivity (r;;) and transmissivity (7;;) of canopy for each waveband (i = 1: PAR, ¢ = 2: NIR) and for each direction (j = 1:

direct, j = 2: scattered) are given as follows.

ri1 = Cu;—C3,7i2, (D1)
rio = (A1,C1,i+A2,C,)/(Cr,i+ Cay), (D2)
71 = (1+C3,;—Cyexp(—FLsec(d))) —Cs 7o, (D3)
Tio = {(C1,:(1—A1:)exp(a;L)) + Ca (1 — Agjexp(—a; L))}/ (Cri+ Coy), (D4)

where a;, C1 ;, C2;, Cs 3, Ca i, A1 i, and Ag ;, the coefficients of radiation equations (Eqs. 12-14), are calculated as shown in
Appendix C, F' is a parameter that defines the distribution of leaf orientation, L is the LAI, which is calculated in the CGM
(Eq. 137), and @ is the zenith angle of the sun (Appendix B).

Appendix E: dsznrs 252y 2nrnds 20 215 2Q 2Me» #Tws and Zgmw2 e

Zero-plane displacement height (d), roughness lengths of an entire surface for the profiles of momentum, temperature, and

specific humidity (zprs=rand—=o2y, 27, and zq), and roughness lengths that express the effect of surface water-on the
profiles of momentum ; : t specifi teht Ty AT et wand temperature (zpr. and z1,) are calculated

according to Watanabe (1994) as follows.

25



-1

hot —d. hey —d
In 9t et — =
YRR

nihgt_d nihgt_d lnihgt_dlnihgt_d
DY XX

th d hgt d
1l ———

EMw ZMg

In gt 7d1n gt — d In gt 7dln fige — d

ZMw ZMg ZXw ZTg

A+

hgt d hgt d

Zx Zx

10 In

P3x

Pyx

15 Cee

1

1—exp(—AT)+ [ —In My, EMs
Por gt

00\ 1/09
COOK)N( 1 —exp(ngXAﬂ + (Céi) eXp(—ngA+) + (
X

h t— d h t — d h t— d h t —d
In gz ’ In & — In -2 +——1In & - ,
M EZM M A
h d. h d hgt —d, hey —d
In Lg; ey ) PR e i B
e e J\ S
cm e L
2k% 262
4 -1
lnihgtidlnihgtid lnihgtidln fige —d
M AM_ z} zj} ’

1+ (1+8Fx)%5 =1+ (1+8Fx)%
2 2 ’

Cx CX

C'VTL 9/11\1

1 1 Py, P
—In(7=) —In(3= ) P+ Atexp(At) ’

hgt

0.1
Zxs Zxs Zxs Zxs
- exp4 o expq 9 ,
B P a QJ}M
0.35 0.35
Zxs Zxs
0.55exp < —0.58 ( ) exps —0.58 < ) ,
hgt Dt

{Fx x +0.084exp (—

0.00115

2F51,

cnn/ (14 can(Uce/Fss))-

26



10

15

Here,

s ZMs» ZTs..a0d 2qy are the roughness lengths of surface waterfor momentum, temperature, and specific

humidity, respectively. In this model, we assume

- ZMss 2Ts» and z2os = 0.001 m (Kimura and Kondo,
1998). errenand-ea—Cy, ch. and ¢, are the leaf transfer coefficients for momentum, temperature, and specific humidity,

respectively. ex-an-e5-Cyy an ¢y, are crop-specific parameters, while ez is calculated in Eq. E15. Ag-he and L are crop height
and LA respectively, and are calculated in the CGM (Eqgs. 139 and 137). g;-g, is the stomatal conductance per unit leaf area
for both sides of the leaf (Eq. 108). &, is the mean wind speed in the canopy and is calculated in Appendix F. A™, €%~
WMM 2y, Py, Pos,P3x, Pyx,x Iy are the intermediate variables, and « is the Karman constant.
The symbol "x" indicates "M", "T", or "Q", and the symbol "XX" indicates "T" or "Q".

Appendix F: Mean wind speed in the canopy

Mean wind speed in the canopy (U, is expressed as

Uee = (Ullh/'}/mr{lhylgwt) *{1 - eXP(_VEthng)}a (F1)
U’lh = U/(l"‘ln((zga—hggf)"‘l), (F2)
Ymm = Cmm(L/hgrge)/(2k7), (F3)

where T5;-U), is the reference wind speed, and <577y, is the coefficient of exponential decrease for wind speed in the canopy.
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Table 1. Meteorological inputs

Variable Unit Description

PPy Pa Air pressure

2P, kgm 25! Precipitation

Q kgkg ! Specific humidity

H‘—f@}@\f\(@ W m—2 Downward shortwave radiant flux density at the canopy top
Hf—é@}m Wm2 Downward longwave radiant flux density at the canopy top
TT& K Air temperature

U ms™! Wind speed

Table 2. Variables exchanged between the land surface model (LSM) and crop growth model (CGM)

Variable Unit Description
LSM to CGM
PE}Q—}% Wm~2  direct downward radiant flux density for photosynthesis active radiation (PAR)

S-S Wm?
S-S, Wm™?

at a leaf area index (LAI) depth of [
scattered downward radiant flux density for PAR at a LAI depth of
scattered upward radiant flux density for PAR at a LAI depth of [

Tl K canopy temperature
CGM to LSM
959 ms~? stomatal conductance per unit leaf area for both sides of the leaf
g m canopy height
m’m~? LAI

W Wiy kgha™!

dry matter weight of shoot

root depth
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Table 3. Modifications from the original model, MATSIRO

Eg. MATCRO. MATSIRO
25 Watanabe (1994). [1/Cute +U/(GuL/21""

31 and 32 Campbell and Norman (1998) Unknown_

45 Penning de Vries et al. (1989 02L

55 (zp < 2 < Zmax

59

Beven and Kirkby (1979

Calculated from the assumption that root has no spatial orientation ~ Default fixed values for each vegetation type are given

110-141 Crop development and growth ot considered
Table 4: Variables

Symbol Units Eq. Description
gﬁg&% mol(CO2) m~2(1)s ™! 68 gross primary production pel

shade(Ag s Ag sn) leaves
727—{% mol(CO2) m~2(1)s ™! 72 gross primary production with

area of sunlit (Agr— A,/ ()
A;nil/ny mol(CO2) m™ 2g—1 63 net carbon assimilation
XW'E% mol(CO2)m~2(1) s~ 64 net carbon assimilation per ur

(AWEM,) leaves
As i - C8 variable for the calculation of ¢
AT - E6 intermediate variable for the ca
QE"Q/E - 28 BTC for latent heat between the
GETQR% - 25 bulk transfer coefficients (BTC
GE“'—,\C,E,&, - 24 BTC for latent heat between su
g\};g 3 27 BTC for sensible heat between
GHTAC/@% - 26 BTC for sensible heat between
GM’QM\, - 38 BTC for momentum between tl
ExrCMg._ - 39 BTC for momentum between s
Cau,i - C2to C5 coefficients of radiation equatic
G%Q/%V - E7 intermediate variable for the ca
€0 - E8 intermediate parameter for the
€qCa Pa 98 partial pressure of atmospheric
€eCe - El15 leaf transfer coefficient for spec
enstzreps(2) Jm 3Kt 50 volumetric heat capacity of soil
€T Cig Pa 64 to 107 partial pressure of intercellular
€5 Csa Pa 97 partial pressure of CO» at leaf
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continued

Symbol Units Eq. Description
B?(—H—Qiﬁ\)» Wm—2 12 radiant flux density for downw.
ation (PAR) (¢ = 1) or near inf
(LAI) depth of I
PgDy kgm~ 257t 44 amount of water that falls from
PogDoy day - the number of days from Jan 1
PVFRDy, K 112 development rate at ¢
PVS5-Dys - 110 development stage at ¢
d m El zero-plane displacement height
ol kgm~ 2571 7 evaporation from canopy
BrBemas. kgm™* 57! 87 transpiration-maximum evapor
Fo Ly kgm~ 2571 9 evaporation from surface water
2 kem 25 8 transpiration from canopy_
€a P, 105 atmospheric vapour pressure
€5 P, 106 vapour pressure in leaf
€5at Csat P, 107 saturated vapour pressure
5Tl P, 103 vapour pressure at leaf bounda
leaves
Fy(z m®m™2s ! LZSQ water flux at a soil depth of #z
FX‘E/KN - E9 intermediate parameter for the ¢
Feofew_ - 40 fraction of canopy that is wet
Far-fat - 17 fraction of scattered radiation
Famnfawn_ - 69 factor of photosynthesis down-
Frrfint - 43 interception efficiency of precij
Gas 111 growing degree seconds at ¢ 5
ErgraGpgln 127 and 129 glucose partitioned to each org:
Gﬁ—gmm 127 and 129 growth rate of glucose reserves
ErpreGr e 124 and 128 growth rate of dry weight for p:
Error-Grros kgha=ts™?! 125 and 128 growth rate of dry weight for rc
GrrerGrlet kgha=ts! 122 and 128 growth rate of dry weight for le
ErsreGrste kgha=1s! 126 and 128 growth rate of dry weight for st
Gz Grosto kgha=!s™ 123 and 128 growth rate of dry weight for st
Gr&é—%\ga Wm—2 49 heat flux at a soil depth of zz
GWQEGN Wm—2 10 heat flux from surface waterto
Fada ms™! 100 leaf boundary conductance per
g mol m~2(1) s~? 99 leaf boundary conductance for
G55 ms~! 108 stomatal conductance per unit 1
G st molm~2(1) s~ ! 109 stomatal conductance for vapot
Gt Dsta molm~2(1) st 101 stomatal conductance for vapo
shade (§57579xs.sn) leaves
HeH Wm~? 5 sensible heat flux from canopy
Hf'g% Wm—2 6 sensible heat flux from surface
hgrhge m 139 canopy height
h,,—rq{z%gl rad B3 hour angle from noon (h7'ﬁ/r\ =
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continued

Symbol Units Eq. Description
Dy hour - local time at the simulation site
heahsa P, P 1 102 relative humidity at leaf t
(hsrsmhg,sn) leaves
Fode kgm™ 2571 42 amount of precipitation interce
K(z) kgsm™3 56 hydraulic conductivity at a soil
KK Pa 85 Michaelis constant for CO» fix
{{Tézé—ljﬁf\zﬁl - 52 the Kersten number
K_‘TIN(/QA, Pa 86 Michaelis constant for O inhil
kesterkys(2) wWm—tK! 51 thermal conductivity at a soil d
L m? m~2 137 LAI
+rro-Lvo_ m 35 Monin-Obukhov length of the ¢
FrrowLvog m 36 Monin-Obukhow length of surf
ErsrerLs Jef kg ha=t's™ 133 loss rate of dry weight for leave
FsmLen m? (1) m~2 65 LAI for sunlit leaves
L Ly m? (1) m~2 66 LAI for shade leaves
l m2 (1) m—2 - LAI depth from the top of cano
PrsmPrsn - 130 ratio of glucose partitioned to s
Prprelpne - 132 ratio of glucose partitioned to [
Prer Py lef - 131 ratio of glucose partitioned to I
Py - Ell intermediate variable for the cal
Py, - El12 intermediate variable for the cal
Psx - E13 intermediate parameter for the ¢
Pyx - E13 intermediate parameter for the ¢
satQsat KgKg™* A2 specific humidity at saturation
s Qsu molm~ 257! 89 photon flux density for PAR ab
me molm~2s™ ! 91 direct PAR absorbed in sunlit Ie
QsnsQsns molm~2 s~ ! 92 scattered PAR absorbed in shad
Qs Qsh molm~2 s~} 90 photon flux density for PAR ab
st @sh.s molm™2 571 93 scattered PAR absorbed in shac
QJ—QK molm~2(1) st 88 photon flux density for PAR al
(@57Qsy) leaves
Rrag. S 80 function that reprosents temper
Raa mol(CO2)m~2(1) s~ 94 respiration in sunlit (Ra—zm Ry
RezRex Wm™? 19 extraterrestrial radiation
J%w—,fp—&w& kgha™ Tg—1 134 remobilization rate of dry weig
RreRye Wm™2 3 net radiant flux density at canoj
R Rng_ Wm—? 4 net radiant flux density at surfa
Ri—%l—)@f/(\l/l Wm~? 21 radiant flux density for downw:
R‘%Q—)m Wm™2 21 radiant flux density for downwz
RAHRI() Wm~2 21 radiant flux density for upward
areFTdd, Jef_ st 135 ratio of dead leaf
Tij - D1 and D2 reflectivity of canopies (¢ = 1:
S - 87 Ratio of RuBP partitioned to cz
S%GH—QSA(Q Wm~2 13 radiant flux density for downwa
2) at a LAI depth of |
S-S () Wm™? 14 radiant flux density for upward
at a LAI depth of [
SgraSgiu_ kgha=ts! 119 supply of glucose to the reserve
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continued

Symbol Units Eq. Description

SEW-S1y. kg m~2(l) 138 specific leaf area

St2)Ss(2) m®m ™31 58 absorption for transpiration by

STTNS/@,\’ W m™? 11 heat flux stored in surface wate

Tl K 3to 11 canopy temperature

FtTo (2 K 48 soil temperature at zof-seil-deg

%:\Zj\k K A2 temperature of canopy (TTT/CJ

Foly K 3to 11 surface svater-temperature

t s - time

tete s - time at emergence after sowing

U ms~! F1 wind speed in the canopy

Uy ms™ ! F2 reference wind speed

Yomazt-Vimax (1 mol(CO2) m~2(1) s~ ! 83 reference value for maximum F

Vo Vomas, e mol(CO2) m~2(1) s ! 81 and 82 reference value for maximum
shade leaves

%ZM mol(CO2)m~2(1) s~ 76 maximum Rubisco capacity pe
shade (V757 V me.sh) leave

Vomsm Y mea. mol(COz) m~2(1)s™' 77 maximum Rubisco capacity pe
shade (%M) leave

Woara Wain kgha=! 118 dry weight of glucose reserves

WoreWhne kgha™ 1 115 dry weight of panicles

W Woneons, kgha ™! - dry weight of panicles at matur

Wit Wios kgha™ 1 116 dry weight of roots

W W kgha™?! 136 dry weight of shoot

Wore Wiste kgha™ 1 117 dry weight of starch reserves in

Woerm W kgha=! 114 dry weight of stems

WeWe m 41 amount of water stored in cano

wWeap Weap. m 45 canopy water capacity

wetzlws (2) m3 m~3 Fand-2253 volumetric concentration of soi

¥Hd-Yg kgha™! 141 crop yield

z m - soil depth

2NTEM m E2 roughness length of the entire s

2T ZMg m E4 roughness length that express tl
tum

zv& m E10 intermediate variable for the ca

2RQ. m roughness length of the entire s

ZQw At m root depth

ET-2T m roughness length of the entire s

*Tw 2 Tg m roughness length that express t
ature

z;—& m E10 intermediate variable for the ca

zj m E10 intermediate variable for the cal

67(\5% rad B2 declination of the sun

T Pa 84 light compensation point

¥ Y - F3 coefficient of exponential decre

B Do g mol(CO2)m~2(1) s~ 73 Rubisco limited assimilation i
leaves

e We, g mol(CO2) m~2(1) s~ ! 74 light-limited assimilation in sur

T W mol(CO2) m—2 1) st 71 Rubisco and light-limited as

(Ep_—sﬁm) leaves
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continued

Symbol Units Eq. Description

TsmWs gz mol(CO2) m~2 (1) s~ ! 75 sucrose limited assimilation fc
leaves

%g//@\, - 32 diabatic correction factor for ve

*I»‘H—LI//@\' - 32 diabatic correction factor for he

%«qf% - 31 diabatic correction factor for m

P(z) Jkg™! 57 water potential at a soil depth o

Pala kgm~3 Al air density

Fatm Tatm - 18 transmissivity of atmosphere

TosTes - 20 transmissivity of canopy for she

FerTel - 23 transmissivity of canopy for lor

Tij - D3 and D4 transmissivity of canopy (7 = 1

©9 K 37 potential temperature

6 rad Bl zenith angle of the sun

¢ - 33 atmospheric stability between t

€oCe - 34 atmospheric stability between s
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Table 5. Physical and chemical constants

Variable Value Units Description
Eeos 5 Ccoge 1.08%10° kgha™' h™' /(molm~2s~')  conversion factor from COx to glucose
Cgruse Calustc 0.9 kgha '/(kgha™t) conversion factor of dry weight from glucose to starch
Estegru Cste,glu 1.11 kgha '/(kgha™') conversion factor of dry weight from starch to glucose
€paCra. 1004.6 JK1Kg™ specific heat of air
€ Cpy._ 4200 JK 1Kg™! specific heat of water
g 9.8 ms™! gravitational constant
esar{Foresas(Tn) 611 Pa vapour pressure at melting temperature of water
kaqkg 4.6%107° (molm™2s71)/(Wm™2) transfer constant from radiant flux density to photon flux density
oKy 0.6 Wm ! K™! thermal conductivity of water
Rarg-Rary 287.04 Jkg ' K™! gas constant of dry air
RsamRgun 1370 W m™? solar constant
RoapRyap. 461 Jkg ' K1 gas constant of vapour
To 273.15 K melting temperature of water
WO WH, O 0.018 kg/mol molar weight of vapour
0.4 - Karman constant
2.5%10° Jkg™* latent heat of vaporisation
PPy 1000 kgm™® water density
o 5671078 Wm2K™* Boltzmann constant

37



Table 6: Parameters

Variable Value Units Description Source
Simulation setting
%'Q}\RB{/“\, - ppm atmospheric CO2 concentration Masutomi et al. (2016)
dTQﬁQkk, - m'DNVOY\' WMMMWW@\ Masutomi et al. (2016)
LTZQ\K;\\/,\I}\, - degfeel)/(\))\{i Mmmm@gm Masutomi et al. (2016)
SWWQ\%E)& - DOY DOY of sowing day Masutomi et al. (2016)
Weina = kg/ha dry weight of glucose reserve at emergence Masutomi et al. (2016)
WieroWiet o - kg/ha dry weight of leaf at emergence Masutomi et al. (2016)
WosroWios,0 - kg/ha dry weight of root at emergence Masutomi et al. (2016)
%WWM - kg/ha dry weight of stem at emergence Masutomi et al. (2016)
ZaZa - m reference height at which wind speed is observed Masutomi et al. (2016)
TmarZmax - m depth of soil layer Masutomi et al. (2016)
Zsar2e - m depth MMMWMW Masutomi et al. (2016)
25 2h - m depth from the soil surface to the upper bound of the bottommost layer of soil Masutomi et al. (2016)
5t - s time resolution Masutomi et al. (2016)
Soil-type specific
B - - factor for hydraulic conductivity and water potential Masutomi et al. (2016)
F Ky - kgsm—3 hydraulic conductivity at saturation Masutomi et al. (2016)
WraT Wsat - m®m~3 volumetric concentration of soil water at saturation Masutomi et al. (2016)
”il)/% = Jkg™ 1 water potential at saturation Masutomi et al. (2016)
P Ps. - kg m~3 soil bulk density Masutomi et al. (2016)
Crop-specific (paddy rice)
b 0.01 molm~ 257! intercept of the Ball-Berry model Sellers et al. (1996b)
Gmr,p—rgm 0.955 kgha™ 1/(kg ha~')  conversion factor of dry weight from glucose to leaf Penning de Vries et al. (198
GWWM 0.821 kgha™ 1/(kg ha~')  conversion factor of dry weight from glucose to panicle Penning de Vries et al. (198
%,ng 0.928 kgha='/(kgha=™!)  conversion factor of dry weight from glucose to root Penning de Vries et al. (198
Cgrasrm Cgl,stm 0.928 kgha='/(kgha=™')  conversion factor of dry weight from glucose to stem Penning de Vries et al. (198
€rCh 0.06 - leaf transfer coefficient for heat Kimura and Kondo (1998)
€mCr 0.2 - leaf transfer coefficient for momentum Kimura and Kondo (1998)
rorTDys,rotl Parameterized - Ist point of BV-S-Dy at which the partition to root changes Masutomi et al. (2016)
rorzDys,rot2_ Parameterized - 2nd point of BVS-Dy; at which the partition to root changes Masutomi et al. (2016)
PVSrerrDiys Jeft Parameterized - Ist point of BVS-Dy at which the partition to leaf changes Masutomi et al. (2016)
B%W‘QMN Parameterized - 2nd point of %Ngka which the partition to leaf changes Masutomi et al. (2016)
PVSpmer-Dys,puct Parameterized - Ist point of B¥S-Dy at which the partition to panicle changes Masutomi et al. (2016)
PVSpmer-Dys,pnc2 Parameterized - 2nd point of BVS-Dy at which the partition to panicle changes Masutomi et al. (2016)
%&% Parameterized - D&LS—\Q\\& at emergence Masutomi et al. (2016)
fafa 0.015 - respiration factor Sellers et al. (1996b)
e iﬁ\t}\ Parameterized - fraction of glucose allocated to starch reserves Masutomi et al. (2016)
hww Parameterized - parameter for relation between leaf area index (LAI) and height before heading Masutomi et al. (2016)
hgrarRab Parameterized - parameter for relation between LAI and height before heading Masutomi et al. (2016)
hgrva e Parameterized - parameter for relation between LAI and height after heading Masutomi et al. (2016)
gt by Parameterized - parameter for relation between LAI and height after heading Masutomi et al. (2016)
HBPVS-Dys 1 Parameterized - BVS-Dys at heading Masutomi et al. (2016)
Fgrakyd Parameterized - ratio of crop yield to dry weight of panicle at maturity Masutomi et al. (2016)
kst ks, Parameterized - parameter for the relation between SLHW-and-DV-5S)y and Dyg Masutomi et al. (2016)
m 9 - the slope of the Ball-Berry model Sellers et al. (1996b)
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continued (Table 6)

Variable Value Units Description Source

EDSGagm Parameterized K-s growing degree second at maturity Masutomi et al. (2016)
ProrLros_ Parameterized - ratio of glucose partitioned to root Masutomi et al. (2016)
PrerPleg Parameterized - ratio of glucose partitioned to leaf from glucose partitioned to shoot Masutomi et al. (2016)
PaTTeF T Al Jef Parameterized st ratio of dead leaf at harvest Masutomi et al. (2016)
Prmsre e st 1.16%10~6 st ratio of remobilization Bouman et al. (2001)

P Ty 1.16%10~7 ms™! growth ratio of root Penning de Vries et al. (198
1 0.105 - leaf reflectivity for photosynthesis active radiation (PAR) Sellers et al. (1996b)

T2 0.58 - leaf reflectivity for near infrared radiation (NIR) Sellers et al. (1996b)
SL%WM Parameterized kgm™ 2 maximum specific leaf area Masutomi et al. (2016)
SJ:HWNSM Parameterized kgm™ 2 minimum specific leaf area Masutomi et al. (2016)

s1 Parameterized Kt temperature dependence of ¥z 0m VeV masx. 200 V e, Masutomi et al. (2016)

So Parameterized K temperature dependence of %%V nax.z ON Ve o Masutomi et al. (2016)

Sq 281 K temperature dependence of %%W Sellers et al. (1996b)

Fo Ty, 281.15 K minimum temperature for development Bouman et al. (2001)

Fo Ty 30345313.15 K eptimat-maximum temperature for development Bouman et al. (2001)
Frly 34345303.15 K maximumroptimal temperature for development Bouman et al. (2001)

P PV5-Dys oo Parameterized - BVS-Dy, at transplanting and at which transplanting shock starts Masutomi et al. (2016)
+eDV5-Dys e Parameterized - BVS-Dy, at which transplanting shock ends Masutomi et al. (2016)

t1 0.07 - leaf transmissivity for PAR Sellers et al. (1996b)

to 0.25 - leaf transmissivity for NIR Sellers et al. (1996b)
%@%M\)' Parameterized pmolm™2s maximum Rubisco capacity at the canopy top Masutomi et al. (2016)
BrrT 2t mx. 0.3 m maximum root depth Penning de Vries et al. (198
*%_*'QSS 0.98 - GPP transition factor Sellers et al. (1996b)
oo 0.08 mol mol ~* quantum efficiency Sellers et al. (1996b)
Others

Az C6-C7 - coefficients of radiation equations (Eqs. 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 GO%% for photosynthesis down-regulation Arora et al. (2009)

€ Com 870 Jkg~tK! specific heat of soil minerals Campbell and Norman (199
D, 1.14*% 10711 - coefficient related to gravitational fall of canopy water Rutter et al. (1975)

Do 3.7 %103 - coefficient related to gravitational fall of canopy water Rutter et al. (1975)

drdg sec(2m(53/360)) - scattered factor Watanabe and Ohtani (1995
F 0.5 - distribution of leaf orientation Goudriaan and van Laar (19
K, 0.3 - vertical distribution of nitrogen Oleson and Lawrence (2013
Frso-kso 0.25 WmtK! thermal conductivity of dry soil Campbell and Norman (199
Fersehss 1.58 Wm !K! thermal conductivity of saturated soil Best et al. (2011)

[02] 20900 Pa partial pressure of intercellular O2 Collatz et al. (1991)

ol 0.1 - albedo of surface waterfor shortwave radiation Maruyama and Kuwagata (2
S3 0.2 Kt temperature dependence of mm Masutomi et al. (2016)

S5 1.3 K—! temperature dependence on %E% Sellers et al. (1996b)

S6 328 K temperature dependence on %ﬁ\% Sellers et al. (1996b)
ZNEEMs 0.001 m roughness length of surface water-for momentum Kimura and Kondo (1998)
ZOTEQs. 0.001 m roughness length of surface water-for specific humidity Kimura and Kondo (1998)
2T52Ts 0.001 m roughness length of surface water-for heat Kimura and Kondo (1998)
ﬂp—(ﬁy\k 0.95 - GPP transition factor Sellers et al. (1996b)

€ 0.96 - longwave emissivity of surface water- Campbell and Norman (199
Fad 0.9 response parameter to elevated CO2 Arora et al. (2009)
FgaYed_ 0.42 response parameter to elevated CO2 Arora et al. (2009)

FoTh 8.64%10° s recession constant for base water flow (100day) Hanasaki et al. (2008)
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