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A distributed long-term rainfall-runoff model was developed to quantify the watershed scale impacts
of water—saving measures in the Ibague watershed, Colombia. The water—saving effects were evaluated by
scenario analyses that incorporated the introduction of a water—saving irrigation method (early stopping) to
improve irrigation efficiency with respect to redundant paddy irrigation water. In addition to water stop-
ping, the impacts of a new water—saving rice genotype are analyzed. To calculate rainfall-runoff, the
Sugawara tank model was utilized. The tank model quantified runoff discharges from forest, upland, paddy
field, and urban areas by incorporating each land type into every mesh for a distributed rainfall-runoff
model. This quantified the rainfall-runoff characteristics for each land use. Agricultural ponds and irriga-
tion canals were allocated to each corresponding mesh to model irrigation management practices in the
watershed. Agricultural ponds, which have a significant effect on the water balance at the watershed scale,
were detected by performing cluster analysis on the seasonal transition of the backscatter coefficient
obtained from multi-temporal Sentinel-1 SAR images.

Quantitative analyses of the impacts of water—conservation under various scenarios indicated that the
early—stopping irrigation method reduced water consumption by 9.4%, compared to the conventional meth-
ods. The scenarios, which assumed the introduction of a new water—saving rice genotype, assumed regular
irrigation intervals of one or two days and indicated 24.1% and 48.2% reductions, for water consumption,
respectively, compared to conventional irrigation methods. Scenarios that implemented a new water—saving
rice genotype, as well as the early—stopping irrigation method showed reductions of 30.7% and 53.2% in
water consumption compared to the conventional irrigation method, for the one and two day irrigation peri-

ods respectively.
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INTRODUCTION

The Ibague watershed is situated in mid-western
Colombia approximately 130km west of the capital,
Bogota. Maps for elevation, rain—gauge stations, head-
works, and land use are shown in Figs. 1 and 2. The
Ibague watershed has an area of 1439 km® and its highest
and lowest altitudes are 4955 m and 243 m, respectively.
The monthly maximum and minimum temperatures in
the central watershed are 27°C — 29°C and 18°C — 19°C,
respectively. These values are stable throughout the
year. The annual rainfall fluctuates significantly through-
out the watershed, with an average of approximately
1700 mm. The area has a dry season and a wet season.
The dry season is from January to April and from July to
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August. The wet season is from May to July and from
September to November. An alluvial fan spreads out at
the center of the watershed with a length of about 25 km
and a ground surface gradient of 2°-3°. Rainfall runoff
flows into the Magdalena River, which flows along the
eastern edge of the watershed. The western part of the
watershed is a mountainous area and has no rain—gauge
stations. The primary land use in the central and east-
ern parts of the watershed is agriculture, predominantly
rice and coffee, which are cultivated in the plain situated
between the central and eastern parts of the watershed.

N Elevation (m)
. 243-350 1200-1500 ® 4000-4955
[ 350-500 1500-2000 e Rain-gauge station|
W500-800 W 2000-3000 o Headwork
800-1200 W 30004000

km Magdalena River

Fig. 1. Digital elevation model, rain-gauge stations and head-
works of the Ibague watershed.
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Color

Description of land use

Tree cover, broadleaved, evergreen

Tree cover, broadleaved, deciduous, closed

Shrub cover, closed-open

Herbaceous cover, closed-open

Sparse herbaceous or sparse shrub cover
Regularly flooded shrub and/or herbaceous cover
Cultivated and managed areas

Cropland/tree cover/other natural vegetation
Cropland/shrub or grass cover

Bare areas

Fig. 2. Land use map of the Ibague watershed.

Each of the paddy-plots in the Ibague watershed
generally covers a large area (2 ha — 20 ha) and has a rela-
tively steep ground surface gradient (2° — 3°). Therefore,
many contour ridges are constructed within a plot, and
irrigation water is stored throughout the plot between
ridges to maintain water depth, as shown in Fig. 3.
Although farmers are aware of the necessity of water
conservation, the amount of water use in a plot is greater
than the crop requirements because each plot is very
wide and the loss of water resulting from management in
each paddy-plot is significant. Thus, redundant water
usually arises in paddy irrigation.

Contour
ridges

Fig. 3. Paddy field with contour ridges in the Ibague watershed.

In this study, a distributed long—term rainfall-runoff
model was constructed in the Ibague watershed to simu-
late the water balance at the watershed scale. The
effects of water conservation in the form of the new
paddy irrigation schemes, including early stopping, and a
new water—saving rice genotype were evaluated.
Scenario analyses that quantified improved irrigation
efficiency of early stopping with respect to redundant
paddy irrigation was utilized.

A wide variety of distributed rainfall-runoff models
such as the TOPMODEL (Beven et al., 1984; Takeuchi et
al., 1999; Kazama et al., 2003), Hydro-BEAM
(Hydrological river Basin Environment Assessment
Model; Kojiri et al., 1998; Park et al., 2003), and

GeoHyMos (Geomorphologically-based Hydrological
Modeling System; Ichikawa et al., 2001; Sayama and
Takara, 2003; Sayama et al., 2005) have been proposed.
In the Ibague watershed, as is the case with those in
developing countries, the scarcity and low reliability of
necessary hydrological, climatic, and watershed data are
significant problems when constructing watershed rain-
fall-runoff models and conducting water balance simula-
tions using these models. To overcome these problems,
a distributed long—term rainfall-runoff model incorporat-
ing Sugawara’s tank models of several land uses, which
was proposed by Takada et al. (2018; 2020a; 2020b), was
introduced in this study. In addition, when constructing
the rainfall-runoff model, a satellite, remote-sensing
technique was utilized to detect agricultural ponds that
play an important role in the water balance of the water-
shed. This was performed to mitigate the effects of the
lack of data on actual agricultural ponds in the water-
shed.

In the Ibague watershed, the Science and
Technology Research Partnership for Sustainable
Development (SATREPS) Project entitled “Development
and Adoption of Latin American Low Input Rice
Production System through Genetic Improvement and
Advanced Field-management Technologies” was carried
out with the support of the Japan Science and
Technology Agency (JST) and the Japan International
Cooperation Agency (JICA) from FY2013-2017. This
study was conducted as part of the project.

MATERIALS AND METHODS

Detection of agricultural ponds

To gain a quantitative understanding of the water-
shed—scale water balance, it is essential to have paddy
irrigation accurately incorporated into the rainfall-runoff
model because paddy irrigation has a significant effect
on the water balance, especially in the Ibague water-
shed, where paddy field farming is a primary land use in
the plain situated between the central and eastern parts
of the watershed. However, necessary information was
not available in the watershed. This information
included the location and area of agricultural ponds,
which have an important role as irrigation water
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resources. Therefore, agricultural ponds were detected
using a satellite remote sensing technique.

Optical images or synthetic aperture radar (SAR)
images are often used for detecting surface water using
satellite remote sensing techniques. In this study, SAR
images using microwaves, which are less affected by
clouds, were used for detecting agricultural ponds
because the Ibague watershed has a tropical climate with
a high rate of cloudy days. For the detection of surface
water or flooded areas from SAR images, the backscatter
coefficient, which changes according to land cover and
has low value in water areas, has often been utilized for
satellite remote sensing. Brivio et al. (2002) and
Townsend and Walsh (1998) used a threshold method
that classified water bodies and non-water bodies on a
certain values of the backscatter coefficient, and Ito et
al.(2007) suggests that the determination of the thresh-
old is often ambiguous. In this study, agricultural ponds
were detected by a satellite remote sensing technique
utilizing the assumption that rivers and ponds are always
contain surface water throughout the year and paddy
fields are covered by land or water depending on the
season. A cluster analysis using the seasonal transition
of backscatter coefficient throughout the year was con-
ducted using SAR images.

SAR images

SAR images were obtained from the Sentinel-1
Interferometric Wide Swath (IW) mode Level-1 Ground

Table 1. Specification of SAR images

Satellite Sentinel-1
Wavelength C band
Polarization \A%
Image mode IW-SLC

Orbit Ascending
Resolution 20m X 22 m
Table 2. Date of SAR images
Image No. Shooting Date
1 14 January 2016
2 7 February 2016
3 2 March 2016
4 19 April 2016
5 13 May 2016
6 6 June 2016
7 30 June 2016
8 24 July 2016
9 17 August 2016
10 28 September 2016
11 10 October 2016
12 3 November 2016
13 27 November 2016
14 21 December 2016

Range Detected (GRD) product, which contains ampli-
tude information in the ascending orbit direction. The
specifications of the SAR images used in this study are
shown in Table 1, and the date of 14 SAR images from
January to December throughout the year 2016 are sum-
marized in Table 2. Pre—processing steps for the subset
of images, including the radiometric calibration, thermal
noise removal using a 5 X 5 LEE filter, and terrain cor-
rection using the Shuttle Rader Topography Mission
(SRTM) 3 s data were performed with an open source
tool of Sentinel Application Platform (SNAP) software
(SNAP Development Team, 2017). In the terrain correc-
tion, the spatial resolution was determined to be 20 m by
considering the size of agricultural ponds and calculation
time for the analysis. In the final pre-processing step,
pixel digital numbers were converted into sigma noughts
in decibels (dB).

Cluster analysis

The number of pixels on a SAR image for cluster
analysis was 2088 X 2552 pixels, which yields a total of
5,328,576 pixels; consequently, the number of elements
for cluster analysis was unpractical. Therefore, it was
necessary to select a method with a reduced calculation
burden. In addition, there is no data on the location of
agricultural ponds in the Ibague watershed, which would
be used as teacher data (learning data). Therefore, the
k-means method (MacQueen, 1967), which does not
require teacher data and has a short calculation time,
was adopted in the cluster analysis. Setting the cluster
number is required for the k—means method; therefore,
the Gap statistic (Pham et al., 2005) which is an evalua-
tion method of the necessary cluster number, was used
to determine the cluster number. The Gap Statistic is
represented by

Ny .
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n) = S 7 3
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where m is the cluster number, 7, is the cluster distor-
tion, N, is the number of objects belonging to cluster m,
x,., is the t—th object belonging to cluster m, w,, is the
center of cluster m, d (x,,,, w,,) is the Euclidean distance
between objects x,,, and the center w,, of cluster m, 7 is
the specified number of clusters, f () is the evaluation
function, @, is the weight factor, and N, is the number of
dataset attributes (i.e., the number of dimensions).
When the evaluation function f (n) is less than 1, the
number of clusters is determined to be more appropriate
than -1, and when f (n) is greater than 1, it is deter-

mined that 7—1 is more appropriate than 7. Because the
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evaluation function was compared with the number of
previous clusters, the evaluation function was calculated
by the infinite product to compare the whole.

Long-term Rainfall-runoff Model

In this study, a distributed long—term rainfall-runoff
model was constructed based on the model proposed by
Takada et al. (2018; 2020a; 2020b). A schematic dia-
gram of the model structure is shown in Fig. 4. To repre-
sent conventional paddy irrigation for rice cultivation in
the Ibague watershed, irrigation canals and agricultural
ponds were incorporated into the rainfall-runoff model.
The irrigation canal network was set using canal network
data and visible satellite images, and canals were allo-
cated in each corresponding mesh. The agricultural
ponds detected by satellite remote sensing using SAR
images were allocated to each corresponding mesh. It
was assumed that each agricultural pond had a column—
like shape from bottom to surface and had a full water
depth of 5m.

Sugawara’s tank model for several land uses were
incorporated into the model in common with Takada et
al. (2018; 2020a; 2020b). In the Ibague watershed, there
were problems related to the scarcity and/or the low-—

Irrigation

Watershed
Ground Water
Tank

Fig. 4. A distributed long—term rainfall-runoff model.
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Fig. 5. Structure and parameters of the tank models for the four
land uses.

reliability of necessary hydro-meteorological and water-
shed data when constructing rainfall-runoff models.
The Sugawara tank model has been previously used for
both research and engineering purposes; as a result, the
model parameters can be easily estimated with reference
to previous studies. In this study, the parameters of the
tank models were set by referring to Nakagiri et al.
(1998), as shown in Fig. 5. In addition, the actual water
management in a paddy-plot was obtained from the
interviews with farmers. Also, paddy—plot experiments
were conducted to estimate the water demand at a
paddy-plot in the Ibague watershed shown in Fig. 6.
Data from both interviews and experiments were used to
set the percolation coefficient, irrigation interval, and
irrigation water intake for the first tank of the paddy
tank model. The paddy-plot experiment in Fig. 6 was
conducted in a no-rainfall period. In the rainfall-runoff
model, irrigation water for the paddy tank model was
taken from the irrigation canal or the agricultural pond
in each mesh, and the agricultural pond water was sup-
plied from the river and the irrigation canal in the corre-
sponding mesh. The interviews revealed that the rice
cultivation was single cropping with a 120-day cultiva-
tion period, and the cultivation season varies in each
paddy-plot in the watershed. Therefore, the initiation
date of the 120-day cultivation period was set at each
mesh by using a uniform random number.

The water flows in the river and the irrigation canal
between meshes were simulated based on the kinematic
wave method considering the Manning’s momentum
equation (5) and the continuity equations (6) and (7)
that were numerically calculated using the Runge—
Kutta—Gill method.

Q= BRI, ®)

Apea 1 . - .
d(/; = W{Qin(k) - Qout(k)_ Qirrig(k) } +P,—ET’ (6)
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Water requirement rate M
0_

| N !
2015/09/02 18:00
ate
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Fig. 6. Variations in water levels measured in a paddy-plot
experiment after irrigation water was used.
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d hnvvr 1
(k) river river river river
dt = Anver {Q in(k) — Q out (k) + Q tank(k) + Q gwtank (k)
*)
river
- Qi )+ P.—ET, Q)

where 7, j, and k are the mesh numbers, @,; is the flow
discharge from the mesh 7 to 7 (m® s'), N is the
Manning’s roughness coefficient, which was set to
0.15m ™ s and 0.023 m " s in rivers and irrigation canals
based on the standard value of the coefficient in natural
water channels and concrete water channels as shown
by Chow (1973), B,, is the mean river width between the
mesh ¢ and j (m), &, and A, are the water depths in the
mesh ¢ and k (m), I, is the water surface gradient
between the mesh 7 and 7, ¢ is the time step (= 300s),
@.qo is the inflow discharge into the mesh k (m’ s™),
Qoo 1s the outflow discharge from the mesh k& (m’ s™),
Qe 15 the inflow discharge from the tank models of
several land utilizations to the river in the mesh & (m’
5, Quunico 18 the inflow discharge from the watershed
groundwater tank model to the river in the mesh k£ (m’
S, @ueas is the amount of intake water to ponds in the
mesh k£ (m*s™), P, is the amount of rainfall (m s™), £7T is
the amount of evapotranspiration (m s™) calculated
using the Thornthwaite method (Thornthwaite, 1948),
and A, is the surface area of the river and irrigation
canal in the mesh k£ (m?). Among the three rain—-gauge
stations shown in Fig.1, the rainfall data at the station
that was determined using the Thiessen polygon method
were allocated to the P, at each mesh. The length of the
river and irrigation canal in each mesh was assumed to
be 4500 m. The canal width was set to be 3m based on
field observations (A,= 3m X 4500 m=13500m*) and
the river width B, at the mesh k was calculated using the
following equation (Sayama and Takara, 2003),

1
B.-5(Z5)’ ®
where A is the catchment area (m*) at the mesh k, A, is
the catchment area at the downstream end (=4500m x
4500m x 91=1.84275 X 10°m*), and [ is a constant
(=0.3). B, is the width (m) of the river at the lower
reach of the river that flows into the Magdalena River,
estimated to be 100.0 m from a satellite image. The river
area A, at the mesh k was calculated using B, x 4500 m.

Scenario Analyses

The scenario analyses were conducted for the year
2016. The rainfall data were available at all three rain—
gauge stations shown in Fig. 1 during this year. To quan-
tify the effect of water—saving paddy irrigation, the six
scenarios SCg,.., SCy, SC;, SCy,, SChyy, and SCy, were
analyzed using the developed model. The scenario SC,,,
was based on rice farming with current irrigation man-
agement and irrigation intervals of five— or six—days.
According to the paddy-plot experiment data in Fig. 6,
the water requirement rate of the paddy field was calcu-
lated as 15.9mm/d, based on the mean value of the
decrease in water depth near the inlet and outlet during
the period when irrigation water was not taken and there

was no rainfall. In addition, the interviews with farmers
revealed that irrigation water was taken only when the
paddy surface dried, resulting in an irrigation interval of
approximately 5days — 7days. Therefore, the water
depth of irrigation intake into the first tank of the paddy
tank model was set to be 44.4mm in order to set the
intake interval of irrigation water as 5 days when there
was no rainfall, and the irrigation water was taken when
the water depth of the first tank reached zero.

In the Ibague watershed, the early stopping irriga-
tion method, in which the redundant water in the cur-
rent irrigation management was cut away by stopping an
irrigation intake early, has been widely recommended to
mitigate water shortages. The SC,, scenario was set by
introducing the early stopping irrigation method in the
entire basin. The amount of redundant irrigation water
in the current irrigation management was estimated to
be 4.4 mm from the paddy-plot experiment, which was
determined by the time ratio of the irrigation duration
time and the duration when the redundant water
occurred. Therefore, the irrigation water intake for the
early stopping irrigation method was set to be 40.0 mm
by subtracting the amount of redundant water from the
amount of the current irrigation water intake. The tim-
ing for supplying the irrigation water was the same as
that in the SC,,., scenario.

Scenarios SC, and SC, were set to simulate the
effect of introducing a new water—saving genotype of
rice, in which the irrigation interval would be extended
by one and two days, respectively. The irrigation water
was taken one and two days after the water depth of the
first tank of the paddy field tank model reached zero in
scenarios SC,, and SC,,, respectively. The amount of irri-
gation water intake was the same as that in the SC
scenario.

Scenarios SCy,, and SC,, were set to simulate the
effect of introducing a new water—saving genotype of
rice as well as the early stopping irrigation method. The
amount of irrigation water intake was the same as that in
the SCES scenario. The timing for supplying the irriga-
tion water was the same as that in scenarios SC, and
SC.

The cumulative amount of irrigation water in the
SCp, SC,,, SCy,, SChqy, and SCy, scenarios for the tar-
geted year 2016 were compared with that of the SC,,,
scenario to evaluate the water—saving effect at the
watershed scale.

Base

RESULTS AND DISCUSSIONS

The evaluation function, f (), and its infinite prod-
uct obtained from the Gap Statistic using the entire
library of SAR images from January to December
throughout 2016 are shown in Fig. 7. In Fig. 7b, it was
asymptotic from 7 = 21, and it is apparent that there was
no significant difference after n» = 21. In addition, in Fig.
Ta, f (n) was greater than 1 in 7 = 24, so the appropriate
number of clusters was determined to be 23. The sea-
sonal transition of the backscatter coefficient for each
cluster center is shown in Fig. 8 when the number of
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clusters is 23. In this figure, clusters 21 and 23 always
showed a smaller backscatter coefficient than the other
clusters. Since the backscatter coefficient is relatively
small in water areas compared to other land covers, it
was concluded that the agricultural ponds and rivers
were present in clusters 21 and 23. After removing riv-
ers using visible satellite images, the agricultural ponds
were detected. An example of the detected ponds is
shown in Fig. 9. In this figure, most of the pond area
was successfully detected, but the detected area of agri-
cultural ponds was slightly underestimated. The under-
estimation could be explained by the fact that increasing
or decreasing the water surface area and water level due
to water inflow or water usage could not be reflected in
detecting the pixels as agricultural ponds. The detected
agricultural ponds were incorporated to set up the
watershed data set of the rainfall-runoff model.

E A : . ,
< 1F
=)
.2 F
31
< 0.8
e
=)
.8 0.6F
R a
= ! . | .
LE 1__| T T lb
@ i
:0.5:
[1 . ¢ :
0 10 20 30

Cluster n

Fig. 7. (a) Evaluation function and (b) infinite product
of the evaluation function in the gap statistic.
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03/03 07/31 12/28
Date
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Fig. 8. Seasonal transition of the backscatter coeffi-
cient for each cluster center in 2016 (n =
23).

As mentioned above, in the Ibague watershed, prob-
lems exist related to the scarcity and/or low reliability of
necessary hydro-meteorological and watershed data
when constructing rainfall-runoff models. To overcome
these problems, satellite remote sensing technology was
introduced to detect the agricultural ponds that are
important in the watershed water balance. However, it
was impossible to obtain long—term observation data of
river discharge that would be indispensable for the vali-
dation of the rainfall-runoff model. To cope with this
disadvantage, Sugawara’s tank models for several land
uses were introduced and incorporated into the distrib-
uted long-term rainfall-runoff model. Sugawara’s tank
model has been previously used for both research and
engineering purposes. As a result, it is easy to estimate
the model parameters with reference to previous stud-
ies. Given the scarcity of hydro-meteorological and
watershed data in the Ibague watershed, the ability to
parameterize Sugawara’s tank model was imperative.

The results of the scenario analyses yielded a quan-
tification of the water conservation impacts of the new
paddy irrigation scheme, early stopping, with respect to
redundant paddy irrigation water. A new water—saving
rice genotype is shown in Fig. 10. In the conventional

300 m

Cluster21
[CICluster23

Google Earth

Fig. 9. An example of the detected pond (from Google Earth).
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Fig. 10. Annual irrigation water usages for the six scenarios.
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irrigation management of rice farming (SC,..), the
annual amount of irrigation water was 543.5mm. The
scenarios SCy, SC,,, SC,, SCu,, and SC., indicated a
reduction of irrigation water by 51.1mm, 131.1 mm,
262.0mm, 166.8mm and 289.1 mm, respectively from
the baseline scenario SC,,.. The spread of the early
stopping irrigation method (SC,) resulted in a 9.4%
reduction in irrigation water, as compared to SC,,... In
scenarios SC,, SC,, SCg,, and SCg,, the negative
impact of water saving on rice growth was not consid-
ered. However, scenarios SC,,, SC,,, SC.,, and SCy,
indicated 24.1%, 48.2%, 30.7%, and 53.2% reductions in
irrigation water, respectively, from the baseline scenario
SC

Base*

CONCLUSIONS

In this study, a distributed long—term rainfall-runoff
model was constructed to simulate the water balance at
the watershed scale, and consequently the quantify the
impacts of water—saving effects in new paddy irrigation
schemes evaluated by scenario analyses introducing a
water—conserving, irrigation method, early stopping, to
improve irrigation efficiency with respect to redundant
paddy irrigation water. In addition, a new water—saving
rice genotype in the Ibague watershed, Colombia was
analyzed. In constructing the rainfall-runoff model, a
satellite remote sensing technique was utilized to detect
agricultural ponds that play an important role in the
water balance of the watershed. This was done to com-
pensate for the scarcity of data regarding agricultural
ponds in the watershed. Long—term observation data of
river discharge were absent and are generally indispen-
sable for the validation of the rainfall-runoff model. To
compensate for the missing data, Sugawara’s tank mod-
els for several land uses were introduced and incorpo-
rated into the distributed long—term rainfall-runoff
model. The Sugawara tank model has been previously
used for both research and engineering purposes; as a
result, the model parameters can be easily estimated
with reference to previous studies. Despite the scarcity
of hydro—-meteorological and watershed data, especially
the river discharge data for verifying the model and the
agricultural pond data for constructing the watershed
model, the water—saving effects in new paddy irrigation
schemes could be quantified at the watershed scale.
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