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Abstraet, This physically-based hydrologic model is develeped 1o calculate the soibmoisture balance on paddy fields. This

model consists of three modules, the first is the unsaturated module, the second 15 the rice evupotranspiratin module with

SPAC{so1l-plant-atmospheric-contimium), and the third is the groundwater and epen channel flows based npon the nterreh-

tionship module. The model sinmlates the hydrolegical processes of infiltration. so1l water storage, deep percolation or echarge

to the shallow water table. transpiration and evaporation from the soil surface and also the mterrelationship of the groundwater

and river flow exchange. To verify the applicability of the developed model, 1t was applied to the Kimjae Plams, locded 1 the

center of the Dongjin river basm 1 Korea, during the most serious drought season of 1994. The result shows that the estimated

waler net requirement was 737 mar and the water deficit was about 5.9 %% in thus area m ]994. This model can easily evaluate

the irrigated water quantity and visualize the common crop demands and soil moisture conditions
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1. INTRODUCTION

The supply of adequate irrigation is most im-
portant when there are limited water resources
during a drought season. Adequate water 18 es-
sential for crop production, and the optimal use
of available water must be achieved for efficient
rice production, high vields, and water resource
managenients. This requires a proper under-
standing of the effect of water rainfall and/or
wrigation-on crop growth and soil moisture un-
der different growing conditions (Doorenbos e
al., 1979).

Soil moisture simulations are an important

tools for managing an irrigation system. They
help to determine how much water to apply and
when to irrigaie. Soil moisture is crifical for
crop growth. By maintaining moisture within a
certain range for a given so1l and crop type, the
best growing conditions can be aclieved.

The vertical infiltration of groundwater accre-
tion into stratified soil was researched by Somu
{1986). He considered the simultaneous move-
ment of air and water in soil and used continuity
equations. His study dealt with the vapor flow
as diffusive process and that flow was governed
by the concentration of vapor by Frick's law.
The physical mechanism for the occurrence of



the double peaks was explained by using Rich-
ards' equation and the concept of variable source
arca (Lee and Lee, 1996). The numerical
scheme for dimensionless Richards' equation
was developed to analyze the unsaturated flow
in the heterogenecus porous media (Park and
Sonu, 1999)

Richards' equation for variably saturated soil
water flow has a clear physical basis. However
Richards’ equation is difficult to solve because
of its hyperbolic nature and the strong non-
linearity of the soil hydraulic fonctions which
relate to water content, soil water pressure head,
and hydraulic conductivity. Also, the abrupt
changes of moisture conditions near the soil
surface, which causes steep weiting fronts in dry
soil or steep drying fronts in wet soils, may pose
problers.

This study i1s adopted the FAO-Penman-
Monteijth equation to calculate the evapotranspi-
ration which is recommended as the standard
method for estimating reference and crop
evapotranspiration by Smmth ez al. (1997).

This study focuses on the development of a
physically-based hydrological model to calcu-
late the soil-moisture balance on paddy fields.
The main advantage of the proposed scheme is
to solve automatically the top boundary condi-
tions in iterative computing stages; head or flux
conditions. To verify the applicability of the
developed model, it was applied to the Kimjae
Plains, located in the center of the Dongjin river
basin in Korea, during the most serious drought
season of 1994,

2. THEORY

2.1 Governing Equation

A one-dimensional governing equation for
water balance of a non swelling, isothermal,
heterogeneous soil can be written as (Campbell,
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1985; Bidlake ef al., 1997)

:ow?gz_g(fl + Jrv)_ U(:) (1)

where pyy is the density of water (kg/m’), & is
the volumetric water content (m’/m’), f; is the
vertical liquid flux (kg/m’/s), f,is the vertical
vapor flux (kg/m’/s), z is the vertical depth (m),
and ¢ is time (8). U (z) is a volumetric water sink
term representing plant uptake of soil water
(kg/mn'/s).

Diffusion through the air-filled pores main-
tains an exchange of gases between the atmos-
phere and the soil. For both portions of the
pathway, the diffusion process can be described
by Fick's law,

The volumetric water sink term, (7 (z), is the
plant uptake of soil water and the transpiration.
These are two processes that can have a large
effect on the soil water balance of vegetated
arcas. The driving force for this flow is a water
potential gradient. The main resistances to ligq-
uid water are in the root and m the leaf.

Some of the non-linearity in Eq. (1) can be
removed by using the Kirchhoff transformation
{Gardner, 1958; Haverkamp et al., 1977; Red-
inger ef al., 1984; Campbell, 1985). Hydraulic
conductivity of unsaturated soil (£(¢#,,) ) can be
computed by using a simple equation obtained
by Campbell (1974). The Hydraulic properties
of soils as a function of soil texture give values
of ¢,, k.. b and other hydraulic properties
for a range of soil texture in Rawls er al. {1992)
and Campbell ef af. (1998).

Analogous to Darcy's law is the exchange be-
tween an aquifer and a river and may be formu-
lated as follows
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where ¢,,, denotes the groundwater potential,
h
tance to the flow, which is called the horizontal
and the radial resistance (Ernst, 1978).

The flow to the deep aquifer is computed as
follows (Belman ef al., 1983)

(?t’gT —Pug )
5

Qp =——"—"—

- 18 the river water level, and R is the resis-

where is the level of the phreatic surface

ow
averaged over the area, ¢, is the hydraulic
head of the deep ground, and ¢ is the veriical
resistance of the poorly permeable
(e=d'/k', [sec]).

The vertical flux per unit area is now taken to

layer

pass the bottom of the soil sysiem and is calcu-
lated as

where ¢,, can be considered as the return or

recharge flow.

2.2 Numerical Approach

The equation for soil moisture balance at a
node can be approximately solved by using nu-
merical techniques. The numerical approxima-
tion of Eq. (1) leads to the following finite-
difference expression which is vahd for all
nodal points.
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where 1/ is the sum of several component
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potentials, ¥ =y, +y,. ¥, Is matric poten-

tial from the atiraction between water and soil
particles, proteins, cellulose, ete. g, is gravi-
tational potential, g is the gravitational con-
stant (9.8 m/s?) and A is the vertical distance
from the reference height to the location where
potential is specified (at ground surface 2=0).
C

the ambient vapor pressure, M, is the molar

mass of water (0.018 kg/mol), R is the gas

constant (8.314 I/mol'K), T is the temperature
(K). The source term U/, in Eq. (1) combines

is the water capacitance at the node. ¢, is

all of the inputs and losses of water from the
node. This might include water exiraction by
roots, condensation or evaporation. Superseript j
is time step, subscript ¢ is node point.

The above equation can be rearranged as fol-

lows
Fo= ANy + Bidwn + Ay, (6)
where,
ar -l ki
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An appropriate procedure for the top bound-
ary conditions while calculating the iterative
solution of the Richards' equation may deter-
mine the success or failure of a numerical
scheme (van Dam, 1999).

In the case of infiltration, a head-controlled
condition applies, if the potential flux g, ex-
ceeds the maximum infiltration rate 7., as
well as the saturated hydrautic conductivity K.
The bottom boundary mass flux can be comsid-
ered as the mass balance error of the system by
Belmans ef af. (1983). The mass balance crror
&’/ originates from keeping the groundwater
level constant during the each time step Af.
The quantity £’ consists of two components,

i i
g, and &,’ . Hence,
e = SJ{ - EI{I el

where &,” is the internal mass balance error
and the component ¢,,’ is the source of the

entire system like the river (open channel)} in-
flow to the soil system and outflow from the soil
system to the river.

If the mass balance error £/ is positive, the
groundwater is lowered to decrease water con-
tent and vice versa. The adjustment of the
groundwater level, occurs in steps, when the

cumulated mass error exceeds the specific quan-

tity.

2.3 Evapotranspiration(E7)

In addition to climate, the actual crop ET,
depends on various soil faclors and plant factors
such as the degree of ground cover, plant leaf
characteristics, and the swrface roughness of the
crop canopy. Plant factors are characterized by
the crop coefficient that varies during the grow-
ing season and according to the model vsed to
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estimate £T .

Estimating the actual ET, of a growing crop

from meteorological observations requires a
reference crop ET and the rice crop coeffi-
cient. the ET of arice is calculated by

o PA
El e =10 ke Elppy 8

where reference crop ETp,, is calculated by

the following combination, which is based on
the Penman-Monteith approach (Shuttleworth,
1992; Feddes and Lenslink, 1994); rice crop
coefficients is developed the field experimental
data in Korea (Ministry of Agriculture er al.,
1997} based on the method of Doorenbos and
Pruitt (1977). So the above rice coefficient is
needed to convert ihe crop factor using the
Penman-Meonleith method (Smith et al., 1996).
u" is the dimensionless water uptake or loss
rate (Campbell e al., 1998)

The converting factor E£Typ/ ETy; can cas-
ily be derived from long-term meteorological

records. The reference Evapotranspiration
ETp,, is calculated as follows;

*(RH*G)JF 4 = 900 Ua D (9)
¥ Aty T+275

ETpy = 4
A+t

where R, is the net radiation (mm/day}, & is

the soil heat flux (mm/day), 7 is the air tem-
perature (C), U/, is the wind speed at 2 m
(m/s), and D is the vapor pressure deficit
(kPa). The evapotranspiration can be divided by
the transpiration and evaporation using the leaf
area index (Amold ef al., 1998).

2.4 Irrigation Requirement

The soil moisture balance in a paddy field has
inputs of surtace inflow §,, rainfall R, out-
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puts by the actual cvapotranspation ET,

@t

surface outflow 5, and percolation P
AH =(8, =S, )+ R—ET,, - P {10

Surface nflow from irngation water cootinued
from the seedling transplanting period in May to
the drainage period in September, Rainfall and
evapotranspiration are seasonal. Water require-
ment in a paddy field, W, ,is defined as

e

W= Bl + Y P+ 8, R, +L, (11)

In the Kimjae Plains, the irrigation water is
almost totally recycled by pumping i a high

groundwater district. W, will be approxi-

mately obtained by W, ~3 ET,, ., if water is

of *
perfectly reused by pumping in a high ground-
water district. The rrigation requirement is cal-
culated as

7i=W.-R, (12}

where R, is the effective ramfall.

In addition to these factors, water is required

to saturate the soil for puddling before rice
planting. The puddling water requirement W,

can be calculated as

Wo =1 +AH, +AS (13)

where AF7, is the water depth for puddling

work, AS is the water volume required to
saturate the soil. The standard value for pud-
dling water is 142 mm (Kim, 1997).
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3. FIELD APPLICATION

3.1 The Study Area

In order to verify the applicability of the
model, it was applied to the Kimjae Plains, lo-
cated in the center of Dongjin river basin in
west center of Korean peninsula, durmg the
most serious drought season of 1994. The
boundary of the basin 1s approximately
126° 37E to 127° 07'E in longitude and
35° 27'Nto 35° 50'N in latitude. The Dongjin
river starts from Moak Mountain at an altitude
of ghout 793.5 m. It flows west to the Yellow
Sea. The area of the drainage basin is 1,147 k1",

The length of river 18 524 km. (MOC &
KOWACQ, 1988)

This area is famous for wide paddy fields,
called the Kimjae paddy fields. In this area one
can see vast ground plains, with water mainly
supplied by the Swnjin River Multi-Purpose
Dam, built in 1965. The area is mostly based on
Jurassic Daebo Granites, which have a condue-
tivity of about 0.01 ~1 m/day. The soil texture
is almost all soil consisting of s1lt clay loam (Fig.
2 (c)). Fig. 2 shows the (a) DEM, (b) land use
map, (¢) soil texture and (d) river and basin
delinination of the Dongin River Basin.

Meteorological Data for calculating evapotran-
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spiraion is gathered by the Jung-Ju meterologi-
cal station, which is lecated in the center of the
Donjin river basin. The drought events of 1994
were most serious since the Sumjin River Multi-
purposed Dam was built. Rainfall was 826.6
mm during that year, which was also the lowest
precipitation since this station was constructed.

3.2 Program Description

This numerical model is developed with Vis-
ual Basic ver. 6.0, Excel input and other graphic
chart using OCX. The program developed by
this study provides various graphic results ac-
cording to user options with GUL Fig. 8 shows
the model simulated irrigation results in 1994,
This includes (a) so1l moisture variation and (b)
readable soil moisture and calculated soil mois-
ture variation. This model consists of three
modules; the first is the unsaturated numerical
modnle, the second is the rice evapotranspira-
tion module with SPAC (soil-plant-atmospheric
-continunm) and the third is the groundwater
and open channel flow based upon their interre-
lationship.

3.3 Estimation of Water Balance

There are several kinds of evapotranspiration
according to the boundary conditions and ap-
plied methods; potential evapotranspiration,
evaporation on water surface, reference evapotran-
spiration, and rice evaporation.

The Albedo values are applied for the differ-
ent boundary conditions: 0.23 for soil surface
and crop evapotranspiration, and 0.06 for water
surface.

Choosing the Penman-Monteith approach
means that the crop coefficient related to the
method should be used for the analysis season.
Through this model study we fine the ratio be-
tween evapotranspiration with FAO 24 (Doorn-
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bos et al., 1974) to that with Penman-Monteinth
is Tanging from 1.13 for the high evaporation
season{summer} to 0.85 for the low evaporation
season (winter) (e. g. per 10 day period).

With this model, the values are estimated as:
1,392 mm for the seil potential evaporation,
1,654 mm for water surface evaporation, and
1,199 mm for reference crop.

In the case of rice , the reference evapoiran-
spiration is 1132 mm with a FAO 24, and the
actual evapotranspiration using the Penman-
Monteinth method is 871 mm; 671 mm for ac-
tual transpiration and 200 mm for evaporation
on the paddy surface. The difference is caused
by the deficit of supplied water (the sink ratio
#" m Eq. (%)) and the ground heat flux consid-
eration. Fig. 3 shows the variation of daily
evapotranspiration in the paddy field during
1994,

The irrigation season starts in early April,
when paddy nurseries are being prepared and
the paddy is sown. It ends at the end of August
when the paddy starts ripening. The peak water
use for paddy itrigation occurs in the months of
May and June. Then, fields are filled up to a
depth of 3~7 cm during the transplanting pe-
riod (NEDECO, 1976).

Paddy ricc fields are mostly grown under
conditions of near soil saturation and submer-
sion, loss through percolation should be mmi-
mal. A dense subsoil layer is obtained by pud-
dling the wet soil which requires 100 to 200 mm
of water, and some times up to 300 nm, includ-
ing the pre-planting irrigation.

Continuous submergence, with intermittent
drainage, is the most promising method. During
and immediately after transplanting the water is
kept at 5~7 cm for about ten days after trans-
planting to secure healthy growth of the seed-
lings. In the following tillering period, submer-
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Fig. 3 Variation of Daily Precipitation and River Stage in 1994, (a) Precipitation at Jung-Ju Meteorology Station.

(b) River Stage at Sin-Tae-In Station.

gence i3 shallow (maximum 3 cm) to maintain
high soil temperatures. Dramage and drying of
the top soil is practised during this period since
rice can tolerate a water shortage and root de-
velopment is enhanced. Drainage must be com-
plete 5~10 days prior to head development.
During the head development, the paddy is irri-
gated frequently (3 days of irrigation and 2 days
of dry). During heading the water is maintained
at a 3 cm depth. From this time onward, ade-
(uate water once or twice during this period is
sometimes practiced, During the ripening period,
fields should gradually be dramned to facilitate
harvest operations.

Water evaporates from the upper parts of soil.
Water is withdrawn rapidly from the top part of
the soil profile. About 409 of the extracied wa-
ter comes from the upper quarter of the root
zone, 30% percent from the second quarter
(Wes Wallender ef 4., 1991). So in this study,
the root density of rice accepted the above por-
ticns and the water extraction depth for mrriga-

tion can be considered as the upper quarier of
maximum rice root depth (Sharpley and Wil-
liams, 1996).

The capillary fringe is increases with time
lapsed; on Jan.1 1.2 m, on May. 30. 1.8 m, Dec.
31 2.0 m above the groundwater (see Fig, 7 (a)
to (£)). Fig. 7 shows the daily variation of soil
moisture profilc between the ground surface and
groundwater surface at 60 days intervals. Also,
this model can well estimate the soil moisture
conditions of the paddy.

The real wrigation from the Sumjin mulii-
purposed dam m 1994 was 712 mm. With this
model the water requirement for irrigation is
estimated at about 757 mm under unlimited wa-
ter supply conditions. This result shows that
water deficit was about 5.9% in this area during
1994. Water usc for the irrigalion reserve and
generation was definitely exhausted during the
spring season and owing to this discharge the
river flow was maintained high during the
spring of 1994,



Water Engincering Research, Vol 1, Ne. 3, 2000

150

140

120 -

e

110

100

Evapatrans piration{mm)

T

| .
0W30 ozl ax31 0450 0830 ORES DEvE DR 09T IR 11ee 1XEE
T (M onthiCry)
—- BEvap poten —— Evap water Ewap refer — Evap pan Evap tice B

Fig.4 Variation of Daily Evapotranspiration on the Kimjae Paddy, 1994

The puddling water is estimated at about 348
mim in reality and about 298 mm in the model
analysis. This difference comes from field
suidelines in the field study and initial moisture
conditions in the model. In order to avoid the

initial moisture conditions in the model case the
model needs the soil moisture to be preproc-
essed ihe year before. The standard values for
puddling water are used — 142 mm (Kim, 1997).
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drological characteristics,
4. CONCLUSION

The physically-based hydrologic model de-
veloped in this study can be used to evaluate the
soil-moisture balance on rice paddy fields and to
simulate the hydrological processes of infiltra-
tion, soil water storage, deep percolation or re-
charge to the shallow water table, evapotranspi-
ration and evaporation from the soil surface.
This study also considers the groundwater and
river flow exchange m the Kimjae paddy field.

The computational procedure vields the soil-
moisture distribution, actual infiltration or sur-
face evapotranspiration, and actnal water uptake
by crop or plant as functions of time. This study
can be casily applied to other areas to evaluale
the irrigation efficiency and agricultural water
deficit considering the open channel and
groundwater exchange. The developed model
can visualize each hydrological process over
vaniable time period. The capillary fringe can be
also easily simulated.

This model can be used as a guideline for
predicting crop water requirements when con-
sidering the soil moisture conditions. Also, this
model can be applied in order to evaluate the
soil meisture conditions of a river basin accord-
ing to the different crops, plants, and other hy-

In the model soil-moisture contour map in Fig.
6(b) and Fig. 7(b), we have some problems in
describing moisture density which comes from
the VB graphic OCX. If there are observed
groundwater information and soil moisture con-
tents, some parameters used in this model can
be estimated; the preference flow effect with
optimization, Also, this one dimensional unsatu-
rated flow model will need further development
in the future,

Through this development and application of
the Kimjae paddy field, we can summarize the
results as follows;

1} The result shows that the estimated net water
requirement in 1994 was 757 mm and the water
deficit was about 5.9% when comparing with
the real supplied quantity from the Sumjin
multi-purpose dam for this study area.

2} The reference evapotranspiration is estimated
at 759 mm on the Kimjae nee paddy area during
1994, The percolation quantity was about 877
mm,

3) The groundwater and river exchange quantity
was estimated as approximately a maximum of
097 and a mimimum of -0.52 mm/day (re-
charge)

4) The Groundwater level fluctuated greatly
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within the 7.5 ~ 2.5 m range according fo the
recharge and river flow exchange during the
studied season.
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