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Preface

This volume of the SARP Research Proceedings presents ORYZA_W version 3.0, a
simulation model for irrigated and rainfed rice production. The above-ground crop growth
part of ORYZA_W is based on ORYZAI, version 1.3, described in another velume of this
series.

ORYZA_W provides the user with a choice of three one-dimensional soil-water balance
modules: PADDY, SAHEL and LOWBAL. SAHEL and LOWBAL are already familiar to
researchers in the SARP network. Use of these two modules is, however, limited to
specific environments. SAHEL was developed for freely draining ‘upland’ rice soils with
a deep groundwater table and LOWBAL for lowland' rice soils with a hard plow sole
(impenetrable for roots) and a deep groundwater table. Because of their frequent use in
SARP, SAHEL and LOWBAL are explained in detail in this volume. PADDY was
especially developed to provide the user with a universal soil-water balance module. It can
handle any soil condition {(puddled / non-puddled, free draining / impeded drainage,
cracking / non-cracking) in irrigated and rainfed rice growing environments, and can also
be used in rice / non-rice rotations. All soil-water balance modules presented here work
with time steps of 1 day. We hope that ORYZA_W will prove to be of value for your
research.

Los Bafios, Wageningen, M.C.S. Wopereis!.2
February 1996 B.A.M. Bouman?
T.P. Tuong!

H.F.M. ten Berge?
M.J. Kropffl.2:3

Simulation and Systems Analysis for Rice Production (SARP)

nternational Rice Research Institute (IRRT)
2Dept of Theoretical Production Ecology, Wageningen Agricultural University (TPE-WAU)
3IDLO-Research Institute for Agrobiology and Soil Fertility, (AB-DLO)
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1 Introduction

One of the major limitations to rice production in Asia is water supply and availability. A
rice crop may need 1000 - 4000 mm of water (Tabbal et al., 1992). In both irrigated and
rainfed areas there is a need to optimize water use efficiency at the regional level. This can
be done through (i) improvement of irrigation facilities, (i) introduction of water-saving
techniques, (iif) optimization of planting time or adapting the cropping system. For any of
these approaches, a thorough understanding of the system is needed. Systems analysis and
simulation can be used to evaluate the potentials of different solutions for different
environments.

Process-based simulation models are increasingly being used to assess attainable yields
on a regional scale (van Keulen and Wolf, [986; van Diepen et al., 1991, Hammer and
Muchow, 1991). They allow detailed analysis of experimental data, extrapolation of
research findings to other environments and can provide probability distributions of yield
that can be used for an economic evaluation of strategies to optimize water use efficiency
(Anderson, 1991). Different levels of systems approaches can be chosen to analyze water-
limited environments. The question which approach to use depends on the required output
of the study, on data needs and on data availability. If an approach is selected, data needs
are defined. If data requirements are not met, data may be measured or estimated from
databases or expert knowledge.

This mannal introduces the ORYZA_W version 3.0 model, a rice growth simulation
model that can simulate growth and development of rice in irrigated and rainfed lowland
and upland environments. Definitions of these environments were given by IRRI (1989):
(i) Irrigated rice lands are those areas that have assured irrigation for one or more crops

per year, with some areas served only by supplementary irrigation in the wet season
(i) Rainfed lowland rice is grown in bunded fields where water depth does not exceed
50 ¢m for more than 10 consecutive days and the ficlds are inundated for at least
part of the season. Such fields have no access to an irrigation system but may have
on-farm rain water conservation facilities.
(iif) Upland rice is grown in rainfed unbunded fields with naturally well-drained soils
and no surface water accumulation.

In Asia, rainfed and irrigated lowland rice soils are mostly puddled prior to direct-
seeding or transplanting of rice seedlings. Puddling usually comprises one or two
plowings, one or two harrowings and a final levelling under water-submerged soil
conditions. Puddling reduces percolation rate, hampers weed growth and provides a soft
medium for roots. After harvesting of the rice crop, sometimes an upland crop is grown,
profiting from residual soil water, late season rainfall and sometimes capillary rise from a
groundwater table. In case of water shortage, drying will cause a puddled soil to transfer
from a muddy layer to a compact soil, a process that can be called 'soil ripening'. In upland
rice ecosystems rice is grown in non-puddled soil.

ORYZA_W 3.0 is programmed under the FORTRAN Simulation Environment (FSE,
version 2.0) as developed by van Kraalingen (1991). The FSE system consists of a main



program, weather data and utilities for specific tasks. One of the main features of FSE is
the distinction of four main tasks that control the order of the calculations in the crop
growth program (above-ground growth module and below-ground water balance
modules): Trasx = 1 for initialization; 1Task = 2 for rate calculations; 1Task = 3 for
state calculations/updates; and ITasx = 4 to mark the end of the program. For an
understanding of the tasks of initialization and rate and state calculations, the reader is
referred to text books on crop growth simuiation modelling (e.g. Penning de Vries and van
Laar, 1982; van Keunlen and Wolf, 1986; Leffelaar, 1993). FSE also facilitates in- and
output data handling. The WEATHER system (van Kraalingen et al., 1991) is used to read
weather data. Ulilities from the library TTUTIL (Rappoldt and van Kraalingen, 1990) are
extensively used for specific tasks such as reading input data, writing output data, and
integration of states.

The crop growth part of ORYZA_W 3.0 (ORYWAT) is based on version 1.3 of the
ORYZA1 model (Kropff et al., 1994), a model for irrigated rice production, which is
based on the Wageningen / JRRI models MACROS and SUCROS. ORYZAl was
modified to enable the linkage to a soil water balance module and include effects of
drought on plant growth and renamed to ORYWAT,

ORYZA_W provides the user with the option to use three different soil-water balance
modules: LOWBAL, SAHEL or PADDY. PADDY is a universal multiple layer (up to 10)
model that can be used for both puddled and non-puddled conditions, for naturally free-
draining soils ard for soils with impeded drainage. PADDY also takes into account the
effect of soil cracking on the water balance and can be easily adapted for rotation studies,
involving fallow periods and upland crops grown after rice, provided a suitable model for
the upland crop is available. Use of LOWBAL (a single layer model for lowland soils) and
SAHEL (a threc-layer model for upland soils) is restricted to specific environments.
Details on when LOWBAL and SAHEL can be used are given in Chapter 2. PADDY can
be used for any soil condition (puddled / non-puddled, free draining / impeded drainage,
cracking / non-cracking) in irrigated and rainfed rice growing environments. The reader is,
therefore, encouraged to use PADDY.

The soil-water balance modules explained here are all one-dimensional. Tuong et al.
(1994) showed that for rice grown in puddled soil, lateral percolation losses toward and
into bunds, and the effect of poorly puddled spots may largely determine the water balance
in areas with a relatively permeable subsoil. More complex numerical models that allow
for lateral flow into the bunds (e.g. Walker and Rushton, 1984) can be vsed to simulate
these processes in a detailed way. One-dimensional models can still be used, provided a
constant percolation rate is assumed, incorporating both vertical and lateral percolation
losses (Bouman et al., 1994; Wopereis et al., 1994).

The structure of ORYZA_W 3.0 under the FSE system is schematically indicated in
Figure 1.1. The ITASK succession, the reading of weather data, and the handling of input
and output files are performed by the FSE system, using the libraries TTUTIL.LIB and
WEATHER.LIB. This information is passed on to the subroutine MODELS. This
subroutine calls ORYWAT, which is the actual above-ground growth module, and a



number of crop growth subroutines in the library ORYWSUB.LIB. The three soil-water
balance modules (LOWBAL for lowland soils, SAHEL for upland soils and PADDY for
both lowland and upland soils) are included in the library SOILBAL.LIB.

The switch swrwLp (set in the TIMER.DAT input file) is used to select the production
environment and to combine ORYWAT with either LOWBAL, PADDY or SAHEL:
SWIWLP = 0 for irrigated lowland; swiwLp = 1 for rainfed lowland using LOWBAL;
SWIWLP = 2 for rainfed upland using SAHEL and swiwLe = 3 for irrigated or rainfed
lowland or upland rice or rice-upland crop rotations using PADDY. The modules
ORYWAT, LOWBAL, PADDY and SAHEL are the core of the actual growth model
ORYZA_W.

In Chapter 2, differences between the three soil-water balance modules are explained.
SAHEL, LOWBAL and PADDY are then introduced separately in Chapters 3, 4 and 5
respectively. Three experiments that were conducted at IRRI to investigate drought stress
responses of lowland rice for model development are briefly discussed in Chapter 6. The
results of these experiments were the basis for the changes made in ORYZALI, version 1.3,

WEATHER.LIB TTUTIL.LIB

Y \

ORYZA_W || TIMER.DAT

|| Models {ﬁ_ ‘(OHYWAT - (RICE.DAT
» e
—{SOIL.DAT
w - - |RERUNS.DAT

1
ORYWSUB.LIB SOILBAL.LIB
Subroutines: | BWIWLP =1 Subroutines:
ETPOT, DSTRES, R R - -LOWBAL
COVER, SUBLBL, | SWIWLP =2
SUBDD, SUBBCD, mm e emn - - -SAHEL
PHENOL, SUBRTS, | SWIWLP =3
SUBGRN, SUBLAI, s I -PADDY
TOTASP, ASSIMP

Figure 1.1 Main components of the rice growth model ORYZA_W 3.0.

The resulting rainfed rice growth module, ORYWAT is presented in Chapter 7. In Chapter
8, calculation procedures for potential and actoal canopy transpiration and soil evaporation
are given. In Chapter 9 editing and running of ORYZA_W is discussed. A complete
listing of the mode! with input and output files is given in Appendices 1 - 5.



2 Choosing between the soil-water balance modules PADDY,
LOWBAL and SAHEL

The ORYZA_W model contains three soil-water balance modules: PADDY, LOWBAL
and SAHEL. PADDY is a universal soil-water balance module and can be used in any rice
growing environment. Use of LOWBAL is restricted to lowland rice and use of SAHEL 1o
upland rice ecosystems. Moreover, a number of simplifications have been introduced in
LOWBAL and SAHEL that may make these models unsuitable under certain growing
conditions. This Chapter explains such restrictions and highlights differences between
PADDY and SAHEL for upland rice and PADDY and LOWBAL for lowland rice.
Detailed descriptions of the three modules follow in Chapters 3, 4 and 5.

2.1 Using PADDY or SAHEL in the upland rice environment

IRRI (1988) defined the upland rice ecosystem as follows: ‘Upland rice is grown in
rainfed bunded or unbunded fields with naturally well-drained soils and no surface water
accumulation’. If no layer is restricting water flow, modeling of water flow becomes
relatively simple. An important soil characteristic is the soil water retention curve, relating
soil pressure potential A to volumetric water content 8 (m? m-3). The root zone can be
seen as a ‘box’ which contains water within two predefined critical soil pressure potentials
h: field capacity (h = —10 kPa; pF = log(I10*kl) = 2) and wilting point (£ = —1500 kPa; pF
= 4.2). When water is applied to the soil, it is assumed to be rapidly redistributed if the
water content is above field capacity. The excess water flows downward. The crop can
extract water up to the wilting point; water held at lower pressure heads is unavailable for
plants. The soil-water balance module SAHEL is based on these simple principles.
PADDY works in a similar way if a switch in the soil data file indicates that the soil
profile is freely draining (SWITFD = 1). Soils in npland rice environments are always non-
puddled. A switch in the soil data input file for PADDY indicates puddled or non-puddled
conditions: SWITPD = ¢ (non-puddled) and switTep = 1 (puddled). For upland soils
SWITPD 18, therefore, always equal to (.

Figure 2.1 schematically illustrates the processes of the water balance that need to be
considered in freely draining upland environments. Soils are typically of sandy to loamy
texture and have a deep ground water table (> 1 m below the root zone). This type of soil
has a high saturated hydraulic conductivity (around 0.1 m d-! or more), permitting fast
downward water transport, so that saturation of soil layers does not occur. The water
balance processes considered are infiltration, percolation, evaporation, transpiration and
downward distribution. Upward water flow (capillary rise) is disregarded. Lateral in- or
outflow of water is always fully negligible in these situations. In SAHEL, the soil profile
is divided into three layers and each is considered to be homogeneous. Thickness and
physical characteristics of each layer are model inputs. The upper layer should be 0.1 - 0.2
m thick, the second 0.2 - 0.4 m, and the third 0.4 - 1.0 m. Their sum should slightly exceed
the maximum rooted depth. In PADDY, a maximum of 10 layers may be defined without
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Figure 2.1 Vertical soil profile and components of the water balance that are considered in
the module SAHEL and the module PADDY for freely draining rainfed upland
environments. PADDY can be used for such environments if a switch (sw1TFD) is set to 1
in the soil data input file. D = surface drainage, E = evaporation, P = percolation, R =
rainfall, T = transpiration.

restrictions to their thickness. The (vertical) inflow and outflow of water in each layer is
simulated on a daily basis. Inflow into the first layer is from rainfall. Field capacity is the
highest water content that a layer can obtain. The amount of water that can not be stored in
one layer, drains into the next layer or out of the profile. Water is extracted from the layers
by evaporation and water uptake by the roots (transpiration). Soil evaporation loss in
SAHEL is divided over the three layers. In PADDY, evaporation losses occur in the top
layer only. This may result in slight differences in model outcome if all input parameters
for both models are equal.

Use of SAHEL for soils with impeded internal drainage or in the presence of a shallow
groundwater table is discouraged. For such conditions PADDY can be used. If the soil
profile is not freely draining, the switch swITrD should be set to 0 in the soil data input
file. In doing so, the data needs of PADDY increase: knowledge of the saturated hydraulic
conductivity of each layer is now needed. Water is redistributed as follows: incoming
rainfall is partitioned by calculating gain and loss terms for all compartments, starting with



the top compartment. Every compartment can be filled up to field capacity. Any excess
water is drained at a maximum rate equal to the saturated hydraulic conductivity of the
compartment. If this conductivity is too low, excess water will fill up the soil
compartment itself, and may even be distributed upward, reaching compartments at
shallower depth, creating a ‘perched’ water table.

In case of a shallow groundwater table, capillary rise to the root zone may be an
important water resource for the plant. SAHEL ignores capillary rise. In PADDY, a switch
swiTow indicates if groundwater is present in the profile. If swrmaw = 1, groundwater
depths are specified by the user in the soil data input file. If swiTew = 2, they are
calculated from downward fluxes and two empirical site-specific coefficients. If switew =
0, groundwater is assumed to be absent in the profile. Capillary rise is calculated using a
‘window structure’, i.e. flow due to capillary rise between compartments is not simulated.
To calculate capillary rise, knowledge of the hydravlic conductivity curve of the soil
compartments is needed.

An overview of data needs and restrictions for use of PADDY and SAHEL in rainfed
upland environments is given in Table 2.1.

2,2 Using PADDY or LOWBAL in the lowland rice environment

In Asia, contributing 90 - 95% of world production {(Pathak and Gomez, 1991), rice in
lowland environments is mostly grown under flooded conditions. To achieve this, fields
are bunded and soils are puddled by plowing, followed by harrowing and levelling at
water-saturated conditions. Puddling leads to destruction of soil aggregates and macropore
volume and to a large increase in micropore space (Moormann and van Breemen, 1978).
The vertical profile of an irrigated puddled rice soil can schematically be described by a
layer of ponded water, a muddy layer with little resistance to water flow, a ‘plow sole’
with large resistance to water flow, and the non-puddled subsoil (Wopereis et al.,, 1992),
as shown in Figure 2.2. The water balance of a puddled rice field is determined by the
following components (Figure 2.2): irrigation supply, rainfall, evaporation, transpiration,
seepage, percolation and capillary rise. Rainfall in excess of bund height leaves the system
as surface runoff. This surface runoff can be an input for a neighbouring field, but in a
sequence of fields, neighbouring fields will pass-on the surface runoff uatil it is lost in a
drain, creek or ditch. Transpiration by the rice crop withdraws water from the puddled
layer (which is replenished with ponded water) and from the non-puddled subsoil, if rice
roots are growing sufficiently deep.

Percolation is the vertical movement of water beyond the root zone to the water table,
while seepage is the lateral movement of subsurface water (IRRI, 1965). In practice, the
two are often inseparable (Wickham and Singh, 1978). The amount of seepage is
determined by piezometer head differences between fields, The difference in piezometer
head is large near drains, ditches or creeks and in terraced rice-fields with considerable
difference in elevation. Seepage loss from rice terraces in the middle of a toposequence to
lower lying fields may be offset by incoming seepage from higher fields. Top-end terraces



Table 2.1. Soil data needs for modeling of the soil-water balance in upland rice growing
environments. Switches for PADDY (i.e. SWITPD, SWITFD, SWITGW) are set in the soil data
input file. sSwITPD = 0: not puddled; swiTpp = 1: puddled; sWwITFD = 1: freely draining;
SWITFD = 0:impeded drainage; switew = 0: groundwater table not in profile; swiTow =
1: groundwater in profile, depths specified by user, switew = 2: groundwater in profile,
depths calculated.

1. Non-puddled, freely draining soils with deep groundwater table
Model(s): SAHEL or PADDY (SWITPD = 0, SWITFD = 1, SWITGW = 0)
Dataneeds: - thickness of the soil layers

- water retention characteristics (i.e. soil water content as a function of

soil-water pressure potential A) for each layer

- initial soil-water content per layer

- fraction runoff

- maximum rootable depth

2. Non-puddled, freely draining soils with shallow groundwater table
Model(s): PADDY (SWITPD = 0, SWITFD = 1, SWITGW = 1 Of SWITGW = 2)
Data needs:  As 1, but with:

- hydraulic conductivity characteristics (i.e. hydraulic conductivity k as a
function of soil-water pressure potential k, including saturated hydraulic
conductivity) for each layer

- groundwater table depth (if swritew = 1)

- coefficients for calculation groundwater table depth (if swrtew = 2)

3. Non-puddled soils with impeded drainage and deep groundwater table
Model(s): PADDY (sWITPD = 0, SWITFD = O, SWITGW = 0}
Data needs:  As 1, but with:

- saturated hydraulic conductivity for each layer

4. Non-puddled soils with impeded drainage and shallow groundwater table
Model(s): PADDY (SWITPD = 0, SWITFD = 0, SWITGW = 1 OI SWITGW = 2)
Data needs: As?2

will experience net seepage-loss; bottom-end terraces net seepage gain. Another possible
water loss is leakage through the bunds: water moving laterally into the bunds and then
down to the water table (Tuong et al., 1994), Here, under-bund flow losses are not dealt
with separately but are considered part of the seepage component.

The amount of seepage is affected by the soil-physical characteristics of the field and
bunds, the state of maintenance, the relative length of the bunds compared with the surface



area of the field, and by the depth of the water table in the field and in the drain, ditch or
creek (Wickham and Singh, 1978). The percolation rate of puddled rice fields is affected
by a variety of soil factors (Wickham and Singh, 1978): structure, texture, bulk density,
mineralogy, organic matter content and concentration of salts in soil solution. In general, a
heavy texture, montmorilionitic clay mineralogy, high sodium content of irrigation water,
and a high bulk density are favorable for effective puddling and low percolation rates. The
percolation rate is further influenced by the water regime in and around the field.
Increased depths of ponded water increase percolation due to the larger gradient in
hydraulic head imposed (Ferguson, 1970; Sanchez, 1973; Wickham and Singh, 1978). In a
field survey in the Philippines, Kampen (1970) found, for the same reason, that
percolation rates were larger in fields with a deep water table (> 2 m depth} than in fields
with a shallow water table (0.5 - 2 m).
A general representation of a puddled rice field water balance is:

dW=I+R+C-E-T-5S-P-D (2.1)

in which (all units in mm ¢-1):
dW = change in stored water

I = irrigation supply

R =rainfall

C  =capillary rise

E  =evaporation

T = (ranspiration

S = seepage

P =percolation

D = surface drainage (bund overflow)

In LOWBAL, Eqn 2.1 is simplified. Capillary rise is neglected. It is assumed that, in most
situations, there is no or little upward flow of water through the plow sole against the
water pressure in the puddled layer. The upward flow that might be present is accounted
for by using a net, field-average seepage & percolation rate (see below). Secondly, the
percolation rate P is assumed to be independent of water regime (ponded water depth,
moisture content, ground water table). Sensitivity analyses using the detailed differential
soil water balance model SAWAH (ten Berge et al., 1992) showed that this assumption is
valid for most lowland situations except for a poorly puddled topsoil overlying a relatively
permeable subsoil (Bouman et al., 1994). The third simplification was to combine seepage
S§ and percolation P in a field-average constant SP. Seepage and percolation are difficult to
separate in the field, and their combination into one variable is justified by the fact that
both are governed by the same hydraulic principles. The constant SP can easily be
determined in the field from sloping gauge readings (comrected for R, E and T). Using
field-average SP rates, problems with spatial variation in location-specific S and P in the
field (such as measured vsing double ring-infiltrometers) are overcome. P measured near a
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Figure 2.2 Vertical profile of puddled soil in lowland environment, [J = surface drainage,
E = evaporation, [ = imrigation, P = percolation, R = rainfall, S = seepage, T = transpiration,
C = capillary rise from the groundwater table.

bund is often much higher than P measured in the middle of the field, as a result of poorly
puddling. Moreover, the SP rate measured with sloping gauges is a net value integrating
water losses through vertical and lateral percolation (under bund flow) and lateral seepage
to neighbouring fields, and water gains through capillary rise and lateral inflow (seepage)
from neighbouring fields. The last simplification was to assume that roots do not penetrate
the plow sole, and that there is no water extraction from the non-puddled subsoil.

The simplified model of the water balance used in LOWBAL becomes:

dW=I+R-E-T-5P-D (2.2)

I, R, E and T are input variables, and dW and D are output variables of the module. R is
measured at meteorological stations, 7 is externally controlled, and E and T are calculated
from meteorological conditicns (in the subroutines ETPOT and DSTRES of ORYZA_W,
see Chapters 7 and 8). SP is measured in the field, or estimated from soil texture data,
using a suitable ‘pedotransfer function’ (Bouna et al., 1993, Wopereis et al., 1992).

In irrigated situations, and generally in the beginning of the season under rainfed
conditions, a layer of ponded water is present in the field. Direct water loss from this
ponded water layer is through evaporation, E. Water losses from the puddled layer by
transpiration, T, and seepage & percolation, SP, are replenished using this ponded water.

In fully irrigated situations, irrigation is usually applied if the depth of the ponded

10
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Figure 2.3 Vertical profiles of a puddled soil in a rainfed lowland environment. In {a),
cracks have not yet extended through the plow sole; in (b) cracks have penetrated into the
subsoil. E = evaporation, P = percolation, R = rainfall, S = seepage, C = capillary rise and
T = transpiration.

11



Table 2.2. Soil data needs for modeling of the soil-water balance in lowland rice growing
environments. Switches for PADDY (i.e. SWITPD, SWITFD, SWITGW) are set in the soil data
input file. SWITPD = 0: not puddled; swITPD = 1: puddled; swiTFp = 1: freely draining;
SWITFD = 0: impeded drainage; SWITGW = 0 groundwater table not in profile;
switew = 1: groundwater in profile, depths specified by user; swiTew = 2: groundwater
in profile, depths calculated.

1. Puddled soils with hard plow pan impenetrable for roots and deep groundwater table

Model(s): LOWBAL or PADDY (sWITPD = 1, SWITFD = 0, SWITGW = 0)
Data needs: - bund height

- initial depth of ponded water

- thickness of soil tayer(s)

- saturated volumetric water content for both puddled and shrunken soil

- water retention characteristics (i.e. soil water content as a function of
soil-water pressure potential ) for each layer of the shrunken soil

- initial soil-water content per layer

- seepage & percolation rate

- deep drainage rate subsoil (LOWBAL)

- saturated hydraulic conductivity for each layer (PADDY)

- water content or pressure potential at which cracks break through the
plow sole

- maximum rootable depth (PADDY)

2. All other puddled soils
Model(s): PADDY (SWwITPD = 1, SWITFD = 0, SWITGW = 0,1 0r 2)
Data needs: As 1 but in case of a shallow groundwater table (swiTew = 1 or2)
- hydraulic conductivity characteristics (i.e. hydraulic conductivity k as a
function of soil-water pressure potential 4, including saturated
hydraulic conductivity) for each layer
- groundwater table depth (if swiTew = 1)
- coefficients for calculation groundwater table depth (if switew = 2)

water layer reaches a minimum value (close to (). The amount of water in the puddled
layer remains, therefore, constant throughout the growing season in irrigated systerns.
Farmers usually add about 5-10 cm of water during every application.

In rainfed lowland situations, the layer of ponded water disappears if rainfall is not
sufficient to meet E, T and SP losses. Without ponded water, there is no hydraulic pressure
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to 'force' water through the plow sole and the SP rate is, therefore, zero. Further water loss
through £ and 7, will cause the muddy puddled layer to dry out. The 'suspended’ soil
particles setile and the puddled layer shrinks. If drying-out of the puddled layer continues,
cracks may develop that will broaden and widen in time (Figure 2.3a). Eventually, the
cracks may extend through the puddled layer and plow sole into the subsoil (Figure 2.3b).
Depending on the drainage capacity of the subsoil, water from rainfall may drain
immediately through the cracks in the subsoil without replenishing the (rooted) puddled
layer. In heavy clay soils with a low drainage capacity, rainfall water can still get ponded
on the surface, but in case of a relatively permeable subsoil, rainfall will drain quickly.
The capacity for shrinkage and cracking are soil properties that mainly depend on texture
and degree of puddling; the degree of shrinkage and cracking are determined by water
content or pressure head in the puddled layer. Shrinking and cracking are irreversible, i.e.
the puddled layer will not resume its earlier properties (until renewed puddling in the next
season).

The model LOWBAL was developed based on Eqn 2.2. For convenience, all depths of
soil layers and amounts of water are expressed in mm, and all rates in mm d-i. The surface
of the puddled layer is the reference level from which the depth of ponded water and the
height of the bunds are measured. Another simplification in LOWBAL is the use of only
one soil layer. This soil layer comprises both the muddy layer and the plow sole shown in
Figures 2.2 and 2.3. The non-puddled subsoil is represented by a drainage rate. If the
subsoil is permeable, this value is set to a high value and vice versa. More details on
LOWBAL are given in Chapter 4.

In PADDY, the number of layers is not restricted to 1 as in LOWBAL. Instead a
maximum of 10 (wL) soil compartments may be defined, and the number of soil
compartments within the puddled topsoil (wLpUD, including the plow sole) can be varied.
For example, NL and NLPUD can be set to 8 and 3 respectively, i.e. a soil profile with three
puddled soil compartments (of which the third represents the plow sole) and 5
compartments in the non-puddled subsoil. Puddled soils are not freely draining. If
PADDY is used for puddled soils (swITeDp = 1), switch swiTrp should be set to 0. If
SWITPD = 1 and sWITFD = 1, the program will stop and an error message will occur.

Capillary rise can be included in the water balance, but this will require knowledge of
the hydraulic conductivity characteristics of each soil compartment. Such hydraulic
conductivity characteristics need to be specified in parameterized format, using either van
Genuchten parameters (van Genuchten, 1980; van Genuchten et al., 1991) or a simple
power function. Van Genuchten's equations can be written as follows:

S=(0-0,)/(8,—06,)=[1+ lothi"]= {2.3)
and
k(S) = k,S'1 — (1 — SVmyn]2 (24)
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The parameter S is the degree of saturation; 6, (-) and 0, {-) refer to the residual and
saturated values of the volumetric water content 6 (-); &, is the saturated hydraulic
conductivity (em d-1); o (cm™1), s (), m (-), and { (-) are parameters which determine the
shape of the functions and m = 1 - 1/n. Programs for parameterization of soil hydraulic
properties using van Genuchten equations can be obtained via van Genuchten et al. (1991)
and Wopereis et al. (1994). A power function can be written as:

k(k) = kg laln (2.5)

where kg is the saturated hydraulic conductivity (cm d=1); A is the pressure potential (kPa),
and n is a soil-specific dimensionless constant. The switch swITky, defined in the soil data
input file is used to define the parameterization method used, i.e. switkn = 1 for van
Genuchten functions and swiTKH = 2 for power functions.

Wopereis et al. (1992) showed that the percolation rate through a puddled soil is
affected by both the characteristics of the non-puddled subsoil, through its hydraulic
conductivity curve, and by the physical properties (i.e. hydraulic resistance) of the least
permeable layer in the puddled topsoil, i.e. the plow sole. Via the switch swiTve, defined
in the soil data input file, PADDY provides two options for dealing with percolation rates.
A constant percolation and seepage rate can be used (SWITVF = 0) or percolation rates can
be derived using an iterative Newton-Raphson procedure {Wolfram, 1991) from hydraulic
conductivity characteristics of the plow sole and the non-puddled subsoil (swrTve = 1).

If a puddled soil dries out, its volume shrinks, cracks appear, and a 'seil ripening'
pracess occurs, gradually changing the muddy topsoil into real soil. PADDY provides a
subroutine SHRINK to simulate this process. It is assumed that soil shrinkage is
irreversible, i.e. the total porosity of a dried, previously puddled soil layer cannot increase
in case of rewetting,
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3 SAHEL: three layer soil-water balance module for upland rice

The module SAHEL (Soils in semi-Arid Habitats that Easily Leach) is a three layer soil-
water balance module, developed for non-puddled freely draining upland rice soils with a
deep groundwater table. Capillary rise is ignored. For any other soil conditions PADDY
should be used (see Chapter 5). For more details on when to use SAHEL see Chapter 2.

The soil water balance model SAHEL is based on models described by van Keulen
{1975}, Stroosnijder {1982) and Jansen and Gosseye (1986). The version of SAHEL used
in ORYZA_W is described by Penning de Vries et al. (1989; pp. 155-160} and by van
Kraalingen and Penning de Vries (1990). A complete listing of the moedel, list of variable
names used and the soil data file needed are included in Appendix 2. Compared to the
version of SAHEL as described by Penning de Vries et al. (1989) and by van Kraalingen
and Penning de Vries (1990), the initialization of the water content of the soil is changed
in the ORYZA_W version of SAHEL. The initial water content wcL1 of each layer is not
read from input file, but calculated as initial water content fraction rwcL1 times the field
capacity wcre (the same way as it was defined from the water content at wilting point,
Wewr, in the 'original’ version of SAHEL, by van Keulen, 1973).

WCLI = FWCLI * WCFC

FWCLI i$ the initial water content expressed as a fraction of the water content at field
capacity, and is read from input file.

3.1 Communication with the crop growth model ORYWAT

To pass-on to ORYWAT:

NL = number of layers (-)

KL = array of thicknesses of soil layers (m)

TKLT = depth of soil (m)

ZRTMS = maximum rooting depth of soil (m)

WCWP = array of water contents at wilting point (cm? cm3)
WCFC = array of water contents at field capacity (cm3 cm—3)
WCST = array of waler contents at saturation (cm? cm™2)
WCLQT = array of actual water contents {cm3 cm—3)

WLO = amount of ponded water (mm)

To get from ORYWAT:

EVSC = potential evaporation rate (mm d-!)

TRWL = array of actual transpiration rates per layer (mm d-!)
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3.2 Model data needs

For SAHEL, the following input parameters are read from the soil data file:

TKL{1-3) = thicknesses of the soil layers (m)

WosT(1-3) = volumetric water content at saturation for each layer (-)

were(1-3) = volumetric water content at field capacity (pF 2.0) for each layer (-)
wewp(1-3) = volumetric water content at wilting point (pF 4.2) for each layer (-)
WcaD({1-3) = volumetric water content at air-dryness (pF 7) for each layer (-)
FWCLI(1-3) = initial volumetric water content as fraction of wcFe for each layer (-)
FRNOF = fraction runoff {-)

ZRTMS = maximum rootable depth (m)

EES = evaporation extinction coefficient (-)

3.3 Model validation

The SAHEL model described here was validated with a dataset presented by Wopereis et
al. (1993a). The water content of the 0 - 40 cm topsoil of a non-puddied dry-seeded rice
field was simulated. Good agreement between measured and simulated data were obtained
(Figure 3.1). A description of the source code of SAHEL is given in Appendix 2.

Water content in 0-0.4 m soil layer (m)

0.25
0.20 | :
'Y
.
0.15 + °
0.10 | e ©®
.
® Observed
0.05 | —_— SAHEL
1987 | 1988
0 1 1 1 1 1 1 1 1 1 1
340 350 360 370 380 390 400 410 420 430 440 450
Calendar day

Figure 3.1 Simulated and observed soil water content in the 0-0.4 m soil layer of a dry-
seeded rice field in the Philippines, non-monsoon season 1987-1988. Simulation were
conducted with the SAHEL soil water balance module.
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4 LOWBAL: one layer soil-water balance module for lowland rice

The module LOWBAL is 2 one-layer soil-water balance module, developed for puddled
lowland rice soils with a plow pan impenetrable for roots and for soils with a deep
groundwater table. Capillary rise is ignored. For any other soil conditions PADDY should
be used (see Chapter 5). For more details on when to use LOWBAL see Chapter 2. The
source code of LOWBAL is explained in detail below.

4.1 Percolation and seepage

Without cracks, the seepage and percolation rate, sp, gets the value of spsorn, which is
read from the soil data input file. In case the ponded water depth (wL0) is not adequate, se
is set equal to wLo/DELT:

Fmmm e Uncracked situation
IF (.NOT. CRACK) THEN
oo Percolation only when ponded water is present
IF (WLO .LE. Q) THEN
SP = 0.
ELSE
IF ({WLO/DELT} .GE. SPSOIL) THEN
SP = SPSOIL
ELSE
SP = WLO/DELT
END IF
END IF
END IF

When there is no ponded water, the seil dries out and cracks may develop. In LOWBAL,
it is assumed that cracks will penetrate through the plow sole if the water content of the
shrunken puddled layer drops below a critical value, wecrac., The value of WCCRac
depends on the soil type and is read from an input file. If the soil does not crack (or if
cracks do not extend through the plow sole), wccrac should be set to O in the soil input
file (Appendix 3). Cracking only affects the seepage & percolation rate, sp. If the water
content in the shrunken puddled layer, wcLp, drops below wocrac, the seepage &
percolation rate of the soil is determined by the drainage rate of the subsoil, por. Two
situations are distinguished: The amount of ponded water and rainfall on a certain day is
smatler than the amount of water that can be drained through the subsoil (bnr) (1), or the
amount of ponded water and rainfall on a certain day is larger than DDk (2).

Water loss through seepage & percolation can never be larger than the combined
amounts of ponded water and rainfall. If there is no ponded water and no rain, there is no
seepage & percolation: sp = 0. If there is no ponded water, but there is rainfall that day,
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sp is equal to the amount of rainfall minus the amount of water that is 'intercepted’ and
evaporated from the surface:
AEEE TP Cracked situation
IF (CRACK) THEN
IF {(RAIN+WL0) .LE. DDR} THEN
IF (WLO .LE. 0. .AND. RAIN .EQ. 0.) THEN
SP= 0.
ELSE IF (WLO.LE.O. .AND. RAIN.GT.C.)} THEN
SP = MAX{RAIN-EVSW, 0.)

If there is some ponded water, both the amount of ponded water and rainfall are lost by
seepage & percolation.
ELSE
SP = WLO + RAIN
END IF

Seepage & percolation is limited to the maximum value ppr (the surplus of WIL.O+RAIN
fills-up the shrunken puddled layer and/or results in ponded water).
ELSE
SP = DDR
END TF

Note that root growth through the cracks into the subsoil, to ‘explore' for water, is not
considered in LOWBAL.

4.2 Effects of shrinkage on redistribution of water

At the start of the growing season, a layer of ponded water, wLo, may be present on top of
the puddled layer. The amount of water in the puddled layer itself is calculated by
comparing the initial thickness of the puddled layer, just after puddling, with its thickness
when it is completely dried-out. The initial thickness of the puddled layer is TkLP1. When
the puddled layer dries-out, the layer will gradually shrink to a minimum valve TXLPM =
TKLPL*SHRINK. The factor sHRINK is soil specific and read from an input file (Appendix
3). After complete shrinkage, it is assumed here that the shrunken puddled layer is
saturated with water (i.e. its water content is wcsTe). The amount of water wLp in the
original puddled layer can thus be calculated as the amount of water that can be stored in
the puddled soil after complete shrinkage, i.e. TkLpM*wesT, plus the difference in height
between the initial thickness, TkLPT and the final thickness TkLPM:

WLP = (TELPM*WCSTP) + (TKLPI-TKLPM)
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Figure 4.1 Principles of soil shrinkage modelling in LOWBAL. TKpLT = initial thickness
puddled layer; TrpLM = thickness puddled layer after complete shrinkage. The difference
in height between TKPLI and TKPLM is referred to as ‘muddy suspension layer’.

In fact it is assumed here that a freshly puddled layer is composed of a ‘muddy
suspension’ with thickness TRLpI-TKLPM and a saturated soil layer of thickness Tk1.PM
(Figure 4.1). In reality, soil particles will settle upon drying, and the muddy puddled layer
will gradually turn into ‘real soil’, a process that is called soil ripening (Wopereis, 1993).
The water content of the puddled layer, werp, is calculated by dividing the amount of
water in the puddled layer by its thickness, Tx1.P:

WCLP = WLP/TKLP

LOWBAL keeps track of the amount of water in both the ponded water layer and the
puddled layer. Two situations are considered: ponded water is either present or not. The
source code of LOWBAL is given in Appendix 3 and is discussed below, using the same
numbering as in the source code listing.

Ponded water

Water loss from the ponded water layer is by evaporation, Evsw, transpiration, Trwp, and
seepage & percolation, sP {sp = water flux out of puddled layer). Note that in fact, TRwp
and sp are withdrawn from the puddled layer which is immediately replenished from the
layer of ponded water. sP is set to the minimum of the (measured) rate allowed by the soil,
SPS01IL, and the thickness of the ponded water layer that can percolate that day, wLo /DELT.
Water input in the ponded layer is by rainfall, Ra1w, and irrigation, rRTT. The depth of the
ponded water layer, wro, is the integral of the previous depth and the above rates,
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ELSE IF (ITASK .EQ. 3) THEN

R i surface drainage is standard zero
RUNOF =0.
o 1. Situation with ponded water

IF (WLO .GT. ) THEN
WLO = INTGRL{WLO, (RAIN+RII+RIDUM-EVSW-TRWP-SP), DELT)

If the new wrLo calculated above is larger than the bund height, woomx, bund overflow is
calculated as surface runoff, RuNOF, and WLO is reset to bund height.
e - 1.1 bund overflow
IF {WL0 .GT. WLOMX) THEN
RUNOF = WLO - WLOMX
WLO = WLOMX

If the new WLO is negative (i.e. there is a shortage of ponded water), a corresponding
amount of water is withdrawn from the puddled layer and wr.o is reset to 0. Again, two
situations can be distinguished: the puddled layer has not yet shrunk to its minimum
thickness (i.e. 1. 2: actual thickness, TKLP, is larger than minimum thickness, TKLPM), and
the puddled layer has shrunk completely (i.e. 1.3: TKLP = TKLPM}.

If the puddled layer has not yet reached its minimum thickness, the water that is
withdrawn from this puddled layer causes it to shrink further. Shrinkage can either be
partial (1.2.1)or complete (1.2, 2).

If the amount of water withdrawn (i.e. wLe, negative value) is not large enough to cause
complete shrinkage, TKLP is reduced with the amount of lost water. The reduction of TKLP
causes the lowering of the surface of the puddled layer, and hence an increase in bund
height (with respect to the surface level). The amount of water in the puddled layer can
still be calculated as the sum of water that can be stored in a completely shrunken layer
plus the muddy suspension layer on top, with thickness TRLP - TKLEM:
oo 1.2 no more ponded water; scil not yet completely shrunk
ELSE IF (WLO.LT.0 .AND. TKLP.GT.TKLEM) THEN
e 1.2.1 further shrinkage of puddled layer
IF (WLO .GE. {TKLPM-TKLP)) THEN

WLOMX = WLOMK - WLD

TKLP = TKLP + WLO

WLE = (WCSTP*TKLPM)+ (TKLP-TKLPM)

WCLP = WLP/TKLP

WL0 = 0.

20



If the amount of water withdrawn (i.e. WwLO, negative value) is large enough to cause
complete shrinkage, TKLP shrinks to its minimum value TkLPM and further water loss is
taken from the water content of the shrunken soil:
Hmmmm - 1.2.2 complete shrinkage of puddled layer
ELSE IF (WLC .LT. (TKLPM-TKLP)) THEN
WLOMX = (WLOMXI+TKLPI)-TKLPM
TKLP = TKLPM
WLE = (WCSTP*TKLP)+{WL0- (TKLPM-TKLP) )
WCLP = WLP/TKLP
WLO = 0,
END IF

When the puddled layer has already shrunk to its minimum value, the amount of water
that is drawn from this puddled layer (i.e. w0, negative value) is taken will affect its water
content:
e 1.3 no more ponded water; soil already completely shrunken

ELSE IF (WLO.LT.0. .AND. TKLP.EQ.TKLPM) THEN

WLP = WLP + WLO

WCLP = WLP/TKLP

WLG = 0.

END IF

No ponded water
Water loss from the puddled layer is by evaporation from its surface, Evsw, and by
transpiration, Trwp. Seepage & percolation, sp, is zero. Water input is by rainfall, razn,
and irrigation, rR11. The amount of water in the puddled layer is the integral of the
previous amount and the above rates:
o 2. Situation with no ponded water

ELSE IF (WLO .LE. 0) THEN

WLP = INTGRL (WLP, (RAIN+RII+RIDUM-EVSW-TRWP-SP), DELT)

Two situations can be considered next: the water storage capacity of the completely
shrunken puddled layer is either adequate (2. 1) or inadequate (2 .2): ie. WLP is either
smaller or larger than (TKLPM*WCSTP).

In the completely shrunken situation, the thickness of the puddled layer is minimal, and
bund height has reached its maximum value. Upon further drying, its water content will
drop below saturation and is calculated by dividing the amount of water stored by the
thickness of the completely shrunken layer.

e e 4.1 completely shrunken puddled layer

IF (WLP .LE. (TKLPM*WCSTP)) THEN
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TKLP = TKLPM

WLOMX = {WLOMXI+TKLPT)-TXLP
WCLP = WLP/TKLP

WLO = 0.

The amount of water in the puddled layer consists of the amount of water that could be
stored in case of complete shrinkage, TXLPM*WCSTP, plus the muddy suspension layer on
top, with thickness TKLP-TKLPM.

If the new amount wLP is larger than the old amount, (TELPM*WCSTE)+ (TKLP-TKLEPM), @
new layer of ponded water is formed on the puddled layer and wrp is reset to its old value
(since the shrinkage of the puddled layer is irreversible, TKLP can not increase). The
thickness of the new ponded water layer is equal to the new amount of water minus the old
amount, with a maximum determined by the bund height.

———————— 2.2 more water than maximum in completely shrunken laver
ELSE IF (WLP .GT. (TKLPM*WCSTP}) THEN

—————————— 2.2.1 formation of ponded water layer
IF (WLP .GE. {(TKLPM*WCSTP}+ (TKLP-TKLPM)}} THEN
WLOD = WLP — {(TKLPM*WCSTP)+{TKLP~-TKLPM})
IF (WLOD .GT. WLOMX) THEN
WLO = WLOMX
RUNOF = WLOD - WLOMX
ELSE
WL0O = wLOD
END IF
WLP = (TKLPM*WCSTP) + (TKLP-TKLPM)
WCLP = WLP/TKLP

If the new amount wrLp is smaller than the old amount, (TKLPM*WCSTP)+ {TKLF-TKLPM),
further shrinkage of the puddled layer will occur. Water is taken from the muddy
suspension layer, i.e. TkLp will decrease and bund height wr.omx will increase.

—————————— 2.2.2 further shrinkage of puddled layer

ELSE IF (WLP .LT. {{TKLPM*WCSTP)+{TKLP-TKLPM})) THEN
TKLP = WLP- (TKLPM*WCSTP) +TKLFM
WLOMX = (WLOMXI+TKLPI)-TXLP
WCLP = WLP/TKLP
WLO = 0.
END IF
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4.3 Irrigation

In rainfed lowland (switch swiwLe = 1), the amount of irrigation is set to zero: RII = 0.
In irrigated lowland (swiwnLp = 0), irrigation is simulated as a dynamic variable, i.e. the
(timing of) irrigation is simulated as function of the depth of ponded water. In the seed-
bed, it is assumed that the crop is nearly continuously irrigated: a daily amount of
irrigation, rRTDUM, is applied that equals the losses by seepage & percolation and by
evaporation and ranspiration:

RIDUM = SP + TRWP + EVSW - RAIN

On the day of transplanting, the amount of irrigation water so far needed for the main field
is initialized as RTPUD: the total amount of water needed for land preparation, puddling and
any evaporation of the bare field until transplanting. This amount should be empirically
determined and is read from an input file (Appendix 3).

RIICU = RIPUD

In the main field after transplanting, a fixed amount of irrigation, RIGIFT, is applied to the
field when the depth of ponded water drops below a critical, minimum level, wr.oMIN. This
irrigation is applied until the crop reaches the growth stage, DvsIE, when no more
irrigation is given, because of ripening of the crop.

IF (WL0O .LE. WLOMIN .AND. DVS .LT. DVSIE} THEN
RIT = RIGIFT

RIGIFT and WLOMIN depend on management practices of farmers and are read from an
input file (Appendix 3).

4.4 Integration of water balance components

The following components of the water balance are integrated over the period between
transplanting and the end of the season (i.e. for the main field): cumulative irrigation,
RIICU, cumulative runoff as bund overflow, RNOFCU, cumulative rain, RAINCU,
cumulative seepage & percolation, SPCU, and cumulative evaporation, EVSWCU:

RIICU = INTGRL {(RIICU, RII, DELT)
RNOFCU = INTGRL (RNOFCU, RUNOF, DELT)
RAINCU = INTGRL (RAINCU, RAIN, DELT)
SPCU = INTGRL (SPCU, SP, DELT)
EVSWCU = INTGRL (EVSWCU, EVSW, DELT)

If the crop is direct-seeded, the above state variables are integrated from sowing onward.
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4.5 Communication with ORYWAT

Some variables are introduced in EOWBAL for communication with the above-ground
growth module ORYWAT.

To pass-on to ORYWAT:

NL = 1 (note: only one seil layer in LOWBAL)
WCWP{l) = WCWPP

WCFC{l) = WCFCP

WCST(1) = WCSTP

WCAL{1} = WCADP

WCLQT(1) = WCLP

TEL (1) = TKLPI/1000. {(note:in ORYWAT, layer thickness is in m!)
TKLT = TKLPI/1000.

To get from ORYWAT:

TRWP = TRWL{1}

EVSC

4.6 Model data needs

The following parameters are read from the soil data input file (all units in mm or mm d-

1y,
WLOMXT
TKLPI
SPSOIL
DDR
WLOI
WLOMIN
SHRINK
WCCRAC

WCSTP
WCFCP

WCWEP
WCADP

RIGIFT
RIPUD
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initial bund height (maximum thickness of ‘first' layer)

initial thickness of the puddled layer

potential seepage & percolation rate

deep drainage rate subsoil

initial depth of ponded water

critical depth of ponded water below which irrigation is applied

linear shrinkage factor

volumetric water content shrunken puddled layer below which cracks
extend through the plow sole

volumetric water content at saturation of shrunken puddied layer
volumetric water content at ficld capacity of shrunken puddled layer
(pF 2)

volumetric water content at wilting point of shrunken puddled layer
(pF 4.2)

volumetric water content at air-dryness of shrunken puddled layer
®F7)

irrigation application

amount of water needed for land preparation (puddling) at the start of the
growing season, plus water losses from the main field between land
preparation and transplanting



DVSIE

development stage of the crop at which no more irrigation is applied.

Values for the above parameters depend on soil type (mainly texture, mineralogy, organic
matter content, bulk density), soil preparation (e.g. the manner and effectiveness of
puddling), general land preparation (e.g. bunding, plowing), and irrigation management.
Some indicative values are:

WLOMXI
TKLPI
SPSOIL

DDR

WLOT
WLOMIN

SHRINK

WCCRAC

100 - 200 mm, as measured from the top of the puddled soil.

150 - 200 mm.

with well-puddled, clayey soils, generally reported values are about 1-5
mm d-! (Wickham and Singh, 1978). In more unfavorable areas, SP
rates can increase to 25 mm d-! and more

depends on seil type: in heavy, compact clay soils, values may be as low
as | - 10 mm d-!; in coarse loarny or sandy soils, values may be as high
as 100 - 1000 mm d-! or more. Usually, values of the saturated hydraulic
conductivity of the soil will be used for por.

50 mm.

if possible, farmers will prevent the drying of the puddled layer to avoid
shrinkage and cracking; values may be around O - 10 mm. Note: because
of the time step of one day in ORYWAT, a rather high value should be
chosen if shrinkage is to be prevented, e.g. 10 mm.

not many data on the shrinkage characteristics of puddled soils are
available. In ficld observations in Tarlac Province, the Philippines, the
following values have been found for the ratio of total porosity of
puddled top soil over total porosity of shrunken, ripened top soil, for
soils with different texture:

0.65 for sand:silt:clay = 23:43:54 %

0.70 for sand:silt:clay = 33:41:26 %

0.73 for sand:silt:.clay = 9:27:64 %

0.74 for sand:silt:clay = 27:28:45 %

0.78 for sand:silt:.clay = 36:37:27 %

0.79 for sand:siltclay =74: 3:23 %

0.81 for sand:silt:clay = 23:23:54 %

0.93 for sand:silt:clay = 33:24:43 %

The average ratio is 0.77. As first approximation, thesc data can be used
for the linear shrinkage factor.

Measorements at the IRRI farm in the Philippines revealed that cracks
penetrated the plow sole if the average pressure potential of the puddled
topsoil dropped below —0.1 MPa (Wopereis, 1993; p. 121 and Tuong,
unpublished data); the corresponding water content can be calculated
using the soil’s water retention curve. For non-cracking soils, WCCRAC
is set to 0. WCCRAC is very soil specific and information on this soil
parameter is scarce. To determine WCCRAC for a specific site, depth of
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cracking and soil-water contents in the topsoil should be monitored
during a soil drying cycle.

WOST-WCAD =  As a first approximation, data of non-puddled soil can be used. In
reality, these values will depend on the degree of drying of the puddled
soil (Taylor, 1972).

RIGIFT = depends on the imrigation management practice. A typical value is 50
mm,

RIPUD = should be empirically determined for the area under consideration.
Typical values are 200 - 300 mm.,

DVIE = in general, imrigation is stopped near the end of the growing season to

allow ripening of the crop; development stage 1.8 - 2.0.

4,7 Model validation

The mode! LOWBAL was validated for irrigated lowland conditions using data from field
experiments conducted at IRRI (Figure 4.2), and with model simulations using the
detailed soil water balance model SAWAH (Bouman et al., 1994). The model performs
accurately if seepage & percolation rates, sp, have been measured and do not change in
time. Field average se rates can easily be measured using sloping gauges placed in the
field. Percolation rates may change if the plow sole at the bottom of the puddled layer is
disturbed, as e.g. occurred in an IRRI field experiment by hand weeders (Wopereis, 1993;
pp. 108-109). Seepage may occur where it was originally not present when neighbouring
fields are drained at the end of the growing season, thus inducing water flow through and
underneath bunds. Seepage may also change if water levels in neighbouring ditches,
creeks or drains vary. These changes of seepage rates depend on texture, compaction and
state of maintenance of the bunds, and on the ratio of bund length over the surface area of
the field (Tuong et al., 1994). In general, the changes in seepage rate as mentioned above
will mostly occur at the end of the growing season; for the main part of the growing
season, LOWBAL will, therefore, be applicable.,

For rainfed lowland situations, LOWBAL has not been tested explicitly. However, the
process description of shrinkage and cracking is similar to the one used in PADDY (see
Chapter 5). The model PADDY was validated with field experiments at IRRL In
LOWBAL, shrinkage is treated as a linear decrease of soil pores, and hence of puddled
soil depth, with loss of water. In reality, shrinkage of puddled soil follows three phases:
linear shrinkage, residual shrinkage and zero-shrinkage (Bronswijk, 1988, Ishiguro, 1992).
It is expected that this simplification in LOWBAL will not lead to serious errors in
estimating the water balance. In LOWBAL, soil cracking is treated in an empirical way: if
the seil moisture content of the ripened top soil drops below a critical value, cracks are
assumed to break through the plow sole. It is expected that simulations will be more crude
for cracking soils than for non-cracking soils. More research is needed on ripening and
cracking of puddled soils of different texture. Finally, in LOWBAL it is assumed that
roots do not penetrate the plow secle. This simplification is not always warranted: e.g. at
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the TRRI farm, it was found that roots penetrated the plow sole and extended up to .40 m
depth (i.e. 20 ¢cm below the puddled top soil) with drying of the puddled layer. Under such
conditions, modelling of the soil water content below the puddled layer, and the extraction

of water by the roots becomes important, as can be done with the soil water balance
module PADDY explained in Chapter 5.

Ponded water {mm)
120

100
80
60 | ©
40 + ho | PV

20 Vg

118

Calendar day

Figure 4.2 Simulated {(black dots) and observed (white dots) depths of ponded water in a

field experiment conducted at the IRRI farm, Los Bafios, Philippines (Bouman et al.,
1994).
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5 PADDY: soil-water balance module for lowland and upland rice
and for rice-upland crop rotations

The model PADDY was developed to simulate the soil-water balance for all rice growing
conditions (with / without water limitations, puddled / non-puddled, free draining /
impeded drainage) and for upland crops grown after rice. The program is written in
FORTRAN and makes use of the Fortran Simulation Environment (FSE, van Kraalingen,
1991). PADDY is a multi-layer (up to 10) integral soil-water balance model. A complete
listing of the source code, an explanation of variable names used and an overview of input
files needed is given in Appendix 4.

Switches set in the soil data input file (Appendix 4) define if the soil profile is freely
draining (SWITFD = 1) or not (SWITFD = 0¢). In PADDY, this switch is translated into a
logical FrEEDR for easy reading. If swITFp = 1 then FREEDR = .TRUE., else FREEDR =
.FaLsz. Another switch in the soil data input file defines if the topsoil is puddled (swiTPD
= 1) or not (swiTPp = ). In PADDY, this switch is translated into a logical puppLp. If
SWITPD = 1 then PUDDLD = .TRUE., ¢lse PUDDLD = .FALSE. Combining (SWITFD = 1)
and (SWITPD = 1) is not possible, as puddled soils are assumed not to be freely draining.

A typical soil profile of a puddled rice soil consists of a muddy layer with little
resistance to water flow, an often compacted layer with large resistance to water flow
{plow sole) and the non-puddled subsoil (Figure 2.2). In the soil data input file the number
of puddled soil compartments {including the plow sole!) is defined as nLruD. Usually
NLPUD Will be set to 3, i.e. the 2 first soil compartments comprise the muddy layer and the
third compartment represents the plow seole. If NLPUD is set to 4 than the fourth
compartment represents the plow sole and so on. Thickness of each soil compartment is
defined by the user in the soil data file. Percolation rate through the puddled topsoil (i.e.
muddy layer and plow scle) is either calculated using an iteration procedure (see Section
5.1) or assumed to be constant. The maximum number of soil layers is 10.

Continued drying of a puddled soil results in the formation of soil shrinkage cracks and
subsidence of the soil surface. During this process the muddy layer gradually transforms
in a soil layer, a process that can be called 'soil ripening'. In PADDY this soil ripening
process is modelled using a separate subroutine. A simple subroutine with limited data
needs is available (see Section 5.2). In contrast to LOWBAL, subsidence of the soil
surface is not simuolated. Cracks penetrate through a soil layer if its pressure head £ drops
below a critical value, which is defined in the soil data input file (Appendix 4). The soil's
water balance may change radically if cracks penetrate through the plow sole, breaking its
function as a barrier to downward flow.

A third switch in the soil data input file determines if groundwater is present in the soil
profile (swiTew). In PADDY this switch is translated into a logical crwat. If switaw = 1
Or SWITGW = 2, then GRWAT = .TRUE., else GRWAT = .FALSE.. Groundwater table depth
is either an input into the model (swiTew = 1) or is calculated from downward fluxes
(switew = 2). Capillary rise to soil compartments above the groundwater table is
calculated using a 'window-structure’, i.e, water flow to each soil compartment is
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calculated separately. No flow due to capillary rise occurs between boundaries of soil
compartments. Time step of integration of PADDY is one day. The source code of
PADDY and associated subroutines, a list of variables, explanations and dimensions and
the soil data file needed are included in Appendix 4.

5.1 Percolation and seepage

Ponded water drains in the soil profile via percolation or seepage. A switch swriTvp,
defined in the soil data file, determines if a combined percolation and seepage rate
(PERCOL} is read from the soil data file (swiTve = ©). If seepage losses can be neglected,
the user can choose for an option to calculate the percolation rate through the puddled
topsoil (swiTve = 1). For freely draining non-puddled soils (swITFD = 1), ponded water
is quickly drained to the subsoil and the value for swrTve is ignored.

The subroutine SATFLX is called if switvp = 1. It can calculate percolation rates
provided the saturated hydraulic conductivity of the plow sole (soil layer NLPUD, see
above) and the hydraulic conductivity curve of the subseil directly below the plow sole
(soil layer NLPUD + 1) are known. Wopereis et al. (1992) showed that the percolation rate
through a puddled soil is affected by both the characteristics of the non-puddled subsoil,
through its hydraulic conductivity curve, and by the physical properties (i.e. hydraulic
resistance) of the least permeable layer in the puddled topsoil, i.e. the plow sole. The
switch swITKH in PADDY, can be used to define hydraulic conductivity characteristics
with van Genuchten parameters (SWITKE = 1) or using a power function (SWITKH = 2).
These functions are given in Chapter 2.

Using an iterative Newton-Raphson procedure (Wolfram, 1991) fluxes through the
plow sole and the non-puddled subsoil are calculated in a separate subroutine SATFLX
and compared until the difference between both fluxes become negligible. The procedure
is illustrated in Figure 5.1. SATFLX starts with taking a random value for the pressure
head % in the non-puddled subsoil (1). The difference between the flux through the
puddled topsoil () and the non-puddled subsoil (f;) at that pressure head is then calculated
(2). The flux through the puddled topsoil equals (Wopereis et al., 1992):

fi= k(= hy+z) / 2) (5.1)
where k; is the hydraulic conductivity of the soil layer (cm d-!), and h, and h;, pressure

head (cm) at top and bottom of the plow sole respectively. Assuming gravity flow in the
subsoil, the flux in the subsoil can be written as (Wopereis et al., 1992):

s = —k(h} (5.2)
If the difference between f; and f; is too large, the intersection of the tangent line with the

%-axis is calculated, which vields a new value for A, (3). A new difference between fluxes
£ and f; is calculated (4) etc. The calculations continue until the difference between f; and
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Figure 5.1 Tterative procedure used in the subroutine SATFLX to calculate percolation
rates for a puddled soil by minimizing the difference between the fluxes through the plow
sole (f;) and the non-puddled subsoil (f;).

[ becomes close to zero. A listing of the subroutine SATFLX is given in Appendix 4.

The module SATFLX was validated by comparing steady state percolation rates
calculated with the one-dimensional dynamic soil-water balance model SAWAH (ten
Berge et al., 1992) and PADDY. SAWAH simulates fluxes between compartments using
small variable time steps. From Table 5.1 it can be seen that SAWAH and PADDY
predictions are close if the plow sole conductivity is small, regardless of groundwater
table depth. sw1TvP should not be used if the conductivity of the plow sole is known to be
larger than 0.1 cm d-! (for more details see Bouman et al., 1994). Under such
circumstances percolation rates predicted by PADDY may be too small and a constant
percolation and seepage rate should be defined instead.

5.2 Soil ripening and cracking of a puddled topsoil

If a puddled scil dries out, its volume shrinks, cracks appear, and a 'soil ripening’ process
occurs, gradually changing the muddy topsoil into real soil. PADDY provides one sub-
routine to simulate this process (subroutine SHRINK). It is assumed that soil shrinkage is
irreversible, i.e. the total porosity of a dried, previously puddled soil layer cannot increase
in case of rewetting, unless intensive re-puddling is carried out. The approach is similar to
the one used in LOWBAL. A shrinkage factor, defined as the ratio of total porosity of
puddled and non-puddled soil is used to calculate volume change. It is assumed
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Table 5.1. Steady-state percolation rates calculated using PADDY and SAWAH, at a
constant ponded water depth of 15 cm. & is the saturated hydraulic conductivity of the
plow sole. Hydraulic conductivity characteristics of the subsoil taken from Wopereis et al.
(1993b).

SAWAH SAWAH PADDY
(groundwater table at } m}  (groundwater table at 5 m)
kg infiltration rate infiltration rate infiltration rate
(cmd™) (mmd-1) {mm d-1) (mrn ¢-1)
0.03 14 14 1.7
0.1 4.5 4.5 52
0.3 33.4 149.5 14.9

that the puddled soil remains saturated during shrinkage, i.e. water loss equals volume
change, until the total porosity is equal to that of non-puddled soil. From that moment on
the soil pressure potential decreases and the rice plant may start to suffer from drought
stress. Important differences with LOWBAL are that more than one shrinking soil layer
can be defined and that subsidence of the soil surface is neglected. Inputs to the subroutine
SHRINK are: volume of water in soil compartment 1, w (T} in mm, thickness TKL (1) in
mm, and saturated volumetric water content after puddling and ripening (wcst(1) and
WCSTRP (1} respectively, in m® m—3). Outputs are volumetric water content wcL (1) in m3
m~3, and total porosity, ToTPOR(I) in m® m3, and new thickness of the soil layer after
shrinkage, vL(I) in mm.
CALL SHRINK {ITASK,I,WL(I},TKL{I), WCST(I}, WCSTRP{I),
& WCL (I),TOTPOR(I},VL{I})

SHRINK is not used to simulate the depth of soil cracks. This would be possible by
dividing the puddled topsoil into a large number of small compartments, and by
calculating the water content and velume change of each small compartment. If water loss
in the soil profile is determined by evaporation and incoming rainfall only (no crop) this is
feasible, as was shown by Bronswijk (1989). If a rice crop is grown, the situation is a lot
more complex as the uptake of water by the crop as a function of depth is unknown. In
PADDY a more empirical approach is therefore used. Bronswijk (1988) presented the
simulation model FLOCR, in which shrinkage characteristics of soils are included as
hydraulic parameters that can be specified for each soil layer. In this version of PADDY a
simplified approach to shrinkage is followed as it is expected that data on soil shrinkage
characteristics of puddled soil material will be rarely available.
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The soil’s water balance may change radically if cracks penetrate through the plow
sole. Field experiments conducted at the International Rice Research Institute (IRRI)
showed that cracks penetrated through the plow sole if the pressure potential of the topsoil
dropped below —100 kPa (IRRI, 1992). In PADDY, cracks are assumed to have penetrated
through a soil compartment if its simulated water content drops below a value,
corresponding to a critical pF value. This critical pF value is defined in the soil data file
(pFCR), see Appendix 4. A corresponding soil water content Weck is calculated using the
subroutine SUWCMS?2 if swiTerF = 1 or via linear interpolation if swiTer = 0. This
subroutine is derived from SUWCMS (ten Berge et al., 1992), see Section 5.9.

1IF {PUDDLD) THEN

T Initialize SHRINK subroutine

——————— Calculate water content when cracks penetrate through a
e m soil compartment
IF (SWITPF.EQ.1l} THEN
CALL SUWCMS2 (NLPUD, 2, WCST(NLFUD) ,WCCR, 10**PFCR)
ELSE
IF (PFCR.LE.4.2_AND_PFCR.GE.Q) THEN
WCCR = WCWP (NLPUD) +{ (WCFC (NLPUD) -WCWP (NLPUD) } /2.2) *
& {4.2-PFCR)
ELSEIF (PFCR.GT.4.2.AND.PFCR,LE.7) THEN
WCCR = WCAD({NLPUD) + ( (WCWP (NLPUD) -WCAD(NLPUD) )} /2.8)*

& {7.0-PFCR)
ELSE
STCP 'PLEASE CHECK VALUE PFCR IN SOIL DATA FILE'
END IF
END IF

If cracks break through a soil compartment, its saturated hydraulic conductivity value
KSAT is set to an arbitrarily chosen high value (1000 cm d-!). A message is sent to the
screen if cracks break through a soil compartment. The actual water content of a soil layer
WCL (1) is compared with the value of weer.
IF {(PUDDLD} THEN
T=1
PO WHILE (I.LE.MNL. AND. I.LE.NLPUD)
CALL SERINK (ITASK,I,WL(I),TKL{I),WCST(I),WCSTRP{I},
& WCL (I}, TOTPOR{I),VL(T))
IF (WCL(TI).LT.WCCR) THEN
KSAT{I) = 10C0.
PRINT *, 'CRACKS REACHED BOTTOM COMPARTMENT ', I
END IF
IF (WCL(NLEUD) .LT.WCCR) CRACKS = .TRUE.
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The new saturated storage capacity of the soil layer 1, wLsT (1) (unit: mm) is calculated
by multiplying new thickness VL (I) (onit: mm) by the new total porosity TOTPOR(I)
(unit: -). The storage capacity at field capacity of layer I, wLFC{T} (unit: mm) is assumed
to be equal to the saturated storage capacity:

WLST(I) = VL{(I)*TOTPOR(I)
WLFC(I}) = WLST(I)
I =1+1

END DO

END IF

This last assumption is not backed by any data or literalure reference but is assumed to be
a reasonable estimate for most puddled soils.

5.3 Redistribution of water in the soil profile

If the soil profile is freely draining (SWITFD = 1), redistribution of seil-water is modeled
in PADDY in a similar way as in SAHEL (see Chapters 2 and 3). It is assumed that the
hydraulic conductivity of each soil layer, when wet, is very high, and that water between
saturation and field capacity is drained within the time step of 1 day used in the model.
Data on hydraulic conductivity are not an input for PADDY if swiTFp = 1. Instead, in
PADDY the saturated hydraulic conductivity of each soil layer is automatically set to an
arbitrarily chosen high value (1000 cm d1). If the soil profile is not freely draining
(swiTFp = 0), the saturated hydraulic conductivity of each soil layer needs to be
specified. The maximum flux through a soil layer is then equal to this saturated hydraulic
conductivity. If the soil profile is puddled (swiTPD = 1), one of the soil layers in the
topscil (the plow sole) will usually have a low saturated hydraulic conductivity. The
combination of swITPD = 1 and swITFD = 1 cannot be used in PADDY as it is assumed
that puddled soils are not freely draining. If groundwater is present in the profile (switcw
= 1), capillary rise to soil layers above the one containing the groundwater table is
considered, if their soil water content is below field capacity. The water contents of the
s0il layer that contains the groundwater table and those at greater depth are reset to
saturation. The initial moisture content of the soil profile is defined by the user:

CALL RDAREA ('WCLI',WCLI,10,NL)
The drying sequence in a rainfed rice system can be divided into two stages:

1. Ponded water
2. No ponded water
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Phase 1 will never occur for freely draining soils. For puddled systems, phase 2 can be
subdivided into:

2.1 No ponded water and shallow soil cracks
2.2 No ponded water and deep soil cracks

‘Shallow' soil cracks {phase 2.1) are cracks that have not yet penetrated through the plow
sole (Figure 2.3a). ‘Deep’ soil cracks (phase 2.2) have (Figure 2.3b), which, depending on
the subsoil’s permeability, may lead to a radical change in the soil’s water balance. If there
is ponded water (phase 1), the ponded water level will change according to:

dW,=I+R+C-E-P-T-D (5.1)
where (all dimensions in mm d-1):

dW, =change in ponded water depth
f = irrigation supply

R =rainfall

C  =capillary rise
E  =evaporation
T

P

D

transpiration
percolation
= bund overflow / surface runoff

1. Ponded water

In PADDY, the amount of ponded water is the starting point of calculations at the
beginning of each day. If there is ponded water, three situations can be considered: ponded
water can sustain both evaporation and transpiration demands (1 .1); ponded water can
sustain evaporation but only partly transpiration demand (1.2} and ponded water can
sustain only part of the evaporation demand (1. 3).

1.l Ponded water can sustain both evaporation and transpiration demands
The ponded water level in the field, woo, possibly augmented with rainfall raTw andfor
irrigation TR, is sufficient to sustain both evaporation (Evsc) and transpiration (TRW)
demands. Evsc and TRw are calculated in the subroutine ETPOT (Chapter 8) and are an
input to PADDY. A change in ponded water level wLocH is calculated comparing gains
(RaIN+TR) and losses of water (Evsc+TRW). Note that wio is a state variable (unit: mm);
wLO/DELT and WLOCH are rate variables (unit: mm d-1).

A counter DsPW resets the number of days without ponded water back to 1. This counter
is used for calculation of evaporation from the soil, as will be explained later.
Fmmm e 1. Ponded water on field

IF (WLO.GE.TINY) THEN
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P reset number of days after ponded water

DSPW = 1

e 1.1 Ponded water can sustain evaporation and transpiration
IF !WLO/DELT+RAIN+IR.GE.EVSC+TRW} THEN
e it calculate change in ponded water depth (mm/d)

WLOCH = RATN+IR-EVSC-TRW

The total transpiration requirement TRw is calculated in the subroutine ETPOT and is
divided equally over the various soil compartments within the root zone (array TRWL (I},
where I is the soil compartment number). Both Trw and TrRwr (1) are input variables for
PADDY. In this case, however, transpiration loss Trw can be covered completely from
ponded water present on the soil surface. No water is, therefore, taken from the soil and
transpiration losses per soil compartment are reset (o zero.

H e —— e reset transpiration losses per scil compartment to zerc
e e as transpiration is taken from ponded water

I=1

DO WHILE (I.LE.NL)

TRWL{I) = 0

I=1I+1

END DO

————————————— for water balance check
EVSW = EVSC
EVSWS = 0.

If the soil is not freely draining (SWITFD = 0) and if, in case of a puddled soil, cracks have
not yet reached the plow sole, downward water flow is determined by a percolation rate.
IF ({.NOT.FREEDR) .AND. {.NOT.CRACKS)) THEN

M calculate percolation rate (mm/d)

The switch swriTve determines if the percolation rate, PErc, is calculated using the
subroutine SATFLX (swiTvp=1) or read from an input file (PERC = PERCOL if SWITVP=0).
PERC can never be larger than the amount of ponded water left on the soil surface, after
subtraction of transpiration and evaporation losses (wLO/DELT+WLOCH). The in’s and out’s
of SATFLX are explained in Section 5,1, For non-puddled soils swrtve must be 0. If this
is not the case, the program is stopped and a warning is sent to the screen.
IF (SWITVP .EQ. C) THEN
IF (WLO/DELT+WLOCH.GE.PERCOL) THEN
PERC = PERCOL
ELSE
PERC - WLO/DELT+WLOCH
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END IF
ELSE
IF (.NOT.PUDDLD}
& STOP 'SWITVE MUST BE ¢ FOR NON-PUDDLED SOIL'
IF (NLPUD.LT.NL} THEN
CALL SATFLX (TKL,NLPUD,WL(,PERC)
ELSE
STOP 'SWITVP MUST BE (0 IF NL = NLPUD'
END IF
IF (WLO/DELT+WLOCH.LE.PERC)
3 PERC = WLO/DELT + WLOCH
END IF

After assessment of the percolation rate, the change in ponded water depth is recalculated.
e recalculate change in ponded water depth (mm/d)
WLOCH = WLOCH - PERC

The amount of water in excess of bund height, wr.omx, is lost from the soil profile as
runoff, RUNOF.
R calculate runcff {(mm/d) if ponded water depth

e exceeds bund height

IF (WLO+WLOCH*DELT.GE.WLOMX) THEN

RUNOF = (WLO+WLOCH*DELT-WLOMX) /DELT
WLOCH = WLOCH-RUNCF
END IF

In total, nL+1 flow rates are used in PADDY, where N = number of soil compartments.
WLFL{1} is the flow rate at the ponded water - soil surface interface; wLrL (2) is the flow
rate at the soil layer (1) - soil layer (2) boundary etc. In this case all flow rates are assumed
to be equal to the percolation rate.

1 =1

DC WHILE (I.LE.NL+1)
WLFL({I} = PERC
I=T+1

END DO

For non-puddled soils and for puddled soils with cracks deeper than the plow sole, the
ponded water on the soil surface will flow downward with a rate that depends on the
hydraulic characteristics of the subsoil. In this case the concept of percolation rate cannot
be used. Instead, two subroutines determine the fate of water flow: DOWNFL and
BACKFL.
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ELSE

—————————— calculate flow through boundaries of soil compartments

WLFL(1) = RAIN + IR - EVSC - TRW
I=1
DO WHILE (I.LE.NL)
CALL DOWNFL({I,KSAT(I),WLFL(I),TRWL(X),6EVSWS,WL(I},
& WLFC(I) ,DELT,WLFL(I+1)}
+ 1

(=]
n
-

END DO

IF |{.NOT. FREEDR) THEN
I = NL
DO WHILE (I.GE.1)

CALL BACKFL(I,WL(I),WLFL{I},WLFL(I+1},EVSWS,

& TRWL{I},WLST(I},DELT, FLNEW, REST)
WLFL{I) = FLNEW
I=I-1
END DO

Using the subroutine DOWNFL, incoming rainfall is redistributed by calculating for all
compartments gain and loss terms, starting with the top compartment. All water in excess
of field capacity is drained from the compartment, with a maximum rate equal to the
saturated hydraulic conductivity of the compartment, ksam (1) . If the rate is low, the water
content of the compartment may reach saturation, i.e. a perched water table may develop.
Note that ksaT (1) is multiplied by a factor 10 to convert from cm d-! to mm d-*.
SUBROUTINE DOWNFL{I,KSAT,FLIN,TRWL,EVSWS,WL, WLFC, DELT, FLOUT)

IMPLICIT REAL {A-H,J-Z}

IF (T.FQ.1} THEN
FLOUT = MIN{10*KSAT,6MAX (0., FLIN-EVSWS-TRWL+ (WL-WLFC) /DELT))
ELSE
FLOUT = MIN(10*KSAT,MAX (0., FLIN-TRWL+ (WL-WLFC) /DELT) )
END IF¥
RETURN
END
If the soil profile is not freely draining, one or more soil layers in the profile restrict water
flow. Using the subroutine BACKFL and starting with the last compartment, in- and
outflow fluxes are then compared. If the outflow flux for a given compartment is toc low
(i.e. the resulting water content of the compartment would be higher than its saturated
water content), the excess water is redistributed upward. This means that, although the
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cracked topsoil is freely draining, water may still start ponding on the soil surface because
of a layer with a low saturated hydraulic conductivity deeper in the soil profile. Ponding of
water will occur if the REST term (HLP in subroutine BACKFL) for 1 = 1 is larger than
the water holding capacity of the first soil compartment (WLST (1) ).
SUBROUTINE BACKFL (T,WL, FLIN, FLOUT, EVSWS, TRWL, WLST, DELT,
& FLNEW, HLP)

IMPLICIT REAL (A-H,J-Z)

HLP = 0.
IF (I.EQ.1l} THEN
HLP = WL+ {FLIN-FLOUT-EVSWS-TRWL) *DELT
ELSE
HLP = WL+ {FLIN-FLOUT-TRWL} *DELT
END IF
IF (HLP.GT.WLST) THEN

FLNEW = FLIN - {HLP-WLST)/DELT
ELSE
FLNEW = FLIN
END IF
RETURN
END

Water in excess of bund height is lost from the soil profile through runoff:
WLOCH = MAX{0., (REST-WLST (1)) /DELT )

IF (WLO+WLOCH*DELT.GE.WLOMX) THEN
RUNOF = (WLC + WLOCH*DELT-WLOMX) /DELT
WLOCH = WLOCH - RUNOF
END IF
END IF
END IF

1.2 Ponded water depth can sustain evaporation but only part of franspiration

If the ponded water level and the incoming amount of water via rain and irrigation
(WLO/DELT+RAIN+IR) are not sufficient to meet transpiration and evaporation demands
(Evsc+TRW), all ponded water will be consumed (WLCCH = -WLO/DELT).

Hommmmm - 1.2 Ponded water depth can sustain evaporation but

- only part of transpiration

ELSE IF {(WLO/DELT+RAIN+IR.GE.EVSC).AND.
$ (WLO/DELT+RAIN+IR.LT.EVSC+TRW) ) THEN
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e m e calculate change in ponded water depth (mm/d)
WLOCH = -WLO/DELT

Percolation rate PERC is assumed to be zero in this case, as no ponded water is left. This
also holds for the flow from the rest of the soil compartments (WLFL (1) ).
F e percolation is zero because no ponded water left
PERC = 0.
I-1
DO WHILE (I.LE.NL+1)
WLFL(I) = PERC
I=1+1
END DO

The part of transpiration not yet accounted for (TRW+EVSC-RAIN-TR-WLO /DELT) 1§ covered
by water taken from the soil profile. These losses are divided equally over the root zone
soil compartments I. The transpiration loss per soil compartmeni, TRWL (I}, an input to
PADDY, is corrected with the factor { { TRW+EVSC-RAIN-IR-WLO/DELT) / TRW):

- m correct transpiration losses per soll compartment as
Hmmmmm o transpiration losses are partly covered by ponded water
I-=-1
DO WHILE {I.LE.NL)
TRWL(I) = ((TRW+EVSC-RAIN-IR-WLO/DELT) /TRW)
$ *TRWL {1} *DELT
I=I+1
END DO
Homm - for water balance check
EVSW = EVSC
EVSWS = 0.

1.3 Ponded water can only sustain part of evaporation demand

As all ponded water is used to cover the evaporation demand, percolation rate is assumed
to be zero. The flux at the soil surface wLFL (1) is equal to incoming rainfall and irrigation,
RRIN + IR. Transpiration losses are covered completely by water taken from the soil
profile. These losses (TRWL {I}) are an input to PADDY.,

F o 1.3 Ponded water can sustain part of evaporation only
ELSE TIF (WLO/DELT+RAIN+IR.LT.EVSC) THEN
Hmmmm e e calculate change in ponded water depth (mm/qQ)
WLOCH = -WLO/DELT
PERC = 0.

WLFL{l) = RAIN + IR
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I=2

DO WHILE (I.LE.NL+1l)
WLFL(I) = PERC
I=I+1

END DO

The evaporation demand not yet accounted for, EVsc+wLoCH is taken from incoming
rainfall and irrigation (RaIN+IR) and, from water available in the topsoil compartment i.e.
actual water content, WL (1), minus water content when air dry, wLan(1). Because Evsc,
WLOCH, RAIN and IR are all rate variables, these water contents need to be divided by the
time step DELT. The sum of the amount of water available in the topsoil compartment plus
rainfall and irrigation sets a limit to the value of Evsw.

H o= calculate contribution of first soil compartment to
F e evaporation
EVSW = MIN(EVSC+WLOCH,WL (1) /DELT-
$ WLAD{1) /DELT+RAIN+IR)
EVSWS = EVSW
H e e for water kalance check
EVSW = WL0/DELT+EVSWS
END IF

2. No ponded water

If there is no ponded water, the evaporative demand is met by taking water from the first
soil layer. Actual soil evaporation is calculated by assuming that the cumulative
evaporation is proportional to the square root of time. The rate of evaporation on the first
day without ponded water is assumed to be 60% of the potential soil evaporation. A
counter Dspw keeps track of the number of days that have passed without ponded water. A
similar approach was used by Penning de Vries et al. (1989).

ELSE
R 2. No ponded water on surface
et calculate evapcration rate from soil surface (mm/d)

EVSH = MINI(EVSC,MAX (0., (WL{1}-WLAD{1)} /DELT+RAIN+IR)}

EVSD = MIN(EVSC,(.6*EVSC* (SORT (DSPW) —-SORT (DSPW-1.}) +RAIN+IR)
EVSW = INSW{DSPW-1.1,EVSH,EVSD)
EVSW = MIN{EVSW,MAX{0.,RAIN+IR+{WL(1l}-WLAD{1)}/DELT})

EVSWS = EVSW

DSPW = DSPW + 1
The subroutines DOWNFL and BACKFL are again used to redistribute water in the soil
profile. The subroutine BACKFL is only called if the profile is not freely draining
{swiTFD = 0).

I=1

DO WHILE {I.LE.NL)

CALL DOWNFL{I,XSAT{I),WLFL(I),TRWL{I}, EVSWS, WL{I},
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& WLFC({T),DELT,WLFL(I+1))
I=I+1
END DO

IF (.NOT.FREEDR} THEN
I = NL
DO WHILE (1.GE.1;
CALL BACKFL{I,WL(I),WLFL(I),WLFL{I+1),6 EVSWS,
& TRWL(I),.WLST(I),DELT, FLNEW, REST)
WLFL(I) = FLNEW
IT=1-1
END DO

Water in excess of bund height is lost from the soil profile through runoff:

WLOCH = MAX (0., {REST-WLST(1))/DELT )

IF (WLO+WLOCH*DELT.GE.WLOMX) THEN
RUNOF = (WLO + WLOCH*DELT-WLOMX) /DELT
WLOCH = WLOCH - RUNCF

END IF

END IF
END IF

5.4 Groundwater table

The switch swiTew, defined in the soil data file (Appendix 4) determines if groundwater is
present in the soil profile. This switch is translated into a logical crwaT in PADDY:
CRWAT = .TRUE. if SWITGW = 1 Of SWITGW = 2, else GRWAT = .FALSE.. The new
groundwater table depth is read from a table (swrTew = 1) or calculated {swrtew = 2).In
both cases the subroutine GWTAB is used.
IF (GRWAT) THEN
- new groundwater table depth
ZWPREV = ZW
CALL, GWTAB (ITASK,SWITGW, NL, DOY, DELT, WLFL, TKL, ZWPREV,
& IGW, ZW)
END IF
Input to subroutine GWTAB are: rrask (1. initialization; 3: integration), swiTcw (if
SWITGW = 1: input from table, if swITew = 2, groundwater table is calculated), nL
(number of soil layers), poy (day of year), DELT (time step of integration, usually 1 day),
WLFL {array containing fluxes at soil layer boundaries), %1 (array of thickness soil layers)
and zwprev (previous groundwater table depth). Output are 1gw (shallowest soil
compartment in groundwater) and zw (new groundwater table depth). If switew = 1,
groundwater table depth is read from the table zwte. If swiTcw = 2, it is assumed that the
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groundwater table depth is receding with a constant speed, zwa. The flux at the bottom of
the soil layer 16w, WLFL {IGW}, multiplied with a sensitivity factor zws brings the water
table closer to the soil surface (following lines taken from subroutine GWTAB):
IF (SWITGW.EQ.1) THEN
Zw
ELSE

LINT (ZWTB, IZWTB, DOY)

ZW = ZW + ZWA - ZWB*10*WLFL{IGW) *DELT
IF (ZW.LT.MINGW) ZW = MINGW
IF (ZW.GT.MAXGW) ZW = MAXGW

END IF

In PADDY, it is assumed that soil layers 1 in the subsoil, that are saturated with water
becanse of the presence of a groundwater table, drain to their field capacity water content,
WLFC (I) within the time step pELT (one day). The flux from each soil compartment T,
WLFL(I+1) is calculated taking into account drainage to field capacity, DRAIN, losses due
to transpiration (TRWL(I)), and the flux into this soil compartment, wLFL(I). The
shallowest soil compartment containing groundwater is known via calls to the subroutine
GWTAB (stores this compartment number in the variable 1GP, see above).
IF (GRWAT) THEN
e drain compartments in groundwater
I = IGW
DO WHILE (I.LE.NL)
IF {WL(I).GE.WLFC(I)) THEN
DRAIN = (WL(I}-WLFC(I))/DELT
WLFL(I+1} = DRAIN+MAX{0.,WLFL(I)-TRWL(I))

ELSE
WLFL(I+1) = MAX{(0.,WLFL(I)-TRWL(I)+
$ {WL{I})-WLFC(I))/DELT)
END IF
I =T+ 1
END DO

After resetting the soil water contents to field capacity, the current groundwater table
depth zw obtained from a call to the subroutine GWTAB (see above) is used to fill soil
compartments up to saturation:

1 = NL
GWTOT = 0.
DO WHILE (I.GE.1l)
GWFILL{I) = 0.

check if groundwater in soil compartment
GWCHK = MAX(0.,ZW-ZL(I)~0.5*TKL(1)/10.}
IF (GWCHK.EQ.0} THEN
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PRINT *,'Groundwater in compartment ', i
IF (1.EQ.1)} THEN
GWFILL{1) = MAX({C, (WLST(I}-WL{I})/DELT+TRWL(I)+

$ WLFL(I+1}+EVSWS-WLFL(I})
ELSE
GWFILL{I) = MAX(0, (WLST(I)-WL(T))/DELT+TRWL(I)+
3 WLFL(I+1)-WLFL(I)}
END IF
GWTOT = GWTOT + GWFILL(I)
END IF

5.5 Capillary rise

Capillary rise to soil compartments above the groundwater table is calculated using a
"window-structure”, i.e. water flow to each soil compartment is calculated separately. No
flow due to capillary rise occurs between boundaries of soil compartments. Capillary rise
from the groundwater table to a soil compartment is assumed to occur only if the soil
moisture content of this compartment is below field capacity. The soil pressure head, MS
{in mbar or cm H,0), prevailing in the soil compartment is calculated with the subroutine
SUWCMS2Z, derived from SUWCMS (ten Berge et al, 1992). Field capacity water
content is assumed to occur if Ms = 100 mbar (pF = 2).

o only capillary rise if compartment is below field
Mo e e capacity (MS > 100 mbar)
MS = 0.
FLOW = 0,
IF (WL(I).GT.WLAD(I).AND.WL(I).LT.WLFC(I).AND,
$ ZW.GT.ZL(I)+TKL(I}/10.) THEN

IF (SWITKH.NE.OQ) THEN
CALL SUWCMSZ(I,1,WCST(I),WCL{I},6MS)
IF (MS.GT.100.) THEN

Capiliary rise is calculated using the WOFQST routine SUBSOL (van Diepen et al.,
1988), which is slightly changed to allow for the use of Van Genuchten parameters. The
routine is, to avoid confusion, renamed to SUBSL2. Input to SUBSL2 is the soil pressure
head ms calculated with the subroutine SUWCMS2:
CALL SUBSL2(LOG1C(MS),ZW-ZL(I)+
& 0.5*TRL{I)/10.,I,WCST(I), FLOW]
END IF
¢ if flow negative (percolation) then reset to zero
IF (FLOW.LT.0) FLOW = 0.
IF (IL.EQ.1l) THEN
CAPRI (I) = MIN(FLOW, (WLST(I)-WL(I})/DELT+



& EVSWS+TRWL {I) +WLFL (I+1) -WLFL (1))}

ELSE
CAPRI(I]) = MIN(FLOW, (WLST{I}-WL{I))/DELT+
& TRWL{I}+WLFL(I+1)-WLFL(I})
END IF
END IF

END IF

Capillary rise can only decrease with increasing distance from the groundwater table. If
the calculated capillary rise of a compartment higher in the profile is larger than the
compartment below, the capillary rise is reset to the value of the compartment closer to the
groundwater table:

IF (I.LT.NL) THEN

IF (CAPRI(I).GT.CAPRI(I+1).AND.CAPRT(I+1}.GT.0)
& CAPRI(I) = CAPRI(T+1)

END IF

CAPTOT = CAPTOT + CAPRI(I)

I=1-1

END DO

5.6 Changes in soil water content

At the end of the dynamic section of the module, changes in water content of the soil
compartments (WLCH (1)) are calculated.
I=1
DO WHILE (I.LE.NL)
IF (I.EQ.1) THEN
WLCH(I) = WLFL{I}-WLFL(I+1)-TRWL{I}-
5 EVSWS+CAPRI(I)
ELSE
WLCH{I} = WLFL({I}-WLFL(I+1)~-TRWL{(I}+CAPRI(I}
END IF
WCUMCH = WCUMCH + WLCH{I)
I=I+1
END DO

During the integration phase of the module, changes in state variables are integrated using
a time step of one day.

*.__— integration of state variables
WLO = INTGRL (WLO,WLOCH, DELT)
I =1

DC WHILE {I.LE.NL)
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WL{I} = TNTGRL(WL(I1},WLCH(I},6 DELT)
WCL{I) = WL(I}/TKL(I)
I =TI+ 1

END DO

For puddled soils wer (1) is recalculated using the subroutine SHRINK as explained in
Section 5.2.

5.7 Water balance check

At the end of the integration section, a water balance check is carried out. First cumulative
armounts of water balance components are calculated:
*-——- cumulative amounts

DRATCU = DRATCU - WLFL(NL+1) *DELT

UPRICU = UPRICU + CAPTOT*DELT

EVSWCU = EVSWCU - EVSW*DELT

RAINCU = RAINCU + (RAIN+IR)*DELT

RNOFCU = RNOFCU - RUNGF*DELT

TRWCU = TRWCU - TRW*DELT

Changes in soil water content and ponded water depth are compared with inflow and
outflow at the boundaries of the soil profile, using the module SUWCHK {ten Berge et al.,
1992). SUWCHK compares the total change in system water content CkwIn with the total
of external contributions to system water content, CXKWFL.
¥ water balance check

WCUM = WCUM + WCUMCH*DELT

*mm e o contribution of profile to water balance, since start
PROREL = WCUMCH
WCUMCO = WCUMCO + PROREL*DELT

o contribution of surface water to water balance, since start
SURREL = WLOCH
WLOCO = WLOCO+SURREL*DELT

————— total change in system water content

CEKWIN = WCUMCO + WLOCO

fffff total of external contributicns to system water c<ontent
CKWFL = RAINCU + RNOFCU + EVSWCU + TRWCU + UPRICU + DRAICU

Eome check this

CALL SUWCHK (CKWFL,CKWIN,TIME)
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58 Irrigation

A switch swITIR, set in the soil data file, determines if the soil is irrigated if the ponded
water depth on the soil profile wLo drops below a minimum value WLOMIN (SWITIR = 2).
Irrigation can also be read from a table defined in the soil data file (Appendix 4), RIRRIT,
if SWITIR = 1.
Hm o 1f irrigated, supply constant irrigation (mm/d} if ponded water
Hommmm - level is below minimum

IF (SWITIR.EQ.1) TR = LINT(RIRRIT, IRIRR, DOY}

IF (WLO .LE. WLOMIN.AMD.SWITIR.EQ.2) THEN

IR = IRRI
END IF

If an irrigation table is used it is important to realize that Ir for a specific day is calculated
via linear interpolation. Each irrigation day should be preceded by a day without irrigation
and should be followed by a day without irrigation. If for example irrigation is applied on
calendar days 10, 50 and 100 (50 mm) than a correct RIRRIT table would be:

RIRRIT = 1., 0., 9., 0., 10., 50., 11., O., 49., 0., 50., 50., 51., O.,
§9., 0., 100., 50., 101., 0., 400., 0.

and not simply:
RIRRIT = 10., 50., 50., 530., 100., 50.

as this wonld result in irrigation on calendar days between 10 and 50 and 50 and 100 as
well. Tt is assumed that the seedbed is continuously irrigated. Water losses due to
percolation (PERC), evaporation (EVSC) and (ranspiration (Trw) are covered by an irrigation
application IR:
IF (ITIM .LT. ITRT} THEN
IR = PERC + EVSC + TRW
END IF

5.9 Other subroutines used by PADDY

Besides the subroutines SATFLX, SHRINK and SUBSL?2 explained above, PADDY uses
the following subroutines from SAWAH (ten Berge et al., 1992): SUERR, SUWCHK,
SUMSKM and SUWCMS. SUERR checks if a value of a variable is within a specified
domain. SUWCHK checks the soil-water balance by comparing time-integrated boundary
fluxes versus changes in the total amount of water contained in the system. SUMSKM
calcuiates the hydraulic conductivity at given suction for compartment I on the basis of a
chosen option. SUWCMS calculates volumetric soil-water content from soil-water suction
and vice versa. Both SUMSKM and SUWCMS were adapted slightly and renamed to
SUMSK2 and SUWCMS2 respectively. SUWCMS2 works with Van Genuchten
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parameters only (see Chapter 2). SUMSK2 works with Van Genuchten parameters and
power functions (see Chapter 2).

5.10 Important switches

Switch Meaning

SWITFD profile is freely draining (1); layers are impeding water flow (0)

SWITPD topsoil is puddled (1); soil is not puddled (0)

SWITPF ~  waler retention data given at saturation, field capacity, wilting point and
when air dry (0); water retention data parameterized via Van Genuchten
function (1)

SWITKH no hydraulic conductivity characteristics available (0); hydraulic
conductivity data parameterized via van Genuchten function (1); hydraulic
conductivity data parameterized via power function (2)

SWITGW groundwater not present in profile (0); groundwater depth read from input
file (1); groundwater depth calculated (2)

SWITVP percotation rate read from input file {0); percolation rate calculated (1)

SWITIR no irrigation {0); irrigation read from table (1); irrigation if ponded water

depth drops below minimurn value (2)

5.11 Communication with ORYWAT

Some variables are introduced in PADDY for communication with the above-ground
module ORYWAT.

To pass-on to ORYWAT:

NL number of soil compartments -
TKLP (I} array with thicknesses of soil compartments m
TKLT total depth soil profile m
ZRTMS maximum rooting depth soil m
WCL (1) array with actual soil water contents per soil layer 1 cm3 em™?
WLO ponded water depth mm
WCWP (I) array with volumetric soil moisture contents at wilting point cm? cm?
WCFC(I) array with soil moisture contents at field capacity . cmi3cm
WCST (I} array with soil moisture contents at saturation cm? cm—3
To get from ORYWAT:

TRWL{I) = array with actual transpiration rates per scil layer 1 mm !
EVSC = potential evaporation rate mm d-!
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5.12 Model data needs

Data needs for PADDY are (depending on soil condition, ie. free draining, impeded
drainage, puddled, non-puddled):

XL nurnber of soil compartments -
TKL array of thicknesses of soil compartments m
WCLT initial volumetric water content of soil compartment m? m?
RIRRIT irrigation table mm d-!
IRRI irrigation applied if ponded water depth lower than minimum value mm d-!
SWITIR trrigation switch

SWITPD puddled / non-puddled switch

SWITPF waler retention switch

SWITKH hydraulic conductivity switch

SWITFD free drainage / impeded drainage switch

SWITGW groundwater switch

If switep = 1 (scil is puddled):

SWITVP percolation rate switch -
NLPUD number of puddled soil compartments -
WCSTRP saturated volumetric water content of ripened soil m? m?
PFCR critical pF value where cracks break through compartment -

If swiTeF = 0 {water retention data from table):

WCST saturated volumetric soil water content m? m3
WOFC volumetric water content at ‘field capacity’ m? m3
WCWP volumetric water content at “wilting point’ m? m3
WCAD volumetric water content when 'air-dry' m? m—3

If swITeF = 1 (water retention curve is parameterized using Van Genuchten function):

VGA Van Genuchten alpha parameter cm-!
VGL Van Genuchten lambda parameter -
VGN Van Genuchten n parameter -
VGR Van Genuchten residual water content -
WCST saturated volumetric soil water content of puddled topsoil m3 m-3

If swiTkr = 1 (conductivity curve is parameterized using Van Genuchten function):

KST saturated hydraulic conductivity cm d-1
VGA Van Genuchten alpha parameter cem!
VGL Van Genuchten lambda parameter -
VGN Van Genuchten n parameter -
VGR Van Genuchten residual water content -
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If swITKH = 2 (conductivity curve is parameterized using power function):
KST saturated hydraulic conductivity cmd!
PN parameter n in power function for hydraulic conductivity -

If swrtrp = ¢ (profile is not freely draining):
- Percolation rates and saturated hydraulic conductivity:

PERCOL percolation rate from soil data input file mm d-!
KST saturated hydraulic conductivity cmd!
-Bund heights and ponded water depths:

WLOI amount of initial ponded water mm
WLOMIN minimum armount of ponded water before start of irrigation mm
WLOMX maximum amount of ponded water (= bund height) mm

If swiTew = 1 or SWITGW = 2 (groundwater table is present in profile}:

- If groundwater table depth is read from table (swiTcw = 1):

ZWT initial depth of groundwater table below soil surface cm
ZWTB table with groundwater table data -

- If groundwater table depth is calculated (swriTew = 2):

MAXGW maximum groundwater table depth cm
MINGH minimum groundwater table depth cm
ZWA depth groundwater table is receding in case of no recharge cm
ZWB sensitivity factor of recharge -
ZWTBI initial depth of groundwater table below soil surface cm

Methods to measure soil hydraulic properties were described in details by Wopereis et al.
(1994).

5.13 Model validation

For non-puddled soil conditions, PADDY was tested using data from a drought
experiment conducted by Hasegawa and Yoshida (1982} at IRRI. Average soil hydraulic
characteristics at various depths were taken from Wopereis et al. (1993b). Potential
transpiration rates, calculated by the subroutine ETPOT were multiplied by a factor 1.3 to
allow for the high evapotranspiration rate measured in the experimental field caused by its
isolated location (Hasegawa and Yoshida, 1978). LAI was simulated. All other crop
parameters were taken from Kropff et al. (1994). Observed and simulated water contents
were in excellent agreement (Figure 5.2).

For flooded puddled soil conditions, PADDY was tested using data from a field
experiment (field experiment 1} conducted at IRRI in the dry season of 1991 (cv. IR72)
and described in detail by Wopereis et al. (1994) and Bouman et al. (1994). Input
variables were rainfall, irrigation, evapolranspiration rates from daily weighing of pots
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installed in the field and groundwater table depths measured using piezometers. Average
and upper and lower extreme values for measured hydraulic conductivity of the plow sole
(k) and the non-puddled subsoil were used. Simulated and observed changes in ponded
water depth were compared. For non-flooded soil conditions, the ORYZA_W model was
tested using data from a second experiment (field experiment 2), conducted in the dry
season of 1992 on a 2000m? field (cv IR72). For details see Wopereis (1993).

PADDY accurately predicted the changes in ponded water depth for field experiment 1
if average hydraulic conductivity data were used (k, = 0.082 cm d-!, see Figure 5.3).
Discrepancies after calendar day 80 were due to disturbance of the plow sole by hand
weeders. Wopereis et al. (1992} tested the differential SAWAH soil water balance module
{ten Berge ct al., 1992) with the same ficld data. Results from this study showed that the
iteration procedure using in PADDY to calculate the flux through the soil profile under
flooded soil conditions was as effective as the small time step calculations used in
SAWAH. Observed and simulated root zone water content (Figure 5.4) were compared.
The results indicated that the model could satisfactorily explain differences in soil water
content across drought treatments.

Hasegawa and Yoshida data 1978
L} 0-5 cm

. e o 5-10cm
]
§ 0.5 . 10-16 cm
2 © 1520 cm
8 04
== A 20-25cm
a3
S 03| A 2530 cm
-
§° . .
; 0.2 + - 30-40 cm
3 o 40-80 cm
£ 01|
§ x 60-80 cm

0 ' ' ' : ‘ | —==—- 11 line

) 0.1 0.2 0.3 0.4 0.5 0.6
regr. line

simwlated water content {cm3 watar / cm3 soil}
Figure 5.2 Simulated and observed soil water contents at various depths in the soil profile

using the soil-water balance module PADDY and data from Hasegawa and Yoshida
(1978).
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Controlled water
. Ponding water depth (cm) input {cm d-)

30 40 50 60 70 80 9 100 110 120
calendar day

—&— obs sim (ks=0.032 cr/d)
= sim(ks=0.082cm/d) —— sim (ks=0.120 cm/d)

Figure 5.3 Simulated and observed changes in ponded water depth in field experiment 1
using soil water balance module PADDY.

5.14 Rice-upland crop rotations

Puddling of soil, often practised in lowland rice cultivation destroys soil structure and
creates a muddy toplayer, impeding water flow and hampering growth of weeds. Often an
upland crop, like wheat or a legume is grown after rice profiting from residual moisture.
PADDY was developed to simulate the dynamics of soil water content in the root zone of
rice and takes into account the changes that occur in volume and porosity of a drying,
previonsly puddled soil layer. The current vession of PADDY can be used for crop
rotations if a suitable model for the upland crop is available, A variable weINTT can be
added to the timer file, indicating if the soil-water balance model PADDY will be
initialized or not. If wBINIT = 0, the model is not initialized, and ITask = 1 in PADDY
is skipped. This option can be used for example if an upland crop is grown after rice.
Fallow periods can be simulated by introducing a logical FALLow. f FALLOW = .TRUE.
the crop model is not called. If a rice crop is grown again after the upland crop,
initialization is needed and WBINIT should again be I. Introducing weinIiT in a RERUNS
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file allows running of ORYZA_W for an unlimited number of cropping scasons. The
necessary adjustments needed in ORYZA W are already incorporated, but currently
‘commented out’ by an asterix * in the first column of the FSE program. A search for the
text string *For crop rotations* can be used to find these lines in the source code.

Volumetric water content

0.60 \\
o \ 0\ 3
045
| ]

0.30r
0.15}

0 1 1 (| 1 | ] 1 1 1 L

50 60 70 80 90 100 MO 120 130 140 150 1860

Day of year

Figure 5.4 Simulated (lines} and observed (symbols) soil water content (m3 m=3) for cv.
IR72 in field experiment 2 for drought at transplanting (0-5 cm, late recovery, closed
circles), drought at mid-tillering (0-10 cm, late recovery, squares), drought at panicle
initiation (0-10 cm, late recovery, triangles), and drought at flowering (0-10 cm, no
recovery, open circles).
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6  Drought stress responses of two lowland rice cultivars to soil-water
status

Quantification of physiological and morphological responses of rice to drought stress is
essential to predict the impact of soil and weather conditions on rice production using
process based crop simulation models. Drought may delay the phenological development
of the rice plant (Turner et al., 1986; Puckridge and O'Toole, 1981; Inthapan and Fukai,
1988), and affects physiological processes like transpiration, photosynthesis, respiration
and translocation of assimilates to the grains (e.g. Fukai et al., 1985; Turner, 1986).
Drought strongly affects the morphology of the rice plant. Leaf area development may be
hampered due to reduced leaf expansion, leaf rolling and early senescence, and tillering
and panicle development may be reduced (e.g. O'Toole and Cruz, 1980; O'Toole and
Baldia, 1982). On the other hand, drought may induce more rapid root growth (e.g.
O'Toole and Chang, 1979; O'Toole and Moya, 1981).

For lowland rice, grown in puddled soil, hardly any information on the relation between
root zone soil-water status and physiological and morphological responses to drought is
available. Because of the lack of such data, rainfed rice simulation models often use
standard relationships that have been derived for other crops (Penning de Vries et al.,
1989).

6.1 Description of the greenhouse experiments

At IRRI, three greenhouse experiments were conducted to study the physiological and
morphological responses of twa semi-dwarf lowland rice varieties (IR20 and IR72), grown
in puddled clay soil and non-puddled sandy soil, to temporary drought at different growth
stages. Responses during the drought period itself and after re-irrigation were investigated.
The experiments aimed at finding relationships between root zone soil-water status and
drought stress responses of the plant, for incorporation in rainfed rice simulation models.
Drought was initiated at different growth stages and morphological and physiological
responses were monitored. Results of these experiments are briefly reported here because
they formed the basis of the modifications made to the crop growth module CRYZA1 for
use in rainfed environments, explained in Chapter 7.

The experiments were conducted in greenhouses at the International Rice Research
Institute (IRR1) in Los Bafios, Philippines (14°30' N, 121¢15' E). The climate at the study
area is characterized by two pronounced seasons: a dry season (DS) from December to
May and a wet season (WS) from June to November, which mainly differ in the levels of
radiation and rainfall. Temperatures are similar. Experiment 1 was conducted from 30
January to 6 June 1992 (DS1992); Experiment 2 from 26 September 1992 to 26 January
1993 (WS1992) and Experiment 3 from 13 April 1994 to 29 July 1994 (DS1994). Two
cultivars of rice (Oryza sativa L.), IR20 and IR72 were grown in pvc pots (20 cm diameter
and 25 cm height). Three seedlings (DS1992: 21-day old; WS1992: 22-day old; DS1994:
21-day old) were planted in the center of each pot. In 1992, all pots were filled with
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saturated puddled Maahas clay soil (saturated volumetric water content: 0.73 cm?® water
cm~2 soil) taken from a submerged field at the IRRI farm that was plowed and harrowed 5
days before. The soil material comprised 13% sand, 39% silt and 48% ciay. In 1994, pots
were filled with non-puddled sandy soil material, comprising 70% sand, 17% silt and 13%
clay (saturated volumetric water content: .42 cm3 water cm-3 soil). High fertilizer inputs
were imposed to ensure that reduced growth of stressed plants was caused by drought
only. During the experiments, occasional spraying of insecticides against whorl maggot
and green leaf hopper was needed to avoid pest damage.

In each of the three experiments, drought was imposed at different growth stages by
simply withhelding water application and by removing any ponded water from the soil
surface. In 1992, drought was induced at transplanting (A), two weeks after transplanting
{B), mid-tillering (D}, panicle initiation (E) and first flowering (F). In 1994, the number of
drought treatments was restricted to drought at three weeks after transplanting (C) and first
flowering (F). Panicle initiation was defined as the first day when a white feathery cone
was present inside the leaf sheath of the rice plant. First flowering was defined as the
moment when 90% of the plants subjected to a certain treatment had at least one flowering
panicle. For comparison, a number of pots for each variety was kept well-watered (WW),
The degree of leaf rolling was monitored as a stress indicator. A 0 to 5 rolling factor was
used (O’Toole and Cruz, 1980). A leaf rolling factor of 1 indicates a first sign of leaf
rolling, whereas score 5 means that the leaf has completely rolled up.

In 1992, the duration of drought was varied as well to investigate the responses and the
ability of the rice plant to recover from different drought intensities. In the short duration
treatments (or early recovery, ER), stressed plants were recovered when plants reached
leaf rolling score 5. In the long duration treatment {or highly stressed, late recovery: LR)
plants were recovered when they were close to dying, i.e. leaf rolling score 5 and roughly
50% dead leaves. Recovery was achieved by re-irrigating the pots to bring the dried soil to
saturation. In 1994, only treatment ER was included. After the onset of the recovery
period, plants were kept well-watered until maturity. In the 1992 experiments, drought was
maintained in a number of pots.

Transpiration measuremenis

Pots with well-watered and stressed plants were weighed daily (early morning) to estimate
transpiration losses, using a balance with a resolution of 1 g. Transpiration rate was
calculated as the difference in pot weight between successive days. If drought stress results
in a reduction of LAJ, the measured potential transpiration of well-watered plants will be
higher than the potential transpiration rate of stressed plants. Radiation is the main driving
force for differences in transpiration between the well-watered and stressed canopies. The
potential transpiration of the stressed plants was, therefore, calculated from the
transpiration of the well-watered plants, using the ratio of calculated absorbed fraction of
global radiation in stressed and well-watered plants as a weighing factor:

T,(D) = T,(WW) * (1 — e 04LAID)) / (] — e-0ALAIWW)) (6.1)
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where:

(D) is the potential transpiration rate of stressed plants,
T(WW)  the potential transpiration rate of well-watered plants,
LAI(D) the LAI of stressed plants, and

LAI(WW)} the LAI of well-watered plants.

The factor 0.4 used in Eqn 6.1 is the extinction coefficient for global radiation in rice
plants (Kropff and van Laar, 1993). Relative transpiration (RT) used here is the ratio of
the actual transpiration of stressed plants, T,(D), over that of well-watered plants corrected
for differences in LAl using Eqn 6.1, i.e. To(D} / Tp(D).

6.2 Results of the greenhouse experiments

For reasons of brevity only the results obtained for IR20 in Experiments 1 and 2 are
reported here. Very similar results were, however, obtained for IR72 in Experiments 1, 2
and 3, regardless of the soil material (puddled / non-puddled) used.

Evaporative demand of the air

The evaporative demand of the air in the various experiments was estimated from the
transpiration rates of the well-watered plants between 40 and 80 days after transplanting
{closed canopy situation). Average transpiration rate in D§1992 was 16 mm d-1 (standard
deviation, SD: 3 mm d-1), in W51992: 6 mm d-! (SD: 2 mm d-!) and in DS1994: 11 mm
d-1(SD: 3 mm d-1}.

Impact of drought on physiological processes

Transpiration rates of stressed and well-watered plants were converted into relative
transpiration rates (RT) using Eqn 6.1 and expressed as a function of soil-water pressure
potential 4. Variation of RT below and above 1 at low absolute values of & (moist soil) can
be explained by micro-environmental variation in and between experiments and error in
estimating daily LAI values for well-watered and stressed plants from a limited number of
observations.

For reasons of brevity, only the results obtained for cultivar IR20 in Experiments ! and
2 are reported here (Figure 6.1). Observations for the A and B treatments start at pressure
potentials near —100 kPa only, because the pots were initially left uncovered. Logistic
curves fitted the data reasonably well. A similar result was obtained by Sinclair and
Ludlow (1986) for four tropical grain legumes, relating fraction of transpirable soil water
(FTSW) to RT, defining total transpirable soil water as the difference between initial pot
weight and its weight when RT reached 0.1.

Differences between dry and wet season data for similar drought treatments were
relatively minor given the contrast in evaporative demand between both seasons. Plant age
had a more pronounced effect on the relation between RT and soil-water pressure potential
h. Differences in rooting pattern may have had some influence in the ecarly drought
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Figure 6.1 Relative transpiration rates of IR20 in Experiments 1 and 2 as a function of
soil-water pressure potential, resulting from drought at different growth stages. A: drought
at transplanting, B: drought two weeks after transplanting, C: drought three weeks after
transplanting, ID: drought at mid-tillering, E: drought at panicle initiation; F: drought at
first flowering.

treatments (A, B). However, at the moment of recovery, roots extended throughout the
(shrunken) soil volume for all treatments, indicating no restrictions on availability of soil-
water at greater depths in the pots.

For both varieties and for all treatments, plants transpired roughly at potential rate,
corrected for differences in LAL until the soil-water pressure polential & reached the range
—70 to —100 kPa (Figure 6.1). At lower soil pressure potentials, RT declined rapidly,
especially if drought was induced at a later growth stage (D, E, F). RT values declined
more or less linearly with log(h). Decline in RT started earlier for the D, E, F treatments
than for the A, B treatments. This is probably due to the larger size and higher
transpiration demand of the older plants.

Relationships between leaf morphology and soil-water status

Leaf clongation rate of plants stressed in the vegetative phase decreased rapidly after an
initial period of normal growth. Tanguilig et al. (1987) also found an abrupt decrease in
leaf elongation rate 11 days after initiation of drought stress in IR36. The critical soil-
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water pressure potential at which leaf expansion in the vegetative phase stopped
completely (zero leaf expansion) was estimated from graphs of plant height. Because plant
height measurements were done at weekly intervals, results should be interpreted as rough
estimates only. In the dry season of 1992, critical pressure potentials ranged from —50 kPa
(IR72, DLR) to —160 kPa (IR72, BER). Critical pressure potentials were lower in the wet
season of 1992, ranging from —50 kPa (IR72, ELR) to —260 kPa (IR72, AER), probably
due to the lower evaporative demand in the wet season. For younger plants, leaf expansion
stopped at lower pressure potentials, which may also be attributed to a lower evaporative
demand of a small leaf canopy.

As soil-water status declined further, (h < —200 kPa) leaf rolling started in all
treatments and for both varieties (Figure 6.2). Decrease in the leaf rolling factor from 1 (no
leaf rolling) to O (complete leaf rolling) was observed if pressure potentials dropped
further to —1MPa or lower. As drought progressed, the percentage of dead leaves increased
rapidly as well (Figure 6.3). Both leaf rolling and dead leaves factors were linearly related
with log(h).

o o
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Figure 6.2 Leaf rolling factors of IR20 in Experiments 1 and 2 as a function of soil-water
pressure potential, resulting from drought at different growth stages. A leaf rolling factor
of 1 indicates no leaf rolling, a leaf rolling factor of O indicates that leaves are completely
rolled up. A: drought at transplanting, B: drought two weeks after transplanting, C:
drought three weeks after transplanting, D: drought at mid-tillering, E: drought at panicle
initiation; F: drought at first flowering.
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Figure 6.3 Dead leaves factors of IR20 in Experiments 1 and 2 as a function of soil-water
pressure potential, resulting from drought at different growth stages. A dead leaves factor
of 1 indicates that no dead leaves are present, a dead leaves factor of 1 indicates that all
leaves are dead. A: drought at transplanting, B: drought two weeks after transplanting, C:
drought three weeks after transplanting, D: drought at mid-tillering, E: drought at panicle
initiation; F: drought at first flowering.

The younger the plant, the lower the soil-water potential before leaf rolling started.
Eeaves rolled and dead leaves appeared relatively quickly if drought was initiated at
flowering, prabably because of the added effect of natural senescence., Summarizing the
results of the three experiments, the response of leaf morphology to drought may be
separated into three more or less sequential phases:

1. Decline in leaf expansion (vegetative phase only),
2. Leaf rolling and
3. Early leaf senescence.

For most treatments phases 2 and 3 showed some overlap, i.¢. dead leaves appeared at leaf
rolling scores below 5. Results obtained for the puddled clay and non-puddled sandy soil
were remarkably similar, indicating the potential of the soil-water pressure potential to act
as an indicator for drought in different soil types. Most drought responses started if the soil
pressure potential dropped below —100 kPa.

Impact of drought on phenology

Early drought postponed the date of 50% flowering as compared to that of well-watered
plants by a maximum of 22 days. The delay in flowering was reduced if drought was
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Figure 6.4 Comparison between the delay in date of 50% flowering and the number of
days between zero leaf expansion and recovery for all drought treatments in Experiments
1,2 and 3.

induced at later growth stages. Postponement was in reasonable agreement with the
number of days between the date of zero leaf expansion and the recovery date (Figure 6.4).
This may indicate that if the soil is too dry to produce new leaves, the development rate of
the crop is brought to a standstill as well.

Impact of drought on yield and yield components

For both varieties, yields obtained in early drought treatments (A and B) did not differ
significantly from the well-watered yields. Drought at mid-tillering, panicle initiation and
flowering strongly reduced yields to below 200 g m2, mainly caused by large percentages
of unfilled grains and a reduction in 1000 grain weight.

Impact for modeling of rainfed rice production
The soil-water - drought response relationships presented above were used to modify
ORYZAI for use in rainfed rice environments. This modified ORYZA1 module was
renamed to ORYWAT and is presented in the Chapter 7. Soil-water pressure potentials A,
obtained from a soil-water balance module like PADDY may be translated into changes in
leaf morphology, and relative transpiration. These responses can be defined as functions of
log(k} as shown in Figures 6.1, 6.2 and 6.3. A similar approach, linking stress factors to
soil extractable water, was taken for other crops by Sinclair (1986) and McCree and
Fernandez (1989).

Results obtained from this study and from Tanguilig et al. (1987) for IR36 suggest that
the decline in leaf elongation rate of semi-dwarf lowland rice varieties, stressed in the
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vegelative phase, is relatively abrupt. This could be tentatively modeled as a ‘step
function’ declining from 1 (normal leaf expansion) to ¢ (zero leaf expansion) if the soil-
water pressure head drops below its critical value for zero leaf expansion.

The reasonable good agreement between delay in flowering and the number of days
between the moment of zero leaf expansion and recovery (Figure 6.4) suggests that the
development rate stops when the soil becomes too dry for further leaf expansion and
resumes if drought stress is released. If the critical soil-water pressure potential for zero
leaf expansion is reached, stressed plants will still be able to produce carbohydrates for
growth, as transpiration has not yet ceased. This extra C may be used for root development
to explore soil-water resources, may be stored in the stem or may result in thickening of
leaves during drought stress. In a rainfed rice model, this may be modeled as a temporary
storage pool for carbohydrates during drought, as was also done by McCree and Fernandez
{1989). In ORYWAT, it is assumed that the extra C is used for root growth,

Plant size and evaporative demand of the air will influence the drought stress
responses to some extent, as was also shown in this study. Results reported here are,
however, not as distinct as reported by Doorenbos and Kassam (1979) for C, crops,
despite the clear difference in evaporative demand of the air in the wet and dry season
experiments.

Root distribution in the field is very important. Water uptake rate of rice roots from a
top scil layer may decrease with decreasing soil-water potential, but roots at greater depth
may make up for this difference by increasing water uplake, even if the soil-water
potential at that depth is also decreasing (e.g. Hasegawa and Yoshida, 1982). In this
experiment roots were limited to a cylinder of 20 cm height and 20 cm diameter. In reality
roots may grow deeper, especially in the absence of a hard plow pan. For modeling
purposes it is important to establish extraction rates at different depths in the root zone.

Results reported here are specific for two semi-dwarf lowland varieties. Dryland rice
varieties are known to be more ‘pessimistic’ (Bradford and Hsiao, cited in Dingkuhn et al.,
1989) in their drought responses as they show leaf rolling at higher leaf water potentials
(e.g. Turner et al., 1986; Dingkuhn et al., 1989). They also tend to have a deeper root
system than lowland rice varieties (Yoshida, 1981) and may therefore be more effective in
exploring soil-water resources.

The advantage of expressing drought stress responses as a function of scil-water
pressure potential is that they can be used for any soil type, even when the soil shrinks,
provided a good soil-water balance model and knowledge of the soil’s water retention and
soil shrinkage curve, linking 4 to scil-water content 0, is available. If such drought
responses are used as an input for a rice growth simulation model ORYZA1, predictions
of rice yield under water-limited conditions can be made.

6.3 Conclusions

The results of the three greenhouse experiments can be summarized as follows: Three
greenhouse experiments were conducted to investigate drought siress responses of two

62



lowland rice cultivars, grown in puddled clay and non-puddled sandy soil. Results
obtained for both varieties and for both soil materials were quite similar. Plant age had a
more distinct effect on drought stress responses than differences in evaporative demand of
the air between dry and wet seasons. Roots extended throughout the (shrunken) soil
volume for all treatments. Differences in rooting pattern among drought treatments are
therefore expected to be minor. Drought in the vegetative phase delayed phenological
events but did not result in significant yield losses if drought occurred within 2 weeks after
transplanting. Drought in the reproductive phase resulted in substantial vield losses.

Drought affected transpiration rates by closure of stomata and changes in leaf
morphology of the rice plant. The first observed response, if drought was initiated in the
vegetalive phase, was a relatively abrupt decline in leaf expansion. Logistic functions
could be vsed to describe the decline in relative transpiration, corrected for differences in
LAL as a function of log(h). Leaf rolling and rate of senescence were linearly related to
log(h). These functions were used to modify the rice growth model ORYZAIL. The
resulting module, ORYWAT is explained in detail in Chapter 7.

63



7 The ORYWAT growth module

ORYWAT is based on ORYZAI, version 1.3 (Kropff et al., 1994), an ecophysiological
model for fully irrigated rice production. ORYWAT simulates rice growth and
development under fully irrigated and water limited conditions. Nutrient supply is
considered non-limiting and any influence of pests, diseases or weeds is assumed absent.
The main additions to ORYZAIl, included in ORYWAT, are the calculation of root
growth, potential and actual evapotranspiration and the effects of drought stress on growth
and development. In this chapter, only these modifications will be described; the reader is
referred to Kropff et al. (1994) for a description of the crop growth processes on potential
production level.

The drought stress effects in ORYWAT on growth and development were derived from
the pot experiments discussed in Chapter 6 and were related to critical pF values of the
root zone. An overview of the dependency of drought stress factors on soil-water potential
as observed for IR20 is given in Figures 7.1a and 7.1b. These functions are used in
ORYWAT. Drought stress responses are defined as a function of the pF of the root zone.
pF is defined as the logarithm of soil pressure potential: log 110%kl = pF, with & in kPa.
E.g. if the soil-water pressure potential is 100 kPa, the corresponding pF value is 3. For
the sake of simplicity this was also done for the decrease in relative transpiration rate,
although a logical curve was fitted to the data (Figures 7.1a and 7.1b, see also Chapter 6).
Fot every response, critical pF values can be defined: an upper limit, that indicates the
start of stress, and a lower limit, that indicates 100% stress:

unns:  upper limit leaf rolling: start of leaf rolling (-}

s lower limit leaf rolling: leaves are completely rolled up (-}

uLDL:  upper limit dying leaves: start of senescence (-)

LLoL:  lower limit dying leaves: 100% dead leaves (-)

ULRT:  upper limit reduction relative transpiration rate: start of reduction (-}

LLRT:  lower limit reduction relative transpiration rate: transpiration rate is zero (-}

For leaf expansion, a step function was assumed in Chapter 6. For this reason only one
limit, sTLG is defined:

sTLG:  limit to leaf growth: inhibition of leaf expansion (-)
Drought stress factors apply for the whole crop growth duration, although in reality plant
age influences drought stress responses as a function of soil-water pressure potential to

some extent {see Chapter 6 and Figures 7.1a and 7.1b).

7.1 Root growth

Rooting depth is an important variable in calculating root zone water content and water
uptake for transpiration by the plants. Roots of rice cultivars in lowland soils rarely grow
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Figure 7.1 Relationship between soil-water pressure potential and drought stress factors
for IR20; (a) shows results for treatments A and B, (b} shows results for treatments D, E
and F. For explanation of the treatments see Section 6.1.
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deeper than 40 cm; about 90% of the total root system is usually found in the top 20 cm.
Roots of upland rice cultivars in light-textured upland soils may grow as deep as 0.8-1.0 m
{Hasegawa and Yoshida, 1982). In ORYWAT, rooting depth, zZrT, is calculated as integral
of zrt on the previous day with the daily root growth rate, Gzrr:

ZRT = INTGRL {ZRT, GZRT, DELT)

There is a wealth of literature showing root length densities of rice as a function of soil
depth. From such data an estimate of GzrT can be made. Usually GZrT is in the range of
0.01 - 0.02 m d~! depending, among others, on rice variety, soil texture, soil tillage and
presence of hard layers.

- In LOWBAL (swIwLp = 1} it is assumed that roots do not penetrate the plow sole, and
the maximum rooted depth, ZrTY, is determined by the thickness of the puddled layer,
TRLT.

- In SAHEL (swiwLP = 2) zRTHM is determined by the maximum rooting depth of the rice
crop itself, Zrme, or by the rootable depth of the soil profile, zrTMs (e.g. as determined by
an impermeable layer).

- In PADDY (swIWLP = 3) rooting depth only increases beyond zrmcw, defined in the
crop data file, in case of drought (i.e. soil water content of the root zone drops below the
upper limit for inhibition of leaf expansion). In case of drought, the maximum rooting
depth is determined by the maximum rooting depth of the rice crop, zrTMcD, or by the
rootable depth of the soil profile, zrTwHS.

IF {SWIWLP .EQ. 3) THEW

IF ({.NOT. DRQUT) AND.({ZRT.LE.ZRTMCW)) THEN
ZRTM = MIN{ZRTMCW, ZRTMS, TKLT)

ELSE IF ((.NOT. DROUT) .AND. (ZRT.GT.ZRTMCW)) THEN
ZRTM = MIN(ZRT, ZRTMS, TEKLT)

ELSE TF (DROUT} THEN
ZRTM = MIN{ZRTMCD, ZRTMS, TKLT)

END TF

* In all other cases, roocts grow straight to max. length ZRTMC

ELSE
ZRTM = MIN(ZRTMC, ZRTMS, TKLT)

END IF

ZRT

ZRT

INTGRL (ZRT, GZRT, DELT)
MIN (ZRT, ZRTM)
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7.2  Root zone water content

Regardless of which soil water balance module is chosen, the total actual water content in
the root zone, WCRREL is calculated as the sum of the water content of each individual soil
layer in the root zone:
DO 30 I=1,NL
ZRTL = MIN(TKL{I},MAX((ZR-ZLL),C.0})
WCRREL = WCRREL + (ZRTL/(ZR+1.CE-10))*WCLQT (I}

in which zr is the total rooted depth , TKL (1) is the depth of soil layer 1, zLL is the depth
of accumulated soil layers, ZRTL is the depth of the roots in the soil layer under
consideration, and NL is the number of soil layers.

7.3 Critical soil water contents

In the subroutine DSTRES, the critical pF values defined in the crop data input file
{Appendix 1) are converted into soil water contents per layer. The critical soil water
contents per soil layer 1, defining each drought stress response, are calculated from the
water retention curve (SWITPF = 1) using subroutine SUWCMS2, or are derived via
interpolation (swITpPr = ©) between volumetric water contents at field capacity (worFc (1))
and wilting point (wewp (1) ).
IF (SWITPF.EQ.l) TEEN
CALL SUWCMS2(I,2,WCST{I},STLCW(I),10**STLG)
CALL SUWCMS2(I,2,WCST{(I),ULLSW(I),10**ULLS)
CALL SUWCMS2(I,2,WCST{I),LLLSW(I),10**LLLS)
CALL SUWCMS2(I,2,WCST{T),ULDIM{I),10**ULDL)
CALL SUWCMS2(I,2,WCST(I),LLDLW(I),10**LLDL)
CALL SUWCMS2(I,2,WCST{I),ULRTW(I),10**ULRT)
CALL SUWCMS2(I,2,WCST(I),LLRTW(I),10**LLRT)
ELSE
STLGW (I} =WCWP (I)+ ( (WCFC (I} -WCWP(I)}/2.2) * (4.2-5TLG)
ULLSW (T) =WCWP (T) + { (WCFC (T) -WCWP (1)) /2.2) * (4.2-ULLS)
LLLSW (I} =WCWP (I)+ ( {WCFC (I)-WCWP (1)) /2.2) * (4.2-LLLS}
ULDLW (I} =WCWP (I) + { (WCFC (I} -WCWP(I))/2.2) * (4.2-ULDL
LLDLW (I} =WCWP (I) +{ (WCFC (I} -WCWP(I))/2.2)*(4.2-LLDL
ULRTW{I)=WCWP{I)+ ({WCFC(I)-WCWP(I))/2.2)*(4.2-ULRT
LLRTW {I)=WCWP{I)+{(WCFC{I)-WCWP(I))/2.2)*(4.2-LLRT
END TF

These individual soil water contents are then summed up over the root zone for leaf
growth inhibition and for the appearance of dead leaves due to early senescence:

STLGWR = STLGWR + (ZRTL/ (ZR+1.0E-10))*STLGW(I)

ULDLWR = ULDLWR + (ZRTL/(ZR+1.0E-10))*ULDLW(I)

LLDLWR = LLDLWR + (ZRTL/{ZR+1.0E-10))*LLDLW(I)
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7.4 Actual transpiration and drought stress factors

Actual transpiration rate
In DSTRES, per layer 1, the actual water content wcLQT (1) is compared with the upper
and lower limits for transpiration (ULRTW(T) and LLRTW(I) respectively), via the factor
DSETR:

DSETR = LIMIT(O.,1.,

$ {WCLQT{I}-LLRTW{I})/ (ULRTW(I)-LLRTW(I))})}

The amount of water available to the plants is the volume of water between actual water
content and the lower limit of dead leaves, if roots can explore the root zone completely:
WLA = MAX (0.0, {WCLQT{I}-LLDLW(T))*TKL(I)*1000.)

The volume of water taken up by the roots, i.e. the transpiration of the crop needs to be
divided over the rooting depth. In DSTRES it is assumed that the maximum uptake S, i3
constant over depth. This means that, under optimal water conditions, the transpiration
load of the crop is divided equally over all soil layers. The water uptake TRRM at any depth
x, is then equal to the potential transpiration rate, Trc, divided by the rooting depth, zrr,
i.e. TRRM = TRc/zrT. The transpiration rate per layer I, TRwL(1} and the total
transpiration rate TRW are calcolated as follows:

TRRM = TRC/ (ZRT+1.0E-10)

TRWL({I} = MIN{DSETR*ZRTL*TRRM, WLA/DELT)

TRW = TRW+TRWL (I}

Another option would be to assume that S, declines with increasing rooting depth. It can
be derived that in that case at depth x, the water uptake TRry is equal to: TRC*[2 / zrT - (2
* x) / (zrT)2], which can easily be adopted in DSTRES.

Leaf rolling stress factor
In DSTRES, the leaf roliing score of every soil layer is calculated and a total leaf score 1.5
over the root zone is derived:
LS = LS + {(ZRTL/ZRT)*LIMIT(C.,1.,
$ (WCLQT(I)~-LLLSW(I))/(ULLSW(I)-LLLSW(I}))

The leaf area index simulated in the main crop model is multiplied with the stress factor
L3TRS. The maximum reduction of LAI due to leaf rolling is assumed to be 50%. L.sTRs
therefore varies between 0.5 and 1. LsTRs is derived in DSTRES as follows:

LSTRS = 0.5*L§ + 0.5

Early senescence stress factor

In DSTRES the dead leaves score of every soil layer is calculated and a total dead leaves
score DS over the root zone is derived:
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DS = DS + (ZRTL/ZRT)*LIMIT{0.,1.,
S (WCLQT(I)-LLDLW(I)}/ (ULDLW(I)-LLDLW({I}))

The psTrs factor used in the main crop growth model is equal to Ds and varies between
Oand I:

DSTRS = DS

Reduced development rate

In DSTRES, it is assumed that the development rate of the crop stops if the water content
of the root zone drops below sTLGWR. A factor DVEW is set to 0 in this case. No delay in
development is simulated when drought occurs in the reproductive phase. When there is
no drought stress, Dvew equals 1. If there is drought, a counter rcnt is set to 1. This
counter is used in the crop growth module ORYWAT for calculation of LAI (see Section
7.5).

IF (WCRREL,LE,STLGWR) THEN

DROUT = .TRUE.

ICNT =1

DVEW = 0.
ELSE

DVEW = 1.
END IF

END TIF

Reduced COp assimilation rate
In DSTRES, the reduction factor on daily total gross CO, assimilation of the crop is,
PCEW, calculated as the ratio of actual canopy transpiration over potential canopy
transpiration:

PCEW = TRW/(TRC+1.E-10)

7.5 Drought stress effects simulated by ORYWAT

Inhibition of leaf growth
In ORYWAT, the LAI is modelled as exponential function of a relative growth rate, RGRL,
when LaT is below 1 and the development stage ovs is below 0.6. If La1 is larger than 1 or
ovs is larger than 0.6, the specific leafl area, sva, concept is vsed and LAT is calculated
from simulated leaf weight, wove, (see Kropff et al., 1994). However, when there has been
drought stress as indicated by the counter T¢nT, which is set in the subroutine DSTRES,
the LaT at values lower than 1 are also simulated using the specific leaf area, sLa, concept:
IF (LAI .LT. 1.0 .AND. DVS .LT. 06 .AND. ICNT .EQ. 0} THEN
LAI = LATI*NH*NPLH/NPLSB* (EXP(RGRL* (TSLV-TSLVTR-TSHCKL}!)
ELSE
LAI = C.5*SAI + SLA* (WLVG-WLVEXP) + LAIEXP
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END IF
The counter IcnT = 0 indicates that there is no drought siress, and renT = 1 means
drought stress. This effect of drought stress on leaf area production is 'permanent’, ie.
when there has been drought stress at any time in the growing season, ICNT is set to 1 and
will not be reset to ) when there is no longer drought stress. Thus, during and after a
drought spell, LT will always be calculated from simulated leaf weight using the sna
concept. This approach was chosen because in a field experiment at IRRI it was found that
rice that suffered from severe drought at transplanting was not able to grow exponentially
up to LAl = 1 after recovery (Wopereis, 1993, page 129-130).

With drought stress, photosynthesis no longer leads to leaf production and the 'excess'
carbohydrates are allocated to the roots, if the flowering stage has not been reached (ovs
<1

IF (WCRREL.LE.STLGWR.AND.DVS.LT.1.) THEN
FSH = 0.
FRT = 1.

END IF

Reduced development rate
During the vegetative growth period, the development rate of the crop, pvr, is calculated
from the vegetative development rate, pvav, the daily heat units for phenological
development, Hu, and the stress factor for development rate, Dvew (as calculated in the
subroutine DSTRES):

DVR = DVRV*HU*DVEW

Leaf rolling
Leaf rolling affects the leal area index LAI The LAI is first calculated in the subroutine
SUBLAI of ORYWAT and is then multiplied with the leaf rolling stress factor calculated
by the subroutine DSTRES:

LAT = LAI*LSTRS

Leaf senescence

The effect of drought on dying of leaves (early senescence) is determined by the stress
factor peTrs, calculated in the subroutine DSTRES. If psTrs is lower than 1, the variable
WLVGIT registers what the current green leaf mass is. This amount cannot increase unless
drought is released. The stress factor DsTRS determines the percentage of dead leaves. The
variable DLDRT keeps track of the dead leaf mass due to this early senescence process. The
rate of leaf death due to drought, DLDR, is calculated as:

DLDR = 0.
e e 7. Leaf death as caused by drought stress
IF (DSTRS.EQ.1)} THEN
DLEAF = .FALSE.
DLDRT = 0.
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END IF
IF {({DSTRS.LT.1l.).AND. (.NOT.DLEAF)) THEN
WLVYGIT = WLVG
DLEAF = ,TRUE.
KEEP = DSTRS
END 1IF
IF (DLEAF) THEN
IF (DSTES.LE.KEEP) THEN
DLDR = (WLVGIT/DELT) *(1.-DSTRS)-DLDRT/DELT
KEEP = DSTRS
DLDRT =
END IF
END IF

DLDR*DELT + DLDRT

The weight of green leaves, wiLvg, is calculated as the integral of the previous wive with
the growth rate of leaves, GLv, the loss rate of leaves due to 'regular' senescence, L1V, and
the death rate of leaves due to drought, pLrk. Similarly, the weight of dead leaves, wLvp, is
calculated as the integral of the previous wovp with the loss rate of leaves due to ‘regular’
senescence, LLV, and the death rate of leaves due to drought, DLDR.

WLVG = INTGRL (WLVG, GLV - LLV - DLDR, DELT)

WLVD = INTGRL (WLVD, LLV + DLDR , DELT)

Reduced COy assimilation rate
The gross daily assimilation rate, pTaa, is reduced by drought stress with the factor rcEw
as calculated in the subroutine DSTRES:

DTGA = DTGA * PCEW

7.6 Maximum drought stress duration

The effects of drought stress on growth and development of rice as implemented in
ORYWAT were derived from pot- and field experiments at IRRI (Wopereis, 1993). The
maximum duration of drought stress in these experiments was 25 days (Wopereis 1993, p.
125). The number of consecutive days with drought stress, ISTD, is counted in ORYWAT
and the simulation is stopped when more than 25 stress days are accumulated. It is
assumed that plants recover completely from drought stress when more than 3 consecutive
non-drought days, INsD, are recorded. The counter for accumulated drought stress days is
then reset to Q.
* If rel. water content greater than STLGWR: no more drought
* Reset stress-day counters to ¢ if there are mere than 3
* days without drought.

IF (WCRREL.GT.STLGWR) THEN

DROUT = .FALSE.
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INSD = INSD + INT(DELT)
IF (INSD.GT.3) ISTD = 0
END IF

* Count the drought stress days
IF (WCRREL.LE.STLGWR} THEN
ISTD = ISTD + INT(DELT)
INSD = 0.
END IF

* Stop the simulation when number of stress days exceeds maximum

* value {from greenhouse experiments Wopereis)

IF (ISTD.GE.25) THEN
PRINT *,' DROUGHT TOO LONG =»> SIMULATION STCOPPED'

CALL OUTCOM({'More than 25 days drought: zimulation stopped')
TERMNL = .TRUE.
END IF

The simulation is also stopped when the (relative) water content in the root zone drops
below the lower limit of dead leaves, LLDLWR:
* Check if lower limit dead leaves is reached
IF (WCRREL.LE.LLDLWR) THEN
PRINT *,'Soil dryer than lower limit dead leaves'’

PRINT *,'=> Simulation stopped:'
CALL OUTCOM('so0il dryer than LLDL - simulation stopped?®)
TERMNL = .TRUE.

END IF

7.7 Model validation

ORYZA_W was validated using data from a field experiment with four drought
treatments conducted at IRRI in 1992 (Wopereis, 1993), conducted under optimal
fertilizer supply and full control of pests and diseases. The model could satisfactorily
explain differences in biomass production, LAI and yield across drought treatments.

Yields ranged from 5 - 8.4 t ha=!,
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8 Evaporation and transpiration

In the subroutine ETPOT, the Penman reference evaporation and transpiration and the
potential soil evaporation and canopy transpiration are calculated. Strictly speaking,
transpiration is the loss of water from the plants, and evaporation is the loss of water from
the soil or from a free-water surface, Evapotranspiration covers both transpiration and
evaporation. The calculation of the Penman reference evapotranspiration, and the
following explanatory text are largely based on van Laar et al., 1992.

8.1 Penman reference evapotranspiration

Penman (1948) calculated potential evaporation and evapotranspiration from free-water
surfaces, bare soil and low grass swards (reference crop). Potential means that there are no
limitations with respect to the supply of liquid water to the evaporating surface, This
potential evapotranspiration is the sum of a radiation term EVR and a drying power term
EvD (both in mm day'). These terms are different for soil, open water and for a
(reference) crop. In a producticn system of rice, three situations can be discerned: open
water (lowland environment, in the main field before iransplanting), a crop with soil
background (rainfed upland; rainfed lowland with dried-out soil) and a crop with a water
layer underneath (lowland). For these situations, separate values for EVR and EvD are
calculated.

Radiation term EVR

The radiation term EvR depends on net radiation, NrRap (J m—2 d-!), the latent heat of
evaporation, Livar (equal to 2.4 106 J kg! at 30°C with only a small temperature
dependence) and a weighting factor (sLOPE/ (sLOPE+P8YCH)), where stope (mbar oC-1) is
the tangent of the relation between saturated vapour pressure (mbar) and temperature (°C)
and psycH (0.67 mbar °C-! at 0 meter elevation) the psychrometer constant (Monteith,

1965):
LHVAP = 2.4E§
PSYCH = 0.67
EVR = (1./LHVAP)* (SLOPE/ (SLOPE+PSYCH} ) *NRAD
EVRWL = (1./LHVAF}* (SLOPE/ (SLOPE+PSYCH} ) *NRADWL
EVROW = (1./LHVAP}* (SLOPE/ (SLOPE+PSYCH] ) *NRADOW

In which EVR is the radiation term for crop/soil system, EVRWL is the radiation term for
crop/water layer system, and evrow is the radiation term for open water. SLOFE is
calculated from daily average temperature, TAV:.

SVP 6.11 * EXP(1l7.4 * TAV / (TAV + 239.})
SLOPE = 4158.6 * SVP / (TAV + 239.)**2
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Net radiation, Nrap, depends on incoming short-wave radiation (ror, ] m2 d1), the
reflection or athedo value, ALB, ALBWL or ALBOW (unitless), and net ouigoing long-wave
radiation, RLWN:

NRAD = (1.~ALRB)*RDT-RLWN

NRADWL ={1.-ALEWL) *RDT-RLWN

NRADOW = (1.-ALBOW)*RDT-RLWN

Here, nr2D is the net radiation for crop/soil system (or of bare soil), NRADWL is the net
radiation for a crop/water layer system, and NRADOW is the net radiation for a layer of open
water. The albedo for soil, open water and crop/soil and crop/water layer systems is
calculated as follows:

+ The so0il's albedo, aLBs, depends on the surface color and the moisture content. Albedo
values for dry soil, ALESD, vary from 0.15 {(¢lay) to 0.40 (dune sand). The dependence on
soil moisture is described in relation to the average water content of the top soil layer (ten
Berge, 1989).

+ The albedo of a layer of water, ALBowW, is about 0.05.

+ The albedo of canopy/soil, ALB, is composed of that of the soil, ALBs, and that of the
canopy, ALEC; the albedo of canopy/water layer, ALBWL, is composed of that of the water
layer, aLBow, and that of the canopy, aLec. Here, a value of 0.25 is used for auec. The
relative contributions of both albedos depend on the shading of the soil by the crop and is
calculated on the basis of the leaf area index, LAI. An extinction coefficient (for short-
wave radiation penetrating the crop) of 0.5 is used here. When 1aT is 0, the albedo for bare
soil or an open water layer is obtained.
ALBDS = 0.25

ALBOW = 0.05

ALBC = 0.25

ALBS = ALBDS*(1.-0.S5*WCUP/WCSTUP}

ALB = ALBS*EXP{-C.5*LAI)+ALBC*{1.-EXP(-0.5*LAL})

ALBWL = ALBOW*EXP(-0.5*LAI)+ALBC*(l.-EXP{-0.5*LAI))

Net long-wave radiation, twn (J m2 d-2) is approximated by three semi-empirical
functions, (Penman, 1956; derived from the original Brunt (1932) formula), accounting for
temperature, BERAD (J m~2 5-2), vapour pressure in the atmosphere, FVAP (unitless) and sky
clearness, FCLEAR (unitless).

BOLTZM = 5.568E-8

BBRAD = BOLTZM* (TAV+273.}%*4
FVAP = 0.56-0.079*SQRT (VAPOR)
CLEAR = LIMIT(0., 1., {((RDT/DS0)-ANGA)/ANGE)

FCLEAR = 0.1+C.9*CLEAR
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RLWN = BBRAD*FVAP*FCLEAR*86400.

Here, the sky clearness factor, CLEAR (unitless), is calculated using the Angstrom formula,
in which aNGa and ANGB are empirical constants and Dso is the extra-terrestrial radiation,
i.e. the radiation intensity at the top of the atmosphere. The values for anGa and ANGB are
related to climatic conditions (see Table 8.1), and are read from the weather input file (see
Chapter 9). The value of pso depends on location on earth (latitude) and time of the year,
and is calculated in the subroutine aAsTre. The actual vapour pressure, varor (mbar (daily
average)) to calculate Fvar is read from the weather input file.

Drying power term EVD
The drying power term is calculated from Penman's drying power term, DRYP for a
reference crop and prypow for an open water layer, and from sropPE and PsvCH (see
above):

EVD = DRYP*PSYCH/ (SLCPE+PSYCH)

EVDOW = DRYPOW*PSYCH/ (SLOPE+PSYCH)

in which EvD is the drying power term for crop/soil or crop/water layer, and EvDow is the
drying power term for open water layer. pryr and prypow (mm d-! mbar °C-1) are
calculated from saturated vapour pressure, svp {mbar)}, the actual vapour pressure, VAPOR
(mbar), and a wind speed function, wpF for a reference crop and worow for an open water
layer (mm d-1 UC‘I):

DRYP {SVP-VAPOR) *WDF

DRYPOW = {SVP-VAPOR) *WDFOW

The wind function estimates the conductance for transfer of latent and sensible heat {rom
the surface to the standard height and depends on roughness of the surface and
atmospheric stability. In ETPOT, the wind function is calculated from wind speed WIND
(m s~1) which is read from the weather input file:

WDF = 0.263*(1.0+0.54*WIND)

WDFOW = 0.263*(0.5+0,54*WIND)

Table 8.1. Indicative values for empirical constants in the Angstrom formula in relation to
general climatic zones used by the FAO (Frére and Popov, 1979).

ANGA ANGB
Cold and temperate zones 0.18 0.55
Dry tropical countries 0.25 0.45
Humid tropical zones 0.29 042
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8.2 Potential canopy transpiration and soil evaporation

The radiation term Evr and the drying power term EvD of the 'Penman' evapotranspiration,
computed above, are used to calculate the polential transpiration of the canopy (with soil
background or water layer) and the potential evaporation of the soil and open water layer.

Potential canopy transpiration
The potential transpiration of rice with a water layer is
TRCWL = EVRWL*(1.-EXP{-0.5*LAI))+EVD* (MIN(2.5,LAI))

and with a soil background
TRCS = EVR*(1.-EXP{-0.5¥LAI)}+EVD* (MIN(2.5,LAT))

Only part of the radiation term, EVr, will be used by the crop, if not all radiation is
intercepted by the canopy, which is exponentially related to leaf area. Radiation not used
by the canopy will reach the soil or water layer and contribute to potential soil or water
evaporation. The average extinction coefficient for visible and near infrared radiation is
about 0.5.

The drying power of the air, EVD, is only effective up to a cumulative leaf area index of
2.5. Lower leaves do not contribute much to transpiration because little light penetrates
deep into the canopy, hence their stomatal resistance is higher. Also air humidity is higher
and wind speed is reduced. For this upper layer of the crop, the drying power term of the
reference crop is used.

Potential soil and water evaporation
In lowland environments, rice is generally transplanted from seed-bed into the main field.
Before transplanting, the main field is puddled and a layer of ponded water is present. The
evaporation from this open water layer, EveCow, is:

EVSCOW = EVROW + EVDOW

Here, both the radiation term and the drying power term of an open water layer are used
since there is no crop present. After transplanting, only radiation transmitted through the
canopy is available for evaporation from the water layer (radiation term). The canopy also
reduces the wind speed (drying power term). Evaporation from this 'shielded’ water layer,
EVSCWL, becomes:

EVSCWL = EXP(-0.5*LAI)*{(EVRWL+EVD)

In upland environments with a non-puddled soil, and in lowland with a dried-out puddled

layer at the end of the growing season, the potential evaporation from the soil, Evscs, is:
EVSCS = EXP(-0.5*LAT}* (EVR+EVD)
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When there are no rice plants present (before emergence), Lar = 9, and rvscs becomes
the evaporation of bare soil.

Finally, in ETPOT, the potential values for transpiration, Trc, and evaporation, EvVsc,
are selected for the relevant production environment. The switch swiwLp controls this
selection: 0 = irrigated lowland; 1 = rainfed lowland; 2 = rainfed upland and 3 = any rice
growing condition (both irrigated and rainfed upland or lowland).

In lowland environments, a layer of ponded water is generally present on the fields.
However, under unfavourable weather conditions, this layer can disappear when the crop
is not irrigated. The depth of ponded water, wLo, is used to select the appropiate
transpiration and evaporation rates. WLo is calculated in the PADDY and LOWBAL water
balance and passed on to ETPOT.

IF {WLO .GT. 0} THEN

TRC = TRCWL
EVSC = EVSCWL
ELSE IF (WLO .LT. 0) THEN
TRC = TRCS
EVSC = EVSCS
END IF

Before transplanting, it is assumed that in both irrigated and rainfed lowland, a layer of
ponded water is present in the main field. Evaporation is therefore evaporation from an
open water layer:

EVSC = EVSCOW

In rainfed upland environments, a soil background is always present:

TRC = TRCS
EVSC = EVSCS
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9 Running and editing ORYZA_W

9.1 Input and output file control

Under the SARP-shell (Riethoven, 1994) the control over the input and output files is
facilitated with a menu-system. If the FORTRAN program ORYZA W is run without this
shell, the input and output files are controlled in the file CONTROL.DAT (an example is
given in Appendix 5). The content of this file is:

FILEI1l = name of file that contains the crop data, e.g. RICE_W.DAT
FILEIZ2 = name of file that contains the soil data, e.g. ' LOAM.DAT'
FILEIT = name of file that contains timer variables, e.g. TIMER.DAT'
FILEIR = name of file that contains data for reruns, RERUNS.DAT'

FILECN = name of output file, RESULTS.OUT'
FILEOL = name of the log file RESULTS.LOG'

Crop data
Crop data are the parameter values needed for the above-ground growth module
ORYZAW. An example is given in Appendix 1 for crop data for IR72, derived from field
experiments at IRRI (Kropff et al., 1993). Crop data should preferably be derived for the
local rice variety under consideration, from field experiments under potential growth
conditions.

Soil data

Soil data are the parameter values needed for the water balance modules PADDY,
LOWBAL or SAHEL. Tt is important to select the right input file for each soil-water
balance module. When the wrong file is supplied, ORYZA_W is aborted and gives an
error message. Examples of soil files are given in Appendix 2. For the SAHEL water
balance module, 18 example files are supplied that contain scil-physical data derived from
measurements on Dutch soils (Wisten et al., 1987).

Timer data

Timer data control the model environment, the selection of weather data and the timing of
the growing season. An example is given in Appendix 5. Important parameters in this file
are;

Production environment
SWIWLP = switch to control the production environment:
0 = irrigated;
1 = rainfed lowland using LOWBAL,;
2 = rainfed vpland using SAHEL;
3 = irrigated or rainfed lowland or upland using PADDY
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Weather data
The selection of files containing weather data is controlled by the parameters:

WTRDTR = directory name where the weather files are stored
CNTR = couniry name of the weather station, e.g. 'PHIL' for the Philippines
ISTN = station number of weather data, e.g. 1

Also, the Angstrom parameters have to be given and a multiplication factor to convert
radiation data from the weather file from kJ or mJ into J:

ANGA = Angstrom parameter A: dry tropical, A=0.25; humid tropical, A=0.29;
cold and temperate A=0.13

ANGB = Angstrom parameter B: dry tropical, B=0.45; humid tropical, B=0.42;
cold and temperate, B=0.55

MULTTP = multiplication factor for radiation:

if radiation data are in kJ: muLTIP = 1,
if radiation data in mJ: MULTIP = 1000

Weather data itself are stored in files according to the specifications of the WEATHER
system {van Kraalingen et al., 1990), The name of a weather file consists of a country-
code, cnTR, with an extension designating the number of the weather station, 15Tv (E.g.
PHIL1 for weather station I in the Philippines). The data in a weather file should be daily
values of radiation, minimum temperature, maximuom temperature, vapour pressure, wind
speed and rainfall. The format of the data should adhere to strict rules. An example of a
weather data file in the WEATHER format is given in Appendix 5.

Timer variables

TIYEAR = year of weather data (= year of simulation), e.g. 1991
STTIME = start day of simulation (sowing day), e.g. 150
FINTIM = finish time of simulation; a high value should be supplied here to

guarantee the continuation of the simulation until the crop has reached
maturity, e.g. 1000

DTRP = days between sowing and transplanting. pTrRP = ¢ for direct-seeding.

DELT = time step of integration, 1

Quiput options

These parameters are preset and normally do not need changing.

IFLAG = indicates where weather error and warnings go, e.g. 1100 means errors
and warnings only to log file, see WEATHER manual, van Kraalingen et
al., 1990

COPINF = swich variable denoting what to be done with input files:

"Y' = copy input files into output file
'N' = do not copy input files into output file
PRDEL = time in days between consecutive outputs to file, e.g. 5
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format of the output tables: 0 = no cutput table, 4 = normal rable,

IPFORM =
5 = tab-delimited {for Excel), 6=TTPLOT format

DELTMP = switch variable what should be done with the temporary output file:
0 =do not delete; 1 = delete

Rerun data

The FSE system provides a facility for reruns with ORYZA_W using changed model
parameter and/or initial state variable values (van Kraalingen et al., 1991a). A reruns file
with the name RERUNS.DAT contains the names and new values of any parameter and/or
initial state variable for a model rerun. When ORYZA W is executed, it will
automatically search for the presence of a file with the name RERUNS.DAT. If such a file
is not found, the model will be executed one single time, vsing the data from the standard
data files. If a RERUNS.DAT is present, the parameter values will be read and the model
will automatically be rerun with the (set of) new parameter values. The total number of
runs made by the model is then always one more then the number of rerun sets. Names of
parameters/variables originating from different data files can be redefined in the same
rerun file, e.g. crop, soil and timer parameters. The format of the rerun file is identical to
that of the other data files, except that the name of parameters may appear in the file more
than once. Arrays can also be redefined in a rerun file. The order and number of the
variables should be the same in each set. A new set starts when the first variable is
repeated. An example of a RERUNS.DAT file is given in Appendix 5.

The maximum number of parameter values for reruns is 10000. This can be either
10000 values of one single parameter, or, for instance, 1000 values of ten parameters each.
When many reruns are made, the time step between consecutive oputput that is written to
fite, PRDEL, in the TIMER file (see above) should be set a high value, e.g. 1000.
Otherwise, the output file RESULTS.OUT will become extremely large.

Ouiput file

ORYZA_W creates one output file: e.g. RESULTS.OUT (exact file name defined in
CONTROL.DAT, see above). In this file, values of selected variables are written during
execution of the model with a 'print time step' as defined by PrRDEL in the Timer file (see
above). Variable names and values are written to RESULTS.OUT by a call to the
subroutine OUTDAT of the TTUTIL library: CaALL OUTDAT({variable mname},

{variable value}).

Log files

Two log files are made. WEATHER.LOG contains the headers of the weather files used
and any error and/or warning messages created by the WEATHER system. The second file
name is defined in the the file CONTROL.DAT, e.g. RESULTS.LOG, and contains
information on the execution of the model and any error and/or warning messages
generated by ORYZA W,
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9.2 Editing ORYZA_W

ORYZA_W is written in the programming language FORTRAN-77 on an IBM
compatible 486 PC. When the source code of the model is edited, ORYZA_W should be
re-compiled and linked with the libraries included on the diskette before execution (see
also Chapter 1).
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Appendix 1 ORYWAT crop growth module and subroutines ETPOT
and DSTRES

91



() 2 ETETIT (o) #ZIATIE {n) » TIFTIZ " (#) »LIETId WALOWEYHD

WYIAI ‘ACAI “ILINAI‘OLINAT ‘dIINNL ‘A5VLI ¥EOEINI
sIsisuered TRUIOg v

{(Z-¥)I¥EY LIDITEWT

(HTVE N dA " XHIL ' NHHL " Q04 * 4304810 LYLSM  ARTE
YONCT ' BT L TAQ ' WILNIS "W ILLS *EWIL HYIAL "UVdA
‘AQUL ‘A0 INWMEL ' INEINGC * SIFTII ' PTEIIL ' €I9T14

3
5
3

‘ZIETII TIFTI4LIETIA ILINATL ‘OLINAI ‘JLINAI “%ESYII}STITOH ANILNOIENS

oK K R KKK KF R X EEEFN

D I R I R R A A A

*

€ k2 F o

aucu

Iasn a3 Aq parjToads sw sTapow ipollED
aucu :

aucu :eyoays

{1-p ww) TTRIUFRIT Jo Juncuwe ATreq

{1-s w) pasdspuTm obeamar ATTRQ

{vdy) angsexd anodea SutuIOWw ATIEd

{J ssaxbep) oinjersdwol wnwixew ATTeq

{D seaibsp) aInjrrsduml wnwTUTU ATTRC

abesn 3714
sureaboxdqns
S6UTUIRMY

HAHHHHHHHAHHHSHHHHHHMHHMHHOHMHHHHAKH

{(T-Pp z-W 0) UOTICTPRI BAWMITOUS ATTRQ

{-) 1epow Aq pern ag ues FFYleam Iaisym Geld
(-} wejlERs IsyjEem WLIF IPOD BNIRIS

(W) 81TF IO WOTICASIH

(*xBop-o2p) e3s 3o =2pniiSuo

{*I6op o9p) 93TS 3O PPNITIWI

(p) uoTjerbojutr 7o dois IWIL

(p) (requmu Kep=) uoTILINWIS JG SWTI YSTUTI

{p) (Iaqunu Kep=) UOTIBTNWTS Jo SWTI 3ILIS
(p) UOTIRTNWIS FJo aWT]
(&) (GEOHINI) UOTIeTMITE JO Ieax

(A) [IvEd) UOTIR[AMLE JO JTEax

(pP) (¥EDFILNI) UCTIRINWTIES o Iead uTylTMm Jequnu Keg

(=) (T = T Azenuer) Isqunudieg

orI {-} do3g 03 ST UOTIRTNWIS JT DIEBSTPUT 03 Beld
(-} suop aq prnoys 3ndane 3JT 23IEDTPUT 03 Beld

{-} § -ou 3717 andur jo aueyN

(-} § 'ou 217 Indur jJo Iuey

{-) g 'ou BTTI INMUT Jo SuEH

{-1 g ‘ou ey Andur Jo aureN

{ T rou 81T Indut Fo uwey

{-} @1T7 INduUT I2WTl JO Bwey

{-} sabessou 2113 BoT I03 Jaqumu ITun

(-) 2717 3Indano jo Jagqumu 3JTUN

{-) sarTy andur ICJ pISn o UES ITY2

{-) urojyrad pTNOYS SUTINOIGNS Iey3

{ATum) BuTuesuwm

(BWTA=L 3TUT=NI ‘' ToX3ueo=)"3ndyno=0’ andur=1)

IoITa T3l

ra NIYY
4 NM
rd dAa
141 XHLL
*d SRILL
- aqy
1 HEIHLM
+2  LVISM
o AdTa
-1 ONO'T
Py I
¥d 173a
¥d HIINIG
Td SHILLS
big: ! HRIL
I HYAXI
v HYIA
¥l AOII
Ty e
1 THNEL
L0 QR o T i Al )
»2  SI3TIA
a2 PIBTIA
»3  ETATIA
2 ZIFIIA
»  TIHII4
*»D LISIId
I TLINOT
¥I OLINOI
I JQILINOT
PI ASVLI
adfy auretr

D2IRTNNTS 24 03 BARY IRY3 SI23poU
qUBIB3ITP 8yl o3 £1Tes L71oads 03 I05n 9yl Ad pesn ag uwd

31 deas BWTY YIEd 1E HSE] MOU Yoed e IDATAP-ISI IYI Ag

FSHALINTEYE TTYREOS

%

K koK X N K K X E K Kk K E B K K E £ % Kk Kk N X X % ok Kk Kk K kK Kk X K £ K k Kk X Kk K &

. PaTIe> ST JIUIINOI STYL 'STIEOW UOTILTNWIS Y3 PUR IPATIP s
+ -354 SY3 UIBMIBq SUTINOI SOVIISIUT Y3 ST SJUTINOIQNS STYL :os0dind .
= £66T-TNL-G a31vg «
. uUsBUTTRPEIY URA [2TURQ :SIOUINY «
- STACOW ANILOOEENS &

*

gsd 1T¥O
NIVR HAW400dd

R O R e Yt e E e R R R

*dd z. ‘spuelieylaN eyl ‘uebutusbey 'F4L-0GYD

‘L S31X0CRY UOTIBTNUTS °SUCTIPNITS uotjionpoad paitwiy

-zojeM pue TeTjuddod 203 Yimois doId IO UCTIRTNNIS

*ZEET ‘USTNAY UBA ‘H ¥ URRTIPNOD ‘L ‘UeA "H'H ‘Ive] AQ SOHDNS -
*dd 1.7 'souedg 07 ‘IVYI pue usburtuabam
'oopnd ‘67 SYdRISouOW UOTIRTNUTIE -sdoxd TRNUUE

TeeA8S UT UImoIE Jo sessasord TeaTBoroIsAydoss

JO uctTIeINUIS

T686T

1 318 “1UMTA 88TIA ap buTuuag

uopuot ‘gvd BuTwooylxod -SuCTIORIAjUT

£ OTT-SOHOVH -

HODYAILNT -

poom-doIo SUTTTSPOH Ul

“Ee6T

‘r1e 9@ "prW ‘33dory Ag

:sTopow BUTMOTTOI BYj UC paseq §1 [IPOW STUL

spueTIBYISN 9L
‘uaButusbeM ¥V O0L9 ‘BT Xog "O°d ‘jusulaedsd YoIeasay TRINITNOTIOY
(OTa-4a¥) AITTTiIad [Tog pue ABoToTqoexby xoy 23IniTisul yosIeosay

SPURTIAYIBN YL
‘usbutusbem MY 00L9 ‘OEV X0€ "0°d ‘AATEISATUN [RIN3[nOTI6Y uabutuabem
Y (O¥M-3dL) ABOTODH UQTIONPOAd [ERTIRICAYL Jo jusuiredaq

SsoUTAdTITTIUd SUL ‘2TTUCH 66071

‘EES XOHE "G4

F{I¥EI) 2/3INITISUI YOILOSeY IDTH TRUOTIRUISJUL

J3doiy MRl

rabiaq usl WAH ‘buonl 4l ‘uRumog KYE ‘oToIodoM SO

SIUIWTOITAUI
pejuTed pue palebiilT Ioj [apow yimoib B30TY IMTVZAMO
1 (366T) sHUIPSIDOIE YDaAvssayd JHVYS UT pajusumdog

FE6T X8q0300 :aleq
1 Z-E54 UOIEA8A

R I I T O . T T T T Y S

*TTeUS-d4VS 24l ISpun 3sn I03 (66T TT2dY)
TYZAHO JO ¢°'T uoTsIas-Jsd oyl wory pajdepe Lrreroadsa UOTSI2A STYTD

ucIlonNpeld 20TH PIIUTEY pue p2IebTial ATInd I0J TSPOH Y
{D"E) M ¥2XE¥0

R OEF R R R N K K B N KK K N R K N K KKK KR KK N KKK E KN ¥R K

*
*
»
-
*

MTVZANO 3unsry 11V

92



{duLna

'SAQ’0TM ‘TMEL * TOTOM 1SIM’ DADM ' dMOM ' D5AE * SHIBZ ' LIRL ' THL

"IN NIV CNM A I00AL  NBOHL * 008 ' I¥T 1734 HIINIS ‘INLI ‘RILI

'SRILLS "EWILNVEAL '¥VAX ' XA0AT ‘A0 ' TNREAL  LNILNO ' JALIMS
'dIMIMS ‘LIFTISE ' TIHTI4 “ILINAT QL INAT “ALINNY ‘ ¥SVIT) IVMXE0 TIYD

41 aNg
(ZALIMS 0™
"HOILOL ' LOTOM LSDM ' DdOM * dMOM LT ' THL  SHIETZ *IN INI
'IMEL DSAT 'NIVY ' IELI 'WILI EWIL‘ 1730 ' K04  ¥IIEIM ‘ LV1SM
CINGREEL CLNGLA0  ZI3TIA TIINAL 'OLINAL ‘GLINAT ‘MSYLI) Add¥d 1IN0
NEHL (€0 dTIMIMS) JT ZSTH

(OTM ' LOTOM T LEDM 3238 ' dMOM ' SHLYZ ‘ LTAL 141 ' 1N
SINI NIV NIV OSAE "IMHL  SAQ  LELIHILIL ‘dTMIMS ‘1730
INIMET ' LOALN0 ZIETIA  TIINAQT ‘OLINNI ‘GLINNI “MSYLI) TWEMOT TTYD
NIHL (T°'0Z"<TMIMS ¥O"0 03 dTMIMS) JI 3813

(0TM " L3'I0M "1SDOM * DJ0M  IMOM ‘ SKIFZ ‘ LTHD
T IR TINT TMEL COSAT TNNTIVY NTVYY ' STMIMS ‘L7130 ' aHLIL
INFEEL  LNdEA0  ZTATIA Y TIINAT *OLINAT * GLINNT 'MSYLI) TEHVS TTYD
NIHL (Z2°0F dIMIMS) a1
gauTinoagns yimoih doao pue ssoueTeq Iajes [[ED

(NNIVENNM’NdA NXPOLL * NNKHL ° NG ' ZLYISI 'HACQI ) YELVEM TT¥D
(59¢ 'T+ACAIININ = HXOOI

A®p 3%9U FO uTex 386 07 fooueleq I9TBM TTOS UNI OL
{EHILIININ = WILI

AT aN3

(dYIO+ENILLS) ININ = LdLI
‘0 = Q¥1d (20 dIMIMS) 41
ibutjuRTdsurIl ou St axeyl :puerdn ul
(4¥La) ININY = qy1d

SSTQeTIRA AIWTY IDS---

od anNd
‘g = (I)IMYL
NI‘'T = I oa
0 @3 sjuswniedwos [TOS TTE UT S§83RI uorjvITdsuel] 385---

0 = sad
= NMIYY
osad

‘0
‘g =
{(QLINNT) HSOTD

{dura’ . JduLd. ) ¥EISay TTeD
(TIHTI4 "LLINNI 'QLINAI} LINIQ TTYD

(QLINOI} SO0

L

k
k
k3

k4
k'S

)

{dILTINH W ALLINK, ) ¥3E8ad  TIVD

( dTMIMS 103 anfea HUOIM, ‘' STAGON. ) HOWHE TI¥D
(€°L6 dTMIMS "HO 0 LT dIMIMS) JI
{dTMIMS *  TMIMS . } INISQY TTYO
(LIF17I4°TLINNI *GLIRNT} LINITY TTYD
917T] WAWIIL WOIJ SSNTRA DESH--

NEHL (10" MEWII) 41

41 aNE
0a aNda
AT aNA
NUALIHE
ALY = INIYAL
CHOELT = dELdLM
NAHL

o " UEC (SYAMT IHVAMT) IWESM QNY ' 0, " 0F " (HYAMISHYAMI)QISOM) 4T
¢ BTqeTiEa ASYIEOM UI-HYAMI BU] UT IOIIB UR IIIYJ ST
§°T = ¥WAMI od
NIHI (p 0T "¥SYLI ¥O' 2 03I USYLI ¥0°T 83 NSYIT) 4T
AITTTGRITRAR ®IRp I3uTeam YOayd

/.0nnnan . /qEsnM vLvd
SUOTIETNOTES UT Pasn ST STqeTIes 2l 1vy] S81edTpur ,[, I9319] ®
(I2pIC JRUI UT) NIVH ‘NM ‘dA "XWWL "NWHI Q@ 30 8sn 2yl Ioj apod

JANVS
TN YIOaLNI

(INI)TMEL * {INT)IOTOM TY¥ER

{INT) HOALOL ‘IvEy

IINPOW XOOWd I0F pepesau SUOTIBIRToSg

{"INT} ISOM’ (INT) D3DM’ (INT) MO0’ (INT) THL T
uoTIonpord PaITUTT I93IPM I0J SUOTIRABTOBG

(0T=INI)} HIITNVEVd

I'INI J3OEINT

LELT‘HILI YabHHELNT
SUOTIRIBTOSP TEIO] pIvpULls

HYAMT dIOHILNI

ZLYLSI "HAOGUII ¥EDELNI
AdLIMS 'd'IMIMS ¥EOALNI
SSTURIIBA [BIOT

9 x0E5NM HALOVHVHD

94LVLSM YALOWAVHD

YALTIM THEAL ' LNALOO T IH0T
{2} xSTATIL" (+) 2 PIRTTA HALIYAYHD

93



{E-wn

ZATATI " LATIHI WADIINI * 1 .
(L49HI) 1348 NOISNIWIQ * fun) Jafer/Iuted BuTiTima 3@ Jualuon Asjem yo ARIIV pH dMOM &
{0p=T44TNI) JYAIIWYIYd « I {1-p ww) @3ex uoTiviodeae TTIOS [PIIUdIOE  pY JSAT &
LAAANT ' LIITHT HIOALNT - I (W) TTOS 30 yidap SUTICOX WNWTIXEH Py SHI¥Z «
(ATHAWT ) LATHA NOISNEWIA = I (u) TTos paielnuwis jo yadsa pu LTHL
(0p=ATIAKT) HILTATEYS « I (W) s12he] [TOS SISSAY2TY] Jo Aviay  wy THL »
ATHOIT “ATHORL HADALNT - I (-~} S5IdAR] TT0S JO ISQUMN  BI IN »
| I¥ISHI) SLYTS NOISNINIC « I (1-p ) TTRFUTEI JO Junowe ATTeq py HIVY «
(OF=LVISHI! MILIAYHYd » I {T-8 uw) peadspurm sbersae ATTRAd pH HM =
IYISTICINISHI WADELNI » I (eayy sinesaid anodes BUTUISW ATIRE  ¥d an o«
SUOTISUNZ NEOIY . » I (D €8a1bap) sInleiadws) UmMuTxew ATTeq FH KL «
» I {D s8aixfop) sInivrsdue)y WnuTuTu ATTEd %4 NFOALL o
YAMH " LSMI  QATMW * SATMR “HAOLMI ' ATANH ' I¥TR T HALOWEVED = 1 (I-P Z-W [} UOTIRTPRX 8sevmiioys ATTea ¢y aay
JRIIMS ' ATINIMS ' T¥TIMS ADDIMS ‘AJLIMS 'dTMIMS HAOIINI - I (~aBep-Dep) 931§ I0 PpPnITIVT  PY I¥T »
« I {p) ueTalezbaIUT Jo do]s BWIL P LTd0 «
SUOTIeIR[osp TEOCT PIRPURIS - [ ¢ (B) (Iscqumu Aep=) UOTIVTAWLS IO SWTI YSTUTd %Y WIINIJ «
. I (p} BurjueTdsuerl jo SWIL ¥I LI¥LT «
{7IN) "IN ° {IND) 1O TOM T3y a I (P} UCTIRTNWIS Jo BUTL §I WILT «
(TN} ISOM’ (TIN) DJ0M ' (FIND dMOM* [N} THE TVdd - 1 (P) {Faqumu Aep=} UOTIRVTNWTS JO 2WIY JARIE P ZHILIS «
NIWVE NM'dA XYWL NWAL * 00d ‘ Iy TYIy * 3 {P} UCTIBINWES 3JOo SWIL ¢y EHIL »
I712Q 'HIINII ‘ZEHILLS ‘BHIL ¥VEA 'X00 TYEY LI (A) (MAHEAINT) UCTABINWIS Jo IedX pY  HVEAL «
LITII NITTIL () »¥TLOVEYHD » 1 (£} (T¥EY] UCTIRTOUTS JO IWDX WY dVEX »
AL’ INEINC TYDIN0T + 1 (P) {YESELNI) uetiernuys 3o Ieak upylT# Iaqunu Xeq pI ACAT
N YIOTINI * I (-} (T = T Azenuer) zaumuied pu ACA »
HYdaAT* A00T I INAT “OLINAT *OLTNAL “ASYIT ¥IDITINI . 0/1 (+) de3s o) £1 UOTIRTOWTE FT B3wdTpuT 01 Bela py TOMAL &
sIojouwered Teuwrcd . -« I {-) sucp =q prnoys andano JT 83esTpUul o3 BeTa Py INALOC &
- I {-) »aRp ad 303 UDITAS  PI AALIMS «
(Z-¥) T¥ad LIOITdHI = I {-} JuauwmuoiTAU® uoTlonpoxd IIBI2E 01 YDITMS Pl ATMIMS «
R et e L PR L L L P PP L et ¥ -~ I {-} ®TT7 3Indut IBWI) 30 SWeN I LIRIId «
~ NOTLDES NOILvNYTIIIa M - I (-} w3ep Topow Induy YiTM STTI JO SWEN D NIEIIL «
B L T T LT ittt x « I {-) sobessow 2713 HOT ICF IJQUNU ITUn I  TLIROL »
.« I (=) 21737 andino 3o ISCquUNU ITun  pI OLINOL «
14T SAT ' 07T ' THHL * TOIOM ' L50M » LI ¢ (-} 2113 3Indur I0FJ Pasn aq UED Jeyl ITUA BI ALINOL «
FDI0M ‘EMOM * ISAE 'SHINZ LTEL " THL IN ‘NIVY 'NM‘dA = = I (-} wrxojrad pInoYs JUTINCIANS JeYI ¥SBL PI  ¥SVII «
* WAL “ NWILL * 00 ' I¥T ° 2180 ‘HIINIL 'I90I ‘HILI 'EHILLS = * ==--- =emeemes—c——a-—-- ——— —-——- s
FHNIL AYEAT ‘UVAR ‘RO0I ‘ROT ‘ INKEEL ' LNALA0 "IdLIMS ] » SSRTD (atun} Hurueow adA3 sweu o
FAMIMTMS * LTETTA ‘NTATTE “TLINAT ' OLINAL  ALINNI "HASYII) I¥MAND ENILNCHENS * (SWT3=L ATUI=NI ' [CIIUOD=]"INAIN0=0 " INAUT=T}  :SYTLENVIVE TYHEOT =
* =
A mmm mmm m e mmmm v e . x FE6T IOID0 ¢ 2IBA .
. ALINGI  T+OLINAY *OLINNT ‘ T+ALINAT "AIINAT ¢ abesn aTTd « * (€'TA) TYZAHO weiy paldepy .,
. Jasn syl Aq paTITosds sw srapow :paiTes swerbordgns . * *
. auou sbutuIRM » - LYMAH0 INLILAOGHGNS »
» zayjeas DUTSSTW S3320Tput » A e e e e e e e e e e mmm oo oo M
s P, = L¥1SM IC SIDADRIVYD BYI JO BUC IT ISYDRYDS I0IIAZ TeIRH . W
M » UT)ST "
» I {1-p z-u ) pegpess UT sfea  pd Jd1a . LYMAYO sunsrl 1V
. O {-)} doxp syj 3o #beis jusudolsisag Py SAT -
» I {u} x23eM popucd O Junouy fH 0™ »
» O {T-p uw) I3AeT/93eX UOTILITASURIZ TEDISR JO Aviiy P TMEL =
« I {(f-wW> fU3) IBABT/S5IUSIUCD II3em TTOS TeN3oe Jo AvIIy By IOIOM &
» I (E£-w> gud) ISART / UOTIRINIES JUDIUOD IS3eMm IO AeIiy By LSOM »
PR | {€-ud . anz
- gwo) a=Aer/AdTowded PT2TI JUSIUOD IHIBM 20 ARIIV  PY D3OM » NALTE

94



(OSDHD’ | OSDED. ) YANSTE TTYD
(LYDED ', JHHUD. ) vadSad TI¥D
(AMOuD’, ATOUD, ) YEYSAY TTHD
(334700’ JAUZOD, ) VANSGY 'TIND
[£4e2 0 202, ) YAUSIE TIND
sIazoureied Topow pedY

(O¥AZ* . OYAZ, ) YH4SAY TIVO

(LLSM’ . TLSM, ) ¥AMSAY TTVD
{TOSM" .  TOSM, }YEYSTY TIVD
(ToEM’ . LLIM ) vausadE TV
(I9ATM' . TOATM ) VEUSTE TIVD
(ISAQ’. ISAG ) vEMSAE TTY0

$21035 TRIITHT PEeN

{NIZIId " TLINNI'CLIRAI}IINIOE TI¥0
8717 3andut doxd uadp

(ALINNT) ESCTO

(EONY ' (HONV , } YENSTE 1TV

(WONY ' VONY | ) YENSTE TIVD
(LI31I3° TLINOI 'GLINNT) LINIAY TTED

DTT3 HIAWIL 9yl Wy sisjeueIed worysbuy peay

AT dNg

(,uoT3ompoId 201X PURTAOT PAJUTRM M ¥ZAHO. JHODLIO TT¥2

NAHL (€°0d 4 IMIMS) AT =STA

{,uoTionpord 351X puRTdn ‘PSIUTEH M VYZZHO. JHODLND TTY¥D

NIHL (Z DE dIMIMS) 41 FS'TE

(,uorionpoad 80T PUBTMOT PSIUTRY M VZAHO. ) HOILOO TIND

NEHL (1°09°dIMIMs) &I 4573

{.uot20npoId 8511 puRTMOT Pal1eBTIIT M VZAIMO, JHODLIO TIN2

NAHL (003 4TMIMS) 4T
871y indino o3 8373 pues

NEHL (1 0Z dSVYL1) 4I

ANYS
TdWLI 'dSNI ‘QLSI YWEOHINI
JMLI ‘WILI YEOHLNI

INDI HEDILNI

1no¥d’ IveTd TEIID0T

uorionpord palTwr(-IoivsM I0] SUOTIBIRIISC

AINNION * MENT * INTT T¥Hd
SUSTIIUNT paSs)

(QLMXRI) INALMX NOISNIWIQ
{0P=0IMANI} ¥ILIHVHY
QLMYTI GIMXKI ¥3D8INI

{(LSMXHI} aLLSMY NOISNIHIQ
(QP=LSMXWI) YELENTHYI
LEMYTT " LEMXHI HEOALNI

(YIMYKI) HLvdMx NOISNAKIA
{0F=YdMAKI) ¥ALEHYIYd
YAMXTL ' ¥AMXRI BHEOELNL

(TIMXWI) LOATME NOTISNEWIQ
{QP=TIMYHI) NILINHVYI
TIMXTI* TIMXHI RIDIINI

(ATTMYHI) TAATMX NOISNIWIA
{0P=NIMERT} ¥ILTHVHYL
ATMETI ' ATMYHI SEDAINT

(TINXWI} LATINX NOISNAWIA
(OF=TINXWT) HILANTIYS
TANXTT * TANXHI HEOTLNI

(IYIXHI)9LIVYIX NOISNAWIQ
{0P=I¥INKI) YILIWYYY
IVIXTL I¥THAL YEOEINI

{LOWLMI )} 8L0HL HOISNEWIA
{OP=LOKLANI) YILIWVHYI
LOWLTI ' LOWNIHI ¥ETOIINI

(VOSSKI) 4LYDSS NOISNIWIA
{0P=V¥OSSKI} ¥ILIHVUYA
¥OSSTI ' ¥OSSWI ¥IDINIT

{JTEINI) LLITEE NOISNIWIL
(0F=a08YHI) EELENVEVA
JAEEII’ AQTEIRT EEOFINT

(ATANWI ) SLATAN NOISNAKIA
{0P=NTINKT) ETLIWTHYL
ATANTI ' ATINAT HHOAINI

{LANYHT } SL3MY NOTSNaHIQ
(OP=0L4NART) HILANYYYS
LA LANIHT HESALNI

{LACIWL) SLICE NOISNEWIA
(0P =LAOMKI) WILEHVAYd
LAQATI ' LAMIAL YEOAINT

{ILS4WI) 81153 NOISNIWIQ
(0P=I1LSdHI) BILIWVYVA
LILSdTI ' LLSIAI ¥IOAINI

{LOSJHI} BLOST NOISWERIO
[0P=LOSART) HELEWVYYd
LOSAIT ' LOSARI HESAINT

|LHSANT) AIHSE NOISNBRIA
(0P=IHSINI) HELAWNYHYS
AHSATI *LESIAT 92OHALNI

{(LLYAWI)BLLEd NOISNEWIA
(0P =LIYdRI) YILIHWVAYd
LIMATI * LIHIND HEDAINT

{1ATAWI) 81ATE NOLSREWIC
(0P=LATdHI) HEIINNIVL

95



(MIWLTET * . MOWINZ , ) VEUSAY TTIYD (£ 08 d4TIMIMS)
{ORIHZ * OHIEZ, ) VIYSaY TIVD (E£°17 dTIMIMS)

ar
a1

(IL¥Z °) TIYTZ () YHESAd TI¥D
{SATAN " SATAN. ) vHESTH TTYD
uoTionpoId PalTwi{-IsleM I0] sIPIBURIT

(AIMXTI " QIMXWI ' IHAOIMX " LHALMX ) YENYAY TIVD { A, "0F “WAIMA) 4I
(ATMXTI "ATMYWI * LAATME ' JAATIMX, ) VEIYaY TT¥D { A, 03 QATMH) 41
{(¥AMXTI 'YdMOHT “ELVAMY ' . dLYVAMY, ) VIUVAY TIVD (A, 08 vdMW! JI
{ISMXTI 'ISMYWT ‘ELISMX ' GLISMY . ) ¥3¥YaY TIVD (. A, 03 ISMW) 4r
{TIMETI CTIMYHT ' TOATME | LOATMY, ) YEYYAY TTI¥D { X, 03 DATMR) 4L
(TANKIT CTANNKT ' LATANK ¢ LATANY, ) VEdYQY TI¥D [ A, "33 ATIMM) 4T
(IVIXTI ' T¥Dodl ‘GLI¥TX SLIVTY, ) YENYay TTYD (W&, 03 I¥TH) 4T
41 aNg

P71 ated Yote) @eEd

 <NEOLEY> S§9Id ¥l 'x) ELINM

CHAML T = INHMEL

L 1aTTE e3P dOID YOBYUS <- M. 03 185 ST IVTH. (x'y) EZIIHM

,95TOPaq UOTIOUN] BUTSICI S IY] 8SN JOUURD. (y’y) ZLIUM
NIHL (N, "0F I¥D{ ONY " T- 03 IVIIMS) dI

{(Ivi} eaep poTTddns UT ADUIISTSUOD U0 353

{(¥aMW) D¥Eddn TTYD

(FdMH " VdMH ) VHOSTE TTYD
{LSMH) DYFddn TIYD

(ISMH '« LSMA | ) YHOSIE 17wD
{OATMH) DJHadan T7es
{IATMI Y (AATHH ) YHISOH W3
(DATMH) D¥BddN TTYD
{SATMI Y (OATMH ) YHOSCH TTY2
{WOLMA) D¥ddn TTYD
{HALMK* AGLMH | ) YHOSAY TTY0
(AT4NKH) D88J4n TTED
(ATANK ' ATANH | ) YHOSQY TTHD
(IVIH) D9addn TIND
{IWIH’ . IVIH, ) VHOSQY TIY0
BJIEP pPRANSEdIW IYJ pedy

{ dWLIMS 103 anlea Buoxm, ‘' LV¥MAYNO,)¥0ddd TTYD
(T 8N dJALIMS "aNV" 1~ 3N JHLIMS)

AT

(dHLIMS '\ JALIMS ) INTSaE TTYD

{ ATNIMS 03 @n(ea Buols, ' I¥MAMO,)H0ddd TTY2
(T 8N ATNIMS "aNe* T- " HI7 - ATNIMS)

cas

{ATNIMS ' ATNIMS | INISTH T17Y2

{, I¥IIMS I03J anfea Hucam, ' L¥MAMO. ) H0dd"d TIVD
(T =N" I¥TIMS "ONY¥ " T~ HN ' I¥IIMS)

can

(INTIMS ', I¥IIMS ) INISQY TIVD

{ AQDIMS 203 onTea buoxm, ', I¥MAMO,.)HO¥¥E TIYD
(13N AODIMS "NV T- 8N ACDIMS)

Cas

{AODIMS * (AQDIMS . | INISTE TIV¥D
Sauo3TMs BYI pead

GLYISTII ' LYISHI ‘€1¥1S ' S1¥'1S . ) vEavay
(¥DSSII 'YOSSHI ‘IL¥DSS * (G1YDSS ) YEHYaY
(ATHQTI ATHOHI ' LATEA . LATHA, ) ¥EUYay
(L0SJTI ' 10SINI ‘G1053 ", EI0Sd. ) YEEYAY
(LLSJATI ' ILSAWI ‘GLIS3 ", 8II5d. ) YEYVAE
(LATATI " LATAHI ‘9LATI7 . 814714, ) ¥IEVay
(LLYATI * LLYAWT *GLIEI ', GLIdd, ) YEIVad
(GHSATT * THSAKT “ALHSA . SIHSJ, ) VEIVaY
(LANMTT* DENAWI “SLANN . SLJNE, ) YIHYad
(LAQUTI ' LEQAWI *SL4TH° . SL40H, ) YEAYad
(LIJETI ' LAJEN] ‘SLESE ' HL44T, ) YEdvdd
(d0FETI ' JAYHT * LLAQEY * ) L1, ) YEIYa
{ATANTI "ATINHI ' SLATIN ' HLATAN () ¥EI¥@E
{IORLTII ' IOWIMI ‘SLOWL' . 9I0WL.)wadvay
SUOTIDUN] NADAY

(XIEDM . XFROM, ) vEUSQ

(FT4L ', 494l )vaysay
{ani'. QoL ) Vads@y
{a@nL’ . AL, ) vIISTI
{41573L " MILSTOE, } VANSTE
(ATEL' . ATEL, ) vANSaY
[Lat=r g dd.l. ) ¥adsad
(4948’ A9d4S. ) YHASTE
{THDHS ', THDHS.) YEYSAH
{O¥DHS ', OMDHS.)YHNSTH
(428", d05, | vEISay
(TYOE Y, T9DY, ) YEYSAY
{01d", 013, y¥EusSay
(4544 ‘. dIsdd.)vZdsad
(457dN°, ESTIEN. ) YEESH
{TdMLI) TVEd =
(TAWLI ', HI&N, }INISAy
{HN, HN . } ¥EESad

(ddOW‘ . ddOH.)¥Edsad

(ISNIVR' . LSNTVH, ) ¥IdsSay
{OSNIVH . OSNTYR. } YEESad
(LUNIVH ' LENIYH, ) ¥EISaY
(ATNIYH ' ATNIVH, } THESAYH
(MLSET’ . YISYT. ) TEEsSad
(3d¥1’, EJ¥I,)¥EESAy
(154, ¥9IsSd,)vEISau
(dLS2d ", HISDd.)}VEdsad
(L5324, 1SD4.)vI¥say
(05047, ©050d.)¥IESAY
(LMD, 1¥D4,)VE¥say
(AT, ATOd, ) YEYSAY
(AT, 99AQ, ) YEESAQY
(d¥AQ’,  J¥AQ, ) YEESAH
{MEAd’ . CUAd, ) YEYSAY
(TAC’ .  THAG, ) YHHSAH
(MLSDED*  HLEHID, ) YHASAE
(LSDED’, LSHUD. ) ¥IESay

TIYD
TIHD
TIYD
TIVD
TI¥D
TI¥D
TIVD
bbbt
7Y
TIYD
1Y
TTYD
TIYD
TI¥2
peay

TIND
TINo
TTRO
IO
IO
T2
TI%2
T
17D
TI¥D
TI¥D
TIED
TIYD
TI9D
TIYD
HTdN
TIND
TIVD
TIVD
TIYD
TIYD
TTYD
TTYD)
TIVD
TIYD
TIVD
TIYD
TI¥D
TS
TIND
TIND
TS
TTRD
TTHD
ITYD
\ris s}
TS

96



‘H573

(AQ0‘ LEMXTI ‘HLLSMY) INTIT = 1LSMX
NAHRL (A, "0#'1SMA) AT
41 and

66— = UATMK
gFs1a

{ROT " ATMYII " LOATMX I INIT = QATMX
NIHL (X, "JE QATMW) 4I
dI dnNz

T66- = DATMX

{A00 " TTMXTT “ISATMX) LNTIT = SATMY
NIHL (X, DI SATMH) 4T
ganTeA pPRAISMAO JO UoL1eTodIaUT “T-----—-

NEHL (T DE-¥8¥lIr) 4T #8513

= d32¥
= ¥d1d
INOT
= MZAd
= M3od
‘T = S¥1sa
‘T = S¥1ST
TESTYA T = LAcdd
THSTNA T = AVATa
Jybnoap o3 anp s2APal JO 93UAISBUIDS

J2els z03 JTwrl seddn fuoTisnpoxd palITUT] JAJEM ICJ---—----

"0
"0
0 =
‘T
‘T

0 = dsNI
0 = QLSIT
[o2 fc PARE R 1 (03 La ¥
Q¥EZ = NOMAL
OYHZ = LOWL

OUIZ = MUL
O¥dZ = DML
II¥Z = JMZ

uctyonpoexd pI3TWIT-I918M

T0 = MEAYL
3 = TADHSL
‘D = OMOHSL

"0 = Had

0 = WISIVT
CHHAZ = LIOATM
Cydz = dNayn
O¥dZ = SS5YNL
Q¥dzZ = AISL
oygzZ = SL
o¥gzZ = Svd

O¥EZ = 45N
Q=22 = 40N
987 0/898M = PTHEM
08932 = YaM
ILEM = IEM
IOSM = DEM

HLFM+S5LEM = 1SM

QHHZ = HLSM

ILSM = SLSM

ouaz = gam

IDATM = DATM

QHHEZ = THOHEvYd

QHIZ = KNo¥¥d

ISAQ = SAd

SOTGRTIRA DIPIS SZTTRTITUI

41 aNd
{ pesn uoTis@izos sIMleradwal WIH -, JHODLIO TIVD
NAHL (189 JWLIMS) 4T ASTI
(,peSn uoijeerros aznjeradudl WS ON -, JROJLIO TIVD
NAHL ({~'0d‘dRLIMS} 4T
AT aNd
(. pBSN pRQ-pRes I8AC A8A0D - JHQDLNQ TTYD
NEHL (1°03 A0DIMS) 41 HSTE
{ ,POSN PO-PISS IABAO IBAOD ON -, JHOOLOO TI¥D
NEHL (T-°02 A0DIMS) 41
41 aNz

{.p2sn XOd JO UWOTIDUNI ST JUIIUGD USLECIIIN -, JWOOLOO TI¥D
MIHL (1'0H ATNIMS) JI 9572

{.p9sn SAJ JO UOTIDUNF S5€ JUDIUCD UIBOIJIN -, JWOILAD TIVD
NEHL (T1-"DZ ATNIMS) JI
41 aNZ

(. pasn IV pPaleInuIs -, JHOJILAO TIVD
NAHL (1 39 TVIIMS) 4T ASTE

(,uoT20uny BUTDIOF $© PISN Tyl PaINSEsR -, JHOILIO TIVD
NAHL (T--03°I¥VIIMS) I
a1y Indinoe syl o) suorided aiTiM

[(LULI ) 199 = ALAOD
BRILLS = SA0Q
aep bButjueydsuea] pue SI1Ep MOS 19%

(QLINNI} ZSOTID

(I¥T1° . T9TT, ) YEESTY TIYD
{Z4710°, T910. ) YIUSTE T1¥D
{171’ AT, ) ¥IYSTE 1TV
{10710’ 70710, ) YRESTE TIVD
(STTT' . STTT. ) VEASTE TTYD
{710, STIN, ) VENSTY TI¥D
(LS OIS ) YRESAN 1TV
{1829’ Y29, ) ¥RuSad 11¥D
(TORLEZ ' (ODRLYZ ) YHESAE TI¢0 (£ 09 dTMIMS) AT

97



ayn Aurielug s103aq Furl[oi-jJeal jo =8wD ur S8APaT | [(oIufl,
(9MTATT " UMTATIN T HMDTLS

E

'MIAQ 'MIDd SULSA SE1ST ' A0 T INOT TANNOM THAL ' MYL 2 41 aQMa
FLT BETN CTATT IATN ST STIA Y SIS (MM T DA0M 150K ki (5AQ° L¥ISTL ELYIS) INIT = YIS
CLOTIM IN ' TEL C Y2 DN SAQ Y1180 C AL IMS L ATMIMS TRIHMEL) STELSA TI¥D a51E
TuandoTsasp Pue ymeih JoIs uo S8a11s z33eM JO N {DATMX ) TANLON/IVIX = V1S
5308339 ByUl Jo pue uorTivItdsuerlodeAa [enioe Jo uoTIBTNOTED €°§ P NAHL { A, DT DATMW ANV X, "I IVIH) 4T
(D5AT 'OdL ' 0'IM° L5DM " 10T0M 3 LSM¥¥DSS = TYS
TIVIVC MM A TANL 050 THLA 'GONY WONV ‘I¥II'WILI'dTMIMS)LOILE T1YD (SAT‘YHESTI "ALYASS)INIT = YOS5
uotlezodeas pur uoTivaTdsuerl (eIuslod IO UCTIRINDIED T°G . Juando[AADD BAIE JEAT ‘f-—---=--
{(MEAJ ' ANDHSL ‘¥AJ ' SA0Q ‘4IR04 ' dIDHS ki {07/ (AFUL-AYDL) ) #2010 = AJHL
*51'A5Ad ' 40K TAYA NH ' HYAQ ' dEAT ' TYAQ ' [YAT $¥A ' SAQ) TONIHd 1T¥D '/ {AYLAXVRL) = dAYL
‘Z/EYHLANINL] = AYL
{05A " Tavdd “Wydd " YOLA ' XYHY TAYA 3 ONIML+NWHLI = NIWL
*ATAN TOO T INTY ' AN Y 30¥ ' 1JQEN F d3F ‘408 THLA LY ACQ) dSYLOL TIYD ADDEHL+INYHIAXHAL = XVHL
(OXWHL * 07 {dKIIMS) TYIIIMSNI = DNIRKL
A4IZ00x (AAYEL ' LISTTL 'SLIFH) INIT = 449 { (K00 " LOWLTI ' SLOWL) INIT'* 0 ' (SHIIMS) T¥IEI MSNI = OXVHL
{ (222" 0-JHUZODXS0ED0 0-)dXd-"T) / K}
({227 0-ZODOS0E00"0-)dXd-"1) = Z4dZ0D {AQIANL ‘ SAOD “ELAOA ' SYA ' AODIMS ) HEACD TIWD
(ATINX ' (SAQ’ATINTI ‘AIATIN) INIT* (AINIMS) TVAYIMSNI = ATdAN
93 T/ { (I¥I¥»3A-) dXT-"T) +5 0+¥LT« (90°0-"1) = TI¥Y¥d aad = Wi
{SAQ‘LANNTI "8IINM)LNIT = JND "1 = SY(d
(QAY.L '30FWII ' LLIAEd) INTT = 13d3y S9TqRTIRA ISYILam 8wWos JO uoTiegndwod ‘g---—-—---
(SAQ'IAaATI ‘81409 INTT = 3a
{¥OLG) UeTIeTTUISsSY OO AdoueD ssoad A1ied 179 r¥y dI aNF
66— = IVIX
OSM+ISM+DATM = D¥M 818
AATM+OSM+ISM+OATM = 1OWM {AOQ° IVTIXTI 'GLIVIX) INIT = IVIX
uoT3onpeId raliew AIp ATTRd "9---w---- » NZHL {.A, D3 IVIH} JI
41 and
STRAS] &%8I]8 - “B6- = ATINX
quBnozp pue a23vi ucrjerTdsueijodens Jo UOTIRINDTIRD "G-=-==—— - et=leic
(ACO 'MANXTI “ LATANK) INIT = ATANX
(Q7TODN’ EWEIL ' AYL “ELAO] ‘A0Q) GEAS T1¥D RIHL (K, 38 ATINK) 4T
{ATOH " Z%  "0E "ATEL° NIRL 'XWHL) QAENs 1T¥0 A1 QNFE
(NH ' CWL ‘0L ‘d8L ' NIKL ‘XVWL) AdEns TIv0 ‘66- = IMX
Juswdo(oasp TedI1SOTOURYd B-----m--— . HSTH
{AQQ ' ALMXTI ' LHAIMZ) LNIT = IMX
TYSSG 0+IVT = IVIV NIHL (A, "0F° NIIMH) 31
SULETLIVT = I¥T (1°'DE° IVIIMS) AT 4I anNda
s88I11s 1YHTOIP JO ased ur BUTTToI jvan - "B6- = WOLMA
(HISIYT I¥IX' (I¥TIMS) TYEY) MSNT = 1] I§TE
AATMX - (X0d 'AIMXTI ' LHAIMX) LNIT = KAILMX
(5dIan k1 NEHL (K. 03 WOiMW} AT
‘INDT “d¥Ld TADHSL 'WISIVT SAC TMCHS "H'IdNHN' YIS % AT and
‘ONIM ‘IS TdN 'ATSL T '2d VT 'YLAOD 'SACU ' S¥A ' INTIIMS) I¥Id0S TIND “B6- = WAMY
5713
41 aN= (ROO ' ¥AMXTI ‘GOWAMY) INTT = ¥dMX

NEHL (A, 03 ¥amW) 41
d1 ang
‘66— = LSMY

SYLST/IVT = IV
NEHL (T "I7° S¥IST) 4I
SUOTIRINOTED-INT

I

98



faa’,  daTM. 07 Z) IVALNG TV
(MRA¥L*,  MHAYL. ‘0 °Z)IVaL0N0 1TI¥0
(DATM' . DATM. 0 °Z)I¥QLNO TIWD
(LdM7 . LdM. 707 Z)I¥aLne 1Iv0
(Iv1’, I¥1, ‘0721 L¥aLa0 TIVs

{(INIX’ . IVIX, '0'Z}IVAIN0 TT¥0 (LA, "0d IVIR) 4T
(S¥ISA’ . SYISA. ' 0TI I¥ALNO TTYD
(SYLST’ .\ SUIST, “0 ') IYATNO TTVD

(YL’ DML, “0'2)INATLNO TIVD
(MdL", M¥L. ‘07Z)IV¥ALN0 TTYD
(dMTQTT " EMIQTT, 0 7] IVALAO TIYD
(¥M1a7I0 7, EMTATN. 10 1 Z) LVGRNO TTED
(IMDILS © VEMOTLS, ‘0 ' 2] L¥AL00 TTYD
(EDRIOM 7 TEIHOM, 0 ' T) I¥QLNO TI¥D

(MaDd ' MEDd, ‘0'T)I¥aLNe TI¥D
L9z’ IMZ, '0'Z)L¥aIno IIY0
{saq’, SAQ, ‘0 'Z)L¥ALA0 TI¥2

NdHL {1ndrnol a1
uotioes yndang ‘g

{ TN AL * MHOFD “TATL “TdOND “NIDHD) HFDENS TTVD

(" p%/ Z2T) »SEYNL = Ta0MD

OSOT 2 OSM+IHOI s ( TLHM-JM)
TULSDE »HISMHLEDA v { TLEM-SLSHM) +ATDA 5 (ISATM-AATM+DATM) = NIDND
("ET/ TP «SNYELD) -0~ { "0E/ PP (HOWE-"FF/ "0€sYDLA) ] = SSYNIH
LHD 8 TLED+BLS DA » THLSMH+I5DA 5 TLSO+ATII TONTME = SNYELD

R AT 2 A A E PR AL
{HLSYT~ " T) +HLSE 00« [ THLEMEHALSH) +08Z00-08D+ISZ00
(TLED+LED} +ATTOD» [ ISATMY +ATD) +1MZ00s (TLAD+IUD) = ¥30™

{0S2d-"0E/ " T1x050UD) 4+ Z1/"PF = 0SZ0O
{8152d-"0E/ ZTI+HISOUD) %" TT/ " FF = ULSZOD
{1523~ "0€/ " TT»I5DWD) 4+ ZT/ PP = LSZOD
{AT33-"0E/ " TT»ATOMD) 4 2T/ "FF = ATZOD
{1¥D3-"0£/ " ZT+I90HD) ¥ 2T/ PP = I¥EZOO
(¥08d) doz> Y3 30 UOTIRITASDI YaMmoedd T-°p
yoayD soueTed ucqIE) g

A1 and
41 Qe
THQII+IIA0, 90T = 19GT7d
SYLSA = JFAA
L1780/ LT~ (SAL50- " 1) » (LIZ/LIDATY) = ¥a1d
NEHL (433¥°F71°§3918d) JI
NZHL (3¥37a) 31
41 ana
SYLSd = 4EIY
‘INYLT = AVEHTA
DATM = LIOATM
NZHL ((JVETa ION™) "aNE’ (" 1°I7°S¥L5d)) 4T
AT aN¥

0 = LEaTa

THSINAT = AYETA
NAHL (T 08°SHLsa) L1
ssa11s 1ybnoap Ag pesned ST ylesp Ie9T ¢
0 = ¥da1d

{TLSO ' TYLEME " TIYD ' TOATMYE ‘159 "ULEME ' 1492
'OATTMY “HLSD T ATD ' 113C S TN THN ' HTAN 'I9M ‘ SISM E1SK
‘DATM HLST ELSS ‘1S3 ATT ATd 'HSA ' L¥d 900 “4LACT’ ACd) SI¥LENS TIVO

(SAQ'ATHATT ' TATEQ) IRIT-0ATH = AT1
suebIo dois Jo S838I YIMOIH L9

(HOND "dSND Y00 05D aNITED "FHIL ' dSN ' XYHL
'AVL ' J9dS “HMd "EM ' SATYLACT ‘SA0QACT 0S4 'HSS "HDD) NHOINS TIND

XHEOMVHON = H¥Md
gaTeyTds pue suteib Jo I8QUNN 9°'9

{(*ZT/ 0Ex¥ISDI+¥ILSYTHUIST-HOS "0} AW = ¥OON
HOOMD/ { (" ZT/ " 0€¥ISDILEISUTLULST) IO - { " TF/ " 0E4VDIA) } = HOD

(BISTOL/ELSK "0 ' " T-SAAIMENI = ¥IST
{H0ON “H29) dox>s Jo &jer yimoIb 18U puR S50IH "5'9

SAANH» II0T»
(LN TV H o LHM A OSNI VH« OSM+LSNT VR LEM+ A INT VI« DATM) = HIHI
(OATTMADATM] TANLON/ DATM = SACNK
siusweitnbaz adueudjutEew F°9

LY ¢ LEOUIH (05 4 OSDUD
+15d» YIS »HISOUD+ (HLSI- " T) » IS vISDUDI+ATI+ ATOUD) v HEE = ¥ODHD
uetTionpoId I933vW AIp I03 JUSWDITODRI 2IRIPAYOJIRD £°9

dT ONZ

T = 1dd

sax "0 = HS4
= NEHL {°T°17° SAQ ANV 9MEILS 377 739doM) 41

(SAQ LOSATI 'AL0S) INTT = OS54
(SAQ LLSATT ' aLL54) INTT = IS4
{SAQ/LATATL ‘HLATA ) INIT = AT
(SAQ LLEATT "9LIEA) INIT = Ldd
{SAQ LHSITI '9EHSE) LNTT = HSS
(Butuor3tiaed AP TWUISSE)
suebIQ JueTd Jo seqey yamelab sATITIEY Z°9

MIAGYHMAT = ¥AQ (01717 SAQ QNVY"LNC¥d) JI
2101 JuswdoTaAdp UC SSaI3ls 3ybnoIp jo 310937379

M3 L¥DLT = ¥OLJ
¥o1d ue ssax3s ybnoxp jo 19833F

L

EX Y]

EE )

¥¥¥

99



41 4N
{ITA "ML 'NOMEL) TEOINI = NOMHEL
(L1307 081 "L0¥L} TIOINT = LOEL
RAHL (DL E0 WILI) 4T

PI&#13 uTew 2037 ATuo UCTIRITdsueIl JOo SanTes SATIEINUMD----——--- -
CENELT = TOEEL (0L ANIWES) 41
CENED T = TNANEL (C€TLO QTOoH) 4 SAOO-EWIL = HAAED
TENHL T = TNWEAL (CZ°ID°SAd) 4I HLSM+SIL5M = LSM
98°0/¥dM = pIEEM
AT dN™
THOMLT = TNRHEL (HIEZ 'ZMZ)NIK = 1¥Z
{,pedde3s UCIIRTRUIS - TIOTI uRyl ARRIP TIOF,)WOSINC TIYY {17807 2¥20° T82) TEDIRI = 1HZ
,peddoas uorleTNWTS <=, {4 s} ALINM 41 anNg
\S2ARST PRSP ITWIT IBMOT URYI IBAIP TICS. {»'s) TLIUM (LTHL ' SHIMZ *ORIMZ)NIK = HIEZ
MEHL (9MIQTT 27 TIdE0M) 41 38113
PaYDEDI ST SOAP2T PESP ITWTT X8mol IT YDIUD ORI¥Z yabues| -xew 03 JYBTEIYS Mox5 S1001 *S2SEBI ISUI0 [IE UT .
AT aNF
I ana {LTHL  SHLEZ * QOWLYEE ) NIH = HIHNZ
THMNL® = TNHEELD NIHL {Lnodq) 4T HSTE
{ paddols uorienuts :3ybnorp sfep §Z URUL ATOH. }WOOLNO TIND {I'TAL SHIME 'L¥Z) NIH = WIHZ
.Q3dd0LS NOILYIAHIS <= DNOT COL IHOHN0Ad . (s ») TIIUM NZHLI ({MOWI¥Z LD IHZ) "ONY¥" {LOCHI"LON"}) 4T ASTI
N#ZHL {57 3D"dILSI) AT (LIAL° SHLHEZ ‘MOHIYEZ ) NTH = WI¥Z
(sToIadom stuswTiadxa @snOYUsaIb WOIJ) anfes NAHL ( {MOWIMZ 37 LdZ) "QNY" (LNoYa-ION")} 41
WNWTXBW SP2soxa SAzZp $§3118 JO ISQUNU usym USTIeTnuTs ayj dols « NIHEL (£ " 0F"dTIMIMS) AI
AQO¥d I0J «
41 ONg OSM+LEM+TATM+HOATH+HLEM = MHOYL
Q = asNT AT BOLVdE »
{172A) LNI+dLSI = 9ISI {LTIC ' SSYNIE ' SSYNL) TIDINI = SSYNL
NEHL {8MDTLS TT TIRESM] A1 (L7730 ATOH ' ATSL) TEOINI = ATST
sAep sso138 ubnoap 8yl JUNOD « {LTHI'NH*S\L) THOILNT = §1
(L'THI S¥aY ' SYa ) 'THEINT = S¥a
41 ana {LTRQ aSND ' dSN) THDINT = dSH
0 = QLSI (£ L9 GSNI) 4I (LT3 YOND "HON) THDINT = ¥9N
(LTAT) INT+ASNI = JSNI {(LTAC MO0 "WHM} TEOLNT = HuM
TESTYAC = LOO¥d (L Tda  LHD * LEM) THOHLNI = LuM
NIHL (dMS7ILS " 32° TITIOM) II {I730 '0SD ' OSK) TEOILNT = OSM

(1740 *MLSME "HISM) TEOINI = YISM
(1730 ‘I5D "SI5M) TIOILNI = SLSM

(1730 " 4QI@+ATT' AATM) THOLNI = JATM
{1720 " 901 -OATHE ' DATM) TIOHLNI = DATM

*yyBnoxp anoyatm sfep
£ UBy3 210U Aare SIYY FJI ) €1 SIIJUNCD AepP-858I315 1a5FY
qUBNOIP 2I0W OU GAMDTLS URYI IIAPIAL JUSIUCD X@Jes T8I IT

 x

a1 aNg {1720 TI¥VA ‘' THOUVA ) TUHLNI = THOHYd
AL = INREED {1780 ° TYVd T 'HNDHYA ) TASINI = WODEVd
"0 o= OATM ('O LT DATM) 4T (LIA0 'MAT* SAQ} TEDINI = SAQ
D = ISM {0 X1 ISM) 2T
*0 = OSM ("0 T 0SM) dI NTHIL (£°03-%S¥I1I} 41 2§7F
{,peddols uoTILTRUTS <= SSewoTq 2aTjebaM.)HOOLNO TIVD B T - .
Jpaddols uoTIB{NUTS <=SSPWOT JATIEBON, (.'x} ALIUM * NOTILDES NOTLVEOAINT *
MAHL ("§- &T ISM'E0 T6- 1T OATM MG "5- LT1°0SM) JI T e e e M
UOTIBTNWIE 1I0e PUR (0 03 385 :3ATILEAU ST SSPWOTYH FI-~---- -
41 aNE
[HINZ ‘IHZINIH = oH2 (1'Dd-4IMIMS HO" 0 0 dTMIMS) AT
obeyuTays YITM 110¢ p2IPpnd uT esesioep UBD YIHUAT 1009------ * {OSM',  OSM.’'0'Z)INALOO TI¥D
(ISM',  LSH, '0°2)IvaAnn0 17¥0

100



(HDASI+Ad0TIS) /HOAS 4 MO XHA
{HDOASA +EJO'IS } /HOASE v I RY

L}

MOaAd
= aad

QAT PUR dAH 30 UCTIRIND[ED--———-

MWOITM» (HOdY¥A-dAS) =
JaMx (HOdYA-EAS)
(ANTM«FS 0+570) <9270
(ONTMaFS 0+0"T)-€£92°

NMTHE 108 » {MOBTY=-"T} =
NMTE-108 s (IMETY-"T) =

NMTE-LQY s (H7¢-"T)
*B0¥SE «HYETDE » IYAL +ATHEE

Fxx | " ELTHAYL) «KZLIOE
(20d¥A}IUDS#6L0°0-95 70
IYITO«6"0+1°0 =

(GONY/ {(YONY- (0S0/L10¥) ) "1 " 0) LIKIT

({TYTS 0-)dXHE-"T) »OGT¥+ {I¥TxS "0~} dXE+MOTTY

¢

({T¥T+5 0-)dXE-"T}»IGTV+ (IVIs5 0-) dXI~5ETY

{dNLEIM/dNOM-5 "0~ T) «SAETV

CTve (" GETHAYL) /AATI " BSTT
{{ 6ETHAYL) AAYLF " LT) dXATT"

9

MOdANA
= di¥d
MCaqm
= Jam

MOQVEN
MQVEN
= QN
= NMTH
gvidd
= d¥Ad
EYETOd
uvano

angIy
= d1¥
= S9TY

4018
= dAS

e LT Y = =

¥ uotieatdsueriodens I0I SWASR UBWURd JC UOTIRINOTWI--————

{T)LS0M = dNLSOM
(DILOIoM = d0OoM
Gz = DEIY

S0T0 = MOETIY

520 = 509I¥
8-3899°'S = KIII0€
£8°0 = HOASd

98% "7 = JYAHT

e = aNIM

"0Tedh = HOdYA

Jequ <- Bdy WeIJ UOTSIBAUOD-——---

HAYS

d'IMIMS ' LELI ‘WILE HEHAINT
(D) IsoM’ (T} LOTOM TvEd
{Z-¥}IYEH LIDITANI

(OSAZ ' DUL‘ 0™ ISOM ' LITOM

‘INTINM'dAAYL 050 IAY FESNY  ¥ONY ‘ LELT "WILI ' dTMIMS) LOdLE ENILNOEENS

® auou

abesn IIT4
* FUOU iSNOEHD d0¥d¥da VLV

x ok % ®

L I I B B

Y

TR OE KK K K K K K K K R K

»

o) {1-p w) =23ex uvorjeiodens [I0s [eTIUsSI0d PH DSAZ
o} {T-p wa) 233 uotieatdsuell [2T3U830d By j2tAN
I {unr) I23em pepuod Jo junowy fd elg i1}
I (£-W2 fwd} ITART / UGTIRINI®S JUSIUOD I9IeM JO ABIIY Py LSOM
T (f-wD fwd} ISART/SIUSIUOD ISIWM JTOS [Bnide JOo Aelry o LOTOM
I (T-®2Y ®BY) (€8IT Wels ‘{ouf} Xspul ware Jes JuaIeddy M 7
I (1-% w) peadsputm sbexsse ATTeq gy NM
I {edy) @ansssxd anodea ButuIow ATreg an
I {20} sinjeiadwal ATTep abeisay  py AW,
I (1-9 £-u [) uolleTpPR TRTZI8I31RIINa ATTeq by 057
I {I-P Z-w £) doj3efpel Ie[os ATTed ¥y flars
I (-} @eTnuIol woalshuy Ul g IUPISUOD Y EONY
T (-} oeTnWI0] WOIISHUY U ¥ JUBRISUOD FH WONY
M (p) BuTjueidsuval jo swii FI IELI
I {p) uUoTIBRINUIS JO SWLL PI HILI
2 {-) JUNMIOITAUS UOTIONPOId I5D[SS 031 UOITME PI  JIMIMS
ssRla {3run) Butuwesw adil SWeu

(SWII=L*ATUT=NI ‘Te11U0a=1 INdIN0o=0 ' INAUT=1) :SYBLANVEYI TERH0I

‘gpueTIAfISN Syl ‘uabuTusbeM ¥V QLY

¥1 ‘xod "0°d 'OT0-0EY) ‘LZ 110dar ona-odwD

*{awaym 1TIds o3 perdde sB) sSUOTIENITS HOTISNpoxd
peltwiT-I8jem pue {eijusied icl yimoab doid jo woljernuls

ZHEET ‘{-Spd) us[nay uea ‘H 2 ueetapnes ‘THH ‘IPe] UeA 180USIBIDY

si®iem uade IO PUT S2OEJINE [T08 Jo uoijeiodeas

1etauvenod 3O pur ’(punoifyoeq JsAv[ Isijem B Io [T08 ©

y3tm) doap 801a v Jo uorgeatdsuwvi] Tetiuelod JO UOTIEIROTRD
{ZE6T ‘' TP 3@ XARET UBA Ul USATB s®

ucTaeTRWIC woxy Ar3sow) doin 22udaLIIx B Jo uorleildsueas

-~odead TRTIUR30d 03 SNTeA DOUSISISI UBUUad JO UOTIRINOTED

rosoding

£66T IDQURACH :a3e]

(R4
ueumod "H Y d

[UGTSIAA
1z0YINY

L0dLE ENILNOYENS

L I B T

»

xR KR K E R R R Rk K E K KB K

»

*

L1OdLA SunsIy €TV

ana

NANLAY

d1

aNa

andine JeuTLIRL

(HON) "INNIOH/¥¥M = ¥DM
SUOTIRINSTRS [RUTWIAL

NEHL (% 0 MSVYLI)} 4I 351d

101



X K ko RoR K Kk & A

.

L R I

X E N R R E R E KRN

.

e R

{UMIATT  EMTAT0  HMOTLS ' MEAQ ‘MBDd F SYL5a

‘SHLST ' LN0YA ' LNOI ' TAUEOM ' TMAL ' MYL * LITT’ L1

TIATT AN STTT Y STIN TOILS AMOM ' Dd0M  L5OM ' LOT0M
TN TRD ' IMZ DML SAQ ' 17730 C IIMS (dTMIMS INHYEL) SPULST ANTLAOYANS

[+) (f-w2 gWS) (IudIUOD ID3eM °TOA) 2uoz 3eox parppnd

Uou 23A0 pabRIsAR SHARST DEAD ATWIT I9MO TENIDY  pY  UMITTT

[} {E-W2 ¢us) [IUajUOD Iajesm 'TOA) 3U0Z jc0l paTppnd

uou z9A0 pabuisav ssaval peap ITWTT raddn Teniov p¥  ¥MITIN

o {g-un gun) {uorjsuny dais) suoz
joox paippnd uou Isac pebeviaar yimorb Jeay Icy ITWUTT pE  EMOILS
o] (-} ®iex Juswdc[PADp I0J ICILRY S83I35 PY M3Ad
o] (-} UOTIRTTWISEER ZQD I0J A03°ef #SaI1F B¥ MADE
Q {é) SBARST PVRP JI0J X030B] §83I15 BY SHLSAa
[} {-) BUTTTOx Fe=a| I0J I03I0RF F8HIIS  fH Sa181
aro (-) 5892335 YIMCIB JBIT ICF UIITMS p1  LACHA
0 {-) =sax31s yamoab FeoT IO ARIUNOD BI LNDT
0 (€-W> fus) SUozZiocl pnd-uou UT JUSIUCD ISJEM SATIRTSY  PE  TIHEOM
4] {T-p w) I2ART/S30X UOTIRITASURI] TENIOE JO ARPIIY  BH TMEL
0 {I-p W) 23WI UOTILITASUERI] [RN3IDY BH MaL
I {4d) @a71er uoTielTdsueI] SATIET2X JTWI] JI2MOT DY AT
I {(4d) ®3ex uorlextdsuer] aaTielaI JTwr] Ioddn M 9N
I {ad) s9aea] pesp ITWIT IdMOT  BY 1a11
I {gd) sesws] pesp 1Twil Iaddn e 1an
I {gd) Burrred Fes afwi] IamoT pY 8171
I {ad) Butrrex eet atwrl xeddn py sTINn
T (3d) yamoxb gesT ITuIT JemoT/Iaddn P oIS

I [g-w>
fws) IaAeT/iutod BUT3ITIM 3@ juajued zajem 3o LvIly 38 aMOM

I {g-wd
fuz) z2Aef/L3Toeden PRI Jusiued z9jem 30 Aviiv  fu 240M
I {f-wo fwo) IaAR] / UOTIBINIES JUSJUOD Iajem IO Avia¥ ¥y LSoM
T (£-WD WD) IDABT,/FIUSIU0D I93eM [TOS Tunace 7o Aexav %y LOTOM
T {-} sxsAeT Tr0S JO I8qunyN I "IN
T {1) sI9KL] [TOS SOSFOUNDTIYY IO ARIIVY FH TAL
I {u; yadep Burtlocdy wa 1MZ
I (1-p wu) ajexr uoTjexTdsuexy TETIUIICd  +H DML
I {-) dozix ayy Jo abeis juswdoToAad Y 5Aq
5L (p) uorieibaijur Jo dols SWIL ¥¥ 1134
I (-) eaep 4d z0I YIITMS P J4ALIMS
o {-) jusunoiTau® uctlonpoxd 3DB[AS O3 UDITMS  FI  d'IMIMS
or1 {-) 4035 03 ST UOTJIB[MWIS T 23eSTPUl 03 OPTd Pd TNWIEL
EEL - ] {atun) Hutuevaw diy aureu
(AWTA=L ITUT=NI’ TOIIUCI=]'INEIN0=0"Indut=1) SIALINVIVA TVIRICE

"@DTX JO JUSWAOTRA9P pue YIMoIB U0 S52AIF I@lem JO
s308338 ay3y pue ‘doid v yo uoriextdsuell [ENIOR 2lR(NS[eD :e@seding

Y66l 35nbny :e
0°1 :uOTS
uBumog "W Y g puR stazadoM "STIHW a0y

S3d15Q FNILNOY

g1
EETN
3Ny

ans

xR rE

LI A A

FOE K N K K K K K K KN KKK EE KK KM KK KN KN

SHALSA 3unst] ¥IV

ana

INLIA

41 aNa
SO5A8 = D5h3
SO¥L = Jdl

NZHL (203 4TMIMS) 41 I57T3

uoTIVNITS pueTdn pajuTex "Z---—-

MOOSAHE = JOSAE (IMLI ET WILI) dI
uctTyerodess I123RM

uado ¢1 uorlercdeas :burtjueldsuery sroyaq 108 paippnd Ul-----x--

41 ana
IMISAE = DSAR
AMIEL = DEL

ag1a
SISAE = DHAR
SOEL = JdL

NIHL ((T}150M 37" (T)LOTIOM ANY¥ 0"4L71°07IM) 41

NZHL (f°OF"dTMIMS ¥O T DI’ dTMIMS "HO° 0 0H dIMIMS)} 41

PURTACT PRFUTRI PuR PRIRBTIAI "T-—--

uoT3en3ITS uotaIonpexd o3
ButpIodde uatierodead pue uorjeltdsuexy Teriudiod 1es

L]

MOOAZ+MCMAT = MOJSAT

uctierodesa Is1RM USEO-----

(QAT+AAT) » (IVTILS " 0-)d¥E = 5I5AF

Funcabyoeq TTO% yitm uoTierodesa (108-----

(AAT+HIMEAA) » (IT18S 0 1dXT = TMITAT

Hwkﬂﬁ.m X21EM UlIm EGHHMMOQN% TI08~——~==

({INT' S ZINIR) »AAT+ ((I¥T¥S 0-}dXE-"T) xHAEZ = SDEL

punoxbyoeq {105 Yt uoriwatdsuess doad-----

((IVT'S° ) NIH) «OAT+ { {I¥T« 5" 0~} SXA- " T) «TMHAZT = TMOEL

zakel Iojem YITM uotivatdsuess doxd-----

- sz==============& EET

IMOVEN» ( (HOASA+IAOTIS) /EIOTS) o (A¥AHT/ “T) = IMHAE
OYUN» { (HOASI+IJOTIS) /A4CTS) » (dYAHT/ T} = HAW

R

102



5a = S¥LSd (I)IOTOM { {0T-30° T+EZ} /TIMZ) +TTTEIM = TIHEOM
5 0+5T+5°0 = SMIST ({00 (T72-¥2) ) XVK' (I) L) NIK = TLEZ
IN'T = T O
41 ana
‘T = MAAG
as1a T0 = TTEHYEOM
‘0 = MEAT ‘g = 80
T = LMOI ‘g = 81
"EMNL = LNCWd ‘0 o= Mz
NEHL {2MOILS "57° TEH90M) 41 ‘0 = MdL
«3YbnoIp, 325 - (DT~B0" T+¥2) /OUL = WHHL
(0T~2" T+JML) /MEL = MADd IHZ = ¥9Z
pEmsEs = == = = sssazsss . oa ana
» qusudoassp pue 0= (I}IMML
. EUBOHD dorn uc SSSIZR Iajem Jo =3Dajis Jo uoijeinsi(e) » _HZ.H =1 0g
w===== = == == == ======== » 0 ©3 sjuPulIedwcs [TOE [TE Ul E832X UOTIRITdsuRiz 3259¥------
©a aNg o€ € = IN (2°03°dTMINS) 4I
{I}IAL+TIZ = TI2 T = TN (1°03°4TMIMS 40 0 0F dTMIMS) 2T
y=nms = ==== == ==
(UIYWIaTT- (IYMIATN) /(DY WTATT-{I}30ToM) * " T' "0} LINI T« 2 M SS2I3S 3O pu® ‘sajer uorierrdsumil TENIADR JO UOTIRINITED
ﬁBMN\J_HmNV+Wﬂ = 8Q a==== == === =========a
(LIIMSTTI- (IIMSTI / {(IIMSTTT- (T BTOM) " T° "0) LIHI T~ 2
{IYZ/1I42) +57 = 51
{I) TMEI+MEL = M¥L ‘0 o= AMIdT
(L7190 /I8 FREE L SIINZ «BLESA NIK = {I)IMEL ‘0= AMTaIn
{7 000T (I) L. ({1} MTATT- (I)IDTOM) 'O 0IXVR = ¥IM "0 = UMOILS

C{{I)AIYTT- {I) ALETA) ¢ ( {T}MLETT- (I) I8T0M) " T "0} ILINIT = WIS
(.8rake] Rubw 001, ‘. SEALSA, )HOWEE TIYO (NI IO IN) JI
(1) MIGT T ((OT~30 * T+A2) /ILHEZ) +UWIGTT = EMTaTT

(I)MIGI0 (OT-30 " T+HZ) /TLEE) +AMI0710 = ¥MI0T0 JAVS
(IS TIS ((0T-H0 " T+¥2Z) /TLEE) +HAMEILS = ¥MOTLS

41 aNd (7INI ) MIETT' (INI)MINTIN IVIE
(LHTI-Z %)« (2°2/({I)dMOM- (1) DIOM} } + (I)dMOM = (I)MILNTI (INI)MTATT° (INIIMTATO TVEY
(ZUTIN-Z %)« (Z° 2/ ( (1) dMOM- (1) DIDM) } + (I)AMOM = (IIMIETIN (INI)MSTTT' (INI}MSTIN TYaE
(IATT-Z )« (227 [ () IMOM-(I)DIDM} ) + (TI)dMOM = (IIMNTTTT ("IN} MOTLS TvE"
(1A70-2°%) « (2° 2/ { (I) SMOM- (I) DZOM}) + (I)dMOM = (I}NTQIN (DT=INT)} EELENYIYY
(STYTT-Z°%) & (T T/ [ (I)dMOM~ (I)DZ0M} ) + (I)dMOM = (I)MSTTT INT ‘INOTI ‘T HIOJINY
(STI0-Z° %) » (2 Z/ (1) EMOM- (1) D20M) )+ {I)aMOM = (I}MSTIN sAgeTIRA 1eD0]

(9TLS-2°¥) 2 (27 2/ (1) dMOM- (I)Dd0M} ) + {1} dMam = (I}MDTLS
=574 () LSOM T¥EN
(LHTTaa0T" (I}MIYTT {I}1SOM 2 T} ZSHOMOS TI¥D UMY AMOM (FIND D047 {IN}LOTOM” {TN) TAL ' CIN) IMEL TYEY
(LU TNaa0T ' (TYMINTO {T)ISIM L7 1) EEHOMNS 11TWD LNO¥A ' TENEL TYOID0T
{1AT T+ 20 DIMTOTT’ (I}ISOM' T’ 1) TEHOMNS TTYD N JALIMS 'dIMIMS HZOIINI
("IN 20T (I}MIATIA° {I)1SOM’ T I) ZEHOMNS TT¥D saplpwered TPWICI

(STTT=0T ' (IIMSTIT' {I}1SOM'T I) ZEHOMOS TTVD

(STIN+x0T' (IIMSTIN {1} 152M T 1) ZTSHOMOS TTWD {Z-¥)"IVBY LIDITdHI
(DILS««0T  (IVMDILE ' (I)I50M° T T} ZSHOMNS TTWO
NEKL (1'% 3dlims! 4I

103


http://~_.~~_._~

sucu : 2bwsn JT1Ia

- *
. *

= 0 {T-P BDC) S3ITUN IO BY H = ana
« T {00} IUBWAOTAAIP 10T 2INIBISAWST UMWIXEW PY aRL « NALad
s I (o0} jusudoToadp 07 sanleasdwel mnwildo  fH qol «

e I (Do) Jusuderaasp X03 aanjeladual sseg Py [si=4 A 41 aNd
. 1 {p0) ainjersdwsy uwmwrutw L{Ted §H NIKRL '0 = AQDARL

y I {20} sinjeradus] wnuTxXew Xyiea  pH XEHL » asT1a
R oo B 5°6 = ADDEML

¥ SSETD (aTun) Sutueew adfy  suea . NSHL (0719 AODIMS ANV ¥SI LT SvdI} JI
» {SWT3=3'3ITUT=NT ‘' ToIquo0=2"Indine=¢ ' Indur=I) PSHALENYHYd TYWEOd »

. * AT aNs
- ‘UImoib esae JeaT ATIed M ¥5T = ¥ST

. pue ajex juawdodasp TeaTBcTousyd 243 JO UOTIB[NITED I0F . 2579
» S3TUn jeay JO JUNCWE ATTEP 2yl SSJPTNOLED JUTINCIANS STYL :o50dind « S9E+YST = ¥SI

“ QJENS ENILOACYENS « NEHL (0 LT1°¥SI) 4T

e e - (SAOQ) INI~ (LAOQ) INI = ¥SI
(SYa}INI = S¥aI

aNg
MHELAE HAYS
¥SI'SYQIl ¥aoaLNI
41 aNi sa1geTIesn Tedoo ¥
TAMMLT = INHNEL
{1°94°, =8WIL 3% , 3 AODAWL' SAOQ ' MILAOQ ' SNA TVEE
‘2L =130MD ¢ 284’ =NIDND Y 'ECgd’  =MHDED . k) AODIMS HASEINI
/s = £MOPUD aseald ‘IouUeTRg UCQARD UT ICTIHx & x. ' /) IVHEOS 0T srajsmered TewIog *
THIL ‘TIOND NIDED ‘¥HOED (0179} TLIWM
NAHL (1000 45" (AHDED) §EY} 41 {Z-¥)Ivad LIDITAHI
(ACDdHL ' SAOQ  MLADT 'SYA ' AODTMS ) ¥HAQD ANTLOGHENS
(0T-3 " T+TIOAD+NIDNAI) / {TADAD-NIDAD) 07 = AHOED s e it -
a sucu ¢ sbean FTII  «
FAVS . .
THINAL TYOIDOT y O (-} PPSN ST IDAOD ® IT UOTID2IIOD BINIRIBdURL 7 AODdHL «
(Z~¥}I¥ad LIDITEHT « T (p) 3edA 3o IsqumuAep ‘3PP BUlMOS  FH SADD «
{TNRMAL * ¥HOED "EHIL TADMD ' NINID) 282405 ANT.LN0¥EINS . I {p) IP2A 3o Aep ‘oilep bBurjuerdsueil wH WLAOT «
e - » I {p) Sutmos 1aije sAed ¥ SYA »
. aucu : sbfesn AIIA  a s T (-} paqpaas UT pdS5SN ST ISA0D B ISED UT YS3IIMS TI  AODIMS «
* . - e mmmmm e ————mm -_——— - %
+ 0 {-) do3s ©3 ST WOTIVINMTS JT SILITPUT 03 HRIJ  pa  TNHEAL « ” sselD (31un) Butuesw odA3  Bweu
+ 0 {~) A pue NIAD . M {8WTI=L  ATUT=NT ' [OI3165=0 IndIne=0 ' Indut=1) :SYAIARVIVd TERE0d »
- 70 SuUNS 23Ul 03 ONTEA BATIRISI ‘MOBUD IVUETRY UCARD FH  AHIED « . .
a2 b (P) UOTIB[NWI® JO BWLL ¥H HIL » . ‘pRgpass Yl UT pasn ST IaA0D oTiseld ®» 2§D Ut »
» I {1-2Yy O bBy) sexni3y O pejexabeaur jo umg Py 142D =« . opew ST UOTIOBXIeD eitieisdwd) © AULINGIGNS STYI UT : asoding  «
» I {T-BYy O By) dozd 2yl Wl J PRIVTTUMOOY  FH NIDND » M HAACD ANIIOCHENS »
B iuttuiet - R I T T T »
» 887D (3t1un; BSurtuesw adAa BWEU . *
* (BUTI=L ITUT=NT ‘ [0I3U02=3 'Indano=0'Indut=1) ISHIALIRYAY] TYRHOE » -
: : LVMAHO W pasn saupnoaqns 3unsr]  §TV
* % T°0 SPa2OXa 7TJIDUD pPUE NIDXD *
* usemia 20uUSIHIITP SYI IT UCTIRTNETS Y3 sdois pue * .
. soupTeg uogie) doil 8yl S®OPYD SUTINOIQNS STYL :asodingd . and
* 242405 ENILOOHANS & NdanLae

104



¥ ox oK

€« K X K EE R B E X K K X

LRI

*

LI A ]

MIAT«NH (9AQ

NAHL

qad

6 0+TAYQ = TQ

16370 LT SAU AN¥ 0% 0 TO°SAQ) 41
(0F*0 3T $AQ QNV " "0 "HS ' SAQ) 4T

41 aNg

¥SI = ¥SI
3574

G9€+¥ST = ¥SI
NIHL {0°I7°¥SI) 41
(SXOQ} INI- (YIAOQ)INI = ¥SI
{SVI)INI = Sval
AAYS

VST SYOI WaDILNI
{Z2-¥)}I¥EY LIDI'IdWT

Fox o oo

»

{MEAQ 'IHOHSL "UAd ' SX0U "HIACT 'UHIHS ‘SL 3
‘3544 ‘ad0N ' TANG ‘O “E9AU ' d¥Ad ' TEAQ ' [YACQ' SYO 'SAQ) TONEHd dANILOOYENS
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ .
auou abesn F1Id
o (-} @31ex jucwdoT?ARp IOJ I010EF SS2IIF  PH MEAQ
o {poo} juswdoTassp -Tousyd 107 Nooys -TdsueIl Py OEOHSL
fe) -p) dox> ayl jo a3ex juswdoloasad Py A
I (p) Iwak jo0 oqunuiep ‘o3vp BUIMOS  PH S204d
I {B} xeak jo Kep ‘°3vp DuTjueldsuRil R ¥IACA
I (t-{poo) (pa0) ) KboToudyd utr ralauwered AeTag §H TASHS
T {(poo) ume aznyexsdusl  pu SL
I (1~y) Aararatsuss peyisdolond pd Z8dd
I () portyedojoyd umuriido UMWTXRW pu dd0K
I {y; (sseibap p = sseq) YIbua[App DTWOUOIISY pu TAYd
1 (1-p Poo) sS3TUN I®BH 3y nH
I (i-(pDo)) eseyd sapjonpeordaz ‘=jexr jusudo(asag By Haaa
T {1-(pD0)) =seyd Id ‘=iex juswudorsasg Pu aBAG
(1-{pDO})
I aseyd saTiTsSues-poTIadojoyd ‘ajex juawdolsasg Py Idad
I {T-(P2C}) 2TTURANL @jea judswdo[ansg py £aad
1 (P) butmos 3233e s4=g Py gYa
T (-} doxo oyl Jo =6els jusuwdoToad] BH sad
ssers (37un) Butuesu adXy Qureu

FA

(1°93°,=EWIL 3I®
« +C DPODPOBIOXE {D Z1>} SARp PIOS 3O ADQUNN. - . /)

(BWITI=L 3 Tut=NI ' TOIIUO3=* Indino=g  Indut=T)

raIiniyeradual)

pue potaedoloyd uo peseq doio aya jo jusudolasap
teothoTousyd Jo a3jvz Byl s@le[NO[Ee 3UTInNoIgRs STyl :asodind

SSYELINVEVYd TYHEOL

X K K K F K ¥ E K B XK KK KX RN KK

TONEHA INILNOEENS
and
NALEE
41 ang
VT8’ AT00N %
LYHY0A 0T

I

ok ko X x5 4

HHIL " aTO0N
NAHL

(019
0 o= 4T
TTHATOON = QO

NAHL {"ZT 3T A
‘g o=

{2-¥)IvEd LI

HLTEM
(£ 1D dTooN} 41

4T aNd

(o]
€574

OON

YL} 4T

aToON {(¥1i0Q-BF xod} JI

SAYS
JITdHI

(QTOON " FWIL ' AYL  MLAOT “ACd) IJENS ANILNOHENS

o
&
I (Do}
I (p) Te2& 3
I (-)
s5er
(SWTI=1 ' ITUT=NI ' TOIIUCI=D’
doxs 8yl sAep PTOD JO Isgqumu
aY3 83RUTWIA] O3 PISN ST YITUM
urelIss e Mo[»q SAvp Jo 1agunu

{J0L-QHL) / {TEL-J0L) » {AOL-QL) -30L =

suou : sHESN HI114
(-) s&ep pron 0 IoqumyN %Y dIOON
(P} UOTIRTNWIE JO 2wIl %d dXIL
sainjersdwaly ATTep sbeIaay ¥ A¥L
0 Aep ‘23ep BurjueTdsuexl Py HLAOQ
{1 = T Axenuep) asqumuieq vx Aod
(1tun) BuTueaw sdA3 2weu
Indino=g’Indut=1) SUAIANYHYd TVIHRICI
TBATAINS uwD
WMWITXeN P I93FE UsTlernuis
‘{AYL) Sinjeisdus] sbeiase
S971BTNS [0 SUTIhOIqNSE STy :&#soding
a2dns aNILNOHENSs

I

a1
“PT/(AEl-AL) +IL = Ll
anL {GoL I9°dl} At

ana
Nanizy

L = [0OH
0ad gNz

aNz

NIHL { {THL 17'aL) 'aNY " (dEL°0L9 aL) ) 3T

((PI-T)IYOTLLBTIE 0)

SO0 (NIKL-XVYRL] SEYS " 0+HL =
L4}

" T/ ININL+XYHL

I
{Z-¥)TVEY II

oa
P
Wi

=1
C”
¥

u

dJANS
FOELNT
OITdHI

(0H "OHL Q0L "d4l 'NTRL ‘ XVHI } JdEnNS ENIINOEENS

€k kK kR &

*

[+h

105



LIRS B A R A

LR R B A

I {1-wy By} =®s1x ybnor Jo qubtem pY TEM . a O (T-p T-0Y4 BY) Swails TeINIONIIS JO 27T YIMoan ¢y €S9
I (-) doxo ayjy jo 3b6e1s JuawdorsAdd  BH SAT x + D {T-p T-®Y BY) S9AZ&SaT WOIS JO B1RX YIMoaLb IaN By WLEMYE
I (p) xEel yo Aep ‘syep Huliueydsuerl pu ALAOT « 0 {T-p T-®wY B%) 53001 30 ®lel YaMOoID Y RAtE)
I (P} Iwek yo zaqunuiep '8lep butmos pu SA0Q « « 0 (1T-p T-®U BY) S3Aed] usa1b jo 93vI Uimoil 19N Pd  DATIME
I (=) (T = I Arenuer) IsqunuiA®rg pE AOQ « s O {I-p T-vy By) soaTasar wo3S 21BI YIMoId #d LSO
T (=) suebic sbri03S €3 PEIROOTIR WA A00US UCTIORIZ P 0S3 » x» 0 {T-P 1-ey BY] SaAway 33eI {IMoId pd ATD
T (-} 1COUF 3Yl 03 PEIEDOTTR IJAIBW AIp uctlowrd o HSE » » & (p) uorieibaljur o deis awly pY I1aa
I {T-p T-®y By) @ajex doxd yimoIln po 0D « « I (zw/1d) pagpees ur siveld jo squnN P ASTdN
.................... ———- =m— « I (z-w STITY} STTIY IO I2qumy P HN
BSET> {3Tun) Guflueaw 5dfy  oweu , s I (TTTU/Td) TTTY I8d syueld jJo IBQUNN BI HIAN
(BWTI=L'JTUT=NI ' [01IUed=] "yndino=¢ InduT=T) :SUALAKNYYYd TVHIOd » s I {1-ey BY} s3j00x 3yl jo JubI=sM Y LM
» « I {T-ey B3) swols TRINISNIIE Jo IYBI=2M ¥y SLSM
*ZE6T *°T® 1@ BTA0H 01 Suypaoooe BT » - I ({T-vy By) soaxasax wels Jo ybiom o HLSM
Jusuedwos A3TT1TI935 3I@TeMTds  "33wd yimoib ureab ayy pue » = I {7-®y B3y) ssamal usoab 2yl yo ybIoM W DA™
axngeradwal ybty pue MeT Aq Pe3ddgye se A3TI11iie; 3aTeyrds . s 1 (1-p T-®¥Yq E3y) seaIsssx uwels Jo 23wl SSOT %Y WLST
puP 9202 UOTIRWIOF ISTINTAS S9IRINDIWS PUTINOIQNS STYL :8sodang . s I {1-P
NEOENS INILNOWENS & » Y-y By} ESATHEST WAIE ©) PRILDOTTR OFHD WOTIOIRII  pH ¥Lsd
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| » *» I (=) Bu@]lF &yl 0] DPIJEDOTIR WI-I00US woildels Py &SI
P [1-p 1-TU B) S@aeval IO 812l §507 PH ATT
aNz s I (-] seaeaT 03 peledelTe Jejiew AIp 100UYS woTIverd po AT
NENLZE v I (-} I00YS BU3 03 PRIEDOTTT IL93IEw AIp uorldsers o HSa
« I {-) S300I 03] pPOJIVOOTTR ISJJEM AIP UOTID®IL  PA NRLES
HLST-4158 = 2ILSMY « I {1-p T-°Y By} ®jex doad yamoio Pd Hoo
TULSME-HISA»LSdsHSd MDD = HISD « 1 {p} 3waX jo Aep ‘=ivp BurlueTdsuvil Py WL
TLSD- {(ELSd- T} «L5I+HSdHID = 1S9 + I (=) {1 = 1 Azenuwp) zoqumuAeq Py A0
ATI-ATD = OATMY s ---=- mmme—mee——————= == -
TOATMH-ATISHEZ £ 409 = ATD + g2U72 (3fun) Sutueow 2dL3  sweu
TIMD-LEL 409 = LED - {(SWTI=L  ITUT=NI FTOIIUCI=3 yndIno=0 InduT=1) SYALIAVEVE TYWHOL
.
LTI/ { (401~ 1) »L¥M) = THED * “PIaty &Yl
L3IA/ ({4114 1) »HLSM) = TULEME * ur pajueld pue pROPaas Y WOIJ pasocuwei 3ae sjuwld usym
ITIQ/ ( {Y1Td-"T) «SI5M) = TLSH » Aar8usp uerd uy #6URYS AY3 1o 1INESI B 8 waIe Jad ssEsof
ITEA/ ({817~ " T) +DATM) = TOATMY * UBTem syl F31LNATES 31 HuriuweTdsuriy Jo Ae9p a1yl IV
» "suwbic 8yl jJo seyex YIMOIL Byl selRINOTED SUIInoIgns STYL :asoding
JI aNE . SIENS ANILACYENS
T = 41 B b b Ll bbbt
sz
ESTAN/HN.HTdN = HITd ana
NZHL (4L0a-0F X0Q) 4T NUAL3A
‘0 = d4AQ { (QUDHSI+HISL) "7 SL ANV V¥SI 1D S¥dI} aI
TAYE ULSL«@AOHS = GNDHSL
(Z~¥) Tead LIDITANT SI = WISI {¥SI'DI"S¥aI) 4AI
{TLSD " TYISME ' TLYS ' TOATMYE LSS "YISMY “1¥D ' SATMY = NH.E9A0 = HYAQ {00 T dD°SAQ) JI
‘MLSD ATS’ LTHA F ESTAN "HN 'HTdN’ L¥M ' SI5M “ULSM 'DATM 2 MAATSNHLdIA0 = HAD (00 T 171 SAQ QNY 5970 E5°SAQ) JI
“uLS7T ‘YIS (LS 'ATT AT 'HS4 '1¥d '¥OD'¥LA0a ' X0A) S1¥ENS BNILNONENS J1 ang
B e e . MAAQ»OVIdd2NHe THAC = N¥AQ
suou : 2HeSN FIIL ((OWd4d QXY “TINIH = J¥add
* 41 aNg
[} (1-p T-®y 5Y) Burjuetdsusll e ISH pH TLSS » d5dd e {ddON-A) - T = D¥ddd
° (T-p T-2y 5y} BUTIURTASULII J° WISMN BN TEISMH » 25178
o {1-P T-®Ty 5¥) BurjueTdsuery e L¥4o B TIES » *T = O¥add
0 (1-p T-%4 5¥) BurjueTdsueIl e OATMN  PE  TOATMY » NEHL (44O LT 17a} 41

KK E K K £ £ B R B B K N KKK K X Nk R KR KK E X KKK KN

-

106



FOEF N OB K & K K KRR E KK KK KKK

*

£ K *® xx

M
I (-} papeas 3022Tp siueld JO IBQUMN %¥  SUIEN = TG = IWTALN (9110488 xo04) AT
I {-) s59135 YImozb JeaT 10 IPIUNOD W1 INDT 5 "0 = LARLL (JOAOA T X0} AT
I {1-p z-uw p)} paqpaas UT sd=d b Jura « ‘0 = LLGTOD {¥IA0ABATAOA) 4T
fo} {pa0) jusudo(asdp ®aIR Jeal 1037 Xooyus JdEuRIy  p¥  TIHSI & (39N9) £38[89yTds WoI) UOTIPWICT UTBID
O {7-ey ®y} ¥=put ¥ale Jeal peiRTNUTS FH  HISIVI »
1 (-} dozs ay3 jo abeis jusudolarad po SAQ dI anNz
1 1T-1poo) {poo) ) Juswdolanap uy isjeuriwd AeT80 pU THDHS « "0 = JSND
I 1TTTu/1d) 11TY 38d sjuetd 3o ASQUNN Pl HTdR » gs7E
1 (Z-w STTTY) ETTTY 3O A2qUNN i HN » 4945829 = d4SND
I (1-6% »y) weaw jyeel oijtoeds ¥y IS « NIHL {(dSAQ T SAQ} "GNY" {1dSAC°3D°SAQ)) dI
I (1-'Y By} seaws] us2ab ay3 3o Jubiam wy OATM ‘1 = 4saa
I (zu/1d) peqpees ut siueld Jo IoqUMN »¥  @STIEN « 59°0 # Idsad
I {o0) juswdo(aalp JeoT Io07 uns aznavIadual Y NISL & UOTIPWIOT UTEIH 4
T {T-(pPo0}} Fusudol2ARp Feo[ I0T 33T YIMOIS SATIRTDY  p¥ THDY &
I {zu) 8duabiawe v Jueld syl Jo EaIW I  pY AV & 41 ONE
I {p} xwak 7o Aep ‘ajep Gutjupidsueryr pH  ELAOA « 4 ond
1 (p] Iwak o Iaqunulep 'elep Butmog pH SA0T « (194", =dKIL e ,’'£° 84", ANIVHD .°/ 2
I {p) Burmoe raage sfeqd  pH SYd » “va o x » Piii Z=5A0 2A0I8q UCTIBITWIT HUTS x = » . °/) LYHYOA 0t
1 (~) I¥] PRINSWSW 10 PIILTMWTS I0F YIITMS FI  IVTIMS « FHIL JNIVYD (0T°9) ELINM
.................... m—— ooy NZHIL (°0-1T°dNIVND) J1
SERTD (3Tun) Buruesu adiy BURU o “I- = ANIVED (dHMd "ID"¥dM) 4l
{BWT3=1 ITUT=NI’Tea1u00=D Irdino=C ‘Indut=I) :SUELIHVIYd T¥HE03 » NIHL {SNIVMO) 4T
"
"PIeT3 |Ul uT Sutijvetdsueil 913 puR BaGP2IS Iyl ul doxo M 41 anNa
BY3 F0 XOPUT BaIe JEa[ 3Y] S2IRTNOTPD JUTINOCICNE STYL :osodang . 0 = ¥H9
; I¥TENS ENIINO¥ENS « fclipicd
...................................................................... M 088 = ¥HH
NIHIL (56°C 18 SAd) 4T
ang OSd«HSILH2D = 089
ALY
TESTYA ' = SNIVED (SAOQ DI~ AOd) 4T
a1 anz ‘T = 4NIYED
"¢ = ¥ONO
aga HAYS
LET3dS+d5N = HOND SNIVHED 'T¥DID0T
(245’ TASINIH = LHFAAS (2-¥)T¥HE LIDITANI
({245 0)AYH' "TINIH = 245 (EHND ' dSND “¥OD ' 05D * INIVND 'HWIL’ dSN ' XYL 'AVL 2
({9 9¢-THIAL) «E58 0)AXE+ ' T}/ "1 = 2dS ‘IHIS ' YUME ‘HEM ' SAQ ‘MIAOD 'SA0Q°A0C 054 'HSA '¥OD) NYSENS INILACYENS
(LNEEIN} /LHE4L = LYH4L i e e T L L L L LR e e .
{(TdS'"0) XYM’ "TINIH = 145 # auou : abesn FIIA .
TO0T/ (95 T#+IIQT0¥50°0+9°F)-"T = Td5 + .
“EMML° = SNIVND + 0 (1-p T-®Y ou) IdqUNU UTRIS UT SSPYSIJUT IO 210 §o HOND &
NIHL ((SNIVED LON') "GNV~ (Z'T°'¥D°SAQ}) 4I « O [T-p T-®Y OU) Iaqunu 33TaYTAS UT #&°8a3uT Jo &198  $u dSN2
» 0 (1-p T-wy BY) 3y5Tam UTRIS UT ISPBIDUT FO SI0H HID .
41 ONF +« O (T-p T-¥Y By} suebio abeio]s JOo 83BI YIMGIH Py 0S9 »
‘THLYAAIN = LE94IN « O (=) A030ey UOTIPITUTT AUTS Pd  ANIVED »
¥YHL+I1¥34L = LIFAL » & {P) uoTIVTAWTS FO BWIL A THIL =
NZHL ((Z'1°47 SAQ) 'QNY¥* {960 TD"SA)) AI » I (ou) s3878Y1ds Jo I8quUMN Py dSN »
41 aMa « I {00} Banjezaduel uwnutxew ATTeq Py XVHL «
LLO+LIATCD = LLATCD Ta I {Se} sanjeradwal ATTep abeI2AY Y AYL «
(A¥L-"ZZ'"0)X¥W = 11D » I (T-By ou) Ixoloez yimoxb 3aTaTds Py 4945 «
NZHL ((2°T°37°5A0) "QNY - {SL°0 FD"SA)) 4T v I (T-8y 5y) ®0Tx ybnox yo Jybiem TwTIUDIOL i WiIMd «

107



Xk ok ok K X & X

xox k% ok x

*

K K K £ N K

081/14 = avd

Fe9TEETFTI £ = Id
sueTpEl 01 $8aI65p WOIF I0710B] UOTRIAIAUGD pue Td

anNS
{Z~¥)Ivay LIDITIHIL
(TANTSA ' ENISA ' TAYA  CIS00 ‘GINIS 05 D5 'I¥T° ACQ) O4ISY IANILNCHENS

aucu : 26wsN FTII
£9- > INT ‘L9 < LY SUOTATRUOD
{abesgawl 'PATRUTWIA] UOTINDOXD) SHUDAHD HOHYH TYLYI
o] {s) IybTiey Je(os astinajia Jo Telog ArTeq py  HANISA
[¢] (s) gqubiey ieres Jo auts jo Telol Arreq M GNISQ
o] {4} (s22abep [ = sseq) YIHULLAPP LTWOUCIISY PH TAYT
[} (-) YBTaY JeTOs JO SUTS FO epnITTadWY Py dISOD
o {~) ayBTIaY IB[CS 3O QUTS IO IBE3IJ0O [BUCSEIS PY  TINIS
[¢] (T-p Z-W [) UCTIERTPRXI [RIIISIDARIIXD ATTeq Py osa
[} (1-5 7z-w [) JUEISUOS IeT0S B o8
I {-abop-0op} 23TS FO IPNITIET Y I¥T
I {-) (1T = T Azenue[) zxdqumuieg ¥ A0Q
SRR (3Tun) Butuesu adAy sueu
(SWTI=L ' ITUT=NT (01706523 INdIn0=0 IndUT=I) SHALTHYIYd TVHE0J
*IUPISUCD JPTOS PUE UCTIRAS[A IRTOS JO AUTS Jo Teafelur
ATTep 2Ua S®B UYon§ SOTINTIBIHLILUS UCTIVTPRI [RUINID
‘Y3busTATp DTWOUCIISE $JIRINOTRO BUTINQIqNS sTYL :asoding
QHLSY ENILNCYSNS

g =

(dXTATM-DATM) £ YT

sa
( {ATSL»THSH

an3a
Naniad

HISI¥T {0-17°IVIIMS) 4I

S+IXAIV] =

HISIYT =
DATM =
1N TAYT =
FXI) «3ANT

41 aN3d

AT aNd
HISTYT
q7S1H
dXd IV
INFATM
HISIYT
= Id¥1

NIHL ({0'DF-INDI) "QNV" (0" 1 L1"SAQ) "ONY (0" T LT WISIVI)) &I
NEHL {°0°0Z-d¥ld) J4I ds1d

“80T1 pPOpe9s-109ITP JOJ UOTIRINITED wole JeaT 7 --

HISIV

‘ =HISIVT.

() ELIAM
A1 and
J1 aNz

*

"

»

-

LT N I N A I L R I I N R

»

4T aNH
(EXIATM-BSATIM) w YIS HIXTIWT = WISTET

et
WISI¥T = JXEI¥T
DATM = JIXBATM
{{ ITADOHSL-HLIATSL-ATSL) »THEY } SX8) »IIVT = WISIV]
NEHL 3
((0" 02 INDI) "aNY " (0° T LT §A0} "ANY' (0" T LT HISIVI}) 4T
asTa

potxed-—ooys Burjueydsuwsl 223IY¥ {(§°'] -----------
II¥1 = WISTYI
NEHL ( {'TADHSL+YLANISL) "1 ATSL) AT
potIiad-yooys burjuerdsuexl Surang (g1 ——---------
41 aNaE
4814/ HIdN«BN«HISIV¥T = II¥
HUIATSL«TAOHS = THOHSL
ATISL = MLATSL
NAHL (¥SI'0F swal) 41

‘2513
Burlies-xooyus puw wotin(lp 8123378 Hutiuerdsuwal {71 ---------
AT aNE
SXEIVT+(SXEATHN-DATN] » 1S = WISIVI
H5TH

HWISI¥T = SXHIV1
SATM = SKEATIM
GSTdNId¥T = HISIV]
{{ATSI»TIDYI dXT) »ZAYT = IV
NIHL (T LT KISIVT) dI
NFHL (¥SI LT S¥dl) &I
pogq-pRas (1T ~-—-----
NZHI (0°LS°dd1a) 4I
*a511 pajueTdSuURI] JOJ UOTIVINOTRD ®AIE JeDT T —-------

0 = SXIATM
.oanNHdd

A1 and
¥gI = ¥SI
agnd
S9E+¥SI = ¥ST
NFHL (0°L7T1°¥SI) 41
(SAQQ) INI- (MLAQO)INI = ¥SI
(S¥Q)INI = SYdI

ZAYS

INDI YEOEINI

UST'SVAT ' IVIIMS WIDIINI

{Z-¥)T¥EH LIDITLHI

(SaTaN 5

*INDT  d91A ' TADHSL ‘WIS VT’ SACQ ' THOHS 'HIEN 'HN “ WIS 5
'OATTM ‘E5TdN ' ATSL  THOY '3d YT HLAOU 'SACA 'S¥Q ' I¥TIMS) I¥7H0S ANTLOAOYANS

. suou : 2Besn 3114



{(MOuvd) ¥¥d IDVITP PUR (ITUVL)} AVd 28TIITR

({{ENIS/T 0-)1dXT-"T)«GR'Q+5T" 0 'IqEI) XV = J0¥d
41 aNE
aada
=i
aaqyd

HIHIYL98 ' T-LV'T =

Tax(ZT C-8IMLV¥}¥FP"S-'T =
NAHL {GE 0 3T EIWIV¥ ONY"ZZ' 0 1O MIWLY] 41 ISTI
T o= aEa

NEHL (7Z°0"E7 ¥LALY) 4L

{ANISDS«S () /¥¥S = IHLY

FANISQT/ (BNIS« % 0+ T)48NISLEIT+5'0 = ¥
(HIAIVY) UCTSSTWSU®RIY
staaydsowie woexy {J0¥4) uoTiIoRII IYBIT asnyyTR

({927 (" TT+4N0H) «Tda " 2} SOD.ATSCOHATINIS ' " 0) XV = ENIS
uctleAs(® IE[OS JO AUTS

(TI)SSNY¥DX G 0+ TAYA+0 2T = ¥NOH
UCTICTTWISSP
aanducd ©3 pasn pue paindwoD ST UCTIRTPRI 'HACH veritoeds syl 3e

SSN¥DI‘T = TI O

‘0 = I¥¥da
‘0 = ¥¥dd
‘0 = ¥oId
NOH) Aep 243 3O $3UT) JUDIVFITP 99IY] pue o0xdz 63 396 UOTIBTTWISSE

(FENISA NISA 1AV ‘dTS00 ‘TINIS ‘050 ' D5 ‘LY’ A0d) CHISY TV

YSeTEETPT € = Id
FBLLLLE O VYPVPR 0 BLLLLT O0/SSOVDM VING
/BETLER 0000005 0 20LETT  0/S50¥DY YIVY

/€£/S8NVHT wava

ZANS
SSN¥OI‘ 11 YEDELINI
(£}S50YDM‘ (E} SSNVYOX TvaY
{2-¥)Tvad LIDITIHI
(0S40 ' TYVEA "EVad ' YOI XWWY ' 1AVa
'ATAN 700 TVT ' N 40N ' LJ0FY * 348 'dDS “¥LQ "IV X0} dEYLOL ENILAOEENS

= suou : sbesn FITA
x dWISSY ‘O¥ISY ' P31Ted SNOILLONAd Pu® SANILNOVANS
.

. O {1-P g-u ) UOTIeTpes [PTIIsIalellxs ATIed p¥ 050
» © (I-B T-w (W) ¥wdd peldadIsiul  py  Idvdd
s 0 (1-P 7-uW [W) ¥¥d Butwmeour ATTed pY awaa
* O {T-p 1-®y By) uoTIRTTWISSY ssoab Te303 ATtRg i ¥OIa

kK K K B &

" x ok ok ook

A I R ]

" e %

Kk ok ke

o] {1-4y T-®Y BY) uoT3IBINIES IYSTT I® 97X UOTILTTWISSY BH XYWV
(¢} (Y} (ssaabep 0 = 25¥q) Y3IbualAep OTWOULIISY §Y 1xva
I {z-u 5) SSARST 2U3 UT UOSTIIDRII ULBOTITN Py ATIN
hd {wdd) UOTIVIFIUSOUCGS 7O JUSTUY  pY 200
I (T-®BY B} (€aTe walg "~ [DUT) XSpUT esre jes| iusieddy pu vl
I (-} Adouwed vt 9TT3eTd N "IUBTISITIIV00 UCTIDUIINE  pH ECY]
I {-} JYPT[ eENJITP I0J IUBTOTFIBOD UQTISUTIXE P Ly
I (-} X¥WY U0 15%33e ~duwel ‘I0JORI UOTIONPRY  PH LIAIy
I (5 zw y/ey /0/z0d PY) Aoueioiyje =sn IUBTT [RTITUI Py 223
1 {{¥¥d)) uoTIETPRI
1 BIQISTA I0J S8AEST JO JUBTOTIIF0O0 HurtIdjaends oy 425
I (I-p z-w [} ucTleIpRX Tegolhb Jo Twacy ATTed pd wia
I (-x6op’0op} 2ITS FO apnaTier py IV1
hd {-) (T = 1 &Axenuwp) Iraqumuied py xoa
ssers {1tun) Surtueaw adXy aureu
{(SWTI=L " ITUT=NT’ [0X3Ue=) " Indine=0 ' Indut=1) !SHILIWYHYd TYNHOd
-s0eTd s@yel uoTIviGRqUT I8lIwaIsgMm
HOTIETTWTES? JUTWASASP ©I pasn pur poindwed ST uorieTpE
*Aep Byl 0 E9WT] AUSIBIITP VLAY Y "IWT] IBA0
uotieifelur ueissnen v Sutwaojaed Aq (¥oHlg) UOTIE[IWISSE
sg01b TeTIuelcd TRIod A[TEP S8IRINSTRD JUTINCIQRE STUL :@sodand
dEYLOL INILNOEENS

aNz

S0t ink Acetd

aNIsd.0§ = 05a
{("G9C/AD0«Ida"T)SODLEEQ 0+ Tha OLET = D8

{0SQ} UOTIVTPEI [RTIISOIIDIRIIAD ATTep pue () IULITUCD IW[oF

(I4/ (GOYLE0Y-" T) LudSs (TTHIS+ T 00" E+0 2} £ 015000 2T
{ (5 020TSO0LAIFODHGINIS20TNIS) & 7 " 0+UTNLS) »TAYA) » ' 009 = HANISQ
(Td/ {G0¥.90¥~ ' 1) LUDS @IS0 * FL+0TINISTAYA) » " 005E = ENIST

{14/ {HOVINLSY» T+ T}«0 T = TA¥A
(Ta¥q) yabusAep

aISOD/ATINIS = HOY
{23d) 800« (I¥I.a¥H) 500 = a1S0D
{OTAINIS. (IVTLAVIINIS = GINIS

SSTQRTIRA IILTPIUIDIUT IIB OV PUR OTISOS 'QINIS

({"G9E/ (" OT+A0A} »Tds"Z) 500« [AVHLGF * £T)NISINISY- = DACQ

(A00) IsqumuARp JO UGTIOURY S8 ung syl JO UGTIRUT[29p
yL9-<L¥T OMLSY NI 90¥dd, dOLs (L9 01 0wl 41
L9 <I¥T FOHLSY NI ¥0d¥E, JOLS { L9 09 I¥I) dI

szgjaweied jo sbuex andur uo Yo8yD

PR R I

109



3033TP [B102 ‘XN[J ISNIITp waIe gesl JTun xad saxniy pogiosqe---
AT and
(XWYZOD» L4088 (£ 0-INTS) +££ 89 "0} XVH = NYWY
25T
XWYZOD+LICTY~ (INTS+"2TZ)+5°6 = XYHY
:(elep paystigndun ‘TYNI) Buag Burgowys o3 Buipiocoow
NIHI (5°0°3D°INIS} dI

XWYZOZD = LIAFA » (2 0-INIS} » B 7€ = XWWY

1 (LBEL) UPWBI[RS ¥ ualnay UeA 03 BulpIolde XVHY ¢ UOTIRINOTR
aanjeiedual pue gO) NS wWoll steayiuisojoyd reEnioe ol InoTRO---
AT aN3
ATAN = INIS
asTa

((IVTadNA-}dXE-"T} / {DIV T« dNA-) dXT» A« I¥VIxATEN = INTS
NIHL ("0 IO INA"ANY'TI0°0 L2 IV¥1) 41
UCTINGTIASTP TeTiusucdxe uo paseq
fI2AeT Yyowe X03J usbBorlTu JRABT BQARTUD[ED-—-

{TI)SSNVOX+INVT = DIVl
SEN¥OI’T = 1I od

0 = ININ¥d
0 = sS0d9d
o0z9z 03 1395 ST uerjerTuisse Adouen 'Adouen jo yidsp Jo uoTIISSIeT

{FWYEOD ' "0)XYH = XWVYZOD
(LS 6%/ {"09-2Z0D) +80T 0-}dXH-"T)«3Z PL/LS 067 = XWWIOD
XYWY UC T2A2] ZCD 7O 108339 SATIPIaI 81e(NOTed

ADS«IEA = J¥O¥

ILENTOy (ENIS/G0) = TEX

{ADS+8°0) /404 = ALSOID

XN{F ADBITP [€I0T PUR UOTABIPEI 109ITP IO0J JUDTOTIISO0 UOTIDUIIXS

(ANIS«"Z+ T}/ Z+«H3Td = Sddd

(ADS+ T}/ (ADS-"T) = HdaW

{d05-"1)1908 = ADS

UCTINGTIISTP arhue jea( (e>1Tayds pue [PIUOZTICY IO UOTIDI[ISI

FBLLLLE O'PPPPYY C'BLLLLE ' 0/TSNVOM Yavd
/BGTLEE"0'000005 ¢ "ZOLZTIT 0/ FSNYOX YIL¥d
JE/85NYSl YIYa

senes utod esxyy icy siybitam ssned

BAVS
SSN¥OI"ZI'TI WHDALNI
{£)ssnvoM’ (£) SSNYDX "Tvdd
(Z~-¥)TV¥Zd LIDITdWI
(LNTEYA ' S08D4 “¥VHY ' 70D
'ATTAN S 20YVE '9QNYd TENIS IV AN CIAN ' 14gFdE 44T (405 ) dHISSY GNILNOY¥ENS

" FUOu : abesn TFITL .
. auou PEITED SANTILOAOHENS
* *
= 0 {T-5 Z-W 0} HYd pRIdAIDIaIUT py  LNIAYE «
FE) {1-4 TTOS [-®Y ZOO .
» By} Adoues o270y Jo 810X UCTIEITWTSS®? SNOBUBIUEISUL Py SCHDA &
» O (1-4 1-¢4 63) uotieInjes ybBI] J@ 230 UOTIRTTWISSY BN XVHY «
s 1 {udd) uUOTILIIUADUOD ZOD JUITHWY  pH Z00
v I (z-w 6) soApa[ Y3 UT UOTIDWXT ULBOIITIN By ATAN »
¥ I (g-w M) (M¥4)UCTIRTPRI SSNIIIP JO ®XN[J SNOSURIURISUT PH  JQUEd «
¥ I (g-w M) (¥¥d] UQTIJRIPRI 1D8ATp JO XN[J] SNOSURIURISUT §Y Hauvd «
« I {-) aybray Ieyos Jo Jurg §y GNIS »
= I (T-eY ®BY) (®8I® Wa1S °TOUT)} XPpUT eaiev Jes| Juadreddy vy IYT &
- T {-) Adoums ut o7TI0xd N ’IUBTIDIIFICR ULTIDUTIXKY vy A .
« I {-} 2YBIT S5NIITP IOF JUITOTIFBOD UDTIDUTIXE ¥H b
x I (-} ¥V¥WY uo 323372 ‘duel 'I032®R3F UQTIONRIY  ¥H LAAEE »
x I {s zw ysey /r/z00 By} Asustorize osn JUBTT TRTITUI ¥ 443 «
¥ I ({dyd}) uorjwrpex *
M STQTSTA 20 S3AWST FO JIUSIDTFFO00 BUTIDIZEDS  BH 405 «
» T e EEE e s s T = =T w
y SSeTD {3tun) Butuwauw adk) uwreu 4
» (PWTI=L ' ITUT=NI'ToIU0D=)'10ndIno=0 InduT=1) :SYAIANYHYd TVHHECd «
x *
¥ TUCTIRIIUSOUCD ZOD O 102]]8 BYI FIPNOUY .
» pue Adoued 8y uT N Feey o sITyexd (eriusuodxe ue 5
. I0J SIUNCIDE BULINOIT YL "S0¥Dd ST S[Qeriea pajelbsquy »
. OUL °"ST9AST I¥T @52yl e uoTleTTwIsse terijuslod SuTrinduco "
= pue 5,I¥1 IueIazilTp °21yl burjosres Agq Adoued Jo yjdep »
- I9AC UOTIRIBIIUT ueTssned ¥ swiojied suiinoigqng styl :esodaing
- ANISSY ANILOOHSNS =
P et T ettt -
ana
NEnLay

95 T/ BR9E ¢ TAVT TAVET = THVIA
9E T/009€+TAYA VLA = ¥Vdd
{D/ZW/[W) ¥¥d p#1dasisjut pur ¥vd IUSPTIUT ATTEP IO UOTIWTNOTED

AAYd.¥O1d = ¥HLA
oq aNg

(TI) SSOYOM+INIMYI+IN¥4T = I¥¥JOQ

(TI) SSNVOMWEYd+HYIT = UV¥dQ

{TI)SSNYDM+S0NDI+¥DLT = YOI
{¥OLJI) Te303 ATTEp ® 03 31X UOTIP[TWISSE IO UoTIRIBaIUT

[INTHVd ‘ S0USL ' XVRY ' 200
Y ATAN* AN CEdEYd CANIS S IV ANM AN C LIAEY ' 443 ‘ dOS) AWISSY TTVD

AMIYd-¥vd = HaU¥d
AqHIENd = JAHYd

0t

110



aNI
MNEOLEE

I¥TeINIEYE = INI
(S/ZW/0 "INI¥Vd) d¥¥d pe3dasisqur Jo uoIielnd

avd
TRI----- .

IVILS0d0d = S0¥nd

oa

{TI)SSNVOMKSAYIHLNIYYd = LNIYUYd
(TI)SSNVOMLTOI+508DL = SOUDS

(508Dd) uoTIETFUISEE

Adoues ©1 931P1 UOTIR[IW[EER [PDOC[ FO uoTlvxbajur

AHSSIAs (PTISI- " 1) +HOSYIYITSE = SEVI

HSUDE« (¥TISI- " T) +HNS¥DIXVTISd = DI
{OI¥I+TE%-)dXT+LSNTO = VIIS3

(193} 23ex

UOTIRTTWUTSS® TEOOT PuUR (WITSd) oI JeoT ITTUNS UOTIdeI]

aNa [¢h

ca anz 02
(Z1) SENVOMNNSSTA+NASYT = NNSYI
(Z1) SSNVOMSEDI+NNSYOT = NNSYDA
AT ana
‘0 = S¥Hd
25T
( (XVAY/ JIA.NASSTA-) X~ T) «X¥HY = SuHI
NAHL (*0'19° ¥¥WY) 4L
{E1) $SNYOK»ddSTA+UHES LA = NASSIA
SSN¥OI‘1 = ZI 0
‘0 = HOSYI
‘0 = HOSHDI
ENIS/HQUVd« (dD5-"T) = 4dSIA
B2IP JROT JITUNS JO UOTIRTINISSE v
pue weaq I0BATP UO aRINDTpuedisd SBAR?T AQ PIQIOSYR XNTJ IDAATP--~------ *
41 aNg
‘0 = HS¥Sa
asTa

{ (XYY / J90-THSSTA-) dXE- " T) xX¥HY = HSHOJI
NEHL (0L XVHY) AT
ASIA-LSTA+J0STA = OHSSIA
SBARRT pPOPRYS
UOTIRTTWTSSY PUR SHARST PIpeys JI0F (5/IE9] ZW/[') XNIJ peqiosqe

(DINITEN-) AXT TN L YUY & (dDS-"T) = USIA
(DI¥ 1+ I¥0H-) dXT~IHAA» TV » (SIFE-"T) = ISIA
(DIVT»209-)dXT» 0N » JTYIVd » (HIFU-"T) = JASTA
"XnT13 393ITp 30 Jusuodwos 302ITp ‘XNTF

111



A1.6 Crop data file

R kW R PR AR R R RN RAF AR Rk A A A PR Y S RN RS P L e MR A AR N A A AR R A AN KRR IR A AR A

ORYZA_Wz . DAT
Crop and management data for rice; model ORYZA-W (version 2.1) *
Experimental data: Parameters and Functions from: IRRI/APPA, 1992 ~*
Oryza sativa cv.IR72, IRRI, Dry Season {M10) at 225 kg N "
plus data from Wopereis drought stress experiments at IRRI. -
"
-

This data file is for zonation purposes.
ER R R R R R R E R R R R R R R R R R R R I R R R L E R R R A R T AT R X

4% * X % %X %

R L L A L e L I A R R s

* 1. Management parameters *

LR R R R R R R R AR R R RS R R R LR R E RS R L ETE DR SRR R
NPLH = 5. ! number of plants per hill

NH = 25. ! number of hills

NPLSB = 1000 ! number of plants in seed-bed

KPLDS = 75. ! number of plants/m2 direct-seeded

DTRP = 12. ! days in seed-bed (between sowing-transplanting)
LA A A SR S A R Rl Rl e R FAL AR LR e FE R R T R EFEREEETEE L]
* 2. Crop data *

L L T LT L TS 2 R rarpr gt

* Initial data

LAPE = 0.0001 ! initial leaf area per plant at emergence
DVSI = 0. i initial development stage

WLVGI = 0. ! initial leaf weight

WSTI =0, ! initial stem weight

WRTI = 0. ! initial stem welight

WSO1 = 0. ! initial weight storage organs

ZERC = 0. ! zero condition for integrals

* Mcdel parameters
SHCKL = 0.25 parameter indicating relation between seadling-

age and delay in leaf area development

SHCED = 0.4 parameter indicating relation between seedling-
! age and delay in phenological development

RGRL = 0.00800 ! relative growth rate of leaf area

FSTR = 0.20 ! fraction carbohydrates allcocated to stems that
| is stored as reserves

aCp = 0.2 | scattering coefficient of leaves for PAR

TBD = B. | base temperature for develapment {oC}

TBLV = 8. | base temperature for juvenile leaf area growth

TMD = 42. | maximum temperature for development

TOD = 30. 1 gptimum temperature for develcopment

COZRE 340. ! Reference level of atmospheric CC2

cozZ 340. { Ambient C02 concentration

TREF = 25. 1 reference temperature

Q10 = 2. i factor accounting for increase of maintenance
i respiration with a 10 oC rise in temperature

DVRJ = 0,000773 ! development rate during juvenile phase

DVRI = 0.000758 ! development rate during photoperiod-

! sensitive phase

DVRP = 0.000784 ! development rate during panicle development

DVRR = 0.001784 ! development rate in reproductive phase

MOEP =11.30 ! maximum optimum photeoperiod

PPSE = 0.0 ! photcperiod sensitivity

SPGF = 64900.000 ! spikelet growth factor

WGRMX = 0.0000249 ! maximum individual garin weight

* table for GCM (General Circulation Model) temperature correction
TMCTB = 0.,0., 366.,0.

* table of extinction coefficlent of leaves {KDF} as function of development
KDFTB = 0.,0.4, 0.65,0.4, 1.,0.6, 2.1,0.6

* table of extinction coefficeint of nitrogen prefile in the canopy {(KNF! as
* function of development stage {DVS}
KNFTB =90.,,0.4, 2.1,0.4

* takles of 'fraction of total dry matter allocated to shoot'

* {(FSH} and of ‘fraction of total dry matter allocated to roots'
* (FRT)} as functicn cf development stage
FSHTB = 0.0,0.50, 0.43,0.75, 1.0,1.0 , 2.1,1.
FRTTB = 0.0,0.50, 0.43,0.25, 1.0,0.0, 2.1, 0.

* table of specific leaf area as function of development stage
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sLaTB8 = 0., 0.0047, 0.152, 0.0047, 0.336, 0.0033, 0.653,0.9028,
0.787,0.0021, 1.011,0.0015, 1.431.,0.0017, 2.10, 0.0017

* tables of partiticning factors for leawves (FLVTRB)}, stems (FSTTD),
* and storage organs {FSOTB} as function of development stage.
FLVTB =

0.000, 0.545,
0.080, 0.545,
0.245, 0.559,
0.490, 0.542,
0.720, 0.422,
0.895, 0.083,
1.230, 0.000,
1.730, 0.,
2.1, 0.
FSTTB =

0.000, 0.455,
0.080, 0.455,
0.245, 0.441,

0.490, 0.458,
0.720, 0.578,
0.895, 0.517,

1.230, 0.000,
1.%30, 0.,
2.1, 0.
FSOTE =

0.000, 0.000,
0.720, 0.000,
0.895, 0.430,
1.230, 1.000,
1.730, 1.0,
2.1, 1.

* table of initial light use efficiency as functicn of temperature
EFFTB = 10.,0.54, 40..0.36

* table of factor accounting for effect of temperature on AMAX
REDFTT = -10..,0., 106.,0., 20., 1., 37.,1., 43.,0

* table of specific green stem area as function of development stage
SSGATB = 0.,0.0003, 0.9,0.0003, 2.1,0.

* table of nitrogen fraction in the leaves as function of
* develeopment stage

NFLVTB =

0.0, 0.54,

0.16, 0.54,

0.33, 1.53,

0.85, 1.22,

0.79, 1.5€,

1.00, 1.29,

1.46, 1.37,

2.04, 0.83,

2.10, 0.83
MAINLY = 0.02 { maintenance respiration coefficient of leaves
MATNST = 0.015 ! maintenace respiration coefficient of stems
MATNZO = 0.003 ! maintenace respiration coefficient of storage organs
MATNRT = 0,01 ! maintenace respiration coefficient of rocts
CRGLY = 1.326 ! carbohydrate requirement for leaf dry matter production
CRGST = 1.326 ! carbchydrate reguirement for stem dry matter production
CRGSC = 1.462 ! carbochydrate requirement for storage organ * "
CRGRT = 1.326 ! carbohydrate requirement for root " "
CRGSTR = 1,11 i carbohydrate requirement for stem reserves production
FCSTR = 0.444 ! mass fraction carbon in the stem reserves
FCLV = 0.419 ! mass fraction carbon in the leaves
FCST = 0.431 ! mass fraction carbon in the stems
FCRT = 0.431 | mass fraction carbon in the roots
FC30 = 0.487 | mass fraction carbon in the storage organs

LRSTR = 0.947

fraction of allocated stem reserves that is
available for growth
time coefficient for loss of stem reserves

TCLSTR = 10.

* table for leaf death coefficient as function of development stage
DRLVT = 0.,8., 0.6,0., 1.,0.015, 1.6,0.025, 2.1,0.05
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* Water-limited production data

ZRTI = 0.0001
ZRTMC = 0.4 ! maximum rooting depth of crop
GZRT = 0.01 ! growth rate roots

ZRTMCW = 0.2 For PADDY subroutine, maximum depth roots if
no drought stress

ZRTMCD = 0.4 For PADDY subroutine, maximum depth roocts if

drought
STIG = 2,80
ULLS = 2.87
LLLS = 3.90
ULDL = 3.80
LLDL = 4.20
ULRT = 2.87
LLRT = 4.20

o

* 3. Switch parameters *

LR TR e R R R AL AR AR AR R a R R R AR T ER SRS SRR SRR SRR XS X E]

SWINLV = -1. ! switch to use NFLV as function of DVS or daynumber
t -1: versus DVS; 1: wersus DOY

SWITMP = -1. ! switch to use GCM tenperature correction
t -1: do not use; 1: do use

SWILAI = 1. ! switch to use measured or simulated LAI {LAI leaves)
I -1: measured LAT; 1: simulated TAT

SWICOV = -1. ! switch to use plastic cover over seed-bed

! ~1: do not use; 1: do use

R L R T T T Y

* 4. Measured data *
LR A R R R e R AR AR N AR T RS RS RS SRR SRR SRR SRR AR R R 2]
* Switches that indicate whether variables have been measured

* or not: 'Y' means measured and given; 'N' means not measured.
* Note: '¥' and 'N' should be given in capital letters!

MLAI = ‘N’ ! measured leaf area index LAIL

MNFLV = ‘N’ ! measured N-content leaves NFLV

MWTDM = ‘N' ! measured weigth total dry matter WIDM
MWST = 'N' ! measured weigth stems WST

MWLVG = 'N' ! measured weight green leaves WLVG
MWLVD 'N* ! measured weigth dead leaves WLVD
MWPA = 'N' | measured weigth panicle WEA

* Measured data values: No data feor zonaticn
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A1.7 List of variables

This list only contains variables that are not included in ORYZAl Version 1.3 as

documented in the SARP Research Proceedings (Kropff et al., 1994).

Name Description Units
ALB Albedo, reflection coefficient for short-wave radiation -
ALBC Albedo, reflection coefficient for crop -
ALBDS Albedo, reflection coefficient for dry soil syrface -
ALBS Albedo, reflection coefficient for moist soil surface -
ALBOW Albedo, reflection coefficient for open water -
ANGA Parameter in Angstrom formula -
ANGB Parameter in Angstrom formula -
AOB Intermediate variable -
ASIN Arcsine function (intrinsic FORTRAN function) -
BBRAD Black body radiation Jm2g1
BOLTZM Stefan-Boltzman constant Jm2 ¢-10K—4
CLEAR Penman's original clearness factor
CLUSTF Cluster factor -
DAYL Daylength hd-l
DEC Declination of the sun radians
DELT Time interval of integration d
DLDR Death rate leaves caused by drought kg DM ha'l 4-1
DLDRT Total death rate leaves caused by drought kg DM ha-1 4-1
DLEAF Control variable for start of leaf senescence by drought -
DROUT Control variable indicating drought/ne drought -
DS Stress factor for death of leaves caused by drought -
DERT Effect of drought stress on water uptake -
DSO Daily extraterrestrial radiation Jm-24-1
DSTRS Stress factor for death of leaves caused by drought -
DVEW Effect of water stress on development rate in vegetative phase -
EES Extinction coefficiemt for evaporation in bare seil m!
EVD Penman evapotranspiration due to drying power of air for a crop/soil

system mm d-
EVDOW Same as EVD, for open water layer mm d-!
EVR Penman evapotransp. due to radiation for a crop/soil system mm d-!
EVROW Same as EVR, for open water layer mm d-!
EVRWL Same as EVR, for a crop/water layer system mm d-!
EVSCS Potential soil evaperation mm d-!
EVSCOW Potential evaporation from open water layer mm d-!
EVSD Actual evaporation rate soil on dry days mm d-!
EVSH Actual evaporation rate soil on humid days mm d-!
FCLEAR Sky clearness function in calculation of net long-wave radiation -
FVAP Vapour pressure effect on RLWN (Brunt equation) -
ICNT Control variable for drought stress -
IDATE Integer value of day of year d
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Name Description Units
IDOYTR Integer value of day of year at transplanting d
INSD Counter for non-drought stress days -
ISTD Counter for consecutive drought stress days -
ITIM Time of simulation d
ITRT Time of transplanting d
LHVAP atent heat of evaporation of water Tkg ' H,0
LLDL Lower limit dead leaves pF value
LLLS Lower limit leaf rolling pF value
LLRT Lower limit relative transpiration pF value
LLDLWR Lower limit dead leaves averaged over roat zone m3 m?
LLLSWR Lower limit leaf rolling averaged over root zone m3 m=3
LLRTWR Lower limit refative transpiration averaged over root zone m3 m™3
LS Stress factor for leaf rolling (varies from O to 1) -
LSTRS Stress factor for leaf rolling (varies from 0.5 to 1} -
NRAD Net radiation Im-1g-t
PAR Instantaneous flux of photosynthetically active radiation T m~2 ground s-!
PARDF Instantaneous diffuse flux of incoming PAR I m=2 ground 5-!
PARDR Instantaneous direct flux of incoming PAR Tm2 ground 5-1
PCEW Effect of water stress on daily total gross CO, assimilation of the crop DTGA -
PENMAN Penman reference value for potential evapotranspiration mm d-t
P1 Ratio of circumference to diameter of circle -
PSYCH Psychrometic instrument constant mbar oc-!
RAD Factor to convert degrees to radians radians degree-1
RAIN Precipitation rate mm d¢~!
RAINCU Cumulative precipitation mm
RAINN Precipitation rate next day mmd-!
RDT Daily solar radiation Im24-!
RLWN Net long-wave radiation ITm gt
SC Solar constant, corrected for varying distances between sun-earth Im2g1
sSCPp Scattering coefficient of leaves for PAR -
SIN Sine function (intrinsic FORTRAN function} -
SINB Sine of solar elevation -
SINLD Intermediate variable in calculating solar declination -
SLOPE Tangent of the relation between saturated vapour pressure and temperatore mbar ©C -1
SQV Intermediate variable in calculation of reflection coefficient -
STLG Limit for leaf expansion pF value
STLGWR Limit for leaf expansion avearged over root zone m3 m-3
SVP Saturated vapour pressure mbar
SWIWLP Switch to select irmigated lowland (0), rainfed lowland (1), or rainfed upland (2) -
TKL Array fof thicknesses of soils compartments m
TKLT Thickness of combined soil compartments m
TRC Potential transpiration rate canopy/scil system mm d~!
TRCT Cumulative potential transpiration (after transplanting) mm
TRCWL Potential transpiration rate canopy/water layer system mm d-!
TRRM Potential transpiration rate canopy per united rooted length mmd-! m~!
TRW Actual transpiration rate canopy mmd!
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Name Description Units
TRWCU Cumulative actual transpiration (after transplanting) min
TRWL Array of TRW per soil compartment mm d-!
TSLVTR Temperature sum for leaf area development at tranplanting oCd
ULDL Upper limit dead leaves pF value
ULLS Upper limit leaf rolling score PF value
ULRT Upper limit relative transpiration rate pF
ULDLWR Upper limit dead leaves averaged over root zone m? m3
ULLSWR Upper limit leaf rolling averaged over roct zone m3 m3
ULRTWR Upper limit relative transpiraticn averaged over root zone m® m—3
VAPOR Actual vapour pressure kpa
VISD Absorbed direct component of direct flux per unit leaf area (at depth

LAIC) T m? leaf 57!
VISDF Absorbed diffuse flux per unit leaf area (at depth LAIC) Jm2 leaf s
VISPP Absorbed light flux by leaves perpendicular on direct beam T m2 Jeaf s~}
VISSHD Total absorbed flux for shaded leaves) per unit leaf area (at depth LAIC) Tm2 leaf 5!
VISSUN Total absorbed flux for sunlit leaves in one of three Gauss point classes Im2 leaf s-1
VIST Absorbed total direct flux per unit leaf area (at depth LAIC) Jm-2 leaf s-!
WCAD Array of volumetric water content per soil compartment, air dry m™3 o3
WCFC Array of volumetric water content per soil compartment, field capacity m~> m3
WCL Array of actual volumetric water content per soil compartment m? m3
WCLQT Same as WCL m=3 3
WCLREL Array of relative water contents per soil compartment m~3 m~3
WCR Tatat biomass kg DM ha!
WCRDR Critical soil water content for start of leaf death caused by drought -
WCREF Array of refernce water contents at which drought stress eccurs, per soil

compartment m3m3
WCRREL Total relative water content in root zone m=3 m-3
WCST Array of volumetric water content per soif compartment, at saturation m3 m~3
WCSTUP Saturated volumetric water content of first soil compartment m3 m-3
WCUP Actual volumetric water content first soil compartment m3m3
WCWP Array of volumetric water content per soil compartment, at wilting point m™3 m3
WDF Wind function mm d~! mbar-!
WGAUSS Array containing weights to be assigned to Gauss points -
WIND Wind speed ms-!
WL Array of amounts of soil water per soil compartment m? ha~?
WLA Water available to the crop for uptake mm
WLFL array of fluxes of water from compartment I to T+1 mm d~1
WLO Amount of ponded water mrm
WLVGIT Dry weight of green feaves kg ha'!
ZLL Depth upper boundary compartment m
ZR Rooted depth m
ZRT(®) Rooted depth (initial) m
ZRT Array of ZRT differentiated per soil compartment m
ZRTL Rooted depth in specific soil compartment m
ZRTM Maximuom for ZRT m
ZRTMC Maximuom rooting depth of crop (LOWBAL, SAHEL) m
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Name Description Units

ZRTMCD Maximum rooting depth of crop in case of drought (PADDY) m
ZRTMCW Maximum roocting depth of crop under well-watered conditions (PADDY) m
ZRTMS Maximum rooting depth of soil m
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Appendix 2 Soil-water balance module SAHEL
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A2.2 Soil data file

Example of soil data for SAHEL water balance module

LIRS SRR XSRS A SRR R R R AR AR RS RSl LR AR RRRElE LR ERR SRR

* LOAM.DAT; Soil characteristics for a standard loam socil.

[T F TR N TR EEEE RS R R RRR R AR A AR R AR R R RS R RS R AR AR R R AR AR EES S 2]

TKL1 = 0.2; TKL2 = 0.3; TKL3 = 0.5

WCFC1 = 0.355; WCWP1 = 0.108; WCAD1 = 0.007; WCST1l = 0.503
WCFC2 = 0.355; WCWPZ = 0.108; WCAD2 = 0.007; WCST2 = 0.503
WCFC3 = 0.355; WCWP3 = 0.108; WCAD3 = 0.007; WCST3 = 0.503
FWCLI1 = 1.0; FWCLI2 = 1.0; FWCLI3 = 1.0

FRNCF =0.0

ZRTMS = 0.9

EES = 20.

SOILUP = 'Upland, non-puddled soil type'

The following soil files contain average moisture characteristics (water content at saturation,
WCST, at field capacity, WCFC, at wilting point, WCWP, and at air-dryness, WCAD) as
caiculated from the data in Penning de Vries et al., 1989 (p. 151-152) derived from
measuremenis on Dutch soils (Wosten et al., 1987) for the water balance modules SAHEL or

PADDY:

Texture description File name

Coarse sand CSAND.DAT
Medium coarse sand MCSAND.DAT
Medium fine sand MFSAND.DAT
Fine sand FSAND.DAT
Humous loamy medium course sand HILMCSAND.DAT
Loamy medium coarse sand LLMCSAND.DAT
Light loamy medium coarse sand IMCSAND.DAT
Loamy fine sand LFSAND.DAT
Sandy loam SLOAM.DAT
Loess loam LLOAM.DAT
Fine sandy loam FSLOAM.DAT
Silt loam SILOAM.DAT
Loam LOAM.DAT
Sandy clay loam SCLOAM.DAT
Silty clay loam SICLOAM.DAT
Caly loam CLOAM.DAT
Light clay LCLAY DAT

Silty clay SICLAY.DAT
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File name WCST WCFC WCWP WCAD
CSAND.DAT 0.3950 0.0647 0.0001 0.0000
MCSAND.DAT 0.3650 0.1405 0.0054 0.0000
MFSAND.DAT 0.3500 0.1611 0.0113 0.0000
FSAND.DAT 0.3640 0.2120 0.0334 0.0005
HLMCSAND.DAT 04700 0.3530 0.1326 0.0141
LLMCSAND.DAT 0.3940 0.2848 0.0939 0.0074
LMCSAND.DAT 0.3010 0.1798 0.0309 0.0005
LESAND.DAT 0.4390 0.2328 0.0266 0.0002
SLOAM.DAT 0.4650 0.2731 0.0443 0.0007
LLOAMDAT 0.4550 0.3268 0.1055 0.0079
FSLOAM.DAT 0.5040 0.3397 0.0882 0.0040
SILOAM.DAT 0.5090 0.3587 0.1084 0.0070
LOAM.DAT 0.5030 0.3552 0.1082 0.0071
SCLOAM.DAT 0.4320 0.3487 0.1677 0.0313
SICLOAM.DAT 0.4750 0.3778 0.1726 0.0287
CLOAM.DAT 0.4450 0.3994 0.2759 0.1183
LCLAY.DAT 0.4530 0.3783 0.2043 0.0498
SICLAY.DAT 0.5070 0.4474 0.2917 0.1095
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A2.3 List of variables

Name Description Units
CKWFL Sum of integrated water fluxes in/out of soil compartments mm
DSLR Number of days since last rain d
EES Evaporation extinction coefficient m
EVSC Potential soil evaporation rate for current weather conditions and crop mm d-1
EVSD Actual evaporation rate soil on dry days mm d-!
EVSH Actual evaporation rate soil on humid days mm d!
EVSW Actual evaporation rate soil (indexed per soil compartment) mm d-!
EVSWCU Cumulative EVSW since sowing mm
FEVL Array of fraction of EVSW, per soil compartment -
FEVLT Total of FEVL over all soil compartments -
FRNOF Fraction runoff -
FWCLI Initial soil water content as fraction of WCFC, indexed per soil compartment -
NL Number of seil compartments (= 1) -
RAIN Precipitation rate mm d-1
RAINCU Cumulative precipitation since sowing mm
RAINN Precipitation rate next day mm ¢!
RIICU Cumulative irrigation application {= always 0) mm
TKL Thickness os soil compartment, indexed mm
TKLT Total thickness of all soil compartments mm
WCAD Volumetric water content , at air dryness {pF 7), indexed per soil compartment

[-NL m? m3
WCFC Volumetric water content, at field capacity (pF 2), indexed per soil

compartment 1-NL m? m-3
WCL(D) Actual volumetric water content, indexed per soil compartment 1-NL (initial) m3 m~3
WCLQT Same as WCL m? m3
WCST Volumetric water content at saturation, indexed per soil compartment 1-NL m? m—3
WCUM Cumulative WL over all soil compartments mm
WCWP Volumetric water content, at wilting point (pF 4.2}, indexed per soil

compartment 1-NL. m3 m?
WL(I) Actual amount of water, indexed per soil compartment 1-NIL, (Note: WL is

amount of ponded water) mm
WLFL Fluxes of water infout soil compartments, indexed per compartment mm d-!
ZRTMS Maximum rooting depth of soil m
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Appendix 3 Soil-water balance module LOWBAL
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A3.2 Soil datafile

Example of soil data for LOWBAL water balance module
hkwkhkkhkhkhhkhkwkhkrhhkahhokhaohhohhokhrdhwkhkorhkrNhwkhowhhaorkhrhhwkdorxkk
* PUDS05.DAT;
* LOWBAL for puddled, lowland rice soils.
* HON-CRACKING; LOW SP RATE (5 MM/DAY)

LA AR E LSRR SRR LA AR ERESEESEEERERRAEREERERESER LS EREEREREElRRREREELESES]

soll parameters for the water balance module

** A1l data in mm or mm/day
WLOMXT = 100.00

TKLPI = 200.00

5P SOIL = 5.00

DDR = 2000.00

WLOT = 50.00

WLOMIN = 10.00

SHRINK = 0.7

WCCRAC = 0.00

WCSTP = 0.52

WCWPP = 0.01

WCFCP = 0.01

WCADP = 0.01

RIGIFT = 50.00

RIFUD = 200.

DVSIE = 1.85

SOILOW = 'Lowland, puddled soil type'
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A3.3 List of variables

Name Description Units
WLOMX(I)  Bund height {initial), also maximum level of WLO mm
DDR Deep drainage rate of the subsoil mm s~
DSLR Number of days since last rain -
DVSIE Development stage after which no more irrigation is applied -
EVSC Potential soil evaporation rate for current weather conditions and crop mm d-!
EVSD Actual evaporation rate soil on dry days mm d-!
EVSH Actual evaporation rate soil on humid days mm d~!
EVSW Actual evaporation rate soil mm d-!
EVSWCU Cumulative EVSW after transplanting mm
NL Number of soil compartments (= 1) -
RAIN Precipitation rate mm d-!
RAINCU Cumulative precipitation since transplanting mm
RAINN Precipitation rate next day mm d-!
RIGIFT Constant irrigation gift mm
RIT Actual irrigation gift (cither 0 or RIGIFT) min
RIICU Cumulative irrigation gift after transplanting mm
RIICSB Cumulative irrigation gift in seed-bed mm
RNOFCU Cumulative RUNOF after transplanting mm
RUNOF Surface drainage (bund overflow) mm
SHRINK Linear shrinkage factor for puddled layer -
Sp Actual seepage & percolation rate mm s~}
SPCU Cumulative SP after transplanting mm
SPSOIL Potential seepage & percolation rate mm 57!
TKLP{I) Thickness puddled layer (initial } mm
TKLPM Thickness of shrunken soil mm
TRWP Actual transpiration rate canopy from puddied layer mm d-!
WCAD(1) Same as WCADP m3 m™3
WCADP Volumetric water content of shrunken puddled layer, at air dryness (pF 7) m3 m~3
WCCRAC Water content of shrunken puddled layer at which cracks penetrate the

impermeable Fayer m? 3
WCFC(1) Same as WCEFCP m m3
WCFCP Volumetric water content of shrunkne puddled laver, at field capacity (pF 2) md m—3
WCLP Actual volumetric water content of puddled layer m3 m3
WCLQT(1)  Same as WCLP m3 m—?
WCST(1) Same as WCSTP m’ m2
WCSTP Volumetric water content of shrunken puddled layer, at saturation m? m=3
WCWP(1) Same as WCWPP m? m-3
WCWPP Volumetric water content of shrunken puddled layer, at wilting point (pF 4.2) m? m=3
WLO(D) Depth of ponded water layer (initial) mm
WLOMIN Minimum depth of WLO at which irrigation is supplied mm
WLP Actual amount of water in puddled layer mm
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Appendix 4 Soil-water balance module PADDY
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Ad4.3 Soil data file

B R L L L T e T e T

* EXAMPLE INPUT FILE, CONTAINS MAXTMUM NUMBER OF
* PARAMETERS NEEDED

B T T I T T e

* Switches:
* Puddling switch: puddled (1}; non-puddled (0}

SWITPD = 1
* Drainage switch: free draining (1}:; impeded drainage (0}
SWITFD = 0

* Irrigation switch: no irrigation (0); irrigation read from table {l):
* irrigation if ponded water depth drops below minimum value (2}
SWITIR = O

* Conductivity switch: no data {0)}; Van Genuchten parameters (1l);

* Power function (2

SWITKH = 0

* Water retention switch: data given for saturation, field capacity,

* wilting peint and when air dry (0); via Van Genuchten parameters (1)
SWITEF = 0

* Groundwater switch: not in prefile (0): read from this file (1};

* gpaleculated (2)

SWITGW = 1

* Percolation switch: read from this file (0); calculated (1)

* value for SWITVP can only be 1 if puddled soil

SWITVP = 0

* Number of scil layers (maximum is 18)
NL = 9

* Thickness ¢f soil compartments (m)
TKL = 3*0.05. 3*0.05, 0.1i0, 0.20, 0.20

* percolation rate (if SWITVP = 0}
PERCOL = 10.0

* Maximum rooting depth in soil {m}
ZRTMS = 1.0

* Irrigation table, amount ¢f irrigation ly in mm} for a given calendar
* day (x), used if SWITIR = 1

RIRRIT = 23., 0.,

60., 0., 79., 0., 111.,0.,112.,10Q0.,
113.,0..,117,,90.,118.,100.,129.,0.,123.,0.,124,,100.,300.,100.

* Irrigation parameter, used if SWITIR = 2, i.e, amount of irrigation
* if ponded water depth drops below WLOMIN (mm}
IRRI = 50.

* Saturated hydraulic¢ conductivity (needed if SWITFD = G,

* and if SWITKH is 1 or 2)

K&T = 2*127.0, 3.0, 3*35.0, 2*103.0, 42.0

* van Cenuchten parameters (needed if SWITKH = 1 andfor SWITPF = 1)
= 3*0.127, 3*0.047, 2%0.078, 0.032

VGL = 3*-6.2, 2*-0.6, 2*-4.9, -11.1
= 3*1.119, 3*1.085, 2*1.076, 1.073

VGR= 9+*0.01

* power function parameter (needed if SWITKH = 2}

PN = 3*-2.85, 3*-2.5, 2*-2.5, -2.5

* Saturated volumetric water content

WCST = 3*0.52, 3*0.55, 2*0.61, 0.64

* Velumetric water content at field capacity (needed if SWITPF = 0)
WCFC = 3*0.48, 3%0.47, 2*0.52, 0.58

* Yolumetric water content at wilting peoint (needed if SWITPF = 0}
WCWP = 9¥0.21

* VYolumetric water content when air dry (needed if SWITPF = Q)
WCAD = 9*0.01

* Initial volumetric water content

WCLI = 3*0.52, 3*0.47, 2*0.52, 0.58

* Ponded water depth (mm}

WLOMX = 150.

* Minimum ponded water depth (mm)
WLOMIN = 50,

* Initial pended water depth (mm}
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WLOI = 100.

* Groundwater table depths (y in c¢m} as a function of calendar day (x)
* needed if SWITGW = 1

ZWTB = 1., 150., 300., 150.

* Groundwater parameters, needed if SWITGW = 2

* Initial groundwater depth (cm!}

ZWTBT = 100,

* Minimum groundwater depth {cm)

MINGW = 100.

* Maximum groundwater depth (cm)
MAYGW = 100.

* Sensitivity factor of recharge {-)
ZWA = 1.0

* Depth groundwater table is receding in case of no recharge (cm/d)
ZWE = 0.5

* FOLLOWING PARAMETERS ONLY NEEDED IF SOIL IS PUDDLED

* i.e. if SWITPD = 1

* Number of puddled compartments, including plow sole (cannot exceed NL)
NLPUD = 3

* Volumetric water content of ripened soil (previously puddled}

WCSTRP = 3*0.52, 3+*0.55, 3*0.61, Q.64

* pF value of puddled root zone at which c¢racks reach the non-puddled

* subsoil, i.e. break through the plow scle

PFCR = 3.0
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Ad.4 List of variables used in PADDY

Name Description Units
CAPRI array capillary rise per soil compartment mm d-!
CAPTOT total capillary rise mm d-!
CKWFL total of external contribution to system water content mm
CKWIN total change in system water content mm
CRACKS logical indicating if cracks penetrate through puddled topsoit -
DELT time step d
DOY calendar day d
DRAICU cumulative outflow from deepest soil compartment mm
DRAIN variable used to drain soil compartment to field capacity mm d!
DSPW days passed without ponded water on soil surface d
EVSC potential evaporation rate mm d-!
EVSD actual evaporation rate soil if DSPW > | mmd!
EVSH actual evaporation rate soil if DSPW = 1 mm 4-!
EVSW actual evaporation rate mm d-!
EVSWCU cumulative actual evaporation rate mm
EVSWS actual evaporation rate soil compartment 1 md!
FILEI2 name of soil data input file
FLNEW boundary flow between soil compartments recalculated via subroutine

BACKFL mm g-!
FLOW capillary rise calculated by subroutine SUBSL2 mm d!
FREEDR logical indicating free drainage or impeded drainage -
GWCU cumulative contribution groundwater table mm
GWFILL array used to fill-up' soil compartment if in groundwater mm g1
GWTOT total contribution groundwater table mm d-!
GRWAT logical indicating if groundwater table is in soil profile -
HYDCON common block needed to communicate with subr. SUMSKM?2 -
I counter, usually used to indicate soil compartment number -
IGW number of shallowest soil compartment in groundwater -
ILZMAX maximum number of groundwater table measurements -
INL number of soil compartments
IR irrigation mm d-!
TRIRR number of days with additional irrigation -
IRRI additional irrigation if ponded water declines below minimum mm d-!
ITIM time of simulation d
ITASK determines action of PADDY -
ITOLD previous action of PADDY -
ITRT time of transplanting d
[UNITD unit number soil data file -
IUNITL unit number log file -
IUNITO unit number output file -
IZWTB number of days with groundwater table measurements -
KSAT saturated hydraulic conductivity em d-!
KST saturated hydrautic conductivity emd!
MAXGW maximum groundwater table depth cm



Name Description Units
MINGW minimum groundwater table depth cm
MS moisture suction (pressure head) cm
NL number of soil compartments -
NLPUD number of puddled soil compartments including plow sole -
NUCHT common block with Van Genuchten parameters -
OUTPUT flag indicating if output to file is required -
PERC actual percolation rate mm d-!
PERCOL percolation rate from soil data input file {constant) mm d-!
PFCR critical pF value where cracks break through soil compartment -
PN parameter n in power function for hydraulic conductivity -
POWER common block containing PN -
PROREL contribution of profile storage to water balance mmd-!
PUDDLD logical indicating if profile is puddled / non-puddled -
RAIN rainfall mmd-!
RAINCU cumulative rainfall mm
REST rest water component in top seil compartment calculated by subroutine

BACKFL mm
RIRRIT irrigation table -
RNOFCU cumulative runoff mm
RUNOF Tunoff mm d-!
SURREL contribution of stored surface water to water balance mm d-!
SWITFD free draining / impeded drainage switch -
SWITGW groundwater switch -
SWITIR irrigation switch -
SWITKH hydraulic conductivity switch -
SWITPD puddled / non-puddled switch -
SWITPF water retention curve swiich -
SWITVP switch for calculation of percolation rate -
TERMNL flag indicating if simulation should terminate -
TIME fime d
TKL array thickness of soil compartments mm
TKLP array thickness of soil compartments m
TKLT total thickness of soil profile m
TOTPOR array total porosity of scil compartments cem? em—2
TRW total transpiration rate tum -
TRWCU cumulative transpiration mm
TRWL array water uptake per soil compartment due to transpiration mmd-!
UPRICU cumulative capillary rise nmn
VGA van (Genuchten alpha parameter em™!
VGL van Genuchten lambda parameter -
VGN van Genuchten n parameter -
VYGR van Genuchien residual water content -
VL array thickness soil compartment after shrinkage mm
WBINIT flag indicating if water balance needs initialization for crop rotations, not

yet in use in this version of PADDY -
WCAD array volumetric water content per soil compartment when ‘air dry' em3 em3
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Name Description Units
WCCR critical volumetric water content where cracks break through soil

compartment em3 e
WCFC array volumetric water content per soil compartment at 'field capacity’ em?3 cm™3
WCL array actual volumetric water content of scil compartment em3 em—3
WCLI array initial volumetric water content of soil compartment cm? cm?
WCST array satorated volumetric water content per soil compartment em3 cm3
WCSTRP array saturated volumetric water content ripened soil per soail

compartment cm® cm?
WCUM amount of stored soif water in soil profile mm
WCUMCH  rate of change in amount of stored soil water mm d-!
WCUMCO  contribution of soil storage term to overall water balance min
WCUMI initial amount of stored sail water in soil profile mm
WCWP array volumetric water content per soil compartment at "wilting point’ -
WL array amount of water in soil compartment mm
WLO amount of ponded water mm
WLOCH rate of change of amount of ponded water mm d-!
WLOCO contribution of surface storage term (ponded water) to overall water

balance mm
WLOI amount of initial ponded water mm
WLOMIN minimum amount of ponded water before start of irrigation mm
WLOMX maximum amount of ponded water (=bund height) mm
WLAD array amount of water per soil compartment when ‘air dry’ mm
WLCH array change in amount of water per soil compartment mm d-!
WLFC array amonnt of water per soil compartment at ‘field capacity’ M
WLFL array flux at boundaries of soil compartment mm d1
WLST array amount of water per soil compartment at saturation mm
WLWP array amount of water per soil compartment at 'wilting point’ mm
WSTAT flag for weather system -
WIRTER flag for weather system -
L array depth of top of soil compartments cm
ZRTMS maximum rooting depth soil profile m
ZW depth of groundwater table below soil surface cm
ZWA depth groundwater table is receding in case of no recharge cm
ZWB sensitivity factor of recharge groundwater table -
ZWPREY groundwater table depth of previous day cm
ZWTB table with groundwater table data -
ZWTBI initial depth of groundwater table below soil surface -
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Appendix 5 Other input files

AS.1 Control data

FHEKE LK K AR

* CONTROL
Rk kKR
FILEON
FILEOL
FILEIR
FILEIT
FILEI1
FILEIZ

* FILEI3
* FILEI4
* FILEIS

KEKKRE AR AR AR AT AR AR I N EA R A AR AR AR RN A A v AR A A vk bk vk w kb w ok

.DAT; te control input and cutput file names

ek k ke ko ke ook kR Aok ke Kk Aok ke Ak kA Kk ke Ak % Kk
= 'RESULTS.0QUT' ! Normal output file

= "'MODEL.LOG' ! Log file

= 'RERUNS.DAT' ! Reruns file

= 'TIMER.DAT"' ! File with timer data

= 'ORYZA_Wz.DAT' ! First input data file (crop)

= 'SQIL.DAT ' ! Second input data file (soil)

= ! Third input data file (not used)
= ! Fourth input data file (not used)
= ' ! Fifth input data file (not used)

AS5.2 Timer data

* Timer

* contai
* - The
* - The
* - Addi

file generated by FST translator version 1.18%

ns:
used DRIVER and TRACE in case of GENERAL translation
TIMER variables used in both translation modes

tional TIMER variables in case of GENERAL translation

* — The WEATHER control variables if weather data are used

* - Misc

* File:
* Date:

* Time:

ellanecus FSE variables in case of FPSE translation

ORYZA1.FST
16-05-94
14:17:38

* TIMER wvariables used in GENERAL and FSE translation modes

STTIME
FINTIM
DELT =
PRDEL =
IPFORM =

]

23. I start time
100. ! finish time
1, ! time step {(for Runge-Kutta first guess)
1. ! output time step
4 I code for output table format:
! 4 = spaces between columns

I 5 = TAB's between columns {apreadsheet outputb)

! 6 = two column output
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MULTIP = 1.
ANGA = 0.29
ANGB = 0.42

The string array PRSEL contains the output wvariables for which
formatted tables have to be made. One ¢or more times there is a
series of variable names terminated by the word <TABLE>.

The translator writes the variables in each PRINT statement to

PRSEL = ! a separate table

COPINF

Il
Z

Switch variable whether to copy the input files
! to the output file ('N' = do not copy,
L 'Y = copy)
DELTMP = 'N' ! Switch variable what should be done with the
| temporary cutput file ('N' = do not delete,
L 'Y' = delete}
IFLAG = 1100 | Indicates where weather error and warnings
! go (1101 means errors and warnings to log
| file, errors te screen, see FSE manual)
*IOBSD = 1951,182 ! List of observation data for which output is
! required. The list should consist of pairs

! <year>,<day> combination

* WEATHER control variables

WTRDIR = ' '

CNTR = 'PHIL' ! Country code
ISTN =2 ! Station cecde
IYEAR = 1988 ! Year

SWIWLF = 3

AS5.3 Weather data

-
*

-

1

LR R R LR SR AR AR AR SRR RS E RS R A SRR SLE RS ERESEEEREEAEEEERREE SRR R LN
Station name: IRRI wet station site

Year: 1980

Author: Daniel van Kraalingen -99 _000: NIL VALUE
Source: Agroclimate Service Unit of IRRI

Comments: Original name of data used in IRRI: ORWET

Longitude: 121 15'' E, latitude: 14 11'' N, altitude: 21 m.
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*

*

Column

@ ~ BN s W N =

9

Daily value

station number

year

day

irradiation

minimum temperature

maximum temperature

{kJ m-2 d-1) or (mJ m-2 4d-1)

early morning vapour pressure

mean wind speed {(height: 2 m)

precipitation

({degrees Celsius)
{degrees Celsius)
(kPa)
(m s-1)
{mm d-1)

AR EZE LA XSRS R SRR SRS R R Rl E R R RSl R R AR EEESEE]

12

1.25

1 1980
1 1580
1 1980
1 1980
1 1980

1 1480
1 1980
1 1980

14.18

1
2
3
4
5
364

365
366

21.
14004.
12528.
17136.
18360 .
13140.

7740.
5220.
10656.

AS5.4 Rerun data

* Example of reruns file

* Set 1
SWITIR =
WLOI = 50.
* Set 2
SWITIR =
WLOI = 2C.
* Set 3
SWITIR =
WLOI = 100.

0

1

2

0.00 0.00

20.5 29.%
21.5 28.5
21.0 2%.7
19.5 29.9
20.8 28B.9
21.7 26.3
22.0 25.4
22.6 26.8

for

PADDY

BN NN NN

.790
.970
L6306
.650
.990

2.770
2.810
2.650

0.6 0.0
G.3 0.5
0.6 0.0
0.8 0.2
1.0 0.0

8 0.8
1.8

8 ¢
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