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RICEMOD: A PHYSIOLOGICALLY BASED
 
RICE GROWTH AND YIELD MODEL'
 

ABSTRACT
 

Interdisciplinary research efforts often culminate in abetter understanding of the 
entire system, as well as increase knowledge within specific disciplines, for 
example, soil, crop, and atmospheric sciences. A synthesis or crop modeling 
approach is helpful in studying rice crop growth and yield as a system. 
RICEMOD is-a rice crop simulation model begun in 1979 with the specific 
objectives of becoming an explanatory tool for feedback to and direction of 
future research. This paper describes RICEMOD's development from arelatively 
simple mod for rice growth and yield under luxury nitrogen and water condi
tions to its current state inwhich many physical and physiological aspects of crop 
water deficits have been incorporated. 

Part I describes the structure and function of the initial physiologically based 
simnulation model. Part II illustrates soil physical and planit physiological compo
nents incorporated to give RICEMOD soil and plant water balance capabilities. 
These additions extend its petential use to rainfed rice research. 

Part III compares the model output with experimental data in which soil 
and plant water status was monitored during water stress. the model output 
usually agreed within one standard deviation of the measured soil and plant 
variables. Sample input-output data sets and a bibliography of rice crop model
ing conclude the paper. 

Development of the current version of RICEMOD (RICEMOD 300) 
brought to our attention the lack of field level information about soil physicsand 
root system growth and development. These deficiencies are most acute in rainfed 
wetlands (lowlands) where subsurface hydrology and soil and plant response to 
varying water status have received little interdisciplinary resear, h effort. 

IBy,'
.1. A. McMennany and .1.C. O'lole. formerly agricultural engineer and agronomist/crop 
physiologist. International Rice Research Institute. los 1lahos, laguna. Philippine.". Part I is adapted 
from intanaic.imdatin1irr~igwi ric(cr9, griIth anl imeld by J. A. McMennamy (I9h;h). A 
paper presented at the 1980 sunmer meeting ottlie American Society of Agricultural Engineers, 15-18 
June 1980,San Antonio. Texas. Submited tlothe IRRI Research Paper Series Committee February 
1983.
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RICEMOD: A PHYSIOLOGICALLY BASED RICE GROWTH
 
AND YIELD MODEL
 

Traditional discipline-oriented research has inspired scien-
tific dissection of knowledge into smaller, more compre-
hensible, and researchable units. The 14 research depart-
ments of the International Rice Research Institute (IRRI) 
operate with discipline orientation. 

The dissection method isessential to obtaining knowl-
edge about specific processes, reactions, and interactions 
between major factors within the complex array of biochem-
ical and biophysical phenomena that interactively constitute 
the dynamic rice crop system. However, many agricultural 
research questions require a systems approach - the 
recombination of various scientific research divisions into 
the whole. Recombination requires a systems analysis exer-
cise called crop modeling. 

RICEMOD, a simulation model developed by 
McMennamy (1980a), began as a simple exercise in dynamic 
rice crop growth and yield simulation. RICEMOD's objec-
tive was to develop a functional model of the rice crop that 
could be used to assess the relevance and completeness of 
knowledge about rice science. Initial efforts assumed luxury 
water and nitrogen conditions, but even with those assump-
tions the exercise highlighted areas where understanding or 
quantification was lacking. RICEMOD relies almost 
entirly on soil, plant, and atmospheric data derived from 
experiments at IRRI. It must not be utiliLed out of context 
nor should it be extrapolated to conditions outside the IRRI 
experimental farm environment without caution. 

The primary objective of RICEMOD isto describe the 
complex biochemical and biophysical systems interacting in 
a rice crop that will guide research by elucidating key pro-
cesses where fundamental or applied understanding islack
ing (Loomis et al 1979). RICEMOD isnot just the result of 
data accumulation and synthesis of response functions into 
an interactive model. It should be used as an explanatory 
crop model to increase research efficiency and multiply the 
value of time and money spent (Loomis et zl 1979, Spedding 
1980). 

This paper describes RICEMOD's evolution from a 
model of rice growth and yield under luxury conditions to 
its current state, RICEMOD 30), which is physically Lnd 
physiologically sensitive to soil-water balance. 

Part I is the basic simulation model. It illustrates fun-
damental relationships for canopy light interception, photo-
synthesis, leaf nitrogen content, maintenance and growth, 
respiration, and assimilate partitioning. 

Part I1introduces the expanded model, in which soil 
physical and plant-root parameters interact to affect water 
movement in the soil-plant-atmosphere continuum. Trans
duction of soil water deficits into.crop water status and crop 
water status' effect on transpiration, photosynthesis, and 
photosynthate partitioning greatly expand RICEMOD's 
potential application. Rainfed or partially irrigated systems 
can now be simulated. 

Part Ill provides sample input-output data sets to 
facilitate use of the model, and includes validation informa
tion needed to compare the simulation output to experimen
tal results when water deficits occur in the vegetative and 
reproductive stages. 

Finally, a selected bibliography of rice modeling efforts 
is provided. The brevity of this rice-modeling bibliography, 
when 6ontrasted with those ofother major cereals, indicates 
the state-of-the-art in rice crop modeling. 

RICEMOD 300 is only one step toward the elaborate 
goal of synthesizing knowledge of how a rice genotype 
interacts with its environment. It deals primarily with physi
cal parameters, but invites additions ofsubroutines that deal 
with soil and plant chemistry and biophysical propeities of 
the aerial environment. As these processes are researched, 
incorporated, and validated, the original RICEMOD objec
five - to provide feedback and identify gaps in knowledge 
and to stimulate and direct research initiatives - must be 
kept in mind. 

PART1: RICEMOD - THE INITIAL DYNAMIC SIMULATION
 

MODEL OF IRRIGATED RICE GROWTH AND YIELD
 

Functional relationships within economic, engineering, and 
biological systems are often difficult to evaluate because of 
their complexity. Numerical modeling is a useful research 
tool to assess the researcher's understanding of the system or 
the validity of suggested cause and effect relationships. 

In the plant sciences, crop modeling is often used to 
inventory and test hypothetical plant performance relation
ships, and assess environmental effects on plant perfor
mance. Where several performance relationships exist, a 
model can be used to rationalize or resolve conflicting hypo
theses about cause and effect relationships. If the model 
accurately predicts plant growth in most cases, it is consi
dercdl good, and may help identify research areas with the 
greatest potential to improve plant performance. Cases in 

1/
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which the good model disagrees with actual plant growth 
are particularly interesting to plant physiologists and indi-
cate a need for additional research to better understand and 
define plant behavior, 

This paper describes efforts to develop a relatively 
simple rice plant population model called RICEMOD, 
which responds to daily weather parameters: solar radia-
tion, maximum and minimum temperature, and day length. 
The model's accuracy is assessed and potential uses are 
suggested. RICEMOD is based on selected functional rela
tionships found in rice research literature. The validity and 
precision of these relationships are not beyond question; 
hence, the inaccurate performance of the model isnot totally 
unexpected. 

The model 
The ultimate rice crop growth simulation model should be 
simple yet comprehensive enough to predict the growth of 
different varieties under any agroclimatic condition. 
RICEMOD is far from the ultimate and several major 
simplifying assumptions have been made: 

I. The crop isirrigated and water stress does not limit its 
growth. 

2. The crop is a homogenous plant population of IR36, 
an I R RI improved, photoperiod-insensitive variety. 

3. Luxury levels of plant nutrients are present. 
Photosynthesis, respiration, and the partitioning of 

assimilates are dynamic processes with respect to changes in 
environmental factors and plant development. In 
RICEMOD, as in a growing rice plant, photosynthate is 
produced by the irradiation of leaves. Net photosynthetic 
product generated is influenced by light intensity, leaf area, 
canopy shape, leaf thickness, and nitrogen content of the 
leaf blades. After part of the photosynthate is used for 
growth respiration, the remainder isdistributed to the roots, 
culm and leaf sheath, leaf blades, and, after the vegetative
stage, the panicle. Maintenance respiration continues at 
night, resulting in some dry matter loss. 

Figure 1is a schematic of the RICE MOD system and 
illustrates how the model simulates growth through a series 
of incrementalcomputations. A day is considered to start at 
sunrise and end at sunrise the following day. Net carbon 
dioxide exchange rate is calculated each daylight hour for 
each layer of leaves, and can be repeated more than 100 
times per day during the middle of the growing season. This 
number of calculations would be impractical without a 
computer. RICEMOD has been programmed in FOR-
TRAN IV and BASIC. The FORTRAN program takes 
about 10secondsofcomputertime/crop(aftercompilation) 
when run on an IBM 370/135 computer. 

Functional relationships 
Photosynthesis has been studied extensively. Researchers 
have shown that plant photosynthetic rate is significantly 
influenced by light intensity and spectra, leaf area, leaf 

canopy structure, plant species and variety, leaf chemical 
content, temperature, wind speed, plant water status, and 
air chemistry. In RICEMOD, photosynthesis is the process 
whereby atmospheric carbon dioxide is fixed by the plant. 
The process rate is a function of photosynthetically active 
radiation (PAR) in the 400 to 700 mm waveband incidence 
per unit leafarea. The function is assumed to fit the rectan
gular hyperbolic curve described by the following equation 
(McDonald 1971): 

P 
(1) 

PMAX yI 

where: I= hourly PAR (cal cm' 2), 

P= hourly carbon dioxide exchange rate 
(g CO2 iM2), 

PMAX = max hourly carbon dioxide exchange rate as I 
approaches infinity, and 

y = initial slope of the response curve. 

McDonald showed that the initial response curve slope 
(-y) varies with temperature and variety, but it is assumed to 
be constant in RICEMOD because the changes are rela
tively small for rice. 

Takano and Tsr.noda (1971) and Yoshida and Coronel 
(1976)-showed that major PMAX variations can be related 
to changes in leaf nitrogen content. RICEMOD employsa 
relationship suggested by Yoshidi'. 

P= 2.6 AWA'. (2) 
where P6()= the net photosynthetic rate (gm2h) at a 21.6 

cal cm2h f (60 klx) PAR level, and 

A WNL = the ratio of leaf nitrogen weight to leaf area (g 
M' 2). 

PMA X for a given A WNL isfound by substituting P6o 
for P in equation I with 1= 21.6 cal cm'2 h. 

Areal leaf nitrogen content (A WNL) is a function of 
specific leaf weight (SPLWT) and the percent nitrogen con
tent of the leaves (PCTNL). In RICEMOD, both parame
ters are treated as functions of plant age alone. Although 
environmental factors have'an influence, specific functional 
relationships were not found in the literature reviewed. 

Data supplied by Puckridge and Haws (Fig. 2, 3) on 
IR36 were used to establish the SPLWT and PCTVL 
functions: 

SPI. WT= 23.4 +. 173D, and (3) 
PCTNL = 5.62 -. 0382 D, (4) 

where D = the age (days) of IR36 plants. 

5 
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1. Schematic of the RICEMOD growth simulator. DESTABLISH INITIALVALUESTPDATE,TPAGE, HAGE, 	 = plant population age (d); DI(D) = daily total PARW,TW L ,,WS,WF 	 on day D (cal cm 2 ); DL = day length (h); FL, FS, FR, 

FF = fraction (gg-') of photosynthate partitioned to 
panicles (F), leaf blades (L), culm and leafsheath (S),

DAY LOOP and roots (R); H = hour of the day (H = 0at sunrise) 
(h); HAGE = plant age at harvest (d); L = leaf layer 

WEATHER DATA COMPUTE DAILY VALUES (the top layer is layer I); LAI = leaf area index 
DI, DL,TMAX, SPLWT,LAI, PCTNL, (m2 m'-); PCTNL = percent nitrogen content of 

TMIN 	 PMAX 
 leaves (g g' X 100); PIAGE = plant age (d) at particle
initiation; PMAX = max daytime net CO2 exchange

LEAF LAYER LOOP rate (gm'2h'); PM RrL = daily net CO2 exchange (g 
m"2) for lowest leaf layer; PT(D) -- total net CO2

H=1 exchange (g m-2) during daylight hours of day D;
DAYLIGHT HOUR LOOP SPLWT = specific leaf weight (gm-2); TMAX = max 

HOURLYGENERATEIRADIATION CALCULATE RADIATION 	 daily temp (°C); TMIN = min daily temp (°C); 
VALUES INTERCEPTED PER LAYER 	 TPAGE =age (d)ofplants at transplanting; TPDATE 

= transplantingdate; W = total wt ofplant population 
(g m 2); WF, WL, WR, WS = dry wt (g m 2) ofpanicle, 

CALCULATE C02 	 leaf blades, roots and leaf sheath, and culm. 
EXCHANGE PER LAYER 

CALCULATE G OWTH 

RESPIRATION 8 DRY MATTER 

PRODUCTION
 

PARTITIONING j 	 L> I '=_L+-;-


/RULES TABLEI 
1.
 

CALCULATE PARTITIONING I ICALCULATE NEW PLANT FART 
FACTORS a NEW PLANT PART WEIGHTS AS FUNCTION OF
 
WEIGHTS TOTAL WEIG HT
 

ol 	 CALCULATE GROWTH RESPIRATION RiDRY MATTER LOSS 

SCALCULATE PMRLL (0D) 

WS 	=WS +WL /20
 
W L 9 5 WL 
 D > N
 

YES
 

IPRINT OR PLOT DE SIRED VALUES] 

To determine the total amount of carbon dioxide fixed The effect of temperature on photosynthesis is not 
per day, the light intercepted by each layer of leaves must be considered in RICEMOD. Horie (1979) found that the net 
determined (I in equation I). Hourly radiation, I(D, H), is photosynthetic rate varies less than 10% for leaf tempera
derived from daily radiation using a method suggested by tures between 20 and 350 C. Daytime temperatures in tropi-
Arkin et al (1978). That function uniformly distributes the cal rice-growing areas are normally within this range. 
daily PAR value under a sinusoidal distribution curve The random distribution canopy model used by Curry 
which is symmetric about solar noon. Realistic values are et al (1975) and Curry (1971) for soybean and maize was 
expected when using dry season weather data because the adopted for RICEMOD. This Montieth-type model is 
sky is normally clear, but Arkin's method will not yield based on a series function of light interception by successive 
hourly radiation values that mimic the non-uniform hourly leaf layers. Forexample, a leaf canopy with a leafarea index 
radiation pattern expected during the monsoon season. (LA!) of 3.4 istreated as 4 horizontal layers - 3 full layers

2Further study is needed to evaluate how the use of this a:td a bottom layer with 0.4 m m2 of ground area. The top 
method affects the model's performance during cloudy layer is exposed to full radiation but, a fraction (5) passes 
periods, through the layer without being intercepted. The value of S 

"4
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SPLWT (g/m2) 
50 U 
45 SPLWT=23.39+0.173D,IR36 0 

r2 0.67 C o t$ 
40 a 0 

35- a A - o9 
3 -~ 

25-

0 	 e Samplescollected21 May1979 froml plots

A Samples from crop harvested 6 Aug 1979 

1 5 o Samples from crop harvested 29Aug 1979 
1- a Samples frm crop harvested 24 Sep 1979 

S I24-DL(D)20 40 60 80 100 120 
Plant age (days) 

2. The RICEMOD functional relationship between plant age (D) and 
specific leaf weight (SPLWT). Data for IR36 were supplied by D. W. 
Puckridge (pers. com.). 

isdependent on canopy architecture. Curry used a value of 
0.64 for the flat (phlanophile) leaf structure of soybeans. The 
more erect leaf arrangement of maize received a value of0.5. 

The radiation intercepted by the topmost layer I(D,H) is 
[I-S) (I-T)], where T is the transmission coefficient. In 
RICEMOD, the term [I-S) (1-T)] is cailed the attenuation 

factor (AF). The radiation intercepted by any layer (L) can 
be expressed: 

I(D, 1I, L)= I(D. H) AF(I-A F).'- (5) 

The net daily carbon dioxide exchange rate during daylight 
hours can be found by solving equation I for each layer for 
each hour of the day. 

Respiration isrelated to plant growth and metabolism, 
RICEMOD uses the concept suggested by McCree (1974), 
in which growth respiration is treated as a function of 
photosynthetic activity, and maintenance respiration is a 
function of temperature and total plant weight. Respiration 
rates ofvarious plant parts differ and the differences change 
as the plant matures (Hesketh et al 1971, IRR 1972, Yama
guchi 1978). The model is constructed so that respiration 
rates can be treated as independent variables for different 
plant parts, but at the present level of model development,
respiration rates are held constant. The RICEMOD growth 
function includes the effects of growth respiration and has 

the form: 

PLUSW(D) = P7rD)[I-RG]/1.43 (6) 

where PLUSW(D) = dry weight added on day D(g m 2), 

PT(D)= 	net carbon dioxide exchange rate 

during the daylight hours of day D, 

RG = 	growth respiration coefficient (gg", 
and 

1.43 = factor for converting dry weight to a 
carbon dioxide equivalent. 

Metabolic reactions continue at night until the substrate 
reserves produced during daylight hours are exhausted. 
Beyond this point, further carbon dioxide is lost only to 
maintenance requirements. McCree points out that both 
growth and maintenance respiration occur during the day 

and night hours. This seems reasonable based on the results 
of his experiments, but to simplify RICEMOD, growthrespiration is 	treated solely as a tax on photosynthesis 

(equation 	3). The dry matter weight lost to maintenance 
respiration at 	night is determined for each plant part as 
follows: 

wL(D) IWL(D-I) + PLUSWL(D)]
W 	 =P L(D)] 

, 	 (7)
(7)

where Wi(B) 	= leaf blade weight at end of day D, 

WL(D-I) = leaf blade on the previous day, 

PLUSWLfD) = weight added to leaf blades on day D, 

RM = maintenance respiration coefficient, and 
TC = temperature coefficient. 

DL(D) = day length on day D. 

RM is based on a 12-h dark period and the last term in 
equation 7 isan adjustment fora night length different than 
12 h. Similar equations are used for the culm and leaf 
sheath, roots, and panicles. McCree's temperature coeffi
cient (TC) is found using average night temperature: 

NT(D) - TMIN(D+I) + TMA X(D) - TMIN(D+I) (8) 
4
 

and McCree's equation: 
TC = .004+ .O019NT+ .OOINT2 , (9) 

where NT(D) = average night temperature ( C) on day D, 
TMIN(D+1) = minimum temperature (°C) on next day, 

and 

TMAX(D) 	 maximum temperature (C) on present 
day. 

PCTNL (g/1OOg) 
7
 

5-, ,-P......61. [-001134-013(D2)(O-20)]
6- -(--,.,L= 6.1 


4-	 . 

3-	 0 . ,
 

2 	 PNL562-00382 8 

1 -	 o IR36 samples harvested 21 May1979 0 

L 0 I I I
 
gc 20 40 60 80 100 120
 

Plant age (days)
 
.3.1tie RI'IMOI) functional relationship hetl\eei plant age {I)).Iid 
percentage nitrogen in the leal hlades (I1CTNI.). Ihe relatiornship
deseloped by Murata (1975. broken lineisshoiwn hor relerence. )Dala 
rw IR36 were supplied hy I). W.Puckridge (pers. cum.). 

http:P......61
http:RG]/1.43
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lowest leaf layer, it is assumed that further leaf growth is 
PCTLW (g/10Og) 

unnecessary. To smooth the effect of one unusual day,
60 -PCTLW62.4-00518WW >150 RICEMOD maintains a running 3-day balance on net car

boan dioxide exchange in the lowest layer. If the 3,day 
40 LW<150 balance becomes negative, 5% of the leaf weight is trans

ferred to the stems. It is important to note that this redistri

20 a Samples from crop harvested 27Apr 1978 bution of leaf material is superimposed on the partitioning 
aSamples collected 21May 1979 from 6 crops process and exerts a gentle correcting effect on plant devel-

II I I I opment without completely replacing the model's basic con
5 600 700100 200 300 400 	 - the partitioning rules table. 

Total plant population wt (g/m2
) 	 trol mechanism 

4. The RICEMOD functional relationship between plant age (D) Model output 
Data for IR36 wereand percentage leaf blade weight (PCTLW). 

To use the model, coefficients must be first selected for the 
supplied by L. D. Haws and D. W. Puckridge (pers. corn.). 

functional relationships. Several of the required coefficients, 
derived empirically, have been described. In the absence of 

measurements on IR36, some coefficients were assigned 

To reduce computation time, equations 7, 8, and 9 are values. 

solved once per day. The weight lost per day to maintenance The attenuation factor (AF) is 0.45 when the LAI is 

the weight greater than 2. For LAI less than 2, AF isincreased linearlyrespiration is relatively small compared to 
gained, and daily temperature fluctuations are normally 	 to a value of 0.75 as the LAI approaches zero. These values 

give the model a reasonable response. The 0.45 value cor
small in tropical rice-growing areas. 

responds to extinction coefficient measurements in full riceThe partitioning of assimilates produced by photosyn-
Uchithesis to the various plant parts ultimately decides crop 	 canopies with erect leaves similar to IR36 made by 

growth and yield. Some plants exhibit adaptive mechanisms jima (1976). 
The growth respiration coefficient (RG) is 0.28 g

whereby the partitioning of assimilates is adjusted to help 
CO 2 gt CO2 , and the maintenance respiration coefficientthe plant cope with an abnormal environment. For exam-

pie, some species and varieties will develop a more extensive (RM) is0.017 g g' of dry matter. These values are within the 

range found in the literature (Penning de Vries 1975). More
root system in dry conditions than in wet (Hsiao et al 1976), 
and some rice varieties will develop longer internodes when 	 exact information is needed on how the values are influ

grown in deep water than in shallow water. The state-of-the-	 enced by variety, plant part, and plant age. 

art knowledge about these adaptive mechanisms seems To test RICEMOD's ability to predict IR36 develop
ment, weather data supplied by IRRI's Agroclimatic Sermore qualitative than quantitative. Developing the parti-
vice Unit were used (Angus and Manalo 1979). Only total

tioning part of the model is challenging. 
solar radiation is measured at IRRI and total radiation wasRICEMOD uses two approaches to modeling plant 

converted to PAR as follows:
development; one is used exclusively during the vegetative 

growth phase and the other isused only after panicle initia
2 h" = ITIl (.65 .0043 IrTa),If IT,,,la <35 cal cm then IpAR 

tion when the reproductive phase begins. 
During the vegetative phase, plant growth in 

= .5It,, (10)
RICEMOD is governed by an architectural;,tandard.Fig-	 but if IrIa_>35 cal cm2 h" then IPAR 

ure 4 shows the percentages of leaf weight versus total 

weight for several IR36 crops grown at different times of the 
year. Based on the consistency of this relationship, it is P 	 oningFlFs ab F 

assumed that the relative percentages represented by the 1Paiiicle 	 (FF 0 055 005 0 

6 71) 005 060 005 03
culm and leaf sheath, leaf blades, and roots are normally a 10 

090-0 00 00 103 
function of the total population weight per unit area. 

100-02C02000After panicle initiation, a distributionfactor concept 0.6 	 10o 

04 Culm ad teaf sheath FS)developed by Monsi and Murata (1969) is used to regulate 
plant growth. As the plant develops, the distribution factors 02 

are changed by interpolating between points specified in a 0 - 
- not shownpartitioning rules table (Fig. 5). As more quantitative -02-	 FR 

Leaf blades (FL)
adaptive growth functions becomes -04information about 

60 70 80 90 100 110
available, the RICEMOD program can treat values iii the 

Plant age (days) 

partitioning rules table as variables, but they are currently 5. RICEMOD partitioning rules table and graphic representation of parti

tioning factors (AF) derived by interpolating between values in the table.assigned constant values. 

If the daily carbon dioxide exchange isnegative in the IR36.
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The growth curves shown in Figure 6 were produced 
using IRRI's weather data. They agree reasonably well with 
field measurements and expected values of harvest index, 
time of maximum leaf area development, and slope of the 
total dry matter accumulation curve (Angus 1979). 

The yields predicted by RICEMOD were also com
pared with field yields obtained over a I-year period. The 
IRRI department of Rice Production Training and Re-
search (RPTR) has an ongoing experiment in which IR36 is 
continuously planted and harvested (Morooka et al 1979). 
Figure 7 shows the maximum weekly yield harvested from 
the RPTR plots at the IRRI farm in Los Bafios. Using
IRRI'sweatherdata, RICEMOD yields were similar to field 
yields except when disease, rat damage, or typhoons caused 
low yield. 

Yoshida and Parao (1976) conducted a series ofexper-
iments to determine the effects of shading at different 
growth stages on the yield of 1R747-B2-6, a variety that 
matures in 96 days. Several adjustments were made to con-
pare the yield predicted by RICEMOD with the experimen-
tal results: 

1. Plant weight at transplanting was increased 35% 
(compared to that used in the RPTR plots) to compen-
sate for the higher seedling population used in the 
experiment. 

2. 	Panicle initiation in IR747-B2-6 occurs at about 45 
days, so the architectural standard that regulates 
growth in RICEMOD during the vegetative growth 
phase was discontinued at 46 days. 

3. The time scale in the partitioning rules table was shor-
tened to reflect the earlier flowering and maturity dates 
of 1R747-B2-6, and panicle partitioning factors were 
reduced because early-maturing varieties are thought 
to translocate less assimilate than late-maturing ones. 

4. Actual weather data were not readily available, so the 
following 	constant values were used: I(D) = 475 

2cal cm , TMAX = 31.5° C, TMIN-- 22.60 C, and day 
length = 12.9 h. 

Dry wt (g/m?) 

1500- Measured weights Total--wt 

o Aboveground dry matterLeaf sheath and cuim / ail 
1000V Leaf blades c Panicle 

o Panicle 	 Culmleafsheath a 
roots 

500- Roo 

Leaf blades 

Sradiation, 

0 400 505 60 70 80 90 
 100 	 110 

Plant age (days) 

6. Comparison ofdry weights predicted by RICEMOD and field data for 
IR36 narvested 17 May 1978. The RICEMOD curve for total dry matter
includes root weight, whereas the field measurements do not. Measured 
weights were supplied by IRRI's Plant Physiology DEpartment. 

Grain yield t/ha) 

8- _RRpt-. 

7 

6 Rag .
 
Rat
 

5- damage, 
Typhoon
 

4 1 1 1 1 dma e
 
A M J J A S 0 N D J F M A M 

1977 1973 -I 

7.Comparison of maximum weekly IR36 yield in RPTR plots

(Morooka et al 1979) and yields predicted by RICEMOD.
 

RICEMOD closely predicted yield reduction caused 
by shading during the grain-filling period (Fig. 8), but did 
not correctly predict total yield reduction in the reproduc
tive stage. Yoshida and Parao (1976) hypothesized that the 
main cause ofyield reduction at this stage is the prdnounced 
spikelet reduction. Maximum grain number is fixed at the 
end of this stage, and an abundant assimilate supply during 
grain filling can do no more than fill grains that are more or 
less fixed in number and size. 

ft was assumed that the grain number (sink size) is fixed 
before flowering and maximum panicle weight was limited 
to 6 times the panicle weight at Iweek before flowering. This 
condition did not affect yield or harvesi index for crops 
shaded during the vegetative and ripening growth places, 
but it improved RICEMOD's agreement with the field data 
for ciops shaded during the reproductive stage. 

Yield reduction predicted at 25 and 50% shading dur
ing the vegetative stage agreed with the experimental results, 
but different results were obtained at 75% shading. One 
hypothesis is that the plants in the field receive higher radia
tion than predicted because of light reflected from the paddy 
water 	surface. Under higher radiation, the plant canopy 
develops quickly and this effect is not expressed. With lo%
radiation, the canopy develops slowly and this effect could 

become significant. 

ConclusionCnlso 

Limited experience with RICEMOD indicates that reason
ably accurate results can be expected using daily weather 
data, but a more sensitive model may require hourly values,
especially if diurnal fluctuations are irregular. 

RICEMOD can be used to study the relative effects of 
leaf blade nitrogen content, respiration rate, and 

assimilate partitioning on rice plant growth. To accurately 
predict growth, more information is needed on respirationand the environmental effects on n'itrien~t uptake and distri
bution, leaf blade thickness, and plant growth control 

mechanisms. The model would be more useful if it were 
sensitive to water and nutrient stresses. 
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Harvest index 
0.6	 8. The effect of shading lR7A7-B2-6 at different1 
 growth stages on harvest index (upper curves) and 

grain yield. For the crops shaded during the vegeta05 
tive and ripening stages. RICEMOD's predictions 

not affected by imposing sink size limitation.data are from Yoshida and Parao (1976).
0.4Crop 0I 	 Lwere 

03 1 11 

Grain yield (t/ha) 

7 	 II 

6 	 J 

oCrop data 
o RICEMOD with-


out sink size limit / I
 
4-	 * RICEMOD with
 

limited sink size
 

3-
Vegetative stage Reproductive stage Ripening stage 

oT I I I I TI T I I I I
 
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
 

Percent total radiation at different gruwth stages
 

PART II. RICEMOD - INCORPORATION OF SOIL WATER RICEMOD photosynthesis and illustrate how daily un-


BALANCE AND ATENDANT FEEDBACK MECHANISMS stressed photosynthesis is modified for use in the expanded
 
TO SIMULATE SOIL AND CROP WATER DEFICITS water balance sensitive model.
 

RICEMOD, as illustrated in Figure I, advanced under- Photosynthesis rate isa function of photosynthetically 
standing of the interactive component systems responsible active radiation (PAR) - 400 to 700 mm - incident per 
for rice crop growth and yield. One of the major environ- unit leaf area. The function is assumed to fit a rectangular 
mental factors that affect rice growth isadequacy of water in hyperbolic curve (McDonall 1971). 
the root zone and the physiological consequences of water I 
deficits and their effects on yield-determining growth stages. P = Transpiration Ratio 

Part IlofRICEMODe elopment simulates soil and !_+ 1 (1) 

crop water status as condit" ed by soil water recharge and PMAX y/ 

atmospheric evaporative uemand. Figure 9 illustrates the 
where I - hourly PAR, P = hourly photosynthesis rate,subroutines developed to manipulate root density by soil 

layer, soil hydraulic and diffusivity parameters, soil evapo- PMAX = maximum hourly photosynthesis rate as I 

ration, soil resistance to water movement, transpiration and approaches infinity, and -yor GAMMA isthe initial slope of 

leaf water potentials, root water extraction, and the soil the photosynthesis-light response curve. Major changes in 

water balance by layer in the profile. Concurrently the PMAX have been related to leaf nitrogen content (Takano 

effects of water stress on phenological development, leaf and Tsunoda 1971, Yoshida and Coronel 1976). 

senescence, and photosynthate partitioning were added to RICEMOD uses a relationship in which P60 , the net 
the original model. photosynthetic rate at 60 klx (21.6 cal cm*' h'), is 2.6 times 

In Parts Iand 11, 	 the ratio of leaf nitrogen weight to leaf area. PMA X for athe data base used to describe funda-
mental relationships was generated for a single cultivar, given leaf nitrogen content is found by substituting P60 into 

"IR36,and usingclimaticand edaphicconditionsat the IRRI equation I with I= 21.6 cal cm 2 hW. In RICEMOD, areal 
experimental farm. Any extrapolation must be done with leaf nitrogen, as determined by leaf nitrogen content and 
caution. specific leaf weight, is determined by plant age. 

The flowchart organization of RICEMOD300(Fig. 9) Carbon dioxide fixed per day is a function of PAR 
and each component subroutine is referenced in the com- reaching each layer of leaves. Hourly radiation in the ran
plete program listing, dom distribution canopy model used by Curry et al (1975) is 

used in equation I to calculate net photosynthesis for each 
CO2 fixation layer of leaves for each hour of the day. 
The RICEMOD CO2 fixation routine described by The effect of air temperature on photosynthesis' is 
McMennamy (1980a,b), is in Part 1.Here we briefly review thought to be minimal in tropical lowland conditions and is 

q2 
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Read: 	 1) Partitioning rules table 1100
 
2) Crop coefficients
 
3) Soil coefficients
 
4) Starting date
 
5) Plant age and wt at start 3800 

Read weather file and dimension data 3900-5600 

Calculate initial plant part weights 5900 - 6600 

SDTPAGE 125 Write partitioning END
 
- +I rules table 2300- 2900
 

IX(10 Yes 
XNo 

Set daily values to zero 7200 - 7500 

Compute root density per soil layer 7700 - 8000 

Soil parameters routine 8100 -9000 

Compute specific leaf wt and LAI 900-9400 

Soil evaporation routine 9500 - 10700 

[Soil water resistance routine 10800 - 11300 

Compute nitrogen per leaf area and PMAX II4OO-IIO 

FCompute daily potential transpirat-ion1
 
oandmidday offset 12000 -12300
 

loss 14700-15300,Compute respiration and wit 

Leaf water potential and transpiration routine 12500-13200'1' 	 [Copute C02 fixation -respiration balance l 

Root waterextraction routine 13800 - 14000 1 u C O -rpao ln 

F 	 I LL SOil water balance routine 16000-17500 

P.land flowering delay routine
 
Compute photosynthesis per hour, per layer 13300 - 14400 17600- 418


' IPartitioning routine 18500 -22300 
Summotion of all photosynthesis 14500 __, 

SPrintout values 22400 - 23000 

"4Sumlowest leaf layer photosynthesis 146001* 
No IXC Yes 

9. Flow chart of RICEMOD 300. Line numbers refer to program listing. 



00100 C 
00200 C 
00300 
00400 
00500 
00600 
00700 
00800 
00900 
01000 
01100 
01200 
01300 
01400 
01500 
01600 
01700 
01800 
01900 
02000 
02100 
02200 
02300 
02400 
02500 
02600 
02700 
02800 
02900 
03000 
03100 
03200 
03300 
03400 
03500 
03600 
03700 
03800 
03900 
04000 
04100 
04200 
04300 
04400 
04500 
04600 
04700 
04800 
04900 
05000 
05100 
05200 
05300 
05400 
05500 
05600 
05700 
05800 
05900 
06000 
06100 
06200 
06300 
06400 
06500 
06600 
06700 
06800 
06900 
07000 
07100 
07200 
07300 
07400 
07500 
07600 
07700 
07800 
07900 
08000 
08100 
08200 
08300 
08400 
08500 
08600 
08700 
08800 
08900 
09000 
09200 
09200 
09300 
09400 
09500 
09600 
09700 
09800 
09900 
10000 

THIS IS A MICROSOFT FORTRAN VERSION OF RICEMOD 300 
BY JOHN A. tICHENNAMY AND JOHN C. O'TOLE 


INTEGER TMIN(140),TAX(140),DI(140),DL(140) 
* ,RF(140),PAN(140) 
DIMENSION XP(14,10) ,XI(14) ,XAF(I10) ,PAR(14) 
* ,IX(10),YL(10),YS(10),YR(10),YF(I0),PMRLL(4) 

* ,Z(3),DS(4) ,RL(4) ,R(4) ,TPOT(14) ,T(14) ,MIX(4) 
* ,ASCOEF(4) 
REAL LAI.MC(4),MCLMT,KS(4),MSUC(4),LWPOT(14),LSS 

INTEGER U,H,TPAGE,TPDATE(10) ,DATE,RN 

DATA PMRLL,XDP,XPDLL,SUMSD,SUMRF,FREEW/9*0.0/ 

*,ASCOEF(2) ,ASCOEF(3),ASCOEF(4)/1.75E+06,2*3.R+06/ 

CALL OPEN (7,'IRVFILE/-XT',0) 
READ(7,100) IX,YL,YS,YR,YF 

READ(7,101) RMCOEF,RGCOEF,ANCOEF,TPAGE, 

*,Z,ASCOEF () ,BSCOEF,AKCOEF,BKCOEFAADCOEF 

*,BDCOEF,XW,AFMC,PANF,RP 

READ(7,102) TPDATE 

100 FORMAT(1015,40F5.2,I5) 

101 9ORMAT(3F10.4,2I2,'F3.0,8F10.0,5F3.3,F5.3,F5.1) 

102 FORMAT(1015,1206) 


ENDFILE 7 

103 WRITE(2,102)(IX(K),K-1,10) 


WRITE(2,205)(YL(K),K-1,10) 

WRITE(2,205)(YS(K).K1,10) 

WRITE(2,205)(YR(K),K-1,10) 

WRITE(2,205)(YF(KX-1,10) 

IF(XDP.NE.0.) GO TO 200 


205 FORMAT(10F5.2) 
WOITE(2,206)RMCOEF,RGCOEF,ANCOEF,ASCOEF(1),BSCOEF 

a,AKCOEF,BKCOEF,ADCOEF,BDCOEF,PANFAF 4 
206 FORMT('0',3F6.3,2F10.2,2FI0.7,FIO.8,3FO. ) 


C INITIAL VALUES 

RDS-.000016 

GAMMA-.46667 

PI-3.1416 

BNCOEF - ANCOEF/150. 
EXK--1.*ALOG(AF) 


READ WEATHER FILE AND DMENTION DATA ****** 

WRITE(2,207)TPDATE(1),TPAGE 
207 FORMAT'0',3X,'TP DATE -',14,' 

C.....** 

AND TP AGE -',13) 


CALL OPEN (7,'II0DATAI/TXT ',256) 

IREC-(TPDATE(l)-i)/10 

ISHFT=TPDATE(1)-IREC*10 +9 
IDT-TPAGE -ISHFT 

DO 201 JD-IDT,141,10 

JDP9-JD+9 

READ(7,202,REC-IREC,EARR 3000) DATE,RN,(RP(K), 

*PAN(K) ,DI(K),TNAX(K),TMIN(K) ,DL(K) ,K"JDJDP9) 

IREC=IREC+1 38
 

202 FORIAT(IX,4,.I3,10(613,3X),1 ) 

201 CONTINUE 


ENDFILE 7 

IDT20-IDT+19 
DO 250 J=IDT,IDT20 

250 A120-AI20+DI(J)/20. 
DO 990 L-1,10 

998 XAF(L)-AF*(1.-AF)**(L-1) 
COMPUTE POPULATION WT. AT TRANSPLANTING *******a***** 

C..* 

M-(TPAGE-15)/10 + 1 

XWS=XW*YS(M) 
XWL=XW*YL (M) 

XWRI-XWYR() *.60 
XWR2-XW*YR(M)*.30 

XWR3-XW*YR(M)*.10 
XWF0.0 

START OF DAILY PLANT 
WRITE (2,1100) 

DO 999 D=TPAGE,125 


GROWTH* 

************C... COI1PUTE ROOT DENSITY PER SOIL LAYER 

RL(1)-XWR1*1.8/Z(1) 

RL(2)-XWR2*1.8/Z(2) 

RL(3)=XWR3*1.8/Z(3) 


C-** SOIL DIFFUSIVITY, MATRIC SUCTION & CONDUCTIVITY 
** 

DS(1)=ADCOEF*EXP(BDCOEK (MC(1)-. 18)) 

DO 425 3=1,4 

R4X(J)=0. 

MSUC(J)=ASCOEF(J)*EXP(BSOEF*MC(J)) 

KS(J) =AKCOEF*l.SUC(J)**BKCOEF 

IF(KS(J).GT.0.5) KS(J)=0.5 

IF(J.EO.1) GO TO 425 

IF(KS(J) .GT.0.2) KS(J)=0.2 

425 CONTINUE 

C-** COMPUTESPECIFI" LEAF WT. (G/M..2) j.Nfi LA! ****** 

SPLW=23.4+.173*D 
LAI=XWL/SPLW 

LL=LAI+1. 


C-*** COMlPUTESOIL EVAPORATION ..... 
IF (LAI-6.) 450,452,452 

450 EPOTS=XPAN*EXP(-1*EXK*LAI) 
MCLMT=ALOG(+EPOTS*BDCOEF*Z(1)/2/ADCOEF)/BDCOEF 

IF(MC(1).GE.CLMT) GOTO 451 

DMCLMT=ADCOEF.EXP(BDCOEF*MCLMT) 

IF(D.EQ.IX(10)) GO TO 990 
XDL-.L{D)/10. 

XDP-0.0 

XPAN-.01*PAN(D) 

XPDLL-0.0 
TRANS-0.0 2 
IF(D.GE.IDT+20) A120-AI20+(DI(D)-DI(D-20))/ 0. 
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10100 ESOIL.EPOTS*DS(1)/DCLMT 
10200 GOTO 453
 
10300 451 ESOIL=EPOTS 
10400 GOTO 453 
10500 452 ESOIL.0.0 
10600 EPOTS-0.0 
10700 453 CONTINUE 
10800 
 C*-- COMPUTE SOIL WATER RESISTANCE ***************** 

10900 DO 460 J-1,3 
11000 R-ALOG(./RDS/PI/RL(J))/4./PI/RLJ)/Z(J)/KS(J) 
11100 460 R(J)-S + RP*J/SORT(RL(J)) 
11200 SUMSR=MSUC{)/R(1)+MSUC(2)/R(2)+MSUC(3)/R(3) 
11300 TOTRES=I./(1./R1) + 1./R(2) + 1./R(3)) 
11400 Ca** COMPUTE NITROGEN/LEAF AREA ********************** 
11500 PCTNL-ANCOEF-BNCOEF*D 
11600 AWNL-SPLW PCTNL/100 
11700 PMAX-2.6*AWNL 
11800 PMAXR-l./PMAX-.007 
11900 C*** COMPUTE HOURLY TOT. RAD. , PAR A TRANSPIRATION **** 

12000 TPOTD-PANF* (XPAN-EPOTS) 
12100 MDAY=(XDL+.9) /2 
12200 LHNMDAY*2 -1 
12300 OFFSET-MDAY-XDL/2.-.50 
12400 DO 888 HMDAY,LH 
12500 TPOT(H)-TPOTD*PI**SIN(PI* (H-OFFSET)/XDL)/XDL/2. 
12600 LWPOT(H)-(TPOT(H)+SUMSR) * TOTRES 
12700 CLWP=4.+.02*A120 
:8oo IF (LWPOT(H).LT.CLWP) GO TO 465 
12900 LWPOT(H)-CLWP-I.+ SQRT(LWPOT(H)+1.-CLWP) 
13000 IF(H.EQ.MDAY) SUHSD-SUMSD+1 
13100 465 T(H) LWPOT(H)/TOTRES -SUMS. 
13200 TRANS-TRANS + 2.*T(H) 
13300 XI(H)-DI(D)*PI*SIN(PI (H-OFFSET )/XDL)!XDL/2 

13400 IF(XI(H).LE.0.) XI(H)-0. 
13500 IF(XI(H).LT.35.) FPAR-.65-.0043-XI(H)
 
13600 IF(XI(H).GE.35.) FPAR=.5 
13700 PAR(H) -FPAP.*XI(H) 
13800 C-** COMPUTE PHOTOSYNTHESIS & ROOT WATER EXTRACTION *** 

13900 DO 470 J-1,3
 
14000 470 RWX(3)-RWX(J) + 2..T(H)*TOTRES/ R(J) 
14100 DO 777 L-I,LL 
14200 XLI=XAF(L)*PAR(H) 
14300 XP(H,L).'2./(PMAXR +1./GAMMA/XLI) T(H)/TPOT(H) 
14400 IF(L.EO.LL) XP(H,L)"2.*XP(H,L)*(LAI+1.-LL) 
14500 777 XDP-XDP+XP(H,L)
 
14600 888 XPDLL-XPDLL+XP(H,LL)
 
14700 COMPUTE GIOWTH RESP. (RG) AND NAINT. RESP. RATE
 

14800 TNITE=(TMIN(D+I)+(TMAX(D)-TMIN(D+1))/4.)/IO.
 
14900 TCOEF-.044+.0019*TNITE+.001*TNITE**2
 
15000 RMRATE-TCOEF*RMCOEF*(24.-XDL)/12.
 
15100 RG=XDP*RGCOEF 
15200 RMF"1.-RMRATF 
15300 PLUSW-(XDP-RG)/1.43 
15400 COMPUTEPiR BALANCE IN L'WEST LAYER OF 
15500 PMRLL(3)-PMRLL(2) 
15600 PMRLL(2)-PMRLL(1)
 
15700 R.LLL-2. *RMRATE*(LAI+1-LL) *SPLW 
15800 PMRLL(1)-XPDLL*(1.-RGCOEF)-RMLL 
15900 PRBAL=PliRLL(i)+PMRLL(2)+PMRLL(3) 

LEAVES 

C*** COMPUTE SOIL MOISTURE AT END OF DAY *-********* 

16100 XRF-RI'(D)/100 
16200 SUIRF-SUMRF+XRF 

16000 


2 
16300 FLUX1-SRT(KS(1)*KS(2))*((HSUC(l) -ISUC( )/Z(I) 
16400 * *1000. -1.)
 
16500 FLUX2=SORT(KS(2)*KS(3))*((MSUC(2)-MSUC(3))/Z(2) 
16600 * *1000. -1.) 3 
16700 FLUX3-SORT(KS(3)*KS(4))*((MSUC(3)-HSUC(4))/Z( ) 
16800 * *1000. -1.)
 
16900 MC(1).NC(1)+(XRF-ESOIL+FLUX1-RWX(1)+FREEW/Z(I)
 
17000 IF(MC(1).LE..55) FREEW-.0 
17100 IF(NC(1).LE.0.55) GO TO 480 

17200 FREEW- (MC(1)-.55)*Z(1) 
17300 MC(1)- .55 2 
17400 480 MC(2) =C(2)+(FLUX2-FLUX-RX( ))/Z(2)3 
17500 MC(3)-MC(3)+(FLUX-FLUX2-RWX(3))/Z( )
 

17600 C*** COMPUTEP.I. & FLOWERING 
17700 IF(D.NE.IX(5)) GO TO 520
 

17800 DO 510 J-5,10
 
17900 510 IX(J)-IX(J)+ .3*SUMSD
 
18000 SUMSD-0.
 
18100 520 IF(D.NE.IX(7)) GO TO 501
 
18200 DO 530 J=7,10
 
18300 530 IX(J)-IX(J)+ .3.SUMSD
 
18400 S UIISD=.0 

DELAY DUE TO STRESS ***** 

18500 

18600 

18700 

18800 

18900 

19000 

19100 

19200 
19300 

19400 

19500 
19600 

19700 
19800 

19900 

20000 


COMPUTE PARTITIONING OF PHOTOSYNTHATE
 
501 DO 440 J-2,10 

IF(IX(J).GE.D) GO TO 405 
440 CONTINUE 

C*** CHECK FOR UNPRODUCTIVE LOWEST LAYER OF'LEAVES **** 

405 IF (PRBAL.GE.0.) GO TO 400 
YL(J)=YL(J)-.05 
YS(J)-YS(3)-.05 

400 IF(LWPOT(MDAY).IT.CLWP+1.) GO TO 410
 
IF(D.GT.(IX(6)+5)) GO TO 410
 
FL=0.0
 
FR-0.5
 
FF=0.0 
GO TO 420
 

410 X=1.00*(D-IX(J-1))/(IX(J)-I'(J-1))
 
FL=YL(J-1) +X *(YL(J)-YL(J-1))
 

http:YS(J)-YS(3)-.05
http:YL(J)=YL(J)-.05
http:IF(NC(1).LE.0.55
http:IF(MC(1).LE
http:XDP-RG)/1.43
http:IF(L.EO.LL
http:IF(XI(H).GE.35
http:IF(XI(H).LT.35
http:OFFSET-MDAY-XDL/2.-.50
http:XWR3-XW*YR(M)*.10
http:XWR2-XW*YR(M)*.30
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20100 FF.YF(J-1) +X *(YF(J)-Y¥(J-1))
20200 
 FR-YR(J-1) +X *(YR(J)-YR(J-1))
20300 IF(LWPOT(MDAY).GT.CLWP-3) FF-F*(WPOT(MD,)

20400 1 -(CLWP-3.))/6. 

20500 
 IF (LWPOT(MDAY). GT.CLWP-3)FL-FL-FL* (LW'OT(MDAy
20600 -(CLWP-3.))/6.
20700 420 FS-1.- FL-FF-FR 

20800 
 XWL-XWL +FL*PLUSW 

20900 
 XW0S-XWS +FS*PLUSW 

21000 XWR1-XWRIFRSPLUSW*TOTRES/R(1)

21100 XER2-XWR2+FR*PLUSWTOTRES/R(2)
3
21200 XWR -XWR3+FR*PLUSf*TOTRES/R(3) 

21300 
 XWF-XWfF +FP*PLUSW 

21400 504 XWL-XWL*RMF**2 

21500 XWS-XWS*RI4F 

21600 XWR1-XWRI*RMF 

21700 XWR2=XWR2*RMF 
21800 XWn3-XWR3*Rt4F 
21900 XWF-XWF*RM.F**2 
22000 XW-*L+XWS+XWRI+XPR2+ENR3+XWF 
22100 JD-D-5 *D/5) 
22200 IF(JD.NE.0) GO TO 999 

C02 FIXATION 


PARCH) ,H =MDAY -- LHXAF(L), L= I -+LL 
LAIPMAXRT (H); H MDAY---LH 

TPOT(H) ; H= MDAY-LH 

MDAY= (XDL+0.9)/2 
LH MDAY*2 -1 
OFFSET= MDAY -XDL/2. 

! 

SH MDAY LH 

+1 

+ LL 

-0.50 

EXIT 


FXPDLL- XPLL*XP(HLL)l 


XLI XF(1)* PAR(H) 

XP (H,L) 2. 
PMAXR+ TPOT (H)MAXR GAMMA*XLI 

XDP=XDP+XP(HL) L XPIH,LL)=XP(H,L)*LAI±I. -LL 

12100 

12200 


12300 

12400
12500 

12600

12700 


12000 
12900 

13000
 
13100

13300 

13400
1350013600
13600 


13800 

13900 

14000 

14100 
14200 

14300 
14400 
14500 

14600 

MOAY-(XDL+.9) /2 


LH-MDAY*2 -1
 
OFFSET-MDAY-XL/2.-.50 
DO 888 H-MDAY,Ll
 

XI(H)-DI(D}*PI*SIN (PI (-OFFSET 
)/XDL)/XDL/2 


Ir(XI(H).LE.0.) XI(N)0.IF(XI(I).LT.3.) FPAR-.65-.0043XI()IF(XI (H).LT.35. ) FPAR-. 5-043I()
XAR(a)FPAEXI(H) 


C*** COMPUTE PHOTOSYNTHESIS & ROOT WATER EXTRACTION *Al
DO 470 J-1,3

470 RWX(J)-rNX(J) + 2.*T(H)*TOTMS/ R(J) 


DO 777 L=1,LL
XLI=XAF (L)*PAR(H) 

XP(H,L)=2./(PAXR +1./GAK4A/XLI) *T(H)/TPOT(H) 
IF(L.EQ.LL) XP(H,L)-2.*XP(H,L)*(LAI+1.-LL)


777 XDP-XDP+XP(H,L)

888 XPDLL-XPDLL XP(N,LL) 

not considered in RICEMOD. Sensitivity to the water bal-
ance isachieved by multiplying the hourly unstressed photo-

22300 10*TOP-XWL+XWS+XWF
 
22400 990 WIRITE(2,1000)D,XML,XWSXWR1,XO,XWXWTP,LAIXDP
 
22500 
 1 ,PRBALXPAN,Z(I) ,tC(1),RWX(l),FLUXI,P(1)

22600 1 ,XP(MDAY,1) ,LWPOT(MDAY) ,ESOIL,FREEW

22700 WRITE(2,lI01)XWR2,XRz(2) ,MC(2),moX(2),FLUX2
2
22800 1 ,R(
 ),XP(9,1) ,IMPOT(9), TRANS
22900 WRITE(2,1001)XWR3,SUR,Z(3),MC(3) ,RfX(3) ,FLUX3
23000 1 ,R(3),XP(LH,1) ,LWPOT(LH) ,SU0SD
 
23100 IFID.EO.IX(10)) GO TO 103
 
23200 999 CONTINUE
 
23300 GO TO 103
 
23400 1000 FORMAT (14,4F7.1,2F8.1,3F6.2,7.2,FS.0,3F6.3,E9.2
 
23500 1 ,2F7.2,2F6.2

23600 1001 FORMAT(18XF7.1,41XF7.2,FS.0,3F6.3,ES.2,2F
 

7 .2,
23700 1 F6.2)

23800 200 CONTINUE
 
23900 1100 FORMAT ('0','DAY LEAF STEM ROOT 
 PAN I 2X24000 1,'DRY WT TOPS 
 LAI XDP PRBAL PAN/RF*,iXL
24100 1 ,'Z1/3 MC1/3 N4X FLUX R1/R3 XP(l,1) -,
24200 1 , - LWP(U) E/T FREEW')
24300 3000 STOP
 
24400 END
 

synthesis by the ratio of actual transpiration divided by
potential transpiration: 

T raio (2)HTranspiration ratio T(H)= 

TPOT(H)


When actual transpiration equals potential transpira
tion, photosynthesis is not reduced. When actual transpira
tion falls below potential transpiration, there is a propor
tional reduction in photosynthesis (Yoshida and Shioya 
1976).

Glossary
 
GAMMA = initial slope of the rectangular hyperbolic
 

photosynthetic response curve 
(gCO, cal' 10).H = hour subscript, integer (h) 

2
LAI = leaf area index (m m-2)LH = last daylight hour, integer (h) 

LL = lowest layei of leaves, integer (I)
MDAY = midday daylight hour, integer (h) 
OFFSET = the time between MDAY and 1/2 hour past 

solar noon, real (h)
PAR(H) = hourly photosynthetically active radiation 

(cal cm2 h') 
PMAXR = reciprocal of the maximum CO2 fixation 

rate (M2 h' g' C0 2 ). This value is propor
tional to the areal weight of nitrogen in theleaf blade. 

T(H) = hourly actual transpiration rate 
(cm H20 h"m2). 

TPOT(H) = hourly PAR incident on a layer of leavesh1 
m2). 
XFL ih atr~ a~yrXAF(L) = light attenuation factor for leaf layer L ()(1).XDL = photoperiod day length (h) 

XLI = hourly PAR incedent on a layer of leaves(cal cm 2 h') 
XP(H,L) CO2 fxed leaf L at hour H ( CO = by l ayer L at h r (Cm2 h ) 
XDP = dailyh.total of CO2 fixed by plant population 

"(gCO2 m 2d').
XPDLL = daily total of CO2 fixed by lowest leaf layer 

(g C0 2 m-2 d'). 

http:IF(L.EQ.LL
http:OFFSET-MDAY-XL/2.-.50


Soil parameters 
To estimate the quantitative movement of soil water, physi-
cal properties which characterize the soil must be known or 
estimated. In RICEMOD, 3equations represent the follow-
ing soil-water relationships: 
1.matric suction vs volumetric moisture content, 
2. conductivity vs matric suction, and 
3. diffusivity vs volumetric moisture content. 

No accepted theory exists for predicting these relationships 
from basic soil properties because absorption and pore
geometry effects are often too complex to be described by a 

simple model (Hillel 197 1). 
The matric suction vs moisture content relationship is 

often represented by a curve called the soil-moisture-
retention curve or the soil-moisture characteristic. A given 

soil will have a different soil-moisture characteristic depend-
ing on that soil's structure and whether measurements are 
taken during wetting (sorption) or drying (desorption). Til-
lage, soil structure changes caused by consolidation after 
tillage, and cracking of clays caused by drying are a few of 
the things that affect the soil moisture characteristic, making 
it difficult to model soil water movement. 

Water potential (bar) 

16.6/ at 
-100 bar 


\ (0)=106 . e322e 


-o
 

-10. 


32'
5e\-32.22 _y(e) 1.25x105. e 

o 5 -15cm 
-0.1 -5cm

-50cm 
V 60-70cm \y
 

-0.01 I , 

30 35 40 45 50 55 
%,0)Soil moisture content (vol 

10. Soil moisture desorption curve for IRRI upland soil (Hasegawa etal 

1979). 
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Hydraulic conductivity (cm/day) 
5 

2

lxl
5
 

2

lxlf -\ 

5

-2.63E-4 Y2 ' 2 	 K(K = 12 
K 

Ix1 4 • 
q M ) (Dc ,
 

5-q =k(9) (Oarcys law)
 
q Soil water flux (cm3/cm2 perday)
 
k(O): Hydraulic conductivity (cm/day)
 

Ix16 5 - (8Hydraulic gradient (cm H20/cm)
 
az 

5- (9): Soil water potential (cm H20)
 
Z Distance (cm)
 

2- 0 Soil moisture content (cm3/cm3)
 

1x166 1 1 111 

-10
-1.0 

Soil water potential (bar) 
-0.1 

11. Hydraulic conductivity of IRRI upland soil at 5-15 cm depth (Hase
gawa et al 1979). 

Trial runs of RICEMOD were conducted using data 
from experiments at IRRI, Los Baios. Hasegawa et al 
(1979) measured soil moisture content vs soil water potential 
at IRRI in an aerobic dryland rice field characterized by a 
clay loam soil [typic Hapludoll] for three soil depths and a 
range of soil moistures to establish moisture characteristic 
curves (Fig. 10). For use in RICEMOD, these curve; were 

fitted to exponential equations of the form: 
+MSUC(.) = ASC0EF(J)*eB SC(O	 ' NIC) (I) 

The slope of each curve was equal so the B-coefficient, 
which determines the slope, was the same for all three 

equations. 
Various empirical equations have been proposed for 

the relationship of conductivity to suction. One of the most 
commonly employed equations is: 

a()
KS(J)= -(2) 

but it cannot be used as suction nears zero. Values of in 
range from 2 or less for clay soils to 4 or more for sandy soils
(Hillel 1971). 

Using Hasegawa's data equation, 2 was fitted to his 

curve in Figure II and the in exponent (BKCOEF in 

RICEMOD) is 2.12. 

25 
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To avoid the suction range close to zero where unrealis-
tic KS(J) values might occur, upper limits are imposed on 
equation 2 (see the flow chart and program lines 8700 to 
8900. 

Diffusivity is the ratio of hydraulic conductivity to 
specific water capacity, c (0), which is the slope of the 
soil-m oisture curve. 

Passioura (1982) suggested that the relationship of dif
fusivity with matric suction isapproximately independent of 
soil type and within a facior of 2 we can be confident that 
D(T)= Icm2d"whenP --15bar, 10cm2 'dat.- I bar, 
and 100 cm2 d"at -0.1 bar. These three points fit the power 
function: 

D 1) = 11.32 T" 9; (4) 

I)S()= KS(J)= KS(J)*-.
c(G) dO 

(3) If thederivative of equation Iissubstituted inequation
3 we have: 

Diffusivity u sually increa ses with wet n e s s u n t il it 
becomes indeterminate as the soil approaches saturation 

DS (J ) = 

= 
KS (J) * [B S COE F * A SCOE F * elr F-,CO 
KS(J1)* BSCOEF * MSUC(J) * 1000., 

MCOJo r ] (5) 

and wetness approaches zero. However, in the very dry 
range diffusivity may rise with decreased wetness, appar-
ently because of vapor movement (Hillel 1971). In 
RICEMOD, diffusivity isused only to calculate soil evapo-

which is close to equation 4 when using coefficients derived 
from Hasegawa's data (see Fig. f2). The 1000 in equation5 
converts matric suction from bars to cm to calculate soil 

ration. Inaccuracies at very wet or dry conditions are 
assumed to be of little consequence. Near saturation evapo-

evaporation. The diffusivity equation needs to be in an 
exponential form so that coefficients a and b are available 

ration iscontrolled by evaporative demand and in very dry 
conditions evaporation is so small that even large errors 

(see Soil Evaporation for an explanation): 

represent small quantities. D = . 
where D,, = diffusivity of air dry soil, and 

(6) 

SOIL PARAMETERS c = M C( I)- moisture content of air dry soil, 0 ,,. 

BSCMC (J) O F;d " . 4 ADCOEFB DCOEF 

If we let 0,,= 0.18 and use coefficients developed in
equations I,2,and 5 we find: 

AKCOEF 
ACOEF 

ASCOEFJ; JI-1-4 
M USC, = -381.5 bars

KS,,= 9.015X 10'" cmd " 

D,,= ADCOEF = .0111 cm 2 d'. 
+1 4 DSO ) ADCOEF* e r: - " EXIT U sing eq uatio n 6 at a so il m oisture n o t -qual 0 0 we ,can

evaluate a: 

t MSUC M ASCOEF(J)*e (B ScOEF  
KS(J)(=AKCOSEF MSUC(J) BKC OEF 

MC J)) a = BD C O EF = 35.92 

1,bars 

No 10 % 

No01.0 EMC(O)-O-% D O.OIiIe(3592 

07900 0 8 0 0S (J)2 =O . 

08100 
08200 

C*-. 
004

SOIL DIFFUSIVITY', MATRIC SUCTION CONDUCTIVITY 
DS(l)-ADCOEF.EXP(BDOEK*MC().18)) 

* 

0300 DO 425 J-1,41 
08400 
08500 

RW'X(J).0. 
MSUC( O)=ASCOEF(J)*CXP(BSCOEF MC(J)) 

08600 
08700 

08800
08900 
09000 

KS(J) -AKCOEF*IMSUC(J) *.BKCOEF 
IF (KS (J ).GT .0 .5) KS (J)=0 .5 
IF(J.EO.I) GO TO 425 
IF(KS(J).GT.0.2) KS(J)-0.2

425 CONTINUE 

.01 
O| 1.0 

I I I I 
10 

I I I I 
I 

I 
00 

''l l 
KM 

09100 
09200 

C.**~ COMPUTE SPECIFIC LEAF WT. (G/M-.2) AND LAI *...... D, cm /d 

12. Relationship between soilnatric()and diffusivity(D). Adapted from 
"asegawa et al 1979. 



=Equation 6 appears on program line 8200 as DS(I) 
* [N' '1)-. 18]) and givesADCOEF * EXP(BDCOEF 

values of DS(I) equal to within 1%of those obtained with 
equation 5 

The RICEMOD user should recognize the importance 

of soil physical properties. They are elusive because they 

change within fields and with time due to the effects of 

tillage, etc. Soil water movement is difficult to model 
because even slight changes in soil physical properties can 
result in significant changes in water flow. The exponential 
equations describing soil parameters used in RICEMOD 
are also sensitive to slight changes and this cannot be 
avoided without distorting the physical system the model 
represents. This sensitivity makes accurate determination of 
soil physical properties very important to RICEMOD's 
performance. 

Glossary 
ADCOEF = the A-coefficient in the exponential diffu

sivity equation. 
AKCOEF = A-coefficient in the power conductivity 

equation. 
ASCOEF(J) = the A-coefficient in the exponential mai

ric suction equation for soil layer J, 

where J = I for the surface soil layer. 


BDCOEF = the B-coefficient in the exponential diffu-
sivity equation. 

BKCOEF = the B-coefficient in power conductivity 
equation. 

= 

BSCOEF = the B-coefficient in the exponential mat-

ric suction. 
DS(J) = diffusivity of soil layer J (cm2 d'). 
KS(J) = conductivity of soil layer J (cm d'). 
MC(J) = volumetric moisture content of soil layer 

J (cm: cm-3). 

MSUC = matric suction of soil layer J (-bar). 


Root water extraction 
The rate of soil w,.. er extraction by the roats is assumed to 

obey Ohm's Law type relationship: 

W f ra potential difference between soil and leaves 
a resistance between soil and leaves 

In RICEMOD the soil isassumed to have4 layers. The 

top 3 layers contain roots. The resistance term in the Ohm's 

Law relationship is the sum of resistance between the 3 

root-bearing soil layers and the leaves. Since these resistan-

ces are parallel, the flow rate from a given soil layer is 

inversely proportional to that soil layer's resistance: 

RWX(J)TOTRES (se line 1). 
R(.J) 

Transpiration should equal the sum of water extracted 
by all root-bearing layers, which can be checked by adding 
the RWX(J) terms together: 
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Root water extraction 

Trans 
Totres
 
R M J -- + 3 

d
 
3 l Exit 

+I 

t 

RWX (J)=Trans * 

13800 C*** COMrUTE PHOTOSYNTHESIS A ROOT WATER EXTRACTION 

470 J-1,14000 RWX(J ).-KX(J) + 2.*T(H)*TOTRES/ R(J)
13900 470 o (3 

RWX(l) + RWX(2) + RWX(3) 
TOTRES TOTRES TOTRE-] 

= TRANS Rk-_' R2 I"++ + 
(_) i _ _+R(3) 

= TRANS * TOTRES + )+ -I 
_ 1) () R(3])Jd l+ 

L R(3 I soand since R(0)+ R(2) TOTRES! + R(3) 

Total root water extraction = TRANS. 
Transpiration and total resistance (TOTRES) are cal

culated in the Leaf Water Potential and Transpiration rou
tine. The R(J) terms are calculated in the Soil to Leaf 
Resistance routine. 

Glossary 
R(J) = resistance to water flow between the soil in 

layers J and the leaves (bar h cm-'). 

RWX(J) = water extracted from soil layer Jby the roots 
(cm H,O d'). 

TOTRES = total resistance to water flow between all soil 

layers and the leaves (bar h cm'). 

TRANS = actual daily transpiration (cm H2 0 d'). 

Soil water balance 
The soil water balance routine updates the soil moisture 

content of the top 3 sail layers at the end of each day. In this 

version of RICEMOD, the fourth layer has a constant 

moisture content, although it could fluctuate to simulate a 
rising or falling water table. 

The moisture content of root-bearing layers is reduced 
by root water extraction. Water flow (flux) from adjacent 
soil layers also can cause net increase or decrease in each 
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layer's moisture content. The surface soil layer can lose 
moisture by evaporation and gain moisture from rainfall 
and irrigation (Fig. 13). 

If the calculated moisture content of the surface soil 
layer exceeds saturation it is assumed that the surface layer 
is at saturation and the excess moisture is ponded on the 
surface (see lines 17000 to 17300). 

Flow between layers, soil evaporation, and root water 
extraction are expressed in cm of water so these values must 
be divided by the soil layer thickness to get moisture content 
which has units of cm3 water cm 3 soil. 

If soil layers are not of equal thickness, the user may use 
the distance between soil layers rather than soil layer thick-
ness in the FLUX and MC(J) equations. If layer thickness 
varies 25% or less this is not necessary because the error 
affects only the daily moisture content change, which is 

SOIL WATER BALANCE 

KS(J) ; J=1-4 XRF 
MSUC(J)MVC(J) 1'-.4;dz1-4 SUMRFRWX(J);J=I XRFSMF SMFXF 

Z(0) J-I1-3 -3 

FLUX 1 /1(5),-KS(2),((MSUC(1)-MSUC(2))IOoO
z (1) 

FLUX2 =/KS(2)KKS(3) *((MSUC(2) -MSUC(3))*IOZ (2) 
FLUX3z _KS()S, ((MSUC(3)-MSUC(4))*IOOOz(3) 


MC(I) MC(i)+ XRF-CSOIL+FLUXI -RWX(1)+ FREE W 
11qI Zl) 


C()05No FFTE- 1,3- 55 )*Z"l( 

Yes 

MCE) =055"] which includes gravimetric and suction components. 
FRE 0 that lateral flow is negligible relative to vertical1Assuming 
MC(2)=MC(2) oFLUX2-FLUX1 -RWX (2)


Z (2)
 
M.C(3)=MC(3)+ F,.UX 3 -FLUX2 -RWX(3)


Z(3) 


EXIT 

15800 

15900 P RBAI,= P1IRLL (1) +PM.LL ( 2)+ PMRLL (3)
 
1:6000 C-* COMPUTE SOIL o ISTURE AT ENDOF DAY...,...,16oo 
 XRF-R,(De)/100
16200 sUtRF=sUMrFxRF 
16300 FLUX1-SORT(KS(1).KS(2)).((MSUC(1)-MSUC(2))/Z(1)
16400 * *1000. -1.)
16500 FLUX2=SQRT(KS (2).KS(3))*((MSUC(2)-MSUC(3))/Z(2) 
16600 * .1000. -1.)
16700 FLUX3=SQRT(KS(3),KS(4) ) *((MSUC(3)-SUC(4))/Z(3)
16800 * *1000. -1.) 

16900 MC(1)"MC (1)+ (XRF-ESOIL+FLUX1-RWX(1) +FREEW/Z (I)

17000 IF(NC(1).LE..55) FREEW=.0
 
17100 IF(MC(1).LE.o.55) Co TO 4 0
 17200 FREEW= (MC(1)-.55).zil) 

17300 MC(1)= .5517400 480 MC(2} 1I(2i+(FLUX2-FLUX1-MfX(2II/Z(2) 
17500 MC(3)-MC(3)+(FLUX3-FLUX2-RX(3))/Z(3)

17600 C.** COMPUTE P.1. FLOWERING DELAY DUETO STRESS .17700 IF(D.NE.IX(5) )17800 GOTO 520 

XRF 

ESOIL 

,
 
-- Water surface 

FREEW 

Z(1) f 

I/ 
"w\' .-
._ 

RWX(1 FLUX 1
t 

- -

2) l_._RWX (2) F 

z(3) RWX (3) FLUX 3 
_.-

13. Water movement in RICEMOD. 

normally small. Also, the distance error is only 1/2 theth-ckness difference. 

Flow between layers (flux) is assumed to obey a modi
fied form of Darcy's Law: 

K(O) AH 

q is flow, K(O) is conductivity as a function of volumetric 
moisture content, and AH is the hydraulic head gradient 

flow, the equation for one-dimensional flow is written (Hil
lel 1971): 

- 41i- T+ -AZ
 
- -K(O)AV. AZ ,or
 

Ti - Ti+1
 
qj= -K(G)AV. ( Z - where
1); 


AZ is the distance between the points where the matric 
suctions (1,i and Tj+,) are measured. For example, in 
RICEMOD this equation for the first soil layer is written on 
line 16300 as folows: 

MSCU(I)- MSC U(2)FLUXI = SORT[ KS().*KS(2)] I 3-.-IF S T () 

Matric suction is multiplied by 1000 to convert the units 
from bars to cm. FLUX is positive for upward flow and 
negative for downward flow.Due to the exponential nature ofconductivity, average 

conductivity is computed as: 

http:IF(MC(1).LE.o.55
http:IF(NC(1).LE


--

loge KS() + log, KS(2) 

2.0 
K(O) = e 2= VKS(I) * KS(2) 

If the mean value of K(G) is used, flow will be greatly 
overestimated, especially if the suction gradient is large 
(Brinkman, pers. comm. 1981). 

To keep track of the total irrigation water and rainfall 

applied to the crop, a summation of these daily values called 
SUMRF is maintained (see lines 16100 and 16200). 

Soil evaporation is estimated in the Soil evaporation 

routine. Soil conductivity and matric suction are also esti-
mated in Soil parameters. 

Glossary 

ESOIL = actual soil evaporation rde (cm d"). 


FLUXi = soil water flux from soil layer 2 to 1(cm d:1). 

FLUX2 = soil water flux from soil layer 3 to 2 (cm d). 

FLUX3 = soil water flux from soil layer 4 to 3 (cm d-1).FLU silCLWP 
FREEW = paddy water depth (cm). 

KS(J) = conductivity of soil in layer J (cm H20 d'). 

MC(J) = volumetric moisture content of soil layer J 
(cm3 cm 3). 

matric suction of soil layer J (-bar).MSUC(J) = 

RWX(J) = water extracted from soil layer J by the roots 


(cm d-). 
SUMRF = total rainfall and irrigation (cm). 
XRF = daily rainfall plus irrigation (cm). 
Z(J) = depth or thickness of soil layer J (cm). 

Leaf.water potential and transpiration 

For each soil layer, an Ohm's Law type equation can be 

written for water flow from the soil to the leaf canopy: 

LWPOT- MSUC(i)RW~i= RS(i) + RP(i) (! 
=, +W~i 


where RWX(i) is the water extracted by the roots from soil 
layer i, MSUC(i) is the matric suction of soll layer i, 

LWPOT(H) isthe nominal leaf water potential of the plant 
population, RS(i) is the resistance to water flow between the 

soil and root xylem in layer i, and RP(i) is the resistance 
between roots in layer i and the leaf canopy. 

In Root Water Extraction it was pointed out that 
transpiration (TRANS) equals the summation of all 
RWX(i) term, so that for a 3-layer model we have: 

LWPOT- MSUC(l) LWPOT- MSUC(2)
TRANS + + 

RS(I)+ RP(I) RS(2)+ RP(2) 
LWPOT- MSUC(3) (2) 

RS(3) + RP(3) 

Soil to leaf resistance [RS(i) + RP(i)] is calculated in a 

separate routine and .. mbined into one daily resistance 

term for each soil layer, denoted as R(i). Substituting R(i) 
and separating variables we get: 
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LEAF WATER POTENTIAL AND TRANSPIRATION 

tEPOTS OFFSET 
XPAN XDL 
PANF MSUC(J); J = 1-3 

|MDAY R(J);J=1--*3
LH Al 20 

J 
SUMSRz MSUC+)MSUC(2) "IMVSUC 

TOTRES= 1.
 
./R() +1./R(2) +I./R(3)


TPOTO =PANF*I(XIN-EPOTS) 

IH~MVDAY 
+ EXIT 

_ 

TPOTO*PI*SIN (PI* H-OFFSET) 
TPOT(H, 2.* XDL 

LWPOT(H)= (TPOT(H)+SUMSR) * TOTRES=4.+0.02*A120 

T _ 
LWPOT(H)< No LWPOT(H) CLWP-1 + 

CLWP WPOTHI.-CLWP 

Yes 

T(H)z LWPOT(H) SUMSR
TOTRES
 

TRANS = TRANS+2*T(H)
 

10700 453 CONTINUE 
SOIL WATER **************** 

10900 
10800 C... COMPUTE RESISTANCE 

11000
 
11100 +MSUC (3)/R(3I112 00 SUMSI-MSUC(I)/R(1) (2)/R (2) +MSUC 

11300 TOTRES./(1./R(1) + 1./R(2) + -. /R13)11400 
11500 
11600
11700
 
1800
 

i190 0  C** COMPUTE TOr. PAR &TRANSPIRATION *t**HOURLY RA., 
012100 MDAY= (XDL+. 9)(-EUS/2OD=AF 

100OTD=PANF* (XPAN-EPOTSI 

12200 LH=MDAY*2 -1
 
12300 OFFSET=MDAY-XDL/2.-.50
 
12400 DO 888 H=MDAY,LH
 
12500 TPOT(HITPOTDPI*.SIN(PI* (H-OFFSET)/XDL)/XDL/2.TOTRES12600 LWPOT(H)=(TPOT(H)+SUJMSR) * 


CLP=4.+.02"AI2012700 IF (LWPOT(It).LT.CLWP) GO TO 46512800 


12900 LWPT(HI)=CLWP-1.+s SS=SSQRT(LWPOTR)+I.-CLWP)UM.SD+113000 IFIH1.EO.M[D') 


13100 465 T(,=)APOT(I /TOTRES -SUMSR
 
13200 TRANS=TRANS + 2.*T(II)
1330o13400 

1350013600
 

13700 
13800119oo113000
 

14100 Do 777 L=ILL 
14200 XLI=XAF (L) *PAR(H)
 

14300 XP(H,L)=2./(PMAXR +1./GAM.5A/XLI) *T(H)/TPOT(H)
 
14400 IF(L.EQ.LL) XP(IN,L)=2.*XP(II,L)*IT,AI+1.-LL)
 
14500 777 XDP=XDP+XPII,L)
 
14600 888 XPDLL=XPDLL+XP(N,LL)
 
14700 COMPUTE GROWT1IRESP. (RG) AND NAINT. RESP. RATE 

TRANS I + - -FMSUC(I)+
L R()L(lO R(2) + -(Q 

MSUC(2) FMSUC3)] (3) 
R(2) (R(3) 

http:IF(L.EQ.LL
http:OFFSET=MDAY-XDL/2.-.50
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Since the resistances for each layer are parallel, the summa- cribes the technique used. LWPOT(H) is estimated using 
tion of I /R(i) terms equals the reciprocal of total soil to leaf equation 5.If LWPOT(H) isbelow the stress limit it isused 
resistance. Also, because MSUC(i) and R(i) are daily values, to calculate the hourly transpiration; otherwise it isattenu
they are computed outside the hour - loop and aggregated ated first. 
into a term called SUMSR; so that: TRANS isactual daily transpiration or the summation 

of all hourly values. Since radiation, transpiration, andLWPOT(H)
T(H) = -_____ SUMSR. (4) 	 photosynthesis are symmetric about solar noon in 

RICEMOD, these values are coinputed only from noon to 
If evaporative demand by the leaves [TPOT(H)] is sunset, but are doubled when summing to get daily values. 

known, then equation 4 can be rearranged to find the leaf 
water potential required to meet that demand: Glossary 

EPOTS = potential soil evaporation rate, i.e. the 
LWPOT(H) = [TPOT(H) + SUMSR] * TOTRES. (5) evaporation rate of saturated soil (cm 

2 dj)In RICEMOD critical leaf water potential is used to H2O m
indicate leaf water stress. When the absolute value of leaf LH = last daylight hour. integer (h) 
water potential (equation 5, program line 12600) exceeds a LWPOT(H) = leaf water potential at hour H(-bar). 
seasonally predetermined value, a stress condition exists. CLWP = critical leaf water potential (-bar). 
Critical leaf water potential is the water status of leaves at MDAY = midday daylight hour, integer (h) 
which gas exchange (CO.,and H.,O)isinitially perturbed. At MSUC(J) = matric suction of soil layer J (-bar). 
this point the pressure potential is near zero, such that , OFFSET = the time between MDAY and 1/2 hour 

XP, P .,, ,= .i.++ becomes Alf past solar noon, real (h).
 

In Figure 14, turgid osmotic potential isshown to be a PANF = crop factor or pan factor (1).
 
function of crop solar radiation history. RICEMOD uses PI = 3.1416 
this function with a decrease in the intercept (- 1.6 to -4.0) R(J) = resistance to water flow between the soil 
to determine critical leaf water potential. in layer J and the leaves (bar h cm-'). 

As a result of the stress condition, leaf water potential SUMSR = summation of matric suction/ resistance 
required to meet demand cannot be maintained. In stressed terms for all soil layers (cm H20 h-'). 
plants, stomatal closure or leaf rolling reduces transpiration T(H) = actual transpiration at hour H (cm 
through increased resistance. In the model, leaf water poten- H20 h-1). 
tial is attenuated to accomplish the same effect without TPOT(H) = unstressed or potential transpiration at 
recalculating TOTRES and SUMSR. hour H (cm H20 h-). 

Referring to the flow chart, the user will see that daily TPOTD = daily potential transpiration rate (cm H20 
SUMSR, TOTRES, and TPOTD values are calculated d-'). 
using variables computed in other routines before entering TOTRES = total resistance to water flow between all 
the hour - loop. Upon entering the hour - loop, 	hourly soil layers and the leaves, i.e. the parallel 
evaporative demand is calculated. The equation for summation of all R(J) terms (bar h car'). 
TPOT(H) (line 12500) isessentially the same as that used to TRANS = actual daily transpiration (cm H20 d"). 
estimate hourly radiation from a daily value. Part I des- XDL = photoperiod day length (h). 

XPAN = daily class "A" pan evaporation (cm d-'). 

Soil to leaf resistance 
Solarradiation (cal/cm2 per day) Soil to 	leaf resistance cai be broken down into at least 4 

o 	 350 400 430 500 550 600 resistances:
 
I'I I I 1.Bulk soil to soil-root interface,
 

1% _ -1.60-o.02X 2. Soil-root interface to root xylem (through the cortex), 
- r 0.94*(n=5) 3. Axial resistance within the root from point of water 

extraction to base of the stem, and 
S" "4. Axial resistance from the stem base, through the stem 

i5 and to the leaf blade. 
CLWP In RICEMOD, resistance from the soil to leaf is 

-13- lumped into 2 resistances. The soil to root xylem resistance, 
RS, iscalculated using a relationship developed by Gardner 

-1 	 (1960): 

14. Effect of mean solar radiation 20 days before determination of turgid Tg - rr = - q log ; (I) 
osmotic potential of rice leaves. 4 * 1-1 KS(J) LRDSJ 
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Soil to leaf resistonce 

S RL (M) J = 1- 3 

Z (J) Jd = I- 3 


RP KS ( J = I - 3 


3+ Exit 

1.RL 
Loge (RDS* PI * RL (J)) 1. 

RS 4. * P1* RL M * Z (J) KS M 

J* RP 

R(J) RS+ ]RL (J) 


10500 
10o00 

10700 

10800 Ct*a COMPUTE SOIL WATER RESISTANCE tat*************
 
10900 Do 460 J-1,3


RS-ALOG(1./RDS/PI/RL())/4./PI/RL(J)/Z(3)/Ks 
() 


11100 460 R(J)-RS + RP*J/SORT(RL(J))
 
11200 SUS ,,?SUC(1)/R(I)+MSUC(2)/R(2)+HSUC(3)/R(3) 

11300 1OTRES-1./(1./R%.) + 1./R(2) + 1./R(3)) 
11400 C-*t COMPUTE NITROGEN/LEAF AREA aaaaaat.'L(J) 
11500 
11600 
11703 

11000 


where r,and r, are the matric potentials at the root surface
 
and at a distance b from the root, respectively. The water 

flow rate isq. 


Newman (1969) suggests letting b equal half the dis-

tance between roots: 


b
i= T . (2) 

If we let resistance per root equal (rh - r,)/q and 

substitute for b, we can write Gardner's equation: 


log, V - log, RDS oroot
Resistance per root =- .*P S(),o 3 

4.a P1 a ¥.S(J) 

Resistance per root - lo (P4.* RP*(J)) - log RDS (4) 
4. * PI * KS(J) 

log I* RL(J) a RD~l 
= I 

4. * PI *KS(J) 

RICEMOD uses soil root resistance per soil layer. In a 
unit depth of soil with RL(J) roots, equation 4 can be 
divided by RL(J) to get resistance per unit depth (assuming 
that -the single root resistances are parallel). In a similar 
manner, resistance for a soil layer isfound by dividing by the 
layer's thickness, Z(J): 

F 
ll *RL(J) * RDSJRs =-. (5) 

4. *PI *RJ)*Z(J) * KS(J) 

The resistance from root to leaf blade is assumed to be 
proportional to the square of the root depth and inversely 
proportional to the square root of root density: 

Z * RP.
 

Resisiance per unit of soil = Z*RL
 
RLtJ) (6) 

where Z = depthofsoilunit. 

If resistance from stem base to leaf blade about equls 
the average axial resistance in the top soil layer and each soil 
layer is Pbout the same thickness then we can express the 
resistance to a soil unit at the center of any soil layer as: 

Resistance per unit of soil _ ['/ 2 RP+ (J- 1/2) RP] *Z(J) (7) 
from soil to leaves A or (7 

J *RP *ZJ). 
'RL(J) 

Summing the parallel resistance for all soil units in a soil 
layer eliminates the Z(J) term. 

Adding soil to root resistance and the axial resistance 

term we have:
t 

J* RP 
R(J)= RS+
 

rR-ttt*tt 


which is the equation on line- 1100. 

Glossary 
KS(J) = conductivity of soil in layer J (cm H20 d' 
PI1 = 3.1416 
R(J) = resistance to water flow between the soil in layer

J and the leaves (bar h cm-'). 
RDS = root diameter squared (cm 2).
 
RL(J) = root length density in soil layer J (cm cm-3).
 
RP = coefficient for axial root resistance
 

(-barh cm-3).
 
RS = resistance to water flow between the soil and
 

xylem (--bar h cm-'). 

Soil evaporation 
It is assumed that soil evaporation occurs in two stages. In 
stage I,the constant rate stage,soil issufficiently wet for
 
water to be transported to the surface at a rate at least equal 
to evaporative potential. In stage 2,the falling rate stage, soil 
evaporation depends on the flux of water through the upper 
soil layer (Ritchie 1972). 

In RICEMOD, the condition at which stagc Iends and 
stage 2 begins is evaluated using equations developed by 
Gardner and Hillel (1962). Their equation for determining 
total soil water content, W, at which stage 2 evaporation 
begins is: 
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SOIL EVAPORATION 

LAI ADCOEF 
XPAN BDCOEFEXK DS(1) 


Z(1) MC(]) 


O ----- IOO EXIT 

EPOTSes --Ogreater 

EPOTS = XPAN* FExK*LA 
I 


,TLO /EPOTSNBDCOEF*Z(I)\ 1i

MCLMT= L
 e .' 2* AD-DEF / BDCOEF 

Yes O-- P--- lwhere 

MC(MLMT ESOIL =EPOTS EXITLight 


+
No 

DMCLMT =ADCOEF* eBDCOEFK MCLMT 


ESOIL EPOTS * DSM . MC) EXIT
DMCLMT MCLMT 

09500 C**.. CO.PUTE.SOIL EVAPORATION .
09600 IF (LAI-6.) 450,452,452 

097000 450 EPOTS=XPAN-EXP I-l.EXK.LAI)I

09800 ICLNT-OGI1EPoTSBoGOE451CL) /2/ADoEF)/BDCOEF
10000 DMCLMT-A1COEFEXP(BDCOEFMCLMT)

1000 ESOL-POTSDSX1)/DMCLMT 

10200 GO"'O453
 
10300 451 Ef IL-EPOTS 

10400 C-'11453acosat 

10500 452 ESOII-0.0 
10600 EPOTS0.0

453 CONTINUE.10700 


W ( + EPOTS *BDCOEF"- (I) 
BDCOEF 2. *ADCOEF 

where L = depth of wetted soil. 
If we let L equal Z(1) then MC(I) can replace W/ L, and 

we have: 

MCM= _ EPOTS * BDCOEF*Z()
MCLMT= log, 1. + EF * (2)

BDCOEF 2.*ADCOEF 

To see how ADCOEF and BDCOEF are evaluated, 
the user should refer to Soilparameters. 

Gardner and Hillel's equation for stag. 2 soil evapora-
tion, written in RICEMOD terms, is: 

2w
ESOIL = DS(I) -- (3)

4* P' 

Again, letting L = Z(l) and replacing W/ L with MC(l) 
we have: 

ESOI. = DS(l) * MC(I)* * (4) 

When soil moisture equals MCLMT, the last term in 
equation 4 can be evaluated: 

7r = EPOTS (5) 
4 * Z(lI) DMCLMT * MCLMT 

and substituted in equation 4 to give: 

ESOIL= EPOTS * DS(l) * MC(I_) (6) 
DMCLMT MCLMT 

Potential soil evaporation, EPOTS, is assumed toeaoain 
equal pan evaporation when there is no crop cover. When 
LAI equals 6 the fraction of total radiation reaching the soil 
is less than 2%, and ESOIL is set at zero for LAI's equal or 

than 6. For crop cover with LAI less than 6, poten
tial soil evaporation is assumed to be proportional to pan 

evaporation and the fraction of total solar radiation not 
intercepted by the canopy: 

-EXK 
EPOTS = XPAN * e .AI, (7) 
-

e EXK * LAI - light transmission ratio. 

transmission ratio is the ratio of total radiation at 
ground level to radiation at the top of the leaf canopy 
(Tanaka et al 1966). 

The RICEMOD soil evaporation model gives results 
similar to Ritchie's (1972) model in that cumulative evapo
ration over an extended period of uniform conditions is 
somewhat linearly related to the square root of time (Fig.
15). In tropical rice growing areas,evaporative demand can 

. rocarceras 
vary greatly over a few days and the RICEMOD approach 
may offer some advantage for these conditions. 

Referring to Figure 15, notice that for one soil the slope 
D1'mdl " wh(the a constant in Ritchie's model) varies with evaporative 

condition. Also, the transition point between stage I and 
stage. 2 evaporation is equally sensitive to evaporative 
conditions. 

2 EVAP 
2.5 

(cm) 

x 
EPOTS (cmd

" 1
) X 

2.0 A 0.10 X 0 
+. 0.25 
+ 0.25 o 0.50o x O 

0 

x 0.75 x + 
1.5 + 

X 0 
+ 

0 + 
1.0 - X 

+ A 

X + 
0.5 o
 

+ 

+ 

o I I I I 
0 1 2 3 4 501/2 4/ 

15. Cumulative soil evaporation as related to the square root of time for 
four evaporative conditions. All values are computed. 
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Glosary 
ADCOEF = 	the A-coefficient used in the exponential 

diffusivity equation, where diffusivity is a nMM.E NM OFLOA UE TO STRESSN WMENG MAY 

function of volumetric water content of the
 
soil. / HT(H)
LW H= MDAY-LH 

' Ix0J) J= --	 O0BDCOEF = 	the B-coefficient used in the exponential 
IThis scIdon isdiffusivity equation. 

DMCLMT = Wi rkoopdiffusivity of the surface layer when its 	 wl: UAT()< 	 Yesvolumetric moisture content equals the 


lower limit for potential evaporation 

(cm2 d"). It 

No 

DS(I) = dilfusivity of the surface soil layer No(cm 2 d"). 

YesEPOTS = 	potential soil evaporation rate, i.e. the soil 

drying rate which depends only on eva- SUMSD=SUMSD+I1 

porative conditions - also called the first I--------------- EXIT 

stage drying rate (cm H20 d-'). 
No DW)YesESOIL = actual soil evaporation rate (cm H20 d-'). 

EXK extincticn coefficient, defined as: 
(LTR)/LAI; 	 ----EXK = -log , 	 ---- -- Ies EI 

where LAI is the leaf area index and LTR +
 
isthe light transmission ratio or total radi- SUMSD ]
 

ation level at ground level divided by the X X(J0)to)0 3*SUMSr J 7 10
 

radiation at the top of the leaf canopy.
 
LAI = leaf area index (M2 m2). 
MC(l) = volumetric moisture content of the surface IX(J)=IX()',O.*SUMSD 

soil layer (cm 3 cm3). 
MCLMT = moisture content limit. The volumetric 

CWOP.4.,.02TA420.CU 04 6 5moisture content of the surface soil layer 12700 I F ( LP O ( ). L.T, ) O 7 1 
at which first stage drying ends and second 12900 P(roTCH)-CLWP-1.+ SORT(LWPOT(I)+1.--CLWP) 

stage (falling rate stage) of drying begins 1310013200 465 T,(.)- lWPYT(H)/TTRES -SusSR 

1 2 o o o 

4sT.-UPT./OeS-US 
(cm 3 cm-3).13200 

13300 
13400 
1350 0 
13600

Panicle initiation and flowering delay 	 13700 
13800

When subjected to water stress, many rice cultivars extibit a 13oo14000
 

delay in phenological events. The delay period is correlated 1410014201
 

with stress period duration, but stress appears to only retard 1430014400 

the development rate, not stop development. 1450014111
 
In IR36, the IRRI variety used for RICEMOD valida- 1470014800 

tion, panicle initiation and flowering are delayed about I 14000 
15000 
15200
day for every 3 days of water stress." After flowering, water 151o 

stress does not appezr to delay development rate. This rule 1530015400
 

of thumb is based on very limited data and needs refine- 155001600
 
ment. Neyertheless, the stress-related delay phenomena is 1S7OO1580O 

too important to ignore and has been included in isoo 

RICEMOD. 16100 
16200

In RICEMOD, a water stress condition exists when 163oO16400
 

midday leaf water potential falls below a seasonally adjusted 1650016600
 

critical value. 	Leaf water potential and transpiration ex- 16700180
 

plains how midday leaf water potential and critical leaf 1690017000 

water potential are determined. 	 17100 
17200


of stress days, 17300A running balance or summation 17400 

SUMSD, is kept until the crop reaches panicle initiation, 17500 C** * t17600 COttL)0E pXI FOERING DELAY DUE TO STRESS 


17700 iXiS)) G(D.NEGO TO 520 

reset to zero. If there are sufficient stress days accumulated 1700 510 IX(J)=IX(J)4 .30SUMSD 

when the delay is computed and the stress day counter is 17800 DO 510 3=5 '10 
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10000 suMsD.o, 	 adjusted (see the flow chart and program lines 18000 to 
1q100 520 IFD.NE.IX(7)) Go To 5U1 
18200 DO530 J-7,10 	 18200). 
18300 0 Ix(3)=zx(31+ .3,stnS 	 Hsiaoetal(1980)and Zur and Jones (1981) found that
19400 sartSo-,.o
 

18500 COMPUTEPARTITIONING OF PHOTOSYNTHATE
1600 501 Do 440 J-2,10 	 the water status of plants affects expansive growth. To allow 

to cause a delay, the delay is added to the panicle initiation PARTITIONING OF PHOTOSYNTHATE
 

age [IX (5)] and all plant age values in the partitioning rules
 
table after panicle initiation. If there is a long stress period Ix() J= 1-. 10 D XWS
 

YL(J) J=1-I0 XWL PLUSW 
before the initial panicle initiation age and again before the YF(J) 1-'10 XWF TOTRES 
adjusted panicle initiation age, the process can repeat itself. YR(J) J= 1-10 XWR1 PRBALYS(J) ;J 1-- 10 XWR2 

After panicle initiation isreached the stress day counter R(J) =I-3 XWR3 

totals stress days until flowering, when the delay is again 
computed as before and added to the flowering age plus all J 2 1B _NYL(j)_-YL(J)-005 

ages in the partitioning rules table after flowering. Once + o YsW)=ts(W)+oo0 

plant age exceeds the flowering age [IX (7)], the stress day Yes 

counter continues, but the time span between flowering and No X D eJ> 
maturity is not altered, in fact, it isthe same as in the original 

-
partitioning rules table, because each time delays were cIPf
 

added they simply shifted all the ages from flowering on Yes FL -0'30
 

[IX (7)--IX (10)] ;n a uniform way. xLto (J-IXJ-) FR= 0.0

FL =YL(J-I)+ X*(YL(J)-YL(J-I)) 
FF =FF(J-I) +X* F(J)-YF(J -l) 

FR=FR(JI) x 4Y -YR(J-1)
Glossary 

CLWP = critical leaf water potential (-bars).
 
D = plant age (d). No -FF
LWPNMDY)FS=I.-FL 	 -FR 

IX(J) = plant age coordinates in the partitioning LWMD N
 

rules table (d). Yes XW=XWLFLPLUSW
 

IX(5) = panicle initiation FF=FF-FF* LWT(MD -CWP-3 XWS=XWS+FPLUSW 

IX(7) floweringISWTTRES 
IX(7) = harest LWPOT(MDAY)-CLWP-3 XWRI =XWRIFR* R(-)
IX() harvestXWR2XWR2 USW*TOTRES
 

LWPOT(H) = leaf water potential at hour H (-bar), R(2)

XWR3 =XWR3+ FR* PLUSW*TUTRES 

where: EXIT,,-- - R(3) 
XWF= XWF+FF*PLUSWH = Cat sunrise, 


H = MDAY at 1/2 hour past solar noon,
 
H = LH during the last daylight hour.
 

SUMSD = summation of stress days (d). In 	 18500 COmPUTE PARTITIONING OF PHOTOSYNTHATE 
18600 501 DO 440 J32,10
 

ixI GO TO 405
RICEMOD a stress day occurs whenever 	 18700 440440 ozm .GE.D)1800 

LWPOT(MDAY) equals or is less thar 0 c1CHECK r UNPROUCTIVE LOWEST LAYER OF LEAVES 

19000 405 IF .. GO TO 400(P ALoGE.0.)
CLWP. 	 19100 YL(3)-Y()-.0o 

19200 YS(J).YS() -.05 
19300 400 IF(LWPOT(MDAY).LT.CLWrI+.} GO TO 41019400 IF(D.GT.(IX(6)+S)) GO TO 410

19400 IFI.o
Partitioning of photosynthate 
19500 FL.'0.0
 

The partitioning method described in Part I was modified 	 196 0.o'°' r-0 

19800 Go To 420
for use in this RICEMOD 300 version. The vegetative phase 	 19900 410 X-T1.0 0 (O-IX(-1) ( X(J) -4No(J-11
 
20000 FL,-YL('-I) +X *(YL(J)-YL(J-1))
model which utilized an architectural sandard was aban- 20 100 MFY(a-I) +X,(Yrta)-YF(a-1))
 

doned and replaced with an extension of the distribution 20300 Ir=(apoT) GT.CLWP-3)F-F-FF(LWPOT(HOAY)
2000 1 (LWPT (H. :GT L P )F=F F ,(LPT(D¥
 

factor concept. Consequently, the partitioningrules table 20400 1 -(LWP-. GT.CI-3FL-FL-FL.LWPoT(mD) 
20600 1 -(CLWP-3. T. 

was extended into the vegetative growth period so that there 20700 420 - F-F-/6 
20800 K0L,- +FL:PLUSWO4L 

are 10 IX(J) values, where: 	 20900 X0s-IXS +FS.PLUSH
 
21000 XWRIXWR1+FR*PLUSW*TOTRHS/R(1)
 
21100 XWR2=-XWR2+FR*PLUSW.TOTRMS/R(2)
 

IX(l) = emergence, plant age zero, 21200 XWR3-1,R3+FR*PLUSW.TOTRES/R(3)

IX(5) = panicle initiation age, 21300 xWF-)F. +FF.PLUSW
 

21400 504 XWL-XWL RMF . 2
 
IX(7) = flowering age, and 21500 XWS-XWS.Rf4F
 

21600 X2RZ1=XWRI*R/F
 
IX(10) = maturity or harvest age. 21700 XWR2 XWR2,MF
 

21800 XWR3=XWR3.RMF
 

The procedure for responding to mutual shading of the 220o Y..- .X R 2~ ~ -- D/ 5)S 

lower leaves was also changed. Rather than shifting leaf 22200 - D/)
 

weight to the stems, the partitioning factors in the tables are
 

~ ~ ~~f 22111 &T,, + WR +A R ]4 3+ W 

http:YS(J).YS
http:YL(3)-Y()-.0o
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for this effect, RICEMOD begins attenuating leaf and pani
cle growth when midday leaf water potential approaches CLWP -3• CLWP I 

within 3 bars of the critical leaf water potential (see program FL 
lines 20300 to 20600). Leqfwaterpotentialand transpiration 
explains how midday and critical leaf water potentials are 
determined. 

When the absolute value of midday leaf water potential 
exceeds the critical leaf water potential by I bar, panicle 
growth isstopped and the leaf growth factor shifts to -0.3 
which will mimic leaf senescence during a severe stress 

0 I I 
situation (Fig. 16). 	 CLWP 

FGlossary 
CLWP 	 critical leaf water potential (-bars).= 
D = plant age (d). I 

FF = partitioning factor for the panicles 
(g g'). 16. Effect of LWPOT (M DAY) on the partitioning ofassimilate to the leaf 

FL = partitioning factor for the leaf blades. Innonwater-stressed crops FL isdetermined by phenological stage 
from the partitioning rules table.blades (g g-1). 

FS = partitioning factor for the culm and 
leaf sheath (ggt). YF(J) = panicle partitioning factor when the 

FR = partitioning factor for the roots plant age is IX(J) (g g). 
(g coit YL(J) = leaf blade partitioning factor when 

IX(j) = 	plant age coordinates inthe parti- the plant age is IX(J) (g g').
tioning rules table (d). Se Part I YS(J) = culm and leaf sheath partitioning 
for more details. factor when the plant age is IX(J) 

LWPOT(MDAY) = leaf water potential at 1/2 h past (g g'). 
solar noon (-bar). YR(J) = root partitioning factor when the 

PLUSW = daily dry matter gain before main- plant age is IX(J) (g g-l). 
tenance respiration (g m2). 

PRBAL = net dry matter gain for the last 3 
days contributed by the lowest leaf PART Ill.MODEL VALIDATION. SAMPLE DATA SET, 

layer (g m-2). This value is negative AND BIBLIOGRAPHY 

if respiration exceeds CO2 fixation. Validation of RICEMOD with field experiments 
R(J) = resistance to water flow between the This section compares RICEMOD simulated results and 

soil in layer J and the leaves experimental field research results. Both field experiments 
(bar h cm-'). were conducted during the 1980 dry season at the IRRI 

TOTRES = total resistance to water flow 
between all soil layers and the farm, Los Balms, Philippines. The rice (cv. IR36) crops were 

grown in aerobic soil (dryland) on a deep clay loam soil
leaves (bar h cm-'). 

X = proportionality factor used to inter- (Typic Hapludoll). A line source sprinkler system (Hanks et 
polate between values inthe al 1976) was used to vary water status of the soil-plant
partitioning rules table. 	 atmosphere continuum and provide validation data for 

= current day's weight of panicles comparison with RICEMOD.XWF The first experiment was designed for vegetative stage 
(g m2)" water stress. However, growth and yield results are shown 
(g M2) 	 the entire crop. The second experiment concentrated oncslfor 

XWS = current day's weight of culm and reproductive (flowering ± 5 days) growth and is a special 

leaf sheath (g m-2). challenge to RICEMOD. Comparison of results of the 

second experiment with RICEMOD isillustrated onlyafter
XWRI = current day's weight of roots in soil 

plant age 77 days.layer I (g m-2). 
XWR2 = current day's weight of roots in soil Comparison of simulated and experimental results 

layer 2 (g m-2). 
XWR3 = current day's weight of roots in soil A. Experiment 1(unpublished data from Chinchest 1981) 

layer 3 (g m-2). In the following comparison ofexperimental and simulated 
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Ab~e grounddry mailer (g ,m.Z 

results, three water or irrigation levels are discussed: W, 

(wet), W.,(intermediate), and W: (dry). Figure 17 illustrates 1540 

the water applied at each irrigation level. Note the occur- Egperimental ±SD 

rence of a typhoon 74 days after seeding. Crop growth "2 f
 
(cumulative aboveground dry matter) at each irrigation -- a--Smuaion 
level is compared to the simulation in Figure 18. Until 70 o 
days after seeding the simulated values are well within one "aft 

standard deviation of the experimental results. After day 70, 880 

however, the model predicts performance below experimen- -- •,," 
tal results at all irrigation levels except W:i. The typhoon W3 

may have affected the crop water balance beyond the level of 44--the current model water balance. 440 , 

At crop maturity the experimental values for above- 000 

ground dry matter had decreased and simulated and exper- 220 

imental data were again similar. This anomaly in compari
son of aboveground dry matter as well as differences in leaf 55 65 5 5 95 105 115 

area index (not shown due to large experimental error) Crop age (days) 
18. Comparison of experimental and simulated accumulation of totalassociated with senescence deserve further research. aboveground dry matter over the crop growth period as affected by 

It should be noted that in Figure 18 the delay in phe- irrigation levels W.t.. Note xperimental ± SD. 
nology resulting from water stress agrees well between simu
lated and experimental results. Table I illustrates the com
parison of final grain yield. Experimental yields were equal ments. Measurement was discontinued after the typhoon 
at W, and higher by more than one standard deviation at but the final results at 100 days after seeding agree well.
 
W.,and lower than simulated yields at W.. However, the Considering the time period involved in Figures 19 and 20
 
large standard deviation resulting from small plot samples and the typhoon, the soil water balance function appears to
 
on the line source sprinkler and characteristics of water simulate the field water balance relatively well.
 
deficit experiments make evaluation of the comparison
 
somewhat speculative. B. Experiment 2 (unpublished data from Cruz 1981)
 

Figures 19 and 20 compare the model water balance Three irrigation levels were used but they were applied only 
with experimental results. The simulated results are similar during the flowering stage of crop development. Adequate 
to measured values in W, and agree best in W.I. W.,shows irrigation was provided before that stage. Previous research 
the poorest agreement in total water in the 0 to 75 cm soil has shown that flowering is the most sensitive yield
profile (Fig. 19) and volumetric water content compared by determining growth stage. Figure 21 illustrates the short 
depth (Fig. 20). However, the high variation ofexperimental period over which the water input was altered. 
results in W makes comparison speculative and highlights In Figure 22 simulated and experimental volumetric 
the inherent variability associated with soil water measure- water content data have similar trends, the best agreement 

being in W:I, the driest water regime. Dur.ng the stress 
period plant water potential was measured diurnally on 

cWWrlatve tmMr) several dates. Figure 23 compares the diurnal response ofWomw~i 
600 Wi leaf water potential in RICEMOD with measured values. 

W is a fully irrigated treatment and W received no irriga
500 W2, tion (see soil water depletion, Fig. 22). Hence, the plant 

water status decreased steadily over the stress period in W2 
4and W:t (Fig. 23). 

200 -Table I. Comparison ofexperimental and simulated crop grain yield
(g m-2) for three irrigation treatments. IRRI Farm, 1980 dry 
season. 

too 
Yield 

S A ,L IL L L L Irrigation
30 40 50 60 70 00 so oo 110 120 treatment Experimental Simulated 

Daysafter seeding 

17. Cumulative water applied to the three irrigation treatments in WI 645 ± 77 627 
experiment I over the entire crop growth period. IRRI. 1980 dry W2 495 ± 89 295 
season. W3 167 ± 108 259 

1/ 
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The effect of decreased leaf water potential is trans- model. Thus, further field validation and improvement of 
duced into changes in crop gas exchange functions, parti- RICEMOD photosynthate partitioning is necessary at this 
tioning and developmental processes. Straw weight and growth stage. Comparisons of soil water depletion and dry 
grain yield at harvest are presented in Table 2. It will be matter partitioning in the two experiments illustrate that 
noted that the experimental data show maturity was delayed RICEMOD was least effective at intermediate irrigation 
about 8 days by the water stress at irrigation levels W., and levels in both experiments compared to well watered and 
W:t. The model did not delay maturity when stress was nonirrigated levels. 
encountered at this growth stage although we noted from Although the experiments discussed represent a min-
Experiment I that maturity was delayed by vegetative stage imum data base for validation, they illustrate that 
stress. RICEMOD is a significant beginning in the effort to under-

In the second experiment grain yield was overestimated stand the crop system as a whole. The inability to provide 
at all irrigation levels. This type of short duration water complete data sets for validation also points to the need fora 
stress coinciding with a critical yield-determining growth a more complete interdisciplinary approach to rice research. 
stage is the utmost challenge to a physiologically based The validation data currently available are for dryland rice, 

H2 0 (mm)in 0-75cm depth
500 

40 
.. .......... 


Volumetric water content (%)
00-
 2030405060 D3040 2 60 7 0 40 70 0 

I I I I I 0 I I20I I0 0 
500- 30 

4004.------4 •-40-4 
 4-4-I 4
300- ---. . . . ----.o .------------ . 

60 6 
2001- W2 70U--' -- '-OTI I I I Expenental I 

oT,00 I , 90 Siruktion 6 6 6 6 

400 00 
- , i b 

300 1-1., 4- jo 2 0% 01 

200t W3 -3 '44T 30j 

80 90
I I I I I I I 44

Crop age (DAS) 

19. Comparison of experimental and simulated changes in total 60'
 
soil water in the 0 to 75 cm profile depth over the crop growth6
 
period as affected by irrigation levels W i.. Note experimental 7
 

data+ SI. 80
 

906 6 

0 

10 W3 .q qsIqc 

30 '4 

4C
 I ' 

0- 6 
70- :',4'4 

20. Comparison ofexperimental and simulated volumetric water 80
 
content throughout the soil profile (0-90 cm) from different ' 4
 
growth periods at 30.44.58. and 100 days after seeding as affected 90 58 100
 
by irrigation levels W .3. Days after seeding 

$1
 

http:30.44.58
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irrigation of high (>50 cm) water depths. Nitrogen transformations 
and movement in the soil water, and ultimately in the crop is 
the next priority for inclusion in RICEMOD. The difficulty 

W2 of modeling nitrogen transformations and fluxes in ade
w3 quately irrigated and water deficit and excess conditions will 

600-	 present new challenges. The exploration of the questions 
asked in this context present challenging and vital research 
objectives for rice production in irrigated and rainfed fields. 

400 	 Answers to these lines of research will greatly determine 
production advances over the next decade of rice research. 

Cumulative(ram) 


Line source gradient: 
200 	 Heading to flowering 

Maturity 	 Volumetric water content (0) 

4050 60 70 20 30 40 50 60 70 20 30 40 50 60 70]030 

re-linesJrce Apr 8 1'113 19 21 23 Post-linesource 

(full irrigation) 77 60 82 88 90 9- (full irrigation) 
Days afterseeding 

21. Cumulative water applied showing the stress period coinciding with 
flowering and the water applied at each of irrigation levels Wl.3 . Note after 
the 15-day stress period, full irrigation was resumed on all plots. 

therefore, RICEMOD in its present form focuses attention 
on the lack of soil physical information available for 
wetland soil conditions. In the wetland system, modeling the 

water balance will require knowledge of physical properties 
of puddled soils, the effect of puddled soils and hard pans on 
rice root system development, and interactions among other 
soil physical and chemical properties which at present are 
too poorly understood to permit modeling, and are inade-
quately documented to provide validation data sets. 

RICEMOD has been validated using data primarily 
obtained during the dry season. In the future more effort 
should be made to validate the model with wet season crops. 

The original RICEMOD (Part 1)has been expanded to 

consider soil water deficits. Water excess is also relevant as 

large areas are subject to flooding or relatively long periods 

Table 2. Comparison of simulated and experimental straw dry 
weight (A) and grain yield (B) at harvest (g m-

W 1 W2 W3 

DAS* Wt DAS Wt DAS Wt 

A. Straw weight816.2 111 802.7 111 641.7Simulated ill 

Experimental 111 841 119 666 119 636 
±111 ±68 ±52 

W1 W2 W3 

DAS Yield DAS Yield DAS Yield 

B.Grain yield 

Simulated 110 559.6 Il 233.5 111 217.8
 
Experimental 111 430.9 119 185.8 119 80.8 


± 8 ±48 ±10 

*DAS = days after seeding, 
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22. Comparison of experimental and simulated volumetric water content 
throughout the soil profile (0-75 cm) at 3times: beginning, middle, and end 
of the 15-day water stress treatment. Changes in soil watercontent by depth 
are shown for irrigation levels W1.3 . 
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Time (h) A. Sample Input - WEATHER DATA FILE 
04020 2000 (40100Iq 

9 Q 9 9 9 

-4-
'%I I I 

-8 '/ 

-12-
W- n 

9 


8 

- d Expee7 
-12- 9-89 

',10 

d-162 9 912 

-20 


6Simuated 

417 

-27 


0 , , , ,, , 

-4-


9 
-8 


-12 9 

-16 , 0. 
I 

-2C 110d 
W3 


"I 


79 87 92 
Days after seeding 

23. Comparison of experimental and simulated diurnal changes in leaf 
water potential at 3 times: beginning, middle. andend ofthc 15-daywater 
stress treatment. Changes in thediurnal trendsand magnitude of leaf water 
potential are shown for irrigation levels W1 .3 .p 

Sample input-output data set 
The following section contains a sample input-output data 
set including all relevant weather files, initial values, and 
operational coefficients. A includes the sample input 
weather file for 1980 Julian day I to day 120. B lists the 
partitioning table, initial values, coefficients for plant and 
soil parameters, and output at 10-day intervals. This sample 

set should expedite RICEMOD's use and lead to further 
refinements in this location-specific first approximation 
type simulation model. 

I 

-" "V 


1 8 63 508 225 305 115 
4 863508 22 305115 

5 0 58 387 221 294 115
 
6 0 63 558 20 300 115
 

13 43 372 199 299 115 
8 0 67 544 214 296 115260 48 492 201 295 115 

0 62 555 193 303 115 

71 0 60 582 179 305 116250 30 371 214 296 116
 

13 0 48 382 231 306 116 
14 0 33 300 211 230 116 

15 0 36 287 225 292 11.6 
16 250 60 470 21S 301 116 

112 32 389 223 305 116 
18 0 35 317 220 270 116 

19 0 44 433 209 291 116
 
20 0 60 482 212 306
27 12 32 389 223 305 116116 
21 0 54 494 214 301 116 

23 240 35 270 225 281 116 
24 13 33 221. 271 116 
25 0 40 342 214 290 117 
26 0 35 332 220 288 117 
27 2 32 297 220 281 117 
28 0 5 477 215 3. 117 

29 280 54 498 207 331 117 
30 10 37 397 221. 311 117 
31 0 50 480 201 300 117 
32 0 60 496 217 305 117 

33 26' 64 632 215 323 117 
34 0 56 462 226 311 117 
35 0 63 507 230 320 118 

36 15 55 603 200 313 118 
37 10 25 304 207 272 118 
38 0 47 422 207 290 118
 

39 0 44 429 205 302 118 
40 300 48 347 211 295 118
 
41 0 34 331 211 295 1.18 
42 2 60 492 200 306 118 
43 8 64 420 221 303 118 
44 249 19 232 212 254 119
 
45 5 31 313 208 287 119 
46 5 43 376 215 288 119 
47 110 58 475 210 305 119 
48 0 88 610 214 315 119
49 0 48 395 212 303 119 
50 0 80 629 218 327 119 
51 280 92 648 209 325 119 
52 0 84 585 201 323 119 
53 0 78 580 200 320 120 
54 220 80 590 200 319 120 
55 0 72 643 201 327 120 
56 0 76 563 208 327 120
 
57 270 49 498 202 312 120 

58 0 67 649 162 336 120 
59 85 80 560 189 343 120
 
60 0 78 542 218 332 120 
61 165 89 511 201 332 120 
62 0 67 485 200 341 121 
63 0 85 589 199 338 121 
64 170 80 587 200 327 121 

- P 

-

4 
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. Y I 	 J/ • . . 

4~4 4 	 q'- 'If'

67 0685920,2 2 i7 	 219 33 125
C5 	 7
0 0	 0' 

65 0 77 569 192 325 121 93 220 80 523 220 325 ]25 
66 115 96 575 191 340 121 94 0 90 618 218 330 125 
67 0 68 509 201 321 121 95 8 87 574 219 330 125 
68 100 78 572 211 345 121 96 205 70 580 225 322 125 
69 46 61 491 203 350 121 97 8 90 614 216 330 125
 
70 90 74 527 217 335 121 98 132 36 365 230 305 125
 
71 0 88 594 216 331 122 99 0 44 493 225 305 125
 
72 0 74 443 215 324 122 100 0 84 658 227 337 126
 
73 140 89 587 215 331 122 101 230 86 683 220 340 126
 
74 0 86 621 220 330 122 102 0 84 646 232 337 126
 
75 120 85 597 212 321 122 103 140 66 490 208 331 126
 
76 0 69 477 215 320 122 104 0 83 486 221 340 126
 
77 0 94 589 213 334 123 105 130 76 678 203 355 126
 
78 150 76 560 206 325 123 106 0 82 642 236 342 126
 
79 0 50 364 216 310 123 107 110 81 662 230 353 126
 
80 150 103 671 215 328 123 108 0 62 451 228 313 127
 
81 0 82 613 191 327 123 109 0 60 508 230 337 127
 
82 190 84 608 205 329 123 110 180 62 508 225 337 127
 
83 145 44 340 227 302 123 il1 0 68 473 234 337 127
 
84 925 28 149 216 260 123 112 0 59 567 235 347 127
 
85 23 13 231 215 265 124 113 50 83 660 220 357 127
 
86 0 47 459 230 310 124 114 0 77 597 218 350 127
 
87 69 38 402 227 302 124 115 0 99 623 232 348 127
 
88 5 48 470 227 300 124 116 130 100 653 225 353 128
 
89 2 29 400 235 303 124 117 8 93 560 230 344 128
 
90 8 66 517 217 314 124 118 0 108 640 243 356 128
 
1)1 0 80 662 230 325 124 119 180 80 508 231 345 128
 
92 0 72 558 220 320 125 120 0 ao 580 235 347 128
 

B. 	Sample output - partitioning table, operational coefficients,and 
model output on 10 day interval. 

IX = 0 30 40 50 64 75 86 94 102 110 
YL = .25 .25 .25 .30 .40 .05 -.05 -. 05 -. 20 -. 30 
YS = .30 .30 .35 .50 .50 .60 -.15 -.10 .05 .15 
YR = .45 .45 .40 .20 .10 .05 .10 .15 .15 .15 
YF = 0.00 0.00 0.00 0.00 0.00 .30 1.10 1.00 1.00 1.00 

RMCOEF = .0075 RGCOEF = .2800 ANCOEF 5.0000 
TP AGE = 26 NCROPS = 1 
z = 25. 25. 25. 
ASCOEF(1)=125500. BSCOEF = -32.2 AKCOEF = .0002632 BKCOEF = -2.1170001 
ADCOEF = .0111 BDCOEF = 35.9200 XW = 66.30 AF = .5500 
MC = .50 .55 .60 .54 
LSS 0.000 PANF = 1.150 RP = 500.0 
TP DATE= 35 0 0 0 0 0 0 0 0 0 

PLANT AGE = 30 HARV.INDEX = 0.00 ROOT/SHOOT = .83 

DAY LEAF STEM ROOTS PANI. TOTAL TOPS
 
GM GM CM GM GM GM
 

39 34.3 41.9 62.9 0.0 139.1 76.2
 

LAI XPD PRBAL XPAN XRF SUMRF
 
1.11 23.54 51.28 .44 0.00 .25
 

XP LWPOT XP LWPOT XP LWPOT
 
TIME 1230 1230 1530 1530 1730 1730
 

4.28 6.95 3.59 4.22 1.47 .84
 

FREEW ESOIL TRANS SUMSD CLWP
 
0.00 .23 .25 0.00 12.51
 

Z XWRI MC RWX FLUX R
 
1 	 25. 40.44 .415 .169 .095 307.
 
2 	 25. 16.47 .527 .055 -.057 951.
 
3 	 25. 5.95 .553 .022 -. 270 2384.
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PLANT AGE = 40 HARV.INDEX = 0.00 ROOT/SHOOT = .78 Z XWR1 MC RWX FLUX R 

1 25.172.83 .354 .428 -. 008 147. 
DAY LEAF STEM ROOTS PANI. TOTAL TOPS 2 25. 55.22 .418 .095 .032 660. 

GM GM GM GM GM GM 3 25. 22.56 .502 .053 .097 1183. 

49 68.4 98.7 130.1 0.0 297.3 167.1 

LAI XPD PRBAL XPAN XRF SUMRF PLANT AGE = 80 HARV. INDEX = .09 ROOT/SHOOT = .31 

2.13 35.06 22.17 .48 0.00 7.04 
DAY LEAF STEM ROOTS PANI. TOTAL TOPS 

XP LWPOT XP LAPOT XP LwPOT GM GM GM GM GM GM 

TIME 1230 1230 1530 1530 1730 1730 89 209.7 575.6 263.9 79.6112C.9 865.0 
4.08 7.61 3.45 4.67 1.48 1.01 

LAI XPD PRBAL XPAN XRF SUMRF 
FREEN ESOEL TRANS SUMSD CLaP 5.68 44.09 2.39 .29 .02 41.74 
0.00 .13 .40 1.00 12.72 

XP LWPOT XP LWPOT XP LW.3T 
Z XWR1 MC RWX FLUX R TIME 1231) 1230 1530 1530 1730 1730 

1 25. 87.61 .416 .281 .178 205. 3.39 4.10 2.97 2.65 1.74 .81 

2 25. 30.74 .527 .084 -. 268 687. 
3 25. 11.79 .554 .034 -. 143 1668. FREEW ESOIL TRANS SUMSD CLWP 

3.28 .01 .32 4.00 13.70 

PLANT AGE = 50 HARV.INDEX = 0.00 ROOT/SHOOT = .59 Z "WRI MC RWX FLUX R 

1 25.183.4: .550 .231 -. 511 138. 

DAY LEAF STEM ROOTS PANI. TOTAL TOPS 2 25. 56.75 .493 .064 .014 499. 

GM GM GH GM GM GM 3 25. 23.87 .507 .028 .090 1148. 

59 113.0 214.3 193.3 0.0 520.6 327.3 

LAI XPD PRBAL XPAN XRF SUMRF PLANT AGE = 90 HARV. INDEX = .28 ROOT/SHOOT = .27 

3.37 51.22 4.33 .80 .85 15.59 
DAY LEAF STE. ROOTS PANI. TOTAL TOPS 

XP LPOT XP LAPOT XP LXPOr GM GM GM GM GM GM 
TIME 1230 1230 1530 1530 1730 1730 99 181.7 552.6 274.1 287.11295.51021.4 

4.35 12.12 3.79 7.47 1.96 1.66 
LAI XPD PRBAL XPAN XRF SUMRF 

FREEN ESOIL TRANS SUMSD CLWP 4.74 46.04 7.53 .44 0.00 47.55 
0.00 .11 .80 2.00 13.94 

XP LWPOT XP LWPOT XP LwPOT 
I XWRI MC RWX FLUX R TIME 1230 123U 1530 1530 1730 1730 

1 25.132.48 .451 .568 -. 135 164. 3.26 5.77 2.92 3.71 1.91 1.11 
2 25. 43 61 .514 .163 -. 056 570. 
3 25. 1/.19 .526 .068 .031 1364. FREEN ESO[L TRANS SUMSD CLaP 

0.00 .03 .48 0.00 13.85 

PLANT AGE = 60 HARV.INDEX = 0.00 ROOT/SHOOT .43 z XWRI MC RWX FLUX R 
1 25.190.86 .458 .341 -. 680 135. 

DAY LEAF STEM ROOTS PANI. TOTAL TOPS 2 25. 58.55 .560 .095 -. 227 488. 

GM GM GM GM GM GM 3 25. 24.68 .556 .041 -. 224 1128. 
69 179.5 346.9 226.5 0.0 752.9 526.4 

LA] XPD PRSAL XPAN XRF SUMRF PLANT AGE = 100 IIARV. INDEX = .42 ROOT/SHOOT = .26 

5.09 50.86 5.32 .61 .46 21.55 
DAY LEAF STEM ROOTS PANI. TOTAL TOPS 

XP LWPOT XP LWPOT XP LWPOT GM GM GM GM GM GM 

TIME 1230 1230 1530 1530 1730 1730 109 146.7 507.6 292.7 480.81427.81335.1 
4.03 9.47 3.50 5.97 1.86 1.58 

LAI XPD PRbAL XPAN XR" SUMRF 
FREEN ESO[L TRANS SUMSD CLWP 3.72 42.01 16.43 .60 0.00 53.65 

9.00 .03 .67 2.00 15.38 
XP LWPOT XP LWPOT XP L4POT 

Z XW I MC RwX FLUX R TIME 1230 1230 1530 1530 1130 1730 

1 25.156.37 .408 .478 -.029 150. 2.92 7.25 2.66 4.79 1.89 1.65 
2 25. 50.15 .470 .135 .031 533. 
3 25. 19.99 .514 .057 .068 1258. PREEN ESO[L PRANS SUMSD CL4P 

0.00 .07 .61 0.00 15.41 

PLANT AGE = 70 HARV.fNDEX -= .01 ROOT/S9OLT .35 
Z XWRI MC RWX FLUX R 

DAY LEAF ST]M ROOTS PANI. TOTAl TOPS 1 25. 204.47 .398 .440 .017 131. 

GM GM GM GM GM GM 2 25. 62.02 .505 .121 -. 004 475. 
79 221.7 484.5 250.6 8.1 964.9 714.3 3 25. 26.22 .531 .053 -. 005 1095. 

LAI XPD PRBAL XPAN XRF SUMRF 

6.19 43.37 .30 .50 0.00 26.65 PLANI: AGE = 110 UARV.ENDEX = .49 ROOT/SHOOT = .26 

XP LAPOT XP LWPOT XP LWPOT DAY LEAF STEM ROOTS PANI. TOTAL TOPS3 

TIME 1230 1230 1530 1530 1730 1730 GM GM GM GM GM GM 
3.52 8.95 3.06 6.03 1.64 2.34 119 99.2 514.3 304.3 579.31497.21192.9 

FREEN ESOLL TRANS SUMSD CLWP LAI XPD PRSAL XPAN XRF SUMRF 
0.00 0.00 .58 2.00 14.79 2.38 25.94 15.30 .80 1.80 59.13 
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Horie, T. 1980. Studies on photosynthesis and pr'mary
TIME 1230 1230 1530 1530 1730 1730 	 production of rice plants in relation to meteorological 

1.82 17.57 2.26 15.94 1.73 7.59 environments. Ill. A model for the simulation of net 
FREEW ESOIL TRANS SUMSD CLWP photosynthesis, transpiration, and temperature of a leaf 
0.00 .19 .59 2.00 15.69 	 and a test of its validity. J. Agric. Meteorol. 35(4): 

Z XWR1 MC RWX FLUX R 	 201-213. 
1 25.211.75 .353 .174 .011 785. 	 iwaki, H. 1975. Computer simulhtion of vegetative growth 
2 25. 64.97 .444 .286 .037 477.
 
3 	 25. 27.56 .507 1127 .079 1072. ofrice plants. 

Iwaki, H. 1977. Computer simulation of growth process of 
PLANT AGE = 111 HARV.INDEX = .49 ROOT/SIOOT = .26 paddy rice. JARQ 11(1):6-11. 

DAY LEAF STEM ROOTS PANI. TOTAL TOPS Kishitani, S., Y. Takano, and S. Tsunoda. 1972. Optimum 
GM GM.- GM GM GM GM leaf-areal nitrogen content ofsingle leaves for maximiz

120 99 . 2 514.3 304.3 579.31497.21192.9 ing the photosynthesis rate of leaf canopies: a simula-

LAI XPD PRBAL XPAN XRF SUMRF 	 tion in rice. Jpn. J. Breed. 22(l):1-10. 
2.38 25.94 15.30 	 .80 1.80 59.13 McMennamy, J. A. 1980. Dynamic simulation of irrigated 

XP LWPOT XP LWPOT XP LWPOT rice crop growth and yield. Pages 213-221 in World 
TIME 1230 1230 1530 1530 1730 1730 Meteorological Organization and the International 

1.82 17.57 2.26 15.94 1.73 7.59 Rice 	Research Institute. Proceedings of a symposium 

FRE Eso. TRANS SU.s c5W0.00 	 .19 .59 2.00 15.69 on the agrometeorology oi the rice crop. International 
Rice Research Institute, Los Bafios, Laguna, Phil-

Z XWR1 Mc RWX FLUX R 
1 25.211.75 .353 .174 .011 785. 	 ippines.
 
2 25. 64.97 .444 .286 .037 477. 	 Murata, Y. 1975. Estimation and simulation of rice yield 
3 25. 27.56 .507 .127 .079 1072. 	 from climatic factors. Agric. Meteorol. 15(1):117-131. 

Stansel, J. W., and R. E. Fries. 1980. A conceptual agromet 
rice yield model. Pages 201-212 in World Meteorologi
cal Organization and the International Rice Research 

Institute. Proceedings of a symposium on the agrome-Bibliography of rice modeling 
teorology of the rice crop. International Rice ResearchA bibliography of rice modeling publications is very brief 


when compared to the magnitude of modeling publications Institute, Los Baiios, Laguna, Philippines.
 

for the other major cereals. We have focused on physiologi- Stansel, J. W., and R. E. Fries. 1980. A rice yield model.
 

Proc. Tech. Work Group I8th:82-83.cally based or process-oriented models (A) but have also 	 Van Keulen, H. 1976. A calculation method for potential 
r Cen Ret. Agr pogorincluded references to some climate or soil-water, balance- re production6.C 

based models (B), and a few empirical or regression models rice production. Contrib. Cent. Res. Inst. Agric. Bogor 

(C). This three-part bibliography is intenoed to stimulate 21.26 p. 
research interest and communication among the few rice 	 Van Keulen, H. 1978. Simulation of influence of climatic
researchei s at relatively distant locations who are engaged in factors on rice production. Pages 345-358 in Climatic 
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